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Abstract

We generalize to all normal complex algebraic varieties the valuative charac-
terization of multiplier ideals due to Boucksom—Favre—Jonsson in the smooth
case. To that end, we extend the log discrepancy function to the space of all real
valuations, and prove that it satisfies an adequate properness property, building
upon previous work by Jonsson and Mustatd. We next give an alternative defi-
nition of the concept of numerically Cartier divisors previously introduced by
the first three authors, and prove that numerically Q-Cartier divisors coincide
with Q-Cartier divisors for rational singularities. These ideas naturally lead
to the notion of numerically Q-Gorenstein varieties, for which our valuative
characterization of multiplier ideals takes a particularly simple form.
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1 Introduction

Multiplier ideal sheaves are a fundamental tool both in complex algebraic and
complex analytic geometry. They provide a way to approximate a “singularity
data,” which can take the form of a (coherent) ideal sheaf, a graded sequence of
ideal sheaves, a plurisubharmonic function, a nef b-divisor, etc., by a coherent
ideal sheaf satisfying a powerful cohomology vanishing theorem. For the sake
of simplicity, we will focus on the case of ideals and graded sequences of ideals
in the present paper.

On a smooth (complex) algebraic variety X, the very definition of the
multiplier ideal sheaf J (X, a¢) of an ideal sheaf a C Ox with exponent ¢ > 0 is
valuative in nature: a germ f € Oy belongs to J(X, a°) iff it satisfies

v(f) > cv(a) — Ax(v)

for all divisorial valuations v, i.e., all valuations of the form v = ordg (up to
a multiplicative constant) with E a prime divisor on a birational model X’,
proper over X. Further, it is enough to test these conditions with X’ a fixed
log resolution of a (which shows that 7 (X, a¢) is coherent, as the direct image
of a certain coherent fractional ideal sheaf on X”). Here we have set as usual
v(a) 1= minge,, v(f) with x = cx(v) the center of v in X, and

Ax(V) =1+ ordE (KX’/X)

is the log discrepancy (with respect to X) of the divisorial valuation v.

The multiplier ideal sheaf J(X, al) of a graded sequence of ideal sheaves
e = (ap)mey is defined as the stationary value of J(X, a5/™) for m large and
divisible, but a direct valuative characterization was provided in [6] in the
2-dimensional case, in [3] for all non-singular varieties, and in [7, 8] for the
general case of regular excellent noetherian Q-schemes. More specifically, for

each divisorial valuation v, subadditivity of m — v(a,,) allows us to define
v(a,) := lim m™'w(a,,) = infl m~'v(a,,)
m—oo m>
in [0, +00). By [3], a germ f € Ox belongs to J (X, a¢) iff there exists 0 < £ < 1
such that
v(f) Z (¢ + ev(a.) — Ax(v)

for all divisorial valuations v.! In other words, the latter condition is shown
to imply the existence of m > 1 such that v(f) > cm™'v(a,,) — Ax(v) for all
divisorial valuations v.

! In statements of this kind, if f is a germ at x € X, it is implicitly understood that we are only
considering those v such that x € {cx(v)}, so that we can make sense of v(f).
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Valuation spaces and multiplier ideals on singular varieties 31

The definition of multiplier ideals was extended to the case of an arbitrary
normal algebraic variety X in [5]. If A is an effective Q-Weil divisor on X such
that Kx + A is Q-Cartier (i.e., an effective Q-boundary in MMP terminology),
the log discrepancy function A a) is a by now classical object (see, e.g., [11]).
It allows us to define the multiplier ideal sheaf 7 ((X, A); a) just as before for
an ideal sheaf a c Oy, and then J ((X, A); af) for a graded sequence of ideals
a, as the largest element in the family J((X, A); af,{m). It is proven in [5] that
there is a unique maximal element in the family of ideals J((X, A); al) with
A ranging over all effective Q-boundaries, which coincides with the multiplier
ideal J (X, aS) as defined in [5].

Note in particular that J(X,0Ox) = Oy iff there exists an effective
Q-boundary A such that the pair (X, A) is kit — which simply means that X itself
is log terminal when X is already Q-Gorenstein (i.e., when Ky is Q-Cartier).

In order to give a direct valuative description of these generalized multiplier
ideals, one first needs to provide an adequate notion of log discrepancy for a
divisorial valuation. As in [5], this is done by setting for v = ordg with E a
prime divisor on a birational model X’ proper over X,

Ax(v) := 1+ ordg(Ky) — lim m™" ordg Ox (-mKx),

where Ky is now an actual canonical Weil divisor on X (as opposed to a linear
equivalence class), K- is the corresponding canonical Weil divisor on X’, and
Ox (—-mKy) is viewed as a fractional ideal sheaf on X. The definition is easily
seen to be independent of the choices made.

Our first main result is as follows:

Theorem 1.1 Let a, be a graded sequence of ideal sheaves on a normal
algebraic variety, and pick ¢ > 0. For every closed subscheme N C X contain-
ing both Sing(X) and the zero locus of a; (and hence of o, for all m) and every
0<e< 1, we have

JX, Q) ={f € Ox [ (f) 2 c¥(as) = Ax(v) + ev(Zy)

for all divisorial valuations v},
with I'y C Oy denoting the ideal sheaf defining N.

The key point in our approach is to construct an appropriate extension of
Ay to the space Valy of all real valuations on X, and to prove that it satis-
fies an adequate properness property, building upon [8]. Once this is done,
the last ingredient is a variant of Dini’s lemma. The argument will also
prove:
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Theorem 1.2 Let a, be a graded sequence of ideal sheaves on a normal
algebraic variety, and pick ¢ > 0. Then

J X, al) ={f € Ox | v(f) > cv(a,) — Ax(v) for all real valuations v} .

