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ABSTRACT. In this article we prove the existence of pl-flipping and diviso-
rial contractions and pl flips in dimension n for compact Ké&hler varieties,
assuming results of the minimal model program in dimension n — 1. We
also give a self contained proof of the cone theorem, the existence of flipping
and divisorial contractions, of flips and minimal models in dimension 3.
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1. INTRODUCTION

In recent years there has been substantial progress towards the minimal
model program for Kéhler varieties. The 3-fold minimal model program is es-
tablished in increasing generality in [CP97], [Pet98], [Pet01], [HP15], [HP16],
[CHP16], [DO24], [DH20], and [DHY23|. Further progress was then made in
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[Fuj22b], [DHP24], and [LLM22], where the minimal model program for projec-
tive morphisms between analytic varieties is established in arbitrary dimen-
sions. Note that flipping contractions are, by definition, projective morphisms
and hence the above references imply the existence of flips in all dimensions.
Unluckily, we do not have a Kéhler analog of the base point free and cone
theorems and hence this is the main difficulty in proving the minimal model
program in higher dimensions.

In dimension 3, the existence of flipping and divisorial contractions for ter-
minal pairs was claimed in [HP16]. Flipping contractions and divisorial con-
tractions to a point for kit 3-folds follow from [CHP16] and klt divisorial con-
tractions to a curve follow from [DH20]. Unluckily, the proof of the existence
of divisorial contractions to a curve claimed in [HP16] seems to be incomplete
(and relies on [AT84] which also seems to contain an error). To make matters
more complicated, the arguments of [CHP16] heavily rely on those of [HP16],
and [DH20] also indirectly relies on [HP16] and [CHP16].

The purpose of this paper is to give a brief, unified, and mostly self con-
tained treatment of the minimal model program for klt Kéahler 3-folds. In
particular, we give new proofs of the cone theorem, and the existence of flip-
ping contractions and divisorial contractions for Kéahler kit 3-folds. In the
process, we also establish an inductive framework that we expect to be useful
in proving the existence of flipping contractions and divisorial contractions for
higher dimensional Kahler klt pairs. The strategy of this paper is primarily
inspired by the approaches of [BCHM10], [DH20], and [DHP24].

We will now describe the main results contained in this paper. We begin by
proving the existence of pl-divisorial contractions and pl-flipping contractions
and the corresponding flips in dimension n assuming a base point free result
in dimension n — 1.

Theorem 1.1. Let (X,S + B) be a Q-factorial compact Kihler plt pair of
arbitrary dimension, and m : S — T a contraction such that —(Kx + S +
B)ls and —S|s are m-ample. Then there exists a projective bimeromorphic
morphism p : X — Z with connected fibers such that p|s = 7 and p|x\s is an
isomorphism. If p is of flipping type, then the flip p* : X — Z exists.

In fact we prove a more general version of this results that applies to general-
ized plt pairs, see Theorems 5.8 and 5.12. Note that the existence of flips for plt
pairs was shown in [DHP24| and [Fuj22b]. In order to apply the above result,
we must guarantee the existence of the morphism 7 : S — T'. If there exists a
Kéhler form w such that o = [Kx + S + B + w] is nef and R = a* N NA(X)
is an extremal ray, then we must show that R can be contracted in S. To this
end, we consider the pair Kg 4+ Bs + ws = (Kg + S + B + w)|s induced by
adjunction, and we aim to prove that there is a morphism = : S — T such



ON THE MINIMAL MODEL PROGRAM FOR KAHLER 3-FOLDS 3

that Kg + Bg + wg = 7*wp where wy is a Kéhler form on 7. In dimension
dim S < 3, 7 exists by [DHY23] and therefore Theorem 1.1 holds in dimension
dim X < 4. (We remark that the results of [DHY23| only rely on the 3-fold
MMP established in this paper.) We also note that if such a morphism 7
exists, then —(Kg + Bg) =r wg is ample over T and hence this morphism is
projective and so, a posteriori, the existence of 7 is implied by the usual base
point free theorem.

We now turn our attention to the full minimal model program for dlt Kéhler
3-folds. We first show the existence of flipping and divisorial contractions (see
Theorems 6.2 and 6.9).

Theorem 1.2. Let (X, B) be a Q-factorial compact Kdhler 3-fold dit pair
such that Kx + B is pseudo-effective. Let w be a Kdhler class such that o =
Kx+B+w is a nef and big class and a-NNA(X) = R is an extremal ray. Then
there exists a projective bimeromorphic morphism f : X — Z with connected
fibers such that o = f*ay, where ay is a Kdhler class on Z. Moreover, if f is
a divisorial contraction, then (Z, f.B) has Q-factorial kit singularities.

Using only a special case of the above theorem (namely, assuming X is
strongly Q-factorial), we give a quick proof of the cone theorem when Kx + B
is pseudo-effective.

Theorem 1.3. Let (X, B) be a compact Kdihler 3-fold dlt pair such that Kx+ B
1s pseudo-effective. Then there are at most countably many rational curves
{T;}ier in X such that —(Kx + B)-T'; <6 for alli € I and
NA(X) = NA(X)xy+m)20 + > RF[TY.
icl
Finally, using the cone and contraction theorems above we prove the exis-
tence of minimal models when Kx + B is pseudo-effective.

Theorem 1.4. Let (X, B) be a Q-factorial compact Kihler 3-fold dit pair such
that Kx + B is pseudo-effective. Then after finitely many (Kx + B)-flips and
divisorial contractions

X=Xg--»X1-2Xo-—...-—2 X,
we obtain that Kx, + B, is nef.

The existence of Mori-fiber spaces also follows, but we do not pursue it here
as it also relies on the results of [Bru06], [HP15], and [DH20).

Remark 1.5. We also note that Theorems 2.28, 2.30 and 2.31 in [DO24] rely
on the contraction results of [HP16] and [CHP16], however these theorems are
also implied by Theorem 1.2, and so the main results of [DO24] are unaffected.
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This article is organized in the following manner. In Section 2 we recall
some definitions and provide appropriate references, in Section 4 we prove
some contraction theorems when the exceptional locus maps to finitely many
points. Section 5 is the core of this article. In this section we prove Theorems
1.1 and 1.2. Finally, in Section 7 we prove the cone Theorem 1.3 and the
existence of minimal models, Theorem 1.4.

Acknowledgement We would like to thank Paolo Cascini, Mihai Paun,
Janos Kollar, and Matei Toma for useful comments, references and suggestions.

2. PRELIMINARIES

We will follow the usual conventions of the minimal model program. In
particular, we refer the reader to [KM98, Chapter 2] for the definition of
pairs and their singularities (klt, lc, plt etc.), [DHY23, Subsection 2.1] for
the definitions of generalized pairs and related singularities (gle, gklt, gdlt,
etc.), [Fuj22b, Chapters 2, 3, 11] for many key concepts of the minimal model
program for analytic varieties, to [DHP24, Definition 2.8] for the definitions of
nef, minimal and log terminal models, [HP16] for a discussion of Bott-Chern
cohomology Hé’é(X ), the Kéhler and nef cones K C K, the Mori cone and
the cone of positive closed currents NE(X) € NA(X) C N;(X). Analytic
pl-flipping contractions and pl-flips are defined in [Fuj22b, Chapter 15].

Definition 2.1. A compact analytic variety X is said to be in Fujiki’s class
C if X is bimeromorphic to a compact Kéhler manifold.

Definition 2.2. Let X be a normal compact analytic variety. A closed positive
(1,1) current 7" on X with local potentials is called a Kéhler current if 7' > w
for some smooth Hermitian form w on X. A (1,1) class o € Hyg(X) is called
big if it contains a Kahler current. A class f € Hys(X) is called a modified
Kahler class if there is a Kahler current 7" such that the Lelong numbers satisfy
v(T, P) = 0 for all prime Weil divisors P C X.

Remark 2.3. Note that if X is a compact complex manifold in Fujiki’s class
C, then clearly X carries a big (1,1) class o € Hys(X). However, if X is
singular, then it is not clear whether X carries any big (1,1) class or not, the
issue here is that the pushforward of a smooth Kéhler form from a resolution
of X is a positive current on X which may not have local potentials.

Definition 2.4. Let X be a normal compact analytic variety and o € Hyg(X)
a pseudo-effective class. Then the negative part N(«) of the Boucksom-Zariski
decomposition of « is an effective R-divisor (see [DHY23, Defintion A.6] and
[Bou04, Definition 3.7]). We note that in [DHY23, Definition A.6] it is assumed
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that X is Kédhler, however, it was never used. If X is Q-factorial, N(«) is R-
Cartier, and so a — [N(a)] is a (1,1) class in HyA(X). In this case we define
P(a) := o — [N(a)] and call it the positive part of a. Lemma 2.6 below
shows that P(«) is a modified nef class (see [Bou04, Definition 2.2(ii)]) when
X is a Kéhler variety. We call @ = [N(a)] + P(«), the Boucksom-Zariski

decomposition of o.

Lemma 2.5. Let X be a normal Q-factorial compact analytic variety in Fu-
jiki’s class C, and o € HSH(X) a big (1,1) class. Then X contains a modified
Kahler class.

Proof. Let f : Y — X be a resolution of singularities of X such that f is
an isomorphism over X . By Demailly’s regularization theorem, there is
a Kihler current T in f*a € H(Y) with analytic singularities such that
T > wy for some smooth Hermitian form wy on Y. Let T = D + R be the
Siu decomposition of T, where D is an effective R-divisor and R is the residue
current. Then R > wy. Let w be a smooth Hermitian form on X, then there
is a C' > 0 such that wy > Cf*w. Note that by [BG13, Proposition 4.6.3(i)],
[T has local potentials on X and [f,T] = a. Now since X is Q-factorial, f.D
is R-Cartier, and hence f,R has local potentials on X. However, f,R > Cw,
and the generic Lelong numbers v(f.R, P) = 0 for all prime Weil divisors P
on X. Therefore [f.R] € Hys(X) is a modified Kihler class. O

Lemma 2.6. Let X be a normal Q-factorial compact analytic variety in Fu-
jiki’s class C, such that Hy (X)) contains a big (1,1) class. If o € HEM(X) is
a pseudo-effective class, then the positive part P(«) of the Boucksom-Zariski
decomposition of o defined above is a modified nef class.

Proof. Let f : Y — X be a resolution of singularities of X such that Y is a
Kahler manifold and f*a = N(f*«a) + P(f*a) the Boucksom-Zariski decom-
position of f*a as in [Bou04, Definition 3.7]. Then from [DHY23, Definition
A.6] it follows that P(a) = f.(P(f*«a)). Note that P(f*a) is modified nef
by [Bou04, Proposition 3.8(i)]. Let § be a modified Kéhler class on X, its
existence is guaranteed by Lemma 2.5. It suffices to show that P(«) + (3 is
modified Kéhler, as the modified nef cone is the closure of the modified Kahler
cone (see [Bou04, §2.7]). Let 7" be a Kéahler current in § with generic Lelong
numbers v(7T, P) = 0 for all prime Weil divisors P on X. Let f*T'= D+ R
be the Siu decomposition, where D is the divisorial part and R is the residue
current. Then D is a R-Cartier divisor such that Supp(D) C Ex(f) and R is a
Kihler current. In particular, [R] € Hy(Y) is a modified Kihler class. Then
by [DH20, Lemma 2.35] applied to the class [R] and replacing Y by a higher
resolution we may assume that there is a Kahler class wy and an effective f-
exceptional R-divisor £ on Y such that f*f = wy + E. Since the modified nef
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cone is the closure of the modified Kahler cone, it follows that P(f*a) + wy
is modified Kéhler on Y. Let © be a Kéhler current in P(f*a) + wy such
that the generic Lelong numbers (0, Q) = 0 for all prime Weil divisors @
on Y. Note that P(f*a) = f*P(a) + F for some f-exceptional R-divisor F
(but not necessarily effective). Then the current © + E + F' is in the class
f*(P(a)+ B)+ [F]. Let U:= X\ f(Ex(f)); then (f.©)|y is a closed positive
(1,1) current with local potentials representing the class (P(a) + 3)|y. Since
codimy f(Ex(f)) > 2, by the same argument as in the proof of [BG13, Propo-
sition 4.6.3(1)] it follows that f.©|y extends to a unique closed positive (1, 1)
current f,© with local potentials representing the class P(«) 4+ 3. From the
definition of © it follows that v(f.0, P) = 0 for all prime Weil divisors P on
X. Thus P(a) + f is a Kéhler class. O

3. SINGULARITIES OF CURRENTS ON COMPLEX SPACES

Definition 3.1. Let X be a normal analytic variety and T" a closed positive
(1,1) current on X with local potentials. Then for each ¢ > 0 we define

E..={xeX : v(T,z)> c},

where v(T, x) denote the Lelong number of T" at = € X.
This is an analytic subset of X by [Siu74], also see [HP24, Lemma 4.16]. We
define

E(T) = Upeg+ E..

If additionally X is compact and o € Hy5(X) is a big class, then we define
the non-Kdhler locus of « as follows:

EnK(a) = mTGaE-l-(T)u
where 71" runs over all Kahler currents contained in the class a.

We will also need to consider the currents with admissible singularities and
weakly analytic singularities as in [HP24].

Definition 3.2. [HP24, Definition 4.10] Let X be a normal analytic variety
and ¢ : X — [—00,00) a function on X. We say that ¢ has admissible
singularities if

Y= max{gol, P2y 0y Spk}>
where each @; : X — [—00,00) is a function with weakly analytic singularities
in the sense [Dem92], i.e. locally

@i = Ailog (Z \fj|2> + i,
j=1

where \; > 0, f; are holomorphic functions and g; are bounded functions.
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In this case we say that the positive current T = a + 100y, where « is a
real closed smooth (1, 1) form, has admissible singularities.

Definition 3.3. [HP24, Definition 4.11] Let X be a normal analytic variety,
and T'= a + 100y a closed positive (1,1) current on X, where « is a smooth
closed positive (1,1) form on X with local potentials. We say that 7" has
weakly analytic singularities if the following conditions are satisfied:
(1) there is a proper bimeromrophic morphism 7 : X — X from a normal
analytic variety X , and
(2) a closed positive (1,1) current 7 on X such that

T =r"a+ 100y > 0,
where 1) has admissible singularities and ﬂ*f =1T.

From [HP24, Remark 4.12] it follows that 7' = 7*T. Also, note that if 7" has
weakly analytic singularities, then F, (7') is a closed analytic subset of X by
[HP24, Lemma 4.16].

Next we define the restricted non-Kéhler locus of a current as in [HP24].

Definition 3.4. [HP24, Definition 4.18] Let X be a normal compact Kéahler
analytic variety and o € Hé’é(X ) a nef and big class. The restricted non-
Kahler locus of « is the following set

E3e(0) = () Bu(T),
Tea
where 7" is a Kéhler current with weakly analytic singularities.

Next we recall two very important results from [HP24].

Lemma 3.5. [HP24, Corollary 4.20] Let X be a normal compact Kdhler va-
riety and o € Hy(X) a big class. There is a Kihler current T on X with
weakly analytic singularities such that E®. () = E(T); in particular, E* ()
s a closed analytic subset of X .

Theorem 3.6. [HP24, Theorem 4.21| Let X be a normal compact Kdihler
variety and o € HSL(X) a nef and big class. Then E%.(a) = Null(a), in
particular, Null(«) is an analytic set.

We will also need the following lemmas.

