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Abstract

We classify the symplectic automorphism groups for cubic fourfolds. The main inputs are the
global Torelli theorem for cubic fourfolds and the classification of the fixed-point sublattices
of the Leech lattice. Among the highlights of our results, we note that there are 34 possible
groups of symplectic automorphisms, with 6 maximal cases. The six maximal cases corre-
spond to 8 non-isomorphic, and isolated in moduli, cubic fourfolds; six of them previously
identified by other authors. Finally, the Fermat cubic fourfold has the largest possible order
(174,960) for the automorphism group (non-necessarily symplectic) among all smooth cubic
fourfolds.

1 Introduction

Cubic fourfolds are some of the most intensely studied objects in algebraic geometry in
connection to rationality questions and to constructing compact hyper-Kéhler manifolds.
What sets the cubic fourfolds apart is that they are Fano fourfolds whose middle cohomology
isoflevel 2with 23! = 1 (i.e., of K 3 type). Consequently, the moduli space of cubic fourfolds
behaves very similarly to the moduli space of polarized K 3 surfaces. Specifically, Voisin [49]
proved a global Torelli theorem for cubic fourfolds. Later, Hassett [23] identified some natural
Noether-Lefschetz divisors Cy (for d € Z withd = 0,2 (mod 6)) in the moduli space of
cubic fourfolds, and conjectured that the image of the period map is the complement of C; and
Ce. This was subsequently verified by the first author [32] and Looijenga [36]. More recently,
the second author [55] proved a stronger version of the Torelli theorem: the automorphisms
of cubic fourfolds are detected by (polarized) Hodge isometries.

The purpose of this paper is to use the period map to study and classify the possible
symplectic automorphism groups (Definition 2.7) for cubic fourfolds. The model for our
study is the well-known case of K3 surfaces. Namely, a consequence of the Torelli theorem
for K 3 surfaces is that there is a close connection between the automorphism group Aut(Y)
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of a K3 surface Y and the Hodge isometries on H 2(y, Z). Nikulin [42] started a systematic
investigation of the possible finite automorphism groups for K 3 surfaces by means of lattice
theory [43]. This study culminated with the celebrated result of Mukai [41] relating the
classification of the finite groups of symplectic automorphisms acting on K3 surfaces with
certain subgroups of the Mathieu group M>3. Kondd [29] simplified Mukai’s proof by relating
this classification problem to the isometries of the Niemeier lattices. Kondd’s approach avoids
the Leech lattice (the unique Niemeier lattice containing no roots), but it turns out that a related
construction that involves only the Leech lattice I behaves more uniformly and adapts to
higher dimensions [15,27]. In particular, one sees that all the symplectic automorphism
groups G occurring are subgroups of the Conway group Cog(= O (L)) satisfying a certain
rank condition on the fixed-point sublattice L.

The higher dimensional analogue of the K3 surfaces are the hyper-Kihler manifolds
(simply connected, compact Kihler manifold, carrying a unique holomorphic symplectic 2-
form). Due to Verbitsky’s Torelli Theorem and recent results on Mori cones of hyper-Kiahler
manifolds (e.g., [3]), the approach to automorphisms via lattices that works for K3 surfaces
can be extended to the case of hyper-Kihler manifolds of K3l type, leading to a flurry
of activity on the subject. In particular, we note the work of Mongardi [38,40] who started
a systematic study of the symplectic automorphisms of hyper-Kihler manifolds of K 3"
type. Around the same time, Hohn and Mason [24] have completed the classification of the
fixed-point sublattices LC of I with respect to subgroups G of Cog (the case G is cyclic was
previously settled by Harada—Lang [20]). Using this classification, in subsequent work [25],
Hohn and Mason have completed Mongardi’s analysis for hyper-Kihler manifolds of K 32!,
obtaining an analogue of Mukai’s results in the 4-dimensional case. There are 15 maximal
groups [25, Table 2] that are listed in Table 1 in our paper.

The cubic fourfolds are intricately related to hyper-Kihler fourfolds of K 3! type. Specif-
ically, Beauville—Donagi [4] proved that the Fano variety F'(X) of lines on a smooth cubic

Table 1 Maximal rank Leech

pairs satisfying Condition 4.8 Number Order Group Discriminant form gg
1 29,160 3 Ag 3+29+1
2 20,160 L3(4) 22371771
3 5760 24 A 4583t
4 2520 Aq 3Hlstlg+l
5 1944 314992 252343
6 1920 24 : S5 4715
7 1344 23 Ly(7) 432741
8 1152 0(3%:2) 852371
9 720 Se 223125+
10 720 Mo 2747131541
11 660 Ly(11) 1112
12 576 241 (53 x S3) 431 13+2
13 360 A3s 372572
14 336 2 x Ly(7) 22742
15 144 32:QDj6 243191
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fourfold is in fact a hyper-Kihler fourfold of K 3[%) type. An interesting aspect here is that by
varying the cubic fourfold, one obtains a locally complete moduli space for polarized hyper-
Kiihler manifolds of K3[?! type (i.e., 20 moduli vs. 19 moduli coming from K 3 surfaces). In
the context of automorphism groups, this leads to the construction of exotic automorphisms
for hyper-Kzhler manifolds of K 3[?! type (i.e., not induced from K3 surfaces).

Via the Fano variety construction, the classification of automorphisms of cubic fourfolds
is closely related (but some differences arise due to the polarization) to the classification for
hyper-Kzhler manifolds of K3[?! type, and the above mentioned results. In particular, we
note that Hohn—Mason [25, Table 11] have shown that 6 of the 15 maximal groups arising in
the classification of automorphisms for the K 3[?! case are actually realized by some smooth
cubic fourfolds. In a different direction, using more geometric arguments, Fu [14] classified
all possible symplectic automorphism groups of cubic fourfolds which are cyclic of primary
(i.e., a power of a prime number) order. He also gave the corresponding normal forms for the
associated cubic fourfolds (for some earlier results and other examples see [17] and [38,39]).
Building on these results, we complete (and give a systematic account of) the classification
of the possible groups of symplectic automorphisms for cubic fourfolds. Specifically, we
classify all possible groups G = Aut’®(X) of symplectic automorphisms for cubic fourfolds,
and for many of them, we give the corresponding normal forms.

Notation 1.1 We follow the standard notation from group theory for finite groups. For reader’s
convenience, we recall in Appendix B the relevant notation and definitions. Briefly, we
mention that p" corresponds to (Z/pZ)", L,(k) corresponds to PGL(k, F},), Dy is the
dihedral group of order 2k, Qg is the quaternion group, QD¢ (which is denoted I'3a, in
[25]) is the semidihedral group of order 16, Mo, Mo, M3 g are the Mathieu groups (see
§B.2), Ay is the subgroup of Sy, := Spm X Sy C Sm+n consisting of elements of even
signature, and 3! is one of the extraspecial groups of order 3° = 243 (see B.3). We use
N : Q to denote a semidirect product N x Q that is not a direct product, and N.Q to denote
an extension of Q by N for which we are not sure whether it is split or not.

Theorem 1.2 Let X be a smooth cubic fourfold with symplectic automorphism group G =
Aut®(X). Let S := Sg(X) be the covariant lattice (i.e., the orthogonal complement of the
invariant sublattice of H*(X, Z) under the induced action of G). Then one of the following
situations holds:

(0) rank(S) =0, G = 1.
(1) rank(S) = 8, G = 2 and S = Eg(2). For an appropriate choice of coordinates, X is
given by

2
X =V (Fi(x1, x2, x3, X4) + x5 L1 (x1, X2, X3, X4) + Xs5x6L2(x1, X2, X3, X4)

2
+x5L3(x1, X2, X3, X4)) .

With respect to these coordinates, G is generated by g = %(0, 0,0,0,1,1).
(2) rank(S) =12, G =22 or G X 3.

(@) If G = 22, for an appropriate choice of coordinates,

X =V (Fi(x1, x2, x3) + xL1(x1, 2, x3) + x2 Lo (x1, X2, x3)

2
+xg L3(x1, X2, X3) + X4X5X6) ,

and G is generated by g = %(0,0,0,0, 1, 1) and g, = £(0,0,0, 1, 1, 0).
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(b) If G = 3, then X is either
X =V (Fi(x1, x2, x3, X4) +x53 +x3 + xsxeL1 (x1, X2, X3, x4)) ,
in which case G is generated by g = %(0, 0,0,0,1,2), or
X =V (Fi(x1, x2) + F2(x3, x4) + F3(x5, X6) + Zi=1,2; =3 .4:k=5,6(aijkXi X X1)) »
with G generated by g = %(O, 0,1,1,2,2).
(3) rank(S) =14, G =4 or S3.

(a) If G = 4, for an appropriate choice of coordinates, the defining equations of the
corresponding cubic fourfolds belong to
Span{x; N1 (x3, x4), x2N2(x3, x4), F1(x1, X2), Xxsx6L1(x1, x2),
x2Ly(x3, x4), X2 L3(x3, x4)}.
With respect to these coordinates, G is generated by g = %(0, 0,2,2,1,3).
(b) If G = 83, we can choose coordinate x1, . .., Xg of(Cﬁ, such that the action of S3 on

(COY s by permuting (x1, x2), (x3, x4), (x5, x¢) simultaneously, and the defining
equations of the corresponding cubic fourfolds are invariant under such an action.

(4) rank(S) =15, G = Dg.
(5) rank(S) =16, G = Az 3, D1, A4, or Dyo.

(a) If G = Dy, then the defining equations of the corresponding cubic fourfolds either
belong to

Span{x]zm, x12x4, X1X2X3, X1X2X4, xzzm, x%x4, xg’,
2 2 3 3 .3
X3X4, X3X5, X3X5X6, X], X4X5X6, X5, Xg ),
while an order 6 element of G is %(3, 3,0,0,2,4), or belong to
3 2 3 2 .3 2 2 .3
Span{x{, x1x5, X1 X3X5, X1X3X6, X2X4X5, X2X4X6, X3, X3X4, X5, X5X6, X5X§, Xg },

while an order 6 element of G is %(0, 3,2,5,4,4). Moreover, a generic cubic fourfold
admitting such an order 6 automorphism has symplectic automorphism group D1;.
(b) If G = D, then for an appropriate choice of coordinates,

X =V (Fi(x1,x2) + x3x6 L1 (x1, X2) + xax5L2(x1, X2) + x3x5
+x3x3 + x4x62 + X%.XG) .

An order 5 element in G is g = %(0, 0,1, 2,3,4). Moreover, any smooth cubic
fourfolds with a symplectic automorphism of order 5 have this form, and a generic
such cubic fourfold has symplectic automorphism group Dg.

(6) rank(S) =17, G = S4 or Qs.
(7) rank(S) = 18, G = 3!*4:2, Ay 3, As, 32.4, S35, F21(= 7 : 3), Hol(5)! or QD4

(@) IfG X 314 2 2, then for an appropriate choice of coordinates, the defining equations
of the corresponding cubic fourfolds belong to

Span{monomialsinxi, x2, x3, monomialsinxs, Xs, Xe},

! Thereisa typo in Hohn—Mason list [24]: they wrote Hol(4), and claimed it has order 20. The correct group
is Hol(5) = AGL|(F5) =4 :5.
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An element of order 3 in G is %(O, 0,0, 1, 1, 1). Moreover, any smooth cubic fourfold
with a symplectic automorphism which can be diagonalized as %(O, 0,0,1,1,1) has
this form, and a generic such cubic fourfold has symplectic automorphism group
342,

(b) If G = F»1, then for an appropriate choice of coordinates,

X=V (xlzxz + x§x3 + x32x4 + x§X5 + x§x6 + x62x1 + ax1x3xs5 + bx2x4x6) .

