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CHAPTER 1

Introduction: complex powers and p-adic zeta
functions

The goal of this course is to look at several related points of view on singularities
of algebraic varieties and discuss the connections between these points of view. In
this introduction we describe one question having to do with singularities that
has both an Archimedean and a non-Archimedean incarnations. We will see some
similar ideas and results come up later in the course. Everything that we discuss
in this lecture is covered in a lot more detail in Igusa’s book [Igu00].

1.1. Complex powers

We begin with the following question of an analytic flavor: given a polynomial
function on R”, what can be said about the complex power of this function, viewed
as a distribution on R"?

More precisely, let f € Rlxy,...,2,] be a nonzero polynomial. For every
function ¢ € C3°(R"™) and every s € C, with Re(s) > 0, consider

Zroo)i= [ If@)plo)da.

Recall that for @ € R+ and A € C, we have a* = eXp()\ - log(a)). Of course, we
can ignore those x with f(x) = 0, which form a set of measure 0.
Note first that Z; ,(s) is well-defined: if Re(s) > 0 and f(z) # 0, then

1/ (@) *e(@)] = [f (@)% - fp(2)] < TR - fp(2)]

if |f(z)] < T on the support of ¢ (which is compact, by assumption).
Moreover, we have the following:

ProrosiTioN 1.1. The function Zy , is holomorphic in the half-plane Hy =
{s | Re(s) > 0}.
PrOOF. We give an argument that exhibits the coefficients of the Taylor ex-

pansion at any so € Hp. Note that the Taylor expansion of the function s —
exp(s - log|f(z)|) at so gives

0 ))E|f(x)]*0p(x
|f(1')|890(x):z(1 g|f( )|) k|.'f( )| 90( )(S—So)k.

k>0

By assumption, D := supp(yp) is compact. The key point is to show that if 0 < € <
Re(sg) = a, then there is M > 0 such that

|(Qlog|f (x)*If (@)|*| _ M
(1.1) Supzeva(m);éo A S 67 for all k Z 0.
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Indeed, if this holds and if we choose M’ > 0 such that |p(x)| < M’ for all z, then
we conclude that for all s with |s — sg| < €, we have

o) ))F|f ()]0 p(x
> [ |G ftareta)

k!
k>0

/ |3—'30W
dr <Y MM’ - vol(D)——-.

&
€
k>0

Since the right-hand side is convergent, we conclude that

))E|f(z)][*op(x
ot = 3 ([ SR )

k>0

In order to prove (1.1), note that if 7' > 1 is such that |f(z)| < T for all z € D,
then for all z € D with f(z) # 0 we have

supo, <7 [log(y)[*y

ak

(1f @) )I*1f ()]

a
<
ak

(logl £ (@))M1f @] = llogl £ (@) [I*I ()] = L

Note that the function g(y) = log(y)*y is positive and increasing on (1, c0), its only
critical point in (0,1) is y = e~*, g(1) = 0, and lim, 0 g(y) = 0. We thus have

sup [g(y)| = max{k*e ™" log(T)"T}.
0<y<T

Note that there is kg such that k*e=" > log(T)*T for all k& > ko. By Stirling’s
formula, we have

k!
lim — =1,
k=00 \/21k - kke—F
and it is easy now to see that if 0 < € < a, then there is M > 0 such that

log| f(@)||*[f(z)[* _ max{k*e " log(T)*T} _ M
SUD4eD, f(2)7#0 il < X Se—k for all k> 0.

This completes the proof of the proposition. O

It was a question of I. Gel’fand (ICM, Amsterdam, 1954) whether Z; , admits
a meromorphic extension to C. In fact, one would like to do this uniformly in ¢
(more precisely, given any so € C, one would like to find N = N(sg) such that
(s — s0)N Zy , is holomorphic in a neighborhood of sq for all .

EXAMPLE 1.2. An easy example is the case when f = zi'-- 2% for some

a1,...,a. € Zsp. In this case note first that an easy application of the change of
variable formula implies that

Zrolo) = [ abt e Gla)do
RZ,
for some ¢ € C§°(R™). Moreover, the argument in the proof of Proposition 1.1
implies that every integral like this gives a holomorphic function of s for Re(s) > 0.
Integration by parts with respect to x; gives for all s with Re(s) > 0:

1 o9
Zr,(s) = — s Tlgaes o gars 22 gy
fw() als+1/n 1 2 T dxy
(recall that @ has compact support). Repeating this with respect to zs, ..., ., we

obtain

1
Z1ol9) = (<" [arert st s
RY,

(ars+1)---(ars+1)
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for some 1) € C°(R™). Note now that by Proposition 1.1, the integral on the right-
hand side is holomorphic in the half-plane {s | Re(s) > — min; a%} Repeating this
procedure, we see that indeed in this case Zy , admits a meromorphic continuation
with poles of order < n at the rational numbers _a%’ for 1 <i<randjée€Zg.

A few years after Hironaka’s proof of resolution of singularities in [Hir64], an
affirmative answer to I. Gel’fand’s question was given independently by Bernstein-
S. Gel'fand [BG69] and Atiyah [Ati70], based on Hironaka’s result. Here is an out-
line of the argument: consider an embedded resolution of singularities of the hyper-
surface defined by f. This is a proper, birational morphism 7 = (71,...,7,): ¥ —
A%, with Y smooth over R (so that Y(R) has a corresponding structure of n-
dimensional real manifold), with the following property: for every point P € Y/(R),

there is a chart U around P and coordinates yi,...,y, on U such that
i) for=wu-[[i, v on U, for some ay,...,a, € Z>o and some invertible
function wu.
ii) det(g—;j)lgi,jgn =v-I, ylk for some ki, ..., k, € Z>o and some invert-

ible function v.

Since 7 is birational, the induced map Y (R) — R" is a diffeomorphism away from
measure 0 subsets. The change of variable formula thus gives

(1.2) Zfo(5) :/ |fom|®(pom)dmy A...\dm,.
Y (R)

Note also that since 7 is proper, 7~ !(supp(y)) is a compact subset of Y (R) and
thus ¢ o m has compact support.

By assumption, around each point P € Y(R), we can find an open subset U
that satisfies properties i) and ii). In U we can thus write

n
|fom|®(pom)dmy A... Ndmy, = |ul|’v - Hyf’is+k'idy.
i=1

By taking a partition of unity, we write the integral on the right-hand side of (1.2)
as a sum of finitely many integrals of the form

n
/ jul*o ] I
U i=1

for some py € C5°(U). Since v and v do not vanish on U, their contribution can
be ignored. Then an argument similar to the one in Example 1.2 allows one to
conclude that Z;, can be extended as a meromorphic function to C; moreover,

ws ki (y)dy,

each pole has multiplicity < n and is of the form —kaj for some chart U as above,
some %, and some j € Z>g. '

In particular, we see that Z; , always has a holomorphic extension to the half-
plane {s | Re(s) > —A}, where A = min, kiafl. This A is called the (real) log
canonical threshold of f and one can show that it is independent of the resolution
m. Its complex version will play an important role in our course.

A second solution to I. Gel’fand’s question was given shortly afterwards by
Bernstein [Ber72], directly extending the integration by parts argument in Ex-
ample 1.2. This uses what is nowadays called the Bernstein-Sato polynomial of f.
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More precisely, Bernstein showed that there is a nonzero polynomial b(s) € RJ[s] and
a differential operator P € R[x1,...,2p,0s,, ..., 0z, , 8] that satisfy the equation

(1.3) b(s)f* = P(a,0,,5) o fFL.

Here one can interpret f° as a formal symbol on which the partial derivatives act
in the expected way:

of/ox;
8xl.fS:5 f/fxfs

It is easy to see that the polynomials b(s) for which there is P satisfying (1.3) form
an ideal in R[s]. The monic generator by(s) of this ideal is the Bernstein-Sato
polynomial of f.

ExampLE 1.3. If f =z, then
8x1 .$i+1 (S+1)131,
hence we may take b(s) = s + 1. In fact, one can show that b;(s) = s+ 1.

EXAMPLE 1.4. For a less trivial example, consider f = 2% + ... + 2. In this
case we have
Oy, ® f5T1 =2(s+ 1), f*,

hence

<Z . ) o [T = (s +1)(4s 4 2n) f°,
i=1

hence we may take b(s) = (s + 1)(4s + 2n). In fact, one can show that in this case
bs(s) = (s +1)(s + 3)-

The existence of a nonzero such polynomial b(s) is a deep result proved via
D-module theory (in fact, Bernstein developed the theory of D-modules over poly-
nomial rings in [Ber71] in order to prove the existence of this polynomial). We
will discuss this in detail in the last part of the course.

Let’s outline the solution to Gel’fand’s problem using the functional equation
(1.3). Let By = {x € R" | f(z) > 0} and B_ = {z € R" | f(z) < 0}, so that
Lo = Z}f@ + Z;(p, where

Zino) = [ f@relade and 200 - / (—F () plz)de.

We analyze separately the two integrals using (1.3).

The argument in the proof of Proposition 1.1 implies that Z +¢ and Z
holomorphic in the half-plane Hy = {s | Re(s) > 0}. Using equation (1.3) and the
Stokes theorem, we see that for s € Hy, we have

(L4)  b(s)Zf,(s) = / (P(z,05,5) @ f(2) p(a)de = [ f(z) p(x)de,
By By

for some 9 € C§°(R"™). Note now that the right-hand side of (1.4) is holomorphic in
the half-plane {s | Re(s) > —1}. We iterate this argument, multiplying by b(s + 1),
b(s + 2), etc. to conclude that indeed Z;_,so extends meromorphically to C, with
each pole of multiplicity < deg(b) and equal to some a — m, for some root a of
b(s) and some m € Zxo. The assertion for Z;  follows from the one for Zj[ » by
replacing f with — f, noting that equation (1. 3) implies that

b(S)(*f) = Q(xa 8%; S) i (7f)s+1 for some Q € R[l‘, am, S].
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By comparing the pole candidates for Z , that arise via the two solutions, one
expects a connection between the roots of by(s) and the numerical data associated
to a resolution of singularities. Such a result was indeed proved by Kashiwara
[Kas76] and Lichtin [Lic89]. We will discuss this in the last part of the course.

There is also a complex version of the results we discussed in this section.
More precisely, if f € C[z1,..., 2], then for every ¢ € C5°(C™), one considers the
function

Zyp(s) :/n |f(2)]%(2)dzdz.

Again, this is holomorphic in the half-plane {s | Re(s) > 0} and admits a mero-
morphic continuation to C, for which the poles can be estimated either using an
embedded resolution of singularities or the roots of the Bernstein-Sato polynomial
of f. The proofs are entirely similar to the ones we discussed (though slightly more
technical), so we don’t go into details. We only point out that the different nor-
malization given by the presence of 2 in the exponent is related to the fact that the
function g(z) = ﬁ is locally integrable on R if and only if ¢ < 1 and is locally
integrable on C if and only if ¢ < 2.

1.2. A non-Archimedean analogue: Igusa’s p-adic zeta function

We next turn to a problem with an arithmetic flavor. Suppose that p is a fixed
prime integer and let f € Z[z1,...,z,]. For every m > 1, let

m o= #{u € (Z/p"Z)" | f(u) = 0}.

The Poincaré series of f (with respect to p) is

C
Pf = Pﬁp = Z pnTnTm S Q[[T]]

m2>0

ExAMPLE 1.5. If the hypersurface H defined by f is smooth, it is a consequence
of Hensel’s lemma that every solution of f in (Z/pZ)™ lifts to a solution in (Z/p™Z)™
and the number of such lifts is precisely p(m—1(m—1) (as it is in the case when

f =z1). It follows that in this case we have
—n
Pr=ltep™ Y (' D" =14 2,
! +61p m>1<p ) +Cl 1 7p71T

REMARK 1.6. Note that the trivial bound ¢, < p™" implies that the radius of
convergence of Py if > 1.

Borevich and Shafarevich [BS66] asked whether Py is always a rational func-
tion. Igusa gave a positive answer using p-adic integration. Before explaining his
result, we review a few basic facts about p-adic numbers.

Recall that the ring Z, of p-adic integers is the completion of the localization
of Z at the prime pZ. It is a DVR with maximal ideal pZ, and residue field
Z,/pZ, ~Z/pZ. 1t is a topological ring, with a basis of neighborhoods of 0 given
by p™Z,, for m € Zxo. For every a € Z, we denote by ord,(a) the largest m
such that a € p™Z, (with the convention that this is co if ¢ = 0). The absolute
value function |- |,: Z, — Q is given by |a|, = m (with the convention that
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|0, = 0). For every a,b € Z,, we have |ab|, = |a|, - |b|, and the non-Archimedean
triangle inequality
la + 0], < max{|aly, [b],}.

Associated to this we have the distance function given by d(a,b) = |a — b|, and the
topology on Z, is the one corresponding to this metric.

An important fact is that Z, is compact. It also carries a Haar measure: this
is the unique translation-invariant measure yu, normalized by p,(Z,) = 1. We thus
have p,(p™Zy) = pim On Zj we consider the product measure that we still denote

by fip, hence
n mi+...+my
m; 1 K
up<||p "Zp>=<) :
i=1 p

Given any f € Z[z1,...,x,] (or, more generally, in Zy[z1,...,x,]), the Igusa
zeta function of f is the function Zy, given by

Zials) = | 1f@ )i o).
Z;
Note the similarity with the function discussed in the previous section (in this
setting, too, one could consider an auxilliary function ¢, but it is not necessary,
since Zj is compact). As we will see shortly, this is again a holomorphic function
on the half-plane {s | Re(s) > 0} and it admits a meromorphic extension to C, but
unlike in the Archimedean setting, it is of a simple nature: it is a rational function
inp~?°.
Let’s begin by describing Z ,(s). If we put

Am ={u € Zy | ordy(f(u)) >m} for m >0,

then

1
Zyp(s) = Z fip (A Am-&-l)ﬁ-

m>0

On the other hand, note that we can write

Am = |_| (ai + (mep)n) )

i=1

where ay, ..., ac, are lifts to Z; of the solutions of f in (Z/p™Z)". We thus have

m

. o Cm, Cm+1
up(Am NAng1) = Mp(Am) - /j’P(Am+1) = W o plm+1)n’

An easy computation now gives

(15)  Zp(s)= > (pc,;n - %) p" = Pr(p~°) —p° (Pr(p~°) — 1)

m>0
=Pi(p™")(1=p°) +p°.
Since the radius of convergence of Py is > 1 (see Remark 1.6), it follows that

Pr(p~7) is well-defined whenever Re(s) > 0 and it gives a holomorphic function of
s in this half-plane. By (1.5), the same holds for Z; ,(s) in this half-plane.
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EXAMPLE 1.7. Suppose that f = z'--- 2%, for some ay,...,a, € Zsg. It
follows from Fubini’s theorem that

T
Z1(5) = / 2109 o dpy () = [ / 12
Zg =1 ZP

However, the case of one variable is easy: we have

a; s m m —a;ms 1 —mila;s
/ 24| & dpu () = Z i (P 2y~ pTZ ) ™S = (1 _ ) . Zp (ais+1)

Zy m>0 p m>0
1
=(1—=) (1 —p (et
(1=5) 0o

Zisdﬂp(xi)-

We thus conclude that

Zia) = (1- 1) [T -ty

p i=1

5 and thus meromorphic
2jmy/—1
a;log(p)

In particular, we see that Zy,, is a rational function of p~

on C; moreover, each pole has multiplicity < r and it is of the form —% +
for some ¢ and some j € Z.

Igusa proved that in fact the same holds for any f (see [Igu74], [Igu75], and
[Igu78]).

THEOREM 1.8 (Igusa). For every f € Zy[x1,...,x,], the function Z;, is a

rational function in p~*.

In light of formula (1.5), we get the following

COROLLARY 1.9. For every f € Z[xy,...,2,] and every prime p, the Poincaré
series Py 5, is a rational function.

The approach to Theorem 1.8 follows a similar path to that discussed in the
previous section when proving the meromorphic continuation of Z¢ , via resolution
of singularities. We may assume that f is nonzero and consider an embedded
resolution of singularities for the hypersurface defined by f in A"p, where Q, is
the fraction field of Z,,. This is a proper birational morphism 7: ¥ — A&p inducing
a morphism of p-adic manifolds 7: Y (Q,) — Qp. The key point of using p-adic
integrals is that they satisfy a change of variable formula, which allows writing
Zyp(s) as an integral over 7~ '(Z7). If the morphism = is induced by a morphism
Yy = A%p that also induces an embedded resolution of the hypersurface defined

by f € Z/pZ[z1,...,r,) (this is not the case in general, but it holds if we start
with f € Z[zy,...,2,] and we take p large enough), then the computation of the
integral on 7! (Z}) is easy: it essentially comes down to the computation we have
done in Example 1.7. The general case is more involved but again it reduces to a
computation in the monomial case.

The proof also gives a set of candidate poles for Z;,,. With the above notation,
we know that for the resolution 7, around any point in Y (Q,) we can find local
coordinates y1, ..., Yy, such that

fom=uyi* --ysr and det(Jac(m)) = ’uyfl .- yfl,
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where u and v are invertible functions. As in the Archimedean case, we need to

integrate expressions of the form |y; Zi”ki. As in Example 1.7, we get
1 1 1
is+ki _ - istki) _ —(ais+k;
/z |yi|g s+ dpp(yi) = E (pm - pm+1> P m(aist+ki) _ (1 — p) (1-p (a;is+ +1))_

P m>0

Igusa’s proof shows that indeed, Z; , is a rational function in p~*, a sum of fractions

whose denominator is a product of < n terms of the form 1— p_(‘”s‘*‘kf“). It follows
kitl | 2jny/=1
a; a;log(p)
i and some j € Z. In particular, its real part is equal to —k;—fl, for some 3.
The following is the major open problem concerning Igusa zeta functions. Note
that every f € Z[z1,...,x,] can be viewed as a polynomial with real (or complex)

coefficients and therefore has a Bernstein-Sato polynomial by(s).

that every pole has multiplicity < n and it is of the form — , for some

CONJECTURE 1.10 (Igusa’s strong monodromy conjecture). For every non-
constant f € Z[z1,...,z,] and every prime p, is s is a pole of Z; ;,, then Re(sg) is
a root of by (s).

A geometric version of the p-adic story was developed about 25 years ago by
Kontsevich [Kon95], Batyrev [Ba98]|, and Denef-Loeser [DL99]. The very rough
idea is that one replaces the complete DVR Z,, and its quotients Z /p™Z by k[t] and
its quotients k[t]/(¢™). Given an algebraically closed field k of characteristic 0 and
a variety X over k one considers the spaces X (k[t]) and X (k[t]/(t™)), respectively
the space of arcs and the space of (m — 1)-jets of X. Each X (k[t]/(t™)) is the set
of points of an algebraic variety, and instead of counting the number of points of
a finite set (as we did when setting up the Poincaré series Py) one can define a
generating function with coefficients in a Grothendieck ring of algebraic varieties
and a motivic zeta function [DL98], and the story that one develops has a strong
similarity with what we outlined above. We will discuss this in detail in the third
part of the course.

1.3. A rough summary of the course

The course will be divided in four parts. The first part will be devoted to
invariants of singularities that appear in birational geometry, such as multiplier
ideals and log canonical thresholds. We will discuss the connection between these
invariants and vanishing theorems and give some applications. While we will see
the analytic definition of these objects, which is close in spirit to the material in
Section 1.1, our approach to their study will be purely algebraic.

Multiplier ideals and log canonical thresholds can be defined also in positive
characteristic, but there are two major obstacles to their study. First, resolution
of singularities (which is an important tool in characteristic 0) is not known in
this setting. More importantly, vanishing theorems can fail in characteristic p, so
multiplier ideals lose their power. However, it turns out that in this setting one can
define similar invariants (test ideals and F-pure thresholds) using the Frobenius
morphism. Test ideals satisfy similar properties to those enjoyed by multiplier
ideals in characteristic 0 and there are deep results and conjectures regarding the
connection between these objects via reduction mod p. This will be the subject of
the second part of the course.
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In the third part we will discuss the spaces of arcs and jets of algebraic varieties
and their connection to birational geometry. In particular, we will see how one can
describe multiplier ideals and log canonical thresholds using the geometry of certain
subsets of the space of arcs. We will also discuss the motivic analogue of Igusa’s
zeta function and its connection to singularities.

One word about the setting: we will almost exclusively work in an ambient
smooth variety. Certain definitions and results (especially those covered in the
first two parts of the course) extend to the case when the ambient variety has
mild singularities. However, in order to avoid technicalities and since the main
ideas already appear in the setting of a smooth ambient variety, we will make this
assumption.






CHAPTER 2

Multiplier ideals and log canonical thresholds

In this chapter we discuss some invariants of singularities that play an important
role in birational geometry. We follow rather closely the presentation in [Laz04],
to which we refer to for a more in-depth discussion.

2.1. Divisorial valuations

We begin with a discussion of certain valuations which play an important role
in the study of singularities in birational geometry.

DEFINITION 2.1. A discrete valuation on a field K is a function v: K — ZU{o0}
that satisfies the following conditions:
i) v(a) = oo if and only if a = 0.
ii) v(ab) =v(a) + v(b) for all a,b € K.
iii) v(a + b) > min{v(a),v(b)} for all a,b € K.
iv) There is a € K such that v(a) # 0, cc.

All valuations that we will encounter in this course arise as follows. Let k be a
fixed algebraically closed field and Y a normal variety over k (by variety over k we
mean a separated, integral scheme of finite type over k; moreover, unless explicitly
mentioned otherwise, a point of Y is a closed point). If E is a prime divisor on Y
(that is, F is a closed irreducible subset of Y of codimension 1 in Y'), then the local
ring Oy, g is a DVR. If a is a generator of its maximal ideal, then every element ¢
of the function field £(Y") can be uniquely written as ¢ = ua™ for some m € Z and
u € Oy, g invertible. If we put ordg(¢) = m, then ordg is a discrete valuation of
k(Y), the order of vanishing along E.

If X is an arbitrary variety over k, a divisor over X is given by a prime divisor
E on a normal variety Y that has a birational morphism to X (note that in this
case k(Y) = k(X)). We identify two such divisors if the corresponding valuations
of k(X) agree. A valuation of k(X)) that arises in this way is a divisorial valuation
of X. We also say that (Y, E) gives a model for the valuation ordg.

REMARK 2.2. If E is a prime divisor on a normal variety Y and V is an open
subset of Y with ENV # 0, it is clear that E and E NV (considered as a divisor
on V) give the same valuation of k(Y). Going in the opposite direction, when
considering a divisor over X, we can always realize it as a prime divisor £ on Y,
where the birational morphism Y — X is proper. Indeed, it follows from a theorem
of Nagata and Deligne [Con07] that there is a variety Z with a proper morphism
Z — X and a morphism Y < Z over X which is an open immersion. After possibly
replacing Z by its normalization, we may assume that Z is normal, and in this case
we may replace any prime divisor E¥ on Y by its closure in Z; as we have seen, the
corresponding valuation does not change.

11
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REMARK 2.3. If f: Z — Y is a proper birational morphism of normal vari-
eties, let U be the domain of the rational map f~!. This is the largest open subset
of Y with the property that the induced morphism f~'(U) — U is an isomor-
phism. Since Y is normal, it follows from the valuative criterion for properness
that codimy (Y \ U) > 2. The closed subset Exc(f) := Z ~ f~}(U) is the excep-
tional locus of f and a prime divisor E on Z is exceptional (or f-exceptional if f is
not clear from the context) if it is contained in the exceptional locus. Note that E
is exceptional if and only if dim (f(E)) < dim(E).

If F is a prime divisor on Y, then FF'NU # ; the strict transform of F is
F = J7YF NU). Note that ordr = ordz: this follows by restricting over U. It
is clear that if F is a prime divisor on Z that is not f-exceptional, then f(FE) is a

prime divisor on Y and E = ]?E\ET)
EXERCISE 2.4. Let g: Z — Y and f: Y — X be two proper birational mor-
phisms between normal varieties.

i) Show that a prime divisor F on Z is (f o g)-exceptional if and only if
either F is g-exceptional or it is the strict transform of an f-exceptional
prime divisor on Y.

ii) Show that Exc(f o g) = Exc(g) Ug~*(Exc(f)).

REMARK 2.5. i) If Y is a normal variety and F; and Ey are two prime
divisors on Y, then ordg, = ordg, if and only if E; = E,. Indeed, this
follows from the fact that £y = Es if and only if Oy g, = Oy g, and

Ov.e, = {p € k(Y) | ordg,(¢) > 0}.

ii) Suppose that we have two divisors over X, realized as the prime divisors
FE; on the normal varieties Y;, where we have proper birational morphisms
fi: Y; = X (for i = 1,2). In this case there is a commutative diagram

WLYQ

Yl e X,
fi
with W a normal variety and g; and g, proper and birational. For ex-
ample, we can take W to be the normalization of the unique irreducible
component of Y7 X x Y5 that dominates X. In this case, it fgllows Affom
part i) and Remark 2.3 that ordg, = ordg, if and only if F1 = Es as
prime divisors on W.

REMARK 2.6. If v is a divisorial valuation of X and we have a birational
morphism ¢g: Y — X, it is clear that every divisorial valuation of Y is also a
divisorial valuation of X. Conversely, if g is also proper and v is a divisorial
valuation of X, then v is also a divisorial valuation of Y. Indeed, if v = ordg,
where E' is a prime divisor on the normal variety Z, that has a proper birational
morphism f: Z — X, then we have a commutative diagram

W——27

b

Y?X,
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with W normal and all morphisms proper and birational. If FE is the strict transform
of E on W, then v = ordg, which gives our assertion.

DEFINITION 2.7. Let X be a variety and v a divisorial valuation of X. The
center cx (v) is defined as follows: choose a birational morphism f: Y — X, with
Y normal, and a prime divisor F on Y such that v = ordg. We then put cx(v) =
cx (F) := f(F). Note that this indeed only depends on v: this follows easily from
assertion ii) in Remark 2.5.

REMARK 2.8. If v is a divisorial valuation of X and U is an open subset of X,
then v is a divisorial valuation of U if and only if cx (v) NU # 0.

DEFINITION 2.9. Given a variety X and a nonzero ideal' a of Ox, for every
divisorial valuation v, we define the order of vanishing v(a) as follows. Let 7: Y —
X be a proper birational morphism, with Y normal, such that a - Oy = Oy (—F)
for an effective Cartier divisor F' on Y and v = ordg for a prime divisor £ on Y.
Note that we can find such Y by first choosing a model (Y, F) with v = ordg and
then replacing (Y, E) by (}7, E), where Y — Y is the normalization of the blow-up
of Y along a- Oy and E is the strict transform of E. We then take v(a) to be the
coefficient of E in (the Weil divisor associated to) F.

REMARK 2.10. In order to see that the above definition is independent of the
choice of (Y, E), note the following alternative description: if U is an open subset
of X with U Nex(v) # 0 and such that a- Oy is generated by f1,..., fr € Ox(U),
then

v(a) = min{v(f;) | 1 <i <r}.

If v is a divisorial valuation of X and D is an effective Cartier divisor on X,
we also write v(D) for v(Ox(—D)).
The assertions in the next lemma follow directly from the definition:

LEMMA 2.11. Let a and b be nonzero ideal sheaves on the variety X and v a
divisorial valuation on X.

i) If a C b, then v(a) > v(b).
il) For every positive integer m, we have v(a™) = m - v(a).

Given a variety X and a divisorial valuation v of X, for every m € Z>( we get
an ideal a,,(v) C Ox, as follows. For every open subset U C X, we take

{f € Ox(U) [v(f) 20}, ifUnex(v) #0;
LU an(v) = { XOX(U) otherwi;.

LEMMA 2.12. If m: Y — X is a proper birational morphism of normal varieties
and FE is a prime divisor on Y, then

am(ordg) = Oy (—mE)  for all m € Z>o.
In particular, the sheaf a,,(ordg) is coherent.
PRrROOF. Recall that Oy (—mE) is the sheaf of rational functions on Y whose

sections over an open subset V of Y consist of 0, together with those ¢ such that

1Unless explicitly mentioned otherwise, all ideal sheaves are assumed to be coherent.
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the restriction of divy (¢) — mE to V is effective. Note that we have an injection
Oy (—mE) — Oy which induces an injection

W*Oy(—mE) — W*Oy = 0X7

where the equality follows since 7 is proper and birational and X is normal (Zariski’s
Main Theorem). It is now straightforward to see that this injection identifies
7Oy (—mE) with a,,(ordg). O

EXAMPLE 2.13. Suppose that X is a smooth variety and Z is a smooth sub-
variety, defined by the ideal 7. Let f: X — X be the blow-up of X along Z,
with exceptional divisor E. Note that F is a projective bundle over Z, hence it is
smooth and irreducible, and thus X is smooth as well (and irreducible). We put
ordy := ordg.

LEMMA 2.14. With the notation in the above example, for every g > 0, we have
fO%(—qB) =13,

PROOF. It is clear from the definition that we have an inclusion 7% C f,O%(—¢F)
for every ¢q. Furthermore, we have a commutative diagram with exact rows

0 i 71 IL/T8 ———0

| | °)

00— f0%(~ (¢ + 1)E) — f.O5(—qE) — [.Op(—4¢E).

Recall that E = P(Zz/Z%) and Og(1) ~ Og(—FE), hence the vertical map ¢, is an
isomorphism. The assertion in the lemma thus follows by induction on ¢ starting
with the trivial case ¢ = 0. (]

REMARK 2.15. With the notation in Lemma 2.14, by taking the stalk at the
generic point of Z, we see that for a € Ox z \ {0} we have

ordz(a) = max{j € Z>o | a € m’},
where m C Ox, 7 is the maximal ideal.

EXAMPLE 2.16. More generally, given any irreducible subset Z of a variety X,
such that Z intersects the smooth locus X, of X, we have a divisorial valuation
of X, denoted by ordyz, defined as follows: choose an open subset W of Xy, with
W N Z smooth and nonempty. Then take ordz to be the valuation associated
to WnNZ C W. Tt is clear from definition that cx(ordz) = Z. Note that if
codimy (Z) = 1, then this definition of ordy agrees with our previous definition in
the case of prime divisors.

EXERCISE 2.17. Let X be a smooth variety and let Z be a smooth subvariety
of X. Let f: Y — X be the blow-up along Z, with exceptional divisor £. Show
that if D is an effective divisor on X and ordz(D) = ¢, then f*(D) = D + ¢F,
where if D = %" a;D;, we put D= Do ai’DVi.

We next introduce the relative canonical divisor of a proper birational morphism
between smooth varieties. Consider, more generally, a birational morphism f: Y —
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X, with X and Y smooth varieties. Let d = dim(X) = dim(Y). We have a
canonical morphism f*Qx — Qy that induces the morphism

frox = Q% - Qf =wy.
This is injective, since it is a morphism of line bundles which is an isomorphism in
the open subset f~1(U), where U C X is such that f~!(U) — U is an isomorphism.
Therefore it is defined by a nonzero section of the line bundle wy ®¢o, f *w;(l. The
relative canonical divisor Ky, x is the corresponding effective divisor on Y, so that

Oy(Ky/X) >~ wy Roy f*w;(l.

ProrosiTiON 2.18. If f: Y — X is a proper birational morphism between
normal varieties, then the largest open subset over which f is an isomorphism is
equal to the set U consisting of those z € X with dim f~!(z) = 0. If we assume
that X and Y are smooth, then Supp(Ky,x) = Exc(f); in particular, Exc(f) has
pure codimension 1.

PrROOF. By Zariski’s Main Theorem, we know that for every z € X, the fiber
f~1(x) is connected. In particular, if an irreducible component of f~!(z) is 0-
dimensional, then f~!(x) consists of only one point.

Note now that U is open in X by semicontinuity of fiber dimension. As we have
seen, the induced map g: f~1(U) — U is injective. Moreover, it is surjective (since
f is proper and dominant), hence it is bijective; therefore g is a homeomorphism,
being continuous and closed. Furthermore, Zariski’s Main Theorem gives Oy =~
9xO¢-1(1y, hence g is an isomorphism.

Since the fibers of f over X \ U have dimension > 1, it is then clear that U is
the largest open subset over which f is an isomorphism. We thus have Exc(f) =
X ND).

Suppose now that X and Y are smooth. It follows from the definition of Ky, x
that Z := Supp(Ky,x) is the set of those y € Y such that f is not étale at y.
Since f is an isomorphism over U, we clearly have Z C f~1(X \ U) = Exc(f); the
opposite inclusion follows since for ¢ f~1(U), there is an irreducible component
of f~1 (f(x)) containing x, hence f can’t be étale at x. a

EXAMPLE 2.19. Let X be a smooth variety and Z a smooth subvariety of
codimension 7. If f: Y — X is the blow-up of X along Z, with exceptional divisor
E, then Ky x = (r—1)E. Indeed, note first that by Proposition 2.18, we know that
Ky,;x = mkE, for some m € Z~, hence we just need to show that m =r—1. Let U

be an affine open subset of X and z1, ..., z, an algebraic system of coordinates? on
U such that ZNU is defined in U by (x1,...,2,). Consider inside Blynz(U) CY
the affine open subset V' with algebraic coordinates y1,...,y, that satisfy

(@) =wy, [(x)=wny for 2<i<r, f*(z;)=y; for r<j<n.
It is then clear that
ffdxy) =dyr, [f*(dx;) = yidy; +yidyn for 2<i<r, and
f*(dz;) =dy; for r<j<nmn,
hence
frdey Ao Adey) =y dyr A A dyy,
which gives m =r — 1.

2This means that the 1-forms dxi,...,dr, trivialize Q.
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The following lemma describes the relative canonical divisor for a composition
of morphisms:

LEMMA 2.20. If f: Y — X and g: Z — Y are birational morphisms between
smooth varieties, then

Kz/x = Kz/y + 9" (Ky/x).

PROOF. The assertion follows from the fact that the morphism wy — (fog)*wx
is the composition
wz = g wy = g" (ffwx).
(Il

We can now define the log discrepancy of divisorial valuations of smooth vari-
eties. Let X be a smooth variety and v a divisorial valuation of X. Suppose that
v = ordg, where F is a prime divisor on the normal variety Y, with a birational
morphism f:Y — X. Since Y is smooth in codimension 1, we may replace it by
the smooth locus Yy, and E by E N Yy, to assume that Y is smooth. The log
discrepancy of v is Ax(v) := 1+ kg, where kg is the coefficient of E' in Ky, x.
Note that this is independent on the chosen model (Y, E). Indeed, it follows from
assertion ii) in Remark 2.5 that it is enough to show that if we have a proper bira-
tional morphism ¢g: Y’ — Y, with Y/ normal and £’ = E, then E’ and E lead to
the same invariant. Applying Lemma 2.20 to the composition Y/ — Y — X, we
see that the coefficient kg of E'NYJ, in Ky, ,x is equal to kg: note that since £’
is not g-exceptional, its coefficient in Ky /y is 0 (we can’t apply Proposition 2.18
here since the morphism Y/ — Y might not be proper, but the assertion follows
directly from the definition of Ky /y).

REMARK 2.21. It follows from Lemma 2.20 that if f: ¥ — X is a birational
morphism between smooth varieties, then for every divisorial valuation v of Y, we
have

Ax(v) = AY(’U) + U(Ky/X)

We end this section by recalling the notions of resolutions of singularities that
we will need. From now on, we assume that the ground field has characteristic
0. Given a variety X, a resolution of singularities of X is a proper, birational
morphism f: Y — X, with Y smooth. Resolutions exist in characteristic 0 by a
fundamental result of Hironaka [Hir64]. In fact, it is known that one can take f
to be projective and an isomorphism over the smooth locus of X.

In this course, we will need a version adapted to the case of a pair (X, a), where
a is a nonzero ideal on X. We begin with the following key

DEFINITION 2.22. Suppose that X is a smooth variety and D is a divisor on
X. We say that D has simple normal crossings (SNC, for short) if every point of
X has an open neighborhood U with an algebraic system of coordinates z1,...,z,
such that D|y = divy (2! - - - 2%) for some aq,...,a, € Z. Note that this is only
on condition on the support of D.

Given a normal variety X and a nonzero ideal a on X, a log resolution of the
pair (X, a) is a proper birational morphism f: Y — X, with Y smooth, such that
the following conditions hold:

i) We have a- Oy = Oy (—F) for an effective divisor F on Y.
ii) Exc(f) has pure codimension 1.
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iii) If E is the sum of the f-exceptional divisors, then F' + F has SNC.

Note that by Proposition 2.18, condition ii) above is automatically satisfied if X is
smooth. Log resolutions are known to exist in characteristic 0 by Hironaka’s result
[Hir64]. Moreover, by this result, we may assume that f is projective. In fact, one
can assume in addition that f is an isomorphism over U C X if the open subset U
is smooth and a|y is the ideal defining an effective SNC divisor on U, see [Kol07].
If Y is a proper closed subscheme of X (for example, an effective Cartier divisor)
defined by the ideal ay, then a log resolution of (X, ay) will also be called a log
resolution of (X,Y") (this is also called an embedded resolution of singularities of Y
when X is smooth and Y is a hypersurface in X).

REMARK 2.23. If we have several nonzero ideals aq, . . ., a, on the normal variety
X, we may consider a log resolution of (X, a), where a = ay ---a,. If this is given
by f: Y — X, then this has the property that we can write a; - Oy = Oy (—F;) for
some effective divisors F; on Y and if F is the sum of the f-exceptional divisors,
then E + Y _._, F; has SNC.

REMARK 2.24. Let f: Y — X be a proper birational morphism, with X nor-
mal. If a is a nonzero ideal on X, then we can find a log resolution h: Z — X of
(X, a) that dominates Y (that is, which factors as fog, for some g: Z — Y"). Indeed,
after possibly replacing Y by its normalization, we may assume that it is normal. If
b is the ideal defining Exc(f) (with the reduced scheme structure) and if g: Z — Y
is a log resolution of (Y, (a-Oy)- h), then h = f o g satisfies the desired condition:
note that by assertion ii) in Exercise 2.4, Exc(h) = Exc(g) U g~ (Exc(f)).

REMARK 2.25. Given a nonzero ideal a on the normal variety X and two
log resolutions f1: Y7 — X and f3: Yo — X of (X, a), we can find another such
log resolution f:Y — X that dominates both of them. Indeed, arguing as in
Remark 2.5 we see that we have a commutative diagram

W*>Y2

llﬁ

Yl — XJ
f1
with all maps proper and birational. We can then find the log resolution ¥ — X
that dominates W — X using the previous remark.

EXERCISE 2.26. Let X be a smooth variety, E a prime divisor on X, and
D =3%""_, a;D; adivisor on X such that E # D; for all 4.

i) Show that D has simple normal crossings if and only if for every J C
{1,...,r}, the intersection (. ; D; is either empty or smooth, of codi-
mension |J| in X.

ii) Deduce that if the ground field has characteristic 0, the divisor D has
simple normal crossings, and H is a general element of a base-point free
linear system on X, then D + H has simple normal crossings.

iii) Show that if D + E has simple normal crossings, then F is smooth and
D|g has simple normal crossings. Moreover, the divisors D;|g are smooth
(possibly disconnected), without common components.
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iv) If F is smooth, the D;|r have no common components, and D|g has simple
normal crossings, then there is an open neighborhood U of E; such that
(D + E)|y has simple normal crossings.

EXERCISE 2.27. Let X be a smooth variety over a ground field k, with char(k) =
0, let Z be a smooth subvariety of X of codimension r, and let a be an ideal in Ox.

i) Suppose that z1,...,z, are algebraic coordinates on an open subset U of
X such that Z N U is nonempty and defined in U by (z1,...,2,). Let
0 ...,% € Dery, ((’)X(U)) be the dual basis of dx1,...,dz,, and for

oz’
a=(ai,...,an) € Z%,, we consider %: Ox(U) = Ox(U). Show that

for f € Ox(U) we have ordz(f) > m if and only if 6(;;Lf vanishes on X
for all & = (aq,...,;,0,...,0), with o] =a3 + ...+ @, <m — 1.
i) Show that ordz(a) > m if and only if ord,(a) > m for all x € Z.

iii) Show that for every m, the set {x € X | ord,(a) > m} is closed in X.

2.2. The definition of multiplier ideals

Unless explicitly mentioned otherwise, from now on we work over a fixed alge-
braically closed field k, with char(k) = 0. Let X be a smooth variety.

DEFINITION 2.28. An R-divisor on X is a finite linear combination of prime
divisors on X, with R-coeflicients. Given such a divisor D = Zfi1 a;D; (whenever
we write this we assume that the D; are mutually distinct), we put

N N

D] => la;|D; and [D]=> [a;]D;,

i=1 i=1
where for ¢ € R we denote by |a| (resp. [a]) the largest integer < a (resp. the
smallest integer > a).

We can now give the definition of the main object we will be concerned with
in this chapter.

DEFINITION 2.29. Let X be a smooth variety and a a nonzero sheaf of ideals.
For every A € Rxo, the multiplier ideal J(a’) is defined as follows: if f: Y — X
is a log resolution of (X, a), with a- Oy = Oy (F), then
J(a) = f.0y (Ky,x — [AF]).

It is a bit hard to justify at this point why make this definition. However, this
notion becomes more natural when considered in the context of vanishing theorems,
as we will see later.

REMARK 2.30. With the notation in the above definition, note that [A\F'| is an
effective divisor, hence

Oy (Ky;x — |[A\F]) € Oy(Ky/x) andthus J(a*) C f.Oy(Ky/x).

Since Ky, x is an f-exceptional effective divisor, it follows from the lemma below
that the inclusion Oy C Oy (Ky,x) induces an equality

Ox = f.Oy = f.Oy (Ky,x).
Therefore 7 (a?) is an ideal of Ox.
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LEMMA 2.31. Let f: Y — X be a proper birational morphism between normal
varieties. If D is an effective f-exceptional® Weil divisor on'Y, then the inclusion
Oy — Oy (D) induces equalities

Ox = f.Oy = f,Oy(D).

PRrROOF. The first equality is a consequence of Zariski’s Main Theorem but it
will also follow from the argument below. In order to prove that the inclusions
Ox <= f.Oy <= f.Oy (D) are equalities, we may assume that X is affine. We
need to show that if ¢ € k(X) ~ {0} is such that divy(¢) + D is effective, then
v € Ox(U). Indeed, if ¢ & Ox(U), then there is a prime divisor E on X with
ordg(¢) < 0. Since E does not appear in D, it follows that the coefficient of E in
divy () + D is negative, a contradiction. O

REMARK 2.32. With the notation in Definition 2.29, if U is open in X, we
know that ¢ € Ox (U) lies in I'(U, J (a*)) if and only if for every prime divisor
on Y with ex(E)NU # 0, we have

ordg(Ky,x) 4+ ordg(p) > [X-ordg(F)| = [X-ordg(a)],
or equivalently
ordg(p) + Ax(ordg) > X - ordg(a).
The following is the main result of this section:
THEOREM 2.33. The definition of J(a*) does not depend on the choice of
resolution.

PROOF. Suppose that U is an open subset of X and ¢ € Ox(U). If f: YV — X
is a log resolution and F' as in Definition 2.29, then we saw in Remark 2.32 that ¢ is
a section of J(a*) if and only if for every prime divisor £ on Y with cx (E)NU # {),
we have

(2.1) ordg(p) + Ax(ordg) > A - ordg(a).

We need to show that if this is the case, then the same inequality remains true for
every divisor E' over X with cx (E")NU # 0.

Without any loss of generality, we may assume that U = X. Given a divisor
E’ over X, we want to show that

(2.2) ordg/ (¢) + Ax(ordg/) > A - ordg/(a).

Consider the divisors Fji,..., E,. on X that contain cy(ordg/) and that are con-
tained in Supp(F) U Exc(f). Let ¢; = ordp/(F;) for 1 < i < r. By assumption,
Ei+ ...+ E, is an SNC divisor. Note that since a- Oy = Oy (—F), we have

(2.3) ordg (a) = Zqi -ordg, (a).

i=1
Since the inequality (2.2) is trivial if ¢y (ordg/) € Supp(F) U Exc(f), we may and
will assume that r» > 1 (for those interested also in the case when X is singular: in

that setting, in order to run the same argument, we need here the condition that
Exc(f) is of pure codimension 1). It is clear that we have

ordp () = Y g - ordp, (),
i=1

3This means that all prime divisors in D are f-exceptional.
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hence using (2.1) for E = Ey, ..., E, and (2.3), we get

ordg/ () > Zqi (A-ordg, (a) — Ax(ordg,)) = A - ordg(a) — Zqi - Ax(ordg,).
i=1

i=1

Therefore (2.2) follows if we prove that

(24) AX(ordE/) > ZQi'AX(OrdEi)-

i=1
Lemma 2.34 below gives Ay (ordg/) > Z:zl gi. If ki = Ax(ordg,) — 1, then
Ky/x =Y, kiE; and using Remark 2.21 we get

Ax(OrdE/) = Ay(OI‘dE/) —|-OI‘dE/(Ky/X) Z Z(‘h + Zk‘iqi = Z(‘h . Ax(OI‘dEi).

i=1 i=1 i=1
Therefore (2.4) holds and this completes the proof. O

LEMMA 2.34. Let Y be a smooth variety and E = F1 + ...+ E,. an SNC
divisor on' Y. If E' is a divisor over Y with ¢; := ordg/(E;) > 1 for all i and
s = codimy (0y(ordE/)), then

T
Ay(OYdE/) > (S — T) + Zqi.
i=1
PROOF. Suppose that E’ is a prime divisor on the normal variety W, that has

a proper birational morphism g: W — Y. Let P € E’ be a general point, so that
both W and E’ are smooth at P. Furthermore, we may and will assume that g(P)

is a smooth point of ¢y (ordgs). Choose a regular system of parameters yi, ..., y, in
Oy 4(p) such that E; is defined at g(P) by (y;) for 1 <i < and cy (ordgr) is defined
at P by (y1,...,ys). Consider also a regular system of parameters z1,...,z, in

Ow,p, such that E’ is defined at P by (x1). By assumption, we can write
g (y;) = x¥u; for 1<i<s
for some u; € Ow,p, where we put ¢; =1 for r <4 < s. We thus have
9" (dy;) = q,;x’i‘“*luidxl +afidu; for 1<i<s,
which implies
g (dyi Ao Ndyy,) € 2P Ty

hence
Ay (ordpr) > ZQi =(s—7r)+ Zq’"
i=1 i=1
O

Independence on resolution implies the following Change of Variable formula
for multiplier ideals.

COROLLARY 2.35. Let f: Y — X be a proper birational morphism between
smooth varieties. If a is a nonzero ideal on X and b = a - Oy, then for every
A € R>o, we have

T(0@*) = £ (T (6Y) - Oy (Ky/x)).
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PROOF. We choose a log resolution h: Z — X for (X, a) that factors through
f, that is, we have h = f o g for a proper birational morphism ¢g: Z — Y (see
Remark 2.24). In this case g is a log resolution of (Y, b). Let F' be the divisor on
Z such that a- Oz = Oz(—F) = b - Oz. We thus have

J(@*) = h.0z(Kz/x — [AF]) and

TN = 9:0z(Kz/y — [AF]).

Recall that by Lemma 2.20 we have K,/ x = K,y + g"(Ky,x), hence the projec-
tion formula gives

(T (Y- Oy (Ky/x)) = f:(9:02(Kz/y — [AF]) - Oy (Ky/x))

= h02(Kzyy +9"(Kyyx) — [AF]) = T (@),
U

REMARK 2.36. Note that if m is a positive integer, a log resolution f: ¥ — X
of (X, a) is also a log resolution of (X, a™) and if a- Oy = Oy (—F), then a™ - Oy =
Oy (—mF). It then follows from the definition that 7 ((a™)*) = J(a™?*) for every
A E Rzo.

If A = 1, then we simply write 7 (a) instead of J(a'). Also, if D is an effective
Q-divisor, then we write J (D) for J(a'/™), where m is a positive integer such that
mD has integer coefficients and a = Ox(—mD) (note that J(D) does not depend
on the choice of m by Remark 2.36).

REMARK 2.37. Note that for every nonzero ideal a and every A € R>(, we have
aC rad(j(a/\)).
In fact, if m is an integer such that m > A, then it follows directly from the definition
of the multiplier ideal that
a™ C J(at).
2.2.1. Jumping numbers and the log canonical threshold. The follow-

ing proposition follows directly from the definition of multiplier ideals and the
properties of the |—| function.

ProPOSITION 2.38. If a is a nonzero ideal on the smooth variety X, then the
following hold:
i) If A\, € R>p and A > p, then J(a*) C J(ak).
ii) For every A € R>g, there is € > 0 such that

J(@) = J(a*) forall pwith \<pu<A+e.

iii) J(a°) = Oy.
iv) There is m € Zs¢ such that for all A € Rsg %Z, there is € > 0 such
that
J(@) =T (a*) forall g with A\ —e<p <A
DEFINITION 2.39. A positive \ is a jumping number of a if J(a*) C J(a*) for
all p < A.
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It follows from Proposition 2.38 that there is a positive integer m such that all
jumping numbers of a lie in %Z>0. The jumping numbers of a were introduced and
studied systematically in [ELSV04]. The most important jumping number is the
first one: this is the log canonical threshold lct(a). By Proposition 2.38, we have

let(a) := sup{A > 0| J(a*) = Ox} = min{\ > 0| J(a*) # Ox}

(with the convention that let(a) = oo if J(a*) = Ox for all \). If a = Ox(—D),
where D is an effective divisor on X, it is common to also write lct(X, D) (or lct(D)
if X is understood) instead of lct(a).