Lemma 3.7. Let X be normal compact Kahler variety, a a real smooth closed
(1,1) form, and T = a+i00¢ > w a closed positive (1,1) current with weakly
analytic singularities, where w is a fixzed Kahler form on X. Let Z := E,(T).
Then there exists a resolution f:Y — X such that

FT=F+0> fu
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where F'is an effective R-divisor with f(SuppF) = Z, and © > f*w is a closed
positive (1,1) current such that the classes [0] and [© — f*w] € HEM(Y) are
both nef.

Proof. Since T has weakly analytic singularities, we may assume that there is
a resolution f : Y — X such that the Siu decomposition is f*T" = F + Ry,
where F' is an effective R-divisor and R, is the residue current whose local
potentials are bounded functions. Since f*T" > f*w, then Ry > f*w and
so the local potentials of R := Ry — f*w are also bounded functions. In
particular, the Lelong numbers satisfy v(R,y) = 0 for all y € Y, and we can
write R = (3 + i00p > 0 (see [DP04, §3]), where 3 is a real smooth closed
(1,1) form and p : Y — R is a bounded quasi-psh function. Therefore we have
f'T=F+ B+ f‘w)+i00p = F + 0O > f*w, where © := 3+ f*w +i00p =
R+ ffw > f*w. Since F{ (O — f*w) = E,(R) = () by our construction, by
[Pau98, Theorem 2, Page 418] the class [© — f*w] € HgA(Y) is nef, and so
O] = [0 — ffw] + [f*w] is also nef.

O

Lemma 3.8. Let f : Y — X be a proper bimeromorphic morphism from a
compact complex manifold Y in Fujiki’s class C to a normal compact analytic
variety X with rational singularities. Let o be a (1,1) big class on X. Then

T Bk (@) UEX(f) C Enx(f*).

Proof. Supposing that y ¢ E,x(f*a), we must show that y ¢ [~ (FE,x(a)) U
Ex(f). Since Y is a compact complex manifold in Fujiki’s class C, by [Bou04,
Theorem 3.27(ii)] (also see [CT15, Theorem 2.2]), there is a Kéhler current
T in the class f*a with analytic singularities such that E,x(f*«) = E.(T).
Thus y ¢ E,x(f*«) implies that 7" is a smooth form near y. Suppose that
y € Ex(f). We can write T = f*0 + i00p, where 6 is a real closed smooth
(1,1) form on X with local potentials representing the class a and ¢ is a quasi-
psh function on Y. Since 7" is a Kahler current, there is a smooth Hermitian
form wy such that f*0 4+ i90p > wy. Let E be an irreducible component of
f7Y(f(y)) containing y. Since T is smooth near y, E is not contained in the
pluripolar locus {y' € Y | ¢(y') = —o0}, in particular, T'|g is well defined and
we have

(3.1) T|g = (f*0+i00p)|p = i00(p|p) > wy|E.

Thus ¢|g is a strictly psh function. Since E is compact, from the maximal
principle of psh functions it follows that ¢|g is a constant function, which is
a contradiction to the above inequality. In particular, y ¢ Ex(f), and so f
is an isomorphism near y € Y. By [HP16, Lemma 3.4], S := f.T is a closed
positive (1,1) current on X with local potentials such that [S] = «; clearly S
is a Kéhler current. Since f is an isomorphism near y € Y, it follows that S is
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a smooth form near x = f(y) € X. In particular, z € E, x(«), and the proof
of the inclusion f~'(E,x(a)) UEx(f) C E.x(f*a) is complete.
U

Remark 3.9. With the same notations and hypothesis as in Lemma 3.8 if
additionally we assume that X is Kéhler and « is nef (in addition to being
big), then using [HP24, Corollary 4.20] it follows easily that E2(f*a) =

fHER () UEx(f).
Lemma 3.10. Let f : Y — X be a proper bimeromorphic morphism between

two normal compact analytic varieties and o a nef and big (1,1)-class on X .
Then Null(f*a) = f~1(Null(a)) U Ex(f).

Proof. First we will show that Null(f*«) C f~!(Null(a)) UEx(f). To that end
assume that y ¢ f~'(Null(o)) UEx(f). Then f is an isomorphism near y € Y.
Assume by contradiction that y € Null(f*«), then there is a subvariety V C Y
containing y such that (f*a)™V .V = 0. Then by the projection formula we
have ad™mV . £,V = 0. However, since f is an isomorphism near y, f|y : V :—
f(V) is bimeromorphic, and hence f,V # 0. Therefore f(y) € f(V) C Null(a),
and so y € f~1(Null(a)), which is a contradiction.

Now we will show the reverse inclusion. Let y € Ex(f) and E an irreducible
component of f~*(f(y)) containing y. Then clearly, (f*a)¥™¥ . E = 0, and
thus y € Null(f*«). Now choose y € f~!(Null(a)) \ Ex(f); then f is an
isomorphism near y. Since f(y) € Null(a) \ f(Ex(f)), there is a subvariety
fly) € W C X not contained in f(Ex(f)) such that o®™W . W = 0. Let
V C Y be the strict transform of W under f. Then by the projection formula
we have (f*a)dmV .V = 0; since y € V, it follows that y € Null(f*«). This
completes the proof.

0

3.1. Generalized pairs.

Definition 3.11. Let 7 : X — S be a proper morphism of normal Kéahler
varieties such that S is relatively compact and v : X’ — X a resolution of
singularities, B" an R-divisor on X’ with simple normal crossings support, and
[" a real closed smooth (1,1)-form on X', such that

(1) B:=v,B" >0,

(2) [8] € Hy5(X') is nef over S, and

(3) [Kx: + B' + '] = v*y, where v € Hy5\(X).
Then we let 8 = 1,8 and we say that v : (X',B' + ') — (X,B+ () is a
generalized pair. We will often abuse notation and say that (X, B + () (or
(X, B+/9)) is a generalized pair (over S) and v : (X', B'+ ') — (X, B+ )
is a log resolution. We will often assume that X is compact and S is a point
(or that X = S) and we omit 7: X — S.
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Note that given (', we can define the corresponding nef b-(1,1) current

B = [ as follows. For any bimeromorphic morphism p : X” — X' we
define By, = p*f’ and for any bimeromorphic morphism ¢ : X" — X" we
let Bxm = q.Bx» (in general this is a closed (1,1)-current, not necessarily a

(1,1)-form). Using the projection formula, one easily checks that ¢.3 . is well
defined (i.e. By» does not depend on the choice of the common resolution
X" of X" and X”) and that for any bimeromorphic morphism r : X; — X, of
bimeromorphic models of X, we have r,8y, = Bx,. We say that B descends
to X'. Note that for any bimeromorphic morphism p : X” — X', we also have
B’ = " where 3" = By, and so 3 also descends to X"

Similarly, if v : Y — X’ is a proper bimeromorphic morphism, then write
Ky+By = v*(Kx/+B’). For any proper bimeromorphic morphism p : Y — Y’
we let By = p.By. In this way we have defined a b-divisor B (whose trace By
on Y is By). Since the b-divisor K + B = Ky + Bx and the b-(1, 1)-form
B= Bx descend to X', we say that the generalized pair (X, B + 3) descends
to X'

We will often denote the generalized pair v : (X', B+ ') — (X, B+ () by
(X, B + B) where B = B’. Note that then 3’ = By, and B’ = v*(Kx + B +
B) = (Kx + f).

We define the generalized discrepancies a(P; X, B + B) = —multp(By),
where P is a prime divisor on a bimeromorphic model Y of X. We say that
(X, B + B) is generalized kit or generalized Kawamata log terminal (resp.
generalized lc or generalized log canonical) if for any log resolution v : X' — X,
we have |By/| <0, i.e. a(P;X,B+ 8) > —1 for all prime divisors P over
X (resp. a(P; X, B+ B) > —1 for all prime divisors P over X). This can be
checked on a single given log resolution. We say that (X, B+ 3) is generalized
dlt (divisorially log terminal) if there is an open subset U C X such that
(U, (B + B)|v) is a log resolution (of itself) and a(P;X,B + B) > —1 for
every prime divisor P over X such that the generic point of centerx(P) is
contained in U and a(P; X, B + 3) > —1 for every prime divisor P over X
with centerx(P) C X \ U.

We remark that if o is a real closed smooth (1,1)-form in the class [f'] and
a = o/, then we have a(P; X, B+ ) = a(P; X, B + a), i.e. the generalized
discrepancies do not depend on the choice of the representative of [5'] (recall
that B descends to ).

Remark 3.12. Following standard convention, in the rest of the article we will
say that a generalized pair (X, B 4+ 3) is sub-gklt, sub-glc, etc. if B is not
necessarily effective, and gklt, glc, etc. if B is effective.
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3.2. Adjunction for Generalized Pairs. In this subsection we will define
adjunction for generalized pairs.

e Recall that, if (X, S+ B) is a log canonical pair such that |[S+B| =S
and S¥ — S is the normalization, then by adjunction (see [Koll3,
Chapter 4]) there is an effective Q-divisor Diffg. (B) > 0 on S”, called
the different, such that

(KX + S+ B)‘Su = KSV + DIHSV(B)

Now let (X, B + 3) be a generalized pair such that the coefficients of B are
<1 and S a component of |B]. Let f: X" — X be a log resolution of the
(X, B+03), 5" is the strict transform of S and Kx.+ B + 8y = f*(Kx+ B+
Bx). Let S™ — S be the normalization morphism; then f|s : S" — S factors
through S”, and we denote the induced morphism by g : S” — S™. We define

Kgn + Bgn 4 Bgn = (Kx + B+ Bx)|sn = g:(Kg + (B" = 5")|s + Bx:|s7)-

It is easy to see that this definition does not depend on the log resolution
f, and (S™, Bsn + Bgn) is a generalized pair. If (X, B + ) is a glc pair (in
particular, B is a boundary divisor), then from Proposition 4.5 and 4.7 of
[Kol13] it follows that Bgv is a boundary divisor. Readers may compare this
with the more familiar case of adjunction for generalized pairs on algebraic
varieties, see [BZ16, Remark 4.8].

Remark 3.13. If (X, B+ 3) is a glc pair and Kx + B is R-Cartier, then we can
write Kxs + B'— E = f*(Kx + B), where 0 < E = f*By — By is an effective
f-exceptional R-divisor (by the negativity lemma). It then follows easily from
the definition above that

Bgn = Diff g (B) + g.(E|sr) > Diffgn(B).

Remark 3.14. Note that Bgn is determined by a surface computation, and
therefore if (X, B + 3) is generalized log canonical in codimension 2, then for
the purpose of computing Bg» we may assume that X is a surface. A simple
computation shows that (X, B) has numerically log canonical singularities, so
that X is Q-Gorenstein, Kx + B is R-Cartier and (X, B) is log canonical.

We will also need the following lemma.

Lemma 3.15. Let (X, B+ 3y) be a generalized dit pair. Then for every point
xr € X, there is a relatively compact Stein open neighborhood x € U C X and
a R-divisor A > 0 on U such that (U, A) is a klt pair.

Proof. By [DHY23, Remark 2.18] each point = € X has a relatively compact
Stein open neighborhood U C X satisfying Property P (see [DHY23, Defi-
nition 2.17]). Thus replacing X by U we may assume that X is a relative
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compact Stein space satisfying Property P. By standard arguments (cf. the
proof of [KMO98, Proposition 2.43]), we may assume that (X,B + By) is a
generalized klt pair. Then by [DHY23, Theorem 2.19(4)] it follows that there
is a A > 0 such that (U, A) is klt. O

3.3. Varieties in Fujiki’s class C. Recall that an analytic variety X is said
to be in Fujiki’s class C if X is bimeromorphic to a Kahler manifold. In what
follows, we will study some basic properties of these varieties which will be
useful in running the MMP.

Lemma 3.16. Let X be a normal compact analytic variety of dimension 3
in Fujiki’s class C and f Y — X a proper bimeromorphic morphism from a
normal variety Y. Then a class a € Hé’é(X) is nef if and only if f*a in nef
onY

Proof. This is [HP16, Lemma 3.13]. O

Lemma 3.17. Let (X, B) be a Q-factorial dlt pair, where X is a compact
analytic variety of dimension < 3 in Fujiki’s class C. If Kx + B is pseudo-
effective, then Kx + B is nef if and only if (Kx + B)-C > 0 for every compact
curve C' C X.

Proof. We will prove the dimension 3 case and leave the surface case as an
easy exercise for the reader. The only if part follows easily by passing to a
resolution of singularities f : X’ — X such that X’ is a Kéahler manifold.
Conversely, assume that (Kx + B)-C > 0 for all curves C' C X and Kx + B is
not nef. Then by [DHP24, Theorem 2.35 and Remark 2.36], there is a surface
S C X such that (Kx+ B)|g is not pseudo-effective. Let Kx+B = > A\ S+
be the Boucksom-Zariski decomposition of Kx + B as in Definition 2.4. Then
by a similar argument as in the proof of [HP16, Lemma 4.1] it follows that
S = §; for some \; > 0. By adjunction on the normalization S* — S and the
above decomposition of Ky + B it follows that there is an effective Q-divisor
A > 0 such that K¢ + A is Q-Cartier but not pseudo-effective. Let S — S”
be the minimal resolution of S¥. Then Kjg is also not pseudo-effective, and
from surface classification (see [BHPVdAV04, Table 10, page 244]) it follows
that x(S) = —oco. Since S is in Fujiki’s class C, by [Fuj21, Theorem 1.3], S is
projective, and thus S is Moishezon. Then we arrive at a contradiction by a
similar argument as in the proof of [HP16, Corollary 4.2]. O

Lemma 3.18. Let (S, B + 3) be a gdit pair, where S is a compact analytic
surface in Fujiki’s class C. Then S is a Kahler surface with Q-factorial rational
singularities.

Proof. Following a similar argument as in [KM98, Proposition 2.43] we may
assume that (S, B + B) is locally gklt. Thus by [DHY23, Lemma 2.20], S
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has Q-factorial rational singularities. Now let v : S — S be a resolution of
singularities of S such that S’ is a Kéhler manifold. Let w’ be a Kéahler class
on S’. By the Hodge index theorem, the intersection matrix of the exceptional
curves of v is negative definite. Thus there is a unique v-exceptional R-divisor
E such that w' + F =g 0. Since S has rational singularities and it belongs
to Fujiki’s class C, by [HP16, Lemma 3.3] there is a class w € Hgh(S) such
that w’ 4+ E = v*w. From the negativity lemma it follows that £ > 0. Thus
w= (W + F)=ruw is abigclass on S. If C C S is any (compact) curve
and C" := v 'C, then w-C = (W' + E) - C" > 0. Then by [DHP24, Theorem
2.36 and Remark 2.37], w is nef, and by [DHP24, Theorem 2.30], w is a K&hler
class. U

Theorem 3.19 (Termination of Flips). Let (X, B) be a Q-factorial dlt pair,
where X is a compact analytic 3-fold in Fujiki’s class C. Then every sequence
of (Kx + B)-flips terminates.

Proof. First we note that Fujino’s proof of Special Termination (see [Fujo7])
holds here as the log MMP for surfaces in Fujiki’s class C is known again due
to Fujino, see [Fuj21]. So we may assume that (X, B) is a klt pair. Next we
claim that the proof presented in [DO24, Theorem 3.3| (which is based on the
proof of [Kaw92]) holds in our case without any change. This is because even
though X is assumed to be Kéhler in [DO24], that property was never used in
the proof, and all the necessary MMPs used in that proof are relative MMPs
for projective morphisms which are known to exist due to [Nak87] and more
recently by [DHP24] and [Fuj22b]. O

4. BLOWING DOWN ANALYTIC SPACES TO POINTS

Recall the following result, generalizing [Gra62], that is claimed in [HP16,
Proposition 7.4].

