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Abstract

Let (X, B) be a pair, and let f: X — S be a contraction with —(Kx + B) nef over S. A conjecture, known
as the Shokurov—Kollar connectedness principle, predicts that f ~1(s) N NKIt(X, B) has at most two connected
components, where s € S is an arbitrary schematic point and Nklt(X, B) denotes the non-klt locus of (X, B). In this
work, we prove this conjecture, characterizing those cases in which Nklt(X, B) fails to be connected, and we extend
these same results also to the category of generalized pairs. Finally, we apply these results and the techniques to the
study of the dual complex for generalized log Calabi—Yau pairs, generalizing results of Kollar—Xu [Invent. Math.
205 (2016), 527-557] and Nakamura [Int. Math. Res. Not. IMRN 13 (2021), 9802-9833].
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1. Introduction

In birational geometry, one of the fundamental and most studied problems is the classification of
singularities. The study of singularities can be carried out either from a local viewpoint, that is,
considering a germ of a normal singularity x € X, or from a global one, considering a normal proper
variety Y. More often than not, though, we are led to consider more general frameworks: namely, in
the local case, we consider germs of a normal singularity x € X and an effective Weil divisor B with
coefficients in [0, 1], while in the global one, we consider log pairs (Y, B) (see Section 2.3 for the
precise definitions). The importance of this generalization is evident if, for example, one considers the
Riemann—Hurwitz formula for a proper finite map, cf. [27, Proposition 5.20], or when attempting to
extend the adjunction formula to the non-Gorenstein case, cf. [23, Chapter 16]. From the point of view
of the birational classification of algebraic varieties, and in particular, the Minimal Model Program, log
canonical singularities are the broader class of interest. Roughly speaking, log canonical singularities can
be characterized by the requirement that the pullback of a locally generating top-dimensional differential
form may only have poles of order at most one along the exceptional divisors of a log resolution, cf.
Section 2.3 for a more precise definition. It has been clear since the 1990s, through the work of Nadel
and many others, that the locus of maximal singularities, that is, the set of points that are dominated by
exceptional valuations along which poles of order one appear when pulling back a locally generating
top-dimensional form, features very important geometrical and cohomological properties that can be
used, for example, to construct and lift sections of log divisors from lower-dimensional subvarieties:
this type of technique is one of the fundamental tools in the Minimal Model Program and birational
geometry, at large. Such locus where the singularities are maximal is called the non-klt locus and,
therefore, it is of particular interest to study its structure.

Connectedness of the non-kit locus

In this work, we prove an optimal and general structure theorem for the non-klit locus of positively
curved pairs, which falls in the framework of the following connectedness principle.

Connectedness Principle. Let (X, B) be a log canonical pair. Let f: X — S be a contraction. If
—(Kx + B) is f-nef and f-big, then Nklt(X, B) is connected in a neighborhood of any fiber of f.

The original version of the connectedness principle dates back to [23, Theorem 17.4], which gen-
eralized a result of Shokurov, [34, 5.7], who proved the principle for antiample log canonical divisors.
Many more instances and generalizations of the principle have appeared throughout the years. Despite
its simplicity, this statement has many powerful applications: for example, inversion of adjunction (see
[23, Theorem 17.6], [21], and [15] for a more recent and general version) or the fact that log canonical
singularities are Du-Bois (see [26]), or yet again, the study of the geometry and boundedness of varieties
of Fano-type and complements (see [5, 18, 22]). Perhaps more surprisingly, the connectedness princi-
ple has also been used to study hyperbolicity questions related to the positivity of log pairs and even
foliations (see [35, 36]). We work with the following setup: we consider log pairs (X, B) together with
a contraction f: X — §, such that —(Kx + B) f-nef. Defining the auxiliary class My = —(Kx + B)
and considering the Cartier closure M of My, we obtain a generalized pair (X, B, M). This new pair
has the advantage of being a Calabi—Yau generalized pair, that is Kx + B + Mx ~g 0, a condition
that is maintained when taking a birational contraction of the space X; moreover, passing to the frame-
work of generalized pairs does not alter the non-klt locus. Using these data, we are reduced to studying
connectedness properties of the non-klt locus of generalized pairs of Calabi—Yau type. In this frame-
work, we are able to fully and explicitly describe the extent to which failure of the connectedness of
£~1(s) N NKlt(X, B) may be realized.

Theorem 1.1. Let (X, B,M)/S be a generalized pair and f: X — S be a projective morphism, such
that Kx + B+Mx ~q,r 0. Fix s € S, and assume that f=1(s) is connected but f~'(s) N Nklt(X, B, M)
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is disconnected (as k(s)-schemes). Then, [~ I(s) N Nklt(X, B,M) has exactly two connected

components. Moreover, taking a dit model f: (X, B,M) — S of (X, B,M), then

(1) (X,B,M)/S is generalized plt in a neighborhood of7_1 (s); and
(2) there are an étale morphism (s” € S') — (s € S) and a projective morphism T' — S’, such that
k(s) = k(s’) and (X, B,M) xs S’ is birational to a standard P'-link over T".

After the completion of this work, we learned that Birkar has also obtained a similar statement to
Theorem 1.1 using different techniques, [4].

In dimension 2, Shokurov proved that Theorem 1.1 for log Calabi—Yau pairs, that is, when Kx + B
is numerically trivial, [23, Proposition 12.3.1]; Prokhorov then settled the theorem, in general, for log
canonical of dimension 2, [32, Section 3.3]. In the log Calabi—Yau case, a version of the theorem was
proven by Fujino in dimension 3, [11], and later Kollar and Kovacs extended it in any dimension, [26].
More recently, Hacon and Han, [ 16], proved a weaker version of Theorem 1.1 conditionally to termination
of flips or to the dimension of X being at most 4. Our approach is rather different than the most recent
results of [16], and our main insight is the adoption of the language of generalized pairs, cf. Section 2.3,
together with the establishment of a canonical bundle formula for these pairs (see Theorem 2.20).

The statement of Theorem 1.1 is sharp, in that none of its hypotheses may be weakened. We remark
that we do not assume any hypothesis on the singularities of the generalized pair (X, B, M). Properties
(1)-(2) in the above statement imply that, when Nklt(X, B, M) is disconnected in a neighborhood
of f~!(s), then (X, B,M) is actually generalized log canonical and, étale locally around s, the pair
admits exactly two disjoint log canonical centers that coincide with the two connected components of
Nklt(X, B, M) in a neighborhood of f~! (). Furthermore, easy examples show that, in order to conclude
that properties (1)—(2) hold in the statement of Theorem 1.1, we may be forced to pass to a dlt model of
(X, B,M) (see Section 2.4 for the definition and existence of dIt models).

Example 1.2. Let us consider X := P? (while S will be a point in this example and M = 0) with
homogeneous coordinates, Xo, X1, X2, and let B := %Lo + %Ll + %D + Ly, where L; = {X; = 0} and
D = {X;+X; = 0}. Then (IPZ, B) is log canonical, but not dlt, Kp2+B ~g 0, and its log canonical centers
are the point [0 : 0 : 1] and the line {X;, = 0}. Hence, Nklt(X, B) is disconnected, but it is not divisorial
— which shows that (X, B) is not dIt. To obtain a dit model (X, B) of (X, B), it suffices to blow up the
point [0 : 0 : 1]. Thus, in this case, X = F; and B = {0} xP' +{co} xP! +%(1P’1 {0} +P!x {1} +P! x{c0}),
which immediately shows how the projection of X’ to the second factor endows the pair (X, B) with a
P!-link structure over P!.

The notion of standard P! -link mentioned in (2) of the above theorem is an adaptation to the framework
of generalized pairs of the following fundamental example. It is recalled and defined precisely in the
context of generalized pairs in Section 2.6.

Example 1.3. Let (7, A) be aklt pair. Then, the pair (P! xT, {0} X T +{co} xT+P' x A) together with the
morphism f: P! xT — T is astandard P!-link. Notice that f~! (£)\Nklt(P! xT, {0} xT+{co} xT+P' xA)
has two connected components for every ¢ € T, each one corresponding to one of the two distinguished
sections of f.

Pl-links

The content of Theorem 1.1 can be used inductively to study the combinatorics of the log canonical
centers of a dlt pair (X, B) with —(Kx + B) f-nef for some contraction f: X — S. More precisely, we
obtain the following statement, generalizing the content of [25, Theorem 4.40].

Theorem 1.4. Let (X, B,M)/S be a generalized dit pair and f: X — S be a projective morphism,
such that Kx + B+ My ~q 5 0. Fix s € S, such that f~1(s) is connected. Let Z c X be minimal
(with respect to inclusion) among the generalized log canonical centers, such that s € f(Z). Let W be
a generalized log canonical center, such that s € f(W). Then, there exists a generalized log canonical
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center Zy C W, such that Z and Zy, are P'-linked and s € f(Zw). In particular, all the minimal (with
respect to inclusion) generalized log canonical centers Z; C Z, such that s € f(Z;) are P'-linked to
each other.

In [16], Hacon and Han proved a similar statement for log pairs, conditionally to termination of flips
or to the condition dim(X) < 4.
We illustrate the idea behind Theorem 1.4 with an example.

Example 1.5. Consider the pair (X, B), where X = P! xP! and B := By + B, + B3+ B, is a toric invariant
divisor, whose irreducible components are the B;. Then, the pair (X, B) is dIt with Kx + B ~ 0 and
Theorem 1.4 applies. The minimal log canonical centers of the pair (X, B) are the four toric invariant
points given by the intersections of the B;. Foreveryi = 1,...,4, (B;, (B—B;)|p,) = (Bi, pi,o+Pi1) =
(P', {0} + {oo}). For any i, we say that the points p; ¢, p;.1 are directly P!-linked, as they lie on the same
log canonical center. Not all of the p; ;,i=1,...,4, j = 0,1 are directly P!-linked, as we can choose
a pair of them that do not lie on the same curve B;. Nonetheless, the property of being P!-linked is an
equivalence relation, and so we can partition the set of four points into the orbits of this equivalence
relation. In the case of P! x P!, and more generally for the case of toric pairs, it is immediate to see that
the conclusion of Theorem 1.4 holds at once: namely, all p; ; are P!-linked.

Dual complex for generalized log Calabi-Yau pairs

The dual complex of singularities DMR (X, B) of a log canonical pair (X, B) is a piecewise-linear
(PL) homeomorphism equivalence class of CW-complexes encoding combinatorial information about
the strata of Nklt(X, B). Given a log resolution 7: ¥ — X of (X, B), it is possible to construct a CW-
complex D(B):,1 ), whose cells are in correspondence with the intersections of the irreducible components
of the simple normal crossing variety B;l containing all prime divisors of Y along which Kx + B has
poles of order one (see Section 2.7 for a rigorous definition). By work of de Fernex, Kollar, and Xu,
[8], the PL-homeomorphism type of D(B;l) is independent of the choice of log resolution 7: ¥ — X.
In [28], Kolldr and Xu studied the dual complex of log canonical pairs (X, B) with Kx + B ~g 0,
proving that the PL-homeomorphism class DMR (X, B) of the dual complex of (X, B) admits as a
representative an equidimensional complex, and it satisfies

H (DMR(X,B),Q) =0, for 0 <i < dim(DMR(X, B)).

Furthermore, they described sufficient conditions for the contractibility of DMR (X, B).

In this paper, we study the dual complex and its topological and cohomological features for log
canonical pairs (X, B) with —(Kx + B) nef, once again, by translating this problem into the analogous
one for log Calabi—Yau generalized pairs with log canonical singularities. Theorems 1.1 and 1.4 provide
us with powerful tools to extend the results of [28] to this much wider context.

Theorem 1.6. Let (X, B, M) be a generalized pair with log canonical singularities. Assume that Kx +
B+ M ~q 0. Then the dual complex DMR(X, B,M) is an equidimensional pseudo-manifold (with
boundary). Moreover, exactly one of the following condition holds:

1. DMR(X, B,M) is disconnected, and it only contains two points;
2. DMR(X, B,M) is connected and collapsible to a point;
3. DMR(X, B,M) is connected, noncollapsible, and

H (DMR(X,B,M),Q) =0, for0 <i <dimDMR(X, B,M).

In order to prove Theorem 1.6, we show that the computation of the dual complex of a generalized
log canonical pair can be reduced to the classical case of log pairs, in the noncollapsible case. Under
this hypothesis, we show that, in general, the PL-homeomorphism class DMR(X, B, M) admits as
a representative a finite quotient of the dual complex obtained by adjunction to a general fiber of the
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morphism §: X — Z constructed in Corollary 5.2 — here, X is a birational model of X crepant for
the generalized pair (X, B, M). Moreover, using that DMR (X, B, M) is noncollapsible, we show that,
upon restricting to the general fiber F of g, the moduli part M becomes 0 on F and we can invoke the
results of [28].

Recent work of Nakamura, [31], extends the construction of dual complex also to the category of
log pairs with singularities worse than log canonical. Nakamura, [31, Theorem 1.1], showed that the
dual complex of a log pair (X, B) is collapsible provided that —(Kx + B) is nef and big, without any
assumption on the singularities of (X, B). Using the techniques of [31] together with the ideas used in
the proof of Theorem 1.6, we obtain the following theorem generalizing Nakamura’s result.

Theorem 1.7. Let (X, B, M) be a generalized pair with singularities worse than log canonical. Assume
that Kx + B+Mx ~q 0. Then the dual complex DMR(X, B,M) is collapsible.

Strategy of proof.

The proof of Theorem 1.1 consists of several reductions. For simplicity, we sketch them under the
assumption that (X, B, M) is generalized log canonical. The general case is treated similarly but requires
some heavy notation. In Section 3, we show that the number of connected components of Nklt(X, B, M)
are preserved under birational morphisms. In particular, this allows us to run certain minimal model
programs (MMPs) while preserving the assumptions of the statement. For instance, we can assume that
X is Q-factorial, and that (X, B, M) is generalized dlt. Thus, we have Nklt(X, B,M) = B=1

Then, the core of the proof consists in showing that some component of B=! dominates S. This is done
in Proposition 6.1. We illustrate the main idea under the assumption that S is a curve, and that s € Sis a
closed point. Assume that no component of B=! dominates S. Then, we can assume that all the connected
components of B=! map to s. For notation’s sake, assume that there are two, denoted by A; and A,. Let
X — X be a log resolution of (X, B), and denote by (X, By, M) the trace of (X, B, M) on X (see the
line before Definition 2.4 for the definition of trace of a generalized pair). By the results of Section 3,
B}l has two distinct connected components, I'; and I'>, each one mapping to the corresponding A;.

Notice that I'; U T, c X;, where X, denotes the fiber over s. By our assumption, the fiber X, contains
other irreducible components that connect I'; and I';. Denote the support of these residual components
by E. In order to get a contradiction, we would like to contract E. By ideas similar to ones contained
in [13, proof of Theorem 1.1], we can run a suitable MMP over S that contracts E, while preserving
at least one irreducible component of each I';. Thus, we reach a model X — S, where the fiber over s
consists of the strict transforms of I'; and I'», which are now connected. This contradicts suitable results
in Section 3, which guarantee that the MMP we just ran cannot connect different connected components
of the non-klt locus.

When dim(S) > 2, this step is more delicate. Indeed, the components D; and D, can dominate
different subvarieties 77 and 7>, each one containing s. To control this phenomenon, we make use of
the generalized canonical bundle formula (see Section 2.5). For simplicity, assume that X — § is
a contraction. Then, the generalized canonical bundle formula allows us to define a generalized pair
(S, Bs,N)/S. In this way, we can regard T} and 75 as non-klt centers of (S, Bs, N). Then, the results of
Section 3 guarantee that a generalized dIt model S of (S, Bg, N) preserves the connected components
of NKklt(S, Bs, N). To conclude, we show that a similar argument as in the case dim(S) = 1 works over
S. Once it is established that at least one connected component of B=! dominates S, we can conclude
the proof of Theorem 1.1. Let Dy,..., Dy be the connected components of B=L. Up to relabelling,
we can assume that D; dominates S. Then, the divisor Kx + B<! + M is not pseudo-effective over S.
Therefore, we may run a (Kx + B<! + My )-MMP over S, which terminates with a Mori fiber space
g: X — Z. Denote by (X, B,M) the trace of (X, B, M) on X. Since this is a (—B)~!-MMP, it follows
from the results in Section 3 that the connected components of B=! are in one-to-one correspondence
with the connected components of B=!. Since D is g-ample and D; N D; = 0 for i > 2, it follows that
g has relative dimension 1 with general fiber P'. This forces every D; to be horizontal over Z. Since
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Ky + B+ My ~q 0/Z, it follows that k = 2. By direct inspection, we conclude that, when k = 2,
(X, B,M) — Z is a standard P!-link up to an étale base change.

The proof of Theorem 1.4 follows the proof of [25, Theorem 4.40], which deals with the case of log
Calabi—Yau pairs. The argument is by induction on the dimension and relies on Theorem 1.1 to reduce
to the case when NKklt(X, B, M) is connected along the fibers of the morphism.

We conclude by sketching the proof of Theorem 1.6. Theorem 1.1 gives an explicit description of
the case when DMR (X, B,M) is not connected. Therefore, we can assume that DMR (X, B,M) is
connected. Then, as a direct combinatorial consequence of Theorem 1.4, we obtain that the dual complex
DMR(X, B,M) is equidimensional at each point. In Section 5, we follow the ideas of [28] and show
that, under certain assumptions, we can construct a morphism f: X — Z, such that dim(Z) > 1 and
DMR(X,B,M) = DMR(X;,B;,M|x_)/G, where X, is a general fiber of f and G is a finite group.
Then, in this situation, we can argue by induction on the dimension. In the leftover cases, we have that
B~! fully supports a big and semiample divisor. This condition on Nklt(X, B, M) allows us to apply a
version of Kawamata—Viehweg vanishing for generalized pairs and conclude the proof of Theorem 1.6.