The automorphisms g1 = %(1, 5,4,6,2,3) and go : x; —> Xxj4o generate Fyy.
Moreover, any smooth cubic fourfold with symplectic automorphism of order T has
this form, and a generic such cubic fourfold has symplectic automorphism group F;.

(¢) If G = QDyg, for an appropriate choice of coordinates, the defining equations of the
corresponding cubic fourfolds belong to

3 2 2 2 2 2
Span{xy, x1x5, X2X3, X2Xj, X1X3X4, X4X5, X3X§, X2X5X6}.

An element of order 8 in G is g = %(0, 4,2,6, 1, 3). Moreover, any smooth cubic
fourfold with a symplectic automorphism of order 8 has this form, and a generic such
cubic fourfold has symplectic automorphism group QD.

(8) rank(S) = 19, G = 344 : 2.2, A¢, L2(7), Ss, Mo, N72(= 3% : Dg), or Tug(= M3 g =
Qs : 83).2 Except for the case G = 3144 : 2.2, 1-parameter families of cubics with auto-
morphism group G can be obtained by smoothing fake cubic fourfolds (they correspond
to K3 surfaces of degree 2 or 6) with maximal symplectic symmetry, see Sect. 5.5.

(9) rank(S) = 20, G = 3* : Ag, A7, 3174 : 2.22, My, Ly(11) or A3 5. More information
on these cases is included in Theorem 1.8.

For each group G among the 34 groups appeared above, the corresponding lattice S is
unique up to isomorphism. Those 34 lattices S are primitive sublattices of the Leech lattice.
The dimension of the moduli space of cubic fourfolds with associated pair (G, S) (see Sect. 2.2
and 4.1.2 for the precise definition of this moduli space) is 20 — rank(S).

(Here, F;, N;, L; denote cubic, quadric, and linear polynomials respectively. We denote by
%(kl, ..., kg) the diagonal matrix (%1, ..., %) e SL(6), where ¢ is a primitive n-root of
unity.)

Remark 1.3 The 6 maximal cases of Theorem 1.2(9) were already identified by Hohn—-Mason
[25, Table 11] (including explicit realizations for each case), but it is not shown that they are
the only possible cases for rank () = 20. This is indeed the case, but as we note in Theorem
1.8 below, in two of the six cases there are two non-isomorphic cubic fourfolds realizing the
pair (G, S).

Remark 1.4 A direct corollary of Theorem 1.2 is that the possible orders n of symplectic
automorphisms g for smooth cubic fourfolds are 1, 2, 3,4,5,6,7,8,9, 11, 12, 15. Further-
more, we obtain all geometric realizations for cubic fourfolds with a given order n symplectic
automorphism (see Sect. 4.3, esp. Theorem 4.17). This is a strengthening of results of Fu
[14] (see also [17]) who discussed the primary order case.

Let us briefly review the key ingredients for the proof of Theorem 1.2. Suppose G is a
finite group acting symplectically on a smooth cubic fourfold X. Then G acts on the middle
cohomology H 4(X, Z), which in turn determines the covariant lattice Sg(X). Following

2 The notation N77 and Tyg was introduced by Mukai [41] in his classification of symplectic automorphism
groups for K3 surfaces.
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Mongardi (with the main ideas going back to Nikulin and Kondd), we see that the pair
(G, SG (X)) can be embedded into (Cog, L). More precisely, there is a primitive embedding
of Sg(X) into the Leech lattice L such that the action of G on Sg(X) extends to a faithful
action on IL with G acting trivially on the orthogonal complement of S;(X) in L (see
Proposition 3.4 and Lemma 4.2). This leads to the abstract notion of Leech pair (S, G)
(Definition 3.3). Our classification theorem is essentially equivalent to the classification of
Leech pairs that can arise from groups of symplectic automorphisms of cubic fourfolds. In the
context of the work of Mongardi and Hoshn—Mason, the main difference is that we are dealing
with polarized hyper-Kihler manifolds of K3!%! type (specifically, F(X) is of K3[?! type
with a degree 6 polarization). Instead of dealing directly with the natural polarization, we are
using the so-called Kondo—Scattone trick. Namely, we note that the primitive cohomology
Ay = HYX,Z) prim Of a cubic fourfold X admits a unique primitive embedding into the
Borcherds lattice (i.e., IIz6 2, the unique even unimodular lattice of signature (26, 2)) with
orthogonal complement E¢ (Lemma 2.12). This allows us to view X (or equivalently F (X))
as being E¢ Borcherds polarized.® Using this perspective, we are able to formulate a lattice
theoretic criterion (Theorem 4.5) for a Leech pair (G, S) to arise as (G, Sg(X)) for G =
Aut®(X) for a smooth cubic fourfold X. Finally, using this criterion, the classification of
fixed-point sublattices in I [20,24], and a case by case analysis, we are able to complete the
proof of Theorem 1.2. One complication that we deal with is the possibility that a Leech pair
(G, S) (which is compatible with the E¢ Borcherds polarization) might lead to some fake
cubic fourfolds, i.e., either singular cubics (with ADE singularities) or degenerations to the
secant to the Veronese surface (see [32]). These form the divisors C¢ and C; excluded from
the image of the period map (see Theorem 2.3). Geometrically and motivically, the divisors
Cs and C, are naturally associated with K3 surfaces Y (or hyper-Kihler Y?1) of degree 6 and
2 respectively. It turns out (see Sect. 5.5) that any symplectic automorphism of a K3 surface
of degree 2 or 6 can be lifted to an automorphism of a singular cubic fourfold X, which can
then be smoothed, while preserving the automorphism. In particular, all rank(S) = 19 cases
of Theorem 1.2(8), except for the 3!7# : 2.2 case, can be recovered by starting with a K3
surface of degree 2 or 6 with a maximal group of symplectic automorphisms.

Remark 1.5 (Automorphisms of low degree K 3 surfaces) The Kondo—Scattone trick can also
be applied to polarized K 3 surfaces. Namely, the primitive middle cohomology of a degree d
K 3 surface can be embedded (up to a Tate twist) into the Borcherds lattice. The complement
of this embedding is a rank 7 positive lattice M with discriminant form —é). For the low
degree cases, degree 2, 4, and 6, M can be chosen to be E7, D7, and Eg @ Aj respectively.
Similarly, the elliptic K 3 surfaces can be viewed as Eg Borcherds polarized. For these cases,
our arguments can be easily adapted. In particular, in Sect. 5, we discuss briefly the case of
K 3 surfaces of degree 2 and 6, as they are closely related to cubic fourfolds.

Remark 1.6 (Automorphisms of low dimensional cubics) The possible automorphism groups
for cubic surfaces were classified by Segre [46] (see [26] for a modern and corrected account).
From our perspective, the salient point is that, for smooth cubic surfaces (and similarly cubic
threefolds), the induced action of the automorphism groups on the middle cohomology is
faithful. This realizes the automorphism group of a cubic surface as a subgroup of W (Eg). The
maximal groups of automorphisms for cubic threefolds were classified recently by Wei—Yu

3 This should be understood in the context of M -polarized K3 surfaces in the sense of Dolgachev [11], but
here we use the Borcherds lattice, instead of the K3 lattice, as the ambient lattice. Regarding the K3 surfaces
(or hyper-Kihler manifolds) as being Borcherds polarized is a powerful arithmetic trick well-known to experts.
The first author learned about it from Kondo long time ago. Presumably, the first use of this construction occurs
in the thesis of Scattone [45].
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[50] via direct geometric methods (see also [17,18], [1] for some earlier results). More in the
spirit of this paper, using the period map of Allcock—Carlson-Toledo [2], the classification of
the automorphisms groups for cubic threefolds can be related to the Suzuki sporadic group
Suz (N.B. an index 6 extension of Suz is isomorphic to the centralizer of an order 3 element
in Cog; see [51]).

We note that once a Leech pair (G, S) as in Theorem 1.2 is specified, one obtains a moduli
space M(g,s) (see Sect. 4.1.2) of dimension 20 — rank(S) parametrizing cubic fourfolds
X with G C Aut®(X). However, it is not necessary that this moduli space is irreducible.
This corresponds to S having different primitive embeddings into the primitive lattice Ag
for cubic fourfolds (the existence of the embedding § < Ay is essentially the content of
Theorem 1.2). It is thus a natural question to study the uniqueness of the embedding § < Ag
for the pairs (G, S) listed in Theorem 1.2. The analogous question for (unpolarized) K3
surfaces was studied by Hashimoto [22] (for polarized symplectic involutions, see [48]).
Here, we are restricting ourselves to the maximal cases (i.e., rank(S) = 20), as those are
the most interesting cases. For instance, these cases give interesting examples of maximal
algebraic cubics (in the sense of maximal possible rank for the group of algebraic cycles
H*X,Z) N H*2(X); equivalently the transcendental lattice 7 is negative definite of rank
2). We obtain a somewhat surprising result: while there are 6 groups that occur (cf. Theorem
1.2(9)), there are 8 cubic fourfolds (automatically isolated in moduli) corresponding to them.
Six out of the eight cases are identified in [25, Table 2]; we are not able to give equations for
the remaining two special cubics (cases X 2(A7) and X2(Mp) below).

Notation 1.7 We denote by a’c the rank 2 quadratic form (Z lg) We write —(a’c) =
(—a) P (-o0).
Theorem 1.8 Let (G, S) be a Leech pair such that rank(S) = 20 and there exists a smooth

cubic fourfold X with G = Aut®(X) and (G, S) = (G, Sg(X)). We denote by T the orthog-
onal complement of S in Hé (X, Z). Then we have only the following possibilities:

(1) G = 3*: Ag, the corresponding cubic fourfold is the Fermat one
X(34 1 Ag) = V(x? +x§ —|—x§ +x2 +x53 +xg)

and T = —(636) = A2(—3). Moreover, this is the only smooth cubic fourfold with a
symplectic automorphism of order 9. In this case Aut(X)/ Aut®(X) = 6.

(2) G = A7, there are two smooth cubic fourfolds with symplectic action of G. One of them
is

Xl(A7):V(xf—f—xg—l—xg’—i—xg—l—xg—i-xg—(xl + x2 + x3 + x4 + x5 —I—x6)3)

with T = —(2'18) and Aut(X')/ Aut® (X') = 2. The other one, denoted X*(A7), has
T = —(18318) and admits no non-symplectic automorphisms.
(3) G = 3144222 the cubic fourfold is

X(31+4 : 2.22) = V(xl3 +x§ —l—xg —}—x‘% —l—x; —l—xg — 3(\/§+ 1) (x1x2x3 + x4Xx5%6))

and T = —(6°6) = (A1 ® A1)(—3). Moreover, this is the only smooth cubic fourfold
with a symplectic automorphism of order 12. In this case Aut(X)/ Aut® (X) = 4.