REMARK 2.40. Let a be a nonzero ideal on the smooth variety X. If f: ¥ — X
is a log resolution of (X, a), let F' be the divisor on Y such that a- Oy = Oy (—F)
and let us write . .

F = ZalEz and Ky/X = Z szz
i=1 i=1
It follows from the definition of J(a*) that 1 € J(a*) if and only if k; + 1 > Aa;
for all . We thus conclude that

ki+1
lct(a) = min — iy
[ a;
Since we know that this is independent of the resolution, we can also write

let(a) = min A;zg),

where the minimum is over all divisorial valuations of X. We note that lct(a) = oo
if and only if a = Ox.

It is convenient to also have a local version of the log canonical threshold.

DEFINITION 2.41. If a is a nonzero ideal on the smooth variety X and P € X,
then

letp(a) == sup{A > 0| J(a*)p = Ox,p} = min{\ > 0 | J(a*)p # Ox p}
(with the convention that lctp(a) = oo if J(a*)p = Ox p for all \). With the
notation in Remark 2.40, we have

k‘i +1 AX (”U)

let(a) = min = min .
wPeEf(E:)  a; v;PEcx (v) U(Cl)

In particular, we have lctp(a) < oo if and only if P € V(a).

REMARK 2.42. It follows from definition that lct(a) = minpex lctp(a) and

let p(a) = maxysp let(aly), where the maximum is over all open neighborhoods U
of P.

REMARK 2.43. It follows from the definition of the log canonical threshold and
Remark 2.36 that for every positive integer m and every nonzero ideal a, we have
_let(a) _letp(a)

1 m
ct(a™) -

and lctp(a™)

EXERCISE 2.44. Show that if @ and b are nonzero ideals on the smooth variety

X, then we have
1 1 1

Tot(ab) = ict(a) T 1ct(0)
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and for every P € X, a similar inequality involving the log canonical thresholds at
P.

EXERCISE 2.45. Let a be a nonzero ideal on the smooth variety X. Show that
for every A € R>¢, we have
1 A
>
let (J(a*)) ~ let(a)
with the convention that the quotient is 0 if the log canonical threshold at the
denominator is infinite.

71,

2.2.2. Analytic description. When the ground field is C, there is an ana-
lytic description of multiplier ideals that we now discuss. While we will not make
use of this in what follows, it gives more intuition about this notion than then
algebraic definition.

Suppose now that X is a smooth complex algebraic variety and a = (f1,..., f),
where f1,..., [ € Ox. Let g=>"7_, |fi|*>.

DEFINITION 2.46. For every A € R>( and every open subset U of X, we put
h 2
(U, jan(u)‘)) = {h € Ox(U) | 4 is locally integrable on U} .
g

We note that the condition means that for every P € U, there is an analytic
open neighborhood V' C U of P and analytic coordinates z1, ..., z, on V such that
Sy h2/lgPdzdz < oc.

It is easy to see from the definition that J2"(a%) is a sheaf of ideals in Ox,
though coherence is not clear at this point (the independence of the choice of
generators of a is not obvious either). We have

THEOREM 2.47. With the above notation, for every A € R>q, we have
jan(a)\) _ j(CL)\).
We first prove the version of the Change of Variable formula for analytic mul-
tiplier ideals. Let m: X’ — X be a proper birational morphism between smooth
complex algebraic varieties. Suppose that a = (f1,..., f,), where f1,..., f. € Ox

and let f/ = fom, sob:=a-Oy = (f{,..., f.). In the next lemma, we use these
generators to compute the analytic multiplier ideals.

LEMMA 2.48. With the above notation, we have
T (@) = £ (T (07) - Oy (Ky)x))-

ProoF. This follows easily from the properness of 7 and the Change of Variable
formula for Lebesgue integrals by noting that 7 gives a diffeomorphism between the
complements of measure 0 subsets. ([

We now deduce the equality of the algebraic and analytic multiplier ideals.

PROOF. We need to check that the two sheaves have the same sections over any
open subset U of X. After replacing X by U, it is enough to consider h € Ox (X).
Let m: Y — X be a log resolution of h - a and let b = a- Oy. Because both
algebraic and analytic multiplier ideals satisfy the Change of Variable formula (see
Corollary 2.35 and Lemma 2.48), we see that it is enough to show that the following
holds. Suppose that P € Y and we have coordinates 1, ..., x, in a neighborhood
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of P, with x;(P) = 0 for all 4, such that b = (w), with w = x{* --- 20", Ky x is
defined by v = mlfl -~-xfl"7 and h = umlfl -~-xf1", with u invertible; we then need
to check that hv is a section of J*"(a*) around P if and only if it is a section of
J(a*) around P (where the former ideal is computed with respect to a given set of

generators). Note that around P, we have
I(@) = (@Ml

and ho lies in this ideal in a neighborhood of P if and only if b; + k; > |a;A] for all
i

On the other hand, suppose that the analytic multiplier ideal is associated to
a system of generators f1,..., f.. Note that in this case we can write f; = wqg; and
(q1,---,qr) = 1. Since g := 350  |fil> = [f?] - i laif* and |u| and 357, [qi?
are locally bounded and bounded away from 0, we conclude that |h|?/g” is locally
integrable around P if and only if [}, |z;]?% 2% /T, |=;|>** is integrable in a
neighborhood of P. In turn, by Fubini’s Theorem this is the case if and only if
each function |z|?0i+2ki—2a:A jg integrable in a neighborhood of 0. It is easy to see
(and well-known) that this is the case if and only if 2b; + 2k; — 2a; A > —2 for all 4;
equivalently, b; + k; > |a;A] for all 4. This completes the proof. O

Of course, on a complex manifold it is more natural to associate multiplier ideals
to sheaves of holomorphic functions. In fact, one can associate such multiplier ideals
to plurisubharmonic functions and these ideals give a powerful tool in complex
geometry, see [DemO01].

2.2.3. Mixed multiplier ideals. One can define similarly a mized version of
multiplier ideals, as follows. If ay,...,a, are nonzero ideal sheaves on the smooth
variety X, consider a log resolution f: Y — X for the pair (X,a;---a,). If we
write a’ - Oy = Oy (—F;) for all 4, then for all A,...,\, € R>o, we define the
mized multiplier ideal

j(ai\l : "ai\r) = f*OY(KY/X — I_/\1F1 + ...+ /\TFTJ)

Most of the time, we will not work in this level of generality in order to simplify
the notation. However, all results easily extend to this setting. For example, the
proof of Theorem 2.33 extends in a straightforward way to show that the definition
of mixed test ideals is independent on the resolution. We also get an obvious
extension of the Change of Variable formula in Corollary 2.35.

REMARK 2.49. Mixed multiplier ideals can be described by usual multiplier
ideals, as follows. First, it follows from the definition and the basic properties of the
round-down function that given Aq,..., A, € R>¢, we can find A\j,..., \. € Qxo,
with 0 < A; — A\; < 1 such that

bV AL
J(@ . ad) =T .. anr).
On the other hand, if A{,..., A\ € Q>¢, then we can choose a positive integer m
such that m\; € Z for all 4; if a = [[_, a;”’\i, then it follows from the definition

that
J(at .. a}) = J(@/™).

If we consider the constancy regions for mixed multiplier ideals, then the struc-
ture is more interesting than in the case of one ideal. Indeed, it follows eas-
ily from the definition of mixed multiplier ideals that there are linear functions
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Ly,....,Ly: R" — R of the form L; = Y"7_, a; jx;, with a; ; € Z> for all i and j
such that for all A = (A\1,...,\.) in a connected component of

R%, ~ U L) =m}

1<i<N,m€Zxo
the mixed multiplier ideal J(a}' ---a}") takes a constant value.

2.2.4. Multiplier ideals in positive characteristic. Suppose now that the
ground field has positive characteristic. We can still define multiplier ideals, but
the fact that it is not known whether log resolutions exist, makes it very hard to
handle even the simplest questions.

Suppose that X is a smooth variety and a is a nonzero ideal sheaf on X. We
define

j(ak) = mam,(v) (U)v

where the intersection is over all divisorial valuations v on X and m(v) = |\ -
v(a)| — Ax (v) + 1. However, since we have an infinite intersection in the definition,
it is not clear whether this is a coherent ideal. Similarly, it seems very hard to say
anything about the way these ideals vary with .

We can also define the log canonical threshold:

Ax (v)

v(a)
where the infimum is over all divisorial valuations v on X. In this case, it is not
clear whether the infimum is achieved (in fact, it is not known whether lct(a) is a
rational number). Note also that while the definition implies that J(a*) = Ox for
A < Ict(a), it is not clear whether J(a't(®)) #£ Ox.

However, when we have a log resolution of (X, a), the proof of Theorem 2.33
goes through and we can describe 7 (a%) is terms of this resolution as in character-
istic 0. In this case, of course, we have a good control on the jumping numbers. In
particular, the minimum in the definition of the log canonical threshold is achieved
by some divisorial valuation associated to a divisor on the log resolution.

let(a) = inf

2.3. Multiplier ideals: examples and first properties

In this section we always assume that the ambient variety X is smooth, over
an algebraically closed field of characteristic 0. We begin with some easy examples.

EXAMPLE 2.50. If a is the ideal defining a smooth codimension r subvariety of
X, then

(2.5) J(a*) = alM=r+1

with the convention that a™ = Ox for m < 0. In particular, we have lct(a) = r.

Indeed, note that the blow-up f: Y — X of X along Z is a log resolution of
(X,a). If E is the exceptional divisor, then we clearly have a - Oy = Oy (—FE) and
we have seen in Example 2.19 that Ky, x = (r —1)E. We thus have

J(@Y) = f.O0y((r—1—[A\])E)

and using Lemma 2.14 we get the formula (2.5).
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EXAMPLE 2.51. For every effective divisor D and every A € R, we have
J(AD) =0Ox(—|A\|D)-J(tD), where t=X—|X].

This follows directly from the definition of multiplier ideals and the projection
formula. Hence the interesting multiplier ideals in this case are the J(AD) for
A < 1. Moreover, we see that if D is nonzero, then lct(D) < 1.

EXAMPLE 2.52. Suppose that X is a smooth surface and D is a divisor on X
that has at most nodes as singularities. In this case J(X,tD) = Ox for all ¢ < 1.
In particular, we have lct(D) = 1.

Indeed, arguing locally we may assume that D has a unique singular point P
which is a node. In this case if f: Y = Blp(X) — X has exceptional divisor E,
we have that £+ D is a simple normal crossing divisor, hence f is a log resolution
of (X, D). Moreover, we have f*(D) = D 4 2E and Ky,x = E by Example 2.19,
hence for t < 1/2 we have

J(tD) = £.Ov(E) = Ox
while for 1/2 <t < 1, we have
J (D) = f.Oy = Ox.

ExXAMPLE 2.53. The first nontrivial example is the case of a curve with a simple
cusp: let D be the curve in X = A% = Spec k[z1, 2] defined by f = 27 + 3. We
need to construct a log resolution of (X, D). Let m;: X1 — X be the blow-up of
X at 0, with exceptional divisor F;. In order to simplify the notation, we will
denote by the same letter a divisor and its strict transform, paying attention to
what variety we are on. Note that

’/TT(D):D+2E1 and KXl/X:E1~

Note that D N Ey consists of a point P. In order to describe D + E; at P, let us
consider the chart U on X; with coordinates y; and yo such that

71 (1) = y1y2 and 7] (x2) = yo.

In this case E; is defined by the equation yo and 7} (D) is defined by the equation
y2(y? +y2). We thus see that D on X is smooth, but D + E does not have simple
normal crossings.

Let mo: Xo — X be the blow-up of X; at P, with exceptional divisor E5. Note
that we have

m5(D) =D+ Ey, m3(E1) =FE1+Ey, Kx,/x, = E,
hence
(mioma)* (D) = m3(D+2E,) = D+2E1+3F>; and Kx,/x = Eatmy(E1) = E1+2FE;.
Consider on X5 the chart with coordinates z; and zs, such that
w5 (Y1) =21 and 75 (y2) = 2122

In this chart Es is defined by the equation z1, Fy is defined by the equation zs, and
75 (D) is defined by z1(z1 + 22). We thus have 3 smooth curves on X5 all of them
passing through a point @ (it is easy to see that there are no other intersection
points on X3).

Consider now 73: X3 — X5 be the blow-up of X, at @, with exceptional divisor
FE5. This divisor intersects each of D, Ey, Fs in distinct points and these are the
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only intersection points. The divisor D 4+ E; + Es + E3 on X3 has simple normal
crossings, hence m = m o 7 0 3 is a log resolution of (X, D). Since

m3(D) =D+ E3, mw3(E)=E+E3, and w3(Es)=FEy+ Es,
we have
7*(D) = n5(D + 2E1 + 3E2) = D + 2E, + 3E; + 6E5 and
Kx,/x = B3+ 73(Kx,/x) = E3 +m3(E1 +2E,) = Ey 4 2E5 + 4E3.
We thus conclude that for 0 <t < 1, we have
J(tD) = m.0x,(— (|2t] — 1)E; — ([3t] — 2)E> — (|6t] — 5)E3).
It is clear that if ¢ < 5/6, then we push forward the line bundle associated to an

effective exceptional divisor, hence J(tD) = Ox by Lemma 2.31. On the other
hand, if 5/6 <t < 1, we have

J (D) = m.0x,(=E3) = (z,y).
The last equality follows from the fact that cx (E3) = {(0,0)}.
In particular, we see that lct(D) = 5/6.

EXAMPLE 2.54. Suppose that dim(X) = n and D is an effective divisor on
X that has an ordinary singular point P of multiplicity d: this means that the
projectivized tangent cone of D at P is a smooth hypersurface in P"~! of degree d
(for example, this is the case for a hypersurface in A" defined by a homogeneous
polynomial of degree d with an isolated singularity at 0). Let 7: Y — X be the
blow-up of X at P, with exceptional divisor E ~ P! The hypothesis says that
the intersection D N E is smooth, of degree d in E. This implies that D 4+ E has
SNC in a neighborhood of E, hence there is an open neighborhood U of P such
that 7 gives a log resolution of (U, D|y). Moreover, we have
(D) =D+dE and Ky/x = (n—1)E
hence for 0 < ¢t < 1 we have
J(tD) =m0y ((n—1— [td])E).
Using Lemma 2.14, we see that
J(tD) = mgdknﬂ for all t <1,

where mp is the ideal defining P and we make the convention that m{J = Ox for
j < 0. In particular, we see that lctp(D) = min{1,n/d}.

We next record some easy properties of multiplier ideals:
PRroPOSITION 2.55. If a; C as are nonzero ideals on X, then
J(a}) € J(ay) forall Xe€ Rso.
In particular, we have lct(a;) <lct(az) (and letp(ay) < lctp(az) for all P).

ProOOF. Let f: Y — X be a log resolution of (X, a; - a3). If we write a; -
Oy = Oy (—F}) and ay - Oy = Oy (—F3), then the hypothesis implies Oy (—Fy) C
Oy (—F»), hence

J(a7) = [0y (Ky/x — [AF1]) C [0y (Ky/x — [AF2]) = T (a3).

The last assertion is an immediate consequence. [
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PROPOSITION 2.56. If dim(X) = n, P € X, and a is an ideal on X with
ordp(a) = d, then lctp(a) < 7.

PRrROOF. By hypothesis, if m is the ideal defining P, we have a C m?, hence
using Proposition 2.55, Remark 2.43, and Example 2.50 we get

B lctp(m) N E

lctp(a) S 1Ctp(md) d d

O

EXERCISE 2.57. Let X be a smooth variety. Show that if a is a nonzero ideal
on X and lct(a) = ¢, then for every positive integer m, the locus

{z € X | ord,(a) > m}
has codimension > [em].

EXERCISE 2.58. Show that if a is a nonzero ideal on X, then a C 7 (a). More
generally, if b is another nonzero ideal on X, then for every A, u € R>o we have

a-J(ao") C J(a M on).

The next proposition shows that at least locally, we can reduce computing
multiplier ideals of arbitrary ideals to computing multiplier ideals of hypersurfaces.

PROPOSITION 2.59. Let a be a nonzero ideal on X generated by fi,...,f; €
Ox(X). For every positive integer r, if we take g; = Zj-:l a;;f; for 1 <i <,
where the tuple (a;;) € C™ is general, and D is the divisor defined by []._; gi,
then

J(@)=J(2D) for A<

r

In particular, if a # Ox, then lct(D) = min { let(a) , 1}.

T

ProoF. For every i, let D; = divx(g;),so D=D1+ ...+ D,. Let m: Y - X
be a log resolution of (X, a), with a- Oy = Oy (—F). If |V] is the linear system
generated by f1,..., fr on X, then #*|V| = F + |W|, with |W| base-point free. If
we write 7*(D;) = F + E;, it follows that Fy,..., F, are general elements of |W|.
It is then a consequence of the Kleiman-Bertini theorem that since Ky, y + F' has
SNC and || is base-point free, each E; is smooth (possibly disconnected), without
any common components with the components of Ky, x + F or with each other,
and Ky, x +F + !, E; has SNC (see Exercise 2.26). We thus conclude that 7 is
a log resolution of (X, D).

Note now that since \ < r, we have

[7* (2D)] = \FI + ) |2Ei] = [AF),
i=1
hence the equality of multiplier ideals follows directly from the definition. The last
assertion follows from the definition of the log canonical threshold and the fact that
a # Ox implies that D # 0, hence lct(D) < 1. a

We next discuss an important class of examples, that of monomial ideals. In this
case the formula for the multiplier ideals is due to Howald [How01]. Suppose that
a C klzy,...,x,] is a monomial ideal, that is, it can be generated by monomials.
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In what follows, if u = (uy,...,u,) € Z™, we write z* for the Laurent monomial
x7t - xln. The Newton polyhedron of a is the convex hull P(a) of the set

{ueZ%,| 2" € a}.

For u,v € Z", we put (u,v) = Y ., u;v;, and we denote by 1 the vector (1,...,1) €
Z".

THEOREM 2.60. If a C k[z1,...,2,] is a nonzero monomial ideal, then for
every A € R>q, we have

J(a*) = (2" |u+1€nt(X P(a))).

PRrROOF. One can give a two-line argument using some basic facts about toric
varieties. However, we do not assume familiarity with toric varieties, so we develop
everything that we need from scratch.

We consider on X = A" the standard action of the torus 7' = (k*)" given by

(tl,...,tn) . (al,...,an) = (tlal,...,tnan).

It is clear that every monomial ideal is preserved by this action (that is, by the
corresponding action of T on R = k[z1,...,x,]); moreover, it is straightforward to
check that the converse also holds since k is an infinite field.

It is a general fact that if an algebraic group G acts algebraically on a variety X
and a nonzero ideal sheaf a is preserved by this action, then there is a log resolution
f:Y — X of (X,a) such that G acts algebraically on Y and f is an equivariant
morphism (this does not follow immediately from the results in [Hir64], but it is a
consequence of the more recent work on resolution of singularities, see for example
[Kol07]). In this case, it is an immediate consequence of the definition of multiplier
ideals that 7 (a*) is preserved by the G-action (note that if a-Oy = Oy (—F), then
both F' and Ky, x are preserved by the G-action. Moreover, if G' is connected, then
all f-exceptional divisors, as well as those that appear in F, are preserved by the
G-action.

We thus conclude that in our setting the ideal J(a*) is a monomial ideal.
Moreover, in order to check whether a certain h € R is in J(a*), we only need to
check that v(h) > A-v(a) — Ax(v) for divisorial valuations v that are T-equivariant.
Thus means that for every g € R, we have v(t-g) = v(g) for all t € T. Tt is easy to
see that this means the following: if v(z;) = v; and g = >, c,x", then

2.6 = mi .
(2.6) v(g) = min {u,v)
Note that since the image if v is Z, we have ged(vy,...,v,) = 1.
We next show that conversely, if ged(vy,...,v,) = 1 and we define v as above,

then indeed v is a divisorial valuation on X and we compute Ax(v). Note first
that there is a matrix A = (a;;) € Mp(Z) with a1, = v; for 1 <4 < n, and
det(A) = +1. Indeed, the hypothesis on v = (vy,...,v,) implies that there are
vectors (a;1,...,a;n) for 2 <4 <n that together with v give a basis of Z".

We define a k-algebra homomorphism

pr R= k[l.l""’x"} - k[yl’yg:l"'vyfl] =S5, So(xj) = Hyz%,j'
i=1

Since det(A) = =£1, it follows that ¢ induces an isomorphism between the corre-
sponding Laurent polynomial rings; therefore the morphism Spec(S) — X induced
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by 7 birational. If F is the divisor on Spec(S) defined by (y1), we see that the
corresponding valuation ordg is the valuation v defined by (2.6).
Let’s compute now Ax (v). It follows from the definition of 7 that

dlog xj)) Za”dlog y;) for 1<j<n.

Here for a regular function g, we write dlog(g) = %. Note that dlog(gh) = dlog(g)+
dlog(h).

Therefore we have
7 (dlog(z1)A. . .Adlog(z,)) = det(A)-dlog(y1)A. . .Adlog(y,) = dlog(y1)A. . .Adlog(yn).

We thus conclude that

n

m(dxy A Nday) = [ [y T e Ty AL A dy,
i=1
hence Ax(v) =v1 +...4 v, = (1,v). Note also that

v(a) = min{w,v) = min (w,v).

We thus conclude that a monomial z* lies in J(a*) if and only if for every

v =(v1,...,v,) € ZY, with ged(vy,...,v,) = 1, we have

o) > A- min (w,v) — (1,v).
(wv) > A+ min (w.v) - (1,0)

Of course, this holds if and only if we have the same inequality for all nonzero
v € Z%,. Since P(a) is the convex hull of a subset of Z%,, there are nonzero

o v(N) € Z% such that if b; = min,c p(a) (u, v®) for 1_§ i1 < N, then

a) = ﬂ {ueRLy | (u,0D) > b;}
=1

N

Int(P(a)) = ﬂ{uGR o | (u,v® ) > b}

i=1
It is now easy to see that z* € J(a*) if and only if u+ 1 € Int(X - P(a)). This

completes the proof. O
COROLLARY 2.61. If a C k[zy,...,z,] is a nonzero proper monomial ideal,
then

let(a) = letg(a) = max{A > 0|1 € X- P(a)}.

EXAMPLE 2.62. Let a = (7', ...,2%") C k[z1,..., 2], with a1,...,a, € Zso.
In this case

p(a)z{uz(ul,...,un)eRgo|Zl+...+“’“21}.
- 1

T

By Theorem 2.60, we have
7 = (o

In particular, we have lct(a) = >0, L.

i=1 a;

+ ...+

aq (€78

up +1 ur+1>)\>.
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Suppose now that f = >\, . It follows from Proposition 2.59 that if

g=a1z{" + ...+ apzé, with a = (ay,...,a,) € C” general, then
1 s+ 1
»7(9A)‘7(uk)<:r“|u1Jr TR >/\> for A< 1.
aq Qy

Of course, we may assume that a; # 0 for every i. If §; are such that 5" = o,
the automorphism ¢ of k[z1,...,z,] given by ¢(z;) = B;xz; maps f to g. Since ¢
clearly preserves monomial ideals, we conclude that

1 r+1
J(fk)=<x““1a++- L

A
In particular, we have

>)\> for A<1.

ay

r

let(f) :min{l,Z;}.

i=1
2.4. Multiplier ideals and vanishing theorems

The relevance of multiplier ideals in birational geometry comes from their role in
vanishing theorems. Let us begin by recalling the basic vanishing result in algebraic
geometry. Recall that we work over a ground field of characteristic 0.

THEOREM 2.63 (Kodaira). If X is a smooth projective variety and L is an
ample line bundle on X, then

H{ (X, wx ®L)=0 forall i>0.

REMARK 2.64. Via Serre duality, the assertion in the above theorem is equiv-
alent to the fact that if £ is ample, then H*(X, L) = 0 for i < dim(X).

The proofs of this result either rely on analytic tools, such as Hodge theory (see
for example [Laz04, Chapter 4.2]) or go by reduction to positive characteristic (see
[DI87]). We will discuss the latter approach in Chapter 4.3 below. However, it
is important to note that there are counterexamples in positive characteristic (see
[Ray78]).

The result that is actually used most in higher-dimensional birational geom-
etry is a powerful generalization due independently to Kawamata and Viehweg.
The generalization goes in two directions: first, ampleness is replaced by the more
flexible condition big and nef. Second, it is not the line bundle that is required to
satisfy this condition, but a small perturbation. Let us begin by introducing the
relevant terminology.

DEFINITION 2.65. Let X be an n-dimensional projective variety. A line bundle
L on X is nef if for every curve C on X (assumed to be irreducible and reduced),
we have deg(L|¢) > 0. We say that L is big if there is m > 0 such that £™ defines
a rational map ¢, = prm: X --» P(HO(X, £m)) whose image has dimension n.

We do not discuss in detail these important notions, but only point out some
basic facts. Clearly, an ample line bundle is big and nef. In fact, if a line bundle £
is semiample (that is, some positive multiple of L is globally generated), then it is
nef. Properties iv) and v) in the proposition below show that being big and nef is
a more flexible property than ampleness.

PRrOPOSITION 2.66. Let £ and M be line bundles on the projective variety X.
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) If d is a positive integer, then £ is nef (big) if and only if £? is nef (big).
) If £ and M are nef, then £ ® M is nef.
iii) If £ is big and H°(X, M™) # 0 for some m € Z~, then £ ® M is big.
) If f: Y — X is a projective, birational morphism, then £ is nef if and
only if f*(L) is nef.
v) If f is as in iv) and X is normal®, then £ is big if and only if f*(£) is big.
PROOF. The assertion in i) is trivial for the nef condition. For the big condition
it is enough to show that if £™ defines a rational map whose image has dimension

n = dim(X), then any multiple £™ satisfies the same property. Note that we have
an obvious linear map

Sym?HO (X, L™) — H°(X, L™),

which induces the bottom rational map in the commutative diagram
X-——-—-- " >P(H'(X,L™)
Pmg | J
P(HO(X,L™)) - - = P(Sym?H°(X, L™)),

in which j is the Veronese embedding. Since the image of ¢, has dimension n, it
follows that also the image of ¢, has dimension n.

The assertion in ii) is trivial. Suppose now £ and M are as in iii). Clearly, we
have HO(X, M™4) # 0 for all ¢ > 1. Therefore, by the argument in the proof of
i), we may assume that there is m such that H°(X, M™) # 0 (hence the rational
map @ is defined and also that the rational map ¢,m has n-dimensional image.

Note we have a multiplication map

a: HO(X, L™) @, H (X, M™) — H°(X,N'™),

where N' = £ ® M, and a commutative diagram

(pem,oam) | 19
\ \
P(HO(X,L™)) x P(HY(X,M™)) —P(H(X,L™) ® H'(X, M™)),

where the bottom map is the Segre embedding and g is the rational map induced
by «. Since the image of p,m is n-dimensional, also the image of (¢rm,Yarm)
is n-dimensional, and the commutative diagram implies that the image of pprm is
n-dimensional. Therefore A is big.

We next prove iv). If £ is nef, then it is clear that f*(£) is nef: if C' is a curve
onY and C’ = f(C) is a curve on X, then the projection formula gives

deg(f*(£)lc) = deg(C/C") - deg(L]|c)

(on the other hand, if f(C) is a point, then we clearly have deg(f*(£)|c) = 0). The
converse follows in the same way if we show that for every curve C’ on X, there is a
curve C on Y with f(C) = C’. This follows by choosing an irreducible component

4The same property holds without assuming X normal, but we will not need the more general
statement.
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T of f~1(C) that dominates C' and by cutting 7' with 7 general hyperplane sections
(with respect to a suitable projective embedding of Y'), where dim(7") = r + 1.

Suppose now that X is normal and let us show now that £ is big if and only if
f*(L) is big. Since X is normal, we have f,(Oy) = Ox, and using the projection
formula we get

HO(Y, f(£™)) =~ HO(X, fo f*(L™) =~ H* (X, L™ @ f.(Oy)) ~ H°(X,L™).
We thus have a commutative diagram

Y — = =P(H(Y, f*(L™)))

L |
X--->=P(HX,L™)),

in which g is an isomorphism. It is thus clear that the image of the top horizontal
map has dimension n if and only if the image of the bottom horizontal map has
dimension n. This gives the assertion in iv). (]

In light of property i) in the above proposition, it makes sense to extend the
definition to Q-divisors, as follows.

DEFINITION 2.67. Let X be a smooth, projective variety. A Q-divisor D on
X is nef (big) if Ox(mD) has the corresponding property when m is a positive
integer such that mD is a divisor.

THEOREM 2.68 (Kawamata-Viehweg). Let X be a smooth projective variety. If
L = Ox ([D]), where D is a big and nef Q-divisor on X such that [D] — D is an
SNC divisor, then

H{(X,wx®L)=0 for i>0.

The proof of this result is reduced to the assertion in Kodaira’s theorem via a
clever use of cyclic covers (see for example [Laz04, Chapter 9.1.C]).

We next discuss some applications of this theorem in the context of multiplier
ideals. The first result shows that the line bundle whose direct image gives a
multiplier ideal has vanishing higher direct images.

THEOREM 2.69 (Relative vanishing). Let X be a smooth variety and a a nonzero
ideal on X. If f: Y — X is a projective log resolution of (X,a), with a-Ox =
Ox(—F), then for every A € R>¢, we have

R f.Oy(Ky,x — |\F]) =0 for i>0.

Before giving the proof of the theorem, we need the following lemma that allows
us to deduce relative vanishing from absolute vanishing.

LEMMA 2.70. Let f: Y — X be a morphism of projective varieties, F a coherent
sheaf on 'Y, and L an ample line bundle on X. If m € Z is such that

H (Y, F® (L)) =0 for i>0,j>m,
then the following hold:

i) Rf.(F)=0 for alli> 0.
i) H (X, f«(F) @ L7) =0 for all j > m.
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PrROOF. For every j, consider the Leray spectral sequence associated to the
sheaf F @ f*(L7):
EY = HP(X,RIf.(F® f*(L7))) = HTU(Y, F @ f*(L7)).
Note that by the projection formula, we have
EYT ~ HP(X,R1f.(F)® L7).
Since £ is ample, it follows that there is m’ such that for all ¢ we have
a) EY?=0for allp>1and j > m/, and
b) Rif.(F)® L7 is globally generated for all j > m/.
Condition a) implies that for j > m/, the spectral sequence gives
HY(X,Rif.(F)® L)) ~ HI(Y,F @ f*(L7)).
By assumption, the right-hand side vanishes for j > max{m,m’'} and ¢ > 1, which
implies H°(X, R1f.(F) ® £7)) = 0. Condition b) then implies R?f,(F) ® LI =0,
hence RIf,(F) =0 for ¢ > 1, which is assertion i) in the lemma.
Once we know this, the spectral sequence gives
EYY = HP (X, f(F)@ L) ~ HP (Y, F® f*(£7)) forall je€Z,
hence assertion ii) in the theorem follows from the hypothesis. g

We can now give the proof of the Relative Vanishing theorem.

PROOF OF THEOREM 2.69. We may replace A by X' > X, with A’ € Q>¢, such
that |A\F'| = |[NF]. Hence we may and will assume that A\ € Q>¢. We first treat
the case when X is a projective variety. Note that in this case, since f is projective,
Y is a projective variety too.

Let D be an ample divisor on X. Using the projection formula, we see that

le*Oy (KY/X — L)\FJ) ~ Rif*wy(— |—)\F-|) ® w_)_(l.
By Lemma 2.70, it is thus enough to show that
(2.7) H'(Y,wy(=|[AF| + f*(jD))) =0 for i>0and j>>0.

Note that —|AF |+ f*(jD) = [-AF + f*(4D)]. Since the divisor [-AF] + AF has
simple normal crossings, it follows from Theorem 2.68 that it is enough to show
that for j > 0, the divisor f*(jD) — AF is big and nef.

Since a - Oy is locally principal, the morphism f factors as the composition

Y - B =Bl(X) L X,
where g is the blow-up along a, with exceptional divisor . Note that we have
F = h*(E). We know that on B we have a g-ample line bundle Op(1) such that

Op(1) ~ Op(—FE). Therefore there is j; > 0 such that ¢g*(j1 D) — E is an ample
divisor on B. It thus follows from Proposition 2.66 that

f*(iD) = AF = Ah*(¢* (1 D) = E) + (5 — 10 f*(D)
is big and nef for all 7 > j;A. This completes the proof in the case when X is
projective.

The reduction to the projective case is a standard argument. First, the assertion
we want to prove is local on X, hence we may assume that X is affine. Consider
an open immersion j: X — X, where X is projective. We may and will assume
that X is smooth: indeed, there is a projective morphism X — X that is an
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isomorphism over X and we replace X < X by X — X. Let @ be an ideal on
X such that a|y = a. We similarly consider an open immersion Y < Y, with Y
smooth and projective (note that Y is projective over the affine variety X, hence
it is quasi-projective). After taking a suitable projective morphism Y — Y that
is an isomorphism over Y, with Y smooth, and replacing Y by 17, we may and
will assume that the rational map g: Y --» X is a morphism. We clearly have
Y C ¢g7'(X) and since f is proper, we have in fact Y = g7 1(X). If G is the
sum of the g-exceptional divisors, consider a projective log resolution W — Y of
Os(—G) - (@ Ow) which is an isomorphism over Y. After replacing ¥ — X by
the composition W — Y — X, we may assume that g is a log resolution of (X,a).
It is then clear that applying the conclusion of the theorem for g, we also obtain it
for f. This completes the proof. O

We next use relative vanishing to give the following generalization of Kawamata-
Viehweg vanishing.

THEOREM 2.71 (Nadel). Let X be a smooth projective variety and D an effective
Q-divisor on X. If A is a divisor on X such that A — D is big and nef, then

H'(X,wx ® Ox(A)® J(D)) =0 forall i>0.

REMARK 2.72. Suppose that F is a big and nef Q-divisor on the smooth pro-
jective variety X such that D := [E] — E has simple normal crossings. Note that
in this case J(D) = Ox and we can apply Theorem 2.71 with A = [E| to conclude
that

H'(X,wxy ® Ox([E])) =0 for i>0.

Hence the statement of the Kawamata-Viehweg vanishing theorem is a special case
of Theorem 2.71.

In fact, we prove the following more general statement.

THEOREM 2.73 (Nadel). Let a be a nonzero ideal sheaf on the smooth projective
variety X. If M is a divisor on X such that a @ Ox (M) is globally generated,
A € Q>o, and A is a divisor on X such that A — AM is big and nef, then

H' (X, wx ® Ox(A) @ J(a)) =0 for i>0.

REMARK 2.74. With the notation in Theorem 2.71, let m be a positive integer
such that mD has integer coefficients and let a = Ox(—mD). If we take M = mD
and A = %, then we may apply the vanishing in Theorem 2.73 to deduce the one
in Theorem 2.71. Hence it is enough to prove Theorem 2.71.

PrROOF OF THEOREM 2.73. Let f: Y — X be a projective resolution of (X, a).
Let us write a- Oy = Oy (—F). Note that by the projection formula, we can write

wx ®0x(A)®J(0)) = wx ®0x (A)® Oy (Ky,x —|AF]) = fuwy (f*(A)—|AF]),
and using also Theorem 2.69 we have

Rif.wy (f(A) = [AF]) 2 wx ® Ox (A) @ R f.Oy (Ky x — [\F]) =0 for ¢>0.
The Leray spectral sequence for f and wy ( f(A)— [)\FJ) then gives an isomorphism
(2.8) H' (X, wx ® Ox(A) @ J(a*)) ~ H (Y,wy (f*(4) — |\F])).
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By assumption, we have a surjection
Ox(*M)EBd — a
for a suitable d, which induces on Y the surjection
* ®d
Oy (— (M) = Oy (- F).

Therefore Oy (f*(M) — F) is globally generated; in particular, f*(M) — F is nef.
On the other hand, since A — AM is big and nef, it follows from properties
iv) and v) in Proposition 2.66 that f*(A — AM) is big and nef on Y. Using now
properties i), ii), and iii) in the same proposition, we conclude that
G:=f*(A) = AF = f*(A—=AM) + A(f*(M) — F) is big and nef.

Note that [G] — G is supported on Supp(F'), hence it is an SNC divisor. By the
Kawamata-Viehweg vanishing theorem, we have

(2.9) H' (Y,wy([G])) =0 for i>0.
Since [G] = f*(A) — | AF], the conclusion of the theorem follows from (2.8) and
(2.9). O

REMARK 2.75. The most obvious application of vanishing theorems is to lifting
of sections: given a short exact sequence of sheaves on X:

0—-F = F—=F"—=0,

if HY(X,F') = 0, then it follows from the long exact sequence in cohomology that
the map

H°(X,F)— H°(X,F")
is surjective.

Another possible application of vanishing results is to existence of sections.
Suppose for example that A is an ample divisor on the n-dimensional projective
variety X and F is a nonzero coherent sheaf on X such that H* (X T ( jA)) =0 for
all j > jo. In this case there is j with jo < j < jo+n such that HO(X, ]-'(jA)) #0.
Indeed, recall that there is a polynomial P € Q[xz] of degree < n such that P(j) =
x(F(j)) for all j € Z. Our assumption implies that P(j) = h°(X, F(j)) for j > jo.
If HO (X, f(jA)) = 0 for jo < j < jo + n, it follows that P has n + 1 roots, hence
P = 0. Since F(jA) is globally generated for j > 0, this implies that F = 0, a
contradiction.

If Ox(A) is also globally generated, then we can say more: F(jA) is glob-
ally generated for all j > jo + n. Indeed, the hypothesis gives, in particular, that
H'(X,F((j —i)A)) = 0 for all i > 0, hence F(jA) is O-regular in the sense of
Castelnuovo-Mumford regularity; this implies that it is globally generated (for the
basic facts about Castelnuovo-Mumford regularity, see for example [Laz04, Chap-
ter 1.8]).

EXAMPLE 2.76. We give an application of Theorem 2.71 to bounding the num-
ber of singular points on a plane curve with simple cusps. Suppose that C' C P?
is a plane curve of degree d that has 7 simple cusps®. Note that if I' C C is the
(reduced) set of singular points, then it follows from Example 2.53 that J (%C’) is
the ideal Zr defining I' in P? (it is easy to see that for every simple cusp, a log

5A point P € C is a simple cusp if @ ~ [z, y]/(z? — y°).
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resolution in a neighborhood of this point is obtained as in Example 2.53). On the
other hand, since wp2 ~ Opz2(—3), it follows from Theorem 2.71 that

H'(P?*Ir ® Op2(m —3)) =0 for m > 5d/6.
By tensoring the short exact sequence
0—>Zr - Opz > 0r —0
with Op2(m — 3), we conclude that the map
H°(P?, Op2(m — 3)) — H°(T, Or(m — 3))
is surjective as long as m > 5d/6. Since the dimension of the left-hand side is

(™, 1), by taking m = |5d/6] + 1, we conclude that r < (L‘F’dQ/GJ). For example, if
C has degree 4, then the number of cusps is < 3.

EXAMPLE 2.77. An early application of vanishing theorems has been towards
finding projective hypersurfaces of small degree passing through a set of points (see
[EV83] for a discussion of such results). Given a subset S C P™ and a positive
integer m, let a;,(S) be the smallest degree of a hypersurface H in P™ such that
ordp(H) > m for all P € S. It was conjectured by Chudnovsky that the following
inequality holds:

am(S) S a1 (S)+n—1

m n '
We show using Nadel vanishing that the following weaker version holds:
m(S) S 041(5).
m n

Indeed, suppose that D is an effective divisor of degree d in P™ such that ordp(D) >
m for all P € S. Let Z be the closed subscheme of P" defined by Iy = J(£D).
For every P € S, it follows from Proposition 2.56 that lctp(D) < -, hence S C Z.
On the other hand, since wpn ~ Opx(—n — 1), it follows from Theorem 2.71 that
if j+n+1> 9 then

H'(P",I; ® Opn(j)) =0 forall i>1.

We thus deduce that H'(P",Z; ® Opa(j)) # 0 if j + 1 > 42 (see Remark 2.75).
This implies that Z (hence also S) is contained in a hypersurface of degree |dn/m],
so we get the inequality (2.10).

(2.10)

ExaMPLE 2.78 (Kolldr). Suppose that A is an Abelian variety and O is a
principal polarization on A (recall that this means that © is an ample effective
divisor on A, with 7°(A,04(0)) = 1). We claim that lct(6) = 1. In particular,
using Example 2.56, we deduce that ord,(6) < dim(A) for every x € ©.

In order to show that lct(©) = 1, we need to show that for every A € [0,1)NQ,
the closed subscheme Z defined by Z; = J(A\O) is empty. Since A is an Abelian
variety, we have ws ~ O 4, hence Theorem 2.71 gives
(2.11) H'(A,I; ® 04(0)) = 0.

By tensoring with O 4(0) the short exact sequence
022z -04—0z—=0
and taking cohomology, we deduce using (2.11) that the restriction map

H(A,04(0)) — H(A,04(0)|2)
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is surjective. By assumption, the left-hand side is generated by a section defining
O; since Z is clearly contained in O, it follows that the map is in fact 0. Therefore
H°(A,04(0)|z) =0.

On the other hand, if Z # ), then for a € A general, the divisor ©, = a + ©
does not contain Z, hence H%(A,04(0,)|z)) # 0. Since this holds for general
a € A, the semicontinuity theorem implies H?(A, O4(0)|z) # 0, a contradiction.
We thus conclude that Z = ). Since this holds for every A < 1, it follows that
let(©) = 1.

2.5. Main properties of multiplier ideals

In this section we discuss the main properties of multiplier ideals. The key
result concerns the behavior under restriction to a smooth hypersurface. The proof
of this result makes use of the Relative Vanishing theorem.

2.5.1. The restriction theorem. In order to state the main result, it is
convenient to introduce a variant of multiplier ideals, the adjoint ideal.

DEFINITION 2.79. Let X be a smooth variety and H a prime divisor in X. If
a is an ideal on X with a- Oy # 0 and X € Rxo, then the adjoint ideal adj; (at)
is defined as follows: consider a log resolution f:Y — X of (X,a-Ox(—H)) and
write a - Oy = Oy (—F) and f*H = G; then

adjz(a) := £.Oy (Ky/x — G — [\F] + H).
REMARK 2.80. Note that our assumption on a implies that ord 5 (F') = 0, hence
ord5 (Ky/x — G — [AF] + H) = 0.
We thus have
FOy(Kyyx — G — |\F| + H) C f.Oy(Ky,x) = Ox,

where the last equality follows from Lemma 2.31. Therefore adjz(a) is an ideal of
Ox.

REMARK 2.81. Since the divisors H and G — H are effective, it follows from
the definition of the adjoint ideal that we have the inclusions

J(a*) - Ox(~H) = J(a* - Ox(=H)) C adj(a*) C T(a*),
where the first equality is a consequence of the projection formula.

As in the case of multiplier ideals, we need to show that the definition is inde-
pendent of the resolution.

PROPOSITION 2.82. The ideal adjj (a) is independent of the log resolution f.

PROOF. The proof follows along the same lines as the proof of Theorem 2.33,
with some care due to the special role of the divisor H. Note that by definition, if
U C X is an open subset, ¢ € Ox (U) lies in I'(U, adjy (a)) if and only if for every

divisor E on Y different from H and with cx(ordg) N U # @ we have
(212) OI‘dE(QD) >\ Ol"dE(CL) + OI‘dE(H) — Ay(OrdE).

Note that if E = H, then the right-hand side of (2.12) is 0, hence we have the
weak inequality in this case, too. We need to show that (2.12) holds if we replace
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ordg by any ordgs # ordy, with cx (ordg/) NU # . We may and will assume that
U=X.

Suppose that E, ..., E, are the divisors on Y containing ¢y (ordg/) and which
are contained in Exc(f) U Supp(F + G). Let ¢; = ordg/ (F;) for 1 < ¢ < r. By
assumption, we know that for all ¢ we have

ordg, (¢) > A-ordg,(a) + ordg, (H) — Ay (ordg,)

and the equality is strict unless E; = H. Recall that by Lemma 2.34, we have
Ay (ordg) > >, ¢; and the inequality is strict is ¢y (ordg/) has codimension > r.
Arguing as in the proof of Theorem 2.33, we see that

(2.13) Ax(ordp) > Y gi - Ax(ordp)
i=1

and this inequality is strict if ¢y (ordgs) has codimension > r. Furthermore, we
have

(2.14) ordg/(p) > qu -ordg, (¢ qu )\ ordg, (a)+ordg, (H )fAX(ordEi)).

Moreover, the second inequality is strict unless » = 1 and E; = H. Using (2.13),
we conclude that

Zq, (X-ordg, (a)+ordg, (H)—Ay (ordg,)) = A-ordg (a)+ordg (H)—Z qi-Ax (ordg,)
=1
> A ordE/(a) + ordEI(H) — Ax(OTdE/).

Therefore we are done, unless » = 1 and Fy = H. However, in this case since
ordgs # ordy, the codimension of ¢y (ordg/) is > 1, hence

Ax(ordg) > g1 - Ax(ordg) +1=q + 1.
We thus have
A-ordg (a) +ordg/ (H) — Ax(ordg) = ¢ — Ax(ordp) < —1 < ordg/ ().
This completes the proof. (Il

It is common to denote the ideal adjy (Ox) by adj(H).
The following result describes the restriction of a multiplier ideal to a smooth
hypersurface.

THEOREM 2.83 (Restriction Theorem). Let X be a smooth variety and H a
smooth irreducible hypersurface in X. If a is an ideal on X with b :=a- Oy # 0,
then for every A € R>¢, we have an exact sequence

0 — J(@) - Ox(~H) - adjy(a) 2> T(6Y) — 0,
with i is the natural inclusion of ideals and p is induced by the projection Ox — Op.
PRrROOF. Let f: Y — X be a log resolution of (X,u : (’)X(—H)). We write

a-Oy = Oy(—F) and f*(H) = H+ R. Let L = Oy (Ky/x — |\F| — f*(H)) and
consider the short exact sequence on Y:

(2.15) 0— L — L(H) — L(H)|5 — 0.
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Using the projection formula and Theorem 2.69], we get
L~ [0y (Ky)x = |A\F]) @ Ox(—H) = J(a*) - Ox(~H) and

R'f.L ~ R'f.Oy(Ky,;x — |AF]) ® Ox(—H) = 0.
Since we also have N
FL(H) = adjy(a®),
we get from the exact sequence (2.15) another exact sequence on X:

(2.16) 0 — J(a*) - Ox(~H) — adjy(a) 2 f.(L(H)|5z) — 0.

Note now that the morphism g: H - Hisa log resolution of (H,b). Indeed,
this follows from the following observations:
i) If E is the sum of the f-exceptional divisors, then H does not appear in
E+ F and H 4+ E + F has simple normal crossings (see assertion iii) in
Exercise 2.26). Therefore H is smooth and (E + F)|; has simple normal
crossings.
i) b-Of = O0g(=Flg).
iii) Exc(g) C Supp(E|g).
Finally, note that H does not appear in Ky, x — R (this is clear) and Kﬁ/H =
(Ky;x —R)|g: the fact that they are linearly equivalent follows from the adjunction
formula, but the fact that we have indeed an equality is proved in Lemma 2.84

below. Moreover, since H + F has simple normal crossings, we easily see that
|AF]|7 = [AF|g]. This implies that

F(LH)g) = 9:05 (K — NFlg)) = T (0.

The exact sequence (2.16) is thus the exact sequence in the theorem. The fact that
the maps are as described follows by restricting to the maximal open subset over
which f is an isomorphism, where this fact follows easily. ([

LEMMA 2.84. Let f: Y — X be a proper birational morphism between smooth
varieties. If H is a smooth prime divisor on H such that H is smooth, and if we
write f*(H) = H + R, then

Kﬁ/H = (KY/X - R)|ﬁ

PROOF. Let g: H — H be the restriction of f. We prove this equality at any
point P € H. Let r1,..., T, be aregular system of parameters in Ox y(py such that
H is defined at f(P) by (z1) and let yi,...,y, be a regular system of parameters
in Oy, p such that H is defined at P by (y1). We then have regular systems of
parameters in O ypy = Ox,p/(z1) and O , = Oy,p/(y1) given by Ta,..., Ty,
and 73, ..., Un, respectively. 7

We can write f*(x1) = y1h and h defines R at P. Note that f*(dz,) =
y1dh + hdy;. If we write

f*(dxg/\.../\da:n):Z%dyl/\.../\ciy\i/\.../\dyn,
i=1

with ¢1,..., ¢, € Oy,p, then
g (dTa N ... NdT,) = o1|gdyz A ... A dijy,
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hence Ky, is defined at P by ¢|7. On the other hand, if we write

Fdoi A Adzn) = dyy A .. Adyn = (y1dh+ hdyy) A F¥(dza A ... Aday),

for some v € Oy, p, so that Ky, x is defined at P by (1), then we see that we can
write

Y =y1w+ hp; for some w e Oy p.
In this case ¥|z = (he1)|, which implies the equality in the lemma at P. O

COROLLARY 2.85. With the notation in the theorem, we have
JOM C T(at) O forall e Rs.