2. Preliminaries

In this section, we set our notation and collect some definitions and preliminary results that will be
useful in the paper.

2.1. Terminology and conventions

Throughout this paper, we will work over an algebraically closed field of characteristic 0. For anything
not explicitly addressed in this subsection, we direct the reader to the terminology and the conventions
of [27] and [25].

A contraction is a projective morphism f: X — Z of quasiprojective varieties with f,Ox = Oz.
If X is normal, then so is Z and the fibers of f are connected. Let K denote Z, Q, or R. We say that D
is a K-divisor on a variety X if we can write D = )} | d;P;, where d; € K, n € N and P; is a prime

Weil divisor on X for all i = 1,...,n. We say that D is K-Cartier if it can be written as a K-linear
combination of Z-divisors that are Cartier. The support of a K-divisor D = 3! | d;P; is the union of
the prime divisors appearing in the formal sum Supp(D) = " | P;.

In all of the above, if K = Z, we will systematically drop it from the notation.

Given a prime divisor P in the support of D, we will denote by up (D) the coefficient of P in D.
Given adivisor D = }}"" | up, (D)P;, we define its round down | D] = 3" | up,(D)]P;. The round up
[D] of D is defined analogously. The fractional part {D} of D is defined as {D} := D —|D|.Let D =
Y up,(D1)P; and Dy = Y7L, up,(D2)P;. We define Dy A Dy = Y7L, min{up,(D1), up,(D2)}P;.
Similarly, we set Dy V Dj = 3} max{up,(D1), up; (D2)}P;. For a divisor D, we set D= =D VO,
where O denotes the zero divisor. Similarly, we define D=0 = —(D A 0). In particular, we have
D= DZO _ DSO.

Given a divisor D = ), up,(D)P; on a normal variety X, and a morphism n: X — Z, we define

DY = Z pp,(D)P;, D" := Z up;(D)P;.

n(Pi)&Z n(P;)=Z

2.2. B-divisors

Let K denote Z, Q, or R. Given a normal variety X, a K-b-divisor D is a (possibly infinite) sum of
geometric valuations V; of k(X) with coefficients in K,

D=ZbiVi, b; € K,

i€l
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such that for every normal variety X’ birational to X, only a finite number of the V; can be realized by
divisors on X’. The trace Dx: of D on X’ is defined as

Dx = Z b;D;,
{iel | cx’(V;)=D;, codimyxs D;=1}

where cx+(V;) denotes the center of the valuation on X’.

Given a K-b-divisor D over X, we say that D is a K-b-Cartier K-b-divisor if there exists a birational
model X’ of X, such that Dy~ is K-Cartier on X’ and for any model r: X"’ — X’, Dx~» = r*Dx-. When
that is the case, we will say that D descends to X’ and write D = Dx.. We say that D is b-effective, if
Dy is effective for any model X’. We say that D is b-nef, if it is K-b-Cartier and, moreover, there exists
amodel X’ of X, such that D = W and Dx- is nef on X’. The notion of b-nef b-divisor can be extended
analogously to the relative case.

In all of the above, if K = Z, we will systematically drop it from the notation.

Example 2.1. Let X be a normal variety, and denote by Kx the choice of a divisor in the canonical class.
The canonical b-divisor K extending Kx is defined as follows: its trace Kx on X is Kx, while the trace
Kx on a birational model 7: X’ — X is given by Kx-, where the divisor Kx- in the canonical class of
X’ is chosen so that 7,.Kx+ = Kx. The b-divisor K is not Q-b-Cartier, as it follows easily by blowing up
a smooth point.

Example 2.2. Let (X, B) be a log subpair. The discrepancy b-divisor A(X, B) is defined as follows: on a
birational model 7: X’ — X, itstrace A(X, B)x- is given by the identity A(X, B)x- := Kx-—n"(Kx+B).
Then, the b-divisor A*(X, B) is defined taking its trace A*(X, B)x» on X’ to be }.,.._; a;D;, where
A(X, B)X/ = Zi aiDi.

Given a morphism of normal varieties 7: X — T, and a K-b-Cartier K-b-divisor M (respectively,
N) on X (respectively, T), we will write M ~x 7*N to indicate that there exists a birational model
n': X' —= T of m: X — T, such that Mx: ~g (7')*Nr,, M = My, and N = Nz-.

2.3. Generalized pairs and singularities

We recall the definition of generalized pairs, first introduced in [7]. This is a generalization of the classic
setting of log pairs.

Definition 2.3. A generalized subpair (X, B,M)/Z over Z is the datum of:

o anormal variety X — Z projective over Z;

o an R-Weil divisor B on X

o a b-R-Cartier b-divisor M over X which descends to an R-Cartier divisor M- on some birational
model X’ — X, and My is relatively nef over Z.

Moreover, we require that Ky + B + My is R-Cartier. If B is effective, we say that (X, B,M)/Z is a
generalized pair.

In the above definition, we can always replace X’ with a higher birational model X" and My, with
My~ without changing the generalized pair. Whenever M~ descends to X"/, then the data of the rational
map X" --» X, B, and My~ encode all the information of the generalized pair.

When the setup is clear, we will denote the generalized subpair (X, B,M)/Z by (X, B+My)/Z and
we will say that (X, B+ M) is a generalized pair over Z with datum M; for the sake of simplifying the
notation, we will often replace My by M, and write (X, B + M). When Z = Spec(C), we will simply
write (X, B,M) and (X, B+ M).

Let (X, B,M)/Z be a generalized subpair and 7: ¥ — X a projective birational morphism. Then,
we may write

Ky + By +My =7T*(Kx+B+M).
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Given a prime divisor E on Y, we define the generalized log discrepancy of E with respectto (X, B+M)/Z
tobe ap(X,B+ M) = 1— ug(By). In this setup, we call (Y, By, M)/Z the trace of (X, B,M)/Z on Y.

Definition 2.4. Let (X, B, M)/Z be a generalized subpair. If ag (X, B+ M) > 0 for all divisors E over
X, we say that (X, B + M) is generalized sublog canonical. Similarly, if ag(X,B + M) > 0 for all
divisors E over X and | B] < 0, we say that (X, B+ M) is generalized sub-klt. When B > 0, we say that
(X, B+ M) is generalized log canonical or generalized kit, respectively.

Remark 2.5. Let (X, B, M)/Z be a generalized subpair, and let N be an R-Cartier divisor on X, such that
My + f*N is nef over Z, where f: X’ — X is a birational model of X on which My descends. Then,
(X, B,M+N)/Z is a generalized subpair with datum M+ N and ag (X, B+ M) = ag (X, B+ (M +N))
for every divisor E over X.

Example 2.6. Let (X,B,M) be a generalized subpair. The generalized discrepancy b-divisor
A(X, B,M) is defined as follows: on a birational model 7: X’ — X, itstrace A(X, B, M)x- is given by the
identity A(X, B, M)x := Kx/+My, —n*(Kx + B+Mx). Then, the b-divisor A*(X, B, M) is defined tak-
ing its trace A*(X, B,M)x- on X’ tobe A(X, B, M);, = Ya;>-1aiD;i, where A(X,B,M)x = Y, a;D;.
Notice that, if M descends to X’, we have identities of b-divisors A(X,B,M) = A(X’,B’), and
A*(X,B,M) = A*(X’, B’), where B’ = —-A(X, B,M)x-.

Definition 2.7. Let (X, B, M)/Z be a generalized subpair, and let E be a divisorover X. If ag (X, B+M) <
0, we say that E is a non-kit place for the generalized pair, and cx (E) C X is a non-klt center for the
generalized pair. The non-klt locus Nklt(X, B, M) is defined as the union of all the non-klt centers of
(X,B+M).Ifag (X, B+ M) = 0, we say that E is a generalized log canonical place for (X, B+ M), and
cx (E) is a generalized log canonical center for (X, B+ M), provided that (X, B + M) is generalized
log canonical in a neighborhood of cx (E).

It is possible to extend the classical results on adjunction for log canonical pairs, cf. [23, Section 16],
to the context of generalized pairs.

Let (X, B,M)/Z be a generalized pair. Let S be an irreducible component of | B|, and denote by S” its
normalization. Let f: X’ — X be alog resolution of (X, B), where M descends. Denote by g: S" — S
the induced morphism, where S’ represents the strict transform of S on X’. Then, we can write

Kx/ + B +Mxr = f*(KX +B+Mx).

Up to replacing M in its K-linear equivalence class, we can assume that S” does not appear in the support
of Mx. Then, we set

KSf + BS’ +Ns/ = (KXI + B +MX/)|Sf,

where B := (B’ —S")|s/, and Ng» := My-|s'. Define Bgv = g.Bs/, and Ngv = g.Ng-. By construction,
we get

KSV + BSV +NSV = (KX +B +MX)|S"~
We refer to such operation as generalized divisorial adjunction. By construction, the generalized pair

(S”, Bsv,N) is a generalized pair over Z. We may write M|s». for N to highlight that indeed N comes
from the restriction of M to S.

2.4. Generalized dlt pairs and dlt models

In this section, we recall the notion of dlt and plt singularities in the context of generalized pairs, and
we prove the existence of dlt models.
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Definition 2.8. We say that a generalized pair (X, B,M)/Z is generalized dlt, if it is generalized log
canonical and for the generic point n of any generalized log canonical center, the following conditions
hold:

(i) (X, B) is log smooth in a neighborhood of 7; and
(ii) M = My over a neighborhood of 7.

If, in addition, every connected component of | B] is irreducible, we say that (X, B + M) is generalized
plt.
The following result is a refinement of [10, Theorem 3.2] and proves the existence of generalized dlt

models.

Theorem 2.9. Let (X, B,M)/Z be a generalized pair. Then, there exists a Q-factorial model f™: X™ —
X, such that every f™-exceptional divisor has generalized log discrepancy with respect to (X, B+ M) at
most 0. Let E™ denote the reduced f™-exceptional divisor. Then the generalized pair (X", B™,M)/Z
is generalized dlt, where B™ = (f™)-'(B A Supp(B)) + E™.

Proof. Let f: X’ — X be a log resolution of (X, B), where M descends. For the sake of simplifying
notation, we will use M’ to denote M- . By Hironaka’s theorem, we can assume that f is obtained by
blowing up loci of codimension at least two, and that there exists an effective f-exceptional divisor C’,
such that —C” is f-ample. We define B’ via the identity

Kx +B ' +M' = f"(Kx + B+ M).

In view of this definition, we can decompose B’ as B’ = f-'{B} + E* + F’ — G’, where

o E* denotes the (not necessarily f-exceptional) divisors with generalized log discrepancy at most O
with respect to (X, B, M);

o F’ the sum of all f-exceptional divisors with generalized log discrepancy in (0, 1]; and,

o G’ the sum of all f-exceptional divisors with generalized log discrepancy > 1.

We define E” := Supp(E™). Letting H be a sufficiently ample divisor on X, for all €, v, 7 € R,
E'+(1+V)F +1(-C'+ ffH)+M' =(1—-er)E'+(1+V)F' +7(eE'-C'+ f"H)+ M’, (1)

and forany 0 < € < 7 and € < 1, both 7(=C’ + f*H) + M’ and 7(eE’ — C’ + f*H) + M’ are ample
over X. For any such choice of € and 7, we can choose divisors H] _ ~g x 7(-C’ + f*H) + M’ and
H) _~rx T(eE'=C'+f"H)+M’,suchthat B’ + H| _+H) __hassimple normal crossing support,

2,T,€

andl_H’ J—|_H’ J—O Thus, 1f0<‘r<1and0<v<<ltheparr
(X', A, .= fo YUB}+ (1 —en)E" + (1 +V)F’ +H; )

is klt. By [6], we can run a (Kxs + A’

©.z.,)-MMP over X that terminates with a relative Q-factorial
minimal model

fe T, V" (Xe T,V ren,‘r,v) - X.

By (1), f{";,, is also a minimal model over X for the pair
(X'.T}, = fTY{BY+E +(1+v)F + Hj ).

As the dlt property is preserved under steps of the MMP [27 Corollary 3.44], both (X, ., A%, ;) and

(X &, > Iy, are dlt pairs, where A, (respectlvely, v ) is the pushforward of A ,, ;. (respectively,
-)on X6 v.- Hence, the pair (X", ;, B¢, ;) is dlt, Where B, . is the pushforward of f;'{B} +
E v + F’ on X7

€, V,T"

https://doi.org/10.1017/fms.2023.25 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2023.25

10 S. Filipazzi and R. Svaldi

m

To simplify the notation, we will denote by A™ the strict transform on X¢',, .

In particular, we will denote MXE’,‘V,T by M™. Then, we define

of any divisor A on X’.

- m m m m
N:=Kxm +Bf,  +vF" + H" ~g gm Kxm _+A

E,V,T €V, T?
T:=Kxm +BY,  +(E"—E)"-G"+M" ~x (f", ;)" (Kx + B+ M).

The divisor N is f{",  -nef, while T'is f{", _-trivial, and
T—N~ggm 1C"+(E*—E)"-G"™ -vF" =D,

so that —D is f/", ;-nefand f{", . .D > 0. Therefore, by the negativity lemma [27, Lemma 3.39], D is
effective.

As C’, E* — E’, F’ and G’ are independent of €, v, 1, if we choose 0 < € < 7 < v <« 1, the
(Kx' + A’ , .)-MMP contracts F’ and G’, as

€,V,T
Kx +A,€,v,‘r ~R,f G +vF —7C’ - (E+ - E’).

Indeed, as the effective divisors G/, F’, and E* — E’ share no prime components, Supp(C’) c Supp(E’+
F’ +G’), and T < v, for every prime divisor P’ on X’ up/(G’ + vF’' —vC’ — (E* — E’)) > 0 if and
only if up (G’ +vF’ — (E* — E’)) > 0. We fix once and for all such a choice of the coefficients €, 7, v,
and we drop the dependence from €, v, T in our notation.

The generalized pair (X™, B™ + M'™)/Z is generalized log canonical. In fact, f*H — C’ is ample, as
H is assumed to be sufficiently ample; picking 0 < A" ~q 7(f*H —C’) a general element in its Q-linear
equivalence class, so that (X', f-'{B}+E’+ (1 +v)F’+A’) is dlt by Bertini’s theorem, the generalized
pair (X’, f-Y{B}+E’ + (1 +v)F’' + A’,M)/Z is generalized dlt, and each step in the (Kx~ + AL, 7)-
MMP leading to X" is a (Kx' + f,'{B} + E’ + (1 + v)F’ + A’ + M’)-negative contraction. Therefore,
the generalized pair (X™, B™ + A™,M)/Z is generalized log canonical. As X™ is Q-factorial, then
(X™,B™,M)/Z is generalized log canonical. Thus, (X", B™ + M) has all the claimed properties,
besides the fact that it may not be generalized dlt.

To conclude, it suffices to substitute (X™, B™ + M™) with a generalized dlt model, which exists
by [5, 2.13.(2)] as (X™,B™ + M™) is log canonical. Passing to such model only extracts divisors
with generalized log discrepancy 0 with respect to (X", B™ + M™). This completes the proof of the
theorem. O

Definition 2.10. For a generalized pair (X, B, M)/Z, we call the generalized pair constructed in Theorem
2.9 and denoted by (X", B™,M)/Z a generalized dlt model for (X, B + M).

Finally, we include, here, a couple of technical results that will be used in the proof of Theorem 4.2.
We first introduce a couple of definitions.

Definition 2.11. Given a generalized pair (X, B, M) and a closed subset C C X, we say that (X, B, M)
is generalized dlt away from C if (X \ C, B, M) is generalized dlt. Here, we restrict B to the open subset
X\ C asin [19, Proposition I1.6.5]. Similarly, the preimage of X \ C is open in every higher birational
model of X. Therefore, we can therefore restrict M to X \ C by restricting all its traces to the preimages
of X\ C.

Definition 2.12. Let F be an effective R-divisor on a variety X, and let D be an R-divisor on X. We say
that F fully supports D if D is effective, and the support of D coincides with the support of F. Moreover,
given a morphism of varieties f: X — Z, we say that F fully supports an f-ample divisor if F fully
supports an effective f-ample R-divisor H.

Lemma 2.13. Let (X, B, M) be a Q-factorial generalized log canonical pair, and let g: X — Z be a
contraction. Assume that B=" fully supports a g-ample divisor, and that (X, B,M) is generalized dit
away from B='. Let n: (X', B’,M) — X be a generalized dlt model for (X, B,M). Then, (B")=" fully
supports a (q o w)-ample divisor.
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Remark 2.14. In the setup of Lemma 2.13, the condition on the dlt-ness of the pair away from B~
together with Q-factoriality of X guarantees that, when passing to a generalized dlt model of (X, B, M),
we only extract divisors with center in B='.