4) G = My, there are two smooth cubic fourfolds with symplectic action of G, and both
of them have T = —(12°30). See Equation (4.3) for an explicit description of one such
cubic fourfold, which is denoted by XY (Myp). The other one is denoted by X? (Myp).
Both X' (M) and X (M 10) have no non-symplectic automorphisms.
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(5) G = Ly(11), the cubic fourfold is
X(Lo(11)) = V(x? + )CZZX3 + x§x4 + xfx5 + x52x6 4+ xgxz)

and T = —(22'122) = A>(—11). Moreover, this is the only smooth cubic fourfold with
a symplectic automorphism of order 11. In this case Aut(X)/ Aut®(X) = 3.
(6) G = A3z s, the cubic fourfold is

X(Azs) = V(x]3 +x§’ +x§’ +x2 +x§’ +xg’ +x$ +x§) NVxr + x4+ x3)
NV (x4 + x5 + x6 + X7 + x8)

and T = —(10°10) = A (—5). Moreover, this is the only smooth cubic fourfold with a
symplectic automorphism of order 15. In this case Aut(X)/ Aut®(X) = 6.

Remark 1.9 The transcendental lattice T for cubic fourfolds with nontrivial symplectic auto-
morphisms is relatively small (of rank at most 22 — rank(S)). It follows that except the case
of symplectic involutions (i.e. Theorem 1.2(1)), T embeds into the K3 lattice (E)? o U3
(cf. [33, Prop. 2.5, Cor. 2.9]). Thus, a priori, the cubics with large group of symplectic auto-
morphisms are not interesting from the perspective of the standard rationality conjectures
(we refer to [33] and [44] for further discussion on the subject). Nonetheless, they are Hodge
theoretically interesting as the cases of Theorem 1.8 give examples of maximally algebraic
cubics (i.e., with maximal rank for H>2(X)N H*(X, Z)) for which the transcendental lattice
is explicitly known.

Structure of the paper

In Sect. 2, we introduce and briefly review the properties of the period map for cubic fourfolds.
Additionally, in Sect. 2.4, we review the notion of Borcherds marking for cubic fourfolds. In
the following Sect. 3, we review the necessary material on the Leech lattice, Niemeier lattices,
and Conway group. These two review sections (specific to our situation) are complemented
by two appendix sections, which cover very standard material, but which nonetheless might
be helpful to the reader. Specifically, in Appendix A, we collect results in lattice theory
(mostly due to Nikulin) which are essential in our arguments. In Appendix B, we review
some basic facts and notation for finite groups.

The main content of the proof of Theorem 1.2 is discussed in Sects. 3 and 4. First, following
Mongardi’s work, we introduce the notion of Leech pair (Definition 3.3), and give a key lemma
(Lemma 3.4). We then focus on the polarized case. In particular, we establish a criterion
(Theorem 4.5) for a Leech pair (G, §) to arise from a group of symplectic automorphisms
for some cubic fourfold X. In §4.5 we prove Theorem 1.8 using methods from lattice theory.

The remaining two sections are complementing our main classification result. Namely,
in Sect. 5, we partially discuss the completely analogous (and somewhat easier) situation
for K3 surfaces of degree 2 and 6. Finally, while the focus of this paper is on symplectic
automorphisms, we make some comments on the non-symplectic case in Sect. 6. In particular,
we determine the full automorphism groups of the 8 maximal cases of Theorem 1.8 (see
Proposition 6.12). This allows us to distinguish geometrically the two cases of Theorem
1.8(2) with Aut®(X) = A7 (i.e., one has an anti-symplectic involution, while the other does
not). As a consequence of this classification, we also conclude that the maximal possible
order of automorphism group for a cubic fourfold is 174,960, which is reached only by the
Fermat cubic fourfold (an analogous result for K3 surfaces was obtained by Kondo [30]).

After the posting of our manuscript, we have learned of the work of Ouchi [44], who
explores the interplay between automorphisms of cubic fourfolds and the automorphisms of
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the associated K3 category (the Kuznetsov component). We thank Ouchi for sharing an early
version of his work, and for some comments on our paper. We are also grateful to S. Mukai
for sharing with us some of his partial work on the classification of automorphisms of cubic
fourfolds (from late eighties). As a consequence, we have updated some of our notation (and
added some remarks) to be aligned with Mukai’s work. While preparing a final revision of
our paper, Hohn explained to us a strategy for obtaining the equations for all the maximal
cases of Theorem 1.8. We expect details to appear elsewhere. Finally, we are very grateful to
the anonymous referee for numerous detailed comments which helped us improve the paper.

2 Automorphisms and periods

In this section we review some well-known facts, which are the starting point of our classi-
fication of the automorphism groups for cubic fourfolds. First, the Global Torelli Theorem
(Theorem 2.3 and Proposition 2.4) allows one to reduce the classification of automorphisms
for cubic fourfolds to the classification of automorphisms of Hodge structures, which in turn
is essentially a lattice theoretic question. Classically, this approach was successfully applied
to the case of K3 surfaces (Nikulin, Mukai, Kondd and others). More recently, it was (par-
tially) adapted to the case of hyper-Khler manifolds of K 3" type. The Fano variety F(X) of
a cubic fourfold X is a hyper-Kihler of K 312! type. Thus, the classification of automorphisms
of X is closely related to the classification of automorphisms of F(X). We review this in
Sect. 2.3 below. Finally, the difference to most of related work that we cite is that we need
to keep track of the polarization. It turns out that it is better to keep track of a “Borcherds
polarization” instead of the natural polarization of X (or equivalently F'(X)). We introduce
this notion in Sect. 2.4.

2.1 Periods for cubics

Let X be a smooth cubic fourfold. The middle cohomology group H*(X, Z), with the natural
intersection pairing, is a unimodular odd lattice A of signature (21, 2) (uniquely specified
by these conditions). Let ny € H*(X, Z) be the square of the hyperplane class of X. The
primitive cohomology H*(X, Z) prim = (1 x)* carries a polarized Hodge structure of K3
type (i.e., Hodge numbers (0, 1, 20, 1, 0)). As lattice, H*(X, L) prim = Ao where Ag =
(E3)2 ® U? @ A, (with A and Eg the standard root lattices, and U the hyperbolic plane).
Similarly to the well-known case of K 3 surfaces, the period domain for Hodge structures on
H*(X,7) prim 18 the 20-dimensional type IV period domain

D = {x € P((Ao)o)|(x, x) =0, (x,%) < 0}F

(where the superscript + indicates a choice of one of the two connected components).
Associated to the lattice Ao, there are several natural groups:

(1) O(Ap) the automorphism group of lattice Ag;

2) 5(1\0) the subgroup of &'(Ag) which acts trivially on the discriminant group A, (=
(Ao)Y /Ao = 3);

(3) 0T (Ag) the subgroup of €’(A() which preserves the spinor norm on A (or equivalently
preserves D); _

(4) 0*(Ao) == 0" (Ao) N O(Ag).

The global monodromy group I' for cubic fourfold is &*(Ag) (cf. Beauville [5]). Since

I' = 0*(Ap) is an arithmetic group, I" acts properly discontinuously on D. The resulting
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analytic variety D/ I is in fact a quasi-projective variety; we refer to it as the global period
domain for cubic fourfolds.

Definition 2.1 (i) A norm 2 vector v in Ag is called a short root. The set of short roots in Ag
determines a I"-invariant hyperplane arrangement He in D. Let Cg := He/T" C D/ T
be the associated Heegner divisor.

(ii)) A norm 6 vector v in A¢ with divisibility 3 is called a long root. The set of long roots
in Ag determines a I"-invariant hyperplane arrangement H; in D. Let Cy := Hy /T C
D/T.

Remark 2.2 1t is well known that there exists a single {1} x T'-orbit of short and long
roots respectively, and thus Cg and C; are irreducible divisors. Furthermore, I'(= 0*(Ao))
is generated by reflections in short roots [5], and I has index 2 in 5(Ao) with 5(A0) /T
generated by the class of a reflection in a long root.

Let M be the moduli space of smooth cubic fourfolds. It is a quasi-projective 20-
dimensional variety, which can be constructed by GIT (see [31] for a full GIT analysis).
By associating with a cubic fourfold X, the Hodge structure on its middle cohomology, one
obtains a period map

P M — DJT.

Voisin [49] proved that the Global Torelli Theorem is valid for cubic fourfolds. It follows
that & is an open embedding. For the purpose of this paper, it is important to understand also
the image of the period map #(M) C D/T. This type of question was first investigated
by Hassett [23]. In particular, he defined certain Heegner divisors C; in D/ I" (indexed by
d € Z4 withd = 0,2 (mod 6)) corresponding to cubic fourfolds containing additional
Hodge classes. The relevant divisors here are C; = Hy/ T and Cs = He/ " as defined
above. Geometrically, Cg corresponds to singular cubic fourfolds, while C, correspond to
degenerations of cubics to the secant variety of the Veronese surface in IP>. The image of the
period map misses the divisors C; and C¢. Conversely, as shown by Laza [32] and Looijenga
[36], any period outside these two divisors is realized for some smooth cubic fourfold.

Theorem 2.3 (Voisin, Hassett, Laza, Looijenga) The period map for cubic fourfolds gives
an isomorphism of quasi-projective varieties

P:M S (D\ (HaUHs)) /T. 2.1

We note that both sides of (2.1) have natural orbifold structures. For instance, since any
smooth cubic fourfold is GIT stable [31], the moduli space of smooth cubic fourfolds is a
smooth Deligne—Mumford stack 2t with quasi-projective coarse moduli space M. A natural
question is whether the period map 22 identifies the two sides of (2.1) as orbifolds. This
is equivalent to the strong global Torelli theorem, i.e., the statement that any isomorphism
between the polarized Hodge structures of two smooth cubic fourfolds is induced by a unique
isomorphism between the two cubic fourfolds. Using the fact that automorphisms of cubic
fourfolds X are induced by linear transformations of the ambient projective space P>, and that
Aut(X) acts faithfully on the middle cohomology H YX,7) (e.g., [28, Proposition 2.16]),
the second author [55] has verified the Strong Global Torelli Theorem.

Proposition 2.4 [55] Let X and X, be two smooth cubic fourfolds. Assume that there is an
isomorphism

¢: HY(X2,Z) = H*(X,, Z)
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of polarized Hodge structures (in particular ¢(nx,) = nx,). Then, there exists a unique
isomorphism f: X1 = X, such that ¢ = f*. In particular, for any smooth cubic fourfold
X,

Aut(X) = Autys(H*(X, Z), nx), (2.2)

where Auty s stands for group of Hodge isometries.

Remark 2.5 We note that while the period map extends to an isomorphism of quasi-projective
varieties

MAPE = (D\ 1,)/T

where MAPE is the moduli space of cubics with ADE singularities (see [31,32]), the orbifold

structure along the discriminant divisor is different. Simply, a general cubic fourfold with a
node (i.e., A1 singularity) has no automorphism, while on the periods side, there is a Z/2
stabilizer corresponding to the reflection in a short root.

2.2 Moduli space of lattice-polarized cubic fourfolds

Let M be a positive definite lattice with a fixed primitive embedding into the primitive cubic
lattice Ag. Assume that M does not contain short or long roots. Inspired by Dogachev’s theory
of M-polarized K3 surfaces (cf. [11]), we define a moduli space M, of cubic fourfolds
containing a specified lattice M as a sublattice of the lattice of primitive algebraic cycle. We
note however that there is a slight difference to [11], namely for our purposes it is better to
view My as a subspace of the moduli space of cubic fourfolds M (in particular, it can be
non-normal). In contrast, Dolgachev’s moduli space is a locally symmetric variety of type
Dy /Ty, and in particular normal. As explained below, My, is essentially the image in M
of D M / r M-

As a set, My is the subspace of M consisting of smooth cubic fourfolds X with an
embedding M € H>2(X) N H*(X, Z) prim C H*(X, Z) prim = Ao such that the composi-
tion M C A is equivalent to the fixed embedding. The image P (M) of My, under the
period map is a closed subset of (D \ (H2 UHg)) /T" (in fact, it is the Noether-Lefschetz
cycle associated with M < Ay). In particular, the space M, admits a natural structure of
a quasi-projective variety.

