DELIGNE PAIRINGS AND FAMILIES OF
RANK ONE LOCAL SYSTEMS ON ALGEBRAIC CURVES

GERARD FREIXAS I MONTPLET AND RICHARD A. WENTWORTH

AssTRACT. For smooth families X — S of projective algebraic curves and
holomorphic line bundles £, M — X equipped with flat relative connec-
tions, we prove the existence of a canonical and functorial “intersection”
connection on the Deligne pairing (£, M) — S. This generalizes the
construction of Deligne in the case of Chern connections of hermitian
structures on £ and M. A relationship is found with the holomorphic
extension of analytic torsion, and in the case of trivial fibrations we show
that the Deligne isomorphism is flat with respect to the connections we
construct. Finally, we give an application to the construction of a mero-
morphic connection on the hyperholomorphic line bundle over the twistor
space of rank one flat connections on a Riemann surface.

1. INTRODUCTION

Let t : X — S be a smooth proper morphism of smooth quasi-projective
complex varieties with 1-dimensional connected fibers. Let £ be a holo-
morphic line bundle on X, and denote by wy/s the relative dualizing sheaf
of the family n. In his approach to understanding work of Quillen [31]
on determinant bundles of families of d-operators on a Riemann surface,
Deligne [13] established a canonical (up to sign) functorial isomorphism of
line bundles on S

det Rt (£)®"? =5 (wys, wx/s) ® (L, £ ® wi)s)®. (1)

The isomorphism refines to the level of sheaves the Grothendieck-Riemann-
Roch theorem in relative dimension 1. It relates the determinant of the
relative cohomology of £ (on the left hand side of (1)) to certain “intersection
bundles” (£, M) — S (on the right hand side of (1)), known as Deligne
pairings, which associate line bundles on S to pairs of holomorphic bundles
L,M — X. The relationship with Quillen’s construction in Deligne’s
approach is in part inspired by Arakelov geometry, where metrized line
bundles play a central role. Given smooth hermitian metrics on wy,s and
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£, there is an associated Quillen metric on det Rm.(£). The relevant input
in the definition of this metric is the (holomorphic) analytic torsion of Ray-
Singer: a spectral invariant obtained as a zeta regularized determinant of
the positive self-adjoint d-laplacians for £ and the chosen metrics. We will
call the associated Chern connection the Quillen connection on det Rmt.(L).
Also, the Deligne pairings in (1) inherit hermitian metrics, defined in the
style of the archimedean contribution to Arakelov’s arithmetic intersection
pairing. Using the Chern connections associated to these hermitian metrics,
the cohomological equality

c1((£, M)) = 1. (e1(£) U e1(M)) 2)

becomes an equality of forms for the Chern-Weil expressions of c; in terms
of curvature. For these choices of metrics, the Deligne isomorphism (1)
becomes an isometry, up to an overall topological constant. Consequently,
the isomorphism is flat for the Chern-Weil connections, i.e. preserves these
connections. This picture has been vastly generalized in several contributions
by Bismut-Freed [5, 6], Bismut-Gillet-Soulé [4, 7, 8], Bismut-Lebeau [9], and
others. They lead to the proof of the Grothendieck-Riemann-Roch theorem
in Arakelov geometry, by Gillet-Soulé [20].

In another direction, Fay [17] studied the Ray-Singer torsion as a function
on unitary characters of the fundamental group of a marked compact
Riemann surface X with a hyperbolic metric. He showed that this function
admits a unique holomorphic extension to the complex affine variety of
complex characters of 71(X). He goes on to prove that the divisor of this
function determines the marked Riemann surface structure. As for the
classical Ray-Singer torsion, the holomorphic extension of the analytic
torsion function to the complex character variety can be obtained by a zeta
regularization procedure, this time for non-self-adjoint elliptic operators.
Similar considerations appear in [27, 11, 30, 12], and in more recent work [23],
where Hitchin uses these zeta regularized determinants of non-self-adjoint
operators in the construction of a hyperholomorphic line bundle on the
moduli space of Higgs bundles.

From a modern perspective, it is reasonable to seek a common conceptual
framework for the results of Deligne, Fay and Hitchin, where the object of
study is the determinant of cohomology of a line bundle endowed with a
flat relative connection instead of a hermitian metric. Hence, on the left
hand side of (1), one would like to define a connection on the determinant of
the cohomology in terms of the spectrum of some natural non-self-adjoint
elliptic operators, specializing to the Quillen connection in the unitary case.
On the right hand side of (1), one would like to define natural connections
on the Deligne pairings, specializing to Chern connections in the metric case.
The aim would then be to show that the Deligne isomorphism is flat for
these connections. This is the first motivation of the present article, where
we achieve the core of this program. Specifically, we address the following
points:
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o we define an intersection connection on the Deligne pairing (£, M) —
S of line bundles £, M — X equipped with flat relative connections
(see Definition 2.3);

e in the case of trivial families X = X X S, we build a holomorphic
connection on the determinant of cohomology by spectral methods.
We then show that the Deligne isomorphism is flat with respect to
this connection and intersection connections on Deligne pairings;

e we recover some of the results of Fay and Hitchin as applications of
our results.

In a separate paper [18], the ideas developed here are used to construct
an intersection theory for flat line bundles on arithmetic surfaces, and we
establish an arithmetic Riemann-Roch in this formalism. The second raison
d’étre of the present article is thus providing the foundations that sustain
this new arithmetic intersection formalism.

We now state the main results and outline of this paper more precisely.
Let £ — X be a holomorphic line bundle’. Let V be a smooth connection
on the underlying smooth bundle L that is compatible with the holomorphic
structure on £ in the sense that its (0, 1) part V! coincides with the Dolbeault
operator d;, induced by £. Suppose in addition that the curvature Fy of
V vanishes on the fibers X; of 7 : X — S, we wish to define an associated
compatible connection on the Deligne pairing (£, M). The existence of the
Deligne pairing, the construction of which we briefly review in Section 2.3,
relies on the Weil reciprocity law for meromorphic functions on Riemann
surfaces. Similarly, the construction of a connection on (£, M) requires a
corresponding property of V which we will call Weil reciprocity for connections,
or (WR) for short (see Definition 3.1). It turns out that not every connection
satisfies this condition! However, suppose Vy/s is a compatible flat relative
connection on £; that is, a family of connections on the restricted line
bundles L[ x, to the fibers of m : X — S which varies smoothly in s, and
such that the connections on each fiber are flat and are compatible with
the restricted holomorphic bundles £ |xg (see Definition 2.3). Then we shall
show that Vs can always be extended to a smooth connection V on L that
is compatible with £ and which satisfies (WR). Moreover, this extension is
functorial with respect to tensor products and base change (we shall simply
say “functorial”). The extension is unique once the bundle is rigidified, i.e.
trivialized along a given section; in general we characterize the space of all
such extensions. It is important to stress that the extension is in general
not a holomorphic connection: even if the initial flat relative connection
varies holomorphically in s, the extension will in general only have a smooth
(meaning C*) dependence on the base parameters of the family X — S.

The precise result may be formulated as follows.

1Throughou’c the paper, script notation such as £, M, etc., will be used for holomorphic
bundles, whereas roman letters L, M denote underlying C* bundles.
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Theorem 1.1 (TRACE coNNECTION). Let £, M be holomorphic line bundles on
1: X — S. Assume we are given:

e asectiono:S — X;

e a rigidification 0*L = Og;

e a flat relative connection Vy s on £, compatible with the holomorphic
structure on £ in the sense described above (see also Definition 2.3).

Then the following hold:

(i) there is a unique extension of Vs to a smooth connection on £ that is
compatible with the holomorphic structure, satisfies (WR) universally (i.e.
after any base change T — S) and induces the trivial connection on 0" L;

(ii) consequently, Vy s uniquely determines a functorial connection V?L,m
on the Deligne pairing (£, M) that is compatible with the holomorphic
structure;

(iii) in the case where Vs is the fiberwise restriction of the Chern connection
for a hermitian structure on £, then V?L,M) coincides with the Chern
connection for Deligne’s metric on (£, M) (and any metric on M).

We shall use the term trace connection for the connections V?E,JVD that
arise from Theorem 1.1 (see Definition 3.3 for a precise definition). The
extension result makes use of the moduli space of line bundles with flat
relative connections and the infinitesimal deformations of such, which we
call Gauss-Manin invariants Vgpmv. These are 1-forms on S with values in
the local system H;R(DC /S) that are canonically associated to a flat relative
connection Vy/s (see Section 2.2). In Section 3 we formalize the notion of
Weil reciprocity and trace connection, and we formulate general existence
and uniqueness theorems in terms of Poincaré bundles. This provides an
explanation for why our constructions are canonical, and it demonstrates as
well the importance of the functoriality conditions. In Section 4 we attack the
proof of Theorem 1.1. The main result is Theorem 4.6, where we show that a
certain canonical extension of Vy s satisfies all the necessary requirements. A
closed expression for the curvature of a trace connection on (£, M) is given
in Proposition 4.15.

In the symmetric situation where both £ and M are endowed with flat
relative connections, V%C /s and VZD\C/I/S, say, the construction in Theorem 4.6
can be modified to produce a connection on the Deligne pairing (£, M)
which takes into account both V%C /s and VZD\CA/S. We call these intersection
connections (see Definition 3.13). In the special case where the V%C /s and

VZD\C’I/S are the Chern connections of hermitian structures on £ and M, the
intersection connection is simply the Chern connection on Deligne’s metric
on (£, M). Thus, intersection connections give a generalization of Deligne’s
construction. We formulate this in the following

Theorem 1.2 (INTERSECTION CONNECTION). Let £, M, be holomorphic line bundles
on 1 : X — S with flat relative connections V¥, /s and V]D\CA/S compatible with the
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holomorphic structures. Then there is a uniquely determined connection VIZE,M) on
(L, M) satisfying:
(i) V?g’m is functorial and compatible, and it is symmetric with respect to
the isomorphism (£, M) = (M, £);
(ii) the curvature of V?E,M} is given by
1

Fop = 5= (Vamve U Vomvm) 3)

where Vomvr, and Vomvam are the Gauss-Manin invariants of £ and M,
respectively, and the cup product is defined in (47);
(iii) in the case where V&/I/S is the fiberwise restriction of the Chern connection

for a hermitian structure on M, then Vl&t My = sz T (where the trace
connection is from Theorem 1.1 and exists under these hypotheses);
(iv) in the case where both V5 /s and Vg‘{f/s are the restrictions of Chern

connections for hermitian structures, then V?g wy is the Chern connection
for Deligne’s metric on (£, M).

We call Vi ), the intersection connection of V% s and V! s. In Section 5 we
illustrate the construction in the case of a trivial family X = X X S, where
the definition of the connections on (£, M) described in Theorems 1.1 and
1.2 can be made very explicit. Given a holomorphic relative connection on
L — X xS, there is a classifying map S — Pic’(X), and det R7.(£) is the
pull-back to S of the corresponding determinant of cohomology. Viewing
the jacobian J(X) = Pic(X) as the character variety of U(1)-representations of
111(X), and choosing a conformal metric on X, the determinant of cohomology
carries a natural Quillen metric and associated Chern connection. If we
choose a theta characteristic k¥ on X, ¥®2 = wx, and consider instead the map
S — Pic$}(X) obtained from the family £ ® k — X, then det Rmt.(£ ® ) is
the pull back of O(-0). Using a complex valued holomorphic version of the
analytic torsion of Ray-Singer, T(x ® k), we show that the tensor product
of the determinants of cohomology for X and X (the conjugate Riemann
surface) admits a canonical holomorphic connection. On the other hand,
in this situation the intersection connection on the tensor product of (£, £)
with its counterpart for X is also holomorphic. In Theorem 5.11 we show
that the Deligne isomorphism, which relates these two bundles, is flat with
respect to these connections. The importance of working with both X and X
simultaneously appears as well in related constructions of Cappell-Miller
[12]. The precise relationship of [12] to the present work will be explained
in our second paper [18].

Finally, again in the case of a trivial fibration, we point out a link with
some of the ideas in the recent paper [23]. The space M r(X) of flat rank 1
connections on X has a hyperkahler structure. Its twistor space A : Z — P!
carries a holomorphic line bundle £z, which may be interpreted as a
determinant of cohomology via Deligne’s characterization of Z as the space
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of A-connections (see Definition 5.14). We will show how the connection
obtained from the intersection connection on the Deligne pairing of the
universal bundle on Mz (X) gives a proof of the following result (see Theorem
5.15 for a more precise statement).

Theorem 1.3 (Hitchin, cf. [24, Theorem 3]). The line bundle £z admits a mero-
morphic connection with logarithmic singularities along the preimage A~1{0, oo}.
The curvature of this connection restricted to each fiber of A over C* is a holomorphic
symplectic form. The residue of the connection at A = 0 (resp. A = o) is the
Liouville 1-form on T*J(X) (resp. T*J(X)).

Similar methods will potentially produce a higher rank version of this result;
this will be the object of future research.

We end this introduction by noting that considerations similar to the
central theme of this paper have been discussed previously by various
authors. We mention here the work of Bloch-Esnault [10] on the determinant
of deRham cohomology and Gauss-Manin connections in the algebraic
setting, and of Beilinson-Schechtman [3]. Complex valued extensions of
analytic torsion and reciprocity laws do not seem to play a role in these
papers. Gillet-Soulé [19] also initiated a study of Arakelov geometry for
bundles with holomorphic connections, but left as an open question the
possibility of a Riemann-Roch type theorem.

Acknowledgments. The authors would like to thank Ignasi Mundet i Riera
for an important comment concerning rigidification, Dennis Eriksson for
his valuable suggestions concerning connections on Deligne pairings, and
Scott Wolpert for pointing out reference [17]. R.W. is also grateful for the
generous support of the Centre National de la Recherche Scientifique of
France, and for the warm hospitality of the faculty and staff of the Institut
de Mathématiques de Jussieu, where a portion of this work was completed.

2. ReLaTivE CONNECTIONS AND DELIGNE PAIRINGS

2.1. Preliminary definitions. Let 7 : X — S be a submersion of smooth
manifolds, whose fibers are compact and two (real) dimensional. We suppose
that the relative complexified tangent bundle T, ¢ comes equipped with a
relative complex structure | : T, ¢ — T, so that the fibers of 7= have the
structure of compact Riemann surfaces. It then makes sense to introduce
sheaves of (p,q) relative differential forms A’gc’;ls, p,q € {0,1}. There is a

relative Dolbeault operator d : A} — Agé}s' which is just the projection of

the exterior differential to Agc’}s- The case most relevant in this paper and to
which we shall soon restrict ourselves is, of course, when 7t is a holomorphic
map of complex manifolds. Then, the relative Dolbeault operator is the
projection to relative forms of the Dolbeault operator on X.

Let L — X be a C* line bundle. We may consider several additional
structures on L. The first one is relative holomorphicity.
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Definition 2.1. A relative holomorphic structure on L is the choice of a relative

Dolbeault operator on L: a C-linear map dy. : AN(L) — A%}S(L) that satisfies the

Leibniz rule with respect to the relative d-operator. We will write £ for a
pair (L, EL), and call it a relative holomorphic line bundle.