Proof. Let m: X’ — X be as in the statement. Let H be a g-ample divisor that is fully supported on
B~!. Since X is Q-factorial, by [27, Lemma 2.62], there is an effective divisor F that is fully supported
on the -exceptional divisors, such that —F is w-ample. Thus, for 0 < € <« 1, 7*H — €F is ample over Z.
By assumption, the m-exceptional divisors all have center on Supp(H) = Supp(B~!). Therefore, if € is
small enough, 7*H — €F is effective. By definition of a dlt model, Supp Exc(r) ¢ Supp((B’)=!). Thus,
Supp(n*H — €F) = Supp((B’)~"), and the claim follows. O

Lemma 2.15. Let (X, B,M)/Z be a Q-factorial generalized log canonical pair. Assume that for some
0 < € < 1, the generalized pair (X, B<' + (1 — €)B=',M)/Z is generalized kit. Fix a generalized dit
model (X™,B",M)/Z of (X, B,M)/Z, and let n: X™ — X denote the corresponding morphism. Then,
Supp(r*(B")) = Supp((B™)™").

Proof. This follows at once, since 7 only extracts divisors appearing in Supp((B™)~!) and the condition
that (X, B<! + (1 — €)B=', M) /Z is generalized klt implies that 7 (Exc(x)) c B~ O

2.5. Canonical bundle formula

In this section, we recall the statement of the canonical bundle formula for generalized log canonical
pairs, and we extend it to the relative setting. We refer the interested reader to [2, 3, 13] for the notation
involved and a more detailed discussion about the topic, in the case of log canonical pairs.

Definition 2.16. Let (X, B) be a subpair. A contraction f: X — T of quasiprojective varieties is an
lc-trivial fibration if

(i) (X, B) is a subpair with coefficients in Q that is sublog canonical over the generic point of T;
(ii) rankf.Ox([A*(X, B)]) = 1, where A*(X, B) is the b-divisor defined in Example 2.2; and
(iii) there exists a Q-Cartier Q-divisor L7 on 7, such that Kx + B ~q f*Lr.

Condition (ii) above is automatically satisfied if B is effective over the generic point of 7.
Given a subpair (X, B) and an lc-trivial fibration f: X — T, there exist Q-b-divisors B and N over
T, such that the following linear equivalence relation, known as the canonical bundle formula, holds

KX +B ~Q f*(KT +BT +NT). (2)

The b-divisor B is called the boundary part in the canonical bundle formula; it is a canonically defined
b-divisor. Furthermore, if B is effective, then so is By. The b-divisor N, in turn, is called the moduli
part in the canonical bundle formula, and it is, in general, defined only up to Q-linear equivalence. The
linear equivalence (2) holds at the level of b-divisors: namely,

(Kx +B) ~¢ f"(K+B+N),
where K denotes the canonical b-divisor. The moduli b-divisor N is expected to detect the variation of
the restriction of the pair induced on fibers of the morphism f by restricting B.

Theorem 2.17 [13, cf. Theorem 3.6]. Let (X, B)/S be a subpair, and let f: (X, B) — T be an lc-trivial
fibration. Let B and N be the boundary and the moduli part of f, respectively. Then, K + B and N are
Q-b-Cartier b-divisors. Furthermore, N is b-nef over S.

Remark 2.18. In the setup of Theorem 2.17, let 77 be a model, where the nef part N descends in the
sense of b-divisors. Then, N7~ is nef over S. In particular, (7,B7,N)/S is a generalized subpair. If
B > 0, then (T,Br,N)/S is a generalized pair.
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A generalization of the canonical bundle formula to the category of generalized pairs was introduced
in [10, Theorem 1.4], where Theorem 2.17 is extended to the case of generalized subpairs (X, B + M)
endowed with the analog for generalized pairs of an lc-trivial fibration.

Definition 2.19. Let (X, B, M)/Z be a generalized subpair. A contraction f: X — T of quasiprojective
varieties over Z is a generalized lc-trivial fibration if

(1) (X, B,M) is a generalized subpair with coefficients in Q that is generalized sublog canonical over
the generic point of T
(ii) rankf.Ox ([A*(X,B,M)]) = 1, where A*(X, B, M) is the b-divisor defined in Example 2.6; and
(iii) there exists a Q-Cartier divisor L7 on T, such that Kx + B+Mx ~q f*Lr.

As in Definition 2.16, condition (ii) in Definition 2.19 is automatically satisfied if B is effective over
the generic point of 7.

We are able to adapt the proof of [ 10, Theorem 1.4] with minor changes to further extend the canonical
bundle formula for generalized pairs to the relative setting. Hence, we will work in this broader context
and highlight the relevant modifications that need to occur in the proof of [10, Theorem 1.4].

Let (X, B,M)/S be a generalized subpair over a quasiprojective variety X, and let f: X — T be a
generalized lc-trivial fibration over S. Without loss of generality, we can assume that dim7 > 0. Fix a
divisor L7 on 7, such that Kx + B+ M ~q f*Lr . For any prime divisor D on T, let [, be the generalized
log canonical threshold of f*D with respect to (X, B+ M) over the generic point of D. Then, we define

BT = Z bDD, NT = LT - (KT +BT),
where bp = 1 — [p, so that
Kx +B+M ~Q f*(KT + Br +NT).

Given X and T higher birational models of X and 7, respectively, fitting in the following commutative
diagram of morphisms

_’ . x
|
Yo
we will denote by (X, B + M) the trace of the generalized subpair (X, B + M) on X. Furthermore, we
set L7 = y* L. With this piece of data, we can define divisors Bf and My, such that

7

Ni<— >

Ky +B+M ~Q f*(KT + Bj + Nj),

Br = ¢y.Bj, and Nt = ¢.Ny. In this way, Weil b-divisors B and N are defined. We write B and
Ny for the traces of B and N on any higher model 7. When the setup is clear, we shall write B and
Nj in place of B and Ny, respectively. In this setup, we have the following theorem, referred to as
generalized canonical bundle formula.

Theorem 2.20. Let (X, B,M)/S be a generalized subpair. Let f: X — T be a generalized lc-trivial
fibration over S. If B is effective over the generic point of T, then the b-divisor N is Q-b-Cartier and
b-nef over S.

Below, we shall summarize the relevant changes to the proof of [10, Theorem 1.4] in order to drop
the assumption on the projectivity of the pairs and on S = Spec(C). We refer to [9] for a detailed proof.

Sketch of proof. Throughout the proof, S will be a quasiprojective variety, with no further assumption.
For the reader’s convenience, we subdivide the proof into several steps.
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Step 1: In this step, we show that the statement of the theorem holds if we assume that M is
b-semiample.

Let X’ be a model where M descends. For brevity, we set M’ := Mx-. Let h: X’ — T be the induced
morphism. Let U C |M’|g be the set consisting of Q-divisors 0 < A’ ~g M’, such that (X', B’ + A’) is
sublog canonical over the generic point of 7. As M’ is semiample, I/ is nonempty. Given A’ € U, we
can apply Theorem 2.17 to (X’, B’ + A’) — T, thus obtaining a Q-b-Cartier b-divisor N®" that is b-nef
over S. As discussed in [10, Remark 4.8], we have

B = inf B®, N = sup N*".
A eU Aeld

We wish to apply weak semistable reduction to argue that N is a Q-b-Cartier b-divisor that descends to
a model satisfying explicit properties (see the proof of [ 10, Theorem 4.13]). The proof of the b-nefness
of N over S goes then through as explained in the proof of [10, Theorem 4.15]. One first shows that the
statement is true if dim7" = 2, cf. [10, Remark 4.14]. To conclude, we reduce to the case of dimension
2 by taking general hyperplane cuts on 7, cf. the proof of [10, Theorem 4.15].

Step 2: In this step, we show that the theorem holds when M is b-semiample over T.

Let X’ and M’ be the objects constructed in Step 1. Let A be a divisor on T which is ample over S.
Since M’ is nef over S, and hence over 7, and it is semiample over 7, M’ + eh*A is semiample over S
for any € > 0, cf. [10, Proposition 4.7]. Fix € > 0 with € € Q. Let H be an ample divisor on S and write
p: X' — S, s: T — S.Hence, forn = n(e) > 0, M’ + eh*A + np*H is semiample. We consider the
generalized subpairs (X', B’,M + €g*A)/S and (X', B’,M + €g*A + np*H)/S. Let B¢, N€ and B<",
N€-" be the b-divisors, respectively, induced on 7. By Remark 2.5, the generalized discrepancies of
(X,B,M)/S, (X’,B’,M+e€g*A)/S,and (X', B’,M+eg*A+np*H)/S agree by construction. Thus, we
have

B =B¢ =B¢", N&" = N€ +ns*H, N€ = N + €A.

Therefore, if for some (e, 1) the b-divisor N€"* is Q-b-Cartier, then so are N and N€” for any €’ > 0 and
all these b-divisors descend to the same model of 7. We can then apply Step 1 to the generalized pair
(X’,B’,M+€g*A+np*H)/S together with the morphism /: X’ — T and obtain Q-b-Cartier b-divisor
N¢-" which is b-nef/S. Since we have N€"" = N€ +ns*H and s*H is trivial over S, N€ is a Q-b-Cartier b-
divisor that is b-nef/S. We let € > 0 vary and approach 0. Thus, as N is a limit of Q-b-Cartier b-divisors
that all descend to the same model of 7" and are all b-nef over S, then N is a Q-b-Cartier b-divisor that
is b-nef over S.

Step 3: In this step, we show that the statement of the theorem holds when X is Q-factorial klt,
p(X/T) =1 and My is relatively ample over T.

The proof of this case goes through as in [10, Lemma 5.2] and reduces to Step 2. More precisely,
since M is b-nef over S and My is ample over 7, we can approximate M with b-divisors that are b-
nef over S and b-semiample over 7. The fact that X is a Q-factorial kit variety allows us to move the
difference between M and its approximation to the boundary part of a generalized pair. So, we can
regard (X, B, M) as being approximated by generalized subpairs to which Step 2 can be applied. Since
the boundary parts of these approximations can be arranged to have the same support, we can apply
the observation in Step 1 about the explicit description of the model where the b-divisors descend. This
allows us to conclude, as N is realized as a limit of Q-b-Cartier b-divisors that descend to the same
model, and hence it is Q-b-Cartier itself.

Step 4: In this step, we show that the statement of the theorem holds in its full generality.

By Theorem 2.9, we can assume that X is Q-factorial and (X, B") is dlt. If My is numerically trivial
along the generic fiber of X — T, we can reduce to Theorem 2.17. If M is not numerically trivial along
the generic fiber of X — T, (X, B) is not pseudo-effective over T. Thus, we can run a (Kx + B")-MMP
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over T with scaling, which terminates with a Mori fiber space X"’ — U. Thus, we can apply Step 3 to
(X”,B"”,M)/S and X" — U. By [10, Lemma 5.1], we can then conclude inductively.

2.6. Standard P'-links and P'-linkage

In this section, we recall the notion of standard P'-link and extend it to generalized pairs. The definition
of pullback for b-divisors can be found at the end of Section 2.2.

Definition 2.21. A generalized pair (X,D; + D> + A,M)/S endowed with a projective morphism
n: X — T over S is a standard P'-link if

0. D and D, are distinct reduced prime divisors and |[A| =0

. Kx +D; +D2+A ~Q,n 0;

. there exists a Q-b-Cartier Q-b-divisor N on 7, such that M ~g n*N;
. @|p,: D; = T is an isomorphism for i = 1,2;

. (X,D;+ Dy +A,M)/S is generalized plt; and

. every reduced fiber of 7 is isomorphic to P!,

O O R S

The following lemma shows that condition (2) in Definition 2.21 is implied by the condition Mx ~q
0. We note, though, that the two conditions are not equivalent, since condition (2) in Definition 2.21
only restricts the behavior of M along the general fiber of the contraction 7.

Lemma 2.22. Let f: X — T be a projective contraction over a base scheme S and M be a Q-b-Cartier
Q-b-divisor on X that is b-nef over S. If Mx ~q.1 0, then there is a Q-b-Cartier b-divisor N on T, such
that M ~q f*N.

Proof. Let X" — X be a resolution of X, such that M descends to X”. Let X/ — T/ be a flattening of
X" = T, see [33, Théoréme 5.2.2], and let T be a resolution of 77 . Let X be the normalization of the
main component of xf X7 f T. This ensures that X — 7 still has equidimensional fibers. Since MX is
torsion along the generic fiber of X — T, the same holds true for My along the generic fiber of X—>T
by the negativity lemma. Thus, by the proof of [37, Lemma 2.18], under our assumptions, ' it follows that

My ~oF 0. Since M is the b-Cartier closure of M g, the conclusion of the statement follows atonce. O

Remark 2.23. Conditions (1), (3), and (5) of Definition 2.21 imply that A is vertical over T. Moreover,
up to replacing M with 7*N in its Q-linear equivalence class as b-divisor, the composition 7r|l‘)12 o 7t|p,
induces an isomorphism of generalized klt pairs

(D1,Ap,,Mlp,)/S = (D2,Ap,,M|p,)/S.

Definition 2.24. Let (X, B,M)/S be generalized dlt. Assume that there is a morphism 7: X — T over
S, such that Kx + B+ M ~q, » 0. Let Z;, Z, be two generalized log canonical centers.

1. We say that Z; and Z, are directly P'-linked if there is a generalized log canonical center W
(alternatively, W = X itself) satisfying the following properties:
(@) Z;cW,i=1,2;
() (W) =n(Z1) = n(Z2); and
(c) over anonempty open subset of 7 (W), the generalized pair (W, By +Nyw ) induced by generalized
adjunction onto W is birational to a standard P'-link, with the Z; mapping to the two horizontal
sections of the P!-link structure.
2. We say that Z; and Z, are P!-linked if either Z; = Z, or there exists a sequence of (distinct)
generalized log canonical centers Z7, ..., Z,, such that Z’ Zy, Z;, = 7y, and Z] is directly Pl-
linked to Zi’+l fori=i,...,n—1.

'We note that [37, Lemma 2.18] holds even without assuming the projectivity of the varieties involved. In that case, using the
same notation as in the statement of op. cit., it suffices to assume that the Q-divisor L is relatively nef.
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It is an immediate consequence of the previous definition that every P'-linking defines a birational
map between (Z;, Bz, + Nz,) and (Z,, Bz, + Nz,).

Remark 2.25. With the notation and assumptions of Definition 2.24, if Z is a generalized log canonical
center, then Z is never directly P!-linked to itself: indeed, as (X, B+ M) is generalized dlt, by adjunction,
any generalized log canonical center Z; directly P!-linked to Z must be distinct from Z itself. Therefore,
being directly P!-linked is not a reflexive relation. Furthermore, considering the log Calabi—Yau surface
(P! xP!, B), B := {0} x P! + {0} x P! + P! x {0} + P! x {c0}, it is immediate to see that the relation is
not transitive either. The definition of P!-linkage provides instead an equivalence relation, which is the
smallest equivalence relation that includes that of direct P!-linkage.

Remark 2.26. A generalized log canonical center Z; for a generalized dlt pair (X, B+ M)/S is minimal,
with respect to inclusion, if and only if the generalized pair (Z;, Bz, ,N) induced by adjunction along
Z, is generalized klt, cf. [7, Definition 4.7]. If (Z;, Bz, + Nz,) is generalized kit and Z; is P!-linked to
Z,, then also (Z,, Bz, + Nz,) is generalized klt, cf. [25, Corollary 4.35]. In particular, Z; is a minimal
generalized log canonical center if and only if so is Z,.

The following example shows that in Definition 2.24.1.(c) the birational map between the generalized
log canonical center W and the standard P'-link may not be a morphism, that is, it may not be defined
everywhere.

Example 2.27. We follow the notation of Definition 2.24. Let us take X = P! x P! = W, § = Spec(k),
T = P', and the projection pri: P' x P! — P! onto the first copy as 7. Moreover, set B := H+V + C,
M = 0, where H = P! x {0} = Z;, V = {0} x P!, and C € |Opiypi(1,1)| = Z, is a general element.
Thus, pri(C) = pri(H) = pri(X) =T, and C, H are directly P!-linked since they are sections of 7.
Nonetheless, any birational morphism to a standard P'-link cannot be taken to be everywhere defined
since C and H intersect in X, whereas in the definition of standard P!-link, the two sections are disjoint
(see (0) in Definition 2.21).

2.7. Dual complexes for generalized log canonical pairs.
We recall the notion of dual complex of a simple normal crossing variety.

Definition 2.28. Let £ be a simple normal crossing variety defined over a field k£ with irreducible
components {E;|i € I}. A stratum F of E is any irreducible component F of N;¢; E; for some J C I.

Given a simple normal crossing variety E = | J;¢; E; and a stratum F C ();c; E; of E, for any j € J,
there is a unique irreducible component F; of (;¢\ ;1 E; that contains F. Using this observation, it is
possible to construct a regular A-complex, in the sense of [20, page 103], that encodes the combinatorial
structure of the strata of E.

Definition 2.29. Let E be a simple normal crossing variety defined over a field k£ with irreducible
components {E;|i € I}. The dual complex of E, denoted by D(E), is a CW-complex, whose vertices
are labeled by the irreducible components of E, and for every stratum F C ();cs E;, we attach a
(]J] = 1)-dimensional cell Cg by attaching the facet corresponding to the inclusion J \ {j} to the cell
corresponding to F;.

Let (X, B,M)/S be a generalized log canonical pair. Consider a log resolution f: X’ — X of (X, B),
where M descends. In particular, the support f'B + Exc(f) is a simple normal crossing divisor, and
we can write

Kx + B + My = f*(Kx + B+ M).

Hence, we can define the dual complex D((B’)~!) of the simple normal crossing variety (B")~! as in
Definition 2.29.
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Definition 2.30. Let (X, B,M)/S be a generalized log canonical pair, and let f: X’ — X be a log
resolution of (X, B), where M descends. The dual complex DMR(X, B,M) of (X,B,M)/S is the
PL-homeomorphism class of the A-complex D((B’)~") constructed above.