In the special case a, = Oy, this last result shows that there exists an
effective Q-boundary A with (X, A) kit iff Ax(v) > 0 for all nontrivial real
valuations v. When X admits an effective Q-boundary A with (X, A) log canon-
ical, one easily sees that Ay > 0. However, the converse already fails in
dimension three, as was shown recently by Yuchen Zhang for a normal isolated
cone singularity [16].

In the last part of this paper we will provide an alternative approach to
the notion of numerically Cartier divisors introduced in [2]. A Weil divi-
sor on X is said to be numerically (Q-)Cartier if it is the push-forward of
a m-numerically trivial (Q-)divisor for some (equivalently, any) resolution of
singularities 7: X’ — X. This naturally leads to the definition of a group
of numerical divisor classes Clyn,(X), defined as the quotient of the group
of Weil divisors by numerically Cartier divisors. We prove that the abelian
group Cly,(X) is always finitely generated. The Q-vector space Clym(X)g
is trivial when X is either Q-factorial or has dimension two, thanks to Mum-
ford’s numerical pull-back. Building on an argument of Kawamata, we further
prove that every numerically Q-Cartier divisor is already Q-Cartier when X has
rational singularities.

We say that X is numerically Q-Gorenstein when Ky is numerically
Q-Cartier. This means that for some (equivalently, any) resolution of singular-
ities m: X’ — X, Ky is m-numerically equivalent to a m-exceptional Q-divisor,
which is necessarily unique, and denoted by KYy,%. It is related to the log
discrepancy function by

Ax(ordg) = 1 + ordg (K}}“}})
for all prime divisors E C X’. As a consequence of Theorem 1.1, we show:

Theorem 1.3 Assume that X is numerically Q-Gorenstein, and let a C Ox
be an ideal sheaf. Let also n: X' — X be a log resolution of (X, a), so that
n'a- Oy = Ox/(=D) with D an effective Cartier divisor. For each exponent
¢ > 0 we then have

(@) = 7.0x (TKR - cD1).

In dimension two, this result says that the multiplier ideals introduced in [5]
agree with the numerical multiplier ideals defined using Mumford’s numerical
pull-back.
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Valuation spaces and multiplier ideals on singular varieties 33

Since the underlying variety of any klt pair has rational singularities,
Theorem 1.3 applied to a = Oy yields:

Corollary 1.4 Let X be a normal algebraic variety. The following conditions
are equivalent:

(a) X is Q-Gorenstein and log terminal;
(b) X is numerically Q-Gorenstein and Ax(ordg) > 0 for all prime divisors E
on some (equivalently, any) log resolution X" of X.

2 Valuation spaces

Throughout this paper we work over the field C of complex numbers. In this
section we review some properties of valuation spaces, mostly following [8].

2.1 The space of real valuations

Let X be an algebraic variety. By a valuation on X we mean a real-valued
valuation v on the function field of X that is trivial on the base field and admits
a center on X. Recall that the latter is characterized as the unique scheme point
cx(v) = £ € X such that v > 0 on Ox¢ and v > 0 on its maximal ideal. We
denote by Valy the space of valuations on X, endowed with the topology of
pointwise convergence.

The trivial valuation, which is identically zero on all nonzero rational func-
tions, is the unique valuation on X centered at its generic point. Following [8],
we denote by

Valy, C Valy

the set of nontrivial valuations. Mapping a valuation to its center defines an

anticontinuous* map

cy: Valy - X.
Every prime divisor E over X (i.e., in a normal birational model X’, proper over
X) determines a valuation ordg € Valx given by the order of vanishing at the

generic point of E. A divisorial valuation is a valuation of the form v = ¢ ordg
for some prime divisor E over X and some ¢ € R}. We denote by

DivValy C Valy

the set of divisorial valuations.

2 That is, the inverse image of an open subset is closed.
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2.2 Normalized valuation spaces

For every (coherent) ideal sheaf a ¢ Oy and every v € Valy, we set as usual
v(a) := min {(¥(f) | f € acym) € [0, +00).

Definition 2.1 A normalizing subscheme is a (nontrivial) closed subscheme
of X containing Sing(X). The normalized valuation space defined by N is

Valy := {v e Valy | v(Zy) = 1},
with 7y denoting the ideal sheaf defining N.
Note that
R% - Valy = {v € Valy | v(Zy) > 0} = ¢’ (N),

which is thus open in Valy and only depends on the Zariski closed set Nyeq. We
also clearly have
Valj, = U R - Valy, 2.1)
NcX
with N ranging over all normalizing subschemes.
The point of introducing this terminology is that the normalized valuation
space Valg admits a simple description as a limit of simplicial complexes.

Definition 2.2 A good resolution of a normalizing subscheme N C X is a
proper birational morphism 7: X, — X such that

e X smooth;

e 7 is an isomorphism over X \ N;

e 7' (N) D Exc(n) both have pure codimension one, and 77! (IV),eq is a simple
normal crossing divisor 3, E; such that E; := (e, E; is irreducible (or
empty) forall J c I.

Let 7 be a good resolution of N, and assume that E; as above is non-empty.
At its generic point 7, the normal crossing condition guarantees that any
choice of local equations z; € Ox,,, for E;, j € J yields a regular system
of parameters. By Cohen’s theorem we thus have

Ox.., = Cllz;, j € J1I,

with C(17;) denoting the residue field at 77;. To every weight w = (w;)es € Ri,
we associate the monomial valuation v, defined by

Vo (Z aaz“] := min {Z wia; | a, # O} . (2.2)

a€eN/
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Viewed as a valuation on X, v,, is called a quasi-monomial valuation. The con-
struction is independent of the choice of the local equations z;, j € J (see [8,
Sections 3—4] for more details).

