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Abstract. Let L be a nef and big line bundle on a scheme X. It is well known that if X
is a projective over a field then the augmented base locus and the exceptional base locus
agree. This result is extended to projective schemes over arbitrary excellent Noetherian bases,
assuming the result holds in characteristic zero. In particular the result holds if the base is a
mixed characteristic Dedekind domain or if L is semiample in characteristic 0.

1. Introduction

The augmented base locus is well studied for schemes over a field. An important
characterisation, first noted for smooth varieties of characteristic 0 by Nakayame
[7], is that for a nef line bundle L the augmented base locus B (L) agrees with the
exceptional locus E(L).

Since then the result has been shown to hold for projective schemes over a field,
first in positive characteristic by Cascini-M°Kernan-Mustati [2], and then for R-
divisors over any field by Birkar [1]. Similar results are given for non-nef divisors
in [4] and for Kdhler manifolds in [3].

We make use of methods developed in [9] together with ideas from the positive
characteristic proof to show that B (L) = [E(L) for a nef line bundle on a projective
scheme over an excellent Noetherian base, so long it holds true on the characteristic
zero part the scheme. In particular the result holds in the following cases.

Theorem 1.1. (Corollary 4.8) Let X be a projective scheme over an excellent
Noetherian base S with L a nef line bundle on X. Suppose that one of the fol-
lowing holds:

1. Sg has dimension 0;
2. L|x, is semiample;

Then B4 (L) = E(L).

We also extend the semiampleness result of [9] to show that there is an equality
of stable base loci when the characteristic 0 part is semiample.
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Theorem 1.2. (Corollary 3.5) Suppose that X is a projective scheme over an excel-
lent Noetherian base with L a nef line bundle on X. Then SB(L) = SB(L|g(z)) so
long as L|x, is semiample.

2. Preliminaries

We will work exclusively with line bundles. Since the schemes we work with
need not be normal, line bundles are not the same as Cartier divisors, however we
typically use the traditional notation for divisors as we still sometimes treat line
bundles as Cartier divisors when appropriate. That is we write the tensor product of
L,L as L+ L', L®F is often written kL and given f : ¥ — X, then f*L = L|y
is often written Oy (L), including for Y = X, f = id.

Since the questions considered are local on the base, it suffices to work only
with affine bases. In particular, for notational simplicity, H i (X, L) will often be
used to denote the higher derived pushforwards of L by X — S.

Definition 2.1. Let L be a line bundle on a projective Noetherian scheme X over
some Noetherian scheme S. Then base locus is given as

BL) = () ZOre
seHO(X,L)

where Z(s) is the zero set of s equipped with the obvious scheme structure. The
stable base locus is then

SB(L) = ﬂ B(mL).

m=>0

Fix an ample line bundle A. The augmented base locus is given as

B, (L) = ﬂ SB(mL — A)
m>0
and is independent of the choice of A.

We could also write

B (L) = ﬂ SB(mL — A)

A ample, m>0

for a definition that involves no choice of ample line bundle. By Noetherianity if
we choose m sufficiently large and divisible then in fact By (L) = SB(mL — A).

Definition 2.2. Let L be a line bundle on a projective scheme X. The exceptional
locus, EE(L), is the union of integral subschemes on which L is not big.

The previous two definitions are invariant under scaling by n € N>¢ and line
bundles will frequently be replaced with higher multiples.
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Theorem 2.3. [9][Theorem 1.10] Suppose that X is a projective scheme over an
excellent Noetherian base S and L is a nef line bundle on X. Then if L|x,,, and
L|xq are semiample so too is L.

Theorem 2.4. [6][Theorem 1.5] Let X be a projective scheme over a Noetherian
ring, A an ample line bundle and F a coherent sheaf. Then there is some mq with

H X, FQA"Q@N)=0
foralli > 0,m > mg and all nef line bundles N

Lemma 2.5. [2][Lemma 2.2] Let X be an n-dimensional projective scheme over a
field k and L a line bundle on X. For every coherent sheaf F on X, there is C > 0
such that hO(X, FQL™ < Cm" foreverym > 1.

