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Abstract

We define the characteristic cycle of an étale sheaf as a cycle on the cotangent
bundle of a smooth variety in positive characteristic assuming the existence of a sin-
gular support. We prove a formula a la Milnor for the total dimension of the space of
vanishing cycles and an index formula computing the Euler-Poincaré characteristic.

An essential ingredient of the construction and the proof is a partial generaliza-
tion to higher dimension of the semi-continuity of the Swan conductor due to Deligne-
Laumon. Another geometric ingredient is a local version of the Radon transform.
Both are based on a generalization of the formalism of vanishing cycles.

As is observed by Deligne in [6], a strong analogy between the wild ramification of an
(-adic sheaf in positive characteristic and the irregular singularity of partial differential
equation on a complex manifold suggests to define the characteristic cycle of an F-sheaf
as a cycle on the cotangent bundle of a smooth variety in positive characteristic p # £. It
is expected to compute the Euler number and the total dimension of the space of vanishing
cycles.

More primitively, we expect the existence of a singular support defined as a closed
subset of the cotangent bundle, that controls the local acyclicity of morphisms to smooth
curves. Assuming the existence of a singular support satisfying the condition (SS1) formu-
lated in Section 2.3 in the text, we define the characteristic cycle and prove a formula (4.1)
for the total dimension of the space of vanishing cycles. We also prove an index formula
(4.28) computing the Euler-Poincaré characteristic assuming that the singular support
satisfies a stronger condition (SSd) for the dimension d of the variety. Roughly speaking,
we realize the program described in [6] assuming a stronger variant of the expectation [6,
(?) p- 1]. Some of the key arguments in a previous article [18] where we studied sheaves
on surfaces are generalized to higher dimension in an axiomatic way.

To define the characteristic cycle assuming the existence of a singular support, it suffices
to determine the coefficient of each irreducible component of the singular support. To do
this, we study the ramification of a local version of the Radon transform, constructed by
choosing an immersion of the variety to a projective space.

To prove that the definition of the characteristic cycle is independent of the choice
and that it satisfies the Milnor formula (4.1) in general, we show the stability Proposition
2.32 of the total dimension of the space of vanishing cycles under small deformation of

morphisms to curves and the formula (4.1) for morphisms defined by pencils, Proposition
4.3.



The crucial ingredient in the proof of these two propositions is the continuity Propo-
sition 1.17 of the total dimension of the space of vanishing cycles. This is a partial
generalization to higher dimension of the semi-continuity of Swan conductor [14] and is
stated using a generalization of the formalism of vanishing cycles with general base scheme
[10], [15].

The index formula Theorem 4.13 computing the Euler-Poincaré characteristic is de-
duced from the compatibility Theorem 4.8 [6, 2e Conjecture, p. 10] of the construction of
characteristic cycles with the non-characteristic immersion of a smooth divisor, by induc-
tion on dimension and the Milnor formula (4.1). The compatibility Theorem 4.8 implies
the compatibility with smooth pull-back and a description Theorem 4.11 of the character-
istic cycle in terms of ramification theory. In the tamely ramified case, the description has
been proved by a different method in [19]. Using a variant of local Radon transform, the
compatibility Theorem 4.8 is proved by reducing it to Theorem 4.11 for surfaces proved
earlier in [18, Proposition 3.20].

We describe briefly the content of each section. In Section 1.1, we introduce and study
flat functions on a scheme quasi-finite over a base scheme, used to formulate the partial
generalization of the semi-continuity of Swan conductor to higher dimension. After briefly
recalling the generalization of the formalism of vanishing cycles with general base scheme
and its relation with local acyclicity, we recall from [15] basic properties Proposition 1.7
in the case where the locus of non local acyclicity is quasi-finite, in Section 1.2. We recall
and reformulate the semi-continuity of Swan conductor from [14] using the formalism
of vanishing cycles with general base scheme and give a partial generalization to higher
dimension in Section 1.3.

We introduce singular support using local acyclicity of certain families of morphisms
in Section 2.3, after some preliminaries on flat family of proper intersections in Section 2.1
and generalities on regular immersions with respect to a family of closed conic subsets of
the cotangent bundle in Section 2.2. We recall in Section 2.4 from [17] that ramification
theory implies the existence of a singular support on the complement of a closed subset
of codimension 2 2. Assuming the existence of singular support, we prove the stability
Proposition 2.32 of the total dimension of vanishing cycles at an isolated characteristic
point in Section 2.5.

We introduce local Radon transform and study its local acyclicity in Section 3.3 using
generalization of the formalism of vanishing cycles. We also study its variant in Section
3.4. Their definitions and properties are based on the preliminaries in Sections 3.1 and
3.2 on the universal families of hyperplane sections, of morphisms defined by pencils and
of morphisms defined by pencils for hyperplane sections.

We define the characteristic cycle using the local Radon transform in Section 4.1. We
prove that the definition is independent of the choice of immersion to a projective space and
prove the Milnor formula (4.1). In Section 4.2, first we prove the compatibility Theorem
4.8 of the construction of characteristic cycles with non-characteristic immersion of smooth
divisor. From this, we deduce the compatibility Corollary 4.10 with smooth pull-back and
a description of the characteristic cycle Theorem 4.11 in terms of ramification theory.
Finally, we deduce an index formula Theorem 4.13 computing the Euler number from
Theorem 4.8 using a good pencil whose existence is proved in Section 3.5. The proof in
Sections 4.1 and 4.2 are based on the constructions of Sections 3.3 and 3.4 respectively.
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1 Vanishing topos and the semi-continuity of the Swan
conductor

1.1 Calculus on vanishing topos

Let f: X — S be a morphism of schemes. For the definition of the vanishing topos X % sS
and the morphisms

X Yy X %S -y g

g

X
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of toposes, we refer to [10, 1.1, 4.1, 4.3] and [11, 1.1]. For a geometric point x of a scheme
X, we assume in this article that the residue field of x is a separable closure of the residue
field at the image of x in X, if we do not say otherwise explicitly. For a geometric point x

of X, the fiber of p;: X ;5 S — X at x is the vanishing topos = X g S and is canonically
identified with the strict localization S(,) at the geometric point s = f(z) of S defined by
the image of x (cf. [11, (1.8.2)]).

%
A point on the topos X xg S is defined by a triple denoted = < t consisting of a
geometric point x of X, a geometric point ¢ of S and a specialization s = f(z) < ¢
namely a geometric point S,y < ¢ of the strict localization lifting S < ¢. The fiber of the

canonical morphism X % sS— 5 % s S at a point s < t is canonically identified with the
geometric fiber X,. The fiber products X, XS0 Sy and X4 X5, t are called the Milnor
tube and the Milnor fiber respectively.

For a commutative diagram

X

R ¥
S
— +—
of morphisms of schemes, the morphism Z: X Xy Y — X xg .95 is defined by functoriality
and we have a canonical isomorphism ¥, — E o W;. On the fibers of a geometric point

of X, the morphism E induces a morphism
— —
(1.1) Iy Yy =2 Xy Y = S =2 xg 8

on the strict localizations at y = f(z) and s = p(x) [11, (1.7.3)]. In particular for Y = X,
we have a canonical isomorphism ¥, — E o WUy4.

Let A be a finite field of characteristic ¢ invertible on S. Let DT (—) denote the derived
category of complexes of A-modules bounded below and let D?(—) denote the subcategory
consisting of complexes with bounded cohomology. In the following, we assume that S

and X are quasi-compact and quasi-separated. We say that an object of D(X % s9) is
constructible if there exist locally finite partitions X = [, X, and S = [[4 S by locally

closed subschemes such that the restrictions to X, % 553 of cohomology sheaves are locally
constant and constructible [11, 1.3]. Let D?(—) denote the subcategory of D?(—) consisting
of constructible objects.

We canonically identify a function on the underlying set of a scheme X with the
function on the set of isomorphism classes of geometric points x of X. Similarly, we gall a

il
function on the set of isomorphism classes of points x <— t of X x¢.5 a function on X xg 5.

$—
We say that a function on X xg S is a constructible function if there exist locally
finite partitions X = [[, X, and S = [];Ss as above such that the restrictions to

X ;s Sy are locally constant. For an object K of D%(X ;g S), the function dim K,y =
Zq(—l)q dim HIK .., is a constructible function on X ;5 S.

Definition 1.1. Let Z be a quasi-finite scheme of finite type over S and let ¢: Z — Q be
—
a function. We define the derivative d(¢) of ¢ as a function on Z xg S by

(1.2) S)zt)=p@) — Y o)

ZEZ(:C) ><5<S>t



where s = f(x). If the derivative §(p) is 0 (resp. 6(p) 2 0), we say that the function ¢ is
flat (resp. increasing) over S. If the morphism f: Z — S is finite, we define a function
fvp on S by

(1.3) fopls) =D p(x).

IEGZS
If ¢ is constructible, the function f,p is also constructible.

Lemma 1.2. Let S be a noetherian scheme, Z be a quasi-finite scheme of finite type over
S and p: Z — Q be a function.

1. If the derivative 6(p): Z ;5 S — Q defined in (1.2) is constructible, the function ¢
1s also constructible.

2. Assume that ¢ is flat over S and constructible. Then, ¢ = 0 if and only if p(z) =0
for the generic point x of every irreducible component of Z.

3. Assume that Z is étale over S and that ¢ is constructible. Then, ¢ is flat (resp.
increasing) over S if and only if it is locally constant (resp. upper semi-continuous).

4. Assume that the morphism f: Z — S is finite and that the derivative 0(p) is
constructible and satisfies 6(p) 2 0. Then, the function f.p on S is upper semi-continuous.
The function o is flat over S if and only if f.p is locally constant.

Proof. 1. By noetherian induction, it suffices to show the following; for an open subscheme
U of S and a geometric point = of Z dominating an irreducible component of S = U, the
function ¢ is constant on a neighborhood of x. By replacing S by S — U and further
replacing S by an étale neighborhood of the image of x, we reduce the assertion to the
case where Z is a split finite étale covering of S. Then, the assertion is clear.

2. By noetherian induction, a function flat over .S is uniquely determined at the values
of the generic points of irreducible components.

3. Since the question is étale local on Z, we may assume that Z — S is an isomorphism.
Then the assertion is clear.

4. If f: Z — S is finite, for a specialization s < ¢, we have }  _, 6(¢)(z + t) =
fep(s) — fup(t) = 0(fup)(s <= t). Hence we may assume Z = S and then the assertion is
clear. O]

We give an example of flat function. Let S be a locally noetherian scheme, X be a
scheme of finite type over S and Z C X be a closed subscheme quasi-finite over S. Let
A be a complex of Oyx-modules such that the cohomology sheave H(A) are coherent
Ox-modules supported on Z for all ¢ and that A is of finite tor-dimension as a complex
of Og-modules. For a geometric point z of Z and its image s in S, let Ox . and Og,
denote the strict localizations and k(s) the separably closed residue field of Ogg. Then,
the Ox .-modules Torg9 %*(A,, k(s)) are of finite length and are 0 except for finitely many
q. We define a function p4: Z — Z by

(1.4) pa(z) =Y (=1)?dimy() Tord s (A, k(s)).
q
Lemma 1.3. Let schemes Z C X — S and a complex A be as above.
1. The function pa: Z — Z defined by (1.4) is flat over S and constructible.
2. Suppose that S and Z are integral and that the image of the generic point € of Z s
the generic point n of S. If A = Oy, the value of the function w4 at a geometric point of
Z above & is the inseparable degree [k(€) : k(n)].
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Proof. 1. Since the assertion is étale local on Z, we may assume that 7 is finite over S,
that X and S are affine and that z is the unique point in the geometric fiber Z x gSpec k(s).
Then, the complex Rf.A is a perfect complex of Og-modules and ¢ 4(z) equal the rank of
Rf.A. Hence, the assertion follows.

2. By the same argument as in the proof of 1., it is reduced to the case where S =
Spec k(n) and Z = Spec k(§) and the assertion follows. O

We generalize the definition of derivative to functions on vanishing topos.

Definition 1.4. Let

(1.5) 7

L.y
N4
S
be a commutative diagram of morphisms of schemes such that Z is quasi-finite over S. Let

v Z ;y Y — Q be a function such that (z < w) = 0 unless w is not supported on the
image of fuy: Zzy — Yy) wherey = f(x). We define the derivative §(1)) as a function on

«
ZXSS—)Z by

(1.6) Sz t)=tp(xy)— D vz w)

WEY(y) X5t

where s = p(x). The sum on the right hand side is a finite sum by the assumption that Z
1S quasi-finite over S and the assumption on the support of 1. We say that i is flat over

S if 6(¢) = 0.
If Z =Y, we recover the definition (1.2) by applying (1.6) to the pull-back pi¢: Z ;Z
F
Z =2 bypy: ZxyZ — 7.
The following elementary Lemma will be used in the proof of a generalization of the
continuity of the Swan conductor.
Lemma 1.5. Let the assumption on the diagram (1.5) be as in Definition 1.4 and let ¢
<—
be a function on Z. We define a function v on Z xy'Y by

(1.7) Yaew) = Y ek)

ZEZ(I) Xy(y)’w

where y = f(x). Then the derivative 6(y) on Z <>_<g S defined by (1.2) equals §(1)) defined
by (1.6).

Proof. Tt follows from ¢ (x <= y) = p(z) and Z) x5, t =[] (Zy Xy, w). O

wGY(y) XS(S)

1.2 Nearby cycles and the local acyclicity

For a morphism f: X — S, the morphism W;: X — X ;5 S defines the nearby cycles

functor RV : DY(X) — DT(X ;5 S). The canonical morphism p; — RV of functors is
defined by adjunction and by the isomorphism id — p; o ¥. The cone of the morphism
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<

p; — RU; defines the vanishing cycles functor R®y : DT (X) — DT(X xg S). If S
is the spectrum of a henselian discrete valuation ring and if s,7 denote its closed and
generic points, we recover the classical construction of complexes v, ¢ of nearby cycles

i
and vanishing cycles as the restrictions to X xgn of RV, and R®; respectively.
We consider a commutative diagram

NP

of schemes. The canonical isomorphism g o ¥y — ¥, induces an isomorphism of functors

(1.8) X

1.9 GoU, » W
f P

For an object K of D1 (X ;y Y') and a geometric point x of X, the restriction of Rq.K
—
on x xg S = S) for s = f(z) is canonically identified with Rg(.).(Kly,,,) for y = f(z)
in the notation of (1.1) by [11, (1.9.2)]. For the stalk at a point z < t of X ;g S, this
identification gives a canonical isomorphism
—

(110) Rg*/CM_t — RF(YV(y) XS(S) S(t)’]C|Y(y)><S(S)S(t)>‘
For an object K of D*(X), (1.10) applied to Y = X gives a canonical identification
(1.11) R\Iff/CM_t — RF(X(;E) XS(S) S(t), K|X(I)XS(S)S(1§))

with the cohomology of the Milnor tube [11, (1.1.15)].

A cartesian diagram
X — Xp

|

S« T
of schemes defines a 2-commutative diagram

p1 = Vir
X +— Xox7pT +— Xp

X <P X X¢S X

and the base change morphisms define a morphism

% % %
— ip} — iRV, —— i Rd; ——

(1.12) Zl l l
— pitt —— RV " —— ROy " ——

of distinguished triangles of functors. For an object K of DT (X), we say that the formation
of R¥Y¢K commutes with the base change 7" — S if the middle vertical arrow defines an

%
isomorphism @ RV — R¥ . 7*K.



.
For a point x <t of X xg S5, if T' C S denotes the closure of the image of ¢ in S, the
left square of (1.12) induces a commutative diagram

(1.13) D) wes = Ko Ryt = R (X X5, S Klxy s, 50)

T

R (Klxp)ect = RF(X(JE) XSs) t”C|X<w>XS<s)t)

where the vertical arrow is the canonical morphism from the cohomology of the Milnor
tube to that of the Milnor fiber. Recall that we assume that the residue field of ¢ is a
separable closure of the residue field at the image of S(y).

We interpret the local acyclicity in terms of vanishing topos.

Lemma 1.6. Let f: X — S be a morphism of schemes. Then, for an object K of D*(X),
the conditions (1) and (2) in 1. and 2. below are equivalent to each other respectively.

1. (1) For every point x <t ofX;S S, the vertical arrow in (1.13) is an isomorphism.

(2) The formation of RV (K commutes with finite base change T'— S.

2. ([8, Corollaire 2.6]) (1) The morphism f: X — S is (resp. universally) locally acyclic
relatively to K.

(2) The canonical morphism piIC — RW (K is an isomorphism and the formation of
RUIC commutes with finite (resp. arbitrary) base change T'— S.

Proof. 1. Since the vertical arrow in (1.13) is induced by the base change morphism for a
closed immersion 7" — S, the condition (2) implies the condition (1).

Conversely, let T' — S be a finite morphism and = < ¢ be a point of X ;TT. Let T C T
be the closure of the image of . Then the vertical arrow in (1.13) for « < ¢ regarded

as a point of X % s S is the stalk of the base change morphism for a finite morphism
T" — T — S. Hence, the condition (1) implies the condition (2).
2. The condition (1) is equivalent to that the slant arrow in (1.13) is an isomorphism

for every geometric point x < t of X % s S (resp. after any base change 7' — S). Hence
the condition (2) implies the condition (1) by (2)=(1) in 1. and the commutativity of the
diagram (1.13).

Conversely, by [8, Corollaire 2.6], if the condition (1) is satisfied, the formation of
Rf()«(Klx,,,) commutes with finite base change for every geometric point z of X where
f@: X@ — S is the morphism on the strict localizations induced by f. Since the
vertical arrow in (1.13) is the stalk Rf).(Klx, )i = R(fr)@)(Klxz),, )¢ of the base
change morphism, the condition (1) implies the condition (2) by (1)=-(2) in 1. and the
commutativity of the diagram (1.13). O

Proposition 1.7. Let f: X — S be a morphism of finite type of schemes and let Z C X
be a closed subscheme quasi-finite over S. Let K be an object of D%(X) such that the
restriction of f: X — S to the complement X — Z is (resp. universally) locally acyclic
relatively to the restriction of K.

1. (cf. [15, Proposition 6.1]) RV (IC and R® K are constructible and their formations
commute with finite (resp. arbitrary) base change. The constructible object R® I is sup-

F
ported on Z Xg S.



2. Let x be a geometric point of X and s = f(x) be the geometric point of S defined by
the image of v by f. Lett and u be geometric points of S(s) and Sy < u be a specialization.
Then, there exists a distinguished triangle

—— RU K,y — R K, —— P RreK.cw —
(ZXXX(z))XS(S)t

(1.14)

where RV ¢ Kypry — RY Ky 15 the cospecialization.

The commutativity of the formation of RV ;K with any base change implies its con-
structibility by [15, 8.1, 10.5] as noted after [11, Theorem 1.3.1].

Proof. 1. The constructibility is proved by taking a compactification in [15, Proposition
6.1]. The commutativity with base change is proved similarly by taking a compactification
and applying the proper base change theorem.

The assertion on the support of R® ;K follows from Lemma 1.6.2 (1)=(2).

2. Let t and u be geometric points of S,) and ¢ <— u be a specialization. By replacing
S by the strict localization S(s) and shrinking X, we may assume that S = S(,), that X is
affine and that Z = Z xx X, is finite over S.

We consider the diagram
S t

do

S (J— S(t) <L u

and let the morphisms obtained by the base change X — S denoted by the same letters, by
abuse of notation. Similarly as the sliced vanishing cycles in the proof of [15, Proposition
6.1], we consider an object ¢, ,K on X Xxg Sy fitting in the distinguished triangle —
J*K — Rk.(j o k)*)KK — ®;.,K —. Since the formation of R® ;K commutes with finite
base change by 1., we have a distinguished triangle (1.14) with the third term replaced by
A, = (Rj. P4 K),. Further, the third term itself is canonically isomorphic to the direct
sum of A, = (&4, ,K), for z € Z,.

Since R® K is acyclic outside Z <>_<5 S by 1., the canonical morphisms X — X Rj,.j*K
and X} — iR(j o k).(j o k)*/C are isomorphisms on X, — Z,. Hence, the restriction
13 R7. Py, K is acyclic on Xy = Z,. Similalry, the restriction 7; ®,., K is acyclic on X; = Z,.

We take a compactification X of X and an extension K of K to X. Define &, ,K
on X Xg S similarly as @, ,K and set Y = X — X. By the proper base change the-
orem, the canonical morphisms RI'(X,i*Rj. P oK) + RU(X, Rj. @y oK) — RIO(X x5
S, ;oK) — RI(X,,if®;,,K) are isomorphisms and similarly for the restrictions to Y.
Hence, we obtain a commutative diagram

Ay = RU(Z,,iRj,®r k) —— RTU(X,,i*Rj.®r oK)

l l

B.., A= RU(Z,iiP ) ——  RU(X, 00 ,K)

of isomorphisms and the assertion follows. O

Corollary 1.8. We keep the assumptions in Proposition 1.7 and let x be a geometric
point of X and s = f(x) be the geometric point of S defined by the image of x by f as
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-
in Proposition 1.7.2. Then, the restriction of R'W K on x Xg S = Sy is locally constant
and constructible outside the image of the finite scheme Z x x X, for every q.