Claim 4.1. [HP16, Proposition 7.4] Let X be a normal compact complex space
and S a Q-Cartier prime Weil divisor on X with Cartier index m. Suppose that
S admits a morphism with connected fibres f : S — T such that Og(—mJS) is
f-ample. Then there exists a bimeromorphic morphism ¢ : X — Y to a normal
compact complex space Y such that p|g = f and ¢|x\s is an isomorphism onto
Y\T.

The above claim contradicts [Fuj75, Proposition 3], and the proof seems to
confuse the divisor S with its thickenings (a similar issue occurs in [CHP16]).
To be more precise the strategy of [HP16, Proposition 7.4] is based on [AT84]
which also appears to contain an error. One should instead use the corre-
sponding result in [Fuj75, Theorem 2] which states:
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Theorem 4.2. [Fuj75, Theorem 2| Let X be a reduced complex space, A an
effective Cartier divisor on X and f : A — A" a proper surjective morphism of
A onto another complex space A’. Assume that the following conditions hold:
(1) Os(—A) is f-ample, and
(2) R* f.O4(=kA) =0 for all k > 0.
Then there exists a blowing down F' : X — X' such that F.Sx a; = Oxv,
where Sx a,¢ 15 the coherent sheaf defined by the following short exact sequence

0— SX,A,f — Ox — OA/f_loA/ — 0.

The proof of [HP16, Proposition 7.4] begins by checking that R' f,Og(—km'S) =
0 for k£ > 0, and given Z = Ox(—m/S) it is claimed that

RYf.(TF )T =2 R £.05(—km'S)

however the right hand side should presumably be replaced by R f,Oys(—km'S)
(note that the prime divisor S is not assumed to be Cartier in [HP16], while
[Fuj75, Theorem 2] requires Cartier divisors). When dim A" = 0, one can
however deduce the following result of Grauert [Gra62].

Lemma 4.3. Let X be a normal analytic variety and S C X an effective Z-
divisor such that Supp(S) is compact and has k connected components. Assume
that S is Q-Cartier of Cartier index m > 0 such that Os(—mS|g) is ample.
Then there exists a proper bimeromorphic morphism F : X —Y to a normal
analytic variety Y such that F(S) = {p1,...,pr} CY are points and F|x\g :
X\S =Y \{p1,...,px} is an isomorphism.

Proof. Since Og(—msS|g) is ample, from [Laz04, Proposition 1.2.16(i)] it fol-
lows that O,,s(—m.S) is ample. Thus, by Serre’s vanishing theorem, there is a
positive integer ko > 0 such that H*(mS, O,,s(—kmS)) = 0 for all : > 0 and
k > ko. Then from the short exact sequences (for j € Z=9)

0— OmS(_(k +])m5) — O(j+1)ms(—km5) — ijg(—k‘mS) —0

it follows that H'((j + 1)msS, Ojs1yms(—kmS)) = 0 for all ¢ > 0, 5 > 0
and k > ko. In particular, H'(komsS, Oryms(—jkemS)) = 0 for all 7,5 > 0.
Replacing m by kym, we may assume that H'(mS, O,,s(—jmS)) = 0 for all
i,j > 0.

Suppose A := mS. Then A is Cartier and Os(—A|4) is ample since
Os(—mS|s) ample (see [Laz04, Proposition 1.2.16(i)]). Note that A is a pro-
jective scheme (of finite type) over C with k connected components. Let
f: A — SpecC be the structure morphism. Then we have R!'f,O4(—kA) =
H'(mS, Os(—kmS)) = 0 for all k& > 0, and thus by Theorem 4.2 there is a
blowing down F': X — X’ such that F/(A) = {p1,...,pr} C X’ and F satisfies
the other required properties. Since Supp(S) = Supp(A), we are done.

U
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As a corollary we will show below that if a is a nef (1,1) class and S :=
Null(«) is an irreducible subvariety of codimension 1 such that a|g. = 0, where
SY — S is the normalization, then we can contract S.

Corollary 4.4. Let X be a normal Q-factorial compact Kahler variety and
a € Hy (X)) a nef and big class such that the following hold:

(1) ot defines an extremal ray R in NA(X),
(2) the curves in R cover a prime Weil divisor S C X, and
(3) a|s» =0, where S” — S is the normalization morphism.

Then there exists a proper bimeromorphic contraction f : X — Y which con-
tracts S to a point and is the identity morphism on the complement of S.

Proof. Since « is big, we may write & = v + w, where w is a Kahler class and
v is a big class. Let v = D + (8 be the Boucksom-Zariski decomposition of ~
as defined above, where D is an R-divisor and /8 is a modified nef class (see
Lemma 2.6). Then J|gv is pseudo-effective. If S is not contained in the support
of D, then a|sv = (D + )|sv + w|gv is big, which is impossible as a|s» = 0.
Thus S is contained in the support of D. We have 0 = a-R= (D++4w) R
and so T'- R < 0, where T' = [ or T is a component of D. Since 3 is
modified nef, 5|s» is pseudo-effective and so T" is a component of D. Note that
NA(X) = NA(X)7s0 + NA(X)7-g, so from a standard argument (e.g. see the
proof of [DHY23, Claim 3.25]) it follows that a— T is positive on NA(X)\ {0}
for some § > 0, and hence Kéhler. But then (o — 07)|gv = —T|s» Kéhler.
Thus T = S, as otherwise —T'|sv is an anti-effective class on S” and thus
cannot be Kéhler. In particular, —S|g is Kéhler, and hence Og(—mS|s) is an
ample line bundle, where m is the Cartier index of S on X. Then by Lemma
4.3 there is a bimeromorphic contraction f : X — Y such that f(S) = {po} is
a point and f|x\s: X \S =Y \ {po} is an isomorphism. O

A second consequence of Lemma 4.3 is the existence of flipping contrac-
tions for terminal 3-folds (or more generally log canonical 3-folds with isolated
rational singularities).

Proposition 4.5. Let X be a normal compact Kdhler variety of arbitrary
dimension with isolated rational singularities and o a nef and big (1,1) class
on X. If Null(«) is a pure 1-dimensional analytic subset of X, then there is a
proper bimeromorphic morphism f : X — Y such that Ex(f) = Null(«) and
f(Null(«)) is a finite set of points.

Proof. Let v : X’ — X be a log resolution of X and Null(«), which is an
isomorphism on the complement of XSimg U Null(er). Then v*« is also nef and

big and hence, by [CT15, Theorem 1.1] and Lemma 3.10 we have
(4.1) E.x(v*a) = Null(v*a) = Ex(v) U v~} (Null(a)).
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Since E,x(a) C v(E,kx(v*a)) by Lemma 3.8, from eqn. (4.1) above it follows
that E,x(«) doesn’t contain any divisor of X. By Demailly’s regularization
theorem (see [Bou04, Theorem 3.17(ii)]), there exists a Kahler current 7" in v*«
with analytic singularities such that E(T) = E,x(v*a). Let p: X" — X’
be a resolution of the singularities of 7" so that p*T" = ¢ + F', where F' > 0 is
an effective R-divisor and ¢ is a smooth form (see [Bou04, Definition 2.5.1]);
note that F' is v o p-exceptional. Let w’ be a Kéahler form on X’ such that
T > ew' for some ¢ > 0. Then ¢ > ep*w’, and thus by [Bou02, Lemma
2.9] we see that there is an effective p-exceptional R-divisor F > 0 such that
¢ — 0F is cohomologous to a Kahler form for 0 < § < 1. Then we can write
(vop)a = w4+ G, where w” is a Kahler class and G > 0 is effective Q-
divisor such that Supp(G) = Ex(v o ). Let C" — C be the normalization
of C, a connected component of N := Null(«). Then a|cn = 0 (since C' is
a curve) and so if D := (v o u)~}(C), then D is a reduced effective divisor
contained in the support of G and —G|p = w”|p is ample. Now from our
construction above it follows that (v o u)(Ex(vop)) = X ;Y Null(«r). Thus

the components of G which do not map into Null(«) are contracted to (the

singular) points of X, and hence —G|sypp(cz) is ample. So by Lemma 4.3 there
is a contraction X” — Y which contracts Supp(G) to a finite set of points and
is an isomorphism on the complement of Supp(G). Then by the rigidity lemma
(see [BS95, Lemma 4.1.13]), we obtain the required morphism f: X — Y. O

Corollary 4.6. Let (X, B) be a compact Kdhler 3-fold terminal pair. Let w be
a Kdbhler class on X and o = Kx+B+w a nef but not Kdhler such that Null(«)
is a pure 1-dimensional analytic subset of X and NA(X)Nat = R is an

extremal ray. Then the flipping contraction f : X — Z and the corresponding
flip ft: X — Z both exist.

Proof. As (X, B) is a terminal 3-fold, X has only isolated rational singularities.
Thus Proposition 4.5 applies and hence the flipping contraction f : X — Z
exists. By [DHP24, Theorem 1.3] or [Fuj22b, Theorem 1.8], we can construct
the log canonical model of (X, B) locally over Z and then glue these together
to obtain the flip f*: X* — Z. O

In order to complete the 3-fold MMP for klt pairs, it is necessary to construct
divisorial contractions where n(a) = 1, i.e. divisorial contractions to a curve,
and flipping contractions in the non-terminal case. Divisorial contractions to
a curve were constructed in [DH20] and flipping contractions are constructed
in [CHP16]. Note however that the proof of [CHP16] is somewhat technical as
it involves the use of ample sheaves (which are not necessarily vector bundles).
In what follows we will give a unified approach to the construction of flipping
contractions and divisorial contractions to a curve. This approach relies on
first proving that the pl-extremal contractions exist. Our approach seems to
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be well suited for higher dimensional arguments and settles several important
higher dimensional cases.

5. THE MAIN CONTRACTION THEOREMS

The goal of this section is to prove the contraction Theorems 1.1 and 1.2.

5.1. Existence of pl-contractions and flips for generalized pairs. In
this subsection we will prove Theorem 1.1. First we need some preparatory
results. The following theorem is a version of the relative Kawamata-Viehweg
vanishing theorem which holds for generalized pairs.

Lemma 5.1. Let (X, B+ 3) be a gklt pair, g : X — T a projective morphism
of analytic varieties, and D a Q-Cartier Z-divisor such that D—(Kx+B+3y)
is nef and big over T. Then R'g.Ox (D) =0 for all i > 0.

Proof. Since the question is local on the base, we may assume that 7T is a
relatively compact Stein space. Let v : (X', B'+ B8y/) — (X, B+ 3y) be a log
resolution of the gklt pair (X, B 4+ 3) such that Ky, + B’ + By, = v*(Kx +
B+ By). We have [v*D| =v*D+{—v*D}, and we let E := |B'+{—v*D}],
where {-} denotes the fractional part.

We make the following claim.

Claim 5.2. [v*D] — E > |v*D|.

Proof of Claim 5.2. Let P be any prime Weil divisor on X’. First assume
that P is not contained in the support of {—v*D}. Then multp(—FE) =
multp(—|B’']) > 0 and multp([v*D]) = multp(v*D) = multp(|r*D]), and
the claim follows. Suppose now that P is contained in the support of {—v*D}.
Then multp({v*D}) = (1 — multp({—v*D})) > 0, so that multp([v*D]) =
multp(|v*D]) 4+ 1. Since multp(—F) = multp(—|B + {—v*D}]) > —1, the
required inequality follows. 0

Now recall that (X, B + 3) is a gklt pair and D is a Z-divisor. Therefore
E = |B'+ {—v*D}| is v-exceptional, v.([v*D| — E) = D and v,|v*D] =
D. Since v is bimeromorphic, the natural morphism v,.Ox/([v*D]| — E) —
Ox (v ([v*D] — E)) = Ox (D) is injective, and v,Ox/ (|v*D]) = Ox(D) (see
[Das21, Lemma 3.2]). By Claim 5.2 it follows that

Ox(D) > v.Ox:([v*'D] — FE) D v.Ox/(|v*D]|) = Ox(D).
Therefore we have
(5.1) v.Ox/([v*D]| — E) = Ox(D).
Now observe that

(V"D - E=Kx +B"+8yx +v'(D—-(Kx+ B+ By)),
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where B* := B'+ {—v*D} — E = {B' 4+ {—v*D}}. But then (X', B*) is klt
and the R-divisor
(V"D —FE—(Kx+B*)=8Bx + v (D— (Kx+ B+ (y))

is nef and big over T, and so, by the relative Kawamata-Viehweg vanishing
theorem [Nak87, Theorem 3.7] (see also [Fuj22b, Theorem 5.2]) for all i > 0
we have

R'v,Ox/([v*D] — E) =0, R(gov),Ox:/([v*D] — E) =0.
By a standard spectral sequence argument and eqn. (5.1) it follows that

R'g.0x(D) = R'g.(v.Ox/([v*D] — E)) =0 for all 7> 0.

O

Lemma 5.3. Let (X,S + B + 3) be a gplt pair such that | S+ B| = S is
irreducible. Then S is normal and (S, Bs + Bg) is gklt, where Ks+ B+ B¢ =
(Kx + S+ B+ B)|s is defined by adjunction as in Subsection 3.2.

Proof. Since the question is local on X, we may assume that X is a relatively
compact Stein space. Let f : X’ — X be a log resolution of the generalized
pair (X, B 4+ 3) and

Kx+ 8"+ B+ Bx = f'(Kx+ S5+ B+Bx) + £
where S = f7'S,B" > 0,E' > 0, f.B' = B, f.F' = 0 and S’ + B’ and E’ do

not share any common component.

Then —S' + [E'] =; Ky + B' + {—E'} + By and (X', B' + {—E'}) is a
kit pair. Since [By/] € Hgh(X') is a nef over X, from Lemma 5.1 it follows
that R'f,Ox/(—=S"+ [E']) = 0 for all : > 0. Now consider the following exact
sequence

0

Ox/([E'] = 5) Ox([E")

Since R'f,Ox/(=S"+ [E']) = 0, from the long exact sequence of cohomology
we get the surjection

Og/([E']]s7) ——0.

FOx([E']) = [0 ([E]]s).
Since [E']|s is an effective divisor, this map factors as
Ox = [.Ox/([E"]) = Os = .05 = [.O0s([E]]s),

where v : §¥ — S is the normalization morphism. Thus we have Og = v,Ogv,
and hence S is normal.

For the second part by contradiction assume that there is a prime Weil
divisor F' over S such that a(F, S, Bs + Bg) < —1. Passing to a sufficiently
high resolution f : X’ — X we may assume that we are in the setup of
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Subsection 3.2 and that there is a f-exceptional divisor £ on X’ such that
ENS =F and f(E) = f|s/(F). It then follows that a(F, X,S + B+ By) =
a(F, S, Bs + Bg) < —1, a contradiction, since (X, S + B + 3) is gplt.

O

Lemma 5.4. Let (X, B + ) be a generalized dlt pair, and D a Q-Cartier
Z-divisor. Then Ox (D) is Cohen-Macaulay.

Proof. Since the question is local on X, by Lemma 3.15 we may assume that X
is a relatively compact Stein space and (X, B) is klt. Then the proof follows
form [KM98, Corollary 5.25]. We explain the necessary changes needed for
analytic varieties. Let m > 0 be the Cartier index of D, then Ox(—mD) is
a line bundle on X. Since X is Stein, Ox(—mD) is generated by its global
sections. Using Ox(—mD) in place of Ox(mL —mD) in the proof of [KM9S,
Corollary 5.25], and using [DHP24, Theorem 2.21] for the necessary Bertini-
type theorems, the arguments of [KM98, Corollary 5.25] work here.

O

Proposition 5.6 below is an analytic version of a key result from [HW19|
(see also [BK23]), and an important step towards the proof of Theorem 1.1.
First we fix some notations.