Lemma 2.6. Let X be a reduced projective scheme over a ring R and L, A line
bundles on X with A ample. Then for large m and general s € H*(X, mL — A)
and any irreducible component Y of X with L|y big we have Y ¢ Z(s).

Proof. Let f : X — § be the structure morphism. Suppose for contradiction that
f«Ox(mL — A) — f,Oy(mL — A) is the zero map for infinitely many m.

Let W be the union of the other components of X so that we have a short exact
sequence

0— Ox - Oy ®Ow — Oynw — 0

where Y, W are given the reduced subscheme structure. For convenience we write
Z=YNW
Tensoring and pushing forwards we get

0— f:O0x(mL — A) - f.Oy(mL — A) & f,Ow(mL — A) — f.Oz(mL — A)

In particular if f,Ox(mL — A) — f,Oy(mL — A) is the zero map, we must
have an injection f,Oy(mL — A) — f,Oz(mL — A).LetV = f(Y)and g =
fly : Y — V. Then we may view Oy (mL — A), Oz(mL — A) as sheaves on Y,
then there is a corresponding injection g,Oy(mL — A) — g,Oz(mL — A) since
the pushforward is left exact. Since Y is irreducible so too is V and hence we may
pull back to the generic point v of V.

Now we have that Y, is a projective scheme over K (V) of dimension say n.
Equally Z, is a closed subscheme of Y, of dimension at most n — 1. We now find
a contradiction by counting sections over K (V).

On the one hand we have an injection

HO(Y,, Oy,(mL — A)) < H%(Z,, Oz, (mL — A)),

which ensures that there is C > 0 such that h°(Y,,, Oy, (mL — A)) < Cm"~! for
every m > 1 by Lemma 2.5. On the other, kL|y, is big, and Y, is integral, thus
hO(Yv, Oy, (mL — A)) grows like m" by [1, Lemma 4.2]. This is a contradiction
and the result follows.
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Remark 2.7. When X is areduced scheme and X = XU X» (as topological spaces)
for closed subschemes X1, X» we have a short exact sequence

0— Ox - Ox, ®Ox, —» Ox,nx, = 0

as used above. In particular if L is a line bundle on X with sections s, s on X1, X»
respectively which agree on X N X then they glue to a section of L on X.

This is not the case when X is reducible. If X ; are given by ideal schemes /;
then it need not be the case that /1 N I = 0. However replacing /; with a higher
power we may suppose that this is the case, see for instance [Stacks, Tag 01YC].
In particular we may always choose subscheme structures such that the short exact
sequence

0— Ox — OX] @OXZ — Olexz — 0

still holds. When we work with components of a reducible scheme we can always
chose the subscheme structure in this fashion, and in particular we will always be
able to glue appropriate sections.

Lemma 2.8. [S][Proposition IV-21] Let X be a scheme and Z X a subscheme
withww: Y — X the blowup of X along Z. If f: X' — X is any morphism and we
write Z' = f~Z, then the closure W ofrr;,l (X'\ Z') inside X' xx Y is exactly
the blowup of X" along Z'.

Lemma 2.9. [Stacks, Tag 0808] Let X be a scheme. Let I C Ox be a quasi-coherent
sheaf of ideals. If X is reduced, then the blowup X' of X along I is reduced.

Together these tell us that "the blowup of the reduction is the reduction of the
blowup’. More precisely we have the following.

Lemma 2.10. Let X be a scheme and Z a proper closed subscheme of Xyeq. Let
7 . X' — X be the blowup of X along Z, viewed as a subscheme of X. Let Y be
the blowup of X,eq along Z, then we have isomorphisms

/ /
Y > X' Xx Xyea =X, 0y

Proof. First we observe that X' xx X,.¢ ~ X, ,. Indeedif f : Z — X'isa
morphism from a reduced scheme, then we have acompositiong = o f : Z — X.
And thus a unique induced morphism Z — X,.;. By definition this induces a
unique morphism Z — X’ x x X,.4 and hence X’ x x X,.q4 satisfies the universal
property of the reduced subscheme, ensuring that X’ x x X eq >~ X/ .

Now by Lemma 2.8 we have that Y is the closure of (X,.4\ Z) inside X' x x X;¢q.
However X,.4\ Z is adense subscheme and so Y is precisely the reduced subscheme

of X’ xx Xeq, but then in fact they are equal as X' x x X,.q is already reduced.

