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Abstract

We describe a compactification by stable pairs (also known as KSBA compactification) of
the 4-dimensional family of Enriques surfaces which arise as the Z%—covers of the blow up
of P? at three general points branched along a configuration of three pairs of lines. Up to
a finite group action, we show that this compactification is isomorphic to the toric variety
associated to the secondary polytope of the unit cube. We relate the KSBA compactification
considered to the Baily—Borel compactification of the same family of Enriques surfaces. Part
of the KSBA boundary has a toroidal behavior, another part is isomorphic to the Baily—
Borel compactification, and what remains is a mixture of these two. We relate the stable pair
compactification studied here with Looijenga’s semitoric compactifications.
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Mathematics Subject Classification 14J10 - 14J28 - 14D06

1 Introduction

In the study of moduli spaces, it is important to provide compactifications which are functo-
rial and with meaningful geometric and combinatorial properties. A leading example in this
sense is the Deligne—Mumford and Knudsen compactification of the moduli space of smooth
n-pointed curves. Another relevant example is Alexeev’s compactification of the moduli
space of principally polarized abelian varieties, which extended previous work of Mumford,
Namikawa, and Nakamura [3,7,32,33]. Another case that was intensely studied is that of
K3 surfaces, especially in degree 2 see [6,21,28,29,38,41]. Similarly, compactifications of
the moduli space of degree 2 Enriques surfaces were studied by Sterk [44,45], who com-
pared Shah’s GIT compactification for degree 2 Enriques surfaces in [42] with a semitoric
Looijenga compactification [30]. In this paper, we study a special 4-dimensional family of
Enriques surfaces. By using the theory of stable pairs [1,2,25,26], we produce a geometric
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compactification which we describe explicitly and relate to other standard compactifications,
such as the Baily—Borel.

Enriques surfaces were classically constructed as the normalization of the vanishing locus
in P3 of the following equation:

aWWEWS +bWEWEWE + cWEWEW3 + dWEW3 W3
+WoW1 WaWsq(Wo, Wi, Wa, W3) =0,

where ¢ is a non-degenerate quadratic form. We consider the case where ¢ is diagonal, which
is an alternative description of the four dimensional family of Enriques surfaces studied in
[34]. These arise as follows. Let Bl3 P? be the blow up of P? at three general points. We
have three distinct fibrations 7r; : Blj P2 — Pl i = 1,2,3, and we choose two distinct
irreducible rulings ¢;, 6; for each fibration. Then an appropriate Z%-cover branched along
Z?:l (¢; + £}) gives an Enriques surface (see Definition 2.1). These Enriques surfaces occur
in connection with Campedelli surfaces (see Remark 2.4), and Oudompheng described the
Baily—Borel compactification of their period domain. In the current paper, we construct a
geometric compactification of the moduli space M for such Enriques surfaces via Kollar—
Shepherd-Barron—Alexeev (KSBA) stable pairs.

Since Enriques surfaces are not of general type, we cannot use [26] directly, but we
can do so by choosing a natural divisor transforming them into pairs of log general type:
namely, we consider stable pairs (S, € R), where R is the ramification divisor of the above
Z%-cover S — Bl3P? and € is a small positive rational number. Now the KSBA machinery
applies, enabling us to construct a compactification M with geometric meaning. We have a
complete description of the structure of this compactification and of the degenerate surfaces
parametrized by the boundary.

Theorem 1.1 (Theorem 6.6 and Corollary 6.8) The boundary of M consists of two divisorial
irreducible components and another irreducible component of codimension 3. The surfaces
parametrized by the general point of each one of these components are

(1) the gluing of three del Pezzo surfaces of degree 2 so that the dual complex is a 2-simplex
and the double locus consists of three smooth rational curves;

(2) the gluing of two weak del Pezzo surfaces of degree 1 along an elliptic curve;

(3) the gluing of P! x P! and an elliptic ruled surface along a (2, 2) curve and a reduced
fiber:

For a full description of the stratification of the boundary of M and the degenerations
parametrized by it, see Sects. 6.2 and 6.3.

The first main tool in the proof of the above theorem is [9], which allows us to study degen-
erations of the pairs (B13 P2, 1# Z?:l ; + E;)) instead. The corresponding degenerations

of Enriques surfaces can be obtained after taking an appropriate Z%—cover. Similar ideas were
used in [8] for Campedelli surfaces, which are closely related to our example, and in [6] for
degree 2 K3 surfaces. Now, the study of moduli compactifications of such pairs is related
to the compactification of six lines in P2, for which the theory of hyperplane arrangements
applies [5,22]. However, as we work with Bl3 P2, the stability condition in our situation is
somewhat different, yielding a different compactification (see also Remark 6.7). Therefore,
instead of the theory of hyperplane arrangements, we use the theory of stable toric pairs in
[3], which in turn gives an explicit global description of the stable pair compactification M as
we will soon see. More precisely, denote by A the toric boundary of (P')? and let B < (P!)?
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be a general effective divisor of class (1, 1, 1). Note that B is isomorphic to Bl3 P2 and that
A|p consists of six lines. If Q denotes the unit cube, then ((P')3, B) is a stable toric pair of
type Q according to Definition 3.10. Let MQ be the coarse moduli space parametrizing the
stable toric pairs ((P')3, B) and their degenerations. We prove the following.

Theorem 1.2 (Theorem 6.4) Let Sym(Q) be the symmetry group of Q. Then ITIQ/ Sym(Q) =
M. On a dense open subset, the isomorphism maps the Sym(Q)-class of a stable toric pair
(X, B) to the appropriate Z%-cover of(B, (%) AIB), where A denotes the toric boundary
of X.

The main difficulty in the proof of Theorem 1.2 is that, away from the mentioned dense
open subset, (B, (1%) A|p) is not stable. This happens if and only if the polyhedral subdi-
vision of Q associated to (X, B) has what we call a corner cut (see Definition 4.1). This is
analyzed in Sect. 4, where we describe a modification of (X, B), denoted by (X*®, B*®), such
that (B*, (1<) A®|g) is a stable pair. As M is the projective toric variety associated to
the secondary polytope of Q, the isomorphism in Theorem 1.2 yields an explicit description
of M.

A different compactification can be constructed by Hodge theory. As for K3 surfaces, the
Enriques surfaces considered here can be characterized Hodge-theoretically as being D ¢-
polarized in the sense of Dolgachev [13]. The moduli space for Enriques surfaces, as for
K3 surfaces, is the quotient of a bounded Hermitian symmetric domain D of type IV by the
action of an appropriate arithmetic group I'. In this case, there is a natural compactification
of D/ T, namely the Baily—Borel compactification D/T"". As previously mentioned, [34]
studied this particular situation and described the boundary of D/ " Furthermore, Oudom-
pheng showed in [34, Sect. 4] that D/ T is isomorphic to the quotient by a finite group of
the GIT compactification of the moduli space of six lines in P2. The next theorem relates the
KSBA compactification M with D/ T

Theorem 1.3 (Theorem 7.6) There exists a birational morphism M — D/ r extending the
period map to the boundary of M.

Let us take a closer look to the morphism M — W* Oudompheng showed that the
boundary of D/ T consists of three 0-dimensional boundary components, called O-cusps,
and two 1-dimensional boundary components, called 1-cusps. With reference to Fig. 8, we
observe that the boundary of the KSBA compactification M has a toroidal behavior in a
neighborhood of the preimage of the even O-cusp, and is isomorphic to the Baily—Borel
compactification in a neighborhood of the preimage of the odd O-cusp of type 2. Above
the middle odd O-cusp of type 1 the behavior of M is not toroidal or Baily—Borel. These
considerations make us consider Looijenga’s semitoric compactifications (see [30]), which
generalize the Baily—Borel and toroidal compactifications in the case of type IV Hermitian
symmetric domains. A semitoric compactification (D/ ")y depends on the choice of %,
which is an admissible decomposition of the conical locus (see Sect. 8.1). To construct ¥ in
our case, for each 0-cusp we consider the associated hyperbolic lattice, and we consider the
subdivision of one connected component of x2 > 0 given by the mirrors of the reflections
with respect to the vectors of square — 1. To study the stratification of (D/ ') we compute a
fundamental domain for the discrete reflection group generated by the reflections with respect
to the (—1)-vectors. This calculation is not included in the current paper, but it can be found
in [39, Sect. 8.6]. The next theorem gives a set-theoretic comparison of the boundaries of M
and (D/1)x.
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1822 L. Schaffler

Theorem 1.4 (Theorem 8.2) The admissible decomposition ¥ in Definition 8.1 produces
a semitoric compactification (D/T)s. birational to M and whose boundary strata are in
bijection with the boundary strata of M. This bijection preserves the dimensions of the strata
and the intersections between them.

We expect this to be an isomorphism, but we can not yet prove it. This will be object of
future investigation. We mention that in [6] a geometric compactifications of moduli of K3
surfaces is identified with a semitoric compactification which is not toroidal or Baily—Borel.

The paper is organized as follows. In Sect. 2 we define the Enriques surfaces of interest and
the moduli space we want to compactify. In Sect. 3 we briefly recall the theory of stable pairs
and stable toric pairs that we need. The technical results in Sects. 4 and 5 allow us to construct
the morphism MQ — M in Sect. 6, where we also describe the stable pairs parametrized by
the boundary of M and its stratification. In Sect. 7 we construct the morphism M — D/T.
Finally, the connection with Looijenga’s semitoric compactifications is discussed in Sect. 8.
We work over C.

2 Dq ¢-polarized Enriques surfaces
2.1 Enriques surfaces and Z%-covers

Avariety is a connected and reduced scheme of finite type over C (in particular, a variety need
not be irreducible). A surface is a 2-dimensional projective variety. An Enriques surface Y is
a smooth irreducible surface with 2Ky ~ 0 and h°(Y, wy) = h!1 (Y, Oy). These properties
are enough to imply that S is minimal with Kodaira dimension 0, #1°(Y, wy) = 0, and
h'(y,0y) =0.

Definition 2.1 Let Bl P? be the blow up of P2at[1:0:0],[0:1:0],[0:0: 1]. Then
Bl3 P? comes with three genus zero pencils 71, 72, 73: Bl3P? — P!. Denote by ¢;, €
two distinct irreducible elements in the i-th pencil, i = 1,2, 3. Assume that the divisor
21-3:1 (¢; + £) has no triple intersection points. In what follows, we use the general theory
of abelian covers developed in [35].