Definition 5.5. Let X be a normal analytic variety.

(1) A non-empty open subset U C X called big, if X \ U is a countable
union of locally closed (analytic) subsets of X of codimension at least
2.

(2) A sheaf £ on X is called a Q-line bundle, if £ is a reflexive sheaf of
rank 1 and (L£%™)* is locally free for some m > 0. Note that if D is
a Q-Cartier Weil divisor, then £ = Ox(D) is a Q-line bundle. On the
other hand, if X is Stein, then for any Q-line bundle £ there exists a Q-
Cartier Z-divisor D such that £ = Ox (D). Moreover, If L is a Q-line
bundle and G is a Z-divisor, then we define L(G) := (L ® Ox(G))**
and ,C(KX + G) = (ﬁ R wx & Ox(G))**

Recall from Subsection 3.2 and Lemma 5.3 that if (X, S + B + 3) is a gplt
pair, then S is normal and (S, Bs + Bg) is klt, where (Kx + S + B+ 3)|s =
Ks+ Bs + Bs.

Proposition 5.6. Suppose that (X, S + B + B) is a relatively compact gplt
pair, and S a Q-Cartier prime Weil divisor. Let L be an rank one reflexive
sheaf on X such that L(Kx) is a Q-line bundle on X. Then there exists an
effective Q-divisor 0 < Ag < Bg, a positive integer m > 0, and a reflexive
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rank 1 sheaf € on S such that the following sequence
(5.2) 0= L(Kx)— LKx+S)—=E—0

is exact, and there is a smooth big open subset S° C S such that €| and
(LE™)| g0 are locally free, mAg is a Z-divisor, and

(5.3) (E]50)®™ = (LF™)]50 ® Ogo(m(Ks + Ag)).

Proof. This proof follows along the lines of [HW19, Proposition 3.1]. We in-
clude the details as various arguments require more care than their algebraic
counterparts.

Let X = UX; be a (finite) cover by relatively compact Stein open subsets
X;. Then L(Kx)|x, = Ox,(G;) for some Q-Cartier Z-divisor G; whose support
does not contain S; := SN X;. Let f; : X! — X, be a log resolution of (X, S;).
We define Ag, := (fils:)«({—f;Gi}|s:), where S} := (fi);'S;. We first claim
that Ag, is independent of the log resolution f;. To this end let X! — X; be
another log resolution of (X;,S;) that factors through f;, and ¢g; : X/ — X/
the induced morphism. It suffices to show that

(5.4) ((fiogi)lsy)«({=(fi 0 g:)"Gi}lsy) = (fil s)«({—fi Gi}ls:)

where S/ := (¢;);'S!. Let P C S; be a prime divisor on S;, and P’ and P” its
strict transforms on S, and S}, respectively. Note that, since G; is a Z-divisor,
the support of {—f/G;} and {—(f; 0 ¢;)*G;} are contained in the exceptional
loci of f; and f; o g;, respectively. Since X! is smooth, | fG;| is Cartier and
sois ¢f (| f7G;]). Thus {—(fi09:)*G;} = g/ {—fG;}. But then

{=(fiog) Gitlsy = (g {17 GiPlsy = (gilsy) {—=f7 Gi}sy)-

Pushing forward by gilsy we have (gilsy)-({—(f; 0 91)*Gilsy }) = {17 G s
Pushing forward by fi|s; we obtain (5.4).

Next, observe that if G/ is another Z-divisor on X; such that G; ~ G, then
fiG; ~ ffG., and thus {—f*G,;} = {—fG.}. In particular, Ag, depends only
on L(Kx)|x,. Next we will show that the Ag, can be glued together to a
unique divisor Ag on X. To this end, let X;; := X; N X, and S;; := 5; N 5.
Then Gi|x,, ~ Gj|x,;, and thus Ag,[s, = Ag,|s,;, this follows from the fact
that Ag, does not depend on the choice of log resolution, as we proved above.
Thus {Ag, }i glue together to give a unique Q-divisor Ag on S. If X = UX] is
another (finite) cover of X by relatively compact Stein open subsets of X and
if A’ is another Q-divisor on S defined as above using the cover {X/}, then
from our arguments above it follows that, for any i, Ag|snx/nx;, = As|snxinx;
for all j. In particular, Ay = Ag, i.e. Ag is independent of the choice of the
cover of X.
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Next we will prove rest of the claims under the additional assumption that X
is Q-factorial and then deduce the general claim at the end. Assume therefore,
for the time being that X is Q-factorial.

Observe that the exactness of the sequence (5.2) can be checked locally
on X. Moreover, notice that in order to produce a smooth big open subset
SY C S and an integer m > 0 satisfying the isomorphism in (5.3), it is enough
to work on a finite open cover of X, and since X is relatively compact, it
can be covered by finitely many relatively compact Stein open subsets. Thus
from now on we assume that X itself is a relatively compact Stein space. We
note here that X is no longer Q-factorial (as Q-factoriality is not an analytic
local property), however, Kx, S and B are all Q-Cartier and L is represented
by an effective Q-Cartier Z-divisor, say D, i.e. L = Ox(D); we may further
assume here that D does not contain S in its support. In particular, we have
L(Kx)=0x(Kx+D)and L(Kx+S) = Ox(Kx+S+D), where Kx+D and
Kx + S+ D are both Q-Cartier Weil divisors. Note that since (X, S+ B+ 3)
is gplt, by Lemma 5.3, S is normal and (X, S) is plt. Let © be an effective
Q-divisor on S such that (Kx + S)|s = Kg+ O. Then © < Bg, and thus by
cutting down X by general hyperplanes it follows from [HW19, Lemma 3.3]
that As < S < BS-

Now consider the following exact sequence

(5.5) 0= Ox(Kx+D)—Ox(Kx+S+D)—&—0.

By Lemma 5.4, Ox(Kx + D) and Ox(Kx + S+ D) are Cohen-Macaulay, and
hence so is € by [Koll3, Corollary 2.62]. Thus by [Har80, Proposition 1.3], £
is a reflexive sheaf on S of rank 1.
Let pu: X’ — X be a log resolution of (X, S + D) and S’ := u;'S. Let By
be a Q-divisor on X’ defined by the equation.
KX/ + S/+Bxf == M*(KX + S)

Note that since p : X’ — X is projective, Ky is represented by a Weil
divisor. Moreover, since (X,S) is plt, |Bx/| < 0, and it follows easily that
(WD > |Bxs + p*D]. Thus

Kxi+ 8+ [u*D] > |Kx: + S+ Bxr + w'D| = |p*(Kx +S+D)|,  and

It follows (see for example [Das21, Lemma 3.2]) that
M*OX/(K)(/—'—S/‘F [M*D—I)IOX(KX—FS—FD), and
M*OX/(Kxf + [M*D—‘) = Ox(KX + D)
Let G' := Kg + [p*D]|g. Then we have the following exact sequence
0— OX/(K)(/ + [,U*D—I) — OX/(KX/ +5 + (,LL*D—I) — OS/(G,) — 0.
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Since Kx'+[p*D]| =x Kx:+{—p*D}, where (X', {—p*D}) is klt (as p* D has
SNC support), and p is bimeromorphic, by the relative Kawamata-Viehweg
vanishing theorem (see Lemma 5.1), we have R',Ox/(Kx + [p*D]) = 0.
Thus applying u., we obtain an exact sequence

(56) 0— Ox(KX —+ D) — Ox(KX + S+ D) — (,U«‘S’)*OS’(G/) — 0.

Now let G := (u|s).G" = (uls/)«(Ks +{—p"D}|s+ " Dl|s') = Ks+As+Dls.
We will now proceed to show the isomorphism (5.3). To that end first observe
that, since .S is normal, it is smooth in codimension 1, and since £ is reflexive,
it is locally free in codimension 1. Hence, there is a big open subset S° C S
such that S is smooth, p|s : S’ — S is an isomorphism over S, and &|go is
locally free. Recall that p: X’ — X is given by a sequence of blow ups along
smooth centers. Let X° C X be the open subset of X obtained by removing
the images of the exceptional divisors of y whose centers have codimension > 3
in X. Thus, over X°, 11 is given by a sequence of blow ups of smooth centers of
codimension 2. Furthermore, removing the closed analytic subset S\ S° of X
(which has comdim > 3 in X) from X° we may assume that S® = SN X, By
the classification of plt surface singularities it follows that we may also assume
that there is an integer m > 0 such that mKx, mS and mD are Cartier on X°.
Now from (5.5) and (5.6) it follows that €& = (u|s).Os (G’). Moreover, since
s is an isomorphism over S° by our construction, the natural morphism
(1]5)«0s(G") = Og(G) is an isomorphism over on S°. Therefore we have
Elso = Os(G)|s0; in particular, &€ = Og(G), as both sheaves are reflexive and
SY is a big open subset of S. Restricting the sequence (5.6) on X° we see that
mG = m(Kg + Ag + D|g) is a Cartier divisor on S°; in particular, mAg is a
Z-divisor on S, as mD|g is Cartier. Thus

(E]50)™ = (O5(G)]0)™ = (L") |50 @ Os(m(Ks + Asg))|s0-

Finally, we address the general (non-Q-factorial) case. As argued in the
Q-factorial case, we may assume that X is a relatively compact Stein space.
Shrinking X further if necessary, we may assume by [DHY23, Theorem 2.19]
that there is exists a small bimeromorphic morphism p : X’ — X such that
X' is Q-factorial. We let Kx/ + 5"+ B' + By, = p*(Kx + S+ B+ By) and
L(Kx) = (WL(Kx))™ the reflexive hull of p*L(Kx). Then L'(Kx/) is a
Q-line bundle and £'(Kx/) =x 0. By what we have seen above, there is a
short exact sequence

0— L (Kx)—L(Kx +85)—=E&—0

and a smooth big open subset S C S’ such that &'|go and (L'®™)|g0 are
locally free, mAY is a Z-divisor, 0 < Ay < ©" < By, where (Kx + 5')|s =
K¢ 4+ 0, © < By, and

(E']50)*™ 2 (L) g0 © Ogo(m(Ks + Ag).
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Since p is small, u.L'(Kx/) = L(Kx) and wL'(Kx + 5') = L(Kx + S5).
Note that, since X is Stein, by a similar argument as in the proof of [DHY23,
Theorem 2.19] it follows that there is a Q-divisor IV on X’ such that By, =x/ I,
and (X',S"+ B’ 4+ 1) and (X,S + B +I') are both plt, where I' := p,I".
Moreover, we have Kx/+S'+B'+1" = pu*(Kx+S+B+T1"). Finally, by a similar
argument as in [KM98, Proposition 2.43], we see that there is an effective Q-
divisor G on X such that (X, G) is klt. Let Kx + G’ = p*(Kx + G). Then
L(Kx)=x 0=x p*(Kx +G) =x Kx + G', where (X', G’) is klt. Thus by
the relative Kawamata-Viehwewg vanishing theorem R'y,L'(Kx/) = 0, and
so there is a short exact sequence

0= L(Kx) = L(Kx+S5) = & —0.

Arguing as above we see that £L(Kx) and L(K x+5) are both Cohen-Macaulay,
and hence so is £ = & = L(Kx + 5)|s. It follows, as explained above
that & is reflexive of rank 1. Since p(Ex(x)) has codimension > 3, SO :=
S\ (e (BEx(p) U (S S’O))) is a smooth big open subset of S such that p is
an isomorphism on a neighborhood of S°. Thus &|g0 and (£%™)|s0 are locally
free, mAg = (p|s)«(mAY%) is a Z-divisor, where 0 < Ag = (ulg).Ay <
(p|s)«By = Bs, Ks + Bs + Bg = (Kx + S+ B + B)|s, and

(E]50)®™ = (L5™)]50 ® Ogo(m(Ks + Ag)).
U

The following lemma (which is well known to experts) will be useful in our
proof of the general contraction Theorem 5.8.

Lemma 5.7. Let (X, B+3) be a relatively compact gklt pair and Dy, Do, ..., D,
a collection of Q-divisors. Then there is a projective small bimeromorphic mor-
phism f : X' — X such that f*D; = f-'D; are Q-Cartier divisors on X' for
alll << n.

Proof. Note that by induction it is enough to prove the result for n = 1. Now
replacing X by a small relatively compact Stein neighborhood we may assume
by [DHY23, Theorem 2.16] that there is a projective small Q-factorization f :
X" — X and an effective R-divisor A’ such that By, =x A’, (X', B'+ A’) and
(X, B+A) are both klt, and Kx/+B'+A" = f*(Kx+B+A) , where A := f.A.
Let D := nD, so that D is a Z-divisor, and D’ := f!D; then D’ is Q-Cartier.
Choose 0 < € < 1 so that (X, B4+A+eD) is klt. Shrinking X further we may
assume that Ky + B+ A ~g 0. Then Ky + B'+ A’ + €D’ ~p eD’. Next, we
run a D'-MMP over X as in [DHP24, Theorem 1.4] and then replacing X’ by
the output of this MMP we may assume that D’ is nef over X. By the relative
base-point free theorem (see [Fuj22b, Theorem 8.1]) we have that D’ is semi-
ample over X. In particular, @,,>0f.Ox/(mD’) is a finitely generated Ox-
algebra. But since f is small, f,.Ox/(mD’) = Ox(mD). Thus &,,>00x(mD)
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is a finitely generated Ox-algebra. Now, since X is a relatively compact space,
there is an analytic space W such that X C W is an open subset and X C W.
Let X C U C W be a small neighborhood of X such that U = UU; is a
finite union of relatively compact Stein open subsets and &,,>0Oy,(mD|y,)
are finitely generated Op,-algebras. Then Y := Projan &,,>0 Oy(mD|y) is a
normal analytic variety such that the projection 7 : Y — U is a projective
small bimeromorphic morphism and 7 'D is Q-Cartier (see [KM98, Lemma
6.2]). Let X” := 7= Y(X) and g := 7|x»; then g : X" — X is a projective
small bimeromorphic morphism of normal analytic varieties such that g 1D is
Q-Cartier. This completes our proof.

O

The following result is a generalization of Theorem 1.1 that works for gen-
eralized pairs.

Theorem 5.8. Let (X,S + B + 3) be a generalized plt pair, where X is a
compact analytic variety such that S is Q-Cartier. Suppose that

(1) |S+ B] =S is irreducible,

(2) there is a proper morphism w: S — T such that m.Og = Or,

(3) —(Kx + S+ B+ By)|s is relatively Kahler (over T'), and

(4) —S|s is m-ample.
Then there exists a bimeromorphic morphism p : X — Z such that p|s = 7
and p|x\g is an isomorphism.

Proof. By adjunction (as in Lemma 5.3) we know that S is normal, (.S, Bs+3)
is gklt and —(Ks + Bs + Bg) is Kahler over T', where (Kx + S+ B+ )]s =
Ks + Bs + Bs.

Choosing £ = Ox(—Kx — (k+1)5) for £ > 1 in eqn. (5.2) we get the
following short exact sequences

(5.7) 0— Ox(—(k+1)S) — Ox(—kS) = & — 0.