More abstractly one can argue that Lemma 2.10 holds by appealing directly
to the universal properties of the reduction, [Stacks, Tag 0356] and the blowup,
[Stacks, Tag 0806].
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Lemma 2.11. (Elimination of Indeterminacy by blowups) Let f : X --» Y be
a rational map of S schemes associated to an S-linear system |V| € H%(X, L)
without fixed part, then there is Z with maps ¢1 : Z — X, ¢ : Z — Y such that
¢7L = M + F for M a line bundle globally generated by ¢Y|V|. Here F > 0
is such that Oy (—F) is a line bundle, ¢1(F) = B|V| as reduced schemes and
¢ = f o ¢1. Further we may construct Z — X as a blowup of X.

Proof. Consider the following morphism of line bundles V ® L~! — Oy and let
7 be the image. Then Z ® L is the image of V @ Ox — L, in particular the support
of 7 is exactly B|V|.

Let 7 : Z — X be the blowup of X along Z. We then have 7 ~'7 - 07 =
Oz (—F) for some F an effective Cartier divisor. Hence we have

a* (VL) » Oz(—F) — Oy

where the first map is surjective by right exactness of the pullback functor. Tensoring
by 7 *L then gives the following.

a*(V®0O,) » a*L(—F) — n*L

In particular the line bundle in the middle, which we may write M is globally
generated by sections indexed by 7*|V| and we have M = n*L(—F) by con-
struction. Clearly 7 (F) is the support of Z, which is nothing but B|V|. Since M is
globally generated it defines a morphism ¢, 1= ¢z+v|: Z — Y andas ¢y := 7
is an isomorphism away from F the sections in 7 *|V | agree with those of |V | on
this locus. Hence ¢ agrees with f here, thatis ¢» = f o ¢ as required.

Lemma 2.12. Let X be an S scheme and let H be a very ample divisor on X. Sup-
pose that |V| € HY(X, H) is an S-linear system which induces a closed immersion
X — IE”‘S/.

Then for k sufficiently large we have that V®* = HO(X, kH).

Proof. Thought of as a subscheme of P, X is cut out by an ideal sheaf Z. Hence
we have

0— I®Opg(k) — O]Pé/(k) — Ox(kH) — 0.

Since H'(PV, T ® Opv (k)) = 0 for large k, we get a surjection
H(PY, Opv (k)) — H(X, kH).

However, the image of this map is precisely V ®* since we have HO(PY, Opv (k)) =
QL HOPY, Opv (1)).

Remark 2.13. They key point of this lemma is the following. Suppose we take |V|
as in Lemma 2.11 on X. Then we have a blowup ¢ : Z — X such that ¢}|V] is
basepoint free inside H%(Z, M). Take the induced morphism ¢»: Z — Y and let
H be the very ample divisor on Y induced by |V|. Then we have ¢5 H O(y,kH) C
¢}V |®F fork >> 1.
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This may not be true for k = 1, even without the resolution of indeterminacy.
Consider for example X = P! and L = Ox (4). If we take

Vi=<x* Xy, y'x, y* >
then we get an induced morphism X — 3. The image, Y, is not projectively normal
however, since X — Y is an isomorphism butdim |V | = 4 and dim H O(X,L)=5.

In this example k = 3 suffices.

3. Stable base loci

In this section we will examine the stable base locus of line bundles which are
semiample over Q. This is then applied to the case of a big and nef line bundle
restricted to its exceptional locus. We begin with an extension of [9, Theorem 1.10].
The proof follows the same structure, however more care is needed to keep track
of sections.

If L is a line bundle on X, semiample over Q, we would like to claim that
SB(L) = SB(L|x,,,)- If L|x,,, is semiample then this follows from [9, Thereom
1.10]. We would then like to prove the general case by blowing up the base
locus of L|y,,, and reducing to the case that the line bundle is semiample on
the reduction. Unfortunately if ¥ — X is a blowup then the pullback map
HYX,L) —» HO(Y,n*L) is, in general, neither injective nor surjective if X is
not integral. It is the lack of surjectivity that causes the issues, since we ultimately
wish to show the existence of sections on the original scheme.