Note that v,, € Valy iff 3} c; w; ordg (N) = 1. If we denote by A} Valy
the set of all normalized quasi-monomial valuations so obtained, then Af;’ isa
geometric realization of the dual complex of }; E;, i.e., the simplicial complex
whose vertices are in bijection with / and that contains one simplicial face oy
joining all vertices j € J for any subset J C I such that E; # 0.

Further, there is a natural continuous retraction

N. yal¥ N
rp: Valy — A7,

defined by letting r¥(v) be the unique monomial valuation taking the value
v(E;) on E;. Note that ¥ (v) belongs to the relative interior of the face o, with

Ji={jellex, ) eEj}.

If 7’ factors through 7 (in which case we write 7’ > ), then there is a natural
inclusion AY < AN We then have:

Theorem 2.3 ([1, 15])

Vall = UAQ,

where it runs over all good resolutions of N. More precisely, lim, Y (v) = v for
each v € Valy.

A subset o C Valy is said to be a face if o is a face of AY for some 7. A face
of Af;’ is also called a m-face, and it can be endowed with a canonical affine
structure induced from AY. A real-valued function on ValY is said to be affine
(resp., convex) on a face if it is so in terms of the variable w as in (2.2). We
say that a property holds on small faces if there exists & such that the property
holds on the faces of A, for all n/ > «.

2.3 Functions defined by ideals

Proposition 2.4 Let N C X be a normalizing subscheme and a C Ox be a
nonzero coherent ideal sheaf. Then:

(a) v — v(a) is a continuous function Valy — [0, +00), and concave on each
face of Valg ;

(b) for each good resolution it of N we have rY (v)(a) > v(a) on Valg.
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If N further contains the zero locus of a, and n is a good resolution of N
dominating the blow-up of a, then v — v(a) is affine on the faces of AY and
rf;’ W)(a) = v(a) on Val%. In particular, v — v(a) is bounded on Val%.

Proof The proof is basically contained in [3, 8]. We briefly recall the
argument. Using the same notation introduced in Section 2.2, a valuation cor-
responding to a point in a face o of some AY is parametrized by w = (w i) jel
with w; > 0 and } je; w;ordg,(N) = 1. For every local function f on X we
have v, (f) = min{}}; wia; | a, # 0} with fomr = 3, a,z®. Since w — v, (h)
is the minimum of a collection of affine functions, it is concave. It follows
that v(a) = min{v(f) | f € a} is a concave function of v € o. Moreover, if
N contains the zero locus of a and 7 dominates the blow-up of a, then this
function is affine on o

Finally, applying [8, Lemma 4.7] to a fixed resolution of singularities of X
shows that 7¥(v)(a) > v(a) for each valuation v, with equality if 7 dominates
the blow-up of a. This concludes the proof. O

More generally, recall that a graded sequence of ideals as = ()50 1S @
sequence of coherent ideal sheaves such that a,, - a, C a,,, for all m, n. We will
always assume that a; # 0, and hence «a,, # 0 for all m > 1. Since v(a,,) is a
subadditive sequence for each v € Valy, we can set

va.) = lim m "W(a,,) = inf m™"v(ay,).
m—co m>1
Proposition 2.4 generalizes to

Proposition 2.5 Let N C X be a normalizing subscheme and let © be a
good resolution of N. For any graded sequence of ideal sheaves ay = (0,)1m>0,
v - v(a,) defines an upper semicontinuous function Valy — [0, +00) such that

(a) v — v(a,) is concave and continuous on each face of Valg;
(b) r,’,\’(v)(a.) > v(a,) on Valg for each good resolution  of N.

Furthermore, if N contains the zero locus of a; (or, equivalently, of a,, for all
m), then v — v(a,) is also bounded on Vall,\('.

Proof Only the continuity on the faces is not a direct consequence of Propo-
sition 2.4. But since each face o of Valy is a simplex, it follows from an
elementary fact in convex analysis [13, Theorem 10.2] that v — v(a), being
concave and usc, is automatically continuous on o. O

Remark 2.6 As a consequence of [4, Theorem B], one can show the following
uniform Lipschitz property: assume that a given face o of Valg has the property
that the closure Z c X of the center of some (equivalently, any) valuation of
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the relative interior of o is proper over C. Then there exists C > 0 such that for
any graded sequence of ideal sheaves a, the function v — v(a,) is Lipschitz
continuous on o~ with Lipschitz constant < C ordz(as,).

3 The log discrepancy function

Throughout this section, X denotes a normal algebraic variety.

3.1 The log discrepancy of a divisorial valuation

Let Kx be a canonical Weil divisor on X, i.e., the closure in X of the divisor
of a given rational form of top degree on X.,. The choice of Ky induces on
the one hand a graded sequence of fractional ideal sheaves (Ox(—mKx)),,en»
and on the other hand a canonical Weil divisor Kx- for each birational model
X' of X.

Following [2, 5], we define for all m > 1 the m-limiting log discrepancy
function as the unique homogeneous function A;”) : DivValy — R such that

A% (ordg) = 1 + ordg(Kx:) — m™" ordg Ox(-mKx)

for each prime divisor E on a birational model X’. Here ordg(Kx ) simply
means the coefficient of E in Kx- viewed as a cycle of codimension one. The
definition is independent of the choices made, and the subadditivity of the
sequence ordg Ox(—mKy) shows that A;”) converges pointwise to a function
Ay : DivValy — R, the log discrepancy function, with Ax = sup,,,. | Ag'(") .