Remark 2.2. In the holomorphic (or algebraic) category we shall always
assume the relative Dolbeault operator is the fiberwise restriction of a global
integrable operator J, : A}(L) — Agc’l(L), so that £ — X is a holomorphic
bundle. In order to stress the distinction, we will sometimes refer to a global
holomorphic line bundle on X.

The second kinds of structure to be considered are various notions of
connections.

Definition 2.3.

(i) AconnectiononL — XisaC-linearmapV : A%(L) — A} (L) satisfying
the Leibniz rule: V(fe) = df ® e + fVe, for local C* functions f and
sections e of L. Its curvatureis Fy :=V AV € A%c/ and V is called flat
if Fy = 0.

(ii) A relative connection on L — X is a C-linear map Vyys : A%(L) -
AL ss(L) satistying the Leibniz rule with respect to the relative exterior
differential d : A} — A% /s.

(iii) Arelative connectiononL — Xis called flat if the induced connection
on L|y_ is flat for each s € S.

(iv) If Vy/s is arelative connection on a line bundle L — X, then a smooth
connection V on L is called an extension of Vy s if the projection to
relative forms makes the following diagram commute:

L

o A0 2 A0

Vs

(v) If m: X — S is a holomorphic map of complex manifolds, given a
global holomorphic line bundle £ = (L, d1) on X, a connection V on
£ is called compatible with the holomorphic structure if the (0, 1)-part
of the connection V9! = ;. B

(vi) Given the structure of a relative holomorphic line bundle £ = (L, dr)
(see Definition 2.1), a relative connection on £ is a relative connection
on the underlying C* bundle L that is compatible with £, in the
sense that the vertical (0, 1) part satisfies: (Vy/s)” = dp. (relative
operator).

(vii) If 7 : X — Sis a holomorphic map of complex manifolds and £ — X
is a global holomorphic line bundle on X, a relative connection on
£ is called holomorphic if it induces a map Vyys : £ — £ ® QL /s

Remark 2.4.
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(i) Note that a holomorphic connection in the sense of part (vii) above
is automatically flat.

(ii) If £ is a relative holomorphic line bundle and Vy/s is a flat rel-
ative connection, then its restrictions to fibers are holomorphic
connections.

(iii) The important special case (vii) above occurs, for example, when
Vy/s is the fiberwise restriction of a holomorphic connection on £.
This is perhaps the most natural situation from the algebraic point
of view. However, the more general case of flat relative connections
considered in this paper is far more flexible and is necessary for
applications, as the next example illustrates (see also Remark 5.1
below).

Example 2.5. Let £ — X be a holomorphic line bundle with relative degree
zero. Then there is a smooth hermitian metric on £ such that the restriction
of the Chern connection V, to each fiber is flat, and for a rigidified bundle
(i.e. the choice of a trivialization along a given section) this metric and
connection can be uniquely normalized (by imposing triviality along the
section). Abusing terminology slightly, we shall refer to the connection V,
as the Chern connection of £ — X. The fiberwise restriction of V., then gives a
flat relative connection Vy/s. Note that outside of some trivial situations it is
essentially never the case that Vys is holomorphic in the sense of Definition
2.3 (vii).

2.2. Gauss-Manin invariant. Let 7 : X — S be as in the preceding discus-
sion, and suppose it comes equipped with a fixed section o : S — X. The
problem of extending relative connections to global connections requires
infinitesimal deformations of line bundles with relative connections. In our
approach, it is convenient to introduce a moduli point of view. Let L — X
be a fixed C* complex line bundle that is topologically trivial on the fibers
and is endowed with a fixed trivialization along 0. We set

Myr(X/S) = {moduli of flat relative connections on L} 4)

Consider the functor of points: {T — S} — My r(X7/T), where T — S
is a morphism of smooth manifolds and Xr is the base change of X to
T. This functor can be represented by a smooth fibration in Lie groups
over S. To describe it, let us consider the relative deRham cohomology
Hlx(X/S). This is a complex local system on S, whose total space may be
regarded as a C* complex vector bundle. The local system R'7.(2miZ) — S
is contained and is discrete in H;R(DC/ S). We can thus form the quotient:
H;R(X/S)/le(anZ) — S. This space represents T — M;r(X1/T) by the
Riemann-Hilbert correspondence. Indeed, using the base point we have a
well-defined logarithm of the holonomy map Hom(71(X/S, 0), C/2niZ) — S,
and the assertion follows by duality. Therefore, given a pair (£, Vy/s) (or
more generally (£, Vy, 7)) formed by a relative holomorphic line bundle
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together with a flat relative connection, there is a classifying C* morphism
v: S — Hip(X/S)/R . 2niZ).

Locally on S, this map lifts tov : U — H[}ZR(DC /S). For future reference (e.g.
Proposition 4.15), we note that since the quotient involves purely imaginary
integral forms, Re 7 is well-defined independent of the lift. Applying the
Gauss-Manin connection gives an element Vgou? € H}lR(DC/ S)® Ab. Now
since VGMle(ZmZ) = 0, it follows that the above expression is actually
well-defined globally, independent of the choice of lift (and we therefore
henceforth omit the tilde from the notation). We define the Gauss-Manin
invariant of (£, Vy/s) by

Vomv € Hip(X/S) ® AL (5)
We mention an intermediate condition that is also natural:

Definition 2.6. A flat relative connection will be called of type (1,0) if
Vomv € Hi(X/S) @ AL

It will be useful to recall the following, known as the Cartan-Lie formula
(cf. [34, Section 9.2.2]). A local expression for Vgyv is computed as follows:

let s; be local coordinates on U C S and é; a lifting to Xy of the vector field
d/ds;. Suppose V is a connection with curvature Fy such that the restriction
of V to the fibers in U coincides with the relative connection Vy/s. Then

Vomv =Y {intév (Fv)| ﬁber} ®ds; € Hyp(X/S)® Ay, (6)
i K

where “int” is the interior product of vector fields with forms. With this
formula in hand, one easily checks that the Gauss-Manin invariant is
compatible with base change. Let ¢ : T — S be a morphism of manifolds.
Then there is a natural pull-back map ¢* : H;R(DC/S) ®A§ - H;R(DCT/T) QAL
Under this map, we have

¢"(Vamv) = Vam(p™), @)

where @™v corresponds to the pull-back of (£, Vy/s) to Xr. Finally, we
introduce the following notation. Let

(Vomv) = TT'Veumv € Hygd (X/S) ® A 8)
(Vomv)” = T1"Vomv € HR (X/S) ® A 9)

where IT’, IT” are the projections onto the (1,0) and (0, 1) parts of Vv under
the relative Hodge decomposition of C* vector bundles

Hx(X/S) = HY(X/S) @ H*}(X/S) .
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2.3. Deligne pairings, norm and trace. Henceforth, we suppose that 7 :
X — S is a smooth proper morphism of smooth quasi-projective complex
varieties, with connected fibers of relative dimension 1. Let £, M — X be
algebraic line bundles. The Deligne pairing (£, M) — S is a line bundle on
S defined as follows. As an Og-module, it can be described locally for the
Zariski or étale topologies on S (at our convenience), in terms of generators
and relations. In this description, we may thus localize S for any of these
topologies, without any further comment:

e Generators: local generators of (£, M) — S are given by symbols
(¢, m) where ¢, m are rational sections of £, M, respectively, with
disjoint divisors that are finite and flat over 5. We say that £ and m
are in general position.

e Relations: for f € C(X)* and rational sections ¢, m, such that f¢, m
and ¢, m are in general position,

(f€,m) = Naiy m/s(f)(L, m) (10)

and similarly for (¢, fm). Here Ngiym/s : Odivm — Os is the norm
morphism.

The Deligne pairing has a series of properties (bi-multiplicativity, compati-
bility with base change, cohomological construction a la Koszul, etc.) that
we will not recall here; instead, we refer to [14] for a careful and general
discussion.

Remark 2.7. There is a holomorphic variant of Deligne’s pairing in the
analytic category, defined analogously, which we denote temporarily by
(-,)*. If “an” denotes as well the analytification functor from algebraic
coherent sheaves to analytic coherent sheaves, there is a canonical isomor-
phism, compatible with base change, (£, M) — (£, M*")2". Actually,
there is no real gain to working in the analytic as opposed to the algebraic
category, since we assume our varieties to be quasi-projective. Indeed, the
relative Picard scheme of degree d line bundles Pic?(X/S) is quasi-projective
as well. By use of a projective compactification S of S and P of Pic?(X/5)
and Chow’s lemma, we see that holomorphic line bundles on X of relative
degree d are algebraizable. For instance, if £ is holomorphic on X, after
possibly replacing S by a connected component, it corresponds to a graph I
in 52" x Picd(x /S)*". By taking the Zariski closure in 5™ x P, we see that
T is an algebraic subvariety of S x Pic?(X/S)™, and then the projection
isomorphism I' — S$%" is necessarily algebraizable. Therefore, the classifying
morphism of £, S — Pic?(X/S)™, is algebraizable. For the rest of the paper
we shall interchangeably speak of algebraic or holomorphic line bundles on
X (or simply line bundles). Similarly, we suppress the index “an" from the
notation.

The following is well-known (cf. [15, Thm. 1.1.1]).
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Lemma 2.8. Let v : X — S, £, M be as above. Locally Zariski over S, the Deligne
pairing (£, M) is generated by symbols (€, m), with rational sections €, m whose
divisors are disjoint, finite and étale over S. In addition, if 0 : S — X is a given
section, one can suppose that div € and div m avoid o.

The relevance of the lemma will be apparent later when we discuss connec-
tions on Deligne pairings. While the defining relations in the Deligne pairing
make use of the norm morphism of rational functions, the construction of
connections will require traces of differential forms. This is possible when
our divisors are finite étale over the base: for a differential form w defined on
an open neighborhood of an irreducible divisor D < X that is finite étale on
S, the trace trp;s(w) is the map induced by inverting the map 7* : AL — AL
(which is possible because D — S is finite étale). The trace is extended by
linearity to Weil divisors whose irreducible components are finite étale over
the base. The following is then clear:

Lemma 2.9. If D is a Weil divisor in X whose irreducible components are finite
étale over S, then dlog Np,s(f) = trp;s(dlog f).

2.4. Metrics and connections. We continue with the previous notation.
Suppose now that £, M are endowed with smooth hermitian metrics /, k,

respectively. For both we shall denote the associated norms || - ||. Then
Deligne [13] defines a metric on (£, M) via the following formula:
log (¢, m)|| = 7. (log llml| c1(£, h) + log |I€]] iy m) (11)

where c1(£, h) = (i/2m)Fy is the Chern-Weil form of the Chern connection V
of (£, h) and 7. denotes fiber integration. For the convenience of the reader,
we recall the value of the Chern connection of (£, 1) on a non-vanishing local
holomorphic section e is: dlogh(e, e). The curvature is the (1, 1)-form locally
given by Fy = ddlogh(e,e) = ddlogh(e,e). The expression in parentheses
in (11) is log||€]| * log ||m|| as defined in [20]. If V is flat on the fibers of X,
namely Fy vanishes on fibers, then

log K6, m)|* = 7. (log 1€lPSdivm) = traivmys (log llEI)
and

\%4
D108 K6, mYIP = trasumss (D0g IAIR) = tramys (S ) (12)
Given a flat relative connection on £, not necessarily unitary, we wish to
take the right hand side of (12) as the definition of a trace connection on the

pairing (£, M). In this case, we define

\Y%
V(e m) = trais () @ ). (13)

We extend this definition to the free C*(S)-module generated by the symbols,
by enforcing the Leibniz rule:

V(p(L, my) = do ® (€, m) + pV{(L, m) (14)
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for all p € C*(S). Later, in Section 3, we will see that this is the only sensible
definition whenever we neglect the connection on M. To show that (13)
gives a well-defined connection on (£, M), we must verify compatibility
with the relations defining the Deligne pairing. Because of the asymmetry
of the pair, this amounts to two conditions: compatibility with the change
of frame ¢, which is always satisfied, and compatibility with the choice of
section m, which is not.

Let us address the first issue. Consistency between (10) and (14) requires
the following statement:

Lemma 2.10. With V defined as in (13) and (14), then

V{(f€,m) = dNdgivm/s(f) ® (€, m) + Naiy m/s(f)V(L, m)
forall f € C(X)* for which the Deligne symbols are defined.

Proof. By Lemma 2.9, the right hand side above is

\Y4
Nivm/s(f) traiv m/s(dlog f) & (€, m)+Naiy m/s(f) trdiv m/s <7> ® (¢, m)

af V¢
= trdivm/s (}{ + €> (ft,m).
By (13), the left hand side is
V(ft af V¢
trdiv m/s <§[f€)) ® (ft, m) = trgiym/s (J{ + 5) (ft,m)
by the Leibniz rule for the connection on £. O

The second relation is consistency with the change of frame m — fm,
f € C(X)* (whenever all the symbols are defined). By Lemma 2.9 and (14),

we require
V(¢ fm)y V(L m) . df
(f,fm) - <€’m> +trd1v€/S ( f ) . (15)
By (13),
V(E, fm) Ve V(¢ m) \%4
7{€,fm) = trdiv(fm)/S (7) = & m) + trdivf/s (7) .

So (15) is satisfied if and only if

I(f,€,V) := traiv f/s (VT?) — traiv ¢/s (i{) = 0.

Note that under a change ¢ — g¢, with div g locally in general position (i.e.
relative to some nonempty Zariski open subset of the base), we have

I(f/gf,V) = I(f,f,V) + trdivf/s (dgg) — trdivg/s (7)

But taking the logarithmic derivative of the equation of Weil reciprocity
Niv £/5(8) = Naivg/s(f) we obtain trgiy /s (dg/8) = traivg/s (df/f), and so
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I(f, ¢, V) is actually independent of £ and is defined for all f. In particular,
I(f,V) := I(f, £, V) depends only on the isomorphism class of V. Moreover,
I(fg, V) = I(f,V) + I(g, V). Thus, extending the trace trivially on vertical
divisors, f - I(f, V) gives

I(V) : C(X) — Aggs) = Hm(T(U, A%): Zariski open U C S} .

We will say that a connection V on £ — X satisfies Weil reciprocity (WR)
if (V) = 0. In the next section we elaborate on this notion as well as a
functorial version, whose importance will be seen in the uniqueness issue.
So far, we have shown the following

Proposition 2.11. If V as above satisfies (WR), then for any line bundle M — X,
V induces a connection on (£, M).

Example 2.12. The Chern connection V., on £ from Example 2.5 induces a
well-defined (Chern) connection (£, M) for all M, by using Deligne’s metric.
Notice from (11) that this is independent of a choice of metric on M. We
then clearly have I(V,;) = 0. To see this explicitly, note that if / is the metric
on £ in the frame ¢, then

\Y4
trdiv £/5 (7> = trgiy f/5(@logh) = (Naiy /s logh) = 9 1. (log 1€1Pdaiv £ )

_ 2 1 5 2 o

=oJT. (10g 1]l (2711'88 log |f] )) (by Poincaré-Lelong)
_ 15 2 2

=Jdm. ((Eac?logllfll ) log |f] )

=dT, (log |f |2(Sdivg> (since Vy/s is relatively flat)

= traivess (i{)

3. TRaACE CONNECTIONS AND INTERSECTION CONNECTIONS

3.1. Weil reciprocity and trace connections. Consider a smooth and proper
morphism of smooth quasi-projective complex varieties 7 : X — S, with
connected fibers of dimension 1. We suppose 7t is endowed with a section
0:S — X. Let L — X be a holomorphic line bundle. Assume also that £ is
rigidified along o; that is, there is an isomorphism ¢*(£) = Og, fixed once
for all.