Let g: X" — X be a different log resolution of (X, B), where Mx~ descends, and write
Kxr» + B’ +MXH = g*(KX +B+ M)

As for (B’)~!, we can define the dual complex D((B”")~") of (B”")='. By construction, the subpairs
(X’, B’) and (X", B”) are crepant birational to each other, as we have chosen both log resolutions f and
g so that M descends to X’ and X”’. Hence, using the weak factorization theorem for the birational map
X’ > X", it is possible to prove that the complexes D((B’)=") and D((B”)=") are PL-homeomorphic
to each other (see [8, Proposition 11] for full details of the argument).

Remark 2.31. In the setup of Definition 2.30, if we further assume that (X, B, M) is Q-factorial and
generalized dlt, then every log canonical place of (X, B + M) is a log canonical place of (X, B), and
vice versa, cf. Definition 2.8. Thus, in this case, we have DMR(X, B) = DMR(X, B,M).

2.8. Dual complex of nonlog canonical pairs

We extend the definition of dual complex to generalized pairs that are not necessarily generalized log
canonical. To this end, we will use dlt models of generalized log pairs, cf. Section 2.4 and the notation
defined there.

Definition 2.32. Let (X, B, M)/S be a generalized pair. Assume that (X, B, M)/S is not generalized
log canonical. The dual complex DMR(X, B,M) of (X, B,M)/S is the simple homotopy equivalence
class of the A-complex D((B™)="), where (X™, B™,M) is a generalized dlt model of (X, B, M).

Let (X, B,M) be a generalized pair that is not generalized log canonical, we ought to show that
Definition 2.32 is independent of the choice of a generalized dlt model of (X, B, M), or, equivalently,
that the dual complexes of any two generalized dlt models of (X, B, M) are simple homotopy equivalent.

Remark 2.33. In Definition 2.30, the dual complex of a generalized log canonical pair was defined
by considering the PL-homeomorphism class of the dual complex. For singularities that are worse
than log canonical, we are bound to use the weaker notion of simple-homotopy equivalence class.
Nevertheless, this notion is good enough to discuss the collapsibility of DMR(X, B,M) and to
compute its cohomology.

Lemma 2.34. Assume the same notations and assumptions introduced above. Consider two generalized
dlt models of (X, B,M), denoted by p;: (X", B',M) — X,i=1,2. Then D((B;")zl) and D((Bg"):l)
are simple homotopy equivalent.

By Remark 2.5, consider the pair (X, B, M + H), where H is a suitable ample divisor on X, M + H
is b-nef and b-big. Hence, up to substituting M with M + H, we can assume that M is b-nef and b-big.
Now, let 7: X’ — X be a log resolution of (X, B), where M descends. We will assume that & factors
through both X{" and XJ". Let r; : X" — X" denote the corresponding morphisms fori = 1, 2.

Lemma 2.35. With the same notations and assumptions as above, if X' is a sufficiently high model of
X, then there exists an effective Q-divisor E’, such that the following conditions hold:

1. Supp(E’) U Supp(B’) is simple normal crossing; and
2. for every sufficiently large positive integer k > 1, there exists a big and semiample Q-divisor A},

such that Mx: ~q A + E, where E} = ET

Proof. As My is nef and big, and it descends to the model X’ fixed before the lemma, there exists an
effective divisor E, such that My, ~g Ax + Ex, where Ay is ample for £y = % (see [27, Proposition
2.61]). As E may not be simple normal crossing, it suffices to replace X’ with a log resolution of (X, E)
and define A;, E’ to be their pullback on the new model. O
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Fori = 1,2, we define B; by the log pullback formula Kx- + B; = n} (KX;“ +B"). As E’ is effective,
we may find 0 < € < 1 so that Supp((B/)>") = Supp((B] + €E’)>!) fori = 1,2. Thus, for k > 1, we
have Supp((B})=') = Supp((B; + E;)=') for i = 1,2. Let us fix one such value of k and let A, be a
generic effective divisor in its Q-linear equivalence class. For i = 1, 2, we define

I'=A,+E, I =nI", I =m,I".
By construction, the following two conditions hold:

(1) ap(X,B+ M) > ap(X, B+T) for every divisorial valuation F centered on X; and
(ii) a prime divisor G C X’ satisfies ag (X", BI* + I'/") < 0if and only if ag (X", B*) < 0.

Both properties follow from the fact that My, ~g A} + E; and Supp((B/)=') = Supp((B; + E;)="),
while A} does not contribute to any singularity by Bertini’s theorem.

By (i), it follows that X" — X extracts only divisors with nonpositive log discrepancy for (X, B+TI").
Therefore, BY" + T7" is effective fori = 1,2. As X ’ is a log resolution of all the divisors involved, we
can use it as input variety to construct a dlt model by means of a suitable MMP, as in Theorem 2.9.
By running a suitable relative MMP over X", we can obtain a Q-factorial dlt model (X", B! +T)) of
(X", B +TM).

Lemma 2.36. With the same notations and assumptions as above, D((B:.“)zl) is simple homotopy
equivalent to D((B]’ + Fl.”)zl)fori =1,2.

Proof. Since by construction
Kxm + B +I7" < 7;(Kx + B+ 1),

(X/”, B{ +TI'/") is also a dlt model for (X, B +1I"). Therefore, by [31, Proposition 2.14], D((B{ + Ff’)zl)
and D((BY +T é’):l) are simple homotopy equivalent to each other, as they compute the dual complex
of (X,B+T). O

We are now ready to prove the proof that Definition 2.32 depends neither on the choice of the ample
divisor H, nor on the choice of the representatives A7 , E ,’( that we made in the course of the construction
contained in this section.

Proof of Lemma 2.34. By construction, the exceptional divisors of X" — X" appear as divisors on
X’. Furthermore, as already observed, a divisor E C X" satisfies ag (X", Bi* + I'"") < 0 if and only
if ag(X™, B") < 0. Therefore, X;” — X" only extracts divisors E with ag (X", B/") < 0. Hence,
the variety X;” provides a dlt model for the dlt pair (X", B{"). Hence, D((B] + T’ i”)zl) computes
DMR(X™,BI"). As (X", B") is dlt, by [8, Proposition 11], DMR(X]", B!") is a well-defined PL-
homeomorphism class. Therefore, D((B:.”):l) is PL-homeomorphic to D((B]" + Fl.”)zl) fori =1,2.
Thus, D((B)=") is simple homotopy equivalent to D((B) +I'/")=!) fori = 1,2. o

3. Connectedness for birational maps

In this section, we recall some results explaining how the structure of the non-klt locus of generalized
pairs changes under birational maps. The first result is an adaptation to the generalized pair case of
[23, Theorem 17.4]. It provides a partial relative birational version of the connectedness principle for
generalized pairs.

Proposition 3.1 (cf. [5, Lemma 2.14]). Let (X, B,M)/Z be a generalized subpair, where h: X — Z is
a projective contraction of normal varieties. Assume that

1. h.B<" =0; and
2. —(Kx + B+ M) is h-nef and h-big.
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Let g: W — X be a log resolution of (X, B) to which M descends. Let
KW +MW = g*(KX +B +M) + ZaiEi.

Let Fi= =3, <1 a;E;. Then (g o h)|supp(r): Supp(F) — Z has connected fibers.

Remark 3.2. The support of F is exactly the non-klt locus of the generalized subpair
W, -2aiE;,M)/Z.

Remark 3.3. When # is birational, then it suffices to require that —(Kx + B + M) is h-nef.
Proof. Let A =3 ,._ja;E;,andlets := g o h. Then,

[A]-|F]=Kw +Mw - g"(Kx + B+ M) + {-A} +{F}
and, by relative Kawamata—Viehweg vanishing,
R's.0z([A1-F])=0

since My — g*(Kx + B+ M) is s-big and s-nef and {—A} + {F'} is simple normal crossing. Considering
the following exact sequence

0 — Ox([A] - LF]) = Ox([A]) = O ([A]) = 0
and applying s., we get that
5:0x ([A]) = 5.0 (TA])

is surjective. As [A] is s-exceptional, then s.Ox ([A]) = Oz. Hence, 5.Ox ([A]) is locally principally
generated in a neighborhood of z.

Assume by contradiction that Supp(F’) is not connected over some point z € Z. Then, O |([A]) is
not locally principally generated over z, since it contains the pushforward of the sections vanishing on
any but one of the components of the | F]. On the other hand, the locally principally generated sheaf
5.0x ([A]) =~ Oz surjects onto O r|([A7]). This leads to a contradiction. O

Remark 3.4. By applying Proposition 3.1 in the case where Z = X and 4 is the identity map, we obtain
that the number of connected components Nklt(X, B, M) is unchanged by passing to a log resolution
where M descends.

Lemma 3.5. Let (X, B,M)/S be a Q-factorial generalized pair, andlet f: X — Y be a proper morphism
of algebraic varieties over S. Let n: X — X| be a divisorial contraction over Y, that is, we have the
Jfollowing commutative diagram

x—F X

N

Assume that
o p(X/Xy)=1;
o Kx+B+M ~g 5 0;
o B=!is m-ample; and
o Nklt(X, B,M) c Supp(B=").
Then NKlt(Xy, Bi,M) C Supp(B}'), where By := m.B.
Moreover, for any point y € Y, the number of connected components of Nklt(X;, B;, M) N fl_l (y) is
the same as the number of connected components of NKlt(X, B,M) n f~1(y).
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Proof. Let E be the divisor contracted by n. As Kx + B+ M ~ry 0, NKklt(X;, By, M) =
a(Nklt(X, B,M)). If E ¢ Nklt(X, B, M), then there is nothing to prove. Instead, if £ c Nklt(X, B, M),
then pg (B) > 1. As E is exceptional for 77, then E - R < 0, where R is the extremal ray of NE(X/Y) cor-
responding to the contraction . As B=! is m-ample, there exists a component G included in the support
of B2! such that G - R > 0. In particular, 7.G D n(E), which proves the claim, as BlZl =, (B=").

To prove the last assertion, it suffices to notice that, since we have Nklt(X;,B;,M) =
m(Nklt(X, B, M)), the number of connected components of Nklt(X;, Bj, M) N fl_1 (y) cannot be strictly
larger than the number of those of Nklt(X, B, M)N f~!(y). If the number of components were to actually
decrease, then taking a common resolution

w
X—K>X1,

where M descends and applying Proposition 3.1 with h = n, Z = X1, g = q, p = go h, we
would obtain a contradiction, since that situation would imply a lack of connectedness of the fibers
of plsuppr : Supp F — X, where F is the divisor defined in the statement of Proposition 3.1. ]

Lemma 3.6. Let (X, B,M)/S be a Q-factorial generalized pair, and let f: X — Y be a proper
morphism of algebraic varieties over S. Let . X --> X be a (Kx + B + M)-flop over Y, that is, we have
the following commutative diagram

X-—--=--- > X"
f Z f+
|’

Y.

Assume that

o B=!is g-ample; and
o Nklt(X, B,M) c Supp(B=').

Then NKIt(X*, B*, M) C Supp((B*)="), where B* is the strict transform of B.
Moreover, for any point y € Y, the number of connected components of NkIt(X*, B*, M)N (%)~ (y)
is the same as the number of connected components of Nklt(X, B,M) N f~1(y).

Proof. As lis a flopping contraction, then
Kx+B+M ~g; 0, and Kx+ + B* + M* ~p ;- 0,
where M™* := My-+. This, in turn, implies that
Nkit(Z, Bz + Mz) = [(NKlt(X, B,M)) = [*(NkIt(X*, B*,M)),

and [, (B=") = I} (B**!). As B=! is l-ample, it follows that —(B*)=! is [*-ample. Since —(B*)>! is antief-
fective, it follows that the /*-exceptional locus is contained in Supp((B*)='). Thus, Nklt(X*, B*, M) c
Supp((B*)=").

To prove the last assertion, it suffices to notice that, since x is a flop over Y and [,[* are the
associated flopping contractions, then /(NkIt(X, B, M)) = [I* (Nklt(X*, B*,M)). Taking a resolution of
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indeterminacies of 7

where M descends and applying Proposition 3.1 twice, first to &~ = [, g = ¢, and then to h = [*,
g = p, we see that the number of connected components of NklIt(X*, B*, M) N (f*)~!(y) (respectively,
Nklt(X, B,M) N f~'(y)) is the same as the number of connected components of Nklt(Z, Bz, M) N
(fz)""(y), where Bz := [,B = [} B*, as otherwise that situation would imply a lack of connectedness
of the fibers of (I* o p)|suppr: Supp F — Z (respectively, (I o p)|suppr : Supp F — Z), where F is the
divisor defined in the statement of Proposition 3.1. O

Remark 3.7. Let (X, B, M) be a generalized pair. Let (X, B™, M) be a generalized pair together with
a dIt modification f™: X" — X of (X, B + M), as in Theorem 2.9. Let us denote by B’ the unique
boundary supported on Supp(B™) and defined by the identity

Kxm +B '+ M™ = f™*(Kx + B+ M), M™ := Mxm.

Then, every non-klt center of (X", B’ + M™) is contained in Supp((B’)="). Assume not, and fix a non-
klt center W c X™ not contained in Supp((B’)='). Then, B’ = B™ = (B™)<! near the generic point of
W. Since (X, B™ + M™) is generalized dlt, (X, (B™)<! + M™) is generalized klt. Thus, (X", B’ + M)
is also kit at the generic point of W, which gives a contradiction.

4. Generalized log Calabi-Yau pairs and their structure

In this section, we collect some technical results related to the structure of generalized log Calabi—Yau
pairs which will be useful in the analysis of dual complexes for such class of pairs.

4.1. A Kawamata—Viehweg type result for generalized kit pairs

In this subsection, we prove the following vanishing result of Kawamata—Viehweg type that will be used
to show contractibility of certain types of dual complex for generalized log Calabi—Yau pairs.

Theorem 4.1. Let (X, B, M) be a generalized pair with generalized kit singularities. Let L be a Cartier
divisor on X, such that H .= L — (Kx + B + M) is nef and big. Then, H (X, L) = 0 fori > 0.

Proof. Letm: X’ — X be a log resolution for (X, B), where M descends. Thus, we may write
Kx +7.'(B)+E' - F' + M’ =n*(Kx + B+ M), M’ := My,

where E’ > 0, F’ >0, E’ NF’ =0, E' — F' is m-exceptional and 7, ! (B) + E’ — F’ has simple normal
crossing support. Thus,

T L+[F=Kx +mn,'(By+E"+([F'1-F)+ M’ +n*H.
As M’ +r* H is nef and big, by Kawamata—Viehweg vanishing [27, Theorem 2.64], we have H(X', n*L+
[F']) = 0 fori > 0. Similarly, by [17, Theorem 3.45], we have Rin,Ox/ (x*L + [F']) = 0 fori > 0.

Since [F’] is m-exceptional, the projection formula implies 7.Ox (n*L + [F’]) = Ox (L). Hence, we
conclude that H (X, L) =0 fori > 0. O
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4.2. Special birational models

In this subsection, we show how to reduce the problem of studying the dual complex of a generalized
log Calabi—Yau pair to the log Fano case. The following result is a generalization of [28, Theorem 49].

Theorem 4.2. Let (X, B,M) be Q-factorial generalized dit pair. Assume that Kx + B+ M ~g O.

Then, there exist a crepant birational map ¢: X --> X, a generalized pair (X, B,M), and a morphism
q: X — Z, such that:

€Y E:I fully supports a g-ample divisor; o

(2) every generalized log canonical center of (X, B, M) dominates Z;
(3) Ec Ezl for every ¢~ -exceptional divisor E C X; and

4) ¢~!is an isomorphism over X\ Ezl

Rmmmmam@amﬂammngmewzmmwmm%miﬁmD=§ﬂﬂmmm§za

Proof. If (X, B,M) is generalized klt, then it suffices to take Z = X = X. Hence, we can assume that
Nklt(X, B,M) # 0.

Step 0. In this step, we reduce to the case when the dual complex is connected.

If Nklt(X, B,M) is disconnected, the statement follows from Theorem 1.1 and its proof. More
precisely, as (X, B, M) is already Q-factorial generalized dlt, we may apply the algorithm in the proof of
Theorem 1.1 to X: weruna (Kx + B<l+M x)-MMP X --» Y, which will terminate, by construction, with
aMori fiber space X — Z, the morphism whose existence is claimed in the statement of 4.2. By Theorem
1.1, items (1)—(2) in the statement of 4.2 hold. By construction, X --» X is a birational contraction, so
item (3) is satisfied. Lastly, this MMP is a (—le)-MMP, and thus by the results in Section 3, also item
(4) is satisfied. Therefore, we can assume that Supp(B~") is connected and nonempty.

Step 1. In this step, we construct a birational map X --> X' and a fibration X' — Z satisfying
properties (1), (3), and (4) in the statement of the theorem.
We run a (Kx + B<! + M)-MMP with scaling of an ample divisor

X=Xo— =X -2, - X, =X L +7 3)

and we define B; = ;. B;_1,and By := B. As Kx + B<! + M ~g —B~!, each step of the (Kx + B<! + M)-
MMP in (3) is (B~!)-positive; moreover, this run of the MMP terminates with a Mori fiber space
q: X' — Z and we have an induced generalized pair (X', B’, M), B’ := B, such that Kx-+B’+Mx’ ~q
0. As each step of (3) is (B~!)-positive, the indeterminacy locus of the inverse map 7ri‘1 : X > Xy is
contained in Bl.:]. This implies that property (4) in the statement of the theorem holds for (X', B, M);
property (1) is satisfied as ¢ is a Mori fiber space, while (3) holds, by construction, since X --»> X’ is a
birational contraction.