In particular, there is an open neighborhood U of H such that lct(aly) > let(b)
and lctp(a) > letp(b) for every P € H.

PROOF. Indeed, it follows from the theorem and Remark 2.81 that
J(6*) = adjg(a) - O € J(a*) - Op.

The assertions about the log canonical thresholds follow from the definition of
these invariants. (]

As a consequence, we obtain the following lower bound for the local threshold
in terms of the order of vanishing at a point.

COROLLARY 2.86. Let a be a nonzero ideal on the smooth variety X. If P € X
is such that ordp(a) = d > 1, then lctp(a) > 2.

PROOF. We argue by induction on n = dim(X) > 1. If n = 1, then a =
Ox(—dP) in a neighborhood of P and we have lctp(a) = 5. For the induction
step, after possibly replacing X with a suitable open neighborhood of P, we may
assume that X is affine and we have z1, ..., 2, € Ox(X) that give a regular system
of parameters at P. Let H be the hypersurface in X defined by h = Y| a;x;,
with ay,...,a, general and b = a-Op. In this case ordp(b) = d. Indeed, note that
we have

Oxyp = k[[.Tl, N ,(En]]
and by assumption a- 5)g\p contains an element of the form )., fi(z), with each
fi homogeneous of degree i and fy # 0. It follows that as long as h does not divide
fa(x), we have ordp(b) = d (the inequality ordp(b) > d holds for all H). Using the

inductive assumption and Corollary 2.85, we conclude that
1
ICtP(Cl) > ICtP(G‘H) > g

O

The result in Corollary 2.85 can be extended to the pull-back via an arbitrary
morphism, as follows.

THEOREM 2.87. Let f: W — X be a morphism of smooth varieties. If a is an
ideal on X such that b :=a-Ow # 0, then

J(6Y) C T(ad) - Ow.

In particular, there is an open neighborhood of f(W') such that lct(aly) > lct(b)
and for every P € W, we have Ity py(a) > Ictp(a).
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We first prove a more precise result concerning the behavior of multipler ideals
under pull-back via a smooth morphism.

ProrosITION 2.88. If p: W — X is a smooth morphism of smooth varieties,
a is a nonzero ideal on X and b = a- Oy, then

TN =T(@*) - Oy forall A>0.

PROOF. Let f: Y — X be a log resolution of (X,a), with a- Oy = Oy (—F).
Consider the Cartesian diagram

_ 1. vy

Z

I

W ——X.
p

Since p is smooth, it follows that ¢ is smooth as well, hence Z is smooth. Since
f is birational, it is an isomorphism over some open subset U C X, hence g is
an isomorphism over p~!(U). Note that Z is irreducible (since f,Oy = Oy, it
follows from flat base-change that ¢.0Oz = Oy, hence g has connected fibers).
Since Q7w ~ ¢*(Qy,x), it follows easily that Ky = ¢*(Ky,x). Moreover, since
q is smooth, we deduce that ¢*(F + Ky, x) has simple normal crossings. Therefore
g is a log resolution of (W,b), with b - Oz = Oz(—¢*F). Moreover, we have
[A\¢*F)| = ¢*|\F|, and thus
T (6Y) = g.q* Oy (Ky x — |AF]) ~ p* f.Oy (Kyx — |AF]) = J(a*) - Ow,

where the first isomorphism follows by flat base-change and the second one also

follows from the flatness of p. The fact that the isomorphism commutes with the
embedding in Oy follows by restricting to p~1(U). O

PROOF OF THEOREM 2.87. Again, it is enough to prove the assertion about
multiplier ideals, since the one about log canonical thresholds follows immediately.
We factor f as the composition

WS Wx X2 X, where o(a) = (z, f(2)), p(w,z) =z.
Clearly, it is enough to prove the inclusion in the theorem separately for ¢ and
p. For p, this follows from Proposition 2.88, hence to complete the proof we may
assume that f is a closed immersion. The assertion to prove is local on X. Since

f is a closed immersion of smooth varieties, after restricting to a suitable cover of
X, we may assume that if » = codim x (W), we have closed immersions

W:Zr‘—)erl%...‘—)Zl‘—)Z():X,

identifying each Z; with a smooth divisor in Z;_;, for 1 < ¢ < r. Therefore it is
enough to treat the case of codimension 1, which follows from Corollary 2.85. [

We end this section by showing that in Corollary 2.85 we have equality if H is
the general member of a base-point free linear system. More generally, we have the
following:

COROLLARY 2.89. Let X be a smooth variety and a a nonzero ideal on X. If
r<dim(X)-1land Y = H;N...NH,, where Hy,..., H, are general elements of
a base-point free linear system on X, then for b = a- Oy, we have

J(6Y) = T(@) Oy foral )& Rs.
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PROOF. We first consider the case r = 1. The equality follows from Theo-
rem 2.83 if we show that if H is a general member of a base-point free linear system
on H, then adjy(a*) = J(at) for all A € R>g. Let f: Y — X be a log resolution
of (X,a), with a- Oy = Oy (—F). By hypothesis, f*H is a general element of a
base-point free linear system on Y, hence by the Kleiman-Bertini theorem, we see
that f*H is smooth (possibly disconnected), without common components with
Ky,x and F', and such that f*H + F' + Ky,x has simple normal crossings. In
particular, we have f*H = f[, and f is a log resolution on a- Ox(—H). It is then
clear from the definition of adjoint ideals that adj (a*) = J(a*) for all A € Rxo.

For general r, we use the fact that if Hy,..., H, are general, then we may apply
the above argument to each H1N...NH; <> H N...NH;_y for 1 <i<r. O

EXERCISE 2.90. Let X = M,, »(C), with m < n, and let a C Cla; ; | 1 <i <
m,1 < j < n] be the ideal generated by the maximal minors of the m x n matrix
of indeterminates (x; ;). Show that lct(a) =n —m + 1.

2.5.2. The Subadditivity Theorem. We now discuss a result of Demailly,
Ein, and Lazarsfeld [DELOO], which gives a somewhat surprising behavior of mul-
tiplier ideals with respect to products. This has been the source of interesting
applications in commutative algebra, such as [ELS01] and [ELS03]. This is one
result that makes essential use of the fact that we work on smooth varieties.

THEOREM 2.91 (Subadditivity Theorem). If a and b are nonzero ideals on the
smooth variety X, then for every A, i € R>q, we have

J(@v") € J(a)- T (b").
The idea is to first treat the case when we have two ideals on a product of

varieties, each of them coming from one of the projections. In this case it is easy
to see that the inclusion in the theorem is in fact an equality.

LEMMA 2.92. Let X and Y be smooth varieties and a and b nonzero ideals
on X and Y, respectively. If a = a-Oxxy and b = b- Oxxy, then for every
A € Rxo, we have
(2.17) J @) = 7(@) - 7 (") = T (a*) B .7 (b").

PrROOF. Let f: X' — X and ¢g: Y’ — Y be log resolutions of (X,a) and
(Y, b), respectively. We write a- Ox: = Ox/(—F) and b - Oy, = Oy/(—G). Let
p: X' xY' — X' and ¢: X’ x Y’ — Y’ be the projections and similarly for
p: X xY =5 X, ¢: X xY =Y. Note that h = (f,9): X' xY' — X xY is
birational and

Kxixyryxxy =0 (Kxix) + 4" (Kyrv).
Moreover, we have
A Oxixyr = Oxrxy (—p"F) and  b-Oxixyr = Oxrxy/(—¢"G)
and clearly p'*(F) and ¢’*G have no common components, hence
XN F 4 pg" Gl = [N F| + |pd G =" [AF| + ¢ [uG].
Note that if A and B are SNC divisors on X’ and Y’, respectively, then p’*(A) +
¢'"(B) is SNC. We thus see that h is a log resolution of (X x Y,a - b) and using

Kiinneth’s formula we obtain
T (@) = h.Oxrxy (W Kxiyx +4 " Kyryy —p |AF| — ¢ |uG))
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= h.(Ox/(Kxiyx — [AF]) R Oy (Ky/jy — [1G]))
= £.0x/(Kxi)x — [A\F]) R . 0y/(Ky )y — [uG])) = T (a*) & T (b").
A special case of this (or a consequence of Proposition 2.88) is that
J@) =J@) ROy and J(b*) = Ox K J(b"),
hence the equality N
J (@) KT (b6") = J (@) - T (b")

is clear. This completes the proof of the lemma. [

PrOOF OF THEOREM 2.91. Let A: X — X x X be the diagonal embedding
and let p,q: X x X — X be the projections on the first and second components,
respectively. We consider

d=p 'a) and b=q 1(b).

Note that A='(a) = a and A71(b) = b, so that it follows from Theorem 2.87
(in fact, we use the corresponding version for mixed multiplier ideals, which can
be either proved in the same way or can be deduced from the version for usual
multiplier ideals via Remark 2.49) that

(2.18) J(a*6") € ATH(T(@6H)).

On the other hand, it follows from the lemma that

219)  ATNI@E) = A (p T (@) g T(08) = T(@) - T(6").

The assertion in the theorem follows by combining (2.18) and (2.19). O

2.5.3. Behavior of multiplier ideals in families. In this section we con-
sider a smooth morphism 7: X — T of varieties and an ideal a on X. For every
t € T, we denote by X; the fiber 771(¢) and by a, the ideal a|x,. We assume that
for any t € T, the ideal a; is everywhere nonzero and we consider its multiplier
ideals (since we don’t assume that the fibers X; are connected, the multiplier ideals
are defined separately on each connected component).

PropPOSITION 2.93. With the above notation, if T is smooth, then there is a
nonempty open subset Ty C T such that

J(@)) =T(@) - Ox, forall te Ty e Rs.

PRrROOF. Note that since 7" is smooth and 7 is a smooth morphism, X is smooth
too. After possibly replacing T by an affine open subset, we may assume that T
is affine. Let |V| be a very ample linear system on 7" and |W| its inverse image on
X, which is base-point free. Let r = dim(Z). By Corollary 2.89, if Hy,..., H, are
general elements of |[W| and if Y = Hy N...N H, and ay = a- Oy, then

J(ay) =T (@) Oy forall \e&Rsg.

Note that Y is a union of fibers of 7. Moreover, there is an open subset Ty C T
such that every fiber X;, with ¢ € Ty, is a component of such Y. This gives the
assertion in the proposition. O

The above proposition describes the generic behavior of multiplier ideals in
families. The next theorem gives a semicontinuity result regarding the triviality of
such ideals.
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THEOREM 2.94. If m: X — T 4s a smooth morphism and a an ideal on X that
for every t € T', the ideal a, is everywhere nonzero, then for every A € R>q, the set

Wy i={z € X | T(a))z # Ox, e}
is closed in X.

PrOOF. We divide the proof in several steps.
Step 1. We may assume that 7' is smooth. Indeed, let g: T" — T be a resolution
of singularities and consider the Cartesian diagram

Xl
—T.
Ifa=a-Og and

WA*{IEX|~7( (:c)) #OX(I)x}

then WA = h~ YW ) Since h is proper, hence closed, it is clear that W) is closed
in X if and only if W)\ is closed in X.

Step 2. Given any T, there is a nonempty open subset T of T, such that the
assertion in the theorem holds for the morphism f~!(7p) — Tp. Indeed, in order
to see this, after possibly restricting to the smooth locus of T" and then to the open
subset provided by Proposition 2.93, we may assume that 7 (a;}') = J(a*) - Ox, for
every t € T. In this case it follows from Nakayama’s Lemma that

Wy={zeX|T(a"), #Ox.},

which is clearly closed in X.
Step 3. After repeatedly applying Step 2, we can write T as the disjoint union of
finitely many locally closed subsets T,, such that Wy Nz ~1(T,) is closed in 7=1(T,,)
for every «. This implies that W) is constructible.
Step 4. Since W), is constructible, in order to show that it is closed, it is enough
to show that if Z is a 1-dimensional locally closed subvariety of X and x € Z such
that Z~ {z} C W,, then 2 € W,. Since we may replace T by 7(Z), we may assume
that Z dominates T'. If T is a point, the assertion is clear, hence we may assume
that dim(7") = 1. Furthermore, by Step 1, we may assume that T, hence also X is
smooth.

Arguing by contradiction, let us assume that z ¢ W), hence J(a W(m )

Ox, ..z~ Applying Corollary 2.85 for X, () < X, we conclude that J(a MNe

Ox .. Therefore there is an open neighborhood V of x such that J(at), = Ox,,
for every y € V. On the other hand, it follows from Proposition 2.93 that there is
a nonempty open subset U of T such that

J@)) =J(@) -Ox, forall teU.
Since dim(7T") = 1, it follows that U’ = UU{xw(z)} is an open neighborhood of 7(z),
hence m~1(U’) is an open neighborhood of z. The intersection Z N7~ 1(U") NV

is nonempty, hence 1-dimensional, and it is not contained in the fiber over 7(z).
Therefore there is y € ZNa~Y(U) NV, with y # 2. Since

j(a;\r(y)) - j(aA) “O% iy = OXoy 00
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this contradicts our assumption on Z \ {z}. This completes the proof of the theo-
rem. (]

COROLLARY 2.95. It 7: X — T and a are as in Theorem 2.94, then for every
A € Ry, the set
Uy:={reX| lctm(aﬂ(x)) > A}
is open in X. In particular, if s: T'— X is such that w o s = idy, then the set
{t € T | letyoy(ar) = A}
is open in T'.

PROOF. Since J(a‘;(x))w # Ox, (.« if and only if let, (ar () < p, we deduce

from Theorem 2.94 that for every u, the set
A, = {zxe X | lctx(aﬂ(x)) >}

is open in X. If the set
L= {lctz(a,r(l.)) |z € X}

is finite, then the set Uy is equal to A, where p is the largest element in L that is
<A

Finiteness of L follows by induction on dim(7") using Proposition 2.93. Indeed,
if we choose Ty C Ty, as in the proposition, then it is clear that for z € 7= 1(Tp),
the log canonical threshold lct, (a.()) lies in the finite set {lct,(a) | 2 € 7= H(Tp)}-
This completes the proof of the corollary. O

2.6. Integral closure and the Briancon-Skoda Theorem

In this section we discuss an application of multiplier ideals to integral closure
due to Ein and Lazarsfeld [EL99]. We begin with an introduction to integral closure
for ideals. Roughly speaking, this records the relevant information about an ideal
from the point of view of valuation theory.

2.6.1. Integral closure of ideals. In this section, unless explicitly mentioned
otherwise, we work over a field of arbitrary characteristic. Let X be a normal variety
and a a nonzero ideal on X. Consider a proper birational morphism f: Y — X
with ¥ normal, such that a- Oy = Oy (—FE) for an effective Cartier divisor E on
Y (the latter condition is equivalent to the fact that f factors through the blow-up
of X along a).

DEFINITION 2.96. The integral closure of a is

a:= f*Oy(—E)
The ideal a is integrally closed if a = a.

REMARK 2.97. Since X is normal and E is effective, we have f.Oy(—E) <
f+(Oy) = Ox, hence @ is an ideal of Ox. It is also clear that we have an inclusion
a C a. Finally, note that the integral closure does not depend on the choice of f:
since any two such morphisms are dominated by a third one, it is enough to show
that if g: Z — Y is proper, birational, with Z normal, such that a-Oz = Oz(—F),
and h = fog, then h,Oz(—F) = f.Oy(—F). Note that we have F' = ¢g*(F), hence

hOz(=F) = f.(9.9" Oy (= E)) = f.Oy(-E),
where the second equality follows from the projection formula and the fact that

9:0z = Oy.
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REMARK 2.98. The independence of @ on f means that for every open subset
U C X and nonzero ¢ € Ox(U), we have ¢ € T'(U,qa) if and only if for every
divisorial valuation v = ordg with cx (v) NU # 0, we have v(p) > v(a). Moreover,
it is enough to consider those prime divisors E in the inverse image of V(a) on the
normalization of the blow-up of X along a.

PROPOSITION 2.99. Let a and b be nonzero ideals on X.

i) For every f: Y — X proper, birational, with ¥ normal, such that a-Oy =
Oy (—E) for an effective Cartier divisor E, we have a- Oy = Oy (—E).
ii) The ideal @ is integrally closed.
iii) If a C b, then @ C b. In particular, if b is integrally closed, then @ C b.
iv) We have a-b C a-b.

PROOF. Let f: Y — X be as in i). Note that on Y we have inclusions
a-Oy Ca-Oy COy(—FE),

where the first one follows from a C @ and the second one follows from the definition
of @. Since a- Oy = Oy (—FE), these are both equalities, giving the assertion in i).
The assertion in ii) is an immediate consequence.

Given a and b, we consider f: Y — X as above such that we also have b -
Oy (—F), for an effective Cartier divisor F' (simply take f to dominate both the
blow-ups of X along a and b). If a C b, then Oy (—F) C Oy (—F), hence

a= f*OY(_E) - f*OY(_F) :Ea

giving the assertion in iii).
Finally, note that (a-b)-Oy = Oy (—FE — F). The assertion in iv) follows then
from the obvious inclusion

f*OY(_E) : f*OY(_F) - f*OY(_E - F)
O

REMARK 2.100. Let f: Y — X be a proper, birational morphism, with X and
Y normal, and let D be a Weil divisor on Y such that every prime divisor that
appears in D with positive coefficient is f-exceptional. Let us write D = A — B,
with A and B effective, without common components. We have

[0y (D) C f.Oy(A) = Ox,

where the equality follows from Lemma 2.31. This implies that the ideal a :=
f+Oy (—B) is in fact equal to f.Oy (D).

Note that every such ideal a is integrally closed. Indeed, afteL possibly replacing
Y by Z, for a suitable Z — Y and B = ). b;E; by B = >, biE;, we may assume
that a- Oy = Oy (—F) for some effective divisor E. Since a- Oy C Oy (—B), we
have Oy (—F) C Oy (—B), and thus

a= f*OY(_E) c f*OY(_B) =a,

hence a =u.

In particular, we see that for every smooth variety X over a field of character-
istic 0, every nonzero ideal b on X, and every A € R>q, the multiplier ideal 7 (b*)
is integrally closed.
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REMARK 2.101. For every nonzero ideal a on the smooth variety X over a field
of characteristic 0, we have
aC J(a).
Indeed, this follows from the inclusion a C 7 (a) and the fact that J(a) is integrally
closed by assertion iii) in Proposition 2.99.

REMARK 2.102. If a is a nonzero ideal on the smooth variety X defined over a
ground field of characteristic 0, then

J(@) =7J(@) forall )& Rso.

Indeed, if f: Y — X is a log resolution of (X, a) and a- Oy = Oy (—F), then it
follows from assertion i) in Proposition 2.99 that a- Oy = Oy (—F). Therefore f is
a log resolution of (X, @) and

J(@) = f,Oy(Ky/x — |[A\F|) = J(a") forall X€ Rso.

ExXAMPLE 2.103. Let a C k[z1,...,2,] be a monomial ideal. Recall from the
proof of Theorem 2.60 that we have an action of the torus 7' = (k*)" on X = A"
that preserves the ideal a. This implies that if f: ¥ — X is the normalization of the
blow-up of X along a, then T acts naturally on Y such that f is T-equivariant. This
implies that if we write a- Oy = Oy (—F), then all prime divisors that appear in F’
are preserved by the T-action. First, this implies that @ = f,Oy (—F) is preserved
by the T-action, hence it is a monomial ideal. Second, using the description of
valuations associated to torus-invariant divisors in the proof of Theorem 2.60 and
Remark 2.98, we see that a monomial z* lies in @ if and only if for every v €
7%, ~ {0}, we have

o o .
{u,v) 2 min (w, v) wrenlgr(lu)<w,v>

We thus conclude that z* € @ if and only if v € P(a).

EXAMPLE 2.104. Every nonzero ideal a on X that is locally principal is inte-
grally closed: this follows directly from definition.

EXAMPLE 2.105. If a = (z¢,...,2%) C Kk[zy,...,2,], then it follows from Ex-

rn

ample 2.103 that @ = (z1,...,2,)%

PRrROPOSITION 2.106. If a is a nonzero ideal on the normal variety X, then there
is a positive integer m such that

al=am-a""™ forall i>m.

ProOF. The inclusion “2” holds for every m: indeed we have

am . g "™ Cam-ai-m C al,

where the second inclusion follows from assertion iv) in Proposition 2.99. The
interesting inclusion is the opposite one.

Let g: X — X be the blow-up along a and h: Y — X the normalization of X.
We put f = goh. Recall that X = Proj(S), where S = ;5 a’. We have an

effective Cartier divisor F on X such that
a- 0)} = O)}(—F) ~ Og(l)
Let E = h*(F), so that a- Oy = Oy (—E).
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By the standard properties of the Proj construction, the graded S-module
associated to the coherent sheaf h*(Oy) on X:

D 9. (h.(0y) ® O () = P f.Ov (—jE) = P o

J=0 J=0 Jj=0

is locally finitely generated. If it is locally generated over S in degrees < m, it
follows that for every i > m, we have

at Ca " am,

This completes the proof of the proposition. ([

We can now give the connection with the usual description of integral closure
of an ideal (which explains its name).

ProprosITION 2.107. If X = Spec(R) is a normal affine variety, a C R is a
nonzero ideal, and u € R, then the following are equivalent:
i) uena.
ii) There is a nonzero ideal b in R such that v -b C a-b.
iii) There is a positive integer r and a; € a* for 1 < ¢ < r, such that

T
u” 4 E a;u" " =0
i=1

iv) For every discrete valuation v of the fraction field of R, with v(a) > 0 for
all @ € R, we have v(u) > v(a).
iv’) For every divisorial valuation v of X, we have v(u) > v(a).
1

>
v) There is a nonzero ¢ € R such that cu’ € a* for all i >

PROOF. If m is as given in Proposition 2.106 and b = a™, then
a-bCamtl Ca-b.

This proves the implication 1)=-ii).
The implication ii)=-iii) follows using the determinant trick: if b is generated
by ¢1,...,9-, then we can write ug; = Z?:l a;jg; for 1 <4 < r, with a;; € a.
If A = (a;;), then det(ul, — A) annihilates b, hence it is 0. Expending this
determinant, we get the assertion in iii).
Given an equation as in iii) and a valuation v as in iv), the equality
K
™ = Z(_ai)urfz
i=1
implies that there is ¢, with 1 <+¢ < r such that
m-ov(u) = vu™) > v(—au""") = v(—a;) + (r —1i) - v(u).

We thus conclude that i - v(u) > v(—a;) > - v(a), hence v(u) > v(a). This
proves iii)=riv). The implication iv)=-iv’) is trivial, while iv’)=-i) follows from the
definition of integral closure.

We have thus shown that i), ii), iii), iv), and iv’) are equivalent. In order to
complete the proof, we will show that i)=>v)=iv). If m is chosen as in Proposi-
tion 2.106, then @t Cai Cat™ for all i > m. If we choose a nonzero ¢ € a™, then
c-ai Ca for all 4. This proves i)=v).
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Finally, if cu® € a’ for all i, with ¢ # 0, and v is a discrete valuation as in iv),
then
v(c) +i-v(u) =v(cu') >v(a’) =i-v(a) forall 7>1.
Dividing by 4 and letting 7 go to infinity gives v(u) > wv(a). Therefore v)=iv),
completing the proof of the proposition. ([l

We end this section with a discussion of reductions of ideals. This notion will
be important in the context of Skoda’s theorem.

DEFINITION 2.108. If a is a nonzero ideal sheaf on the normal variety X, then
a reduction of a is an ideal b C a such that @ = b.

PrOPOSITION 2.109. If a is a nonzero ideal sheaf on the n-dimensional variety
X, then for every P € X there is an open neighborhood U of P and a reduction of
a|y generated by n elements ay,...,a, € (U, a).

PROOF. After possibly replacing X by an affine open neighborhood of P, we
may and will assume that X is affine. Let f: Y — X be the normalization of the
blow-up of X along a, and let us write a - Oy = Oy (—F). If a is generated by
linearly independent elements uq,...,u, € I'(X,a) and if |V| is the linear system
on X generated by these elements, then f*|V| = F + |M]| for a basepoint-free linear
system |[M| on Y. Since the fiber f~!(P) has dimension < n — 1, it follows that if
M, ..., M, € |M]| are general elements, then f~1(P)NM;N...NM, = (. Since f is
proper, there is an open neighborhood U of P such that f~1(U)NM;N...NM,, = (.
If a; € T'(X,a) defines the element of |V| whose inverse image is F' + M; and
b = (a1,...,ay), it follows that b - Op-1(yy = O(=F)|s-1(). Therefore bl is a
reduction of a|y generated by n elements. O

2.6.2. Skoda type theorem for multiplier ideals. In this section we as-
sume that the ground field has characteristic 0. The following is Skoda’s theorem
for multiplier ideals [EL99].

THEOREM 2.110. If a is a nonzero ideal on the smooth variety X and a is
locally generated by q elements, then

TN =a-J@ Y foral \>gq.

PrOOF. After taking a suitable affine open cover, we may assume that X is
affine and a = (a1,...,aq). Let f: Y — X be a log resolution of (X, a) and let us
write a - Oy = Oy (—F). If V = k9, then we have a surjective morphism

V @i Oy — Oy (—F)
given by (f*(a1),..., f*(ax)). This induces an exact Koszul complex
0= AV @, Oy (qF) = ... = NV @), Oy (2F) — V @, Oy (F) = Oy — 0.
By tensoring with Oy (Ky,x — [AF]), we obtain an exact complex
0=& —...=>& =& —0,

where

& =NV @, Oy (Ky/x — [(A—i)F]).
Note that it follows from Theorem 2.69 that if A > ¢, then
(2.20) R'f.()=0 foral i>1.
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If Fj = ker(&; — &j—1) for 1 < j < ¢ — 1, then it follows by descending induction
on j, using the long exact sequence for higher direct images associated to

0—=F; =& —F-1—0

that R'f,(F;) =0 for all i > 1 and j > 1. In particular, since R!f,(F;) = 0, we
conclude that the induced map

V@, J(@ ) =V e fu(Br) = ful&) = T(a*)
is surjective. Since this map is defined by (as,...,aq), we conclude that
T(@) =a- J(@).
O

COROLLARY 2.111. If a is a nonzero ideal on the n-dimensional smooth variety

X, then
J@)=a-J@ 1) forall \>n.

In particular, we have

a” C a.

PROOF. In order to prove the first assertion, we may take a suitable open cover
of X. By Proposition 2.109, we may thus assume that a has a reduction b that is
generated by n global sections. Since b = @, we have J(a*) = J(b*) for all u (see
Remark 2.102), hence Theorem 2.110 gives

J@)=b-J@ ) Ca-J!) forall \>n.
On the other hand, the inclusion
a- j(akfl) g j(a)\)

is a general easy fact (see Exercise 2.58), hence we obtain the first assertion in
the proposition. The second assertion follows from the first one and the fact that

a” C J(a") (see Remark 2.101). O
EXERCISE 2.112. Show that, more generally, if ai, ..., a, are nonzero ideals on
the smooth n-dimensional variety X, then
T e =a - J(a} 7 ad) for A >n.

EXERCISE 2.113. Let a be a nonzero ideal on the normal variety X such that
all associated subvarieties of a have codimension < r in X.
i) Show that around the generic point of each associated subvariety of a,

there is a reduction of a generated by r elements.
ii) Deduce that J(a") C a.

The last assertion in Corollary 2.111 is due to Briangon and Skoda [SB74].
It implies an interesting relation between a regular function and its Jacobian ideal
that we now discuss.

DEFINITION 2.114. If X is a smooth variety and f € Ox (X), then the Jacobian
ideal Jy of f is defined as follows: in an open subset U with algebraic coordinates
Z1,...,%n, the ideal Jy is generated by %7 ... %. It is easy to check that this is
independent of the choice of coordinates and thus the local definitions glue to give
the coherent ideal Jy.
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PROPOSITION 2.115. If f is a nonconstant regular function on the smooth
variety X, then f € Jy in a neighborhood of the zero-locus of f.

PRrROOF. We apply Generic Smoothness for the morphism f: X — A'! to con-
clude that after possibly replacing X by an open neighborhood of the zero-locus of
f, we may assume that f~'(¢) is smooth for all ¢ # 0. We thus have V(J;) C V(f),
or equivalently, f € rad(Jy). The assertion to prove is local, hence we may assume
that X = Spec(R) is affine and we have algebraic coordinates x1,...,x, defined
globally on X.

We need to show that for every divisorial valuation ordg of X with cx (ordg) C
V(Jy), we have ordg(f) > ¢ := ordg(Jy). Suppose that E is a prime divisor on
the normal variety Y, that has a birational morphism 7: Y — X. Let Q € E be a
point where both Y and E are smooth and P = 7(Q). We choose a regular system
of parameters z1,...,z, of Ox p and a regular system of parameters yi,...,y, of
Oy g such that E is defined at @ by (y1). Let

©: @;:k[[:zzl,...,xn]] %@ =kly1, .-, yn]

be the homomorphism induced by 7. If u; = ¢(z;) for 1 < i < n, then we know
that

of ‘
8xi(u1,...,un)€(yf) forall 1<i<n.
Note that if g = f(u1,...,u,) = @(f), then we have
dg "L of ou;
2.21 99 _ ) - 9,
( ) 8y1 31'z (u17 , U ) ayl € (yl)

Since by assumption f vanishes on w(FE), we know that g € (y1), and we thus

conclude® using (2.21) that g € (y?™'). This completes the proof of the proposition.
([

COROLLARY 2.116. If f is a nonconstant regular function on the smooth n-
dimensional variety X, then f™ € J; in a neighborhood of the zero-locus of f.

PROOF. The statement follows by combining the last assertion in Corollary 2.111
with Proposition 2.115. (]

2.7. The Summation Theorem

In this section we give a description of the multiplier ideals of a sum of ideals.
More generally, we prove the following:

THEOREM 2.117. Let a, b, and ¢ be nonzero ideals on the smooth variety X.
For every A,y € R>, we have

(2.22) T((a+0)*e) = > J(ab’).
a+f=y

REMARK 2.118. Since the function |—| only takes finitely many values on
bounded intervals, it follows from the definition of mixed multiplier ideals that in
the sum in (2.22) we have only finitely many distinct terms.

6Note that we use here that the ground field has characteristic 0.
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REMARK 2.119. By combining the above result with the Subadditivity Theo-
rem, we deduce that

J((a+6))C > J@)- T
a+B=A
This weaker version was proved in [Mus02], while the above stronger version was
first proved in [Tak06] using positive characteristic methods and then it was re-

proved using the Relative Vanishing Theorem in [JoMiO8]. Here we follow the
latter approach.

COROLLARY 2.120. If a and b are nonzero ideals on the smooth variety X, then
for every P € X, we have

lctp(a + b) < ICtP(Cl) + ICtP(b).
PROOF. It follows from Theorem 2.117 that 7 ((a + b)’\)P = Ox,p if and only

if there are a, 8 € R>o with a + 8 = X such that J(a®b?) = Ox p. If this is the
case, since we have the inclusions

J(@*6?) C J(a*) and J(a“b?) C J(b7),

it follows that a < lctp(a) and 8 < lct(b). Therefore we have A = a + § <
letp(a) + lctp(b). This gives the inequality in the corollary. O

COROLLARY 2.121. If P is a point on the smooth n-dimensional variety X
defined by the ideal mp and if a and b are nonzero ideals on X such that a +m¢ =
b+ m‘fg for some positive integer d, then

\mg@fmAwg%.

PROOF. By assumption, we have a C b + m%, hence Corollary 2.120 gives
letp(a) <lctp(b 4+ mb) <lctp(b) + letp(mb).
Since letp(m%) = % by Remark 2.43 and Example 2.50, we obtain
mg@-mgmgg
and the inequality
mam—mA@gg
follows by symmetry. O

PrOOF OF THEOREM 2.117. Let f: Y — X be a log resolution of the ideal
a-b-c-(a+b). Let us write
a-Oy =0y(—A), b-Oy =0y (—B), ¢ Oy =0y(-0C).
By assumption, the ideal
(a+b)- Oy = Oy(—A) + Oy(-B)

is locally principal. In this case, for every P € Y, there is an open neighborhood U
of P such that either A|y > Bly or Aly < Bly. Clearly, if F' = min{A, B}, then
(a+b)-Oy =Oy(—F).

For every a € [0,)], let us write D(a) = |aA + (A — «)B + vC|. By the
properties of the round-down function, we can choose

D=y <a1 <...<a.=A
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such that the divisor D(«) is independent of « for every o € (o;—1, ;) and all
1 < i < r. In fact, after possibly adding intermediate points in each interval
(ai—1, ), we may and will assume that for every 1 < ¢ < r, the divisor D(«) is
constant either on the interval (a;_1, ;] or on the interval [o;—1, ;). In this case,
if we put D; = D(«;) and E; = max{D;, D;_1}, then it follows from the elementary
Lemma 2.122 below that for every ¢ with 1 < i < r, we have

E,=D; or E,=D,;_;.
For every ¢ with 0 < ¢ < r, we have
oA+ (A= 0a;)B+~C > AF +~C,
hence we have inclusions
u;: Oy (=D;) < (’)y( — [AF +1CY]).
Similarly, for every ¢ with 1 < ¢ <, we have inclusions
vi: Oy (=E;) = Oy(=D;) and v): Oy(—E;) < Oy(—D;_1).

We claim that we have a short exact sequence
(2.23) 0— @Oy(—Ei) L) @Oy(—Di) L) Oy( — \_)\F + ’yCJ) — 0,
i=1 i=0

where

v(xlv s 7%«) = (Ulll(xl)v 'Ug(xQ) - 'Ui (‘rl)v s 7v7/~/(x7“) - v;fl(xrfl)ﬂ _U;(xT))

and  u(yo, ..., Yn) = Zuz(yz)
i=0

It is clear that this is a complex. In order to check that it is a short exact sequence,
we can argue locally and we may thus assume that we are in an open subset U on
which A < B or B < A. Without any loss of generality, let us suppose that A < B,
in which case Dy < Dy < ... < D,.. Therefore in U the exact sequence is given by

(2.24) 0— @ Oy (~D;) — @ Oy (=D;) — Oy (—Dg) — 0.
i=1 =0

If we define

Oy (—Dg) = Oy (—Do)®Oy (—D1)®...®0y(—D,), given by x — (z,0,...,0) and

Oy(—D())EBOy(—Dl)EB. . .@Oy(—Dr) — Oy(—Dl)@. . .@Oy(—DT), given by
(Yo, ¥r) = (Y1 — oo = Yoo, —Yro1 — Yoy —Yr),

it is straightforward to check that we get a homotopy on (2.24) between the identity

and the zero map. This proves the exactness of (2.23).

Recall that since E; is equal to either D; or D;_;, we may apply Theorem 2.69
to conclude that

Rf,Oy(Ky,x — E;) =0 forall ¢>1,1<i<r.

After tensoring the exact sequence (2.23) with Oy (Ky, x ) and taking the long exact
sequence for higher direct images, we obtain an exact sequence

0= P £.0v (Ky/x — Ei) » @ T (@62 ") = J((a+ b)*¢") = 0.
=0

i=1
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This proves that
J((a+1b) ) = Zj(u“ibkaicv).
i=0

Since given « € [0, A], the «; can be chosen to include « as one of them, we obtain
the assertion in the theorem. (I

LEMMA 2.122. Let o: R — Z be given by ¢(x) = |ax + b] for some a,b € R.

i) If ¢ is constant on an interval [c,d), then p(c) < o(d).
i) If ¢ is constant on an interval (c,d], then p(d) < ¢(c).

PROOF. We only prove the assertion in i), the proof of ii) being similar. If
a > 0, then ¢ is nondecreasing, hence we clearly have ¢(c) < ¢(d). Suppose now
that @ < 0. In this case, the behavior of the round-down function implies that if
0 < e < 1, then p(d) = p(d —€). Since ¢ is constant on [c,d), it follows that

o(c) = ¢(d). O
EXERCISE 2.123. Show that for every nonzero ideals ay,...,a,,b1,...,bs on
the smooth variety X, and every A, u1,...,us € R>g, we have
T((ar+...+a) by bk )= > J(aft. . admbit bk,
ai+...to,=A

EXERCISE 2.124. Let P be a point on the smooth n-dimensional variety X
defined by the ideal mp. Show that if a is a nonzero ideal on X with ordp(a) =
d > 1, then for every r > d, we have
n+lctp(a) - (r—d)

" .

EXERCISE 2.125. Let f € Clxy,...,z,] and g € Clyy, ..., ym] be nonzero, with
f(0) = 0 = g(0). Show that if h(z,y) = f(z) + g(y), then we have the following
Thom-Sebastiani formula:

leto(h) = min{leto(f) + leto(g), 1}

lctp(a + m},)) <

2.8. Multiplier ideals of graded sequences of ideals

Some of the most interesting applications of multiplier ideals involve an asymp-
totic construction associated to suitable sequences of ideals. This construction first
appeared in the analytic setting in [Siu98] and then it was formalized in the alge-
braic framework that we discuss here in [ELS01]. We only give a brief introduction
to this topic and present the application to symbolic powers from [ELS01].

DEFINITION 2.126. Let X be an arbitrary Noetherian scheme. A graded se-
quence of ideals as = (a,),>0 on X is a sequence of ideals in Ox that satisfy the
following properties:

1) g — OX
ii) There is p > 0 with a, # 0.
ili) For every p,q € Z>, we have a, - a; C a,4,.

EXAMPLE 2.127. If a is a nonzero ideal in Ox, then (a™);,>0 is a graded
sequence of ideals.

ExAMPLE 2.128. If v = ordg is a divisorial valuation on the variety X, then
ae(v) = (am(v)), -, is a graded sequence of ideals.
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EXAMPLE 2.129. Let £ be a line bundle on the projective variety X such that
HO(X,L™) # 0 for some m > 1. For every p > 0, let a, be the ideal defining the
base locus of |£P|, that is, the image of the evaluation map

HY(X,LP)® Ox — LP
is a, ® LP. Since for every p, ¢ > 0, we have the multiplication map
HY(X,LP)® HY(X,L£9) — H°(X, LPTY),

we deduce that a, - a; € apy4. Therefore a, is a graded sequence of ideals. These
graded sequences play an important role in birational geometry.

ExXAMPLE 2.130. Recall that if q is a prime ideal in a Noetherian ring R, then
the m-th symbolic power of q is

qm = q"Rq N R.

For m > 1 this is clearly a g-primary ideal. It is then clear that (q(m))m>0 is a
graded sequence of ideals in R. B

Note that if X = Spec(R) is a variety and the zero-locus of g meets the smooth
locus of X, then this exact sequence is equal to ae(ordz), hence this is a special
case of the Example 2.128. If both X and Z are smooth, then it follows from
Lemma 2.14 and Remark 2.15 that q™) = g™ for all m > 0. However, when Z is
singular, the behavior of symbolic powers is much more subtle.

REMARK 2.131. If a, is a graded sequence of ideals on X, then P -0, is a
quasi-coherent Ox-algebra. If this is locally a finitely generated O x-algebra, then
it is an elementary fact that there is d > 0 such that ag, = af, for all p > 1. This is
a “trivial” situation: in general, one is interested in the behavior of graded systems
when this algebra is not finitely generated (or, at least, when this is not known a
priori). The notion that we will introduce shortly provides a tool for handling such
graded sequences.

From now on we assume that we work on a smooth variety X over an alge-
braically closed field of characteristic 0.

PRrROPOSITION 2.132. Let a, be a graded sequence of ideals on X and let A €
R>o.

i) If p is a positive integer such that a, # 0, then for every positive integer
q, we have

j(az/p) C j(a%pq).

ii) There is an ideal J such that j(a{g\/p) C J for all p with a, # 0, with
equality if p is divisible enough.

DEFINITION 2.133. The ideal J in part ii) of the above proposition is the
asymptotic multiplier ideal J(a}).

PROOF OF PROPOSITION 2.132. Since aj C a,,, we have
J(ap) = T ((ag)?1) € T (ap,P9),

giving the assertion in i).
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Let’s consider now the set of ideals {j(a,’yp) | a, # 0}. Since X is Noetherian,
we can choose an element J = J (a;,‘/ P) of this set that is not properly contained in

any ideal in this set. If ¢ is such that a, # 0, we deduce from i) that
J=J7J(@/?)C J(@)/P) and J(a)/?) C T(a)P).

By our choice of J, the first inclusion is an equality, hence the second inclusion
gives J (ag/ ?) C J. This completes the proof of the proposition. a

EXAMPLE 2.134. If b is a nonzero ideal on X and a, is the graded sequence given
by a,, = b™ for all m € Z>, then for every A € R>( we have J(af‘n/m) = J(bY)
for all positive integers m, hence J(a}) = J(b*).

All the properties that we discussed for multiplier ideals have analogues for
asymptotic multiplier ideals of graded sequences. The proofs reduce immediately
to the case of usual multiplier ideals. We refer to [Laz04, Chapter 11] for a de-
tailed discussion of asymptotic multiplier ideals and their application to birational
geometry; see also [JoMul2] for a discussion of invariants such as log canonical
thresholds or orders of vanishing associated to graded sequences.

We only give here a sample application to the comparison between symbolic
powers and regular powers, due to Ein, Lazarsfeld, and Smith [ELS01]. We begin
with the following version of the Subadditivity Theorem for asymptotic multiplier
ideals.

ProrosITION 2.135. If a, is a graded sequence of ideals on the smooth variety
X, then for every A € R>( and every positive integer ¢, we have

J(ad*) € T (a3)"
PRrROOF. Let m be a positive integer such that
J (@) = T(ah™).
Note now that
T (@ ™) € T (@y{™)7 € T ()",
where the first inclusion follows from Theorem 2.91 and the second one from the

definition of [J(a)). We thus obtain the inclusion in the statement of the proposi-
tion. g

We can now give the following application to symbolic powers.

THEOREM 2.136. Let R be the coordinate ring of an n-dimensional smooth
affine variety over an algebraically closed field of characteristic 0. If q is a prime
ideal in R of codimension r, then

qun C ¢’ forall j>1.
PROOF. Let a, be the graded sequence given by a, = q) for all p > 0. Note

that by the definition of asymptotic multiplier ideals, Exercise 2.58, and Proposi-
tion 2.135, for every q we have

Q" C I (aj) € T (@) € T(ar).
To obtain the assertion in the theorem, it is thus enough to show that

(2.25) J(ag) Cg.
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Since q is a prime ideal, in order to check (2.25) we may replace R by a localization
Ry, with f ¢ q. We may thus assume that q defines a smooth subvariety, in which
case a,, = q™ for all m, and thus using Examples 2.134 and 2.50 we get

J(ag) =J@") =a.
This completes the proof of the theorem. ([l



CHAPTER 3

Test ideals and F-pure thresholds

In this chapter we discuss analogues of multiplier ideals and log canonical
thresholds in positive characteristic, whose definition makes use of the Frobenius
morphism. The most interesting aspect of the story is the connection between the
characteristic 0 and the positive characteristic invariants via reduction mod p.

Test ideals in rings of positive characteristic first arose in the work of Hochster
and Huneke [HH90] on tight closure. A version for pairs was then introduced and
studied by Hara, Takagi, and Yoshida in [Tak04], [HYO03], and [HTO04]. Like in
the previous chapter, we here focus on pairs (X, a), in which X is a smooth and a
is an ideal on X, in which case we follow the simpler description of test ideals from
[BMSO08].

3.1. Frobenius powers in regular rings of positive characteristic

We begin by introducing some terminology. All rings are assumed to be commu-
tative, with unit. If R is a ring of characteristic p > 0, we denoteby F' = Fr: R - R
the Frobenius homomorphism given by F'(u) = uP. We write F¢R for R, viewed as
a left R-module via Fg.

Recall that a scheme X has characteristic p if Ox (U) has characteristic p for
every open subset U of X. In this case we denote by F' = Fx: X — X the
(absolute) Frobenius morphism, given by the identity on the underlying topological
space, and by u — uP on sections of Ox (U). In this section all considerations will
be of a local nature, so we will almost always consider affine schemes.

3.1.1. F-finite rings and schemes.

DEFINITION 3.1. We say that a ring R of positive characteristic is F-finite if the
Frobenius homomorphism F': R — R is finite (that is, if F¢R is a finitely generated
R-module, or equivalently, R is a finitely generated module over its subring RP).
More generally, a scheme X of characteristic p > 0 is F-finite if the Frobenius
morphism F': X — X is a finite morphism.

PROPOSITION 3.2. Let R be a ring of characteristic p > 0.

i) If R is F-finite, then every R-algebra of finite type is F-finite. In partic-
ular, an algebra of finite type over a perfect field is F-finite.
ii) If R is F-finite, then the formal power series R[z1,...,z,] is F-finite.
iii) If R is F-finite, then every localization of R is F-finite.
iv) If k is a field and A is a k-algebra essentially of finite type which is F-finite,
then k is F-finite.

PROOF. Suppose that R is generated as a module over R? by by,...,b.. If
A = Rlay,...,a,], then A is generated over AP by

{braf' - --aly [1<k<r0<ji,... 40 <p—1}.

59
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This gives the assertion in i). Similarly, S = R[z1,...,x,] is generated as a module
over SP by _
{bray -l [1< k<0< 51,0 jn <p—1},

giving the assertion in ii). If S is a multiplicative system in R, then every element

of ST'R can be written as ¢ = Sp;“, hence S™!R is generated as a module over
(STIR)? by le, e bTT; hence we obtain iii).

If Aisasiniv) and K = A/m, where m is a maximal ideal in A, then [K : k] <
oo by Nullstellensatz, hence [KP : kP] < co. Since A is F-finite, it follows from i)
that [K : KP] < oo. Therefore [K : kP] < oo, and thus also [k : kP] < oo, so k is
F-finite. (]

ExAMPLE 3.3. It follows from Proposition 3.2 that if X is a scheme essentially
of finite type over an F-finite field of positive characteristic (for example, over a
perfect field), then X is F-finite. Moreover, all local rings and residue fields of an
F-finite scheme are F-finite.

We will almost exclusively deal with the case when R is a regular ring. Globally,
we will work with regular schemes (recall that a scheme is regular if it is Noetherian
and all local rings are regular).

LEMMA 3.4. If X is a reqular scheme of characteristic p > 0, then the Frobenius
morphism F: X — X is flat.

PROOF. It is enough to show that if R is a local ring of X, then the Frobenius
homomorphism Fr: R — R is flat. This follows directly from the fact that if
¢: (R,m) — (S,n) is a local ring homomorphism, with R regular and S Cohen-
Macaulay such that dim(S/mS) = dim(S) — dim(R), then ¢ is flat (see [Mat89,
Theorem 23.1]). O

REMARK 3.5. It is result of Kunz [Ku69] that the converse holds: if R is
a reduced local Noetherian ring of positive characteristic on which the Frobenius
homomorphism is flat, then R is regular. However, we will not need this result.

EXERCISE 3.6. Show that if R is an F-finite regular local ring of positive char-
acteristic, then its completion R is F-finite.

DEFINITION 3.7. If X is a scheme of characteristic p > 0 and a is a coherent
ideal in Oy, for every e > 1, the e-th Frobenius power alP! is the inverse image
ideal by the e-th iterate F'§ of the Frobenius morphism. Therefore, if a is generated
in some affine open subset U by fi,..., f» € Ox(U), then alP"l is generated in U
by f¥ ... fP.

REMARK 3.8. Note that if X is a regular scheme, since F'x is flat, we have a
canonical isomorphism (F§)*(a) ~ al?l.
For future reference, we record the following proposition. Recall that if a is an
ideal in R and ¢ € R, then
(a:¢)={u€ R|uceE a}.