Let Z% = {e,a, b, c}, where e is the identity element, and let {xo, x1, X2, x3} be the
characters ong with xo = 1 and x1(b) = x1(c) = x2(a) = x2(c) = x3(a) = x3(b) = —1.
Define D, = £1 + £}, Dy = £2 + £, D, = {3 + £5. Consider the building data (see [35,
Definition 2.1]) consisting of the divisors D, Dy, D, and the line bundles L, Ly,, Ly,
satisfying

2Ly, = Dy + D¢, 2Ly, = Dy + D, 2L, = Dy + Dy

This building data determines a Z%-cover 7. S — Bly P? branched along Z?: Vi + £,
which is unique up to isomorphism of Z%-covers (see [35, Theorem 2.1]). By [35, Proposition
3.1] we have that S is smooth, and using [35, Proposition 4.2, formula (4.8)] one can compute
that x (Og) = 1, which implies that hO(S, ws) = h(S, Og). If R denotes the ramification
divisor of the cover, then Ks ~ 7*(Kp),p2) + R and 2R ~ n*(Z?zl(Z[ + Z;)) imply that
2Ks ~ 0, hence S is an Enriques surface. These are the Enriques surfaces studied in [34],
and to make a clear connection with Oudompheng’s paper we also call them D ¢-polarized
Enriques surfaces. The reason for this name is explained in Remark 2.3. Observe that the
ramification divisor of the Z%-cover consists of six genus one curves.
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Remark 2.2 D g-polarized Enriques surfaces can be described in the following alternative
way. In P2, consider six distinct lines €;, £, i = 1,2, 3, so that the divisor Y >_, (¢; +£;) does
not have triple intersection points. Let S’ — P2 be the Z%-cover with building data analogous
to the one in Definition 2.1. Note that S’ is singular, and its singular locus consists of exactly
six A1 singularities: two above each intersection point ¢; ﬂf;. The minimal resolution S — §’
is a D g-polarized Enriques surface.

Given this alternative definition, it is natural to ask what is the connection between the
Enriques surface S above and the K3 surface Z given by the minimal resolution of the
double cover of P? branched along Z?zl 0 + Z;). This can be understood by looking at
the universal K3 cover X — §. The K3 surface X can be viewed as the minimal resolution
of an appropriate Zg-cover of P2 branched along the six lines, and Z can be obtained as
the minimal resolution of the quotient of X by an appropriate order four subgroup of Z%. It
turns out that the Néron—Severi lattice of a very general K3 surface X is not isometric to the
Néron—Severi lattice of a very general K3 surface Z, so these two families of K3 surfaces
are distinct. All this is studied in detail in [40].

Remark 2.3 Let D ¢ denote the index 2 sublattice of (1) @ (— 1)®0 of vectors of even square.
Notethat D g isisometricto U@ Ds.Letey, ey, . . ., e be the canonical basis 0f(1)@(—1)®6.
According to [34], a D e-polarized Enriques surface S can be equivalently defined to be an
Enriques surface whose Picard group contains a primitively embedded copy of D ¢ such
that:

(1) The vector 2eq corresponds to a nef divisor class H (which is the preimage of a general
line in Bl3 P? under the Z3-cover);

(2) Let Cy, C2, C3 be the exceptional divisors of the blow up Bl3 P> — P2, The preimage
of C; under the Z%—cover consists of two disjoint smooth rational curves that we denote
by Ri+, R;". Then we ask for the vectors e; £ e, e3 % ey, e5 & ¢¢ to correspond to the
six irreducible curves th, R;t, Rét respectively.

Note that for i = 1, 2, 3, the linear system |H — R;r — R;"| is a genus one pencil, and the

preimages in S of the lines ¢;, £; in Definition 2.1 give the two half-fibers of this pencil (see

[10, Chapter VIII, §17] for the definition of half-fiber).

Remark 2.4 1f S is a D ¢-polarized Enriques surface, then the divisor C = H + Z?:l (Ri+ +

R;") is divisible by 2 in Pic(S). The Z,-cover of S branched along C has six (—1)-curves.

Blowing down these curves we obtain a Campedelli surface with (topological) fundamental

group Zg (these were considered in [8]). Conversely, such a Campedelli surface X can be

realized as the Z%—cover of P? branched along seven lines. The minimal desingularization of

the quotient of X by the involution fixing pointwise the preimage of one of these lines is a

D1 ¢-polarized Enriques surface.

2.2 The family of D1 _g-polarized Enriques surfaces

Definition 2.5 Let ((coo0, €100, - - -, c111), ([XoX 1], [Yo, Y11, [Zo, Z1]1)) be coordinates in
GE x (P')3. Let &” < G¥ x (P')? be the closed subscheme defined by the vanishing
of

2v2 52
Z C,'ijinZk:O.
ij k=0,1

LetU C an be the dense open subset such that the corresponding fibers in X" are smooth.
Let X' = X”|y. If X C X’ is a fiber, then X is a smooth hypersurfaces of class (2,2,2) in
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1824 L. Schaffler

(P1)3. Therefore, X is a K3 surface (Kx ~ 0 by the adjunction formula and 2' (X, Ox) =0
can be computed using the long exact sequence in cohomology associated to 0 — Sy —
O¢ptyy = Ox — 0). Moreover, X comes with a fixed-point-free involution given by

v ([Xo : Xul, [Yo : Y11, [Zo : Z1]) = ([Xo : =X1], [Yo : =Y11, [Zo : —=Z1]).

Hence, X/t is an Enriques surface (see [11, Proposition VIII.17]). Let us show X /i is a
D ¢-polarized Enriques surface. The restriction to X of the morphism

(X0 : X11, [Yo : V11,[Zo : Z11) V> (X3 : X31,[¥§ : Y71,125 - Z3))

realizes X as a Z;—cover of B C (P')? given by

Z CijpXiYjZy = 0.
ij k=0,1

We have that B is a del Pezzo surface of degree 6 (hence, B = Bl3 IP’Z), and the branch locus
of X — Bisgivenby A|p, where A is the toric boundary of (PH3. Observe that A| g consists
of six lines, two for each genus zero fibration B — P!, without triple intersection points.
So X/t — B isthe Z%-cover that gives a D ¢-polarized Enriques surface. Notice that there
are several ways to take the Z%—cover of B branched along A|p by appropriately varying the
building data. However, these other choices produce rational surfaces or K3 surfaces. The
involution ¢ acts on the whole family X”, so that ¥ = X'/t — Uis a family of D; ¢-polarized
Enriques surfaces.

Remark 2.6 The general Enriques surface with degree 6 polarization can be realized as the
normalization of the vanishing locus in P? of the following equation:

aWIWEWS +bWEWEWE + cWEWEW3 + dWEW3 W3
+WoW1WoWaq(Wo, Wi, Wa, W3) =0,

where ¢ is a non-degenerate quadratic form (see [31, Sect. 4]). By [31, Proposition 4.1], the
universal K3 cover of such Enriques surfaces is an appropriate (2, 2, 2) hypersurface in (P!)?
invariant under the involution ¢ above. Under this correspondence, the K3 surfaces in Defini-
tion 2.5 are the universal covers of the degree 6 Enriques surfaces for which the quadratic form
q is diagonal, providing an alternative description of the D g-polarized Enriques surfaces.
More explicitly, consider the sextic hypersurface S given by

o0t WeWEW3 + cooWaWEW3 + crooWg W3 W3 + ciii WE W3 W3
+ WoW; W2W3(CoooW§ + Coqu2 + C101W22 + 6110W32) =0.

Let X € (P")3 be the K3 surface given by Zi,j,k:(),l c,-ijl.ijzZ,% = 0. The morphism
X — S is explicitly given by the restriction to X of

Py’ — P,
([Xo : X11, [Yo : 11, [Zo : Z1)) = [XoYoZo : XoY1Z1 : X1YoZy : X1Y1Z0].

The next proposition shows that the family X — U in Definition 2.5 captures all possible
D 6-polarized Enriques surfaces, and illustrates which fibers are pairwise isomorphic.

Proposition 2.7 Consider Bl3 P? together with a divisor Z?:1 (¢ + £}) (see Definition 2.1)
without triple intersection points. Then there exists B = V (Zi,j,kzo.l cijk Xi YjZk) C
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(PY3 with coefficients cijk # 0 such that (Bl3 P2, Z?ZI(& —i—i;)) is isomorphic to

(B, Alp). Moreover, such B C (P13 is uniquely determined up to the action ofon xSym(Q)
on the coefficients of B, where Q is the unit cube. Hence, U/(Gi x Sym(Q)) is the moduli
space of D1 e¢-polarized Enriques surfaces with our choice of divisor.

Proof Consider the three projections 7;: B3 P? — P!, i = 1,2,3. Let ¢; = ;' ([ag; :
aii]) and ¢, = ;' ([af; : a};1). The morphism (71, 72, 73): Bl3 P2 — (P')? is an embed-
ding whose image is a divisor of class (1, 1, 1) (observe that the restriction of A to this divisor
gives the six (—1)-curves, each one with multiplicity 2). For each one of the three copies of
P! choose an automorphism ¢;, i = 1,2, 3, sending [ao; : a1;], [“61' : aii] to[1:0],[0:1]
respectively. Let B be the image of the composition of the embedding (71, 72, 73) followed
by the automorphism (¢1, ¢2, ¢3). Then, under this morphism, Bl3 P? is isomorphic to B
and Z?:l ; +Z;) corresponds to A|g. Moreover, B =V (Zi’j’kz(M cijk XiY; Zk>, where
the coefficients c;jy are nonzero, or otherwise A|g would have triple intersection points.

In the construction of B above we made some choices. The group Sym(Q) acts by per-
muting the three projections 71, 72, 73, and for each i it exchanges [ag; : a;;] and [a(’)i : aii]
(note that Sym(Q) is isomorphic to the wreath product Z; @ S3). Each ¢; is uniquely deter-
mined up to G,,, and an additional G,, acts by rescaling the coefficients c;x. This describes
an action of G; x Sym(Q) on the vector of coefficients (cooo, c100, - - -, €111). Observe that
our construction of B is invariant under the action of Aut(Bl3 P?) on the line arrangement
(see [14, Theorem 8.4.2] for the description of Aut(Bl3 P2)).

To conclude, we show that B = V (Zi,j,k:(),l Cijk Xi YjZk) c (PYY? with cijk #0
such that <B13 P2, Z?:l ; + E;)) = (B, Alp) is unique up to the above (an x Sym(Q))-

action. But this is true because, up to an x Sym(Q), there is a unique way to realize Blz P2
in (P')3 so that the six (—1)-curves are given by the restriction of A, and this is given by
V(XoY0Zo — X1Y1Z1) (we omit the proof of this). O

We now construct a compactification of U/ (G% x Sym(Q)) using stable pairs.

3 Preliminaries: moduli of stable pairs and stable toric pairs
3.1 Stable pairs

Our main reference is [24].

Definition 3.1 Let X beavarietyandlet B = ) _; b; B; be adivisoron X where b; € (0, 11NQ
and B; is a prime divisor for all i. Then the pair (X, B) is semi-log canonical if the following
conditions are satisfied:

(1) Xis S, and every codimension 1 pointis regular or adouble crossing singularity (varieties
satisfying these properties are also called demi-normal);

(2) If v: XV — X is the normalization with conductors D C X and DV C XV (see [24,
Sect. 5.1]), then the support of B does not contain any irreducible component of D;

(3) Kx + B is Q-Cartier;

(4) The pair (X", D" + v ! B), where v_' B denotes the strict transform of B under v, is
log canonical (see [24, Definition 2.8]).

