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PERIODS FOR FLAT ALGEBRAIC CONNECTIONS

by

Marco Hien

Abstract. — In previous work [9], we established a duality between the algebraic de
Rham cohomology of a flat algebraic connection on a smooth quasi-projective surface
over the complex numbers and the rapid decay homology of the dual connection
relying on a conjecture by C. Sabbah. In the present article, we generalize this result
to arbitrary dimensions unconditionally using recent results of T. Mochizuki.

1. Introduction

Let U be a quasi-projective smooth algebraic variety over the complex numbers and E
a vector bundle on U together with a flat algebraic connection V : £ — E®gp,, Q%] e
The algebraic de Rham cohomology H,(U, E,V) of (E,V) is the hypercohomol-
ogy of the associated de Rham complex on U. The complex points of U give an
analytic manifold U?" over C which carries the associated flat analytic connection
Vi E* — E* Q0 an Q}Jan/c on the holomorphic vector bundle F?" and gives rise
to the analytic de Rham cohomology H,(U*", E**,V), the hypercohomology of the
analogous analytic de Rham complex. There is a canonical morphism

(1.1) H,,(U E,V) — H;, (U™, E* V) .

between these cohomologies. A. Grothendieck proved in [8] that in the case of the
trivial connection (Oy, d), this morphism is an isomorphism. P. Deligne examined the
general case in [7], where he introduced the notion of (E, V) being regular singular at
infinity, and proves the Comparison Theorem: the morphism (1.1) is an isomorphism
provided that (E,V) is regular singular at infinity ([7], Théoreme 11.6.2). If &Y
denotes the local system £V := ker(V") associated to the dual analytic connection
VY on E3V the holomorphic Poincaré-Lemma yields that the analytic de Rham
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cohomology H,(U**, E*", V) is naturally isomorphic to the cohomology of U*" with
values in this local system and hence by Deligne’s Comparison Theorem the same is
true for the algebraic de Rham cohomology

(1.2) H;n(U,E, V)= H (U™ EY)

still under the hypotheses of regular singularities at infinity.

In the irregular singular case, the morphism is not an isomorphism in general.
On curves, the defect between algebraic and analytic de Rham cohomology can be
expressed in terms of the irregularity numbers ([7], 11.6.21). In [4], S. Bloch and
H. Esnault provide a way to generalize (1.2) on curves in the following sense. They
construct modified homology groups H™(U?", EV V") on the affine curve U*" as
well as a bilinear pairing

H'(U,E,V) x H'Y(U* EV,VY) — C

given by integration along chains, which they prove to be a perfect pairing.

In [9], we investigated the two-dimensional situation, i.e. U being a smooth sur-
face. In loc. cit., we construct a period pairing and prove its perfectness assuming
a conjecture of C. Sabbah on the existence of the so-called good formal structure
after birational pull-back of meromorphic connections on surfaces. Lately, a proof of
Sabbah’s Conjecture in the case of algebraic connections (which lie in the main focus
of our work) has been achieved by T. Mochizuki (see [16]). Moreover, in another out-
standing work [17], T. Mochizuki is able to prove a far reaching higher-dimensional
generalization of Sabbah’s conjecture, namely the existence of a good lattice again
after a suitable birational pull-back (loc. cit., Theorem 19.5). As in the one- and
two-dimensional case, the canonical next step into structural examinations of flat
meromorphic connections consists in the question of lifting the good formal proper-
ties to asymptotic analogues. This step is also carried out in Mochizuki’s paper [17]
and results in the construction of Stokes structures for flat meromorphic connections
in arbitrary dimensions.

In the present article, we now construct the rapid decay homology in all dimensions
as well as the period pairing between the algebraic de Rham cohomology of a flat
algebraic connection and the rapid decay homology associated to the dual connection.
We then prove perfectness of this period pairing unconditionally in all dimensions for
arbitrary flat algebraic connections (Theorem 5.3, section 5):

Theorem. — There is a perfect pairing
HY (U™, EY,VY) ®@c H)p(U; E,V) — C

between the algebraic de Rham cohomology of (E,V) and the rapid decay homology of
the dual connection given by period integrals.

The result relies on a local duality between the algebraic de Rham complex and
an analytic de Rham complex of the dual bundle with asymptotically flat coeflicients
which is proved in Theorem 4.4, section 4. The link between this local duality result
and the rapid decay homology — and hence the period pairing — is carried out in
section 5 and leads via Proposition 5.1 to the main result stated above.
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As a consequence, assuming rational structures of the given geometric data over a
subfield k& C C as well as of the local system associated to the flat connection over
another subfield F' C C, we deduce a well-defined notion of the period determinant
arising from the comparison of these rational structures by means of the perfect period
pairing. This determinant will be an element in the quotient C* /k* F*. One of the
motivations to study this determinant lies in the mysterious analogies between flat
connections over the complex numbers and ¢-adic sheaves on varieties over finite fields,
according to which the period determinant is expected to behave as the e-factor in
the latter theory. If one restricts to the subcategory of regular singular connections,
corresponding to the tamely ramified sheaves over finite fields, the period determinant
and its analogies to the e-factor has been extensively studied by T. Saito and T.
Terasoma in [22]. With the present work, we hope to contribute to a generalization
of these lines of thought to the irregular singular case.

2. Formal completion and real oriented blow-up

Let U be a smooth quasi-projective variety over C and X a smooth projective variety
such that D := X\U is a divisor with normal crossings. Introducing polar coordinates
around each irreducible component of D leads to the real oriented blow-up 7 : X —
X2 Locally at p € D with complex coordinates z1,...,z4 such that p = 0 and
D = {zy- -z =0}, 7 reads as

7 ([0,6) x SN XV = X ((ry,e™)5_1,y) = (€ P)E 1)

where Y is a small analytic neighbourhood of 0 € C4% and y = (z441,...,24),
e > 0 a small positive number. Restricted to 7= (U*") the real oriented blow-up is a
homeomorphism by which we read U?" as a subspace of X. We write 7: U™ — X
for the inclusion. N

On X, we consider the following sheaves of functions (cp. [18], IL.1.). Firstly, X
carries the structure of a real manifold with boundary. Additionally, the logarithmic

differential operators 7, 0,, act on the sheaf C;’?O of C* functions. Let Ag be the
sheaf of functions which in the local siuation as above is given by

k d
Ag = ﬂ ker(z,0,,) N ﬂ ker d,, C cs .
v=1 v=~k+1

Local sections in Ag for some open §2 C X are differentiable functions on € which
are holomorphic on N U*" and admit an asymptotic development in the higher-
dimensional analogue of Poincaré’s asymptotic developments due to Majima (cp.
Proposition B.2.1 in [18] and [11]).