Suppose for example X is the union of two normal projective schemes X1,
X>. Thenif 7 : ¥ — X is the blowup of X», the map factors through the closed
immersion X; <> X. Of course if L is a line bundle on X then H%(X, L) —
HO(X,, L|x,) x>~ HO(Y, n*L) is typically not a surjection.

The idea in [9, Thereom 1.10] is essentially to show that L is semiample by
producing a candidate morphism via pushout. Then one can lift sections back to L
by building them from suitable sections of L|x,,, and L|x, up to perhaps replacing
the line bundle with a higher power. The key remedy, then, is to show that if we
blow up the base locus of L|x,,, viaw : ¥ — X, we may build sections of 7*L
on Y using only those coming from X, .4 and Xg.

Theorem 3.1. Let S be an excellent, Noetherian scheme, take X a projective scheme
over S and L aline bundle on X. Writei : Xy.q — X forthe inclusion of the reduced
scheme. Suppose that L|x, is semiample. Then SB(L) = SB(L|x,,,)

Proof. We always have SB(L|y,,,) € SB(L) since we can pull back sections
of L, so it suffices to show the converse. We may also freely localise on S and
assume that it is an affine, Noetherian Z,) scheme. After replacing L with a suf-
ficiently high mulitple, we assume that SB(L) = B(L), SB(L|x,,,) = B(Llx,.,;)
and SB(L|XQ) = B(L|XQ) as reduced schemes.

Step 1: Blow-up the base locus.

Fix a generating set 5; of H*(X e, Ll|x,,,)- By Lemma 2.11 the blowup W —
Xreq along a subscheme Z eliminates the indeterminacy of L,.4, where Z =
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B(Llx,,,) = SB(L|x,,,) as reduced schemes. Let ¥ : ¥ — X be the blowup along
Z, viewed here a subscheme of X. Then the reduction of Y is Y;..q =~ W by Lemma
2.10.

Let F be the exceptional divisor and M = 7*L(—F). Note that since L is
semiample on X, we have that Yo = Xq and M|y, = L|x, under this identifi-
cation. We fix a generating set t; of of H O(YQ, M IY@), which induces a morphism
¢g: Yo — Z(’@.

By definition the basis s; of HO(X,ed, Llx,,,) nowinduces §; in HO(Y,ed, Mly,,,)
which globally generate the line bundle. These sections induce a morphism
Y @ Yreq — Z over S. Note that this may not be the same as the morphism
induced by the full basepoint free linear system H OYyed, M ly,.,) since we need
not have H°(Yyeq, Mly,,,) = H(X e, L|x,,,) when X is not irreducible.

We then have an induced morphism Zg — Z(’@ which is a finite universal
homeomorphism by [Stacks, Tag 020G]. We write § = nr*e +H 0(x, Llx,..) €
HOYyoq, M ly,..), which is generated by the §; by construction.

Now by [9, Theorem 1.7, Corollary 4.20 and Lemma 2.20], there is a
scheme Z’, a universal homeomorphism Z — Z’ and a line bundle H' on

Z such that the following diagram commutes at the level of line bundles.
(Y, M) ¢+——— (Yo, Mly,)

I l

(Y;'edv ]\/[|Yred,) A— (K'ed@’ M|Yred‘@)

l"l’ lﬁb@ 0

(ZVH) A — (ZQﬂH‘Z@)

| |

(2", H") «——— (Zg, H'|z)

Step 2: Find compatible sections.

Since ¢ is not induced by the full linear system on Y,.4, it need not be
the case that sections of H°(Z, H) pull back to sections inside the linear sys-
tem S C H°(Y,eq, Mly,,,) which defines y. By Lemma 2.12 however, we may
replace M, L, S, H, H' with higher multiples so that ¥*H(Z, H) < S. and
qb(BHO(Z/ , H’|Z@) C H°(Yg, Mly,). Taking further powers as needed, we may
suppose also that H' is very ample.

