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ABSTRACT

In this paper, we define Swan conductors for unit-root overconvergent F-isocrystals
using the theory of arithmetic Z-modules due to Berthelot. Our Swan conductors
are compared with the Swan conductors for f-adic sheaves constructed by Kato and
Saito using a geometric method. As an application, we prove the integrality of Swan
conductors in the sense of Kato and Saito under the ‘resolution of singularities’
assumption.

Introduction

Let k be a perfect field and let U be a connected smooth separated scheme of finite type over k.
Take a Q,-lisse sheaf F on U. When the characteristic of k is zero, it is well-known that the
FEuler—Poincaré characteristic

Xe(U, F) = (=1)" dimg, HA(Uy, F)

is equal to rank(F) - x.(U) where x.(U):= x.(U, Q,). However, the situation is completely
different when k is a field of characteristic p >0 and U is not proper over k, even if ¢ # p.
Calculation of the difference x.(U, F) — rk(F) - x.(U) is one of the main subjects of ramification
theory. In what follows, let k£ be a field of characteristic p > 0.

When U is a curve, the above difference can be expressed by means of Swan conductors
according to the Grothendieck—Ogg—Shafarevich formula. Kato and Saito [KSO08] recently
succeeded in extending the Grothendieck—Ogg—Shafarevich formula to higher dimensions, based
on works by S. Bloch, K. Kato, G. Laumon, S. Saito, and others. The higher-dimensional analog
of the Grothendieck—Ogg—Shafarevich formula is as follows. Take a connected proper smooth
scheme X over k which contains U as an open dense subscheme such that X\U is a simple
normal crossing divisor. Let £ # p and take a Q,-lisse sheaf F on U. Then we have

Xe(U, F) = tk(F)xe(U, Q) — deg SWES(F),

where Swi° (F) is the Swan conductor of Kato and Saito, defined as a O-cycle on X with rational
coefficients (i.e. Swi°(F) € CHo(X)g). We remark that Kato and Saito actually dealt with a
more general situation, but we shall only consider this particular case. This Swan conductor was
defined using geometric methods. More precisely, Kato and Saito first defined SW§S( f:Qy) for a
finite étale morphism f:V — U using log blow-ups (see Definition 3.0.1) and then extended
it to the general case, using the open Lefschetz trace formula, so that the analog of the
Grothendieck—Ogg—Shafarevich formula holds. However, the integrality of this Swan conductor,
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which can be seen as an analog of the classical Hasse-Arf theorem, has been left as a conjecture
as follows.

CONJECTURE (Integrality conjecture [KS08, Conjecture 4.3.7]). Let X be a connected smooth
proper scheme over k and let U be an open subscheme of X whose complement is a simple
normal crossing divisor. For a Qy-lisse sheaf F, SwXS(F) is in the image of

CHo(X) — CHo(X)q.

In this paper, we use a different method to define the Swan conductor Sw¥% (&) as an
element of CHy(X) (the Chow group with integral coefficients) for a unit-root overconvergent
F-isocrystal & over U. Our definition of Sw¥% is based on the theory of arithmetic Z-modules due
to Berthelot, particularly the theory of characteristic cycles. By the Kashiwara—Dubson formula
for arithmetic Z-modules, also due to Berthelot, we get an analog of the Grothendieck-Ogg—
Shafarevich formula:

Xpr(U, &) = 1k(&)xpr(U) — deg Swi(&).
Thus, it is natural to ask whether there exists a relation between Swk® and Sw%. We propose

the following conjecture.

CONJECTURE. Let X be a projective smooth scheme and let U be an open subscheme whose
complement in X is a normal crossing divisor. Let y :m(U) — C* be a character factoring
through a finite group. We denote by F(x) and &(x) the corresponding Q,-lisse sheaf and unit-
root overconvergent F-isocrystal arising from y via fixed isomorphisms Q, = C %@p (see §4).
Then we have

SWSF(x) = Sw & (x)
in CHO(X)Q
Before stating the main result, we introduce some terminology.
DEFINITION 0.0.1. Let X be a smooth scheme over k, U an open subscheme of X, and f:V — U

a finite étale morphism. We say that (U, X, V) is resolvable if there exists a cartesian diagram

v—1svy
fl 0 lf’
U——>X

such that Y is a smooth scheme over k, j is an open immersion, the complement Y\ V' is a simple
normal crossing divisor, and f’ is projective. We say that (U, X) is resolvable if (U, X, V) is
resolvable for any finite étale scheme V over U.

If we assume the following resolution of singularities, then any pair (U, X) such that X is
smooth and U is its open subscheme is resolvable.

Resolution of singularities. Let X be a scheme of finite type over k£ and let U be a dense open
subscheme that is smooth over k. Then there exists a projective morphism f : X’ — X such that
the scheme X’ is smooth, the morphism f~(U) — U is an isomorphism, and the complement of
f~YU) in X’ is a simple normal crossing divisor.

The main result of this paper is the following.
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THEOREM 4.0.5. With the notation in the previous conjecture, suppose that (U, X) is
resolvable. Then the conjecture is true for x factoring through a finite group Z/p'Z for some
1>0.

As a corollary, we prove the integrality conjecture under the same assumption.

COROLLARY 4.0.7. Let X be a projective smooth variety over k. Under the assumption of
resolution of singularities, the integrality conjecture holds for X.

The integrality conjecture was proved in the case where dim X < 2 in [KS08, Corollary 5.1.7].
Although not written down explicitly in [KS08], it can be proved with the same method that the
integrality conjecture is true under assumption of the cleanness conjecture [Kat94, Definition 5.3].
However, in general the cleanness conjecture is stronger than the assumption of resolution of
singularities.

Now let us go into more detail. We fix a complete discrete valuation ring R such that the
residue field is k and the characteristic of the fractional field K is zero. To construct a theory
of Swan conductors for a smooth scheme X over k, we first have to construct a category of
arithmetic Z-modules on X. However, Berthelot’s theory of arithmetic Z-modules deals only
with smooth formal schemes over . := Spf(R). There are two main approaches to the problem.

(i) Since X is smooth, we can take smooth liftings over .7 locally. We construct the desired
category by gluing sheaves.
(ii) Suppose X can be embedded into a proper smooth formal scheme 2~ over .. We define

the sheaves on X to be sheaves on 2~ whose support is contained in X.

We believe that a systematic treatment is needed for the first method. Since this paper is not
intended to provide a thorough treatment of the theory of arithmetic Z-modules, we do not adopt
the first approach. Instead, we take the second approach by restricting ourselves to schemes over k
which can be embedded into smooth proper formal schemes (e.g. quasi-projective schemes).

There are two major obstacles that may be encountered in the construction of Swan
conductors for overconvergent F-isocrystals.

— We do not know whether proper push-forwards preserve holonomicity.

— We do not know whether specializations of overconvergent F-isocrystals are holonomic.
These issues are known as part of Berthelot’s conjecture, and they prevent us from defining
Swan conductors for general overconvergent F'-isocrystals. However, we may use the theory
of overholonomic modules due to Caro to remedy these problems. The main properties of
overholonomic modules are the following.

— Overholonomic modules with Frobenius structures are holonomic.

— Push-forwards by proper morphisms preserve overholonomicity.

— Specializations of unit-root overconvergent F-isocrystals are overholonomic.

These properties enable us to define Swan conductors at least for unit-root overconvergent

F-isocrystals. For a general definition, it seems that we will have to wait for the Berthelot
conjecture to be resolved.

To compare Swan conductors Swi> and Sw%, we first compare them in the case where sheaves
can be written as the push-forwards of constant sheaves (or structure sheaves) by finite étale
morphism. We call this ‘the geometric case’. In this case, both Swan conductors can be calculated
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explicitly. We calculate SW§S directly using Fulton’s intersection theory. For the calculation
of Sw¥ in the geometric case, we need the relative Kashiwara-Dubson formula, which is a
generalization of the Kashiwara—Dubson formula proved by Berthelot.

Now let us outline the contents of this paper. In §1, we introduce some basic terminology
that will be used in the paper. In this section, we also attach overholonomic modules to some
representations of the fundamental group of a smooth scheme over k.

In §2, we define characteristic homomorphisms and characteristic cycles, and prove the
following relative Kashiwara—Dubson formula for arithmetic Z-modules.

COROLLARY 2.3.17 (Relative Kashiwara—Dubson formula). Let f:X —Y be a proper
morphism between projective smooth schemes over k. Let ox : X —T*X and oy :Y —T*Y
be zero-sections. Let & be an overholonomic @;(7Q—modu]e with a Frobenius structure, and
suppose that fi& is an overholonomic module (or that all the cohomology sheaves of f.&
are overholonomic).! Then

fo(ok (2Car’(£))) = o5 (ZCar!(£,.6))
in CHO(Y)Q

On the way to proving Corollary 2.3.17, we give a complete proof of the Kashiwara—Dubson—
Berthelot formula, whose proof is only sketched in [Ber(02]. By using the relative Kashiwara—
Dubson formula, we are able to calculate Sw¥ in the geometric case. This is done at the end
of §2.

In §3, we calculate SwX® using Fulton’s theory of intersection. The comparison of Swan
conductors in the geometric case is done at this point.

In §4, we prove the main comparison theorem and its corollary.

Notation

Fix a perfect field k of characteristic p > 0. Let R be a complete discrete valuation ring of mixed
characteristic (0, p), with maximal ideal m = (7), whose residue field is k. Let K be a fractional
field and let e be the absolute ramification index of K. Unless otherwise stated, we also fix R
and K.

Each scheme is assumed to be noetherian separated of finite type over its base scheme. All
smooth schemes are assumed to be equidimensional. In principle, we use block letters (e.g. X)
for schemes and script letters (e.g. Z7) for formal schemes. Let 2" be a formal scheme over .,
and let X be its special fiber. With an abuse of notation, we say that Z is a divisor in 2" if Z
is a divisor in X.

1. Overholonomic arithmetic 2-modules

To construct Swan conductors for arithmetic Z-modules on a smooth scheme X over k, we have
to construct a category of arithmetic Z-modules on X; but we cannot use the theory of Berthelot
directly since we should take a formally smooth lifting of X over ., which is not possible in
general. The standard method is to take an embedding into a proper smooth formal scheme
locally and glue locally constructed Z-modules, but this is not easy since we do not know whether
holonomicity will be preserved (see [Ber02, 5.3.6]). Caro defined the categories of overcoherent

! Using Caro and Tsuzuki, Surholonomie des F-isocristaux surconvergents, Preprint, this condition always holds
under the assumption of Shiho’s conjecture, which was announced by Kedlaya.
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modules and overholonomic modules, and proved an analog of the conjecture by Berthelot.
This has enabled us to construct, at least, the category of overcoherent (overholonomic) Z-
modules over X. In this section, we define the categories and functors needed in this paper using
the work of Caro on overcoherent and overholonomic 9;7Q-m0dules.

1.1 Preliminaries

1.1.1 Let R be a complete discrete valuation ring of mixed characteristic (0,p) as in
the notation above, let m be its maximal ideal, and let 2~ be a smooth formal scheme over
.= Spf(R). For i >0, let X; be the scheme 2" ®@r R/m'*!. We shall sometimes write Xg
simply as X. Let m >0 be an integer such that p™ >e/(p — 1). Then we may endow R with
a canonical nilpotent m-PD structure. We shall use freely the notation of [Ber96b, Ber00,
Ber02, Car05a, Car05c]. To deal with holonomic modules, we suppose that there exists a
lifting of absolute Frobenius automorphisms o :.% — % and fix one such lifting. For short,
we denote the category of holonomic F—@lﬁ@—complexes with bounded cohomology sheaves

F-Dflol(‘@;; o) by Dﬁol(gﬁ% g)» and write holonomic @E g module instead of holonomic F* '@,T%‘ Q"
module. We denote the full subcategory of F' —Db(.@jgZ Q) consisting of overcoherent (respectively,

overhol
paper, all overcoherent and overholonomic modules are considered with Frobenius structures.

Let Z be a closed subscheme of 2°. Then we denote by Rﬂz (respectively, (fZ)) the local
cohomology functor (respectively, the restriction functor) defined in [Car0Oba, Définition 2.2.6].
(Note that the definition of the local cohomology functor may differ from that of Berthelot
in [Ber02, 4.4.4].)

overholonomic) complexes by ngercoh(.@jg{ o) (respectively, D? <'@}K ). Throughout this

DEFINITION 1.1.2.

(i) We call (U, X, Z, &) a quadruple over . if X is a scheme over k, & is a smooth formal
scheme over .7 that contains X as a closed subscheme, Z is a closed subscheme of &, and
U= X\Z. In addition, we say that the quadruple is a d-quadruple (respectively, proper
quadruple) if Z is a divisor (respectively, if & is proper). A morphism of quadruples over .#

f : (U7 X? Z’ L@) - (U,’ Xl? Z,? (@,)’
is a morphism of formal schemes fg : &2 — P’ over .¥ with f»(U) C U'. We call f4 the
realization of f.

(i) We call (X,Z,2) a (d-)triple over ¥ if (X\Z,X,Z, &) is a (d-)quadruple
over .. A morphism of triples (X, Z, #) — (X', Z', &') is a morphism of quadruples
(X\Z,X,Z, 2)— (X"\Z', X", 72/, 7).

(iii) For a scheme U, we say that U is a scheme with quadruples (respectively, d-quadruples)

over . if there exists a proper quadruple (respectively, a proper d-quadruple) of the form
(U, X, Z, P) over ..

Ezxample 1.1.3. If X is a quasi-projective scheme over k, then X is always a scheme with
quadruples. If X is a projective or affine scheme over k, then X is a scheme with d-quadruples.
For an affine scheme X, take a closed immersion X < A7 for some n > 0 and define Z to be the
hyperplane section of P}}. Consider X as a subscheme of P}! via the composition X «— A} — Py,

Then (X, X, Z, @’}) is a d-quadruple.