Next, if P)S(D denotes the sheaf of C*°-functions on X which are flat on 7= 1(D),
i.e. all of whose derivations vanish on 7=(D) (cp. [13]), we consider A;D =
Az N P;D . Similarly, the local sections of A}D are holomorphic restricted to U?"

and with vanishing asymptotic development (cp. Proposition I1.1.1.11 in [18]). More
precisely, if u € A;D (Q) then for any compact K C 2 and any N € N¥| the function
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u satisfies
(2.1) lu(z)| < Cr.n - oy |Vt - g |V for all z € K 7 1(D) ,

in terms of local coordinates as above such that locally D = {z1--- 2z, = 0}.
Due to Lemme I1.1.1.18 in [18], we have the following fine resolution of A;D

(2.2) AP — (PSP @porce 105, D)

P9 denotes the sheaf of C>-forms of degree (p,q) on X.

where Q5. Xan
Analogously, if AI)%OdD denotes the sheaf of functions on X which are holomorphic

on U* and of moderate growth along 5 we have a fine resolution
(23) AgodD (PmodD - o 77719)(«;5'0 )’5) ,

with PmdD heing the sheaf of C*°-functions on X with moderate growth at 7—1(D).
Finally, let ’Dbrd ~% denote the sheaf of rapid decay distributions on X i.e. the

sheaf whose local sectlon on small open V C X are distributions

p e ’Db;(V) = Homcont (Te(V, Q°° %), C)

on the space Q}o’s of C° differential forms on X of degree s with compact support in

X satisfying the following condition: choosing coordinates z1,...,z, on X such that
DNV = {xy---x, = 0}, we require that for any compact K C V and any element
N € NF there are m € N and Ck x > 0 such that for any test form 7 with compact
support in K the estimate

(2.4) le(n)| < Ck.n le‘u<p sgp{lxlNlao‘fil}

holds, where « runs over all multi-indices of degree less than or equal to m and 9%
denotes the a-fold partial derivative of the coefficient functions f; of n in the chosen
coordinates.

3. Good formal lattices and decompositions (after T. Mochizuki)

3.1. Deligne-Malgrange lattices

Let there be given a flat meromorphic connection V on the locally free Oxan(xD)-
module F or rank r, where D C X is a divisor with normal crossings. After choice of
a local trivialization E 2 (Oxan(%xD))", the connection reads as V = d + A with the
connection matrix A € M(r x 7,Q%..(xD)). A change T € GL,(Oxaa(xD)) of the
trivialization transforms the connection matrix due to the formula

A =T dT + T 1AT .

The local classification of these connections, i.e. of the connection matrices up to this
transformation, is a difficult task in general.

The first major distinction is the one between regular singular connections and
irregular singular ones. Let us recall this notion in the given geometric situation, i.e.
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with D being a normal crossing divisor. Then, a flat meromorphic connection (E, V) is
regular singular, if there is a trivialization F 2 (Ox(xD))" such that the resulting
connection matrix has logarithmic poles along D at most, i.e. A can be written
as A = Zle Ai(z) dlogz; + Z?:kﬂ Aj(z) dz; with holomorphic matrices A;(x) €
M(r x r,0Oxan). The structure of regular singular connections is well understood
(see [7]), in particular we know that each regular singular connection is a succesive
extension of rank one connections. For the latter, one finds a basis vector e over O xan
such that
Ve=e® (/\1 dlogxy + ...+ A\ dlogxk)

for some A € C*. Such a connection will be denoted by z*.

Next, the most elementary irregular singular connections are rank one connections
which in a suitable basis vector e read as Ve = e ® da for some a € Oxan(xD), which
up to isomorphism depends on amod O xan only. Such a connection will be denoted
by e®.

Now, let Y C D be a stratum in the natural stratification of the normal crossing
divisor D. Passing from O xan to the formal completion O)?ﬁ/ of Oxan along Y leads
to the problem of formal classification, to which a extensive answer is given in the
case dim X = 1 by the Levelt-Turrittin Theorem (see [12], Chapter III). In [18], C.
Sabbah investigated the two-dimensional situation leading to a precise conjecture as
well as partial results in this direction. Recently, T. Mochizuki was able to give a
proof Sabbah’s Conjecture and a higher-dimensional generalization using a different
apporach by examining the so-called good lattices which go back to Malgrange (see
[14]). We will now explain Mochizuki’s result about these formal properties of mero-
morphic connections. For more details, we refer to [17], chapter 5. Let us adopt the
notation

E|}A, =F QO xan O)?B/
for any O yan-module E.

Let us choose local coordinates such that D = {z7 - - 2 = 0} with the irreducible
components D; = {x; = 0} and consider the local situation, i.e. X** = AF x Y where
AF is s small poly-disc in C* centered at the origin and Y is a small neighbourhood of
the origin in the remaining variables. Accordingly, we will denote the first k variables
by z1,...,z; and the others by y1,...,yq—x. Let < be the partial order on Z* given
by m < n if m; <mn; for all i. Now, any meromorphic function f € Oxan(xD) admits
a Laurent expansion f = > _, fm(y)2™ with holomorphic functions f,, € Oy. The
order of f will be the minimum

ord(f) = min{m € Z* | f,, # 0},

assuming that this minimum with respect to < exists. T.Mochizuki defines the notion
of a good set of irregular values on (X, D) to be a finite set S C Oxan(¥D)/Oxan,
such that
i) ord(a) and ord(a — b) exist for all a # b in S,
ii) the set {ord(a —b) | a,b € S} is totally ordered with respect to < on Z*,
iii) the leading terms aoq(a)(p) and (a — b)ora(a—p)(p) of the Laurent expansions are
non-vanishing for all p € Y.
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For any subset I C {1,...,k}, let I° be its complement and furthermore D :=
Nicr Di and D(I) := J;c; Di. The completion of X along Dy resp. D(I) will be
denoted by D; resp. ﬁ([) For a given subset S C Oxan(xD)/Oxan let S(I) :=
{amod Oxan (xD(I€)) | a € S}.