LetV: AgC(L) - A%C(L) be a connection on £ (recall for holomorphic line
bundles we usually assume compatibility with holomorphic structures). We
say that V is rigidified along o if it pulls back to the trivial connection under
the fixed isomorphism ¢*(£) = Os. For technical reasons, we require an
enlargement of the notion of Weil reciprocity from the previous section. The
precise definition is the following.

Definition 3.1. We say that the rigidified connection V satisfies Weil reciprocity
(WR) if for every meromorphic section ¢ of £ and meromorphic function
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f € C(X)*, whose divisors div{ and div f are étale and disjoint over a
Zariski open subset U C S with div ¢ disjoint from o, the following identity
of smooth differential forms on U holds:

\%4 d
traiv f/u (7) = traive/u <j[> : (16)
We say that V satisfies the (WR) universally if for every morphism of smooth
quasi-projective complex varieties p : T — S, the pull-back (rigidified)
connection p*(V) on p*(£) also satisfies Weil reciprocity.

Remark 3.2.

(i) In the definition above and in the sequel, we allow an abuse of
notation such as writing p*(£). Indeed, the actual notation should
be p™*(£), where p’: Xt — X is the natural projection induced from
p: T — S. Also, to simplify the presentation, we will write V instead
of p*(V).

(ii) There is a nonrigidified version of this definition. It is also possible
to dispense with the compatibility with the holomorphic structure
of £ (in this case, (WR) is much a stronger condition).

(iii) The assumption that div £ be disjoint from o is not essential, but it
simplifies the proof of the theorem below.

(iv) Similarly, it may be possible to prove directly the compatibility with
base change; again, the assumption of universal Weil reciprocity
made here simplifies the arguments.

(v) Condition (16) is highly nontrivial: it relates a smooth (1, 0) differ-
ential 1-form on the left hand side to a holomorphic 1-form on the
right.

Definition 3.3. A trace connection for £ consists in giving, for every mor-
phism of smooth quasi-projective complex varieties p : T — S and every
holomorphic line bundle M on X7 of relative degree 0, a connection Dy on
(p"(L), M), compatible with the holomorphic structure on £, subject to the
following conditions:

o (Funcroriarty) If g : T — T is a morphism of smooth quasi-
projective complex varieties, the base changed connection g*(Dyy)
corresponds to D) through the canonical isomorphism

qp (L), My = (q'p*(L), 4 (M)).
e (Apprtivity) Given Dy and Dy as above, the connection Dygnrr

corresponds to the “tensor product connection” Dy ® id +id ® Dy
through the canonical isomorphism

P(L), MM’) =5 (p*(£), M) ® (p*(£), M').
o (CoMPATIBILITY WITH ISOMORPHIsSMS) Given a (holomorphic) isomor-
phism of line bundles (of relative degree 0) ¢ : M — M’ on X7, the

connections Dy and D) correspond through the induced isomor-
phism on Deligne pairings: (id, @) : (p*(£), M) = (p*(£), M').
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We shall express a trace connection as an assignment (p : T — S, M) = Dy,
or just M +— Dyy.

Remark 3.4.

(i) Itis easy to check that the additivity axiom implies that Dy, corre-
sponds to the trivial connection through the canonical isomorphism
(£,0x) = Os.

(ii) The compatibility with isomorphisms implies that Dy is invariant
under the action of automorphisms of M on (p*L, M).

In case that £ is of relative degree 0, a trace connection for £ automatically
satisfies an extra property that we will need in the next section. In this
situation, for a line bundle on X coming from the base ©*(N), there is a
canonical isomorphism: (£, 7*(N)) — IN? degt Os (see the proof in the
lemma below). With these preliminaries at hand, we can state:

Lemma 3.5. Suppose that £ is of relative degree 0. Then, for any (p : T — S, M)
as above, with M = 1t3(N), the connection Dy corresponds to the trivial connection
through the canonical isomorphism (p*L, M) = Or.

Proof. The statement is local for the Zariski topology on T, so we can localize
and suppose there is a trivialization ¢ : N = Or. This trivialization induces
a trivialization ¢ : 3(N) = Ox;. The isomorphism (p*£, M) = Or is such
that there is commutative diagram:

(L, M) ——Or

(id,@)l lid

L, O0x,) — Or.

Observe that if we change ¢ by a unit in 07, then the degree 0 assumption
on £ ensures (id, ) does not change! This is compatible with the rest of the
diagram being independent of ¢. Now we combine: a) the compatibility
of trace connections with isomorphisms, b) the triviality of Do, through
the lower horizontal arrow, c) the commutative diagram. We conclude that
Dy corresponds to the canonical connection through the upper horizontal
arrow. o

Now for the characterization of connections satisfying (WR) universally
in terms of trace connections. Let V be a rigidified connection on £ satisfying
(WR) universally, p : T — S a morphism of smooth quasi-projective complex
varieties, and M a line bundle on Xt of relative degree 0. If £ and m are
rational sections of p*(£) and M whose divisors are étale and disjoint over an
open Zariski subset U C T, and div ¢ is disjoint with p*c, we define (cf. (13))

Dac(lym) = () @ trasempu ()

7 (17)
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Theorem 3.6. The definition (17) gives a bijection between the following types of
data:

o A rigidified connection V on £ satisfying (WR) universally.
e A trace connection for L.

Remark 3.7. In Section 2.4 we guessed the formula (13) from the Chern
connection of metrics on Deligne pairings. The theorem above shows that
this is indeed the only possible construction of trace connections, once we
impose some functoriality. The functoriality requirement is natural, since
Deligne pairings behave well with respect to base change.

Proof of Theorem 3.6. Given a rigidified connection satisfying (WR) univer-
sally, we already know that the rule (17) defines a trace connection for £.
Indeed, the condition (WR) guarantees that this rule is compatible with both
the Leibniz rule and the relations defining the Deligne pairing (Proposi-
tion 2.11). The compatibility with the holomorphic structure of the trace
connection is direct from the definition.

Now, let us consider a trace connection for £, i.e. the association (p : T —
S, M) + Dy, on (p*(£), M), for M a line bundle on X7 of relative degree
0. Let us consider the particular base change  : X — S. The new family
of curves is given by p; : X Xg X — X, the projection onto the first factor.
The base change of £ to X Xs X is the pull-back p5(£). The family p; comes
equipped with two sections. The first one is the diagonal section, that we
denote 6. The second one, is the base change of the section o, that we write
0. Hence, at the level of points, 6(x) = (x, om(x)). See (18).

p>(£) j
R L (18)

EQ = @g

X—S§

The images of these sections are Cartier divisors in X Xs X, so that they
determine line bundles that we denote O(5), O(). Let us take for M the line
bundle O(6-7), namely O(6)®0(d)!. By the properties of the Deligne pairing,
there is a canonical isomorphism (p3(£), O(6 — G)) = 8p5(L) ® 5 p3L~L. But
now, p20 = id, and po0 = om. Using the rigidification 0*(£) = Ogs, we obtain
an isomorphism

(P2(£),0(6 —0)) = L. (19)

Through this isomorphism, the connection Dys-5) corresponds to a con-
nection on £, that we temporarily write Vs. It is compatible with the
holomorphic structure, as trace connections are by definition. More gen-
erally, given a morphism of smooth quasi-projective complex varieties
p: T — S, the same construction applied to the base changed family Xt — T
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(with the base changed section ot) produces a connection Vr on p*(£), and
it is clear that Vr = p*(Vs). We shall henceforth simply write V for this
compatible family of connections. It is important to stress the role of the
rigidification in the construction of V.

First, we observe that the connection V is rigidified along ¢. Indeed, on
the one hand, by the functoriality of the Deligne pairing with respect to base
change, there is a canonical isomorphism

" (p5(£),0(6 = 0)) = (£,070(6 — 7)) = (L, Og). (20)

Here we have used the fact that the base change of 6 and ¢ along ¢ both
coincide with the section o itself, so that 6*O(6 — g) =~ Qg (recall our abuse
of notation for base change, cf. Remark 3.2). On the other hand, the func-
toriality assumption on trace connections and compatibility with isomor-
phisms ensure that through the isomorphism (20) we have an identification
0*(Do(s5-5)) = Dog. But we already remarked that Dy, corresponds to the
trivial connection through the isomorphism

(£,0s) = Os. (21)

Now, the rigidification property for V follows, since the composition of
0*(19)—(21) gives back our fixed isomorphism ¢*(£) = Ogs.

Second, we show that V satisfies (WR) universally. Actually, we will see
that for (p : T — S, M), the connection Dy is given by the rule

\%4

Dactt,my = 46, m) @ trssvmpu ().

for sections ¢ and m as in the statement. Using the fact that Dy is a connection
(and hence satisfies the Leibniz rule) and imposing the relations defining
the Deligne pairing, this ensures that (WR) for V is satisfied.

To simplify the discussion, and because the new base T will be fixed from
now on, we may just change the meaning of the notation and write S instead
of T. Also, observe that the equality of two differential forms can be checked
after étale base change (because étale base change induces isomorphisms
on the level of differential forms). Therefore, after possibly localizing S for
the étale topology, we can suppose that divm = ", n;D;, where the divisors
D; are given by sections o;, and the n; are integers with }"; n; = 0. Because
M = O3 niD;) = ®; O(g; — 0)®", the additivity of the trace connection and
the trace trgjy, /s with respect to m, and the compatibility with isomorphisms,
we reduce to the case where M = O(o; — 0) and m is the canonical rational
section 1 with divisor o; — 0. In order to trace back the definition of V, we
effect the base change X — S. By construction of the connection V on £ (that,
recall, involves the rigidification), we have

Doe-a/pat, 1) _ VC _ . <d0*(5>>
Pt 1) ¢ ot )’

where we identify 0*(¢) with a rational function on S through the rigidification.
We now pull-back the identity (22) by o;, and for this we remark that the base

(22)
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change of 6 by 0; becomes o;, while the base change of ¢ by 0; becomes o!
Taking this into account, together with the functoriality of Deligne pairings
and trace connections, we obtain

Do—)(, 1) (ﬂ) s (dO*(f)) _ (Zf) s (25)

i

1y iy o i\7 ¢
\%4
= traivi/s <7> .
In the second inequality we used that V is rigidified along o, that we already
showed above. This completes the proof of the theorem. |

Remark 3.8. Notice that the above notions do not require £ to have relative
degree 0. It may well be that the objects we introduce do not exist at
such a level of generality. In the relative degree 0 case we have shown
that connections satisfying (WR) universally on £ do indeed exist and
can be constructed from relative connections that are compatible with the
holomorphic structure of £. The latter, of course, always exist by taking the
Chern connection of a hermitian metric. In the next section, we confirm the
existence in relative degree 0 by other methods, and we classify them all.

Corollary 3.9. Let M + Dy be a trace connection for the rigidified line bundle
L. Then there is a unique extension of the trace connection to line bundles M
of arbitrary relative degree, such that Dy ) corresponds to the trivial connection
through the isomorphism (£, 0(0)) = o*(£) = Os. This extension satisfies the
following properties:
(i) if V is the connection on £ determined by Theorem 3.6, the extension is
still given by the rule (17);
(ii) the list of axioms of Definition 3.3, i.e. functoriality, additivity and
compatibility with isomorphisms.

Proof. Let V be the rigidified connection on £ corresponding to the trace
connection M — Djy;. Then we extend the trace connection to arbitrary M
by the rule (17). The claims of the corollary are straightforward to check. O

3.2. Reformulation in terms of Poincaré bundles. In case £ is of relative
degree 0, the notion of trace connection can be rendered more compact by
the introduction of a Poincaré bundle on the relative jacobian. Let 7t : X — S
be our smooth fibration in proper curves, with a fixed section o : S — X. We
write p : | — S for the relative jacobian | = J(X/S), and P for the Poincaré
bundle on X Xs ], rigidified along the lift o : | — X Xg | of the section
o. This rigidified Poincaré bundle has a neat compatibility property with
respect to the group scheme structure of J. Let us introduce the addition
map p: ] Xg ] — J. If T — S is a morphism of schemes, then at the level of
T valued points the addition map is induced by the tensor product of line
bundles on Xr. If p1, p> are the projections of | Xs | onto the first and second
factors, then there is an isomorphism of line bundles on X Xs | Xs J,

wP = (p1?) ® (p32). (23)
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In particular, given a line bundle £ on X and its pull-back L£t0X Xs ] Xs ],
there is an induced canonical isomorphism of Deligne pairings,

(L, 0Py = (L, pP) ® (L, piP).

Let M — Dy be a trace connection for £. Then, we can evaluate it
on the data (p : | — §,P), thus providing a connection Dy on (p*L,P).
By the functoriality of trace connections, we have "Dy = D, piDp =
Dy, p3Dp = Dp;p. Furthermore, by the compatibility with isomorphisms
and additivity, there is an identification through (23): y*Dy = (p1D9p) ®
id +id ®(p5Dp). We claim the data M + Dy, is determined by Dy. For
if g: T — S is a morphism of smooth quasi-projective complex varieties,
and M a line bundle on X7 of relative degree 0, then we have a classifying
morphism ¢ : T — | and an isomorphism M — (¢*P) ® (n707M). This
induces an isomorphism on Deligne pairings (§°£, M) = ("L, (¢*P) ®
(n707M)). But now, because £ is of relative degree 0, there is a canonical
isomorphism {g° L, n7:07M) = Or, and the connection Dz g:ov is trivial by
Lemma 3.5. Hence, through the resulting isomorphism on Deligne pairings
(g°L, M) = @*(p*L, P), we have an identification of connections ¢*Dp = Dyy.
Moreover this identification does not depend on the precise isomorphism
M = (¢*P) ® (mr07M), by the compatibility of trace connections with
isomorphisms of line bundles (and hence with automorphisms of line
bundles). The next statement is now clear.

Proposition 3.10. Suppose that £ is of relative degree 0. The following data are
equivalent:

o A trace connection for L.

o A connection Dy on the Deligne pairing (p*L,P) (compatible with the
holomorphic structure), satisfying the following compatibility with addition
on J:

1Dy = (piDy) ® id +id ®(p3 Dy). (24)

The equivalence is given as follows. Let Dy as above, g : T — S a
morphism of smooth quasi-projective complex varieties, and M a line
bundle on Xr of relative degree 0 and ¢ : T — ] its classifying map, so
that there are isomorphisms M = ¢*P ® (n707M), (g°L, M) = @*(p* L, P).
Then, through these identifications, the rule: M + ¢@*Dy on ("L, M),
defines a trace connection for £. The proposition justifies calling Dy a
universal trace connection.