Definition 3.2 A pair (X, B) is stable if the following conditions are satisfied:
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1826 L. Schaffler

(1) Singularities: (X, B) is a semi-log canonical pair;
(2) Numerical: Kx + B is ample.

The following is our main example of interest.
Lemma3.3 Let S be a D) ¢-polarized Enriques surface and let w : S — Bls P2 be the corre-

sponding Z% -cover ramified at E = Z?:l (E; + E)) and branched along L = Z?:l ;i +£)
(see Definition 2.1). Then

1+
KS+EENQ7T*<KBI3]P>2+< 26>L)

In particular, (S, €E) is a stable pair if and only if (B13 P2, (l#) L) is a stable pair.

Proof We have that Kg ~ 7*(Kpj,p2) + E and 2E ~ 7*(L). This implies that Ks ~q
T* (Kpjyp2)+ %n* (L), and by adding € E ~q §7*(L) to both sides we obtain what claimed.
For the last statement about stability, we have that (S, € E) is semi-log canonical if and only
if (Bl3 P2, (1%) L) is semi-log canonical by [9, Lemma 2.3], and K + € E is ample if and
only if Kpy, p2 + (14¢) L is ample as  is finite and surjective. O

3.2 Moduli of stable pairs

In what follows we compactify U/ (an x Sym(Q)) by taking its Zariski closure inside an
appropriate projective moduli space of stable pairs. Our main references are [5,25].

Definition 3.4 The Viehweg’s moduli stack My n ¢ is defined as follows. Let us fix con-
stants d, N € Z~q, C € Q-¢9,and b = (by, ..., b,) with b; € (0,1]N Q and Nb; € Z for
alli = 1,...,n. For any reduced scheme S over C, Mg, n,c,5(S) is the set of proper flat
families X — S together with a divisor B = ) _; b;B; satisfying the following properties:

(1) Foralli = 1,...,n,*; is a codimension one closed subscheme such that B; — S is
flat at the generic points of X; N Supp B; for every s € S;

(2) Every geometric fiber (X, B) is a stable pair of dimension d with (Ky + B =C:

(3) There exists an invertible sheaf . on X such that for every geometric fiber (X, B) one
has Z|x = Ox(N(Kx + B)).

Definition 3.5 Consider the moduli stackﬂ&z = Md,N,C,Q withd = 2,b = (b1, by, b3) =
(12j 12i 1%) (because we want three pairs of divisors, and we do not distinguish divi-
sors in the same pair) where 0 < € < 1 is a fixed rational number and C = 6¢2. The

reason for this coefficient is because if (Bl P2, (1#) L) is as in Proposition 2.7, then

(KB13 P2+ (l%) L)2 = 6€2. For a suitably chosen positive integer N depending on d, b
and C (which does not need to be specified, see [2, 3.13]), the Viehweg’s moduli functor
Mg, is coarsely represented by a projective scheme, which we denote by M2 This is true
because we are working with surface pairs (d = 2) and our coefficients are strictly greater
than % (see [5, Theorem 1.6.1, case 2]).

Observation 3.6 The group S5 has a natural action on the Viehweg moduli stack M2 given

by permuting the labels of the three divisors B, B2, B3. In particular, we have an induced
S3-action on the coarse moduli space Mg,2.
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The KSBA compactification of the moduli... 1827

Definition 3.7 With reference to Definition 2.5, let B be the closed subscheme of U x (P!)3
given by the vanishing of the equation

Z C,'"/"kX,'YjZk =0.
i,j,k=0,1

Let £’ be the restriction to B of the toric boundary of (G,g;l x (P1)3. Then the family of stable
pairs (B, (13€) £) — U descends to a family of stable pairs (B, (1£) £) — U/(G, »
Sym(Q)).

Then there is an induced morphism f: U/ (an xSym(Q)) — Mg,2/S3 which is injective
by Proposition 2.7. We define M to be the normalization of the closure of the image of f.
We refer to M as the KSBA compactification as the moduli space of D ¢-polarized Enriques
surfaces.

Remark 3.8 With the notation introduced in Lemma 3.3, we claim that studying the degener-
ations of the stable pairs (S, € E) is equivalent to studying of the degenerations of the stable
pairs (Bl3 P2, (lzi) L). To prove this, let K be the field of fractions of a DVR (A, m), where
m is the maximal ideal of A. Let (&°, £°) (resp. (B°, L°)) be a family of stable pairs over
Spec(K) with fibers isomorphic to (S, € E) (resp. (Bl3 P2, (1%) L)). Let ° — B° be the
appropriate Z%—cover ramified at £° and branched along £°.

Let (&, &) be the completion of (&°, £°) to a family of stable pairs over Spec(A), or a
ramified base change of it (see [4, Theorem 2.1]). Denote by (&, Em) the central fiber of
(6, &). Similarly, define (°B, £) and (B, Lm) for (B°, £°). We want to show that (G, Ex)
isa Z%—cover of (B, Lm). This is automatic if we can show that the Z%—action on G° extends
to G, because the quotient of S by Z% is isomorphic to B by the uniqueness of the completion
of 9B° over Spec(A).

Fix any g € Z% and consider the corresponding action ag: & --» G. If we resolve the
indeterminacies

N

:

/ \1
6777&8777>6,

then a;, corresponds to a morphism @, from the log canonical model of (&', £') to & ([24,
Definition 1.19]). But the log canonical model of (&', £) is (&, £),s0 @,: & — G is the
desired extension of og.

To study M we apply techniques from [3], which we now recall.

3.3 Stable toric pairs

Fix a torus T over C and let M be its character lattice. Let M denote the tensor product
M ®z R. Although our main interest is over C, note that the theory of stable toric pairs we
are about to review works in any characteristic.

Let X be a variety with T -action. We say that X is a stable toric variety if X is seminormal
and its irreducible components are toric varieties under the 7-action. The foric boundary of
a stable toric variety is defined to be the sum of the boundary divisors of each irreducible
component which are not in common with other irreducible components. If X is projective
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and .& is an ample and 7T -linearized invertible sheaf on X, we say that the pair (X, %) is a
polarized stable toric variety.

Assume that we have a polarized stable toric variety (X, .Z’). Then we can associate to
each irreducible component X; of X a lattice polytope P;. These polytopes can be glued
together in the same way as X is the union of its irreducible components. This results into
a topological space U; P; which is called the topological type of X. The topological type
comes together with a finite map U; P, — Mp, called the reference map, which embeds
each P; as a lattice polytope in M. The set of faces of the polytopes P;, together with the
identifications coming from the gluing, is a complex of polytopes. Up to isomorphism, there
is a 1-to-1 correspondence between polarized stable toric varieties (for a fixed torus 7') and
the following data:

(1) A complex of polytopes P;

(2) A reference map Upcp P — Mp;

(3) An element of the cohomology group we are about to describe. For each P € P, let
Cp be the saturated sublattice of Z & M generated by (1, P), and let Tp be the torus
Hom(Cp, C*). The tori Tp for P € P define a sheaf of abelian groups T on the poset
P with the order topology. An element of H'(P, T) describes the way the irreducible
components of X are glued together.

For more details see [3, Theorem 1.2.6] and [4, Sect. 4.3] .

Definition 3.9 Let (X, .%) be a polarized stable toric variety and let Q C Mp be a lattice
polytope. We say that X has type Q if the complex of polytopes P associated to X is a
polyhedral subdivision of the marked polytope (Q, O N M). In this case the reference map
is given by the inclusion of Q in M. Furthermore, the toric boundary of X is the sum of the
divisors corresponding to the facets in P contained in the boundary of Q.

Definition 3.10 A stable toric pair is a polarized stable toric variety (X, .Z) together with
an effective Cartier divisor B which is the divisor of zeros of a global section of .. Also,
we require that B does not contain any torus fixed point (or equivalently any T -orbit). We
denote such stable toric pair simply by (X, B) as £ = Ox(B). Two stable toric pairs (X, B)
and (X', B) are isomorphic if there exists an isomorphism f: X — X’ that preserves the T'-
action and such that f*B’ = B. We say that a stable toric pair has type Q if the corresponding
polarized stable toric variety has type Q.

Remark 3.11 Let (X, B) be a stable toric pair and let P be the complex of polytopes corre-
sponding to the polarized stable toric variety (X, Ox(B)). If X; is an irreducible component
of X, then the restriction B|y, can be described combinatorially as follows (see [3, Theorem
1.2.7] in combination with [3, Lemma 2.2.7, part 2]). Consider the marking on the correspond-
ing lattice polytope P; given by P; N M. The lattice points in P; correspond to monomials
as M is the character lattice of the torus 7. Now, B|y,; is determined (not uniquely) by a
function f: P, N M — C*, which assigns to each monomial a corresponding coefficient,
which we want to be nonzero because B does not contain torus fixed points.

Example3.12 Let B C (P13 be a smooth divisor of class (1, 1, 1) not containing torus
fixed points. Then ((P')3, B) is a stable toric pair of type Q, where Q denotes the unit cube.
Recall that an appropriate Z%-cover of B branched along A|p gives a D ¢-polarized Enriques
surface.
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3.4 The stack of stable toric pairs

Given a locally noetherian scheme S over C, a family of stable toric pairs (X,B) — Sisa
proper flat morphism of schemes 7 : X — § together with a compatible Ts = (T xc S)-
action on X and an effective Cartier divisor 8 C X such that 77 |3 is flat and the fiber (X5, By)
over every geometric point s — S is a stable toric pair with the action induced by Ts. Two
families of stable toric pairs over the same base are isomorphic if there exists an isomorphism
of pairs over S preserving the torus action. Given a lattice polytope Q, we say that a family
of stable toric pairs has rype Q if every geometric fiber has type Q.

Remark 3.13 Let (X, B) — S be a family of stable toric pairs. Denote by 7 the morphism
X — Sandlet.Z = Ox(B). Following [3, Proof of Lemma 2.10.1], for d > 0 the sheaves
7, 2%4 are locally free, and the torus action gives a decomposition 7, 2% = @,,c5s Rid.m)
into sheaves that are also locally free. This results into a locally free (Z & M)-graded Og-
algebra R = @(d, myezem Kd,m) together with a section 6 of R of Z-degree 1 corresponding
to 8. Conversely, a pair (R, 6), where R is a locally free graded Og-algebra and 6 a degree
1 section, uniquely determines a family of stable toric pairs up to isomorphism (see [3, Proof
of Theorem 2.10.8] and [4, Sect. 4]).

Given a lattice polytope Q, we have a notion of stack .#p over C, whose objects are
families of stable toric pairs of type Q. The following theorem is due to Alexeev.

Theorem 3.14 [3, Theorem 1.2.15] Let Q be a lattice polytope and let ./ be the stack of
stable toric pairs of type Q. Then the following hold:

is a proper Deligne—Mumford stack with finite stabilizers;
(1) A is a proper Deligne-Mumford k with fini bili
as a coarse moduli space M ,, which is a projective scheme;
(2) Mo h duli space My which is a proj h
e boundary o M, is stratified accor ing to the polyhedral subdivision o, ,O0NM);
(3) The bound MQ' ified di h lyhedral subdivisi (Q,0NM)

(4) The normalization MQ of the main irreducible component of (ﬁg)red is isomorphic to
the toric variety associated to the secondary polytope ¥(Q N M).