We fix u; a generating set for H0(Z’, H'), then let v; = u;|z and w; = u; | Zg-
By construction we have 7*v; C S so we can choose x; € H(X,cq, Ll|x,,,) with
m*x; = Y*v;. Similarly we have y; € H°(Xq. Llxy) = H(Xq, M|x,) with
¢6ti = y;. Since the above diagram commutes we have the following identifica-
tions.

7T*U[ |Yred<Q = W(E(ul |Zred,Q) =i |Yred,©

Since H’ is very ample the y; must generate a basepoint free linear system. Sim-
ilarly the ¢*v; are basepoint free on Y,..q. Thenas 7 ~': X --» Y is an isomorphism
away from SB(L|x,,,), the x; are basepoint free away from it also.
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Finally note that since HO(Xrgd’Q, lered,@) — HO(Yred,Q, M|Yred,Q) is an
isomorphism, we must have x; |Xm1,Q =i |X,ed_Q.

Step 3: Glue sections on the original scheme.

By [9, Proposition 3.5], we have the following commutative diagram.

HO(X7 L)perf HO(XQ7L|XQ)perf

| !

H®(Xrea, Llx,.,)P"" —— H(Xrea,@: LIx,0 o)

Hence we can again replace L with a higher power, and x;, y; with the cor-
responding multiples, such that there are r; € H 0(X, L) with rilx,.s = Xi and
rilxq = yi-Onceagain then L is globally generated by the r; away from SB(L|x,., ),
so we must have that SB(L) € SB(L|,,,) as claimed.

Remark 3.2. In principle the condition that L|x,, is semiample is not completely
necessary. The blowup of B(L|y,,,), w : ¥ — X induces an injection

H(Xlred.0: L1 x,000) = H'(Yred,0s L1Y000)

which is sufficient to allow us to glue sections on the base. Much more care must
be taken when replacing L with a higher power in this case, however, to ensure that
the pullback remains injective on the considered sections.

This would extend the result to the case that L|x, becomes basepoint free after
we blowup the base locus of L|y,,,. However, it is not clear how this condition
could be verified in practice.

We now consider the stable base locus of a big and nef line bundle on restriction
to its exceptional locus, under the assumption that the characteristic O part of the
line bundle is semiample.

Lemma 3.3. Let L be anefline bundle on X projective over an excellent Noetherian
base S with and D an effective Cartier divisor such that L(—D) is an ample line
bundle. If L|p, is semiample then

SB(L) =SB(L|p).

Proof. Clearly SB(L) C D as L is ample away from D and we have SB(L|p) C
SB(L) by restriction. Consider the following short exact sequence.

0— Ox(kL —mD) - Ox(kL) = Opup(kL) — 0
By Theorem 2.4, we may choose m >> 0 such that
H'(Ox,kL —mD =mA+ (k—m)L) =0

for k > m. Then by Theorem 3.1 and the semiampleness assumption, we have
SB(L|p) = SB(L|,,p) and may pick k >> m with SB(L|p) = B(kL|,p) as
reduced subschemes of X. In particular if P is any closed point of D, we may
find a section of kL|,p avoiding it, and then lift this to a section of kL. Thus
SB(L) " D € SB(L|p) and the result follows.
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Lemma 3.4. Suppose that X is a reduced projective scheme over an excellent
Noetherian base. Suppose that L, A are line bundles with L nef and A ample. Take
Z = Z(s) for some section s of L—A.If L| p, is semiample then SB(L) = SB(L|z).

Proof. Let Y| be the union of components of X contained in Z and Y> the union of
those not contained in Z. If either are empty the result is clear so suppose otherwise.
As in Remark 2.7, we give them a subscheme structure and replace L, A, s with
higher powers to ensure we may glue appropriate sections.

Let D =ZNY,and Ly, = Lly,. By assumption D is a Cartier divisor on >
with D = (L — A)|y,. As above we have

0 — Oy, (kL —mD) — Oy, (kL) = Oyp(kLy) — 0

and choosing k > m >> 0 this allows us to lift sections from kL»|,,p. We then
have B(kL|,z) = SB(L|nz) = SB(L|z) = B(kL|z) for large enough k by
Theorem 3.1. Now, given any section ¢ of kL|,,z we may restrict it to D and then
lift it to ¢" a section of kL. By construction ¢' agrees with t on D = Z N Y, and
since Y1 C Z it follows we may glue ¢|y, and ¢’. In particular then we must have
SB(L) N Z = SB(L|z), but since L is ample away from Z the result follows.