Since S is Q-Cartier, Ox(95) is a Q-line bundle, and thus by Proposition 5.6,
& is a reflexive rank 1 sheaf on S. Let S; be the thickening of S defined by
Os, = Ox/Ox(—kS). Then we have the following short exact sequence of
sheaves of rings on .S

O_>gk_>05k+1_>05k_>0’

We can then consider the corresponding long exact sequence of sheaves of rings
on T obtained by pushforward (note that identifying the topological spaces of
the thickenings |Si| = |S|, we may regard = : |Sg| — |T'| as a morphism of
topological spaces). We claim that:

Claim 5.9. R'm.& =0, and so 7, 0s,,, — m,0g, is surjective for all k& > 1.
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Grant this for the time being. Since 7,0g, , — 7.0y, is surjective for k > 1,
we have inclusions T}, < T4, where T}, := Specan(m,Og, ). Since 7,Og, =
1.0g = O, the T}, define thickenings of T" with underlying topological space
|T'|. The natural isomorphisms H°(Or,) = HY(1.0g,) = HY(Ogs,) induce
morphisms of complex spaces 7y : S — 1) (e.g. see [Har77, Exercise 11.2.4]).
The induced composite morphisms S, — T} < T} factors as S — Sp1 —
Ty11. We would like to emphasize here that m : Sy — T} are morphisms of
non-reduced complex spaces for all £ > 1, not just maps of topological spaces.
Fix ¢ > 1 such that A = ¢S = S, is Cartier and let w4 : A — T}, be the induced
morphism (here w4 = 7).

Consider the following commutative diagram

(5.8) S = Apeq — A

s TA

P
T = (T)rea Ty

We claim that O4(—A) is ma-ample. Indeed, since p*Os(—A) = Os(—LS|s)
is m-ample, and 1) is a proper finite morphism, ¢p*O(—A) is (w4 o p)-ample.
Since ¢ : Ajeq — A is the reduction of nilpotent elements of Oy, from an
argument similar to the proof of [Laz04, Proposition 1.2.16(i)] it follows that
O4(—A) is ma-ample.

Arguing as in the proof of Lemma 4.3, we will show the following.

Claim 5.10. Replacing A by a multiple, we may assume that R'ma ,Os(—kA) =
0 for all 4,k > 1.

By Theorem 4.2, it then follows that there exists a proper bimeromorphic
morphism p : X — Z such that p|x\a is an isomorphism and p[y = 74.
Finally, pls = (pla)|s = mals = 7.

Proof of Claim 5.9. To check the claim, note that the vanishing R'7.&, =
0 can be checked locally on the base 7', and hence we may assume that T
is a relatively compact Stein space. Since 7 is a projective morphism, it
follows that & = Og(Gy) for some Weil divisor Gy on S. By Proposition 5.6,
Gy ~g —kS|s — Ak, where Ay > 0 is an effective Q-divisor on S such that
0 < Ay < Bg. (Note that with the notation of Proposition 5.6, Ay, = Bg—Ag.)

If every component of Bg is Q-Cartier, then A, is Q-Cartier and so is Gy.
Moreover, in this case we can also write

Gy ~qg Ks+ Bs — A, + By — (Kg+ Bs + Bg) — kS|s

so that (S, (Bs—Ag)+3g) is gklt (by Lemma 5.3) and —(Ks+ Bs+3¢)—kS|s
is relatively Kahler over T, and hence the claim now follows from Lemma 5.1.
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Otherwise, since (S, Bs+3g) is a relatively compact generalized klt pair, by
Lemma 5.7 there is a projective small bimeromorphic morphsim ¢ : S — S such
that every component of ¢ ' By is Q-Cartier. Let Gy := ¢ 'Gy, Bs := ¢, ' Bs,
Ay = ¢7'Ay so that Kg + Bs — Ay, + Bs = ¢"(Ks + Bs — Ay, + B5) and
& = 0g(Gy). Then

Gk ~Q Kg‘l’és —Ak—l—,ﬁg—q*(K5+Bs+ﬁ5+kS|S),

where (S, (Bg — Ay) + B5) is gklt and —¢*(Kg + Bs + B¢ + kS|s) is relatively
nef and big over T' (hence also over S). By Lemma 5.1, Riq,0(G}) = 0 and
Ri(m0q),05(G) = 0 for all i > 0. Since g is small, then ¢.O5(Gy) = Os(Gy),
and so by an easy spectral sequence argument we have

R'1.05(Gr) = R'm(.05(Gy)) =0 for all i > 0.
U

Proof of Claim 5.10. Since the statement is local over T}, replacing 7, by a
Stein open subset U and X by a neighborhood of 7,'(U), we may assume
that 7} is Stein and the statement is equivalent to H* (A, O4(—kA)) = 0 for all
k > 0. Since O4(—A) is ample, by Serre vanishing, there is an integer kg > 0
such that H'(A,O4(—kA)) =0 for all k > kg and i > 0. For j > 1, consider
the short exact sequence

0= Oa(—=(k+j)A) = Opsna(—=kA) = Oja(—kA) = 0.

Proceeding by induction we get that H(Oyz1)a(—kA)) = 0 for all k& > k,
j >1,and i > 0. Replacing A by koA, the claim now follows. O

0

Remark 5.11. Assume that we are in the settings of Theorem 5.8, and addition-
ally assume that X is a Kéhler space. Then the morphism p is projective (since
—S is relatively ample over Z), and Z is in Fujiki’s class C. Working locally
over Z, we may pick a Kéhler form w such that w =7 —(Kx+S+B+8x). Let
v : X" — X be alog resolution of (X, S+B+3) and write Kx/+5'+B'+8 =
v (Kx + S+ B+ By), where [By/] € Hgh(X') is nef. Then By, + v*w is nu-
merically equivalent (over Z) to a nef and big R-divisor G > 0 such that
Kx+S+B+G=v,(Kx +5 4+ B+ @) is plt. By the Base-point free the-
orem (see [Fuj22b, Theorem 8.1)) Kz + Sz + Bz + Gz = 1.(Kx +S+ B+ G)
is plt and in particular has rational singularities. Then by [HP16, Lemma 3.4]
and [DHP24, Lemma 8.7], the image of p* : Hy\(Z) — Hys(X) is given by

Im(p*) = {a € Hy\(X) : a-C =0, forall C C X curves s.t. p(C) = pt}.

The next result shows that flips for generalized pairs exist in all dimensions.
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Theorem 5.12. Let (X, B + B) be a Q-factorial gdlt pair, where X is a
compact analytic variety belonging to Fujiki’s class C, and f : X — Z a
flipping contraction. Then the flip of f exists.

Recall that a flipping contraction f : X — Z is a small bimeromorphic
morphism such that p(X/Z) =1 and —(Kx + B+ By) is Kéhler over Z. The
corresponding flip (if it exists) is a small bimeromorphic morphism f*: X+ —
Z such that p(X1/Z) =1 and Kx+ + B" + B+ is is Kéhler over Z, where
BT is the strict transform of B.

Proof. Replacing B by (1 — €)B for some 0 < € < 1, we may assume that
(X,B+ ) is gklt. Let v : X’ — X be a log resolution of (X, B + 3) such
that for is a projective morphism and Kx + B+ By, = v (Kx + B+ Bx).
Let By, + F = v*Bx, then E > 0 is an effective R-divisor by the negativity
lemma. Since p(X/Z) = 1, it follows that if Kx + B #z 0, then X — Z is
projective and By =z AM(Kx + B) for some A € R. For any point z € Z we
fix a neighborhood z € W C Z such that W is relatively compact, Stein and
satisfies Property (P) (see [DHY23, Definition 2.17 and Remark 2.18]). Let
Xyw = f~1(W), then we may assume that Ky, is a Q-Cartier divisor and we
let D := AN Kx,, + Bw) where By = Blx,,. We also let X{,, = v~ 1(Xw),
B, = B’|X/W, By = E|X’w and D' := —uj,D — Ey. Then D' =y ﬁX‘,/V
is nef and big over W. Since D' =y 3 xy, 18 nef and big over W, we may
assume that D' =y A, > 0 so that (X{y, By, + A}y) is sub-klt, and hence
(Xw, Bw + Aw) is klt, where By + Aw = vw.(Bjy + A},). But then the
relative log canonical model (X, By, + Aj,) of (Xw, By + Ay) exists by
[DHP24, Theorem 1.3] and [Fuj22b, Theorem 1.8], and it is the relative log
canonical model of (X, By + Byy). Since these relative log canonical models
are unique by [DHY23, Lemma 2.12(3)], they glue together, and we obtain a
relative log canonical model (X+, BT + 3) of (X, B+ 3) over Z.

Suppose now that Ky + B =7 0. Then K, + By := f.(Kx + B) is klt and
Z has rational singularities. Fix z € Z, we will construct the flip locally over a
neighborhood of z. We may assume that a resolution v : X’ — X is projective
over Z and X is a divisor with simple normal crossing support. Let f' = fowv.
Since Z has rational singularities, from the short exact sequence ([HP16, §3,
eqn. (2)])

0=>R—=-0x =Hx —0

it follows that R'f'Hyx, — R2f/R is an isomorphism. Note that R?f/R =
R?f'7Z %7 R by the universal coefficient theorem, as f’ is proper. Now consider
the class [By/] € Hyo(X') = H'(Hx:). By [KM92, Lemma 12.1.1], there is a
neighborhood z € W C Z and a R-divisor Dy, on X, such that the images of
Bw = Bx:|x;, and Dy, in R?f/R coincide. But then By, =w Dyy. Shrinking
W, we may assume that it is relatively compact, Stein and satisfies Property
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(P). We now argue as above and construct the flip X --+ X locally over Z
and then glue these together. U

Remark 5.13. Even though it is not clear that the flipping and flipped contrac-
tions are projective over Z, the proof shows that they are locally projective
over Z.

We will also need the following technical alternate version of Theorem 5.12.

Theorem 5.14. Let f : X — Z be a small proper bimeromorphic morphism of
normal relatively compact analytic varieties in Fujiki’s class C. Let (X, B+ 3)
be a gdlt pair, |B] is Q-Cartier, and Kx + B + Bx =z —G, where G is an
R-Cartier divisor. Then there exists ft : XT — Z a small bimeromorphic
morphism such that Kx++ BT+ B+ is Kahler over Z. We say that f' is the

flip of f.

Proof. Replacing B by B — €| B] for some 0 < ¢ < 1, we may assume that
(X, B + B) is gklt. By standard arguments, it is easy to see that it suffices
to construct the flip f’ locally over Z and hence we may assume that 7 is
relatively compact and Stein.

Let v : X’ — X be a log resolution of (X, B + 3) such that fov is a
projective morphism and Ky + B + By, = v*(Kx + B+ 3x). Since By, =z
—(Kx + B'+ v*G) is nef and big (over Z), then —(Kx: + B' + v*G) =5 A’
where (X', B" + A’) is sub-klt. If A = v, A’, then (X, B + A) is klt and it
suffices to set X := Proj,R(X, Kx + B+ A) by [DHP24, Theorem 1.3].

O

Proof of Theorem 1.1. This follows immediately from Theorems 5.8 and 5.12.
O

6. EXISTENCE OF FLIPS AND DIVISORIAL CONTRACTIONS IN DIMENSION 3

Suppose that X is a normal compact analytic variety in Fujiki’s class C,
and a € Hé’é(X ) is nef and big but not Kéhler, then by [DHP24, Theorem
2.30], Null(r) is non-empty. Recall that Null(a) is the union of (positive
dimensional) analytic subvarieties Z C X such that a¥™Z .7 = 0. If X is
Kéhler, then from Lemma 3.5 and Theorem 3.6 it follows that Null(«) is a
closed analytic subset of X. Suppose that at N NA(X) = R is an extremal
ray, then we say that R is divisorial if dim Null(o) = dim X — 1 (i.e. Null(«)
contains a divisor) and R is of flipping type if dim Null(a) < dim X — 1 (i.e.
Null(«) contains no divisors). If @ = [Kx + B + By + w]|, where (X, B + 3)
is a glc pair and w is Kéhler form, then it is expected that Null(«) is given a
by the union of all curves C' such that [C] € R, i.e. a-C = 0.

The result below shows that flipping contractions and flips exist in dimension
3 for strongly Q-factorial pairs.
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Definition 6.1. Let X be a normal compact analytic variety. Then X is
called strongly Q-factorial if for every reflexive sheaf £ of rank 1, there is a
positive integer m € Z* such that L™ := (£L&™)** is a line bundle.

Note that complex manifolds are strongly Q-factorial, and this property is
preserved under the steps of MMP, for more details see Lemmas 2.3-2.5 of
[DH20].

Theorem 6.2. Let (X, B) be a strongly Q-factorial compact Kihler 3-fold kit
pair such that

(1) Kx + B is pseudo-effective,

(2) a =[Kx + B + ] is nef and big for some Kdihler form 3, and

(3) at N NA(X) = R is an extremal ray of flipping type.
Then the flipping contraction f : X — Z and the flip X --+ X exist, and
there is a Kdahler class ay on Z such that o = f*ay.

Proof. Let v : X’ — X be a log resolution of (X, B). We may assume that
o = vta = W + G, where G' > 0 is v-exceptional and w’ is a Kahler
class (see the arguments in the proof of Proposition 4.5). Let w’ := @' (see
Subsection 3.11), and A’ := v, !B + Ex(v), then (X', A’) is dlt and we may
write Ky + A’ = v*(Kx + B) + E, where £ > 0 and Supp(FE) = Ex(v). Note
that Kx» + A’ + tw’ is Kéahler for ¢ > 0. Thus the following hypothesis are
satisfied:

(1) o is nef and ' is a modified Kéhler class,

(2) o =w' + G, where G' > 0 is supported on |A'],

(3) Kx/ + A" + tw' + ad’ is nef for some ¢ > 0 and a > 0,

(4) (X', A"+ tw') is gdlt, and

(5) X’ is strongly Q-factorial.
Note that even though w’ is a Kéahler class here, in the rest of proof we will
only use the modified Kahler property of w’, which is preserved by steps of the
minimal model program.

If S” is any component of |A’|, then by adjunction we can write

KS/ + AS/ + twfg, = (KX/ + A + twa,)|5/,

where Ag := Diff ¢/ (A'). Then (5, Ag) is a dlt surface and wy, = W'y/|s is a
big class, since w'y, is a modified Kéhler class.
Let g := o|g so that ag is nef and define

Te = 1nf{s > 0| Kg + Ag + swg + aag is nef for some a > 0}.

Claim 6.3. If 79/ > 0, then Kg + Ag + Tsiws + a’'ag is nef for a’ > 0 and
there is a (Kg + Ag/)-negative extremal ray Rg of NA(S’) such that

(K5/ + Asf + TS/CUS/) . RS/ = Qgr RS/ = 0.
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Proof. Since wgr is big and 7¢ > 0, then there are finitely many (Kg' + Agr +
S wgr)-negative extremal rays in NA(S') (see [DHY23, Corollary 2.32]). Let
Y1,..., 2 be curves that span those rays and let

A={i : ag-X; =0 for some 1 <i < k}.
We define
o min{s > % | (Kg + Agr + swgr) - X; > 0 for all i € A}.

IfA=0,ie ag- % >0fori=1,... k then we define og := . Clearly
og < 71g: and if o = 79/, then there is a curve ¥, for some 7 € A such that
(KS/+AS/+TS/WS/)'Zi = ag-2; = 0. Since YJ; is (KS/—I—AS/jL%wS/)-negative,
it follows that (Kg + Ag) - X; < 0 and the claim holds. Therefore, it suffices
to show that og < 7¢ is impossible. To the contrary assume that og < 7.
Then for a’ > 0 we have

(Kg + Agr + ogws + d'agr) -3 >0 fori=1,... k.

For 0 < e < 1 and a’ > 0, we claim that Kg + Ag + (Tsr — €)ws + d'agr is
non-negative on

NA(S)

Indeed, ag is nef and Kg + Ag + (15 — €)ws: + @'agr is a convex linear

combination of K¢ + Ag + %wsf and the nef classes K¢ + Ag + twg + acg
t—Tqr+€
t—TZ/ /2 )

Kg+Ag+58wg >0

and ag,. More specifically, if 1, , == Kg + Ag + swg + acgr and A :=
then we can write

Nrgi—ea’ = AMrg /2,0 + (1 = N + (a/ = (1 = Na)ag.