Remark 3.15 Let Q be the unit cube. The moduli space of stable toric pairs MQ parametrizes
in a dense open subset the stable toric pairs (PH3, B)in Example 3.12. In this particular case,
the moduli space M is irriducible because, if P is any polyhedral subdivisions of (Q, Q N
73), then P is regular and H'(P, T') = {1} (this cohomology group was introduced earlier
in Sect. 3.3). To prove the former, we know from [37, Corollary 2.9] that a marked polytope
with a nonregular subdivision has a nonregular triangulation. But all the triangulations of
(0, 0NZ3 are regular by [12, Theorem 3.2]. For the proof that HY (P, T) = {1}, we refer
to [39, Sect. 6.3].

Since M is the toric variety associated to the secondary polytope £(Q N 73), we also
know that dim(MQ) =#(QNZ% —dim(Q) — 1 = 4 [20, Chapter 7, Theorem 1.7].

Proposition 3.16 Let Q be the unit cube. Then there exists a rational map ZTJQ -—» M whose
fibers are Sym(Q)-orbits.

Proof Let P be the complex of polytopes given by Q and its faces. Let C be the set of vertices
of Q. Following [3, Definition 2.6.6], let MP [P, C](C) be the groupoid of stable toric pairs
((P')?, B) over C with the linearized line bundle Op1y3(B) in which the arrows are the
isomorphisms identical on the torus 7. By [3, Lemma 2.6.7], we have that MPI [P, C I[(®)
is equivalent to the quotient stack [G?n / an], where G?n represents the space of coefficients
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of the divisor B =V (Zi,j,k:O,l cijk Xi YjZk> on (PY3 and (A, w1, w2, u3) € (an acts on

G8, as follows:

Oy 1y 125 13) - Cooes Cijies 2 ) = ooy A pibcijies - ).

Observe that the quotient G3, /G# exists as a scheme and it is isomorphic to G2 . The sta-
bilizers of the action an N G?n are trivial. It follows that the quotient itack [G?n/ (an]
is finely represented by Gi/@ﬁy This gives a dense open subset A of Mg, namely the
maximal subtorus G#, with a universal family which can be realized as the quotient of
(an x (P13, V(Zi,j,kzo,l cijkX;Y;Zy)) by the an-action on the coefficients c;jx. There-

fore, we have an induced morphism My --» M defined on A. O

4 Stable replacement in one-parameter families

To realize the stable pair compactification M as a finite quotient of the toric variety MQ, we
first want to show that the rational map ¢ : Mg --» M from Proposition 3.16 is defined over
MQ. To achieve this we use [19, Theorem 7.3]: let x € MQ and let (A, m) be a DVR with
field of fractions K. Let g: Spec(K) — Mg with image in the torus of My such that, if
g: Spec(A) — My is the unique extension of g by the valuative criterion of properness,
then x = g(m). Likewise, ¢ o g has a unique extension g o g as an A-point of M. We want
to show that ¢ o g(m) only depends on x, and that it is independent from the choice of g. To
prove this, we need (1) an explicit description of one-parameter families of stable toric pairs,
and (2) to compute the stable pair parametrized by o g(m) € M. Part (1) is contained in [3],
and we recall it in Sect. 4.1. The work in the current section and Sect. 5 addresses (2), which
is not automatic from knowing the limiting stable toric pair. We will need a modification:
namely, remove what we call corner cuts, see Sect. 4.2.

4.1 Families of stable toric pairs (X, 28) over a DVR

Let (A, m) be a DVR with field of fractions K, uniformizing parameter ¢, and residue field
our fixed base field C. Let T be a torus over C with character lattice M. Let Q C MR be a
lattice polytope. Define

0= cu®r"mxtm,
meQNM

where, forallm € Q N M, ¢, (t) € A, ¢, (0) € C*, and h(m) € Z. Observe that the map
m > h(m) gives a height function h: Q N M — Z.Let QT € Mg @ R be the convex hull
of the half-lines (m, h(m) + Rxg), m € Q N M, and let Cone(Q") € R & Mg @ R be the
cone over (1, Q1) with vertex at the origin. Then & defines the following (Z @ M)-graded
A-algebra:

R =A[t'x™ | (d,m, £) € Cone(Q)N(Z &M & Z)].

Observe that & € R is an element of Z-degree 1. Let (X, B) — Spec(A) be the family of
stable toric pairs associated to (R, 0) (see Remark 3.13). If n is the generic point of Spec(A),
then X;, = Y x Spec(K), where Y is the toric variety associated to the polytope Q. The
central fiber (Xy,, By,) is a stable toric pair whose corresponding polyhedral subdivision of
(Q, QO N M) is induced by the height function /, and hence it is a regular subdivision. The
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Fig. 1 Modification P* of the
polyhedral subdivision P

equation of By, is given by

Z em (O)x ™ = 0.

meQNM

For more details about this construction we refer to [3, Sect. 2.8].

4.2 Corner cuts

Definition 4.1 Let Q be the unit cube. We call corner cut a subpolytope of Q which is equal
to the convex hull of the points (0, 0, 0), (1, 0, 0), (0, 1, 0), (0, 0, 1) up to a symmetry of Q
(see Fig. 1 on the left). We call apex the vertex of the corner cut which is at the intersection
of three edges of the cube.

Notation 4.2 Let P be a polyhedral subdivision of a lattice polytope Q. We denote by P; the
set of i-dimensional faces in P.

Definition 4.3 Let P be a polyhedral subdivision of (Q, Q N Z3). We define a polyhedral
subdivision P* of (Q, Q N Z3) via the following algorithm:

1 R=P;

(2) If R contains no corner cut, define P* = R and stop. Otherwise, go to step (3);

(3) Let P € R be acorner cut and let R € R be that unique polytope sharing exactly a facet
with P. Define S = (R3 \ {P, R}) U {P U R}. Then redefine R to be the polyhedral
subdivision of Q generated by S. Go to step (2).

In Fig. 1 we give an explicit example of P*® given P.

4.3 The modified family (X°®, 25°)

Let Q be the unit cube and let (X, B) be a family of stable toric pairs of type Q over
Spec(A). Define X = Xy, B = By, and assume that the fiber of X over the generic point
is isomorphic to (P!)3., where recall K is the field of fractions of A. Observe that the pair
(B, (1%) Alp) may be not stable: first of all, the restriction A|p can be defined if A is
Q-Cartier (see Proposition 5.2). Therefore, we want to define a new family (X°, 28°) which
is isomorphic to the original one in the complement of the central fiber, and such that the new
central fiber (X*, B®) satisfies that (B', (l%) A® |B-) is a stable pair, where A® denotes the
toric boundary of X*. The stability of the pair (B*, (15€) A*|g.) is proved in Sect. 5.

To construct (X°, B*) we define another (Z & M)-graded A-algebra induced by 6 as fol-
lows. Denote by P the regular polyhedral subdivision of (Q, Q NZ3) associated to (X, Bm).
Assume that P € Ps is a corner cut and let P’ € P be that unique polytope sharing exactly
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one facet with P. Denote by L the unique hyperplane in R?> @ R containing the points
(m, h(m)) form € P' N Z3. If m is the apex of the corner cut P, then there exists a unique
positive rational number g, such that (m, h(m) — gq,,,) € L. Moreover, up to a finite ramified
base change, we can assume that g, is integral. Let us consider the height function

h* (m) = h(m) — g, if m is the apex of a corner cut,
| h(m) otherwise.

Define anew (Z @ M)-graded A-algebra R® as we did in Sect. 4.1, but using A * in place of /.
Observe that R € R* is a degree preserving embedding of graded algebras. Therefore 0 € R*®
is an element of Z-degree 1 and the pair (R®, 6) corresponds to a family X* — Spec(A) of
stable toric varieties together with a Cartier divisor ®8® C X*® given by the vanishing of 6.
Observe that (X, B,) and ((X*),, (38°*),) are isomorphic over Spec(K) by construction.
The equation of (B*)y, is given by

> emOx =o0.
me oNM,
m 1S not an apex
So, in other words, we set equal to zero the coefficients of a monomials if it correspond to
the apex of a corner cut in P. For this reason, the central fiber ((X°®),, (B°)n) is not a stable
toric pair if and only if P contains a corner cut. On the other hand, ((X*)m, O((B*)m))
is always a polarized stable toric variety whose corresponding polyhedral subdivision of
(Q, 0 N7Z3 is P* (see Definition 4.3). Finally, observe that if 7 has no corner cuts, then
(%,B) = (X°*,B°).

Remark 4.4 With the same notation introduced above, denote by (X, B) (resp. (X°, B®)) the
central fiber of (X, *B) (resp. (X*, B°)). Then (X*, B®) only depends on (X, B) and it is
independent from the whole family (X, ©8) — Spec(A).

Definition 4.5 Let (X, B) be a stable toric pair of type Q. Define (X*, B®) to be the central
fiber of (X*, B°), where (X, B) — Spec(A) is a one-parameter family of stable toric pairs
with central fiber (X, B) and smooth generic fiber (such a family exists because MQ is
irreducible, hence (X, B) is smoothable). The pair (X*®, B®) is well defined by Remark 4.4.
Observe that, if P has no corner cuts, then (X, B) = (X*®, B®).

5 Analysis of stability

In the current section we continue the strategy outlined at the beginning of Sect. 4. More
precisely, with the same notation of Sect. 4.3, we show that (B°®, (1#) A B;,) is a stable
pair.

5.1 Preliminaries

Notation 5.1 Consider a stable toric pair (X, B) of type Q and let P be the corresponding
polyhedral subdivision of (Q, O N Z3). Let I pep; Xp — X be the normalization of X,
where X p is the toric variety corresponding to the polytope P. Then we denote by A p the
toric boundary of X p,by Dp € X p the conductor divisor, and by Bp the restriction to X p of
the preimage of B under the normalization morphism. Define X3, A%, D%, By, analogously
with (X°®, B®) instead of (X, B).
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(@ (b) (0 (@)

Fig.2 Possible maximal dimensional polytopes in 7P up to symmetries of Q

Proposition 5.2 Let (X, B) be a stable toric pair of type Q and let P be the associated
polyhedral subdivision of (Q, QN Z3). If P does not contain a corner cut, then A is Cartier.
If P contains a corner cut, then A is not Q-Cartier.

Proof Define a piecewise linear function on the normal fan of each maximal dimensional
polytope P € P as follows. If u, is the Z-generator of a ray p, then associate to u, the
integer —d,,, where d,, is the lattice distance between the facet of 2P normal to the ray and
the lattice point (1, 1, 1). Observe that this number is 0 if the facet contains (1, 1, 1), and —1
otherwise. If P has no corner cuts, then this gives a Cartier divisor on X equal to A.