ProprosSITION 3.9. If a and b are ideals in the ring R of characteristic p > 0
and ¢ = p°, with e > 1, then the following hold:

i) (a+b)ld = ald 4 pld,
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it) (a-b)ld =qld . pld,
iii) If R is F-finite and regular and (a;);¢cs is a family of ideals in R, then

(N-) .

il iel
iv) If R is regular and ¢ € R, then
(a: C)[q] - (a[q] L),
v) If R is regular, then b C a if and only if bl9) C ql9],

PRrROOF. The assertions in i) and ii) are clear. For the assertion in iii), note
that since R is F-finite and regular, it is a finitely generated projective module via
F§. The assertion thus follows by noticing that more generally, if M is a finitely
generated projective module over a ring R and (a;);er is a family of ideals in R,
then

i€l i€l
This is clear if M is a finitely generated free R-module. Moreover, if the assertion
holds for M7 @ M, then it holds for both M7 and Ms. Since M is a direct summand
of a finitely generated free R-module, we obtain the equality in (3.1).
We next prove iv). Since R is regular, the homomorphism FY%, is flat, hence
tensoring with R via F'g the exact sequence

0— (a:¢) — R-% R/a
gives the exact sequence
0— (a: 0l — R =% R/ald.
This gives the assertion in iv).
In order to prove v), note first that if b C a, then we clearly have blal C qld,
hence we only need to prove the reverse implication. Suppose that b4 C ald and
let u € b. The hypothesis gives u? € al? hence 1 € (al® : u?) = (a : u)l, where

the equality follows from iv). Since (a: u)!9 C (a: u), we conclude that 1 € (a: u),
hence u € a. This proves that b C a. O

We end this section with another useful property of the Frobenius homomor-
phism in regular rings.

ProrosiTION 3.10. If R is a regular ring of characteristic p > 0, a is an ideal
in R, and u € R is such that there is a non-zero divisor ¢ with cul?”! € alP‘] for all
e >0, then u € a.

In the terminology of [HH90], the hypothesis on u says that it lies in the tight
closure of the ideal a. The assertion in the above proposition then says that every
ideal in a regular F-finite ring is tightly closed.

PRrROOF OF PROPOSITION 3.10. It is enough to show that u € a after localizing
at every prime ideal. Note that ¢ remains nonzero after localization, hence we may
and will assume that R is local, with maximal ideal m. The hypothesis says that

ce (a7 ulPhy = (a:u)Pl for e>0,
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where the equality follows from Proposition 3.9iv). If (a : u) C m, then we conclude
that ¢ € N, mP] hence ¢ = 0 by Krull’s Intersection Theorem, a contradiction.
Therefore (a: u) = R, hence u € a. O

3.1.2. Inverse Frobenius powers. In this section we fix an F-finite regular
ring R of characteristic p > 0.

DEFINITION 3.11. If a is an ideal in R and ¢ = p®, where e is a positive integer,
then al'/4! is the unique smallest ideal J with the property that a C J9; in other
words, for an ideal b we have a C bl9 if and only if al'/4 C b.

REMARK 3.12. If (b;);cs is a family of ideals in R such that a C bE‘ﬂ for all
i € I and b = N;erb;, then it follows from Proposition 3.9iii) that a C bld. This
implies that indeed, the set of ideals J with a C JI9 contains a unique smallest
element.

In the next proposition we collect a few easy properties of the ideals al'/4.
PRrROPOSITION 3.13. Let a and b be ideals in the F-finite regular ring R and let
q=71°q =p°, withe,e’ > 1.
i) If a C b, then all/d C pl*/dl,
i) (an [,)[l/q C all/d N pt/d

i)
i) (a4 b)1/4 = qlt/d 4 pli/d],
iv) (a- b)[l/q C alt/d . plt/al,
) (al

v) (ale )[1/q = qld'/d ¢ (a[l/q])[ a]
vi) (au/q])[l/q I _ ql/ad,

PROOF. If a C b, the inclusions
aCbC (b[l/q])[‘ﬂ

imply al'/4 C bl'/4, This proves i) and the assertion in ii) follows immediately
from this one.

The inclusion “2” in iii) also follows from i). The reverse inclusion follows from
the minimality in the definition of (a + b)['/9 and the inclusion

a+bC (a[l/q1)[ql 4 (all/q])[q] = (alV/a) 4 /eyl

where the equality follows from Proposition 3.9i).
The inclusion in iv) follows from the minimality in the definition of (a - b)*/4
and the inclusion

a-bC (al/aN . (pl/ay i = (qt/al . gl/alyle)

where the equality follows from Proposition 3.9ii).
In order to prove v), we consider separately the cases when ¢ > ¢’ and when

¢’ > q. Suppose first that ¢’ > ¢. Since ald] = (a[q//q])[q}7 the minimality property
in the definition of (al71)"/% implies that

(3.2) (a[Q’])[l/Q] C qgld'/al,

On the other hand, since

(a[Q’/Q]>[q] — gld] c ((a[q’])[l/q])[’ﬂ’
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it follows from Proposition 3.9iv) that
(a[q//Q]) C (a[q’])[l/‘ﬂ.

By combining this with (3.2), we obtain the equality in v). Note now that the

inclusion
aC (a[l/q]) t

induces the inclusion
ald'’/al ¢ ((a[l/q])[ql)

hence the inclusion in v).
Suppose now that ¢ > ¢’. For any ideal J in R, it follows from Proposition 3.9iv)
that a C Jla/4'] if and only if ald’] C Jld. This gives the equality in v). Since

acC (a[l/Q])[q] _ ((a[l/q])[q'])[q/ql] ’

the minimality property of al?/4 gives the inclusion in V).
Finally, we prove vi). Note first that we have the inclusions

[q//‘I] _ (a[l/q])[q/]’

aC (a[l/q])[q] C ((a[l/q])[l/q/])[‘h]’]’

where the second inclusion follows from v). The minimality property of all/ 44'] thus
gives

all/ad'] ¢ (a[l/tﬂ)[l/q’},
In order to prove the reverse inclusion, by the minimality property in the definition
of (a[l/q])[l/q ], it is enough to show that

all/a) ¢ (qlt/ae1)]
This follows from v). This completes the proof of the proposition. O

PropPOSITION 3.14. Let ¢: R — R’ be a homomorphism of F-finite regular
rings, a an ideal in R, and ¢ = p®, with e > 1.
i) We have (a- R)[V/4 C qlt/d . R,

ii) If R = S7'R, where S is a multiplicative system in R, and ¢ is the
canonical homomorphism, then we have equality in i).

ProoF. The inclusion a C (a[l/ q])[Q] induces an inclusion
a-R C (a[l/q])[(ﬂ "R = (a[l/q] .R')[Q]’

hence the inclusion in i) follows from the minimality in the definition of (a- R’)[1/9],

Suppose now that R = S~'R. If b is an ideal in R such that (S~'a)ll/d =
S~1b, then the inclusion S~'a C (S~'b)[4 implies that there is s € S such that
s-a C bld, Therefore we have

a C (bl9: 57) = (b: 5)l9],
where the equality follows from Proposition 3.9iv). This implies al*/4 C (b : 5) and
thus
S~tall/al € §7 (b : s) = ST = (S La)l/d),

This completes the proof. [
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By the above proposition, the computation of al'/4 can be done locally. Since
the Frobenius homomorphism is finite and flat, we can thus reduce the computation
to the case when R is free over RY. In this case, the next proposition gives an explicit
description of the ideal all/4.

PropPoOSITION 3.15. Let R be a regular F-finite ring of characteristic p > 0
and let ¢ = p®, with e > 1. Suppose that R is free over R? with a basis given by

€1,...,en. If ais an ideal of R generated by f1,..., f, and if we write
n
(3.3) fi= Zh;{jej for 1<i<nm,
j=1
then
(3.4) a9 = (h ;[ 1<i<r1<j<n).

PROOF. Let J denote the ideal on the right-hand side of (3.4). Since we clearly
have a C J[Q], we have alt/d C J. In order to prove the reverse inclusion, let

us choose generators ¢i,...,gm of al/4. Since a C (a[l/‘ﬂ)[q], we deduce that
fi€(gf,...,9%) for all i, hence we can find a; ;, € R such that
m
(3.5) fi= Zai7kgg for 1<i<nr.
k=1
Suppose now that ej, ..., e is the dual basis of ey, ..., e,. Note first that it follows

from (3.3) that h{; = e;(fi) for all i and j. On the other hand, it follows from
(3.5) that

e;(fi) = Z gZ@’;—(ai,k).
k=1

We thus conclude that h{; € (g,...,9%,) = (a[l/‘ﬂ)[ql. Using Lemma 3.9v), we

conclude that h; ; € all/d for all i and j, hence J C al'/4. This completes the
proof of the proposition. O

3.2. Test ideals: definition and first properties

We begin by considering the affine case. Let R be an F-finite regular ring of
characteristic p > 0. If a is an ideal in R that is everywhere nonzero (that is, it is
nonzero on each connected component of Spec(R)), we make the convention that
a’® = R. If X is a nonnegative real number, we will take the test ideal 7(a*) to be
the largest ideal in the set (a”)[/?°] where r and e are such that p% > A. In order
to make this precise, we need the following

/
T
e’

LEMMA 3.16. With the above notation, if r, ', e, and €' are such that -

<
and e > €', then
(@Y1 C (ar)1/e],
PROOF. By hypothesis, we have r < r’pe_el, hence a” O arlpefe/. We thus have
the sequence of inclusions
(ar)[l/Pe] ) ((ar’)pe*e/)[l/f] 5 (ar’)[pe’e/])[l/Pe] _ (llr’)[l/Pe/]7

where the equality follows using Proposition 3.13v) and the second inclusion follows
from the fact that for every ideal J, we have JIP°1 C J?°. (]
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Suppose now that a is an ideal in R that is everywhere nonzero and A € R>¢.
For every positive integer e, we consider the ideal (a[/\pﬁ])[l/pc]. Since A\p¢tt <
[Ap©]p, it follows that [Apet!] < [Ap®]p and thus % < D;)Lﬁ. Therefore
Lemma 3.16 gives
(a(,\pﬂ)[l/pe} c (u[Ap““})[l/pe“]'

Since R is Noetherian, it follows that this sequence of ideals, when e goes to infinity,
stabilizes.

DEFINITION 3.17. The test ideal T(a*) is the ideal of R with the property that
7(at) = (a(’\pﬂ)[l/pe] for e>0.

REMARK 3.18. Note that 7(a’) is the unique maximal element in the set of all
ideals (aT)[l/pe], where r and e are such that p% > A. Indeed, it lies in this set, and

for every such r and e, we have r > [Ap®], hence
(ar)[l/l”e] C (a(/\PeW)[l/PE] C T(Cl)\).
We next give some easy properties of test ideals.

PROPOSITION 3.19. If S is a multiplicative system in R, a is an ideal in R that
is everywhere nonzero, and b = S~!'a C S7IR, then for every A € R>, we have

7(bY) = S~ir(a).
PROOF. For every e > 1, it follows from Proposition 3.14ii) that
(b[)\pe])[l/pe] — g1 (a[)\pe])[l/pe].
By taking e > 0, we get the assertion in the proposition. [
EXERCISE 3.20. Sh/(\)w that if R is a regulaﬁ F-finite local ring, a is a nonzero
ideal in R, and @ = a - R, then 7(a*) = 7(a*) - R for every A € Rxo.

DEerFINITION 3.21. If X is a regular F-finite scheme of characteristic p > 0 and
a is a (coherent) ideal in Ox that is everywhere nonzero, then we define the test
ideal 7(a*) by defining it on affine open subsets of U C X:

(@) (U) = (a(U)).
It follows from Proposition 3.19 that we get in this way a coherent ideal of Ox.

ProproOsSITION 3.22. Let X be a regular F-finite scheme of characteristic p > 0
and a, b ideals in Ox that are everywhere nonzero.

i) If a C b, then 7(a*) C 7(b*) for every A € Rxo.
ii) If A, p € R, with A > p, then
7(a*) C 7(a").
ProOOF. We may and will assume that X = Spec(R) is affine. If a C b, then
for every e > 1, the inclusion al*“1 C b/*“1 induces the inclusion
(afz\pﬂ)[l/z)e} C (b(/\pﬂ)[l/f]_

By taking e > 0, we obtain the assertion in i).
If A\ > u, then for every e > 1, we have an inclusion al*?“l C al#?"1  which

induces the inclusion . .
(a[Ap“])[l/p‘] c (af/w"‘l)[l/p‘].
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By taking e > 0, we obtain the assertion in ii). O
REMARK 3.23. For every A € R>q, we have
a C rad(r(at)).

More precisely, if m € Z with m > ), then a™ C 7(a*). In order to check this, we
may assume that X = Spec(R) is affine and use the fact that

a™ = ((am)[pe])[l/pe] C (ampe)[l/pe] C (a]')\pe'\)[l/Pe] C T(a)\)

9

where the equality follows from Proposition 3.13v).

PRrROPOSITION 3.24. Let X be a regular F-finite scheme of characteristic p > 0.
If a is an ideal in Ox that is everywhere nonzero, then for every A € R>¢ there is
€ > 0 such that for all r, e > 1, with A < p% < A+ ¢, we have

(@007 = ().
In particular, we have 7(a*) = 7(a*) if A< N < A +e.

PROOF. If we cover X by affine open subsets U and we can find some ey on
each of these subsets, the minimum of these ¢y works for X. We may thus assume
that X = Spec(R) is affine and R is a domain.

We first consider all ideals of R of the form (a”)!*/?°] for r, e > 1, with A < #.
Using the fact that R is Noetherian, we pick one such ideal J = (a”’)[l/ Pl which is
not properly contained in any other such ideal. Let € > 0 be such that A + ¢ < p’;on
and there is no .= in (A, A +¢) with 1 < e < ep. We first show that

(3.6) (@)/P = J forall ri,e; with L e (A\A+e).

pel

Indeed, it follows from the choice of € that e; > ey and 1;00 > pﬁll , hence Lemma 3.16

implies

J = (a")/Pl C (qr)lt/etH
By the maximality in the choice of J, this inclusion must be an equality. We thus
have (3.6).

In order to obtain the first assertion in the proposition, it is enough to show
that J = 7(a*). Let e > 0, so that 7(a*) = (al*"1) and % < Ate If
Ap® € 7, then \ < (%q and we are done by (3.6). Suppose now that Ap® € Z. In
this case (3.6) gives

J = (a/\p5+1)[1/zﬂ c (a/\pe)[l/pe] = T(a’\).
The reverse inclusion (a)‘pc)[l/pc] C J is equivalent to a*?” C JIP). Let u € a??". If
¢’ > e, then % < A+ ¢, hence (3.6) gives J = (a’\pa“)[l/pc ! and thus

’

u? “a C CL’\”G/Jrl - J[pE/}.
If ¢ € a is nonzero, we deduce that
e (J[prj])[p/ T forall ¢ —e > 0.

We then deduce from Lemma 3.10 that u € JPI. This completes the proof of the
fact that J = 7(a?).
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The last assertion in the proposition is clear: if X' € (A, A + ¢), then for e > 0
we have \ < [’\pife] < A+ ¢, hence by what we have already proved

T(a)\/) _ (a[k/pe])[l/lf] _ T(CIA).
[l

REMARK 3.25. Since it is clear that 7(a®) = Oy, it follows from Proposi-
tion 3.24 that there is € > 0 such that 7(a*) = Ox for all A € [0,¢).

PrOPOSITION 3.26. Let X be a regular F-finite scheme of characteristic p > 0.
If a is an ideal in Ox that is everywhere nonzero, then for every positive integer
m, we have

7((@™)*) =7(@™) forall X€ Rso.
PROOF. We may and will assume that X is affine. If e > 0, then
(37) (@) = (@) P (@)
On the other hand, it follows from Proposition 3.24 that there is € > 0 such that
(@) = @) mA< L <mAte
For e > 0, we clearly have mA < % < mA + €, hence
(3.8) 7(am™) = (ammpﬂ)[l/fl

(if % = mJ, then the equality in (3.8) follows from the definition of 7(a™"),
since e > 0). By combining (3.7) and (3.8), we obtain the equality in the proposi-
tion. O

REMARK 3.27. As we will see in the following sections, test ideals satisfy many
of the general properties of multiplier ideals. An interesting aspect, however, is that
while some of the more subtle properties of multiplier ideals have rather trivial
proofs for test ideals, some of the straightforward properties of multiplier ideals
that follow directly from the computation via a log resolution have more delicate
proofs in the case of test ideals (as in the case of Propositions 3.24 and 3.26) or
simply do not hold in this setting.

3.2.1. Mixed test ideals. As in the case of multiplier ideals, we can consider
a mixed version of test ideals. Suppose that we have ideals aq,...,a,, that are
everywhere nonzero and Aq, ..., A, € R>o. Arguing as in the proof of Lemma 3.16,

we see that if X = Spec(R), e > €’ are positive integers and rj,r; € Z>q for

;{f, for all j, then

1§j§maresuchthat%§
(a;l e a;};i)[l/pe ] g (a;‘l e a:’;ﬂ)[l/pe]'
Using this, we see that for every Ai,..., A\, € R>g, when e > 1, the ideals
(a{/\wﬂ . af(ri\mpﬂ)[l/pe]
form a non-decreasing sequence which stabilizes by the Noetherian property. The

stable value is the mized test ideal T(Cli\l ...af‘nm). It is clear from the definition
that if Ay = ... = A,, = A, then

r(a) .. adm) = 7(at),
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where a =[], a;.

Arguing as in the proof of Proposition 3.19, we see that the definition of mixed
test ideals commutes with localization and thus extends to regular F-finite schemes.
Furthermore, the properties in Propositions 3.22, 3.24, and 3.26 extend to mixed
test ideals, with similar proofs. For example, if ay,...,a,, are everywhere nonzero
ideals on a regular F-finite scheme X, then for every Ai,..., A, € Rxg, there is
€ > 0 such that

(3.9)  r(aM...ad) =r(@ . a) i N€ [\ A\i+e) forall i
If ¢4, ...,4,, are positive integers, then
T(afM . alm ey = r((af)M L (abe) ).

We leave the proofs of these extensions to the mixed case as an exercise for the
reader.

Note that using these properties, we may reduce the computation of mixed test
ideals to the case of usual test ideals. More precisely, using (3.9), we reduce the
computation of 7(a}! ...a)) to the case when \i, ..., A, are rational numbers. In

this case, if £ is a positive integer such that all £\; are integers and a =[]/~ af’\"',
then
A A — (1)t
r(a} .. .adm) = r(al/b).

REMARK 3.28. Note that if a is an everywhere nonzero ideal on X, then
r(aral) = 7(a*H).
Indeed, we may assume that X is affine; if e > 0, then
r(atak) = (afkpﬂﬂupe])[l/f’e] = ().

The second equality is clear if [Ap®] + [up®] = [(A + ©)p°] and if this is not the
case it follows from Proposition 3.24, since we then have

[Ap°] + [pp°]

€

2
Ap< </\—|-,U—|-Z¥.

REMARK 3.29. If X is a regular F-finite scheme of characteristic p > 0 and a,
b are ideals on X that are everywhere nonzero, then for every A € R>(, we have

(3.10) b-7(at) C 7(bat).
In particular, we have
(3.11) a-7(at) C r(a’h).

Indeed, we may assume that X = Spec(R) is affine. Note first that it is enough

to prove the assertion when b = (h) is a principal ideal. Indeed, this would imply

that for every h € b, we have h - 7(a*) C 7(ha’) C 7(ba?), hence (3.10) holds.
The assertion we need follows by taking e > 0 if we show that

h- (arAPe])[l/pe] C (hpeafkpe-\)[l/l)e]

for all e > 1. If we put m = [Ap©], then the assertion we want to show is equivalent
to

(am)[l/pe] C ((hpeam)[l/lﬂe]; h) 7
which in turn, by the definition of the left-hand side, is equivalent to
@™ C (" am) /el )P = (((hpeam)[l/pﬂ)[f]; hpf) 7
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where the equality follows from Proposition 3.9iv). This is a consequence of the
definition of (h?"a™)[!/P’l. This completes the proof of (3.10) and we obtain the
inclusion in (3.11) by taking a = b in (3.10) and using Remark 3.28.

3.3. Properties of test ideals

In this section we begin the discussion of some basic properties of test ideals.
Further properties as well as some pathological aspects (by comparison with mul-
tiplier ideals) are covered in Chapter 3.6 below.

We begin with the analogue of the Restriction Theorem for multiplier ideals
(cf. Theorem 2.87).

ProrosiTION 3.30. Let f: Y — X be a morphism of regular F-finite schemes
of characteristic p > 0. If a is an ideal in Ox such that b := a- Oy is everywhere
nonzero, then

7(6*) C 7(a*) - Oy forall X € Rso.

PROOF. After covering X and Y by suitable affine open subsets, we may assume
that X = Spec(R) and Y = Spec(S) are affine schemes and f corresponds to the
homomorphism ¢: R — S. Since b/*“1 = al*P"1.5 it follows from Proposition 3.14
that for every e > 1, we have

(b(,\pﬂ)[l/pe} C (u[xpﬂ)[l/pe] .S
For e > 0, this gives the inclusion in the proposition. O

We next show that for smooth morphisms, the inclusion in Proposition 3.30
is an equality. We will not use this result in an essential way, so the reader not
familiar with formally smooth morphisms could safely skip it.

ProrosiTiON 3.31. If f: Y — X is a smooth morphism between regular F-
finite schemes of characteristic p > 0, a C Ox is an ideal that is everywhere nonzero,
and b = a- Oy, then

(3.12) 7(6) = 7(a*) - Oy forall X\ >0.

More generally, if ¢: (4, m, k) — (B,n, K) is a local homomorphism of regular F-
finite local rings of characteristic p > 0 and B is n-formally smooth over A, then
for every nonzero ideal a in A, if b = a- B, then

(3.13) 7(6*) = 7(a*) - B forall X >0.

PRrROOF. The first assertion follows from the second one: indeed, in order to
prove the equality in (3.12), it is enough to prove the corresponding equality in Oy,
for every y € Y. Since test ideals commute with localization by Proposition 3.19,
the equality in (3.12) follows from the one in (3.13), applied for the homomorphism
OX@ — Oy7y. R R

In order to prove the second assertion, after replacing ¢ by A — B (which
satisfies the same hypotheses), and using the fact that test ideals commute with
completion (see Exercise 3.20), we may assume that A and B are complete. Since
B is n-smooth over A, it follows that the field extension K/k is separable and
B/mB is geometrically regular (in particular, it is a regular ring). If we choose
a regular system of parameters z1,...,x, of A and y1,...,y,» € n that induce
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a regular system of parameters of B/mB, we see that x1,...,Zn,y1,...,Ym 1S a
regular system of parameters of B and we have

A~Ek[xy,...,zn] and B~ K[x1,...,Zn,Y1s---,Ym]-

If (a;)ier is a basis of k over kP, since K/k is separable, it follows that we can
complete this to a basis (a;);es of K over K? (see [Mat89, Theorem 26.4]). Note
that for every e > 1, A is free over AP", with a basis given by a;z%" .-zt for
i€l and 0 <wu; <p®—1forall j. We have a similar description for a basis of
B over BP"; in particular, we see that we can complete a basis of A over A" to
a basis of B over BP". In this case, the description of inverse Frobenius powers in
Proposition 3.15 implies that for every m > 0 and e > 1 we have

(6™ 1/P°] = (qm)/P1 B,

The equality in (3.13) is then an immediate consequence of the definition of test
ideals. O

As in characteristic 0, Proposition 3.30 (in fact, an obvious extension to the
mixed case) implies a subadditivity statement. For simplicity, we only give the
following version:

ProrosIiTION 3.32. Let X be a regular scheme of finite type over a perfect
field k of characteristic p > 0. If a and b are ideals that are everywhere nonzero,
then

7(a*6") C 7(a) - 7(b") for all A\, p € Ro.
Again, the key case to understand is that in the following lemma:

LEMMA 3.33. Let X andY be regular schemes of finite type over a perfect field
k of characteristic p > 0. If a and b are ideals on X and Y, respectively, that are
everywhere nonzero, and if a = a- Oxxy and b =b-Oxyy, then

T(@0*) = (7(a*) - Oxxy) - (7(6") - Oxxy) for all A\ p€ Rso.

ProOOF. Note that since k is perfect, a scheme of finite type over k is regular if
and only if it is smooth over k. This implies in particular that the product X x Y
(where the product is over Spec(k)) is again regular.

The assertion in the lemma follows directly from the definition of test ideals if
we show that for every r,s € Z>( and every positive integer e, we have

(3.14) (args)[l/pe] _ ((ar)[l/Pe] 'OXXY) . ((bs>[1/Pe] 'OX><Y>~

In order to prove this, we may assume that X = Spec(R) and Y = Spec(S) are
affine and that R and S are free over RP" and SP°, respectively. In this case
X xY = Spec(T), where T'= R®;, S. If (a;)1<i<m and (b;)1<j<n are bases of R
and S over RP" and SP°, respectively, then (a; ® b;); ; is a basis of T over TP". Let
fi,..., fa be generators of a” and g1, ..., g¢ be generators of b®. If we write

m n
p© p°
Ju= E Pu,iai and g, = g Qv,jbja
i=1 j=1

with P, ; € R and @, ; € S, then it follows from Proposition 3.15 that

@) =(Pi|1<u<d1<i<m) and (097 =(Q,; [1<v<1<)<n)
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On the other hand, a"b* is generated by (f, ® Gv)u,p and we have

Ju® gy = ZZ(PUJ ®Qv,j)pe(a’i ®b.7)

i=1 j=1
Therefore Proposition 3.15 gives
@67 = (P ®Quy [1<u<d1<v<f1<i<m1<)<n)
The equality in (3.14) is now clear. O
PRrROOF OF PROPOSITION 3.32. The argument is the same as in characteristic

0 (see the proof of Theorem 2.91), by considering the diagonal embedding X <
X x X and combining Proposition 3.30 and Lemma 3.33. (]

We next give the analogue of Skoda’s theorem for multiplier ideals (cf. 2.110).
This is due to Hara and Takagi [HT04]

THEOREM 3.34. If X is a regular F-finite scheme of characteristic p > 0 and a
is an ideal on X that is everywhere nonzero and it is locally generated by r elements,
then

(@M =a-7(@Y) forall \>r.

PROOF. We may assume that X = Spec(R) is affine and a = (f1,..., fr). The

key observation is that for every e > 1, if m > r(p® — 1) + 1, then
a™ = alP’l . gmoPt
Suppose now that A > r and e > 0, so that
T(Cl/\> _ (af)\pe])[l/l)e].

The above observation gives

al 1 = gl g[OA=1p T
and using assertions iv) and v) in Proposition 3.13, we obtain

m(at) = (af/\peT)[l/pe] = (a[pe] .uf(/\—l)pe1)[1/pe]
= (a [pﬂ)[l/pel (alA=DP ) [1/p°] _ a- (a1 w)u/pe]

Since e > 0, the right-most term is equal to a - T( A=1). This completes the proof
of the theorem. O

As in characteristic 0, we can use Theorem 3.34 to relate the integral closure
of suitable powers of an ideal to the original ideal via the following result.

PRroOPOSITION 3.35. If X is an F-finite regular scheme of characteristic p > 0
and a is an ideal on X that is everywhere nonzero, then

(@) =7(@) forall )€ Rso.

PROOF. We note that the integral closure @ is defined separately on each con-
nected component of X (since each such component is a normal variety, the def-
inition and basic properties discussed in Chapter 2.6.1 apply). Since a C @, the
inclusion 7(a*) C 7(a) follows from Proposition 3.22i).

In order to prove the reverse inclusion, note first that by Proposition 3.24 there
is € > 0 such the following two conditions hold:
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a) 7(@) = r(@\").

b) m(a*) = (a)/PTif A < L <At
We now use the fact that by Proposition 2.106, there is a positive integer m such
that for every ¢ > m, we have a® C a®~™ and thus @ C a*~™. If e > 0, we thus
conclude that
(3.15) 7@ = (@) = (@O ¢ (qTOkpT-my L/,
Note next that

(O+apl=m _,
pe

and since e > 0, we also have
[(A+e)p] —m
pG
Condition b) above thus implies

>Ate— Do
pC

(aT(A+6)pe1—M)[1/Pe] = 7(a*)

)

which together with (3.15) completes the proof. O

We obtain the following corollary (which, for simplicity, we don’t state in its
most general form).

COROLLARY 3.36. If X is a regular scheme of finite type over an infinite F-finite
field, with dim(X) = n, then for every ideal a on X that is everywhere nonzero, we
have a” C a.

PROOF. Since the statement is local, it follows from Proposition 2.109 that we
may assume that we have an ideal b C a that is generated by n elements such that
b =@ (here is where we use the fact that the ground field is infinite). This implies
b" = a”: this follows, for example, from the fact that a” C a" C a” = a™. Note
now that we have

a” C 7(am) = 7(b")
by Remark 3.29,
7(b") = 7(b™)
by Proposition 3.35, and
T(b") Cb

by Theorem 3.34. By combining these, we obtain the inclusion in the corollary. [

We next turn to the following version of the Summation Theorem for multiplier
ideals, due to Takagi [TakO06].

THEOREM 3.37. If X s a regular F-finite scheme of characteristic p > 0 and
a, b, ¢ ideals on X that are everywhere nonzero, then for every X, n € Rx>o, we

have
T((a+b) ) = Z 7(a%bP ),
a+B=XA
where the sum on the right-hand side is over all o, B € R>o with a4+ 3 = 7.

REMARK 3.38. Unlike in the case of multiplier ideals, it is not clear (and prob-
ably not true in general) that the sum on the right-hand side involves only finitely
many distinct ideals.
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Proor or THEOREM 3.37. If a, f € R>¢ are such that o 4+ 8 = A, since we
have a Ca+ b and b C a+ b, we have

T(a®6’¢) C 7((a+b)*(a+b)7c*) = 7((a + b) "),
where the equality follows from (a variant of) Remark 3.28. We thus get
> r(ab’e) Cr((a+b) ).
a+B=X\
In order to prove the reverse inclusion, let e > 0, so that
((a+06)*e*) = ((a+ b)D\pechup“W)[l/pe].
Since we clearly have
@+ T =" 3" apd,
i+j=[Ap°]
we deduce using Proposition 3.13iii) that
7((a+b)*eH) = Z (aibjc[“ﬂ)[l/pc].
i+j=[Ap°]
In order to complete the proof of the theorem, it is thus enough to show that for
every nonnegative integers 4, j, with ¢ + j = [Ap®], we have
(3.16) (aibjc“‘pe])[l/pe] c Z T(a%b? ).
a+B=X\
This is clear if j = 0, hence from now on we assume j > 1. It follows that if we put
o = #’ then a < P\ij—l < A, hence if we put 8 = A — «, we have 8 > 0. Note
that
Bp® = Ap® —i < [Ap°] —i =1,
hence j > [Bp°] and thus
(aibjcfup"‘W)[l/pﬂ] C (a[ap"ﬂb(ﬁpﬂc[up"’])[l/”e] C r(a®bPe).
We thus have (3.16), which completes the proof of the theorem. O

REMARK 3.39. Note that while the results in Proposition 3.30 and Theo-
rems 3.34 and 3.37 simply follow from the definition of test ideals, the corresponding
results for multiplier ideals all rely on Relative Vanishing.

3.4. F-jumping numbers and F-thresholds

Our goal in this section is to study those A € R>o where the test ideals jump.
We fix a regular F-finite scheme X of characteristic p > 0 and let a be an everywhere
nonzero ideal in Ox.

DEFINITION 3.40. An F-jumping number of a is a positive real number A such
that for every < A, we have 7(a*) C 7(a#). If a is generated by f € Ox(X), then
we simply say jumping number of f.

REMARK 3.41. It follows from Proposition 3.24 that if A is not an F-jumping
number of a, then the test ideal 7(a*) is constant for p in a neighborhood of A.
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REMARK 3.42. It follows from the definition that if X = (J;,; U; is an open
cover, then the set of F-jumping numbers of a is the union of the sets of F-jumping
numbers of a|y,. This allows us to reduce the study of F-jumping numbers to the
affine case.

DEFINITION 3.43. The F-pure threshold of a is
fpt(a) := sup{\ € Rxo | 7(a*) = Ox}.
For a point x € X, the F-pure threshold of a at x is
fpt, (a) := sup{\ € Rxq | 7(a*), = Ox..}.
If a is generated by f € Ox(X), then we simply write fpt(f) and fpt,(f).
REMARK 3.44. It is clear that if fpt(a) < oo, then this is the smallest F-jumping

number of a. Note that if a = Ox, then fpt(a) = oo (and the set of F-jumping
numbers is empty); we will see shortly that the converse holds too.

REMARK 3.45. It follows directly from the definition that for every x € X, we
have

fpt,(a) = max{fpt(alv)},
where the maximum is over the open neighborhoods U of X. Similarly, we have

fpt(a) = ggg{fptz(a)},

where the minimum is over all x € X (it is enough to only consider the closed
points if X is affine or it is of finite type over a field).

LEMMA 3.46. Let a and b be ideals on X that are everywhere nonzero.
i) If a C b, then fpt(a) < fpt(b) and fpt,(a) < fpt,(b) for allx € X.
ii) For every positive integer m, we have fpt(a™) = fp:n& and fpt,(a™) =
% forallz € X.

PROOF. The assertion in i) follows from the fact that 7(a*) C 7(b*) for all A €
R0, see Proposition 3.22i). The one in ii) follows from the fact that 7((a™)*) =
7(a™*) for all A € Rxq, see Proposition 3.26. O

3.4.1. F-jumping numbers as F-thresholds. In this section we give a dif-
ferent description of F-jumping numbers following [MTWO05]. Let R be an F-finite
regular ring of characteristic p > 0 and a C R an ideal that is everywhere nonzero.
If J C R is an ideal such that a C rad(J), then for every positive integer e, we
denote by v (p°) the largest 7 € Z>q such that a” ¢ JP°! (note that this is well-
defined by our assumptions on J). If a = (f), then we simply write y}](p"‘). Note
that for every e, we have

i) e
pe — pe+1

Indeed, if a” Z JP], then a?” ¢ JIP": otherwise we have

(3.17)

(a")P! C aP" C gl
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and we conclude that a” C JPJ by Proposition 3.9v), a contradiction. It follows
from (3.17) that we have

This is the F-threshold of a with respect to J.

REMARK 3.47. In fact, ¢/(a) < co. Indeed, suppose that a is generated by
elements, so that a”®“~1+1 C alP"] for every e > 0. If m > 1 is such that a”™ C J,
then

g =1+ ¢ (a[pe})m = (a™)lP) c gl

hence v (p¢) < m(r(p® — 1) + 1) for all e > 1 and thus ¢/ (a) < mr.

a
REMARK 3.48. It follows from the definition that we have
v ()
pe
In fact, this is a strict inequality. Indeed, if this is not the case, then there is
e > 1 such that v/ (p®) = cp® for all ¢’ > e, where ¢ = ¢’(a). If f € ais not a
zero-divisor, then for every e’ > e, we have

(3.18) <c’(a) forall e>1.

f (acf)[p‘"*‘? C o+ ) (ﬂpﬁ])[f’ﬁ'*'ﬁ].
We deduce from Proposition 3.10 that a®?” C JP"] a contradiction.

REMARK 3.49. If J; C Js are ideals in R, with Jy # R and a C rad(J;), then
it is clear that for every e > 1, we have
v () < v (0°).
Dividing by p® and letting e go to infinity, we get ¢’2(a) < ¢’t(a).
The next lemma will allow us to relate the F-jumping numbers of a with the

F-thresholds.

PrOPOSITION 3.50. Let a be an ideal of R that is everywhere nonzero.
i) If J is a proper ideal of R such that a C rad(J), then
T(ac'l(“)) C J
ii) If A € R>q is such that 7(a?) # Ox, then
@) (@) < A

PROOF. In order to show i), let us put ¢ = ¢/(a). For every e > 1, it follows

from Remark 3.48 that v (p®) < c¢p® < [cp®], hence
alerl ¢ glefl,
We thus have .
(a]'cpe-\>[1/17 ] CJ.
By taking e > 0, this gives the inclusion in i).

For ii), note first that a C rad(r(a*)) by Remark 3.23, hence CT(“A)(a) is
defined. Let b = 7(a*). By definition of the test ideal, for every e > 1, we have
(ampe])[l/p ! C b, hence al*"1 C b[P]. We thus have v (p®) < [Ap¢] — 1. Dividing
by p® and taking the limit when e goes to infinity, gives c®(a) < . O
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COROLLARY 3.51. Let a be a proper ideal in R that is everywhere nonzero.
i) If A\ is an F-jumping number of a and J = 7(a’), then A = ¢’(a).
ii) If J is a proper ideal in R such that a C rad(J), then ¢/ (a) is an F-jumping
number of a.
In particular, the set of F-jumping numbers of a is equal to the set of F-thresholds
¢’(a), where J runs over the proper ideals of R with a C rad(J).

PROOF. We first prove i). The inequality ¢ := ¢’ (a) < \ follows from Propo-
sition 3.50ii). If this inequality is strict, since A is an F-jumping number of a, it
follows that

J=1(a*) C7(a%) C J,
a contradiction, where the second inclusion follows from Proposition 3.50i). We
thus have ¢ = A.

We next prove ii). Note first that ¢’ (a) > 0: this follows, for example, from
Remark 3.48. If ¢/(a) is not an F-jumping number, then there is u < ¢’(a) such
that

T(aCJ(a)) = 7(a").
Using Proposition 3.50i), we deduce
T(a*) CJ
and thus, using Remark 3.49, we get
(a) <@ (a) < p < ¢ (a),

a contradiction, where the second inequality follows from Proposition 3.50ii). This
gives the assertion in ii). Finally, the last assertion in the corollary follows from i)
and ii). O

REMARK 3.52. Using similar arguments to those in the proof of Corollary 3.51,
we see that if X = Spec(R) is a regular F-finite affine scheme of characteristic
p > 0 and a is an ideal in R that is everywhere nonzero, then for every z € V(a)
corresponding to p D a,

fpt,(a) = cP(a).
Indeed, note first that it follows from Proposition 3.50i) that T(acp(“)) C p, hence
fpt, (a) < c?(a). On the other hand, if 7(a*) C p, then it follows from Remark 3.49
and Proposition 3.50ii) that

cP(a) < cT(“A)(a) <A\,
hence fpt,(a) > cP(a).
In particular, this shows that if x € V(a), then fpt, (a) < co. We also note

that since test ideals commute with localization (see Proposition 3.19), we have
fpt,(a) = fpt, z, (aRy), and thus

fpt, (a) = P (aRy).

ExampLE 3.53. If R is a domain and a C R defines a regular subscheme of
pure codimension 7, then fpt(a) = r and 7(a*) = al* "+ for all A > r. Indeed, it
is enough to prove these assertions after localizing at each point in V'(a), hence we
may assume that (R, m, k) is local and a C m. Since a defines a regular subscheme
of codimension r, there is a regular system of parameters x1, ..., x, of R such that
a = (21,...,2,). Using the fact that R= klz1,...,z,], it is easy to see that a
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monomial 4" ---z%» lies in mPl = (2% ... 22") if and only if i, > p° for some
a, with 1 < o < n. This implies that a® C mlP‘! if and only if s > r(pe — 1)+ 1.
Therefore v (p®) = r(p® — 1) and thus

e
)

fpt(a) = c™(a) = lim —= =r.

The formula for 7(a*) now follows from Theorem 3.34.

REMARK 3.54. If X is a regular F-finite scheme and a is a proper, everywhere
nonzero ideal that is locally generated by r elements, then fpt(a) < r. Indeed, it
is enough to prove that fpt,(a) < r for every x € V(a). After replacing X by
Spec(Ox ), we may assume that X = Spec(R), where (R, m) and a C m. Arguing
as in Remark 3.47, we see that ult(p®) < r(p® — 1) for every e > 1. Dividing by p°
and taking the limit, we conclude that fpt(a) = ¢™(a) < r.

LEMMA 3.55. Let a be an ideal in R that is everywhere nonzero. If J is a
proper ideal of R such that a C rad(J), then

@) =p-c(a).

PROOF. Since a C rad(J?)) = rad(J), it follows that " (a) is well-defined. It
follows from definition that for every e > 1, we have

(]
W 0%) = ).
Dividing by p® and taking the limit when e goes to infinity, gives the equality in
the lemma. |

The following consequence is one of the special features of F-jumping numbers
by comparison with the jumping numbers for test ideals.

COROLLARY 3.56. If X is a regular F-finite scheme of characteristic p > 0 and
a is an ideal in Ox that is everywhere nonzero, then the set of F-jumping numbers
of a is closed under multiplication by p.

PROOF. After taking a suitable affine open cover of X, we may assume that
X is affine. In this case the assertion follows by combining Corollary 3.51 and
Lemma 3.55. 0

REMARK 3.57. For locally principal ideals, the F-threshold ¢”(a) determines
all numbers v (p°). Indeed, suppose that a is a locally principal ideal in R that is
everywhere nonzero and J is a proper ideal such that a C rad(J). In this case, for
every e > 1, we have

vt +1 _ wl(pf) +1
pe+1 — pe :
Indeed, note that v(p¢) + 1 is the smallest 7 such that a” C JP] and since a is
locally principal, if a” C JP1, then a?” C JP""'1. It thus follows from (3.19) that
J (e 1 J (e 1
inf m — lim M — cJ(a).
e>1 pe e—00 pe
Using also Remark 3.48, we thus see that for every e > 1, we have
vy (v°) vy (p°) +1
p© p°

(3.19)

<c(a) <
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and thus
vi(p°) = [¢’(a)p] — 1.

REMARK 3.58. Recall that in the context of multiplier ideals there isn’t a big
difference between invariants of principal ideals and invariants of arbitrary ideals
(see Proposition 2.59). For example, if X is a smooth affine variety in characteristic
0, any ¢ € (0,1) is the log canonical threshold of an ideal on X if and only if it
is the F-pure threshold of a principal ideal on X. On the other hand, in positive
characteristic there is a significant difference between invariants of arbitrary ideals
and invariants of principal ideals. Omne such instance is given in Remark 3.57.
Another one is given by the following restriction on F-pure thresholds of principal
ideals: if R is an F-finite regular ring of characteristic p > 0 and f € R is not a
zero-divisor, then for every positive integers a and e, with a < p® — 1 we have

a a
] — — .
bi(f) ¢ (pe,pe 2 1)
Indeed, if ¢ = fpt(f) € (i L), then

pﬁ’pe_l
a<pc<a+te.

By combining Corollary 3.56 and Theorem 3.34, we see that since ¢ is an F-jumping
number of f, we conclude that also ¢p® — a is a jumping number of f. However, it
lies in (0, ¢), contradicting the fact that fpt(f) is the smallest F-jumping number
of f.

3.4.2. Discreteness and rationality of F-jumping numbers. Our goal in
this section is to prove the following result from [BMSO08] concerning F-jumping
numbers for schemes essentially of finite type over a field.

THEOREM 3.59. Let k be an F-finite field of characteristic p > 0 and X a
reqular scheme essentially of finite type over k. If a is an ideal in Ox that is
everywhere nonzero, then the set of F-jumping numbers of a is a discrete set' of
rational numbers.

For principal ideals, discreteness and rationality of F-jumping numbers for any
F-finite regular scheme was proved in [BMS09]. These results were extended (re-
placing regular schemes by normal, Q-Gorenstein schemes, with index non-divisible
by p) in [BSTZ10].

In the case of affine space, we will deduce discreteness from the following more
precise result:

ProPOSITION 3.60. Let k be an F-finite field of characteristic p > 0. If a is a
nonzero ideal in R = k[x1,...,x,] that is generated by polynomials of degree < d,
then for every A € R>¢, the test ideal 7(a) is generated by polynomials of degree
< [Ad].

PROOF. Let us fix a positive integer e and let us estimate the degrees of the
generators of (a”)1/P°],

Let ai,...,am, be a basis of k over kP", so a basis of R over RP" is given by
Qu,i = a;2*, where 1 <i<mand u= (u1,...,u,) € Z%, with 0 < u; <p°—1 for
all j (where 2% = z% ---2%»). Since a is generated by polynomials of degree < d,

1This means that in every bounded interval there are only finitely many elements of this set.
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it follows that a” is generated by polynomials of degree < dr. Let us choose such
generators fi, ..., fs for al*“1. If we write

(3.20) fi=> Pl Qui for 1<j<s,
with Pj,; € R, then it follows from Proposition 3.15 that (a”)/?°] is generated
by the P, ;. Note also that equation (3.20) implies that for every i, j, and u, we
have deg(P} ;) < dr/p°.

By definition of test ideals, if e > 0, then 7(a*) = (ap‘pe])[l/p ], hence by the
previous discussion, 7(a?) is generated by polynomials of degree < |dr/p®], where
r = [Ap®]. For e > 0, we have

e (5]
1
dr d[A\p°] <d()‘p€+ ):d)\+;le<Ld>\J+1>

P
and thus 7(a) is generated by polynomials of degree < [\d]. a

The next proposition will allow us to reduce the proof of Theorem 3.59 to the
case of the affine space.

ProOPOSITION 3.61. Let Y be a regular, connected F-finite scheme of charac-
teristic p > 0 and X a regular closed subscheme of pure codimension r. If a is a
nonzero ideal in Ox and b is its inverse image in Oy, then 7(b*) = Oy for A < r
and

7(6%) - Ox = 7(a*™") forall \>r.

PrOOF. It is enough to show that the assertions hold after localizing and com-
pleting at each x € X. Since taking test ideals commutes with localization and
completion (see Proposition 3.19 and Exercise 3.20), it follows that we may assume
that Y = Spec(R), where R is a complete local ring. Since Y is a regular scheme
and X is a regular closed subscheme of Y, it follows that we may assume that
R = E[x1,...,2z,] and X is defined by (1 ...,2,). Note that since k is a quotient
of R, it is F-finite.

Arguing by induction on r, we see that it is enough to treat the case when r = 1.
IfaCS=R/(x1)=k[z2,...,7,], we can write b =a+ (z1), where a =a- R (via
the obvious injective homomorphism S — R). It follows from Theorem 3.37 that
for every A € R, we have

7(6*) = Z T(ﬁaxf).
a+B=\

Moreover, a similar argument to that used in the proof of Lemma 3.33, together
with Example 3.53, give

(@) = r(a) - (@),
It is then clear that 7(b*) = R if A < 1 and for A > 1 we have
T(0%) - R/(e)= Y 7(@)R/(x:) = 7(a*7),
a+B=)\,8<1
where for the last equality we use the fact that by Proposition 3.24, the largest
element among the ideals 7(a®) with a > A — 1 is 7(a*~1). O

We can now prove the main result of this section.
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PROOF OF THEOREM 3.59. If X = U; U...UU, is an affine open cover, then
the set of F-jumping numbers of a is the union of the sets of jumping numbers
of a|y,. Therefore it is enough to prove the theorem when X = Spec(R) is affine
and connected (hence irreducible). By assumption, we can write R = S~!T', where
T is a k-algebra of finite type and S is a multiplicative system in 7. If we write
a = S'b for an ideal b in T, then it follows from Proposition 3.19 that the F-
jumping numbers of a are among the F-jumping numbers of b. Therefore we may
and will assume that R is a k-algebra of finite type.

Let us consider a closed immersion X — Y = A}, for some n, and let
¢ = codimy (X). If b is the inverse image of a in Oy, then it follows from Proposi-
tion 3.61 that if A is an F-jumping number of a, then A+ ¢ is an F-jumping number
of b. Therefore it is enough to know the assertion of the theorem for b, hence we
may and will assume that X = AJ.

Let r and d be such that a C k[z1,...,2,] can be generated by r polynomials
of degrees < d. We first show that for every M, the set of F-jumping numbers of
a in [0, M] is finite. For every A\ € [0, M], let V) be the intersection of 7(a*) with
the vector space W of polynomials in k[x1,...,z,] of degree < |dM |.

If 0 < A< pu< M, we have 7(a#) C 7(a*) and thus V., € Vi. Moreover,
Proposition 3.61 implies that for every A < M, the ideal 7(a) is generated by V.
Therefore A is a jumping number if and only if V) C V). for every X < A. Since
dimg (W) < oo, it follows that the number of F-jumping numbers of a in [0, M] is
< dimy (W) = (L4MFn),

We next prove that every F-jumping number of a is rational. This follows from
the discreteness of this set, together with the following two properties:

i) If A is an F-jumping number of a, then pA too is an F-jumping number
of a (see Corollary 3.56).

il) If A > r is an F-jumping number of a, then A\ — 1 too is an F-jumping
number of a (this is a consequence of Theorem 3.34).

For any real number § we define {8} as follows: if 8 > r, then {f} is the
unique real number in (r — 1, 7] such that 8 — {8} € Z; on the other hand, if 8 <r,
we put {#} = B. Then it follows from properties i) and ii) above that for every
e > 1, we know that {p°A} is an F-jumping number of a in the interval (0,7]. Since
we already know that this set of F-jumping numbers has < dimy (W) elements, it
follows that there are 1 < e; < eg < dimg (W) + 1 such that p®2\ — p®* X € Z. We
deduce that A € Q, completing the proof of the theorem. ([

REMARK 3.62. The argument in the proof of Theorem 3.59 shows that for
every prime p and every positive integers r, d, and n, there is a positive integer
N = N(p,r,d,n) such that for every F-finite field k of characteristic p > 0 and
every nonzero ideal a C k[z1,...,z,] generated by < r polynomials of degree < d,
all F-jumping numbers of a lie in %Zzo- Indeed, note first that it follows from
Theorem 3.34 that if A > r is an F-jumping number of a, then A—1 is an F-jumping
number of a as well. Therefore it is enough to only consider the F-jumping numbers
< r. If we run the argument in the proof of Theorem 3.59 with M = r, we see that
for every F-jumping number A of a in (0, 7], there are a and b with a+b < dim (W)
such that p®(p® — 1)\ € Z. Since dimy (W) = (LdTTJf”), we see that the p?(p® — 1)
that appear can take only finitely many values. If we take N to be the least common
multiple of these values, this satisfies our condition.