If property (2) holds for (X’, B’, M), then the proof of the theorem is completed. Hence, we shall
assume that not all generalized log canonical centers of (X', B’, M) dominate Z.

Step 2. In this step, assuming property (2) does not hold for (X', B', M), we construct a birational
map X --» X over Z, a generalized pair (X, B,M) crepant to (X, B,M), and a commutative diagram

X—>7Z

NS

Z?

where ¢ is a Mori fibration, Z — Z is a birational contraction, and all the log canonical centers of
(X B, M) that do not dominate Z are fully supported on the pullback of a divisor on Z. Moreover,
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(55 ,B, M) satisfies properties (3), (4), and B=! fully supports an effective divisor that is relatively ample
over Z \ g(B=""").

By construction, (X’, B’, M) is Q-factorial and generalized dIt away from B’=!. We pass to a gener-
alized dIt model y: X" — X',

Kx»+B”"+M" =y*(Kx + B+ My/), M"” := Mx».

Property (3) holds on X" by construction. The morphism ¢ is an isomorphism over X’ \ B’~!, hence,
property (4) holds on X”” as well. Lemma 2.13 implies that property (1) is also preserved.

Thus, up to substituting X’ with X"/, we can assume that (X’, B’, M) is Q-factorial and generalized
dlt, and that any of its log canonical places is a log canonical place for the pair (X’, B’).

To simplify the notation, we write M’ := Mx:.

Claim 1. Up to substituting (X', B’, M) with a crepant birational generalized pair on a higher model of
X', we can assume that any generalized log canonical center of (X', B, M) vertical over Z is contained
in B"=YY and properties (1), (3), and (4) still hold on X'

In particular, we can assume that for any 0 < & < 1, the generalized pair (X', B’<' + B~ 4+
SB’="Y + M) has no vertical log canonical centers.

Proof of Claim 1. Let W be a log canonical center for (X', B’) vertical over Z. If W ¢ B~V then W
is the intersection of components of B =Lh 1 et C be the subcomplex of DMR(X’, B =1}, whose cells
correspond to all components of B’=! together with the strata of B’~""* that dominate Z and all strata
of B’=:V. The subcomplex C is closed inside DMR(X’, B’:‘), as it is closed within each simplex of
DMR(X’, B’="): in fact, if a stratum W’ of DMR(X’, B’:l’h) does not dominate Z, the same holds
for any stratum W’ ¢ W’. Thus, up to substituting (X', B’) with the crepant birational pair constructed
by [28, Lemma 57], we can assume that B’=1>¥ # 0, and that (X’, B’<! + B’=1»_ M) has no vertical
log canonical centers. By Lemma 2.13 and [28, Lemma 57], this process preserves properties (1), (3),
and (4). ]

By construction, B’=! fully supports an effective Q-divisor H ample over Z, hence, for 0 < € < 1,
the support of B’~! — €H coincides with that of B’=!, and, moreover, | B”~! — eH| = 0, so that

Kx + B~ + (B~ —eH)" + My, + €H ~g —F’, F' := (B~ - €H)", )

and (X', B’<! + (B! — eH)" + Mx: + €H) is generalized kIt over Z.
By [7, Lemma 4.4], we can run a (Kx' + B’<! + (B"=! — eH)" + M. + eH)-MMP with scaling of an
ample divisor over Z, that terminates with a relatively good minimal model/Z

Z 5)

We denote by E, F s H the strict transforms of B’,F’,H on X. The morphism Z — Zis bigational, as F
is vertical/Z. Since the MMP in (5) is positive for F’ by construction, then F' > 0 and F ~g 5z 0. The

map X --» X satisfies properties (3) and (4) in view of [28, Lemma 55] and the fact that Supp(F’) C

Supp(B'=). _
On the other hand, property (1) may no longer hold on X. Nevertheless, the following claim holds.

Claim 2. B=' fully supports an effective divisor that is relatively ample over Z \ G(B="").
Proof of Claim 2. As we modified X’ by means of an MMP for a divisor supported on (B’)="", property
(1) still holds true over the complement of g((B’)=""). O
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Step 3. In this step, we show that there exist generalized pairs (Z, B, M3), (Z, A5, M53) on Z, such
that Kz + B5 + M5 ~q 0 and —(K5 + A5 + M5) is pseudo-effective.
The generalized pair (X, B<! + B=""" + eH", M) has no log canonical centers vertical over Z, and

Kz +B~' + B + eH" + Mg ~q.7 0,
by (4). Theorem 2.20 implies the existence of generalized pairs (Z ,Bz,M5), (Z ,A5,Mz), such that

0~q K§+E+M§ ~0 ¢ (K5 + B5 +M3),

-~ ~ (6)
Kz +B~' + B+ eH" + Mz ~q (K5 + A5 +M5).

The two generalized pairs in (6) have the same moduli b-divisor M3, since
. B N — (k-4 R<l, p=Lh v N\
(Kx+B+Mg)lg = (Kg+B~ +B " +eH" +Mg)lg ,
along the generic fiber X, y of ¢. Furthermore,
B; -~ Az >0and §"(B; —Az) =F,

since B=1V = eﬁv_f F. Asno log canonical center of (55, B<! 4+ B=lh 4 eﬁv, M) is vertical over Z the
generalized pair (Z, A5 + M3) is generalized klt, cf. [1, proof of Proposition 3.4]. Hence,

K2+A2+MZ ~Q Az—B

Ko +B<'+ B " + eHY + My ~0 (A5 — B> @
X X Qq( Z Z)’

which concludes the proof of this step.

Step 4. In this step, we obtain a birational contraction Z - Z together with a Mori fiber space
Z - W. Furthermore, we show that we can lift the birational contraction Z - Z to a birational
contraction X --> X and X is endowed with a morphism X Z

By construction, (X, B<! + B=""" + eH", M) satisfies the following properties:

(a) it is generalized dlt; _
(b) all of its log canonical centers dominate Z; and _
(¢) B="" fully supports a divisor H" that is ample over Z \ Supp(B5 — A3).

Claim 3. The following properties hold:

(d) (X,B<'+ B~ — 6H" + eH", M) is generalized klt, where 0 < § < 1; o
(e) for a general element D € |H" | Z|q, the generalized pair (X, B<! + B=''"" — SH" + eH" + D, M)
is generalized klt, and

Kg+B~'+(B™" —6H") + eH" + 6D + Mg ~, 5 " (A5 — B). (8)

Proof of Claim 3. (d) This follows at once from properties (a-b) stated right before Claim 3.

(e) As H" is ample over Z\ Supp(Bz — Az) by Claim 2, the relative Q-linear series |H" ) Z|Q is free
over Z \ Supp(Bz — Az). In particular, a sufficiently general member D e |H"/Z lo avoids the
generic point of every log canonical center of (X,B<! + B + ¢HY,M), as these all dominate Z.
The generalized log canonical centers of (X,B<'+B="" _5H" + €H" + 5D, M) are a subset of the
ones of (X, B<! + B=""" + eH”,M), cf. [27, Corollary 2.33]. Thus, as D avoids the log canonical
centers that dominate Z , the conclusion follows.

This concludes the proof. O
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We run a (K5 + A5 + M5)-MMP with scaling of an ample divisor

X )
Zo——>Zl—g£2> Lz -7, =2
-
w
that terminates with a Mori fiber space r : Z — W. We define
Ay =7z My = MZ,FO =F,
Azm = l!/i+1Az., 7= l//i+lMZi~
Claim 4. Let us define (Xo, Bo,M) : (Y B, M). For any 0 < i < n, there exists a Q-factorial

generalized log canonical pair (X,, Bl,M) with B; # 0, and morphzsms m;: X; — Z;, such that the
following diagram commutes

§0*72>X1**>...**1> n-1— — > n=-5(\
mm:’q‘i lml imn—l my=1q
Zo—@>zl—lﬁz>...—¢£7l>zn,]—ibn>~n=Z

each mt; is a birational contraction, m; is a contraction satisfying properties (a—e) in Claim 3. Moreover,
forany 0 < i < n, NKIt(X;, B;, M) = Supp(B;").

Proof. We use inductiononi € {0, 1,...,n}. We define F; == 71 Fi_q.

For i = 0, there is nothing to prove. Thus, we can assume that the statement of the claim holds up to
i — 1, and we shall prove that it holds for i as well.

Hence, it suffices to show that the diagram

X1
|
~l—1 - > ~i
can be completed to a diagram
jZt 11— — > }?
lm, | J/ (10)
Zin - -2,

satisfying the conditions in the statement of the claim. If Wit Ziog — Z; is a divisorial contraction,
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thfn for~ a generill choice Sf D €~|ﬁ l.h_l / % lg, in view of property (e) of Claim 3, the generalized pair
(Xi-1, Bl.<_1] + (Bl.:_lih - 6Hf’_1) +€H) | +6D;_1,M) is generalized kit and

<l n=1.h r7h 7 n x ox
Kii,—l + Bi<—1 + (Bi—] - 6Hi_1) + EI‘ILY_1 +0D;_1 + M)?i—l ~Z.Q m;_, (AZ'—I - Bz_il). (1

By [7, Lemma 4.4], we canruna (Kg_ + B, + (B;; Yt _SH" )+ eH)  +6D 1 + Mg )-MMP over
Z; with scaling of an ample divisor and this termlnates as D;_j is big over Z;. Thus, we can define X;
in (10) to be a good minimal model for this (K5 + Ef_]l + (El.‘_llh 6H" )+€H)  +6D; 1 + M; )-
MMP over Z;. As Fi-1 = m]_, (BZH - AZH), (11) implies that each step of the MMP above is F;_;-
positive. Hence, the exceptional locus of 771.‘1 must be contained in F;, and 7 is an isomorphism above
Supp(Bz, — Az), so that properties (a—¢) also hold for the morphism m;.

Similarly, if ¢; is a flipping contraction

for a general choice of D € |H 1/ Zilqg, the generalized pair (X;-1, B + (B Lk 6Hh ")+ eHV
6D;_1, M) is klt and

Kg  +BZ\ +(B\" = 6H! ) +€H +6D;\+Mg ~zom;_ (A -Bz ). (12)

Zi1

By [7, Lemma 4.4], we canrun a (Kg,_ + B\ + (B.}" = 6H!" ) + €H} | +6D;_; + Mg _)-MMP over
Z; with scaling of an ample divisor and thls terminates, as D;_j is big over Z;. Thus, we can define X; in
(10) to be a good minimal model for this (Kx,i_1 +Bl.<711 (B_1 h —6Hh ") +6H" +6Dl 1+Mg. )-MMP
over Z;, since Z; = Projozi (®m20 r;,. 0z (m(AZ —B3))) and by (12). As F,,l = 1(BZ Az ),
(12) implies that each step of the MMP above is E_l-positive. Hence, the exceptional locus of 7ri‘1 must
be contained in F;, and 7; is an isomorphism above Supp(BZ_ -A 7. ), so that properties (a—d) also hold
for the morphism m;. O

We define divisors F. s H to be the strict transforms on X of F , H, respectively; thus, F = q (BZ -A 2).
By construction, Z --» Z is an isomorphism outside of Supp(BZ - A2)§ thus, [28, Lemma 54]2
implies that the rational map X --» X is an isomorphism over the complement of Supp(B5 — A3). As
Supp(f) = Supp(§=1’v) X --> X satisfies properties (3) and (4).

Step S. In this step, we modify X so that property (1) is achlevedfor X > w.

By construction, B! fully supports a divisor H that is g-ample over Z \ Supp(B5 —A3). As r
is a (B; — Az)-Mori fiber space, then Supp(B5 — A3) fully supports an r-ample divisor H Since

1(Supp(B~ A5)) = Supp(B=""), by construction of the birational contractions Z --» Z, X - X,
and Q- factonahty of all varieties involved, it follows that q_1 (Supp(B5 —A3)) = Supp(B‘1 V). Thus,
both H and g*H> are supported on B='. Furthermore, since H is fully supported on B=', it follows that
H +mg*H is fully supported on B=' for every m > 0. Similarly, since H" is fully supported on B="-"
and §* H is fully supported on B="-Y, H" + mg*H is fully supported on B=! for every m > 0.

If H or H" are g-ample, then H+ mq*H is r o g-ample for m > 0, and property (1) holds on X.

2We note that the cited result is proven for Q-factorial dlt pairs, while we use it in the context of Q-factorial generalized kit
pairs. Since, by our constructions, the generalized klt pair has a relatively big boundary, then by standard perturbation arguments,
the generalized kit pair is equivalent over the base to a kIt pair.
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Thus, we can assume that H" is not g-ample: we will construct a new birational model of X,
where relative ampleness of H H" over Z is achieved. In Step 4, we showed that there exists an effective
D ~0.2 H such that

(f) for0 <6 < 1, (X, B<! + (B! :6Eh) + e’\ﬁv + (55’,\M) is generalized klt; and
(g) by (f)for0 < 0 < § <« 1, then (X, B<l4 (B:I’h - 6Hh) +€eH" +6D + oD, M) is generalized klt;
moreover,

Kg+B~'+(B™"" —~6H") + eH" + 6D + 0D + Mg ~0.Z ocH", (13)

and H" is relatively ample over Z\ Supp(B5 —A3).

By (13) and [7, Lemma 4. 4] if we run a relative MMP with scaling of an ample divisor over Z for
()? B<l+ (E‘l h_ oH h) + eH V+sD+oD , M), this must terminate with a relative good minimal model
(X', B, M) — Z over Z; we denote by g: (X,B,M) — Z the corresponding relative ample model.
The MMP that we have just described is an isomorphism over Z\ Supp(B5 — A3). The following
properties hold:

o X -» X" and X - X are isomorphisms over Z \ Supp(B5 — A ), hence, properties (3) and (4) are

preserved
o (X’,B’,M) and (X, B, M) are generalized log canonical, and the former has Q-factorial singularities.
Furthermore, by step 4, and the fact that X --> X’ is an isomorphism over Z \ Supp(B5 - A3),

(X', B’,M) is generalized dlt over Z \ Supp(B5 — As);

o (B ) LA fully supports a divisor (H’)" that s relatively big and semiample over Z, and its pushforward
to X, denoted by H", is relatively ample over Z.Asrisa (A5 —B3)-Mori fiber space, Supp(B5 —A5)
fully supports an r-ample divisor H=; as g I(Supp(BA -A3)) = Supp((B’)="-"), then (B’)=" fully
supports a divisor that is big and semiample over W, which we denote by H'.

Similarly, B! fully supports a divisor that is ample over W, which we denote by H. Fur-
thermore, by construction, H’ is relatively ample away from Nklt(X "B, M): namely, X -
Projy, @m(vr 04" ) (Oyx, (mH’)) = X is a birational morphism, whose exceptional locus is contained
in Nklt(X’, B, M).

Claim 5. By construction, we have NKIt(X’, B’, M) = Supp((B’)=!). Furthermore, we may take a
generalized dit model (X™, B, M) — (X', B’,M), such that properties (3) and / (4) are preserved, and
Supp((B™)=") fully supports a divisor that is relatively big and semiample over Z, and that is relatively
ample away from NKIt(X™, B™, M).

Proof. By construction, X’ is Q-factorial. By property (f), (X, B<! + B="" + eH" + §(D — H"),M)
is generalized kit and its generalized log canonical divisor is relatively trivial over Z. Thus, it follows
that (X', (B)<! + (B")="" + e(H")" + 6(D’ — (H")"), M) is generalized kit. Since X’ is Q-factorial,
(X', (é )<1 M) is generalized klt. Thus, by Lemma 2. 15, if we take a generalized dIt model (X", B, M)
of (X', B’,M), every divisor extracted has positive coefficient in the pullback of (B’)='. Then, since
Supp((B’)=") fully supports a divisor that is relatively big and semlample over Z, and that is relatively
ample away from NKklt(X’, B’, M), then so does Supp((B™)="). Indeed, every divisor extracted by
X™ — X’ appears with positive coefficient in the pullback of H’. Furthermore, passing to the model
X" preserves properties (3) and (4). m|

Step 6. Conclusion.

By construction, the generalized pair (X, B, M) together with the morphism r o §: X — W satisfies
the properties (1), (3), and (4). If property (2) holds for X — W, then we can stop. Otherwise, we
perform the following procedure:
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(i) we replace (X, B + M) with a generalized dlt model (X, B™, M) as at the end of step 5;
(ii) we repeat the arguments in steps (2-5) for (X", B™,M) and X" — W, thus obtaining a new
birational model X" — V satisfying properties (1), (3), and (4) with dim V < dim W;
(iii) if property (2) holds for X" — V, then we can stop; otherwise, we restart from (i) with input data
(X", B”,M) and X" — V.

The procedure described in (i)—(iii) must terminate after finitely many iterations, as at each time the
dimension of the base of the fibration drops, the final outcome will then satisfy property (2).

To conclude our proof, we need to show that, in the procedure (i—iii) just introduced, whenever in
(i), if we take a generalized dIt model of (X ,B, M), then this does not constitute an issue with respect to
property (1). That is, if we replace (X, B, M) with a generalized dIt model, property (1) may not hold
anymore. On the other hand, we will argue that a suitable weaker version (1”) of property (1) still holds,
and that this property is enough to run the proof.