Proof. Let t and u be geometric points of S, not in the image of Z x x X,y and ¢ < u be
a specialization. Since RV is constructible, it suffices to show that the cospecialization
morphism RV, ; — RV;K,., is an isomorphism. Then by the assumption on the
local acyclicity, the complex &, K in the proof of Proposition 1.7.2 is acyclic. Hence the
assertion follows from (1.14). O

Corollary 1.9. We keep the assumptions in Proposition 1.7. Define a constructible func-

tion 0x on X <>_<g S supported on Z ;s S by ox(x + t) = dim RO;K,y. Assume that
R®¢K is acyclic except at degree 0.

Then, we have dx = 0 and the equality dx = 0 is equivalent to the condition that the
morphism f is (resp. universally) locally acyclic relatively to K.

Proof. The positivity dx = 0 follows from the assumption that R® (K is acyclic except at
degree 0. Further the equality dx = 0 is equivalent to R® K = 0. Since the formation
of RU¢K commutes with finite (resp. arbitrary) base change by Proposition 1.7.1, it is
further equivalent to the condition that the morphism f is (resp. universally) locally acyclic
relatively to K by Lemma 1.6.2. O]

Lemma 1.10. The assumption that R®¢K is acyclic except at degree 0 in Corollary 1.9
18 satisfied if the following conditions are satisfied: The scheme S is noetherian, the re-
striction of f: X — S to X = Z 1is universally locally acyclic relatively to the restriction
of K and the following condition (P) is satisfied.

(P) For every morphism T'— S from the spectrum T of a discrete valuation ring, the
pull-back of K[1] to Xr is perverse.

Proof. Let x < t be a point of X ;gS and let T'— S be a morphism from the spectrum 7'
of a discrete valuation ring such that the image of 7' — S is the same as that of { f(z),t}.
Since the formation of R® ;K commutes with arbitrary base change by Proposition 1.7.1,
the base change morphism R® K,y — RP . (K|x, )zt is an isomorphism. The complex
R®, (K|x,) is a perverse sheaf by the assumption (P) and by the theorem of Gabber [9,
Corollaire 4.6]. Since R®y,(K|x, ) vanishes outside the closed fiber Z;, this implies that
the complex R® (K is acyclic except at degree 0. O]

The condition (P) is satisfied if f: X — S is smooth of relative dimension d and
K = jiF[d] for the open immersion j: U — X of the complement U = X — D of a Cartier
divisor D and a locally constant sheaf F on U.

We study the local acyclicity of a complex on the vanishing topos.

N

be a commutative diagram of schemes and K be a constructible complex of A-modules on

Definition 1.11. Let
X

—
X xy Y. We say that g: Y — S is locally acyclic relatively to K if for every point x <t

10



of X ;5 S and for y = f(x) and s = p(x), the canonical morphism

Kaey = RT(Yy),K) = RT(Y,) x5, £,K)

s an isomorphism where the fiber x ;y Y ofpr: X ;5 S — X s identified with Y.

Lemma 1.12. Let
! Y
N
S

be a commutative diagram of schemes and IC be a constructible complex of A-modules on
X. Assume that the formation of RV K commutes with finite base change. Then, the
following conditions are equivalent:

(1) p: X — S is locally acyclic relatively to K.

(2) g: Y — S is locally acyclic relatively to RV ¢KC.

X

<—
Proof. For a point = < t of X xg 5, set y = f(z) and s = p(x) and consider the
commutative diagram

K, RF(X(I) XS t, /C)

| I

RU;K,e, — RI(Y(, x5, t, RUK).

The condition (1) (resp. (2)) is equivalent to that the top (resp. bottom) horizontal arrow
is an isomorphism for every x < t.

The left vertical arrow is an isomorphism since y = f(x). Let 7" C S denote the
reduced closed subscheme whose underlying set is the closure of the image of ¢t and let
fr: X — Y denote the base change of f by the closed immersion 7" — S. Then the
right vertical arrow is identified with the base change morphism RT'(Y(,) xs,,, t, RV ;K) —
RU(Yr,y) X1, t, RV 1, Klx,) = RU(X(y) X5, 1, K). By the assumption that the formulation
of RV ¢K) commutes with the finite base change, the right vertical arrow is an isomorphism
for every x <— t. Hence the assertion follows. O

1.3 Semi-continuity of the Swan conductor

We reformulate the main result of Deligne-Laumon in [14] in Proposition 1.13 below.
Let f: X — S be a flat morphism of relative dimension 1 and let Z C X be a closed
subscheme. Assume that X — 7 is smooth over S and that Z is quasi-finite and flat over
S. Let K be a constructible complex on X such that the restrictions of the cohomology
sheaves on X — Z are locally constant.

Let s — S be a geometric point with algebraically closed residue field. For a geometric
point x of Z above s, the normalization of the strict localization X ;) is the disjoint
union II; X; of finitely many spectra of strictly local discrete valuation rings with residue
fields equal to that of s. Let K; denote the fraction field of X, for each component i
and let 7; = Spec K; — X; denote the geometric generic point defined by a separable
closure. For a A-representation V of the absolute Galois group Gg, = Gal(K;/K;), the
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Swan conductor Swg, V' € N is defined [14] and the total dimension is defined as the sum
dimtotg,V = dimV + Swg, V.

The stalk H?(K);, for each integer ¢ defines a A-representation of the absolute Galois
group G, and hence the total dimension dim totg,/C;, is defined as the alternating sum

> (=) dimtot i, HY(K)z,. We define the Artin conductor by

(1.15) a,(K

X.) = Z dim totg, Ky, — dim /C,.

We define a function ¢x on X supported on Z by
(1.16) pr(r) = ax(K

for s = f(x). The derivative §(px) on X ;5 S is defined by (1.2).

Proposition 1.13 ([14, Théoreme 2.1.1]). Let S be a noetherian scheme and f: X — S
be a flat morphism of relative dimension 1. Let Z C X be a closed subscheme quasi-finite
over S such that U = X — Z 1is smooth over S. Let K be a constructible complex on X
such that the restrictions of cohomology sheaves on X — Z are locally constant.

1. The objects RY (K and R® (K are constructible and their formations commutes with
any base change. The function px (1.16) is constructible and satisfies

X.)

(1.17) dim RO ¢ IC, s = (i) (z  1).

2. Assume K = 5 F[1] for the open immersion j: U = X = Z — X and a locally
constant sheaf F on U and that Z is flat over S. Then, we have §(px) = 0. The function

wx is flat over S if and only if f: X — S is universally locally acyclic relatively to
K = jF1].

Proof. We sketch and/or recall an outline of proof with some simplifications.

1. The constructibility and the commutativity with base change follows from Propo-
sition 1.7.1 and the local acyclicity of smooth morphism. By devissage, it suffices to
show the remaining assertions in the case where £ = 5F[1] for the open immersion
j:U=X =27 — X and a locally constant sheaf F on U.

By the commutativity with base change, the equality (1.17) is reduced to the case
where S is the spectrum of a complete discrete valuation ring with algebraically closed
residue field. Further by base change and the normalization, we may assume that X is
normal and that its generic fiber is smooth. By devissage, we may assume that Z is flat
over S. In this case, (1.17) was first proved in [14], under an extra assumption that X is
smooth, by constructing a good compactification using a deformation argument. Later it
was reproved together with a generalization in [13] using the semi-stable reduction theorem
of curves without using the deformation argument.

Since the left hand side of (1.17) is constructible by Proposition 1.7.1, the function ¢y
is also constructible by Lemma 1.2.1.

2. The complex R®¢K is acyclic except at degree 0 by Lemma 1.10. Hence the
assertions follow from the equality (1.17) and Corollary 1.9. O

Corollary 1.14. Assume further that Z is finite over S and that K = 5 F for a locally
constant sheaf F on U. Then, the function f.pr (1.3) on S is lower semi-continuous.
The function f.px is locally constant if and only if f: X — S is universally locally acyclic
relatively to IC = 5 F.

12



Proof. Tt follows from Proposition 1.13, Lemma 1.2.3 and Corollary 1.9. O]
We give a slight generalization of Proposition 1.13. Let

c.x—71 .y

S
be a commutative diagram of morphisms of finite type of schemes such that g: ¥ — S
is flat of relative dimension 1 and that Z C X is a closed subscheme quasi-finite over S.
Assume that, for every geometric point  — X, if we set y = f(x) and s = p(x) and define

T2y C Yy to be the image of the finite scheme Z x x X(,) over Si,) by fu): X)) — Y{y),
then the complement Y, = 1|, is essentially smooth over S).

(1.18) Z

«—
Let £ be an object of D%(X Xy Y) such that the restrictions of cohomology sheaves
on Y{,) = T(,) are locally constant for every geometric point x — X. Then, similarly as

(1.16), we define a function ¢, on X ;y Y by

(119) wz:(ﬂf «— ’LU) = aw(‘C‘Y(y)XS(S)z)

where y = f(x),s = p(z) and t = g(w). We also define a function (¢z) on X ;s S by
(1.6).

Proposition 1.15. Let the notation be as above. Let L be an object of D3(X ;y Y) and

x <t be a point of X ;5 S. Sety = f(z) and s = p(x) and assume that the restriction
of cohomology sheaf HIL on Y, = T(y) is locally constant for every q. Then, we have

(1.20) dim Ry, Loy — dim RY, Loy = 0(1hz)(x + 1).

Proof. By the canonical isomorphisms RE*EIH — RI(Y{y) x Se) S(t),ﬁ\y(y)x S 5(t>) and

RG Loy — RTU(Y(y), Lly,,,) = L, (1.10), we obtain a distinguished triangle — Rq.Loes—

R Locy — R®y  (Lly,, )yert —- Hence it follows from Proposition 1.13.1. O
In fact, (1.17) is a special case of (1.21) below where X =Y.

Corollary 1.16. We keep the notation in Proposition 1.15. Let K be an object of D(X)

such that L = RY K is an object of D5(X ;y Y). Assume that £ and a point x < t of

X <>_<S S satisfies the condition in Proposition 1.15. Then, we have
(1.21) dim RO,y = 0(Yz)(x < t).

Proof. By the isomorphisms R¥,K — RE*L’ and RZ*EM_S — L, — K;, we obtain a

distinguished triangle — RE*E:M_S — RZ*Ew_t — R®,K,+ —. Hence it follows from
(1.20). O

We consider the diagram (1.18) satisfying the condition there and assume further that
g: Y — S is smooth. Let K be an object of D%(X) and assume that p: X — S is locally
acyclic relatively to K and that the restriction of f: X — Y to the complement X — 7 is
locally acyclic relatively to the restriction of IC.
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We define a function ¢x y on Z as follows. By Proposition 1.7.1, the complex R® ;K
is constructible. For a geometric point x of Z, set y = f(x) and let s = p(z) — S be
a geometric point with algebraically closed residue field. Let u be the geometric generic
point of the spectrum Y () of a strictly local discrete valuation ring with the same residue
field as that of s. Then, the cohomology of the stalk R®;K,., define A-representations
of the absolute Galois group G, of the fraction field K, of Y} ) and hence the total
dimension dim tot, R® K, is defined as the alternating sum. Similarly as (1.16), we
define a function ¢x r on Z by

(122) @K,f(x) = dim tOtyR(I)fICm_u.

Proposition 1.17. We consider the diagram (1.18) satisfying the condition there and
assume that Y — S is smooth. Let K be an object of DY X) and assume that p: X — S
1s locally acyclic relatively to IC and that the restriction of f: X — Y to the complement
X = Z s locally acyclic relatively to the restriction of K. Then, the function i s on Z is
constructible and flat over S. If Z is étale over S, it is locally constant.

Proof. We apply Proposition 1.15 to £ = RV K. The assumption in Proposition 1.15
<_

that HIL = RV on Yy =T,y C Yy = = Xy Y is locally constant for every ¢ is
satisfied for every geometric point x of X by Corollary 1.8. Hence the function ¢, (1.19)

for £L = RV K is defined as a function on X ;y Y.

In order to apply Lemma 1.5, we show ¢z(x < w) = > (2) for a

ZGZ(QC) Xy(y) w QPK’f

point x < w of Z ;y Y such that w is supported on the image T(,) C Y, of Zy,.
By the assumption that ¥ — S is smooth, the Milnor fiber Y{,) xs,, t is the spectrum
of a discrete valuation ring. Let u be its geometric point dominating the generic point
regarded as a geometric point of Y(,). Then by (1.19) and (1.15), we have ¢(z <
w) = dim tot, (RY (Kyey) — dim(RY (K, yy). We apply Proposition 1.7.2 to f: X — Y
and specializations y <— w < u to compute the right hand side. Then, the distinguished
triangle (1.14) implies that the right hand side equals > dim tot, (R®;K,y) =

ZzEZ( YXy, W QDIC,f(Z) as required.
RN ()

ZEZ(Z> Xy(y)’w

Therefore, by applying Lemma 1.5, we obtain §(¢z) = d(pk,¢) as functions on Z ;5 S.
Since R®,K = 0, the function ¢, is flat over S by (1.21). Hence, the function ¢k  is also
flat over S. Since it is flat over S, the function ¢ s is constructible by Lemma 1.2.1.

If Z is finite over S, the function p,px s is locally constant by Lemma 1.2.3. m

2 Singular support and the stability of vanishing cy-
cles

2.1 Preliminaries on conic subsets and proper intersection

Let E be a vector bundle on a scheme X. Recall that a closed subset S of E is said to
be conic if it is stable under multiplication. We study the intersection of a conic closed
subset with a sub vector bundle.
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Lemma 2.1. Let 0 = V — E — E — 0 be an ezact sequence of vector bundles over a
locally noetherian scheme X. For a closed conic subset S C E, the following conditions
are equivalent.

(1) The restriction of E — E on S is quasi-finite.

(2) The restriction of E — E on S is finite.

(3) The intersection SNV is contained in the 0-section.

Proof. (1)=-(3): The intersection S NV is the intersection of S with the inverse image of
the O-section of E by E — E. Since it is a conic subset of V, quasi-finiteness implies that
it is a subset of the O-section.

(3)=(2): We regard E as the complement of the associated projective space bundle
P(E) in P(E® A') and similarly for E. Let P(E® A') — P(E @ A') be the blow-up at
P(V) Cc P(E) C P(E ® A'). Then the morphism E — E is extended to P(E @ A') —
P(E @ A'). The condition (3) implies that the closure S of S C E in P(E @ A') does
not meet P(V) and hence defines a closed subset of P(E @& A!). Since the restriction of
P(E® A'Y — P(E @ A') to the complement of the inverse image of P(V) is affine, its
restriction to S is finite and the assertion follows.

(2)=(1): Clear. O

Recall that if Y — X is an unramified morphism of schemes then, locally on Y, there
exists an immersion to an étale scheme over X [7, IV-4, Corollaire (18.4.7)]. We generalize
the definition of regular immersions to unramified morphisms.

Definition 2.2. We say that an unramified morphism Y — X s regular of codimension
r if, locally on'Y , the exists a reqular immersion of codimension r to an étale scheme over
X. If Y — X is an unramified morphism reqular of codimension r, the conormal sheaf
Ny, x is defined as a locally free Oy-module of rank r by étale descent. We also call the
associated vector bundle Ty X the conormal bundle.

Lemma 2.3. Let S be a locally noetherian scheme and Y — X be an unramified mor-
phism of schemes locally of finite type over S such that the conormal sheaf Ny, x is locally
generated by r sections. For a point y € Y and its images v € X and s € S, the following
conditions are equivalent:

(1) The morphism Y — S is flat and the unramified morphism Y — X is reqular of
codimension v on a neighborhood of y in'Y .

(2) The morphism X — S is flat on a neighborhood of x and the unramified morphism
Y, — X, is reqular of codimension r on a neighborhood of y.

Proof. Since the assertion is étale local on Y, we may assume that ¥ — X is an immer-
sion. Then, it follows from [7, IV-1, Chap. 0 Proposition (15.1.16) b)<c)] (cf. [7, IV-4,
Proposition (19.2.4) b)<-c)]). For the convenience of the reader, we record a proof of the
following Lemma, which is a key ingredient in the proof of [7, IV-1, Chap. 0 Proposition
15.1.16 b)<c)].

Lemma 2.4. Let A — B be a local homomorphism of noetherian local rings and k be the
residue field of A. Then, for f € mpg, the following conditions are equivalent:

(1) B = B/fB is flat over A and f is a non-zero divisor of B.

(2) B is flat over A and f is a non-zero divisor of B ®4 k.
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Proof. (2)=-(1) Let C denote the chain complex defined by the multiplication f: B —
B where the second B is put on degree 0. We have Hy(C) = B = B/fB,H,(C) =
K = Ker(f: B — B) and H,(C) = 0 for ¢ # 0,1. For the spectral sequence E2 =
Torf!(Hy(C), k) = Tors, ,(C, k), the condition (2) implies Tor!(C, k) = 0 for r # 0.

Hence, we obtain E}, = Tor{(B, k) = 0. Since B is ideally separated as an A-module,
it is flat over A by [3, n® 5.2 Théoreme 1 (iii)=>(i)]. Since B is flat over A, we obtain
Eio =0 for p # 0 and Eg,l = K ®4 k = 0. Hence by Nakayama’s lemma, we have K =0
and f is a non-zero divisor of B.

(1)=(2) The exact sequence 0 — B — B — B — 0 induces exact sequences (0 =
Tord(B,k) = B®sk — B®4 k and Tor(B, k) — Tor{(B, k) — Tor{(B, k) = 0. The
first exact sequence means that f € B® 4k is a non-zero divisor. The second exact sequence
shows that the finitely generated B-module Tor{(B, k) is 0 by Nakayama’s lemma. Since B
is ideally separated as an A-module, it is flat over A by [3, n°® 5.2 Théoréme 1 (iii)=(i)]. O

Definition 2.5. Let S be a locally noetherian scheme, X be a scheme of finite type over
S and T — X be an immersion.

1. We say that an unramified morphism Y — X reqular of codimension r meets T
properly over S if for every point s € S, for every irreducible component P of the fiber Ty
and for every irreducible component QQ of P Xx Y, we have dim ) = dim P — r.

2. Let' Y be a smooth scheme over S of relative dimension v and f: X — Y be a
morphism over S. We say that the fibers of f: X — Y meets T properly if its graph
X = X XgY meets T xg'Y properly over Y.

In Definition 2.5.2; the fibers of f: X — Y meets T" properly if and only if the fibers
of the composition 7" — Y meets T properly.

Proposition 2.6. Let S be a locally noetherian scheme, X be a flat scheme of finite type
over S and T — X be an immersion. For an unramified morphism Y — X reqular of
codimension 7, a closed point y € Y and the image s € S of y, we consider the following
conditions:

(1) There exists an open neighborhood V' of y in'Y such that V- — S is flat and that
V — X meets T properly over S.

(2) There exists an open neighborhood V- of y in Yy such that the unramified morphism
V' — X, is reqular of codimension r and meets Ty properly.
We have (1)=(2). The conditions (1) and (2) are equivalent if there exists an integer d
satisfying dim P = d for every point s € S and for every irreducible component P of the
fiber Ts. If T' — S is smooth of relative dimension d, they are further equivalent to the
following conditions (3) and (4):

(3) There exists an open neighborhood V' of y in'Y such that V' — S is flat and that
T xxV — 5 s flat of relative dimension d — r.

(4) There exists an open neighborhood V' of y in Yy such that the unramified morphisms
V= Xs and V xx, Ty — T are regular of codimension r.

Proof. (1)=-(2) The unramified morphism V; — X is regular of codimension r by Lemma
2.3 (1)=(2). The rest follows from Definition 2.5.

(2)=(1) By Lemma 2.3 (2)=(1), Y — S is flat on a neighborhood of y. Let g: T' x x
Y — S denote the canonical morphism. Then, by [7, VI-3, Théoreme (13.1.3)] the function
n(v) = dim, g *(g(v)) defined on T x x Y is upper semi-continuous. Since n(v) = d —r,
the subset of T' x x Y where the equality n(v) = d — r holds is open. Since the condition

16



(2) implies n(y) = d — r, we have n(v) = d — r on a neighborhood of y. Hence ¥ — X
meets T properly over B on a neighborhood of .

(2)<(4) For a regular local ring, a sequence of elements of the maximal ideal is a
regular sequence if and only if it is a part of a system of parameters [7, IV-1, Chap. 0
Corollaire (16.5.6)]. Hence the assertion follows.

(3)<(4) It suffices to apply Lemma 2.3 to the unramified morphisms ¥ — X and
Y xxT —T. O]

Corollary 2.7. Let X be a scheme of finite type over a field k and T'— X be an immer-
sion. Let'Y be a smooth scheme over k and f: X — Y be a morphism over k.

1. If f: X =Y s flat, then the following conditions are equivalent:

(1) The fibers of f: X — Y meets T properly.

(2) For every closed point y of Y, the regular immersion X, — X meets T C X
properly.