Note that A > 0,1 -\ = Zf’fj;; >0, since 0 <e<1l,and @ — (1 —X)a >0
for ' > 0. Since Kg + Ag + (751 — €)ws: + ad'ag is non-negative on the 3;

for all 1 <1 < k, it is non-negative on

k
NA(S") = NA(S ) ony s st wgso S RY[E).
i=1
Thus Kg + Ag + (T — €)ws + d’agr is nef, which is a contradiction to the
definition of 7¢/, and the claim follows. Note that K¢ + Ag + 9w + a’agr
is nef for all @’ > 0, as aigr is nef. a

Let 7 := max{7g } as S’ runs through all the components of |A’|. Then
Kg 4+ Agr + Twg + d'agr is nef for each component S’ of [A’] and @’ > 0, as
Kg + Ag +twg + d’'agr is nef and 7¢r < 7 < t for every component S’ of |A'].

Claim 6.4. If 7 > 0, then Kx/ + A’ + 7w’ + aa’ is nef for some a > 0.
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Proof. Suppose that Ky, + A"+ 7w’ + d’a’ is not nef for a given a’ > 0, then
by [DHP24, Theorem 2.36 and Remark 2.37] there is a subvariety 2’ C X'
such that (Kx/ + A" + 7w’ + d'a’)| 7 is not pseudo-effective. Since

Kx + A+ 70 +dd =Ky + A+t + (d —t+7)d + (t—7)G

and Kx + A"+ tw' + (¢ —t 4+ 7)a’ is nef for o’ > 0, then Z’ is contained in
the support of G’ and hence in a component S” of |A’| and this contradicts
what we have shown above (see Claim 6.3). O

If 7 > 0, then from Claim 6.3 it follows that there is a component S’
of |A’] and a (Kg + Ag)-negative extremal ray R, = RT - [¥;] such that
(Kx'+ A"+ 70")-Ri=a'-R; =0. Let m: S = T denote the corresponding
contraction. Since w'- R; > 0 and o/ - R; = (W' + G') - R; = 0, it follows
that G' - ¥; < 0. Thus Y; is contained in a component of G’, say S” such
that S” - %; < 0. Since Supp(G’) = [A’], ¥; is contained in a (Kgr + Agn)-
negative extremal face of M(SH), where KSN + ASN = (KX/ + A/)|S"- This
face contains a negative extremal ray R/ = RT - [¥!] such that S” - R < 0.
Thus replacing S’ by S” and R; by R/ we may assume that S’ - R; < 0, and
hence —95’|g is m-ample. Now write A" = S + A” so that 5" ¢ Supp(A”).
Since (X', A’ + ') is gdlt, for 0 < € < 1 we have (X, 5" + (1 — ¢)A” + W)
is gplt and (Kx/ + 5" 4+ (1 —¢)A” + ') - R; < 0. Thus by Theorem 5.8, there
exists a bimeromorphic morphism p : X" — Z’ such that p|ss = 7 and p|xn s
is an isomorphism.

Claim 6.5. The morphism p is either a divisorial or flipping contraction, and
in the latter case the corresponding flip exists.

Proof. Since —(Kx» + A’) is p-ample, Z' has rational singularities by [DH20,
Lemma 2.44]. Let v € Hys(X') such that - R; = 0, then v - C' = 0 for any
p-exceptional curve. This is because all p-exceptional curves are contained in
S" and p(S’/)T) = 1. By [HP16, Lemma 3.3], there is a class vz € Hg:(Z')
such that p*yz = ~. It follows that p(X’/Z’) = 1. This shows that p is
either a divisorial or flipping contraction. By Theorem 5.12, if it is a flipping
contraction, then the corresponding flip exists. O

We may then replace X’ by the image of this flip or divisorial contraction.
Observe that, at this stage X’ is in Fujiki’s class C and not necessarily Kéahler,
however, by Lemma 3.18 the components of | A’] are still K&hler surfaces with
Q-factorial rational singularities. So we can repeat the above arguments.

Claim 6.6. Fix 0 < € < 1. After finitely many steps, we obtain a bimeromor-
phic map ¢ : X’ --» X such that for any 0 <t < e

Kx+ + AT +twt +aa™ = ¢ (Kx + A+t + ad)

is nef for some a > 0 (depending on t).



32 OMPROKASH DAS AND CHRISTOPHER HACON

Proof. Properties (1-5) stated at the beginning of our proof continue to be sat-
isfied after each flip or divisorial contraction. So we may repeat the procedure
obtaining an «o/'-trivial, (Kx,+A’)-minimal model program. Since termination
of flips holds by Theorem 3.19, after finitely many steps we may assume that
7 = 0. Thus we obtain an o/-trivial (Kx, + A’)-MMP X’ --» X such that
Kx+ + AT + ew™ + aa™ is nef for some € > 0, a > 0 and

inf{s > 0| Kx+ + AT + sw™ + aa™ is nef for some a > 0} = 0.
The claim now follows easily by taking convex linear combinations. U

Let ¢ : X --» X and ¢ : X’ --» X be the induced bimeromorphic map,
U := X \ Null(a) and X/, := v~ }(U). Next we will show that every step of
this MMP is vertical over U.

Claim 6.7. The map ¢y =: ¢|x;, is a proper bimeromorphic map defined over
U, i.e. there exist proper bimeromorphic morphisms X/, — U and X7 — U
commuting with ¢ .

Proof. Suppose that X’ =: X -——» X! ——» ... ——» X" =: XT is the MMP
obtained above and ¢' : X’ --» X? are the induced bimeromorphic maps.
Proceeding by induction, it suffices to show that if ¢f; := ¢'[x; = Xy, -+ X,
is a proper bimeromorphic map defined over U, then so is ¢§j’1. We will denote
by vi; : X}, — U the corresponding proper morphism. Since X* --» X! is
an o'-trivial flip or divisorial contraction, if f*: X* — Z' is the corresponding
contraction, and C is a contracted curve, then o’ - C = 0. Suppose that
Cy=CNX,#0. Let p: W — X', qg: W — X' be the normalization of the
graph of ¢'. If Cy is not v}, vertical, then let C" C W be a curve dominating
C so that ¢,C" = dC for some d > 0. Then v,p,C" # 0 and so v,p,C" - a # 0
which is a contradiction since then

_.i_l/_*i_ l/./_ l/.
0=C-« —dC’ e —p*(dc) Oé—l/*p*(dC) a # 0.

Thus every such Cy is v, vertical. It follows that f = f7| xi, is a (proper

bimeromorphic) morphism over U and hence X' — U is a proper bimero-

morphic map over U.
O

Claim 6.8. The divisors contracted by ¢ : X’ --+ X coincide with the set
of v : X’ - X exceptional divisors and hence ¢ : X --» XT is a small
bimeromorphic map of strongly Q-factorial varieties.

Proof. We will first show that SuppN(Kx + A’ + aa’) = Ex(v) for any a >
0. Recall that for any pseudo-effective (1,1) class 7, N(v) is defined as the
negative part of the Boucksom-Zariski decomposition of v, see Definition 2.4.
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Now since « is big, Kx + B+ a« is big for a > 0. Moreover, since Ky, + A’ +
ao = v*(Kx + B + a«a) + E, where Supp(F) = Ex(v), from [DHY23, Lemma
A.5] it follows that Supp N (K x +A’+aa’) D Ex(v). Since o = G'+w’ where
w’ is Kdhler and Supp(G') = Ex(v), w* :=w' + (K + A) is also Kahler for
a>0and so Kx + A’ 4+ ad’ = aw* + aG’. Thus SuppN(Kx + A"+ ad’) C
Supp(N(G')) € Ex(v) and hence SuppN(Kx + A’ + aa’) = Ex(v) for any
a > 0. Since w' is a modified Kéhler class, SuppN(Ky: + A’ + ad + ew') =
Ex(v) for all 0 < € < 1 (e.g. see the proof of [DHY23, Claim 3.18]). Since
¢: X' --» XTisa (Ky + A’ +ew +ad)-MMP, then Kx+ + AT +ewt +aa™
is nef, and by [DHY23, Theorem A.11], ¢ contracts Ex(v). O

By [DH20, Lemma 2.32], ¢, : Hgh(X) — HSL(XT) is an isomorphism.
Let Rt C N'(X) be the codimension 1 subspace of classes v € N'(X) such
that v - R = 0. Let W be the normalization of the graph of ¢ : X --» X*
andp: W = Xandqg: W — X * the induced morphisms. Since 1 is not a
morphism, then there is a curve C' C W such that p,C' = 0 and C* = ¢,C # 0.
It follows that a™ - C*T = 0. Let R C N;(X™) be the ray spanned by C'*. If
v € R*, then v*v- % = 0 for any curve ¥ such that o/ - ¥ = 0 where o/ = v*a.
Since the minimal model program X’ --» X is o/-trivial, i.e. it only contracts

o/-trivial curves, it follows that it is also 4/ := v*y-trivial and hence that

vt Ct = 0 where v* = ¢,y € HR5(XT). Therefore, 9, (RY) = (RM)",
and hence every p-exceptional curve C” satisfies ¢.C’ € R*t. Since v, is an
isomorphism and (Kx + B) - R # 0, then (Kx+ + BT) - R™ # 0. Suppose that
(Kx++ B%)-R" <0, then (Kx+ + BT +tw™)- R" <0 for 0 <t < 1. Since
at-RT =0, (Kx+ + Bt +tw™ +aa™) - RT < 0 for any a > 0, contradicting
Claim 6.6. Therefore (Kx+ + BT) - RT > 0.

Let n = a+ 6(Kx + B) for some 0 < § < 1 and n* := ¢, € HEL(XH).
Consider E := p*n—q¢*n™, then we claim that —F is p-ample. Indeed, if Ccw
is a p-vertical curve, then ¢,.C' # 0, and as we have seen above that [q*é’ | € RT,
so nt - q.C > 0 and hence —F - C' > 0. It follows by the negativity lemma
that £ > 0 and the support of £ contains Ex(p). But then Supp(E) = Ex(p).
Clearly Supp(F) C Ex(q), as ¢ is an isomorphism in codimension 1. We claim
that Ex(¢) = Supp(E) = Ex(p). Indeed, let C' C W be a g-vertical curve.
Then p,C # 0 and in fact p,C' C Null(«) as ¢ : X --» X7 is an isomorphism
on X \Null(a). Thus E-C =n-p,C = (a+3(Kx + B)) -p.C < 0, and hence
Ex(q) C Supp(E).

We will now show that —FE|suppg) is ample. Let E; be a component of
Ex(p) = Ex(q). We have C; := p(E;) and C;" := ¢(E;) are curves and 6 :=
(plg,ale) : E; — C; x C is finite. Let C; (resp. C) be a curve on E;
dominating C; x {z} (resp. {x} x C;) for general z € C; (resp. = € ),
then ¢.C; = 0 (resp. p,C;" = 0). Thus [Ci] € R and C; - a = 0 so that
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[Ci] € R. It follows that —n|c+ (resp. nlc,) is Kéhler. Since 6 is finite, then
—Elg, = (¢'n" = p*n)|e. = 0" (=nlc,,n"|c+) is ample and so —Elsupp(s) is
ample. Perturbing the coefficients of F slightly we may assume that F is a
Q-Cartier divisor. But then we can contract E to a point by Lemma 4.3.

Let g : W — Z be the induced bimeromorphic morphism, then we claim
that we have induced morphisms f : X — Z and f* : X+ — Z. To this
end, if C' C W is a ¢ (respectively p) exceptional curve, then C' is contained
in Supp(F) = Ex(p) = Ex(gq). Since g contracts E to a point, then ¢g.C' = 0
and so by the rigidity lemma X — Z and X* — Z are morphisms.

Note that by construction f : X — Z contracts a non-empty set of a-trivial
curves (i.e. curves in R). We claim that in fact f contracts every curve in R.
Let C' C X be a curve in R so that - C' = 0. If C is not contracted by f,
then p is an isomorphism over the general points of C' and we let C' := p;'C
and C* := ¢.C. Then at - C* = 0. Since Kx+ + Bt + twt + aa™ is nef for
any 0 <t < 1 and some a > 0, then

(KX+ +B+ +tw+) : C+ = (Kx+ —|—B+ —i—tu)+ —|—CLOK+) 'C+ > 0
and taking the limit we have (Kx+ + BT) - C*T > 0. It follows that
0<E-C=@pn—qnT)-C=(Kx+B)-C—(Kx++B")-C*<0.

This is impossible and so C' is contracted by f. It follows that f is (Kyx + B)-
negative. By [DH20, Lemma 2.44|, Z has rational singularities and by [HP16,
Lemma 3.3] f*Hy5(Z) = RY € HE5(X). Thus p(X/Z) = 1. Finally, since f
contracts the set of a-trivial curves, we have a = f*ay.

We will now check that ay is a Kahler class. To this end, let V' C Z be a
positive dimensional subvariety of Z. Note that dim f(Ex(f)) = 0. Let V' be
the strict transform of V. Then (az)%™V .V = o4V . V7 > (0 and V' is not
contained in Null(«). Thus from [DHP24, Theorem 2.29] it follows that ay
is a Kéahler class. Since 9, is an isomorphism, then p(X*/Z) = 1. We have
already seen that f* contracts a (Kx+ + B™)-positive curve and so Kx+ + B
is ft-ample. Finally, it is easy to see that (f7)*az + 6(Kx+ + AT) is Kahler
for 0 < 6 < 1, and hence X is a Kahler 3-fold.

O

Next we prove the existence of divisorial contractions in dimension 3 for
strongly Q-factorial pairs.

Theorem 6.9. Let (X, B) be a strongly Q-factorial compact Kdihler 3-fold klt
pair such that

(1) Kx + B is pseudo-effective,
(2) a = [Kx + B+ f] is nef and big for some Kdhler form [, and
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(3) o NNA(X) = R is an extremal ray of divisorial type.
Then the divisorial contraction f : X — Z exists and there is a Kahler class
ay on Z such that a = f*ay.

Proof. Recall that by definition a- "NA(X) = R is an extremal ray of diviso-
rial type if and only if dim Null(«) = 2. We begin by observing the following.

Claim 6.10. There is an irreducible divisor S such that Null(a) = S, S is a
Moishezon surface covered by family of a-trivial curves and S - R < 0.

Proof. Let w be a Kéhler class on X. Since « is big, a—ew is big for 0 < € < 1,
and we have the Boucksom-Zariski decomposition o — ew = ) 5;5; + P where
P is modified nef and big and in particular the restriction of P to any surface
is pseudo-effective. Let S C Null(a) be a divisor (a surface) and S” — S the
minimal resolution. Then a|s is nef but not big (as (a|s/)* = 0), therefore S
coincides with some component of ) s;5;, which for simplicity we denote by
S1. We claim that S is Moishezon. To this end, consider b = multg(B) and

(1+1S_b) aly = (KX+B+B+ (1;b) (Zsjsj+P+ew))

1

S/

Since multg <B + 18—_11’ > stj> = 1, we have (KX + B+ 18—_11’ > stj)
Ks + Bg: where Bg: > 0. Then

(6.1) (1 L1 b) aly = K¢ + By + (ﬁ + (P + ew))

S1
Since By > 0, P|g is pseudo-effective, (5 + ls;lb(P + ew))|s is big and «g is
not big, it follows that K¢ is not pseudo-effective, and hence S’ is projective
by classification and H%(S',Og) = 0 (e.g. see [DH20, Lemma 2.43]). In
particular, S is Moishezon.