3.2 The log discrepancy of a real valuation

Theorem 3.1 There is a unique way to extend Ax and A;m) m=>1) 1t
homogeneous, lower semicontinuous functions Valy — R U {+co} such that
the following properties hold for each normalizing subscheme N C X:

(i) Ag") and Ay are convex and continuous on all faces of Val¥, and A;") is
even affine on small faces;
(ii) on Valg we have

AW =sup AV o and Ay = lim Ay o w,
s
where 1 runs over all good resolutions of N and rY: Valy — AY is the

corresponding retraction;

Downloaded from http:/www.cambridge.org/core. National Library of the Philippines, on 06 Oct 2016 at 09:41:56, subject to the Cambridge Core
terms of use, available at http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/CB0O9781107416000.004


http:/www.cambridge.org/core/terms
http://dx.doi.org/10.1017/CBO9781107416000.004
http:/www.cambridge.org/core

38 S. Boucksom, T. de Fernex, C. Favre, and S. Urbinati

(iii) for each a € R, {AEXI) < a} is a compact subset of Valy, and Ag;") converges
uniformly to Ax on this set.

Further, we have Ax = sup,, Ag?q) on Valy.

Remark 3.2 Combined with Remark 2.6, our proof will show that Ay is in fact
Lipschitz continuous on any face of Valg containing valuations with proper
center in X.

Remark 3.3 We do not know whether Ay > Ay o r,’y holds on Valg for m large
enough in general.

Theorem 3.1 will be proved by reduction to the smooth case. The next result
summarizes the required properties for X smooth, all of which are contained
in [8].

Lemma 3.4 Assume that X is smooth. Then Theorem 3.1 holds; further, if a,
is a graded sequence of ideal sheaves on X and N is a normalizing subscheme
containing the zero locus of a; (and hence of ,, for all m), m™'v(a,) — v(a,)
uniformly forv € {Ax < a}n Valg, foreach a € R.

Proof When X is smooth, properties (i) and (ii) of Theorem 3.1 follow
from [8, Proposition 5.1, Corollary 5.8]. The compactness of {Ax < a}is a
consequence of the Skoda—Izumi inequality, just as in the proof of [8, Propo-
sition 5.9]. By Dini’s lemma and the subadditivity of (v(a;;))men, the uniform
convergence is equivalent to the continuity of v — v(a,) on {Ax < a}, which is
[8, Corollary 6.4]. ]

Proof of Theorem 3.1 Uniqueness is clear: since the rational points of each
dual complex AY consist of divisorial valuations, Ay and Ag")
determined on AY by (i), and hence on Valg by (ii). By homogeneity, they are
also uniquely determined on

are uniquely

Valy = | _JRY - val.
N

In order to prove existence, we fix the choice of a projective birational mor-
phism p: X’ — X such that X" is smooth and y is an isomorphism over Xe,.

We claim that there exists a u-exceptional effective divisor D on X’ such that
the graded sequence of fractional ideal sheaves

a, = ' Ox(-mKy) - Ox(mKy) - Ox:(~=mD)
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is a sequence of actual ideal sheaves. To see this, it is enough to choose D such
that a; € Ox . But we may add a Cartier divisor Z to Ky so that Kx + Z is
effective. The divisorial part of the ideal sheaf

1 Ox(—Kx — Z) - Oy

coincides with Oy (-Kx» — u*Z) up to a u-exceptional divisor D, and we get
a; C Oy as desired for this choice of D.
Note that we have by definition

AV () = Ax () + V(D) — m™~'v(a,,)
and
Ax(v) = Ax (v) + v(D) — v(a,)

for all v € DivValy =~ DivValy. Using the canonical homeomorphism
Valy =~ Valy-, we can now use these formulas to define Ax and Ag;") on Valy.
Propositions 2.4 and 2.5 already show that Ay and Ag;") are homogeneous and
Isc on Valy. It remains to see that they satisfy (i), (ii) and (iii) of Theorem 3.1.

Let N ¢ X be a given normalizing subscheme. Each good resolution
X, > X of N = u~'(N) induces a good resolution 7 := u o ' of N
such that AY = AY, and the retractions 72 : Valy — AY and /' : Val}, — AY
identify modulo the canonical homeomorphism Valy, =~ Valy.

Since N’ contains the support of D and the zero locus of a;, Proposition 2.4
shows that v — v(D) — v(a,) is bounded and lower semicontinuous on Valg,' s
and continuous and convex on the faces of Valé\(’,' , while v = v(D) — m™'w(a,,)
is affine on small faces. It follows that Ay and Ag") satisfy (i).

Now pick a € R, and set for simplicity

K :=1{AY <a)nVal}.

Since v(D)—v(a;) is bounded for v € Val¥, K is contained in {Ax < @’} ﬁVall)}’,/
for some a’ € R, and hence is compact by Lemma 3.4 and the lower semicon-
tinuity of Ag(l). Lemma 3.4 also shows that m~'v(a,,) — v(a,) uniformly for
v € K, which proves (iii).