Corollary 3.5. Suppose that X is a projective scheme over an excellent Noetherian
base with L a nef line bundle on X. Then SB(L) = SB(L|g(r)) so long as L|x, is
semiample.

Proof. By Noetherian induction we may suppose that this holds on every proper
closed subscheme. By Theorem 3.1 we may suppose that X is reduced and then
we may also assume E(L) # X, else the result is trivial. Let X’ be the union of
components on which L is big and X” the union of those on which it is not.

Let A be an ample line bundle and s a general section of mL — A, then Z = Z(s)
must contain E(L). By Lemma 2.6 we have that Z # X, since s does not vanish
on any component of X’. Since E(L|z) = E(L) N Z = E(L) we must have
SB(L) = SB(L|z) = SB(L|g(z)) by the induction hypothesis.

4. Augmented base loci

This section considers the augmented base locus of a nef line bundle and its relation
to the exceptional locus. This is done largely under the assumption that they are
equal in characteristic 0, before showing this assumption is satisfied in two key
cases.

Lemma 4.1. Let X be a projective scheme, L a line bundle and A a very ample
line bundle. Then for m >> 0 large and divisible we have that

B, (L) = B(mL — A).

Proof. Certainly we have n suchthat B, (L) = SB(nL —A) and thus also B (L) =
B(nkL—kA) forlarge divisible k. Conversely however B(nkL —A) € B(nkL—kA)
as A is very ample. Since B (L) € B(nkL — A) by definition, taking m = kn
suffices.
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Lemma 4.2. Let X be a projective scheme over an excellent Noetherian base with
L a nef line bundle on X. If D is an effective Cartier divisor with L(— D) an ample
line bundle and B4 (L|xp) = B4+ (L|p) forall k > 0 then B, (L) = B4 (L|p).

Proof. Since D = L — A we must have that By (L) C D, and conversely
B (L|p) € B4 (L) since we may always pullback sections. It suffices to show
then that B4 (L) € B4 (L|p) and we need only check this on points inside D.

By taking multiples we may freely assume L — D = 2A for A very ample.
Consider the short exact sequence

0— Ox(k(mL — D — A)) > Ox(kmL —kA) - Orp(mkL — kA) — 0.

We have that H' (X, kmL —kD —kA) = H (X, (k—1)mL+kA) = 0fork >> 0
which we now fix and for all m > 0.

In particular we may lift sections from Oy p(mkL — kA) for any m > 0. By
assumption we have By (L|xp) = B4 (L|p) and so we have that B, (L|p) =
B((mkL — kA)yp) for sufficiently large and divisible m. Given this choice of m
we may lift sections avoiding B((mkL — kA)xp) and thus B4 (L) € B4 (L|p).

Lemma 4.3. Let X be a projective scheme over an excellent Noetherian base with L
anefline bundle on X and A an ample line bundle. If Z = Z(s) for some s a section
ofmL — Aand By (L|xz) =By (L|z) forallk > 1then B4 (L) =B, (L|2).

Proof. As above we need only prove that B (L) € B, (L|z). Let Y; the union
of components on which Z is non-zero and Y, the union of those on which it
is not. From above we may assume that Y| # @ else Z,¢y = X,eq and the result
follows. Let D = Z|y, and write L|y, = L', Aly, = A’. As in the proof of previous
theorem, after possibly replacing L, D with a multiples, we may find k such that
every section of (mkL’ — kA”)|;p lifts to one of mkL' — kA’'.

Similarly for n >> 0 sufficiently divisible we have B((nL — kA)|xz) =
B, (L|tz) = B4 (L|z) by assumption. Taking any section s of (mkL — kA)|rz,
we may restrict to a section on kD and then lift to s” a section of k(mL’ — A’). By
construction s|y,, s’ glue along Y1 N Y2 C D to give a corresponding section of
k(mL — A) and the result follows. We may perform this gluing by Remark 2.7.