The formulation of trace connections in terms of Poincaré bundles makes
it easy to deal with the uniqueness issue. Let M +— Dy and M — Dj,
be trace connections. These are determined by the respective “universal”
connections Dp and Dj. Two connections on a given holomorphic line
bundle, compatible with the holomorphic structure, differ by a smooth
(1,0) differential one form. Let O be the smooth (1,0) form on | given
by Dy — D5,. Then, the compatibility of universal trace connections with
additivity imposes the restriction on 0: yu*0 = p]0 + p50. We say that 0 is a
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translation invariant form and denote the space of such differential forms by
Inv())10 c T(J, A}").

It remains to consider the problem of existence. The line bundle {p* L, P)
on | is rigidified along the zero section and compatible with the relative
addition law on J. In particular, (p*£L, P) lies in J¥(S), the S-valued points of
the dual abelian scheme to J. Equivalently, it is a line bundle on | of relative
degree 0. Now (p*L,P) admits a hermitian metric that is invariant under
addition. The resulting Chern connection is invariant under addition and
compatible with the holomorphic structure. We thus arrive at the following
theorem.

Theorem 3.11 (STRUCTURE THEOREM). The space of trace connections for £, and
thus of rigidified connections on L satisfying (WR) universally, is a torsor under
Inv(])10).

In Section 4 we will provide a constructive approach to Theorem 3.11.

3.3. Intersection connections. We continue with the notation of the previ-
ous sections. In particular, £ — X — S is a holomorphic line bundle of
relative degree zero. In Theorem 3.6 we have related rigidified connections
on [ satisfying (WR) universally and trace connections for £, as equivalent
notions. We have also given a structure theorem for the space of such objects
(Theorem 3.11). There is, of course, a lack of symmetry in the definition of a
trace connection M +— Dy, since the holomorphic line bundles M require
no extra structure. In this section, we show that given a relatively flat
connection on £ satisfying (WR) universally, we can build an intersection
connection “against” line bundles with connections (M, V’). Moreover, if
V' is relatively flat and also satisfies (WR), then the resulting connection is
symmetric with respect to the symmetry of the Deligne pairing. Recall from
Definition 2.3 that Fy denotes the curvature of a connection V.

Theorem 3.12. Let V be a compatible connection on £ — X satisfying (WR), not
necessarily rigidified, and such that its vertical projection Vs is flat. Let V' be a
connection on another line bundle M — X of arbitrary relative degree. Then:

(i) on the Deligne pairing (£, M), the following rule defines a connection
compatible with the holomorphic structure:

Dmmy_in(vm
&my " 2n”

where T, is integration over the fiber;

(ii) if both connections V and V' are unitary for some hermitian structures,
then D is the Chern connection of the corresponding metrized Deligne
pairing;

(iii) if V satisfies (WR) universally, then the construction of D is compatible
with base change and coincides with a trace connection when restricted to
line bundles with unitary connections (M, V’).

\%4

A Fv> + tdivm/s (7) , (25)
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Proof. To justify that the rule D defines a connection, it is enough to show the
compatibility between Leibniz’ rule and the relations defining the Deligne
pairing. One readily checks the compatibility for the change £ +— f¢ for f a
rational function. For the change m — fm, the trace term in the definition of
D already satisfies (WR). We thus have to show the invariance of the fiber
integral under the change m +— fm, or equivalently

af

. (f A FV> = 0. (26)

It will be useful to compare V to the Chern connection V., on £ from Example
2.5, which we assume is relatively flat (the rigidification is irrelevant for this
discussion). The connection V., also satisfies (WR) (see Example 2.12). We
write: V=Vy + 0, Fy = Fy,, +d0. Then 0 is of type (1,0) and has vanishing
trace along divisors of rational functions. We exploit this fact, together with
the observation that since Fy,, is of type (1, 1) it is d-closed. Write:

w (Y nre) =n (Y are,) +n (% nao)

= dn.(log|fI*Fy,,) + m. <‘if A de) : (27)

Because Fy,, is flat on fibers,

n.(log|fI*Fv,,) = 0. (28)

Furthermore, by the Poincaré-Lelong formula for currents on X, dd log |f|? =
27i - dgiy f- Hence, by type considerations,

ﬂ =T (o] 2N 0
m(f Ade) . (9loglf? A 30)

=T, (9810g If1> A 6) - Jn, <alog IfI> A 6)
= 2mitrgy £/5(0) — I (dlog |f* A 0) . (29)

The trace term vanishes by the Weil vanishing property of 0, and the second
term vanishes because the integrand it is of type (2,0) and 7 reduces types
by (1,1). Combining (27)-(29) we conclude with the desired (26).

The second assertion follows by construction of D, and the third item is
immedjiate. m|

Definition 3.13 (INTERsECTION CONNECTION). Suppose that a relatively flat
connection V on £ satisfies (WR) universally, and let V' be an arbitrary
connection on M, where M can have arbitrary relative degree. Both connec-
tions are assumed to be compatible with holomorphic structures. Then the
connection V%,M) := D on (£, M) constructed in Theorem 3.12 is called the
intersection connection attached to (£, V) and (M, V’). We write ((£, V), (M, V"))
for the Deligne pairing of £ and M with the intersection connection.

The next result is a direct consequence of the Poincaré-Lelong formula.
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Proposition 3.14. The curvature of the intersection connection Vé’grm attached to
”n o . . ' _ i ,
(£,V)and (M, V') is given by: PV?’ZM) = 5-1(Fv A Fy).

Intersection connections satisfy the expected behavior with respect to
tensor product and flat isomorphisms. Furthermore, if £ and M are line
bundles endowed with connections V, V’ that satisfy (WR), one might expect
a symmetry of the intersection connections on (£, M) and (M, £), through
the canonical isomorphism of Deligne pairings

(L, M) = (M, L). (30)
This is indeed the case.

Proposition 3.15. Suppose the connections V, V' on £ and M both satisfy (WR)
and are relatively flat. Then, the symmetry isomorphism (30) is parallel (or flat)
with respect to the intersection connections.

Proof. Let £, m be a couple of sections providing bases elements (¢, m) and
(m, ) of (£, M) and (M, L), respectively. We denote by T and T, the currents
of integration against V£/¢ and V'm/m, respectively. These currents have
disjoint wave front sets. The same holds for the Dirac currents 4;y ¢ and
Odivm, as well as Ogiy ¢ and V'm/m, etc. For currents with disjoint wave front
sets, the usual wedge product rules and Stokes” formulas for differential
forms remain true. Applying the Poincaré-Lelong type equations for T, and
T, we find the chain of equalities

vzntM><{7 m> _Ln (V'
2 *

(€, m) Vf)

A FV) + trdivm/s (7
V'm

\Y4
( , > + traive/s < > + tdivm/s (7)
V¢ Vf V'm
Ve Vieim, €>
—m (7 FV’) + trdgivess ( ) m,f
The proof is complete. O

For later use, it will be useful to study the change of intersection connec-
tions under change of connection on £.

Proposition 3.16. Assume that M has relative degree 0. Let O € F(S,Aé’o). Then
(L, V+10), (M, V) =L, V),V V)).

Proof. Let (£, m) be a local basis of the Deligne pairing. We observe that
Tlx (VIT’" A d(n*@)) = T (V%) A dB = 0. The vanishing of the last fiber
integral is obtained by counting types: V'm/m is of type (1,0) and 7 reduces
types by (1,1). Also, because div m is of degree 0, we have trgiy /s(7*0) =
(degdivm)O = 0. These observations together imply the proposition. O



DELIGNE PAIRINGS AND RANK ONE LOCAL SYSTEMS ON CURVES 23

4. Proors oF THE MAIN THEOREMS

4.1. The canonical extension: local description and properties. In this
step, we work locally on S for the analytic topology. We replace S by a
contractible open subset S°. Hence, local systems over S° are trivial. We
write X° for the restriction of X to §°, but to ease the notation, we still denote
L for the restriction of £. For later use (in the proof of Theorem 4.6), we
tix a family of symplectic bases {«;, ﬁi}igzl for Hy(X;), that is flat with respect
to the Gauss-Manin connection. Observe that this trivially determines a
symplectic basis after any base change T — S° that is also flat. We may
assume that these are given by closed curves based at o(s). We view these
curves as the polygonal boundary of a fundamental domain F; C X; in the
local relative universal cover X — X°, in the usual way:

B1

aq

3(s) ™

In the figure we have written 5(s) for a lift of the section o(s) to a fundamental
domain ;. Let v : S — E(X/S) be the C* classifying map corresponding to
(£, Vxys). By the choice of 5°, v [ge lifts to 7 : S° — H‘}ZR(DC/S). We identify
the fundamental groups m1(Xs, 0(s)), s € S°, to a single I'. Then to ¥ there is
associated a smooth family of complex valued holonomy characters of I

Xs(7)=eXp(—/175), yel, ses°.
%

where the integral is taken with respect to any de Rham representative of ;.
Observe that the definition of x; only depends on v, and not the particular
choice of the lift . We can thus write v in the integral. With this understood,
local smooth sections ¢ of £ — X° are identified with smooth functions £ on
X satisfying the equivariance rule:

0(vz,s) = xs(y)H(z,5), yeTl, seS. (31)
Rational sections are meromorphic in Z € fs, for fixed s. Notice that for

every s € 5°, we have a holomorphic structure ds on %S.

Remark 4.1.
(i) We clarify this important construction. Choose a lift (s) to Xs lying
in 5. The rigidification 0*£ ~ Og gives a nonzero element e € £| 56)"
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Using the relative flat connection Vy_, e extends to a global frame e
of L5 — Xs. Then the pullback of a section ¢ can be written #(2)e.
(ii) If two lifts of o(s) are related by 2(s) = y - 51(s), then &, = x(p)ley,
and therefore &, = x(y).
(iii) With the identification above, the relative connection Vys is given

by £ — l: Vysst/t «— at/e, projected to A}i’?so.

To extend the relative connection we must differentiate £ with respect
to s, as well as the factor s — exp ( fy vs>, all in a way which preserves the
condition (31). Note that the dependence on y factors through homology.
Hence, we regard y as a parallel section of (R'7.Z)" on S°. Then, by the
very definition of the Gauss-Manin connection,

dep ([ v)=exp ([ v)a [o=exp([7) [Va 2

Here, the “integral” over y C Xs means the integral of the part of VgV in
H}lR(f)C/ S). Now choose any frame {[1]1-]}1-251 of the local system H;R(DC/ S) on
S°. Then we may write: Vgpmv = Z?fl[m] ®6;, 0; € AL.. For each s € S°
andi=1,...,2g, there is a unique harmonic representative 1;(z, s) of [1;](s)
on the fiber X; (this is a relative form; recall that harmonic one forms on
surfaces depend only on the conformal structure). For Z € %S, we consider a
path joining 6(s) to Z in %S. Then we set

5 28 5
[ Yo=Y { / ( )m(z,S)} 0 (33)
o(s l=l o(s

where we have abused notation and wrote 7); for its lift to the universal
cover. This expression varies smoothly in s € S° and Z. It is independent of
the choice of local frame. Indeed, if [7];] = }_; A;[n;] for a (constant) matrix
(Ajj), then 7li(z, ) = 37 Aijnj(z, s) (uniqueness of harmonic representatives),
and hence Y ; A; ]-éi = 0j (since Vgmv is intrinsically defined). It follows that,
since (A;)) is constant,

2g 5 3 2g 5 i 2g 5 )
; {/fr(s) iz S)} 6i=2. {/5(5) Aijnj(z’s)} 0= {/5(5) ni(z, S)} Aij0;

i,j=1 i,j=1

2g 5
S wen o

With this understood, on X we extend the relative connection Vy /s by the
following (see Remark 4.1): if Z € X,

Zg(z, S) = df?(i’, S) - / VGMV. (34)
4 4 3(s)
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We claim that this expression descends to a 1-form on X° and is independent
of the choice of lift of o(s). Both facts follow from the same argument.
Suppose, for example, that 52(s) = y51(s) are two choices of local lifts.
Then by Remark 4.1 (ii), it follows that 0r(2) = x(y)~'1(2), and therefore
aly )6, = db, /0 + dlog x(y). On the other hand,

)/5'1 Z

Z Z V4
/ VGMV = VGMV = / VGMV - VGMV = / VGMV - / VGMV
G2 Y01 a1 41 J 61 V4

Qe

D

= | Vamv +dlog x(y)
&1

where we have used (32). It follows that V£/¢ in (34) is independent of the
lift. The fact that V{/¢ descends to a 1-form on X° follows by the same
argument. This proves the claim.

From the previous discussion it also follows that given overlapping
contractible open subsets of S, say S7 and S3, the corresponding extensions
Vi and V; agree over the intersection, so that they can be glued together.
Therefore, there exists a smooth connectionV:L - L ® A%C that, locally on
contractible open subsets of S, is of the form (34).

Definition 4.2. The extended connection V on L — X given by the procedure
above will be called the canonical extension of Vy,s to X.

Remark 4.3.

(i) It is immediate that V indeed satisfies the Leibniz rule and is a
smooth connection. It is also trivially rigidified along o.

(ii) It is, however, perhaps not so clear the V is compatible with the
holomorphic structure on £, and this will be checked below in
Theorem 4.6.

(iii) From now on, for notational convenience we confuse points on fibers
of X° — S° with their lifts to fundamental domains (%f universal
covers. Therefore, we will write expressions such as Vemv.

a(s)
Lemma 4.4. The construction of the canonical extension V is compatible with base
change.

Proof. The lemma follows from the expression (34) and the compatibility of
the Gauss-Manin invariant with base change (7). O

Because the line bundle £ — X is of relative degree 0, we can endow it
with the rigidified Chern connection V;, which is flat on fibers. We next
show that the Chern connection is the canonical extension of its vertical
projection, as given by the preceding construction.

Lemma4.5. Suppose that the flat relative connection Vo s is induced by a hermitian
structure h on £ whose Chern connection is flat on the fibers, i.e. by the Chern
connection Vy, of (£, h) in the sense of Example 2.5. Then V, coincides with the
canonical extension (34) of Vy/s.
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Proof. This essentially follows from the construction outlined in Remark
4.1. Choose a point 0 € S, and let X = Xy. We assume a local C* pointed
trivialization of a restriction X° over a contractible subset 0 € S° of S: hence,
X° = X x §° with the section o(s) mapping to a fixed point 0 = ¢(0) € X.
We fix a hermitian metric on a bundle L — X with a fixed C* trivialization,
so that we have a nowhere vanishing smooth section 1 of L with |[1]| = 1.
The connection V, gives a family of fiberwise flat unitary connections on
L — X°, and up to isomorphism we may assume that the pull-back of £ to
X x §° is isometrically identified with the trivial extension of L to X x S°.
Hence, on L — X we have a family V; of flat unitary connections. Let X
denote the universal cover of X, and ¢ a lift of the base point ¢ = ¢(0) € X.
Let d denote the trivial connection on L with respect to its trivialization, i.e.
d(1) = 0. Then we may write Vs = d + A,. By again applying a unitary gauge
transformation, we may assume that A is a harmonic 1-form on X for each s.
Set e; = exp (— [ As) - 1. Then the extension e of e; to X X S° is a vertically
flat section, well-defined on X x S°. Let A be the difference of the Chern and
trivial connections on X x S°, and ds the de Rham operator on the S° factor.
Then on X X S°, Vye = (A —ds [T A) e + Ae = (—ds [; A) e. By definition
of the integral in (33), (—ds faz(s)A> L_O = (= J; Vomven) L_O, where Vomve,
is the Gauss-Manin invariant for the Chern connection. We conclude that
Vaele = — f; Vomve, at s = 0. On X, the equivariant function fon X xS°
associated with a section ¢ satisfies: ¢ = f - e, and so

V..t df \Y e _
C; 7 ch / Vemven (35)

at s = 0. Since the choice of base pomt 0 € S was arbitrary, this completes
the proof. O

Theorem 4.6 (CANONICAL EXTENSION). The canonical extension V is compatible
with the holomorphic structure on £, and it satisfies (WR) universally. Moreover,
it is rigidified along the section o.