3.5. TEST IDEALS AND F-PURE THRESHOLDS: EXAMPLES 81

EXERCISE 3.63. Let X be a regular F-finite scheme of positive characteristic.
Show that if a is an everywhere nonzero ideal on X and x € X is a point with
ord;(a) = d and dim(Ox ,) = n, then

1 n
- <fpt,(a) < —
g < fote(a) < -
EXERCISE 3.64. Let X be a regular F-finite scheme of positive characteristic.

Show that a and b are everywhere nonzero ideals on X, then for every z € X, we
have

fpt, (a +b) < fpt,(a) + fpt, (b).

3.5. Test ideals and F-pure thresholds: examples

In this chapter we discuss some computations of test ideals and F-pure thresh-
olds. We will see that while there are many parallels with the characteristic 0
invariants, there are some new arithmetic phenomena that come in the picture.

REMARK 3.65. If X is a regular F-finite scheme and a is a proper ideal of
Ox that is everywhere nonzero and locally generated by r-elements and whose
zero-locus is nonempty, then it follows from Theorem 3.34 that fpt(a) < r. In
particular, if a is locally principal, we see that fpt(a) < 1.

REMARK 3.66. Let k& be an F-finite field of characteristic 0 and let us consider
on R = klz1,...,x,] the grading given by deg(z;) = a; € Zso foralli. f0# f € R
is homogeneous with respect to this grading (that is, all monomials in f have the
same degree), then every ideal (f")[/?] is homogeneous: by Proposition 3.15,
this is generated by polynomials of the form }, ; c;x(Wi=v)/P° where the 2% are
monomials that appear in f” and v is a fixed monomial (of degree < p¢ — 1 in
each variable); since the monomials % have the same degree, it follows that the
monomials z(%~?)/P° have the same degree. We thus deduce from the definition
of test ideals that all 7(a*) are homogeneous. In particular, we have 7(f*) = R if
and only if this equality holds in a neighborhood of 0. Therefore we have fpt(f) =

fPto(f)-

EXAMPLE 3.67. Let k be an F-finite field of characteristic p > 0 and f =
it xl € klxy, ..., xy,] for some r < n, where ay,...,a, are positive integers.
We claim that

o1
fpt(f) = foto(f) = moin -
Indeed, let m = (z1,...,2,). For every e > 1, we have f7 € mlP'l = (x’fe, oz

if and only if ra; > p° for some 4, with 1 < ¢ <r. We thus conclude that
m — 3 P
vy (p%) = min [p/a;] —1.
We thus conclude that
minlgigr |—pe/ai-| — 1 _ 1

_om T 3 -
fpto(f) =c™(f) = elggo pe 12y a;’

The fact that fpt(f) = fpty(f) follows Remark 3.66, since f is a homogeneous
polynomial. We will generalize this example to a computation of test ideals of
arbitrary monomial ideals in Proposition 3.79 below.
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ExaMPLE 3.68. Let k be an algebraically closed field of characteristic p > 0,
X a smooth surface over k, and a C Ox the ideal defining a curve in X, having
at most nodes as singularities. In this case fpt(a) = 1. Indeed, since test ideals
commute with localization and completion (see Proposition 3.19 and Exercise 3.20),
this follows from the fact that the F-pure threshold of an ideal defining a smooth
hypersurface is 1 (see Example 3.53) and fpt(f) = 1 if f = zy € k[x,y] (see
Example 3.67).

A wuseful result for certain computations of F-pure thresholds is the following
theorem of Lucas (see [Luc78] and also [Gra97]). If p is a positive prime integer
and if we write two positive integers a and b is base-p expansion a = Z;n:o a;p* and
b=>""_,b;p’ (that is, we have a;,b; € {0,1,...,p — 1} for all i), then

(1) =11G) e

As usual, we use the convention that (ZL) = 0 if m < n. The interesting consequence

for us is that (") # 0 (mod p) if and only if b; < a; for all i.

ExXAMPLE 3.69. Let k be an F-finite field of characteristic p > 0 and let f =
22 +y3 € k[z,y]. Our goal is to compute fpt,(f). For simplicity, we write v/(p®) for
v (p®), where m = (z,y).

Let’s start by computing v(p), which is the largest r such that " ¢ (zP,yP).
Of course, we need to have r < p — 1, hence in the binomial expansion

T
Fr= (7’> 22y,
H;’:r ¢

all binomial coefficients are nonzero in k. Therefore f" ¢ (zP,y?) if and only if
there are ¢ and j with ¢ +j = r such that 2 < p—1 and 3j < p — 1. We thus
conclude that

(3.21) vip) = Llp—1)/2] + [(p—1)/3].

For simplicity, let’s assume from now on that p > 3. As suggested by the
formula for v(p), we need to distinguish two cases depending on the congruence
class of p mod 3.

We first show that

5
(3.22) v(p®) = g(pe —1) for e>1, p=1(mod3).
The case e = 1 is covered by (3.21), but we now give an argument that is valid for
all e. Since %(pe -1) = prl + 2 51, it follows that in the binomial expansion of

5@ =1)/6 we have the term
5(pe —1)/6 e_1 pe_1
(3.23 ( aP Ty T
: (v —1)/2
Since we have the decomposition

e—1 e—1
5(p° — 1) 5(p—1) pe—1 p—1,
e S\ e d yF - _ Lo 1
6 Zi:o ¢ r 2 Zi:o 2 P

it follows from Lucas’ Theorem that the coefficient in (3.23) is nonzero. Therefore
o =1/6 & (2P yP) and thus v(p€) > %(pe —1). The fact that this is an equality
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follows from the fact that if > 2(p® — 1) and i + j = r, then either 2i > p® or
3j > p°. We thus have (3.22).

We next show that
1

(3.24) v(p®) = 517% —1 for e>2, p=2(mod3).

Note that it follows from Remark 3.57 that for every e > 1, we have
v(p“) <p-v(p) +p-1L.
Using the formula for v(p) when p = 2 (mod 3), this implies that for every e > 2,
we have
e—1

e—2
e e— i 5p_ 7 e— e— 5pe —-p
R e I R e e e e S &
i=0

In order to show that this is an equality, it is enough to show that if we put
e—1

€ = e e e—1
a= E’p% —landb=2 ;1 (so that a — b = %), then the coefficient of

the term N
(Z) by 3a=b) <Z> xpcflypeprJr?)

does not vanish. This follows from Lucas’ Theorem, using the base-p expansions:

5]) 7 e—2 e—1 » 1
_ — e i _ — L
a=—Fe—p —I—Z(p—l)p and b_, —
i=0 i=0
We thus conclude that
5, if p=1(mod3);

2 3\
fpto(2® +3°) = if p=2(mod3), p>2.

1
6p’

(&[S}

One should compare this with the formula for the log canonical threshold of the
cusp: over a field of characteristic 0 (in fact, over any field), we have leto(z? +y3) =

5 (see Example 2.53).

The case of F-pure thresholds of diagonal hypersurfaces has been systematically
studied in [Her15].

EXERCISE 3.70. With the notation in Example 3.69, show that if p = 2, then
fpto(f) = 3 and if p = 3, then fpty(f) = 2. Show that in general, if ¢ = fpty(f),
then 7(f*) = (z,y) for A € [¢,1).

Before we discuss the next example, we give a result characterizing principal
ideals with F-pure threshold 1.

PrOPOSITION 3.71. Let (R, m) be a local regular F-finite ring of characteristic
0. If f € m is nonzero, then the following are equivalent:

i) fpt(f) = 1.
ii) For every e > 1, we have f7"~! ¢ m[P"] (equivalently, V?(pe) =p¢—1).
iii) We have fP~! ¢ m[P! (equivalently, vi(p) =p—1).
PRrROOF. The implication i)=+ii) follows from the equality fpt(f) = ¢™(f) (see
Remark 3.52) and Remark 3.57: indeed, if ¢™(f) = 1, then v(e) = p® — 1 for all
e > 1, hence fP°~1 ¢ mlPl. The implication ii)=iii) is trivial, hence let’s prove
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iii)=1). If fpt(f) < 1, then it follows from Remark 3.58 that fpt(f) <1— 7. Using
again Remark 3.57, we conclude that

vi(p) = [p-fpt(f)| —1<p-2,
contradicting iii). This completes the proof. ([

EXAMPLE 3.72. Let k£ be an F-finite field of characteristic p > 0, n > 3,
and f € R = k[z1,...,x,] homogeneous of degree d < n that defines a smooth
hypersurface in P"~!. Recall that if we are over a field of characteristic 0 (in fact,
this remains true over any field), the log canonical threshold of such f is 1 (see
Example 2.54). The case when d < n is easier: we will see in Remark 3.78 below
that fpt(f) = 1 if p is large enough (depending on n). From now on we assume
d = n, which is the interesting case.

It follows from Proposition 3.71 that fpt(f) = 1if and only if fP~ & (2¥,...,2P)
(note that since f is homogeneous, we have fpt(f) = fpt,(f) by Remark 3.66). Note
that all monomials in fP~! have degree n(p—1) and there is only one such monomial
which is not in (2},...,2P), namely (21 ---x,)P~t. We thus see that fpt(f) = 1 if
and only if (zq ---x,)P~! appears with nonzero coefficient in fP=1.

We next give a cohomological description of this condition. Note that if X is
any scheme of characteristic p, the Frobenius morphism Fx: X — X induces a
map, the Frobenius map on cohomology

F: H'(X,0x) = H' (X, (Fx).Ox) = H'(X,0x),

where the equality follows from the fact that F'x is an affine morphism. If X is a
scheme over k, then H*(X,Ox) is a k-vector space, but the map F is not linear,
but p-linear: it satisfies F(au) = aP?F(u) for every a € k.

Returning to our set-up, consider the hypersurface X in P271 defined by f.
Recall that H(X,0x) =0for 1 <i < dim(X) =n—2and H" 3(X,0x) ~ k. Let
us describe the action of F on H""?(X,Ox). Recall that we have an isomorphism

H" 2(X,0x) ~ Hﬁ_l(R/(f))w

where on the right-hand side we have the (n — 1) local cohomology group of R/(f)

with respect to the ideal m = (z1,...,z,). Moreover, this is compatible with the

Frobenius action, where on the right-hand side the action is induced by Fr/(y)-.
Note that we have a commutative diagram with exact rows

0 — R(-n) L~ R——R/(f) —0

F’\L FRl FR/(f)\L

0 — R(—n) L~ R—— R/(f) —0,

where F'(u) = fP~1Fp(u) = fP~1uP. The long exact sequence for local cohomology
gives an isomorphism

Hy ' (R/(f) = {u € HR(R)(-n) | fu= 0},

such that the action of Frobenius on the left corresponds to the action induced by
F’ on the right. We thus get an isomorphism

H"2(X,0x) = Hy ™ (R/(£)) = {u € Hp(R)— | fu=0} = k- | 1],
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where the last equality follows from the fact that

YR = Royos) Y R = @ k[t
i=1

a1,...,an>1

Moreover, the Frobenius action maps the generator [111“} to { (Ilf :1)}78}. We

see that this is 0 precisely when fP=1 € (z¥,...,2P), that is, when fpt(f) < 1. If
this is not the case, then after base-change to a perfect field, the Frobenius action
on H"(X,Ox) is bijective. In the former case, we call X supersingular, while in
the latter case we call X ordinary, extending classical terminology from the case
n = 3, when X is an elliptic curve.

We next describe the possible values of the F-pure threshold in the case of
affine cones over smooth Calabi-Yau hypersurfaces in projective space. Let R =
klz1,...,xn], where k is an F-finite field of characteristic p > 0 and m = (x1,...,x,).
For a homogeneous polynomial f € R of degree d > 2, we consider the Jacobian
ideal Jy = (%7 ey c’?Tfn) of f. Note that if k is perfect, that f defines a smooth
hypersurface in P"~! if and only if V(f, Jf) = {0}; if p does not divide d, then
Euler’s formula implies f € Jf, hence this condition is equivalent with J¢ being
m-primary. The following result is due to Bhatt and Singh [BS15].

THEOREM 3.73. Let k be an F-finite field of characteristic p > 0. If 0 #
f € R = klxy,...,zy], withp > n—2 > 4, is a homogeneous polynomial of
degree n such that Jy is m-primary, then fpt(f) =1 — % for some integer h, with
0 <h <min{n—2,p—1}.

In fact, it is shown in [BS15] that if p > n? — n — 1, then the integer h in
the theorem admits a geometric interpretation, being the order of vanishing of the
so-called Hasse invariant on the versal deformation space of V(f) C P"~1. We also
note that a generalization of Theorem 3.73 to weighted homogeneous Calabi-Yau
hypersurfaces was obtained in [M{il18].

EXAMPLE 3.74. Tt is shown in [Her15, Corollary 3.5] that if f = 27 +... +a]
and we have p > n and p = h+1 (modn), where 0 < h < n—2, then fpt(f) = 1— %.
In particular, for every n > 3 and every h with 0 < h < n — 2 such that h + 1 is
relatively prime to n, there are infinitely many primes p such that fpt(f) =1 — %
(this follows from Dirichlet’s theorem on primes in arithmetic progressions).

We begin with some easy lemmas.

LEMMA 3.75. If f € R is a homogeneous polynomial of degree d > 2 such that
Jy is an m-primary ideal, then m(d=2)n+1 C Jr.

Proor. Since Jy is an m-primary ideal generated by n elements, it follows
that these elements form a regular sequence. Since deg(df/0x;) = d — 1 for all 4,
it follows that the Hilbert series of R/Jy is

(1 _ tdfl)n

In particular, we see that (R/Js); = 0 for i > (d—2)n+1, which gives the assertion
in the lemma. g

Hpyg,(t) = =(1+t+...+t7H"
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LEMMA 3.76. For every k € Zx>q, we have

mld : mP = mld f mra—n—ktl

with the convention that m’ = R if j < 0.

PROOF. The inclusion “2” follows from the fact that m™@—D+1 C wmld, In
order to prove the prove the reverse inclusion, we may and will assume that we
have n(q — 1) — k > 0. Note first that the ideal ml? : m* is a monomial ideal,
being an intersection of monomial ideals. Suppose that z* ¢ ml? is such that
% -m* € ml9. Consider the element

w= {ﬂ] € H'(R)

B m )
It is straightforward to see that for every nonzero monomial w € H[(R),,, where
m < —n, there is ¢ such that x;w is nonzero. The hypothesis on " implies that
w # 0, but m¥ - w = 0; therefore we have w € H:(R)>1_n_%. Therefore deg(x*) >
ng —n — k + 1. This completes the proof. O

LEMMA 3.77. Suppose that f € R is a homogeneous polynomial of degree d > 2
such that Jy is m-primary. Let ¢ = p®, for some e > 1, and let r be the largest
integer such that f* ¢ mldl. If p does not divide r + 1, then

1
r> % .
PROOF. By hypothesis, we have f"+1 € ml9. Note that the ideal ml? is closed

under the action of the partial derivatives 0,,, hence

of

(rJrl)f’"T emld for 1<i<n.
By assumption, we have r + 1 # 0 in k, hence we deduce f" - Jy C mld. Since
md=2n+l C J¢ by Lemma 3.75, we obtain

£ mld=2ntl C pldl
hence f7 € ml9 +m”" by Lemma 3.76, where
N=ng—n—(d-2n=n(g—d+1).

This implies that rd > N: indeed, if we write f” = g+h, with g € mld and h € m",
since f" is homogeneous and m!? and m” are homogeneous ideals, we may assume
that ¢ and h are homogeneous of degree deg(f”) = rd. Since f" ¢ ml?, we have
h # 0 and thus h € m” implies 7d > N. An easy computation then gives the
inequality in the statement. ([

PRrROOF OF THEOREM 3.73. As we have already discussed, since p > n and f
defines a smooth hypersurface in P"~!, the ideal J; is m-primary. We also note
that since f is homogeneous, it follows from Remarks 3.66 and 3.52 that fpt(f) =
fpto(f) = c™(f). We put v = v and begin by considering v(p) € {0,...,p — 1}.
Since d = n, it follows from Lemma 3.77 that if v(p) # p—1, then v(p) > p—n+1.
We thus see that in any case, we have v(p) = p—1—h, with 0 < h < min{n—2,p—1}.

If h = 0, then it follows from Proposition 3.71 that fpt(f) = 1, hence we are
done. We next assume that h > 1 and prove by induction that

(3.25) v(p®) =pt(p—h)—1 forall e>1.
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For e = 1 this is clear. Suppose now that we know (3.25) for e and let’s deduce it
for e + 1. We have seen in Remark 3.57 that
(3.26) v(p™) =p-v(p°)+j forsome j, 0<j<p-—1.
Ij j # p — 1, then it follows from Lemma 3.77 that

v(pt) > ptt —n 1
On the other hand, it follows from (3.25) and (3.26) that
v(p) <pv(pf) +p—2=p(p—h)—p+p-2=p°(p—h) -2
By combining these two inequalities, we get
P —n+1<p(p—h) -2,

hence n — 3 > p¢h > p (recall that we assume h > 1), a contradiction with our
hypothesis.
We thus conclude that j = p — 1, hence (3.25) gives

v(p™) =p°(p—h)—p+p—1=p°(p—h)—1,

which completes the proof of the induction step. We conclude using (3.25) that

e~lp—h)-1 h
c™(f) = lim p—(p ) =1--.
e—00 pe p
This completes the proof of the theorem. ([

REMARK 3.78. Similarly, it follows from Lemma 3.77 that if f € k[z1,...,z,]
is homogeneous with deg(f) = d < n such that Jy is m-primary and we have
p > n? —4n + 2, then fpt(f) = 1. Indeed, if fpt(f) = fpty(f) < 1, then it follows
from Proposition 3.71 that v?(p) < p — 2. On the other hand, we may apply
Lemma 3.77 to get

n(p+1) n(p+1)
vi(p) > T—NZ ﬁ—n>p—2,
where the last inequality follows easily from our lower bound on p. This contradic-
tion implies that fpt(f) = 1.

We end this section with a result due to Hara and Yoshida [HY 03] which gives
the analogue of Howald’s Theorem 2.60 in the setting of test ideals. We use the
notation related to monomial ideals that was introduced before Theorem 2.60.

PROPOSITION 3.79. Let k be an F-finite field of characteristic p > 0. If a C
R = k[z1,...,x,] is a monomial ideal, then for every A € Rx>(, we have

(@) = (2" |u+1 €Int(\- P(a))).

PRrROOF. Note that if b C R is any monomial ideal, then it follows from Propo-
sition 3.15 that for every e > 1, the ideal b!*/?") is monomial as well; in fact, we
have

(3.27) pll/Pl — (ch(l/pe)UJ | 2% € b),

where for v = (v,...,v,) € R™, we put |u] = (lu1],...,|un]). On the other
hand, it is clear that since a is a monomial ideal, then every a/*?“l is a monomial
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ideal. Therefore it follows from the definition of 7(a*) that this is a monomial ideal.
In order to prove the proposition, we just need to show that

(3.28) g € r(a*) ifand only if w+1 € Int(\- P(a)).

Suppose first that 2% € 7(a’), so that for e > 0, we have 2" € (a”pe])[l/pe].
It follows from (3.27) that there are vy,...,vy with 2% € a and N = [Ap€] such
that if v = )", v;, we have u — [(1/p®)v] € Z%,. Since v; € P(a) for all i, we have
v € [Ap?]-P(a) and thus (1/p®)v € A-P(a). Since ([(1/p®)v]+1)—(1/p%)v € RZ,
it follows that

ut+l = (u— L(l/pe)vj)—i—(\_(l/pe)vj+1—(1/pe)v)+(1/pe)v € AP(a)+R%, C Int()vP(a)).

Conversely, suppose that u € ZZ is such that u+ 1 € Int(X - P(a)) and we
want to show that z* € 7(a*). By 7Pr0position 2.106, there is a positive integer
m such that a? C a®~™ for all i > m. The hypothesis on v implies that there are
€1,€2 > 0 such that u+1 € €114 (A+¢€2)- P(a). Let e > 0 be such that p®e; > 1
and p®(\ + €2) > [Ap®] + m. Therefore we can write

(3.29) plu+1)—1=w, forsome weZ% N ([Ap°]+m)-P(a).
It follows from Example 2.103 that
w E a[)\pe]—&-m g aD\Pe“?
hence z* € al*"1. Since it follows from (3.29) that |(1/p®)w| = u, we conclude
that
= (aD\Pe-\)[l/Pe] C T(CL)\).

This completes the proof. ([l

3.6. Further properties and examples

In this section we discuss further properties of test ideals, focussing on those
that are somewhat peculiar by comparison with what happens for multiplier ideals
in characteristic 0. We begin with the following easy proposition which shows that
for principal ideals, the test ideals with exponents having the denominator a power
of p are easy to describe.

ProPOSITION 3.80. Let R be a regular F-finite ring of characteristic p > 0. If a
is a locally principal ideal in R that is everywhere nonzero, then for every m € Zxo,
we have

T(a™/P) = (am) /P,

PRrROOF. Given €' > e, since a is locally principal, the ideal a™ is locally prin-
cipal as well, and thus
ampe _ (am)[pe/,e].
It follows that if A = m/p®, then
(PP YT (gt =y BT gy Ny BT gyt

where the last equality follows from Proposition 3.13v). Since this holds for all
¢/ > e, we obtain the formula in the proposition using the definition of 7(a*). O
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Recall that in characteristic 0, multiplier ideals are integrally closed (see Re-
mark 2.100). On the other hand, the next proposition from [M'Y09] shows that in
positive characteristic, under rather mild conditions, every ideal is a test ideal.

ProprosITION 3.81. If R is a regular domain of characteristic p > 0 such that
R is a finitely generated free module over RP, then for every nonzero ideal a in R,
there is a nonzero f € R and A € Q>¢ such that a = 7(f*).

PROOF. Let N = rankgs(R). If N = 1, then R is a field, in which case the
assertion in the proposition is trivial. Hence from now on we assume that N > 1.
Note that for every e > 1, R is free over RP" of rank N°¢.

Let fi,...,fm be generators of a and let ¢ > 1 be such that N¢ > m. If
g1,-..,gne is a basis of R over RP, let

m . 1
f= fgi and A=—.

Since a # 0, it follows that some f; is nonzero, and thus f # 0. We deduce using
Propositions 3.80 and 3.15

() =N =a
U

Unlike in the case of multiplier ideals, computing test ideals in positive charac-
teristic (say, of principal ideals in a polynomial ring) is conceptually rather simple.
We now explain how this can be done based on our results so far, though this is
not very efficient in practice.

REMARK 3.82. Suppose that f € R = k[z1,...,x,] is nonzero, where k is an
F-finite field of characteristic p > 0. Note that by Theorem 3.34, we only need to
understand the test ideals 7(f*) with A < 1 and only the F-jumping numbers in
the interval (0, 1].

Let d = deg(f). It follows from Remark 3.62 that if we take N = N(p,1,d,n),
then every F-jumping number of f is of the form ﬁ for some i € Z~g. If e is
such that p¢ > N, then it follows that for every 4, with 1 < i < N, if we take
a; = |p®i/N], then

i1 —1 a )

7 < e

By Proposition 3.80, for every 4, we have 7(f%/P°) = (f%)1/P"] and this can be

easily computed via Proposition 3.15. We then conclude that 7(f%/?") = 7(f*) for

all A € [+, %). Moreover, % is an F-jumping number if and only if T(fu/P") £
(o li),

We next turn to two other instances of peculiar behavior of test ideals in positive
characteristic. While we have seen in Theorem 3.59 that the F-jumping numbers
of an ideal form a discrete set of rational numbers, the following example from
[Per13] shows that the picture is considerably more complicated when considering
the constancy regions of mixed test ideals.

EXAMPLE 3.83. Let k be a field of characteristic p > 2 and let fi, fo € R =
k[z,y], with fi = 24y and fa = zy. We consider some mixed test ideals 7( f}"* f52)
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with A\; + A2 = 1. We first note that the argument in the proof of Proposition 3.80
extends to give that for every a,b € Z>( and every e > 1, we have

a/p¢ ob/p¢ a e
TP ) = (e
Using Proposition 3.15, we get
ie 17% e 1/p°¢ e e e e e
(17 1 ) = (@4 y) )P )T = @y g U = (2

while
2

- 1 e_on[1/p° e e e e e e
(12 77) = () ) = @y 2y a2y = R
Since for every p% there is some p%/ < 1%, it follows that we can’t write the segment

{1, 22) | A1, A2 > 0,0 + A =1}

as a finite union of segments such that on the interior of each of these the test ideal
is constant. For a detailed analysis of the constancy regions of these test ideals
in the case when k = F3, we refer to [Per13, Example 5.3]. What can be said in
general for mixed test ideals is that there is a p-fractal map such that the constancy
regions are the fibers of this map, see [Per13, Theorem 4.6].

_2
Pe

The next example from [MYO09] shows that for test ideals we don’t have an
analogue of Proposition 2.93; that is, test ideals do not commute with restriction
to general fibers in a family. However, it is now understood that in order to study
test ideals in families one can define a relative version of test ideals on the total
space of the family, see [PSZ18], though we do not discuss this.

EXAMPLE 3.84. Let k be an algebraically closed field of characteristic p > 0 and
f: X = A} - T = A} corresponding to the homomorphism k[y] < k[z1,z2,y].
Consider on X the ideal a = (f), where f = 2§ + 28y. In this case it follows from
Propositions 3.80 and 3.15 that

7(at/P) = all/P) = (21, 2).

On the other hand, for every closed point t € T, if we consider the fiber X; = f~1(¢)
and the restriction a; = a - Ox,, we see that if s € k is such that s? = ¢, then a; is
generated by (z1 + sx2)P, hence

T(u%/p) = 7(z1 + sz2) = (21 + sz2).
In particular, we see that 7(a,/?) # 7(al/?) - O, for all closed points t € T

We end this section with a result from [M'Y09] showing that test ideals still
behave well in families in the sense that the analogue of Corollary 2.95 holds, that
is, the F-pure threshold is lower semicontinuous.

THEOREM 3.85. Let k be an F-finite field of characteristic p > 0. Suppose
that f: X — T is a morphism of reqular schemes of finite type over k such that
all fibers of f are regular, of pure dimension d, and a is an ideal on X such that
the restriction a; of a to X; = f~1(t) is everywhere nonzero for every t € T. If
s: T — X is such that o s = idp, then for every A € R>q, the set

WA = {t eT | fpts(t)(at) > )\}

is open in T.
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PrOOF. Note first that we may and will assume that X and T are affine.
Indeed, for every t € T', we can choose an affine open neighborhood V' of ¢ and an
affine open neighborhood U C f=1(V) of s(t). If V}, C s~}(U) is a principal affine
open subset of V' containing ¢, then U N f~1(V},) is an affine open neighborhood of
s(t) and f and s induce maps U N f=4(V,) — Vi, and V,, — U N f~1(V3,). Since
it is enough to show that for every such choices Wy NV}, is open, we may and will
assume that T' = Spec(R) and X = Spec(S5), for finite type k-algebras R and S,
that are integral domains.

If we consider a surjective R-algebra homomorphism R[z1,...,z,] — S and if
b C R[xy,...,x,] is the inverse image of a, then it follows from Proposition 3.61
that for every t € T and = € X;, we have fpt,(a;) = fpt,(b;) — ¢, where ¢ =
codimay, (X). Therefore we may and will assume that S = R[z1,...,z,]. Finally,
if o: R[z1,...,2,] = R is the homomorphism corresponding to s and ¢(z;) = b;,
we have an isomorphism of R-algebras p: S — S, with p(x;) = x; + b;. After
replacing a by p(a), we may thus assume that b; = 0 for all 4, that is, s maps any
teT to0eAR,.

Note now that the set

A = {fpty(a;) | t € T}

is a finite set. Indeed, if a C S is generated by r polynomials of degree < d, then
for every t € T corresponding to p C R, the ideal a; C k(p)[z1, ..., x,] is generated
by r polynomials of degree < d and fpt,(a) is an F-jumping number of a; (though
possibly not the F-pure threshold), which is < r (see Remark 3.65). Therefore the
finiteness statement follows from Remark 3.62.

We may thus choose X' € A that is largest with the property that A’ < A, so
that

Wy ={teT|fptyla;) > \}.

On the other hand, it follows from Remark 3.52 that if ¢ € T corresponds to the
prime ideal q C R, then fpty(a;) < A if and only if

alM PR (@)@, ] € @ 2P k() [w, . @] forall e > 1.

This condition says that for every e > 1 and every g € alMP L the prime ideal
q contains all coefficients in g for the monomials x{* - -- 2% with a; < p® — 1 for

all 4. This clearly defines a closed subset of T" and thus W), is an open set. This
completes the proof of the theorem. O






CHAPTER 4

Comparison between multiplier and test ideals

Suppose that a is an ideal on a smooth variety in characteristic 0. Our goal is
to relate via reduction to positive characteristic the multiplier ideals of a and the
test ideals of the reduction of a. We begin by reviewing the general framework for
reduction mod p.

4.1. Reduction to positive characteristic

Let k be a fixed field of characteristic 0. Consider the set FGz(k) of finite
type Z-subalgebras of k, which is a filtering set with respect to the order given by
inclusion. Note that by definition, every element of FGz(k) is a domain and that
if A€ FGgz(k), then A, € FGz(k) for every nonzero a € A.

Given an algebra R of finite type over k, we can find A € FGz(k) and a flat
A-algebra of finite type R4, together with an isomorphism

goﬁ:RA®Ak;>R.

Indeed, if we choose an isomorphism R =~ k[z1,...,2,]/(f1,---, fm), we may take
any A € FGgz(k) that contains all coefficients of fi,..., f,, and define Ry =
Az, .. osznl/(f1, .-+, fm), with o being the induced isomorphism. It is a conse-
quence of Generic Flatness (see [Eis95, Theorem 14.4]) that after possibly replacing
A by a localization A,, with a € A \ {0}, we may assume that R, is flat over A.
We call such R4 a model of R over A.

Given such A, R4, and ¢f, for every B € FGz(k) with A C B, we get a
model of R over B by taking Rp = R4 ®4 B and 90% the induced isomorphism.
In particular, given finitely many k-algebras Ry,..., Rg, we can choose one A such
that we have a model (R;)4 over A for each R;.

Suppose that R4 is a model of R over A. Note that ¢ induces a ring ho-
momorphism R4 — R; for every b € R, we can find B € FGgz(k) containing A,
such that after replacing A by B and R4 by Rp = Ra ®a B, u lies in the im-
age of Rp. Indeed, if u = Y|, p@(a; ® b;), it is enough to choose B such that
Alby,...,b] C B.

Suppose now that f: R — S is a morphism of k-algebras of finite type and that
we have A € FGz(k) and models R4 and S, for R and S, respectively, over A. After
possibly replacing A by some B € FGz(k) containing A and R4 and S4 by Rp =
Ra®4B and Sp = S4®4 B, respectively, we may assume that there is an A-algebra
homomorphism f4: R4 — S4 such that f®4 k is equal to f via the identifications
given by % and 5 (such ua is a model of u over A). Indeed, if we choose
a surjective A-algebra homomorphism Alxy,...,x,], with kernel (g1,...,gm), we
may first enlarge A so that for every ¢ with 1 < i < n, the image of z; in S is
equal to the image of some v; € S4. Since for every j with 1 < j < m the image
of gj(v1,...,v,) in S is 0 and the map Sy ® Frac(4) — Sa ®4 k is injective, it

93
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follows that after possibly replacing A with some A,, for some nonzero a € A,
we may assume that g;(vi,...,v,) = 0 for all j. Therefore the homomorphism
Alxy,...,z,] = Sa that maps each x; to v; induces the homomorphism us: R4 —
S4 with the required property. We similarly see that if fa, f: Ra — Sa both
induce f, then they are equal as morphisms Rjq ®4 A, — Sa4 ®4 A, for some
nonzero a € A. This implies that given finitely many commutative diagrams of k-
algebra morphisms, after the localization of A at a suitable element, we may assume
that we have a similar commutative diagram of A-algebra homomorphisms between
the corresponding models over A. In particular, this shows that an isomorphism
between finitely generated k-algebras can be lifted to an isomorphism between the
corresponding models.

A similar construction works for modules, though we now skip some of the de-
tails. Suppose that R is a finitely generated k-algebra and M is a finitely generated
R-module. A model of M over A is given by a model R4 of R over A and by a
finitely generated R4-module M4, flat over A, together with an isomorphism

‘P%: MA®RAR:MA®AIC;>M.
In order to find such R4 and M4 we choose an isomorphism

Elxy, ..., xnl/(f1s s fm) = R

as before, as well as a presentation M ~ Coker(T: R®" — R®%). We also choose
polynomials ¢; ; € k[z1,...,z,] that map to the entries of the matrix defining 7.
If A € FGz(k) contains all coefficients of the f; and of the g; ;, then we can define
R4 as before and take M4 to be the cokernel of the map defined by the matrix
with entries the images of the g; ; in R4. It is a consequence of Generic Flatness
that after replacing A by some A,, with a € A nonzero, we may assume that both
R4 and My are flat over A. As before, we see that given finitely many such pairs
(R;, M;), we can find one A such that each (R;, M;) has a model over A.

Arguing as before, we see that given a morphism of finitely generated R-modules
u: M — N and models Ry, M4, and Ny for R, M, and N, respectively, over A,
after possibly replacing A by a larger element of FGz(k), we may assume that there
is an Ra-linear map ua: M4 — N4 such that us ® 4 k = u via the identifications
given by ¢ and ¥ (such a map w4 is a model of u over A). If two morphisms
ua,uy: Mg — Ny are models of u, then after replacing A by a suitable A,, we
get ug = uy. We deduce that given finitely many commutative diagrams of R-
modules, after the localization of A at a suitable nonzero element, we may assume
that we have corresponding commutative diagrams of R 4-linear maps between the
corresponding A-models. In particular, this shows that an isomorphisms of R-
modules can be lifted to isomorphisms between the corresponding models.

We can now globalize this construction. Given a scheme® X of finite type over
k, we can find A € FGz(k) and a separated scheme X4 flat and of finite type over
A, together with an isomorphism ¢% : X 4 Xgpec(4) Spec(k) — X. Indeed, we can
choose an affine open cover X = U; U...UU, and find A € FGz(k) such that
we have over A models for the k-algebras Ox (U;) and Ox(U; NU;), as well as
for the glueing morphisms (note that each U; N U, is affine since we assumed that
X is separated). By gluing these in the obvious way we get X4 (note that X4 is
separated by construction). We call X4 a model of X over A. If B € FGz(k) is such

n this section we assume that all schemes are separated.
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that A C B, then we get a model of X over B by taking Xp = X4 Xgpec(a)Spec(B)
and % to be the induced isomorphism. This implies that given finitely many such
schemes X;,..., X, we can find one A and models (X;)4 of X; over A for each
i. If f: X = Y is a morphism of schemes of finite type over k, then we can find
A € FGgz(k) together with models X4 and Y4 for X and Y, respectively, such
that we have a morphism f4: X4 — Y4 of schemes over A which induces f after
base-change to k via the identifications given by ¢% and ¢ . Furthermore, if f/,
is a morphism with the same properties, then f4 and f/ become equal after base
change to Spec(A,) for a suitable nonzero a € A. The previous considerations
regarding commutative diagrams extend to this global case.

Similarly, if F is a coherent sheaf on X, then we can find A € FGz(k) such
that we have a model X 4 of X over A and a coherent sheaf F4 on X4, flat over
A, together with an isomorphism ¢ : v*(Fa) — F, where v: X — X4 is the
canonical morphism induced by <pf4( (in this case F4 is a model of F). Moreover,
given given models F4 and G4 of coherent sheaves F and G, respectively, over A,
and a morphism of coherent sheaves u: F — G on X, after possibly replacing A by
a suitable localization A,, there is a morphism of coherent sheaves us: Fa — Ga
on X 4 that pulls-back to u via base-change to Spec(k) (this is a model of u over A).
Again, if v/, is another such model of u over A, then usq = v/, after base-change
to Spec(A,) for a suitable nonzero a € A. Therefore finitely many commutative
diagrams of morphisms of coherent sheaves give commutative diagrams between
the corresponding models over a suitable element of FGz(k).

If X, is a model of X over A and F4 is a model of F, then for a point
s € Spec(A) we denote by X the fiber of X 4 over s and by F; the restriction of F
to X,. Note that X is a scheme of finite type over the residue field k(s) of s. If s
is the generic point of Spec(A), then k(s) is a subfield of k. We will be interested
in the case when s is a closed point of Spec(A); then k(s) is a finite field by the
following well-known lemma.

LEMMA 4.1. If m is a mazimal ideal in a finitely generated Z-algebra A, then
A/m is a finite field.

PROOF. The intersection m N Z is a prime ideal in Z. If this is equal to pZ,
for some prime p, then A/m is an algebra of finite type over the finite field F,. By
Nullstellensatz, we have [A/m : F,] < oo, hence A/m is a finite field.

Let’s suppose now that m N Z = 0 and show that we get a contradiction. Let
us write K = A/m. By assumption, we have Q C K and K is a finitely generated
Z-algebra, hence also a finitely generated Q-algebra. By Nullstellensatz, we have
[K : Q] < oo, henceifay,...,a, generate K as a Z-algebra, then each a; is algebraic
over Q. If we consider the minimal polynomials of aq,...,a, over Q and d is a
positive integer such that all coefficients of these minimal polynomials lie in Z[1/d],
then it follows that the ring extension Z[1/d] — K is integral. Since K is a field,
we deduce that Z[1/d] is a field, which is a contradiction (a prime in Z that does
not divide d has no inverse in Z[1/d]). This completes the proof. O

REMARK 4.2. Suppose now that u: F — G is a morphism of coherent sheaves
on X and let us choose models X 4, F4, Ga, and uy for X, F, G, and u, respectively.
If s € Spec(A), then we get a morphism us: Fs — G,. Since we may assume that
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Coker(ua) and Im(ua) are flat over A, it follows that we have
Coker(us) = Coker(u)s, Im(us) =Im(u)s, and Ker(us)= Ker(u)s.

In particular, if u is injective or surjective, then so are all us. We deduce that if F
is an ideal or it is locally free, then the same holds for all F;.

REMARK 4.3. Similarly, if f: X — Y is a morphism of schemes of finite type
over k and we consider models X4, Y4, and f4 over A, then for every s € Spec(A),
we get a morphism f,: X, — Y. If f has one of the following properties: projective,
finite, or it is an open or closed immersion, then we may assume that the same
property holds for f4, and thus for all f;.

REMARK 4.4. Suppose now that f is projective, F is a coherent sheaf on X,
and we also have a model F4 of F. Arguing as in [Har77, Section III. 12], we see
that F, satisfies generic base-change: after possibly replacing A by A, for some
nonzero a € A, we may assume that for all s € Spec(A), the canonical morphism

is an isomorphism for all ¢ > 0.

REMARK 4.5. Given a model X4 of X over A, it is easy to deduce from
Noether’s Normalization Theorem that we may assume that dim(X,) < dim(X) for
all s € Spec(A). If X is smooth and irreducible over k, then the Jacobian criterion
for smoothness implies that we may assume that X 4 is smooth over Spec(A), of rel-
ative dimension equal to dim(X). In particular, each X is smooth over Spec(k(s)),
of pure dimension equal to dim(X). If k is algebraically closed, since the geometric
generic fiber of X 4 over Spec(A) is connected, it follows that all X are connected
as well.

We will consider properties P of schemes of finite type over finite fields such
that given a scheme W over k, and a finite field extension &' of k, P(W) holds if
and only if P(W Xgspec(r) Spec(k’)) holds. If X4 is a model of X over A, we say
that P(X) holds for general closed points in Spec(A) if there is an open subset U
of Spec(A) such that P(X,) holds for all closed points s € U. In this case, after
replacing A by a suitable localization A,, we may assume that P(X) holds for
all closed points s. We note that we will also be interested in properties that are
expected to only hold for a dense set of closed points s € Spec(A).

REMARK 4.6. With P as above, note that both conditions

i) P(X;) holds for general closed points s € Spec(A)

il) P(Xs) holds for a dense set of closed points s € Spec(A)
are independent of the choice of a model. Indeed, if «: Spec(C) — Spec(A) is
induced by the inclusion A < C of finitely generated Z-algebras, then the following
hold:

a) By Lemma 4.1, a maps closed points to closed points (and the corre-
sponding morphism between the residue fields is an extension of finite
fields).

b) The image of « contains a (dense) open subset.

¢) The image or inverse image of a dense subset has the same property.

By combining these facts, we get the independence of model.
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REMARK 4.7. Suppose that X4 and F4 are models over A for the scheme X
of finite type over k and for the coherent sheaf 7 on X. Note that if 7y, = 0
for general closed points s € Spec(A), then it follows from Nakayama’s Lemma
that after possibly doing base-change to some localization A,, we have F4 = 0.
Therefore we conclude that F = 0. In particular, if f: X — Y is a projective
morphism and we have a model fq: X4 — Y4 over A such that for some ¢ > 0
and general closed points s € Spec(A4) we have R*(fs)«(Fs), then Rif.(F) =0 (in
other words, we can prove vanishing of higher direct images by reduction to prime
characteristic).

We will also need the following uniform vanishing statement in a setting where
we deal with infinitely many sheaves at the same time.

LEMMA 4.8. Let f: Y — X be a projective morphism of schemes of finite type
over k, F a coherent sheaf on'Y , and L € Pic(Y') that is f-ample. If fa: Ya — Xa,
Fa, and L4 are models over A € FGz(k) of f, F, and L, respectively, then there is
myq such that after possibly replacing A by the localization at some nonzero element,
we have

Rf(Fs®@L?) =0 forall s€Spec(A), i>1, m>my.

PrROOF. We may and will assume that X and X 4 are affine. Furthermore, we
may assume that £ is very ample over X: indeed, if m is a positive integer such
that £™ is very ample, it is enough to prove the assertion in the lemma for the line
bundle £™ and each of the sheaves F ® £7, for 0 < j <m — 1.

Suppose now that £ and L 4 are very ample. We use asymptotic Serre vanishing
to choose mq such that H* (Y, Fa ® L) = 0 for all i > 1 and m > mg. By
Remark 4.4, after possibly inverting a nonzero element in A, we may assume that
for every s € Spec(A), we have

(4.2) Hi(Ys,}"s®/.Z;”):0 for 1<i<n and mg<m<mg+n,

where n = dim(Y"). This implies that for every such s, the sheaf Fs is (mg + n)-
regular with respect to L in the sense of Castelnuovo-Mumford regularity (we refer
to [Laz04, Chapter 1.8] for the basic facts on Castelnuovo-Mumford regularity?).
This implies that F is m-regular for every m > mgy + n, and we conclude that

Hi(YS,FS®£?):0 for i>1 and m > mg.

This completes the proof of the lemma. O

4.2. The Cartier isomorphism

We now fix a perfect field k of characteristic p > 0. All schemes are assumed
to be of finite type over k.

2The results on Castelnuovo-Mumford regularity are usually stated for very ample line bun-
dles on projective varieties. We here need the relative version of those results, which is proved in
the same way.



98 4. COMPARISON BETWEEN MULTIPLIER AND TEST IDEALS

LEMMA 4.9. If f: X — Y is an étale morphism, then for every e > 1, the
diagram
f

-

X Y
sl e
X U

4>Y'7

is Cartesian.

ProOOF. Consider the Cartesian diagram

w—2sy

| f |

X ——=Y,

and the induced morphism h: X — W, so that f = goh and Fx = go h. Since f
is étale, it follows that g is étale, hence the factorization f = g o h implies that h
is étale. On the other hand, the factorization Fx = g o h implies that h is injective
and for every z € X, the field extension k(h(m)) — k(z) is purely inseparable.
Since h is étale, this field extension is also separable, hence it is an isomorphism.
Furthermore, since Fy is finite, ¢ is finite; since F'x is finite, too, we conclude that
h is finite.

Therefore h is a finite étale morphism, which is injective and induces isomor-
phisms between the corresponding residue fields. It is easy to see that in this case
h is an isomorphism onto a subset U that is both open and closed in W. In fact,
we need to have U = W: if y € W ~ h(X), then we get a contradiction with the
fact that ¢ induces an isomorphism between g’l(g(y)) and ffl(g(y)). Therefore
h is an isomorphism. (I

From now on we fix a smooth, irreducible scheme X over k, of dimension n.
Note that for every closed point z € X, the residue field k(z) of x is finite over k,
hence it is perfect (this follows since we clearly have [k(z) : k| = [k(z)? : kP]).

COROLLARY 4.10. If U is an affine open subset of X and z1,...,z, € Ox(U)
are algebraic coordinates, then for every ¢ = p¢, with e > 1, Ox(U) is free over
Ox (U)?, with basis

{x§r - 2% | 0 < a; < q— 1 for all 4}.

PRrROOF. We have an étale morphism ¢ = (z1,...,2,): U = A}. The assertion
then follows using Lemma 4.9 from the fact that it holds when z1,...,z, are the
standard coordinates on Aj. O

REMARK 4.11. The following fact is often useful: if X is a scheme of character-
istic p and F': X — X is the Frobenius morphism, then for every line bundle £ on
X, we have a canonical isomorphism F*(£) ~ £®P. Indeed, it is clear that if £ is
described by the Cech cocycle (i ;), then F*(£) is described by the Cech cocycle
(% ;), which also describes L®P.

We next turn to the de Rham complex of X. Since X is smooth over k, the
sheaves Q% = Q% /i, are locally free Ox-modules. We will consider the de Rham
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complex Q%:
0—0x Lol 4. Lar—o,

placed in cohomological degrees 0, ..., n. We note that @;>0% has the structure of
a differential graded algebra: exterior multiplication gives a (graded-commutative)
Ox-algebra structure such that

d(a A B) =daA B+ (—1)%e@q A dp.

We note that while the maps are not Ox-linear, they still induce corresponding
maps between the corresponding sheaves of rational differential forms

(4.3) 0 — k(X) -5 Q% ®0, k(X) -5 ... -5 0% ©0, k(X) — 0.

Indeed, this follows from the ” quotient rule”: we can extend the exterior derivative
to rational differential forms such that if 7 is a differential form and h is a regular
function, then d(%n) = %dn — %dh AT

If U C X is open and 0 # f € Ox(U), we denote by dlog(f) the rational
1-form %df. Note that if 0 £ g € Ox(U), then

(4.4) dlog(fg) = dlog(f) + dlog(g).

Suppose now that F is a reduced SNC divisor on X. We define the subsheaf
QL (log E) C QY ®0, k(X) as follows. Suppose that U is an open subset of X and

Z1,...,%, are algebraic coordinates on U such that F = divx(zy---2,). In this
case Q% (log F)|y is generated by dlog(x1),...,dlog(z,),dxy11,...,dx,. Note that
the definition is independent of the choice of coordinates: if yi,...,y, is another

such system of coordinates, after relabeling we may assume that x; and y; define the
same divisor F;, hence we can write y; = h;x; for 1 <14 < r, for some h; € Ox (U;)*.
In this case it follows from (4.4) that we have

dlog(y;) = dlog(z;) + dlog(h;) € Oy - dlog(x;) + Q.

We can thus glue the local definitions to get the subshsheaf Q% (log E) of the sheaf
QL ®o, k(X). Tt follows from the definition that this is a locally free O x-module,
of rank n. Note that if f is a local section of Ox such that the closed set V(f) is
contained in Supp(FE), then dlog(f) is a local section of Q% (log E). For every i, with
1 <i<n, we put Qi (log E) :== A'QL (log E). In particular, we have Q% (log E) =
Ox and it is easy to see, using the definition, that Q% (log E) = wx (E).

Note that the differential in the complex (4.3) maps Q% (log E) to Q4 (log E):
this follows easily from the definition, using the fact that d (dlog( f )) = 0 for every f.
We call this the log de Rham complex of the pair (X, E). Note that &7 ,Q% (log E)
is again a differential graded algebra.

While the differentials in the log de Rham complex Q% (log E') are not Ox-
linear, in characteristic p they are linear over O%.: this follows from the fact that
if g is a regular function and 7 is a differential form, both of them defined on some
U C X, then d(¢gPn) = ¢Pd(n), since d(g”) = 0. In other words, F.Q% (log E) is
a complex of Ox-modules (here, for simplicity, we write F' for Fx). Therefore
e H! (F*Qgg(log E)) is a graded Ox-algebra (the multiplicative structure being
induced from the one on the de Rham complex). We have the following important
result:
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THEOREM 4.12 (Cartier). If X is a smooth, irreducible n-dimensional scheme
over the perfect field k, and if E is a reduced SNC' divisor on X, then there is a
unique morphism of graded Ox-algebras

(4.5) C™' =Cxlp: @ (logE) — EPH (F.O%(log E))
i=0 i=0

such that the following conditions hold:

(4.6) C7Hdf) = [fP~tdf] for every local section f € Ox and

(4.7)
C_l(dlog(g)) = [dlog(g)] for every local section g € Ox with V(g) C Supp(E).