Lemma 4.4. Let X be a projective scheme over an excellent Noetherian base with
L a nef line bundle on X. Suppose that B4 (L) = E(L) and that Z is closed
subscheme of X with E(L) C Z. Then B (L|z) = E(L|2).

Proof. Choose m > 0, and A ample on X with B4 (L) = B(mL — A) and
B, (L|z) =B((mL—A)|z). Then we have that B((imL — A)|z) C B(mL—-A)NZ
by restriction.

On the other hand, since E(L) € Z, we have that E(L|z) = E(L). Hence we
have that

B, (Llz) S B((mL — A)lz) SB(mL -A)NZ=EWL)NZ=E(L|z).

It is always the case that E(L|z) € B4 (L|z) and hence equality holds.
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Theorem 4.5. Let X be a projective scheme over an excellent Noetherian base S
with L a nef line bundle on X. Suppose that By (L|x,) = E(L|x,). Then in fact
B.(L) = E(L) = B4(LIx,,).

Proof. It is immediate that E(L) € B4 (L). Since E(L) = E(L|,,,) it suffices to
show only that B4 (L) € [E(L). We may assume therefore that E(L) # X and L is
big, or the result follows immediately.

The proof will be by Noetherian induction. So we assume that the result holds
on every proper closed subscheme of X. The question is local on the base, so we
may assume that § is a Zp) scheme for some p > 0. Note that by Lemma 4.4 we
have that E(L|x,,, o) = B+(L|x,.40)

Step 1: Find a non-vanishing section 7 of mL — A.

Take A ampleandm > OwithSB(mL—A) =B (L)andSB((mL—A)lx,,,) =
B, (L|x,.,)- Then we have E(L|x,,, o) = SB((mL — A) | X,eq,0) als0. Suppose first
that SB((mL — A)|XQ) # X@. Then there is some non-zero section t of mL — A
which does not vanish everywhere on X;.4.

Otherwise we have E(L) = SB((mL — A X 0q0) = Xred, that is

H°(Xreq,9. k(mL — A)|x,,y ) =0

for all k. Since E(L|yx,,,) = E(L) # X, L|x,,, is still big. Now by Lemma 2.6
there is a section s € H(X,eq, (L — A)lx,,,) which does not vanish on any
component on which L|y, , is big. In particular it does not vanish everywhere.
Then since HO(Xred,Q, (mL — A)|x,,s o) = 0 we may use [9, Proposition 3.5] to
lift s to a section ¢ of HO(X, p®(mL — A)) for some ¢ > 0 with tx,,, = sP°. After

replacing L and A with their peth powers, ¢ is precisely the non-vanishing section
we seek.

Step 2: Reduce to Z = Z(1).

By construction we have E(L) € Z, since B4 (L) € Z. By Lemma 4.4,
then, we have that B (L|xz,) = E(L|kzy) for k > 1, so the hypotheses of the
theorem are still satisfied by k Z. Hence by the induction hypotheses we may assume
B, (Llkz) =E(Llkz) =By(L|z,,) forallk > 1. Therefore we can apply Lemma
4.3 to deduce the result.

Remark 4.6. Itis not clear in what generality the assumptions of this theorem should
hold. Certainly if Sg is a field they hold by [1]. Even when Sg is of finite type over a
field however it is not known whether the condition holds. The arguments of [1] do
not hold in this relative setting as they rely heavily on certain cohomology groups
being vector spaces over a field. One possible remedy, when Sg is of finite type
over a field, is to find a suitable compactification and reduce to the case that X is
projective over a field.

Lemma 4.7. Let X be a projective scheme over an excellent base S. Suppose that
L is a semiample line bundle, inducing w : X — Y with 1,0x = Oy. Then we
have equalities

E(L) =B4 (L) = Exc(m)
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where Exc(m) is the union of closed, integral subschemes Z C X such that Z —
7 (Z) is not an isomorphism at the generic point.

Proof. The morphism 7 is proper and it’s own Stein factorisation. So by Zariski’s
Main Theorem [Stacks, Tag 03GW], Exc(rr) is precisely the complement of the
locus on which 7 is finite, or equally the locus on which it has finite fibres.

After replacing L with a multiple we have L = 7*A for some ample A on Y.