Now, assume that P contains a corner cut P. Denote by R that unique polytope in P
sharing exactly a facet with P. Let €1, >, £3 be the three edges of P which do not contain
the apex. Observe that ¢;,i = 1, 2, 3, can be contained in two or three maximal dimensional
polytopes in P, P and R included.

If some ¢; is contained in three maximal dimensional polytopes, then take a point x € X
lying on the torus invariant line corresponding to ¢;. If A is Q-Cartier, then m A is given by
the vanishing of one equation in an open neighborhood of x for some m > 0. However, the
vanishing locus of this equation on X g has codimension 2, which cannot be.

Assume that each ¢; is only contained in P and R. Denote by v: XV — X the nor-
malization. If A is Q-Cartier, then (vV*A)|x, = Ar — Dg is also Q-Cartier. But this is a
contradiction because there is no Q-piecewise linear function on the normal fan of R cor-
responding to Ag — Dg (to see this, consider the normal cone to a vertex of R in common
with P). m]

Theorem 5.3 Let Q be the unit cube and let (X, B) be a stable toric pair of type Q. Consider

(X*, B®) as in Definition 4.5. Then (B', (]#) A'IB-) is a stable pair (we have that A® is
Q-Cartier by Proposition 5.2).

5.2 Proof of Theorem 5.3

Let P be the polyhedral subdivision of (Q, Q N 7Z3) associated to (X, B). We show that for
all P € P*, the pair (B‘ . D3lgs + (159) (A — D;)|B;> is stable. As shown in Fig. 2,
there are four possibilities for P up to symmetries of Q.

Definition 5.4 We say that P € P*® has type (a) (resp. (b), (c), (d)) if P is equal to the
polytope in Fig. 2a (resp. (b), (¢), (d)) up to a symmetry of Q.

Proposition 5.5 Given P of type (a), then (B;), D;IB;, + (1#) (A% — D;)IB;,> is stable.
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Proof We have X9, = P3 with coordinates [Wy : ... : W3], D} = V(Wp) + V(Wy),
A} — Dy = V(W) + V(W3), and By, = V(agWo + - -+ + azW3), where a; # 0 for
alli = 0,...,3. To find the equation of By we used Remark 3.11, and a; # 0 for all i
because no corner cut can be contained in P (recall the construction in Sect. 4.3). Then B}, is
isomorphic to P> and A%, restricts to By, giving four lines in general linear position, implying
that (B;,, Dylps + () (a3 - D;,)lB;_) is log canonical. Finally, if L denotes a general

line in B}, then

L] 1+€ L] L]
KBI.J +DP|B;, + <T> (AD _DP)lB; ~ €L,

which is ample. o

Observation 5.6 The following standard fact will be useful in the analysis that follows. Let
L1, Ly, L3 be three distinct concurrent lines in A2. Then the pair (A2, (%) (L1 + Ly + L3))
is log canonical.

Proposition 5.7 Given P of type (b), then (B} DLy, + (1<) (A} — D)y, ) is stable.

Proof Wehave X3, = V(WoW1—W,Ws3) C P4, Dy = V(WoW =W, W3, Wy), AL =Dy =
V(WoWi — Wr W3, W)+ V (WoW; — Wa W3, Wy). Finally, By, = V(agWo+- - +asWa) N
X%, where a; # Ofori = 1,...,4 and ag can possibly vanish (we can have at most one
corner cut contained in P). By = P! x P! because it is a hyperplane section of the projective
cone X% which does not pass through the vertex.

Now let us study the restrictions of D, and A%, — D, to B}, This boils down to understand
how the coordinate hyperplanes H; = V(W;),i =0, ..., 4,restrictto B},. Firstof all, observe
that H; cuts on B}, a curve C of divisor class (1, 1). To show this, denote by (a, b) the divisor
class of C = By N H;. If H' = V(ayWo + -+ - + a4Wy) and H is a general hyperplane in
P4, then the self-intersection of C is given by

C? = Hilgy - Hilpy = Hi - H; - B} = H; - H; - X} - H' = H; - H; - 2H - H' = 2.

On the other hand, C? = (a, b)? = 2ab = 2, implying that (a,b) = (1, 1). Fori # 4,
H; N By is always reducible, so it is given by two curves of divisor classes (1, 0) and (0, 1).
If ap # O, then it is easy to check that Hy N B}, is smooth for a general choice of the
coefficients, but it can possibly break into two curves. In any case, A}, restricts to B}, giving
a simple normal crossing divisor, implying that (BI'), Dylps + (1£) (a3, — D)l B;_) is
log canonical.

If ap = 0, then Hy N B}, is irreducible and it passes through the singular point of H; N
B$. In this case we have that (BI'J, Dy + (3€) (a3 - D;,)|B;> is log canonical by
Observation 5.6.

Finally, observe that

1

+

€

KB;, +D;;|B;_ +<

o

which is ample. o

) (Ap = Dp)lpsy ~ (=2,=2) + (1, 1)

+

€

> 2,2)=€(1,1),

[\
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Proposition 5.8 Given P of type (c), then (B3 Dyl + (55) (A% — D)y, ) is stable.

Proof We have X} = P2 x P! with coordinates ([Xo : X1 : X21, [Yo : Yi]), D} = V(Xy),
A}, - D;, = V(XoX1YpY1), and B} = V((aoXo + a1 X1 + a2 X2)Yo + (boXo + b1 X1 +
by X»)Y1), where ag, ay, bo, b1 # 0 and at most one among a; and b, can be zero because
there is at most one corner cut contained in P. Let us start by assuming that axb> # O.

If B}, is singular, then one can show that (bo, b1, b2) = A(ap, a1, az) for some 1 € C*.
Therefore, the equation of By, becomes

(apXo + a1 X1 +a2X2)(Yo + AY1) =0,

where V(Yo + AY1) = P2 and V(apXo + a1 X1 + a2 X2) = P! x P! are glued along a
ruling of P! x P! and the line apXo + a1 X1 + a2 X2 = 0 in P2, The restrictions of Dy,
and A} — D3 to these two irreducible components are described in Remark 5.10 (c3). In
this case, to conclude that (B;, Dylps + (1<) (a3, - D})lg;,) is stable, we reduce the
question to each connected component of the normalization of By and we apply what we
already proved in the cases (a) and (b) above.

Now let us assume that B}, is smooth (and hence irreducible). By the discussion above,
the two vectors (ao, a1, az) and (bg, b1, b2) are not proportional. Denote by p the point of
intersection of the two lines agXo + a1 X1 + a2 X2 = 0and bpXg + b1 X1 + b X, = 0in
P2 Ifr: By — IP? is the restriction to B}, of the projection map P? x P! — P2, then x
restricted to the complement of 7~ (p) is an isomorphism, and 7~ (p) = P. This proves
that By, = IFy. In this case, let us explain how D% | B depends on the coefficients a;, b;. The
restriction D | B has equation

X, =0,
{ (aoXo +a1X1)Yo + (boXo + b1 X1)Y1 = 0.

By an argument analogous to what we did for B%, we have that this restriction is irreducible
if and only if (ao, a1) and (b, b1) are not proportional. In this case, D3| B is a section of
Bjp with self-intersection 1. If (ag, a1) and (bo, by) are proportional, then the equation of
D;,|B;) becomes

X, =0,

(aoXo + a1 X1)(Yo +2Y1) =0
for some A € C*. The irreducible component V (X2, apXo + a; X1) (resp. V (X2, Yo+ AY1))
is the exceptional section (resp. a fiber) of By. We are left with understanding (A% — D%)| BY»
and for this we need to study how V (X;), V(Y;),i =0, 1, restrict to By,. But V (Y;) restricts

giving a fiber, and we can study V (X;)| B in the same way we did for D3| BY- Observe that
at most one among V(X0)|B;, V(X1)|B;, Dy |B;] can be reducible (otherwise By, would be

reducible). We conclude that ( B}, Dy 53 + (1) (A% — D313 ) is log canonical.

Now we consider the case where exactly one among a; and b; is zero. It is easy to
check that By is automatically smooth and a description similar to the one above applies,
with the only difference that the restriction (A} — D3)| B, can acquire a triple intersection
point. In this case we know that (B;, D} ps + (<) (a3, - D;,)lB;,) is log canonical by
Observation 5.6.
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For the ampleness condition, let & be a section of self-intersection 1 on B}, = F and let
f be a fiber. Then

Kgs + Dplps + (%) (Ap = Dp)lgy ~—2h — f +h
+ (%) Qh+2f) = eth+ f),
which is ample. o
Proposition 5.9 Given P of type (d), then (B;,, Dilgs + (15) (A% — D) B.) is stable.

Proof We have X3, = (PY)? with coordinates ([Xo : X11, [Yo : Y11, [Zo : Z1]), D} =0,
A% = V(XoX1Yo¥1ZoZ1), and By = V (40,1 €ije Xi¥; Zi ) where any two distinct
coefficients ¢;jx and ¢ j/ cannot be simultaneously zeroiif (i, j, k) and @i’, j', k') are vertices
of the same edge of the cube. This is because inside Q we cannot fit two corner cuts with
apices lying on the same edge.

Let us first assume that By is smooth (hence irreducible), which holds for a general
choice of the coefficients c;jx by Bertini’s Theorem. Then the anticanonical class —K By =
—(K@1ys + Bp)lgs, = (1, 1, 1)| gy is ample and Klzg;_ = 6, implying that B}, = Bl3 P? (see
[11, Exercise V.21(1)]). If all the c;jx are nonzero, then the restriction A% | By, can be as in
Proposition 2.7 (general case), or some of these lines can break into the union of two incident
(—1)-curves. If some coefficients c;jx are zero, then the lines configuration A% | B acquires

triple intersection points. In any case, the pair (B;, (1%) A%l B;) is log canonical, where
we use Observation 5.6 in the case of triple intersection points.

Now assume that B} is irreducible and singular. Let p € B} be a singular point. We
prove that (1) p is a singularity of type Ay, (2) that p is the only singular point of B},
and (3) that p lies on at most one irreducible component of AY%. We can assume that p
is in the form ([1 : a],[1 : b],[1 : c]). The invertible change of coordinates X6 = Xo,
X} = X1 — aXp and so on, sends B}, to an isomorphic surface B}, which is singular at

p = (1:0],[1:0],[1:0]).If wesetx’ = ;—:‘, y = ;—':, 7= 7] then the equation of B/,
0 0

in this affine patch is in the form
cox'y +c1x'z + 2y + e3x’y'7 = 0.

The coefficients cg, c1, ¢ are nonzero because B;, is irreducible. Therefore it is clear that
the singularity is of type Ay, proving (1). After homogeneizing the above equation and by
checking all the affine patches, we can see that p’ is the only singularity of B/,, implying
(2). Finally, if we assume that p lies on two irreducible components of A%, then we can
compute that two coefficients c;ji, ¢/ jx are zero with (i, j, k), (i’, j, k') adjacent vertices
of the cube, which cannot be. So (3) holds as well. To prove that (BI'J, (1%) A% |B;) is log

canonical, we show that (X%, (1<) A% + B}) is log canonical and then we use inversion
of adjunction (see [23]). This is done in two steps.