Let (X™, B™, M) be the generalized dlt model of (X, B, M) introduced in step 5. Recall that the
morphism X — X preserves (3) and (4) for the rational map X --» X™. Recall that (B™)=" fully
supports a divisor H™ that is big and semiample relatively to W. Furthermore, H™ is relatively ample
away from Nklt(X”, B™ M).

Now, consider the following weaker version of property (1):

(1) (B™)=' fully supports a divisor that is relatively big and semiample over W. Furthermore, this
divisor is ample over W away from Nklt()V( m_ pm M).

Notice that (1”) is stable under the extraction of valuations of generalized log discrepancy O for (X, B, M).
Thus, we are free to replace X’ with a higher generalized dIt model. In particular, (1’) is stable under
the operations performed in Claim 1. Furthermore, for 0 < € < 1 (X™, (B™)<! + ((B™)=! — eH™)" +
eH™ M) is generalized klt and satisfies the hypotheses of [7 Lemma 4.4]. In particular, we can repeat
Step 2, and produce new birational models X’ and W of X’ and W, respectively. These two models
satisfy the conclusions of Step 2, besides that the conclusion of Claim 2 is replaced by its weaker version
with property (17).

Notice that we can reproduce Step 3 with the varieties X’ and W with no significant changes.

Now, we would like to reproduce Step 4. Notice that the key facts for Step 4 to hold are properties
(d—e). Indeed, these guarantee that we can apply [28, Lemma 54]. By construction, properties (a—b)
are still satisfied by X’ and VT/ while (c) does not hold, as (c) is equivalent to the conclusion of Claim
2. On the other hand, since a weaker version of Claim 2 where ampleness is replaced by bigness and
semiampleness holds, the corresponding weaker version of (c) holds. Now, notice that this weakening
of (c) is sufficient in the proof of Claim 3, as it is enough to be able to apply a Bertini-like argument.
In particular, this implies that we can replicate Step 4 with X’ and W. Hence, we produce a variety X"’
which is birational to X, and a variety V with dim(V) < dim(W).

Finally, we can reproduce Step 5 in its entirety. More precisely, Step 5 can be reproduced, replacing
property (1) with property (1”). Then, the conclusions of Step 5 still hold. Therefore, as indicated in
(iii) in Step 6, we can iterate this argument until property (2) is satisfied. Since after each iteration the
dimension of the base drops, the algorithm has to terminate, and the final outcome will satisfy properties
(1-4). O

The following is a generalization of [28, Corollary 58]. We will use the same notation as in Theorem
4.2.

Corollary 4.4. Let (X, B,M) be a generalized log canonical pair. Assume that Kx + B+ Mx ~q 0.
Then, there exist a Q-factorial, generalized dlt pair (X, B, M) which is crepant birational to (X, B, M),
and crepant birational maps

y=glog: XXX,
together with a morphism §: X — Z, such that:
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(1) every generalized log canonical center of (X, B + M) dominates Z;

@ B =g '(B);

3) g! (EZ])fully supports a §-big and g-semiample divisor;

(4) every prime divisor E ¢ X that does not dominate Z has nonempty intersection with g~ (E:I); and
(5) ¥~ is a crepant birational contraction and E ¢ B=! for every y~'-exceptional divisor.

Proof. Let ()A( ,B, M) be a generalized dit model of (X, B,M). Let g: (Y, B, M) — Z be an outcome
of Theorem 4.2 applied to (X, B, M). Write ¢: X --> X. By construction, every ¢~ '-exceptional divisor
is contained in_Ez_l. Let (X,B,M) be a generalized dlt model of (X, ~§, M), and set g: X — X. By
Theorem 4.2, (X, B, M) satisfies (1), and so does (X, B, M). Since (X, B, M) is a generalized dIt model
of (X, B,M), we have g~! (§=1) c B='. By Remark 4.3, we have the reversed inclusion, and (2) holds.
By construction, B fully supports a g-ample divisor. As Supp(g*E:I) =g (E:I), then (3) holds.
Furthermore, any divisor £ c X that does not dominate Z and is not g-exceptional intersects g (B~ ),
as E:I fully supports a g-ample divisor. Then, as every g-exceptional divisor is in g ! (E:I), (4) follows.

Finally, by construction, we either used Theorem 4.2 or generalized dlt models to produce new varieties.
Hence, (5) holds true. |

Remark 4.5. If dim X — dim Z > 2, then property (4) in the statement of Corollary 4.4 can be further
strengthened. In fact, under such assumption, every prime divisor £ c X has nonempty intersection
with g~! (EZI).

On the other hand, if dimZ = dim X — 1, this stronger statement could fail. Indeed, to construct
an example showing this cannot be achieved, it suffices to fix an elliptic curve E and define Z = E,
X =P xE, M’ =M =0, and B to be the union of the two disjoint sections of X — Z. This example
is an admissible case of Corollary 4.4, and B has empty intersection with other sections of X — Z.

Theorem 4.2 and Corollary 4.4 make it possible to reduce the study of the dual complex of a general-
ized pair (X, B, M) to the study of the dual complex of lower-dimensional pairs via the construction of
suitable fibrations on the variety X. The next result furthers this strategy by establishing a comparison
between the dual complex of a variety and the dual complex of the generic fiber of a morphism.

Lemma 4.6 [28, Lemmata 28-30]. Let E = | J;¢; E; be a simple normal crossing variety over a field k.
(1) Let K /k be a Galois extension with Galois group G. Then G acts on D(Ek ) and D(Ey) = D(Ek)/G.
Let q: E — Z be a morphism.

(2) The generic fiber E(z) is a simple normal crossing variety over the function field k(Z) and
D(Ek(z)) is a subcomplex of D(E). Furthermore, if every stratum dominates Z, then D(Ey(z)) =
D(E).

(3) Assume that every stratum of E dominates Z. Let z € Z be a general point and E, the fiber over z.

Then E is a simple normal crossing variety and there is a finite group G acting on D(E;), such
that D(E) = D(E;)/G.

5. The dual complex of generalized log Calabi-Yau pairs

In this section, we collect some technical and partial results that will be used to prove our main theorem
on the structure of the dual complex for generalized log Calabi—Yau pairs.

5.1. Dual complex and MRC fibration

Firstly, we aim to show that, to study the dual complex of generalized log canonical pairs of log Calabi—
Yau type, it suffices to consider the case when the underlying variety is rationally connected.
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Proposition 5.1. Let (X, B,M) be a generalized dlit pair. Assume that Kx + B+Mx ~g 0. Letg: X --> Z
be a dominant rational map to a nonuniruled variety Z. Assume that there exists a nonempty open set
of the base U C Z, such that the restriction of g to g~ (U) is a morphism with connected fibers over U.
Then, every irreducible component D of B=' dominates Z.

Proof. We follow the strategy of the proof of [28, Proposition 19].

Let us assume by contradiction that some component D of B=! does not dominate Z. Up to replacing
Z birationally, we can assume that Z is smooth and projective, and that every prime divisor in X either
dominates Z or dominates a prime divisor in Z. In particular, D dominates a prime divisor P C Z. Let
X" be the normalization of the closure of the graph of g, and let (X"’, B” + M) denote the log pullback
of (X, B,M) on X"”'. Under these assumptions, the divisor B’ may be noneffective. Let 2: X" — Z and
m: X" — X denote the induced morphisms. Let C C X be a sufficiently general complete intersection
curve. Thus, D - C > 0, and we may assume that C avoids any prescribed set of codimension at least 2.
In particular, we may assume that C avoids the indeterminacy locus of g and the exceptional locus of =,
and we may identify C with its strict transform in X"’.

Claim 1. For every prime divisor R C Z with R N h(C) # 0, Supp(h*(R)) contains a prime divisor
that is not exceptional for X" — X. In particular, Supp(h*(R)) contains a divisor that has nonnegative
coefficient in B”, and that dominates R.

Proof. Fix a prime divisor R so that R N A(C) # 0. Since Z is smooth, R is Cartier, so A" (R) is
well-defined and Supp(h2*(R)) is purely divisorial. Since R N h(C) # 0, there is a prime divisor,
O c Supp(h*(R)) so that O N C # 0. Since X" — X is an isomorphism along C, it is an isomorphism
along the generic point of O. In particular, O is the strict transform of a prime divisor on X. Since B > 0,
it follows that B”” has nonnegative coefficient along O. Finally, by assumption on Z, every prime divisor
on X either dominates Z, or it dominates a prime divisor in Z. Thus, O has to dominate R. O

Since X"’ and Z are normal and generically & has connected fibers, it follows that 4 has connected
fibers everywhere. By construction, we have Kx~ + B + M" ~g 0. Thus, we can apply Theorem 2.20
to i, and induce a generalized subpair (Z, Bz, N), such that

Kx» + B +M" ~Q /’l*(KZ + By +Nz).

Moreover, Kz - h(C) > 0, by [30, Corollary 3] since C is a complete intersection of ample divisors,
g is dominant, and Z is not uniruled. In addition, as Nz is pseudo-effective, Nz - 1(C) > 0. By
the generalized canonical bundle formula, as D dominates P and up(B) = 1, then up(Bz) > O.
Furthermore, if up(Bz) < 0 for some prime divisor @ C Z, it follows that for every prime divisor
I' ¢ X” that dominates Q, we have ur(B’’) < 0. Thus, Claim 1 implies that £(C) is disjoint from any
prime divisor Q with ug(Bz) < 0. As D - C > 0, then P - h(C) > 0. This implies that

0< B;O -h(C)=Bz -h(C) < (Kz+Bz+Nz) -h(C)=0-h(C) =0, (14)
which leads to the required contradiction. O

Proposition 5.1 allows a first interesting reduction in the study of the dual complex of a generalized
pair of log Calabi—Yau type.

Any normal and proper variety X admits a birational contraction, called a maximal rationally
chain connected (in short, mrcc) fibration g: X --» Z (see [24, Theorem IV.5.2] for the details of
the construction). Roughly speaking, the mrcc fibration is characterized by the following properties:

o the fibers of g are rationally chain connected; and
o almost every rational curve is contained in a fiber of g: namely, for a very general z € Z, any rational
curve intersecting X, is contained in X,.
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The mrcc fibration is uniquely determined up to birational equivalence. By [24, Theorem 1V.4.17], the
birational contraction g is a well-defined morphism with connected fibers over a nonempty open set of
the base Z. If the variety X is smooth, then the general fiber of g will be rationally connected; in this
case, the morphism g is called the maximal rationally connected (mrc) fibration. Work of Hacon and
M°Kernan, [18], shows that the same actually holds in the case of dlt pairs. Therefore, for our purposes,
we can always consider the mrc fibration of a dIt model of a generalized log canonical pair.

By work of Graber, Harris, and Starr, cf. [14, Corollary 1.4], the base Z of an mrc fibration is not
uniruled. Therefore, Proposition 5.1 applies to the mrc fibration of a generalized dlt pair (X, B, M) with
Kx +B+M ~q 0. In particular, by Lemma 4.6, we can reduce the study of the dual complex to the case
when X is a rationally connected variety.

5.2. Reduction to the ample case

Let (X, B, M) be a generalized log canonical pair. Assume that Kx + B+ M ~q 0. We are interested in
studying DMR(X, B, M). By the results of Section 5.1, we can assume that X is a rationally connected
Q-factorial kit variety.

As Kx+B+M ~g 0, we aim to use vanishing theorems, cf. Theorem 4.1, to show that H! (X,0x) =0,
for i > 0; the vanishing of the higher cohomology of the structure sheaf is known to imply the vanishing
of the cohomology of the dual complex (see [28, Section 4]). On the other hand, since we are interested
in studying DMR(X, B,M), we can assume that the generalized pair (X, B + M) is not generalized
klt. In general, the vanishing theorems are not expected to hold for purely log canonical pairs, without
imposing some conditions on the positivity of B + M. Nonetheless, in Corollary 4.4, we showed that we
can assume that X is endowed with a fibration X — Z, such that B fully supports an effective divisor
which is big and semiample over Z.

Let 1 be the generic point of Z. It follows from Lemma 4.6 that

DMR(X, B,M) = DMR(Xy,, B, My, ).
Furthermore, Lemma 4.6 implies the existence of a finite group G, such that
DMR(X,B,M) ~ DMR(X,, B.,Ml_)/G,

for a general closed point z € Z. As we are interested in showing that the identity
H (DMR(X,B,M),Q) = 0 holds, for i > 0, it suffices to show that the corresponding identity
H (DMR(X,, B,,M|g_),Q) = 0 holds, for i > 0.

Therefore, invoking Corollary 4.4, we can assume that (X, B+ M) is Q-factorial generalized dIt, and
that B=! fully supports a big and semiample effective Q-divisor H with B > H. Then, the generalized
pair (X, B — H, M) is generalized klt. Hence,

O0~oKx+(B-H)+H+M
and (X,B—H,M+ ﬁ) is generalized klt. Theorem 4.1 then implies that

H'(X,0x) =0, fori > 0.

5.3. Reduction to the classical case

In this subsection, we show that if the dual complex of a generalized log Calabi—Yau pair (X, B, M) is
not collapsible to a point, then we can reduce the study of H' (DMR(X,B,M), Q) to the study of the
cohomology of the dual complex of a log pair (X, B) with Ky + B ~g 0; the latter case was studied in
detail in [28].

We will use the notation introduced in Section 5.2.
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Corollary 5.2. Let (X, B,M) be a generalized log canonical pair. Assume that Kx + B+ M ~q 0. Let
(X, B,M) be the generalized pair constructed in Corollary 4.4 together with the morphism §: X — Z,
whose existence is claimed in the corollary. Let n be the generic point of Z. Assume that DMR (X, B, M)
is not collapsible to a point. Then, [E,,J = Ig’,, and M|Yu =0.

Proof. Set M = My. Assume that B! # B, + M,,. Then, K¢ + B=' is not pseudo-effective over Z.
Thus, we may run a (Ky + B=')-MMP with scaling over Z, which terminates with a Fano contraction
p: X — Y. The final model (X, B=") of this MMP is dlt, where B is the strict transform of B on X. As
B=! fully supports a divisor that is big and semiample over Z, then B=! dominates Y. Therefore, by [28,
Proposition 24], DMR(X, B=!) is collapsible to a point.

Let h: (X, B,M) — (X, B,M) be a generalized dlIt model of (X, B, M). By Corollary 4.4, B=! fully
supports a big and mobile divisor over Z, so that, B=! dominates Z, and we have B=! = h~!(B="), cf
[28, Section 22]. By [8, Theorem 3], DMR(X, B,M) collapses to DMR(X, B="). |

Remark 5.3. Using the result from the previous subsection, Corollary 5.2 implies that the study of
the cohomology of the dual complex of generalized log Calabi—Yau pairs reduces to the case of log
Calabi—Yau pairs. Indeed, if DMR(X, B, M) is collapsible, there is nothing to prove. Otherwise, we
can consider the relation DMR(X, B,M) =~ DMR(XZ, Ez, M|X:) discussed in Section 5.2, where
X denotes a general fiber of the morphism X — Z, whose existence is stated in Corollary 4.4. Then,
by Corollary 5.2, we have M, = 0. This implies that (X, B;,Ml|y_) is a pair. Therefore, to study
DMR(X,,B,, Mg ) we can use the results in [28].

We conclude this section by showing that, in the setup of this work, the dual complex of a generalized
pair is equidimensional.

Theorem 5.4. Let (X, B,M) be a generalized log canonical pair. Assume that Kx + B+ M ~gq 0. Then,
DMR(X, B,M) has the same dimension at every point.

Proof. Let (X,B,M) be a_generalized dlt model of (X,B + M). By Remark 2.31, we have
DMR(X, B,M) = DMR(X, B). Furthermore, by [27, Theorem 2.44], we may compute DMR (X, B)
directly by D(Ezl). Theorem 1.4 implies that D(EZI) gives rise to an equidimensional CW-
complex. |

6. Proof of the theorems

The following proposition will be used in the proof of Theorem 1.1.

Proposition 6.1. Ler (X, B,M)/S be a generalized pair. Assume that X is a generalized dlt model for
(X,B,M)/S. Let f: X — S be a projective morphism, such that Kx + B+Mx ~q ¢ 0. Fix s € S, and
assume that {~'(s) is connected, but f~'(s) N Nklt(X, B, M) is disconnected (as k(s)-schemes). Then,
a component of B=' dominates S.

Proof. We divide the proof into steps, for the reader’s convenience.

Step 0. In this step, we show that it suffices to show that the proposition holds for the contraction in
the Stein factorization of f.

By assumption, X is Q-factorial and (X, B A Supp(B), M)/S is generalized dlt. Let ¢: X — Y denote
the Stein factorization of f and let ¢y : ¥ — S the induced finite morphism. Since the fiber of f over s
is connected, and ¢ has geometrically connected fibers, there exists a unique point y € Y mapping to
s € S. Furthermore, as f~'(s) N Nklt(X, B, M) is disconnected, then so is ¢~'(y) N Nklt(X, B, M);
hence, the hypotheses of the statement apply to the morphism ¢: X — Y as well. Furthermore, B=!
dominates § if and only if it dominates Y.
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Therefore, up to substituting S (respectively, s, f) with Y (respectively, y, ¢), from now on, we shall
assume that the morphism f satisfies the additional property f.Ox = Os.

Step 1. In this step, we make further reductions and explain the strategy of proof.
Remark 3.7 implies that NkIt(X, B, M) = SuppB=!. Moreover, by [25, 4.38], passing to an étale
neighborhood of s € S, we may assume that

(%) different connected components of Nklt(X, B,M) N f~'(s) are contained in different connected
components of Nklt(X, B,M).