2. AssumeT = X andY = C is a smooth curve over k. Then, the following conditions
are equivalent:

(1) f: T — C is an open mapping.

(2) For every irreducible component P of T, the restriction flp: P — C is an open
mapping.

(3) The fibers of f: T — C meets T properly.

Proof. 1. By Proposition 2.6(1)<(2), the condition (1) is equivalent to that for every
closed point y of Y, the regular immersion X, — X Xgy meets T xg y properly. This is
equivalent to the condition (2).

2. (1)&(2) We may assume that T' is reduced. Then, since C' is a smooth curve,
the condition (1) is equivalent to that f: T — C' is flat. Similarly, the condition (2) is
equivalent to that, for every irreducible component P of T, the restriction f|p: P — C'is
flat. Hence, we have (1)<(2).

(2)<(3) We may assume that T = P is integral. Then by Proposition 2.6(1)<(2), the
condition (3) is equivalent to that for every closed point y of C', the immersion 7, — T is
regular of codimension 1. This is equivalent to that 7" — (' is flat. O]

Corollary 2.8. Let S be a locally noetherian scheme, X be a flat scheme of finite type
over S and T — X be an immersion. Let'Y be a smooth scheme over S and f: X — Y
be a flat morphism over S. Assume that the fiber of f: X — 'Y meets T properly.

1. Let W =Y be an unramified morphism of codimension r of flat schemes over S.
Then the unramified morphism V=W xy X — X of codimension r of flat schemes over
S meets T properly over S.

2. Let g: Y — C be a flat morphism of smooth schemes over S. Then the fibers of the
composition go f: X — C meets T properly over S.

Proof. 1. By Proposition 2.6(1)<(2), we may assume that S = Spec k for a field k. Since
the assertion is étale local, we may assume that W — Y is a regular immersion. Let
w € W be a closed point and 4, ..., € Oy, be elements defining W on a neighborhood
of w. Since Oy, is a regular local ring, we may extend it to a regular sequence ¢, ..., 4.
Let P be an irreducible component of T'. Then, since the closed fiber w xy P C P defined
by ti1,...,tq is of codimension d, the closed subscheme V xx P = W xy P C P defined
by t1,...,t, is of codimension r on a neighborhood of the fiber w xy P C P. Hence the
assertion follows.
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2. By Proposition 2.6(1)<(2), we may also assume that S = Spec k for a field k.
Then, it suffices to apply 2. to the closed imersion Y. — Y of the fiber at closed point
ce(C. O

Lemma 2.9. Let f: X — S be a surjective morphism of irreducible schemes of finite
type over a field k and let v be the dimension of the generic fiber X,,. Define a decreasing
sequence of closed subsets of S by S; = {s € S| dim X = r+i}. Let D be a Cartier divisor
of S meeting every irreducible component of every S; properly. Then, if P is an irreducible
component of X xg D, the closure Q) of its image in S is an irreducible component of D.

Proof. We have
dimS; +r+i<dimS; xg X <dimX =dim S +r

and the equality in the second inequality means ¢ = 0. Hence we have dim S; +¢ < dim S.
If the generic point of ) is contained in S; = S;11, by the assumption that D meets S;
properly, we have

dimP =dimQ +r+i<dimS;—1+r+i<dimS—-1+r

and the equality in the first inequality means @) is an irreducible component of S; N D.
Since dim P = dim X — 1 = dim S + r — 1, we have equalities everywhere. Thus, i = 0
and @ is an irreducible component of SN D = D. m

2.2 Non-characteristic morphisms

We define in the next subsection a singular support of a constructible sheaf as a conic
closed subset of the cotangent bundle by requiring a condition on the local acyclicity. To
state the condition, we introduce some terminology.

For a smooth scheme X of dimension d over a field k, the cotangent bundle 7* X is the
vector bundle V(0 /1,) associated to the locally free Ox-module % s of rank d. In this
article, we use a contra-Grothendieck convention V(&) = Spec S £ to denote the vector
bundle associated to a locally free Ox-module £. More generally for a smooth morphism
X — S, we define the relative cotangent bundle by 7*X/S = V(Qﬁ(/s).

For a regular immersion Y — X, let 7} X denote the conormal bundle and 77X —
Y xx T*X the canonical morphism. We identify the 0-section of T* X with the conormal
bundle T3 X of the identity X — X. The cotangent bundle 7% X is defined as the conormal
bundle of the diagonal immersion X — X x X.

First, we define the non-characteristicity for a morphism to a curve.

Definition 2.10. Let X be a smooth scheme over a field k. Let S = (S;)ier be a finite
famaly of conic closed subsets of the cotangent bundle T*X and let T; = S;NTxX C X be
the intersections with the 0-section. Let C' be a smooth curve over k and f: X — C be a
flat morphism over k.

1. We say that f: X — C is non-characteristic with respect to S if the following
conditions (i) and (i) are satisfied:

(i) The inverse image of the union | J,c; Si by the canonical map df : X xoT*C — T*X
1s a subset of the 0-section.

(ii) For everyi € I, the restriction f

1, Ty = C of f is an open mapping.
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2. We say that a closed point u of X is an isolated characteristic point of f: X — C
with respect to S if there exists a neighborhood V' of uw such that the restriction V = {u} —
C' is non-characteristic with respect to the family of intersections S; N T*(V = {u}).

The condition (i) in Definition 2.10.1 means that locally on X, if w is a basis of 7*C, the
intersection of (., S; with the section of 7% X defined by f*w is empty. If S = (Sy) consists
of the 0-section Sy = T%X C T*X, a flat morphism f: X — C' is non-characteristic with
respect to S if and only if it is smooth. Thus, we may regard the non-characteristic
condition as a notion analogous to the smoothness. If a family S contains the 0-section
So = TxX C T*X, a flat morphism f: X — C non-characteristic with respect to S is
smooth. If f: X — C is a smooth morphism, the morphism df: X xo T*C' — T*X
is an injection and hence the condition (i) in Definition 2.10.1 is equivalent to that the
intersection of | J,_; S; with the image of df : X x¢T*C — T*X is a subset of the 0-section
T X.

Since S; is conic and closed, the intersection T; = S; N X equals the image of S; by the
projection 7% X — X. If S; is irreducible, then as its image, 7; is also irreducible. If we
regard T; as a closed subscheme of X with the reduced scheme structure, the condition
(ii) in Definition 2.10.1 is equivalent to that f|r,: T; — C' is flat.

If a singular support SSK contains the O-section 7% X C T X, an isolated characteristic
point of f: X — C with respect to K is an isolated singular point of f.

A flat morphism f: W — C from an étale scheme W over X defines an unramified
morphism W — X x C' of flat schemes over C'. We introduce a terminology for such family
of morphisms to be non-characteristic.

Definition 2.11. Let the notation X,S = (S;)ier and T; = S;NTxX C X be as in
Definition 2.10.
1. Let B be a smooth scheme over k and

iel

(2.1) iiW — XxB

be an unramified morphism reqular of codimension r of flat schemes over B. We say that
i: W — X x B over B is non-characteristic with respect to S if the following conditions
(i) and (ii) are satisfied:

(i) By the composition T7,(X x B) - T*(X x B/B) xx W =T*X xx W — T*X of
the canonical morphism and the projection, the inverse image of |J,.; Si to the conormal
bundle Ty, (X x B) is a subset of the 0-section.

(ii) The unramified morphism W — X x B meets T; X B properly over B for every
1€ 1.

2. Let f: X — Y be a flat morphism to a smooth scheme over k. We say that
f: X — Y is non-characteristic with respect to S if the graph X — X xY of f: X =Y
over Y 1is non-characteristic with respect to S.

i€l

In the following, by abuse of terminology, we say W — X x B meets T; properly, instead
of saying it meets T; x B properly over B if there is no fear of confusion. Proposition 2.6
shows that non-charctericity condition is checked fiberwise. The following lemma implies
that Definition 2.10.1 is equivalent to a special case of Definition 2.11.

Lemma 2.12. Let f: X — C be a flat morphism to a smooth curve over k. Let S = (S;)ier
be a finite family of conic closed subsets of the cotangent bundle T*X . Then, the following
conditions are equivalent:
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(1) The morphism f: X — C' is non-characteristic with respect to S in the sense of
Definition 2.10.1.

(2) The morphism f: X — C is non-characteristic with respect to S in the sense of
Definition 2.11.2.

Proof. The morphisms X — C' and the immersion X — X x C' of schemes over C' define
the upper and the lower exact sequences in the commutative diagram

H |

Nxjxxe) — Ox ®0xxc Q%XXC)/C I Qﬁ(/c — 0

respectively. The condition (i) in Definition 2.10.1 is formulated in terms of the fibers
of the morphism X xo T*C — T*X defined by the upper left arrow and the morphism
T%(X x C) — T*X in the condition (i) in Definition 2.11.1 is defined by the lower left
arrow. Hence these conditions are equivalent.

For the conditions (ii), the equivalence follows from Corollary 2.7.2 (1)<(3). O

For families S = (S;)ic; and S” = (5}) e of closed conic subsets of T* X, we say that S’
is a refinement of S if there exists a decomposition J = I;¢;J; satisfying S; = |J e, S’ for
every i € I. If §" = (5))jes is a refinement of S = (5;);cs, then the non-characteristicity
with respect to S" implies that with respect to S. For the pull-back by étale morphism,
the following properties hold.

Lemma 2.13. Let Y — X be an étale morphism and let T*Y — T*X be the canonical
morphism. Assume S; is irreducible for every i € I. Let S" = (S))ie; be the family
of the pull-backs S; = S; Xr-x T*Y and S" = (S})jes be the family of their irreducible
components.

L. If S} is an irreducible component of S, then T = S/NY is an irreducible component
of T; =S;NY.

2. Let B be a smooth scheme over k and W — Y x B be an unramified morphism
reqular of codimension r of flat schemes over B. Then, the morphism W — 'Y X B 1s
non-characteristic with respect to the pull-back S’ of S if and only if it is non-characteristic
with respect to the refinement S”.

Proof. 1. We canonically identify the morphism T*Y — T*X with the base change Y X x
T*X — T*X. Then, since S; = S; xx Y — S; is flat, the mapping S7 — 5; is dominant
by [7, IV-2, Proposition (2.3.4)]. Hence T} — T; is also dominant. Since T} — T; xx Y is
an isomorphism, 77’ is an irreducible component of T;.

2. It follows from 1. O]

Let i: Y — X be the immersion of a smooth subscheme of codimension ¢ and S =
(Si)ier be a finite family of conic closed subsets of the cotangent bundle 7*X. Here,
by abuse of notation, we use the same letter ¢ to denote the immersion and the index.
Assume that the regular immersion ¢: Y — X is non-characteristic with respect to S.
Then, we define a family i='S = (i71S;);cs of closed conic subsets i71S; C T*Y by the
correspondence T*X «+ Y xx T*X — T*Y.

For continuous mappings f: Z — X and ¢g: Z — Y such that g: 7 — Y is a closed
mapping, the image of a closed subset S of X by the correspondence X < Z — Y is
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defined to be the closed subset g(f~*(S)) of Y. Note that by Lemma 2.1 (3)=(2) and by
the assumption that i: Y — X is non-characteristic with respect to S, the restriction of
the surjection Y x y T*X — T*Y on the intersection S, = S; N (Y x x T%X) is finite and
its image i~1S; C T*Y is closed.

Lemma 2.14. Let i: Y — X be the immersion of a smooth subscheme of codimension c
non-characteristic with respect to S. Let B be a smooth scheme and W — Y x B be an
unramified morphism reqular of codimension r of flat schemes over B.

Then, W — Y x B is non-characteristic with respect to i~1S if and only if the unram-
ified morphism W — X x B regular of codimension r+ c is non-characteristic with respect

to S.
Proof. By the morphism of exact sequences of vector bundles

0 — Wxy Ty X — T3 (X xB) — T3, (Y xB) —— 0

| ! l

0 — Wxy Iy X —— WxxT'X —— W xyT"Y —— 0,

the condition (i) in Definition 2.11.1 for W — Y x B and for W — X x B are equivalent.

By the assumption that the immersion i: Y — X is non-characteristic, the regular
immersion Y — X meets T; properly for every T; = S; N TxX. Hence the condition (ii)
that W — Y x B meets T; X x Y properly is also equivalent to that W — X x B meets
T; properly. O

Assume that Y is a smooth divisor of X. If S; is irreducible and is regarded as a
reduced scheme, the condition (ii) in Definition 2.11.1 is equivalent to that S; xx Y — S;
is a divisor of S; since S; — T; is surjective. If we regard T; as a reduced closed subscheme
of X, the same condition on T; means that T; x x Y is a divisor of T;. If S; C T*X is of
dimension d, then i71S; C T*Y is of dimension d — 1.

Let f: Y — X be a smooth morphism and S = (S;);c; be a finite family of conic
closed subsets of the cotangent bundle T*X. We define a family f~1S = (f~15;);e; of
closed conic subsets f~1S; C T*Y by the correspondence T*X < Y xx T*X — T*Y .

Let W — Y x B be an unramified morphism regular of codimension r. Let w be a
closed point of W. Replacing W by a neighborhood of w, we decompose the unramified
morphism W — Y x B into the composition W — V — Y x B of a regular immersion of
codimension r and an étale morphism. Let w € V also denote the image of w and ¢ be an
element of the maximal ideal m,, C Oy,,. Replacing V' by a neighborhood of w where t is
defined and we define a morphism V — X x B’ where B’ = B x Al

Lemma 2.15. Let f: Y — X be a smooth morphism of relative dimension 1 and let
W — Y x B be an unramified morphism of flat schemes over B as above. Assume that
W — Y x B over B is non-characteristic with respect to the pull-back f~1S. Assume that
every S; 1s of dimension d = dim X and that, for every T;, its irreducible components have
the same dimension. Then, for a closed point w of W such that the residue field k(w) is
separable over k, one of the following holds:

(1) On a neighborhood of w, the composition W — Y x B — X x B is unramified
reqular of codimension r — 1 and is non-characteristic with respect to S.

(2) There ezists a finitely many proper closed subsets of the fiber Tt (V/B) of the relative
cotangent bundle such that if dt € T:(V/B) is not contained in their union, the following
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condition is satisfied: On a neighborhood of w, the morphismV — X x B’ is étale, W — B’
is flat and the unramified morphism W — X x B’ over B’ reqular of codimension r is
non-characteristic with respect to S.

Proof. In the case (1), if the composition W — Y x B — X x B is unramified, it is regular
of codimension r — 1 and is non-characteristic with respect to S.

Let b € B be the image of w and ¢ be a function defined on an étale neighborhood V'
of win X x B. Then, after shrinking V' if necessary, the morphism W — V — X x B’
satisfies the condition in (2) of Lemma 2.15 if its base change by b — B satisfies the
condition in (2) of Lemma 2.15 by Proposition 2.6 (2)=-(1) and by the assumption that
the irreducible components of every T; have the same dimension. Hence, it is reduced to
the case where B = {b} consists of a single point.

We assume B = {b} consists of a single point such that k(b) is a finite separable
extension of k. Let m,, C Oy, be the maximal ideal and we identify the fiber 7,;V with
m,,/m2. The morphism V — X x B’ is étale at w if dt is not in the image of w x, T*X
where € X denotes the image of w. Then, the morphism W — X x B’ is unramified
regular of codimension 7.

We consider the flatness of W — B’. Since the immersion W — V is regular of
codimension 7, we have r < dim V. First, we consider the case where r = dim V. Since
W is smooth over k of dimension dimV — r = 0, it is étale over k and W — X x B is
unramified in this case.

We assume r < dimV. Set A = Oy, and A = Oy,,. Then, the local ring A is of
Cohen-MaCaulay and we have dim A = dimV — r > 1. Hence any prime ideal p of A
associated to the A-module A is minimal and is not equal to the maximal ideal m,, C A. Its
image in m,,/m2 is not the whole space by Nakayama’s lemma. Thus, W — B’ = B x A!
is flat if dt € T}V = m,/m? is not contained in the inverse image by the surjection
m,/m2 — m,/m2 of the images of minimal prime ideals of A.

We consider the condition (i) in Definition 2.11.1. We identify w x, T X as a subspace
of T;V by the pull-back by the smooth morphism V' — X. By the assumption that
W — Y x B over B is non-characteristic with respect to the pull-back f=1S, the pull-back
by the morphism w xy T3,V — TV of the image of w x, (T X NS) Cwx, T X CT:V
is a subset of 0. Here S denote the union |J,.; S; by abuse of notation. Hence, if dt is not
contained in the translate by the image of w xw T}, V — TV of w x, (T2 X NS) CTrV,
the morphism W — X x B’ satisfies on a neighborhood of w the condition (i) in Definition
2.11.1.

We consider the condition (ii) in Definition 2.11.1. The argument is similar to that on
the flatness of W — B’. Let T; = S;NT%X and assume w € T; X x V. Since the immersion
W — V is regular of codimension r and by the assumption that W — Y x B meets
T,y =T; xx Y properly, we have r < dim7;y = dim7; + 1. First, we consider the case
where r = dim 7; + 1. Since dim S; = dim X = d, the intersection 7y X N .S; with the fiber
has dimension dim(7;X NS;) 2 dim S; —dim7; = d+1—r. Since dimw xw T};Y = r, we
have dimw xw Ty, Y +dim(77 X NS;) 2 d+1 =dim TV > d = dim(w x T} X). Since the
inverse image in w Xy Ty, Y of Ty X NS; is a subset of 0, the morphism w xw 1y, Y — TV
is an injection and its image is not a subspace of the image of w x 7Ty X. Thus the canonical
morphism T3, Y — T*(Y/X) and hence W x x T*X — T*W are surjections at w and the
morphism W — X x B is unramified at w in this case.

We assume r < dim 7}y = dim7T; 41 and set A; = Owy «T;w- Then similarly as above,
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we have dim(A4;) = dim7; +1 —r 2 1 and no minimal prime ideal is the maximal ideal of
A;. Thus the unramified morphism W — X x B’ over B’ meets T; properly if dt € TV =
m,,/m? is not contained in the inverse image by the surjection m,/mZ — m, /M2 ; of
the images of minimal prime ideals of A; where my,,; C A, denotes the maximal ideal.
Then, the morphism W — X x B’ satisfies on a neighborhood of w the condition (ii) in
Definition 2.11.1. O

Let f: X — Y be a morphism of smooth schemes over k. Let S = (S;);c; be a finite
family of closed conic subsets of T*X. We assume that the following condition is satisfied.

(Q) For every S; and for every irreducible component P of the inverse image of S; by
the canonical morphism X Xy T*Y — T*X, the intersection Q = PN (X Xy T3Y)
with the 0-section satisfies the following conditions:

(Q1) If dim@ = dimY, the fibers of f: X — Y meet @ properly and we have
P=qQ.
(Q2) If dim @ < dim Y, the restriction Q — Y of f is finite.

In the case (Q1), we define fiP C T*Y to be the 0-section of T*Y supported on the
closure of the image of (). In the case (Q2), we define an irreducible conic closed subset
fiP C T*Y to be the image of P C Q xy T*Y C X Xy T*Y by X xy T*Y — T*Y. We
define a finite family f,S of irreducible conic closed subsets of T*Y to be that consisting of

fiP for irreducible components P of the inverse images of S; by the canonical morphism
X Xy TY - T*X.

Lemma 2.16. Let f: X — Y be a flat morphism of smooth schemes over k. Let S =
(Si)ier be a finite family of closed conic subsets of T*X satisfying the condition (Q) above
and define f,.S as above.

1. Let W — Y x B be an unramified morphism of codimension r of flat schemes over
B. Assume that W — Y X B is non-characteristic with respect to f,S. Then its base
change V- — X X B is non-characteristic with respect to S.

2. Let g: Y — C be a flat morphism to a smooth curve and define a closed subset
Z C X to be the union of Q as in the condition (Q2) finite over Y. If y is an isolated
characteristic point of g: Y — C, then x € Z N f~(y) is an isolated characteristic point
ofgof: X — C.

Proof. 1. By the condition (Q1) and by the definition of £S5, the condition (i) in Definition
2.11.1 for f£i.S implies that for S. Since W — B is flat, it meets Y x B properly. Let S;
be a member of S and T; = S; N T5X be the intersection with the 0-section. We show
that V' — X x B meets T; x B properly. Since T; regarded as a subset of the 0-section
X xy TyY is contained in the inverse image of S; by X xy T*Y — T*X, there exists an
irreducible component P of the inverse image of S; by X xy T*Y — T*X such that the
intersection @ = P N (X xy T}Y) equals T;.