(i) First we show that (X%, (14€) A% + B$) is log canonical in a neighborhood of a
quadruple intersection point g of A’ + Bj. Note that in this case ¢ must be differ-
ent from the singular point p by (3) above. Assume without loss of generality that
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g = ([1:0],[1:0],[1 :0]), and therefore copp = 0. In an affine neighborhood of g the
equation of B}, becomes

€100X + €010y + €012 + C110XYy + C101X2 + co11yZ + c111xyz = 0,

where we must have c109, co10, coo1 nonzero. The affine equations for A9, at g are x =
0,y =0, z = 0. Therefore, locally at ¢, the four irreducible components of A%, + B}, are
equivalent to hyperplanes in general linear position. It is a standard calculation to show
that this singularity of (X%, (14£) A% + B} ) is log canonical.

(i) (X%. (=) A% + B}) is log canonical in the complement of the quadruple intersection
points. This is true in the complement of A%, because BY, has at mostan A singularity. Let
H C A% be an irreducible component. We show that (X P AP+ B;,) is log canonical
in a neighborhood of H away from the quadruple intersection points. But this follows
from inversion of adjunction because (H, (A%, — H + B})|y) is log canonical away
from the quadruple intersection points. More in detail, H = P! x P!, (A% — H)|y gives
the toric boundary of H, and By |y is a (1, 1)-curve with no components in common
with the toric boundary.

We are left with the case B}, reducible. Up to symmetries, decompositions into two
irreducible components are given by

(aXoYo +bXoY1 +cX1Yo+dX1Y1)(eZo+ fZ1) =0,

where the coefficients are nonzero and satisfy ad # bc. Both irreducible components are
isomorphic to P! x P!. Decompositions into three irreducible components are given by

(aXo+bX1)(cYy+dY)(eZo+ fZ1) =0,

where the coefficients are nonzero. Note that up to Aut((P1)?) there is only one choice of
such coefficients. The three irreducible components are isomorphic to P! x P!, In both cases,
information about how the irreducible components are glued together and how A%, restricts
to these can be found in Remark 5.10 (d2) and (d3). From these observations we can argue
that (B;,, () A;,|B;> is semi-log canonical.

To conclude, K gs + (1<) A3 By, is ample because it is the pullback to B}, of

L] 1 + € L]
Kxs + Bp + > Ap ~e(l, 1, 1),
which is ample. o
The last proposition concludes the proof of Theorem 5.3. O

Remark 5.10 The proof of Theorem 5.3 gives an explicit description of the possible stable
pairs (B;,, D;,|B;, + (%) (A — D;,)|B-) for all the stable toric pairs (X, B) of type Q.
Here we summarize these possibilities. In Fig. 3, a triangle (resp. trapezoid, parallelogram)
means By, = P? (resp. F!, P! x P!). D3| BY is represented by the thickened segments and
(A% — D3| B, by the colored segments. First, let us assume that P has no corner cuts, so
that (X, B) = (X*®, B®). As a consequence of this, in the cases that follow the divisor Ap|p,
is simple normal crossing.

(@) Bp = P?and Dp|p, (resp. (Ap — Dp)|p,) consists of two lines;
(b) Bp =P! x P! and Dp|p, consists of two incident rulings. (A p — Dp)|,, is given by
two incident rulings and a curve of divisor class (1, 1) which can possibly be reducible;
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(a) (b)
> <7
(c1) (c2) (c3)
(1,1,0) (0,0,1)
b
A U
/
(d1) (d2) (d3)

Fig.3 The pictures represent (B;) D;,lB;) + (1#) (A% — D;,)|B;,) for P € P*® (see Remark 5.10). The
restriction (A;, — D;,)I B} is in color and D;) | BY is thickened. In (d2) the two surfaces are glued along the

thickened curves

(cl)

(c2)

(c3)

(dl)
1)

(d2)

(d3)

Bp =Fy and Dp|p, is aline disjoint from the exceptional divisor. (Ap — Dp)|p, is
given by two fibers and two lines disjoint from the exceptional divisor. Exactly one of
these last two lines can possibly break into the union of the exceptional divisor and a
fiber;

Bp =T and Dp|p, is the union of the exceptional divisor and a fiber. (Ap — Dp)|p,
is given by two fibers and two lines disjoint from the exceptional divisor;

Bp is isomorphic to the union of P? and P! x P! glued along a line in P and a ruling
in P! x P Dp|p, consists of a line in P? and a ruling in P! x PL. (Ap — Dp)lB,
is given by two lines on the P> component and four rulings on P! x P! arranged as
shown in Fig. 3¢c3;

Bp = Bl3P? and Dp B, =¥. Ap|p, is asin Proposition 2.7 (this is the general case),
or some lines can possibly break into two intersecting (—1)-curves;

Bp is a singular del Pezzo surface of degree 6 with exactly one A singularity. This
singularity can lie on at most one irreducible component of Ap|p,;

Bp is isomorphic to the union of two copies of P! x P! glued along a ruling and
an irreducible curve of divisor class (1,1). Ap|p, is given by four rulings on one
component and six rulings on the other. These are arranged as shown in Fig. 3d2;

Bp is isomorphic to the union of three copies of P! x P! glued along rulings as shown
in Fig. 3d3. Ap|p, consists of four rulings on each component as shown in the same
figure.

Now assume that P has a corner cut and let P € P°. In this case, the possibilities for the pair
(B;,, Dylps + (<) (a3, - D;,)IB;)) are as above, with the difference that (A%, — D) ps,
is allowed to have triple intersection points.
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6 Study of the KSBA compactification

We are now ready to combine the results from Sects. 4 and 5 to prove that the rational map
My --+ M extends to the whole M (see Theorem 6.3). As a consequence, in Theorem 6.4
we realize the stable pair compactification M as a finite quotient of M. Finally, in Sect. 6.2
we study the structure of the boundary of M and list the degenerations parametrized by it.

6.1 The morphism Mg — M

We start by recalling a result from [19].

Notation 6.1 Consider a map g: Spec(K) — Y, where K is the field of fractions of a
DVR (A, m) with residue field our fixed base field C. Let Y be a proper scheme over a
noetherian scheme S. By the valuative criterion of properness, g uniquely extends to a map
g: Spec(A) — Y. We denote by lim g the point g(m).

Theorem 6.2 [19, Theorem 7.3] Suppose X1 and X, are proper schemes over C with X
normal. Let U C X1 be an open dense subset and consider a morphism f: U — X;. Then
f extends to a morphism f: X1 — X if and only if, for any point x € X1, any DVR (A, m)
as in Notation 6.1, and any morphism g: Spec(K) — U such that lim g = x, the point
lim(f o g) in X, only depends on x, and not on the choice of g.

Theorem 6.3 Let Q be the unit cube. Then there is a surjective morphism Mg — M which

on C-points is given by
1
(X.B) > (B', ( J;) A’|B.).

Proof Let X; = MQ and X, = M. Let U = Agy, where Agy is the open subset of the torus
AC MQ in the proof of Proposition 3.16 parametrizing stable toric pairs ((P')?, B) with B
smooth. We obtain a morphism X; — X» by extending f: U — X3 to the whole X using
Theorem 6.2.

Let x € X and let (A, m) be any DVR. Consider a map g: Spec(K) — U such that
limg = x. Let (X, B) be the stable toric pair of type Q parametrized by x. Denote by
A the toric boundary of X. If we prove that lim(f o g) corresponds to the stable pair
(B', (%) A‘|B-), then we are done by Theorem 6.2, because this shows that lim(f o g)
only depends on x, and not from the choice of g (see Remark 4.4).

Let (U x (P13, 8) — U be the restriction to U of the universal family of stable toric
pairs over A constructed in the proof of Proposition 3.16. Let ((]P’}()3, $B°) be the pullback
of (U x (P13, S) under the map g and denote by (X, B) its completion over Spec(A), or
a finite ramified base change of it, as a family of stable toric pairs. Note that by construc-
tion the central fiber of (X, B) is (X, B). Consider (X°, B°®) and, if D denotes the toric
boundary of (P13, let Dg be the closure of Dx = D x Spec(K) in X°. Then the central
fiber of (%’, (l#) 5K|%-), which is (B', (%) A‘|B-) by construction, is the stable pair
corresponding to lim(f o g). O

Theorem 6.4 Let Az 0= M be the morphism in Theorem 6.3. Then the induced morphism
Mg/ Sym(Q) — M is an isomorphism.

Proof The group Sym(Q) acts on Mg because My is the projective toric variety associated
to the secondary polytope of (Q, Q N Z?). The modular interpretation of the action is the
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Fig.4 Subpolytopes of Q which can be subdivided further only once in the proof of Theorem 6.4

following: Sym( Q) acts on the stable toric pair (X, B) by changing the torus action on it. In
particular, the morphism MQ — M is Sym(Q)-equivariant. Therefore, we have an induced
morphism MQ/ Sym(Q) - M.

The fibers of the restriction of MQ — M to Ay, are exactly Sym(Q)-orbits by Proposi-
tion 2.7, and hence the morphism Mo / Sym(Q) — M is bijective on a dense open subset. In
what follows, we show that My — M is quasi-finite, which implies that M/ Sym(Q) — M
is an isomorphism by Zariski’s Main Theorem.

To prove that MQ — M is quasi-finite, it is enough to check that no 1-dimensional
boundary stratum of My is contracted. These strata correspond to the minimal elements of
the poset of regular polyhedral subdivisions of (Q, QNZ3) which are not triangulations (recall
that the polyhedral subdivisions of (Q, QNZ) are regular, see the proof of Proposition 3.15). If
P is one of these polyhedral subdivisions, then it contains a subpolytope of Q with vertices in
0 NZ3 which can be subdivided further only once. A simple enumeration shows that P has to
contain one of the polytopes listed in Fig. 4. Denote by P one of such polytopes and let (X, B)
be a stable toric pair with P as corresponding polyhedral subdivision of (Q, Q N Z3). Then,
as (X, B) varies among the stable toric pairs parametrized by the 1-dimensional boundary
stratum corresponding to P, (B®, (1+E) A*®|pe) describes a 1-dimensional family of stable
pairs. To see this, if P* € P* is the polytope corresponding to P € P, then the irreducible
component of (B®, ( 1+6) A®|pe) corresponding to P*® shows the variation of this parameter.
In conclusion, the 1-dimensional boundary stratum corresponding to P is not contracted. O

6.2 Description of the boundary of M

Definition 6.5 The boundary of the moduli space M is the closed subset whose C-points
parametrize stable pairs (B, D) where B isreducible. Let (B, D) be a stable pair parametrized
by the boundary, and consider the locus of points in M parametrizing stable pairs (B’, D’)
such that B = B’. We call the closure of such locus a stratum.