To prove the proposition, we shall argue by contradiction: namely, we shall assume that no component
of B=! dominates S. Given two distinct connected components D and D, of B=! intersecting £~ (),
we will obtain the sought contradiction by using the fact that the components of B=! are vertical over S
to show that D and D, actually intersect.

Step 2. In this step, we define a generalized pair (S, Bs + Ms) on S using the canonical bundle
Jormula. We introduce an auxiliary divisor ¥’ on a higher model S’ — S; ¥’ is only needed to treat the
case when (X, B,M) is not generalized log canonical.

By [10, Theorem 1.4], there exists (S, Bs + Ms), a generalized pair induced by the generalized
canonical bundle formula on S. Thus, [10, Proposition 4.16] implies that there is some generalized non-
kit center of (Y, Bs + Ms) containing s. Let : S” — S be a generalized dit model for (S, Bs + Ms),
and let (S’, Bs + Ms) denote the trace of (S, Bs + Ms) on S’. Let X’ be the normalization of the main
component of X XgS’. Let 8: X’ — X and g: X’ — S’ denote the induced morphisms. The assumption
that Nklt(X, B, M) does not dominate S implies that (X', B’, M) is generalized kIt over the generic point
of S’, where (X’, B’,M) is the subpair induced by log pullback on X".

Let us define the divisor £’ := (Bgs» ASupp(Bs’) — Bs» on §’. Then X’ is the only divisor supported on
Supp(B§,1 ), such that Bg» A Supp(Bsy/) is the boundary part on S” for the generalized canonical bundle
formula applied to K3, +B’+g*X’+M. By definition, we have 2’ < 0; moreover, X’ = 0if (X, B,M)/S is
generalized log canonical. By inversion of adjunction for the generalized canonical bundle formula, cf.
[10, Proposition 4.16], for every irreducible component D’ of Supp(Bg,l), there is a divisorial valuation
E’ over X’, such that ag/(X’, B’ + g"*X/,M) = 0 and cx-(E’) dominates D’. Furthermore, the same
results imply that the generalized subpair (X’, B’ + g*X’, M) is generalized sublog canonical.

Step 3. Let n: X" — X’be a log resolution of (X', Supp(B’) + g* Supp(Bs’)), where M descends.
In this step, we define a divisor F” on X", cf. (15), supported on those components of B + (g o r)*%’
of coefficient in (0, 1), whose image in S’is contained in B;l, and we discuss the properties of F"'.
Let 7: X" — X’ be a log resolution of (X', Supp(B’) + g* Supp(Bs’)), where M descends, and let
B”" denote the subboundary induced on X”’. Up to passing to a higher smooth birational model, we
may assume that for every prime component D’ of Supp( B§,l), the corresponding divisorial valuation
E’ over X’, defined at the end of the previous step, is extracted. In particular, for every prime divisor
D’ c Supp(B;l), there exists always a component of B” + (g o m)*Z’ of coefficient 1 that dominates
D’. Let us define
F" = Z E/, (15)

E'e]
J ={E/ c X" prime divisor | ugr(B” + (g o 7)) < land g o n(E)") C Supp(BSZ,l)}.
In order to reach the sought contradiction, we will show that it is possible to contract F’’ by means
of suitable runs of the MMP without altering the number of connected components of Nklt(X, B, M)
around s, in such a way that on the final model, Nklt(X, B, M) is connected around s.

As observed at the end of the previous step, by the definition of £’ and inversion of adjunction for
fiber spaces, the generalized subpair (X", B” + (g o 7)*X’, M) is generalized sublog canonical. Hence,

(B” +(gom)'E)*" = (B” + (g 0 m)"L")** A Supp((B” + (g 0 1)"E")*"),
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and any prime divisor Q" C X", such that multgy~ (B + (g o m)*X’) 20

For brevity, we define

= 1 is mapped into Supp(BZ').

AN — (BN + (g ° JT)*Z,)ZO.

Fix a rational number 0 < € < 1. Then, as X"’ is a log resolution of (X’, Supp(B’) + g* Supp(Bs)),
the pair (X", A” + €F"’) is dlt, and

Kx» +A” + €F" +Mx» ~ggox (B” +(gon)'L)"+€eF” = G”. (16)

By construction, the divisor G” is effective. Moreover, the following claim holds.

Claim 1. If Supp G” dominates S’, then G” ¢ Mov(X"' /X"), where Mov(X"' | X") is the closure of the
cone of relatively movable divisors.

Proof of Claim 1. Since B’ is effective over the generic point of S’, as observed in Step 2, and since F"’
is vertical over §’, it follows that Supp(G”’) is m-exceptional over generic point of S’. Let U C S’ be a
nonempty open subset, such that all the vertical components of Supp G’* are mapped into S” \ U. Then,
we set X/, = X’ Xg U and X" = X" xg U. Also, we let G|} be the pullback of G” to X].

By definition of relatively movable divisor, if G”” € Mov(X”'/X”), then G € W(Xl’]’ /X{;)- Thus,
it suffices to show that G, ¢ W(Xl’]’ /X{,). By construction, G} is effective and exceptional for
Xl’/’ — Xl’] Thus, G;} is degenerate in the sense of [29, Definition 2.9]. Hence, by [29, Lemma 2.10],
it follows that G}, ¢ Mov(X/[}/X{[,). o

Step 4. In this step, we run a relative (Kx» + A" + €F" + Mx»)-MMP over X’ and we show that this
MMP contracts those components in F'' that dominate S’.

As observed in the proof of Claim 1, any component of G’ that dominates S’ is w-exceptional by
construction. If such components exist on X"/, then we observed in Claim 1 that Kx»+A"” +eF" +Mx» ¢
Mov(X”/X"). To contract those components, we run a (Kx» + A" + €F" + Mx»)-MMP relative to X’
with scaling of an ample divisor. We can run this MMP as the pair is generalized dlt.

By [12, Theorem 2.3], whose proof extends to generalized dlt pairs, after finitely many steps, the run
of the MMP terminates to yield a model X””” over which (Kx» + A" + €F"”" + Mx») € Mov(X""/X").
Leto: X" — X' and p := goo: X" — §’ be the induced morphisms, and let F””’ (respectively,
G'") be the strict transform of F"’ (respectively, G’’) on X””’. By (16), G" € Mov(X”/X’). Hence,
over the generic point of S, G” is supported on divisors that are exceptional for X"’ — X’. By [29,
Lemma 2.10], these divisors need to be contracted for G’ to be a limit of movable divisors relatively
to X’. Therefore, G’ is vertical over S” as desired.

When G’ does not dominate S’, we do not need to run any MMP, and in the rest of the proof, we
have X/ = X',

Step 5. In this step, we run (Kx» + A"’ + €F""" + Mx»)-MMP relative to S’ to contract G'”.

By [7], we can run a (Kx» + A" + €F"’ + Mx»)-MMP over S’. We need to show that this MMP
terminates. First, we check that it terminates over a big open set of S’. Let P””” be a prime component
of G”.

Claim 2. Assume that p(P""") = D’, for a prime divisor D’ C S’. Then P"" is of insufficient fiber type
over S, cf. [29, Definition 2.9].

Proof of Claim 2. We first assume that D’ c Supp(B §,1). Then, by construction, there is another prime
divisor Q" ¢ X"” not contained in Supp(G’”’) but mapping to D’ (see the end of Step 2 or, alternatively,
the start of Step 3).

Instead, if D’ ¢ Supp(BSZ,l), then D’ is not a-exceptional, by construction of a: S — S, cf. Step 2.
Furthermore, B” = B” + (g o m)*%’ over the generic point of D’. Since our claim can be verified over
the generic point of D’, we can assume X’ = 0 in the rest of the proof of this claim. Similarly, as F”’
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is mapped into Supp(B 1), we can assume F”’ = 0 for the purpose of this claim. Thus, by these two
observations, it follows that P’’’ is a component of (B’"") =0 Now, since D’ is not a-exceptional, S” — §
is an isomorphism at the generic point of D’. Thus, by definition of X’, X’ — X is an isomorphism
over the generic point of D’. For this reason, as B > 0, it follows that B’ > 0 over the generic point of
D’. Since P"” is a component of (B"”")=?, it follows that P’ is exceptional for X" — X’. In particular,
as P"”" is a component of o*(g*D’), there exists a prime divisor Q””” ¢ X"’ that is not o--exceptional,
and that dominates D’. ]

If G’ has any prime component dominating a prime divisor D’ c §’, then by Claim 2 and [29,
Lemma 2.10], G’ ¢ Mov(X"’/S’); thus, by [12, Theorem 2.3], the (Kx» + A"’ + €F""’ + Mx»)-MMP
over S’ with ample scaling terminates at the generic point of D’ and it contracts those components
of G’ that are of insufficient fiber type over D’. Hence, after finitely many steps of running the
(Kx»+ A" +€eF"" + Mx»)-MMP relative to S’, we reach a model X" — §’, such that no component
of G""”” dominates a divisor in S”, where G”””’ is the strict transform of G’ on X""”. If G”""" = 0, we stop.
Otherwise, as the image of G’” in §” has codimension > 2, by [29, Lemma 2.10], there is a component
P”” < Supp(G""), such that P””””  B_(G""""/S’). Therefore, G’ ¢ Mov(X’"”’/S’) and a further run
of the MMP contracts P"”’.

Step 6. In this step, we list all the properties of the model X that we obtain after contracting the
divisors in G”" and we reach the sought contradiction to conclude the proof.

After finitely many steps, we reach a model X with morphism 7: X — S’ on which G”””” has been
contracted. In particular, any prime divisor P C X, such that 7(P) Supp(B>1) satisfies multy B>1.

Indeed, the components of (B”'+(gomr)*X’)<! mapping to Supp(B 1) were supported on Supp( (F )20,

which is contracted on the model X. Furthermore, the fact that £’ < 0 guarantees that if ug»(B”) < 1,
then o (B + (g o m)*Y’) < 1. Because of this and the fact that the support of (B + (g o m)*X") <0
has been contracted on X, as that was in the support of G”’, cf. (16), it follows that B > 0, where B is the
strict transform of B” on X. By Proposition 3.1 and Remark 3.7, there is a unique connected component
Q’ of Supp(B;l), such that y € a(Q’). By construction, NkIt(X, B, M) is connected over ©’, as any
prime divisor P C X, such that 7(P) C Q’ satisfies ,uFE > 1.

Let X be a common resolution of X and X. Then, by Proposition 3.1 applied to ¢: X — X and
5: X — X, the connected components of Nklt(X, B, M) and of Nklt(Y, B, M) are in bijection, as these
two generalized pair are crepant to each other; in fact, the connected components of Nklt(X, B, M) and
of NKlt(X, B,M) are in 1 to 1 correspondence with the components of Nklt(X, B, M), where (X, B, M)
denotes the trace of (X, B, M) on X. This leads to the sought contradiction. Indeed, as @: S’ — S has
connected fibers, @~ (5) ¢ Q' is connected. As also 7: X — S’ has connected fibers, then 7~ (@' (5))

is connected and, by construction, 7! (a~!(s)) Supp(EZl). Applying Proposition 3.1 to ¢: X — X,
theng ' (7' (@' (s))) NNKIt(X, B, M) is connected. On the other hand, by a similar argument, it follows
that ¢~ (f~'(s)) N Nklt(X, B, M) is disconnected, since f~!(s) N Nklt(X, B, M) is disconnected, by
Proposition 3.1 applied to ¢: X — X. O

Proof of Theorem 1.1. By Theorem 3.1, we may replace X with a generalized dIt model f™: X™ — X;
thus, we can assume that the generalized pair (X, B A Supp(B), M) is a Q-factorial generalized dlt pair,
and that Kx + B+ M ~q y 0. Remark 3.7 implies that NkIt(X, B,M) = Supp(B='). Moreover, by [25,
Section 4.38], passing to an étale neighborhood of s € S, we can assume that

(%) different connected components of NKIt(X, B,M) N 7~ (s) are contained in different connected
components of Nklt(X, B,M).

Under these assumptions, we shall show that X is a P!-link over S. Moreover, by Proposition 6.1,
we can assume that at least one component of BZ=! dominates S. Hence, Kx + B — eBZ! + M
is not pseudo-effective over S, for any € > 0. As in addition (X, B<! + M) is generalized klt, we
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canruna (Kx + B<! + M)-MMP over §

X=Xo~tsx, -2 Tox, o7z (17)
ik
B g

S

which terminates with a Mori fiber space, h: X, — Z over S, cf. [7, Lemma 4.4]. At each step of
the MMP in (17), we define By = my.Bx-1 and My = Mx,, where Byg = B; hence, Kx, + Bx +
My ~q,5 0. Applying Lemmata 3.5 and 3.6 at a given step m; of (17), the number of connected
components of Nklt(Xy_1, Bx-1, M) in a neighborhood of fk‘}l (s"), s’ € S, is the same as the number
of connected components of Nklt(Xy, Bx, M) around f,~ I(s”). Moreover, while for k > 0 the support
of Nklt(Xg, Bx, M) does not necessarily coincide anymore with B]fl, it still holds that Supp(Blfl) C
Nklt( Xy, Br, M), and every irreducible component of Nklt(Xy, Bx, M) contains at least one component
of Blfl, since at each step of this run of the MMP, B,f‘ has positive intersection with the contracted
extremal ray.

Hence, if Nklt(X,B,M) is disconnected in a neighborhood of the fiber f~!(s), then so is
Nklt(X,,, B, M) in a neighborhood of fn_1 (s). As h: X,, — Z is a Mori fiber space and Bfl is ample
over Z, there exists at least one component D of B,fl ample over Z; thus, D dominates both Z and S. Let
D’ be any other component of BZ! in a neighborhood of £, !(s). As D is ample over Z, in particular, it
is horizontal over Z, hence, as /4 is a Mori fiber space, then also D’ must be ample over Z, otherwise,
D’ 2 f(s)and D’'NnDN £71(s) # 0, which would prompt a contradiction. Then, D’ dominates Z and
it is h-ample. Hence, we may argue as in [25, proof of Proposition 4.37]. In particular, all the reduced
fibers of /4 are smooth rational curves, and D and D’ are disjoint sections of /. Thus, as (D~ + ﬁ’) F=2
for a general fiber F of 4, it follows that B,, has to have coefficient one along D and D’. Furthermore,
every other component of B,, is vertical for /. Since we are assuming that NkIt(X,,, B,,, M) N £ (s) is
disconnected, the vertical components of B! have to be disjoint from £, !(s). Hence, up to shrinking
around s € S, B2! =D+ D’.

By construction of X --» X,, and the fact that X,, is Q-factorial, it follows that (X,,, B;l) is a kit
pair. Thus, it follows from [25, Proposition 4.37] and its proof that (X,,, B,) — Z is a standard P!-link.
Thus, since Kx, + B, ~q,n 0, it follows that M,, ~g,, 0. In particular, conditions (0), (1), (3), and (5)
of Definition 2.21 are satisfied. In order to show that also condition (4) in Definition 2.21 is satisfied, it
suffices to show that D and D’ are the only generalized log canonical centers of (X,,, B,,, M). Assume
by contradiction that it is not the case. Then, as (X, B,) is plt with two log canonical centers, there
exists a € (0, 1] so that (X,,, B,;, M) is generalized log canonical and has three or more generalized log
canonical centers. What we have shown so far, in particular, implies that the only divisorial components
of Nklt(X,,, B,, M) are D and D’. Therefore, since X,, — Z has relative dimension 1, it follows that
D and D’ are the only log canonical centers of (X, B,,, ’M) that dominate Z. Let ¢: X, — X, bea
generalized dlt model for (X,,, B,, M), and let (X;,, B, +aM,,) denote its trace on X,,. Since M,, ~g., 0,
we have Kx, + B, + aM,, ~q,, 0. Hence, we have Kx; + B;, + @M, ~q,z 0. By construction, we have
B, > 0, as ¢ only extracts divisors with generalized log discrepancy 0. Now, let E’ be a component of
(B;)~! that is not D nor D’; such divisor exists by the absurd assumption. Since 0 < a < 1, we have
Nklt(X,,, B,, M) c Nklt(X,, B,,,M). Since D and D’ belong to disjoint connected components of
NKklt(X,,, B,,, M), at least one among D and D’ belongs to a connected component of Nklt(X,, B/, M)
that is disjoint from the component containing E’. Up to swapping the roles, we may assume E’ND = 0,
and that these belong to different connected components of Nklt(X;, B;,, «M), where we identify D
with its strict transform on X,. Thus, Kx; + (B, — D —E’) +aM,, ~q,z —D — E’ is not pseudo-effective
over Z, as D dominates Z. Then, by [7, Lemma 4.4], we may run a (Kx;, +(B;, - D -E’)+aM))-MMP
over Z, which terminates with a Mori fiber space )?,, — Z over Z. Since X,, — Z has relative dimension
1, Z — Z is birational. Arguing, as in the first part of the proof, we know that distinct connected
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components of Nklt(X,, B;,, «M) have to remain disjoint after the run of the MMP. Therefore, as the
MMP is positive for D + E’ and these divisors need to remain disjoint, these two divisors are not
contracted by X! -> X,. Call D and E the corresponding strict transforms on X. Since X,, — Z is a
Mori fiber space and D is relatively big, it is relatively ample. Since X,, — Z has relative dimension 1,
D is horizontal and D N E = 0, then £ has to be horizontal over Z. This is absurd, as its corresponding
center on X does not dominate Z.

Finally, Lemma 2.22 implies that condition (2) in Definition 2.21 holds. O

Proof of Theorem 1.4. We follow the proof of [25, Theorem 4.40] and divide the proof into two steps.