Let E be a lattice in E, i.e. alocally free O xan-module such that EQO xan (xD) = E.
Then E is called an unramified good lattice at p € D if there is a good set of
irregular values S as above such that for each I we have a formal decomposition

(3.1) E,V)p, = P (Ea'Va),
aeS(I)
such that
(3.2) (Va — da)("Eq) € "Eq ® (Qkan (log D(I)) + Qan (+D(I9))) .

The set S of irregular values is uniquely determined by the given connection and
hence it is denoted by S := Irr(V).

The given connection (F, V) is said to admit a good lattice at p € D, if for some
coordinate neighbourhood U = A? of p as above, there exists a ramification map

Pe:AdHUa (tla"'vtd)H (t(i?"'atZatk-&-la"-vtd)

for some e € Ny such that p*(E, V) admits an unramified good lattice E. With these
notions, T. Mochizuki proves the following far reaching result

Theorem 3.1 (T. Mochizuki, [17], Theorem 19.5). — Let (E,V) be a flat
meromorphic connection on (X,D). Then there exists a regular birational map
¢ : X' — X such that D' := ¢~ Y(D) is again normal crossing, o|x p: is an
isomorphism onto U and the pull-back ¢*(E,V) admits a good lattice at any p € D'.

Actually, the theorem in [17] is more precise in the sense that due to Malgrange’s
work ([14]) one knows that generically there is a ”canonical lattice”, which Mochizuki
calls the Deligne-Malgrange lattice. He then proves that its extension to the whole
X is again locally free over Oxan and a good lattice in the above sense.

3.2. Good decomposition in multisectors

If we apply Mochizuki’s Theorem 3.1 to the given flat meromorphic connection (E, V)
on (X, D), we know that the pull-back with respect to some birational map and some
finite ramification admits an unramified good lattice E. It will be important for our
purposes to see that the resulting formal decomposition can be lifted to an asymptotic
one on small multisectors. In dimension two, this is the ingredient of [18], I.2, in
higher dimensions it can be derived from Mochizuki’s approach of good lattices and
can be found in [17] also, see the remark after the theorem below.

Let A)?I\Z denote the formal completion of Ay along 7~ *(Z) for a closed subset Z C

X and Tz the natural morphism Ag — A)?I\Z’ We will consider mainly the case where

Z C D is a union of local irreducible components of D. Note that A)f(l\z|7-r—l(z) =
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7O <z in such a case. The following generalization of the one-dimensional Borel-

Ritt theorem tells us that the sequence 0 — A}D — Ag e A;\B — 0 is exact (see

[18], I1.1.1.16). Let us again use the notation
E|y = (ﬂ'*E ®ﬂ——loxan A)‘?)|Y

for some Y C X and Oxan-module E.
The formal decompositions (3.1) given by the existence of an unramified good
lattice can indeed be lifted in the follwing sense:

Theorem 3.2 (T. Mochizuki, [17]). — Let (E, V) be a flat meromorphic connec-
tion and assume that it admits an unramified good lattice E. Let ¥ € 7=1(D) be any
multi-direction. Then there exists a small multisector S C X ~ D around 9 with
closure S C X such that we have a V-flat decomposition

(3.3) Eg= P Gas,

aelrr(V)

where the connection on G, s induced by V —da is logarithmic, hence regular singular.

The proof of Theorem 3.2 is completely contained in [17]. However, since
Mochizuki develops the theory of Stokes structures in a more general setting,
adapted to the examination of wild twistor D-modules, and in much more detail
than needed here, the proof of the above theorem is not so easily found in loc. cit.
It occupies several steps and culminates in the statement to be found in Remark
7.73, [17]. For this reason and the reader’s convenience, we give an overview over the
proof of Theorem 3.2 in the appendix.

4. The local duality pairing

Consider the same situation as above, U <— X a smooth projective compactification of
U with D := X~\U anormal crossing divisor. Let (E, V) be a flat algebraic connection
U. Tt induces a flat meromorphic connection on X" with poles along D**. Our aim
now is to study the meromorphic de Rham complex DR xan (V) associated to this flat
meromorphic connection by lifting it to the real oriented blow-up = : X — X, To
this end, we consider the following de Rham complexes on X:

Definition 4.1. — The asymptotically flat de Rham complex is defined to be
the complex

DREP(VY) i= ALY ®@r-1(0yan) 7 (DRxan (V) € D(Cy)
and the moderate de Rham complex to be the complex

DRYP (V) 1= AP @7 1(0gun) 7 (DRxan (V) € D*(Cy) -

The moderate de Rham complex computes the meromorphic (and hence also the
algebraic) de Rham cohomology of (E, V) (cf. [18], Corollaire 1.1.8):

H*(X, DRV (V)) = HER(U,E, V) .
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Since multiplication gives a map AEOdD Qc A;D — .A;D , we deduce that the usual
wedge product of a differential form with moderate growth and an asymptotically flat
differential form is again asymptotically flat. This leads to the following

Definition 4.2. — The local duality pairing is the natural pairing
(4.1) DREP(VY) @c DRYP (V) — DR (Ox, d)

induced by the wedge product of forms and the natural contraction EY @ E — Ox of
the vector bundle E and its dual to the trivial line bundle.

Before stating the local duality result, we want to prove that the complexes involved
are concentrated in one degree whenever (E, V) admits a good lattice on (X, D).

Proposition 4.3. — If (E,V) admits a good lattice on (X,D), the complexes
DRI)E(OdD(V) and DR;D(V) have cohomology in degree zero only.

Proof. — Due to Mochizuki’s results, Theorem 3.1 and Theorem 3.2 above, there
exists a cyclic ramification p : Y — X such that locally on Y the pull-back connection
p~1(V) admits a decomposition (3.3) for small enough multisectors S. Let mx : X —
X and 7y : Y — Y denote the oriented real blow- up of Z :=p ~1(D) and D
respectively. The projection formula for the lift 5: Y — X gives

(4.2) Rp.DR2Y? (p~'V) = Rp, ARV @,,71(0)() 7% DRxan(V) .