If dim7; = dim@ = dimY, then, by (Q1), the fibers of X — Y meets Q = T;
properly. Since W — Y x B over B meets Y x B properly, the immersion V' — X x B
also meets T; x B properly by Corollary 2.8.1. Assume dim7; = dim () < dimY. Then,
the intersection fiP N TyY with the 0-section equals the image f(Q) = f(7;). Since
W — Y x B is non-characteristic with respect to f,.S, it meets f(7;) x B properly over B.
Since T; — f(T;) is finite, the base change V' — X x B also meets T; x B properly over
B. Hence V — X x B is non-characteristic with respect to S.
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2. We may assume that the restriction of g on Y = {y} is non-characteristic with
respect to f;S. Then, by 1., the restriction of g o f on X = f~1(y) is non-characteristic
with respect to S. As in the proof of 1., the condition (i) in Definition 2.10.1 for S is
satisfied on the complement of Z. Hence it is is satisfied on the complement of the finite
set ZN f~(y). For Q satisfying dim Q = dimY’, by Corollary 2.8.2 and by the assumption
that the fibers of f: X — Y meets @ properly in (Q1), the fibers of go f: X — C meets
@ properly. Hence the condition (i) in Definition 2.10.1 for S is also satisfied on the
complement of Z N f~(y). O

2.3 Singular support and the local acyclicity

Let k denote a perfect field of characteristic p > 0 and A a finite field of characteristic
# p. For a constructible complex K of A-modules on X, its support is the smallest closed
subset Z of X such that I is acyclic on the complement X — 7.

Definition 2.17. Let X be a smooth scheme of dimension d over k and KC be a constructible
complex of A-modules on X. Let S = (S;)ier be a finite family of irreducible conic closed
subsets of dimension d of the cotangent bundle T*X .

1. For an integer r = 0, we define a condition on S:

(SSr) Let B be a smooth scheme over k and i: W — X X B be an unramified morphism
reqular of codimension q < r of flat schemes over B. Then the composition f: W — B
with the second projection is locally acyclic relatively to the pull-back to W of K if the
morphism i: W — X X B over B is non-characteristic with respect to S.

2. If S satisfies the condition (SS1) and if the support of K is a subset of the intersection
with the 0-section | J,.; S; NTx X C X, we say that the union | J,.; S; is a singular support
of K.

Note that if S satisfies (SSr) and if S" O S is another finite family of irreducible conic
closed subschemes of codimension d of 7% X, it also satisfies (SSr). Hence the condition
(SS1) does not uniquely determine the singular support. However, by abuse of notation,
if S is a singular support of K and we write S = SSK. In (SSr) the local acyclicity can be
replaced by the universal local acyclicity, see Lemma 2.19.1 below. By the generic local
acyclicity [5, Corollaire 2.16], the empty family and hence any finite family of irreducible
conic closed subschemes of codimension d of T* X satisfy (SS0). We study the meaning of
the condition (SSr) in Lemma 2.23 later in this subsection.

If S contains the O-section of the cotangent bundle 7* X and if an unramified morphism
1: W — X X B of codimension r is non-characteristic with respect to S, then the canonical
morphism 77, (X x B) — T*X is injective and the composition W — B is smooth by the
Jacobian criterion of smoothness. Hence, if the cohomology sheaf #?(K) is locally constant
for every integer ¢, the O-section of the cotangent bundle T*X is a singular support of K
by the local acyclicity of smooth morphism.

Let U = X — D be the complement of a divisor D with simple normal crossings,
j: U — X be the open immersion and let F be a locally constant constructible sheaf on
U. If F is tamely ramified along D, the singular support SS(5.F) is described as follows.
Let Dy, ..., D,, be the irreducible components of D and, for a subset I C {1,...,m}, let

.....

support of ji.F by [8, 1.3.3 (i)].
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The following immediate consequence of the flatness of the total dimension, Proposition
1.17, will play a crucial role in the definition of the characteristic cycle.

Lemma 2.18. Let the notation be as in Definition 2.17. Let B be a smooth scheme over
k, let C — B be a smooth morphism of relative dimension 1 and

(2.2) XxB —s C

be a flat morphism of smooth schemes over B. Let Z C X X B be a closed subscheme
quasi-finite over B such that the restriction X x B — Z — X x C of the morphism induced
by (2.2) is non-characteristic with respect to a singular support S of KC. Then, the function
Yprik,r 0on Z defined by

(2.3) Pprric,p(2) = dimtot p) b= (Klws,, f1b)

is flat over B and constructible. In particular if Z is étale over B, the function gy s 18
locally constant.

Proof. We apply Proposition 1.17 to the commutative diagram

(2.4) XxB—1 C
xB_/

The projection p: X x B — B is locally acyclic relatively to prj/C by the generic universal
local acyclicity [5, Corollaire 2.16]. By (SS1), the restriction of f: XxB — Cto XxB = Z
is locally acyclic relatively to the pull-back of K. Hence the assertion follows by Proposition
1.17. ]

Lemma 2.19. Let S be a finite family of irreducible conic closed subsets of dimension d
and IC be a constructible complex of A-modules on X .

1. In the condition (SSr), one can replace locally acyclic by universally locally acyclic.

2. If HIKC is locally constant for every q, the 0-section T% X satisfies (SSd) for K and
for d = dim X.

3. Assume that S satisfies (SSr) for the restriction of KK on the complement of a finite
closed subset Z C X. Then, the union of S and the fiber T;X satisfies (SSr) for K.

4. If a finite morphism f: X — Y is unramified and if S satisfies (SSr) for K and
contains the 0-section Ty X, the image f.S by the correspondence T*X < X xy T*Y —
T*Y also satisfies (SSr) for f.K.

Proof. 1. Let i: W — X x B be an unramified morphism regular of codimension ¢ < r
non-characteristic with respect to S = SSK as in (SSr). We show that the base change of
W — B by any morphism B’ — B is locally acyclic relatively to the pull-back of . By
a standard limit argument, we may assume that B" — B is of finite type. Since the local
acyclicity is preserved by finite base change, it is reduced to the case where B’ = A™ x B.
Then, it suffices to apply (SSr) to the base change of the morphism i: W — X x B by
the flat morphism A" x B — B.

2. If an unramified morphism ¢2: W — X x B is non-characteristic with respect to
S D Tk X, the composition W — B is smooth. Hence, the assertion is nothing but the
local acyclicity of smooth morphism.
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3. If the image of W — X x B meets the inverse image of a closed point x € Z by
the projection, it is not non-characteristic with respect to S D T X. Hence the assertion
follows.

4. Let B be a smooth scheme over k£ and W — Y x B be an unramified morphism
regular of codimension ¢ < r of flat schemes over B. Assume that W — Y x B is
non-characteristic with respect to the push-forward f,S. We show that the composition
W — B is locally acyclic relatively to the pull-back of f.X.

By the assumption that S contains 7% X, the morphism W — Y x B meets the image of
the finite morphism X — Y properly over B. Hence the unramified morphism W xy X —
X x B is regular of codimension ¢ and W xy X — B is flat by Proposition 2.6(4)=-(3).
We show that the unramified morphism W xy X — X x B is non-characteristic with
respect to S.

For the condition (i) in Definition 2.11.1, it is clear from the definition of f,S. The
image S/ = f.5; of S; by the correspondence T*X < X xyT*Y — T*Y is irreducible since
T*X < X xy T*Y is a surjection of vector bundles. The intersection T = S/ N1yY with
the O-section equals the image f(7;) of the intersection T; = S; N Tx X with the O-section
and T; — T} is finite and surjective. Since W — Y x B meets 1] properly over B, the
unramified morphism W xy X — X x B meets T; properly over B.

Since S is assumed to satisfy (SSr) for K, W xy X — B is locally acyclic relatively
to the pull-back of K. Since W xy X — W is finite, g: W — B is also locally acyclic
relatively to the pull-back of f,.K. m

Let Y C X be asmooth irreducible divisor. Recall that the closed immersioni: ¥ — X
is non-characteristic with respect to S if it satisfies the following conditions:

(i) The intersection S N7y X with the conormal bundle is a subset of the O-section.

(ii) The immersion Y — X meets every T; = S; N T% X properly.

The condition (ii) implies that the inverse image Y xx T*X C T*X of Y C X meets
every component S; of S = (S;);er properly. Further by (i) and Lemma 2.1 (3)=-(2), the
restriction of the canonical surjection Y x xT* X — T*Y to the intersection S;N(Y x xT*X)
is finite. Hence the correspondence 7% X < Y x xT*X — T*Y defines a closed conic subset
i~1S; € T*Y and its irreducible components are of dimension d — 1 = dim Y.

We define the pull-back i'S of S.

Definition 2.20. Let S = (S;)icr be a singular support of KK on X and let Y be a smooth
divisor of X. Assume that the immersion i: Y — X is non-characteristic with respect
to S. We define a family i'S of irreducible closed subsets of T*Y to be the refinement of
i™1S = (171S;)ier consisting of their irreducible components.

Lemma 2.21. Let KC be a constructible complex of A-modules on X and let S = (S;)ier
be a singular support of IC. Let Y be a smooth divisor such that the closed immersion
1: Y — X s non-characteristic with respect to S.

If S satisfies the condition (SSr) for KC, then i'S satisfies the condition (SSr — 1) for
K.

Proof. Let B be a smooth scheme over k and W — Y x B be an unramified morphism
regular of codimension ¢ < r — 1 of flat schemes over B. Assume that W — Y x B is
non-characteristic with respect to i'S. We show that the composition W — B is locally
acyclic relatively to the pull-back i*/C.
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Since 7'S is a refinement of =15, the morphism W — Y x B is non-characteristic with
respect to i1S. Hence the unramified morphism W — X x B regular of codimension
g + 1 < r is non-characteristic with respect to S by Lemma 2.14 and the composition
W — B is locally acyclic relatively to the pull-back of K by (SSr). O

Let f: Y — X be a smooth morphism and let S = (S;);c; be a finite family of
irreducible conic closed subsets of dimension d of the cotangent bundle 7* X . Similarly as
Definition 2.20, we define the pull-back f*S to be the refinement of the family f~1S =

(f71S;)ier consisting of irreducible components of the images f~1S; by the correspondence
T*X «+ Y xxT*X = TY.

Proposition 2.22. Let f: Y — X be a smooth morphism and assume that S satisfies
(SSr) for K. Then the pull-back f*S of S satisfies (SSr) for f*K.

Proof. Since the assertion is étale local on Y, it suffices to show the case where Y — X is
smooth of relative dimension 1 by the induction on relative dimension.

Let B be a smooth scheme over k£ and let W — Y x B be an unramified morphism
regular of codimension g < r of flat schemes over B. Assume that W — Y X B over B is
non-characteristic with respect to the pull-back f*S. We show that the morphism W — B
is locally acyclic relatively to the pull-back of K.

For an irreducible component S} of f~1S;, the intersection T = S:NIyY is an ir-
reducible component of f~1T; = (f~'S;) N T3Y. Hence, W — Y X B over B is non-
characteristic with respect to the inverse image f~1S.

Let w be a closed point of W. Then, by Lemma 2.15, one of the following holds on a
neighborhood of w:

(1) The composition W — Y x B — X x B is unramified of codimension ¢ — 1 < r
and is non-characteristic with respect to S.

(2) There exist a decomposition W — V' — Y x B by a regular immersion of codimen-
sion r and an étale morphism, a smooth scheme B’ — B of relative dimension 1 and an
étale morphism V' — X x B’ of flat schemes over B’ such that the unramified morphism
W — X x B’ over B’ is regular of codimension ¢ < r and is non-characteristic with respect
to S.

Since the question is local on W, it suffices to consider the two cases separately after
replacing W by an open neighborhood of w. Assume that (1) holds. Then the composition
W — X x B — B is locally acyclic relatively to the pull-back of K since S is assumed to
satisfy (SSr) for K.

Assume that (2) holds. Then the composition W — X x B’ — B’ is locally acyclic
relatively to the pull-back of I since S is assumed to satisfy (SSr) for K. Since B' — B
is smooth, the composition W — B is also locally acyclic relatively to the pull-back of K
by [8, Corollaire 2.7]. O

The condition (SSr) is a consequence of the compatibility of the construction of singular
support with smooth pull-back and the local acyclicity of non-characteristic morphism in
a more general setting.

Lemma 2.23. Let 0 £ r < d = dim X be an integer. Assume that for every smooth
morphism f:Y — X, any flat morphism g: Y — Z of relative dimension d — q for
0 = g < ris locally acyclic relatively to the pull-back f*IC if g: Y — Z is non-characteristic
with respect to the pull-back of f*S. Then, S satisfies the condition (SSr).
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Proof. Let B be a smooth scheme over k and let W — X x B be an unramified morphism
regular of codimension ¢ < r of flat schemes over B. Assume that it is non-characteristic
with respect to S. We show that the composition W — B is locally acyclic relatively to
the pull-back f*K. The morphism W — B is flat of relative dimension d — q.

First we show the case where the composition f: W — X is smooth. The morphism
W — X x B is the composition W — W x B — X x B of the graph of W — B and
f xidpg. In the commutative diagram

Ti,(W x B) —— W Xy T*(W x B)/B= T*W

T T

Ti (X x B) —— W Xxxp TH(X x B)/B=W xx T*X,

the cokernel of the horizontal arrows are canonically isomorphic. Hence, the regular im-
mersion W — W x B is non-characteristic with respect to f*S and W — B is locally
acyclic relatively to the pull-back f*K.

We reduce the general case to the case where f: W — X is smooth. Since the question
is local on W, we may assume that the unramified morphism W — X x B is the com-
position W — V — X x B of a regular immersion of codimension ¢ defined by functions

t1,...,t; and an étale morphism. Let B’ = B x A? and define an unramified morphism
V — X x B'= X x B x A? of codimension g by ¢y,...,t;. Then, we obtain a cartesian
diagram

Vv — XxB —— B’

T I T

W —— XxB —— B

where the vertical arrows are the immersions defined by ¢, = --- = ¢, = 0. Then, by
Proposition 2.6(2)=-(1), after replacing V' by a neighborhood of W if necessary, V. — B’
is flat of relative dimension d — ¢ and V' — X x B’ is non-characteristic with respect to
the pull-back of S. Since V is étale over X x B, it is smooth over X and the morphism
V — B’ is locally acyclic relatively to the pull-back of K. Hence, its base change W — B
by an immersion B — B’ is also locally acyclic relatively to the pull-back of K. O]

We formulate an analogue of the condition (SSr) for a complex on the vanishing topos.

Definition 2.24. Let f: X — Y be a morphism of smooth schemes over k and K be
a constructible complex of A-modules on X ;y Y. For a finite family S = (S;)ier of
wrreducible conic closed subsets of dimension d = dimY of the cotangent complex T*Y and
an integer v 2 0, we define a condition:

(SSr) Let B be a smooth scheme over k andi: W — Y x B be an unramified morphism
reqular of codimension q < r of flat schemes over B. Then the composition W — B
with the second projection is locally acyclic (Definition 1.11) relatively to the pull-back to

pt
(X xy W) xw W of K if the morphism i: W — Y x B over B is non-characteristic with
respect to S.

Lemma 2.25. Let f: X — Y be a flat morphism of smooth schemes. Let S = (S;);er be
a finite family of closed conic subsets of dimension d of T*X satisfying the condition (Q)
before Lemma 2.16. Assume that in the case (Q2), we have dim P = dim Y.
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1. The members of the finite family f.S defined there are closed conic subsets of di-
mension dimY of T*Y .

2. Assume that the formation of RV ;K commutes with finite base change. If S sat-
isfies (SSr) in the sense of Definition 2.17 for IC, then fiS satisfies (SSr) in the sense of
Definition 2.24 for RV ;K.

Proof. 1. Tt follows from the assumption on dim P and that () — Y is finite in the case
(Q2).
2. Let W — Y x B be an unramified morphism of codimension r of flat schemes over
B and let V' — X x B be the base change. Assume that W — Y x B is non-characteristic
with respect to f.5. We show that W — B is locally acyclic relatively to the pull-back of
—

RUK to V xyw W.

By Lemma 2.16.1, V' — X x B is non-characteristic with respect to S. Since S
satisfies (SSr) for IC, the morphism V' — B is locally acyclic relatively to the pull-back
of K. Hence, by the assumption that the formation of RV (K commutes with finite base
change and by Lemma 1.12, the morphism W — B is locally acyclic relatively to the
pull-back of R¥ (K. O

2.4 Singular support and ramification

We briefly recall ramification theory [1], [17] and that there exists a singular support after
removing a closed subscheme of codimension = 2 if necessary.

First, we recall the definition of the total dimension of a Galois representation of a
local field. Let K be a henselian discrete valuation field with residue field of characteristic
p > 0 and G = Gal(Ksp/K) be the absolute Galois group. Then, the (non-logarithmic)
filtration (G%),>1 by ramification groups is defined in [1]. It is a decreasing filtration by
closed normal subgroups indexed by rational numbers = 1.

For a real number r = 1, we define subgroups G C G by G = U,., G and
G = Neer G%- It is proved in [1] that G is the inertia group I = Ker(Gx — Gp)
where G denotes the absolute Galois group of the residue field F and G is the wild
inertia group P that is the pro-p Sylow subgroup of /. It is also proved that G = G’
for rational numbers > 1 and G = G for irrational numbers r > 1.

Let A be a finite field of characteristic # p and let V' be a continuous representation
of Gk on a A-vector space of finite dimension. Then, since P = G} is a pro-p group and
since . = G% for rational r and G = G for irrational r, there exists a unique de-
composition V = @, -, V) called the slope decomposition characterized by the condition

that the G fixed part VEK s equal to the sum @sér V) Then, the total dimension of
V' is defined by

(2.5) dimtotgV = Z r - dim V.

r>1

It is clear from the definition that dim totxV is a rational number satisfying dim totx V' =
dim V. The equality is equivalent to that P = G} acts on V trivially, namely, the action
of Gk on V is tamely ramified. In the classical case where the residue field F' is perfect,
we recover the classical definition of the total dimension dimtotgV =dimV + SwiV
We study a geometric case where X is a smooth scheme over a perfect field £ of
characteristic p > 0. Let D be a reduced divisor and U = X — D be the complement. Let
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IC be a constructible complex of A-modules such that the restriction of the cohomology
sheaf HIIC to U is locally constant for every ¢. Let £ be the generic point of an irreducible
component of D. Then, the local ring Ox, is a discrete valuation ring and the fraction
field K of its henselization is called the local field at &. The stalk of HIK at the geometric
point of U defined by a separable closure K, defines a A-representation V7 of the absolute
Galois group Gk

For a rational number r > 1, the graded quotient Gr'Gyx = G% /G% is a profinite
abelian group annihilated by p [17, Corollary 2.28] and its dual group is related to differ-
ential forms as follows. We define ideals mgzep and m%tz of the valuation ring Of,,, by

mﬁer = {x € Ky, | ordgz = r} and mgt)) = {x € Kqp | ordgx > 1} where ordx denotes

the valuation normalized by ordg(7) = 1 for a uniformizer 7 of K. The residue field F
of OK )

., 15 an algebraic closure of I and the quotient mggep / mgzgp
dimension 1. A canonical injection

is an F-vector space of

(2.6) ch: Homy, (Gr"Gg,F,) — Homp(m%)/mgﬂ, Q%{/lﬁg ® F)
is also defined [17, Corollary 2.28].

We say that the ramification of F along D is isoclinic of slope 7 = 1if V = V) in the
slope decomposition. The ramification of F along D is isoclinic of slope 1 if and only if the
corresponding Galois representation V' is tamely ramified. Assume that the ramification
of F along D is isoclinic of slope » > 1. Assume also that the finite field A contains a
primitive p-th root of 1 and identify F, with a subgroup of AX. Then, V = V() is further
decomposed by characters V = ®x: Gr' G —F, Y& For a character x appearing in the
decomposition, the twisted differential form ch(x) defined on a finite covering of a dense
open scheme of D is called a characteristic form of F.

Assume that U = X = D is the complement of a divisor with simple normal crossings
D and let Dy, ..., D,, be the irreducible components of D. We say the ramification of F
along D is isoclinic of slope R = ). r;D; if the ramification of F along D; is isoclinic of
slope r; for every irreducible component D; of D.

In [17, Definition 3.1], we define the condition for ramification of F along D to be
non-degenerate. We say that the ramification of F is non-degenerate along D if it admits
étale locally a direct sum decomposition F = € ;Fj such that each Fj is isoclinic of
slope R; 2 D for a Q-linear combination of irreducible components of D and that the
ramification of F; is non-degenerate along D at multiplicity R;. For the definition of the
last condition, we refer to [17, Definition 3.1]. It implies that the characteristic forms are
extended to differential forms on the boundary without zero. Note that there exists a
closed subset of codimension at least 2 such that on its complement, the ramification of
F along D is non-degenerate.

We introduce a slightly stronger condition that implies local acyclicity. We say that
the ramification of F is strongly non-degenerate along D if it satisfies the condition above
with R; =2 D replaced by R; = D or R; > D. Here, the inequality R; > D means
that the coefficient in R; of every irreducible component of D is > 1. Note that if the
ramification of F along D is non-degenerate, on the complement of the singular locus of
D, the ramification of F along D is strongly non-degenerate.

We also briefly recall the definition of the characteristic cycle [17, Definition 3.5] in the
strongly non-degenerate and isoclinic case. Assume first that R = D. Then, the locally
constant sheaf F on U is tamely ramified along D and the characteristic cycle is defined
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by

2.7 Char jF = (-1 drank F - T, X
Dy
I

where Tp, X denotes the conormal bundle of the intersection D; = (; D; for a set of
indices I C {1,...,m}.