Take any hyperplane H on X, let Z = m,Ox (—H) be the ideal sheaf induced
on Y, so that we have m,(Ox (kL — H)) = Oy (kA) 1.

Suppose that x € X \ Exc(rr), then we may assume H does not contain x and so
the co-support of I does not contain 77 (x). Choose k >> 0 such that Oy (kA)® [ is
globally generated. Hence there is a section s € H%(Y, Oy (kA) ® Z) not vanishing
at w(x).

However by adjunction we have natural isomorphisms

HO(Y, Oy (kA)  T) ~ H(Y, 7. (Ox (kL — H))) ~ H*(X, kL — H).

The corresponding section s’ € H(X, kL — H) does not vanish at x by construc-
tion.

Hence we have inclusions [E(L) € B (L) € Exc(mr) and it remains to show
that Exc(mr) € E(L). More precisely it is enough to show that if V is any closed,
integral subscheme of X such that L|y is big then V. — (V) is generically an
isomorphism.

Suppose then that L’ = L|y is big, so we have a section s of kL' — A fork >> 0
and A ample on V. Since V is integral, by assumption, this induces an inclusion
Oy (A) — Oy (kL'). Now mty : V — 7(V) is generically an isomorphism if and
only if it is generically finite, and hence if and only if it’s Stein factorisation is so.
Therefore we may freely replace ry with its Stein factorisation and assume that ry
is induced by generating sections of kL’. Then the inclusion Oy (A) < Oy (kL')
ensures that wy is generically an isomorphism, completing the proof.

Corollary 4.8. Let X be a projective scheme over an excellent Noetherian base S
with L a nef line bundle on X. Suppose that one of the following holds:

1. Sq has dimension 0;
2. L|xQ is semiample;

Then B4 (L) = E(L).

Proof. By Theorem 4.5, it is enough to know B+(L|XQ) = E(L|XQ). In case (1)
this follows from [1, Theorem 1.3], since each connected component of X is
projective over a field. In case (2) this is the content of Lemma 4.7.

Acknowledgements This work was born from fruitful conversations with Fabio Bernasconi,
Federico Bongiorno, lacopo Brivio and Paolo Cascini. Thanks in particular to Fabio and
Paolo for their comments and advice on earlier drafts. I am also grateful to the EPSRC
for my funding. Thanks also to the referee for their careful reading of an earlier draft and
pointing out several issues with it.



The augmented base locus 635

Open Access This article is licensed under a Creative Commons Attribution 4.0 Interna-
tional License, which permits use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if changes were made.
The images or other third party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

Declarations

Conflict of interest On behalf of all authors, the corresponding author states that there is
no conflict of interest.

Data availability Data sharing not applicable to this article as no datasets were generated
or analysed.

References

[1] Birkar, C.: The augmented base locus of real divisors over arbitrary fields. Math. Ann.
368(3), 905-921 (2017)

[2] Cascini, P., McKernan, J., Mustatd, M.: The augmented base locus in positive charac-
teristic. Proc. Edinb. Math. Soc. 57(1), 79-87 (2014)

[3] Collins, T.C., Tosatti, V.: Kihler currents and null loci. Invent. Math. 202(3), 1167-1198
(2015)

[4] Ein, L., et al.: Restricted volumes and base loci of linear series. Am. J. Math. 131(3),
607-651 (2009)

[5] Eisenbud, D., Harris, J.: The Geometry of Schemes Graduate Texts in Mathematics, vol.
197. Springer, New York (2000)

[6] Keeler, D.S.: Ample filters of invertible sheaves. J. Algebra 259(1), 243-283 (2003)

[7] Nakamaye, M.: Stable base loci of linear series. Math. Ann. 318(4), 837-847 (2000)

[8] The Stacks Project Authors. Stacks Project. https://stacks.math.columbia.edu

[9] Witaszek, J.: Keel’s base point free theorem and quotients in mixed characteristic. Ann.
Math. 195(2), 655-705 (2022)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://stacks.math.columbia.edu

	The augmented base locus in mixed characteristic
	Abstract.
	1 Introduction
	2 Preliminaries
	3 Stable base loci
	4 Augmented base loci
	Acknowledgements
	References