Letv € Valg. If Ax(v) is finite, then so is Ay/(v), and rf;’,'(v) stays in the
compact set

{Ax < Ax (1) N Valy,
since Ay > Ay o rfr\’ For each m fixed we have, by Proposition 2.4,

V(@) = Y (V) ()
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for 7’ large enough, which proves that Ag;") satisfies (ii). By uniform
convergence of m~'v/(a,,) to v/(a,) for v/ € {Ax < Ay ()} N Valg,/ , we infer

v(a.) = lim  ()(al),

so that Ay satisfies (ii) on the locus of Valg where it is finite. If now v € Valg
has Ax(v) = +o0, then

lim Ay (r) (v)) = Ax/(v) = +00,

while rf;f/(v)(a.) remains bounded, and we thus get (ii) at v as well. The same
argument also proves the last assertion of Theorem 3.1. O

4 Valuative characterization of multiplier ideals

4.1 Multiplier ideal sheaves

We briefly recall the definition of multiplier ideals in the context of a normal
variety, as introduced in [5]. We follow the presentation of [2, Section 3], which
is phrased in the language of b-divisors, and therefore closer to our present
valuative point of view. Indeed, it suffices to recall that a b-divisor is nothing
but a homogeneous function on DivValy, with the extra property that it is non-
zero on only finitely many prime divisors of X (and hence on every model X’
over X, since X’ — X has only finitely many exceptional prime divisors).

If a ¢ Oy is a coherent ideal sheaf and c is a positive real number, the
m-limiting multiplier ideal sheaf of af is defined as

Tn(X, ) = {f € Ox | (f) > ev(a) - AY"(v) for all v € DivValy],

where A;") is the m-limiting log discrepancy function from Section 3. This

is a reformulation of [2, Definition 3.7], which is phrased in the equiva-
lent language of b-divisors. It is proved in [2] that 7,,(X, a) is actually
coherent.

We have 7,,(X,a%) C Ji(X, a°) whenever m divides [, and the multiplier
ideal sheaf J(X,af) can thus be defined as the unique maximal element of
the family (J,,(X, a®))men. By [2, Theorem 3.8], J(X, a¢) is also the largest
element in the family of “classical” multiplier ideals J((X, A); a®), where A
runs over all effective Q-Weil divisors on X such that Ky + A is Q-Cartier (so
that (X, A) is a pair in the sense of Mori theory).

More generally, when a, = (a,,)en is a graded sequence of (coherent) ideal
sheaves, the multiplier ideal (X, af) is defined as the maximal element of the
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family 7 (X, aﬁ,'{m) [2, Definition 3.12]. Equivalently, J (X, a$) is also the largest
element in the family 7, (X, aﬁq/m), cf. [2, Lemma 3.13].

4.2 Valuative characterization

Theorems 1.1 and 1.2 are restated together in the following result:

Theorem 4.1 Let X be a normal variety. Let a, be a graded sequence of
(coherent) ideal sheaves on X, and let ¢ > 0 be a real number. Then the
following two characterizations of the multiplier ideal sheaf J (X, aS) C Ox
hold:

(a)
JX,aQ) = {f € Ox | v(f) > cv(a.) — Ax(v) for all v € Valx};

(b) for every normalizing subscheme N C X containing the zero locus of a;
(and hence of a,, for all m) and every 0 < € < 1 we have

T X, Q) = {f € Ox [ (f) 2 ev(as) = Ax(v) + ev(I y)
for all v € DivValy}.

A key ingredient in the proof is the following simple variant of Dini’s
lemma:

Lemma 4.2 Let Z be a Hausdorff topological space, and let ¢,,: Z —
R U {+00} be a non-decreasing sequence of lower semicontinuous functions
converging to ¢. Assume also that each sublevel set {¢) < a} with a € R is
compact. Then inf; ¢,, — infz ¢.

Proof Note that inf ¢,, < infz @, just because ¢,, is non-decreasing. Assume
first that infz ¢ < +oo (which is the only case we shall actually use), and let
& > 0. Setting

K, = {¢m < iI%fqﬁ - 8}

defines a decreasing sequence of compact sets, by lower semicontinuity of ¢,,
and the compactness of sublevel sets of ¢;. Since

WDNsz{¢Sirzlf¢—s}=0,

it follows that K,, = @ for all m > 1, i.e., infz ¢,,, > infz ¢ — € for all m > 1.
In case ¢ = +oo, the same argument applies, fixing A > 0 instead of £ and
replacing K, with K, := {¢,, < A}. O
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Proof of Theorem 4.1 Let N C X be a normalizing subscheme containing the
zero locus of a;. Let also U c X be an affine open set and pick f € O(U). The
theorem will follow from the equivalence between the following properties:

(1) feJX Q)W)

i) v(f) > em™"W(a,,) — A(;")(v) on DiVVal% for all m large and divisible;
(i) v(f) > em™"v(a,,) — A(;")(v) on Val?} for all m large and divisible;
(iv) v(f) > ev(a,) — Ax(v) on Vall;

V) v(f) 2 cv(a,) — Ax(v) + € on Valll\]' for some 0 < £ <« 1;

(vi) v(f) = cv(a,) — Ax(v) + € on DivValll\} for some 0 < £ < 1;
(vii) v(f) = cv(a,) — Ax(v) + ev(Z i) on DivValy for some 0 < & < 1.

Let us first check ()&= (ii). Since U is affine, J(X, aJ)(U) is the largest ele-
ment in the family of ideals 7, (X, aﬁ;{m)(U ) of O(U), and (i) thus amounts to
v(f) > em™'W(a,) — AL (v) on DivValy for all m large and divisible, which
implies (ii). Conversely, (ii) implies (i) since for any v € DivValy centered
outside N D Sing(X) we have Ag;")(v) = Ax(v) > 0 (since U is smooth at the
center of v) while v(a,,) = 0.