Now, p being a finite map and since obviously Rﬁ*A’;‘;‘OdZ = A;OdD (using the res-
olution (2.3)), it follows that it suffices to prove the claim on Y. Hence, we can
assume that we have the decompositions (3.3) for the connection (F,V) locally on
X. Since the decomposition is V-flat, we can further restrict to the case of one sum-
mand G, g, i.e. we only have to consider the case where a priori (E,V) is of the
form (E,V) = e* ® R, for some regular singular connection R,. Since every regular
singular connection is a successive extension of regular singular line bundles, we can
further reduce to the case Ry, = 2* with a A € C%.

The proof will now follow the same arguments in the asymptotically flat as well as
in the moderate case. Since it is a local statement, we restrict to the local situation
at some point xg € D = {x1---x; = 0}. Let 9 € 7~ 1(xq) =~ (S1)* be a direction in
D over xp. Then the complex of stalks at ¥} which we have to consider is given as

(4.3) o (AP w—lﬁg’(an)ﬁ % (e —191;;&)& o

where 7 stands for either < or mod. In degree p and with the usual basis dz; for
I={1<iy <...<i, <d} of O%.., the connection map V in (4.3) reads as

Zwlde Z (ngnJ QJ/LUJ\{J}>>de

#I=p #J=p+1 jeJ
with 9 9
a -1
U= — U+ —— utx; AU
Qj 6a:j 6333‘ 7 I

and where we define sgn;(j) := (—=1)” for J = {j1 < ... < jp41} and j, = j.
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. . ? — 1
Consider a germ of a section w of A'X«D o 0

w= g wydry,

#J=p+1

such that Vw = 0. We have to find a p-form 7 with appropriate growth condition
such that Vi = w. To achieve this, let s € N be an integer such that w; = 0 for all J
with JN{1,...,s — 1} # 0 (which is an empty condition for s = 1). We prove that
we can find a p-form n with coefficients in A?XD such that

(4.4) (w—Vn) € Z A}fﬁ dxy .
JN{1,...,s}=0

The assertion then follows immediately by induction.
By assumption

(4.5) 0=Vw= Z ( Z sgnK(k)(kaK\{k}))de .
#K=p+2 keK

Taking k < s and s € J and examining the summand of (4.5) corresponding to a set
of the form K := {q} U J we see that
(4.6) Qqwy =0 forallsuchg=1,...,5s—-1.

Now, consider the system (X;) of partial differential equations for the unknown
function wy, where J is a fixed subset J C {s,...,d} of cardinality p 4+ 1 with s € J:

Qquy =0 forallg=1,...,s—1
(2s):

Qsuy=wy ,

together with the integability assumption (4.6). Systems of this type had been studied
by Majima (cf. [11]) before. In the case of A}%, the result follows from [19],
Appendix A, in the moderate case we refer to [9], Theorem A.1 (which is formulated
in dimension two only but generalizes without difficulties to the case of arbitrary
dimension).

In each case, we can always find a solution u; € A%Dﬂ for any such J C {s,...,d}
of cardinality p+ 1 and s € J and if we let 7

n:= Z uydry,

J as above

we easily see that (4.4) is satisfied. O O

In particular, the proposition applies to the trivial connection (Ox,d) for any
(X, D) such that D has normal crossings. The only interesting cohomology sheaf is

H°DR$”(Ox,d) = jCyan

where 7 : U — X again denotes the inclusion. Therefore, the local duality pairing
can be written as

(4.7) DREP(VY) @c DR (V) — 5iCpan -
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We are now ready to state the following local duality theorem which lies in the
heart of this work:

Theorem 4.4. — The local duality pairing (4.1) is perfect in the sense that the in-
duced morphisms

DR;%OdD (Vv) — RHOH’I}? (DRED(V)v:ﬂC)
and
DR” (V) — RHomg (DR (VY), 7€)

are isomorphisms in the derived category.

We give the proof of this theorem in the next section.

4.1. Proof of Theorem 4.4

According to Mochizuki’s results, (E,V) admits a good lattice after some regular
birational morphism b : ¥ — X. Let Z := b~!(D) be the resulting divisor in Y
and let mx : X — X and Ty : Y — Y denote the oriented real blow-ups. Let
b:Y — X be a lift of b. We will also use the following notation for the embeddings
7: XM\ D — X and7:Y*™\ Z — Y. The de Rham complexes on the real oriented
blow-ups behave functorial with respect to this situation:

Lemma 4.5. — We have natural isomorphisms
Rb, (DR (5*V)) = DRZ*P(V)
and

Rb,(DRS(b"V)) = DRLP(V) .
Proof. — Via the projection formula — note that E is locally free — we obtain
7 7 L — * ~
Rb.(DRZ (b'V)) = Rb (A ©, 1 (0,,,) Ty DRym (V) =
~ BT (A2 & -1
= Rb* (AY’ ) ®7\';(1(Oxan) 7TX DRXan (V) 3

where ? stands for < or mod respectively. Hence, it suffices to prove that Rb, (A%Z )=
AP
% -
Since the restiction of b : Y*" — X3 to Y®" \ Z is an isomorphism Y*" \ Z —
X D = U, we see that the sheaves of flat C*°-functions on each space, i.e. all
of whose derivations vanish on the boundary, are compatible with b, i.e.

T p<Z _ p<D

Similarily, we have E*Pg“’dz = P;?OdD for the C'*°-functions with moderate growth

for arguments in U?" approaching the boundary. Computing RZ*(A%Z ) via the flat

resolutions (2.2) and (2.3) respectively, the assertions of the lemma follow immedi-
ately. O O
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Now 7 Cpan[2d] is the dualizing sheaf on the manifold ¥ with boundary ¥ ~ U#»
and similarly 1Cpan[2d] for X. By Proposition 4.3 for the trivial connection (Oy,d),
we deduce from (2.2) the fine resolution

iCumn = (P2 @01 0, 7y 5, 0,0)

where the right hand is to be understood as the simple complex associated to the
indicated double complex of Dolbeault-type. Applying b, thus yields an isomorphism

ot Rb,iCron = bu(PE? @1 ) Ty 0500 =

_p p<Z —1020:(+*) ~ =
= bPE” O (g Tx Pxan T = G

Since the isomorphisms of Lemma 4.5 had been constructed in the same way, the
diagram