We claim that S is covered by an analytic family of a-trivial curves {C}}.
Fix Ag an ample divisor on S’. Since H%(S',Og) = 0, algs is represented by
an R-divisor. Since a|g is nef, it is in the cone NM(S") of movable curves.
By [Aral0O, Theorem 1.3] and [Das20, Theorem 1.9], for any ¢ > 0, we have a
decomposition

s =

1-b

S1

S/

k
Oé|5/ = Ce + Z)\ZMZ,
i=1
where C, € (NEl(S/)(KS,)20+NM1(Sl))(KS,-i-eAS,)zm A >0, (KS/—FEAS/)-CE >
0 and the M; are movable curves. If a|g - M; = 0, then the pushforward of M
onto S defines a movable curve on S which is a-trivial and the claim follows.
Therefore, we may assume that alg - M; > 0 for all i. Now, 0 = (a|g¢)? =
alg - (O + 2% \M;) and since alg is nef then k = 0, ie. alg = C..
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But then alg - (Kg + €Ag) > 0. Taking the limit as ¢ — 0, it follows that
alg - Kg > 0. Since a|g is nef, then a|g -y > 0 for any pseudo-effective class
- Thus Oé‘g/ . BS’ > O, Oé|5/ 'P‘Sl > 0, and Oé‘g/ '(A)|S/ > 0. It follows from (61)
and (o|s/)? = 0 that all these terms are equal to 0. But then a|g - w|gr = 0
where S” — S is the normalization. Since w|g» is Kéhler, then a|s» = 0. This
contradicts the inequality above a|g - M; > 0, and so the claim holds.

Let {C}}ier be an analytic family of a-trivial curves on S covering S as
proved in the claim above. Then [C}] € R for all ¢t € T" and we have

0>—ew-C’t:(a—ew)-Ct:(Zstj+P)-CtzslS-C’t

as ;- Cy > 0fori#1and S =95;. Thus S-C; <0, and hence S- R <0 as
R =R" - [Cy]. In particular, if C' is any curve with [C] € R, then S-C < 0
and hence S = Null(«a). O

Let b := multg(B) and A := B+ (1 —b)S.

Claim 6.11. There exists a dlt model p: X’ — X of (X, A). In particular
(1) (X', A’) is Q-factorial and dlt, where A’ := p;'A + Ex(p),
(2) Kx/+ A’ is nef over X so that pu*(Kx +A) — (Kx +A’) > 0, and
(3) Kxr + A" = u*(Kx + B)+ (1 = b)S" + 3" a;E;, where " = pu;'S and
a; > 0 for all j.

Proof. Let 1 : X’ — X be a projective log resolution and A’ := u; A+ Ex(u),
then (X', A') is dlt. We may run the (Kyx + A’)-MMP over X (the existence
of this MMP is well known since dim X = 3 and p is projective, but see also
[IDHP24, Theorem 1.4] for the case dim X > 3). By [DO24, Theorem 3.3], we
may assume that the corresponding MMP terminates and replacing (X', A’)
by the output of this MMP, we may assume that Ky + A’ is nef over X. By
the negativity lemma, p*(Kxy + A) — (Kx + A’) > 0 and so (1) and (2) hold.
(3) follows since (X, B) is klt.

O

We will now run the o/'-trivial (Kx, + A’)-minimal model program, where
o/ = p*a. Note that if U := X \ § = X \ Null(a), then (U, Aly) is klt and
so X{; — U is a small bimeromorphic (Kx: + A’)-trivial morphism. Since the
p-exceptional locus is divisorial, then X[, — U is an isomorphism. If C'is a
curve not contained in W' := X"\ X{;, then o/ - C' > 0. It follows easily that
every o’'-trivial step of the (K x4+ A’)-MMP will involve only curves contained
in the complement of X7, and hence the restriction of this MMP to Xj; is an
isomorphism.

Let n(a) be the nef dimension of the restriction of « to the normalization
S¥ — S, see [BCET02, Definition 2.7]. Since S is a Moishezon surface covered
by a family of a-trivial curves (as shown above), it follows that 0 < n(«a) < 1.
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If n(a) = 0, then a|g» = 0 and if n(«) = 1, then the nef reduction map S* — T
is a morphism to a smooth (projective) curve (see [BCET02, 2.4.4]). Observe
that if n(a) = 0, then the nef reduction map S — T is a morphism to a
point and in this case the existence of the divisorial contraction f : X — Z
follows from Corollary 4.4. We however give an alternate argument below
which proves both of the cases: n(a) = 0 and n(a) = 1, simultaneously.

If v € Hyl(X), then we will say that v =, 0 if and only if v - C = 0 for
every a-trivial curve C' C X, i.e. 7-C = 0 whenever a - C' = 0 for a curve
C C X. We have that (Kx + B — sS) - R = 0 for some s > 0 (as both
Kx + B and S are R-negative), and hence Ky + B — sS =, 0. It follows that
W (Kx + B —sS) =, 0 and hence that

Ky +A =, 0" :=(1-0)5+ ZajEj + spu*S >0,
where Supp(©') = |A/].
Claim 6.12. We can run the o'-trivial (Ky, + A")-MMP
X =X"- X' oos s X
so that if ¢ : X’ --» X, then

(1) each flip and divisorial contraction is o’-trivial, hence o' = ¢%a’ is nef,

(2) ¢'|x; is an isomorphism over U and we denote by X{; its image,

(3) (X', A" := ¢l A) is dIt, X is strongly Q-factorial, and |A'] C W' :=
X\ X,

(4) Kxi + A" — 0" =, 0 and Supp(©’) = |A’], and

(5) if S™is a component of | A™] then every Kgm+Agm := (Kxm+A")|gm
negative extremal ray R is aigm := axm|gm-positive, i.e. agm-R™ > 0.

Proof. We will proceed by induction on 7. Assume that we have already con-

structed X’ --» X! ——s ... -——» X with the required properties. Suppose that
there is a component S® of |[A?| and a Kg + Ag: 1= (Kxi + A?)|gi-negative
extremal ray R’ = R*[XY] which is ag := axi|s: non-positive and hence triv-

ial, i.e. ag - R; = 0. Since Ky: + A" =, ©" and Supp(©’) = |A?], then
O - 3¢ < 0 and hence, there is a component S of |A?| such that S*- ¢ < 0
and so X C S%. Clearly X7 is also Kgi + Agi := (Kyi + A?)|gi-negative and
hence is contained in an ag.-trivial (Kg + Ag: )-negative extremal face. Let
> be a curve spanning an extremal ray in this face, we may assume that
St 31 < 0. Let 7 : S — V be the corresponding extremal contraction, then
—S" and —(Kgi + Ag:) are relatively ample over V and so by Theorem 5.8
there is a contraction p : X — Z* such that p|g: = 7 and plxi\g: an isomor-
phism. If p is a flipping contraction, then the flip exists by Theorem 5.12.
We let X? --» X! be the induced bimeromorphism (be it a flip or divisorial
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contraction). By construction p is o'-trivial and p Xi, is the identity. In par-
ticular, since Z' has rational singularities (this follows from [DH20, Lemma
2.44]), o' = p*ay where ayi is nef. (1-3),4; are easily seen to hold. Since

Kyi + A" — 0" =, 0 and p is o'-trivial, it also follows that
Kzi -+ Azi — @Zi = p*(KXZ -+ AZ - @Z) Eazi 0

and hence, pulling back to X! we have Kyis1 + Al — Q! = ;11 0 and
(4);41 holds. By termination of flips Theorem 3.19, after finitely many steps,
we obtain X --» X™ such that (5) holds. O

Now recall the nef reduction morphism S¥ — 7. Note that if P is a com-
ponent of p*S, then there is an induced morphism op : P — T such that
for any curve C' on P we have o/ - C' = 0 if and only if C is vertical over T'
ie. op.C = 0. Note that if n(a|sv) = 0, then T is a point and every curve
is vertical over 7. Since ¢’ : X' --» X' is o/-trivial, it follows easily that if
¢ P = P+ 0, then the induced bimeromorphic map P --» P’ is defined over
T and in particular P? --» T is a morphism.

Claim 6.13. If n(a|s») = 0, then the map ¢™ : X' --» X™ contracts u*S
and if n(algr) = 1, then the map ¢™ : X’ --» X™ contracts S’ and every
component Ej; of p*S such that n(a’|g;) = 1. Thus if n(als») = 0, then
¢ : X --» X™ is a bimeromorphic map that contracts S (and no other divisors)
and if n(a|sv) = 1, then ¢ : X --» X™ contracts only S and may extract some
divisors of X' such that n(a/|g;) = 0.

Proof. Recall that F" > 0 is a p-exceptional Q-divisor such that —F" is p-
ample. Let =/ := p*S + eF’ for 0 < ¢ < 1. We claim that for t > 0 we
have that (—Z' + ta/)|sr and (=E' + ta')|p, are Kahler for every component
E; of Ex(pt). To see that (=Z' + ta')|ss is Kéhler, note that —S|gv =44,
—L(Kx + B)|sv =ajg +8|sv is ample over T. Now if dim7T = 0, then —S|gv
ample and «|s» = 0, thus (=5 + ta)|sv is Kahler for any ¢ > 0. If dim 7" =1,
then a|gw = ¢*y for some Kahler class v on T' (see [BCET02, Proposition
2.11]), where ¢ : S¥ — T is the nef reduction map. Thus (=S5 + ta)|gv is
Kéhler for ¢ > 0. Since —F’|gs is p|s-ample and hence ample over S”, we
have (—p*S +ta' — €eF")|s is Kahler for 0 < € < 1. To see that (== +ta/)|g,
is Kéhler, we consider 2 cases. If u(£};) is a point, then (—p*S +ta’)[g, = 0
and (—eF")|g, is Kdhler and the claim follows. Therefore, we may assume that
the normalization V; — u(Ej;) is a smooth curve. If aly, = 0, then u(Ej) is
a curve in R and hence —S|y, is ample and so (—u*S — eF”)|g, is ample for
0 <e< 1, and o/|g; = 0. The claim follows. Finally, if aly, # 0, then aly, is
Kéhler so that (—S+ta)|y, is Kéhler for ¢ > 0 and hence (—p*S+ta/ —el')|g,
is Kahler for 0 < € < 1 and the claim follows.
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We claim that ¢™ is Z/ non-positive, i.e. if p: W — X" and ¢ : W — X™ is
the normalization of the graph of ¢™, then we claim that p*=' — ¢*(¢"Z") > 0.
Recall that p and ¢ are isomorphisms over X, = p~'U = p= (X \ S), since
so is ¢™. We now check that —p*=' is nef over X™. To this end consider a
curve C' on W such that ¢,C' = 0, then p*C' 7é 0 is contained in Supp(p*S)
and o - p,C = a ¢.C = 0. But then -C=-2.p,C >0, and in
particular, —p*Z’ is nef over X™. Let =" := q*p*:’ o= then =" —pZ
is g-exceptional and ¢-nef so that by the negativity lemma, p*= — ¢*=Z™ > 0;
this proves our claim.

Suppose now that n(a|s) = 0 and ¢*(u*S) # 0 (resp. n(alsv) = 1 and
there is a component E of S’ + >  E; such that n(d/|g) = 1 and E™ :=
¢"E # 0). Let A be the smallest constant such that ©™ — AZ™ < 0 (resp.
multgm (0™ — A=) < 0, where E™ = ¢ FE). Thus in both cases, there is
component E of S" 4+ 3 E; such that multpm (0™ — AZ™) = 0, and there is a
family of a-trivial curves {C}"} covering E™. We claim that (Kxm + A™) -
Cy* > 0. If this is not the case, then

[C;n] E (O{m)J_ ﬁ m('EW)(L)I(E'HL-i-AEm<07
where Kgm 4+ Apm = (Kxm +A™)|gm. Since o™ is nef, by the cone theorem on

E™ there is a (Kgm + Apgm)-negative a-trivial extremal ray, contradicting
(5) above. If C} is the strict transform of C™ on F = (¢™);'E™, then

0> (O™ —\ZM).CM = (Kxm + A —\E™).C" > —\E™.C™" > —\E-C, > 0

where the first inequality follows by our definition of A, the second as (Kxm +
A" —0O™) =,m 0, the third was observed above, the fourth as p*=' —¢*=™ > 0
and mult gm (p*Z" — ¢*=Z™) = 0 and the last as (—Z' 4 ta/)|g is ample. This is
the required contradiction and the claim is proven.

O

Claim 6.14. The map ¢™ : X' --» X™ contracts every component of u*S
dominating 7', and hence if n(a) = 0, then ¢ : X --» X™ is a bimeromorphic
map that contracts S (and no other divisors) and if n(a) = 1, then ¢ : X --»
X™ contracts only S and may extract some divisors of X’ which are contained
in ©~1(S) that do not dominate 7.

Proof. Recall that F" > 0 is a p-exceptional Q-divisor such that —F" is pu-
ample. Since —S|gv =, = (Kx + B)|sv is ample over T, then = := p*S+¢F” is
a Q-divisor such that —='|s» and —Z'|; are ample over T' for every component
E; of Ex(p) and all 0 < € < 1.

We claim that ¢™ is =/ non-positive, i.e. if p: W — X and ¢ : W — X™ is
the normalization of the graph of ¢™, then we claim that p*="— ¢*(¢7'=') > 0.
Recall that p and ¢ are isomorphisms over X{, = p~'U = p= (X \ S), since
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so is ¢™. We now check that —p*=’ is nef over X™. To this end con-
sider a curve C' on W such that ¢,C = 0, then p,C # 0 is contained in
Supp(p*S) and o - p.C = o™ - ¢.C = 0. But then p,C is vertical over T
and so —p*=’ - C = —Z' - p,C' > 0; in particular, —p*=’ is nef over X™. Let
=M= qp s = ¢"Z/, then ¢*=" — p*=Z' is g-exceptional and g-nef so that by
the negativity lemma, p*=' — ¢*=™ > 0; this proves our claim.

Suppose now that ¢7*(px*S) dominates T i.e. that ¢"(u*S) — T is surjec-
tive and let A be the smallest constant such that (0™ — AZ™) < 0, where
(---),, denotes the horizontal components over 7' i.e. those components that
dominate 7. Then there is a component E™ of ¢ (p*S) dominating 7" such
that multgm (O™ — AE™) = 0, and there is a family C}" (contained in the fibers
over T') of a™-trivial curves covering E™. We claim that (Kxm +A™)-C}" > 0.
If this is not the case, then

[C"] € (™) N NA(E™) K pm+A pm <0

where Kgm +Apgm = (Kxm +A"™)|pnm. Since o™ is nef, by the cone theorem on
E™, there is a (Kgm + Apgm)-negative a-trivial extremal ray, contradicting
(5) above. If C} is the strict transform on E = (¢™);1E™, then

0> (O™ —\ZM).C" = (Kxm +A™ —AE™).CT > —\E™.C™ > —\Z'-C, > 0

where the first inequality follows by our definition of A, the second as (Kxm +
A™ — Q™) =,m 0, the third was observed above, the fourth as p*=' —¢*=" > 0
and multgm (p*Z" — ¢*=™) = 0 and the last as —Z'|g is ample over T'. This is
the required contradiction and the claim is proven. U

We will now show that in fact ¢™ contracts p*S. To this end, it suffices to
show that ©™ = 0 or equivalently that ¢*©™ = 0. Since ¢*©™ is effective and
exceptional over X, by the negativity lemma it suffices to show that ¢*©™ is
nef over X. Let C' C W be a curve such that p,p.C = 0. If ¢,C' = 0, then
C-qgO™ = 0. If instead ¢,C # 0, then o™ - ¢.C = « - u,p,C = 0. Clearly
q*O™ - C' > 0 if ¢.C is not contained in any component P of the support ©™
(and hence of the support of [A™]). So assume that ¢.C' is contained in a
component P of ©™. Since O™ =,m Kxm + A™ and (Kxm + A™)|p is non-
negative on a™-trivial curves (by (5) above), then ¢*©™ - C' = (Kxm + A™) -
¢xC' > 0. Therefore ¢*©™ is nef over X and hence ©™ = 0 as observed above.