Assume R = ) .1,D; > D = ) . D;. For each irreducible component, we have a
decomposition by characters V = ®x: GG —F, &™) Further, the characteristic form
of each character y appearing in the decomlposition defines a sub line bundle L, of the
pull-back D, xx T*X of the contingent bundle to a finite covering m,: D, — D; by the
non-degenerate assumption. Then, the characteristic cycle in the case R > D is defined
by

(2.8) Char jiF = (—1)d<rank Fomix)+ 30y %m [LX]).

In the general strongly non-degenerate case, the characteristic cycle is defined by the
additivity and étale descent. If X is a curve, we recover the classical definition

(2.9) Char jiF = — <rank F[TeX)+ Y dimtot, F - [T;X]).

zeD

Proposition 2.26 ([17, Proposition 3.15]). Assume that the ramification of F is strongly
non-degenerate along D. Then, the support of the characteristic cycle defined by (2.7) and
(2.8) satisfies (SSr) for every integer r 2 0.

Proof. The construction of the characteristic cycle in the general strongly non-degenerate
case commutes with smooth pull-back. Hence, by Lemma 2.23, it suffices to show that
if a flat morphism f: X — Y is non-characteristic with respect to the support S of the
characteristic cycle of K defined above, then it is locally acyclic relatively to K. Since the
O-section 7% X is contained in the singular support, the morphism f: X — Y is smooth.
By the local acyclicity of smooth morphism, it suffices to show the local acyclicity at D.
Since the assertion is étale local, we may assume that F is isoclinic of slope R = D or
R > D and that the ramification of F is non-degenerate along D at multiplicity R.

If R = D, the locally constant sheaf F on U is tamely ramified along D. Since the
singular support is the union S = |J; T}, X of the conormal bundles of the intersections
D; = (; D; of irreducible components Dy, ..., D,, of D for all I C {1,...,m}, the non-
characteristicity means that the inverse image of D in X is a divisor with simple normal
crossings relatively to X — Y. Hence, the assertion follows from [8, 1.3.3 (i)].

Assume R > D. By Proposition 2.6 (1)=-(3) applied to the graph X — X x B of S
and the immersion D; x B — X x B for irreducible components D; of D, the restriction
of f: X — B to D is flat. Hence the assertion follows from [17, Proposition 3.15]. O

Consequently, a singular support exists after removing a closed subscheme of codimen-
sion at least 2 if necessary.

Corollary 2.27. Assume that there exists a finite set Z of closed points of D = X = U
such that the ramification of F is strongly non-degenerate along D — Z. Then, a singular
support of )WJF exists. In particular, if dim X = 2, a singular support of ) JF always exists.
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Proof. 1t follows from Proposition 2.26 and Lemma 2.19.3. O]

The construction of the characteristic cycle is compatible with the pull-back by non-
characteristic morphisms, [17, Proposition 3.8]. We state it for a non-characteristic im-
mersion. Let ¢: Y — X be an immersion of smooth subscheme meeting D transversally
non-characteristic with respect to the singular support SS4F and define i'Char 5F to be
(—1)dimX=dim¥_tineq the image of Char jiF by the correspondence T*X <+ Y xxy T* X —
T*Y. Then, we have

(2.10) Char *(j.F) = i'Char j.F.

The definition of the characteristic cycle is slightly generalized to complexes as follows.
Let X and a smooth divisor D be as above and let K be a constructible complex of A-
modules on X. Assume that for every ¢, the restriction of HYXC to D is locally constant,
that the restriction of H/C on the complement U = X — D is locally constant and that
its ramification along D is non-degenerate. Then, the characteristic cycle of K is defined

by

(2.11)  Char K =) (=1)?Char jij*HK + (—1)"' > " (=1)%rank H'K|p - [T} X].
q

q

Let C be a smooth curve and ¢ be a local parameter at a closed point x of C. For a 1-cycle
A on the cotangent bundle T*C meeting the section dt properly on a neighborhood of the
fiber of z, let (A, dt), denote the intersection number.

Lemma 2.28. Let the notation be as above. Let W C D xx P(TX) be the open subset
consisting of the tangent vectors at closed point x of smooth curve C' meeting D transversely
at x such that the immersion C' — X is non-characteristic at x with respect to the union
of the singular supports of jiHICy for the open immersion j: U — X.

1. [17, Corollary 3.9.2] Let i: C' — X be a closed immersion of a smooth curve over k
and x be a closed point of C' N D. If the tangent vector of C' at x is contained in W, for
the Artin conductor (1.15), we have

(2.12) —a,(i*K) = (i*Char K, dt),.

2. Let f:' Y — X be a morphism of smooth schemes over k and i: C' —Y be a closed
immersion of smooth curve meeting the pull-back f*D transversely at a closed point y.
Assume that the composition g: C' — X is non-characteristic with respect to IC aty. Then
on a neighborhood of y, the pull-back D' = f*D is smooth and the ramification of the
pull-back to' Y = D' of the cohomology sheaves HIKC are non-degenerate and consequently
we have an equality

(2.13) —a,(g*K) = (i'Char f*K,dt),.
Proof. 1. By [17, Corollary 3.9.2] and (2.9), we have
i'Char K = Char i*K = —(rank i*kC,, - [T5C] + a,(i*K) - [TC])

on a neighborhood of the fiber T7C where 1 denotes the generic point of C. Hence the
assertion follows.
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2. Since D' meets C' transversely at y, the divisor D’ is smooth on a neighborhood of
y. Since g: C' — X is non-characteristic with respect to IC at y, the morphism f: Y — X
is also non-characteristic with respect to K at y on a neighborhood of y in the sense of
[17, Definition 3.7.2]. The equality (2.13) follows from (2.12). O

We generalize the construction of the singular support and the characteristic cycle to
vanishing topos.

Definition 2.29. Let X be a smooth scheme over a field k and j: U — X be the open
immersion of the complement of a smooth divisor D. Let Z be a scheme quasi-finite over
D. Let K be a constructible complex of A-modules on Z ;X X.

1. We say that K is non-degenerate along D if the following conditions are satisfied

for every q € Z: The restrictions of the cohomology sheaf HIKC to Z ;X U and to Z <>_<X D
are locally constant. Etale locally on D, there exists a locally constant sheaf F, on U such

that the ramification along D is non-degenerate and that the restriction of HIKC to Z <>_<X U
is 1somorphic to the pull-back of F,.

2. Assume that IC is non-degenerate along D. We define Char IC to be the locally
constant function on Z with the value ) (—1)7Char HIK.

Lemma 2.30. Let X be a smooth scheme over a perfect field k and j: U — X be the
open immersion of the complement of a divisor D with simple normal crossings. Let Z be
a scheme quasi-finite over D. Let IC be a constructible complex of A-modules on Z ;X X.

1. There exists an open subscheme X° C X such that D° = D xx X° C D 1s dense

il

and that, for Z° = Z xx X° and U° = U xx X°, the restrictions of HIK to Z° X xo U°
—

and to Z° X xo D° are locally constant for every q € Z.

2. After further shrinking X° if necessary, the pull-back of HIK to Z° ;Xo X° s
non-degenerate along D for every q € Z.

Proof. 1. It follows from the description of a constructible sheaf in [11, 1.3].

2. By the definition of the site defining Z % x U, there exists an étale scheme X' over
X such that the intersection of the image is dense in D and locally constant sheaf F, on
U'=U xx X' such that HIK is the pull-back of F, for every ¢. Since F, = 0 except for
finitely many ¢, the assertion follows. O

Lemma 2.31. Let X be a smooth scheme of finite type over a perfect field k and U =
X = D be the complement of a smooth divisor of X. Let Z be a scheme quasi-finite over
X such that the image of Z is contained in D and let IC be a constructible complex of

A-modules on Z §X X. Assume that the restrictions of HIK to Z ;X U and to Z ;X D

are locally constant and that the pull-back of HIIC to Z ;X U is non-degenerate along D
for every q € Z.

Let f:' Y — X be a morphism of smooth schemes over k and i1: C — Y be a closed
immersion of smooth curve meeting the pull-back f*D transversely at a geometric point y.
Define a cartesian diagram

%4 > V Z
I
C ——Y X
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and let w be a geometric point of W above y. Assume that the composition C' — X is

non-characteristic with respect to IC on a neighborhood of w < y in W ;c C. Then the
pull-back D' = f*D is smooth on a neighborhood of y and the ramification of the pull-back
to U xXxY of the cohomology sheaves HUC are non-degenerate along D' on a neighborhood

(—
of w<—y inV xy Y. Further, for a local parameter t of C' at y, we have an equality

(2.14) —a, (K| ) = (i'Char (Kl 5,y ) dt)w.

—
WXCc

Proof. 1t follows from Lemma 2.28.2. O

2.5 Stability of vanishing cycles

Let u be an isolated characteristic point (Definition 2.10.2) of f: X — C with respect to
IC. By abuse of notation, let df: X — T*X denote the section on a neighborhood of u
defined by the pull-back of a local basis of T7*C' on a neighborhood of f(u). Then, for an
irreducible component S; of the singular support, u is an isolated point of the pull-back
df~1(S;) if u is contained in it and hence the intersection number (S;, df), is defined as
its multiplicity. More generally, for a linear combination ), a;S;, the intersection number
(>, aiS;, df ), is defined.

Assuming the existence of a singular support satisfying (SS1), we deduce the stability
of the total dimension of the space of nearby cycles at isolated characteristic points from
the consequence Lemma 2.18 of the flatness of the Swan conductor Proposition 1.17. For
morphisms f,g: X — Y of schemes and a closed subscheme Z C X defined by the ideal
sheaf 7, C Oy, we say that g = f mod Z if their restrictions to Z are the same.

Proposition 2.32. Let X be a smooth scheme of dimension d over a perfect field k and
IC be a constructible complex of A-modules. Assume that there exists a singular support
S = SSK C T*X satisfying the condition (SS1). Let f: X — C be a flat morphism to a
smooth curve C such that u € X be an isolated characteristic point of f with respect to K.
Then, there exists an integer N = 2 such that for every morphism g: V. — C on
an étale neighborhood V of u satisfying g = f mod mY, the closed point u is an isolated
characteristic point of g with respect to KC, the morphism g is flat at u and we have

(2.15) dim totg, (I, f) = dim totg, (K, g)

and (S, df )+ x.u = (Si, dg) v for every irreducible component S; of the singular support
SSK =, S;.

Proof. By taking an étale morphism to A} on a neighborhood of f(u) € C and by replacing
f by the composition, we may assume C' = A} = Spec k[s] and f(u) = 0.

By the assumption that u is an isolated characteristic point with respect to f, it is an
isolated point of the inverse image ds*(S;) C X by the section ds: X — T*X for every
irreducible component \S; of the singular support SSK = |, S;.

Let N = 2 be an integer such that mY~2 annihilates ds*(S;). For a morphism g: V — C
on an étale neighborhood V' of u satisfying ¢ = f mod m!Y, we have dg = df mod m” L.
Hence, u is an isolated characteristic point with respect to g by Nakayama’s lemma and
we have an equality (S;, df )r-x.u = (Si, dg)r+v.. for every irreducible component S; of the
singular support SSK =, S;.
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Let T; C X be the intersection of an irreducible component S; C T*X of the singular
support SSKC = J; S; with the O-section X = T X, regarded as a reduced closed sub-
scheme. Since T; is irreducible, it is integral. By the assumption that u is an isolated
characteristic point, the restriction of f to 7;N (X = {u}) is flat. Then, the pullback f*(s)
of the coordinate s of C' = Aj in the local integral ring O, ,, is not 0 for any T; # {u}.
Hence, there exists an integer N = 1 such that f*(s) in Or, ., /m¥ is not 0 for any T; # {u}.
Then, the g = f mod mY implies g*(s) in Or,,,/mY is not 0 for any 7; # {u}. and that
the restriction of g: V' — C' to the pull-back of T; is flat at u for any T; # {u}. Similarly,
g: V — C itself is flat at u. Thus w is also an isolated characteristic point of g: V' — C.

We show the equality (2.15). By replacing X by V', we may assume X = V. Define a
commutative diagram

(2.16) X x A L C x Al

pTy pra

A' = Spec klt]

by h = (1—t)f+tg. It is a homotopy connecting f to g. By the assumption on g, we have
h = f mod m)'. Hence, for every ¢ € k, u is an isolated characteristic point of the fiber
he: X — Cof hatt = c. Since X and C' x A! are flat over A!, there exists a neighborhood
W C X x A of {u} x A such that h: X x A’ — C x Al over A! is non-characteristic on
W = ({u} x A'). Hence by (SS1), the morphism h: X x A' — C' x A' is locally acyclic
on W = ({u} x A!) relatively to the pull-back prik.

We apply Lemma 2.18 to the restriction of the diagram (2.16) and priK to W C X x A!
and the closed subscheme Z = {u} x A! C W étale over A'. By Lemma 2.18, the function
Pprric,n O Z s locally constant. Since Z = {u} x A' is connected, it is a constant function
and we obtain @pr:k #(0) = @prek,n(1) namely the equality (2.15). O

3 Local Radon transform

3.1 Morphism defined by a pencil

In this subsection, we fix some notations and terminology to define and study local Radon
transform later in this section. Let X be a quasi-projective integral smooth scheme of
dimension d over a field k£ and £ be an ample invertible Ox-module. Let E C I'(X, £) be
a sub k-vector space of finite dimension such that the canonical morphism F ®, Ox — L
is a surjection and induces an immersion

X = P =P(EY) = Proj,S"E.

We use a contra-Grothendieck notation also for a projective space P(E)(k) = (E = {0})/k*.

Let PY = P(FE) be the dual of P. The universal hyperplane H = {(z,H) | = €
H} C P x PV is defined by the identity id € End(F) regarded as a section F' € I'(P x
PY,0O(1,1)) = E® EY. By the canonical injection Q%D/k(l) — F ® Op, the universal
hyperplane H is identified with the covariant projective space bundle P(7T*P) associated
to the cotangent bundle T*P. Further, the identity of H is the same as the morphism H =
P(T{#(P x PY)) - H = P(T*P) induced by the locally splitting injection Ng/pxpv —
prilp ;.
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The fibered product X xp H = P(X xp T*P) is the intersection of X x PY with H
in P x PY and is the universal family of hyperplane sections. We consider the universal
family of hyperplane sections

(3.1) X «2 XxpH 2= P'=P(E).

Lemma 3.1. Let E C I'(X, L) be a subspace of finite dimension defining an immersion
X =P =P(EY).

1. The morphism p: X xp H — PV is flat and the immersion X xp H — X x PV is
reqular of codimension 1.

2. Let T C X be an integral closed subscheme and define a subspace E' = Ker(E —
(T, L ®o, Or)) and P =P(E') C PY =P(E). Then, T x P"Y C X x PV is contained
inT xp H C X xp H and the complement (T xp H) = (T x P"V) is the largest open
subscheme where the reqular immersion X xp H — X x PV of flat scheme over P¥ meets
T x PY properly. The codimension of E' C E is strictly larger than dim T .

Proof. The fiber product T" xp H is the intersection of 7" x PV with the divisor H in
P x PY. If a hyperplane H € PV is contained in P’V, it contains 7. If otherwise, H
meets T properly. Hence we have an inclusion 7' x P"Y C T xp H and the complement
(T'xpH) = (T x P") is the largest open subset where the regular immersion H — P x PV
over PV meets T' x PV properly, by Proposition 2.6.

Applying this to X = T, we obtain the assertion 1 since X is smooth and P’V is empty
in this case further by Proposition 2.6. This also implies the assertion that the complement
(TxpH) = (T'xP") is the largest open subscheme where the regular immersion X xpH —
X x PV of flat scheme over PV meets T' x PV properly in 2.

Since the subspace E/E' C I(T, L ®o, Or) defines an immersion " — P(E/E’), we
have dm F/E' —1 2 dim T. O

Let S C T*X be a closed conic subset. Define S C X xp T*P to be the pull-back of
S by the surjection X xp TP — T*X and

(3.2) P(S) CP(X xp T°P) = X xp H

the projectivization. If S is irreducible of dimension d, then P(g) C X xp H is also
irreducible and is of codimension d, unless S = T%X and X is an open subscheme of
P. In the following, we will exclude this case. We will give a sufficient condition for the
restriction to P(S) of p: X xp H — PV to be generically finite at Corollary 3.17.1.

Lemma 3.2. Let S C T*X be a closed conic subset. For a point z of X xp H, correspond-
ing to the pair (u, H) of a hyperplane H C PY and u € X N H, the following conditions
are equivalent: B

(1) z is a point of P(S).

(2) The fiber at u of the inverse image of S C T*X to the conormal bundle by the
canonical morphism T, (X x PY) = T*X xx (X x PY) — T*X s a subset of the
0-section.

Proof. The immersion X xp H — X x P¥ = X x P(E) to the projective space bundle
is defined by the restriction of the canonical morphism 73 (P x PY) — H Xpyxpv T*(P X
PY/P") = H xp T*P inducing the canonical morphism 7', g (X x PY) — T*X xx (X x
PV). Hence the assertion follows. ]
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We construct the universal family of morphisms defined by pencils. Let G = Gr(1,PV)
be the Grassmannian variety parametrizing lines in PV. The universal line D C PY x G
is canonically identified with the flag variety parametrizing pairs (H, L) of points H of P
and lines L passing through H. It is the same as the flag variety FI(1, 2, F) parametrizing
pairs of a line and a plane including the line in F.

The projective space PY and the Grassmannian variety G are also equal to the Grass-
mannian varieties Gr(1, F) and Gr(2, E') parametrizing lines and planes in F respectively.
The projections P¥ < D — G sending a pair (H, L) to the line L and to the hyperplane
H are the canonical morphisms Gr(1, F) « F1(1,2,E) — Gr(2, F). By the projection
D — PV, it is also canonically identified with the projective space bundle associated to
the tangent bundle D = P(TPV).

Let A C P x G be the universal family of the intersections of hyperplanes parametrized
by lines. The scheme A is also canonically identified with the Grassmann bundle Gr(2, T*P)
over P. In the diagram (3.3) below, the left vertical arrow and the lower line are the canon-
ical morphisms Gr(1, X xp T*P) — Gr(1, F) < FI(1,2, F) — Gr(2, E). Hence the fiber
product D xpv (X xp H) is canonically identified with the blow-up (X x G) - X x G
at the intersection A N (X x G) = X xp A. Thus we obtain a commutative diagram

XxpH +— (X xG) — X xG

(3.3) l lﬁ l”
PV D — G.

where the left square is cartesian. The canonical morphism (X x G)’ — X x G is an
isomorphism on the complement (X x G)° = (X x G) = (X xp A).
For a line L C PV, define pr: X, — L by the cartesian diagram

X, — X xpH

(3.4) le lp

L —— PV

It is also the fiber of p: (X x G)" — D at the point of G corresponding to L. We put
X7 = XN (X x G)° and let pj: X} — L be the restriction of py: X, — L. If L is
the line passing through hyperplanes Hy # H, the scheme X7 is the complement of the
axis A, = Hyo N Hy. If A meets X properly, the scheme X is the blow-up of X at the
intersection X N Ay.

Lemma 3.3. Let S C T*X be a closed conic subset of dimension d and P(S) C X xp H
be as in (3.2). Let L C PV be a line and p}: X; — L be the morphism defined by the
pencil. Let x € X3 be a point and w be a basis of 2} on a neighborhood pr(x) and define
a section pY'w of T*X on a neighborhood of x.

L. The following conditions on x are equivalent:

(1) x is contained in the intersection Xy NP(S) C X xp H.

(2) The section pS*w of T*X meets S in the fiber of x.

2. Suppose that x is an isolated point of the intersection X7 N P(g) C X xpH. Then,
we have an equality

(3.5) (S, prw)rxe = (P(S), X7)xxpHa

of the intersection numbers.
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Proof. 1. Let (P x G)° C P x G be the complement of A. Then, in the exact sequence
(36) 0= (PxG)°xpT*D/G —— T*(P xG)°/G —— T*(P x G)°/D — 0,

the left injection induces a morphism p7*: X7 xp T*L — X7 xp T*P. This is a lifting of
the morphism p7*: X7 X T*L — T*X; with respect to the surjection X xp T"P — T X.

Let p%*w be the section of X xp H = P(X xp T"P) — X defined on a neighborhood of
x by py*w. The condition (1) is equivalent to that the image of x by pS*w is contained
in P(g) Thus, it suffices to show that the inclusion X; — X xp H is the same as the
section py*w of X xp H =P(X xp T*P) — X on a neighborhood of z.