The variety Mj; may be not normal. In any case, the normalization of My, is (the
complement of some Hegneer divisors in) a locally symmetric variety Dys/ Iy, where Dyy is
the type IV domain associated with the transcendental lattice 7 = M i‘o, and I" s an arithmetic
group acting on Dy,. We refer to [54, Proposition A.5] for further details. In particular,
dim My; = 20 — rank(M). Furthermore, if M C M’ C A (primitive embeddings) then
My C My (i.e., the more algebraic cycles, the smaller the moduli). The moduli of cubic
fourfolds M corresponds to M = (4, and the Hassett divisors C;4 correspond to rank (M) = 1.
(Equivalently, as in Hassett’s work, one can consider the full lattice of algebraic cycles
M = Sat(M & (n))p C A = H*(X,Z). Here, it is more convenient to work with the
primitive lattices M and Ag.)

2.3 The hyper-Kahler fourfold associated with a cubic fourfold X

For a smooth cubic fourfold X, the Fano variety F(X) of lines on X is a smooth hyper-
Kihler fourfold, deformation equivalent to K 3021 (cf. [4]). There is a natural polarization on
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F(X) induced from the Pliicker embedding F(X) — Gr(1, P3) c P(A2(C®)). Since any
automorphism of X is linear, there is a natural group homomorphism

Aut(X) — Aut(F(X)).
Conversely, the following holds (e.g., [14, Corollary 2.3]):

Proposition 2.6 The homomorphism Aut(X) —> Aut(F (X)) is injective with image the
subgroup preserving the Pliicker polarization on F (X).

An automorphism of a hyper-Kihler manifold sends H>° to H>?, hence induces a scalar
action on H2Y, If the scalar is the identify, the automorphism is called symplectic. Otherwise,
itis called non-symplectic. Adapting this to the case of cubic fourfolds, we make the following
definition:

Definition 2.7 An automorphism of a smooth cubic fourfold X is called symplectic, iff the
induced automorphism on F(X) is symplectic. Equivalently, an automorphism of X is sym-
plectic iff the induced action on H>!(X) is the identity. We denote the group of symplectic
automorphisms of X by Aut®(X).

Remark 2.8 In view of Theorem 2.3 and Proposition 2.4, it is clear that essential arithmetic
input in the classification of automorphisms of cubic fourfolds is the primitive cohomology
lattice Ag = H*(X, L) prim = A2 @ (E3)? @ UZ. Let us note that the associated hyper-
Kihler F(X) has the same primitive lattice. More precisely, H 2(F(X), Z) carries a natural
quadratic form, the so-called Beauville-Bogomolov quadratic form. With respect to this
form, there is a natural lattice isometry Hg(F (X)), Z)(-1) = Hé (X, Z), which is also an
isomorphism of Hodge structures (see [4, Proposition 6]). In particular, via this isomorphism
H*O(F (X)) maps to H3'(X), justifying our definition above. In summary, the discussion
of this subsection says that the classification of the automorphisms of cubic fourfolds is
essentially equivalent to the classification of automorphisms of degree 6 (the degree of the
Pliicker polarization) polarized hyper-Kihler manifolds of K 3! type.

Remark 2.9 One should note that there is a subtle difference to the case of K3 surfaces.
While for K3 surfaces the full cohomology lattice H 2(S, 7)) is even unimodular, the full
cohomology lattice for cubic fourfolds H 4(X, Z) is odd unimodular. If one prefers to work
with hyper-Kihler manifolds of K 31! type, we note that the full cohomology lattice (w.r.t. the
Beauville-Bogomolov form) is even, but not unimodular (it is (up to sign) A1 & (Eg)2 dU3).

2.4 Borcherds polarizations

In view of Nikulin’s theory [43], it is preferable to work with even unimodular lattices
(compare Remark 2.9). The smallest (with definite orthogonal complement) even unimodular
lattice that contains the primitive cubic lattice Ag is the Borcherds lattice B, i.e., the unique
even unimodular lattice Il » = (E3)? @ U? of signature (26, 2). (Here, we prefer to denote
it B and call it the Borcherds lattice in honor of Borcherds, who studied the automorphic
forms on the associated type IV symmetric domain.)

Remark 2.10 Even in the K3 case, the embedding of the primitive cohomology lattice for
a polarized K3 surface into the Borcherds lattice B turns out to be a powerful arithmetic
trick (the geometric reason why it works is not yet completely understood). As examples of
applications of this artifice (that we baptized Kondo—Scattone trick), we mention Scattone’s
work [45] on the Baily—Borel compactification for polarized K3 surfaces, Kondd’s work
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[29] on symplectic automorphisms, and the Gristsenko—Hulek—Sankaran work [19] on the
Kodaira dimensions on the moduli spaces of K3 surfaces.

Remark 2.11 We recall that there exist 24 even unimodular lattices of rank 24, called the
Niemeier lattices (see Sect. 3.1 below). What is relevant to note here is that these lattices
are intricately related to the Borcherds lattice B. Namely, for any Niemeier lattice N, we
have B = N @ UZ2. Conversely, the classification of the Niemeier lattices follows from the
classification of isotropic vectors in the hyperbolic lattice II>5 | (see [8]), or equivalently the
type Il boundary components (i.e., rank 2 totally isotropic subspaces in B) of the Baily—Borel
compactification for the Borcherds period domain.

Returning to cubic fourfolds, in analogy with the work of M-polarized K3 surfaces of
Dolgachev [11], we can view a cubic fourfold as being Borcherds Eg-polarized (i.e., Ao
admits a primitive embedding into B with orthogonal complement E). More interestingly,
the periods missing from the image of the period map for cubic fourfolds (see Theorem
2.3), i.e., the divisors C and Cg, correspond to E7 and Eg + A Borcherds polarizations
respectively. This allows a more uniform view on “singular” cubic fourfolds (i.e., singular
cubics, or degenerations to the Veronese surface) — simply X is singular if it acquires an
additional root (i.e., the existing “algebraic” lattice E¢ is enlarged to either E7 or Eg + A}
by adding a root). This is of course equivalent to the more classical view of Hassett [23]
where H;‘lg’ prim = H*(X,7) prim NV H 22 acquires a short root (equivalently, in terms of
Borcherds polarizations Eg C Eg + A1) or long root (case E7). From either perspective, the
transcendental lattices for the two cases C> and Cg are

Az = (2) ® (Es)® ® U?, and
Ag == (6) @ (Eg)> @ U?

respectively, where the transcendental lattice for Borcherds R-polarized objects is defined as
Rﬁ. One recognizes Aj and Ag (up to asign) as the primitive lattices for K 3 surfaces of degree
2 and 6 respectively. There is indeed a close geometric relationship between degree 6 (and
respectively degree 2) K3 surfaces and singular cubic fourfolds (respectively degenerations
to the Veronese surface); see [23,32].

From the perspective of this paper, the relevant fact is the following easy proposition (see

(32, §61).

Proposition 2.12 (i) There is a unique primitive embedding of Ao into B, with orthogonal
complement Eg; in another words, Ao @ E¢ can be saturated as B in a unique way.
(i) Thereis aunique primitive embedding of A into B, with orthogonal complement A1® E¢;
in another words, Ao @ A1 @ Eg can be saturated as B in a unique way.
(iii) There is a unique primitive embedding of A, into B, with orthogonal complement E7;
in another words, Ao ® E7 can be saturated as B in a unique way.

3 Automorphisms and the Conway group
Via the Global Torelli Theorem, we have reduced the study of automorphisms for cubic

fourfolds to the study of automorphisms of Hodge structures. This is in turn a question about
the symmetries (satisfying certain properties) of the underlying cohomology lattice L.
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Notation 3.1 For a lattice L with action by a group G C O(L), wecall LY := {x € L|gx =
x,Vg € G} the invariant sublattice, and Sg(L) := (LG)i the covariant lattice.*

In the case of a finite group of symplectic automorphisms G acting on the cohomology
lattice L of a K3 surface, Nikulin made two key observations:

(i) the covariant lattice Sg(L) is a definite lattice (this is equivalent to the symplectic
condition), and

(i) S (L) does not contain any ef fective algebraic cycle (in fact, the symplectic condition
implies that the algebraicity is automatic). In particular, for K3 surfaces, by Riemann—
Roch, S¢ (L) (which is negative definite in this case) should not contain any —2 classes
(or equivalently roots).

The same holds for hyper-Kihler manifolds of K3 type (e.g., by involving Markman’s
theory of prime exceptional divisors) and for cubic fourfolds (i.e., there is no norm 2 vector
in Sg(L); e.g., as a consequence of Theorem 2.3). Normally, one would try to classify S (L)
and its embeddings into the cohomology lattice L. However, using Nikulin’s theory, Kondo
made the observation that (in the geometric situations considered here: K 3s, K 30 or cubics)
Sc (L) embeds into one of the Niemeier lattices N, and furthermore G extends to an isometry
of N (thus G C O(N)). Niemeier lattices N show up here since they are the smallest even
unimodular definite lattices N containing Sg(L) for any G. The lattice N being definite
is important as the associated orthogonal group O(N) is finite. Kondd [29] successfully
applied this approach to the classification of symplectic automorphisms for K3 surfaces.
Kondo avoids the Leech lattice L (namely, he noted that A @ Sg (L) embeds into N for K3
surfaces, and thus N # L), but in fact, since S (L) contains no roots, it is possible to embed
it into the Leech lattice IL (cf. [15,27]). Considering embeddings into the Leech lattice L
leads to a more uniform behavior. Note however that there is a trade-off here: we deal with
a single larger group Cog := O(IL) versus 23 smaller groups O(N) for N # L. With the
advent of more powerful computational tools, and a better understanding of the Leech lattice
(esp. relevant here is [24]), we can work throughout with the Leech lattice.

In this section, we briefly review the Leech lattice, the Conway group, and introduce the
key concept (due to Mongardi, but with origins going back to Nikulin) of Leech pair. We
then close with the Hohn—Mason [24] classification of the fixed-point lattices for the Leech
lattice L. The material here is standard (and applies equally to K3s and K3[s); we will
apply it in the following section to the actual classification of the automorphisms of cubic
fourfolds.

3.1 The Leech lattice and the Conway group

We recall the following classification result of Niemeier.

Theorem 3.2 (Niemeier) Up to isometry, there exist 24 even unimodular positive definite
lattices N of rank 24. Let R C N be the sublattice spanned by the roots (i.e., norm 2 vectors)
of N. Then R is of one of the following 24 types: &,24A1,12A,,8A3,6A4,6D4,4A5 @
Dy, 4A6,2A7®2Ds, 3A3, 4D, 2A9® Dg, 4E6, AL1® D7D Ee, 2A12,3Dg, A15® D9, D1o®
2E7, A17 ® E7,2Dq2, Aoa, 3E3, D16 ® Eg, Daa. In particular, R uniquely determines N.