Rb,DRE (b*V) @c Rb,DRS? (b*VY) —— Rb,iCyran

(48) Lemma 4‘51% %JCX
DREP(V) ®c DRE”(VY) ———  jiCpen
commutes. Hence, the morphism
DREP(V) — RHom z (DR (V) iCyan)
induced by the lower row of (4.8) factors as

7 mo * B 7 w7V
Rb.DRE*V(b*V) —— Rb.RHomg (DRS?(b*VY), 4 Cpyan)

(4.9) %l b
DRYP(V)  ——  RHomg(DRE"(VY),5Cym) ,
where -y is given by the composition of the natural morphism
Rb,RHomg (DRS?, 7Cyan) — RHom g (Rb.DRS?, Rb,iCyan )

with the morphism « from above. By Poincaré-Verdier duality (Proposition 3.1.10 in
[10]), v is an isomorphism. The same arguments apply in the case of the moderate
de Rham complex. Consequently, in order to prove Theorem 4.4 namely the fact that
the bottom row is an isomorphism, it suffices to do so for (.

In other words, we may a priori assume that (E, V) has a good lattice on (X, D).
Then we know by Proposition 4.3 that both complexes in the local duality pairing
have cohomology in degree 0 only, i.e. we are reduced to prove that the pairing of
sheaves

SmodD ® v$<D N ﬁCUan
is perfect, where we define 047 := HO(DREP(VV)) and “S<P := H(DRF"(V)).

Exactly as in the proof of Proposition 4.3, due to the existence of a good lattice
on (X, D) and the asymptotic decomposition given by Theorem 3.2, we can reduce
to the case where V is a rank one connection of the elementary form V = e ® 2* for
some a € Ox (xD) and \ € C%.
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We restrict to a small enough open polysector V' C X 5 X where locally D =
{1 2 = 0}. We will write a(z) = 27™" - ™" - u(x) with non-vanishing u(z).

Let us define the Stokes multi-directions of « along D inside V to be

3m
1.1 Sa = StH((2, 2
(4.10) =55 5))
with St : DNV — R/2xZ, St(r;,9;) = —Zle m;¥; + arg(u o w(ry,9;)). Let

Vo = (VN l~)) UX,, e VN D are the directions in which e®®) has rapid decay for
x radially approaching D. If 7, : V, — V denotes the inclusion, one obviously has
(possibly after shrinking V):

(4.11)  S§mdD|, =5 (7@ . Cpan)ly and  YS<P|y = jo (e - Cran)
Consequently we have the following commutative diagramm:
RHom(¥S<P,5Cpan)
(4.12) el
RHom((7-a)'Cvp, JICvauan)
By the factorization 7=7_,01_o with1_, : VNU?" — V_,,, we see that
RHom((7-a)Cy_,, , 3Cyan) =
= (J_a)«RHom(Cy_,,, ((—a)iCyapen) =
=~ (J—a)sHom(Cy_, ((—a)Cvrpm) = (J—a)1 Cv, ,

since (V N\ V,)N D coincides with the closure of V_,N D inside D. Hence, the bottom
line of (4.12) is an isomorphism and thus

SmodD o~ RHom)} (\/8<D73'!(CUM)

v .

v SmodD |V

=

v — (Ja)i Cy,

locally on X over an arbitrary point of D. Interchanging YS<P and S™°4P gives the
analogous isomorphism.
This completes the proof of the local duality result, Theorem 4.4. O

5. Period integrals

5.1. Definition of rapid decay homology

We now want to interpret the local duality pairing as a pairing via period integrals.
Let us consider the following geometric set-up. We start with the given flat algebraic
connection (E, V) on the smooth quasi-projective variety U. Due to Hironaka’s res-
olution of singularities, we can compactify U by some smooth projective X with a
normal crossing divisor D := X \ U as complement. Due to Mochizuki’s Theorem,
quoted as Theorem 3.1 above, we can further pull-back the connection with respect
to some regular birational map b : Y — X in order to obtain a good lattice for the
connection. In other words, by replacing X with Y as a different choice of compactifi-
cation, we may assume that the given connection admits a good lattice on the chosen
compactification (X, D) itself.
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Let 7 : X — X2 denote the real oriented blow-up of the normal crossing divisor
D C X, We will write D := 7~1(D) and denote by j : U™ — X and J: U™ — X
the inclusions. For any p € Ny, we will write Sp()} ) for the free Q-vector space over
all piecewise smooth maps ¢ : AP — X and we will consider singular homology with
Q-coefficients and piecewise smooth chains in the following.

Let C)::f) denote the sheaf of relative p-chains of the pair DcX , i.e. the sheaf

associated to the presheaf
VHSp()N(,()?\V)UIN)) .

Let € := ker(V|y) be the local system on U of flat sections of V. In the same way
as in [9], Definition 2.3, a section c® ¢ € T'(V, Cs 5% 7+€) is called a rapid decay

chain, if for any point y € ¢(AP)N DNV the following holds: Let x1,...,z4 be local
coordinates of X around y = 0 such that D = {1 ---x; = 0} for some 1 < k < d.
We chose a meromorphic basis e : E = (Oxan (D))" of E at y and require that if
we develop € = Zle fi - e; in this basis with analytic functions f; € j,Opan, these
coefficients f;(x) decrease faster than any monomial for = approaching D, i.e. that
for all N € NF there is a Cy > 0 such that for all small enough = we have

[fi(@)] < On - faa M - g M

For chains ¢ ® € inside U*", we do not impose any condition. The sheaves of all
these rapid decay p-chains will be denoted by C}?’*p (V). Together with the usual
boundary operator 0 of singular chains they define the complex of rapid decay
chains C}?(V). The rapid decay homology of (E(xD), V) is the hypercohomology

Hi(U™, B, V) = H*(X,C}(V)),

which can be computed as the cohomology of the global sections, since the usual
barycentric subdivision operator can be defined on the rapid decay chains and thus
one deduces that the complex of rapid decay chains, similar to the sheaf complex of
singular chains (cp. [23], p. 87) is homotopically fine.

5.2. The local duality pairing and periods

In order to obtain the desired interpretation of the local duality pairing (4.1) in terms
of period integrals, we will examine the relation between the asymptotically flat de
Rham complex of the dual connection (EY, V") and its rapid decay complex. Let £V
denote the local system of the dual connection.