Next, consider the functions ¢, ¢, : Valg — R U {+0o0} defined by

o) == v(f) — cv(a,) + Ax(v)
and
Bn(¥) 1= V() — em™ W(an) + AL ().

For each m fixed, Proposition 2.4 and Theorem 3.1 show that ¢,, is lower semi-
continuous, affine on small faces of Val%, and satisfies ¢, > ¢, © rf;’ for all
large enough. This shows that ¢,, > 0 on DiVVaIZ iff ¢,, > 0 on Valll\]’, i.e.,
(i) = (iii).

Further, each sublevel set {¢; < a} with a € R is compact by Theo-
rem 3.1, and Lemma 4.2 thus yields (iv)=(iii), while the converse follows
from Ay > Ag'(").

Since ¢ is lower semicontinuous and has compact sublevel sets, it achieves
its infimum on Val%, which proves (iv)&=(v). Next, (v) trivially implies (vi),
while the converse holds since ¢ is continuous on each dual complex AY and
satisfies ¢ = lim, ¢ o 7Y on ValY, again by Theorem 3.1.

As to (vi)&(vii), it holds because v(Z ) = —1 on Valg by definition of the
latter, while we have just as above v(f) —cv(a.) + Ax(v) —ev(Iy) = Ax(v) =0
on any v € DivValy centered outside N.

To get (b) in Theorem 4.1 from (vii), note that the ideals

{f € OW0) | v(f) = cv(a,) — Ax(v) + ev(Z y) on DivValy}

are independent of 0 < £ < 1, by the Noetherian property of O(U). O
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5 Numerically Cartier divisors

5.1 The group of numerical divisor classes

In this section, we provide an alternative and more concrete approach to the
notion of numerically Cartier divisors introduced in [2, Section 2].

As a matter of notation, we respectively denote by Car(X) and Z'(X) the
groups of Cartier and Weil divisors of a normal variety X. We define the local
class group of X as

Clipe(X) := Z'(X)/ Car(X).

By definition, Cl,.(X) is trivial iff X is (locally) factorial. Since the usual divi-
sor class group CI(X) is defined as the quotient of Z!(X) by the subgroup of
principal divisors, we have an exact sequence

0 — Pic(X) = CI(X) = Clie(X) — 0.

Remark 5.1 When X only has an isolated singularity at 0 € X, Cljo(X)
coincides with the divisor class group of the local ring Ox .

Definition 5.2 Let X be a normal variety.

(i) A Weil divisor D € Z1(X) is numerically Cartier if there exists a reso-
lution of singularities u: X’ — X (i.e., a projective birational morphism
with X’ smooth) and a u-numerically trivial Cartier divisor D’ on X’ such
that D = u,D’.

(i) We denote by NumCar(X) c Z'(X) the subgroup of numerically Cartier
divisors, and elements of NumCar(X)q C Z! (X")q are called numerically
Q-Cartier.

(iii) The group of numerical divisor classes of X is defined as the quotient

Cloum(X) := Z'(X)/ NumCar(X).

(iv) We say that X is numerically factorial (resp. numerically Q-factorial) if
Clpym(X) = 0 (resp. Clyum(X)g = 0).

By definition, Cly,n(X) is a quotient of Clj,(X), and it is in fact much
smaller in general. Indeed, as we shall see shortly, Cl,,n(X) is always finitely
generated as an abelian group.

In order to analyze further numerically Cartier divisors, we first show that it
is enough to work with a fixed resolution of singularities.

Proposition 5.3 Let u: X’ — X be a projective birational morphism.
(i) If X’ is factorial, every D € NumCar(X) can be written as D = u.D’ for a

unique u-numerically trivial D’ € Car(X’).
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(ii) If X' is Q-factorial, every D € NumCar(X)q is of the form D = y1, D’ for a
unique p-numerically trivial D" € Car(X")q.

In both cases, we set py,D = D" and call it the numerical pull-back of D.

Proof The kernel of u.: Z'(X') — Z'(X) is exactly the space of
p-exceptional divisors. By the negativity lemma, there is no nontrivial divisor
on X’ that is both u-numerically trivial and p-exceptional, which proves the
uniqueness part in both cases.

Now pick D € NumCar(X). By definition, there exists a resolution
(1’ X" — X such that D = p/D” for some y”’-numerically trivial D” €
Car(X""). Since the pull-back of D" to a higher resolution remains relatively
numerically trivial, we may assume that y” dominates u, i.e., g’ = uo
p for a birational morphism p: X — X’. Since X’ is factorial (resp.
Q-factorial), D" := p.D” belongs to Car(X") (resp. Car(X")q), and D" — p*D’
is both p-exceptional and p-numerically trivial, hence trivial. By the projection
formula, it follows that D’ is y’-numerically trivial and D = u,D’. O

Corollary 5.4 With the same assumption as in Proposition 5.3, .. Z'(X') —
Z'(X) induces:

(i) an exact sequence of abelian groups
0 — Exc'(u) = N'(X"/X) = Clyum(X) — 0

if X' is factorial, where Exc' (u) is the (free abelian) group of u-exceptional
divisors and N' (X' /X) is the group of u-numerical equivalence classes;
(ii) an exact sequence of Q-vector spaces

0 — Exc'(u)g = N'(X'/X)g = Clym(X)g — 0
if X' is Q-factorial.
In particular, Clyym(X) is a finitely generated abelian group.