A lattice N as in the theorem is called a Niemeier lattice. In all but one of the cases N is
spanned (over Q) by roots. The remaining case, i.e., the Niemeier lattice containing no roots,

4 Some authors call the quotient M /S (M) the covariant lattice, since it is the maximal quotient such that
the induced action of G on it is trivial.
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is called the Leech lattice, and we denote it by IL. The automorphism group of the Leech
lattice is the Conway group

Cop := O(L).
The center of Coy is just ur = {%id}, and the quotient
Coy := Cog/Z(Cogp)
is one of the largest sporadic simple groups. In fact,
|Cogl =2%2-3%.5%.72.11-13 - 23(~ 8- 10'8).

As we will see below, a group G of symplectic automorphisms for K 3 surfaces, hyper-Kéhler
manifolds of type K3, or cubic fourfolds can be realized as a subgroup of the Conway
group Cog. Thus, only the prime factors 2, 3, 5, 7, 11, 13, and 23 can occur in ord(G). For
K3 surfaces, only the primes p < 7 can occur, while for cubics all primes p < 11 occur
(compare Theorem 4.15). In particular, the Fano variety F (X) of a cubic fourfold X admitting
an order 11 symplectic automorphism will give an example of an exotic automorphism (i.e.,
not induced from K3 surfaces) on a hyper-Kihler of K 3021 type (see [38, §4.5]).

3.2 Leech pairs

As already mentioned, the study of symplectic automorphisms on K 3s and K 315 leads to
the following notion (first formalized in the thesis of Mongardi [38]):

Definition 3.3 A pair (G, S) consisting of a finite group G acting faithfully on an even lattice
S is called a Leech pair, if it satisfies the following conditions:

(1) S is positive definite,
(ii) S does not contain any 2-vector,
(iii) G fixes no nontrivial vector in S,
(iv) the induced action of G on the discriminant group Agy is trivial.

The condition (iv) of the Definition 3.3 should be understood as saying that given a
primitive embedding S < L into a unimodular lattice L, the action of G on § extends to L
in such a way that, the restriction of the extended action to Si‘ is trivial. The condition (iii)
complements this by saying that S is the covariant lattice for the action of G on L. Note then
that the smallest unimodular lattice satisfying the first 2 conditions of the definition above
is the Leech lattice L. Obviously, any sublattice of the Leech lattice will also satisfy (i) and
(ii) of the definition. Thus choosing a subgroup G C Cog(= O (L)), the associated covariant
lattice Sg(L) in I will give an example of Leech pair (G, Sg(IL)). The next proposition
says the converse: under a mild condition on § (satisfied in the geometric context relevant
to this paper), any Leech pair (S, G) is obtained as a covariant lattice in L. This argument
seems to occur firstin [15, Appendix B] (see also [27, Prop. 2.2]; related arguments go back
to Scattone [45] and Kondd [29]). For completeness, we sketch the proof. Recall that for
a lattice S, we denote by Ag the associated discriminant group, and by /(Ag) the minimal
number of generators in Ag, see Sect. A.3 for more details.

Proposition 3.4 For a Leech pair (G, S) the following two statements are equivalent:

(i) rank(S) +1(As) < 24,
(ii) There exists a primitive embedding of S into the Leech lattice L.
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Once these two condition are fulfilled, there is an action of G on L with (G, S) = (G, Sg(LL)).

Proof Assume (ii), and denote by K the orthogonal complement of the given primitive
embedding of S into .. Then /(As) = [(Ak) < rank(K) = 24 — rank(S). Thus (ii) implies
@).

Now assume (i). Since I[(As) < 24 — rank(S) < rank(IL @ U) — rank(S), by Nikulin’s
existence Theorem A.8, there exists a primitive embedding S < L & U. Denote by N the
orthogonal complement of S in . @ U. Then N has signature (25 — rank(S), 1). Thus Ng
intersects with the positive cone of L @ U. Since S contains no 2-vector, N intersects with
one of the chambers of the positive cone of . & U'.

Let w € U be primitive and isotropic. The vector w € L. @ U is called a Weyl vector.’
We call a vector v € L. @ U with (v, v) = 2 and (v, w) = —1 a Leech root. By [8, Chap.
27], the automorphism group of L @ U is generated by reflections with respect to Leech
roots. Therefore, there exists a chamber Cp given by Cp = {x € LB U) ® ]R|(x, v) >
0, for any Leech root v}. By adjusting the embedding S < L @ U via an automorphism of
L & U, we may assume that N intersects with Cp, hence G leaves the chamber Cy stable.
By [7], G fixes the Weyl vector w. Equivalently, w € N. Then we have:

€

~

S wt — wh/(w) =L

which gives rise to a primitive embedding of S into the Leech lattice L. The group action of
G on § extends to an action on L. with (G, §) = (G, Sg(1)). O

Corollary 3.5 For a Leech pair (G, S) satisfying the statements in Lemma 3.4, there is an
embedding G — Coy, with image avoiding —id unless rank(S) = 24.

3.3 H6hn-Mason classification of saturated Leech pairs

In view of the discussion above, to classify the Leech pairs relevant to the classification of
automorphisms, one can proceed by considering subgroups G C Cog and the associated
covariant lattices Sg (IL). The only issue is that there might be several groups G leading to
the same covariant lattice. For the classification of automorphism groups, we are interested
in the maximal cases (i.e., in G = Aut®(X) and not subgroups G’ C G that happen to have
the same invariant/covariant lattice). The following two definitions formalize this idea.

Definition 3.6 A Leech pair (G, S) is called saturated, if G is the maximal group acting
faithfully on S and trivially on the discriminant group Ag.

Let G be a finite group acting on the Leech lattice IL. One can consider the (point-wise)
stabilizer G’ of LS. Obviously, G € G’, L6 = LL¢', and G’ is the largest group stabilizing
LS. The induced action of G’ on A1) = Ajc is trivial. Conversely, every automorphism
of S (IL) which trivializes A ) can be extended to an automorphism of IL. which stabilizes
LY. Thus G’ is equal to the automorphism group of S¢ (LL) trivializing the discriminant. The
Leech pair (G, Sg (L)) is saturated if and only if G = G’.

Definition 3.7 Let (G, S1) and (G2, S2) be two Leech pairs. We say (G, S1) < (G2, $2)
if G1 is a subgroup of G, and §1 = SZG'. We call (G, S1) a sub-pair of (Ga, S2). Two

5 Up to conjugacy by O(Ips,1), the choice of a primitive isotropic vector w in Ips5 | = IL @ U is equivalent
to the choice of the isometry type of a Niemeier lattice N = (w)L/(w) (N.B. N @ U = 1Ips ). Intrinsically a
Weyl vector in I3 ; is the primitive isotropic vector with the associated Niemeier lattice N equal to the Leech
lattice.
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sub-pairs (G, S1), (G2, S2) of a Leech pair (G, S) are conjugate if there exists g € G such
that gGi1g~! = G and gS1 = $,.

We denote by o7 the set of conjugacy classes of sub-pairs of (Cog, IL). There is a natural
poset structure on .<7. Denote by 7, the sub-poset of .7 consisting of saturated Leech pairs.
A fixed-point sublattice of LL is the invariant sublattice L¢ for some G C Coyp. It is clear
that associating with (G, S) € .« the fixed-point sublattice ¥ gives rise to a one-to-one
correspondence between .«7,; and the set of (Cog-)orbits in the set of fixed-point sublattices
of the Leech lattice L. The fixed-point sublattices of L were classified by Hohn and Mason
[24]. This classification will play a key role for us. For further reference, we mention:

Theorem 3.8 (Hohn—-Mason) Under the action of Cog, there are exactly 290 orbits on the
set of fixed-point sublattices of L. In another word, | sq;| = 290.

Remark 3.9 Harada and Lang [20] classified all fixed-point sublattices K which are induced
by actions of cyclic groups G = n on the Leech lattice. The information contained in [20] is
sometimes richer and more handy than that in [24].

4 The case of cubic fourfolds

In this section, we are classifying the symplectic automorphism groups of smooth cubic four-
folds. First, following the standard argument for K3 surfaces and hyper-Kihler manifolds,
we establish that a group G acting symplectically on a cubic X, determines a Leech pair
(G, S = S (X)), which further can be embedded into the Leech lattice I (Corollary 4.3).
Since S arises from a cubic fourfold X, it is clear that S embeds into the primitive lattice
Ag. By Theorem 2.3 (we use the surjectivity part), this condition is essentially a sufficient
one. We state this in terms of the Borcherds polarization (see Sect. 2.4) as an iff criterion
in Theorem 4.5. Using this criterion, the actual classification (Sect. 4.4) is accomplished by
using the Hohn—Masson [24] (see also [20]) classification of the fixed-point sublattices in the
Leech lattice, and Fu’s classification [14] of automorphism groups of primary orders. The
uniqueness of embeddings in the maximal cases (Theorem 1.8) is discussed in Sect. 4.5.

4.1 Leech pairs associated to symplectic automorphisms on cubic fourfolds and K3
surfaces

A finite group of symplectic automorphisms on a K3 surface, on a hyper-Kahler manifold of
K 3" type, or on a cubic fourfold leads to a Leech pair. The argument essentially goes back to
Nikulin [42], and was refined recently in the context of groups of symplectic automorphisms
for hyper-Kihler manifolds (see esp. [27] and [38]). We review the situation for the cases
relevant to us: cubic fourfolds and polarized K3 surfaces.

Notation 4.1 Let X be a smooth cubic fourfold, and G C Aut®(X). We denote by S;(X)
the covariant lattice for the induced action of G on H 4(X , Z). Similarly, if Y is a smooth
algebraic K3 surface, and G C Aut®(Y) a finite group, we denote by S (Y) the covariant
lattice for the induced action of G on H2(Y, Z)(—1).

Lemma4.2 Let X be either a smooth cubic fourfold or an algebraic K3 surface with an
action of a finite group G C Aut®(X). Then (G, Sg(X)) is a Leech pair.
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Proof The assumption that the action of G is symplectic implies that Sg(X) ¢ H>2(X) N
H*(X, Z) prim- By Hodge index Theorem, Sg (X) is positive definite, and by Theorem 2.3,
SG (X) contains no short roots (i.e., the period point avoids Cg). Since G acts trivially on
the invariant cohomology H*(X,7Z)C and Sg(X) = (H*(X, Z)9)L, it follows that G acts
trivially on Ag; (x). Finally, since Aut(X) acts faithfully on H 4(X), it is clear that G acts
faithfully on S (X). We conclude that (G, Sg(X)) is a Leech pair (cf. Definition 3.3).

The argument for K3 surfaces is similar (and due to Nikulin), except for invoking
Riemann—Roch to prove that there is no norm 2 vector (corresponding, via our scaling,
to a —2 class) in Sg (X). O

Corollary 4.3 Let X be either a smooth cubic fourfold or an algebraic K3 surface with a
faithful action of a finite group G C Aut®(X). There exists a primitive embedding of Sg (X)
into L, and hence an embedding of G into Cog with image avoiding —id.

Proof By Lemma 4.2, (G, Sg(X)) is a Leech pair. Since S (X) has a primitive embedding
into a unimodular lattice of rank 23 (or 22) for cubic fourfolds (or K 3 surfaces respectively),
the rank condition of Proposition 3.4 is satisfied; the claim follows. O

Let us now discuss the role of the polarization. If X is a cubic fourfold, any automorphism
f is induced from a linear automorphism of the ambient projective space, and thus ¢ = f*
preserves the class n € H*(X, Z) (recall 7 is the square of a hyperplane class). It follows
that there is a primitive embedding

Sc(X) — Ao, 4.1)

where Ay is the primitive cohomology (recall Ag = A; & (E3)2 ® U?).