Recall that we chose (X, D) in a way such that (E,V) admits a good lattice on
(X, D). According to Proposition 4.3, the natural inclusion

(5.1) DR$P(VY) <= HO(DRYP(VY)) =: "§<P

is a quasi-isomorphism in this situation. Note that by definition and the properties of
A;{D , the sheaf YS<P consists of local solutions of V¥ which have rapid decay along

D. More precisely, given an open subset V C X and a section o € '(V,%S<P), the
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section o € \S<P(V) C 7.(£Y) is rapidly decaying along any chain in ¢ € C}%'EJ(V)7

ie. 7
c®o € F(V,C;?(Vv)) .

Thus, we have a natural morphism

(5.2) C3'5 %0 EP — c(vY).

Now, by standard arguments (e.g. [24]), the complex C% 5 is a homotopically fine

resolution of the constant sheaf C[2d]: to see this, note first that U*" = X~ Disa
real manifold of dimension 2d and since we take homology relative to the boundary
D we deduce that for small enough V C X such that V C Q for some contractible
Q C X we have by excision:

0 forp+#2d

-p
F(V’H ( C forp=2d.

Ce p) = Hp(2, (2N V) U D) = {

Consequently, we end up with a natural morphism

S<Pd) = Crl2d) @ <P oo e s<P PR ed(vy)

)

Proposition 5.1. — If (E,V) admits a good lattice on (X, D), there is a natural
isomorphism

C*(VY) = DRV (VY)[2d]
in the derived category D°(Cy).

Proof. — Due to (5.1), it remains to prove that (5.2) is a quasi-isomorphism. Re-
stricted to U®", this is clear since there is no rapid decay condition involved and the
rapid decay homology is nothing but the usual singular homology with values in the
local system €Y which coincides with the restriction \S<P|;; on U?".

As for the situation locally around D: By assumption on the existence of a good
lattice, there is a cyclic ramification map p : ¥ — X such that p*VV admits an
unramified good lattice. Since (5.2) obviously is compatible with direct image by p,
it is enough to prove the assertion on Y, i.e. we can assume without loss of generality
that VV itself has an unramified good lattice. Exactly as in the proof of Proposition
4.3, we can apply Mochizuki’s lifting theorem, Theorem 3.2 above, and reduce the
statement to the case VV = e* ® R for some regular singular connection R. Now,
since the solutions of a regular singular connection are moderate (see [7]), we have

S<D(eu ® R) _ S<D(ea) ®3~*R

with the obvious notation S<P(V) := HO(DRED(V)) for a given connection V.
Now, consider a small open polysector V around some direction ¥ € 7~ 1(y) with
y € D. Let ¥, C 7 (y) denote the set of Stokes-directions of a as in (4.10).
We distinguish the following cases with respect to the direction ¥: If ¢ € 3, then
for V being a small enough polysector, we have S<P(e®)|y; = Ji(e*Cyan)|v. For a
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smooth topological chain ¢ in X , the local section e® will not have rapid decay along
cin V as required by the definition unless the chain does not meet D N'V. Hence

CR(ely =C5 5 ®8< ()l -

If 9 € X, we can assume that V is an open polysector such that all the arguments
of points in V" are contained in ¥,. Then S<P ()| =2 7,(e°Cy,). Similarly, all twisted
chains ¢ ® e® will have rapid decay inside V' and again both complexes considered are
equal to C;(:[) ® Jx(e*Cpan).

a

Finally, if ¢ separates the Stokes regions of e* and e™%, we have with the notation

of (4.11):

S<P(eM)v = (Ja)i(e"Cyan)lv -
The subspace V; is characterized by the property that Vo N D consists of those direc-
tions along which e*(*) has rapid decay for = approaching D. In particular, c®e” is a

rapid decay chain on V' if and only if the topological chain ¢ in X approaches DNV
in V, at most. Hence

Ce™ v = Cg'p ® (a)i(e*Cum) = C5 5 @ “S<Ply .
Thus, we have seen that (5.2) is a quasi-isomorphism in all three cases. O O
As a consequence, we also deduce

Corollary 5.2. — The rapid decay homology groups H™(U**, E, V) do not depend
on the choice of the compactification X such that D := X \ U is a normal crossing
divisor and (E,V) admits a good lattice on X.

Proof. — If X’ is another such compactification with D' := X’ \ U, we can resolve
the singularities and apply Mochizuki’s Theorem 3.1 to the closure of U inside X x X'
and obtain a common compactification Y such that (F,V) admits a good lattice on
Y. Lemma 4.5 and Proposition 5.1 prove that the rapid decay complexes on X and
X' are isomorphic in the derived category. O O

We remain in the situation given above, namely (F,V) admitting a good lattice
on (X, D). Due to Proposition 4.3, the local duality pairing reduces to the pairing

(53) v8<D ® SmodD _ jl(CUa"
given by multiplication.
In order to be able to apply Proposition 5.1, consider the resolution

D -1 D —10o0,(75) &
A)<? ®7r—1oxan ™ QTXan — (P)S( ®7‘—71C';oan ™ QXM(‘ ),5‘) s

induced by the resolution (2.2), where Qc;(o;,(f’s) denotes the sheaf of C'*° forms on X
of degree (r,s). Let Rd" denote the total complex associated to the bicomplex

Rd = (PSP @p-rom, 7 Q%0 ,0,0) .

xan

Then, Rd" is a fine resolution of JCpran.
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Next, consider the canonical quasi-isomorphism /3 : C)i('ﬁ QRd = @b}i’_' which
maps an element c®p € €25 @ Rd* (V) of the left hand side over some open V C X

to the distribution given by 1 — fc n A p for a test form 7 with compact support in V.
Because of the rapid decay property of p, this distribution has the property expressed

n (2.4), hence is indeed a local section of Db*%*~"
Now, the main step towards the interpretation as period integrals is to define the

following pairing;:
. pord,—r v modD,s rd,s—r
fy.C)? (V )®DR)z (V) — Z)b)?
(c®e,w) = (1 [antew)

where we observe that since ¢ is rapidly decaying along ¢ and w is of moderate growth
at most, the integral first of all converges and it satisfies the estimate (2.4) for all test

(5.4)

forms n with compact support on X. The resulting pairing (5.4) is called the period
pairing of the connection V.