The inclusion X; — X xp H C X x PV is induced by the immersion H — P x PV

defined by the left injection in the exact sequence
(3.7) 0—-TH(P xPY) —— H xpupv T*(P xPY)/PY —— T*H/PY — 0.

of vector bundles on (P x G)°. Since the exact sequence (3.6) coincides with the pull-back
of (3.7), the assertion follows from Lemma 3.2.
2. In the notation of the proof of 1., we have

(S, 05 W) x.0 = (S, 77°W) xxpr+pe = (P(S), P7W) X xpH.o-

Since the right hand side equals that of (3.5) by the proof of 1., the assertion follows. [

3.2 Morphism defined by a pencil on a hyperplane section

Assume that X is quasi-projective and let F C I'(X, £) be a subspace of finite dimension
defining a closed immersion X — P = P(EY). We identify the Grassmannian variety
G = Gr(2, F) parametrizing subspaces of dimension 2 of F with the Grassmannian variety
G = Gr(1,PY) parametrizing lines in PY. The universal family A C P x G of linear
subspace of codimension 2 of P = P(EY) consists of pairs (x, L) of a point z of the axis
A, C P of aline L ¢ PY. The intersection X xp A = (X x G) N A is canonically
identified with the bundle Gr(2, X xp T*P) of Grassmannian varieties parametrizing rank
2 subbundles.

Lemma 3.4. Let E C I'(X, L) be a subspace of finite dimension defining an immersion
X =P =P(EY).
1. Define an open subscheme

(3.8) (X xp A’ C X xp A

to be the largest one flat of relative dimension d — 2 over G. If dim X = 2, the mapping
(X xp A — G is dominant and the closure of the image of the complement X Xp
A - (X xp A)’ is of codimension = 2.

2. Let T C X be an irreducible closed subset and define

(3.9) (T xp AP CT xp A

to be the largest open subscheme where the reqular immersion A — P x G of codimension 2
of flat schemes over G meets T <G properly. Then, if dim T = 2, the mapping (T xpA)* —
G is dominant and the closure of the image of the complement T xp A = (T xp A)’ is of
codimension 2 2. If dimT < 1, the closure of the image of T xp A in G is of codimension
2—dimT.
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Proof. 2. By replacing X by P and T by the closures in P, we may assume that 7' — P
is a closed immersion. If the proper morphism 7' xp A — G is not surjective, then for the
line . C P corresponding to the point of G not in the image, the axis A;, C P does not
meet T'. Since the morphism P — A; — L is affine, its restriction T" — L is finite and we
have dim T < 1.

We regard T' C P as a reduced closed subscheme. Then, 7" xp A is also reduced and
is flat over G on the complement of a closed subset of codimension = 2. By the first
assertion, (7' xp A)” contains the open subscheme where T' xp A — G is flat and the
assertion follows.

If dim T = 0, the image of T' xp A in G is of codimension 2. If dim7 = 1, since the
image in G of the fibers of T' xp A — T is not constant in G, the closure of the image
T xp A in G is of codimension 1.

1. It suffices to apply 2 to T' = X. n

We canonically identify the fiber product X xp A x gD with the flag bundle F1(1, 2, X xp
T*P) parametrizing pairs of sub line bundles and rank 2 subbundles of X xp T*P with
inclusions. Let L C (X xp H) xp T*P = P(X xp T"P) xx (X xp T*P) denote the uni-
versal sub line bundle of the pull-back of X xp T*P on X xp H. Then the fiber product
X xpA xgD =FI(1,2, X xp T*P) is also canonically identified with the projective space
bundle P(((X xpH) xpT*P)/L) associated to the quotient bundle ((X xp H) xpT*P) /L
over X xp H. The forgetting morphisms define a commutative diagram

X XPH — P(((X Xp H) Xp T*P)/L)
=X xpA xgD — X xXp A

l ! |

PV — D — G

(3.10)

where the right square is cartesian.
For a conic closed subset S C T* X, we define a closed subset

(3.11) Q(S) C X xp A

to be the image of P(S) C X xpH by the upper line of (3.10) regarded as a correspondence.
Since D is a P'-bundle of G and since P(§) C X xp H is a subset of codimension d, the
subset Q(S) C X xp A is of codimension = d — 1. We will give a sufficient condition to
have an equality at Corollary 3.17.2.

Lemma 3.5. Let S C T*X be a conic closed subset.

1. For a point z € X Xp A corresponding to the pair (u,V) of u € X and a subspace
V' of dimension 2 of the fiber u Xp TP at u, the following conditions are equivalent:

(1) z is a point of Q(S5).

(2) The intersection of V with S € X xp T*P is not a subset of 0.

2. Assume that S is irreducible of dimension d and let T'= SNT%X be the intersection
with the 0-section. If dimT < 1, we have Q(S) =T xp A.

Proof. 1. By the definition of Q(S), the condition (1) is equivalent to that there exists
aline L C V C u xp T*P such that the point w € X xp H corresponding to (u, L) is

contained in P(S). Hence, it follows from Lemma 3.2.
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2. By the assumption dim.S = d and dim 7T < 1, the fiber S X7 u of a point u € T
is of dimension = d — 1. Hence, by Lemma 2.1 (3)=(1), the intersection of a subspace

V' C u xp T"P of codimension 2 with the fiber of S at u is not contained in 0. Thus, by
1, we have T' xp A C Q(S). The other inclusion is obvious. O

We give another description of Q(§ ). For a vector bundle V over a scheme X and
the associated projective space bundle, a canonical morphism P(V) xx P(V) = P(V) —
F1(1,2,V) is defined by (L, L") — (L, L+ L"). Applying this to V = X xp T*P, we define
a morphism

(312) (X xp H =P(5)) xx P(5) = X xp A xg D = P(((X xp H) xp T*P)/L)

over X xp H.

Lemma 3.6. Let S C T*X be a closed conic subset and Q(g) C X Xp A be the image of

the projectivization P(S) C X xp H by the correspondence in the upper line
(313) XXPH<—XXPAXGD—>XXPA

of (3.10).

1. On the inverse image of X xp H — P(g), the pull-back on(g) by X xp A xgD —
X xp A is equal to the image of (3.12).

2. Assume that S s irreducible of dimension d and that S is not the 0-section T X
or a fiber T X of a closed point. Then, the morphism (3.12) is generically finite.

Proof. 1. We define a commutative diagram

X xp(HxpH) ¢«—— X xp A xg(DxgD) =+ X xpAxgD

(3.14) | o | |

X xpH — X xpAxgD e X xp A

by
Gr(1, X xp T*P) +— FI(1,2, X xp T*P) —— Gr(2, X xp T*P).

The right vertical arrow is the same as the lower right horizontal arrow, the right square is
cartesian and the upper left horizontal arrow is the self product of the lower left horizontal
arrow. The pull-back of Q(S) is defined as the image of P(S) by the correspondence
from the lower left to upper right via lower right. By the diagram (3.14), it is the same
as that by the correspondence via upper left. The upper left horizontal arrow induce an
isomorphism

XXP(HXPH—H) — XXPAXG(DXGD—D)

on the complements of the diagonals since it maps the triple (V, L, L’) of rank 2 subbundles
spanned by different sub line bundles to (L, L'). Hence, the assertion follows.

2. By the assumption, there exists a point z of X and lines L, L in the fiber TP such
that (z,L) ¢ P(S) and (z,L') € P(S). Then, the fiber of (3.12) at (z, (L + L)) € Q(5)

is the intersection P(L + L) N P(S) and is finite. O

Let H C P = P(EY) be a hyperplane. It corresponds to a line Ly C E and the
dual projective space H" is the projective space P(E’) of the quotient space E' = E/Ly.
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Let L ¢ HY = P(E’) be a line. It corresponds to a subspace of E’ of dimension 2 and
further to a subspace W = Wy of E of dimension 3 containing Ly. Further, the line L
is canonically identified with the subspace of G = Gr(2, F) parametrizing planes in E
containing Ly and contained in W7,.

Let Y = X N H be the hyperplane section and pr: Y, — L be the morphism defined
by the pencil L. Under the identification above, we have a cartesian diagram

YL—>XXPA

(3.15) le l

L —— G.

We construct the universal family of the diagram (3.15). Let B = FI(1,3, F) and
C =FI(1, 2,3, FE) denote the flag varieties parametrizing pairs of a line and a subspace of
dimension 3 with inclusion and triples of a line, a plane and a subspace of dimension 3
with inclusions respectively. The pair (H, L) of a hyperplane H C P and a line L. C HY in
the dual projective space corresponds to a point of B defined by the flag Ly C W, C E.
Similarly as the diagram (3.3), we consider a commutative diagram

X XPH < YB < Y]E/’: — X Xp A
(3.16) l l l l
PV B « CcC — G

where the left and the right squares are cartesian and the bottom horizontal arrows
(3.17) P(E) «—— FI(1,3,F) «—— FI(1,2,3, ) —— Gr(2, F)
and the top middle arrow

P(X xp T*P) xpp) F1(1,3,E) <—— Gr(2, X xp T"P) Xar2,p) F1(1,2,3, F)

are the forgetful morphisms. Define a morphism FI(1,3,X xp T*P) — Yg to be the
canonical morphism F1(1,3, X xpT*P) — P(X xpT*P) xpp FI(1,3, E). Since X xpT*P
is a twist of a sub vector bundle of codimension 1 of £ x X, it is a regular immersion of
codimension 2 = 3 — 1. The top middle arrow is the blow-up of Yg at FI(1,3, X xp T*P)
and is an isomorphism on the complement Y35 = Y = FI(1,3, X xp T*P).

At the point of B corresponding to (H, L), the fiber of Y§ C Ygis Y, CY =XNH
and the fiber of Y — Cis py: Y, — L.

The following elementary lemma will be used in the proof of Theorem 4.8 to verify
that the assumption in Lemma 2.31 is satisfied on a dense open for the universal family.

Lemma 3.7. Under the correspondence
(3.18) T*(C/B) +— CxgT"G —— T*G

defined by the lower line of (3.16), the image of the inverse image of the complement of
the 0-section of T*(C/B) equals the complement of the 0-section of T*G.
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Proof. Let L C W C E x B denote the universal sub line bundle and the universal sub
vector bundle of rank 3 on B = FI(1,3,E) and let V C E x G denote the universal
sub bundle of rank 2 on G = Gr(2,F). Let Lc C Vg € We C E x C denote their
pull-backs on C. Then, the relative cotangent bundle T7%(C/B) is canonically identified
with the Hom-bundle Hom(W¢/V, Ve/Le) and the cotangent bundle 7*G is canon-
ically identified with Hom(E x G/V,V) respectively. Under these identifications, the
canonical morphism C xg 7T*G — T*(C/B) is the morphism Hom(E x C/V¢,V¢) —
Hom(Wc¢/Ve, Ve/Lc) induced by the injection Wg/Ve — E X C/V and the surjec-
tion Vg — Vc/Lc.

For a point of G corresponding to a subspace V' C F of dimension 2 and for a non-zero
form corresponding to a linear mapping f: E/V — V| there exists subspaces W/V C E/V
and L C V of dimension 1 such that the composition W/V C E/V — V — V/L is not
the O-mapping. Hence the assertion follows. [

3.3 Local Radon transform
We define local Radon transform using the universal family of hyperplane sections.

Definition 3.8. Assume that X is quasi-projective and smooth of dimension d over a
perfect field k of characteristic p > 0. Let A be a finite field of characteristic £ # p and K
be a constructible complex of A-modules on X. For an ample invertible O x-module L and
a finite dimensional subspace E C T'(X, L) defining an immersion X — P = P(EY), we
define the local Radon transform

(3.19) Rk = RU,¢*K

H
as an object of the derived category on the vanishing topos (X xp H) xpv PV, using the
unwwersal family of hyperplane sections

(3.1) X+ XxpH 2= PY=P(E).

We study the locus of local acyclicity of the right arrow p: X xp H — PV of (3.1) with
respect to the pull-back ¢*/C by applying (SS1) to the regular immersion X xpH — X xPV.
Let S C T*X be a singular support of K satisfying (SS1). Let S C X xp T*P denote
the inverse image of S = SSK C T*X by the surjection X xp T"P — T*X and let
P(S) C P(X xp T*P) = X xp H be the projectivization as in (3.2).

Let T; C X be the intersection of an irreducible component S; C T*X of the singu-
lar support SSKC = |J, S; with the O-section X = T X, regarded as a reduced closed
subscheme. Define a subspace E; C FE to be the kernel of the restriction mapping
EcCcTl(X,L) = T(T;, L ®oy Or,) and P} = P(E;) C PY = P(E) as in Lemma 3.1.2.

Define R>1(S5) C R(S) C X xp H to be the union

(3.20) R (S)= | (GxP)CR(S)=JTixP))C X xpH

2:dim T; 21 i

If T; = {z} for a closed point x, we have S; = T X and P} is the dual hyperplane 2V and

hence T; x PY = P(S;) is contained in P(S).
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Lemma 3.9. Assume that S C T*X satisfies (SS1) for K on X.

1. The complement of the union P(§) UR(S) C X xpH is the largest open subscheme
where the regular immersion p: X xp H — X x PV of codimension 1 of flat schemes
over PV is non-characteristic with respect to S = SSK. Consequently, the morphism
X xp H — PV is uniwersally locally acyclic relatively to ¢*KC on the complement of the

same union P(S) UR(S).
2. Define (X xp H)P € X xp H = R>((S) to be the largest open subset such that the
intersection

(3.21) P(5)” = (X xp H)P NP(S)

is quasi-finite over PV. On (X xp H)P, the construction of the local Radon transform
ReK = RY,q*K commutes with base change.

Proof. 1. The immersion X xp H — X x PV is regular of codimension 1 and p: X xpH —

PV is flat by Lemma 3.1.1. For a point z of X xp H, the condition (i) in Definition 2.11.1

is satisfied if and only if z is not contained in P(S) by Lemma 3.2. The condition (ii) in

Definition 2.11.1 is satisfied if and only if z is not contained in R(S) by Lemma 3.1.2.
The universal local acyclicity follows from (SS1) and Lemma 2.19.1.

2. Since P(S)" is quasi-finite over PV, the assertion follows from 1 and Proposition
1.7.1. [

Lemma 3.10. Assume that S C T*X satisfies (SS1) for K on X. Define subsets
(3.22) Z(S) (X xG)" C (X xG)°

to be the inverse images by (X x G)° C (X x G) — (X xp H) of P(S)” C (X xp H)Y C
X xp H defined in Lemma 3.9.2.

1. For a point (u, L) of (X x G)°, the following conditions are equivalent:

(1) (u, L) is a point of Z(S) C (X x G)V.

(2) uw € X} is an isolated characteristic point of ps: X7 — L with respect to K.

2. Define a function g on Z(S) C (X x G)V by

(3.23) i (2) = dim tot, ¢, (K, p7)

for a point z € Z(S) corresponding to the pair (u, L) of an isolated characteristic point u
of the morphism p%: X5 — L defined by L C PY. Then, i is constructible and flat over
G.

Proof. 1. For (u, L) € (X x G)°, it is contained in T; x P} if and only if 7;N X7 is a subset
of the fiber of p7 : X7 — L. Hence the assertion follows from Lemma 3.9.1 and Corollary
2.7.2.

2. It suffices to apply Lemma 2.18 to the diagram

(XxG)Y — D

(3.24) ml l

AxG — G.
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3.4 Second local Radon transform

We define a variant of the local Radon transform.

Definition 3.11. Let the notation be as in Definition 3.8 except that
(3.25) X +1— XxpA L5 G=Gr(2,F)

denotes the universal linear section of codimension 2. We define the second local Radon
transform

(3.26) RYK = RU,¢*K.

F
as an object of the derived category on the vanishing topos (X xp A) xg G.

We study the locus of local acyclicity of the right arrow p: X xp A — G of (3.25) with
respect to the pull-back ¢*/C by applying (SS2) to the regular immersion X xp A — X x G.

Let S C T*X be a singular support of L. We define a closed subset Q(§ ) C X xp A
(3.11) to be the image of P(S) C X xp H (3.2) by the upper line

(313) XXPH<—XXPAXGD—>XXPA

of (3.10) regarded as a correspondence. Let (X xp A)” C X xp A be the largest open
subscheme flat of relative dimension d — 2 over G as in Lemma 3.4.1. For an irreducible
component S; of SSIC = J,;S5;, let T; = S; N Tx X denote the intersection with the 0-
section and define (7; xp A)b C T; xp A to be the largest open subscheme where the
regular immersion A — P x G of codimension 2 meets T; x G properly as in Lemma
3.4.2. We define closed subsets

Too(S)= (X xp A= (X xpA)P)U |J (Tixp A= (TixpA))C
(327) T(S) = (X Xp A - (X Xp A)b) U LJ(T:Z Xp A - (T; Xp A)b) cX Xp A.

i

Lemma 3.12. Assume that S C T*X satisfies (SS2) for K on X.

1. The complement of the union Q(g) UT(S) C X xp A is the largest open subscheme
where the regular immersion (X xp A)” — X x G of codimension 2 of flat schemes
over G is mon-characteristic with respect to S = SSK. Consequently, the morphism
(X xp A) — G is universally locally acyclic relatively to ¢*IC on the complement of the
same union Q(S) U T(S).

2. Let (X xp A)Y be the largest open subscheme of X xp A = Txo(S) such that the
ntersection

(3.28) Q(S)” = (X xp A)PNQ(S)

is quasi-finite over G. On (X xp A)Y, the construction of the second local Radon transform
Rg)IC = RV ,¢*K commutes with base change.
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Proof. 1. The proof is similar to that of Lemma 3.9.1. The immersion (X xpA)” — X x G
is regular of codimension 2 by Lemma 3.4.1. For a point z of (X xp A)’, the condition
(i) in Definition 2.11.1 is satisfied if and only if z is not contained in Q(S) by Lemma 3.5.
The condition (ii) in Definition 2.11.1 is satisfied if and only if z is not contained in T'(S)
by Lemma 3.4.2.

The universal local acyclicity follows from (SS2) and Lemma 2.19.1.

2. Similarly as Lemma 3.9.2, since Q(S)™ is quasi-finite over G, the assertion follows

from 1 and Proposition 1.7.1. O]

Lemma 3.13. Let (H, L) be the pair of a hyperplane H C P and a line L C H" in
the dual projective space. Let Y = X N H be the hyperplane section and u be a point of
Yp C Y. Then, the following conditions are equivalent:

(1) The point (u, H) € X xp H is not contained in the union P(S) UR(S) and the
image of u € Y7 in X xp A is not contained in the union Q(S) U T(S).

(2) The immersion i: Y = X N H — X is non-characteristic at u with respect to S
and the morphism p3: Y7 — L is non-characteristic with respect to i'S at u.

Proof. The first condition in (2) is equivalent to that in (1) by Lemma 3.9.1. The second
condition in (2) is also equivalent to that in (1) by Lemma 3.6 and Lemma 3.12.1. [

We consider the commutative diagram

X xpH Ys Y — X xp A
(3.16) l J l l
PV ¢ B « cC — G

of the universal family of morphisms defined by pencils for hyperplane sections and the
open subscheme Yg§ C Yp where Y — Yp is an isomorphism.

Lemma 3.14. Assume that S C T*X satisfies (SS2) for KK on X. Define an open sub-
scheme

(3.29) Vg CYg

to be the intersection with the inverse images of X xp H = (P(S) UR(S)) (see Lemma
3.9) by Y8 — X xp H and of (X xp A)" (see Lemma 3.12.2) by Yg — X xp A.

1. The morphism Y§ — B is locally acyclic relatively to the pull-back of K.

2. Define a closed subset

(3.30) W(S) C Y7

to be the inverse image of Q(S)2 C (X xp A2 by Y§ C Y — X xp A. Then on
the complement Yg — W(S), the morphism Yg — C is locally acyclic relatively to the
pull-back of K.

3. Define a function @y on W(S) C Yg by

(3.31) i (2) = dim tot, ¢, (1" 1C, p})

for z € Y§ corresponding to (u, H, L) where u is an isolated characteristic point of
pi:YP = LandY = X N H. Then, psx is constructible and flat over B.
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Proof. 1. and 2. It follows from Lemma 3.9.1 and Lemma 3.12.1 respectively.
3. We apply Proposition 1.17 to the commutative diagram

N

Then, since Q(§ ) — G is quasi-finite, W(§ ) — B is also quasi-finite and the assumptions
in Proposition 1.17 is satisfied by the assertions 1 and 2. O]

C

(3.32) vy

3.5 Existence of good pencils

In this subsection, we assume that k is algebraically closed. Let E C I'(X, £) be a subspace
of finite dimension defining an immersion X — P = P(E"Y). We consider the following
condition:

(E) For every pairs of distinct closed points u # v of X, the composition
(3.33) ECT(X,L) = L,/m2L, ® L,/ m>L,
is a surjection.

For an integer n > 1, let E™ C I'(X,£®") denote the image of S"E — I'(X, L®")
induced by the inclusion £ — I'(X, £).

Lemma 3.15. Let X be a quasi-projective scheme over an algebraically closed field k and
L be an ample invertible Ox-module. Assume that E C T'(X, L) defines an immersion
X =P =P(EY).

1. Forn 2 3, the subspace E™ C T'(X, L%") satisfies the condition (E) above.

2. Let u be a closed point of X. Then, for an integer n = 1, the composition E™ C
L(X, L%") — L /mTLLE s q surjection.

Proof. 1. We may assume X = P4 L = O(1),E = I'(X,£) and u = (0,---,0,1),v =
(1,0,---,0). Then, the assertion is clear.