Proof. Again we work locally on contractible open subsets S° of S. For the
tirst statement, it suffices to show that for any meromorphic section ¢ of £,
(V€/0)* = 0. The restriction of this form to the fibers of X° vanishes; hence,
with respect to local holomorphic coordinates {s;} on S° we may write

(Vf)o,l = Z Pids; (36)

for functions @; on X°. We wish to prove that the ¢; vanish identically. Write
V =Vj + 0, where Vj is the Chern connection as in the proof of Lemma 4.5.
By the construction (34) of the canonical extensions,

ol ¢ z z
gt = = - 22 / (Vamvo)! - / (Vauv)™! (37)
4 4o a(s) a(s)
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Now from the definition of the Gauss-Manin integral (33), for fixed s the
Z
expression (Vo)
a(s)

90 of (37), it then follows that the dz A dz term of dd0%! vanishes. But by
Lemma 4.5, 8% = (V£/60)"! = (Vo /0)* = (V£/0)*, and s0 in (36), 9.9:¢; = 0
for all i. Hence, the ¢; are harmonic, and therefore constant along the fibers
of X°. But they also vanish along o, and so vanish identically, and the first
statement of the theorem follows.

It remains to prove that V satisfies (WR) universally. By the compatibility
of the construction of V with base change (Lemma 4.4), it is enough to work
over S°. Also, in the proof we are allowed to do base changes of S° induced
by étale base changes of S, since equalities of differential forms are local
for this topology. For the proof we follow the argument for classical Weil
reciprocity for Riemann surfaces. Recall that for a holomorphic differential
@ and nonzero meromorphic function f on a Riemann surface X with
homology basis {«a;, fi}, we have (cf. [22, Reciprocity Law I, p. 230])

27t Z ordp(f)/:a):i:il(/Dtia)/ici{—/aicizr ﬁiw) (38)

pedivi(f)

is a harmonic function of z. Similarly for vo. Taking

where the left hand side is independent of the base point ¢ because
degdiv(f) = 0. The divisor of f is understood to be restricted to the
fundamental domain delimited by the curves representing the homology
basis. We note two generalizations of this type of formula:

(i) in(38), we may use an anti-holomorphic form @ instead of w. Indeed,
the periods of df/ f are pure imaginary, and the assertion follows by
conjugating both sides;

(ii) in families, if div f/S is finite étale over S, then after étale base
change we can assume the irreducible components are given by
sections. Applying this, the previous comment, and the Hodge
decomposition to the cohomological part of Vgvv, we have for each
s,

p(s)
2ni Y. ordy(f) | Vo=
p(s)ediv(f(-9)) a(s)

g </a, VoM /ﬁi 63[ - /af dff Bi VGMV) .

Here {a;, B;} is a parallel symplectic basis of (R'11.Z)Y on S° as fixed
in the beginning of Section 4.1.

(39)
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There is a second version of Weil reciprocity (cf. [22, p. 243]) for pairs f, g of
meromorphic functions

27 Z ord,(g) log f(q) — 2mi Z ord,(f)logg(p) =
gediv(g) pediv(f)

i(/ df [ dg / g df)
—1 o f g & o 8§ g f
which applies also to families (after possible étale base change, to assume
the components of the divisors are given by sections). Again, the divisors
are taken in the fundamental domain delimited by the homology basis.

We now apply (40) in the case where div f/S is finite étale and g = £
(regarded as an equivariant meromorphic function fiberwise). We observe
that the periods of df/ f are constant functions on the base S° (they belong
to 2niZ). Taking derivatives and appealing to (32) and (39), results in the
string of equalities

27Titrdivg/so (dff> _Znitrdivf/S" (if)

(40)

i

i

) i </0¢z cif Bi Vaur = a; vou /ﬁi dJ[)

v4
= 2mi trdivf/so (/ VGMV) .
o

Therefore by (34), traiv¢/se (Af/f) = traiy /50 (VE/C). In other words, V
satisfies (WR). The rigidification property is immediate from the construction
(34). This completes the proof of Theorem 4.6. O

4.2. The canonical extension: uniqueness. In this section we prove the
uniqueness of the extension obtained in the previous section. In fact, we
will prove a little more. Let 0 € Al satisfying the following properties:

(V1) rigidification: 0*(0) = 0;

(V2) the pull-back of 0 to any fiber X, s € S, vanishes;

(V3) vanishing along rational divisors, universally: given a smooth mor-
phism of quasi-projective complex varieties p : T — S, and a
meromorphic function f on the base change Xt whose divisor is
finite étale over T, we have trg;y ;/7(p*6) = 0. Here we write p*0 for
the pull-back of 0 to Xt by the induced morphism Xt — X. We call
this the Weil vanishing property, and it appeared already in the proof
of Theorem 3.12.
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Proposition 4.7 (VANISHING PROPERTY). Let O be a smooth complex differential
1-form on X, satisfying properties (V1)—(V3) above. Then O vanishes identically on
X.

Proof. The vanishing of a differential form is a local property, so we may
assume that Qé is a free sheaf on S. Let 01, ..., 04 be a holomorphic frame
for QL. Then, 04,...,6,,64,...,0, is a frame for A}. Because 0 vanishes
on fibers by (V2), on X we can write 0 = Y, f;r*0; + ; it*6;, for some
smooth functions f;, g; on X. Observe that f;, g; vanish along the section
o (V1) (by the independence of 64, ..., 60y, 01,...,0,). They also satisfy the
Weil vanishing property (V3). For this, we need to observe that for a smooth
morphism p : T — S, the differential forms p*6;, p*0; are still stalk-wise
independent, so are their pull-backs to Xt (because X1 — T is smooth).2 We
want to show these functions identically vanish. We are thus required to
prove that a smooth complex function ¢ : X — C satisfying (V1) and (V3)
automatically satisfies (V2), and therefore vanishes.

Let us observe that Weil vanishing for functions implies something more.
Let D be a divisor in Xr, finite and flat over T. Then the trace: trp,r(¢), can
still be defined as a continuous function on T, by averaging on fibers and
taking multiplicities into account (for this one does not even need T — S to
be smooth). Hence, if trp,r(¢) vanishes over a Zariski dense open subset of
T, then it vanishes everywhere by continuity. This is the case for D = div f,
where f is a rational function on X7 with finite flat divisor over T. Indeed,
there is a dense (Zariski) open subset U C T such that D is finite étale over
U. This means that the Weil vanishing property holds for rational divisors
whose components are only finite and flat.

Recall that the relative jacobian | := J(X/S) — S is a fibration of abelian
varieties over S, representing the functor T + J(T) of line bundles on Xr
of relative degree 0, modulo line bundles coming from the base. Here, we
will exploit the fact that the total space | is smooth (because S is smooth),
and therefore can be covered by Zariski open subsets U, which are smooth
and quasi-projective over S! The natural inclusion of a Zariski open subset
U < | corresponds to the universal rigidified (along o) Poincaré bundle
restricted to Xy, and for small enough U, one can suppose this line bundle is
associated to a divisor in Xy, finite flat over U. We will call this “a universal”
tinite flat divisor over U. It is well defined only up to rational equivalence
(through rational divisors which are finite flat over the base).

We proceed to extend ¢ : X — C toa continuous function ¢ : | — C, whose
restriction on fibers is a continuous morphism of (topological) groups (for the
analytic topology). Let U be a Zariski open subset of |, such that X; affords a
“universal” finite flat divisor of degree 0 over U. Denote this divisor Dy;. Then,
trp,/u(¢p) is a continuous function on U. Moreover, it only depends on the

2Note, however, that this property is lost in general if p : T — S is not smooth. This
explains the restriction to smooth base change in (V3).
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rational equivalence class of Dyj, by the Weil vanishing property (extended to
finite flat rational divisors). Because of this, given U and V intersecting open
subsets in J(X/S), we also have trp,;u(®) lunv= trp,;v(¢) lunv. Therefore
these functions glue into a continuous function ¢ : | — C. The linearity
of the trace function with respect to sums of divisors, guarantees that ¢ is
compatible with the group scheme structure. Namely, given the addition:
u: ] Xs ] = ], and the two projections p; : | Xs | — ], the following relation
holds: u*¢ = pj@ + p5¢. This in particular implies that ¢ is a topological
group morphism on fibers and immediately leads to the vanishing of ¢ on
fibers; hence, everywhere. Indeed, a given fiber J; (s € S) can be uniformized
as C¢/A, for some lattice A. The corresponding arrow C8 — C induced from
@ is a continuous morphism of topological abelian groups, and it is therefore
a linear map of real vector spaces! Because the map factors through J;, which
is compact, its image is compact, and hence is reduced to {0}.

Finally, let 1 : X < ] be the closed immersion given by the section o.
Because of the rigidification of ¢, we have ¢ = ("¢ = 0. This concludes the
proof of the proposition. |

Corollary 4.8 (UNIQUENESS). Suppose that we are given V1, Vo smooth connections
on L — X (hence non-necessarily compatible with the holomorphic structure)
satisfying the following properties:

(E1) they are both rigidified along the section o;

(E2) they coincide on fibers X, s € S;

(E3) they satisfy the Weil reciprocity for connections, universally.

Then V1 = V,. Therefore, the canonical extension is unique.

Proof. Indeed, we can write V1 = V; + 0, where 0 is a smooth 1-form. Then
properties (E1)—(E3) ensure that O satisfies (V1)-(V3). By the vanishing
lemma, 0 = 0, so V1 = V; as required. The consequences for the canonical
extension follow, since they satisfy (E1)—(E3). O

A second application of the vanishing lemma is an alternative proof of
the compatibility of a connection V on £ with the holomorphic structure
(see Theorem 4.6).

Corollary 4.9 (CompaTiBILITY). Let L — X be a holomorphic line bundle with
smooth connection V (non-necessarily compatible with the holomorphic structure
on L) which:

(H1) is rigidified along the section o;

(H2) is holomorphic on fibers;

(H3) and satisfies the Weil reciprocity for connections, universally.

Then V is compatible with the holomorphic structure on L. In particular, the
canonical extension is compatible with the holomorphic structure of £C.

Proof. Because V is holomorphic on fibers, £ is of relative degree 0 and can
be endowed with a Chern connection V. We can suppose V is rigidified
along the section o (H1) (because (£ is rigidified). We already know that
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V., satisfies (H2)-(H3) (see Example 2.12). Also, V, is compatible with the
holomorphic structure £, by definition of Chern connections. Hence it is
enough to compare V and V. Let us write V = V, + 6. We decompose 0
into types (1,0) and (0,1): 0 = 0" + 0”7, and we wish to see that 0" = 0. But
now, observe the following facts:

e 00 = 0 and pull-back by o respects types, so that 60" = —¢*0” has
to vanish;

e 0" vanishes along the fibers, because V and V, are holomorphic
along the fibers;

e O satisfies the Weil vanishing universally. Because the trace along
divisors trp,r respects types of differential forms, we deduce that it
vanishes for 6”.

Hence, 0" satisfies the properties (V1)-(V3) above, and it therefore vanishes.
It follows that V = V, + 0’ is compatible with the holomorphic bundle £. O

4.3. Variant in the absence of rigidification. In case the morphismnt: X —
S does not come with a rigidification, we can still pose the problem of
extending connections and impose (WR) universally. We briefly discuss this
situation. Locally for the étale topology, the morphism 7 admits sections.
Etale morphisms are local isomorphisms in the analytic topology. Therefore,
given a relative connection Vy/s, there is an analytic open covering U; of S,
and connections V; on Ly, extending Vy/s and satisfying (WR) universally.
On an overlap U;; := U; N Uj, the connections V; and V; differ by a smooth
(1,0)-form 6;; on f)Cul.],. The differential form 6;; satisfies the vanishing
properties (V2)—(V3) of Section 4.2. By the vanishing lemma (Proposition
4.7), 6j comes from a differential form on U;;: 6;; € I'(Ujj, Aé’o). This family
of differential forms obviously verifies the 1-cocycle condition, and hence
gives a cohomology class in H 1(s, Aé’o). But Aé’o is a fine sheaf, because it is a
C*(S)-module. Therefore, this cohomology group vanishes and the cocycle
{6;;} is trivial. This means that, after possibly modifying the connections V;
by suitable (1,0) differential forms coming from the base, we can glue them
together into a connection V on £, extending Vy/s. Because any differential
form coming from the base S has vanishing trace along divisors of rational
functions (more generally, along relative degree 0 divisors), this connection V
still satisfies (WR) universally. Two such connections differ by a differential
form in I'(S, Aé’o). Again, differential forms coming from S have zero trace
along degree zero divisors, and so this implies the induced trace connections
on Deligne pairings (£, M) don’t depend on the particular extension, as long
as M has relative degree 0. We summarize the discussion in a statement.

Proposition 4.10. In the absence of a section of T : X — S, the space of extensions
of Vs satisfying (WR) universally is a torsor under I’(S,Aé’o). To Vs there is
an intrinsically attached trace connection on relative degree zero line bundles M
(still denoted V (1, pyir).
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Remark 4.11. The proposition refines Theorem 3.11, when we are interested
in connections on £ satisfying (WR) universally and extending a given flat
relative connection Vy;s.

Completion of the Proof of Theorem 1.2 (i). Let now Vy/s be a flat relative con-
nection, and let V be any extension satisfying (WR) universally. Attached to
(£,V) there is a trace connection for the Deligne pairings against line bundles
of relative degree 0. This trace connection does not depend on the choice
of extension Vy/s, as we saw above. By a similar argument, if (L,V%C /s)
and (M, VZD\CA/S) are line bundles with relatively flat connections on X — S,
Propositions 4.10, 3.15 and 3.16 together show that there is an intrinsically
attached intersection connection Vérgﬂ\@ on (L, M). O

4.4. Relation between trace and intersection connections. We now fill in
the proof of Theorem 1.2 (iii), which asserts that if M — X has relative degree
0, then the trace connection on (£, M) is a special case of an intersection
connection. We state the precise result in the following

Proposition 4.12. Let £ — X be equipped with a flat relative connection V% /s
Let M — X be a hermitian, holomorphic line bundle with Chern connection V]C\ﬁ
whose restriction VZJ\CA/S to the fibers of n: X — Sis flat. Let VETLJ\@ be the trace
connection associated to V%C /50 and v?EM) the intersection connection associated to
V& /s and Vé\c/l/s- Then V22/M> = V?E/m.