Now, the inclusion S™°dP — DR;OdD (V) is a quasi-isomorphism and the period
pairing and the local duality pairing (in the form of (5.3) and with the appropriate
shift) fit into the commutative diagramm

VS<D[2d] ® SmOdD N ﬁ(CUan [Qd}

- vg<D modD — .

(5.5) Cp@S<Pas —— 5@ Rd
=|(5.2) =|s
rd \Y, modD 2l rd,—.

c4(vY) @ DREP(V) —1— Db

Applying the local duality result, Theorem 4.4, together with Poincaré-Verdier duality
gives an isomorphism

(5.6) RT(DRP(VY)[2d]) = RT RHome (DREP(V), 5iCyan [2d]) =
=~ Hom. (RI (DR (V)),C) .
In summary, we have obtained a description of the perfect duality
2d—p (v <D v modD
H*7P(X,DRY”(VY)) @ HP (X, DRE™7 (V) — C

induced by the local duality pairing, in terms of the period pairing (5.4). We sum-
marize this result:

Theorem 5.3. — The period pairing (5.4) induces a perfect pairing
H* (U™, EY,VY)®@c Hi(U; E,V) — C

between the algebraic de Rham cohomology of (E,V) and the rapid decay homology of
the dual connection.
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5.3. The period determinant

Let £ C C be a subfield of the field of complex numbers and assume that the given
geometric data, the variety U as well as the vector bundle and the connection are
defined over k already. Then the de Rham cohomology inherits this k-structure, i.e.
H,r(U, E,V) is naturally a k-vector space.

Now, let ' C C denote another subfield of C and let us assume that the local
system £ on U comes equipped with a given F-structure. In analogy to [22] (for
the regular singular case), we consider the category Wy »(U) — which we already
defined in [9], 2.5 — of triples M = ((E, V), Ep, p) with:

i) a vector bundle E on U with rank r together with a flat connection V : £ —

E ®OU Qllja
ii) a local system &g of F-vector spaces on the analytic manifold U%",
iii) amorphism p : £ — E%" of sheaves on U?" inducing an isomorphism £r®C =
ker(V") of local systems of C-vector spaces on U™,
A morphism between ((E,V),Er,p) and ((E',V’),EF',p’) is given by a morphism
E — FE’ respecting the connections together with a morphism £ — &’ of F-local
systems with the natural compatibility condition with respect to p and p’.

Let (E,V),Er,p) € Wi r(U) be an object in this category for given subfields
k,F C C. Then the local system £V inherits an F-structure from the given F-
structure on £. Consequently, we can consider the F-lattice

rd,—p \% -p >~ oV
C)} (V )F - C}?,ﬁ ®Q 7:Ep

of all rapidly decaying chains in C):(p 5 ®0 J+E) and end up with a natural F-lattice
H;d(Uan, E,V)r inside the rapid decay homology:

H;d(UanaEav)F QF C i H;d(UanaE7v) )

the isomorphism induced by p. The duality between the algebraic de Rham cohomol-
ogy and the rapid decay homology via the period pairing enables us to compare these
lattices and to generalize [9], Definition 2.7, unconditionally to the case of arbitrary
dimension of U:

Definition 5.4. — For ((E,V),Er,p) € Wi r(U), we define its period determi-
nant to be the element

det((E, V), Ep,p) == [[ det((rP,wP'NGY" € €k F>
p=>0
where wl(p) denotes a basis of HY (U, E,V) over k and 7](4}7) a basis of the F-vector

space HI4(U® EY,VV)p.

We hope that this will be the starting point of further examinations in the spirit
of T. Saito and T. Terasoma’s work [22] in the case of regular singular connections
including the irreguar singular case.
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Appendix A
Asymptotic lift of formal lattices

In this appendix, we want to include a short overview of the proof of T. Mochizuki’s
result (Theorem 3.2 above) on the asymptotic lift of the good formal properties.
We emphasize that the necessary steps are completely contained in T. Mochizuki’s
paper [17], however — since Mochizuki’s main objective lies in different applications
as the one we give here — they are scattered over several paragraphs in loc. cit. and
are intertwined with further results and ideas which aim at different applications.
Therefore the proof of Theorem 3.2, though being completely contained in [17], is
not easy to be traced back. This led to our decision to reproduce a straight path
to the proof in this appendix to the reader’s convenience. We will, however, give a
roadmap only and for the individual proofs of the various steps we will refer to the
original source [17].

A.1. Irregular decompositions and the minimal order

We assume that (F,V) admits an unramified good lattice E on (X, D). We are
in the local situation and write D = Uf 41 Di for the decomposition in irreducible
components. Then one has the formal decomposition (3.1) for the completion along
all the intersections D; for some I C {1,...,¢} (in the notation given for (3.1)).

In this situation, Mochizuki lifts the formal decompositions coming from the good
lattice successively with respect to the increasing orders. Proceeding in this way
makes it possible to define and examine the Stokes filtration in a very precise way
(see [17], Chapt. 7). Since we do not need the full information on the latter, we will
apply Mochizuki’s arguments to give a proof by induction which allows us to be more
economic (e.g. with respect to notation).

Let m(0) := min{ord(a) | a € Irr(V)}. Since the set {ord(a —b) | a,b € Irr(V)}
is totally ordered by definition, there is an ¢ € {1,...,£¢} such that m(1) := m(0) +
(0,...,1,...,0), with the 1 on i-th place, is smaller than or equal to the all orders
ord(a—b) > m(0). We may assume that ¢ = 1. Let us define the following truncation
of Laurent series (where 2 := 27" - -- 2;'*)

ﬁ : OXan(*D)/OXan — OX':LD(*D)/OXMI , 0= Z CnZn = Z CnZn
n nZ?m(1)
(denoted by 7y, (o) in Mochizuki’s [17]) and the set of irregular values in the
minimal level to be
Ir(V, m(0)) :=7(Irx(V)) = {7(c) | ¢ € Ir(V) } .

Let k be given by m(0) € Zk; x {0}"% and let D(< k) := U, <k Dv. Due to
the definition of an unramified good lattice, we have for each I C {1,...,¢} the
decomposition (3.1)

(A.1) E V5= P (E.'V.)
ceS(I)
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over B\I with the appropriate property (3.2), in a compatible way for J C I, i.e.
TEy|5, = @, "Ec where the sum runs over all ¢ € S(J) mapping to b in the natural
projection S(J) — S(I). In particular, for I = £:={1,...,¢}:

(AZ) (E,V)‘E\[ = @ (ﬁ/\c;ﬁﬁc) .