For K3 surfaces Y, the situation is similar, but there is a subtle difference. Namely, under
the assumption that Y is algebraic (i.e., NS(Y') contains an ample class /), and G is finite, any
automorphism ¢ € G will preserve some ample class h' (e.g., obtained by “averaging” h).
This is the set-up of the classical results of Nikulin and Mukai. However, when talking about
polarized K 3 surfaces, we will fix an ample class # on Y and insist that the automorphism f
preserves A (i.e., f*h = h in cohomology). With this assumption, we have again a primitive
embedding

SG(X) — Ad

where d = h? € 274, and Ay = ((h)EQ(Y’Z))(—l) is the primitive cohomology (we twist

the form by —1 to get consistency with the cubic fourfold case).

Remark 4.4 We are not aware of a systematic study of the symplectic automorphisms in the
polarized case for any degree (in Sect. 5 below, we will partially discuss the degree 2 and
6 cases as they are tightly connected to the cubic fourfold case). One situation where the
polarized case was studied is the symplectic involutions. We recall that Nikulin proved that
there is a single class of symplectic involutions for algebraic K3 surfaces (with notation as
above, S (X) = E5(2)). The polarized symplectic involutions were classified by van Geemen
and Sarti [48]; aricher picture emerges (as one needs to keep track of the embedding of Eg(2)
into Ay, versus the unimodular K3 lattice).

4.1.1 A criterion for Leech pairs to arise from symplectic automorphisms

So far we have discussed how a finite group of symplectic automorphisms G C Aut®(X)
leads to a Leech pair (G, Sg(X)), which in turn can be classified by Hohn—Mason [24]
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results. Now we are interested in the converse, given a Leech pair (G, S), when does it come
from a symplectic automorphism group G acting on X ? By Global Torelli Theorem (and
surjectivity of the period map), this becomes a question about embeddings of lattices. For
instance, note that (4.1) is a necessary condition if X is a cubic fourfold. In fact, by Theorem
2.3 (and Proposition 2.6), (4.1) is essentially also sufficient, but some care is needed as S
needs to avoid both short roots (automatic since (G, S) is a Leech pair) and long roots. To
deal with both cases uniformly, it is better to view a smooth cubic fourfold X as being E¢
Borcherds polarized (see Sect. 2.4). Based on these considerations, we obtain the following
key result which allows us to go back and forth between geometry (automorphisms of X)
and arithmetic (fixed-point sublattices of the Leech lattice L).

Theorem 4.5 (Criterion for Leech pairs associated with cubic fourfolds) Let (G, S) be a
Leech pair. The following are equivalent:

(1) There exists a smooth cubic fourfold X with a faithful and symplectic action of G such
that (G, S) = (G, Sg(X)),
(ii) There exists a faithful action of G on the Leech lattice L. with (G, S) = (G, Sg (L)) and
K =L, such that there exists a primitive embedding of E¢ into K & U2,
(iii) There exists an embedding of S @ E¢ into the Borcherds lattice B, such that the image of
S is primitive.

Proof (i) = (ii): From Corollary 4.3, there exists a primitive embedding § < L with an
extension of the G-action on L such that ILC is the orthogonal complement of § in L. We
have now two ways to embed S into B, explicitly:

S>> Ag—> AogD Ec CB
and
S—>LwLaU?>=B.

Clearly, both embeddings are primitive (e.g., Ao C B is primitive by Proposition 2.12, and
S is primitive in Ag by (4.1)). By Nikulin’s results (see Theorem A.9), we know that there
is a single conjugacy class of primitive embeddings S < B. Therefore, we can choose the
isomorphism L. @ U? = B, such that the following diagram commutes:

S « L < Lo U?

! -

ANy —> AP Eg —— B

We have K = f‘-, giving Sﬁ; =~ K & UZ. On the other hand, E¢ = (Ao)ﬁ, thus E¢ C Sﬁj =
K @ U?. Since Eg does not admit any overlattice, Es embeds primitively into K & UZ.
(ii) = (iii): There is the embedding:

SOEs—>SOKDU>CLOU>=B

Notice that S has primitive image in I, hence also has primitive image in B.

(iii) = (i): The action of G on S induces trivial action on (Ag, gs), hence extends to
an action on B such that its restriction to the orthogonal complement of S is trivial. Since
S C B is primitive (by assumption), we get S = Sg(B) (recall Sg(B) = (B®)+ = (sH1).
On the other hand, we note that G acts trivially on E¢ C B (since by construction E¢ C
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Sﬁ;). We view Ag as the orthogonal complement of Eg in B (cf. Proposition 2.12). Via this
identification, the G action on B induces a G action on Ag. By construction § <— Ag
(primitive, as S is primitive in B), and clearly (G, S) = (G, Sg(Ap)). We can choose a
Hodge structure H on Ag of type (0, 1, 20, 1, 0) (i.e., H is a decomposition of Ag, ¢ with the
obvious properties) such that H>2 N Ag = S (i.e., S is the algebraic lattice). Assuming that
S contains neither short nor long roots, the Global Torelli Theorem (Theorem 2.3) says that
there exists a smooth cubic fourfold with H* (X, Z)prim = H (as Hodge structures). Finally,
by Proposition 2.4, we conclude that X has a faithful and symplectic action of G such that
(G, S6(X)) = (G, S).

It remains to prove that S C Ao contains no short or long roots of Ag (see Definition
2.1). By assumption S is a sublattice of the Leech lattice L, so it contains no short roots (i.e.,
norm 2 vectors). Assume now S contains a long root 8, i.e., (§,§) = 6 and divp,(5) = 3.
Since B is obtained by gluing Eg and Ao, we conclude that § and E¢ span a E7 lattice
in B. More precisely, there exists € € E¢g (with €2 = 12 and div E¢(€) = 3) such that
(6 +€)/3 € B. Since G acts on S without fixed nonzero vector, there exists g € G such
that g6 # 8. We distinguish two cases, either g6 = —4§ or not. Assume first g6 = —4; then
g((6+€)/3) = (—6+¢€)/3 € B. We conclude v = 25/3 € B, but this is a contradiction due to
the fact that (8, §) = 6 (v will not have integral norm). Thus, we can assume that §’ = g§isa
long root non-proportional to 8. Consider the lattice M = Satg ({3, 8’, Eg)) C Satg(S® Eg).
Then M is a positive definite rank 8 lattice containing two sublattices Satg ({8, E¢)) and
Satp ({8, Eg)) of type E7. Clearly, M = Eg (first, the root sublattice of M is of type Eg as it
is strictly larger than E7, then Eg C M forces equality for reasons of rank and determinant).
It is well known that E¢ admits a unique embedding in Eg with orthogonal complement A5.
Weget Ay C S = (EG)sLarJB(S@ Eo) (using the primitivity of S in B). In particular, S contains
some short roots, contradicting the fact that (G, §) is a Leech pair. O

4.1.2 Moduli of cubics associated with a Leech pair (G, S)

We denote by 7, the sub-poset of <7 consisting of Leech pairs isomorphic to (G, Sg (X))
for some smooth cubic fourfold X with G = Aut®(X). It is clear that such a Leech pair
(G, Sg (X)) is saturated. Therefore we have o7, C ;. Our purpose is to determine the
poset <7.,». We now discuss the geometric loci (“moduli”) associated with the elements of
this poset. By studying the minimal and maximal loci, in Sects. 4.2 and 4.3 respectively, we
will be able to complete the proof of our main Theorem 1.2.

Suppose we have a faithful action of a finite group G on ]P’)S(] which preserves a
smooth cubic fourfold V (Fy(x1, ..., xe)). The action is equivalent to a group embedding
G — PGL(6, C). Denote by G the preimage of G in SL(6, C). Let X: G — C* be the
character of G satisfying that g (Fo)(:= Foog™!) = A(g) F forany g € G.Let V. be the vector
space of all cubic polynomials F (xy, ..., X¢) suchthat g(F) = A(g)F forany g € G.Denote
by V;™ the subset of V;, consisting of polynomials which defines smooth cubic fourfolds.
Define a group Ny, := {a € SL(6, C)[aGa~! = G and r(aga™") = A(g), ¥g € G}. Then
N,. is a reductive group acting on V; and V;™. With respect to this action, all points in V™
are stable (namely, have closed orbits and finite stabilizer groups). We define F¢ to be the
GIT quotient of PV;™ by N;. We regard Fg as the moduli space of smooth cubic fourfolds
with the specified group action of G on P>,

In Sect. 2.2 we have defined the moduli space M, of cubic fourfolds associated with a
specified lattice embedding M <> Ag. The normalization of My is an arithmetic quotient
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Duy/ Ty (minus some Heegner divisors). From [54, Theorem 1.1], we have the following
result which illustrates the relation between Fg and M ;:

Proposition 4.6 Suppose G is a finite group acting faithfully and symplectically on a smooth
cubic fourfold X C P, and S = Sg(X). Let Fg be the moduli space of smooth cubic fourfolds
preserved by the group action of G on P>. Let Mg be the moduli space of smooth cubic
fourfolds associated with the embedding S = Sg(X) C H*(X,Z)o = Ag. Let (Dg \H)/Ts
be the normalization of Mg, where H is a U s-invariant hyperplane arrangement in Dg
induced by restricting the Hy and He hyperplane arrangements (see Definition 2.1) to Dy.
Then the period map for cubic fourfolds gives rise to a natural isomorphism

Fc = Ds\H)/Tg,

where T'g is a subgroup of T's of finite index. In particular, dim V),  — dim N, = dimF =
dim Mg = 20 — rank(S).

Let (G, S) be a Leech pair with saturation (G’, S) € #y. For any primitive embedding
of § into A¢ with the orthogonal complement containing neither short roots nor long roots,
we have a moduli space Mg of smooth cubic fourfolds with this specified S-polarization.
There may be more than one such primitive embeddings of S up to conjugacy of Ao, hence
there may be more than one moduli spaces Mg. We define Mg, s) to be the union of all
possible M. This is a closed subvariety of M (the moduli of cubic fourfolds) which only
depends on the saturation of (G, S). For a Leech pair (G, S) whose saturation does not
belong to .7, we simply define Mg s) to be the empty set. While Mg s) is nonempty,
its dimension is equal to 20 — rank(S). Proposition 4.6 allows us to calculate dim Mg s)
once a corresponding group action of G on P is known. This idea for the calculation of
dim Mg, 5) is used in proof of Theorem 1.2.

Remark 4.7 In Theorem 1.2, our classification is about saturated pairs, but in the arguments
below it is convenient not to require (G, S) to be saturated.

It is clear that the moduli spaces M, s) have a natural poset structure that matches with the
poset structure on .o7;. Theorem 1.2 is organized by the dimensions of Mg s)(# ) (or
equivalently rank(S)).

4.2 The maximal Leech pairs for cubic fourfolds

We now note that the Leech pairs arising from automorphisms of cubic fourfolds satisfy
an easy necessary condition (in terms of the rank of covariant lattice and the rank of the
discriminant group). In order to simplify the relation to the Hohn—Mason classification [24],
we state the condition in terms of the fixed-point sublattice K in the Leech lattice L.

Condition 4.8 Let (G, S) be a Leech sub-pair of (Cog, L), and K = SHJ:. We require K to
satisfy the following conditions:

(i) rank(K) > 4 (or equivalently rank(S) < 20);
(i) for every prime number p # 3, o, (K)(:= rank(K) —[,(Ag)) > 2,and a3(K) > 1
(in particular &(K) = rank(K) — [(Ag) > 1).