Proof The exact sequences in (i) and (ii) follow immediately from Propo-
sition 5.3. The last assertion is a consequence of the relative version of
the theorem of the base [10, p. 334, Proposition 3], which guarantees that
N'(X’/X) is finitely generated. O

Remark 5.5 As aspecial case of (ii) above, if X’ is Q-factorial and (E;) denotes
the p-exceptional prime divisors, then X is numerically Q-factorial iff for every
D’ € Car(X’) there exist a; € Q such that

[D’ + Za,-E,-] C=0 (5.1)
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holds for all curves C c X’ contained in a u-fiber.

Example 5.6 If X is an affine cone over a smooth projective polarized variety
(Y, L), then

Clipe(X) =~ Pic(Y)/ZL
and
Clyum(X) =~ NS(Y)/Zc(L).
In particular, X is numerically Q-factorial iff p(Y) = 1.

Example 5.7 Every surface is numerically Q-factorial. This is directly related
to the existence of Mumford’s numerical pull-back. Indeed, let u: X* — X be
a resolution of singularities, with exceptional divisor }}; E;. Since the intersec-
tion matrix (E; - E;) is negative definite, for D" € Car(X") we can find a; € Q
such that (5.3) holds for each curve C = E;.

Note that Cl,,,m(X) is however nontrivial in general, even for a surface.
For instance, it follows from Example 5.6 that Cl,,(X) = Z/2Z for an
A|-singularity.

Example 5.8 If X is log terminal in the sense of [5], i.e., if (X, A) is klt for
some effective Q-Weil divisor A, it follows from the current knowledge in the
minimal model program that there exists a small projective birational mor-
phism g : X’ — X such that X’ is Q-factorial. By (ii) of Corollary 5.4, we then
have N'(X’ /X)q = Clyum(X)g, which is thus trivial iff ¢ is an isomorphism.
In other words, X is numerically Q-factorial iff X is Q-factorial. Since X has
rational singularities, the previous conclusion will also follow from Theorem
5.11 below.

Let us now check that Definition 5.2 is indeed compatible with [2, Defini-
tion 2.26, Remark 2.27].% Since this result is not strictly necessary in the rest of
the paper, we simply refer to [2, Section 2] for details about the notions used.

Proposition 5.9 A Weil divisor D on X is numerically Q-Cartier in the sense
of Definition 5.2 iff

v(Ox(—mD)) = —v(Ox(mD)) + o(m) (5.2)
for all v € DivValy.

For each projective birational morphism u: X' — X with X’ Q-factorial, we

then have
num

lim m™ v (Ox(-mD)) = v (i, D) (5.3)

3 More precisely, numerically Q-Cartier divisors in the present sense correspond to numerically
Cartier divisors in the sense of [2].
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for all v € DivValy. In particular, the limit on the left-hand side is rational.
Proof In the terminology of [2, Section 2], (5.2) reads
Envy(—-D) = — Envx(D),

where Envy(D) is the nef envelope of D, i.e., the b-divisor over X characterized
by

v(Envx(D)) = lim m~'v (Ox(mD))
for all v € DivValy. Assume first that D € Z'(X) is numerically Q-Cartier.
Let u: X’ — X be a projective birational morphism with X’ Q-factorial and

set D’ := ur...D. The Cartier b-divisor D’ induced by pulling back D’ is then
relatively nef over X and satisfies 5;( = D, and hence

D’ < Envy(D)
by [2, Proposition 2.12]. Since -D is also relatively nef, we similarly get
-D’ < Envy(-D).
Summing up these two inequalities and using the trivial inequality
Envx(D) + Envx(-=D) < Envx(D — D) = 0,
we infer
Envy(D) = D

and
Envyx(-D) = -D,

which proves (5.2) and (5.3).

Conversely, assume that D € Z!(X) satisfies Envy(—D) = — Envy(D). By
[2, Lemma 2.10], it follows that D’ := Envx(D)x- € Car(X’)g is u-numerically
trivial. Since u,.D" = D belongs to ZI(X)Q and u, is defined over Q, the
injectivity of u, on u-numerically trivial divisors implies that D’ is in fact a
Q-divisor, and hence that D is numerically Q-Cartier with D" = u;, .. D. O

Remark 5.10 In particular, this result shows that the envelope Envx(D) of a
Weil divisor D € Z'(X) such that Envy(—D) = —Envy(D) is a Q-Cartier
b-divisor (the rationality of the coefficients being in particular not obvious
from the definition). In fact, the whole point of the present view is to high-
light the fact that the R-vector space of R-Weil divisors D € Z'(X)z with
Envy(—D) = — Envx(D) is in fact defined over Q.
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5.2 The case of rational singularities

In this section we prove:

Theorem 5.11 Let X be a normal variety with at most rational singularities.
Then

NumCar(X)g = Car(X)q,

i.e., a Weil divisor is numerically Q-Cartier iff it is Q-Cartier. In particular, X
is numerically Q-factorial iff X is Q-factorial.

The proof is inspired by that of [9, Lemma 1.1], which states that the
Q-vector space Zl(X)Q/ Car(X)q is finite dimensional when X has rational
singularities. We will need the following two results:

Lemma 5.12 ([14, Proposition 1]) A Weil divisor on a normal variety X is
locally Cartier at a point x € X iff its restriction to the formal completion of X
at x is Cartier.

Lemma 5.13 [fY is a (possibly reducible) projective complex variety, a line
bundle L on Y is numerically trivial, i.e., L - C = 0 for all curves C C Y, iff
ci(L) = 0in H*(Y, Q).