Step 1: In this step, we prove the statement of the theorem over an étale neighborhood (s’ € S’) —
(s €8), such that k(s) ~ k(s’).

We proceed by induction on dim(X) and dim(Z). If £~ (s) N | B] is disconnected, then, by Theorem
1.1, after an étale base change (s’ € §’) — (s € §), there are exactly two generalized log canonical
centers intersecting the fiber over s’, and they are P!-linked. Thus, the claim follows.

Now, we can assume that = (s) N | B] is connected. Write | B| = Y, D;, where each D; is a prime
Weil divisor. Then, up to an étale base change that does not change k(s) [25, Section 4.38], we can
assume that each D; has connected fibers over s, and that every generalized log canonical center of
(X, B+ M) intersects f~'(s). By the connectedness of f~!(s) N | B], up to reordering, we can assume
that Zc Dy,Wc D,,and f'(s)ND; "Dy #0fori=1,...,r — 1.

By induction on the dimension, we may apply Theorem 1.4 to D — S with Z as minimal generalized
log canonical center and D N D as the other center. It follows that there is a generalized log canonical
center Z, C DN D, that is P!-linked to Z. By Remark 2.26, Z, is also minimal with respect to inclusion
among the generalized log canonical centers of (X, B+ M) that intersect f~!(s). Let (D, By + M;) and
(D3, B+M>) denote the generalized pairs induced by generalized adjunction on D and D, respectively.
Notice that Z, is a generalized log canonical center of (D, By + M;). Then, by the generalized dlt
property and generalized adjunction [5, Section 3.1], it follows that Z, is a generalized log canonical
center also for (X, B + M) and (D», B, + M3). To conclude, we apply this argument inductively to
consecutive prime component D; and D;.1, until we have i + 1 = r. This process produces a minimal
generalized log canonical center Z, C D, that is P'-linked to Z. Since Z, may not be contained in W,
we apply the inductive hypothesis to the morphism D, — S with Z, and W as the centers involved.
This process produced a new generalized log canonical center Zy, € W with the claimed properties.

Step 2: We prove that the étale base change is not necessary.

Let g: X — T be the Stein factorization of f, and let + € T be the unique preimage of s in 7.
Let Zy,...,Z; be the minimal log canonical centers with respect to inclusion, such that s € f(Z;).
Generalized log canonical centers commute with étale base change. Thus, by the previous step, all the Z;
are P!-linked to each other after a suitable base change. Therefore, there is a unique subvariety V c T,
such that g(Z;) = V for every i.

Let v € T be the generic point of V. Since g has connected fibers, we can apply the Step 1 to
g: (X,B+ M) — T and v. Thus, we get an étale base change n: (v € T’) — (v € T) that induces an
isomorphism

m(g) ) =g (). (18)

Thus, each Z; is canonically isomorphic to a minimal generalized log canonical center Z] C X Xr T".
The centers Z; are P!-linked to each other by Step 1. By (18), the P'-links descend to P'-links between
the Z;. O

Proof of Theorem 1.6. By Theorem 5.4, we know that DMR (X, B, M) is equidimensional. If the dual

complex is contractible to a point, there is nothing to prove. Otherwise, the observation in Remark 5.3
implies that the result follows from the analogous result for log pairs proved in [28]. O
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Proof of 1.7. Without loss of generality, we can assume that X is Q-factorial, and that (X, A, M) is
generalized dlt, where A := B ASupp(B). As (X, B,M) is not generalized log canonical, then B—A > 0
and Kx + A + My is not pseudo-effective. Hence, we can run a (Kx + A + My )-MMP with scaling of
an ample divisor H

X=Xo-—->X1——>...——>X.1——>X,, (19)

which terminates with a Mori fiber space g: X,, — Z. This MMP is also a —(B — A)-MMP. We shall
denote by I'; the strict transform on X; of a divisor I" on X.

Let R; be the extremal ray corresponding to the i-th step X;_; --» X; of (19). Thus, we have
(B;i — A;) - R; > 0, and there exists a prime component D; of Supp(Bl.>') C Supp(BiZI) satisfying
D;-R; > 0.

Claim. For all i, D(Bl.zl) and D(Biill) are simple homotopy equivalent.

Proof of Claim. As the MMP in (19) terminates, there exists 0 < € < 1, such that MMP is also a run of
the (Kx + A + (Mx + €H))-MMP. In particular, at each step of (19), H; is a big divisor and B, (H;) does
not contain any generalized log canonical center of (X;, A;, M). Since the generalized dlt property is
preserved under the steps of the MMP in (19), see Definition 2.32, for all i, DMR(X;, B;, M) = D(Bl.Z h.
Hence, the claim is a direct consequence of Lemma 6.2 and [8, Theorem 19], since, as we noted above,
there exists a prime component D; of Supp(A;), such that D; - R; > 0. O

The claim implies that
DMR(X,B,M) = DMR(Xp, By, M).

As My, is pseudo-effective and g is a Mori fiber space, then —(Kx, + A,) is g-ample; as D(B;!) =
D(A3'), we can apply [31, Lemma 3.1] to conclude that D(A>!) = DMR(X, B, M) is contractible. O

Lemma 6.2. Let (X, B, M) be a Q-factorial generalized dlt pair. Let H be a big divisor, such that B, (H)
does not contain any generalized log canonical center of (X, B,M). Then, for any 0 < € < 1, there
exists an effective divisor T'¢, such that (X, B+ T¢) is a dlt pair,

Kx +B+Mx +€eH ~g Kx + B+T,

and Supp(B~') = Nklt(X, B,M) = Nklt(X, B + I'.). Furthermore, the dual complexes of the pair
(X, B +T¢) and of the generalized pair (X, B, M) agree.

Proof. As B.(H) does not contain any generalized log canonical center of (X, B, M), we can write
H ~g A + E, where A is ample and E effective in such a way that for 0 < e < 1, (X, B+ €E,M + EZ)
is still generalized dlt, its non-klt locus coincides with that of (X, B, M) and its dual complex coincides
with that of (X, B, M). In view of this, thus, it suffices to show that the conclusion of the lemma holds
if we substitute H with A. Hence, we shall assume that H is an ample divisor.

As (X, B,M)/C is generalized dlt, M descends to a neighborhood of the generic point of each
generalized log canonical center. In particular, there exists a closed subset Z c X so that M descends
to X \ Z and no generalized log canonical center is contained in Z. By [27, Lemma 2.45], we can find a
birational morphism 7: X’ — X from a normal birational model X’ so that x is an isomorphism over
X \ Z and M descends to X’. We write (X', B’, M) for the trace of (X, B,M) on X’.

As X is Q-factorial, we can find an ample divisor H’ on X’ so that H := n.(H’) is ample on X and
7*(H) — H' = F’ > 0 is m-exceptional.> As 7(Supp(F’)) C Z and Z does not contain any generalized

3Let A’ be an ample divisor on X’, and let D be an ample divisor on X. Then, for every § > 0, n* (D) + §A’ is ample. As
ampleness is an open condition, D + § 7, (A”) is ample for 0 < § < 1. We fix an ample divisor H’ on X’, such that H = 7, (H’)
is ample. By the negativity lemma [27, Lemma 3.39], 7*(H) — H’ = F’ > 0, where F’ is m-exceptional. As Mx is nef and H’
is ample on X’, then Mxs + € H’ is ample.
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log canonical center of (X, B, M), Supp(F’) does not contain any generalized log canonical center of
(X’, B’,M). In particular, for 0 < € < 1, we have

NKIt(X’, B') = NKklt(X’, B’, M) = NkIt(X’, B’ + €F’,M) = Nklt(X’, B’ + €F’), (20)

where the first and last equalities come from the fact that M descends to X’. As the equalities in (20)
also hold for each generalized log canonical place, then adding € F' does not introduce new generalized
log canonical places and preserves the generalized sublog canonical property, so that

D((B)™Y = D((B" +eF")™").

Let us fix 0 < € < 1 so that the properties just discussed hold. As My + eH’ is ample, there exists
I', ~g Mx- + €H’, such that Nklt(X’, B’ + eF’) = Nklt(X’, B’ + I'_ + €F’), and adding I", does not
introduce any new log canonical places. Moreover, by construction,

Kx +B +T_ +€F' ~q n"(Kx + B+Mx + €H), and
D((B)™") = D((B’ +€F’)") = D((B' +T. + eF’)7).

Defining I'c = 7, (I',) = n.(I', + €F”), the pair (X, B + I'¢) satisfies the claims of the statement. O

Acknowledgements. The authors wish to thank Tommaso de Fernex, Gabriele Di Cerbo, Christopher Hacon, Mirko Mauri, James
M¢Kernan, and Joe Waldron for helpful discussions and encouragements. The authors wish to thank Christopher Hacon and Mirko
Mauri also for reading a first draft of this work. We wish to thank the anonymous referee for useful comments and suggestions
that helped the authors improve the clarity of this work. Part of this work was completed during a visit of RS to the University
of Utah. RS would like to thank the University of Utah for the hospitality and the nice working environment, and Christopher
Hacon for funding his visit. SF acknowledges support from a Graduate Research Fellowship awarded by the University of Utah.
He was also partially supported by National Science Foundation research grant numbers: DMS-1801851, DMS-195252 and by a
grant from the Simons Foundation, Award Number: 256202. RS was partially supported by Churchill College, Cambridge, by the
European Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No.
842071, and by the Programma per giovani ricercatori “Rita Levi Montalcini”.

Competing interests. The authors have no competing interest to declare.

References

[1] F. Ambro, ‘The adjunction conjecture and its applications’, Preprint, 1999, arXiv:math/9903060v3
[2] F. Ambro, ‘Shokurov’s boundary property’, J. Differential Geom. 67(2) (2004), 229-255.
[3] F. Ambro, ‘“The moduli b-divisor of an lc-trivial fibration’, Compos. Math. 141(2) (2005), 385—403.
[4] C. Birkar, ‘On connectedness of non-klt loci of singularities of pairs’, Preprint, 2020, to appear in J. Differential Geom.,
arXiv:2010.08226
[5] C. Birkar, ‘Anti-pluricanonical systems on Fano varieties’, Ann. of Math . (2) 190(2) (2019), 345-463.
[6] C. Birkar, P. Cascini, C. D. Hacon and J. McKernan, ‘Existence of minimal models for varieties of log general type’,
J. Amer. Math. Soc. 23(2) (2010), 405-468.
[7] C. Birkar and D.-Q. Zhang, ‘Effectivity of litaka fibrations and pluricanonical systems of polarized pairs’, Publ. Math. Inst.
Hautes Etudes Sci. 123 (2016), 283-331.
[8] T. de Fernex, J. Kollar and C. Xu, “The dual complex of singularities’, Higher dimensional algebraic geometry—in honour
of Professor Yujiro Kawamata’s sixtieth birthday, in Advanced Studies in Pure Mathematics vol. 74 (Mathematical Society
of Japan, Tokyo, 2017), pp. 103—129.
[9] S. Filipazzi, Generalized Pairs in Birational Geometry, 2019. PhD thesis, University of Utah.
[10] S. Filipazzi, ‘On a generalized canonical bundle formula and generalized adjunction’, Ann. Sc. Norm. Super. Pisa Cl. Sci.
(5) 21 (2020), 1187-1221.
[11] O. Fujino, ‘Abundance theorem for semi log canonical threefolds’, Duke Math. J. 102(3) (2000), 513-532.
[12] O. Fujino, ‘Semi-stable minimal model program for varieties with trivial canonical divisor’, Proc. Japan Acad. Ser. A Math.
Sci. 87(3) (2011), 25-30.
[13] O. Fujino and Y. Gongyo, ‘On the moduli b-divisors of Ic-trivial fibrations’, Ann. Inst. Fourier (Grenoble) 64(4) (2014),
1721-1735.
[14] T. Graber, J. Harris and J. Starr, ‘Families of rationally connected varieties’, J. Amer. Math. Soc. 16(1) (2003), 57-67.
[15] C.D. Hacon, ‘On the log canonical inversion of adjunction’, Proc. Edinb. Math. Soc. (2) 57(1) (2014), 139-143.

https://doi.org/10.1017/fms.2023.25 Published online by Cambridge University Press


https://arxiv.org/abs/math/9903060v3
https://arxiv.org/abs/2010.08226
https://doi.org/10.1017/fms.2023.25

Forum of Mathematics, Sigma 39

[16] C.D. Hacon and J. Han, ‘On a connectedness principle of Shokurov-Kollar type’, Sci. China Math. 62(3) (2019), 411-416.

[17] C. D. Hacon and S. J. Kovécs, ‘Classification of higher dimensional algebraic varieties’, in Oberwolfach Seminars vol. 41
(Birkhéuser Verlag, Basel, 2010), x+208.

[18] C.D. Hacon and J. McKernan, ‘On Shokurov’s rational connectedness conjecture’, Duke Math. J. 138(1) (2007), 119-136.

[19] R. Hartshorne, ‘Algebraic geometry’, in Graduate Texts in Mathematics vol. 52 (Springer-Verlag, New York-Heidelberg,
1977), xvi+496.

[20] A. Hatcher, Algebraic Topology (Cambridge University Press, Cambridge, 2002).

[21] M. Kawakita, ‘Inversion of adjunction on log canonicity’, Invent. Math. 167(1) (2007), 129-133.

[22] S.Keel and J. McKernan, ‘Rational curves on quasi-projective surfaces’, in Memoirs of the American Mathematical Society
vol. 140 (American Mathematical Society, Providence, RI, 1999), viii+153.

[23] J.Kolldr (ed.), ‘Flips and abundance for algebraic threefolds’, Papers from the second summer seminar on algebraic geometry
held at the University of Utah, Salt Lake City, Utah, August 1991, in Astérisque vol. 211 (Société Mathématique de France,
Paris, 1992), 1-258.

[24] J. Kolldr, ‘Rational curves on algebraic varieties’, Ergebnisse der Mathematik und ihrer Grenzgebiete. 3. Folge, in A Series
of Modern Surveys in Mathematics [Results in Mathematics and Related Areas. 3rd Series. A Series of Modern Surveys in
Mathematics] vol. 32 (Springer-Verlag, Berlin, 1996), viii+320.

[25] J. Kolldr, ‘Singularities of the minimal model program’, in Cambridge Tracts in Mathematics vol. 200 (Cambridge University
Press, Cambridge, 2013), x+370. With a collaboration of S. J. Kovdcs.

[26] J. Kolldr and S. J. Kovics, ‘Log canonical singularities are Du Bois’, J. Amer. Math. Soc. 23(3) (2010), 791-813.

[27] J. Kollar and S. Mori, ‘Birational geometry of algebraic varieties’, in Cambridge Tracts in Mathematics vol. 134 (Cambridge
University Press, Cambridge, 1998), viii+254. With a collaboration of C. H. Clemens and A. Corti. Translated from the
1998 Japanese original.

[28] J. Kolldr and C. Xu, ‘The dual complex of Calabi-Yau pairs’, Invent. Math. 205(3) (2016), 527-557.

[29] C.-J. Lai, “Varieties fibered by good minimal models’, Math. Ann. 350(3) (2011), 533-547.

[30] Y. Miyaoka and S. Mori, ‘A numerical criterion for uniruledness’, Ann. of Math. (2) 124(1) (1986), 65-69.

[31] Y. Nakamura, ‘Dual complex of log Fano pairs and its application to Witt vector cohomology’, Int. Math. Res. Not. IMRN
13 (2021), 9802-9833.

[32] Yu. G. Prokhorov, ‘Lectures on complements on log surfaces’, in Mathematical Society of Japan Memoirs vol. 10 (Mathe-
matical Society of Japan, Tokyo, 2001), viii+130.

[33] M. Raynaud and L. Gruson, ‘Criteres de platitude et de projectivité. Techniques de “platification” d’un module’, Invent.
Math. 13 (1971), 1-89, (French).

[34] V. V. Shokurov, ‘Three-dimensional log perestroikas’, Izv. Ross. Akad. Nauk Ser. Mat. 56(1) (1992), 105-203, (Russian);
English transl., Russian Acad. Sci. Izv. Math. 40(1) (1993), 95-202.

[35] C. Spicerand R. Svaldi, ‘Local and global applications of the Minimal Model Program for co-rank 1 foliations on threefolds’,
J. Eur. Math. Soc. (JEMS) 24(11) (2022), 3969-4025.

[36] R. Svaldi, ‘Hyperbolicity for log canonical pairs and the cone theorem’, Selecta Math. (N.S.) 25(5) (2019), Paper No. 67, 23.

[37] J. Witaszek, ‘On the canonical bundle formula and log abundance in positive characteristic’, Math. Ann. 381(3-4) (2021),
1309-1344.

https://doi.org/10.1017/fms.2023.25 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2023.25

	1 Introduction
	2 Preliminaries
	2.1 Terminology and conventions
	2.2 B-divisors
	2.3 Generalized pairs and singularities
	2.4 Generalized dlt pairs and dlt models
	2.5 Canonical bundle formula
	2.6 Standard P1-links and P1-linkage
	2.7 Dual complexes for generalized log canonical pairs.
	2.8 Dual complex of nonlog canonical pairs

	3 Connectedness for birational maps
	4 Generalized log Calabi–Yau pairs and their structure
	4.1 A Kawamata–Viehweg type result for generalized klt pairs
	4.2 Special birational models

	5 The dual complex of generalized log Calabi–Yau pairs
	5.1 Dual complex and MRC fibration
	5.2 Reduction to the ample case
	5.3 Reduction to the classical case

	6 Proof of the theorems