DEFINITION 1.1.4. For a triple (X, Z, &), let Mx z ») (respectively, SJI?FX,Z,@)) be the

category of overcoherent (respectively, overholonomic) QJéz@-modules (see [Car05a, 3.1.1] and
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[Car05¢, Définition 2.1]) & with RETZ(éD ) =0 and whose support is contained in X. We denote

by D*(M(x 7)) (respectively, D°(My ,

overcoherent (respectively, overholonomic) .@};} g-complexes & that satisfy RE&(@‘") =¢& and

)) the full subcategory of Db(_@;, o) consisting of

RETZ(é") =0. (Note that these do not have the same meaning as the derived category of

(+)
m(x,z,@) )

DEFINITION 1.1.5. Let f: (X, Z, 2) — (X', Z', &) be a morphism of triples. Let f» : & — &'
be the realization of f. Let .# € Db(f)ﬁg(), 720 3 ,)). We define

F(F) = RLY 0 (12) 0 f5)(F).

This is contained in Db(i)ﬁg(), 7 32,,)). Moreover, we suppose that fg is proper. Let & €
+
DY, ). We define

[+(&) = foi(&).

This is contained in Db(fmgg z W))'

THEOREM 1.1.6 [Car05c, Théoréme 3.8, 3.12]. Let f: (U, X,Z, 2)— (U, X', Z", P') be a
morphism of proper quadruples over .# whose restriction to U is the identity. Then f, and f'

give an equivalence between Db(i)ﬁg()z g)) and Db(mg(), 7 y,)). If, moreover, quadruples are

d-quadruples and the realization f5 of f is smooth, this equivalence induces an equivalence of

categories between smgj() 7,9) and smg}), 7,9

DEFINITION 1.1.7.
(i) Let U be a scheme with quadruples over .#. Take a proper quadruple (U, X, Z, &7).
We define Db(i)ﬁU/y) to be Db(i)ﬁ(XZ’@)) and call it the derived category of bounded

overcoherent complexes of QgQ-modules. By Theorem 1.1.6 above, we can see that this
category does not depend on the choice of proper quadruples, except for the canonical
equivalences of categories. This justifies the notation.

(ii) Suppose that U is a scheme with d-quadruples. Taking a proper d-quadruple (U, X, Z, &),
9M(x.z,2) also does not depend on the choice of proper d-quadruple. We denote this by

My and call it the category of overcoherent QgQ-modules.

(ili) Let & be an overcoherent @&Q—module and (U, X, Z,2) a proper d-quadruple. By

definition, this gives an element & of M x,z,2)- We call & the realization of & in
the quadruple (U, X, Z, &) (or triple (X, Z, ?)). We define realizations of elements of
Db (M /) in a quadruple (or triple) in the same way.

(iv) In the same way, we define the overholonomic counterparts D°(90; /y) and 9 e
For more details, see [Car05a, 3.2.9] and [Car05c, 3.17].
Remark 1.1.8.

(i) Let U be a scheme with d-quadruples. Then, for i € Z, we have ith cohomology functors
A DY(My) — My. Taking the realization in a proper d-quadruple (U, X, Z, &), these
are the usual ith cohomology functors J#” : Db(im(X’Z“@)) — M(x,z,2). We can see that
this does not depend on the choice of the d-quadruples (cf. [Car05a, Remarque 3.2.2.2]).
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(ii) Even for schemes which cannot be embedded into proper smooth formal schemes, we can
define My, » by taking d-triples locally and gluing the locally constructed ones. However,
we will not go into the details here, since in this paper we only consider schemes with
d-quadruples. Interested readers can consult [Car0O5c, 3.17].

1.1.9 Now let f:U —V be a proper morphism between smooth schemes over k with
quadruples over .. In this situation, we get a morphism of proper quadruples f : U, X,Z,P)—
(V,Y, W, Z") whose restriction to the special fibers is f. Indeed, take proper quadruples
(U, X,Z,2) and (V,Y,W, '), and let i:U — & and f':V —Y — &' Now consider the
proper quadruple (U, U, Z', & x &'), where U is thought of as a subscheme of & x &' by
the immersion (i, f'): U — P x @' and Z' = Z x P’ U P x W. Then define f: (U,U,7Z', P x
PN — (V,Y, W, ") to be the morphism induced by the canonical projection & x P’ — '
The restriction of f to the special fiber is f, and this is what we wanted.

DEFINITION 1.1.10. Let f:U —V be a proper morphism between smooth schemes with
quadruples over k. Preserving the previous notation, we define a functor fy : Db(imU/ 7)) —
Db(fmv/ &) to be fy, and similarly for f'. One can easily show, using Theorem 1.1.6, that this
definition is independent of the choice of quadruples and morphisms of quadruples. This justifies
our notation.

1.2 Some constructions

Let X be a proper scheme with d-quadruples and let U be an open subscheme such that its
complement in X is a divisor. In this case, there may not exist a d-quadruple (U, X, Z, &), and
we are not able to use the category My defined in the previous section. We do, however, have
the following.

LEMMA 1.2.1. Let X be a smooth scheme with d-quadruples and let U be an open subscheme
such that Z := X\U is a divisor in X. Let (U, X, Z, &) be a proper quadruple (not necessarily
a d-quadruple) that satisfies the following condition:

there exists a d-quadruple of the form (X, X, D, &).

Then ,‘Jﬁz%)z ) does not depend on the choice of proper quadruples.

Proof. We shall treat only the overcoherent case, since the proof for the other case is the same.
Let (U, X /, Z/, 2') be another quadruple, where X "is the closure of X in &' and Z' also satisfies
the condition. Replacing &2’ by P X P it needed, we may suppose that there exists a smooth
proper morphism of triples f: (X, Z, #) — (X,, Z/, Z"). Since Dﬁ(yj ) 18 the subcategory of
Db(ﬁﬁ(yz y)) consisting of complexes whose cohomology is 0 except for #° and there exists a
7,779,,)), all we have to show is that
|
for & € M 7 7 HF(frE)=0 for k#0, and that for &' € m(yl7?/7y/)’ HF(f'E") =0 for
k # 0. The push-forward part is easy to verify using Theorem 1.1.6, since X is a scheme with
d-quadruples. We will show the extraordinary pull-back part.

Put % := 2\D, D' .= f~Y(D), and %' := f~1(%). Since D is a divisor, we are reduced to
proving the assertion for the restriction

flo UX,ZNnu, %)~ (UX,Z 0w, %,
by [Ber96b, 4.3.12.]. Owing to [Car05a, 3.2.4.], we can suppose that Z = Z N % and Z = 70w

canonical equivalence between Db(m@z@)) and Db(fm(
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There exists an open covering {%/}icr of %' and divisors W/ of % such that
WNX=2Zn%. Let %:=f"Y%), Wi=f"YW)), U :=Un%, and X;:=X NU;
then the (U;, X;, W;, %) are d-quadruples for each i € I. Let f/: (X;, W;, %) — (Xi, W/, %)
be the restriction of f. This is a proper smooth morphism. It suffices to show that
AR (fI'€|9,) =0 for each i€l. Note that &g is an element of M(x,w, 2. Thus
HE(frE ) = HF(f1(&)a,)) = 0, where the second equality holds by Theorem 1.1.6. O

The following lemma is used in the coming sections.

LEMMA 1.2.2. With the above notation, let & be an element in Db(fm(ij o) such that &| ;7
is contained in My, ;g 7). Then & is contained in M, 5 7 7).

Proof. Take an open covering {Z;};c; such that there exist d-quadruples {(U;, X;, D;, )}
where U;:=UNZ; and X;:=X N 2. Since the verification is local, it suffices to show
that J#%(&|»,) =0 for all i€ I and k#0. Let Z; :=Z N ;. Note that #*(&) e Mz,
By [Car05a, 3.2.4], we get that

By [Ber96b, 4.3.12(ii)], it is enough to show that %ﬂk(é"ﬂ%\Di =0 for k£ # 0. Since this is local

in X, which is smooth, we can conclude by invoking Berthelot and Kashiwara’s theorem [Ber02,
5.3.3]. O

DEerFINITION 1.2.3. Let X be a smooth scheme with d-quadruples and let U be an open

subscheme such that the complement X\U is a divisor. Let (U, X, Z, &) be a quadruple
()

satisfying the condition in Lemma 1.2.1. We write zm(y, 2.9 E)J?EJUr’)X)

this notation) and call it the category of overcoherent (or overholonomic) @(T] g modules if no

confusion can arise. We also denote Db(zm%{ z y)) by Db(i)ﬁg;;’)X)).

(Lemma 1.2.1 justifies

1.2.4 Note that given a family of d-quadruples {(U;, X;, W;, &) }ier such that {Z;} is
an open covering of & and W;NX =2ZN 2, and given & € M(x, w, »,) for each i € I and
&l iz, = Ejlon, for every i, j € I satisfying the cocycle condition, we have an element of
& € My x) such that &, = &.

DEFINITION 1.2.5.

(i) Let (U, X, W, Z) be a proper quadruple. Let Z:= X\U. We define an overholonomic
complex in D°(M;;) by

Ovg =RLk o ((W)(00)[~dx, ),

where dy ;5 = dim(X) — dim(Z?). We also write Ox.0(TZ) for Oy g. It can easily be seen
that the definition depends only on U, which justifies our notation. This complex is called
the structure complex of U. (Caro also defined this sheaf and called it the constant coefficient
in [Car05c].)

(ii) Suppose that X is a smooth scheme with d-quadruples and let U be an open subscheme
whose complement is a divisor. Then O X,Q(TZ ) is an overholonomic module in 93?& x)» a8
verified in [CarO5c¢, 3.16]. With an abuse of notation, we shall call this the structure sheaf
of U.
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1.3 Arithmetic Z2-modules associated to overconvergent isocrystals

1.3.1 For a scheme U of finite type over k, Berthelot defined the category of
(F-)overconvergent isocrystals, denoted by (F-)Isoc'(U) (see [Ber96a]). Let (U, X, Z, )
be a d-quadruple. We denote by (F-)Isoc'(U, X, 2/K) the category of realizations of
(F-)overconvergent isocrystals in this quadruple, i.e. (F-)isocrystals on X that are overconvergent
along X\U in Z. Suppose, in addition, that X is smooth. In [Car05b, Théoréeme 2.5.10], Caro
defined a fully faithful functor

SPx .74 F-Isoc! (U, X, ) — F-Coh(X, Z, &),

where F-Coh(X, Z, &7) denotes the category of coherent F' -.@L—,%Q(TZ )-modules whose support is
contained in X.

The idea of the construction of this functor is the following. Assume X — & has a smooth
lifting i : 2" — £2. Taking an F-isocrystal E on X that is overconvergent along X\U, sp, (F) is
by definition i (sp,(F)), where sp is the specialization map from the rigid space of generic fibers
into the formal scheme Zx — Z". If X does not have a smooth lifting, then we glue together
locally constructed ones.

1.3.2 Now, by the fact that the image of a unit-root overconvergent isocrystal under the
specialization map is overholonomic [Car05c, Théoréeme 5.3], we get

SPx 2 7+ - F-Isoc'(U, X, 2)° — im?rx,z,y)v

where F-Isoc'(U, X, 2)° denotes the category of unit-root F-isocrystals on U that are
overconvergent along X\U in &. We will generalize this functor slightly as follows.

LEMMA 1.3.3. Let X be a smooth scheme with d-triples and let U be an open subscheme of X
such that Z := X\U is a divisor. Then we have a canonical fully faithful functor

spu,x,+ : F-Isoc' (U, X/K)" — M, I

We shall often write spy; x | as sp,. for short, if this is unlikely to cause confusion.

Proof. Take a smooth formal scheme & with closed embedding X «— &2. Since Z is a divisor
in X, there exists an open affine covering { %, };cr of & and a family of divisors Z; of &; fori € I
such that (U;, X;, Z;, &) are d-quadruples for all ¢ € I, where U; :=U N #; and X; :=X N %
is affine. Given F € F-Isoc' (U, X, 2)°, we get SPx, 2, 7+ (Bi) € M(x, 2, 2,), where E; is the
restriction of E to U;. Moreover, we have canonical isomorphisms

SPx; 2,2+ (Ei) | 2in2; S Px, . 2,, 2, +(Ej)| 2,02 (+)

for every i, j € I satisfying the cocycle condition. Indeed, since X; N X is affine, it can be lifted
to a smooth formal scheme Z7;, and X; N X; — &;; can be lifted to 7 : Z;; — &%;; where &;; :=
P; N P;. By the construction of spx,., 5, 7, 1, both sides of (x) are i sp,(E;), where sp:
Zij — Zij is the specialization map and Ejj; is the restriction of E to X; N X;. The cocycle
condition comes from the independence of the construction up to canonical isomorphism in the
choice of liftings. This shows that the family {spy, .5, 7, + (i) }ic defines an element of 9y x.

Now we have to show that this definition does not depend on the choice of &2 and its open
coverings. Given two open coverings {Z;} and {27/}, there exists a refinement {2/} of the
two, so we may suppose that {7/} is a refinement of {2;}. All we have to show is that for all

P} C Pr, ox, 9, (i)l 7y = SDx,n 7, 1 (Ej), which s easy
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Let us show that the construction does not depend on the choice of &2. Suppose we are given
two smooth formal schemes 22 and &?’. Since X — £ x &' is a closed immersion, we may
suppose that there exists a smooth morphism of d-quadruples

(U X, 2, P)— (U, X, 2, 2.
Take a family of d-triples {(X;, Z!, 2!)}icr where {7/} is an open covering of &’ and Z]
is a divisor of &; for all i€I. Since f is smooth, {(X;, f~Z), f~H () }ier is the
family of d-triples satisfying the same condition. Now, to show that {spx, ., 7 . (F;)} and
{sPx,f-1(2),7-1(2:),+ (Ei)} define the same element in My, x), we have to show that the
following diagram is commutative for all ¢ € I.

SPx; 2, Z; +

F-IsocH(Us, X;, 20)°

r|

F-Isoc! (U, X;, f~1(22)))°

m(xiuziﬂ@{)

if!

M(x,,f-1(20),f~1(20)

SPx; s r=1(2:),f~1(Z;) +

But this is just [Car05b, Proposition 4.1.8]. The fully faithful property follows from the fact that
SPx, 2,7, + is fully faithful. |

We can write the essential image of sp, in the following way.