Theorem 6.6 The boundary of M is stratified as shown in Fig. 6. For each stratum we show the
degeneration of (Blz P2, l# Z?:l (€; +£))) parametrized by a general point in the stratum.
The strata are organized from bottom to top in increasing order of dimension. In particular,
the boundary consists of three irreducible components: two divisors D1, D> and a curve C
with D1 N C = (. If Q is the unit cube, the strata containing the leftmost 0-dimensional
stratum correspond bijectively to the polyhedral subdivisions of (Q, Q NZ3) without corner
cuts up to symmetries of Q.

Proof By Theorem 6.4 any stable pair parametrized by M is in the form (B*, (15€) A*|3.)
for some stable toric pair (X, B) parametrized by M. In Remark 5.10 we listed all the possi-

bilities for the pairs (B;,, Dy, |B; + (1#) (A% — D;,)|B;J), which can be glued together for
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Fig.5 Polyhedral subdivisions of (Q, QN 73) without corner cuts up to symmetry and ordered by refinement.
The arrows indicate refinement

P € P* torecover (B', (lzi) A‘|B-), where P* is a polyhedral subdivisions of (Q, QN VA
without corner cuts. These subdivisions are shown in Fig. 5 up to symmetries of Q. The end
result is shown in Fig. 6, where for each stratum we show the stable pair parametrized by
the general point in the stratum. The three colors used to draw the divisor have the following
meaning: lines sharing the same color come from the same pair of lines on the original Bl3 P?.
Note that, even though we use three different colors, we do not distinguish the three pairs
because we quotiented by S3 in our definition of M. Thickened segments indicate lines along
which two irreducible components are glued together. The claimed combinatorial interpre-
tation of the strata containing the leftmost O-dimensional stratum follows after comparing
Figs. 5 and 6. O

Remark 6.7 We compare the generic degenerations of Bl P? together with the three pairs of
weighted lines 1# Z?:l (¢; +¢}) parametrized by the boundary of M with the corresponding

stable degenerations of six lines 1% Z?: (i + Z;) in P? after contracting the three disjoint

exceptional curves. Let Dy, Dy, and C be the irreducible boundary components of M in
Theorem 6.6. Recall that the generic degenerations parametrized by these are in Fig. 6.

(1) The degeneration parametrized generically by D is obtained by letting the lines €1, £5, ¢3
break into two (—1)-curves, so that in the limit there are two double (—1)-curves. This
is illustrated in the top-left of Fig. 7. The corresponding degeneration of P2 has €| = ¢
and ¢3 passes through £; N Fy Its stable replacement is [5, Figure 5.12 (11)].

(2) The degeneration parametrized generically by D5 is obtained by letting the lines £1, £»
break into the gluing of two (—1)-curves, so that in the limit there is a double (—1)-curve.
This is illustrated in the top-middle of Fig. 7. The corresponding degeneration of P? has
£ = £, and its stable replacement is [5, Figure 5.12 (5)].
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Fig.6 Stratification of the boundary of M and degenerations of Bl3 P2 with the three pairs of weighted lines
parametrized by it. The symbol “U” between two surfaces indicates that the two surfaces are glued together
along the corresponding thickened curves. The arrows indicate specialization

& &
A

Fig.7 Degenerations of line arrangements in Bl3 P2 and P? discussed in Remark 6.7

(3) The degeneration parametrized generically by C is obtained by letting two lines in one
pair collide, say £1 = £/ (see the top-right of Fig. 7). Then the corresponding degeneration

of P2 has ¢; = Z’l, and the stable replacement is again [5, Figure 5.12 (5)].

6.3 Degenerations of Enriques surfaces

After describing the degenerations of Bl3 IP? together with the three pairs of weighted lines
parametrized by M, we discuss the overlying Z%-covers, which correspond to degenerations
of Enriques surfaces.

(1) Consider the stable pair parametrized by the rightmost 0-dimensional stratum in Fig. 6.
Then its Z%-cover is isomorphic to the quotient of

V(X2 = X (g - Y))(Z2 - z)) < @Y,
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by the involution ¢ (see Definition 2.5 and the proof of Proposition 5.9). This quotient
consists of three copies of P! x P! glued along rulings in such a way that its dual complex
gives a triangulation of the real projective plane.

(2) The stable pair parametrized by a general point in C has Z%-cover isomorphic to the
quotient of

V(X5 — XD(YGZE+YEZE+ Y327 +2YEZ) < (PHY  a #£0, 1,
by ¢ (see Definition 2.5 and the proof of Proposition 5.9). If we define
E=VZZE+ Y23+ Y323 +2Yiz}) C P x P!,

then the irreducible components of this Z%-cover are a copy of P! x P!, and an elliptic
fibration F over P! with fibers isomorphic to E and two double fibers. These surfaces
are glued along E C P! x P! and a reduced fiber of F.

(3) Consider the stable pair parametrized by a general point in the boundary divisor D;. Let
us describe the Z%—cover X of one of the two irreducible components, which are both
isomorphic to [Fy. Let / be a section of self-intersection 1 and f a fiber. Then the building
data for the cover 7: X — T is given by D, ~ 2 f + h, Dy ~ D, ~ h, implying that

1 1
Kx ~qn* (K]Fl + E(Da + Dy + Dc)) ~Q _En*(h)'

This shows that — K x is big, nef, and K )2( = 1. Therefore, X is a weak del Pezzo surface
of degree 1. The total degeneration is given by two of such weak del Pezzo surfaces
glued along an elliptic curve.

(4) Let X be the Z%-cover of the P! x P! in Fig. 3b. Denote by ¢1 and £, two incident rulings.
Then the building data for the cover 7: X — P! x P! is given by D, ~ Dy ~ D, ~
£1 + £. From this we obtain that Kx ~q —%rr* (€1 + €3). It follows that — Ky is ample
and K )2( = 2. Hence, X is a del Pezzo surface of degree 2. Gluing together three of these
gives the surface parametrized by a general point in D.

(5) Letusdescribe the Z%—cover of the P? in Fig. 3a. If £ denotes a line in P2, then the building
data for the cover 7: X — P2 is D, ~ Dy ~ 2¢, D, ~ 0. Therefore, K x ~q —* (),
implying that —K x is ample and K2 = 4. Hence, X is a del Pezzo surface of degree 4.

(6) Let us describe the Z%-cover of the P! x Pl-component in Fig. 3c3. If £; and ¢, denote
two incident rulings, then the building data for the cover 7 : X — P! x P! is given by
D, ~ 201 + £, Dy, ~ D ~ {. Therefore, Kx ~q —%n’*(%l + £7), —Kx is ample,
K )2( =4, and X is a del Pezzo surface of degree 4.

We summarize part (2), (3), and (4) of the calculations above in the next corollary.

Corollary 6.8 Let D1, D,, and C be the irreducible components of the boundary of M as
in Theorem 6.6. Then the surfaces parametrized by the general point of D1, D>, and C are
respectively

(1) the gluing of three del Pezzo surfaces of degree 2 so that the dual complex is a 2-simplex
and the double locus consists of three smooth rational curves;

(2) the gluing of two weak del Pezzo surfaces of degree 1 along an elliptic curve;

(3) the gluing of P! x P! and an elliptic ruled surface along a (2, 2) curve and a reduced
fiber:

Remark 6.9 A Coble surface is a smooth rational projective surface X with | — Kx| = ¢
and | — 2K x| # 0 (see [15]). These are related to our degenerations of Enriques surfaces
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as follows. Let S be the appropriate Zg-cover of Bl3 P? branched along Z?ZI(Z,- + £),
and assume that this line configuration has exactly one triple intersection point. Then §
has a quotient singularity of type (1;% over this triple intersection point, and the minimal
resolution S of S is a Coble surface. This follows from Castelnuovo rationality criterion,
and from Ky = —%E , where E is the exceptional divisor over the quotient singularity. The

Zariski closure in M of the locus of points parametrizing these surfaces S defines a divisor.

7 Morphism from KSBA to Baily-Borel compactification

In what follows we construct a morphism from the KSBA compactification M to the Baily—
Borel compactification of D/ I', where D is the period domain parametrizing D1 ¢-polarized
Enriques surfaces (details in Sect. 7.2). Sect. 7.1 contains a technical result which is funda-
mental to construct such morphism.

7.1 Generalized type of degenerations of stable K3 surface pairs

Remark 7.1 In Sect. 7 our focus moves from Enriques surfaces to K3 surfaces. The reason
is that in Theorem 7.6 we compute the limits of one-parameter families of D g-polarized
Enriques surfaces in the Baily—Borel compactification of D/ I'. This is done by considering
the corresponding K3 covers.

Let A be the unit disk {r € C | |¢| < 1} and let A* = A\ {0}. We are interested in proper
flat families X* — A* with X* smooth and such that the fiber X} is a smooth K3 surface for
all t € A*. Equip X* with an effective relative Cartier divisor H* such that (X*, H*) — A*
is a family of stable pairs. Let X be a semistable degeneration with K% ~ 0 completing X*
over A (see [27,36]). We call X — A Kulikov degeneration for short. Recall that the central
fiber Xo can be of type I, II or III (see [27, Theorem II]). In type II, denote by j(Xo) the
Jj-invariant of one of the mutually isomorphic elliptic double curves in Xy. Then define H to
be the closure of H* inside X (note that  is flat over A). On the other hand, we can define
a second completion of (X*, H*) over A, which we denote by (X, H'), such that (X, € H;,)
is a stable pair for 0 < € < 1.

Definition 7.2 With the notation introduced above, define the dual graph of X;, as follows.
Draw a vertex v; for each irreducible component V; of X{,. Then, given any two distinct
irreducible components V; and V;, draw one edge between v; and v; for each irreducible
curve in V; N V;. If an irreducible component V; self-intersects along a curve C, then draw
one loop on v; for each irreducible component of C. Denote by G (X)) the dual graph of X,.

Definition 7.3 Let X’ as defined above. We say that X{, has generalized type I, II, or IIl if the
following hold:

e Type I: G(X{) consists of one vertex and X{, has at worst Du Val singularities;

e Type II: G(%/O) is a chain and X, has at worst elliptic singularities. If there are at least
two vertices and the double curves are mutually isomorphic elliptic curves, then denote
by j(X;) the j-invariant of one of these;

e Type III: otherwise.

The proof of the following theorem, which builds upon the proof of [28, Theorem 2.9],
was communicated to me by Valery Alexeev.
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Fig.8 Boundary of the even l-cusp odd 1-cusp
Baily—Borel compactification
D / l_,* /./Y_\\
even 0-cusp odd 0-cusp
odd 0-cusp type 2
type 1 ’

Theorem 7.4 With the notation introduced above, Xo and X{, have the same type. In addition,
if X0, X{, have type I and j(%{,) can be defined, then j(Xo) = j(X).

Proof The proof of [28, Theorem 2.9] describes a procedure to construct the unique stable
model (X', eH’) by modifying (X, H). This procedure consists of the following two steps:

e Step 1: Replace X with another Kulikov degeneration such that 7 is nef and does not con-
tain double curves or triple points. This may involve, among other things, base changes;

e Step 2: For n > 4, the line bundle Ox (n’H) induces a birational morphism (X, H) —
(X', H') where X' = Proj, (6D,,>¢ Ox (nH)) (see [43, Theorem 2, part (i)]). This bira-
tional morphism contracts some components or curves in the central fiber Xg.