Proof. An equality of connections is local for the étale topology, and our
constructions are compatible with base change. Therefore, we can assume
there is a section ¢ and that £ is rigidified along 0. Let V|, be the canonical
extension of V& /s- By the definition eq. (25), it suffices to show that for all
rational sections m of M,

VM (m)
T <’;n A FVL) =0 (41)
Let || - || denote the metric on M, and write Vy, = V%h + 6, where Vgh is the

Chern connection, and 0 is of type (1,0). Then using the fact that PVLh is
Jd-closed, we have

Via(m)
i, <drln A FVL> = 7. (dlogllml|* A Fy,)

= om, (loglim| - Fy: ) +m. (9log ml? A d6)

The first term vanishes, since Vgh is flat on the fibers. For the second term, as
in the proof of Theorem 1.2 we find
m. (dlog lm|* A d6) = . (dlog|lml* A I6)
= —on. (dloglm|* A 6) + 7. (ddloglml|* A 6)  (42)
= m(FV% A 0) + 27 tr giy /s (0) (43)
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where we have used that the first term on the right hand side of (42) vanishes
because of type, and we apply the Poincaré-Lelong formula to the second
term on the right hand side of (42) to derive (43). Locally on contractile open
subsets of S, we can apply (38) to obtain

omi Y ordp(m)/:QZé(/aie/idg—/ai?/i9> (44)

pediv(m)

Let Vomvam denote the Gauss-Manin invariant for VIQ‘CA/ s- We now differentiate
the equation above, and obtain:

. . p
2711 tr gy (0) + 2710 Z ordp(m)/ Veomb =
pediv(m) o

8 ~ -
Z(/ Vowo [ dl”—/ di”/ch9> (45)
i1 a; g m o M JB;
8
+Z</ Q/VGMVM—/ VGMVM/ 9).
=1 \Jai Jpi a; pi

A comment is in order to clarify the meaning of Vgm0 and its path inte-
grations. By construction, the differential form 0 is closed on fibers, and
even holomorphic. Hence, it defines a relative cohomology class to which
we can apply Vgm. This we write Vgv0. The meaning of integration
along non-closed paths involves representing Vom0 in terms of a family of
harmonic forms, exactly as in Section 4.1. After this clarification, we also
note that equation (44) holds for Vgm0 as well. We subtract this variant
from (45), and deduce

g
2711 traiy mys(0) = D </ 9/ VGMVM—/ vGMVM/ 9)
i=1 \Jai Jpi a Bi
= 7. (0 AVoMmVMm) = —Tt. (Q A sz\ﬁ) ,

where to obtain the last equality we use the fact that V! corresponds to the
canonical extension of VID‘C/I/ s (Lemma 4.5). Hence, the right hand side of (43)
vanishes, and so therefore does (41). This completes the proof. O

4.5. Curvatures. In this section we compute the curvature of intersection
and trace connections on (£, M). In particular we establish Theorem 1.2 (ii).
Let £, M — X be rigidified line bundles with flat relative connections Vlic /S
and Vé\g/ ¢, respectively (the rigidification is not essential here). Denote the
Gauss-Manin invariants by Veymvr and Vemva, and recall from Section 2.2
that Revy, Revy are well-defined. We will also need the following. Let

KS(X/S) = VamIl' = =VgmIl” € End (Hjp(X/S)) ® Ag” (46)
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denote the derivative of the period map of the fibration X — S, where IT,
IT” are as in (8) and (9). Finally, define the operation

(HIR(X/S) ® A%) x (HYp(X/S) ® AL) —> Hp(X/S) ® A5 (47)
is given by the cup product on relative cohomology classes and the wedge

product on forms, whereas 7. denotes the fiber integration: HL%R(DC /S) —
C*(S). One easily verifies that

KS(a) = —KS(a) 48)
7. (@ UKS(B)) = —m. (KS(@) U B) (49)
With this understood, we have the following

Proposition 4.13. The curvature of the intersection connection VZZE,M) on (L, M)
is given by: 27 - Fvé'g o =T (Vomve U Vamvm) (see (3)).

Proof. By (34) and (33), the curvature of the canonical extension is given by

z 28
—d VGMVZ—ZT]i/\Qi-f--“
5(s) i-1
where the - - - indicates forms that are annihilated by vertical tangent vectors.
The first term on the right hand side represents Vgyvv. From Proposition
3.14, the only term that survives the fiber integration is Veymvy U Vemvm. O

The following is then an immediate consequence of the curvature formula.

Corollary 4.14. If the flat relative connections on £ and M are of type (1,0) (see
Definition 2.6), then the intersection connection on (£, M) is holomorphic, i.e. its
curvature is of type (2,0).

Next, we turn to trace connections, where the calculation is a bit more
involved.

Proposition 4.15. Assume £ is given a rigidification. Then the trace connection
VEZ wy 01 (L, M) has curvature:

1 ’ 14 44 14
= fn*{(VGMVL) U (Vemvm)” = (Vamvr)” U (Vemvm)

Fo: =
Vieay — 2mi

(50)
—2Revp U (KS(DC/S) N VGMVL)}-

Remark 4.16. As shown in Section 4.4, the trace connection is a special case
of an intersection connection. However, the above gives a more general
formula where vy is not necessarily associated to a unitary connection. The
trace connection on (£, M) is independent of a choice of relative connection
on M. Using (48) and (49), one verifies that (50) is indeed independent of
the choice of Vé\g/ s- Moreover, by specializing to the Chern connection on M,
(50) reduces to (3).

We also point out the following
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Corollary 4.17. If (Vomv)” vanishes identically then the trace connection on
(L, L) is flat.

Proof. Differentiate the equation 0 = (Vgmv)” = IT"Vemv, to find
0 = VomITl” A Vomv + IT"V2v = —=KS(X/S) A Vamv + T17 Vv .
Since VéM = 0, the result follows. O

Proof of Proposition 4.15. First, since the calculationislocalin S for the analytic
topology, we can work over a contractible open subsets S°. Let 71, be a lift of
vr, (the classifying morphism of (L,V%C/s)), and x; : 111(X, 0(s)) = C* denote
the associated character ats € S°: xs()) = exp(— fy 7s), namely the holonomy
character. Similarly for M. Choose a homology basis as in Section 4.1. Let m
be a meromorphic section of M, whose divisor is finite and étale over (an
open subset of) S. After étale base change, we may assume that divm is
given by sections. Using (39), we then have

8

ZHiZordpj m/az)(VGMVL)’ => {/a.(VGMVL), /ﬁ EZ’: _ / dyT /ﬁ (Vemre) }
- , : '

i=1
, Pi ’ 8 , [ dm dm
27i’y  ord,, m / (Vamv)” ==Y { / (Vemv)” [ — - / / (Vomvr) }
j a(s) i=1 a; g m a; M Jp;
Hence,
8

: p] ’ 144
—2mi Y ordpjm/()VGMVL =) {RelOgXM(ﬁi)/ [((Vemve) = (Vamve)”]
i o(s ai

i=1

— Relog xm(ai) / [(Vomver) — (VGMVL)//]}

+ Z {lImlOgXM(,Bz)/ Vemvr —lImlOgXM(sz)/ VGMVL}

i=1
(the choice of log is immaterial). Using the flatness of the Gauss-Manin

connection, d / Vomvr = / VZGMVL =0, and egs. (13) and (34), we find

ZniFVQZ,m = 271id tr giy /50 d(f;;?)) = —ZHZZOrd m/ Vemve
8
= >~ {aRelog (B A | [(Vawn) - (Vo)) 61

i=1

—dRelog xm(ai) A /ﬁ [(Vemve)' - (VGMVL)H]}

i

MOQ

+ {Zd Im log )(M(ﬁ YA Vemvy — idIm log )(M(oq) A / VGMVL}
@j Bi

1l
—_
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8
>~ {log @l | Vou [(Vanm) = (Vanm)]
i=1 &

~log (@)l | Vau [(Vewn)' = (Vawn)"1}.
Bi
Now

1
dRelog xm(y) = ~5 / Voemvm + Vomvm
y

idImlog xm(y) = -5 / Vomvm — VoMV,
Y

Substituting this into (51), and using (46), we have

—2711- thr — Z{/ [VGMVM + VGMVM / [(VGMVL) - (VGMVL) ]

(L, M)

g\

[VGMVM + Vomvm] A /ﬁ [(Vemvr) - (VGMVL)"]}

i

—+

-

Il
—_

{ / [Vamvm — Vamvm] A / Vemve

1
2 i

1

[VGMVM Vomvm] / VGMVL}

{1og (B / KS(X/S) A Vanvi, - log lou(a) / KS(X/S) A VGMVL}
Vamvm A /a i(VGMVL), - /ﬁ i Vemvm A /a i(VGMVL)”}

g

Z { / Vemvm A / (Vomvr)' - / Vomvam A / (VGMVL)”}

2y {1og (B / KS(X/S) A Vawvi - log ltm(@) / KS(X/S) A VGMVL} .

=1

By the Riemann bilinear relations the right hand side is

= Eg: {/ﬁ (Vomvm)” A / (Vemvr) —/ Vamvm)” A

i=1 i a;j i a;

(VGMVL)”}

8

‘Z{ [ e [ Gy - [ Ty a /(VGMVL)"}

—22 {1og X)) / KS(X/S) A Vot — log (@) / KS(X/S) A VGMVL}

i=1
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Collecting terms and applying the bilinear relations again, the formula now
follows. =

5. EXAMPLES AND APPLICATIONS

5.1. Reciprocity for trivial fibrations. Throughout this section, we consider
trivial families X = X X S, where X is a fixed compact Riemann surface X of
genus g > 1 with a prescribed point ¢ € X. Using the Hodge splitting we
shall give explicit formulas illustrating the main construction of this paper in
this simple case. In particular, we shall give a direct proof of Weil reciprocity
for the connection defined in Section 4.1.

The de Rham moduli space Myr(X) of rank 1 flat connections on X is
isomorphic to HY(X,C)/HY(X, 2mtiZ) (see (4)). We shall always assume a
rigidification, or trivialization of our bundles at 0. If we take as base
S = M4r(X), then there is a universal line bundle £ — X equipped a universal
relative connection. Choose a symplectic homology basis {«;, 8 ]-}311, and
normalized abelian differentials w; with period matrix Q. Then J(X) =
C3/78 + 78Q. Given [V] € Mr(X), we have its associated holonomy
character x, : m1(X,0) = C*: y > exp (— fy v). We regard x, as an element
of the Betti moduli space,

Mjz(mt1(X, 0)) := Hom(mt1(X, 0), GL(1, C)) = (C*)*8, (52)

with its structure as an algebraic variety. The Riemann-Hilbert corre-
spondence above gives a complex analytic (though not algebraic) isomor-
phism M;r(X) ~ Mp(m1(X, 0)). As before, we have chosen a lift of v from
HY(X,C)/H (X, 2miZ) to H'(X, C). In fact, we choose a harmonic represen-
tative of this class in A}g, and continue to denote this by v. Since we have
chosen a basis {w;} for H'9(X), we have local holomorphic coordinates (t;, s;)
for Myr(X); namely, we write

8
V= Z tiw; + s;w; (53)
i=1
for the flat connection V = d + v. It follows that

8
Vemy = Z w; ®dt; + @; ®ds;. (54)
i=1

Let X be the universal cover of X. According to the discussion in Section 4.1,
we view sections € of £ as functions £ on X X Mgr(X) that satisfy

U(yz,v) = exp (/ v) l(z,v) (55)
Y

(note that the bundle is invariant with respect to the integral lattice H' (X, 21tiZ)).
The universal connection V : Q%(X, £) — Q(X, £) is defined as follows (see
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(34)): given £ satisfying (55), let
Z
Vi v) = diz,v) - / Ve - 8z, ). (56)
o

One can check directly that V{(z, v) indeed satisfies the correct equivariance,
and that the connection is independent of the choice of fundamental domain.
A change of homology basis has the same effect as pulling Vgymv back by
the corresponding action on M;r(X); and therefore V is independent of this
choice.

Remark 5.1. This is the connection defined in (34). Notice that this is not a
holomorphic connection (see Remark 2.4): (Vomv)” = Y5, @i(z) ® ds;.

The flat connection corresponding to vis V = d + v, and dy = d + v is the
corresponding d-operator for the holomorphic line bundle £ defined by V.
The map 7 : Myr(X) — J(X) which takes a holomorphic connection to its
underlying holomorphic line bundle realizes Mz (X) as an affine bundle over
J(X). We wish to write this map explicitly. First, we identify the Jacobian
variety J(X) with the space of flat U(1)-connections, or equivalently, as the
space of U(1)-representations of 71(X, o). The Chern connection on £, is
da =d+v” —v”, and this defines a unitary character x, : m1(X) — U(1). Let

2miaj = —log xu(a)) = /.v" -V’

aj
2mib; = —log xu(Bj) = /ﬁ VARV
]

Then the point [u] € J(X) corresponding to [V] € M r(X) is given by

u=b-aQ. (57)
In terms of these coordinates, one calculates:
27’£ill]' =8j— S_]' (58)
8
Zﬂibj = Z Skﬁk]' - S_ka]' (59)
k=1
uj= —ls Im O (60)
T Tk kj
sj = —mug(Im Q),:jl (61)

Remark 5.2. Notice that there is a smooth section j : J(X) — Myr(X) defined
by [u] = [v] :v = Zigzl (=8)w; + sj@;, where s; is given by (61). The image
Ur(X) € M4r(X), which consists of the unitary connections, is a totally real
submanifold.

Since the notion above will be used later on, we recall the definition.

Definition 5.3. Let M be a smooth manifold, dimg M = 2m, with an in-
tegrable almost complex structure J. A smooth submanifold U Cc M is
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called totally real if at each pointp € U, T,U N JT,U = {0}. In particular, if
dimg U = m and U is totally real, then T,U & JT,U = T,M.

Next, we express meromorphic sections of £, — X in terms of mero-
morphic functions on X satisfying the equivariance (55). Let E(z, w) be
the Schottky prime form associated with {a;, B;} (cf. [16, eq. 19]). For a
meromorphic section ¢ of £, with divisor N, p; — g; we have

N
Z/ S=u+m+n'Q , mnezZs (62)
i=1 4
Lemma 5.4. Define
5 1\1 E . z z o
{(z) = 4H3\71 (z, p—l) exp {Zni([l - n)t/ @+ / v+ V”}
Hz:] E(Z/ 5]1) g g

Then € is a meromorphic function on X with multipliers x;* and divisor projecting
to div(f).