LEMMA 1.3.4. With the above notation, let & be an element of 931(+U7X). Take d-quadruples
(Ui, Xi, Zi, &) as in the proof of the previous lemma such that the U; are affine schemes. Fix
smooth liftings %; of U;. Then & is in the essential image of sp, if and only if, for each i, &y, is
the specialization of a unit-root convergent isocrystal. Here &; denotes the restriction of & to &;

and &j|y, denotes the pull-back to %;.

Proof. This easily follows from using the fully faithful property of sp, and [Car05a,
Théoreme 2.5.10 and Remarques 2.5.11]. O

1.4 Construction of overconvergent F-isocrystals associated to representations

1.4.1 Let R, K and o be as in 1.1.1. In this subsection, we further assume that there exists
a lifting of Frobenius automorphisms ¢ : R — R such that o(7) =7 and fix one such lifting.
Let A be the subfield of K fixed by ¢ and let Kj:=Frac(W(k)). Note that A is finite over
Qp = Frac(W (F,)) since o(r) =7, and that A ®g, Ko — K.

Let X be a smooth scheme over k and let m1(X) be its algebraic fundamental group. We
denote by Repli®(71 (X)) the category of continuous 71 (X)-representations on finite-dimensional
A-vector spaces factoring through a finite group.

Before proceeding to the proposition, we recall the following theorem concerning the fully
faithful property for unit-root F-isocrystals, which will be used in the proofs in this subsection.

THEOREM 1.4.2 [Tsu02, Theorem 1.2.2]. Let Y be a smooth scheme over k and let X — Y be
an open immersion such that X is dense in Y. Let U be an open dense subscheme of X. Then
the natural functor

F-Isoc! (U, Y/K)? — F-Isoc! (U, X/ K)°
is fully faithful. Here, F-Isoc'(U, X/K)? denotes the category of unit-root F-isocrystals on U
that are overconvergent along X\U.

Now we obtain the following proposition.
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ProposSITION 1.4.3. Let X be a smooth quasi-projective scheme with d-quadruples over k, and
let U be an open subscheme whose complement in X is a divisor. Then there exists a unique
fully faithful functor

G : Repfi® (71 (U)) — F-Isoc! (U, X/ K)°

such that the following diagram commutes.
ot F-Isoc' (U, X/K)°

Replr(m@) |
T F-Isoc(U/K)°

Here, F-Isoc(U/K)? denotes the category of unit-root convergent F-isocrystals on U, the vertical
functor is the forgetful functor, and G denotes the fully faithful functor defined by Crew and
Katz (see [Cre87, Theorem 2.1]).

Proof. Let % := Spf(W (k)). Take p € Repfi® (71 (U)) and let
p: 7['1(U) - GLA(A).

Let H be the image of p. By assumption, this is a finite group. Let f: V — U be the finite étale
covering corresponding to m1(U) — H. We first define the push-forward f.Oy g, of the trivial
overconvergent isocrystal Oy g, on V by using arithmetic Z-module theory.

Since f is a finite morphism and U is quasi-projective, V is also quasi-projective and, in
particular, a scheme with quadruples since U is a scheme with quadruples. Thus, we may consider

the push-forward
. b + b +
f+:D (i)ﬁv/%) — D (S))tU/%).
Since Oy g is an overholonomic complex, f4Oy g is an overholonomic complex. Let

. b b
e DY) ) = DO ) )

be the restriction functor. We put fy x)4 :=710 f5.

CLAIM. f,x)+Ov,q is in zm(+U X))/ S’ and this is contained in the image of sp, .

To prove the claim, take a quadruple (U, X, W, &) such that there exists a divisor D in &
with X = X\D. Let (fr,x)+Ov,g) 2 be the realization. To verify the first part of the claim, it
suffices to show that %ﬂk(f(U,X)JrOV,(I;J))9’7 =0 for k# 0, since f(y,x)+Oy,q is an overholonomic
complex. By Lemma 1.2.2, we are reduced to showing that

H(fv.x)+Ova) 2| ow =0
for i # 0.

Since the statement is local, we may assume that U and, thus, V' can be lifted to smooth
formal schemes over %, which we denote by % and ¥, respectively, and that f can be lifted to
f:¥ — . Note that f is a finite étale morphism. All we have to show is that %ﬁi(ﬂr(’)«y,(@) =0
for i # 0. This is easy by the definition of the functor f, (or use [Ber02, 4.3.6.3]). The second
part of the claim follows from Lemma 1.3.4.

Let us denote by fyx)«Ov/k, this F-isocrystal on U that is overconvergent along X\U.
We denote by fw,x)«Ov/k,|u the convergent F-isocrystal on U obtained by forgetting the
overconvergent structure on f(y, x)«Oy/k,- We have an action of H on f(y x)«Oy/k,|v induced
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by the action of H. By Theorem 1.4.2, we can extend the action of H on f(y; x).Oy/k,|v uniquely
to f(U7X)*OV/KO. Now we define
G'(p) = fu.x):Ov/ Ky Prco (A @g, Ko). (1.4.3.1)

This is a convergent F-isocrystal on U that is overconvergent along X\U over K or, in other
words, contained in the image of spy x | of Lemma 1.3.3.

The isocrystal on U obtained by forgetting the overconvergent structure of GT(p) coincides
with G(p). Indeed, we may suppose that U is affine. In this case, U, V and f can be lifted, and
we can verify what we want by using the explicit description of the construction of G(p) by Crew
in [Cre87, 2.1]. We can attach a homomorphism of overconvergent isocrystals to a homomorphism
of representations by using Theorem 1.4.2 again. The uniqueness of the functor G follows from
the faithfulness of G. a

1.4.4 Let X be a projective smooth scheme with d-quadruples and let U be an open
subscheme of X whose complement Z := X\U is a divisor. Combining Proposition 1.4.3 with
the previous result, we have a functor

Repi™(m (U)) Z5 Folsoc! (U, X/K)? 25 My x5

that attaches an overholonomic .@g] g-module to a representation of m1(U).

1.4.5 Now, let us consider the compatibility of induced representations with 2% push-
forwards. Let f: V — U be a finite étale morphism of schemes over k. Then we have the injective
homomorphism 71 (V') — 71 (U). Let p be an object of Repi® (71 (V). The homomorphism yields
the induced 1 (U)-representation Inds(p), and defines a functor

Ind; : Repi™(m1(V)) — Repi” (m1(U).
The following lemma relates Indy and f.
LEMMA 1.4.6. Consider the cartesian diagram
V—Y
o o
U—X

where all the schemes are smooth, X and Y are projective over k with d-quadruples, f is a
proper morphism, fy is a finite étale morphism, and D := X\U, E :=Y\V are divisors. Then
the diagram of categories

spy

Rep(m1 (V) — F-Isocl (V, Y/K)0 =My
Indj lﬂ
Repfy(my (1)~ F-lsoc! (U, X/K)° =My x)
is commutative up to canonical isomorphism.

Proof. By assumption, we may find a morphism of proper quadruples

VY, W, 2)— (U X, Z 2)
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which induces f on the special fiber. We denote this morphism also by f. Consider the convergent
isocrystal case, i.e. we shall show that the following diagram is commutative.

Repli® (71 (V) S Isoc(V/K)? — (coh ‘@Q\W(@ -mod)
Indf if+
Rep” (m (U)) —= F-Isoc(U/K)? —> (coh -@f\ZQ mod)

Now, by [Tsu02, Theorem 4.1.1], checking commutativity is local, and it suffices to treat the case
where U can be lifted to a smooth formal scheme % over .¥. Since V is étale over U, V can
also be lifted to a smooth formal scheme ¥. In this case, we are reduced to showing that the
following square is commutative, by using Theorem 1.1.6.

Repf{n (7T1(V)) H F- ISOC(V 41//K) (COh '@7/ Q_mod)
Indf fe if+
Rep%n(wl(U)) _C. F-Tsoc(U, %/K) — (coh @% Q_mod)

where sp denotes the usual specialization map. It is easy to see the commutativity of the square
on the right. For the commutativity of the square on the left, take

p:m (V) — GLA(A(p)) € Rep{*(mi(V))

and let Ind¢(p):7m(U) — GLA(A(Indf(p)). Let W be the finite étale scheme over V
corresponding to Im(p), and let g : W — V. Now we get

f«(G(p)) = [:(9:Ow) ko @Kcom (v (Alp) ®q, Ko))
= (f29):Ow/k, @Koim ) Kolm1(U)] @ro[r, (v (Alp) @q, Ko)
= (f © g)*OW/Ko ®K0[TF1(U)] (A(Indf(p)) ®Qp KO)
= G(Indy(p)),

and the commutativity of the square on the left follows. By using Theorem 1.4.2, we conclude
the proof. O

2. Characteristic cycles and the Kashiwara—Dubson formula

The aim of this section is to present the theory of characteristic cycles. Let X be a smooth
algebraic variety over C, and let & be a coherent Zx-module. It is well-known that we can
attach a cycle in 7*X, denoted by ZCar(&'), called the characteristic cycle. When & is a non-
zero holonomic module, ZCar (&) is a cycle purely of dimension dim X, and the support coincides
with the characteristic variety of &. Now let f: X — Y be the proper morphism between smooth
schemes. Then we can write the relation between ZCar(&’) and ZCar(f1+ &) in terms of intersection
theory. This is the so-called Riemann—Roch theorem for Z-modules. Using this, we are able to
prove the index theorem of Kashiwara and Dubson. In this section, we prove an analogous result
for arithmetic Z-modules.

In §2.1, we define characteristic homomorphisms and characteristic cycles for @LT%Q—

modules. In §2.2, we prove the Riemann-Roch theorem for formal schemes (Theorem 2.2.6).
As an application, we give a complete proof of the Kashiwara—Dubson—Berthelot formula
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(Corollary 2.2.9), which was announced in [Ber02, 5.4.4]. In §2.3, we start by defining
characteristic homomorphisms and characteristic cycles for overcoherent 7l @—modules and then
prove the Riemann—Roch theorem for overcoherent modules on schemes, Wthh is one of the main
theorems in this paper. In the final subsection, § 2.4, we define Swan conductors for overholonomic
@T —modules and calculate them in the geometric case using the Riemann—-Roch theorem for
overcoherent modules.

2.1 Characteristic homomorphisms and characteristic cycles

In this section, we define characteristic homomorphisms and characteristic cycles for arithmetic
Z-modules. The basic ideas of the construction of characteristic cycles can be found in [Ber02,
§5]. Although, to simplify the description, only the unramified case (i.e. K = W (k)) was treated
there, the ramified case can be dealt with similarly.

Characteristic homomorphisms

DEFINITION 2.1.1.

(i) Let o/ be a triangulated category and let K (/) denote the Grothendieck group of <.
Let X be a smooth scheme over k and 2" a smooth formal scheme over .. We define

K(Op+x) = K(coh Op-x-mod),  K(2{"™):= K(coh 2{"-mod),
K(@gﬂ)) := K(coh @%ﬂ)_mod), K(.@L(ggl’()@) K (coh .@E@ ?Q—mod)
where (coh o7-mod) for a sheaf of rings &7 denotes the category of coherent .27-modules.

(ii) Let X be a smooth scheme over k. Let m >0 be an integer. We have the canonical
filtration of sub-Ox-modules {@Xi }iez on @)(( m) by orders of differential operators. We

write TM*X = Spec(gr(@( ))) Note that in [Ber02, 5.2.1], the same notation T(™*X

is used for the reduced scheme Spec(gr(@)((m)))red. There is a canonical isomorphism
T*X 2 TO* X so we identify the two.

Remark 2.1.2. Let 7 be one of the four sheaves of rings Opxx, _@)((m) @L(%T) and _@(m()@ Then,
since the cohomological dimensions of &7 are finite by [Ber02, 2.1.6, 3.1.1 and 4.1.5], K (&)

coincides with the Grothendieck group of perfect complexes of .&/-modules K (Dpar(2/)) or
K(Dgy, ().

coh
As in [Lau83, 6.1], we will construct the homomorphism
Car™ : K(2{") = K (Opimyex),
called the characteristic homomorphism, as follows.

LEMMA 2.1.3. Let & be a coherent .@g(m)—module, and suppose we are given two good
filtrations F,, and G, (see [Ber02, 5.2.3]). Then grf (&) and gr(&) define the same element
Proof. The proof is exactly the same as that of [Lau83, Lemme 6.1.2]. O

Let & be a coherent _@&m)—module. By [Ber02, 5.2.3(iv)], we can take a good filtration F, &
on &. By Lemma 2.1.3 above, the class of grf’¢ in K (Opmy«x) does not depend on the choice
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of good filtration. This defines a functor
Car'™ : Ob(coh @)((m)-mod) — K(Opmy«x)-
By the next lemma, the functor Car’™) induces Car(™.
LEMMA 2.1.4. Given a short exact sequence 0 — &' — & — &" — 0 of coherent @&m)-modules,
we have Car'™) (&) = Car'(™)(&") + Car'™(&£").
Proof. This follows directly from [Ber02, 5.2.3(iii)]. O

2.1.5 Now, we will clarify the relation between Car™ and Car(™+%). Let F*: X — X be the
sth absolute Frobenius morphism (i.e. F'* := F o --- o F). Berthelot proved the following result.

s times

THEOREM 2.1.6 [Ber00, 2.3.6]. For a .@)((m)—module &, there exists a canonical .@)((ers)—modu]e

structure on F**&. We denote this @)((ers)—modu]e by F7&. Then we have an equivalence of

categories
F5 (.@)({m)—modules) = (9§(m+8)—modules).
With an abuse of notation, we sometimes write FJ" as F'**.
Now, we have a morphism
FiTU*X xx  pe X — T+ X
by [Ber02, 5.2.2]. We also define
p:TU* X xx ps X — T X
to be the canonical projection. Then we have the following lemma.

LEmMA 2.1.7. The following diagram is commutative.

m e m-+s
K(2{") K(2¢")

Car(m)l lCar(m‘Fs)

K(Opemx) —5= K(Opom+a-x)

Here, F* denotes the homomorphism of Grothendieck groups defined by the functor F}’, and
.= f,p*.