Proof When Y is nonsingular, the result is well known and amounts to
the Hodge conjecture for 1-dimensional cycles (which follows from the
1-codimensional case via the Hard Lefschetz theorem). However, we haven’t
been able to locate a reference in the literature in the general singular case; we
are very grateful to Claire Voisin for having shown us the following argument.
Letn: Y/ — Y be a resolution of singularities. Since n*L is also numerically
trivial, we have n*c;(L) = 0 in H2(Y’, Q), by the result in the smooth case. By
[12, Corollary 5.42], this means that ¢;(L) € W, H(Y, Q), where W, denotes
the weight filtration of the mixed Hodge structure. The problem is thus to show
that W, H(Y, Q) only meets the image of Pic(Y) at O.

To see this, note that there exists a morphism f: Y — Z to a smooth
projective variety Z such that L = f*M for some line bundle M on Z; indeed,
this is true with Z a projective space when L is very ample, and writing L as a
difference of very ample line bundles gives the general case, with Z a product
of two projective spaces.

Since f*: H*(Z,Q) —» H*(Y,Q)is a morphism of mixed Hodge structures,
it is strict with respect to weight filtrations, and we get

ci(L) € f*HXZ,Q N Wi HA(Y,Q) = f* (Wi H*(Z,Q)),

which is zero since Z is smooth. ]
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Proof of Theorem 5.11 Let u: X’ — X be a resolution of singularities and
let D’ € Car(X’) be u-numerically trivial. Our goal is to show that D := u.D’
is Q-Cartier. By Lemma 5.12, it is enough to show that every (closed) point
x € X has an analytic neighborhood U on which D*" is Q-Cartier.

The exponential exact sequence on the associated complex analytic variety
X'*" yields an exact sequence

RlﬂinOﬁRlﬂinO* —>R2/1*Z—>R2ﬂin0

of sheaves on X", where the two extreme terms coincide by GAGA with the
analytifications of Ry, O for ¢ = 1,2, and hence vanish since X has rational
singularities. We thus have an isomorphism

(©40), = (Rr2), = 1 (17 0.2).

where the right-hand equality holds by properness of " (which again follows
from (the easy direction of) GAGA). Since D’ has degree 0 on each projective
curve C C u~'(x), its image in H? (/J_] (%), Q) is trivial by Lemma 5.13. By the
above isomorphism, the image of D’*" in (R ! ,ui“O*)x ® Q is also trivial, which
means that D'*" is Q-linearly equivalent to 0 on (u*")~!(U) for a small enough

analytic neighborhood U of x. Since the morphism (u*")~!(U) — U is a proper
modification, it follows as desired that D*" is Q-Cartier on U. O]

5.3 Multiplier ideals in the numerically Q-Gorenstein case

Definition 5.14 A normal variety X is numerically Q-Gorenstein if Ky is
numerically Q-Cartier.

Given a resolution of singularities yu: X’ — X, Corollary 5.4 shows
that X is numerically Q-Gorenstein iff Kx- is y-numerically equivalent to a
p-exceptional Q-divisor, which is then uniquely determined and denoted by
K™™  In other words, we set

X'/X
Ky'lx = Kx' = plaum Kx-
By Proposition 5.9, for each prime divisor E € X’ we then have
Ax(ordg) = 1+ ordg (K%Y). (5.4)

Lemma 5.15 Assume that X is numerically Q-Gorenstein, and let N C X be
a normalizing subscheme. For each good resolution  of N, the log discrepancy
function A: Valy — R U {+c0o} is then affine on the faces of the dual complex
AY, and

Ax =supAyx o r,[;’
n
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on Valg, where 1 ranges over all good resolutions of N.

Proof Write

K;l,l?;( = KX/ - ﬂ-:ume = ZaiE,-

with a; € Q and E; m-exceptional and prime. Modulo the canonical homeomor-
phism Valy. ~ Valy, (5.4) yields

Ax() = Ax () + > av(Ey)

on Valy. Since X’ is smooth, Ax- is affine on the faces of AQ and satisfies
Ay > Ay > rf;’ . Since Proposition 2.4 shows that v — v(E;) is also affine on
the faces AY, and satisfies ¥ (v)(E;) = v(E;), the result follows. O

The next result is Theorem 1.3 from the Introduction:

Theorem 5.16 Assume that X is numerically Q-Gorenstein, and let a C Ox
be an ideal sheaf. Let also u: X' — X be a log resolution of (X, a), so that
u'a-Ox = Ox/(=D) with D an effective Cartier divisor. For each exponent
¢ > 0 we then have

J(X.a) = w.0x (TKyy — D).

Proof Let N be a normalizing subscheme containing the zero locus of a, and
pick a good resolution & of N factoring as m = u o p. Using Lemma 5.15 and
arguing as in the proof of Theorem 4.1, we easily get

J(X. o) = m.0x, (TK", — cD1).
Also, we have
Ky = 0" K% + Kxxs

since both sides of the equality are m-exceptional and m-numerically equivalent
to Ky, . Since Ky /x is effective and m-exceptional, we obtain as desired

7.0y, (TKy™, — eDY) = .0y (TK3™, — D).
O

Corollary 5.17 Assume that X is numerically Q-Gorenstein. Then X has log
terminal singularities (in the usual sense, i.e., with Kx Q-Cartier) iff Ax > 0
on DivValy.
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Proof By Theorem 5.16, we have Ax > 0 on DivValy iff J(X,0x) = Oy,
which is the case iff there exists an effective Q-Weil divisor A such that the pair
(X, A) is kit [5] (see also [2]). But this implies that X has rational singularities,
and Theorem 5.11 thus shows that Ky is Q-Cartier. Since (X, A) is klt, so is
(X, 0), which means that X is log terminal in the classical sense. O
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