2. Similarly as in the proof of 1., we see that the case n = 1 holds. Hence, the assertion
follows from the subjectivity of S™(L£/m2L) — L& /mnT1 Lo, O

Proposition 3.16. Let X be a quasi-projective smooth scheme of dimension d over an
algebraically closed field k and L be an ample invertible Ox-module. Let E C T'(X, L) be
a subspace of finite dimension defining an immersion X — P = P(EY) and satisfying the
condition (E) at the beginning of this subsection. Let u be a closed point, w € T*X and
let S CT*X be a closed subset of codimension d.

1. There exist sections ly,loo € E and a neighborhood U of u such that I, is a basis of
L|y and that the function f =ly/l on U satisfies the following conditions:

We have df (u) = w and the section df : U — T*X does not meet S on the complement
U - {u}.

2. Assume that S does not contain the fiber T X at u as a subset. Then, there exist
sections lo, 11,1l € E and a neighborhood U of u such that ls is a basis of L|y and that
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the functions f = ly/lw and g =11/l on U and the closed subscheme Z C U defined by
f =g =0 satisfies the following conditions:

The point u is contained in Z, we have df (u) = w and there exists a neighborhood Y
of (u,0) € Z x A such that the section df —tdg: Z x A — T*X does not meet S on the
complement Y = {(u,0)}.

Proof. Take an element [, € E such that I (u) # 0. After shrinking X to a neighborhood
of u if necessary, we identify £ with Ox by the basis [, and a section [ with a function
=1/l

Let Zn C Oxxx be the ideal sheaf defining the diagonal X — X x X. Define a
closed subscheme P C X x X by Z3 and let p;,ps: P — X denote the restrictions of
the projections. Define a vector bundle V' of rank d + 1 on X by V = V(pa.piL). Since
QY x = Za/ZX, we have an exact sequence of vector bundles 0 — T*X — V — L — 0.

Set X° = X — {u} and let W be the k-vector space L,/m2L, regarded as a scheme
over k. The condition (E) implies that the linear morphism

(3.34) ExX°—=Wx (VxxX°)

of vector bundles on X° defined by I — (I mod m2, pril|x-) is a surjection. Let E, C E
denote the inverse image of w € T X = m,L,/m>L, C W by the surjection £ — W.
1. Define an affine morphism

a: Ex X°x Al - W x (V xx X°) x A

of vector bundles on X° x A! by sending (I, z,t) to (I/loc mod m2, pri(l/loo)(x) —t, t).
This is a surjection and hence is flat, by the surjectivity of (3.34). Since S C T*X C V is of
codimension d + 1, the inverse image a=*(S) C E, x X° x Al of {w} x (S xx X°) x Al C
W x (V xx X°) x Al is a closed subset of codimension d + 1. Since dim X = d, the
projection p: E, x X° x Al — E, is of relative dimension d + 1. Hence, there exists
a dense open subscheme E° C E,, where the restriction of the projection p to a=*(S) is
quasi-finite.

Take a section Iy € E°. Then, since a '(S) N p~'(lp) is finite, shrinking X further if
necessary, we may assume that the intersection a=!(S) N p~1(ly) is empty. By ly € E,,
we have df(u) = w. For x € X°, taking t = f(x) = ly/l(x), we see that df(z) =
pri(lo/ls)(x) —t € T X C V xx z is not contained in S since a=(S) Np~!(ly) is empty.

2. Let ' € Ty X C W be an element not contained in S and let E,, C E denote the
inverse image of w’ by the surjection £ — W. Define an affine morphism

b EXExX°x A W x W x (Vxx X°) x A
of vector bundles on X° x A! by sending
(LI, 2,t) = (I/loo mod m2, I'/I'_mod m?, pri(l/ls)(z) —t-pri(l'/ls)(z), t).

This is a surjection and hence is flat, by the surjectivity of (3.34). Since S C T*X C V is
of codimension d + 1, the inverse image b=(S) C E, X E x X° x A of {(w,w’)} x (S xx
XY x A c W x W x (V xx X°) x Al is a closed subset of codimension d + 1. Since
dim X = d, the projection q: E,, x E,, x X° x Al — E_, x E, is of relative dimension
d + 1. Hence, there exists a dense open subscheme (E, x E,)° C E, X E, where the
restriction of the projection ¢q to b=1(S) is quasi-finite.
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Take a pair of sections (ly, ;) € (E, x E,)°. Then, since b=1(S) N ¢ (ly,1;) is finite,
shrinking X further if necessary, we may assume that the intersection b=(S) N g~ (lo, [1)
is empty. Since I/l mod m? and [;/l,, mod m? are contained in the subspace T:X C W,
we have f(u) = g(u) =0 and v € Z. By ly € E,, we have df(u) = w. By l; € E, and
Ww ¢ SNTFX, we have dg(u) = w’' ¢ S. Hence, df (u) —tdg(u) is not contained in S except
at finitely many closed point t € A'. For z € X°NZ and t € A!, we have f(z) = g(x) =0
and df (x) — tdg(z) = pri(lo/lso)(z) — t - pri(l1/lso)(z) € TEX C V X x x is not contained
in S since b=1(S) N g~ (lo, ;) is empty. O

Corollary 3.17. Assume that X is quasi-projective over k and let L be an ample invertible
Ox-module. Let E C T'(X, L) be a subspace of finite dimension defining an immersion
X — P =P(EY) and satisfying the condition (E) at the beginning of this subsection. Let
S CT*X be an irreducible closed subset of dimension d = dim X.

1. The restriction of p: X xp H — PV to P(S) is generically finite.

2. Assume that S C T* X is not the fiber at a point. The restriction of the composition
X xpAxgD — D — G to the inverse image of P(S) is generically finite. Consequently,
Q(S) C X xp A is of codimension d — 1 and the restriction of X xp A — G to Q(S) is

generically finite.

Proof. 1. Let u be a closed point of X and w € T,/ X be a differential form contained in
S. We apply Proposition 3.16.1 to u,w and S. Let L be the line spanned by g, [, and
pr: Xy — L be the morphism defined by L. Then, u is not contained in the axis X N Ag
and is an isolated point of the intersection Xy NP(S) C X xp H by Lemma 3.3.1. Thus,
the assertion follows from the cartesian diagram (3.4).

2. Let u be a closed point of X and w € T;X be a differential form contained in
S. We apply Proposition 3.16.2 to u,w and S. Let L be the line spanned by [y, l; and
pr: X — L be the morphism defined by L and H € L be the hyperplane defined by I.
Then w is contained in the axis X N Ay and (u, H) € (X N AL) x L C X is an isolated
point of the intersection (X N Az) x L) NP(S) € X xp H by Lemma 3.3.1. Thus, the
first assertion also follows from the cartesian diagram (3.4).

Since P(g) C X xpT*P is of codimension d, its inverse image in X xp A xg D is also
of codimension d. Since X xp A xgD — X xp A is of relative dimension 1, the assertion

on Q(S) follows from the first assertion. O

Lemma 3.18. Let u be a closed point of X, N = 1 be an integer and f € Ox,/mb.
Then, forn = N, there exist ly, loo € E™ =T(X, L") such that lo(u) # 0 and

(3.35) lo/lse = f mod m?.

Proof. Since E defines an immersion X — P, there exists a section [ € E such that
I(u) # 0. We identify Ox,/m? with £&"/m"L®" by the local basis I, = [*" € E™ at u.
Then, the assertion follows by Lemma 3.15.2. [

We show the existence of a good pencil to be used in the induction step in the proof
of the index formula, Theorem 4.13.

Lemma 3.19. There exist a line L C PV and a point H € L satisfying the following
conditions: The hyperplane H C P and the axis A, C P of L meet X transversely. The
mmmersions 1: Y = XNH — X andi: Z = XNA, =Y are non-characteristic with
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respect to S and to i'S respectively. The morphism pr: X; — L has at most isolated
non-characteristic points.

Proof. Let T; = S;NT%X,r; = dim S;—dimT; and let T}, = {z € T; | dim S; X,z = r;+j}
for j = 0. By Lemma 3.4.2, the open subscheme V' C G consisting of lines L such that
the axis A;, C P meets Tj; properly for every ¢ € I and j = 0 is dense.

For an irreducible component S; of the singular support SSKC, let A; C PV be the image

of P(S;) by X xpH — PV. There exists a closed subscheme A} C A; such that P(S;) — A,
is finite outside A and that A/ is of codimension = 2 in PV since P(S;) C X xp T*P is
of codimension d and X xp T*P — PV is of relative dimension d — 1. We consider the

diagram

(3.36) PV « D s G.

as a correspondence. Then, since D — G is a Pl-bundle and since A, C PV is of
codimension 2 2, its image 3; in G by the correspondence (3.36) is a closed subset of at
least codimension 1.

Let (H, L) be a point of D C PY x G such that H € PV is not contained in the image
of the union P(S) UR(S) C X xp T*P and that L € G is contained in V above but not
contained in the image of the union Q(S) UT(S) C X xp A or |J; ;. Since H is not in
the image of the union of P(S) and R(S), the intersection Y = X N H is a smooth divisor
and the immersion 7: Y — X is non-characteristic with respect to S by Lemma 3.9.1.

Further by Lemma 2.9 and L € V, for every S; C T*X and for every irreducible
component P of :~1S; C T*Y, the intersection P N T3Y is an irreducible component of
Y NT, for T, = S;NTx%X. Since L is not in the image of the union of Q(S) and T(S), the
axis Ap meets X transversely, X N Ay is a smooth divisor of X N H and the immersion
i': X N A, — X N H is non-characteristic with respect to 'S by Lemma 3.12.1. Since
L does not meet Al, the morphism pr: X; — L has at most isolated non-characteristic
points. O]

4 Characteristic cycle

4.1 Characteristic cycle and the Milnor formula

We state and prove the existence of characteristic cycle satisfying the Milnor formula.

Theorem 4.1 (cf. [6, Principe p. 7]). Let X be a smooth scheme of dimension d over a
perfect field k of characteristic p > 0 and IC be a constructible complex of A-modules on
X. Assume that there exists a singular support S = SSIC C T*X satisfying the condition
(SS1). Then, there exists a unique cycle Char K of dimension d with Z[%]-coeﬂicient of
T* X supported on SSKC satisfying the following condition:

For every flat morphism f: V. — C on an étale neighborhood V' of a closed point u € X
to a smooth curve C' such that u is an isolated characteristic point of f with respect to the
pull-back of K, we have

(4.1) — dim totey (K, f) = (Char K, df)..
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The Milnor formula [4] and (4.1) imply that the coeflicient of the 0-section T% X in the
characteristic cycle Char K equals (—1)9-times the rank of K on a dense open subscheme
of X. Since a singular support exists for a surface by Corollary 2.27, the characteristic
cycle is defined for a constructible sheaf on a surface and satisfies the Milnor formula (4.1)

(ct. [18, (3.29)]).

In Section 2.4, we have defined the characteristic cycle Char jF for a locally constant
constructible sheaf F on the complement U = X — D under the assumption that the
ramification of F along D is strictly non-degenerate. We will show in Theorem 4.11 that
it is the same as that characterized in Theorem 4.1. In order to distinguish the two
definitions, before the proof of Theorem 4.11, we let the characteristic cycle defined in
Section 2.4 denoted by Char®/C. In the case where F is tamely ramified along D, Theorem
4.11 that means that the characteristic cycle defined in (2.7) satisfies (4.1) is shown by
[19].

The proof of Theorem 4.1 will occupy the rest of this subsection. First, we define a
characteristic cycle Charg/C by choosing an embedding X — P = P(FE) as in the last
section, that may a priori depend on the choice.

Assume that X is quasi-projective over k and let £ be an ample invertible O x-module.
Take a subspace F C I'(X, £) of finite dimension defining an immersion X — P = P(EY).
Replacing £ by E™ for n > 3 if necessary as in Lemma 3.15.1, we assume that the
condition (E) at the beginning of subsection 3.5 is satisfied.

To define the characteristic cycle Charg/kC, we define the coefficients of irreducible
components S; of a singular support SSKC = |J, S;. Let S; be an irreducible component

of §=9S5K and P(S;) C P(X xp T"P) = X xp H be the projectivization of the inverse
image of S; by the surjection X xp T*P — T*X as in (3.2). Since E is assumed to satisfy

the condition (E), the restriction of p: X xp H — PV to P(S;) is generically finite by
Corollary 3.17.1.

Since P(S;) C X xp H is of codimension d and X xp H — PV is of relative dimension

d — 1, the closure A; C PV of the image of P(S’;) with the reduced scheme structure is
an irreducible divisor. The local ring of PV at the generic point 7; of A; is a discrete
valuation ring and the residue field of the generic point & of P(S;) is a finite extension of
that of 7;. By Lemma 1.3, there exists a dense open subscheme P(S;)° of P(S;) € X xpH
quasi-finite over P such that the function ¢pg,). is a constant function. Its value is the
inseparable degree [&; : 7i]insep-

We consider the diagram

(4.2) (X x G)Y —1 D.

Let @i be the function on Z(S) (Lemma 3.10)
(4.3) pi(2) = dim tot, (K, p3)
defined in Lemma 3.10.2. By Lemma 3.10.2, the function ¢ is flat over G. Recall that
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we have a commutative diagram

Z(S) — XxG)Y L5 D —» G

l J J

P(S) —» XxpH —— PV

where the left square is cartesian.

Since F is assumed to satisfy the condition (E) at the beginning of subsection 3.5, by
Corollary 3.17.1, there exists a dense open subscheme Z? in the inverse image of P(S'Z) C
X xpH by (X x G)Y — X xp H such that the function @y is constant. Define an integer
a; by

(4.4) a; = —pr(2)

for z € Z7. Shrinking Z7 if necessary, we assume that it is contained in the inverse image
of P(S;)° € X xp H and that the intersection Z7 N Z; is empty for i’ # i. Then, on the
dense open subset [ [, Z7 C Z(S5), we have

a;
4.5 —px = T Pp(5)e
( ) * 21: [gz : ni]insep P(Sl)
where by abuse of notation, we also write ¢p g,. for its pull-back to Z(S).
We define
4.6 ChargK = .
( ) F Z Th insep ]

Since the inseparable degree [&; : 7;]insep 1S @ power of p, the coeflicients in Charg/C are in
Z[%]. We will later prove that the coefficients are independent of £ and £ as a consequence
of the Milnor formula (4.1). If K is a perverse sheaf, we will also prove a; = 0 in Corollary
4.5. The following interpretation in terms of the ramification theory is not used in the
sequel.

Lemma 4.2.
a; = — dim tOthsgi (q*K:7p)

Proof. Tt follows from Lemma 2.28.1 and D = P(T*P"). O

We show that the characteristic cycle Charg/C satisfies the Milnor formula (4.1) for
a morphism defined by a pencil. Let L C PY be a line and A;, C P be the intersection
of hyperplanes contained in L. On the complement X7 = X — (A, N X), a morphism
p;: X7 — L is defined by sending a point to the unique hyperplane in L containing it.

Proposition 4.3. Assume that S = SSK = |, S; C T*X satisfies (SS1) for IC on X.
Let L be an ample invertible Ox-module and E C T'(X, L) be a k-vector space of finite
dimension defining an immersion X — P = P(EY) satisfying the condition (E) at the
beginning of subsection 3.5.

Let L C PY be a line and pg: X3 — L be the morphism defined by the pencil L. Let u
be a closed point of X7 such that u is an isolated characteristic point of pg: X7 — L with
respect to IC. Then, we have

(4.7) —dim tote, (K, p}) = (ChargkC, dpj )+ x u-
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Proof. Let L C PV be a line and v € X§ be a closed point. Then the image z € (X x G)°
of u by the inclusion X7 — (X x G)° lies in (X x G)V if and only if u satisfies the
assumption in Proposition 4.3, by Lemma 3.9.

We define another flat function ¢4 on Z(S) and compare it with px defined at (4.3).

Let A denote ChargK and define a cycle P(A) of P(X xp T*P) = X xp H supported

on P(S) as in Lemma 3.3. Since G is regular, a coherent O(x xgy-module is of finite tor-

dimension as an Og-module. Hence the pull-back of P(A) by (X x G)° — X xp H defines
a function 4 on Z(S) flat over G by Lemma 1.3. For a point z € Z(S) corresponding to
(u, L) such that v € X7 is an isolated characteristic point of p} : X7 — L, we have

(4.8) ¢a(z) = (ChargkC, dp7 )1+ x5 u

by Lemma 3.3.
Since F is assumed to satisfy the condition (E) at the beginning of subsection 3.5, on
a dense open subset | [, Z? C Z(S5), we have an equality

(4.9) —pK = pa

by (4.5). Since ¢ and @4 are functions on Z(S) flat over G the equality (4.9) holds
everywhere on Z(S) by Lemma 1.2.2. Thus, by (4.3) and (4.8), the equality (4.7) is
proved. O

Combining Proposition 4.3 with Proposition 2.32 and Lemma 3.18, we prove (4.1) with
F replaced by E™ for sufficiently large n.

Corollary 4.4. Assume that there exists a singular support satisfying (SS1) for K on X.
Let L be an ample invertible Ox-module and E C T'(X, L) be a k-vector space of finite
dimension defining an immersion X — P = P(EY).

Let f:V — C be a smooth morphism to a smooth curve over k defined on an étale
netghborhood of a closed point u. Assume that u is an isolated characteristic point of f
with respect to the singular support S = SSK.

Then, there exists an integer m = 1 such that for every n = m, we have

(4.10) —dim tote, (K, f) = (Char g K, df ) rvu-

Proof. Let N =2 2 be an integer as in Proposition 2.32 for f and u. By Lemma 3.15.2
and Lemma 3.18, for n = m = max(N, 3), the subspace E™ C I'(X, L®") satisfies the
condition (E) and there exists Iy, [, € E™ such that the morphism p;: X§ — L for the
line L spanned by ly, I, satisfies p; = f mod m”. Then, we have (4.7) with E replaced
by E™ by Proposition 4.3 and the both sides of (4.7) are equal to the corresponding sides
of (4.10) by Proposition 2.32. Thus the assertion follows. O

Proof of Theorem 4.1. First, we prove the case where X is quasi-projective. We show
that the characteristic cycle ChargK is independent of the choice of an ample invertible
Ox-module £ and F C T'(X, L) defining an immersion X — P(E") and satisfying the
condition (E) at the beginning of subsection 3.5.

Let S; be an irreducible component of a singular support SSK. Since E is assumed
to satisfy the condition (E), we may take a point v € Z? in the notation in the proof of
Proposition 4.3 and a pencil p§: X; — L such that v € X; NZ7 C X xp T*P. Then
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since (Sy, dpr)r-xs. = 0 for i # i, the equality (4.7) implies that the coefficient of S; in
Charg/C is the unique rational number that makes the equality (4.1) holds for f = pj.
Consequently, we have a uniqueness of the characteristic cycle.

Let £ be another ample invertible Ox-module and E’ C I'(X, L) defining an im-
mersion X — P(E") and let N = 2 be an integer as in Proposition 2.32 for p$ and
u. Then, as in the proof of Corollary 4.4, there exists an integer m = 0 such that
for every n = m, there exists a line L' C P(E'™) such that p;, = py mod mY. We
also have dim tot,¢(KC,pr) = dimtot,d(K,pr), (Sisdpr)rexsu = (Si,dpr)r-xs,u and
(Sir, dpr)rexs uw = (S, dpL’)T*Xz,,u = 0 for i’ # i. Hence, the coefficient of S; in Charg/C
is equal to that in Char g K for every n = m. Thus, ChargK is independent of E.

Define the characteristic cycle Char K to be the common cycle. Then, it satisfies (4.1)
by Corollary 4.4. Since the uniqueness holds, we obtain the general case by patching. [

Since the characterization (4.1) is an étale local condition, the formation of the char-
acteristic cycle ChargK commutes with étale base change.

Corollary 4.5 ([6, Question p. 7]). If K is a perverse sheaf on U, then the coefficients of
Char K satisfy = 0.

Proof. Let u be an isolated characteristic point of a morphism f: X — C to a curve.
Then, since ¢(IC, f)[—1] is a perverse sheaf by [9, Corollaire 4.6] and w is an isolated point
of its support, it is acyclic except at degree 0. Hence a; = — dim tote, (IC, f) = 0. O

We show a generalization of the Milnor formula. Let f: X — Y be a flat morphism of
smooth schemes over k. Let S = [, S; be the union of a finite family of irreducible closed
conic subsets of codimension d of 7% X. We assume that S satisfies the following condition
(Q') that is a modification of the condition (Q) before Lemma 2.16 modified as in Lemma
2.25:

(Q) For every S; and for every irreducible component P of the inverse image of S; by
the canonical morphism X Xy T*Y — T*X, the intersection Q = PN (X Xy T3Y)
with the O-section satisfies the following condition:

(Q1) If dim@ = dimY, the fibers of f: X — Y meet @ properly and we have
P=qQ.