Proof. To prove the commutativity, it suffices to check commutativity for classes of coherent
.@)((m)—modules, since the functor Car(™ is additive and the class of coherent sheaves generates
K(@)((m)). Let 2 be a coherent @)((m)—module. Take a good filtration F on .Z. Then
UCar™ (L) = fup*ar’ (). Note here that since p is flat and f is affine, we do not need to take
derived functors. On the other hand, the .@§(m+s)—module F3¥(Z) is F**(Z) as a Ox-module,
and since [ is flat, G, Ff & .= F** (F;.Z) is a filtration on F**. satisfying [Ber02, 5.2.3(a)] and,
moreover, is a good filtration of F5(.Z). Indeed, we can check that the filtration satisfies [Ber02,
5.2.3(b)] by the concrete description [Ber00, 2.2.4]. We have that gr®(F**.%) = f.p*gr’’ (£) is a
coherent O p.(mys) y-module, since f is finite, and we have also checked [Ber02, 5.2.3(ii)]. Thus,
the commutativity follows. O
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Since the exact functor FJ* defines an equivalence of categories, we know that F**:
K(2 )((m)) - K (@)(<M+S)) is an isomorphism.

DEFINITION 2.1.8. We define Car : K(.@)({m)) — K(Or+x) to be

= K(2Y)) —— K(Or-x).

(m)
K)oy Car(®)

Now we move on to the definition of characteristic homomorphisms for arithmetic Z-modules on
formal schemes. We use the theory of Frobenius descent, so we fix m such that p™ >e/(p — 1).

DEFINITION 2.1.9. The categories of coherent F' —.@?()@—modules and coherent F' —.@;L{- g-modules

are abelian categories. We denote by K (F '@}K o) and K(F —@g‘?@) the Grothendieck groups of

coherent F —9;{ Q—modules and coherent F' —_@%n?(z—modules, respectively.

2.1.10 Let Z be a smooth formal scheme over .. Let & be a coherent F—.@i@ g-module. By
the theorem of Frobenius descent [Ber00, Théoreme 4.5.4], there exists a unique @Eggl?Q—module

&™) up to isomorphism, such that .@j@; Q@ ®50m &™) > & compatible with Frobenius structures.
) 2,0

Let &'™) be a coherent @%n)—module without p™-torsion such that &™) = &™) @ Q. (We can
take such a lifting by [Ber96b, 3.4.5].) We define Car(&) by Car(&'™ ®¢,. Ox) in K(Orsx).
This construction does not depend on the choice of &™) and can be passed to Grothendieck
groups by the following lemma.

LEMMA 2.1.11. The above definition does not depend on the choice of &™) and yields a
homomorphism of groups
Car' : K(F—.@},g’(@) — K(Or+x).

Moreover, Car' does not depend on the choice of m such that p™ >e/(p —1). We call this
homomorphism the characteristic homomorphism.

Proof. First, we define a homomorphism ¢ : K ( Aé?) )— K (.@)((m)). Let & be a coherent .@gfn?@—
module. We can take a coherent _@E@T)—module &' such that &’ @ Q= &. Then we define 6(&) to
be
!/ / / L / L
0(&7) = [H(&" R0y Ox)] = [H(6 @0, Ox)l.
We will show that this defines a homomorphism of Grothendieck groups. First, let us show that

this does not depend on the choice of liftings. We may suppose that &’ has no torsion. Indeed,
let é;; the p>-torsion part of &”’. Then we get the following exact sequence:

0—& —& —&'/6 —0.

This shows that ¢'(&") = (&) + 0'(&"/&,), since J(F ®H@% Ox) =0 for any coherent @gﬁl)—
module .7 and i > 2. Since &” /&) is p-torsion free, it suffices to show that (&) = 0. Since &} is
also coherent, there exists an integer a such that é;; is p®-torsion. When a = 1, the claim is clear.
To finish the reduction, we just use induction on a.

Since &’ has no torsion, the canonical homomorphism & < & is an inclusion. Suppose we

are given another lifting &” < &. Since these are isomorphic after tensoring with Q, we can find
homomorphisms ¢ : &' — & and 1 : & — &' such that 1o ¢ =p"™ and ¢ o1 =p". Note here
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that ¢ and 1) are injective since &’ and &” are torsion-free modules. We have to show that the
images of & and &” under ¢’ are the same. Let us define C by the exact sequence

06 L8 —C—o0. (2.1.11.1)

Since ¢ o = p™, we know that p"C = 0. Thus, by the above argument, we get that §'(C') = 0.
By the exact sequence, we obtain

8'(&") +8'(C) =0'(&"),
and we see that the image of & and &” in K(Oy) are the same.

For the definition of §, we have to show that for an exact sequence of @g@—modules

08— F -9 —0,

we have §(F)=48(&) + 6(¥). We can take a homomorphism of _@f(,?)—modules & — F' with
&' @Q=¢& and ' ® Q= .% which coincides with & — .7 after tensoring with Q. Then take ¢’
to be Z#'/&". Since ®Q is an exact functor, we have that ¥’ ® Q= ¥. Thus the above exact
sequence has a lifting 0 — &’ — %' — ¥4’ — 0, and the additivity follows.

Now, we define the homomorphism Car' by the diagram

~ S(m S(m g m
K(P-9Y o) == K(F-95y) —= K(75"5) == K(9{") )
o lCar
K(Op«x)

where the first horizontal isomorphism is induced by the theorem of Frobenius descent and the
second by the forgetful functor of Frobenius structure. The independence of m can be seen from
the compatibility of Frobenius pull-backs and base changes [Ber00, 2.2.6]. O

Characteristic cycles

2.1.12 Let X be a scheme over k. Let Z,,(X) be the group of cycles of dimension n. For an
integer n >0, let Z,K(Ox) be the Grothendieck group of the category consisting of coherent
Ox-modules M such that dim Supp(M) < n. Then we can define the multiplicity homomorphism

multy, : Z, K (Ox) — Zp(X)
such that for [M] € Z,,K(Ox), we have
mult, (M) := Z me(M){E} € Z,(X)
dim é=n

where { ranges over all points of dimension n in X and m¢ denotes the length of M as a

(Ox ¢)rea-module. (For a ring A, we denote by A;eq the maximal reduced ring in A.)

LEMMA 2.1.13. We use the same notation as in Lemma 2.1.7. Then the following diagram is
commutative.

v
ZnK(Opimy«x) — ZnK(Opmia«x)

multnl imultn

Zn(TM*X) Zn (T(M+9)* X))

o
where ® := f, o p*.
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Proof. We only note here that for a flat morphism of schemes g : X — Y of relative dimension r
and a coherent Oy-module M such that dim Supp(.#) <n, we have that mult,,)(g*(M)) =
g*mult, (M). O

2.1.14 Let (n-@)((mé—mod) be the category of coherent 9)((mé—modules with dimension less

than n. We denote by K (n-@&m)) the Grothendieck group of (n—@ﬁﬁé—mod). We will define a
homomorphism

Z,Car(™ K(n—.@)((m)) — Zn K (Opmy« x)
as in the construction of Car. The only thing we need to verify is the following lemma.
LEMMA 2.1.15. Let & be a coherent @)((m)—module of dimension less than or equal to n, and

suppose we are given two good filtrations F, and G,. Then gr¥ (&) and gr®(&) define the same
element in Z, K(Opmy«x)-

Proof. The proof is the same as that of Lemma 2.1.3. a

We also define
Z,Car : K(n—@)((m)) — ZnK(Or+x)

in the same way.

2.1.16 Let Z be a smooth formal scheme, and let X be its special fiber. Let d := dim X.
We define a homomorphism in the following way:

8a: K(d-25)) — K(d-2{"),

where K (d—.@gyn()@) denotes the Grothendieck group of the category of @gé—modules of dimension
less than or equal to d. Let & be a .@’gﬁn@—module of dimension less than or equal to d. We

may take a @g)—module &' such that &’ is p-torsion free and & ® Q = &. Then we define
0a([&]) :==[&" ®0, Ox]. In the same way as in Lemma 2.1.11, we can prove that the definition
does not depend on the choice of liftings. Here we note only that C ®p, Ox, where C' denotes

the module in (2.1.11.1),is a 9§(m)—module of dimension less than or equal to d, since &’ ®0, Ox
is of dimension less than or equal to d.

Let K (hol QT%Q) be the Grothendieck group of the category of holonomic .@L/’Q-modules.
By [Ber02, 5.3.4], K (hol 7}, o) = K(d-2, o). We define

ZdCaI‘Jr : K(hol ‘@;K Q) — ZdK(OT*X)

in the same way as in Lemma 2.1.11 but using d4 instead of §. The well-definedness can be seen
from Lemma 2.1.13. Now we are able to define the characteristic cycles as follows.

DEFINITION 2.1.17. Let n > 0 be an integer and d := dim X. We define

ZnCar(m
.

) mu
ZCar(™ : K (n-2{") Zn K (Opimye ) 228, 7, (T XY,
ZnCar

ZCary : K(n-2\{") 22, 7, K (Op-x) 20, 7,(T*X),

T
ZCar' : K (hol 7y o) 22 Z,K (O x) ™% Zy(T*X).
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Combining Lemmas 2.1.7 and 2.1.13 gives the following lemma.

LEMMA 2.1.18. With notation as in Lemmas 2.1.7 and 2.1.13, we have the following
commutative diagram.

K(n-2{") —— K(n-2{")
ZCarSlm) l iZCar&m_‘_S)

Zn (T X ) —> Z (T )" X))

Note that since @ is injective, ZCar,(Tm) is determined by ZCarngH).

2.1.19 Before concluding this subsection, let us explain the relation between characteristic
homomorphisms and characteristic cycles. Let S be a scheme over k. We denote by CH,(.5) the
Chow group (or cycle class group) of S and write CH,(S)g := CH,(S) ® Q. Let 75 : K(Og) —
CH,(S)q be the Riemann-Roch homomorphism. For details see [Ful98, ch. 15 and 18]. The
homomorphisms Car(") and ZCar(") are related to each other by the following lemma.

LEMMA 2.1.20. Let & be a coherent 9§(m)—module of dimension less than or equal to dim(X)
(respectively, a holonomic Q(Q’Q—module). Then 1r«x o Car(&) = ZCary(&) (respectively, Tr=x o
Car(&) = ZCar!(£)) in CH.(T*X)q.

Proof. By definition, we only have to deal with _@)(?)—modules. In this case the proof is exactly
the same as that of [Lau83, Lemme 6.6.1]. Note that since we are also dealing with proper
schemes which may not be quasi-projective, we use the corresponding properties in [Ful98,
Theorem 18.3]. O

2.2 Relative Kashiwara—Dubson formula for @g}")-modules and 9& Q-modules
The scheme case

2.2.1 In this section, we prove the Riemann-Roch theorem for arithmetic Z-modules

(0)

for schemes. Let X be a smooth scheme and let & be a @XQ -complex. We can attach
S (=)&) € K(@ﬁ?)) to &. For a proper morphism of smooth schemes f: X — Y, this
induces a homomorphism fy : K (.@)(?)) — K (@S) )).

THEOREM 2.2.2 (Laumon). Let f: X —Y be a proper morphism between smooth schemes
over k. Consider the following diagram.

X<—T"X

Y<~—T"Y

where ¢ is induced by the canonical homomorphism of sheaves f*Q%,/k — Q%{/k' Let 7} be
the virtual tangent bundle (see, e.g., [Ful98, Appendix B.7.6]), let Todd denote the Todd
class (see, e.g., [Ful98, Example 3.2.4]), and let Tx be the Riemann—Roch homomorphism
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K(Ox) — CH,.(X)q. Then the following diagram is commutative.

f
K(2Y) - K()
Tr*x oCarl J{TT* yoCar
CH.(T*X)qg _ CH..(T*Y)g

F.(Todd (. 77)~L-g*(-))

Proof. Since the proof is exactly the same as that of [Lau83, Corollaire 6.3.3], as pointed out
in [Ber02, 5.4.4], here we only prove that the following diagram is commutative.

K(2) i K(7)
cml . icar
K(Orex) SORFI) K(Opey)
le iTT*Y
CH.(T*X)g CH,(T*Y)g

7. (Todd(w 77) =1 g*(-))

The commutativity of the upper square follows from arguments involving filtered modules,
and the commutativity of the lower square follows from the classic Riemann-Roch
theorem [Ful98, Theorem 18.3]. O

2.2.3 For arithmetic Z-modules of level m, the following diagram is also commutative.

m f+ m
K(7y") K(")
(F*nL)ll \L(F*"L)l
f
K(7{) - K(%y)
TT*yoCarl lfT*yoCar
CH.(T*X)g CH.(T*Y)q

F.(Todd(w} 77) """ (-))

The commutativity of the upper square can be seen from the fact that f, and F* are
commutative, by [Ber00, Théoréme 3.4.4]. Thus, by the definition of Car, we can use arithmetic
2-modules of level m > 0 instead of level zero in Theorem 2.2.2 above.

Remark 2.2.4. When f is a closed immersion, we have a more precise result than Theorem 2.2.2.
Let n > 0 be an integer and let dy := dim X — dim Y. In this case, note that g is flat. Thus we get a
homomorphism g* : Z,(T*X) — Z,—a,(T*Y xy X). Now, the following diagram is commutative.

m f m
K(n-2%") = K ((n— dp)-2")
ZCarn\L lZCarmdf)

Zn(T*X) - Zn—a;(T*Y)
fig”
657

https://doi.org/10.1112/50010437X09004485 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X09004485

T. ABE

Proof. To show this, we need only deal with the case where m = 0. First of all, we will show that
the following diagram is commutative.