We will now show that the induced bimeromorphic map ¢ : X --+ X™ is
a morphism. Let p: W — X and ¢ : W — X™ be a resolution of the graph
of ¢. Pick w™ a Kahler class on X™ and Fj, ..., E, the p-exceptional divisors
generating Hé’é(W)/p*Hé’é(X) as in [DH20, Lemma 2.32]. Then we may write
Cw™ + > e; B =x 0 for some ¢; € R, and hence there is a w € Hé’é(X) such
that p*w = ¢*w™ + > e;E;. Pick r € R such that (w4 rS) - R = 0, then
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pH(w+rS) = ¢w™ + > e B + rp*S. Let C be a g-exceptional curve. If
p.C =0, then (¢*w™ 4+ > e;E; + rp*S) - C = (w+1rS) - p.C =0. If p,C # 0,
then p*a - C' = ¢*a™ - C' = 0 and so p.C' € R and hence (w + rS) - p.C =0
so that (¢*w™ + > e;E; +rp*S) - C = 0. Recall that ©™ = 0, in particular, ¢
contracts S and doesn’t extract any divisor. Thus we have shown that > e; F;+
rp*S is g-exceptional and g-numerically trivial. Then by the negativity lemma
Y e Ei+rp*S =0 and so p*(w+rS) = ¢*w™. But then, if C' is p-exceptional
and not g-exceptional, we have

0=C-p'(w+rS)=C-¢w" =¢C -w" >0

which is impossible. Since no such curves exist, then ¢ : X --» X™ is a
morphism which we will now denote by f: X — Z.

As we have seen above, f|y is an isomorphism and f contracts a non-empty
set of a-trivial curves. Since NA(X) N at = R, then f contracts the set
of all curves in R (and no other curves). Since Ky + B + =z 0, then
—(Kx + B) is f-ample. Then from [DH20, Lemma 2.44] it follows that Z has
rational singularities. By [HP16, Lemma 3.3], p(X/Z) =1 and a = f*ay for
some ay € Héé(Z) By [DHP24, Theorem 2.29], ay is Kéahler if and only
if for any positive dimensional subvariety W C Z, a3™"W . W > 0 holds. If
W ¢ f(5), then the strict transform W’ C X is not contained in S and so
adimW ) = odm W' )’ > 0. Therefore, we may assume that W = f(9) is a
(projective) curve. Since f is a projective morphism, S is projective, and thus
there is a (projective curve) W' C S such that f(W’) = W. Then a- W' > 0,
since by our construction above a curve in X is contracted by f if and only it
is a-trivial. Thus by the projection formula az - W > 0; this completes our

proof.
O

We conclude this section by proving the existence of a flipping contraction
for non Q-factorial 3-folds.

Lemma 6.15. Let (X, B) be a compact Kdhler 3-fold kit pair, and o a nef
and big class such that Null(o) = C' is a finite union of curves. Then there
exists a bimeromorphic morphism of normal Kdhler varieties v : X' — X and
an effective v-exceptional Q-Cartier divisor ¥ > 0 such that w' = v*a — VU is
Kahler and @ = v=Y(C). In particular, —V|supp(w) is ample.

Proof. Fix a Kahler form w on X, and let  : X — X be a log resolution of
(X, B) and C. By Lemma 3.5 and Theorem 3.6 there is a positive current 7" €
a with weak analytic singularities such that F, (7') = C', and T' > ew for some
e > 0. By Lemma 3.7 we may assume that we can write p*a = [(:)] + ®, where
® > 0 is an effective R-divisor such that p(Supp®) = C, and © is a closed

positive (1,1) current such that © > ex*w and the class [0 — ep*w] € Hy (X)
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is nef. In particular, —® is nef over X, and thus from the negativity lemma it
follows that Supp(®) = = (C).
Let A := u;'B + Ex(u), then

k

i=1

where Supp(G) = Ex(u), as (X, B) is klt. Let E = Zle e;G;, where e; > 0,
E is p-exceptional, and —F is p-ample. Perturbing the coefficients of E, we
may assume that e, ..., e are linearly independent over Q(gy, . .., gx).

We now run the [©]-trivial (K ¢ + A)-Minimal Model Program over X with
scaling of —F as in [Kol21, Theorem 2|. This means that at each step we
only contract (K + A)-negative extremal rays over X that are [O]-trivial.
All steps of this MMP exists by [Nak87], [DHP24] and [Fuj22a, Theorem 1.2].
Note that since each step of this mmp is F negative, the contracted locus is
contained in the support of £ and hence in the support of |A|. Since the
mmp for surfaces holds, termination follows easily from the usual arguments
for special termination [Fuj07].

Let ¢ : X --» X’ be the output of this MMP and v : X’ — X the in-
duced map. Following [Kol21, Theorem 2|, we may assume that there is a
v-exceptional Q-Cartier divisor F' > 0 such that —F + A[©'] is Kéhler over X
for some A > 0, where ©" := $.0. Note that every step of this MMP is also
[© — ep*w]-trivial, and hence the class [©" — ev*w] is nef.

Let U = X\C, U = p'(U), and U = v='(U), then ®|; = 0 and so
[©]|5 =v 0, and hence over U this is the usual relative MMP. Since G|y > 0,
where G' = ¢,G, and G'|y is nef, by the negativity lemma it follows that
G'|tr = 0. Thus, there are no v|y-exceptional divisors. As —F |y is relatively
ample, we have U’ = U.

It then follows that, for 0 < § < 1 the class of

(1+X)O —0F =ev'w — §(F — Q') + (0 — ev'w)

is Kéhler (as [©’ —ev*w] is a nef class and [ev*w — §(F — AO’)] is a Kéhler class

for 0 < < 1). Welet ' := [0 — 55 F] and ¥ = & + = F. Then

Via =g (pfa) =g ([0] +P) =[0]+ D =w + 1V,

and the claim follows. Note that perturbing ¥ and w’, we may assume that W
is a Q-divisor. O

Theorem 6.16. Let (X, B) be a compact Kihler 3-fold klt pair and Kx + B
pseudo-effective. Suppose that there is a Kdhler class w such that o = Kx +
B +w is a nef and big class but not Kdhler, and Null(a) = C' is a finite union
of curves. Then there exists a bimeromorphic morphism f : X — Z of normal



ON THE MINIMAL MODEL PROGRAM FOR KAHLER 3-FOLDS 43

compact Kahler varieties and a Kdahler class ay on Z such that o = f*ay; in
particular, Ex(f) = Null(«).

Proof. By Lemma 6.15, there is a bimeromorphic morphism of normal compact
Kéhler varieties v : X’ — X and an effective v-exceptional Q-divisor ¥ such
that (V) = C' and —V|gupp(w) is ample. By Lemma 4.3, there is a bimeromor-
phic morphsim ¢ : X’ — Z to a normal compact analytic variety Z such that
g(Supp(V)) is a finite set of points and X \ Supp(¥) — Z \ ¢g(Supp(¥)) is an
isomorphism. By the rigidity lemma (see [BS95, Lemma 4.1.13]), we obtain
a bimeromorphic morphism f : X — Z such that f ov = ¢g. In particular,
Ex(f) = C = Null(«). Thus, —(Kx + B) is f-ample, hence Z has rational
singularities by [DH20, Lemma 2.44|. Then by [HP16, Lemma 3.3], there is
an (1,1) class wy € Hé’é(Z) such that o = f*wyz. Finally, by the projection
formula and [DHP24, Theorem 2.29] it follows that wy is a Kéahler class. [

7. CONE THEOREM AND MINIMAL MODELS

In this section we will establish the cone theorem and existence of minimal
models for kIt pairs (X, B) of dimension 3 such that K x+ B is pseudo-effective.

Let K C R™ be a compact convex set. An extremal point of K is a point
x such that if x = tzy + (1 — t)xg for x; € K, then x = x1 or ©x = xy;
equivalently K \ {x} is convex. An ezposed point of K is a point x € K such
that {xr} = K N {f = 0} where {f = 0} is a supporting hyperplane for K.
Every exposed point is extremal but not vice versa. We let ext(K) be the
set of extremal points, exp(K') the set of exposed points and we denote by
conv(X) the convex hull of a set X C R™ and cl(X) the closure of X. For
a detailed a discussion on these topics see [HW20, Chapter 1]. We need the
following result:

Theorem 7.1. Let K C R" be a non-empty compact convex set. Then
cl(conv(exp(K))) = conv(ext(K)) = K.
In particular, the sets exp(K) and ext(K) are both non-empty.

Proof. The equality conv(ext(K)) = K is well known and due to Minkowski
(see [HW20, Theorem 1.21]), and the equality cl(conv(exp(K))) = K follows
from [HW20, Theorem 1.23]. O

Proof of Theorem 1.3. By standard arguments (see the proof of [DHP24, Corol-
lary 5.3]), passing to a strongly Q-factorial model (which exists by [DH20,
Lemma 2.28]), we may assume that X is strongly Q-factorial. Let K be a
compact convex slice of NA(X) of Euclidean dimension n — 1, where n =
dimpg Hé’é(X), i.e. the cone generated by K is equal to NA(X), and R an
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extremal ray corresponding to an exposed point {x} € K. Then by defi-
nition, there is a (1,1) class o € HgA(X) such that K is contained in the
half-space asg := {y € Ny(X) : a-v > 0} and {z} = K Nat. In par-
ticular, R = NA(X) Na*. Since o is non-negative on NA(X), it is nef. If
(Kx+B)-R < 0, then for 0 < a < 1, it follows easily that § := a—a(Kx+ B)
is positive on NA(X) \ {0}, and hence Kihler (e.g. see the proof of [DHY23,
Claim 3.25]). Thus a = a(Kx + B + %5) Replacing a by %a and letting
W= %ﬁ we may assume that o« = Kx + B + w, where w is a Kahler class. By
Theorems 6.2 and 6.9, there is a corresponding flipping or divisorial contrac-
tion and hence R = R*[I'] for some curve I' on X. By [DO24, Theorem 1.23],
we may assume that I' is a rational curve and 0 > (Kx+ B)-T' > —6. Since X
is a Kahler variety, by a Douady space argument there are at most countably
many such extremal rays {R*-[T';] };es. Let V := M(X)KXJFBZO—I—ZZ.E] R*[Ty].
Following [HP16, Lemma 6.1] it suffices to show that NA(X) = V. To the
contrary assume that NA(X) \ V # (). Since V is a convex set (as so is V)
and NA(X) is generated by K, from Theorem 7.1 it follows that there is an
exposed point z € K not contained in V. Let R be the (Kx + B)-negative
extremal ray corresponding to the exposed point x € K. Then from what we
have seen above, there is a rational curve I" such that 0 < —(Kx + B)-T' <6
and R = R* - [['], but all such extremal rays are contained in V by definition
of V, this is a contradiction.

O

Proof of Theorem 1.2. Choose 0 < € < 1 so that w + €B is Kahler. Thus
replacing B by (1 — €)B and w by w + ¢B we may assume that (X, B) is a
klt pair. By [DH20, Lemma 2.27] there is a small projective bimeromorphic
morphism ¢ : X’ — X such that X’ is strongly Q-factorial and Ky, + B’ =
g*(Kx + B). Let ¢ := g*a and run a o'-trivial (Kx + B')-MMP using
the cone Theorem 1.3 and the contraction Theorems 6.2 and 6.9. Note that
each step of this MMP preserves strong Q-factoriality by [DH20, Lemma 2.5].
This MMP terminates by Theorem 3.19. Let ¢ : X' --» X" be the end
result of this MMP, B" := ¢,.B’ and o" := ¢.a’. We claim that Null(a”)
does not contain any surface. Assume to the contrary that there is a surface
S™ C Null(a™). Let S C Null(o) be the strict transform of S™ under the
induced map ¢ := ¢og ! : X --» X" We note that S exists, since 1)
does not extract any divisor. Then from the proof of Claim 6.10 it follows
that Null(ar) = S, and S is covered by an analytic family of a-trivial curves
{Ci}ier such that S - Cy < 0 for all t € T. Now recall that « = Kx + B + w,
where w is a Kéhler class; let w” := ¢,w and C}' := ¢, C;. Then {C} }ier is a
family of a"-trivial curves covering S™. Now since o = Kxn + B" + w", we
have (Kxn + B") - C}' = (Kxn + B")|gn - C}' = —w"|gn - C}* < 0, since w"|gn is
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big as w™ is a modified Kéahler class. This is a contradiction to the fact that
(Kxn + B™)-C >0 for all o-trivial curves C.

Now by Theorem 3.6, Null(a™) = E%. (™) is an analytic subset of X", and
hence Null(a™) is either an empty set or a finite union of curves. First assume
that Null(a”) is a finite union of curves. In this case by Theorem 6.16, there
is a small proper bimeromorphic morphism h : X" — Z to a normal analytic
variety Z and a Kéhler class ay € HyL(Z) such that " = h*a, and Ex(h) =
Null(a™). Let W be a resolution of the graph of ¢ : X’ --» X" andp: W — X’
and g : W — X™ are projection morphisms; then (g o p)*a = (ho q)*ay. Let
C' C W a curve contracted by g o p, then (hoq)*ay-C = (gop)'a-C =0.
Since az is Kahler, this implies that C'is also contracted by hogq. Then by the
rigidity lemma [BS95, Lemma 4.1.13], there is a morphism f : X — Z such
that fo(gop) = hogq. In particular, @« = f*ay, and thus a curve C' C X is
contracted by f if and only if - C' = 0, i.e. [C] € R. The only thing that
remains to be shown in this case is that f is projective. To see this, observe
that —(Kx + B) =y w, and hence —(Kx + B) is a Q-Cartier f-ample divisor
on X, thus f is projective.

Now if Null(a™) = ), then by [DHP24, Theorem 2.29], o" is a Kéhler class
on X". We rename X" by Z; then by a similar argument as above it follows
that there is a projective bimeromorphic morphism f : X — Z such that
a = f*a". In particular, a curve C' C X is contracted by f if and only if
a-C=0,ie [C] €R.

Finally, if f is a divisorial contraction, then by a similar argument as in the
proof of [KM98, Proposition 3.36] it follows that Z is Q-factorial, and (Z, f.B)
is dlt (see [KMO98, Lemma 3.38]). If f is a flipping contraction, then the flip
[T Xt — Zis defined as Xt := Projan @,,>0 f«Ox(md(Kx + B)), where
d is the Cartier index of Kx + B; the finite generation of this ring is due to
Shokurov, see [CHP16, Theorem 4.3], also, for a more general result in all
dimensions see [DHP24, Theorem 1.3].

O

Proof of Theorem 1.j. Suppose that Kx + B is not nef, then by Theorem 1.3
and its proof, there is a (Ky + B)-negative extremal ray R with nef sup-
porting class « such that R = NA(X) N a*, and the corresponding flipping
or divisorial contractions exist by Theorem 1.2. Let (X, B) --» (X1, By) be
the corresponding flip or divisorial contraction. We may replace (X, B) by
(X1, By) and repeat the above procedure. By termination of flips Theorem

3.19, after finitely many steps we obtain the required minimal model. O
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