(Q2) If dim @ < dim Y, we have dim P = dim Y and the restriction Q — Y of f is
finite.

Define a closed subset Z C X to be the union of @) appearing in (Q2'). It is finite over
Y. A finite family f1.S of closed conic subsets of codimension dimY of T*Y is defined as
in Lemma 2.16. If S is a singular support of a constructible complex K of A-modules on
X, the cycle fiChar K is also defined as their linear combination.

Lemma 4.6. Let f: X — Y be a flat morphism of smooth schemes over k and K be a
constructible complex of A-modules on X. Let S be a singular support of KC satisfying the
condition (Q') above and define also Z C X as above. Let x be a geometric point of X
and y = f(z) be the image.

Assume that x is the unique point in the fiber Z,. Then, for every smooth morphism
g: Y — C to a smooth curve such that y is an isolated characteristic point with respect to
fiS and v = g(y), the cycles fiChar K satisfies the Milnor formula,

(4.11) —dimtotvgby(R\Ifflﬂxiyy,g) = (fiCharkC, dyg),
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Proof. Let p: X — C denote the composition go f: X — C. Then, by Lemma 2.16.2,
the condition (Q') implies that x is an isolated characteristic point of p with respect to S.
Hence by the Milnor formula (4.1), we have

(4.12) — dim tot, ¢, (K, p) = (CharkC, dp),
For the left hand side of (4.11), we have a canonical isomorphism Rg(y)*(R\I/ Kl o )=
Xy
RU,K| < G by (1.9). This implies the equality
TXC

(4.13)  dimtot, ¢, (RUK| o . g) = ay(Rg,).(RVK| )

= av(R\prlC\x;cc) = dim tot, ¢, (IC, p)

where a, denotes the Artin conductor (1.15).

On the right hand side of (4.11), we have an equality (fiCharkC, dg), = (Char/C, dp),
by the assumption that x is the unique point in the fiber Z,. Hence the Milnor formula
(4.12) implies the equality (4.11). O

Lemma 4.6 can be reformulated by introducing the characteristic cycle CharRU (K as
follows. Assume that RV f’C’x;YY on Y, is constructible. Then, we may regard it as
the pull-back of a constructible sheaf on an étale neighborhood of y = f(z) and define
the characteristic cycle Char R¥ flqs&yy as the pull-back. Since the construction of the
characteristic cycle is compatible with the pull-back by étale morphism, it is well-defined.
For example, if Y is a curve, we have

(4.14)  Char R¥,K| « = — (rank ¥, (K, NI Y] + dimtot, é, (K, DITY ).

Proposition 4.7. Let the notation and the assumptions be as in Lemma 4.6. Assume
further that S satisfies (SSr) for r = max(dimY,1). Then, RVK| « _ is constructible
TXy

and we have

(4.15) CharR‘IlflC]:B;YY = (fiChark) mod (Ty | Y(y))

| <
nyY

where the congruence means that the both cycles have the same coefficients except that of
the 0-section.

Proof. By the condition (Q'), the graph X — X x Y of f is a regular immersion of
codimension dimY < r and non-characteristic with respect to S on the complement of
Z. Since S is assumed to satisfy (SSr) and Z is finite over Y, the complex RV (K is
constructible and the formation of R¥ ;K commutes with base change, by Proposition
1.7.1. Since S is assumed to satisfy (SS1) for IC, the family f,.S also satisfies the condition
(SS1) for RW ¢/, by Lemma 2.25. Hence it suffices to compare the coefficients except that
for the 0-section. Thus, it follows from Lemma 4.6 and Proposition 3.16.1. O

4.2 Restriction to a divisor and the Euler-Poincaré characteris-
tic
We prove that the construction of the characteristic cycles is compatible with the pull-back

by non-characteristic immersion of a smooth divisor and derive an index formula for the
Euler number.
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Let Y C X be a smooth irreducible divisor. Recall from Definition 2.11.1 that the
closed immersion i: Y — X is non-characteristic with respect to S if it satisfies the
following conditions (i) and (ii):

(i) The intersection S N Ty X with the conormal bundle is a subset of the 0-section.

(ii) The immersion Y — X meets every T; = S; N T% X properly.

We define i'Char K to be (—1)-times the image of Char K by the correspondence

T*X +—— Y xxT*X —— T*Y
as in Definition 2.20.

Theorem 4.8. Let IC be a constructible complex of A-modules on X and let S = SSK be a
singular support of IC satisfying (SS2). LetY be a smooth divisor such that the immersion
1: Y — X 1s non-characteristic. Then, we have

(4.16) Char i*IC = i'Char K.

In the proof, we will use the fact that Theorem 4.11 is proved in dimension 2 in [18,
Proposition 3.20]. We will reduce the general case to this case by using the second Radon
transform.

Proof. By Lemma 2.21, 'S is a singular support for i*K. Since the characteristic cycle is
characterized by the Milnor formula, it suffices to show that i'Char K satisfies the Milnor
formula. Hence the question is local and we may assume that X is affine. Further we
may assume that there exists an ample invertible Ox-module £, a subspace E C I'(X, £)
of finite dimension defining an immersion X — P = P(E") satisfying the condition (E)
studied in Lemma 3.15 and a hyperplane H C P such that Y = X N H. First, we prove a
Milnor formula for an isolated characteristic point of a morphism defined by a pencil.

Lemma 4.9. Let u € Y be a closed point and pr: Y, — L be a morphism defined by a
pencil L C HY such that u is an isolated characteristic point of g = pr: YP — L. Then,
we have

(4.17) — dim tot¢, (i*K, g) = (i'Char K, dg).,.

To prove (4.17), first we prove it on a dense open subset in the universal family by
applying Proposition 4.7. Then, we deduce the general case by using Lemma 1.2, similarly
as in the proof of Proposition 4.3.

Proof. We prove the equality (4.17) by using the universal family. We consider the com-
mutative diagram

X xpH <« Y < Yﬁ—)XXPA

o R

PV B « cC — G
of the universal family of morphisms defined by pencils for hyperplane sections. We use
the notation Yg C Y3 etc. as in Lemma 3.14. We consider the universal family

vy — ¢ C
N
B
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of pr: Y7 — L. Recall that we have a commutative diagram

W(S) — Yy . cC

! l |

QS — (X xp A —— G

where the left square is cartesian and the composition Q(§ )Y — G is quasi-finite.

An isolated characteristic point u of pj: Y7 — L corresponds to a point (u, H, L) of
W(S) C Yy such that Y = X N H, by Lemma 3.13. We regard the equality (4.17) as
an equality of functions defined on W(S). In order to apply Theorem 4.11 for surfaces
proved in [18, Proposition 3.20], we construct the diagram (4.18) below.

Let (H, L) be the pair of a hyperplane plane H C P = P(EY) and a line L C H".
Let Ly C FE be the line corresponding to H and let W = W}, be the subspace of E of
dimension 3 containing Ly corresponding to the line L ¢ HY = P(E/Ly). Let P =
P(WY) = Gr(2,W) C G = Gr(2, FE) denote the projective plane parametrizing planes in
W =Wy C E. The line L is canonically identified with the line in P consisting of planes
in W containing L' = Ly.

We define f: Xp — P by the cartesian diagram

)

' s Xp — X xp A

(4.18) g:le J s lp

L ", p G

extending (3.15). The composition Xp — X xp A — X with the projection is an isomor-
phism on the complement X5 = X — (X N Ap) of the intersection with the intersection
Ap of linear subspaces of codimension 2 of PV parametrized by P. The restriction of f
to X7 maps a point x to the unique linear subspaces of codimension 2 parametrized by
P and containing x. We have Y = Y, N Xp. The composition of the lower line is the
restriction to L of the canonical morphism C — G where L is identified with the fiber of
the morphism C — B at (H, L).

Let v = g(u) € L be the image of u and t be the local coordinate of L at v. The

restriction of the second Radon transform Rg)lC = RVU,¢*K on (X xp A)M ;G G is
constructible and its formation commutes with base change by Lemma 3.12. Since the
image of the point (u, H, L) € W(S) is contained in Q(S)” C (X xp A)Y, the complex
—
RU ;K is constructible on a neighborhood of u <- v in Xp xp P and the characteristic
cycle Char RV (K| o s defined. We show that the second equality in
uXp

(4.19) — dim totg, (", g) = (h'Char RU;K| « . dt), = (i'Char I, dg),.

always holds and that the first holds on a dense open of W(S).

We show the second equality by applying Proposition 4.7 to the morphism f’: X}, —
P’ in the diagram (4.20) below. Since Q(S)” — G is quasi-finite, by taking an étale
neighborhood V' — G of v and an open neighborhood U C (X xp A)" xg V of u, we may
assume that U X (x, a0 Q(§ ) — V is finite and that w is the unique point of the inverse
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image of v. Define

Z'l

Y[// —_— X}/:Xp XXXPAU
(4.20) g[ lf’
I s P —PxgV

from the left square of (4.18) by taking the base change by V' — G for the lower line and
further taking the base change by U C (X xp A) Xg V for the upper line.

For the right hand side of (4.19), we have (i'Char K, dg), = (g/i"Char K, dt), since u
is the unique point of the inverse image. By (4.20), we have

(4.21) g/i"Char K = A" f/Char K.

Since Yg does not meet T>o(S), for T; such that dim7; = 2, the morphism f": X, — P’
satisfies the condition (Q1) in (Q') before Lemma 4.6 on a neighborhood of u. Since
U Xyg W(S) — V is finite and wu is the unique point of the inverse image of v, it also
satisfies the condition (Q2') in (Q’). Hence by Proposition 4.7, we have

(4.22) (fiChar K)| « , = Char R\IfflC\u;PP mod (T, P))-

uX pr
Since h' [Tj_f,(v) Py = —TE(U)L(U) and the section dt does not meet the O-section, the equality
(4.21) and the congruence (4.22) imply the second equality in (4.19).

We show that the first equality in (4.19) holds on a dense open subset of W(S) by

applying Lemma 2.31 to the cartesian diagram obtained by taking the base change of the
quasi-finite morphism Q(S)” — G by the lower line L — P — G of (4.18). Recall that the

complex RV ;K restricted on (X xpA)- ;G G is constructible and its formation commutes
with base change by Lemma 3.12. By Corollary 3.17.2, the closure D of the image of
Q(S)” — G is a Cartier divisor and each irreducible component of Q(S)” dominates its
irreducible component. Since the non-characteristicity for immersions of smooth curves
is an open condition on the tangent vectors, Lemma 3.7 implies that the assumption in
Lemma 2.31 that the composition L — G is non-characteristic with respect to RV K on
a neighborhood of u < v is satisfied on a dense open subset of W(.S). Therefore, on the
same dense open subset, the ramification of the pull-back of R¥ ;K along the pull-back of
D is non-degenerate and we have an equality

(4.23) — dim tot,¢(i*IC, pr) = (h'Char® R 7Kl s prdto.

We have CharRV ;K| C b= Char’R¥ (K| < on the same dense open subset, since
uX p uX p

Theorem 4.11 is proved in dimension 2 in [18, Proposition 3.20]. Thus, we obtain the first
equality in (4.19) and hence (4.17) on a dense open subset of W(.5).

In order to complete the proof of the equality (4.17), we introduce two functions on
W(S) flat over B. Let @;«x be the function defined in Lemma 3.14.3 by

(4.24) virxc(z) = dim tote, (K

qupL)

for the point z € W(S) corresponding to the triple (H, L,u) of a hyperplane H, a line
L C HY and a point u € Y. By Lemma 3.14.3, the function ¢k is flat over B.
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We define another flat function ¢; 4 on W(S). Let A denote Char K and define a cycle

P(A) of P(X xp T*P) = X xp H supported on P(S) as in the proof of Proposition 4.3.
As in Lemma 3.6, define a cycle Q(A) supported on Q(S) by the upper line

(3.13) XxpH ¢— XxpAxgD — X xp A

of (3.10) regarded as a correspondence. Since B is regular, a coherent Oyg-module is of

finite tor-dimension as an Og-module. Hence the pull-back of Q(A) by the upper right
horizontal arrow Y5 — X Xp A in (3.16) defines a function ;4 on W(S) flat over B by
Lemma 1.3.

We show

(4.25) @ia(2) = (i'Char K, dg),

for a point z € W(S) corresponding to (H,L,u). For the right hand side, we have
(P(i*A),Y?), = (i'Char K,dg), by Lemma 3.3. The morphism Y — X xp A pulling-

back Q(A) is the composition of the upper line in the cartesian diagram

XXxpA +— X xpAxgD <—Y]§DY]§

| | |

G e D +— (C.

Hence we have ;1 4(2) = (P(i'A),Y?), by Lemma 3.6.1 and (4.25) is proved.
By (4.25), the equality (4.17) is equivalent to the equality

(4'26) —QirKk = Pita

of functions on W(S). Since the functions in both sides of (4.26) are flat over B and the
equality has been proved to hold on a dense open, we have a equality of the functions on
W (S) by Lemma 1.2. O

We complete the proof of Theorem 4.8. We show that the equality (4.17) implies (4.16)
choosing L appropriately. Let S; be an irreducible component of the singular support
i'SSK and let A; C HY be the closure of the image of P(.S;) as in the proof of Proposition
4.3. Since E C I'(X, £) is assumed to satisfy the condition (E) at the beginning of Section
3.5, the subspace E' C I'(Y, L ® Oy) also satisfies the condition (E). Hence P(gl) — A
is generically finite by Corollary 3.17.1, there exists a dense open subscheme Ay C A;

smooth over k such that AY N Ay = @ for ¢ # i’ and P(S;) — A, is finite over Af.
Let L C HY be a line meeting A? at a closed point v. Let u be a point of P(.S;) above
v and regard it as a point of X7. The assumptions that v is an isolated point of L N A?

and that P(S;) xpv A? — AY? is finite imply that u is an isolated point of X5 N P(S;).
Since P(S;) xpv A? does not meet P(S;) for 7/ # 4, the point u is not contained in P(S;)
for i’ # i and is an isolated characteristic point of p} : X7 — L. Hence the equality (4.17)
implies that the coefficients of S; in Char *K and i'Char K are equal. Since this holds for

every component S; of *'SSK, we obtain (4.16). O

Corollary 4.10. Assume that a singular support S = SSKC satisfies the condition (SS2).
Let f: Y — X be a smooth morphism. Then we have

(4.27) Char f*K = f*Chark
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The right hand side denotes the image by the correspondence 7T*X < X xy T*Y —
T*Y .

Proof. Since f*SSK is a singular support of f*K by Proposition 2.22, it suffices to show the
equalities of the coefficients for each irreducible component. By induction on the relative
dimension, we may assume that Y — X is smooth of relative dimension 1. Further, we may
assume that Y — X admits a section ¢: X — Y. Since i: X — Y is non-characteristic
with respect to f*S, the assertion follows by Theorem 4.8. O

Theorem 4.11. Let j: U — X be the open immersion of the complement U = X — D of
a divisor D with simple normal crossings and F be a locally constant constructible sheaf on
U such that the ramification along D is strongly non-degenerate. Then the characteristic
cycle Char jiF equals to Char®j F defined by ramification theory recalled in Section 2.4.
In other words, Char®jiF satisfies the Milnor formula (4.1).

Recall that Theorem 4.11 is proved in dimension 2 in [18, Proposition 3.20] using a
global argument, as in [6]. Theorem 4.11 gives an affirmative answer to [17, Conjecture
3.16].

Proof. 1t suffices to show the equalities of the coefficients for each irreducible component
of S = SSK. By the additivity of characteristic cycles and the compatibility with étale
pull-back, it suffices to show the tamely ramified case and the totally wildly ramified case
separately. By Proposition 2.26, the singular support satisfies (SSd).

First, we prove the totally wildly ramified case. We prove it by induction on the
dimension of X. Let i: Y — X be the immersion of a smooth divisor non-characteristic
with respect to S. Then, by the induction hypothesis the assertion holds for +*/C. Hence
it follows by Theorem 4.8.

Next, we prove the tamely ramified case. Since the singular support satisfies (SSd),
the characteristic cycle is compatible with smooth pull-back by Corollary 4.10 and it is
reduced to the case where X = A? and U = G¢,. By the induction on d and further by
the compatibility with smooth pull-back, it suffices to show that the coefficient of the fiber
T X at the origin x € X = A? = Spec k[T, ..., Ty] is (—1)?-rank F. Since the morphism
f: X — C = Spec k[T] defined by by T + T7 + --- + T, has an isolated characteristic
point at z, it is reduced to the following.

Lemma 4.12. Let S = Spec Ok be the spectrum of a henselian discrete valuation ring
with algebraically residue field, X be a smooth scheme of finite type of relative dimension
d—1 over S and D be a divisor of X with simple normal crossings. Let x be a closed
point of the closed fiber of X contained in D. Assume that ty, ..., tq is a reqular system of
local parameters at x such that D is defined by ty - - -ty and that the class of a uniformizer
7 of S in m,/m?2 is not contained in any subspace generated by d — 1 elements of the basis
tl; cee tq.

Let A be a finite field of characteristic ¢ invertible on S and let F be a locally constant
constructible sheaf on the complement U = X = D of A-modules tamely ramified along D.
Let j: U — X denote the open immersion. Then, on a neighborhood of X, the complex
(51 F) is acyclic except at x and at degree d — 1 and ¢¢~1(5F) is of dimension rank F
with tamely ramified action of the inertia group Ix = Gal(K/K).

Proof. By the assumption, we may write 7 = Zle a;t; in m, and a; are invertible. Hence
by replacing t; by a;t;, we may assume that X is étale over Spec Ok|ty, ..., tq|/(m — (t1 +
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-+« +tg)). Further, by Abhyankar’s lemma, we may assume that F is trivialized by the
abelian covering s]* = t; for an integer m invertible on S. Since the assertion is étale local
on X, we may assume X = Spec Oklty,...,tq]/(m — (t1 + -+ t4)). Hence by [8, 1.3.3
(1)], the complex ¢(j1F) is acyclic outside x. Since the complex ¢(jiF)[d — 1] is perverse
by [9, Corollaire 4.6], the complex ¢(jiF) is acyclic except at .

Let p: X’ — X be the blow-up at z and j': U — X’ be the open immersion. Let D" be
the proper transform of D and F be the exceptional divisor. Then, the union of D" with
the closed fiber X! has simple normal crossings. Hence, the action of the inertia group Ik
on ¢(j{F) is tamely ramified by [16, Proposition 6] and ¢, (jiF) = RI'(E, ¢(ji.F)) is also
tamely ramified.

We consider the stratification of E defined by the intersections with the intersections
of irreducible components of D’. Then, on each stratum, the restriction of the cohomology
sheaves ¢?(jF) are locally constant and is tamely ramified along the boundary by [16,
Proposition 6]. Further, the alternating sum of the rank is 0 except for E° = E = (END’)
and equals rank F on E°. Hence, we have

dim ¢, (1.F) = X(E, d(jIF)) = x(E°, ¢(jiF)) = rank F - x.(E°, ¢(ji1F))-
Since y.(E°) = (—1)¢7!, the assertion follows. O

Theorem 4.13. Let X be a projective smooth variety. Assume that a singular support
S = SSK satisfies the condition (SSd). Then, we have

(428) X(X, ,C) = (Char IC,T;((X)T*X.

Proof. We prove the assertion by induction on dim X. If dim X = 1, this is the Grothendieck-
Ogg-Shafarevich formula.

Take a line L C PY and a hyperplane H € L satisfying the conditions in Lemma
3.19. Then, since the immersions i: Y = XN H — X andi: Z = X NA, — Y are
non-characteristic, the pull-backs i'SSK and i SSK satisfy the conditions (SS(d —1)) and
(SS(d — 2)) respectively, by Lemma 2.21. By Theorem 4.8, we have i'Char K = Char i*K
and 'Char K = Char *K. By the induction hypothesis, we have

(4.29) x(Y,K) = (i'Char K, T3:Y ) ey, x(Z,K) = (i"Char K, T3 Z) 7
since i' SSK = $9i*K and i"" SSK = SSi"*K satisfy the conditions (SS(d — 1)) and (SS(d —
2)) respectively.

By the projection formula, we have

(4.30) X(X,K) = x(X.,K) = x(Z,K)

since A7, meets X transversely. By applying the Grothendieck-Ogg-Shafarevich formula
to Rpr.KC, we have

(4.31) X(X1,K) = x(L, Rpr.K) = 2x(Y,K) = Y _ dimtot,¢(K, pr)

where v runs isolated characteristic points of p;: X, — L since p;: X; — L assumed to
have at most isolated characteristic points.
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By the Milnor formula (4.1), we have
(4.32) — dim tot,¢(C, pr,) = (Char K, dpy,).
Substituting the first equality of (4.29) and (4.32) to (4.30), we obtain

(4.33) x(Xp,K) = 2(i'Char K, T3Y )pey + Z(Char K,dpr), = (Char K, T%, X1)r+x, -

Substituting this and the second equality of (4.29) to (4.31), we obtain
X(X,K) = (Char K,T%, X1.)rx, — (i"Char K, T3 Z) 7z = (Char K, T5X)7-x

as required. O
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