A particular case of the above formula is a meromorphic function f(z)
with divisor Y, x; — y; and Y, fyxl’ @ =1+ 7'Q, m, it € Z8. Then f can be

expressed

M E(z,x; z

f(z) = 71_[;[1 (z,x) exp {—Zmﬂt/ 63} (63)
[1iZ1 Ez, vi) ¢

With this understood, we are ready to give a direct proof of (WR) in this

setting:

Proposition 5.5. Let € be a meromorphic section of the universal bundle L — X
and f a meromorphic function on X. Then

24 df
trdiv f/Myr (7> = trdiv e/Myg 7

Proof. Fixv = Zle tiw; + s;@;. Thenv' +v” = Zigzl(ti + 5;)w;. Using (58) we
see that, up to a nonzero multiplicative constant,

N . 2 z

l(z) = HEL(Z'M) exp {(t + s)t/ @ - 2nint/ cD’} (64)
Hi:l E(ZI %) o o

(note that m, n and 17, 1 are locally constant in the ¢; and s;). Hence

{(div f) = “ﬁlﬂ =1 B POEG, ) exp {(t +5)! % / " & = 2nin % / ’ 63}
iz1 E(xj, g)E(yj, pi) = i = i
IR T Exg, pE(y), 90)
I T E(xj, 9)E(y;, pi)
since n'1i € Z. Similarly, using (60),
ITR T Exy, p)E(y;, 9:)
TR TTY, ECxj, 4)E(y), pi)

exp {(t +s)' (i + ' Q) — 2min' (7' Q) }

F(dive) =

exp {2if'(s' Im Q) — 2mift' (n' Q) } .
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Now (t + 5)! (17t + #'Q) — 2ifi! (s Im Q) = Y3, tjv; + 5,0, where v = 71 + 7i'Q,
so that £(div f) = f(div £) exp (Zigzl tivj+s ]-17]-). Differentiating with respect
to (z,v),
o d(fdive) St + s ) €
dl(div f) = Fdiv D) f(div f) + ; dtjoj +dsjo; | €(div f).
On the other hand,

z Mo g
(/ Vomv)(div f) = Z/ dtiw; + ds;0; = Zdtjvj + dS]‘U]‘.
20 i=1 Y Vi i=1
The result now follows from the definition of V. O

5.2. Holomorphic extension of analytic torsion. As mentioned in the Intro-
duction, one motivation for this paper was to derive an interpretation of the
holomorphic extension of analytic torsion in terms of Deligne pairings. In
this section, we review the construction of torsion and give explicit formulas,
generalizing those in [17] and [23]. In the next section, we explain the
relationship with our construction.

First, we review the definition of analytic torsion for the non-self-adjoint
operators we consider. Fix an arbitrary hermitian, holomorphic line bundle
M — X with Chern connection V = dy+dy. Given a flat connectionon £ — X
with holonomy yx, we regard smooth sections ¢ of £ ® M as x~!-equivariant
sections  of the pull-back of M to X satisfying (55). Pick a lift v € H(X, C)
of the character, hence x(y) = exp(- [, v), and set G,(z) = exp (- [Z V) (cf.

[26]). Then for any £, notice that G, (z)(z) is a well-defined smooth section
of M — X. Define the operators

D" : QPA(X, M) — QPH(X, M) : a > G, 19y (G,av)
D’ Q¥(X, M) — QY(X, M) : g = G, Iy (G,p) .

Fix a conformal metric on X, and let * denote the Hodge operator. We define
the laplacian associated to v and M by O, gi(s) = —2i * D’D”(s), for smooth
sections s of M. This is an elliptic operator that is independent of the choice
of base point ¢. In case v is unitary, G, has absolute value = 1, and via (55)
gives a unitary equivalence between Oy, gy and the ordinary J-laplacian
for £ ® M. In particular, the spectra of these two operators is the same in
this case. For v not unitary, O, g is not a symmetric operator. Since the
symbol of O, g is the same as that of the scalar laplacian, however, the
zeta regularization procedure applies to give a well-defined determinant
detO, en. For a nice explanation of this, we refer to [1, Section 2.5]; we
sketch the ideas here for convenience. First, the following holds (cf. [2] and
[12, Lemma 4.1]).

Lemma 5.6. For v in a compact set there are at most finitely many eigenvalues A
of Oy,em with Re A < 0. Moreover, there is B > 0 such that =B <Im A < B.
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Assume O, g has no zero eigenvalues. Then by Lemma 5.6, we wish to
show that det O, g is independent of a choice of Agmon angle 0, by which
we mean a ray from the origin into the half plane Rez < 0 which misses the
eigenvalues. Indeed, if {Ai}f\i ; are the eigenvalues of O, gy with negative
real part, {u;} the eigenvalues with positive real part. Then by Lidskii’s
theorem [29] which guarantees that the trace is a sum over eigenvalues,

Coyen0)(6) = tro (Oent) = AT" o+ AF + D p,
i=1

for Res > 1. Here, the eigenvalues are counted with their algebraic mul-
tiplicities, that is, the dimension of the generalized eigenspace. The cut 0
gives a branch of the logarithm which is used to define the powers A;* and
the usual logarithm (real on the positive real axis) is used to define the rest.
By Lemma 5.6 and the result of Seeley [32], g, ,,,0)(s) has a meromorphic
continuation to the plane that is regular at s = 0. Any other choice 6 of
Agmon angle gives a zeta function of the form

(o]
_ 1—s,—2mikys —s —27tikns —s
C(DXV®M/Q)(S) — Al e 1 + -+ /\Ne N + Z ‘U.l
i=1

for integers k;. But then —CEDW@M,G)(O) = _CEDXV®M,9)(O) + 27 Zf\il ki, and so
detO, en = exp(—CED}(V@M,Q)(O)) is independent of the choice of 6. We also
note that a different choice of lift # gives G; = G, - F, where pointwise
|[F| = 1. Hence, F gives a unitary automorphism of L2(X) such that O Y@M =
F o Oy,enm © F71; hence, the eigenvalues of Oy, gy are the same as those
of O,,en, and so the determinants agree. Finally, since O, gy depends
holomorphically on v, so does detO, g (see [28]), and since it agrees
with the usual determinant when v is unitary, det O, gy is a holomorphic
extension of the usual analytic torsion.

As in Section 5.1, let X be a compact genus ¢ > 1 Riemann surface with
a conformal metric and a choice of symplectic homology basis {a;, 8 j};‘-’:l.
This gives a period matrix Q, theta function 9(Z, (2), and a Riemann divisor
Ko of degree ¢ — 1, 2xp = wx (cf. [17, Theorem 1.1]). Let x, : m1(X) — U(1)
be a unitary character whose holomorphic line bundle corresponds to the
point u € J(X) as in (57). The choice of conformal metric gives xy a hermitian
structure. Then the torsion of the é-laplacian on X, ® K is given by

T(xu ® xo) = det Oy,ex, = CX)IISIP (1, Q) (65)

where C(X) is a constant depending on the Riemann surface X and the
conformal metric. Recall the definition of the norm:

1912(u, Q) = exp (—2r Im uT (Im Q)™ Im 1) [92(u, Q).
In terms of periods, this is

1917 (1, Q) = exp (—2ma’ (Im Q)a) [8(b - a"Q, Q). (66)
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Now suppose x : mi1(X,0) — C* is a complex character with periods
)((a]-) = exp(—ZT(ia]-), )((,8]-) = exp(—2nib]-), aj, b]- € C/Z. Then we have the
following definition:

T(x ® ko) := C(X) exp (—2ma’ (Im Q)a) (b — a’Q, Q)3(b — a"Q, -Q). (67)

By the transformation properties of the theta function, one verifies that the
expression in (67) indeed depends on the values of 4j,b; modulo Z. The
subspace Up(m1(X, 0)) € Mp(ri1(X, 0)) of unitary characters (S')% c (C*)%€ is
totally real. The following is clear:

Proposition 5.7 (cf. [24]). The function v — T(x,®xo) is a holomorphic extension
of the torsion on unitary characters. In particular, T(x, ® ko) = det Oy, gx,-

Next we consider the holomorphic extension of the torsion T(y). For this
we need to choose a basis of Prym differentials 1;(z, x ') on X and 7;(2, x) on
X,i=1,...,8—1(x nontrivial). We choose these to vary holomorphically in
X, and for convenience we require 1;(z, x) = 1i(z, x~!) for x unitary. For x
unitary we have a natural inner product

@O0 = [ n ) A, (68)
X

For general characters ), define the pairing on Prym differentials on X and
X by

G m00) = [ e x ™) Az 0. (©9)
X

Choose generic points py, ... Per and set 1y = kg — Zlg:_ll pi- Then for x,
unitary, the torsion is given by

T(xu) = 47*C(X) ‘det a)i(p]-))z exp (4n Imug - a — 2na’ (Im Q)a)
o Qe i) I8(u + o, Q)P (70)
\det nipj, )(‘1)\2 \Zlgzl 9z 9 (uo, Q)wi(i?g))2

where it is understood that in the expression, det7n;(p;), 1 < j < ¢g—1. As
before this leads to the definition of holomorphic torsion. For x an arbitrary
character, define

T(x) = 47*C(X) ‘det a)i(pj)‘Z exp (471 Imug - a —2na’ (Im Q)a)
det(n(x 1), m;(0) 8B — aTQ + up, Q)S(B — aTQ — 7y, —Q)
J—— Ny ) :
detni{pj, x™") detmi(pj, ) ‘Z;g:l 9z:9(uo, Q)a)i(Pg))

(71)

Proposition 5.8 (cf. [17]). The function x + T(x) is a holomorphic extension to
Mr(X) of the torsion on unitary characters.
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5.3. Holomorphic torsion and the Deligne isomorphism. We next explain
how the holomorphic extension of analytic torsion is related to the Deligne
isomorphism (1) and the intersection connection. To begin, from (54) and
(56) we have that the curvature of the universal connection is

8

Fy = —Zwi/\dti+a')i/\dsi EA%C

i=1
(recall the coordinates (53)). Computing directly from this, or alternatively
using Proposition 4.13, it follows that the curvature of the intersection
connection on (£, £) is given by

2 8
FV?ZL) = —; i]Z_:l Im Qi]'(dti A dS]) (72)
Note that the intersection connection is holomorphic, coming from the fact
that Vgumv is of type (1,0), as in Corollary 4.14.

Let us suppose, to simplify the following discussion, that the genus
g > 2. Choose a uniformization X = I'\IlH, where H C C is the upper
half plane and I' ¢ PSL(2,R) is a cocompact lattice ~ 71(X, o). Then let
X =T\L, where IL C C is the lower half plane. If X = X x Myr(X), and
7 : X - Myr(X) the projection, we define the universal bundle £ — X,
where the fiber over X x {v} is the line bundle associated to the character
Xyt Then (£, ZL) is also a holomorphic line bundle on M;z(X). By the
Riemann-Hilbert correspondence, there are complex analytic isomorphisms:
Mr(X) = Mp(T) <= Mygr(X), where Mg(T) is defined in (52). We therefore
regard (£, L) and (£, L) as holomorphic bundles on Mg(I'). On X, the
imaginary part of the period matrix Im () is unchanged, but the coordinates
(ti,sj) — (=sj, —t;). Hence, by (72),

2 8
Fvi;ﬁ = ; Z Im Qij(dti A dS]) (73)

“o ij=1

In particular, the intersection connection on (£, £) ® (£, £) is flat! Next, we
have

Lemma 5.9. For any choice of theta characteristic k (i.e. 2k = wx), there is the
following functorial isomorphism

[det R, (£ ® ) ® det R, (1) 1] 1% = (£, £)%6 . (74)
Proof. From compatibility of the Deligne pairing with tensor products,
(LK, LKWy ~(L®K, LK) =(L, LKk )R (K LK)
= (L, L)®(L, k)@ (K, L) ® (1, k) = (L, LYy ® (K, k)"
Similarly, (wy/s, wx/s) = (x, K)®*. By (1),
det R7t.(£ ® )®12 = (wx/s, w/s) ® (L ® K, LK ® a)g}}s)@é
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~ (1, 1) ® (L, L)% ® (k1) 70 = (£, L)% @ (i, 1) 2.

On the other hand, det R7t.(x)®12 ~ (x, k)®* @ (x, k 1)®° ~ (x, k) 2. The result
follows. O

Remark 5.10. There is a refinement of Deligne’s isomorphism [13, Théoreme
11.4]) to virtual bundles of virtual rank 0, such as £ ® k¥ — k. In this case,
the lemma can be refined to a more natural looking isomorphism, canonical

up to sign: [det Rm.(L ® k) @ det RT(*(K)_l} 2 =~ (£, L). Consequently, the
isomorphism of the lemma is canonical and there is no sign ambiguity (since
we take the 6th power of the latter).

We may now give a geometric interpretation of the holomorphic extension
of torsion. To simplify the notation, let A(X, x) = det Rrt.(L ®«)®det Rrt.(x) L.
Considering both X and X, by (74) we have a canonical isomorphism

]®12

¢ [AX @ AX, B = (L, Lye (€, D). (75)

By (72) and (73), the intersection connections give a flat connection on right
hand side of (75). On the other hand, A(X, k) ® A(X, %) has a canonical flat
connection given by the form —dlog T(x ® ), in the canonical (up to a
constant) frame determined by the relation with theta functions (see 67).
With this understood, we have the following

Theorem 5.11. The Deligne isomorphism ¢ in (75) is flat with respect to the
connections defined above.

Proof. We first show, by explicit calculation, that ¢ is flat when restricted
to the unitary connections U r(X) C Myr(X). Recall from Lemma 4.5 that
the connection on (£, £) coincides with the Chern connection along U;r(X).
The difference between the connection we have defined on A(X, k) ® A(X, &)
and the Quillen connection is given by the (1, 0) form

Tx(xu ® ) Tx(x,' ® K)}
T(x ® x) '

dlog (76)

Since the Deligne isomorphism (for the Quillen metric) is an isometry;, it
suffices to show that the expression in (76) vanishes when y is unitary. Let
V = d + B be a flat connection, where B = Zlgzl tiw; + sj@;. Let xg € Myr(X)
be the associated character. Notice that

8
27’£ia]'=/ B=t]'+S]', Zﬂib]'= / Bzzthkj+5kﬁkj~
Aj JB; k=1

From this expression and the interchange Q) —Q), we see that the character

x~ ! on X corresponds to the change of coordinates (tj,8j) P (=sj,—t)).
Next, consider the map M;r(X) — J(X). This takes [V] to the isomorphism

class [V”] of the underlying holomorphic line bundle. In terms of flat
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connections, [d + B] — [d + B” — B”]. Rewriting (66) and (67) in the
coordinates above, we have

Tx(xu ® x) = C(X) exp ((1/27m)(s — 5T (Im Q)(s - 5)) [8((1/7)(Im Q)s, Q)

Tx(x;' ®%) = C(X) exp ((1/2m)(t — HTAm Q)(t — D)) [92((1/7)(Im Q)t, —Q)
T(x) = C(X) exp ((1/2m)(t + 5) A Q)(t + 5)) H((1/70)(Im Q)s, Q) ((1/70)(Im Q)t, Q).
We now calculate:

8
8X log T(xy ® k) = % Z (Im Q)i]'(si - S_l’)dS]'
ij=1

8
+ % > 97,9((1/m)(Im Q)s, Q)(Im Q);jds;
i,j=1

13 _
9y log Tx(x;,' ®%) = - > (ImQ)jj(t; — F)dt;
=1

8
+ % > 92,9((1/m)(Im Q)t, ~Q)(Im Q);dt,
i,j=1

8
dylog T(x ® %) = % > (ImQ)jj(t; + s;)(dt; + ds;)
i,j=1

8
+ % > 92,9((1/m)(Im Q)s, Q)(Im Q);jds
i,j=1

13 _
- > 97,9((1/m)(Im Q)t, =) (Im Q);dt,.
i,j=1
Hence, restricted to the unitary connections U;r(X) C Myr(X) defined by
t; = —5; (see Remark 5.2),

Iy log T(x ® x) = 9y log T(xu ® ) + Iy log Tx(x;;' ®%)
It follows that V¢ restricted to Uyr(X) vanishes. Now there is a (1, 0) form )

such that for any local section o of {)\(X, ®) ® A(X, 12)] ®12, (Vo)(o) = Q- (o).
Moreover, since the connections defined on the left and right hand side
of (75) are flat, Q is closed. We may therefore locally write (3 = Jdf for a
holomorphic function f, where by the result above, f| U (x) 1S constant. Next,
we appeal to the following standard result.