Proposition 4.9 The equivalent conditions in Theorem 4.5 imply Condition 4.8.
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Proof Since S embeds into A which has signature (20, 2), the rank condition is clear.
Assume now that (G, S) is a Leech pair with a primitive embedding of S into I, and K is the
orthogonal complement of S in L. By Theorem 4.5, there exists a primitive embedding of E¢
into K @ U?. Denote by M the orthogonal complement of Eg in K @ UZ2. We have a saturation
Es ® M — K @ U?. By Nikulin’s glueing theory, there exists an isotropic subspace H of
Ags ® Ay, suchthat Ay = HJ-/H. Since M is primitive in K @ U2, there is no nontrivial
element in H N Ajy,. Therefore, we have either H = 0 or H = {(x, f (x))}x € Agg}, where
fi: Ag, —> Ay is anisometry onto f(Ag,) equipped with —g .

Assume first that the glueing group H is trivial, then Ay = Ag, @ Apy. Since Ag, = 7Z,/3,
we conclude I, (Ay) = 1,(Ag) for p # 3 and I3(Ay) = [3(Ag) — 1. Otherwise, we have
H = ((x, fQ)|x € Ape, f(X) € Am,qr(x) = —qu(f(x)} = Z/3. We have an
isometry

Ag Z HY/H = Ay /f(Ag).

Thus, I,(Ay) =1,(Ak) for p # 3 and I3(Ay) = 3(Ag) + L.
In any case, we get

Ip(Ag) =1,(Apm) < rank(M) = rank(K) — 2
for p # 3, and
3(Ak) <l3(Ay) + 1 <rank(M) + 1 = rank(K) — 1
hence Condition 4.8. O

Remark 4.10 To understand the restriction imposed by Condition 4.8 on Leech pairs, let
us consider the case G = 2 (i.e., symplectic involutions). According to [20] (also [24]),
there are three nontrivial conjugacy classes of involutions in Cog = O(IL). The fixed-point
sublattices K in the three cases are Eg(2), Dfrz(2), and B Wy¢ (the Barnes—Wall lattice), while
the covariant lattices Sg (IL) = Kﬂf are BWig, D1+2(2), and Eg(2) respectively. For Eg(2) and
D1+2(2), we have rank(K) = [(K) (this holds true whenever K = K'(n) for some integral
lattice K, n € Z~), while BWg obviously satisfies Condition 4.8. We conclude that the
only possible Leech pair arising from symplectic involutions on cubic fourfolds is (2, Eg(2)).
To conclude that there is a unique class of symplectic involutions, we would need to prove
that there exists a unique primitive embedding of Eg(2) in Ag. In this particular case, a direct
geometric argument (via a diagonalization of the involution) is easier. This concludes item
(1) of Theorem 1.2.

In Sect. 3.3, we have defined a natural poset .7 on the set of Leech pairs in (Cog, LL). We are
now interested in identifying the maximal Leech pairs (G, S) arising from cubic fourfolds.
As noted above, these pairs satisfy Condition 4.8. Focusing on the maximal rank cases, by
inspecting [24], we note that there are 15 Leech pairs (G, S) € Agyr with rank(S) = 20
(or equivalently rank(K) = 4) and satisfying Condition 4.8. In fact, these cases precisely
coincide with those of [25, Table 9]. For reader’s convenience, we list them (sometimes
corrected®) in Table 1 below.

Remark 4.11 In Table 1, the items in the last column represent discriminant forms of the
invariant sublattices of the actions of G on the Leech lattice. See [8, Page 379-380] and also
our Appendix A for an explanation of the notation of discriminant forms.

6 There are some typos in the listing of the discriminant forms in [24]. For example, the discriminant form

corresponds to case of My is listed as 2;"14'1"l 3=15+1 in [24], but this is not allowed in the Conway—-Sloane
[8] notation. See also Sect. A.2.
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Remark 4.12 The group Q appearing in item 8 is a group of order 128, see [25, Theorem 5.1,
Case 5(b)]. We expect that the semi-direct product 3% : QD¢ appearing in item 15 is in fact
isomorphic to M> 9 (see §B.2).

It turns out that the 15 groups listed in Table 1 occur as maximal groups of symplectic
automorphisms for some hyper-Kihler manifold of K 3?! type (algebraic, but not polarized).
Specifically, the following result holds.

Theorem 4.13 (Hohn—Mason [25, Theorem 8.7]) A finite group acts symplectically on a
hyper-Kcihler manifold of type K3 if and only if it is a subgroup of a group in Table 1.

We are interested in the maximal rank cases that can occur for cubic fourfolds, or equiv-
alently the saturated Leech pairs (G, S) for which Mg s) # ¥ and dim Mg 5) = 0. Hohn
and Mason [25, Table 11] have identified six cases that do occur for cubic fourfolds, and in
fact they gave explicit equations of cubic fourfolds realizing these groups of automorphisms.
Using our Criterion 4.5, we prove the converse: these six cases are all the maximal rank
possibilities for cubic fourfolds. Note however (see Sect. 4.5 below) that in two of the cases,
there are two distinct embeddings of S into A, leading to two more isolated cubic fourfolds
with large symmetry in addition to the six cubics found by Hohn and Mason.

Theorem4.14 Let X be a smooth cubic fourfold, and G = Aut’(X). Assume that
rank(Sg (X)) = 20, then the Leech pair (G, Sg(X)) corresponds to one of the entries 1,
4,5, 10, 11 and 13 in Table 1.

Proof By Theorem 4.5, we need to determine for which (G, S) among the 15 candidates,
there exists an embedding of S @ Ejg into the Borcherds lattice B for which the image of S is
primitive. There are two possibilities for such an embedding S @ E¢ C B. Either S@ Eg C B
is primitive or not. If S @ Eg C B is not primitive, there exists a coindex 3 saturation S of
S @ Eg, in which S is primitive. Then S embeds primitively into B. Since S & E¢ (or §)
has rank 26, and B is the unique even unimodular lattice of signature (26, 2), by Nikulin’s
theory, we conclude that S & Eg (or s respectively) embeds primitively into B iff there exists
anegative definite rank 2 even lattice T with discriminant form g7 = —qsgEg, (0r g7 = —q53
respectively). By Theorem A.8, such a lattice T' exists iff four conditions are satisfied. The
first condition on the signature is automatically satisfied here. The remaining conditions are
on the discriminant form gr (that is determined by S @ E¢ or the index 3 overlatice S of
S @ E¢). We do a case by case analysis of the 15 possibilities from Table 1. The computations
are standard manipulations with finite groups, and finite quadratic forms, we list only the
essential details. (For a prime p, Z, denotes the ring of p-adic integers.)

(1) The discriminant form of § @ Eg is 312971 @ 3T!. There is a nontrivial saturation S
of § @ Eg with discriminant form 371971, There exists a negative rank 2 even lattice
T with discriminant form 319!, Thus there exists a primitive embedding of S into B
with orthogonal complement 7.

(2) The discriminant form of § @ Eg is 2ﬁ23+27+1. There is no nontrivial saturation of
S@® Ee. Since 32 x 7isa square in Z,, there does not exist a negative rank 2 even lattice
with discriminant form 2ﬁ23+27_1. Thus there does not exist embedding of § @ E¢ into
B.

(3) The discriminant form of S @ Eg is 4;“ 187_ 13-1 @ 3+1 There is a nontrivial saturation S
of S @ E¢ with discriminant form 43+1 87 L By the third condition in Nikulin’s criterion,
there does not exist a negative rank 2 even lattice with discriminant form 45 18;”

457181“3_1 @ 37!, Thus there does not exist embedding of § @ Eg into B.

nor
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(4) The discriminant form of § @ Eg is 37'571771 @ 3*!. There is a nontrivial saturation

S of S @ Eg with discriminant form 57171, There exists a negative rank 2 even lattice

T with discriminant form 517!, Thus there exists a primitive embedding of Sinto B

with orthogonal complement 7. Since 5 x 7 = 35 is not a square in Z3, there exists a

negative rank 2 even lattice 77 with discriminant form 3725%17+1, Thus there exists a
primitive embedding of § @ E¢ into B with orthogonal complement 7.

(5) The discriminant form of S @ Eg is 22'23_3 @® 37!, There is a nontrivial saturation S of

S @ Eg with discriminant form 2;%3%2. Since 2 x 2 = 4 is obviously a square in Z3,

there exists a negative rank 2 even lattice 7 with discriminant form 2+23+2 Thus there
exists a primitive embedding of S into B with orthogonal complement T.

(6) The discriminant form of S@® E¢ is 4+1 8_1 5-1@3*! and there is no nontrivial saturation
of S E¢.Since 5 x3 =15= -1 (mod 8), there is no negative rank 2 even lattice with
discriminant form 45 ! 8# 3=15~1 Thus there does not exist embedding of S @ E into
B.

(7) The discriminant form of § @ Eg is 42:27’1 @ 31! and there is no nontrivial saturation
of S@ E¢. Since 3 x 7 = 21 = —3 (mod 8), there is no negative rank 2 even lattice with
discriminant form 4; 23=17+1 Thus there does not exist embedding of S @ Eg into B.

(8) The discriminant form of S @ Eg is 82_23+1 @ 31! and there is no nontrivial saturation
of § @ Eg with § primitive. Since 3 x 3 = 9 = 1 (mod 8), there is no negative rank 2
even lattice with discriminant form 8 23%2_ Thus there is no embedding of S @ Ejg into
B with primitive image of S.

(9) The discriminant form of S @ Eg is 21_123”5’l @ 31!, There is a nontrivial saturation
S of § @ Eg with discriminant form 2;;*37'5~!. Since 3 x 5 = 15 = —1 (mod 8), there
is no negative rank 2 even lattice with discriminant form 2 23+1 5%1. Thus there is no
primitive embedding of S into B.

(10) The discriminant form of § @ Eg is 2;14;r13+15+1 @® 37! and there is no nontrivial
saturation of S @ E¢. Since 2 x 4 x 5 = 40 = 1 is a square in Z3, there exists a negative
rank 2 even lattice T with discriminant form 25 ! 4I,H 3+25%1 Thus there exists a primitive
embedding of S @ E¢ into B with orthogonal complement 7'.

(11) The discriminant form of § @ Eg is 1172 @ 3%, and there is no nontrivial saturation of
S @ Es. Since 3 is a square in Z11 (notice that 52 = 3 (mod 11)), there exists a negative
rank 2 even lattice T with discriminant form 3711172, Thus there exists a primitive
embedding of S @ E¢ into B with orthogonal complement 7'.

(12) The discriminant form of S @ Eg is 4;18; 13+2 @ 3+1 . There is a nontrivial saturation
S of S @ Eg with discriminant form 4_18_13’1 Since 3 is not congruent to &1 modulo
8, there is no negative rank 2 even lattice with discriminant form 4+1 8Jrl 3*1, Thus there
is no embedding of S into B.

(13) The discriminant form of S@® Eg is 3725 2@31!. There is a unique nontrivial saturation
S of S @ Eg with discriminant form 3+!'5~2. Since 3 is not a square in Zs, there exists
a negative rank 2 even lattice T with discriminant form 37572, Thus there exists a
primitive embedding of S into B with orthogonal complement 7.

(14) The discriminant form of S @ Eg is 2;;27+2 @ 31!, and there is no nontrivial saturation
of S @ Es. Since 2 x 2 x 3 = 12 is not a square in Z7, there is no negative rank 2 even
lattice with discriminant form 2#3_17"‘2. Thus there is no embedding of S @ Eg into
B.