B celrr(V)

It is straightforward to see that this family of decompositions induces a decomposition

(A.3) (E, V) |L7(gk) = @ (]E;“(O), V;"(O))
aclrr(V,m(0))

(see Lemma 5.7 in [17]), the irregular decomposition in the minimal level m(0).
Further restricting to the intersection D, := ﬂle D; gives

(A4) BV = D (E.9)

c€n ~*(a)
for a € Trr(V, m(0)).

A.2. Mochizuki’s Lifting Theorem

Mochizuki’s result (Theorem 3.2 above) now asserts that for each small enough poly-
sector S C X \ D(< k) there is a decomposition

E|§: @ (96,57VC)

celrr(V)

such that V. — dc is logarithmic.

The claim will be proved by (decreasing) induction on the minimal order m(0).
For m(0) = 0, there is nothing to prove, since then Irr(V) is trivial and V itself
is logarithmic. The induction step will be carried out in the following section by
lifting the irregular decomposition in the minimal level m(0) for m(0) < 0 to obtain
a good lattice with minimal order m(1) > m(0). As a preparation, note that the
decomposition (A.1) for I = {i} makes it possible to define the residue of V along
D; (with respect to the lattice E) as

p,;) C End(E

Res;(V) == Z Resp, (Ve — de) € @ End(ilﬁc D;) -
)

ceS(4) ceS(s

Now, for fixed i, a standard argument shows that one can find a meromorphic trans-
formation such that the difference A — p of two distinct eigenvalues of Res;(V) is not
an integer (see [12], p. 39, or [21], Proposition 2.12). Transforming E accordingly,
we can a priori assume that for all i =1,...,¢:

(A.5) A—u & (Z~{0}) for all eigenvalues of Res;(V) .
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A.3. Lift at the minimal order

Due to the definition of 77 and m(1), we see that, given an element a = 7(c) €
Irr(V, m(0)), one has c—a = 2™ g where g is holomorphic. Then d¢ = da+d(z™"g).
Now, by definition of a good lattice, if u is a basis of E| B, respecting the decomposition

(A.2) and if u, denotes the part of the basis corresponding to IE;H(O)|5; as in (A.4),
then R

~

Vaue = ug - (@Ceﬁil(a)(dc + Tc))
where T, is a matrix of log-1-forms. The relation between a and ¢ gives
Vo, = U, (da+T7)

where now 2™ T’ consists of log-forms. In other words, the decomposition (A.3)
fulfills
(6?(0) - da)ﬁan(o) c zmW . FmO) g Qe (log D) |
ie. ord(Ve® — da) > m(1).
Additionally, all the elements a € Irr(V, m(0)) over which the sum in (A.3) is taken
are of the form 2™ .q with @ being holomorphic and independent of the variable 21.
Now, consider a given polysector (which may be shrinked in the following) and let S

be the interior of the closure of S in X and Z := SN 7~ Y(D(< k)). The irregular
decomposition (A.3) induces the decomposition

-m(0) &Sm(0
(A.6) El7 = E @10, Az = b ERO,IRD);.
aclrr(V,m(0))

Now, there is a partial order <g on Irr(V, m(0)), where for a # b, the relation a <g b
holds, if Re(a—b) > 0 on S. It induces the filtration F# indexed by (Irr(V, m(0)), <g)

given by FZ := Pi<.a IE?(O).
Lemma A.1. — Up to shrinking S, there is a decomposition
_ 1
Els = 69aem(v,m(o)) Eas
on'S C X, which is flat with respect to V., := V(d,,) and which induces (A.6).
Proof. — This is Lemma 7.6 in [17]. O O

Consequently, one defines the lift of the filtration FZ to S by .7-"[15 = @Ksa 'Ep,s.
This filtration is indeed V-flat, see [17], Lemma 7.2. Moreover, one has

Proposition A.2. — There exists a V-flat splitting of the filtration

.7:5: @Eb,s on S .

b<ga
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Proof. — Let V<j denote the connection with respect to the first k variables
21,...,2 (i.e. we consider the local decomposition X = A* x Y, A* a polydisc in
C* and V< denotes the relative connection with respect to the projection X — Y.
Recall that m(0) € Z%, x 0). Then Proposition 7.5 in [17] gives a V<j-flat splitting
which can be modified to give a V-flat splitting by the assumption on the eigenvlaues
of the residue as in [17], 7.13. O O

By Proposition A.2, we have a decomposition

Elz = @ (Ea.s, Va,s)

a€lrr(V,m(0))

such that Eq 5|5 = E;n(o)|27 the right hand side as in (A.3). Now, varying the
polysector S, the resulting E; g can be glued to obtain an O xan-module G, (allowing
to shrink X" — we are interested in a local situation anyway) equipped with a flat
meromorphic connection V, such that

Galgieyy =B and  ord(V, — da) > m(1) .

For the construction of the glueing, we refer to [17], 7.4.
Now, consider the O xan-module G, together with the flat meromorphic connection
V.« —da. It is again a good lattice with irregular values

(A7) Irr(Vg —da) ={b—a|beIrr(V) und 7(b) = a} .

Due to the properties of the set Irr(V), one sees that m(1) is the minimal order
appearing in Irr(V, —da). Since m(1) > m(0), we can apply the induction hypotheses
to G, and obtain a decomposition (for a sufficiently small polysector S):

(Gaava_da)|§: @ ( 2’68)

belrr(Vya—da)

such that %g —db is logarithmic. Summing over all a € Irr(V, m(0)), we finally obtain

(A.8) Es= D (H,Vi+da).

aelrr(V,m(0)) b€l (Vq—da)

Now, we define V& := V& 4+ da. Then V¢ — d(a + b) = V& — db is logarithmic.
Furthermore, the set

{c=a+b|aecr(V,m(0)) und b € Irr(V, — da)} = Irr(V)

by (A.7) and for given ¢ the summands a, b are uniquely defined, since then a = 7j(c).
Therefore, the decomposition (A.8) has the desired properties and hence completes
the proof of Mochizuki’s Lifting Theorem.
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