(-n%g'

ZnK(Orx) Zn—-d; K (Or+y xy x)

multnl mlﬂt(n—df)i lmlﬂt(n—df)

Zn(T*X) Zp—a,(T*Y xy X) Zp—a (T*Y)

Zy—a, K (Or-y)

*

Since f is a closed immersion, the commutativity of the square on the right is easily seen. To
show commutativity of the square on the left, we need only check commutativity on generators
of Z,(K(Or+x)). Let F be a coherent Opx-module with dim Supp(F) < n. Since g is flat,
we have (—1)% ¢'(F) = g*(F) BOrpry vy x Wr Where w = wr+yxy X ®0puy o, x wrty. Since w is an
invertible sheaf and mult,,_g4 , can be calculated locally, we have

multy,—q, ((=1)%¢'(F)) = multy—a; (9" (F) ©0guy,, v «)
= mult,, 4, (¢"(F)) = ¢g"mult, (F),
and the claim follows.

Now, from the above commutative diagram, we see that the image of Z,, K (Or+x) C K(Or-x)
under the homomorphism (—1)% f, o ¢' : K(Op+x) — K(Op-y) is contained in Zn—d; K (Or+y).
Thus, by the proof of Theorem 2.2.2, we get the following commutative diagram.

0 f+ 0
K(n-7§") K((n—dg)-2y")
Carl iCar
Z?’LK(OT*X) - . Zn—de(OT*Y)
(=1)% f.og°
The remark follows upon combining the above two commutative diagrams. O

The formal scheme case

In the rest of this subsection, we fix m so that p™ >e/(p — 1).

2.2.5 Let 2 be a smooth formal scheme. The Riemann-Roch theorem is also valid in the
context of @i@ Q—modules. Let & be an F' —@T% Q—complex. We can attach

S (-1)'[#(E)) € K(F-F, )

to &. For a proper morphism of smooth formal schemes f:.2 — %, this induces a
homomorphism

fo 1 K(F-ZY o) — K(F-2), o).

THEOREM 2.2.6 (Riemann-Roch theorem). Let f: 2 — % be a proper morphism between
smooth formal schemes over ., and let X and Y be their special fibers. We use the notation of
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(%) in Theorem 2.2.2. Then

!
K(F-2, ) u K(F-Z}, )
TT*XOCMT\L \L"'T*YOCMJr
CH.(T*X)g CH,(T*Y )g

J.(Todd(n} 75) = -g*(-))
is commutative.

Proof. We define a homomorphism Red to be the composition of homomorphisms in the proof
of Lemma 2.1.11:

Red : K(F-9Y, o) = K(F-25")) — K(95',) — K(23").
We will show that the following diagram is commutative.

Red m
K(F-ZYy o) =% K(2{")

| |

K(F-9}, o) —= K(2{™)

To do this, consider the following diagram of functors.

'@L{’@@ m ®Q m géo Ox m
coh(gv{ Q) coh(g( ) ) D20h<@£?7 )) = coh(@( ))
CO (‘@0 ) co (‘@(m)) co ‘@( @(m)

h\-“%.Q @T@,Q@) h ®Q h( ) S0, 0x coh( )

This diagram is commutative by [Ber02, 4.3.8]. Moreover, the functors commute with
Frobenius morphism by [Ber02, 4.3.9].

Since ®Q is an exact functor, one can define Dcoh(.@(m)) — DY ( EZ 2@) without taking left
derivations. This diagram is commutative. Indeed, we have

m L ~m) L
(6 ®Q) =RI(DYY . 8 5 (8 ©2Q) =RE(Ty2 5 S50 6) ©2.Q)

— RATE y D500 6) 82Q= () 82 Q.
The third equality holds because ®7Q preserves flasque sheaves (see [Har77]).
(3 This diagram is commutative by [Ber(02, 2.4.2].

From the above we can deduce that the diagram of K-groups is commutative. Now, using the
Riemann—Roch theorem for schemes, i.e. Theorem 2.2.2, we obtain

(rr+y o Car’)(f4(&)) = (rr+y o Car)(Red(f1&)) = (rr+y o Car)(f4Red(&))
= ®(7p+x o Car)(Red(&)) = ®(rp-x o Carl)(&),

where we have set ¢ := ?*(Todd(ﬂjigf)_l -g*(-)). O
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COROLLARY 2.2.7 (Relative Kashiwara—Dubson formula). Let f:2 — % be a proper
morphism between smooth formal schemes over ., let X and Y be their special fibers, and
letox : X -T*X and oy : Y — T*Y be the zero-sections. Let & be a holonomic 9}5 Q—module.
Then

f(ok (ZCar!(&))) = o3 (rr-y o Car'(f1)).
In particular, if fi(&) is, moreover, holonomic, then
ook (ZCar' (£))) = o3 (ZCar!(f18)).

Proof. By the Riemann—Roch theorem for formal schemes, i.e. Theorem 2.2.6, and Lemma 2.1.20,
we have

oy (ry o Car'(£4.6)) = o3 (f.(Todd(n} 77) " - g (ZCar' (£)))).
Now consider the following diagram.

oy

X TY xyv X
fl O lf
Y oy Y

Since this diagram is cartesian and oy and &y are regular closed immersions with the same
codimension, we have

oy f.= f«ov. (2.2.7.1)
(Indeed, o} =% : CH.(T*Y xy X) — CH«(X) in the notation of Fulton, by [Ful9s,
Remark 6.2.1], and we have oy f, = f*aé/ = f«0y where the first equality follows from
[Ful98, Theorem 6.2].)

By definition, we get g¢*(ZCar'(&)) € CHy, (T*Y xy X) (where dy =dim(Y)). By the
definition of Todd class, we can write
Todd(ﬂ}ﬂf)_l =1+ (degree > 1).

These show that there exists an o in CH,(T*Y xy X) whose dimension is less than dy such that
we may write

Todd(r}77) " - g*(ZCar’ (&) = g*(ZCar' (&)) + a.
Since CH;(T*X) =0 for i < dy, we get oy (o) =0 and

E{?(Todd(ﬂ;'?yf)*l - g*(ZCar' (&))) = 0% (ZCar' (&)).

Upon combining this with (2.2.7.1), the corollary follows. a

2.2.8 Let f: 2 — . be the structure morphism for a proper smooth formal scheme 2
over ., and let & be a coherent 91%» g-module. For i € Z, we define its ith de Rham cohomology

group, denoted by Hpp(Z, &), to be I(7, #(f+E[—d])). We know that this is a finite-
dimensional K-vector space since f; preserves coherence; we also know by [Ber02, 4.3.6.3]
that Hip (2, &) is zero except for 0 <i<2dim X. Note that any coherent .@;’Q—module is
holonomic. We have the following absolute case as a corollary.
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COROLLARY 2.2.9 (Kashiwara-Dubson-Berthelot formula [Ber02, 5.4.4]). Let 2" be a proper
smooth scheme over . of dimension d, and let & be a holonomic .@i@f Q—modu]e. Then

XDR(8) = (—1) deg([X] - ZCar(&)),

where the intersection product is taken in CH,(T*X) and

2d

Xpr(€) = (—1)' dimg Hpg (L, &)
=0

is the Euler—Poincaré characteristic of & .

The sign here differs from that in [Ber02], because the definition of Hjp (2, &) is a little
different.

We also have the following 2 version of Remark 2.2.4, whose proof is the same as that of
Theorem 2.2.6, using Remark 2.2.4.

PROPOSITION 2.2.10. Using the notation of (x) in Theorem 2.2.2, suppose that f is a closed
immersion. Recall that, in this case, f4 preserves holonomicity (see [Ber02, 5.3.5]). Then we have
the following commutative diagram.

I+
K(hol 2, ) K (hol 2}, )
ZCarTl iZCarT
Zg, (T*X) = Zg, (T*Y)
g

Remark 2.2.11. The above proposition is a refined version of the result just before [Ber02, 5.3.4]
for holonomic modules.

Before concluding this subsection, we prove a lemma which will be used in the proof of the
main theorem of this paper.

LEMMA 2.2.12. Let ¢:.¥ — . be an automorphism compatible with Frobenius structure (i.e.
cgovr=t00). Let 2 be a smooth formal scheme over .. Assume that we have the following
cartesian diagram.

P aye
Lo
yf)y

Let f:T*X" = T*X denote the canonical isomorphism of the cotangent bundles of the special
fibers of 2" and 2. Let & be a coherent F'@I'K Q—modu]e, and let & be the coherent F'“@}Z" o
module induced by the base change ¢. Then we have

ZCar' (&) = 7 (ZCar!(&)).

Proof. Let the .@gfng@—module &™) be the Frobenius descent of &. Then &™) is the Frobenius

descent of the 9;5 Q—module & Let &0 be a @gf)—module without torsion such that
&' @ Q2 &™). Then we also have that

(&MY Q=g and ('™ ®0, Ox)" = (&) ®0 41 Ox-
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Thus,
ZCar! (&) 2 ZCar(&'™ @0, Ox),  ZCarl(&') = ZCar((&'™ ®0, Ox)"),

and we are reduced to showing that given a 9( )_module .F , ZCar(Z*) = [ (ZCar(.Z)); but
this is easy. O

2.3 Characteristic cycles for Q}Q-modules

In this subsection, we fix m so that p™ >e/(p — 1) unless otherwise stated.

2.3.1 Let X be a smooth scheme over k. Let {X;};c; be a finite affine open covering of X.
Note that for each ¢, X; can be lifted to a smooth formal scheme over .. For J C I, we denote
Nics Xi by X;. We fix smooth liftings 277 of X;. For I > J D J', let ay g Xy — Xy be the
canonical inclusion. Note that by [Ber00, 2.1.6], we have the canonical functor

af,,J, : (coh @;;Jl@—mod) — (coh @’%}’Q-mod)
without lifting a; j» over ., and it satisfies the following associativity property.
For J D J' D J”, there exists a canonical isomorphism of functors
ol g Z g0 aly g (%)

The same also holds for .@gﬂ)@—modules and ngn)—modules instead of .@;r,z- Q—modules.

DEFINITION 2.3.2. With the notation introduced above, we define the following.

(i) A coherent {.@j@l gf-module is a set {&;}ics such that & is a coherent .@T% g-module with
gluing data as follows.
For any (i, j) € I x I, there are gluing isomorphisms c¢;; : a{{i7j}’i(éai) — a!{i,j},j(éaj)
satisfying the cocycle condition
! ! o
ik, {3k} () © O iy 43,3 (C50) = Ok iy ()
(ii) Let {&i}tier and {.#}icr be coherent {@jr% o modules. We define a homomorphism f:
Etier — {Fitier of 7)) -modules to be a set of homomorphisms of 2%, -modules
2;,Q Z:,Q
{fi: & — Fi}ier such that the following diagram is commutative for any (i, j) € I x I.

| O‘!{i,j},i(fi) |
i g} i gy, (Fi)

& F
"’mi lcm
|

! ) ! )
{.5}37

(62)

where ¢ (respectively, ¢”) denotes the gluing isomorphisms for {&;} (respectively, {.%;}).
(iii) Let {&;}ier be a coherent {9}%@}—module. We define F*{&;} := {F*&;}, which then defines
a {_@‘%7Q}—module. We define a coherent F—{@L%’Q}—module to be a pair ({&;}, ®) where
{&} is a {.@;% gf-module and @ : {&;} = F*{&;} is an isomorphism of {_@j@% gf-modules.

We also define homomorphisms of coherent F° —{QTL gf-modules in the obvious way.
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(iv) In the same way, we define coherent {@%g}—modules, coherent {@(%WZ) }-modules, and

coherent F —{.@E%’)Q}—modules, as well as homomorphisms of these modules.

It is easy to verify the following lemma.

LEmMA 2.3.3. The category of coherent {@i@ Q} -modules forms an abelian category The same
is true for the category of coherent F'- {.@9/ ()-modules, {.@ Q}-modules or {9 } modules.

Construction of characteristic homomorphisms and characteristic cycles

2.3.4  We keep the same notation as before. Moreover, we assume that X is a smooth scheme
over k with d-quadruples. Now let us define characteristic homomorphisms for overcoherent

@;{ o modules. As usual, let K (F- {9 - o}), K(F- {.@(;)Q}) and K({.@(m)}) be the Grothendieck
groups of coherent F- {@% (oJj-modules, coherent F- {@ Q} -modules and coherent {@ P }
modules, respectively. We also define K (.@;{Q) to be the Grothendieck group of the category

of overcoherent .@;( g-modules.
Now we are going to construct Carl : K (.@;r( @) — K(Or+x). The idea of the definition is (x)

in Lemma 2.1.11. Thus, we define the characteristic homomorphism Car! to be the composition

a b =S(m c =S(m
K(Z% o) = K(FA{Z), o}) == K(F-{25, 1) —= K({Z")
ld
K(2¢")
lCar“”)

K(Or«x)

Carf

where the homomorphisms a, b, ¢ and d will be defined next.

2.3.5 Definition of a: K(.@;Q) — K(F- {QTQ” }). Let (X,X,Z, %) be a d-quadruple.
There exists a finite open covering {2, }icr of @\Z such that 22, N X = X;. Let g; : X; — P; be
the closed immersions for i € I. Let & € M5 , 5. Consider {g}(&]2,)}. Since & is an element of

M % 7 ), note that 9:(&|»,) are coherent, F —@j@i@—modules. This defines a coherent F' —{@i%@}—
module by the associativity (f) of extraordinary pull-backs. Thus, we get an exact functor

a : (overcoh _@)T( g-mod) — (F—coh{@f% g mod}),

which induces the homomorphism of Grothendieck groups a.

LEMMA 2.3.6. This construction does not depend on the choice of d-quadruples.

Proof. First, we note that the construction does not depend on the choice of open coverings
{Z;} such that Z2; N X = X;. Let (X, X w, 2) be another d-quadruple. Then, upon taking fiber
products if needed, we may suppose that there exists a smooth proper morphism of d-quadruples
F(X, X\ W, 2)— (X,X,Z, P). Take an open covering of 2 by {2; := f~1(#;)}. There is a
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commutative diagram as follows.

h; Qi
X; / i/fi
g\i>pi

Let & be a overcoherent .@;(7Q—module, and let &» and &9 be the realizations in & and 2,

respectively. Then we have REEQ f;(@@M%) = £9|9,. It suffices to show that h;(e@\g) = gl(@@),
but this follows from the result of Caro, Theorem 1.1.6. O

2.3.7 Definition of b:K({F—.@( o)) = K({F- 9 }) We define this homomorphism to
be the homomorphism induced by Frobenius descent To be precise, let {&;} be a coherent
F -{@% of-module. Then, for each i, take the Frobenius descent &!. By the uniqueness of

Frobenius descent, {&]} defines a coherent F—{.@gg{@}—module, and we get the functor

b: (F—coh{.@ig{i of-mod) — (F—coh{‘@gf?)(@}—mod).