Lemma 5.12. Let U C M be a totally real submanifold of a connected complex
manifold M with dimg U = dime¢ M (see Definition 5.3). Then a holomorphic
function on M that is constant on U is constant.
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Since U r(X) is totally real (Remark 5.2), we conclude from the lemma that
f is constant, and so V¢ = 0. O

Remark 5.13. Ananalogous result to Theorem 5.11 holds for the holomorphic
torsion T(x) and the determinant bundle det R7t.(£). The idea of the proof
is the same, where the calculation making use of (71) is somewhat more
lengthy.

5.4. The hyperholomorphic line bundle on twistor space. In this section
we show how the intersection connection leads quite naturally to the
construction of a meromorphic connection on the hyperholomorphic line
bundle over the twistor space of M gr(X). This result is inspired by Hitchin’s
exposition in [23, 24], to which we refer for more context and detail.

We begin with a quick review of the basic set-up. Recall that M;z(X) has
a hyperkahler structure (for much more on this, see [21]). In terms of the
coordinates introduced above, the symplectic structures are:

.3
l - —_
D = E E Im Qi]'(dti A dt]' +ds; A ds])
ij=1

, 13
D; + i3 = — 112;1 Im Qjds; A dt;.

Let Z = Myr(X) x P! denote the twistor space of Mr(X), and A : Z — P!
the projection. Then Z has the structure of a complex manifold with respect
to which A is holomorphic, but the tautological complex structure is not
a product. The fiber A71(1) is biholomorphic to Mr(X), whereas the fiber
A71(0) is biholomorphic to T*J(X), the space of rank 1 Higgs bundles on X.
Similarly, A71(c0) =~ T*J(X). Each fiber has a holomorphic symplectic form
given by

O = Dy + iD3 + 2iAD; + A2(D, — iD3) (77)
(see [25, Theorem 3.3]).

Next, recall the following (see [33]).

Definition 5.14 (Deligne). Let S be smooth algebraic, and set X = X x S.
Suppose we are given a function A : S — A!. Then a A-connection on a
line bundle £ — X is a C-linear map V, : L — L ® Q%C /s of Ox-modules
satisfying Vo (f) = Addf @ €+ f - V¢, for f € Ox and £ € L.

By a result of Simpson, the functor which associates to A : S — A! the
set of rank one A-connections on X is representable by a scheme Mp,;(X)
with a morphism A : Mg, (X) — Al. By considering Mp,(X) and a
gluing procedure with respect to the anti-holomorphic involution A — —A~1,
one constructs the Deligne moduli space of A-connections A : Mpg(X) — PL.
Moreover, there is a biholomorphism Mp,(X) ~ Z. This is achieved by
tinding holomorphic sections A" = Mpyoa(X) of A, compatible with the
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anti-holomorphic involution. For example, in the case of the flat connection
V =d + v, v harmonic, the family of A-connections is given by:

Vil =d+ %((/\ + 1 + (A= 1))
1 (78)
Vi =19+ S(@+ )+ (1= A7),

Let X = X X Mpy(X), 7 : X — Mp(X) the projection. We furthermore
assume a rigidification. Then the universal bundle £ — X admits a universal
A-connection. Let k be a theta characteristic as in the previous section, and use
the same notation for the pull-back to X — X. We define the hyperholomorphic
line bundle on Mp,(X) by

L7 := det Rt (L ® ) ® det Rm.(x) L. (79)

Consider the divisor D = Dy U De, = A71(0) U A71(c0). We shall use
the construction of this paper to obtain an explicit realization of the fol-
lowing property of the hyperholomorphic line bundle (Theorem 1.3 of the
introduction).

Theorem 5.15 (Hitchin, cf. [24, Theorem 3]). The line bundle Lz admits a
meromorphic connection with logarithmic singularities along the divisor D. The
curvature of this connection restricted to the fibers of Z — D — C* is A1 ®, where
® is the HKLR form (77). The residue of the connection at A = 0 (resp. A = 00) is
the Liouville or tautological 1-form on T*J(X) (resp. T*J(X)).

Proof. There is a holomorphic map Z — D — M;r(X) obtained by sending a
holomorphic bundle with A-connection V, to the same holomorphic bundle
with holomorphic connection A='V,. By Remark 5.10, £%!2 is naturally
isomorphic to the pull-back of (£, £)®°, and therefore the pull-back of the
intersection connection gives a holomorphic connection on £z over Z — D.
The statement about the curvature follows from the fact that the HKLR form
is the pull-back of the holomorphic symplectic form on M;r(X). We shall
verify this directly using the coordinates above. Let (7;, 0;) be holomorphic
coordinates on Mr(X). It will be convenient to locally parametrize Z — Do,
by (t;,si, A), where (t;,s;) are the holomorphic coordinates on T*J(X), and the
A-connection is given by, Vg’l =d+a" + Ay, V}L’O = A(d +a’) + . Here,
a’ = Zlg:l siw;, a’ = —a”, Y = Zlgzl tiw;, P’ = W In these coordinates, the
map Z — D — M;r(X) is given by 7; = —5; + A7, 0; = s; + Afi. Then

dt; = —ds; + A7\dt; — A72tidA | doj = ds; + AdE; + FdA
from which
dt Adoj = ds; Ads;+ dt; A dE; + A7dt; A ds; — Ads; A dEj
+Fi(=ds; + A7Mdt) AdA + A72ti(ds; + AdE;) AdA.



48

FREIXAS I MONTPLET AND WENTWORTH

Using (72), it follows that restricted to the fibers,

Fg, = 2iD; + AN (D5 + iD3) + A(Dy — iD3).

fiber

For the residue at A = 0, note that from (64),

daf t Z
i (d’[)t/ @+ Ttd/ @ + regular terms
o o

while — [Z Vamv = —(d1)! 7 & — (do)! 7 &. Tt follows that

Vf t z -
trdivm/s 7 )= Td (trgivm/s | @ )+ regular terms
o
A1 8
=—-— Z(Im Q);jtidsj + regular terms
=
The residue of the connection at oo is calculated similarly. This concludes
the proof. O
REFERENCES
1. Alexander Abanov and Maxim Braverman, Topological calculation of the phase of the

10.

11.

12.

13.

determinant of a non self-adjoint elliptic operator, Comm. Math. Phys. 259 (2005), no. 2,
287-305.

. M. F. Atiyah, V. K. Patodi, and I. M. Singer, Spectral asymmetry and Riemannian geometry.

111, Math. Proc. Cambridge Philos. Soc. 79 (1976), no. 1, 71-99. MR 0397799

. A. A. Beilinson and V. V. Schechtman, Determinant bundles and Virasoro algebras, Comm.

Math. Phys. 118 (1988), no. 4, 651-701. MR 962493 (90m:32048)

. J.-M. Bismut, H. Gillet, and C. Soulé, Analytic torsion and holomorphic determinant bundles.

I. Bott-Chern forms and analytic torsion, Comm. Math. Phys. 115 (1988), no. 1, 49-78.

. Jean-Michel Bismut and Daniel S. Freed, The analysis of elliptic families. I. Metrics and

connections on determinant bundles, Comm. Math. Phys. 106 (1986), no. 1, 159-176.
, The analysis of elliptic families. I1. dirac operators, eta invariants, and the holonomy
theorem, Comm. Math. Phys. 107 (1986), no. 1, 103-163.

. Jean-Michel Bismut, Henri Gillet, and Christophe Soulé, Analytic torsion and holomorphic

determinant bundles. 1I. Direct images and Bott-Chern forms, Comm. Math. Phys. 115 (1988),
no. 1, 79-126.

, Analytic torsion and holomorphic determinant bundles. I1I. Quillen metrics on holomor-
phic determinants, Comm. Math. Phys. 115 (1988), no. 2, 301-351.

. Jean-Michel Bismut and Gilles Lebeau, Complex immersions and Quillen metrics, Inst.

Hautes Etudes Sci. Publ. Math. (1991), no. 74, ii+298 pp- (1992).

Spencer Bloch and Hélene Esnault, A Riemann-Roch theorem for flat bundles, with values
in the algebraic Chern-Simons theory, Ann. of Math. (2) 151 (2000), no. 3, 1025-1070.
MR 1779563 (2001k:14025)

Maxim Braverman and Thomas Kappeler, Refined analytic torsion, J. Differential Geom. 78
(2008), no. 2, 193-267. MR 2394022

Sylvain E. Cappell and Edward Y. Miller, Complex-valued analytic torsion for flat bundles
and for holomorphic bundles with (1,1) connections, Comm. Pure Appl. Math. 63 (2010),
no. 2, 133-202.

Pierre Deligne, Le déterminant de la cohomologie, Current trends in arithmetical algebraic
geometry (Arcata, Calif., 1985), Contemp. Math., vol. 67, Amer. Math. Soc., Providence,
RI, 1987, pp. 93-177.



14.

15.
16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

DELIGNE PAIRINGS AND RANK ONE LOCAL SYSTEMS ON CURVES 49

Renée Elkik, Fibrés d’intersections et intégrales de classes de Chern, Ann. Sci. Ecole Norm.
Sup. (4) 22 (1989), no. 2, 195-226.

, Métriques sur les fibrés d’intersection, Duke Math. J. 61 (1990), no. 1, 303-328.
John Fay, Theta functions on Riemann surfaces, Lecture Notes in Mathematics, Vol. 352,
Springer-Verlag, Berlin-New York, 1973.

, Analytic torsion and Prym differentials, Riemann surfaces and related topics:
Proceedings of the 1978 Stony Brook Conference (State Univ. New York, Stony Brook,
N.Y., 1978), Ann. of Math. Stud., vol. 97, Princeton University Press, 1981, pp. 107-122.
Gerard Freixas i Montplet and Richard A. Wentworth, Flat line bundles and the Cappell-
Miller torsion in Arakelov geometry, http://arxiv.org/abs/1603.05991 (2016).

Henri Gillet and Christophe Soulé, Arithmetic Chow groups and differential characters,
Algebraic K-theory: connections with geometry and topology (Lake Louise, AB, 1987),
NATO Adyw. Sci. Inst. Ser. C Math. Phys. Sci., vol. 279, Kluwer Acad. Publ., Dordrecht,
1989, pp. 29-68. MR 1045844 (91;:14017)

, An arithmetic Riemann-Roch theorem, Invent. Math. 110 (1992), no. 3, 473-543.
William M. Goldman and Eugene Z. Xia, Rank one Higgs bundles and representations of
fundamental groups of Riemann surfaces, Mem. Amer. Math. Soc. 193 (2008), no. 904, viii+69.
Philip Griffiths and Joseph Harris, Principles of algebraic geometry, Wiley Interscience,
New York, 1978.

Nigel Hitchin, On the hyperkihler/quaternion Kihler correspondence, Comm. Math. Phys.
324 (2013), no. 1, 77-106.

, The hyperholomorphic line bundle, Algebraic and complex geometry, Springer Proc.
Math. Stat., vol. 71, Springer, Cham, 2014, pp. 209-223.

Nigel Hitchin, Anders Karlhede, Ulf Lindstrom, and Martin Ro¢ek, Hyper-Kihler metrics
and supersymmetry, Comm. Math. Phys. 108 (1987), no. 4, 535-589.

Jay Jorgenson, Analytic torsion for line bundles on Riemann surfaces, Duke Math. J. 62 (1991),
no. 3, 527-549.

Young-Heon Kim, Holomorphic extensions of Laplacians and their determinants, Adv. Math.
211 (2007), no. 2, 517-545.

Maxim Kontsevich and Simeon Vishik, Geometry of determinants of elliptic operators,
Functional analysis on the eve of the 21st century, Vol. 1 (New Brunswick, NJ, 1993),
Progr. Math., vol. 131, Birkh&user, 1993, pp. 173-197.

V. B. Lidskii, Non-selfadjoint operators with a trace, Dokl. Akad. Nauk SSSR 125 (1959),
485-487. MR 0105023

Andrew McIntyre and Lee-Peng Teo, Holomorphic factorization of determinants of Laplacians
using quasi-Fuchsian uniformization, Lett. Math. Phys. 83 (2008), no. 1, 41-58.

Daniel Quillen, Determinants of Cauchy-Riemann operators on Riemann surfaces, Funktsional.
Anal. i Prilozhen. 19 (1985), no. 1, 37-41, 96.

R. T. Seeley, Complex powers of an elliptic operator, Singular Integrals (Proc. Sympos.
Pure Math., Chicago, Ill., 1966), Amer. Math. Soc., Providence, R.L., 1967, pp. 288-307.
MR 0237943

Carlos Simpson, The Hodge filtration on nonabelian cohomology, Algebraic geometry—Santa
Cruz 1995, Proc. Sympos. Pure Math., vol. 62, Amer. Math. Soc., Providence, RI, 1997,
pp. 217-281.

Claire Voisin, Hodge theory and complex algebraic geometry. II, english ed., Cambridge
Studies in Advanced Mathematics, vol. 77, Cambridge University Press, Cambridge,
2007, Translated from the French by Leila Schneps.




50 FREIXAS I MONTPLET AND WENTWORTH

CNRS - INsTITUT DE MATHEMATIQUES DE JUSSIEU, UNIVERSITE DE PARIS 6, 4 PLACE JUSSIEU,
75005 Paris
E-mail address: gerard. freixas@imj-prg. fr

DEePARTMENT OF MATHEMATICS, UNIVERSITY OF MARYLAND, COLLEGE PARK, MD 20742, USA
E-mail address: raw@umd . edu



	1. Introduction
	2. Relative Connections and Deligne Pairings
	2.1. Preliminary definitions
	2.2. Gauss-Manin invariant
	2.3. Deligne pairings, norm and trace
	2.4. Metrics and connections

	3. Trace Connections and Intersection Connections
	3.1. Weil reciprocity and trace connections
	3.2. Reformulation in terms of Poincaré bundles
	3.3. Intersection connections

	4. Proofs of the Main Theorems
	4.1. The canonical extension: local description and properties
	4.2. The canonical extension: uniqueness
	4.3. Variant in the absence of rigidification
	4.4. Relation between trace and intersection connections
	4.5. Curvatures

	5. Examples and Applications
	5.1. Reciprocity for trivial fibrations
	5.2. Holomorphic extension of analytic torsion
	5.3. Holomorphic torsion and the Deligne isomorphism
	5.4. The hyperholomorphic line bundle on twistor space

	References