Moreover, C~' is an isomorphism.
The inverse C' of C~! is known as the Cartier isomorphism.

REMARK 4.13. Once we know that the morphism C'~! is an isomorphism, this
implies that the right-hand side of (4.5) is a locally free Ox-module. In particular,
it has no torsion and thus condition (4.7) in the theorem follows from condition
(4.6).

LEMMA 4.14. If R is a k-algebra, then for every m < p and for every f,g € R,
we have

(f+9)"d(f +g)— (f™df +g™dg) =0 in Qp,/d(R).
PROOF. For every a,b > 0, we have d(f%g®) =0 in Q}%/k/d(R), hence
af*'g’df +bf'g""'dg =0 in Qf,/d(R).

It follows that in this quotient we have

(f+9)md(f +9)=> (m) Flgmidf + (m) flg"idg
=0 1=0

m—1 m
=frdf+ ) (T) FlgmTidf =) itm+ 1) (T) g™ S + g™ dy.
1=0 =1

Since i(m +1—14)~! (T) = (i’fl), we see that in the above expression the two sums

cancel out and we obtain the equality in the lemma. ([

Proor oF THEOREM 4.12. Note first that if f is a local section of Oy, then
d(fP~df) = 0, hence we have indeed a corresponding local section [fP~'df] of
H (F.Q% (log E)). Similarly, if g is a local section of Ox such that V(g) C
Supp(E), then d(dlog(g)) = 0, hence we have a local section [dlog(g)] of H' (F.Q% (log E)).
Since @;_, Y (log E) is generated as an Ox-algebra by QY (log E), which in turn
is generated as an Ox-module by df and dlog(g) as above, the uniqueness of such
C~1is clear.

Because of uniqueness, it is enough to construct C' locally. Moreover, proving
that C~! is an isomorphism can also be done locally, hence we may and will assume
that X is affine and we have z1,...,2, € Ox(X) giving an algebraic system of
coordinates on X such that F = divy (z1---x,). Suppose that we have a morphism
C~! of Ox-algebras as in (4.5). By Corollary 4.10, the monomials %, with 0 <
u; < p—1 for all ¢ give a basis of Ox(U) over Ox (U)?.
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Note first that condition (4.6) in the theorem holds for all f if it holds for these
monomials. Indeed, this follows from the following two observations:

a) If condition (4.6) holds for f; and fs, then it also holds for f; + fo. This
follows from Lemma 4.14.
b) If condition (4.6) holds for f, then it also holds for A? f: indeed, then

“Y(hrdf) = (W7 7] = (AP )P d(RP )]
Similarly, if we know (4.6), then in order to check condition (4.7) for all g with
V(g) C E, it is enough to check it when g = x;, with 1 < 7 < r. Indeed, in general
we have a subset J C {1,...,r} such that g = h-]] for an invertible function
h, hence

e ’L’

dlog(g) = dlog(h) + Z a; - dlog(z;).
ieJ
Since C~'(dh) = [h?~'dh] and h is invertible, we deduce that C'~*(dlog(h)) =
[dlog(h)]. It is then clear that if condition (4.7) holds for y,...,z,, then the
condition also holds for g.

Since x1,...,x, form an algebraic system of coordinates, the morphism ¢ =
(1,...,2n): X — A7 is étale. If we also denote by z1,...,z, the standard coor-
dinates on A} and D is the divisor defined by 1 - - -z, on A}, then it is clear that
we have a canonical isomorphism

Q% (log E) ~ "3 (log D).

Furthermore, it follows from Lemma 4.9, flat base-change, and the fact that ¢ is
flat that we have canonical isomorphisms

EBH (F.Q% (log E)) @% F.p* Q% (log D))

=0

~ P H (¢"F.Q4, (log D)) = @ ¢"H' (F.24, (log D)).
=0 1=0
It follows that if we prove the existence of C 7}1 p for (A}, D), and the fact that it is
an isomorphism, then C;(’IE =" (CX% p) satisfies the same properties with respect
o (X, E). Indeed, the fact that it is an isomorphism of graded O x-algebras is clear.
Moreover, the fact that condition (4.6) holds when f is a monomial in z1,...,z,
is clear and the fact that condition (4.7) holds when g = x1, ..., z, is clear as well.
By the above discussion, this shows that C)}}E has the desired properties.
From now one we assume that X = A} and £ = D. Note that we have an
isomorphism of differential graded O x-algebras

O, (log D) =~ @1, pr 2y, (log {0}) @ @, . pri

where pr;: A? — Al is the projection onto the i-th component. We thus get
a corresponding tensor product decomposition for @;" H! (Q.AZ (log D)) via the
Kiinneth theorem. It is thus straightforward to check that it is enough to prove the
theorem when X = A} and when E = {0} or E = 0.

In the former case, the complex Q.Ai (log {0}) consists of
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placed in cohomological degrees 0 and 1 and it is clear that we have the isomorphism
dt dt dt dt
C Ll k[t k’[t]? — H o H = k[tP] @ k[ﬂ’]? c! (u,vt> = (up,vpt> ,
which satisfies the desired conditions (recall that we only need to check conditions

(4.6) and (4.7) for monomials in t).
We finally consider the case when E' = 0, when (25, consists of
k

k[t - k[t)dt
placed in cohomological degrees 0 and 1. We then have the isomorphism
C k)@ k[t]dt — HO @ H' = k[tP] @ k[tP|tP~dt, C~ (u,v-dt) = (uP,vPtP~" - dt)
which satisfies the desired conditions. This completes the proof of the theorem. O

In particular, given a smooth, irreducible n-dimensional scheme X over k and
an SNC divisor on k, we get a surjective O x-linear map t = tx g as the composition

Fy (wx (E)) = H"(F.Q% (log(E)) <% wx (E).

We will refer to this map as the trace map. By iterating this map we obtain for
every e > 1 the surjective Ox-linear map t¢ = 1% B

Femh(t
F(wx(B)) "= Fel (wx (B)) — ... — F. (wx(B)) -5 wx(E).
If E =0, then we simply write tx and t% (or just ¢ and t¢).

REMARK 4.15. The map tx: Fi.wx — wx plays an important role in birational
geometry in positive characteristic (see for example [PST17]). Note that if £ is
a line bundle on X, if we tensor t§ with £ and use the projection formula and
Remark 4.11, we identify this map with

Fé(wx) ® L = F(wx ® LZ") 5 wx ® L.

By taking cohomology and using the fact that F' is an affine morphism, we obtain
induced morphisms

o H(X,wx @ LP") = H' (X, wx ® L).

This map is p~®-linear in the sense that t*(A\*"a) = A - t¢(a) for all A € k. This
map is useful, for example, when X is projective and L is ample, since for e > 0,
the line bundle wx ® £P is very ample and has no higher cohomology.

REMARK 4.16. It follows from our local description of the Cartier isomorphism
that if 1, ..., x, are algebraic coordinates on an open subset U C X such that E|y
is defined by (x7 - - - x,) and if we put n for the corresponding generator dlog(z1) A
.. Adlog(z,) Adxpy1 A ... Adxy, of wx (E), then

txp@it - apn) =[] L II zg‘aj AR
i<r j>r
if p©|a; for all ¢ < r and p°|(a;—p°+1) for all j > r; otherwise tx g(x]* - z%*n) = 0.
Indeed, it is enough to check this when e = 1. On one hand, note that if the above
divisibilities are not satisfied, then {* - - - 2277 lies in d(Q% ' (log E)). On the other
hand, for the case when they are satisfied, by linearity we only need to check that

1 1

e
coogP T
T,

tx,p(z2 n) =1n.
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This follows from the fact that since C~! is multiplicative and satisfies (4.6) and
(4.7), we have C~1(n) = [a2 1 2B ~1p].

Using this explicit description, it is easy to check that ¢ 5 can be described in
terms of ¢$: more precisely, it gets identified with the composition

Ff (wx(E)) < Ff (wx (p°E)) — wx (E),

where the first map is induced by the inclusion Ox (F) < Ox (p°E) and the second
map is t5 ® Ox (F) (see the previous remark).

REMARK 4.17. It is more common (and better for extensions to the relative
setting) to phrase the Cartier isomorphism and the trace map using the relative
Frobenius morphism, instead of the absolute Frobenius. Note that if we define the
scheme X’ over k by the Cartesian diagram

f

X' X
.
Spec(k) S—(;)Spec(k‘),

then the Frobenius morphism Flx induces the relative Frobenius morphism Fx/: X —
X'’. This is a morphism of schemes over k. Note that since k is perfect, f is an
isomorphism of abstract schemes. Similarly, if F is an SNC divisor on X, then we
get an SNC divisor £/ on X'.

The Cartier isomorphism is usually phrased as an isomorphism of graded Ox/-
algebras

P Qi i (log E') = @ H' (Fx /i)« Q% (log E)).
=0 =0

This is equivalent to our assertion via the isomorphism f. In particular, the map
tx.r gets identified with a map

(FX/k)*(OJX(E)) — UJX/(E/).

One can show that for F = 0, the map is the trace map with respect to the finite
morphism F/;, (see [Har77, Exercise 7.2| for the description of the trace map, at
least in the case of a finite morphism between projective varieties).

For the study of test ideals, the trace map is relevant because of the following
proposition:

ProOPOSITION 4.18. Let X be a smooth irreducible scheme over a perfect field
k. If a is a coherent ideal in Ox, then for every e > 1, we have

tX (Ff(a . wX)) = Ct[l/pe} cWx.

PROOF. Since wy is a line bundle and tx is an Ox-linear map, we know that
we have

tx(Ff(a-wx)) =b- wy,

for some ideal b in Ox. In order to prove that b = al'/?’l, we argue locally.
Therefore we may assume that X is affine and we have an algebraic system of
coordinates x1,...,z, € Ox(X).
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By Corollary 4.10, a basis of Ox (X) over Ox(X)?" is given by the monomials
¥ =g}t akn ) with u in

A={u€eZso|0<u; <p*—1forl<i<n}.
Note that if for any f € Ox(X) we write
f - Z Cu(f)pexua
uEA
then it follows from Remark 4.16 that

tx(fdxi A ... Ndxy) = co(f)dzy A ... ANday,

where w = (p¢ — 1,...,p¢ — 1). Therefore we have

b={cu(f) | f€a}
On the other hand, it follows from Proposition 3.15 that

alt/PT = (cu(f) | f € a).

It is then clear that b C al'/?"] and the opposite inclusion follows from the fact that
for every f € a and every u € A, we have ¢, (f) = ¢ (x*~"f). This completes the
proof. O

4.3. The Deligne-Illusie theorem

Let p > 0 be a prime integer. Recall that the functor from the category of
complete DVRs with maximal ideals generated by p and perfect residue fields to the
category of perfect fields of characteristic p, which maps a ring to its residue field, is
an equivalence of categories (see [Mat89, Theorems 29.1 and 29.2]). In particular,
for every perfect field k of characteristic p, there is a complete DVR W (k), with
maximal ideal p - W(k), and with residue field W (k)/(p) ~ k; moreover, this is
unique up to a canonical isomorphism that induces the identity on k. This is the
ring of Witt vectors of k. Moreover, we see that there is a unique ring isomorphism
F: W(k) — W (k) that induces the Frobenius morphism on the residue field. For
example, if kK = F,, then W (k) is the ring Z,, of p-adic integers and the Frobenius
morphism on Z, is just the identity.

REMARK 4.19. If (R, m, k) is a DVR with k perfect and m = (p), then R/(p?) ~
Wa (k). Indeed, we have R ~ W (k) and thus R/m? ~ R/m2R ~ Wy (k).

In what follows we fix a perfect field k of characteristic 0 and put Wa(k) =
W (k)/(p?). Given a scheme X over k, a lift of X to Wy (k) is a flat scheme X over
Spec(Wg(k)) and an isomorphism v: X X Spec(Wa (k) SPec(k) — X. Note that if X
is smooth over k, then X is automatically smooth over Wy (k). Suppose now that X
is smooth over k and F = Zil E; is areduced SNC divisor on X. A lift of the pair
(X, E) to Wy (k) consists of a lift (X, v) of X, together with effective Cartier divisors
E; on )Z', flat over Spec (Wg(k)), such that v identifies E; X Spec(Wa (k) Spec(k) with
E; for all 4.

For any Noetherian scheme Y, we denote by D, (Y) the derived category of
coherent sheaves on Y. Note that the simplest objects in this derived category
are those that are direct sums of twists of coherent sheaves: v = €, F;[—i], for
suitable coherent sheaves F;. Of course, in this case we have F; = H'(u) for
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all i. The following result of Deligne and Illusie [DI87] is a fundamental tool in
arithmetic geometry in positive characteristic.

THEOREM 4.20. Let X be a smooth, irreducible scheme over a perfect field k
of characteristic p > 0, and E a reduced SNC divisor on X. If p > dim(X) and the
pair (X, E) has a lift to Wa(k), then we have an isomorphism in Db, (X):

F.Q%(log E) ~ @Qi (log E)[—1].

SKETCH OF PROOF. We only outline the argument and, for simplicity, we only
treat the case E = 0. It is enough to construct a morphism

(4.8) a: @ Q% [—i] = F.Q%

in D, (X) such that for every i, H'() is the Cartier isomorphism C Mg . Of
course, giving such « is equivalent to giving for every ¢ a morphism
(4.9) i Qs [—i] — F.O%

such that H'(a;) = C~ g .
For i = 0, this is easy: we simply take «g to be the composition

ct 0 ° °
Ox 0 HO(F,Q%) < F.O%

which clearly satisfies the required property. For ¢ > 1, the crucial step is the
construction of ay. Indeed, if a; is constructed, then we get «; for 2 < ¢ < n =
dim(X), as follows. Since p > n, we have a section of the canonical projection
0% — Q% given by
, , 1
0;: ZX — (Q&.)@”, gi(’lh/\.../\’r]i) = Z EE(T)WT(1)®...®7’T(7;)~
T€S;

Note that the multiplication on Q% induces a morphism of complexes (and thus a
morphism in D?(X))
it Fu (%)% = Fu(Q%).

We define «; to be the composition

i 5 oi—] i af i .
Qe [—i] "= (%) ®'[i] == F.(2%)%" 75 F.(Q%).
Since Hl(ay) = C”1|Q§( and since C~! is multiplicative, it follows easily that

Hi(oy) = C’_1|Qg<. Therefore the key point is the construction of a;.

We only prove this in the special case when there is a morphism F: X 5 X
compatible with the Frobenius isomorphism on Ws(k) and which induces F on X.
In this case we will see that we can define iy as a morphism of complexes. Arguing
locally, let us assume that X = Spec(R) and X = Spec(ﬁ). Let us write Qr = Qg /i,

and Qg QR/W (k)" Note that we have a surjective homomorphism u: R — R,

whose kernel is pR Moreover, since R is flat over Wa(k), it follows that the kernel
of multiplication by p on R is pR which implies that we have an isomorphism of
R-modules v: R ~ pR such that v( (a )) pa for all a € R. Similarly, we have

QRZQE®RRZQ§/p~Q§.
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We write u; for the surjective map Q7 — Qg. Since X is smooth over W (k), it
follows that Q is a free R-module and we have an isomorphism of R-modules

vi: Qp — p- sz
such that vq (u1 (ﬁ)) = pn for all € Q.

Given 1 € Qg g, let us choose 1) € Q such that ui(n) = 1. Since [*(n) = 0,
it follows that F*(n) = v1(8) for some 8 in Qz. We put ai(n) = 8. This is
independent of the choice of 7: if u(7’) = 1, then 77— € p-Qz, hence F* (m—n") =0.

It is clear that this gives a morphism of Ox-modules Q% — F.Q%. Let us
compute oy (dh) for h € R. If we choose h € R such that u(h) = u, we have
uy(dh) = dh. Note that since F induces F on R, it follows that F*(h) = h? + pg
for some § € R. In this case we have

F*(dh) = p(h*~'dh + dg),
hence oy (dh) = h?~1dh + dg. First, this shows that the image of a is contained in
the set of exact 1-forms, hence a; gives, indeed, a morphism of complexes Q% [-1] —
F.Q%. Second, we see that the induced map Q% — H'(F.Q%) agrees with C~1.
This completes the proof in this case.

Over every affine open subset U of X there is a lift ﬁU of Fy; as above, but this
is certainly not unique. As a result, the corresponding morphisms of complexes do
not glue. However, one can show (and this is the most technical part of the proof)
that the morphisms glue to a morphism ay: Q%[—1] — F.Q% in D’ (X). We end

coh
the discussion of the proof here. O

In the remaining part of this section we discuss applications of the theorem of
Deligne-Illusie to vanishing theorems.

THEOREM 4.21. Let X be a smooth, irreducible, n-dimensional projective scheme
over a perfect field k of characteristic p > 0. If X has a lifting to Wa(k) and
p > dim(X), then for every ample line bundle L on X, we have

Hi(X,wg( ®L)=0 for p+qg>n.
ProoOF. Note that since (QJX)v ~wy!l® Q}_j , Serre duality gives
HY(X,wh ® L) ~ H" (X, Q%7 @ L7V,
Therefore the assertion in the theorem is equivalent to
(4.10) H{(X, %@L =0 for i+j<n.

The key point will be showing that for any line bundle £ on X and for any r,
the following holds:

(4.11) if H'(X, Q% ®@LP)=0 forall i+j<r

then H (X, Q%@L 1) =0 forall i+j<r
Indeed, once we know this, it follows by induction on e > 1 that if we have
H{(X,% @ L) = 0 for all i +j < r, then H(X,% ® £L71) = 0 for all
i+ j < r. By taking r = n, we see that if £ is ample, then for e > 0 we have
Hi(X, QJX ® L7P°) =0 for all i + j < n, by asymptotic Serre vanishing and Serre
duality (note that if i = n, then j < 0 and the assertion is trivially satisfied). We
thus obtain (4.10).
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We now prove (4.11). The hypothesis gives via Theorem 4.20 (with E = 0) an
isomorphism

F.Q% ~ é Q5 [—i].
1=0

Tensoring this with £, taking (hyper)cohomology, and using the projection formula
and Remark 4.11 for the left-hand side, we obtain an isomorphism

(4.12) H™X, Q% @ L77)~PH" (X, Q0 L™).
=0
On the other hand, we have the hypercohomology spectral sequence for the complex
F.(Q% @ L7P):
E}' = H(X, ¥ ® L7P) = H (X, Q% @ L7P).

The assumption that H*(X, QJX ® L7P) = 0 for i + j < r says that Eij =0
for i + 7 < r. In this case, we conclude that in the spectral sequence we have that
E%J = 0fori+j < r and thus H™(X,Q%®L7P) = 0 for m < r. The decomposition
in (4.12) then implies that H*(X, Q4 ® L~') = 0 for i+ j < r, completing the proof
of (4.11) and thus the proof of the theorem. O

COROLLARY 4.22 (Kodaira-Akizuki-Nakano). If X is a smooth, irreducible, n-
dimensional projective scheme over a field k of characteristic 0 and £ is an ample
line bundle on X, then

H(X, Y ®L)=0 for i+j>n.

PrROOF. As we have seen in Section 4.1, we can find a finitely generated Z-
subalgebra A of k and a projective smooth morphism f: X4 — S = Spec(A),
of relative dimension n, and an ample line bundle £4 on X4 such that there is
an isomorphism X4 xg Spec(k) ~ X that identifies the pull-back of £4 with L.
Moreover, we have seen in Remark 4.4 that we may assume that for every s € S
and every 7,5 > 0, we have

(4.13) HY(Xa, Y, 4 ®La) @ak(s) = H'(X, Q@ L,)

(note that we only need to consider finitely many 4 and j).

We need to find a closed point s € S such that we can apply the theorem for
X and L;. Let m be a prime ideal in A that corresponds to a closed point of
A ®z Q and let W = Spec(4/m) — S. Since A/m is a domain, the morphism
Z — R = A/m is injective by the assumption on m, and (A/m) ®z Q is a field, it
follows that the morphism g: W — Spec(Z) is flat, of relative dimension 0. Since its
generic fiber is smooth, there is a nonempty open subset U of W on which g is étale.
Let us choose a closed point s € S that lies in U and such that p := char(k:(s)) > n.
Since Oy is étale over Z(,), it is a DVR with maximal ideal p - Oy, s. Therefore
R := Ow,/p* - Ow,s ~ Wa(k(s)) (see Remark 4.19). Since X4 xg Spec(R) gives
a lift of X, = X4 xg Spec(k(s)) to Wa(k(s)), it follows that we may apply the
theorem to each connected component of X, to conclude that

HY (X5, Q) @ Ls) =0 for i+j<n
Using (4.13), we conclude that if 7 is the generic point of S, we have
HY (X, Qi ® Ly) =0 for i+j<n.
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Since (X,)r = X and (L,), = L, base-change from Spec(k(n)) to Spec(k) gives
the assertion in the corollary. ([

REMARK 4.23. Note that if we take j = n in Corollary 4.22, then we recover
the statement of Kodaira’s Vanishing Theorem that we discussed in Chapter 2.4.

For the proof of the comparison between multiplier ideals and test ideals, we
will also need the following generalization of the Kodaira- Akizuki-Nakano vanishing
statement, due to Hara [Ha98, Corollary 3.8].

THEOREM 4.24. Let X be a smooth, n-dimensional scheme over a field k of
characteristic 0, and E = Zé\]:l Ey a reduced SNC divisor on X. If f: X — S is a
proper morphism and D is a Q-divisor on X that is f-ample, with Supp (D— LDJ) -
Supp(FE), then

R f.% (log E)(~E +[D]) =0 for i+j>n.

REMARK 4.25. By taking j = n in the above theorem, we obtain a relative ver-
sion of the Kawamata-Viehweg vanishing theorem for ample Q-divisors (cf. Theo-
rem 2.68). We also note that the vanishing results that we discussed do not admit
extensions where the divisor is allowed to be big and nef, like in the Kawamata-
Viehweg theorem: for an example where the statement of Corollary 4.22 fails when
L is only required to be big and nef, see [Laz04, Example 4.3.4].

The proof of Theorem 4.24 is similar to the proof of Corollary 4.22, but we
need one more ingredient, that we discuss next, which will allow us to replace p[ D]
by [pD]. At the same time, this will allow us to avoid the use of Serre duality in
the proof, so we can get the result in the relative setting, as stated.

Suppose that X is a smooth scheme over a field k of characteristic p > 0 and
E = Zivzl E; is a reduced SNC divisor on X. We first note that if B is any
divisor on X supported on F, then we have a subcomplex of the de Rham complex
of rational differential forms on X given by Q% (log F)(B). Indeed, suppose that
Z1,...,T, are algebraic coordinates in an affine open subset U of X such that
Ely = Y ,<, Eilv and E;|y is defined by (x;) for i < r. If Bly = >.._, biEilu,

then Q{](log E)(B) is generated over O(U) by forms of the form ————n, where
Tty

1€ Q{J(log E). Since

dl —1—— =1  dn— E b; Ldxi p
Ibl__zl;rn ml{lmml;r n ' I*{lmxl;r T, UE

1
we see that d preserves Q% (log E)(B).

LEMMA 4.26. Let X be a smooth scheme over a perfect field k of characteristic
p>0and B = Zf\;l an SNC' divisor on X. If B = Zfil b;E; is a divisor on X
such that 0 < b; < p —1 for all i, then the inclusion of complezxes

F.Q%(log E) — F.Q% (log E)(B)

is a quasi-isomorphism®.

3Recall that a morphism of complexes is a quasi-isomorphism if it induces isomorphisms in
cohomology.
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PRrROOF. A morphism is a quasi-isomorphism if and only if this is the case
locally. Therefore we may assume that X is affine and we have a system of algebraic
coordinates z1,...,z, on X such that £ = divx(z;---z,). Let us write B =
>oi_ biE;, where E; is defined by (z;). Since the de Rham complexes in the
statement are obtained by pulling-back corresponding de Rham complexes on A}
(we use here Lemma 4.9), and ¢ is flat, it follows that we may and will assume that
X = A}. In this case we have

% (log E) = @1 pr; (24 (log {0})) © ©[,,pr (24,) and

0% (log E)(B) ~ ®j_ypr; (3, (log {0})(Bi)) @ ®, 4 1pr; (241 )

where pr;: AT — A} is the projection onto the i-th component and B; is the divisor
on Al defined by (t%). Since the cohomology of a tensor product of complexes of
k-vector spaces is computed by the Kiinneth theorem, it follows that it is enough
to consider the case when X = A! = Spec(k[t]), E is the divisor defined by (t),
and B = bE. In this case the complex Q% , (log E)(B) is the complex

0 = Kf] = L5 k[ —

tb tb+1 dt’

placed in cohomological degrees 0 and 1. Since 0 < b < p — 1, it is then clear that

H(Q: (log B)(B)) = k[t*] and  H'(Q4: (log E)(B)) = k[tﬂ%dt,

and we see that the inclusion
F.Q%:1(log E) — F.Q%:(log E)(B)
is a quasi-isomorphism. (Il

COROLLARY 4.27. Let X be a smooth scheme over a perfect field & of charac-
teristicp > 0 and E = Ef\il E; an SNC divisor on X. If D is a Q-divisor on X such
that Supp(D — [D]) C Supp(E), then the inclusion of complexes of Ox-modules

F, (9% (log E)(—pE + p[D1)) < F.(x (log E)(~E + [pD1))
is a quasi-isomorphism.

PrOOF. By hypothesis, if B = (p — 1)E — p[D] + [pD], then Supp(B)
Supp(F). Note that for every u € R, we have u < [u] < u+ 1, hence pu < p[u]
pu + p, and thus

-
<

plul = [pul €{0,...,p—1}
and consequently
(p—1) —plul + [pu] €{0,...,p—1}.

It follows that if we write B = Zf;l b;E;, then 0 < b; < p —1 for all i. Therefore
we can apply the lemma to deduce that the inclusion of complexes of Ox-modules

F. (0% (log E)) = F. (2% (log E)(B))

is a quasi-isomorphism. Tensoring by Ox ( — E + [D]) and using the projection
formula and Remark 4.11, we obtain the assertion in the corollary. [
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PROOF OF THEOREM 4.24. Arguing as in the proof of Corollary 4.22, we see
that it is enough to prove the same vanishings in the case when k is a perfect field
of characteristic p > dim(X) and (X, E) has a lift to W5(k). From now on, we
assume that we are in this setting, hence Theorem 4.20 gives an isomorphism in
Db (X):

coh
(4.14) F.Q% (log E) ~ P % (log E)[—j].
j=0

After covering S by affine open subsets, we may assume that S is affine, in which
case we need to show that

H'(X, 0 (log E)(—E + [D])) =0 for i+j>n.

As in the proof of Theorem 4.21, the key point is to show that

(4.15) if H'(X,Q%(logE)(—E+ [pD])) =0 forall i+j>n,
then H'(X,%(logE)(~E+[D])) =0 foral i+j>n.
For this, we consider the complex
C* = F. (2% (log B)(~E + [pD))).
Under the assumption in (4.15), the spectral sequence of hypercohomology
E}' = H(X, 9% (log E)(—E + [pD])) = H'(X,C*)

associated to C'* has the property that E{Z =0 for i + j > n. This implies that

H™(C*) =0 for m > n. On the other hand, it follows from Corollary 4.27 that in
Db, (X) we have an isomorphism

C* = F. (% (log B)(~pE + p[ D)) = (F.0% (log E)) ® Ox (~E + [D]),

hence (4.14) gives an ismomorphism in D% , (X)

C*~ @Qﬁc(log E)(=E+ [D])[-j]-

Therefore
@D i (X. Q5 (log B)(~E + [D)) = H™(C*) =0 for m>n,

J

and we obtain the conclusion in (4.15).
Applying (4.15) for D replaced by pD,...,p¢D, we conclude that for every
e>1,

(4.16) if H'(X,Q%(logE)(—E+ [p°D])) =0 forall i+j>n,
then H'(X,0%(log E)(~E+[D])) =0 forall i+j>n.

Finally, let us fix a positive integer r such that rD is an integral divisor. Note
that if £ € {0,1,...,r — 1} and e > 1 is such that p® = ¢ (mod r), then

p¢—1L
ED —
[p°D] "

Since there are only finitely many such divisors [¢D], using the fact that D is ample
and asymptotic Serre vanishing, we conclude that for e > 0, we have

HY (X, Q% (log B)(—~E+ [p°D])) =0 forall i+j>n.

(rD) + [¢D].
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By (4.16), this completes the proof of the theorem. |

4.4. Multiplier and test ideals: comparison via reduction mod p

Our goal in this chapter is to compare, when starting with an ideal a on a
smooth variety X in characteristic 0, the reductions to positive characteristic of the
multiplier ideals of a with the test ideals associated to the reduction of a to positive
characteristic. In particular, since our situation will be coming from characteristic
0, we are going to have a log resolution for the reduction of (X,a). The main
result here is due to Hara and Yoshida [HY03], but the idea of using the de Rham
complex goes back to the work showing that rational singularities are of dense F'-
rational type, due independently to Hara [Ha98] and Mehta and Srinivas [MS97].
However, we follow the presentation in [BHLM12], which avoids the use of local
cohomology and tight closure.

We first begin by comparing in one fixed positive characteristic the test ideals
and the multiplier ideals. We will see that the multiplier ideal always contains the
test ideal and we will give a criterion for when they are equal. We will work in the
following setting.

ASSUMPTION 4.28. We assume that k is a perfect field of characteristic p > 0
and X is a smooth, irreducible scheme over k, of dimension n. Let a be a nonzero
ideal on X and we assume that we have a projective log resolution f: Y — X of
(X, a). We write a- Oy = Oy (—Z) and

N N
Z = Z(I?EZ and Ky/X = Zk7EZ
i=1

=1

By assumption, the divisor £ = Zf\il FE; has simple normal crossings. Note that
in this case we have

J (@) = f.O0y(Ky/x — |\F]) for every A€ Rxo.
We begin with an easy lemma that shows that for SNC divisors we have equality.
LEMMA 4.29. With the notation in Assumption 4.28, if b = Oy (—Z), we have
7(6*) = J(6*) for every € Rso.

PROOF. Since it is enough to check this locally, we may assume that Y is affine
and we have algebraic coordinates z1, ..., 2, such that b = (z{* ---2%). Note that
in this case, J(b%) is generated by leAalj g,

In order to compute 7(b*), let us compute (bI**“1[1/?] for ¢ > 1. By Corol-
lary 4.10, a basis of Oy (Y) over Oy (Y)?" is given by % = z%' ... 2% where
0 <a; <p®—1 for all i. It then follows from Proposition 3.15 that if b; = [Aa;p®],
then

(6P HI/PT — (s ...xgr)[l/pe] = (/P g0y,

For every i, we have

€

b; 1
Aa¢§—<)\ai+f,
D p

hence for e > 0, we have |b;/p®| = | Aa;|. By definition of the test ideal, it follows
that 7(b*) = J(b%). O
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A key tool for the comparison between multiplier and test ideals is provided by

a commutative diagram relating the trace maps on X and on Y. Note first that we
have a canonical isomorphism p: f.wy — wx: the map
[fwx = wy = ffux(Ky)x)

induces after applying f. a map

wx = fof"(wx) = fiwy = fuf"(wx) ®oy [ Oy (Ky/x),

which is an isomorphism since Ky, x is an exceptional effective divisor (see Lemma 2.31).
We denote by p the inverse isomorphism. Note that if b C Oy is an ideal, then it
follows from the above description of p that

(4.17) P(f*(b : wY)) = f (b : OX(KY/X))'
We have the following commutative diagram relating the trace maps on X and Y

via p for every e > 1:

Fots

(4.18) Fo oy "5 fruy
(F§<)*9J/ P

e

(F)e()*wX . > WX,

where we note that f.(Fg).wy = (F§)«fswy. In order to check the commutativity
of the diagram, it is enough to check® it on the open subset U of X over which f
is an isomorphism, but there commutativity is clear.

The following is the first general result concerning the relation between multi-
plier ideals and test ideals.

ProOPOSITION 4.30. With the notation in Assumption 4.28, we have
() C J(a*) forall € Rso.
ProOF. It is enough to show that
(4.19) (@™/PTC 7(@™/P7) forall m>0,e>1.
Indeed, if this holds, then for every A € R>¢, by taking e > 0, we obtain

T(a)\) _ (aD\PeU[l/LDe] C j(aD\Pe‘\/Pe) _ j(ak),

where the last equality follows from the fact that D;)Lﬁ — A is nonnegative and
converges to 0 when e goes to infinity.
In order to prove (4.19), we compute the image of

M = [ (B )wwy (=mZ) C fo(Fy)wwy

via the two compositions in the commutative diagram (4.18). On Y we have a
surjective map

(F$)awy (-mZ) 5 wy (— [m/p°Z))

“We use the fact that if € is a torsion-free sheaf on an integral scheme X, and j: U — X
is an open immersion, then the canonical map & < j«(€|y) is an isomorphism. It follows that
for every coherent sheaf F and any two morphisms ¢,1: F — &, we have ¢ = 9 if and only if
vl =Y.
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by Lemma 4.29 (see also Proposition 4.18). We deduce that the image of M by the
top horizontal map in the diagram (4.18) lies inside f*wY( — Lm/peZJ), and thus
its further image via p lies inside

fOy (Ky/x — m/p°Z]) -wx = T (@™ )wx.

On the other hand, we have a™ C f.Oy (Ky,x —mZ) since Ky x is effective,
hence (F%).(a™wy) is contained in the image of M via the left vertical map in
(4.18). This implies that

(@) wx = 5 ((F%)«(@Mwx)) € (#5 o (F%)«p)(M) = (po fut5)(M)

C J(@m" wx,
where the first equality follows from Proposition 4.18. This completes the proof of
(4.19) and thus the proof of the proposition. O

From now on, we fix A > 0.

ASSUMPTION 4.31. Let us choose p > A such that J(a*) = J(a*) (it is enough
to take p such that A < pu < LMTJH for all i with a; > 0). We choose® a Q-divisor
D on Y such that D is f-ample and —D is effective and supported on Supp(E).
We put G = pu(D — Z). Since —D is effective, after possibly replacing D by eD,
with 0 < € < 1, we may and will assume that
(4.20) [G] = [-pZ].

Note that by construction G < 0 and Supp(G) C Supp(FE).

PROPOSITION 4.32. With the above notation, if the canonical map
f*(F)e/)*WY(fpeG]) — f*WY([GU
induced by #§ is surjective for every e > 1, then 7(a*) = J(a).

We first give a weak version of Skoda’s theorem for multiplier ideals in positive
characteristic.

LEMMA 4.33. With the notation in Assumption 4.28, there is a positive integer
r such that

J(@™) Ca™™ " for every integer m >r.

PROOF. Let R = &, >0a™. If we show that

M= (P I (") = P f.0v (Ky/x —mZ)

m>0 m>0

is a finitely generated R-module, then the assertion in the lemma follows easily:
we can simply choose r such that M is locally generated in degrees < r. In fact,
we will show more generally that for every coherent sheaf F on Y, the R-module
Bm>0f+F(—mZ) is finitely generated.

5For our purpose, by working locally on X, we may assume that X is affine. In this case
there is an effective divisor H on Y which is f-ample and does not contain any f-exceptional
divisor in its support, so that D = H — f* (f* (H)) is clearly f-ample, supported on Exc(f), and
—D is effective. However, such D exists in general: if G is a fixed f-ample divisor on X and
D=G-f* (f* (G)), then D is f-ample and supported on Exc(f), hence —D is effective by the
Negativity Lemma, see [KM98, Lemma 3.39].
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By assumption, f factors as Y — W —%» X, where W = Bly(X) = Proj(R).
If we write a - Ow = Ow(=T), for an effective Cartier divisor T" on W, then
Oy (=Z) = h*Ow (—T) and Ow (—T) ~ Ow (1), hence using standard properties of
the Proj construction, we see that the graded R-module associated to the coherent
sheaf h,(F) on W:

P £.F(—mz) = P g.(h(F) ® Ow (m))
m>0 m>0

is a finitely generated R-module. This completes the proof. O

PROOF OF PROPOSITION 4.32. Note first that ¢5. induces indeed a map as
in the statement: this follows by the projection formula and Remark 4.11, since
p¢[G] > [peG]. We argue as in the proof of Proposition 4.30, by describing the
image of

M = (Fy). fuwy ([p°G]) C fo(FY )uwy
via the two compositions in the commutative diagram (4.18). Note first that by
assumption, the image of M via the top horizontal map in the diagram is

fuwy ([G1) = fawz (= [nZ]),

where the equality follows from our assumption (4.30). In turn, the image of this
by pis J(a") - wx.

On the other hand, the image of M by the left vertical map in the diagram is
(F$)«(Je - wx), where

Je = [:Oy(Ky,x + [p°G]).
Using the commutativity of the diagram and Proposition 4.18, we thus conclude
that
J (") = J/PT for every e > 1.
Let r be as in Lemma 4.33. Since D < 0, we see that

e

Je = [0y (Ky/x — |mwp°(Z = D)]) € f.Oy(Ky)x — |up°Z]) = T (@""").
By our assumption on pu, we thus get
T(a) = J(a") = JI/PT C g(ar)1/P C (alupejfr)[l/Pe] C 7(a%),
where o = (|up®] —7)/p°¢. Since

lim ae, = p > A,

e—00
we see that for e > 0, we have 7(a%) C 7(a*), and thus J(a*) C 7(a*). Since the
opposite inclusion follows from Proposition 4.30, this completes the proof. O

PROPOSITION 4.34. Let f: Y — S be a morphism of schemes of finite type
over k, with Y smooth and irreducible, of dimension n. If E is an SNC divisor on
Y and G is a Q-divisor on Y supported on F, then the canonical morphism

F(Fy)S(wy ([p°GT)) = fi(wy ([G))
is surjective for every e > 1, provided the the following conditions hold:

(421) R'f. (9% '(logB)(—E + [p‘G])) =0 forall i>1 and ¢>1, and

(4.22) R (QY ' (logB)(—E + [sz])) =0 forall ¢>1 and ¢2>0.
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PROOF. It is enough to treat the case e = 1: indeed, if e > 1, then the map in
the statement is the composition

fo(Fy) (wy ([p°GN)) = fo(Fy)S Hwy (p71GY)) = -+ = fulwy ([G))

and we see that this is surjective by applying the case e = 1 for the divisors
G, pG,...,p° 1G. Therefore we now assume that e = 1 (in which case we will see
that we only need (4.21) for £ =1 and (4.22) for £ = 0).

We consider the complex of Oy-modules

Cy = (Fy). (2% (log E)(—E + [pG1)).
Note that Corollary 4.27 implies that the inclusion
(Fy)+ Q3 (log E) ® Oy (—E — [G]) = (Fy).(Q5 (log E)(—pE + p[G])) <= C*

is a quasi-isomorphism, where the isomorphism follows from the projection formula
and Remark 4.11. The Cartier isomorphism (see Theorem 4.12) thus implies that
for every ¢, with 0 < i < n, we have an isomorphism

(4.23) HI(C*) ~ Qi (log E) ® Oy ( — E + [G]).

It is then straightforward to check that, using this isomorphism for ¢ = n, the map

in the statement of the proposition is identified with the map obtained by applying

f« to the canonical surjection C™ — H™(C*®). For every i, with 0 < ¢ < n, we put
B :=Im(C"' -5 ¢ and Z':=Ker(C' - ¢,

so that for 0 < i < n we have exact sequences

(4.24) 0B — Z' - H(C*) -0 and

(4.25) 0— 2 = C" - BT =0

Note that condition (4.21) for £ = 1 says that R’ f.C"~% = 0 for s > 1 and condition
(4.22) says, using the isomorphism (4.23), that R*™! f,(H"~%(C*®)) = 0 for i > 1.
By taking the long exact sequence for higher direct images corresponding to (4.24),
we get the exact sequence

(4.26) RTV(B) = R (277 —» R (H(C)) =0
and by taking that corresponding to (4.25), we get the exact sequence
(4.27) 0=Rf,(C"") = R f(B"""1) = R (277,
We prove by decreasing induction on ¢, with 0 < i < n, that

(4.28) R f.(B" ") =0.

This clearly holds for i = n since R"™f, = 0 (recall that dim(Y) = n). Sup-
pose now that (4.28) holds for 4+ > 1. In this case it follows from (4.26) that
RHLf, (277 = 0 and then we deduce from (4.27) that R'f,(B"~**1) = 0. This
completes the proof of the induction step. For i = 0, we get from (4.28) that
Rf.(B™) = 0. In this case, the long exact sequence for higher direct images asso-
ciated to (4.24) for i = n implies that the induced map f.(C™) — fi. (H™(C®)) is
surjective. This gives the assertion in the proposition. [
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REMARK 4.35. We note that in the setting of reduction to positive character-
istic and under suitable positivity conditions on G, the vanishings in (4.22) will be
guaranteed by the corresponding vanishings in characteristic 0 (see Theorem 4.24).
On the other hand, the vanishings in (4.21) will be guaranteed by asymptotic Serre
vanishing when taking p > 0.

We next turn to the comparison between multiplier ideals in characteristic 0 and
test ideals in positive characteristic. From now on, until the end of this section,
we work in the following setting. Let X be a smooth, irreducible n-dimensional
variety over an algebraically closed field k of characteristic 0 and let a be a nonzero
ideal in Ox. We fix a projective log resolution f:Y — X of (X,a) and write
a-Oy =0y (—Z) and let E =), E; be the reduced SNC divisor whose support is
Supp(Z) U Exc(f). If d is the least common multiple of the coefficients of Z, then
it is clear that if A € [£, 1), then J(a*) = 7(a®/?).

We choose A € FGz(k) such that we have models f4: Y4 — X4 anday C Ox,
and (E;)4 for f, a, and E;, respectively, over A. We may and will assume that for
every A < n we have a model [J(a*)4 of the multiplier J(a*) over A, as follows:
we choose models 7 (a*) 4 for A < n with d\ € Z and then put J(a*)4 = J(a¥/%)
if A e [37 %) with A < n; for A > n, because of Skoda’s theorem for multiplier
ideals (see Corollary 2.111), we may and will take

j(aA)A — u;ﬂfr . J(aA_WJ”')A.

After possibly inverting a suitable nonzero element a € A, we may and will
assume that for all closed point s € S, X is a smooth, irreducible, n-dimensional
variety over the finite field k(s) (see Remark 4.5). Moreover, we may and will
assume that the induced morphism f,: Yy — X, gives a log resolution of (Xg, ay),
with corresponding SNC divisor Es. Furthermore, it follows from Remark 4.4 that
we may and will assume that

(4.29) TNy =J(@)) forall A<n

(indeed, it is enough to guarantee this equality for those A with d\ € Z and there
are only finitely many such A that are < n).

The following are the main results, due to Hara and Yoshida [HY03], concern-
ing the comparison between multiplier ideals and test ideals.

PROPOSITION 4.36. With the above notation, for every closed point s € U, we
have
7(a)) € J(at), forall X\ >0.

PRrROOF. By Skoda’s theorem for test ideals (see Theorem 3.34) and the way
we defined J(a?) for A > n, it is clear that it is enough to guarantee the inclusion
in the proposition for A < n. This follows from (4.29) and Proposition 4.30. a

THEOREM 4.37. With the above notation, for every A > 0 there is a nonempty
open subset Uy C Spec(A) such that

m(a)) = J(a™)s forall s€Uy.

REMARK 4.38. The assertion in the theorem is independent of the model. This
follows from Remark 4.6 and the fact that if we have a smooth, irreducible scheme
W over a finite field k, and a nonzero ideal a on W such that (W, a) has a log
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resolution, then for every finite extension K/k, if we put Xk and ax for the base-
change of X and a to Spec(K), then J(a*) = 7(a?) if and only if J(ay) = 7(aj).
Indeed, we have J(a) = J(a*)-Ox, by flat base-change and 7(a}) = 7(a*)-Ox,,
by Proposition 3.31, since the morphism Xx — X is smooth.

PrROOF OF THEOREM 4.37. Again, by Skoda’s theorem for test ideals (see
Theorem 3.34) and the way we defined J(at) for A > n, it is clear that it is
enough to treat the case when A < n. We proceed as in Assumption 4.31: we first
choose i > X such that J(a*) = J(a*). We next choose a Q-divisor D on Y such
that D is f-ample and —D is effective and supported on Supp(FE); moreover, if
G = u(D — Z), then

(4.30) [G] = [-nZ].

Note that G is again f-ample: this assertion is local on X, hence we may assume
that X is affine; in this case a is globally generated on X, hence Oy (—Z2) is globally
generated on Y, which easily implies our assertion.

After possibly inverting a nonzero element in A, we may assume that for every
closed point s € Spec(A), the divisor G, is fs-ample. Therefore p and Gy satisfy
the conditions in Assumption 4.31 with respect to as and fs;. By Propositions 4.32
and 4.34, it is enough to find a nonempty open subset Uy of Spec(A) such that for
every closed point s € Uy, if p = char (k:(s))7 then we have
(4.31)

Ri(fs)*(Q?,:i(log E)(—Es+[p'Gs])) =0 forall i>1 and ¢>1, and

(4.32) R7™H(fo).(Qy “(log Es) (—Es + [p'Gs1)) =0 forall i>1 and £>0.

We first use Theorem 4.24 and choose U, such that for every closed point
s € Spec(A), the vanishings in (4.32) hold for £ = 0. Let us now choose d such that
dG is an integral divisor. We use Lemma 4.8 in order to choose mg and U, such
that, in addition, we have
(4.33)
Ri(fs)*(Q{,S(logEs)(—ES +[mG])) =0 forall i>1, >0 and m>mg

for all closed points s € Uy; indeed, it is enough to apply the lemma for the line
bundle £ = Oy (dG) and the sheaves

QL (log E)(—E + [tG]), with 0<t<d-1.

If we shrink U, such that for every closed point s € Uy, we have char(k(s)) >m,
then the vanishings in (4.33) imply the ones in (4.31) as well as those in (4.32) with
¢ > 1. This completes the proof of the theorem. O

We obtain the following consequence relating the log canonical threshold of an
ideal in characteristic 0 to the F-pure thresholds of its reductions mod p.

COROLLARY 4.39. Let A be a domain, finitely generated over Z, and let K
the algebraic closure of Frac(A). If X4 is a smooth scheme over Spec(A), with
Xk = X4 x4 K connected, and a is a nonzero ideal on X4 and ax denotes the
corresponding ideal on Xg := X x 4 K, then the following hold:

i) There is an open subset U in Spec(A) such that for every closed point
s € U, we have
let(ag) > fpt(as).
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ii) For every € > 0, there is an open subset V; C Spec(A) such that for every
closed point s € V., we have

fpt(as) > let(ag) — €.

PROOF. Arguing as in Remark 4.38, we see that in order to prove the assertion,
we can choose a different model of Xk and ax. Therefore we may and will assume
that we have a morphism f: Y4 — X4 that gives a model for a log resolution
of (Xk,ak). In this case the first assertion follows from Proposition 4.36 and
the second assertion follows from Theorem 4.37 applied for some A € (lct(a) —
e, Ict(a)). O

REMARK 4.40. It is typical that in the situation in the corollary there is no open
subset V' of Spec(A) such that lct(ax) = fpt(as) for all closed points s € Spec(A),
see Example 3.69. In particular, this shows that the subsets U, in Theorem 4.37
can not be taken independently of A.

4.5. Reduction mod p and the Weak Ordinarity Conjecture

In this section we discuss one more connection between multiplier ideals and
test ideals, which is still conjectural, and its relation with a conjecture of arithmetic
flavor.

4.5.1. A conjectural relation between multiplier ideals and test ideals.
Suppose that we are in the same setting as in Theorem 4.37: let X be a smooth,
irreducible n-dimensional variety over an algebraically closed field k of characteris-
tic 0 and let a be a nonzero ideal in Ox. After fixing a log resolution f: Y — X of
(X, a), we choose models X4, a4, and fa over Spec(A), for some A € FGz(k), as
well as models J(a*)4 for the multiplier ideals J(at), with A > 0.

CONJECTURE 4.41. With the above notation, there is a dense subset of closed
points S C Spec(A) such that for every s € S, we have

7(a)) = J(a*), forall X >0.

S

A special case of the above conjecture predicts the following connection between
log canonical and F-pure thresholds:

CONJECTURE 4.42. Let A be a domain, finitely generated over Z, and let K the
algebraic closure of Frac(A). If X4 is a smooth scheme over Spec(A), with X :=
X x4 K connected, a is a nonzero ideal on X 4, and ax denotes the corresponding
ideal on Xg := X x4 K, then there is a dense open subset of closed points S C
Spec(A) such that

fpt(as) =lct(ag) forall seS.

EXAMPLE 4.43. If A = Z and X = Spec(Z[z,y]) and a = (2% + y?), then it
follows from Example 3.69 that the set of prime ideals pZ, with p = 1 (mod 3)
satisfies the conclusion of Conjecture 4.42.