We define b to be the homomorphism of Grothendieck groups defined by this exact functor.

2.3.8 Definition of c: K({F—_@%)Q}) — K({@%)Q}) We define this homomorphism to be
the homomorphism induced by the forgetful functor

¢: (F—coh{.@tgg’)@}—mod) — (coh{.@gi)(@}—mod).

2.3.9 Definition of d : K({@g?)(@}) — K(@&m)). First, we prove the following lemma.

LEMMA 2.3.10. Let {&;} be a coherent {_@%)Q}—module. Then there exists a coherent {.@%)}—
module {&]} such that the & are p™-torsion free and &/ @ Q = &;.

Proof. The proof is the same as that of [Ber96b, 3.4.5]. Let J C I and X' :=J;c; X;, and take
k€I such that k & J. Let {.#;};c (respectively, .#);) be a p-torsion-free coherent {@%)}ig—
module (respectively, @( )—module) Let a: X' N X, — X', ap, : X' N X}, — Xj,. Then we define

{-@J }jes-modules by o' ({#}}jer) = {ak A4, k}( D}jes and o (M) = {ak A4, k}(///k)}JeJ
The lemma follows easily from the claim below, using induction on the number of open coverings.

CramM. With the above notation, suppose we are given an isomorphism e : a'({///j ® Q}jer) =
o (M), ® Q). Then there exist a @E(g;:)—module M and € ot ({A;}) =5 o) (A]) such that
'@Q= #;@Qand € ®Q=¢

To prove the claim, we note first that by multiplying ¢ by a power of p, if
necessary, we may assume that e(a'{(.#;)}s) C a} (). There exists an n >0 such that
p" (o ({ A} ) e(al (M) = 0. Let M, := M; /"M, and let A ; , be the image of o} ()
in o} (M) Note here that {#;,}; is a coherent {@((;Z)] k})n}J—module. Now, fix liftings
aj (Xgie)n = (Xik)n of ag iy : Xk — Xk (We can take such liftings since X is smooth.)
Then there exists a sub-Oy,,-module of .7}, % such that the image of the homomorphism

& (F) = & (M) = o, g4y (Min) = M jn
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generates ./# j, as a @((;?{) D -module. Let .4, := 9((7”) Z be a sub—@(()ngg) -module of .#, ,,
gk n

and define .#] C .#), to be the inverse image of N n. It can easily be seen that this is what was
asserted in the claim.

Applying induction then completes the proof of Lemma 2.3.10. a

Let {&;} be a coherent {@ } module. By Lemma 2.3.10, we can take a {@ } module {&]}
such that {(9@ '@ Q} ={&}. Now consider the cohomologies of its reduction to the special fibers
(8] @5 04 Ox;) and J (8] ®O% Ox,) for i € I. Note here that 7, (&/ ®O%_ Ox,) (n=0,1)
are coherent Qgg)—modules. Since a{{ij}i is exact for (i, j) € I x I, we have an isomorphism

it Oy (Al 8] 86, Ox.)) = A0 5y, 4() @5,

~

Ox,. .
{i,5} {%J})

! L ~ ) L

(O
Hnle5: ®O0x 5y

for n =0, 1, where c‘% denotes the gluing isomorphism of {&/}. Moreover, it is easy to see that
the c ; satisfy the cocycle condition. Thus, {77, (& ®O% Ox;)} (n=0,1) satisfy the gluing

condltlon7 and we may glue them together to get coherent @( )_modules ép for n=0,1. We

define the image of & under the homomorphism d to be [&p] — [61] in K (.@( )) In exactly the
same way as we argued in the proof of Lemma 2.1.11, we can show that this definition does not
depend on the choice of liftings and defines a homomorphism of Grothendieck groups.

2.3.11 This homomorphism does not depend on the choice of covering of X and liftings 2.
Indeed, take another covering { X/} ;7. We have a refinement {XJ’-’}]-EJ of {X;}ier and { X/ }irer.
Take liftings {27/} and {27"}. Then we have the pull-back homomorphisms

K({7'

f
3&’((/)) ,Q} Oer®) = K({gggjng}jeJ)

and so on. Now the independence can be seen from the following commutative diagram.
K({F-ZYy, oyier) ——> K{F-25"  Yier) ——>= K({ 25" Yier)

] | L

K(F-9y o) —= K{F-Zly gYies) ——= KUF-95) Yer) ——= K{T5) JYier) — K(94™)
K({F-Zly, otwer) —= K{F-25) JYver) —= K{Z) gYver)
The independence of m can be seen from the lifted case, Lemma 2.1.11.
2.3.12 Now we will define the characteristic cycles. Let & be an overholonomic .@;( o

module. Let (X, X, Z, &) be a d-quadruple, and denote also by & the realization of & in the
d-quadruple (X, X, Z, 2). Let a(&) = {&;}. The modules &; are overholonomic _@LT% g modules

and, in particular, holonomic modules. Let & o b({&}) = {gg(m)}. Now, using Lemma 2.3.10, there
exists a {_@gfn)}—module {&/} which is p-torsion free and such that {&/} ® Q = {é”i(m)}. Then
E" ={& ®0, Ox} defines a @)((m)—module as in the construction of the homomorphism d.
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Since é"i(m) are modules of dimension less than or equal to d, &” is also a module of dimension
less than or equal tod. By the same argument as in §2.1.16, it can easily be seen that this
defines an element [£”] in K (d—.@)((m)) and that the definition does not depend on the choice of
lifting {&/}. By the same argument as in §2.3.11, the definition does not depend on the choice

of d-quadruples. We define Z;Car'(&) := [6"] € K(d—@;m)).

DEFINITION 2.3.13. Let & be an overholonomic @;( Q—module. We define the characteristic cycle
by

ZCar' (&) := multy(Z,Car'(&£)).

Remark 2.3.14. Let (X, X, Z, Z) be a d-quadruple, let P be the special fiber of &2, and

let T*X < T*(P\Z) x(p\z) X i>T”‘(P\Z). Let &% be the realization of & in the quadruple

(X,X,Z,2). Let ky: Z,(T*(P\Z) x(p\z) X) — Z.(T*(P\Z)) denote the push-forward and
[ Z(T*X) — Z(T*(P\Z) X (p\z) X) the pull-back. Then ZCar'(&) is the unique cycle a €
Zaim x (T* X)) such that

ke f* (@) = ZCar (65| (o 7))

Proof. The uniqueness can be seen from the fact that k, and f* are injective homomorphisms.
All that remains to do is prove that k, f*(ZCar'(&)) = ZCarT(fgl((@\Z)). Since ZCarf(&£) is in
Z4(T* X)), we may calculate locally and assume that there exist a smooth formal lifting 2" of X
and i: 2" — Z. Now let &4 be the realization of & in 27; then we have i, (&9 ) = p». Thus,
by Proposition 2.2.10, we conclude the proof. O

The Riemann—Roch theorem

2.3.15 Let f:X —Y be a proper morphism between smooth schemes over k with
d-quadruples. Then there exists a push-forward functor fi:D°(9%)— D*(MY). Using
Remark 1.1.8, we get the homomorphism K(_@)T(Q) — K(@;Q).

THEOREM 2.3.16 (Riemann—Roch theorem). Let f: X — Y be a proper morphism between
smooth schemes over k with d-quadruples. Let dx and dy be the dimensions of X and Y,
respectively. We use the notation of (x) in Theorem 2.2.2. Then, the diagram

f
K(7kq) : K(7q)
TT*XoCarTl lTT*yoCarT
CH,(T*X)g CH,(T*Y)q

7.(Todd( 7)~1-g* (-))

is commutative.

Proof. The idea of the proof is the same as that of Theorem 2.2.6. First, we need to prepare
some ground. Let f: P — ) be a proper morphism of smooth schemes such that there exist
coverings { P, }icr and {Q;}ies with f71(Q;) = P;, where P; and Q; have smooth liftings &; and
2;, respectively, and there exists f; : 2; — 2; which is a lifting of f. Then we define, for k € Z,
the kth push-forward

HEf (Coh{@;zh(@}-mod) — (coh{@j@iQ}—mod)
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as follows. Let {&;} be a coherent {@;1 gt-module. Since f; is proper, {J ¥(fir &)} defines a
coherent {.@j@iQ}—module. Then we define (7 f,){&} to be {HF(fi1&)}.

Now we are ready to prove the theorem. Let (X, X, Z, &) and (Y, Y, W, 2) be d-quadruples.
Let P be the special fiber of 2. We write 2/ := 2\W, P9 =P x 2, Py =P x 2" and
Py := P x Y. Then we have the following diagram.

Y——s 9/ —o—> 9

where the = denote closed immersions and the —o— denote open immersions. Take a finite
open affine covering {2} };ecs of 2. We write Y; := 2/ NY and fix liftings of Y; which we denote
by %;. Let X; := f~1(Y;). Let Py, := & x %. Note that X; — Py, are closed immersions. Take
a finite open affine covering { %} ; }ic 1; of Pg,. Let X;; be an open affine scheme X; N &;; of X,
and fix its smooth liftings 27 ; as well as the lifting 2;; — &;; of the closed immersion. Then
we define

f%ﬂkf_i_ : (COh{-@}gjm@}jelielj'm()d) — (Coh{.@;jQ}jeJ—mOd)
in the following way. The preparations above give functors

P AR (coh{@}J_J’Q}jet}’ie]j—mod) — (coh{@i]m@}je]’iejj—mod),

%”k”er : (COh{@l}@j o}jesmod) — (coh{@?EjQ}jeJ—mod)

for k', k" € 7. But since i is a closed immersion, we have s#*i, =0 for ¥’ # 0, and we get
iy =% (COh{_@;{-j,i’Q}jej,ie]j-mOd) — (COh{@;jyin}jeJ,ite'mOd)-
Since { ;i }ic1, is an open covering of Py, we get the canonical equivalence of categories
L (coh{@;zj%(@}je],ie]j—mod) = (Coh{Z];}@j (o}jes-mod).
Then, we define the functor J#%f, by
A [y = AT ovoiy: (coh{ D o Yjesier-mod) — (coh{Z, o} jes-mod).
These functors define a homomorphism of Grothendieck groups
f+: K({ P oliesier,) = K({ DY, o}ier),

sending a class of a coherent {@%Yi@}jehelj—modules (&) to Y pen(—1)F[* f1E). We may

construct #*f, and f, for coherent F —9{% g-modules, coherent @é?()@—modules, and coherent

@g)—modules in the same way. Now, by Theorem 2.2.2, the proof is reduced to showing
commutativity of the following diagram.

K(Zhq) — KUP-Th, o)) == K{TS) o))~ K(9{")
lﬂ @ lf+ @ lf+ ® lﬁr
K(Zq) —*= K(F-7}, o) == KT 5H — k(")

Let us show the commutativity of each square in the diagram.
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@ Let & be an overholonomic @)T( g module. Let & " be a overholonomic @;”9/ g-module
obtained by restricting the realization of & in &9 to Pg:. For j € J, we denote by cg’j’ the
restriction of &” to 939 = x 2}, and for a {@;jj@}—module F ={%;}, we write .Z; as {F };.
It suffices to show that {a % f,(&")}; 2 {#*fra(&")}; for each k € Z and j € J and to verify

the cocycle conditions. (For the definition of a, see the construction of the homomorphism a.)
Now, consider the following commutative diagram.

i,

f@/jl lf_@;

ij
By Kashiwara’s theorem [Car05c, Théoréme 2.11], it suffices to show that i;4 {a /" f1 (&)}, =
ij+{ A% fra(&")};. For the left-hand side we get
ijp{ant f(6")}, = ijﬂ!j{%kﬁ(é”/)}@; = ij+ilj'=7(fkf0;+(53{) = %kf,@;.—k(éaj/)’

where the third equality holds by the fact that J#* fg;_ Jr(é”‘j’) is supported in % since &’ is
supported in X. For the right-hand side we get

i A fra(ENYy i A iy {oip 0a(8)}y.

Since {toiy oa(&’)}; = i;-!(c?]f), we have
i { A" [ra(EN)} 2 iy A fa, 1 5(8]) 2 A [ 8,0 (8)) = A [0 (&),

The cocycle condition is easily seen from the definition, and the commutativity follows.

(@ We have to prove that the following diagram is commutative.

i t ¥
K({F-2) oY) —=K{F-2},  o}ierier,) —— KE({F-Z3, q}ies) —= K({F-Z), o}ie)

cobl cobl cobi \Lcob

K{75" b K({G5 obiesier,) ——KU{D5) o}ier) K2y se)

Ag,iy

it
For the squares on the left and right, it suffices to check commutativity of the following diagrams
for each j € J and i € I;.

i t f
K(F-9), o) —=K(F-9!, ) K(F-95, o) — K(F-2), ;)

cobi cobi cobl lcob

=(m) =(m) =S(m =S(m
K5 ) K(25" o), K(95) o) ——=K(94)

it

The verification is the same as the proof of Theorem 2.2.6; for the middle square, the verification
is easy.
(@) The verification is the same as that for (2), using the proof of Theorem 2.2.6. O

The proof of the following corollary is the same as that of Corollary 2.2.7.
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COROLLARY 2.3.17 (Relative Kashiwara—Dubson formula). Let f:X —Y be a proper
morphism between smooth schemes over k with d—quadruples. Let ox: X —T*X and oy :
Y — T*Y be zero-sections. Let & be an overholonomic 2} Q—modu]e and suppose that fi&
is an overholonomic module (or that all the cohomology sheaves of f1 & are overholonomic; see
Remark 1.1.8). Then

Fu(ox (ZCar!(6))) = oy (ZCar!(£,.6))
in CHO(Y)Q

2.4 Swan conductors for overholonomic QLQ—modules

DEFINITION 2.4.1. Let U be a smooth scheme over k with d-quadruples, and let & be an
overholonomic .@g, g-module. We say that & is a locally projective Oy g-module of rank r if

ZCar (&) NT*U =1 - [U],
where [U] denotes the zero-section. We write rk(&’) for 7.