In step 1, the new Kulikov degeneration is obtained from the one we started by applying
elementary modifications of type 0, I, II (see [18, pages 12—15] for their definitions), base
changes, and blow ups of X( along double curves or triple points. The elementary modifica-
tions and the blow ups do not change the type of the central fiber. A description of how the
central fiber is modified after a base change can be found in [17], and also in this case the
type does not change. In step 2, it follows from our definition of generalized type that X, has
the same type as Xo.

This shows that if Xg has type I, II, or III, then X{, has type I, II, or III respectively. The
converse follows from this and from the uniqueness of the stable model. The claim about the
Jj-invariants also follows from our discussion. O

7.2 Map to the Baily-Borel compactification

Let L be the lattice (2)®? @ (—1)®*. By [34, Sect. 4], we have that
D={v]ePLR®C)|v-v> Oandv2:0}

is the period domain for D ¢-polarized Enriques surfaces. If I" denotes the isometry group of
L, then the Baily—Borel compactification W* was studied in [34, Sect. 7]. More precisely,
the boundary of D/ I consists of two rational 1-cusps and three O-cusps. The 1-cusps are
called even and odd. The O-cusps are called even, odd of type 1, and odd of type 2. These
are arranged as shown in Fig. 8. In Theorem 7.6 we show there exists a birational morphism
M — D/ T Before this we need a preliminary lemma.

Lemma 7.5 There exists a compactification ﬁ/ of D/ ' obtained from ﬁ* by gluing
the three O-cusps together and by gluing the two 1-cusps to a rational curve with one node
whose smooth points correspond to isomorphism classes of elliptic curves. Moreover, D/ r
is the normalization of D/ r.

Proof We use [16, Theorem 5.4], which we briefly recall. Let X’ be a scheme, Y’ a closed
subscheme of X', and Y’ — Y a finite morphism. Consider the ringed space X = X’ Lly' Y
and the cocartesian square
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Y —Y

I

X — X.

Let us assume that any finite sets of points in X’ (resp. ¥) are contained in an open affine
subset of X’ (resp. Y). Then X is a scheme verifying the same property on finite sets of points,
the above diagram is cartesian, Y — X is a closed immersion, the morphism X’ — X is
finite, and it induces an isomorphism X'\ Y = X \ Y.

Back to our case, denote by Ceyen and Coqq the two rational 1-cusps of the Baily—Borel
compactification D/ . Then by [34, Sect. 7.3] we have that Ceyen and Coqq are degree 3
covers of the modular curve X (1) = P!, So first consider the finite morphism Ceyen — X (1)
and let X1 =D/ r He,,., X(1) (the hypothesis on finite sets of points is satisfied because
W* and X (1) are projective). Repeat the gluing on X by considering Coqqg — X(1) to
obtain X>. Now glue together the two copies of X (1) in X, to obtain X3. Finally, identify
the images in X3 of the three O-cusps to obtain the claimed compactification D/ T'. The
isomorphism between D/ I and the normalization of D / T follows from Zariski’s Main
Theorem because D/ T is normal and the morphism D/ T" — D/ T is finite and birational.

O

Theorem 7.6 There exists a birational morphism M — D] T which maps the boundary of
M to the boundary of D/ T

Proof The GIT interpretation of DL " in [34] as quotient of the Grassmannian Gr(3, 6)
gives a birational map D/ - M (this morphism is defined at points corresponding to
arrangements of six lines in IP? without triple intersection points). Recall the open subset
Asm € M parametrizing stable toric pairs ((PH3, B) with B smooth, and consider the
composition Asm — M --» D/ T, which is regular. We show that this morphism extends
to My giving a Sym(Q)-equivariant morphism. This extension is induced by the universal
. . v .. ~ =
property of the normalization after we extend to M the composition p: Agy — D/ —

D/T, where D/ T was constructed in Lemma 7.5. To extend p we use Theorem 6.2. So let
K be the field of fractions of a DVR (A, m) and consider any g: Spec(K) — Agy. We show
that lim(p o g) € D/ T can be computed using only lim g € Mp.

Let (X, B) be the stable toric pair parametrized by lim g € My and consider the corre-
sponding stable pair (B', (1#) A B-). We distinguish the following three cases:

e Case I: B® is irreducible;
e Case II: B*® has exactly two irreducible components glued along an irreducible curve;
e Case III: otherwise.

Denote by po (resp. Co) the image of the O-cusps (resp. 1-cusps) under the morphism
D/ I — ﬁ/. The point lim(p o g) can be computed as follows. We have a family of K3
surfaces SX3 — A, which is induced by appropriately quotienting and restricting X’ — U
in Definition 2.5. We have that S¥3 C Agm X (IF’I)S, and if A is the toric boundary of (IP’I)3,
then (S%3, €(Agm x A) | gk3) is a family of stable K3 surface pairs. Now let )’ be the KSBA
completion over Spec(A) (or a finite ramified base change of it) of the restriction of S¥3 to
Spec(K), where we omitted the divisor for simplicity of notation. In particular, Y, is the
Z%—cover of B® branched along A®|p. and it is the stable model of a degeneration of smooth
K3 surface pairs. Let ) be a Kulikov degeneration obtained from ). Then Yy, determines a
unique point in ﬁ/, which depends on the type of Yy, as follows:
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e Type I: lim(p o g) € D/T is the image under the quotient D — D/ T of the period
point corresponding to Vi

e Type II: lim(p o g) € Cp and it corresponds to j(Vm);

o Type IIL: lim(p 0 g) =

We have that B* falls into case I (resp. II, III) if and only if Y/, has generalized type I
(resp. IL, ID). (In particular, by Remark 5.10 (d1), (d1’), note that if B*® falls into case I, then
Y5, is smooth or it has isolated singularities of type A| or A3.) The generalized type of YV,
equals the type of YV, by Theorem 7.4. In addition, if we are in case I, then it makes sense
to define the j-invariant j ()}, ), and this equals j (V) again by Theorem 7.4. In conclusion,
we proved that lim(p o g) only depends on lim g. O

Remark 7.7 Consider the three O-cusps of D/T (even, odd of type 1, and odd of type 2).
Going from left to right in Fig. 6, call the O-dimensional strata of M even, odd of type 1, and
odd of type 2. Let us show that a O-dimensional boundary stratum of M maps to the 0-cusp
in D/T with the same label. It is enough to show that a given point in the interior of the
maximal 1-dimensional stratum C of M is mapped to a point in Codq.

For this purpose, consider a smooth one-parameter family with fibers isomorphic to Blz P2
Equip this family with a divisor with coefficient 12i cutting on each fiber the usual config-
uration of three pairs of lines without triple points, but in the central fiber two lines in the
same pair come together and the other four lines are general. The limit of this one-parameter
family in M lies on C. To show this, one has to compute the stable replacement of the central
fiber, and this is done by blowing up the double line and then contracting the strict transforms
of the two (—1)-curves intersecting the double line. On the other hand, the limit of the same
family in D/ T was computed by Oudompheng, and it belongs to Cogq (see [34, Figures 1
and 2]). In light of this and of the proof of Theorem 7.6, it is now clear where a given point
of the boundary of M is mapped in D/ T

Remark 7.8 The compactification M is isomorphic to the Baily-Borel compactification over
an open nelghborhood of the odd 0-cusp of type 2. To prove this, observe that the morphism
M — D/ T over this neighborhood i is birational and finite, hence an isomorphism by
Zariski’s Main Theorem (recall that D/ ™ is normal).

8 Looijenga’s semitoric compactifications

The behavior of the boundary of M suggests that M could be isomorphic to a semitoric
compactification (D/ I') 5. These compactifications were introduced in [30], and they depend
on a choice of X, which is called an admissible decomposition of the conical locus of D. In
this section we briefly recall Looijenga’s construction and find a ¥ such that the boundary
of (D/T)y is combinatorially equivalent to the boundary of M. What follows is a sketch:
the full calculations are available in [39, Sect. 8.6].

8.1 Admissible decomposition of the conical locus

Following [30], let V = L ®z C, where the lattice L = (2)%% @ (—1)®* was introduced
in Sect. 7.2. We call Q-isotropic an isotropic subspace W C V which is defined over Q.
Denote by I (resp. J) a Q-isotropic line (resp. plane) in V. Denote by C; C (IJ-/[)(R)
(resp. Cj C /\2 J (R)) one of the two connected components of {x € (/ L/D@) | x-x > 0}
(resp. /\2 J(R) \ {0}). There is a canonical choice for C; and C; if we specify a connected
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component of D, as it is explained in [30, Sections 1.1 and 1.2]. Denote by C; + (resp. Cy )
the convex hull of the Q-vectors in C (resp. C y). Then the conical locus of D is defined as

co= [] cw
wcv,
W Q-isotropic
An admissible decomposition of C (D) is a I'-invariant locally rational decomposition of Cy
for all Q-isotropic lines I, satisfying a certain compatibility condition (see [30, Definition
6.1]). Such an admissible decomposition provides a compactification of D/ I': for example,
the Baily—Borel compactification W* can be thought of as the semitoric compactification
associated to the trivial admissible decomposition of C(D) (see [30, Example 6.2]). We
consider the following admissible decomposition of C (D).

Definition 8.1 For any Q-isotropic line 7, consider the decomposition of C; 4 induced by
the mirrors of the reflections with respect to the vectors of square —1 in the hyperbolic lattice
at /I1)(Z) (these vectors are called (—1)-vectors). Let ¥ be the decomposition of C (D)
induced by these mirrors. It can be shown that this provides an admissible decomposition of
C (D) (see [39, Corollary 8.65]).

To understand the stratification of (D/T")x. we need to study the decomposition X. There
are three choices of Q-isotropic lines I € V up toisometries of L. In each case, the hyperbolic
lattice (I /1)(Z) is computed in [34, Proposition 7.5]. For I corresponding to the odd 0-cusp
of type 2, we have that (I*/1)(Z) is an even lattice. Therefore, the decomposition of C I+
induced by X is given by C; 4 itself. If I corresponds to the even O-cusp or the odd O-cusp
of type 1, then (/ L/1)(Z) are odd lattices. In both cases we run Vinberg’s algorithm (see
[46, Sect. 1]) to determine a fundamental domain for I";, where I'; is the discrete reflection
group generated by the reflections with respect to the (—1)-vectors in (I /I)(Z). The details
of the computation can be found in [39, Sect. 8.6.2]. In summary, we obtain the following.

Theorem 8.2 [39, Theorem 8.67] Consider the two birational modifications M — DT <
(D/T)x of the Baily—Borel compactification of D/T. Then these are isomorphic in a
neighborhood of the preimage of the odd 1-cusp of type 2. Moreover, there is an intersection-
preserving bijection between the boundary strata of M and (D] T)x, which also preserves
the dimensions of the strata.
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