EXAMPLE 4.44. If A = Z and X = Spec(Z[z,y,2]) and a is generated by a
homogeneous polynomial of degree 3 such that the corresponding curve Y in P%Q is
smooth (hence an elliptic curve), then we have seen in Example 3.72 that if p is a
prime such that the curve Y}, is smooth, then the equality in Conjecture 4.42 holds
at p if and only if the elliptic curve Y} is ordinary. We will see in Example 4.63
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below that the conjecture is satisfied in this case. In fact, one can say more about
the set of primes that satisfy the conjecture. The behavior depends on whether Y
has complex multiplication. If this is the case and if K is the associated quadratic
extension of Q, then the reduction Y}, is ordinary if and only if p splits completely
in K; this is the case for a set of primes of density 1/2. On the other hand, if
Y does not have complex multiplication (which is the“generic case”), then Serre
[Ser72] showed that the set of primes p for which the reduction mod p is ordinary
has density 1; on the other hand, Elkies showed in [Elk87] that there are infinitely
many primes p for which the reduction Y}, is supersingular.

4.5.2. Some p-linear algebra. Before discussing a related conjecture with
an arithmetic flavor, we give a brief introduction to some basic facts of p-linear
algebra, following [CL98|. In what follows, k is a perfect field of characteristic
p > 0.

DEFINITION 4.45. If V is a finite-dimensional vector space over k, a p-linear
map @: V — V is a group homomorphism that satisfies

plau) = aPp(u) forall a€k, ueV.

EXAMPLE 4.46. For us, the main example arises as the Frobenius action on
cohomology. Recall from Example 3.72 that if X is a proper scheme over k, then
the Frobenius morphism F': X — X induces for every ¢ a map

F: H(X,0x) = H(X,F.Ox) = H(X,Ox).
This is a p-linear map.

REMARK 4.47. If ¢: V — V is a p-linear map, then ¢ is a linear map V — W,
where W is induced from V' by restriction of scalars via Frobenius. Since k is
perfect, we have dimg (W) = dim (V). We thus see that ¢ is bijective if and only
if it is surjective (injective).

ProprosITION 4.48. If ¢: V' — V is a p-linear map, then there are vector
subspaces Vyii and Vg of V' preserved by ¢ such that ¢|y,, is nilpotent, ¢y, is
bijective, and V' = V4 @ Vis. Moreover, such a decomposition is unique.

PROOF. It is clear that Ker(yp) is a vector subspace of V' and we also see that
Im(yp) is a vector subspace using the fact that k is perfect. We put

Vail i= U Ker(¢p™) and Vi := m Im(p™).
m>1 m>1

It is straightforward to see that ¢(Van) C Van and ¢(Vss) C Vis. Since V is finite-
dimensional, it follows that there is m > 1 such that

Vo = Ker(p™) and Vi = Im(e™).
If w € V5, then

w e Im(p™ ) C p(Im(e™)) = o(Vas),
hence |y, is surjective, and thus bijective by Remark 4.47. Since ¢™(Vyi) = 0, it
follows that ¢|y,, is nilpotent.

We next show that V = Vi @ Vis. If u € Vi N Vi, then u = ¢™(v) for some

v € V and ¢™(u) = 0. Therefore p*™(v) = 0, hence u = ¢™(v) = 0. Therefore
Van N Vs = 0.
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Suppose now that u € V. Since ¢™(u) € Vi, we can also write ¢ (u) =
©?™(w), for some w € V. We can thus write u = (u — ¢™(w)) + ¢™(w) and
(u—¢™(w)) € Ker(¢™) = Vo and o™ (w) € Im(p™) = V.

In order to prove uniqueness, suppose that we have another decomposition V' =
Vin @ Vg with the same properties. Since |y is nilpotent, it follows that Vj;) C
Vail and since @y is surjective gives Vi C V. It is then clear, by considering
dimensions, that V,y = V., and Vi = V. O

ss*

REMARK 4.49. Note that if k is finite, with |k| = p°, then ¢*: V — V is a
k-linear map and the decomposition in the above proposition is the same if we do
it with respect to this linear map.

DEFINITION 4.50. If ¢: V — V is a p-linear map, we say that ¢ is nilpotent
(or semisimple) if V.= Vyy (resp. V = V).

ExampLE 4.51. If dimy(V) = 1 and ¢: V — V is p-linear, then if we choose
a nonzero u € V, we can write p(u) = au for some a € k. If a = 0, then ¢ is
nilpotent and if a # 0, then ¢ is semisimple.

REMARK 4.52. If ¢: V — V is a p-linear map and Vx = K ®; V, where
K/k is a field extension, then we get a p-linear map ¢x: Vg — Vi given by
vla®@u) = a? ® p(u). Since gk is clearly nilpotent on (Vyi)x and it is clearly
surjective on (Vi) k, it follows that

(V)i = Vai)x  and (Vi )ss = (Vas) k-

REMARK 4.53. If ¢: V — V is a p-linear map and W C V is a vector subspace
that is preserved by V, then ¢ induces p-linear maps on both W and V/W. It is
clear that ¢ is nilpotent on W N V,; and injective (hence bijective by Remark 4.47)
on W N V. The argument in the proof of Proposition 4.48 for showing that V =
Vail ® Vs implies that W = (W N Vo) @ (W N V). We thus conclude that

Whin =W NVan and W =W N V.
We can similarly see that
(V/Wait = Ve + W)W and  (V/W)gs = (Vi + W) /W.
We leave the details as an exercise for the reader.

REMARK 4.54. Suppose that p: V. — V and ¢': V' — V' are two p-linear
maps, where V and V' are finite-dimensional vector spaces over the perfect field k.
We then have a p-linear map

PR W=V V =W, ueu — o) ).
It is easy to see that
Wai = (Vair @k Vi) @ (Ves @k Vi) @ (Vo @k Vi) and - Wis = Vis @5 V.
In particular, v is semisimple if and only if both ¢ and ¢’ are semisimple.

REMARK 4.55. Let ¢: V — V be a p-linear map and let n = dimg (V). We
have an induced p-linear map A"p: A"V — A"V, It is straightforward to see that
A is semisimple if and only if ¢ is semisimple.
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PROPOSITION 4.56. If k is an algebraically closed field, V' is a finite-dimensional
vector space over k, and ¢: V — V is a p-linear map, then

VeEt i ={u eV | p(u) = u}
is an F,-vector subspace of V' and we have an isomorphism
g:k®p, V= 5 Vs, a®v— av.

In particular, the following hold:

i) We have dimeV‘P:1 = dimg (Vis), and
ii) The Fp-linear map ¢ — 1y : V — V is bijective.

PROOF. The fact that V¥=! is an F-vector subspace of V' is clear since a” = a
for all a € F,. Note also that V9=l C V. this is clear if we recall that Vs =
Nm>1Im(e™) (see the proof of Proposition 4.48). We thus have a k-linear map g
as in the proposition. In order to see that ¢ is injective, we need to show that if
Ut,y...,u, € VP=! are linearly independent over F,, then they are independent
also over k. Suppose that this is not the case and n is minimal with this property.
Of course, we need to have n > 2. Note that if u; + asus + ... + a,u, = 0, then
by applying ¢ we get uy + abus + ...+ alu, = 0. By subtracting the two relations
and using the minimality of n, we see that a? — a; = 0 for all 4, hence a; € F,, for
all 4, a contradiction.

Let W = Im(g). We next show that ¢ — 1y is surjective on W. Indeed,

suppose that uq,...,u, give a basis of V¥=! and u = aju1 + ... + anu, € W. If
v =bius + ...+ byuy, then ¢(v) — v =u if and only if b — b; = a; for all 7. Since
k is algebraically closed, we can find such by, ..., b,, which proves our claim.

In order to show that ¢ is surjective, after replacing V' by Vs, we may assume
that ¢ is semisimple. Since it is clear that (W) is preserved by ¢, we see that
¢ induces a semisimple p-linear map @ on V/W (see Remark 4.53). Note that in
V/W there is no nonzero element fixed by @: indeed, otherwise there isuw € VW
such that ¢(u) —u € W. As we have seen in the previous paragraph, we can find
w € W such that ¢(u) —u = ¢(w) —w. We thus conclude that u —w € V=1 W,
a contradiction.

We thus see that in order to prove the surjectivity of g it is enough to show
that whenever V = Vi, is nonzero, there is a nonzero v € V' such that ¢(v) = v.
Since V' # 0, there is a nonzero u € V and a relation

agu+ a1o(u) + ...+ an™(u) =0,

such that not all a; are 0. We choose such a relation with n minimal. Note that
since ¢ is injective, we have ag # 0, hence we may assume that ag = 1.

If n =1, then u+a;p(u) = 0 and we must have a; # 0. Since k is algebraically
closed, there is A € k such that \»~! 4+ a; = 0 (note that A # 0) We then have
o(\u) = NWo(u) = (—a1\)(—a] 'u) = du. We are thus done in this case.

If n > 1, then we look for a,bq,...,b, € k such that
(4.34) (utbip(u)+...4+bo10" M) +ap(utbip(u)+...+by_190™ H(u)) = 0.
This holds if the following equalities are satisfied:

bi +a=ay, bo+ab) =as,...,bp—1+abl_,=a,_1, and

P
ab, 1 = an.
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Note that the first equations uniquely determine the b; in terms of a and then the
last equation is of the form Q(a) = 0, for some monic polynomial @ of degree
14+p+...+p" L Since k is algebraically closed, P has a root, hence we can find
a,by,...,b,_1 such that (4.34) is satisfied.

In this case, the minimality in our choice of n implies that u + by(u) + ...+
bn_10" t(u) # 0. On the other hand, in this case it follows from (4.34) that we
can apply the case n = 1 to conclude the existence of a nonzero v € V¥=!. This
completes the proof of the fact that ¢ is an isomorphism.

The assertion in i) is clear. The one in ii) follows if we show that ¢ — 1y is
surjective separately on Vi and Vp;. On Vi = Im(g) we have already seen this.
On the other hand, this is clear on Vi, since ¢ly;, being nilpotent implies that
¢ — 1y is invertible on Vy;. This completes the proof of the proposition. (|

The following example involves étale cohomology. While not needed in what
follows, it provides a nice translation for when the Frobenius action on cohomology
is semisimple or nilpotent in terms of étale cohomology.

EXAMPLE 4.57. Let X be a proper scheme over a perfect field k of characteristic
p > 0. Let k be an algebraic closure of k and Xz the base-change of X to k. We
consider the p-linear map F: H'(X, QX) — H'(X,Ox) induced by the Frobenius
morphism, as well as its extension to k:
F: H' (X3, 0x,.) — H' (X5, Ox.).
On X we have the Artin-Schreier sequence, which is exact in the étale topology:
0—>F,,—>OXEF—_§OX?—>O
(surjectivity of F' — 1 comes from the fact that for every k-algebra A and every
a € A, the A-algebra A[z]/(z? — x — a) is étale). Since F' — 1 is surjective on
Hi(XE, OXF) by Proposition 4.56, the long exact sequence in cohomology for the
above exact sequence breaks into short exact sequences of F,-vector spaces

0 — HL (X, Fp) — H' (X7, 0x,.) =53 H' (X7, 0x,) — 0.
Using again Proposition 4.56, we conclude that
dimg, Hf (X, Fp) = dimy H (X, Ox)ss.

4.5.3. The Weak Ordinarity Conjecture. The following conjecture is a
special case of a folklore conjecture which predicts that smooth projective varieties
have a dense set of reductions to positive characteristic that are ordinary in the
sense of Bloch and Kato [BK86] (whose precise meaning is not relevant for us).

CONJECTURE 4.58 (Weak Ordinarity Conjecture). Let X be a smooth, con-
nected, n-dimensional variety over an algebraically closed field k of characteristic 0.
Given A € FGz(k) and a model X 4 of X over A, there is a dense set of closed points
S C Spec(A) such that for every s € S, the p-linear map induced by Frobenius

F: H"(X,,0x,) — H"(X,,0x,)
is semisimple.

REMARK 4.59. The assertion in the conjecture is independent of the choice
of Z-algebra A and model X4. Indeed, this follows from Remark 4.6 and the
fact that if we have a proper scheme W over a finite field k and W' = W x;, &/,
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where k’/k is a finite extension, then F': H (X,0x) — H*(X,Ox) is semisimple
if and only if F: HY(X',0Ox/) — H'(X',Ox) is semisimple. Indeed, we have
HY (X', Ox:) ~ kK ®, H (X, Ox) and the Frobenius action is obtained by extending
scalars (see Remark 4.52).

REMARK 4.60. In order to prove Conjecture 4.58 for X, it is clearly enough
to show that for every model X4, there is a closed point in Spec(A) such that
F: H"(X,,0x,) — H"(X,,Ox.) is semisimple.

REMARK 4.61. In order to prove the general case of Conjecture 4.58, it is
enough to prove the case when k = Q. Indeed, suppose that X, A, and X4 are
as in the conjecture. Let m be a prime ideal in A that corresponds to a maximal
ideal mq in Ag := A®z Q. The field K = Ag/mq is a finite extension of Q by
Nullstellensatz, and let Ok be the ring of integers of K. Since A is finitely generated
over Z, it follows that there is a nonzero g € Ok such that the composition A —
Aq — K has image inside B := (Ok)y,. We put Xp := X4 x4 B and X6 =
X4 x4 Q. Since the geometric generic fiber of X — Spec(A) is smooth, connected,
of dimension n, it follows that XQ is a smooth, irreducible n-dimensional variety

over Q. Moreover, Xp gives a model of Xq over B. If we know Conjecture 4.58 for
Xgq then we have a closed point ¢ € Spec(B) such that the action of Frobenius on
H"((Xa)u O(Xa)t) is semisimple. If s is the image of ¢ in Spec(A), then we have
a finite extension k(s) — k(t) and Xs xy(s) k(t) = (Xg)r- We conclude that the
action of the Frobenius on H" (X, Ox,) is semisimple as in Remark 4.59. Since we
can find one such s for every model, this implies Conjecture 4.58 in general.

REMARK 4.62. If Y is a g-dimensional Abelian variety over a field kg, then
there is an isomorphism

HY(Y,Oy) ~ NH'(Y,Oy),

and if kg is a perfect field of characteristic p > 0, then the Frobenius action on the
left-hand side is the determinant of the Frobenius action on H!(Y,Oy). In partic-
ular, it follows from Remark 4.55 that F': H9(Y,Oy) — HI(Y,Oy) is semisimple
if and only if F: HY(Y,Oy) — H'(Y,Oy) is semisimple. We note that this is
equivalent to saying that Y is ordinary in the sense that the number of p-torsion
points on Y Xy, ko is p? (the largest possible).

Suppose now that X is a smooth, geometrically connected, projective curve
over ky and Y = PicO(X ) is the corresponding Picard variety, parametrizing line
bundles of degree 0 on X. In this case we have an isomorphism

HY(X,0x) ~ H'(Y,Oy)

which is compatible with the Frobenius action if kg is a perfect field of characteristic
p > 0. We thus see that Conjecture 4.58 holds for X if and only if it holds for
Pic’(X).

Arguing as in Remark 4.61, we see that in order to prove Conjecture 4.58 for
all Abelian varieties of dimension n, it is enough to treat n-dimensional Abelian
varieties over Q. For n = 1 (that is, for elliptic curves), this is not too complicated:
in fact, we prove a more general statement in Example 4.63 below. The case of
Abelian surfaces is known, due to Ogus [Og82, Proposition 2.7] (see also [CL98,
Théoréme 6.3]), while the case g > 3 is open. As we have already discussed, knowing
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the conjecture for Abelian surfaces gives the case of curves of genus 2. The case of
curves of genus > 3 is wide open.

Essentially the only other case in which Conjecture 4.58 is known is that of K3
surfaces, for which a proof can be given following Ogus’ approach, see [JR03] and
[BZ09].

EXAMPLE 4.63. Let X be a smooth, irreducible, projective curve defined over
Q, of genus g > 1. Let J = Pic’(X) be the Picard variety parametrizing line
bundles of degree 0 on X. Let ¢ be a prime integer that does not divide 2¢g and let
K be a finite extension of Q such that X (hence also .J) is defined over K and all
{-torsion points of J are K-rational (that is, the subscheme J[¢] of J given by the
kernel of multiplication by ¢ on J consists of £29 copies of Spec(K)). Suppose that
we have a model X 4 of X over a suitable localization A of the ring of integers O of
K. We claim that if s € Spec(A) is a closed point such that p = char(k(s)) > (29)?
and p splits completely in K (that is, there are [K : Q] different primes in Ok
that lie over pZ), then the p-linear map induced by Frobenius F': H'(X,,Ox.) —
H'(X,,Ox,) is not nilpotent. Note that there are infinitely many such closed
points s € Spec(A) by Cebotarev’s density theorem. In particular, we see that for
g = 1, this gives a positive answer to Conjecture 4.58

The argument that follows makes use of several results not covered in these
notes, but we include it nevertheless. Arguing by contradiction, suppose that F is
a nilpotent p-map. Note first that since p splits completely in k, we have k(s) = F),.
In particular, F is a linear map. Second, recall that Fulton’s trace formula [Ful78]
says that

#X(F,) = (—1)'trace(H' (X, Ox,)|F) (modp)
i>0

(this formula holds for arbitrary proper schemes over F,). Since F' is the identity
on H°(X,,F,) and since we assume it is nilpotent on H!(Xj, F,), we conclude that

(4.35) #X,(Fp) =1 (modp).

On the other hand, we have the Hasse-Weil bound (equivalent to the Riemann
hypothesis for curves over finite fields, see [Har77, Exercise V.1.10]):

(4.36) |#X(Fp) — (p+1)| < 29/p.

By combining (4.35) and (4.37) with our assumption that p > (2g)2, we conclude
that

(4.37) #Xs(Fp) =p+ 1

Finally, we use the fact that we can compute #X,(F,) via the trace formula for
the f-adic cohomology of X;. More precisely, we have
#X(Fp) =1—a+p,
where
a= trace(Hé}t(X@, Z,)|F).
By (4.37), we have a = 0. On the other hand, we have

\%
Hi( Xy Ze) =~ Hy (g Ze) =~ <££n JMS)W‘]> :

n>1
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Our choice of ¢ and K implies that Jir[f] ~ (Z/0Z)?9, with the action of the
Frobenius being trivial. This implies that a = 2¢g (mod ¢), which implies that ¢

divides 2g, a contradiction. This completes the proof.

The following result relates the two conjectures that we discussed in this section.

THEOREM 4.64. Conjecture 4.41 holds for all varieties if and only if Conjec-
ture 4.58 holds for all varieties.

We do not give the proof in these notes (though hopefully this might be included
at some point). The fact that Conjecture 4.41 implies Conjecture 4.58 is rather
elementary, see [Musl2]. Given a smooth, irreducible n-dimensional projective
variety X over k, one considers an embedding in some PY. By composing with a
suitable Veronese embedding, one may assume that r :== N —n > n + 1 and the
ideal defining X in P} is generated by quadrics. If a C k[zo,...,2n] is the ideal
generated by the product h of r general quadrics in the ideal of X, then it is easy
to see that (zo,...,zn)2""N=1 C J(h) for every A < 1. Finally, one can show
that if (zg,...,zn)? "NV~ C 7(h)) for every A < 1, then the Frobenius action on
H"(X,,Ox,) is semisimple.

The proof of the fact that Conjecture 4.58 implies Conjecture 4.41 is more
involved, see [MS11].






CHAPTER 5

Arcs, jets, and singularities

In this chapter we give an introduction to jet schemes and arc schemes and
relate these to the study of singularities. As a first application, we give a description
of multiplier ideals and log canonical thresholds in arbitrary characteristic in terms
of the codimension of certain subspaces in the space of arcs. After a brief discussion
of the Grothendieck ring of algebraic varieties, we give a second application, the
construction of the Denef-Loeser motivic zeta function associated to a hypersurface
in a smooth variety and a proof of its rationality. An important result in this setting
concerns the behavior of spaces of arcs under birational transformations. We avoid
the general result, by only using it for smooth blow-ups, in which case it is an easy
exercise.

5.1. Jet schemes and arc schemes

While we will mostly be interested in the case of schemes of finite type over a
field, in order to treat families of such schemes, it is convenient to give the definition
of jet schemes in the relative setting, for schemes over a fixed commutative ring A.
We write Sch/A for the category of schemes over A. To simplify the notation, if X
is a scheme over A and B is an A-algebra, we write X x4 B for the fiber product
X Xgpec 4 Spec B.

THEOREM b5.1. For every monnegative integer m, the functor
Sch/A — Sch/A, Y ~Y x4 A[t]/(#™)
has a right-adjoint.

A scheme X over A is taken by this right-adjoint functor to (X/A),,, the mh
jet scheme of X (over A). Most of the time A is understood from the context, in
which case we simply write X,,,. If f: X — Y is a morphism of schemes over A,
then the corresponding morphism X,, — Y,, is denoted f,,.

We prove Theorem 5.1 in a few steps. We first note that by general nonsense
about the existence of adjoint functors, it is enough to show that for every scheme
X € Sch/A, there is X,,, € Sch/A such that for every Y € Sch/A, we have a
functorial bijection

(5.1) Homa (Y, X,,) ~ Homa (Y x4 A[t]/(t™11), X).

Furthermore, it is standard to see that it is enough to have such an isomorphism
for all affine schemes over A, that is, for every A-algebra B we have a functorial
bijection

(5.2) Hom 4 (Spec B, X,,,) ~ Hom 4 (Spec B[t]/(t™ 1), X).

We first treat the case of affine schemes.

127
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LEMMA 5.2. If X is an affine scheme over A, then the jet scheme (X/A)n,
exists.

PRrROOF. Let R = Ox(X) and let’s choose a surjective homomorphism of A-
algebras

p: Alz; |1 € I] = R,
for a suitable set I, and let (f;)jes be a system of generators of Ker(y). For an

A-algebra B, giving a morphism Spec B[t]/(t"™*!) — X is equivalent to giving an
A-algebra homomorphism

a: Alz; |i € I] — B[]/ ™)

such that a(f;) = 0 for all j € J. Such a homomorphism ¢« is uniquely determined
by elements b; € B for ¢ € I and 0 < ¢ < m such that

az;) = Z bi7gt£.
=0

The key point is that for every f € Afx; | i € I] and every ¢ with 0 < ¢ < m there
is ) e Alzi 0,21, .., %) such that for every « as above we have

m

a(f)=>_ fObio,....big|ic Dt

£=0

We thus conclude that in this case the affine scheme over A corresponding to the
A-algebra

Alz; |ieI/(f7|je o< t<m)

satisfies (5.2), which completes the proof of the lemma. O

EXAMPLE 5.3. Let’s give one explicit example. Suppose that X is the closed
subscheme of Spec A[z,y] defined by (22 + 3®). In this case the jet scheme X,
is the closed subscheme of Spec A[z,2’, 2", y,y’,y"] defined by the coefficients of
(x+2't+2"t?)% + (y +y't +y"t?)3 mod t3. Therefore the ideal of X5 is generated
by

1

x? + 93 2za’ + 3y%y/, and (2')? 4 222" + 3%y + 3y(y')>.

REMARK 5.4. If X is a scheme over A and m is a nonnegative integer such
that X,, exists, then the canonical A-algebra homomorphism A[t]/(t™T1) — A
with kernel (t)/(t™*1) induces a morphism of schemes Spec A — Spec A[t]/(t™*1)
and thus a functorial map

(5.3) Homy (Y, X,,,) ~ Homa (Y x4 A[t]/(t™), X) — Homa (Y, X)

for every scheme Y € Sch/A. Tt follows that there is a unique morphism X : X,, —
X that induces (5.3) for every Y. If X is understood, we simply write ¢, for ¢:.

REMARK 5.5. Note that if m = 0, then (X/A),, = X and the morphism ¢y is
the identity.
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LEMMA 5.6. Let X be a scheme over A and j: U — X an open immersion. If
(X/A)p, exists, then (U/A)n, ezists and we have a Cartesian diagram

(U/A)p —225 (X[ A)pm

U X
o
J

U X

PROOF. Since i: Y — Y x4 A[t]/(t™T!) is a closed immersion, with the
two schemes having the same underlying topological space, a morphism vy: Y X 4
Alt]/ (™) — X factors through U if and only if this is the case for the compo-
sition v o 4. Note also that if : Y — X, is the morphism corresponding to v via
the definition of (X/A),,, then X 05:Y — X is y o j. This easily implies that
(X)7L(U) satisfies the defining property of (U/A),, and we get the assertion in
the lemma. (]

We can now prove the existence of jet schemes in general.

PRrROOF OF THEOREM 5.1. Let X = J,¢; U be an affine open cover of X. By

Lemma 5.2, for every i € I, the jet scheme (U /A),, exists and we have a canonical
morphism o : (U(i)/A)m — U given by Remark 5.4. For every 4,5 € I, it
follows from Lemma 5.6 that (@5,?)71 (UODNUW) and (apgﬂ;))fl (U NUW) both
satisfy the defining property of (U®") N UWW/A) | and thus we get a canonical
isomorphism

o (wﬁi))_l(U“) NU®) - (307(%'))—1((](1‘) NU®).

The fact that they are canonical implies that they satisfy the cocycle condition. We
can thus glue the schemes U(Y) using the glueing isomorphisms o ; to a scheme in
Sch/A. Tt is now straightforward to see that this satisfies the defining property of
(X/A)m- O

REMARK 5.7. It follows from Lemma 5.6 and the proof of Lemma 5.2 that for

every scheme X over A and every nonnegative integer m, the canonical morphism
©X: (X/A)ym — X is affine.

REMARK 5.8. If A is a Noetherian ring and X is a scheme of finite type over
A, then (X/A),, is a scheme of finite type over A for every nonnegative integer
m. Indeed, this follows from Lemma 5.6 and the description of (X/A),, when X is
affine in the proof of Lemma 5.2 (indeed, under our assumptions, the set I in that
proof can be taken to be finite).

REMARK 5.9. If i: X — Y is a closed immersion of schemes over A, then
the induced morphism i,,: (X/A),, — (Y/A),, is a closed immersion for every
nonnegative integer m. Indeed, after covering Y by affine open subsets U; and
using Lemma 5.6, we reduce to the case when Y (hence also X) is affine. In this
case the assertion follows from the description of (X/A),, and (Y/A),, in the proof
of Lemma 5.2.

REMARK 5.10. The maps introduced in Remark 5.4 have the following more
general version. For every nonnegative integers m > p, the A-algebra homomor-
phism A[t]/(t™+1) — A[t]/(t?*!) that maps t to t induces for every scheme Y in
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Sch/A a closed immersion
bmp: Y x4 A[t]/(tPTY) — Y x4 A[t]/ (™).
For every scheme X € Sch/A we obtain a functorial map
Hom 4 (Y, (X/A)m) — Hom 4 (Y7 (X/A)p)
that is identified with
Homyu (Y x4 A[t]/(t™11), X) — Homa (Y x4 A[t]/(t7T1), X), v~ 70 Ly

This is induced by a unique morphism ¢ : (X/A)m — (X/A), of schemes over
A. When the scheme X is understood, we simply write ¢, , for ¢, . Note that
cpf,i’o = pX. Also, it is clear that if ¢ < p < m, then cp;fq ) @,)fw = goth. In
particular, since both X and goff are affine (see Remark 5.7), it follows that all
maps ¢, , are affine.

ExAMPLE 5.11. It follows from the proof of Lemma 5.2 that if X = A’
then (X/A),, ~ A{"™" Moreover, if m > p, then (X/A),, is isomorphic to
X/A), xa AP ag schemes over (X/A),.

( / P A p

The following proposition shows that taking jet schemes commutes with base-
change.

PROPOSITION 5.12. If X is a scheme over A and Y = X x 4 B, where B is an
A-algebra, then for every nonnegative integer m, we have an isomorphism

(Y/B)m ~ (X/A)ym x4 B.
Moreover, the map gp},’w is obtained by base-change from @ﬁ,p for every m > p.

PROOF. The assertions follow from the definition of the jet schemes and the
fact that given a scheme Z over B, we have functorial bijections

Homp (Z, (Y/B)y) ~ Homp(Z x g B[t]/(t"),X x4 B)
~ Homy (Z x4 Alt]/(t™*"), X) =~ Homa(Z, (X/A)m) ~ Homp (Z, (X/A)m x4 B),
where the third bijection uses the fact that we have an isomorphism
Z xa Alt]/(t™TY) ~ Z x5 B[]/ (™)
of schemes over A. O

The following proposition extends the assertion in Lemma 5.6 to the case of
étale morphisms.

ProroSITION 5.13. If A is a Noetherian ring and f: Y — X is an étale mor-
phism of schemes of finite type over A, then for every nonnegative integer m, the
following diagram is Cartesian:

(V/A) — (X/A)

Y X
R
f

Y X.
In particular, the morphism f,,: (Y/A),, — (X/A),, is étale.
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PROOF. Let Z be a scheme over A and g: Z — Y and h: Z — (X/A),, be
such that @X oh = fog. If v: Z x4 A[t]/(#™+!) — X corresponds to h, then we
have a commutative diagram

7 ——= 7 x4 Alt]/ (™)

I

y — 1 o X,

in which the top horizontal map i is a closed immersion defined by a nilpotent ideal.
Since f is étale, hence formally étale, it follows that there is a unique morphism
§: Z x4 Alt]/(t™F1) = Y such that §oi=gand fod =~. If h: Z — (Y/A)m
corresponds to J, these conditions are equivalent to 801{1 oh = h and fm © h=h.
This gives the first assertion in the proposition and the second one follows from the
fact that the property of being étale is preserved by base-change. O

We next turn to the definition of the arc scheme.

DEFINITION 5.14. If X is a scheme over A, we have seen in Remark 5.10 that for
every m > p > 0 we have affine morphisms ;% : (X/A)n, — (X/A), and these are
compatible with composition. In this case the inverse limit (X/A4)q 1= @(X /A)m

m
is a well-defined scheme over A, that comes with affine morphisms X : (X/A4)s —

(X/A), for all m. By definition of the inverse limit, for every affine open subset
U C X, we have

O '(U)) =lim O(;, (U)) = limy (O(U/A) ).
The scheme (X/A)s is the arc scheme of X over A.

If f:Y — X is a morphism of schemes over A, then by passing to inverse
limit, the morphisms f,,: (Y/A)m — (X/A), induce a morphism foo: (Y/A)oo —
(X/A)s. In this way, by mapping X to (X/A)s and f to fo, we get a functor
Sch/A — Sch/A.

EXAMPLE 5.15. It follows from Example 5.11 that if X = A™, with n > 1, then
(X/A)o is isomorphic to the infinite-dimensional affine space Spec A[z; | i > 1] over
A. In particular, we see that typically (X/A)o is not of finite type over A.

REMARK 5.16. Several of the properties discussed so far for jet schemes have
analogues for the arc scheme. We only mention two of these:

i) If f: U — X is an open immersion of schemes over A, then the morphism
foo: (U/A)so — (X/A)s is an open immersion. In fact this is an isomor-
phism onto 15 ' (U): this follows from the definition of the arc schemes
and Lemma 5.6.

ii) If f: Y < X is a closed immersion of schemes over A, then f: (Y/A)oo —
(X/A)x is a closed immersion. In order to check this, it is enough to con-
sider the case when X is affine, in which case it follows from Remark 5.9
and the fact that a direct limit of surjective homomorphisms is surjective.

REMARK 5.17. We work over a fixed ring A. If X = Spec S is affine, then it
follows from the definition of the arc and jet schemes that for every A-algebra R,
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we have functorial bijections
Hom 4 (Spec R, Xoo) ~ Homa_aig (O(XOO), R) ~ HomA,alg( hgl O(Xm), R)
~ lim Hom 4 14 (O(X;), R) = lim Hom a1 (S, R[t]/(t™"))

~ Hom a1 (S, R[t]) ~ Hom 4 (Spec R[t], X).
It is the case that if R is a local ring, then for every X, we still have a functorial
bijection
(5.4) Hom 4 (Spec R, X« ) ~ Hom 4 (Spec R[], X).

Indeed, we have X = |Jc x U and Xoo = Uy c x Uso, Where the unions are over the
affine open subsets U of X, and since both R and R[] are local rings, we deduce’
that
Hom 4 (Spec R, Xoo) = U Hom 4 (Spec R, Us) and
UCx

Hom 4 (Spec R[t], X) = U Hom 4 (SpecR[t],U),
UCX
and we apply the affine case. We will only need this in the case when R is a field.
In fact, it is known that as long as X is a Noetherian scheme, for every ring R the
canonical map
Hom 4 (Spec R[], X) — lim Hom 4 (Spec R[t]/(t™11), X)
m

is bijective and thus we have the functorial bijection (5.4). However, we will not
need this fact, whose proof is much more subtle (see [Bhal6]).

PROPOSITION 5.18. If Z is a scheme over A and X and Y are schemes over Z
and p: X Xz Y — X and ¢ x X Xz Y — Y are the two projections, then for every
m > 0, the morphism

(P> @m): (X Xz Y/ A)m = (X/A)m X (24, Y/ A)m
is an isomorphism. The corresponding assertion also holds for the arc schemes.

PROOF. For jet schemes, the assertion follows from the fact that the functor
X ~~ X, has a left adjoint and thus commutes with fiber products. The assertion
for arc schemes follows by taking the inverse limit: note that inverse limits of affine
morphisms of schemes commute with fiber products since direct limits of A-algebras
commute with tensor products. (Il

From now on we assume that A = k is an algebraically closed field of arbitrary
characteristic and the schemes we consider are of finite type over k. As usual, for
such a scheme X, unless explicitly mentioned otherwise, a point of X is a closed
point. By definition, a point of the jet scheme X,, corresponds to an m-jet on X,
that is, a morphism Speck[t]/(t™!) — X and the image of the unique point in
the domain, typically denoted by 0, is ¥(0) = ., (7). Note that for m = 1, this is

1We use here the easy fact that if R is a local ring and «v: Spec R — Y is a morphism to a
scheme Y and V is an open subset of Y such that v maps the closed point of Spec R to V, then
v factors through V.
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precisely a tangent vector at v(0). In general, for m > p, the morphism ¢,, , maps
7: Speck[t]/(t™*1) — X to the composition

Spec k[t]/(tPT!) < Speck[t]/(t™ ) — X.

If X is a scheme as above, we write X (k) for the set of k-valued points of the
arc scheme X, with its Zariski topology (and sometimes refer to this as the space
of arcs of X). Note that by Remark 5.17, an element of X (k) can be identified
with an arc on X, that is, a morphism Speck[t] — X. Again, we denote by 0 the
closed point in Spec k[t], so 1q(y) = v(0). More generally, the m-jet 1,,,(7y) is given
by the composition

Speck[t]/(t™*1) < Speck[t] — X.

REMARK 5.19. Since k[t] is a domain, it follows that if Y and Y are closed
subschemes of X with the same support, then Y. (k) = Y. (k) as subsetes of X (k).
Therefore we sometimes write W, (k) also when W is a closed subset of X.

For every X and every nonnegative integer m, we have a section o,,,: X — X,
of the morphism ¢,,,. This corresponds to the morphism X x Spec k[t]/(t™ ) — X
given by the projection onto the first component. Note that for every x € X, the
m-jet o, (x) is the constant m-jet at x, given by the composition

Spec k[t]/(t™*1) — Spec(k) = X.
It is clear that if m > p, then ¢, , 0 0, = 0p. Similarly, we have a section
Oso: X — X of the morphism v that maps x to the constant arc at x, and such

that 1, o 050 = oy, for all m.
For every X and every nonnegative integer m, we also have a morphism

Bm: A x X, = X

given as follows. Note first that by the defining property of X,,, we have a morphism
n: Speck[t]/(t™*!) x X,, — X that corresponds to the identity map on X,,. We
also have a morphism

m: A' x Speck[t]/(t™ 1) — Speck[t]/(t™T)
induced by the k-algebra homomorphism
K[t/ (t™TY) — K[s] @k k[t]/(t™F), t~ s® st.
The morphism f,, then corresponds via the defining property of X,, to the com-
position
Al x Spec k[t] /(™) x X “Z5 Spec k[t]/ (£ x X s X.
On points, we see that if v: Speck[t]/(t™*!) — X is an m-jet on X and if \ € k,
then (,,(A,~) is given by the composition

Spec k[t]/(t™+) — Speck[t]/(t™!) L5 X,

where the first map is induced by ¢ ~» At. In particular, we see that £,,(0,7) =
Om (7(0)) It is clear that the morphisms £, are compatible with the projections
©m,p, i0 the obvious sense.

Note that by restricting 5, to k* x X,,,, we obtain an action of the 1-dimensional
torus £* on X,,. Moreover, if m > p, then the projection ¢,, , is k*-equivariant.
We similarly have a morphism A! x X, — X, that induces an action of k* on
Xoo. Moreover, each projection ¥, : Xoo — X is k*-equivariant.
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REMARK 5.20. If W is an irreducible component of X,,, since we have W C
Bm (AL x W), which is irreducible, it follows that £, (A x W) = W. In particular,
it follows that for every v € W, if = (0), then o,,(xz) € W. We thus see that
om (W) =0, (W) is closed in X.

REMARK 5.21. If X is connected, then for every nonnegative integer m, the
scheme X,, is connected. Indeed, if this is not the case, then we can label the
irreducible components of X,, as Z1,...,2Z.,Z{,...,Z! such that Z' = U]_,Z!
and Z" = U3_, Z] are disjoint. It follows from the previous remark that ¢,,(Z")
and ¢, (Z") are disjoint closed subsets of X (if z € X lies in the intersection, then
om(x) € Z' N Z") whose union is X, contradicting the fact that X is connected.

DEFINITION 5.22. Let X, Y, and F be schemes of finite type over k and let
f:Y — X be a morphism.

i) We say that f is locally trivial, with fiber F', if X has an open cover
X = UierU; such that for every i € I, we have an isomorphism f~1(U;) ~
U; x F of schemes over Uj;.

ii) Suppose now that X, Y, and F are reduced. We say that f is piecewise
trivial, with fiber F, if there is a cover X = U;c1X;, with each X; locally
closed in X, such that for every i, we have an isomorphism f~1(X;)req =
X; x F of schemes over X;.

PROPOSITION 5.23. If X is a smooth n-dimensional variety?, then for every
m > p, the morphism ¢, ,: X, — X, is locally trivial, with fiber Alm=p)n
In particular, for every m, the jet scheme X,, is a smooth variety, of dimension
(m+ 1)n.

PROOF. In order to prove the first assertion, after covering X by suitable affine
open subsets, we may assume that we have an étale morphism f: X — Y = A™.
In this case, it follows from Proposition 5.13 that for every m > p we have a

commutative diagram

X X
Pm,p ¥®

Xp —5% X, =X

fml fpi J{f
oy oy

Yo —>Y, ——=Y
in which the right square and the big one are Cartesian; therefore the left square is
Cartesian as well. Since Y;,, =~ Y, x A(m~P)" as schemes over Y,, (see Example 5.11),
it follows that X,, ~ X, x A(m=P)" a5 schemes over Xp. This gives the first

assertion in the proposition. We then deduce that X is smooth and irreducible
(being connected by Remark 5.21), of dimension n 4+ mn = (m + 1)n. O

COROLLARY 5.24. If X is a smooth, irreducible variety, then 1y, : Xoo (k) —
X, is open and surjective for every m > 0.

PROOF. Surjectivity of 1, is a consequence of the fact that X (k) = @Xm

m
and of the surjectivity of the maps X, — X,, for ¢ > m, which follows from
Proposition 5.23. In order to see that v, is open, note first that by definition
of the inverse limit, the Zariski topology on X (k) is the inverse limit topology

2Recall that a variety is automatically assumed to be irreducible.
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(this is the coarsest topology that makes all maps X (k) — X,, continuous).
By Proposition 5.23, all maps ¢y, p: Xm — Xp, for m > p, flat, hence open. This
implies that 1, is open (we use the fact that every open subset of X, (k) is a union
of subsets of the form ¢, ! (U), for some p and some open subset U C X},). O

REMARK 5.25. The argument in the proof of the Proposition 5.23 shows that
if X is smooth and x1,...,x, give a regular system of parameters at a point P €
X, then we have an isomorphism ), Y(P) ~ (tkﬂt]])n that associates to an arc
v: Speck[t] — X, with 4(0) = P and associated local homomorphism v*: Ox p —

k[t] the n-tuple (v*(21),...,7*(zn)).
5.2. Cylinders in the space of arcs

Let X be a fixed smooth variety of dimension n > 1, over an algebraically
closed field k. We begin by introducing certain subsets of X, (k).

DEFINITION 5.26. A subset C C X (k) is a cylinder if it can be written as
C = 1,.1(9) for some m > 0 and some constructible subset S C X,,.

REMARK 5.27. It is clear that the cyclinders form an algebra of subsets of
Xoo(k).

REMARK 5.28. If C' C X (k) is a cylinder, then for every p > 0, its image
¥,(C) C X, is a constructible subset. Indeed, we may assume that C' = ¢, 1(S),
for some constructible subset S C X,,, and some m > p. In this case, it follows from
the surjectivity of ¢, that 1,(C) = @, ,»(S), which is constructible by Chevalley’s
constructibility theorem.

The next proposition shows that for a subset of some X,,, certain topological
properties are equivalent for the subset in X,, and for its inverse image in X (k).

PRrROPOSITION 5.29. Let S C X,, be any subset, for some m > 1, and let
C=v,'(S).
i) The set C'is open (closed, locally closed) in X (k) if and only if S is open
(respectively closed, locally closed) in X,,.

ii) We have C = ,1(9).

iii) If S is a locally closed subset, then C is irreducible if and only if S' is irre-
ducible. Moreover, if S =51 U...US, is the decomposition in irreducible
components, then C' = 1. 1(S1)U...U,.1(S,) is the decomposition of C
in irreducible components.

PROOF. In order to prove i), we only need to prove the “only if” part, since the
converse follows from the fact that v, is continuous. Recall that by Corollary 5.24,
each map ¥, : Xoo(k) = X, is surjective and open. This implies that if C' is open,
then S is open. If C is closed, then v.1(X,, \ S) is open, and by what we have
already seen, we deduce that X, \. S is open, hence S is closed.

We next prove the assertion in ii). Since C' C 1..1(S), which is closed, we
clearly have C' C 1,,1(S). For the reverse inclusion, suppose that v € 9,.1(S). If
v ¢ C, it follows that there is an open subset U of X, (k) that contains v and such
that U N¢,,1(S) = 0. In this case ¥, () € ¥, (U), which is open, vy, () also lies
in S, but ,,(U) NS =, a contradiction.

We can now prove the remaining assertion in i). If C is locally closed, then
there is an open subset U of X, (k) such that C = UNC = U N1 (S). Applying
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Y, we get S = 1, (C) = 1, (U) N S, which is locally closed since v, (U) is open
in X,,.

If C is irreducible, then S is irreducible since the image of an irreducible topo-
logical space by a continuous map is irreducible. Suppose now that S is irreducible.
If C is reducible, then there are open subsets Uy, Us C X (k) such that U; NC and
UsNC are nonempty, but U3 NU>NC = @. Since 1, (U1)NS and 1), (Uz)N.S are open
in S and nonempty, and since S is irreducible, it follows that ., (U1 )N, (Uz) NS is
nonempty, hence it contains some u € X,,. In this case ¢,,} (u) C C and ¥,,! (u)NU;
and 1.} (u) N Uy are nonempty, but their intersection is empty. This contradicts
the fact that ,,'(u) ~ Speck[z1,z2,...] is irreducible (the isomorphism follows,
for example, from the description of the fibers of ¥y in Remark 5.25). This gives
the first assertion in iii) and the second one is an immediate consequence. g

REMARK 5.30. Arguing as in the proof of the above proposition, we see that
if f: X — Y is a morphism of algebraic varieties which is locally trivial, with fiber
F which is irreducible, and if C C X is a subset that is a union of fibers of f,
then C is open, closed, or locally closed if and only if f(C') has the same property.
Moreover, C = f 4(@), and if C is locally closed, then C' is irreducible if and
only f(C) has this property.

The most important examples of cylinders arise by imposing order conditions
along closed subschemes of X, as follows. Suppose that Y is a closed subscheme of
X, defined by the ideal Zy-. If v: Speck[t] — X is an arc on X, then by pulling
back Ty, we get an ideal y~(Zy) C k[t]. We put ordy () = m if this ideal is equal
to (t™) (we put ordy (y) = oo if the ideal is 0). For every nonnegative integer m,
we define the contact loci

Cont™(Y) :={v € X (k) | ordy (y) =m} and
Cont="(Y) := {y € Xoo(k) | ordy (y) > m}.

LEMMA 5.31. For every nonnegative integer m, the contact locus Cont="(Y)
is a closed cyclinder and the contact locus Cont™ (Y") is a locally closed cylinder in
Xoo (k).

PROOF. The second assertion follows from the first one since
Cont™(Y") = Cont=™(Y) ~ Cont=""1(Y).
The first assertion is clear if m = 0. On the other hand, for m > 1, we have

Cont="™(Y) = ¢.1 {(YVin_1),

m—1

and thus it is a closed cylinder by Remark 5.9. O

REMARK 5.32. Let f: X’ — X be a morphism of smooth varieties. It is clear
from the definition that if v € X/ (k) and v = fs(7'), then for every closed
subscheme Y of X, we have ordy (v) = ord, (f~!(Y)). In particular, we have

Cont™ (f~1(Y)) = f' (Cont™(Y)) forall m > 0.

DEFINITION 5.33. If C'is a closed cylinder in X o (k) and if we write C' = 1,,1(95)
with S C X, (so S is closed in X,,, by Proposition 5.29), we define the codimension
of C to be

codim(C) := codimy,, (5) = (m + 1)n — dim(95).
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Note that this is independent of our choice of m: this follows from the fact that if
m’ > m, then @, , is locally trivial, with fiber A(m'=m)n by Proposition 5.23.

REMARK 5.34. It is clear from the definition that if C C C’ are closed cylinders
in Xoo(k), then codim(C) > codim(C’). It is also straightforward to see that if
Cy,...,C, are closed cylinders in X (k), then

codim(Cy U ... U C,) = min codim(C;).
(]
The following result shows a certain incompatibility between cylinders and arc
spaces of proper subschemes. As a consequence of this proposition, when dealing

with cyclinders in X, (k), we will be able to ignore subsets of the form Y, (&),
where Y is a proper closed subscheme of X.

PRroOPOSITION 5.35. If C' C X, (k) is a nonempty cylinder and Y is a proper
closed subscheme of X, then C' Z Y (k).

PROOF. Let us suppose that C' C Y, (k). This implies that there is m > 0

and 7 € X (k) such that ' (¢ (7)) € Yoo(k). Let us choose a system of
parameters x1,...,z, of Ox p, where P = 1)o(7y). This gives an isomorphism
Ox.p =~ k[yi,...,yn] that maps each x; to y; and an isomorphism ;' (P) ~

(tk:[[t]])" (see Remark 5.25). If f € k[y1,...,yn] corresponds to a nonzero local

section of the ideal defining ¥ in X, and if v corresponds to (u1,...,u,) € (tk[[t]])n,
then our hypothesis says that

(5.5) flug + "oy, u, + ™) =0 forall wy,...,v, € tk[t].
We have a formal power series in (n + 1) variables g € ky, y1,...,yn] given by

g(tayla"'7yn) = f(ul +tmy17"'aun +tmyn)

It is straightforward to see that since f # 0, we also have g # 0.

Our assumption says that g(t,w1,...,w,) = 0 for all wy,...,w, € tk[t]. We
argue by induction on n > 1 to show that ¢ = 0, and thus we have a contradiction.
Suppose first that n = 1 and let us write g(t,y) = > ,.>¢am(t)y™. If g # 0,
let mg be smallest such that a,,, # 0. Our assumption implies that for every
w € tk[t] ~ {0}, we have >_ o, “ap(t)w™ ™0 = 0. It is clear that if we write
w =) .5 bjt), then Yo o am(t)w™me = 3., Pj(b)t? for some polynomials
P; € k[z1, 22,...]. Since P;(b) = 0 for all b # (0,0,...) and all j > 0 and since k
is infinite, it follows that P; = 0 for all j. In particular, Zmzmo A (D)™™ =0
also when w = 0, hence a,,, = 0, a contradiction.

Suppose now that n > 2 and we know the assertion for n — 1. Let us write g =
25091t Y1, Yn—1)ys. Since g(t,wi, ..., wp—1,wn) = 0 for all wy,...,w, €
tk[t], applying the case n = 1, we conclude that g;(t,w1,...,w,—1) = 0 for all j
and all wy,...,w,—1 € tk[t]. The induction hypothesis thus implies that g; = 0
for all 7, hence g = 0. This completes the proof of the proposition. (I

The next result shows that proper birational morphisms induce maps between
the corresponding spaces of arcs that are bijective outside small subsets (more
precisely outside spaces of arcs of suitable proper closed subschemes).

PRrOPOSITION 5.36. Let f: Y — X be a proper birational morphism between
varieties over k. If Z C X is a proper closed subset such that f is an isomorphism
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over X N\ Z and W = f~1(Z), then f., induces a bijection
Yoo (k) ~ Wae (k) = Xoo (k) ~ Zoo (K).