Now we are in a good position to define Swan conductors for 9;[] Q—modules.

DEFINITION 2.4.2. Let X be a proper smooth scheme with d-quadruples over k, U <— X an
open immersion whose complement is a divisor Z, and & an overholonomic .@(T]Q—module. We
assume that & is a locally projective Oy g-module of rank n. Then we define

Swi (&) = (=1){n - (ZCar"(j+ Ox,0("2)) - [X]) — (ZCar"(j+ &) - [X])} € CHo(X),
where j Ox o(TZ) and j, & are defined as follows. Let &” be the realization of & in a quadruple
(U, X, Z, Z'). Then, by definition, &” is a @1@ (g-module satisfying some support conditions. By
forgetting the condition RFT &' =0, we get an overholonomic @X o-module defined by &”. This

overholonomic @X o-module is, by definition, j+&.
Remark 2.4.3.

(i) The functor j; is a notation of [Car05c].

(ii) This Swan conductor does not depend on the choice of X in the following sense. Consider
the diagram

/X/

ip
\X

where X' is a smooth proper scheme with d-quadruples and the two morphisms from U to X
and to X’ are open immersions whose complement is a divisor. Then for an overholonomic
2 o module &, we have psSw%, (&) = Sw%(&). This can easily be seen from Lemma 2.4.5
below, upon taking V to be U and Y to be X'.

U

We collect some properties of SW?% and compare these properties with those of the Swan
conductor defined in [KS08]. We keep the same notation.

LEMMA 2.4.4. For an exact sequence
028 —=8&—-E" =0

of overholonomic @g g-modules which are locally projective Ou g-modules of finite rank, we have
Sw¥ (&) =Sw¥ (&) + Sw{(&").
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Proof. This follows easily from the facts that

k(&) =1k(&") +1k(&”) and ZCar'(&) = ZCar'(&') + ZCar'(&"). O
LEMMA 2.4.5. Consider the cartesian diagram
V—Y
fi O lf
U—X

where all the schemes are proper smooth schemes over k, X andY are schemes with d-quadruples,
f is a proper morphism, and f is a finite étale morphism. Suppose that Z := X\U and W :=Y\V
are divisors. Let & be an overholonomic @‘T/’Q—module which is a locally projective Oy g-module
of finite rank. Then we have

SWX (f+6) = F.Sw{(8) + 1k(8) - SWE(f4Ovyg)
in CHy(X)g.
Proof. For simplicity, let ax := (ZCar'(Ox o(fZ)) - [X]) € CHy(X). By definition, we have:
= SWX(f+6) = (-1)"{1k(8) - deg(f) - ax — ZCarl(f1&) - [X]};
— [Swi (&) = (-1)F{1ké - ay — ZCarl(&) - [Y]};
= SwX(f+Oyo('W)) = (—=1){deg(f) - ax — ZCar' (f1Oy,q("W)) - [X]}.

By using the relative Kashiwara—Dubson formula, Corollary 2.3.17, we get the lemma. O

2.4.6 Let U be a smooth scheme with d-quadruples, and let & be an overholonomic .@
module. Let (U, X, Z, Z") be a proper d-quadruple, and denote the realization also by &. Let
p: Z — . be the structure morphism. We define xpr(&) by xpr(p+&). It can easily be seen
by using Theorem 1.1.6 that the definition does not depend on the choice of d-quadruple.

COROLLARY 2.4.7 (Grothendieck—-Ogg—Shafarevich formula).  Let X be a proper smooth
scheme with d-quadruples over k, and let U be an open subscheme whose complement is a divisor.
Let & be an overholonomic @(T]’Q—modu]e and a locally projective Oy g-module of rank n. Then
we have

XDR(€) =1 - Xpr(U) — deg SW¥ (&).

Proof. This follows directly from the definition of SW?% and Corollary 2.2.9. O

Remark 2.4.8. Sw% (&) should be a positive cycle (here positive means that
(—1){n - ZCar'(Ox o('2)) — ZCar (&)} € CHaim x (T*X)

is a positive cycle), but we do not know how to prove this. For certain cases, we know that this is
indeed the case by using the main theorem of this paper.

We conclude this section by calculating the Swan conductor for the geometric case.

THEOREM 2.4.9. Consider the same situation as in Lemma 2.4.5. In addition, assume that
W and Z are simple normal crossing divisors, and write Z = |J;c; Z; and W = J;c» W; where

Z; and W; are irreducible components. For I D J # (), we define Zj := ﬂz‘eJ Z;, and similarly
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for Wy, where I' D J' # (). Then
SwX (f+(Ova))

— 0 faesv/o) ox (X0 + X g, 0) - R (M1 5 16,01 |
IDJ#0 I'>J'#0
in CHy(X)q. Here d =dim X, ox and oy are zero-sections of T*X and T*Y , and [N}, /X] (ID

J #0) denotes the d-dimensional cycle in T*X defined by the conormal bundle of Z; in X and
similarly for [Ny, ] with Jcr.

Proof. Since f is finite étale, f{Oyg is an overholonomic module, and we may use
Corollary 2.3.17 to reduce the proof of the theorem to showing the following lemma.

LEMMA 2.4.10. Let X be a proper smooth scheme with d-quadruples over k, and let U be an
open subscheme with Z := X — U being a simple normal crossing divisor. Let Z = |J;.; Z; where
the Z; are irreducible components. Then we have

ZCar'(0x,0('2)) = [X]+ ) [N, /x]
IDJ#0
in CH4(T*X) (or even in Zg(T*X)).

Proof. Since ZCar!(&) is defined in Z4(T*X), we may calculate locally. Thus we are reduced to
showing the following claim.

CLAaM. Let 2" be a smooth formal scheme over .#, and let Z C X be a simple normal crossing
divisor where X denotes the special fiber of 2". Let Z =J,.; Z; where the Z; are irreducible

el
components of Z. For J C I, let Zj:=(";c; Z;. Assume that Z; can be lifted to a smooth formal

closed subscheme Z; of 2" over .. Then we have

ZCar (OyQ(TZ —I— Z ZJ/X

IDJ#0
in Z4(T*X).
By definition, there exists the distinguished triangle

RL,(Oz0) = Oz g — Oz o(2) -
This reduces the problem to calculating RETZ(O 2 ,0)- Since there are Mayer—Vietoris exact
sequences for RLTZ (i.e. the distinguished triangle in [Car0O5a, Théoreme 2.2.16]), all we

have to calculate is RETZJ((’) 2.0). Let ij: Z;— 2 be the closed immersion, and let d; be

the codimension of Z; in X. Then we have i5(0y ) = Oy,[d;]. Indeed, i',(04 g) equals
Li% (04 g)[ds] as a O, g-module, and we have J#i',(0 4 o) = 0 for j # dj and H#5,i5(04 g) =
Og,. Let

g T X xxZ;—T*Z; and i;:T"X xx Z; —T"X
be the canonical morphisms. Then we have
ZCar' (RLY, (O g)) = ZCar'(is1i5(0 )
= ZCar (i1 (O, olds]))
= ijxg" ZCar' (O, gldJ])
= (=D)™[N, /x];
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where the third equality follows from Proposition 2.2.10 and the last equality from the short
exact sequence

0—>N§J/X—>T*X XxZj—T"Z;—0
together with the claim below.

CLAIM. Let 2 be a smooth formal scheme of dimension d over .#. Then we have ZCar' (O 70)=
[X] € Z4(T*X), where X denotes the special fiber of 2~ and [X] denotes the zero-section.

We know that F*Og o= Aé;nél) ® 5(m) Og @. Thus, for p™ >e/(p — 1), the Frobenius
b %7@

descent of Oy g is Og g as a @gg@—module. Take the coherent @gfn)—module Oy as its lifting.
Thus we are reduced to calculating the characteristic variety for the @)((m)—module Ox. Since we
have the canonical Frobenius structure on Ox, we need only calculate the characteristic variety
for the .@g))-module Ox, and this is easy.

Therefore, Lemma 2.4.10 is proved. O

With this lemma in hand, Theorem 2.4.9 is also established. O

3. Calculation of the Swan conductor defined by Kato and Saito

In this section, we calculate the Swan conductor in the sense of Kato and Saito in the case
where the boundary is a simple normal crossing divisor. We use the theory of intersection due
to Fulton.

DEFINITION 3.0.1 [KSO08, Definition 1.1.1]. Let X be a smooth scheme over a perfect field
k, and let X D Z be a simple normal crossing divisor. Let Z =J;c; Z; (I ={1,2,...,n})
where the Z; are irreducible components. For i € I, let (X x X)! be the blow-up of X x X
along Z; x Z;, and take (X x X)~ to be the complement of the strict transforms of Z; x X
and X x Z; in (X x X),. We define the log blow-up (X x X)' to be the fiber product of
(X x X)i over X x X for ¢ € I. We define the log product (X x X)™~ to be the fiber product
of (X x X)7 over X x X for i € I. We denote the diagonals by A: X — X x X, Alg: X —
(X x X)™.

Remark 3.0.2. Using the notation in Definition 3.0.1, for J C I we denote by (X x X); the
log-blow up with respect to the divisor |J;c; Z;. Let J C I, take i € I such that i ¢ J, and let
J':=JU{i}. Then we see easily from the universal property of blowing-up that the canonical
homomorphism

(X xX))p— (X x X)]
is the blow-up of (X x X)’, along the strict transformation of Z; x Z;.

3.0.3 Consider the following cartesian diagram.

V—Y

fimlf

U——X
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Here, all the schemes are smooth over k, U — X is an open immersion, and the complements
W:=Y —V and Z :=X — U are assumed to be simple normal crossing divisors. Furthermore,

we assume f to be a finite étale morphism and f to be a proper morphism. Let fbg (Y xY)”—
(X x X)~ be the canonical morphism. Then we define

D%y = AYE"(F " ([X]) - [Y]) € CHo(Y)

and call it the wild different (cf. [KS08, Proposition 3.4.10]). For a more thorough treatment
of this concept, see [KS08, Definition 3.4.1.1]. We define the discriminant dl‘(/)fU + € CHp(X) as
!
7D, ).

Now let F be a Q-lisse sheaf over U. In [KSO08, Definition 4.2.8], the Swan conductor

SwiS(F) € CHp(X)g is defined. We do not review the definition here and content ourselves
with listing a few properties of this Swan conductor.

PROPERTIES 3.0.4.

(i) SwES(£.Qy) = dl\ng,X (cf. [KS08, Corollary 4.3.4]).

(ii) Sw&S is additive with respect to exact sequences (cf. [KS08, Lemma 4.2.4]).

(iii) Let x: m(U) — Q" be a character factoring through a finite group and let F(x) be a lisse
sheaf corresponding to the character. For i prime to p, we have SwX5(F(x)) = SwES(F(x?))
(by definition).

The main result of this section is the next theorem, whose proof will be completed at the end
of this section.

THEOREM 3.0.5. Consider the same situation as above. Let Z =J;c; Z; and W =J;cp Wi,
where Z; and W; are irreducible components. For I D J#0, we define Zj:=()\,.; Z;, and
similarly for Wy, where I' > J' # (). Then we have

Dy =0Tk (11 + 5 g, ) - b (W4 3 Wi, |-

IDJ#D I'>J'#0

icJ

Here d = dim X, ox and oy are zero-sections of T*X and T*Y, and [N}J/X] (I > J #0) denotes
the d-dimensional cycle in T*X defined by the conormal bundle of Z; in X and similarly for

[N‘TVJ//Y]'

To establish this theorem, we first prove the following proposition.
PrOPOSITION 3.0.6. Let X be a smooth scheme, and let X D Z be a simple normal crossing

divisor such that Z = J;c; Z; where Z; are the irreducible components of Z. Let Zj :=(\,c ; Z;.
Then

icJ
A*([X])=Al°g*([X])+<—1)d“a*( 3 ;J/XJ)

IDJ#0
in CHo(X), where o denotes the zero-section X — T*X.
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Proof. Let d =dim X. For J C I, we denote by (X x X)7 and (X x X)’; the log product and
log blow-up, respectively, with respect to the divisor (J;.; Z;. Consider the following diagram.

(X x X)
AN
qu \\
(Zs x Z3)y == (X x X)), /%%
gJi 0 le /
J/
ZJ X ZJ

X xX
Here, (Z; x Zj); is the pull-back of Z; x Z;in (X x X)',. By definition, (Z; x Z;)!;, = Z; x Z;
is a composition of projective bundles. We define Zy = X and (X x X)j =X x X.

CLAIM.
g 2= > (95" (Zk))™]-
IDKDJ
Here, (g (Zx))™ denotes the strict transform of g (Zx) C (X x X)h in (X x X)'.

To verify this claim, we shall prove a more general statement. For I D J’ D J, we will show

that
0 (g7 2D = lox'(Zr)),
JNK=J
where (g7'(Z7))~”" denotes the strict transform of g¢;'(Z;) C (X x X)/;, in (X x X)',.
The claim corresponds to the special case where J' =.J. We prove the above statement
using descending induction on #.J. The statement is trivial for J = 1. Now, fixing J, we again
use descending induction on #.J’. The statement is trivial for J' = I. Choose an i € I such that
i€ J. Let
J'=J U{i} and a:(X x X)) — (X x X)),

the canonical morphism. We will calculate a*([(g;l(ZJ))NJ/]).

We define (Z; x Z;)" by the following cartesian diagram.

(Zi x Z;) —2 (X x X))

O/\L O \La
p;,1 (Z,L X Zz) E—— (X X X)f]/
Note that « is the blow-up of (X x X)’,, along pj,l(ZZ- x Z;) by definition. Let V' be a scheme

and W a closed subscheme of V over k. We denote the Segre class of W in V by s(W, V)
(see [Ful98, ch. 4]). If W < V is a regular closed immersion, then s(W, V) = ¢(Nyyy) ™t 0 [W].

Since g;(Z;) Np; (Zj x Zjr) are divisors in g;*(Z;) for j/ ¢ J, the morphism
97 (Z)~" = g5 (Zy)

induced by the canonical projection (X x X)’, — (X x X)’; is an isomorphism. Thus the
morphism

gz =z, (3.0.6.1)
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is smooth of relative dimension #., and dim(g;"'(Z;)~/ ") = d. By [Ful98, Theorem 6.7], one can
write

o ((g71(Z)™"]) = (g7 (Z0)~7 )" | ,
e S 2 O 2, 6 N

using some vector bundle E on (Z; X Z;). By definition,

(g7 Z) )" = (95" (Z) " @

On the other hand, consider the following cartesian diagram.

(97 2NV pp!(Zi x Zi) —= g7 (2~

e

Z jutiy Zy

Since (3.0.6.1) is smooth of relative dimension #.J, we get that the upper horizontal morphism
is a regular immersion, and that

s((g7"(Z)™" NpsMZi < Z2), (95" (Z0)™")
= c(B* Ny, 02,) " N (g5 (2T 032 x 7).
Since the dimension of Zjy is d — 1 — #J, the dimension of (g;l(ZJ))NJ/ ﬂp},l(Zi X Z;) is

d—1—4#J+ #J =d — 1, and considering that o' is flat of relative dimension one, we conclude
that

dim o'~ ((g7 " (Z)™ O p3HZ x Z)) = d. (+)
On the other hand, we have
o (g7 20 NN x 2)) = (950 (Zooa) ™

Consider the following cartesian diagram.

1"

"

(97000 (Zao)™ (Zi x Z;)!

o//l [m] la’

(97" (Z)~" N3N Zi x Zi) ——p; (Zi x Zi)

We have
(elB) Nas((07 (2 P (2o x 22, (a7 (227
= {c(B) Nibe(a™ 5" Ny, /2,) " 01095 (Zn)~ 0 py!(Zi < Zi)}}a ®
= [N (g5 @) 03 (2o % ZD] = [g5d0 Zoop )™,

where the first equality holds because o' is flat and the second holds by (x) above.
Combining D), @ and (3), we have

" ~ "

o (g7 (Z) ™) = 197 (Z0) ")+ (@50 (Zooga) ")
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Thus,

75 (972" ) = ama* (951 (Z5)~7)
= a5 (7" ZD)"" 1+ (97 1y (Zooe)) ™D

= > 6@+ > R (Zk)]

JINK=J J'NK=JU{i}

= > 9£"(Zx)™],

JNK=J
where we have used the induction hypothesis in the third equality. The claim then follows.

Now let A?g : X — (X x X)/;. Then we make the following assertion.

CLAIM.

AT (g1 (Z0)]) = ()" H# " (NG, )

Consider the following cartesian diagram.

k
Z; J X

A'}’il m lA{;’g
(Zy x 2y 2> (X x XY,

g”’l 0 lm

ZJXZJ X x X

We know that Z; — (Z; x Z;)!; and X — (X x X)', are regular closed immersions with the

same codimension. Thus, by [Ful98, Theorem 6.2(a) and (c)], we have A?g s = kJ*Algf*. We
therefore have

AYE* (71 (Z))) = A5 (12))) = kNS5 *g3(12)
= kY ([Z1]) = kp{c(TZ5) N [Z ]},

where Ay, denotes the diagonal morphism Z; — Z; x Zj and the last equality holds by [Ful98,
Proposition 6.1(a)]. Now, since the dimension of Z; is d — #J, we get that

{«(TZ) 0 [Z)}o = (=) FH(T*Z) N[ Zs]}o
by [Ful98, Remark 3.2.3(a)]. Since there is an exact sequence
0—>N}J/X—>T*X Xx Zy—T*Z;—0,
we obtain

kj*{C(T*ZJ) N [ZJ]}O = kJ*{C(T*X X x ZJ) N C(N}J/X)_l N [ZJ]}O
=0 ([Nz,/x]);

where the second equality holds by [Ful98, Proposition 6.1(a)]. Combining these facts, we
conclude the proof of the claim.
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Now we are ready to complete the proof of the proposition. Consider the following diagram.

(X x X)~

=

(X x XY
A/ log
A
X xX
Using the first claim with J = (), we have
A*([X]) = Ale*p*([X])

:Alog*([X])JrA’bg*( > [(gjl(ZJ))N])

IDJ#0

Now, by the fact that A’!8*g% Alog and using the first claim, we have

a3 (07 Z)1) = (2 G0 S (o)

IDJ#0 IDJ#0 IDK>J
= A""g*( > (- q?}([gjl(ZJ)])>
IDJ#0
1 _
= Y (=)F AT (g7 (2).
IDJ#0
Then, using the second claim, we conclude the proof. O

This proposition gives us the following calculation.

Proof of Theorem 3.0.5. By considering the commutative diagram

log

Y (Y xY)~
I
Al
X (X x X)~
we get
DYy = AYE(F7 (X)) — [Y]) = FTARE (X)) — A (1Y),

By Proposition 3.0.6, we have

A (X)) = AR (XD + (-1 Y %IV, D)
IDJ#0

— (1o (X + 3 3.

IDJ#0

The same calculation for A%?g *([Y]) then gives us the theorem. O
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4. Comparison of Swan conductors

4.0.1 We fix isomorphisms Q, = C = @p. We assume that o(7) = 7 and let A be the subfield
of K fixed by o unless otherwise stated. We suppose that (, € A, where (,, denotes a primitive
root of unity for some integer n.

Before going to the main theorem, we prove the theorem for the geometric case, which can
also be seen as a corollary of the main theorem.

THEOREM 4.0.2. Consider the following cartesian diagram.
V—Y
f i O lf
U——=X

Here, X and Y are proper smooth schemes over k with d-quadruples, U — X is an open
immersion, and the complements W :=Y —V and Z := X — U are assumed to be simple normal
crossing divisors. Furthermore, we assume f to be a finite étale morphism and f to be a proper
morphism. Then we have

Swg((s(f*@f) = dl\?%(],x = SW?%(JC—FOV,Q)
in CH()(X)Q

Proof. This follows immediately from Theorems 2.4.9 and 3.0.5, together with the fact that
. = deg(V/U) for Chow groups. O

We introduce some more notation.

DEerFINITION 4.0.3. Let X be a smooth projective scheme over k, and let U be an open subscheme
whose complement in X is a divisor. Let x : m(U) — C* be a character of finite order m such
that m|n.

(i) Let x¢:m(U) — Q, be a character arising from x via the fixed isomorphism C 2 @,.
We denote the corresponding Q-lisse sheaf over U by F(x).

(ii) Let xp:mi(U) — A* be a character arising from x via the fixed isomorphism C=Q,.
We denote sp, GT(x,) (see §1.3) by &(x).

Recall the following hypothesis.

Resolution of singularities. Let X be a scheme of finite type over k, and let U be a dense open
subscheme that is smooth over k. Then there exists a projective morphism f: X’ — X such
that X’ is smooth, f~}(U) — U is an isomorphism, and the complement of f~'(U) in X’ is a
simple normal crossing divisor.

LEMMA 4.0.4. Let X be a smooth scheme over k, and let U be an open subscheme. Assuming
resolution of singularities, (U, X) is resolvable (cf. Definition 0.0.1).

Proof. Let V' be a scheme that is finite étale over U. Since V is finite over U, there exists an
immersion 7 : V — P" x X. Take Y’ to be the closure of V in P" x X. Then Y’ is a projective
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scheme over X and there exists a cartesian diagram as follows.

V—Y'

Lo
U——X
By using the resolution of singularities, we may find a projective morphism Y — Y’ such that Y is

smooth, V' — Y factors through Y — Y’ and Y'\V is a simple normal crossing divisor, which
is what we wanted to prove. O

THEOREM 4.0.5. Let X be a projective smooth scheme over k, and let U — X be an open
immersion whose complement Z is a simple normal crossing divisor. Suppose that (U, X) is
resolvable. Let x : 1 (U) — C* be a character of finite order p' for some i >0 such that p‘|n.
Then we have

SWRE(F(x)) = Swi (€ (x))
in CHo(X)g.

Proof. The idea of the proof is the same as that of [KS08, Proposition 5.1.4]. We may suppose
that y is not the trivial character; for the trivial character, both sides of the equality are zero,
and we have nothing to prove. We make the following two claims.

CrAaM. Consider a map Sw from the set of characters x : m (U) — C* factoring through a finite
cyclic group Z/p'Z to CHy(X)q that satisfies the following two conditions.
(i) Sw(x) = Sw(x’) for j prime to p.

(i) Let x be a character of order p’ (with j <i). Let V be a finite étale covering of U

corresponding to the kernel of x. Then

i 1
Sw(L) +Sw(x) + -+ Swix” ) =d .

where 1 denotes the trivial character.

Then Sw is uniquely determined.

CramM. SwZ(&(x)) = Sw¥(&(x?)) for j prime to p.

The first claim is easy to verify. We shall prove only the second claim. To do this, we have to
show that ZCarf(&(x)) = ZCar'(&(x?)). Since ZCar' is defined on the level of cycles (not only
in Chow groups), the problem is local. Since the problem is local, we may assume that X can be
lifted to some smooth formal scheme 2™ over W (k). There exists an automorphism ¢ of R (i.e. a
valuation ring of K) over W (k) sending (,: to C;Zi which is compatible with Frobenius structure.
(Indeed, let A’:= R7; then R=A'®z, W (k). Take / to be an isomorphism of A’ over Z,
sending (i to (;i. Now we may define ¢ to be // ® id. Since 0 =id ® F where F: W (k) — W (k) is
the canonical Frobenius, the compatibility of o and ¢ is obvious.) We define 2" to be 2/ Qw (k) R
Then we have the cartesian diagram

r—t 9

.

Spf(R) —— Spf(R)

679

https://doi.org/10.1112/50010437X09004485 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X09004485

T. ABE

where f=idg+ ® . Since ¢ induces the identity on the residue field of R, f induces the
identity on the special fiber of 2°. Let V := K be the one-dimensional vector space and
X : m1(U) — GL(V) the representation induced by x,. Then we get that the following diagram
is commutative.

m(U) 10X

GL(K @~ xr V)
X lN
! GL(V)
Thus, by (1.4.3.1), we get (&(x))'=&(x?) (using the notation of Lemma 2.2.12). Using

Lemma 2.2.12, we then get the second claim.

Now it is easy to finish the proof of the main theorem. For a character x as in the first claim,
we have two Swan conductors Swi(F(x)) and Sw% (& (x)). By the uniqueness given by the first
claim, all we have to do is check the conditions of the first claim for both Swan conductors.

For SW§S7 see Properties 3.0.4. For Sw_?(, the first condition is just the second claim. Let us
look at the second condition. By the assumption that (U, X) is resolvable, there exists a cartesian
diagram

V—Y
f
U—X
such that Y is smooth and g is projective. Since X is projective, Y is projective, and Y is a
scheme with d-quadruples. Now, we get

NS

Z Sw¥ (& =Sw¥(f+Ovg) = dl‘g/UX,

where the first equality comes from combining Lemmas 1.4.6 and 2.4.4, and the second from
Theorem 4.0.2 for the above U, X, V and Y. Therefore, the second condition holds, and the
theorem is proved. O

Remark 4.0.6. It seems that Theorem 4.0.5 is true not only for p-groups but also for modules
coming from representations factoring through finite groups. To prove it in the general case,
we need a more detalled study of characteristic cycles. More precisely, we need to prove that
if & is a holonomic 2! 2 g-module which is also a coherent 7 Q(JfZ )-module whose restriction
to % := Z'\Z is a locally free Oy g-module of rank one, then the characteristic variety of &
contains [X] + ) [Nz, x]. This is equivalent to saying that Swan conductor is a positive cycle
(cf. Remark 2.4.8). It is easy to show that the characteristic variety is contained in the above
variety, but it is difficult to show that they are equal.

COROLLARY 4.0.7. Assume the resolution of singularities. Let X be a smooth projective scheme
over k and let U be an open subscheme whose complement is a simple normal crossing divisor.
Then, for any Qg-lisse sheaf F on U, SW§S(}" ) is in the image of the canonical homomorphism
CHy(X) — CHp(X)q-

Proof. By [KS08, Lemma 4.3.8], we may assume F to be a Fy-lisse sheaf of rank one. Thus we are

reduced to proving the assertion for a sheaf F coming from a character 71(U) — @Z factoring
through a finite group. Hence there is a finite étale covering V such that G := Gal(V/U) is
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a cyclic group and F is trivialized by V. For an abelian group H, we denote by H(, the
subgroup of elements of order p. We may write G =G, X G’ such that the order of G’ is

prime to p. Let F' be a sheaf on U corresponding to the character G — Gp)— G _’@Z . For

sheaves G, G’ corresponding to two characters ¢, : G — @Z such that ¢>|G(p) = ¢|G<p), we have
Swi5(G) = Swk®(G) by the definition of SwX>. Thus we have SwKS(F) = SwS(F), and we are
reduced to proving the assertion in the case where G is a commutative p-group. In this case, let ¢
be the number of elements of G. Let A := Q) ((,). Note that this is totally ramified over Q,. Then
let K := A ®q, W(k) and take a Frobenius lift 0 : K — K to be id ® F' where F': W (k) — W (k)
is the canonical Frobenius. Since Sw¥% is defined in CHy(X), the corollary follows upon using
Theorem 4.0.5 with the K and o just defined. O

By [KS08, Lemma 4.3.9], the Serre conjecture for Artin characters is true under the hypothesis
of resolution of singularities.

Remark 4.0.8. The assumption that X be projective should not be essential. To eliminate this
hypothesis, we need to define the category of overholonomic modules for schemes that may not
be embedded into smooth proper formal schemes by gluing. The construction of this category
has been done in the papers by Caro. However, push-forwards between these categories have yet
to be defined.
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