PROOF. It is clear that fi!'(Zoo(k)) = Wao(k), hence we only need to show
that for every v € X (k) \ Zoo(k), the fiber f_!(v) has precisely one element. By
assumption, we have v(n) € X \ Z, where 7 is the generic point of Spec k[t]. Since
7YX\ Z) — X\ Z is an isomorphism, it follows that there is a unique morphism
&: Speck((t)) — Y such that the following diagram

Speck((t) *—=Y

)

Speck[t] — X

is commutative. Since f is proper, it follows from the valuative criterion for proper-
ness that there is a unique morphism ¢: Speck[t] — Y such that fod = v and
doj=0. We see that § is the unique element of Y, (k) such that f(§) =v. O

We next consider in more detail the behavior of the map f,, in the case when
f is a smooth blow-up.

PROPOSITION 5.37. Let X be a smooth variety and Z C X a smooth subvariety
of codimensionr > 2. If f: X’ — X is the blow-up along Z, with exceptional divisor
E, and if for every a > 0, we put C, = Cont*(E) C X/ (k) and C, = Cont*(Z) C
X (k), then for every m > e, the morphism f,,, induces a map

Y (Co) = fon (¥ (Ca)) = ¥ (Ca)
that is locally trivial, with fiber A("=1¢ Moreover, if v, € wig’ (C") are such that
fm(v) = fm(0), then ‘p%,m—a(V) = Sﬁi,m—a((s)

PROOF. The assertion is local on X, hence we may assume that we have an
étale morphism X — A™ such that Z is the inverse image of a linear subspace
of codimension r. Using Proposition 5.13, we see that it is enough to prove the
assertion in the proposition when X = A", with coordinates x1,...,x,, and Z is
defined by the ideal (x1,...,x,), which we assume to be the case from now on.

In order to simplify the notation, we write S, = X (C,) and S’ = X' (C").
It follows from definition that S, consists of those m-jets v: Spec k[t]/(t™*!) — X
such that the inverse image of the ideal Z defining Z is (¢*), while S! consists
of those m-jets 6: Speck[t]/(t™*!) — X’ such that the inverse image of the ideal
Oy (—F) defining E is (t*). Since Zz - Oy = Oy (—E), it follows that S/ = f,.1(S,)
(this is just a set-theoretic statement).

For a nonzero u € k[t]/(t™ ") we put ordi(u) = ¢ < m if u = t%/ for an
invertible ' and we put ord;(u) = oo if u = 0. It is clear that

S = {(ur, .., un) € (K[t]/(t™F)®" | min{ord, (u1), .. .,ord;(u,)} = a}
and this is a locally closed subset of X, = (k‘[t]/(tm*l))@n. For 1 <j <r, we put
U; = {(ul, coyUp) € 8, | orde(uj) = a}.
We clearly have an open cover S, = U; U...UU,.
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As usual, we can cover Y by affine charts WM ..., W) where W) ~ A™ has
coordinates ¥, ..., Yy, such that x; = y; if ¢ = j or i > r and z; = y;y;, otherwise.
Note that we have

Vi =W NS, = {(v1,...,0,) € (k[t]/ ™)™ | ordy(v;) = a}
and that f,,, induces a morphism
o Vi = X, o(vr,..,0) = (0105 .., 05,0, UpUg, Vg1, - - -, Up).

It is clear that «;(V;) C U,;. Moreover, for every u = (u1,...,u,) € Uj, there
isv = (v1,...,v,) € V; that maps to u. In fact, v;,vr41,...,v, are uniquely
determined and the classes of vq,...,vj_1,0j41,..., 0, in k[t]/(t™F17¢) are uniquely
determined, but these are the only constraints on these elements. In other words,
we have an isomorphism V; ~ U; x A(=1De that identifies o with the projection
onto the first component followed by the embedding in X,,.

We thus obtain the first assertion in the proposition once we note that V;, =
f-1(U,) for 1 < £ < r. This follows by noting that if v = (vy,...,v,) € Vj; is such
that o (v) € Uy, for some ¢ # j, then ord;(ve) = 0, hence v € Wi n Sl =V,

Suppose now that v,0 € wg’(q’l) are such that f,,(y) = fm(0). First, this
implies that there is j such that v,6 € V;. Second, it follows from the above
description of the fibers of f,,|v; that v and ¢ have the same image in X, and

m—a?
we thus get the last assertion in the proposition. (I

COROLLARY 5.38. Let X be a smooth variety and Z C X a smooth subvariety
of codimension r > 2. If f: X’ — X is the blow-up along Z, with exceptional
divisor E, then for every a > 0, we have a bijection between the locally closed
cylinders ¢’ C Cont®(F) and the locally closed cylinders C' C Cont®(Z) that maps
C' t0 fo(C’) and C to f'(C). This bijection preserves irreducibility and if C
corresponds to C’, then

codim(C) = (r — 1)a + codim(C").

)

PROOF. Note that Cont®(E) = f!'(Cont*(Z)) (see Remark 5.32) and foo
induces a bijective map Cont?(E) — Cont”(Z) by Proposition 5.36. It follows that
we get a bijective map between the subsets C’ of Cont?(F) and the subsets C' of
Cont*(Z) that maps C’ to foo(C’) and whose inverse maps C to f ,}(C).

If C C Cont®(Z) is a locally closed cylinder and if we write C' = (¢.X)71(9),
then €’ := f1(C) = (¥X)71(8"), where S" = f;;1(S). Therefore C’ is a locally
closed cylinder. We may clearly assume that m > e, in which case the induced
morphism S’ — S is locally trivial, with fiber A"=1% by Proposition 5.37. It
follows from Remark 5.30 that S is irreducible if and only if S’ is irreducible and,
using also Proposition 5.29, we conclude that C' is irreducible if and only if C’ is
irreducible. In general, we have dim(S’) = dim(S) + (r — 1)a, hence codim(C) =
codim(C") + (r — 1)a.

In order to complete the proof of the corollary, it is enough to show that if
C’' C Cont®(E) is a locally closed cylinder, then C := fo(C’) is a locally closed
cylinder. Let ¢ be such that C' = (2/15(/)_1(14) for some locally closed subset A in
X, and let m = g +a, so C' = (X")1(S"), where S" = (canl:q)*l(A). We will
show that S’ is a union of fibers of f,,, its image f,,,(S’) is locally closed in X,,,
and C' = (X))~ ! (fm(S’)). In particular, C' is a locally closed cylinder.
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Indeed, if v € S” and § € X/, are such that f,,(y) = fm(d), then it follows
from Proposition 5.37 that goffqu(é) = gonXl:q('y) € A, hence § € S’. This shows that
S’ is a union of fibers of f,,. In this case, since the morphism 7,[17),(1/ (Conta(E)) —
X (Conta(Z )) is locally trivial, with irreducible fiber, and S’ is locally closed, we
conclude that f,,,(S") is locally closed (see Remark 5.30).

The inclusion C' C (¢;X) 7 (fm(S')) is clear. In order to prove the reverse
inclusion, suppose that o € ()7 (f,,(S’)). In particular, we have o € Cont®(Z),
hence by Proposition 5.36 we know there is 8 € X/ (k) such that f.(8) = «.
Since fo (VX (8)) € fm(S"), it follows from what we have already shown that
vX'(B) € 8, and thus 3 € C’. This implies that o € C. O

COROLLARY 5.39. Let X be a smooth variety and Z C X a smooth subvariety
of codimension r > 2. If f: X’ — X is the blow-up along Z, with exceptional
divisor E, then the following hold:

i) For every closed cylinder C' C X! _(k), the closure fo(C") of its image

in X is a closed cylinder. Moreover, if C” is irreducible, then fo(C’) is
irreducible, and if ¢ = min{:|C’ N Cont"(E) # 0}, then

codim( foo (C)) = codim(C) + (r — 1)a.

ii) If C C X (k) is an irreducible, closed cylinder, then there is a unique

irreducible closed cylinder ¢’ C X! (k) such that C' = f(C").

PRrROOF. We first prove i). By Proposition 5.29, we can write C’ as a finite
union of irreducible closed cylinders: C" = CjU...UC}. Since foo(C") = foo (C])U

..U f(C}), it follows that it is enough to prove the first assertion in i) when C’
is irreducible, hence we make this assumption. Since the closure of an irreducible
set is irreducible and the image of an irreducible topological space by a continuous
map is irreducible, we see that fo(C”") is closed and irreducible.

In order to show that it is a cyclinder, let a be as i) (note that a is a nonnegative
integer, since ¢’ € E, by Proposition 5.35). In this case C{ := C’' N Cont?(E) is a
locally closed cylinder and a nonempty open subset of C’. Since C’ is irreducible,
it follows that foo(C') = foo(Cf). On the other hand, f.(Cj) is a cylinder by
Corollary 5.38 and thus its closure is a cylinder as well by Proposition 5.29ii). We
conclude that fo(C’) is a cylinder and one more application of Corollary 5.38 gives

codim( foo (C")) = codim(C”) + (r — 1)a.

We next prove ii). Given the irreducible closed cylinder C' C X (k), let
a = min {i[C N Cont’(Z) # 0} (note that this is a nonnegative integer since
C ¢ Z. (k) by Proposition 5.35). Then Cy := C N Cont?(Z) is a locally closed,
irreducible cylinder and C = Cy. By Corollary 5.38, Cf, = f1(Cp) is an irreducible
locally closed cylinder such that Cy = foo(Cj). It is then clear that a’) is a closed
irreducible cylinder such that f..(Cp) = C. If C"" is another closed irreducible cylin-
der in X (k) such that foo(C”) = C, we see that a = min {i | C"" N Cont’(E) # 0}.
If Cff = C" N Cont?(E), then C§ C C{, hence by taking closures, we get C" C C".
By part i), we have codim(C’) = codim(C"), and since both C’ and C" are closed
irreducible cylinders, we conclude that ¢/ = C”. This completes the proof of the
corollary. O
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Recall that in the setting of Proposition 5.37, the relative canonical divisor
Ky,x = (r —1)E (see Example 2.19). The proposition admits the following gener-
alization to arbitrary morphisms, which is the key ingredient in many applications
of the spaces of arcs.

THEOREM 5.40. Let f: X' — X be a proper, birational morphism between
smooth varieties and suppose that char(k) = 0. For everye > 0, if Ce = Cont®(Kx//x),
then for every m > 2e, the following hold:

i) If v,6 € X!, are such that v € X' (Co) and fi(y) = fm(8), then
@ﬁimfe('y) = wﬂXl:mfe(é). In particular, ¥X'(C.) is a union of fibers of
ii) The map
U (Ce) = fm (Y (Co))

induced by f,, is piecewise trivial®, with fiber A°.

For a proof of this theorem, we refer to [DL99, Lemma 3.4]. In fact, the result in
loc. cit. treats a more general case, when X is allowed to be singular. For a slightly
different presentation of the proof and a statement that also works in positive
characteristic, see [EMO09, Theorem 6.2]. The proof of this result is somewhat
technical, so we omit it, since for our purpose the version in Proposition 5.37 will
suffice.

5.3. Invariants of valuations via the arc space

Let X be a smooth variety? over k. Our goal is to establish a dictionary between
divisorial valuations with center on X and irreducible closed cylinders in X (k).
This was done in characteristic 0 in [ELMO04] and in arbitrary characteristic in
[Zhul7]. We follow here the latter approach. It will turn out to be convenient to
also consider integer multiples of divisorial valuations.

DEFINITION 5.41. If Y is a variety over k, a non-normalized divisorial valuation
with center on Y is a valuation of k(Y") of the form v = ¢-ordg, where F is a divisor
over Y and ¢ is a positive integer. If Y is smooth, then Ay (ordg) is defined and
we put Ay (v) :=q- Ay (ordg).

We review some general notions regarding valuations.
DEFINITION 5.42. Given a discrete valuation v: K — Z U {oo} on a field K,
the valuation ring of v is the subring
R, ={a € K|v(a) >0}
of K. It is well-known (and easy to prove) that this is a DVR, with maximal ideal
m, = {a € K |v(a) > 0}.
DEFINITION 5.43. Suppose that Y is a variety over k and v is a discrete valua-
tion of the function field k(Y) of Y. A center of v on Y is a (not-necessarily-closed)

point £ € Y such that Oy, C R, and the inclusion is a local homomorphism (alter-
natively, we will say that the center is the corresponding closed irreducible subset

3In general, both the source and target of this map are constructible subsets, but the notion
of piecewise trivial map extends in an obvious way to this setting.
41 this section, we require varieties to be separated.
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{€} of Y). Note that since Y is separated, it follows from the valuative criterion
for separatedness that v has at most oner center on Y.

EXAMPLE 5.44. Let Y be a variety over k and v = ¢ - ordg, where E is a
prime divisor on a normal variety W that has a birational morphism f: W — Y.
In this case R, = Ow,r and the center of v on Y is f(E). We thus recover the
definition we gave in Chapter 2.1. In particular, we see that in this case we have

trdeg, (R, /m,) = dim(Y") — 1.

REMARK 5.45. Suppose that Y is a normal variety over k£ and v is a discrete
valuation of k£(Y") that has center Z on Y of codimension 1. In this case v = ¢-ordy,
where g € Z~( is such that v takes value ¢ on a uniformizer of m,. Indeed, since
Oy,z is a DVR and the inclusion Oy, z — R, is a local homomorphism, it follows
that Oy z = R,: if u € R, \ Oy, z, then u~! lies in the maximal ideal of Oy, z, and
thus in m,, a contradiction. The description of v is now clear.

A key ingredient that will allow us to handle divisorial valuations in arbitrary
characteristic (when resolution of singularities is not available) is the following
result of Zariski that says that given a divisorial valuation of the function field of a
variety, after successively blowing-up the center of the valuation finitely many times,
we achieve a model on which the center has codimension 1. This is particularly
useful when the original variety is smooth, in which case the blow-ups are easy to
analyze. We give the proof following [KM98, Lemma 2.45]. Note that while we
state and prove the result only for smooth varieties, a small modification of the
argument gives the proof for an arbitrary variety.

We first set some notation. Suppose that X is a smooth variety of dimension n
over k and v is a discrete valuation of k(X), with center on X. We define recursively
the following sequence of varieties and (not-necessarily-closed) points on them. We
first put Xo = X and let & be the center of v on X. Given j > 0, suppose that we
@ constructed X; and §; € X;. Let f;: X;41 — Xj be the blow-up of X; along
{¢;}. Since f; is proper and v has a center on X, it follows from the valuative
criterion for properness that v also has a center on X, 1. We denote this by &;1.
Note that by definition we have f;(£;11) = ;. Note also that each ring Ox, ¢,
is regular. Indeed, arguing by induction on j, we may assume that X; is smooth
in a neighborhood of £;. We can choose an open neighborhood U; of &; that is
smooth and such that U; ﬂ@ is smooth, in which case f;l(Uj) is smooth. Since

&j+1 € f;l(UJ—), we conclude that X, is smooth in a neighborhood of ;4.

PROPOSITION 5.46. With the above notation, if trdeg, (R,/m,) = n — 1, then
there is N such that {{x} is a prime divisor £ on Xy and v = ¢ - ordg for some
q€c Z>0.

REMARK 5.47. Note that by Example 5.44, the proposition applies whenever
v is a non-normalized divisorial valuation with center on X. However, the result
also shows that a discrete valuation with center on X is a non-normalized divisorial
valuation if and only if trdeg; (R,/m,) =n — 1.

PROOF OF PROPOSITION 5.46. Let’s describe first the process of going from
Ox;¢; t0 Ox; 16,4, Let ur, ..., uq be generators of the maximal ideal of Oy, ;.
After reordering them, we may assume that v(u;) < wv(u;) for all i > 2, hence
Zf € R, for 1 < ¢ < d. It is then easy to see using the description of the blow-up
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charts on Xj.;,_l that if Rj_;,_l = OX]',EJ- [Ug/ul,. .. ,ud/ul] and pj+1 = my N Rj+1,
then OX‘7‘+1,§_7‘+1 = (Rj+1)P_7‘+1'
The first step in the proof is to show that

R, =] Ox,e,-
Jj=0
Indeed, suppose that a € R,. For a given j, we can write a = Z—;, with aq,as €
Ox; ;- We choose j such that when we write this, v(az) € Z>¢ is minimal. If
v(ag) = 0, then ay is invertible in R, and thus also in Oxj,§j7 hence a € Oxj,§j~
We next show that if v(az) > 1, then we contradict the minimality of v(az). Since
v(az) > 0, we see that also v(a;) = v(a) + v(az) > 0; therefore both a1 and az lie
in the maximal ideal of Ox, ¢;. As above, suppose that u,...,uq are generators
of this maximal ideal, ordered such that v(ui) < v(u;) for all i. We write

d d
ay = E cru; and ag = E C2,iUs,
=1 i=1

for some ¢y 5,c2; € Ox, ¢;. As we have seen, in this case we have

a U;
ay = 771 = ;Cl,ii € Ox;41811

and similarly a) := az/u1 € Ox,,,¢,,,. Since we can write a = % and v(ah) =

v(az) —v(uy) < v(agz), we contradict the minimality of v(ag).

The next step is to choose wy, ..., w,_1 € R, such that their images in R, /m,
give a transcendence basis over k. Using the first step, we can choose N such that
Wi, ..., Wpo1 € Oxy.en- In particular, this implies that E := {{x} is a prime
divisor on X . Since we have seen that X is smooth in a neighborhood of £y, we
conclude that v = ¢ - ordg for some g € Z~ by Remark 5.45. g

From now on, we fix a smooth variety X over k. Given a closed, irreducible
cylinder C C X, (k) that does not dominate X (that is, 1(C) # X), we define
a discrete valuation orde of k(X), as follows. Let us choose first an affine open
subset U C X such that ¢o(C)NU # § (therefore Cyy := C'Ny " (U) is a nonempty
open subset of C' and also a cylinder in U (k)). Note that for every v € Cy and
every f € Ox(U), we can define ord,(f) := ordy(s)(7) € Z>o U {oo}. For every
f € 0x(U), we put

orde(f) := min{ord,(f) | v € Cu}.

LEMMA 5.48. For every closed, irreducible cylinder C' C X (k) that does not
dominate X, we obtain in this way a discrete valuation ordc of k(X) which is
independent of the choice of affine open subset U. Its center on X 1is equal to

Po(C).

PROOF. Note first that if f # 0, then orde(f) < oo: this follows from the fact
that Cy € V(f)eo by Proposition 5.35. Of course, we have ords(0) = oco.
If f, g € Ox(U), then it is clear that for every v € Cy we have

ord, (f + g) > min {ord,(f),ord,(g)}.
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This immediately implies
orde(f + g) = min {ordc(f),orde(g) }-
Given any f,g9 € Ox(U), we have

ord,(fg) = ord,(f)+ord,(g) forall e Cy.

Note also that for f we have ordc(f) = ord,(f) for all v in a nonempty open
subset of Cy and similarly for g. Since Cy is irreducible, it follows that for every
fyg € Ox(U), we have

orde(fg) = orde(f) 4+ orde(g).

Note that if f € Ox(U), then orde(f) > 0 if and only if f vanishes on 1 (Cr);
in particular, since C' does not dominate X, we have ord¢(f) € Z¢ for some f. It
is now straightforward to see that ordc extends uniquely to a discrete valuation of
k(X) by putting ordc(f/g) = orde(f) — orde(g) for any two f,g € Ox(U) with
g # 0. Moreover, we see that the center of orde on X is ¢ (C).

Finally, in order to show that the definition is independent of the choice of U, it
is enough to note that if V' C U is an affine open subset of U such that C NV, # (),
then for every f € Ox(U), we have

min {ord,(f) | v € Cu} = min {ord,(f) | v € Cv }

due to the fact that the minimum on Cy is achieved on an open subset of this
cylinder, which intersects C' N, L(V). Tt follows that if ord}, is the valuation of
k(X) defined using V', we have ordc = ordy, on Ox (U), and thus the two valuations
have to agree on the fraction field k(X) of Ox(U). O

REMARK 5.49. Suppose that f: X’ — X is the blow-up of a smooth variety
X along a smooth subvariety Z. If " C X/ (k) is a closed irreducible cylinder
that does not dominate X', then it follows from Corollary 5.39 that C := fo.(C")
is a closed irreducible cylinder in X, (k). It clearly does not dominate X since

Y (C) C f(vg' (C")). Note that we have orde = order as valuations of k(X) =
k(X'). Indeed, it is clear that if we choose affine open subsets U’ and U in X’
and X, respectively, such that U' N C" # 0, UNC # (), and f induces a morphism
U’ — U, then for every ¢ € Ox(U), we have a nonempty open subset V' C C
such that ord,(¢) = ordc(yp), in which case for every 6 € C' N f.1(V) we have
ords(p o f) = orde(yp). This implies that order = orde on Ox(U), and thus on
k(X).

We next associate a subset of X (k) to every non-normalized divisorial val-
uation v of k(X) with center on X, as follows. Let 7: Y — X be a birational
morphism, with ¥ normal, and E a prime divisor on Y such that v = ¢ - ordg for
some positive integer ¢q. After possibly replacing Y by a suitable open subset, we
may assume that both Y and E are smooth. We put

Cyl(v) = 7eo (Contzq(E)) .

LEMMA 5.50. The subset Cyl(v) C Xoo(k) is closed and irreducible and it is

independent of the choice of model (Y, E). Moreover, 1§ (Cyl(v)) is the center of
v on X.
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ProOOF. Note that if E is a smooth prime divisor on the smooth variety Y
and ¢ is a positive integer, then Contzq(E) is an irreducible closed cylinder: in-
deed, it is equal to (¢} ;)(Eq—1) and E,_; is irreducible by Proposition 5.23.
This implies that Cyl(v) is irreducible and it is closed by definition. Moreover,
¥y (Cont”%(E)) = E. This easily implies that 9§ (Cyl(v)) is the center of v on X.

Let us show that Cyl(v) does not depend on the choice of model. Using the
comparison of models giving the same valuation in Remark 2.5, we see that it is
enough to show that if g: Z — Y is a birational morphism between two smooth
varieties, F' is a smooth prime divisor on Z such that E := g(F') is a smooth prime
divisor in Y, then for every q € Z~( we have

Cont=(E) = guo (Contzq(F)) .

Note that there are open subsets U C Y and V C Z such that U N E # 0,
VN F #0, and g induces an isomorphism V ~ U. Using the fact that Cont=?(F)
and Cont=4(FE) are irreducible, we then conclude that

Joo (Contzq(F)) = Joo (Contzq(F) NVal(k)) = Cont=?(FE) N Uy (k) = Cont=?(E).
O

The following is the main result relating divisorial valuations and cylinders in
the arc space.

THEOREM 5.51. Let X be a smooth variety over k.

i) For every non-normalized divisorial valuation v of k(X), with center on
X, Cyl(v) is a closed irreducible cylinder that does not dominate X and
ordcyi(v) = v. Moreover, we have codim(Cyl(v)) = Ax(v).

i) For every closed irreducible cylinder C C X (k) that does not dominate
X, the valuation orde is a non-normalized divisorial valuation of k(X)
with center on X. Moreover, we have C C Cyl(orde).

PrOOF. We first prove i). We already know that Cyl(v) is closed and irre-
ducible and does not dominate X by Lemma 5.50. Therefore we only need to show
that it is a cylinder, its codimension is A x (v), and the corresponding valuation is v.
Let us temporarily denote Cyl(v) by Cyly (v) in order to keep track of the variety
X. We first note that if U is an open subset of X such that U intersects nontrivially
the center of v on X, then is is enough to prove the assertion for Cyl;; (v). Indeed,
we have Cyly (v) = Cyly (v) N (g )71 (U), and if this is a cylinder in Uy (k), then
Cylx(v) = Cyly(v) is a cylinder in X (k) by Proposition 5.29. Moreover, the
codimensions are equal and they determine the same valuation of k(X).

By Proposition 5.46, we have a sequence of morphisms

x, ix, o x, o x,
where each f; is the blow-up of X; along the center of v on X; (assumed to have
codimension > 2), such that v = ¢-ordg for some prime divisor E on X,. and some
positive integer q. We argue by induction on r > 0.

Suppose first that » = 0. After possibly replacing X by a suitable open subset
that intersects E nontrivially, we may assume that X is affine, E' is smooth and we
have z1,...,z, € Ox(X) that give an algebraic system of coordinates on X such
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that E is defined by (x1). In this case
COx(v) = Cont=1(E) = (¢;_1) " (Eg-1)

is an irreducible closed cylinder and its codimension is ¢ = Ax(v) by Proposi-
tion 5.24. In order to check that ordc, () = ¢q - ordg, we need to show that if
h = x{"g, where g & (1), then ordc (,)(h) = gm. The fact that ordc (,)(h) > gm
is clear: if § € Cont=4(E), then ords(z;) > ¢ and thus ords(h) > mgq. In order to
show the opposite inequality, it is enough to find v € X (k) such that ord, (1) = ¢
and ord,(g) = 0. Since g & (x1), there is P € E such that g(P) = 0. For example,
we can take v € ()1 (P) that corresponds to (9/;(7\1: — k[t] that maps z1 to ¢4
and z; — z;(P) to 0 for i > 2.

We next suppose 7 > 1 and assume the assertion holds for » — 1. After possibly
replacing X by a suitable open subset that intersects nontrivially the center of v on
X, we may assume that this center is smooth, hence the morphism f = fy: X7 —
X is the blow-up of a smooth irreducible subvariety of codimension r > 2, with
exceptional divisor F'. By the induction hypothesis, we know that Cyly, (v) is an
irreducible closed cylinder, ordcylx1 (v) = v, and codim(Cle1 (v)) = Ax, (v). Note

that by definition we have Cyly (v) = fo (Cyly, (v)), hence Corollary 5.39 implies
that Cyly (v) is an irreducible closed cylinder and

(5.6) codim (Cyly (v)) = codim(Cyly, (v)) + (r — 1)a,

where a = min{i | Cyly, (v) N Cont’(F) # 0}. In other words, a = ord,(F) for a
general arc y € Cyly, (v), that is a = ordcylxl(v)(F) =v(F) = q-ordg(F). Since
Kx,/x = (r —1)F by Example 2.19 and we have

Ax (ordg) = Ax, (ordg) + ordp(Kx, /x)
by Remark 2.21, we conclude from (5.6) that
codim(Cx (v)) = Ax, (v)+(r—1)g-ordg(F) = q(Ax, (ordg)+ordp(Kx, /x)) = Ax (v).

Finally, since Cyly (v) = foo (C’X1 (v)), it follows from Remark 5.49 that orde (») =
ordcy (v) = v. This completes the proof of i).

Suppose now that C C X, (k) is a closed irreducible cylinder that does not
dominate X. We have seen in Lemma 5.50 that if Z = 95 (C), then Z is the center
of orde on X. We show by induction on codim(C) that orde is a non-normalized
divisorial valuation of k(X) with center on X and that C C Cyly(ord¢e). Note
that for both assertions we may replace X by an open subset that intersects Z
nontrivially. In particular, we may and will assume that Z is smooth.

Since C C (¢§)~1(Z), we have codim(C) > 1 and if equality holds then
codimx (Z) = 1. Note first that we are done if codimy (Z) = 1. Indeed, in this case
it follows from Remark 5.45 that ordc = p-ordy for some positive integer p. In fact,
we have p = ordy(y) for 4 € C general, hence C' C Cont=9(Z) = Cyly (g - ordy).

In particular, we see that we are done if codim(C) = 1. Let us suppose now
that C is arbitrary and that we know the assertion for cylinders C in the space
of arcs of a smooth variety that satisfy codim(C’) < codim(C'). As we have seen,
we may assume that codimy(Z) = r > 2. Let f: X’ — X be the blow-up of X
along Z (recall that we assume that Z is smooth). In this case it follows from
Corollary 5.39 that there is an irreducible closed cylinder C' C X! such that
foo(C") = C. Moreover, since C' C Cont='(Z), it follows that codim(C") < codimC.




5.3. INVARIANTS OF VALUATIONS VIA THE ARC SPACE 147

By induction, ord¢r is a non-normalized divisorial valuation and since orde = order
by Remark 5.49, it follows that ordc has the same property. Finally, by induction
we have C’ C Cyly, (order), hence

C = foo(C") C Cyly/(order) = Cyly (orde).
This completes the proof of the theorem. O

REMARK 5.52. Let X be a smooth variety and Y a proper closed subscheme
of X. If m is a positive integer and C' is an irreducible component of Cont="(Y"),
then there is a non-normalized divisorial valuation v of k(X) with center on X
such that C = Cyl(v). Indeed, Theorem 5.51 implies that v = ord¢ is a non-
normalized divisorial valuation and C' C Cyl(v). Since ordc = ordcyi(y), it follows
that Cyl(v) € Cont="(Y) and since C is an irreducible component of Cont="(Y),
we have C' = Cyl(v).

We can use Theorem 5.51 in order to give a characterization of log canonical
thresholds in terms of jet schemes.

COROLLARY 5.53. Let X be a smooth variety of dimension n. If Y is a proper
closed subscheme of X, defined by the ideal a, then

dim(Y,,) . .codim(C)
Ict(a) =n—s = inf
ct(a) =n ,bnuz% m+1 O orde(a)

where the infimum on the right-hand side is taken over all irreducible closed cylin-
ders C that do not dominate X.

PrROOF. By definition, we have

lct(a) = inf AX(U),
v (@)

where the infimum is over all divisorial valuations v of k(X) with center on X.
Of course, if we replace v by a positive integer multiple, then the corresponding
quotient does not change, hence we may let v run instead over all non-normalized
valuations of k(X) with center on X.

If C C X (k) is an irreducible cylinder that does not dominate X, then it
follows from Theorem 5.51 that ord¢ is a non-normalized divisorial valuation v and
C C Cyl(v) both define the same valuation v, so that

codim(C) codim (Cyl(v)) _ Ax(v)

ordg(a) —  ordeyw)(a) v(a)
This gives the equality
lct(a) = inf M.
¢ ordg(a)

Note now that if C' is an irreducible cylinder that does not dominate X and
m = orde(a) > 1, then C' C Cont=™(Y) = 4., | (Yym_1), hence
codim(C) > codim(Cont="(Y)) = mn — dim(Y;,_1).
We thus obtain

5.7 = ——>n— —
(5.7) =1 orde(a) =" iu;()) m+1
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For the opposite inequality, note that for every m > 0 and every irreducible compo-
nent W of Y,,,, the cylinder +,,, (W) is closed and irreducible and does not dominate
X since its image in X lies in Y. We thus have

(m + 1)n — dim(W) = codim (¢;," (W)) > c- ord,, -1y (a) = c(m + 1).

This gives digi_ﬁ/) < n —c and when we let W run over the irreducible components
of Y,, and let m run over the nonnegative integers, we get
dim(Y;,)

which implies that the inequality in (5.7) is an equality. This completes the proof
of the corollary. ([

REMARK 5.54. If char(k) = 0, the we can use the description of the log canoni-
cal threshold in Corollary 5.53 to show that if X is a smooth variety and Y C X is a
smooth subvariety of codimension 1, and if a is an ideal on X such that a- Oy # 0,
then there is an open neighborhood U of Y in X such that

Ict(aly) > let(a - Oy)

(cf. Corollary 2.86, where this property is proved via results relying on vanishing
theorems). Indeed, if this is not the case, then there is a divisorial valuation ordg
with center intersecting Y and such that Ax(ordg) < ¢ - ordg(a), where ¢ =
let(a-Oy) (this is where we need characteristic 0: this assertion is clear if we use the
fact that we can compute lct(a) via a log resolution). Note that m = ordg(a) > 1
and
C = Cyl(ordg) € ¥,," 1 (Zim—1),

where Z is the closed subscheme of X defined by a. Therefore there is an irreducible
component W of Z,,,_1 with dim(W) > m(n — ¢) and such that ¢, o(W)NY # 0
(note that ¢, 0(W) is closed by Remark 5.20).

Recall that since Y is locally cut out in X by one equation, we know that
(ZNY)m—1 is locally cut out in Z,,_1 by m equations. Furthermore, we have
WN(ZNY)m—1 # 0: indeed, it follows from Remark 5.20 that if x € ¢, o(W)NY,
then oy,—1(x) € W, hence o,,—1(z) € WN (Y N Z)p—1. We thus conclude that

dim(ZNY)pm_1 >mn—c)—m=m((n—1) —c),

and Corollary 5.53 implies lct(aly) < ¢, a contradiction.

5.4. The Denef-Loeser motivic zeta function

We begin this chapter with a brief review of the Grothendieck ring of algebraic
varieties. While the definitions can be given in a more general setup, we keep
our usual framework, working over a fixed field® k (of arbitrary characteristic), all
schemes being separated and of finite type over k. Fix such a scheme S.

DEFINITION 5.55. The Grothendieck group Ko(Var/S) is the quotient of the
free abelian group on the set of isomorphism classes of schemes of finite type X/S
(denoted [X/S]) modulo the following relations:

i) [X/S] = [Xrea/S] for every X over S, and

5To begin with, we do not assume that the field is algebraically closed.
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i) [X/S] =[Y/S]+ [U/S]ifY is a closed subscheme of X and U = X \Y
(both with the induced structures of schemes over S).
When S is understood from the context, we simply write [X] instead of [X/S].
Also, when S = Spec(R), we write Ko(Var/R) for this Grothendieck group.

REMARK 5.56. By definition, Ky(Var/S) is an abelian group, but it becomes
a commutative ring with multiplication induced by
(X]-[Y] = [X x5 Y].
Note that the unit element is [S].

For every S, we denote by L the element [A! x S/S] € Ky(Var/S). We will
also consider the localization Ko(Var/S)[L™1].

EXAMPLE 5.57. In Ky(Var/k), we have
(5.8) P"l=14+L+...+L".
Indeed, we have a closed immersion P"~! <+ P", whose complement is A". We
thus get [P"] = [P"71] + L", and we get (5.8) by induction on n.

Given a morphism f: S — T, we have two associated maps between Grothendieck
groups. First, we have a group homomorphism

fv: Ko(Var/S) — Ko(Var/T), [X/S]~ [X/T].
Second, we have a ring homomorphism
f*: Ko(Var/T) — Ko(Var/S), [X/T]~ [X x1 S/S].
They are related by the projection formula
fo(f*(@)-B) =a- f.(B) forall ac Ky(Var/T),B € Ko(Var/S).

In particular, for every x € S, we have a ring homomorphism i%: Ko(Var/S) —
Ky(Var/k), where i, : Speck — S corresponds to x.

By taking T' = Speck, we see that Ky(Var/S) has a structure of Ko(Var/k)-
algebra. Given a morphism f: S — T, we see that by tensoring f* and f, with
Ko(Var/k)[L™1], we get an induced ring homomorphism

[ Ko(Var/S) LY — Ko(Var/T)[L™ 1]
and a group homomorphism
fo: Ko(Var/T)[L™Y] — Ko(Var/S)[L™]

related by an analogous projection formula.

We will need the following more general variant of the relation ii) in the defi-
nition of Ky(Var/S). Note that if X is a scheme over S and W is a locally closed
subset of X, then we may consider [W/S] € Ky(Var/S) since W carries a structure
of locally closed subscheme in X (hence of scheme over S) and which one we choose
does not matter because of property i) in the definition of the Grothendieck group.
We will need the following extension of the cut-and-paste relation in the definition
of the Grothendieck group to the case of several subsets.

LEMMA 5.58. If X is a scheme over X and W1y,...,W, are disjoint locally
closed subsets of X with X =J,_, Wi, then

T

[X/8] = [Wi/S].

i=1
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PROOF. Arguing by Noetherian induction, we may assume that the result holds
for every closed subscheme of X different from X. Let Z be an irreducible compo-
nent of X. Note that there is an i such that W;, contains a nonempty open subset
U of Z (if ig is such that W;, contains the generic point of Z, then Z C W, and
U = W;, N Z is an open subset of Z contained in W;,). After possibly replacing U
by a smaller subset, we may assume that U is open in X, not just in W, (simply
replace U by U \ |J, Z’, where Z’ runs over the irreducible components of X

different from Z. The defining property of Ky(Var/S) gives
(5.9) [X/S]=[U/S]+ [(X\U)/S] and [W;,/S]=[U/S]+ [(Wi, ~U)/S].
Applying the induction hypothesis for the locally closed decomposition

X\NU=W;,~U)u| | w

i#io
gives
(5.10) (XN U)/S] = [(Wi, NU)/S]+ ) [Wi/S].
i#io

By combining (5.9) and (5.10), we obtain the equality in the statement of the
lemma. (]

COROLLARY 5.59. If f: X — Y is a morphism of reduced schemes over S which
is piecewise trivial, with fiber F', then

[X/S8] =[Y/S]-[Fs/S],
where Fg = F x S.

Proor. By hypothesis, we have a decomposition ¥ = Y; U ... UY,, with all
Y; locally closed in Y, such that f~1(Y;) ~ Y; x F for all i (where both sides are
viewed as reduced schemes over S). In this case, it follows from the lemma that

(X/8] =Y [f ' (Ya)/S] =Y _(Yix F/S) = (Z[YZ-/SD [Fs/S] = [Y/S]-[Fs/S].

=1 i=1 i=1

O

REMARK 5.60. Very little is known about general properties of Ky(Var/S), but
(somewhat surprisingly) there is a good understanding of generators and relations
(as an abelian group) in characteristic 0. First: it is elementary to see that if
S is a scheme (separated and of finite type) over a field of characteristic 0, then
Ko(Var/S) is generated as an abelian group by elements of the form [X/S], where
X — S'is a projective morphism and X is smooth. Indeed, one shows by induction
on n that if Y is a scheme over S with dim(Y") < n, then [Y/S5] lies in the subgroup
of Ky(Var/S) generated by the [X/S] as above. This follows from the following
observations:

i) Every Y has a cover by locally closed subsets that are affine and irre-
ducible.

ii) If Y an irreducible closed subset of A% and Y is its closure in P%, then
dim(Y \Y) < dim(Y) and

[Y/S) = [V/8] + [(¥ < Y)/5].
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iii) Given a projective morphism Y — S, with Y an integral scheme, by
Hironaka’s theorem we have a projective morphism f: Y — Y that gives
a resolution of singularities of Y. If U is a nonempty open subset of ¥
such that f~1(U) — U is an isomorphism, then

[Y/S]=[Y/S] - [f (Y \U)/S] + (Y ~U)/S]

and dim(Y \ U), dim (f~1(Y N\ U)) < dim(Y).
A deeper result due to Bittner [Bit04] says that the relations between the
above generators are generated by relations of the form

[X/S] - 12/5) = [X/S] - [E/S)],

where X — S is a projective morphism, with X a smooth variety, Z is a smooth
subvariety of X, and Y — X is the blow-up along Z, with exceptional divisor E.
The main ingredient in the proof of this result is the Weak Factorization Theorem
[AKMWO02].

The Grothendieck group of algebraic varieties is a nice abstract construct, but
it is quite hard to extract information from it. One way to do this is via Euler-
Poincaré characteristics: these are ring homomorphisms Ko(Var/S) — A, where A
is a ring (typically easier to understand). We only discuss briefly a few examples.

ExAMPLE 5.61. If k is a finite field, then we have a ring homomorphism
Ky(Var/k) — Z that maps [X] to |X (k).

EXAMPLE 5.62. If k = C, then we have the usual topological characteristic
2 dim(X)
(5.11) Ko(Var/C) = Z, [X]~x'P(X™)= > (-1)'dimc H'(X™,C).
i=0
Recall first that the usual Euler-Poincaré characteristic agrees for complex algebraic
varieties with the Euler-Poincaré characteristic with compact supports (see [Ful93,
p. 141-142]):
2 dim(X)
X'P(X) = xEP(X) = ) (—1)'dime H(X™, C).
i=0

If Y is a closed subscheme of X and U = X \Y, then we have a long exact sequence
for the cohomology with compact supports:

.. = H(U™ C) — H{(X™,C) - H:(Y™ C) —» HT' (U™ C) - ....

This implies that indeed, we get a group homomorphism as in in (5.11). The
fact that it is a ring homomorphism follows from the definition and the Kiinneth
theorem.

We next turn to the main topic of this chapter, the motivic zeta function of
Denef and Loeser [DL98| From now on we assume that the ground field k is alge-
braically closed, of characteristic 0. LetX be a smooth variety over k, of dimension
n. If C C X (k) is a locally closed cylinder, we define px(C) € Kq(Var/X)[L™!]
as follows. By assumption, there is m € Z>( and a locally closed T' C X,, such
that C' = +,,}(T). In this case we put

px(C) = [T/X] - L=+ ¢ Ko (Var/ X)L}
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Note that by Proposition 5.23, for every p > 0, the morphism <p;ll+p7m(T) - T
is locally trivial, with fiber AP™  hence Corollary 5.59 implies [w;nlﬂ,’m(T)/X] =
[T/X]-LP" and we see that the definition of ux (C) is independent of the choice of
m.

REMARK 5.63. It follows from the definition of px and Lemma 5.58 that if
C=CiU...uC, and C,CY,...,C, are locally closed cylinders in X (k), then

px(C) = ZMX(Ci)-

DEFINITION 5.64. Let X be a smooth variety and Y a proper closed subscheme
of X. The motivic zeta function of Y is

Zy :/ L—oordy = Z px (Cont™ (Y))L™*".

Xoo m>0

We note that this is an element in R[T7], where R = Ko(Var/X)[L™!] and T = L~*
is a variable (the symbol L~* is due to the analogy and connection with Igusa’s
p-adic zeta function, but it also makes certain formulas look better). More gener-
ally, suppose that W is another proper closed subscheme of X, with Supp(W) C
Supp(Y). We then define the motivic zeta function of (Y, W) to be

Zyw :/ L—sordy —ordw Z px (Cont™ (V') N Cont™2 (W)L~
Xoo my,ms>0

Note that since Supp(W) C Supp(Y), if Iy and Iy are the ideals defining the

two subschemes, then there is ¢ such that I C Iy. This implies that ordy <

q - ordy, hence for every my > 0, there are only finitely many msy > 0 such that
Cont™ (Y) N Cont™? (W) # (. Therefore Zy w is a well-defined element of R[T].

This definition satisfies the following transformation rule with respect to smooth
blow-ups (this is, in fact, the reason for introducing the more general Zy ).

PROPOSITION 5.65. Let X be a smooth variety over k, and let Y and W be
proper closed subschemes of X, defined by the ideals Zy and Zy,, respectively, with
Supp(W) C Supp(Y). If Z is a smooth subvariety of X, with Z C Supp(Y’), and if
f: X' — X is the blow-up along Z, then

Zyw = Zy'w,
where Y is defined by Zy - Oxs and W' is defined by Zy - Ox/(=Kx//x).
PROOF. We may and will assume that codimy(Z) = r > 2, since otherwise

the assertion is trivial. Note that if F' is the exceptional divisor of f, then Kx//x =
(r — 1)E (see Example 2.19). By hypothesis, we have Z C Supp(Y’), hence

Supp(W') = f~*(Supp(W)) U E C Supp(f~'(Y)) = Supp(Y”).

Therefore Zy- w is well-defined.
Note that since Z C Supp(Y'), for every m > 0, we have

Cont™(Y) C U Cont’(Z).

0<i<m
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It follows that for every mi,ms > 0, we get a disjoint decomposition with only
finitely many nonempty terms into locally closed cylinders

Cont™ (Y) N Cont™* (W) = I_I Crymse,ay  Where
a>0
Ciny ma.a = Cont™ (Y) N Cont™?(Z) N Cont®(Z).

Note that for every my, meo, and a, we have
F (Comymy.a) = Cont™ (V') N Cont™2+ =11y 0 Cont®(E).

Furthermore, it follows from Proposition 5.37 that if m > 0, then the induced
morphism

1/};’,5 (fozl(cml,mz,a)) — wri(cmhnw,a)
is locally trivial, with fiber A"=1% hence Corollary 5.59 implies

pxe (fo_ol (le,mz,a)) = NX(le,mz,a) : L(T_l)a.
We thus conclude that

Zy,w = Z 15 (Contml Y)n COnt"lz(W))L_mls—Wn

mi1,m2>0

= Z 125¢ (C'rnl,mz,a)LimlSimz

mi,mz,a=0

= > px(Cont™ (Y') N Cont™ =D (1W') N Cont®(E))L~ms~m2(r=1e

mi,mz,a=0

= Z mxr (Contml (Y/) n Contq(W/))L_mls_q = ZY/7W/.
mi1,q

]

We can now prove the rationality of the motivic zeta function Zy (and, more
generally, of the motivic zeta function Zy ). Note that by (a strong form of)
Hironaka’s theorem on resolution of singularities, if Y and W are proper closed
subschemes of X, defined by the ideals Zy and Zy, respectively, with Supp(W) C
Supp(Y'), there is a log resolution of the pair (X,Zy - Zy) given by a composition
f of morphisms

X = Xn N xy e x Dy x = x,

where for each 7, with 1 < ¢ < N, the morphism f; is the blow-up along a smooth
subvariety of X;_; that lies inside the inverse image of Y. Given such a log resolu-
tion, we write

d

d d
(512) fﬁl(Y) = ZaiEi, fﬁl(W) = Z szu and KX’/X = Z klEl
i=1

=1 i=1

For every subset J C {1,...,d}, we put ES =(,.; Ei \ UieJ E;.
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THEOREM 5.66. If X is a smooth n-dimensional variety and Y and W are
proper closed subschemes of X, with Supp(W) C Supp(Y'), then the motivic zeta
function Zy w is rational, that is, it lies in R(T'). In fact, with the above notation
for a log resolution, we have

L—ais—(krf—bri-l)(L _ 1)

(5.13) Zyw =L"- > [E5/X]-]] T T eeny
JC{1,...,N} icJ

PROOF. Arguing by induction on N, using Proposition 5.65, we easily see that
Zy,w = Ly wr,

where Y is the subscheme of X’ defined by Zy - Ox, and W' is the subscheme of
X' defined by Zz - Ox/(—Kxs/x). It is then clear that in order to prove formula
(5.13), we may assume that X’ = X and that

d d
Y = ZaiEi and W = Z biE;,
i=1

i=1
are simple normal crossing divisors, with all a; > 0. Note that for every m; > 0,
we have a finite decomposition

Cont™ (V) = |_| Cont”(E),
> aivi=m
where the union is over those v = (v1,...,v4) € Z%, such that >, aivy = mq, and

where Cont”(E) = (), Cont” (E;). Of course, we have Cont”(E) C Cont®™ (W),
where b(v) = >, bjv;. Therefore it follows from Remark 5.63 that for every
mi, mg > 0, we have

(5.14) px (Cont™ N Cont™2 (W) = Z,uX(Cont”(E),

where the (finite) sum is over those v = (v;) with ). a;v; = my and ), biv; = mo.

We next compute px (Cont”(E)). Let supp(v) := {i | v; > 1} € {1,...,d} and
lv| :=3", v;. Note that if supp(v) = J, then o (Cont”(E)) C Ej. It is clear that if
m > max;{v;}, then Cont”(E) = 1.} (1, (Cont”(E))). We claim that the induced
map ¥, (Cont” (E)) — EY is locally trivial, with fiber A™"= x (Al < {0})”‘.
The assertion is local on X, hence we may assume that we have an algebraic system
of coordinates x1,...,x, on X such that the divisors E; with ¢ € J are the ones
defined by (x;), with 1 < ¢ < |.J|. Note that by Remark 5.25 in this case we have an
isomorphism X,,, ~ X x (tk[t]/(t™+1)) " of schemes over X. Via this isomorphism,
Cont”(E) corresponds to

ES x {u=(u1,...,u,) € tk[t]/(¢™ ") | ord(u;) = v; for 1 <4 < |J|}

o m n—|J| m—v;
~ ES x (tk[t]/(t™1)) < I (A"~ {0}) x A=),
1<i<|J|
This easily gives our claim.
We thus get using (5.14) that

Iyw = Z Z X (Cont”(E))L_s 2 aivi=3; bivi

JC{1,...,N} supp(v)=J
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= Y Y (EYX) @ YL R S

JC{1,...,N} supp(v)=J

D INR 7R | (CEE ED DR Tt

JCc{1,...,N} ieJ vi>1

. Lt )
=L . Z [EJ/X] . H 1— L—ais—(bﬁ‘l) ’

JC{1,...,N} icJ
This completes the proof of the theorem.
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REMARK 5.67. A very interesting invariant that comes out of the motivic zeta
function Zy is the motivic Milnor fiber® of Denef and Loeser [DL98]. This is
obtained by expanding the rational function Zy in terms of T~! (instead of T =
L~7°) and taking the constant term in R. With the notation in Theorem 5.66, this

becomes

L Y -V [Ey/X].

JC{1,...,d}

6 Actually, the motivic Milnor fiber of [DL98] is associated to a hypersurface Y defined by
a regular function f € Ox(X). In that case, the motivic zeta function that one considers is a
refined version of the one that we discussed, which takes values in a Grothendieck ring of varieties

endowed with the action of a group of roots of unity.
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