(15) The discriminant form of S @ Eg is 27'47'3719+! @ 3+1 and there is no nontrivial
saturation of § @ E¢. Since l3(277147713+19'H @ 37!) = 3, there is no negative rank 2
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even lattice with discriminant form the opposite of 2 147_ 13+19+1 @ 3+1 Thus there is
no embedding of S @ Eg into B.

The proposition follows. O

4.3 Cubics with special groups of automorphisms (cyclic, Klein, and S3)

Theorem 4.14 classifies the 0-dimensional moduli spaces Mg, s). The top dimensional
moduli spaces Mg, sy will correspond to small groups G. In particular, the minimal elements
in the poset <%, can be determined by considering cyclic groups G of prime orders. The
cubics with a symplectic automorphism of prime order were studied previously, especially
by Fu [14] (see also [17]), who classified all the possibilities for symplectic automorphisms
of primary order.

Theorem 4.15 (Fu[14, Theorem 1.1]) Let X = V(F) C P? be a smooth cubic fourfold with
a symplectic action by a cyclic group G = (g) of primary order. We can choose coordinates
(x1, X2, ...,%6) on P, and a generator g € G, such that (g, F) belongs to one of the
following cases:

0) ord(g) =1, g = id, dim(F) = 20, and F any smooth cubic.
(1) ord(g) =2, g = %(O, 0,0,0,1,1), dim(F) = 12, and

2

F = Fi(x1, x2, x3, x4) + x5 L1(x1, X2, X3, x4) + x5x6 L2 (X1, X2, X3, X4)
2 )
+xgL3(x1, X2, X3, X4);

(2) ord(g) =4, g = 1(0,0,2,2,1,3), dim(F) = 6, and

F € Span{x|N1(x3, x4), x2N2(x3, x4), F1(x1, x2), x5x6L1(x1, X2),

x2Lo(x3, x4), xg L3 (x3, x4)};
(3) ord(g) =8, g = §(0,4,2,6,1,3), dim(F) =2, and

F e Span{x%, xlxg, x2x§, xzxf, X1X3X4, X4x§, x3xé, X2X5X6};
@) ord(g) =3, g = 1(0,0,0,0,1,2), dim(F) = 8, and

F = Fi(x1, %2, x3, x4) + X3 + x3 + xsx6L1(x1, X2, X3, X4);
(5) ord(g) =3, g = 3(0,0, 1, 1,2,2), dim(F) = 8, and

F = Fi(x1, x2) + F2(x3, x4) + F3(xs, x6) + i=1,2; j=3,4:k=5,6 (@ jkXi X j X );
(6) ord(g) =3, g = 1(0,0,0, 1, 1, 1), dim(F) = 2, and
F e Span{monomialsinx, x», x3, monomialsinxs, x5, X¢};
(7) ord(g) =9, g = §(0,6,3,1,4,7), dim(F) = 0, and
F e Span{xlzxz, x%x3, x%xl , x‘%xs, x52x6, xém};

(8) ord(g) =9, g = §(0,3,6,1,1,4), dim(F) = 0, and

F e Span{xlzxz, x§x3, x%xl s xfxs, )C4)C§, xi, xg, xg’};
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(9) ord(g) =5, g = £(0,0, 1,2,3,4), dim(F) =4, and
F = Fi(x1, x2) + x3x6L1(x1, x2) + x4x5L2(x1, X2) + x§x5 + xsxf + x4x§ + xgxe;
(10) ord(g) =7, g = %(1, 5,4,6,2,3), dim(F) = 2, and
F = x12x2 + x22x3 + x§x4 + fo5 + x52x6 + xéxl + axi1x3x5 + bxyxaxe;
(11) ord(g) =11, g = %(l, 9,4,3,5,0), dim(F) =0, and
F e Span{xlzxz, x22x3, x%m, xixs, x52x1, xg}.

Moreover, in all situations, the generic members of the defined families of cubic fourfolds
are smooth.

Remark 4.16 For further reference, we give the condition for a diagonal matrix g =

%(wl, ..., we) € GL(6) to act symplectically on a cubic X = V(F). Denote by w =
(w1, ..., we) € (Z/n)° the set of weights. Then a simple application of Griffiths’ residue
calculus (see [14, Lemma 3.2]) gives that g acts symplectically on X iff

|lw| =2deg, (F) (mod n) 4.2)

where |w| = Z?:l w; and deg,, (F) = 21‘6:1 wja; for some monomial xi"" ... x¢® occurring
with non-zero coefficient in ' (N.B. since V (F) is stabilized by g, deg,, (F) is well defined
in Z/n). For most of the cases above, |w| = deg,, (F) =0 (equivalentlyig € SL(6)), but this
does not always hold (e.g., in the case ord(g) = 9 above).

From the lattice theoretic approach (our main approach in this paper), Fu’s classification
is closely related to Harada—Lang classification [20] of fixed-point sublattices in the Leech
lattice with respect to cyclic groups (see Remark 4.10 for the case of involutions). In fact,
using the lattice theoretic approach and [20], we can improve Fu’s result. Specifically, the
following holds:

Theorem 4.17 Let G be a cyclic group acting symplectically on some smooth cubic fourfold
X (i.e., G C Aut®(X)). Then, the order of |G| is one of the following:

|G| €{1,2,3,4,5,6,7,8,9,11, 12, 15}
Furthermore, the following holds:

(1) (Primary Cases). For the cases |G| = p¥, we have the following correspondences among
Fu’s classification, Harada-Lang classification and Hohn—Mason classification.

Casein Theorem4.15 (0) (1) 2) 3) &) () (6) 0 (8) (9 (10) (1D
Case in [20] 14 24 4c 8¢  3p 3p 3¢ 9¢ 9¢ 55 1 llu
Case in [24] 1 2 9 55 4 4 35 101 101 200 52 120

The saturated group 1 2 4 QD 3 3 3+4 .9 34:A6 34:A6 Dig F21 Lp(11)

(2) (Composite Cases). There are 4 Leech pairs (G, S) occurring for cubic fourfolds with G
cyclic of order n divisible by two distinct primes.

(3) (Maximal Cases). A cubic fourfold with a symplectic automorphism of order 9, 11, 12,
or 15 is isolated in moduli (i.e., dim Mg sy = 0).
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Case in [20] —6p 6 —12y 15p
Case in [24] 35 18 109 128
The saturated group 3442 Dy 31442722 A3 s

Remark 4.18 The maximal cases in item (3) above are in fact unique. This is proved in
Sect. 4.5 below. Thus, considering cubic fourfolds with a symplectic action by a cyclic group
of order > 9 gives four of the maximal cases listed in Theorem 1.8.

Proof Harada-Lang [20] classified the conjugacy classes of cyclic subgroups in the Conway
group Cop and their associated fixed lattices K (recall S = Kﬁ-). The necessary Condition
4.8 says (in particular) that rank(K) > 4 and that K is not divisible as a lattice (otherwise
we would have K = K'(n) for some integral, not necessarily even, lattice K’ and integer
n > 2, which is impossible as in this situation rank(K) = [(A)). Inspecting the list of [20]
in the primary order case gives an easy match with the list of Theorem 4.15 (essentially, there
is only one possibility for (G, S) once the order of G and the rank of S are specified). The
pairs (G, S) are not saturated, but the knowledge of K (essentially, rank and discriminant)
suffices to identify the relevant case in Hohn—Mason [24] list, and to find the saturated pair
(G, S) (with G C G).

Assuming thatn = |G| has at least 2 prime divisors, and that K is a non-divisible lattice of
rank at least 4, leaves only the following cases in [20]: —6p, 6, —10g, —12g, 145 and 15p.
As before, for each case we can associate a unique saturated Leech pair from [24]. Using
Theorem 4.5 (our main criterion), cases —10g and 14 cannot arise from cubic fourfolds,
while the others can occur. Finally, the cases —12y and 15p correspond to maximal cases
(i.e., rank(K) = 4, or equivalently rank(S) = 20). Considering also the cases of order 9 and
11 identified in Theorem 4.15, we obtain item (3) (compare also with Theorem 4.14). m]

Remark 4.19 Let us comment on the two apparent repetitions in the matching of the cases in
Theorem 4.17. First, the two order 9 cases (case (8) and (9)) correspond to a unique cubic
fourfold, in fact the Fermat cubic fourfold

X=VQ@i+ - +x) P,

which has Aut*(X) = 3* : Ag. The fact that we list two cases of order 9 in Theorem 4.15
corresponds to the existence of two non-conjugate cyclic subgroups of order 9 in 3* : Ag
(induced from the two conjugacy classes of order 3 elements in Ag). For reference, we note
(cf. [20, Case 9¢]) that the fixed-point lattice K is

4 1 1 2
1 4 1 2
1 1 4 -1
2 2 -1 4

which has discriminant form 31t29%!. The cases (4) and (5) of order 3 lead to the same
Leech pair (G, S) (with K = § k being the Coxeter—Todd lattice), but in this case the two (8-
dimensional) families of cubics are different, due to the fact that S has two different primitive
embeddings into the lattice Ag(= A2 @ (E3)? ® U?). The other order 3 case (namely (6)) is
easily distinguished; it corresponds to K being E¢(3) which has discriminant form 3+,

Remark 4.20 Let us also note that the order 6 case —6p in fact coincides with the case 3¢.
This is clear by noticing that they both correspond to case 35 in [24] (with saturated group
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31+4 . 2). This also follows by inspecting [20]; in both cases K = EZ(3) (N.B. E{ is not an
integral lattice, thus scaling by 3 does not contradict our non-divisibility assumption on K).

Remark 4.21 The order 11 case is very interesting, as 11 cannot occur as a prime order for
symplectic automorphisms of K3 surfaces (and thus this example can be used to construct
exotic automorphisms for hyper-Kihler’s of K 312! type; e.g. [38, §4.5]). The equation of the
unique cubic with an order 11 symplectic automorphism is well known, namely

X = V(xl3 + x22x3 + x§x4 + xf)g + x52x6 + xgxz).

From our perspective, this corresponds to case (114) in [20]. The saturated Leech pair is
(PSL(2, F11), S) and the fixed-point lattice K is

4 0 2 -1
0 4 -1 2

-1 2 -1 4
which has discriminant form 1112,

In view of Theorem 4.17, we note that the only cyclic case that needs further investigation
is G = 6 (the primary cases are covered by Theorem 4.15, while the maximal cases are
discussed later in Sect. 4.5). According to Theorem 4.17, there are two order 6 cases relevant
for us (6 and —6p). However, the case —6p was already covered by Theorem 4.15 (cf.
Remark 4.20). The last cyclic group case is handled by the following result.

Lemma4.22 Let X be a smooth cubic fourfold with a symplectic automorphism of order 6.
Suppose the moduli of cubic fourfolds with such an automorphism has dimension greater
than 2 (i.e., dim MG sy > 2). Then for an appropriate choice of coordinates, the defining
equation for X either belongs to

2 2 2 2 3.2 2 3 3.3
Span{x{x3, X{ X4, X1X2X3, X1X2X4, X3 X3, X3 X4, X3, X3X4, X3X], X3X5X6, X}, X4X5X6, X5, X§ },
while the order 6 automorphism is é(3, 3,0,0,2,4), or belongs to

3 2 3 2.3 .2 2 .3
Span{xy, x1X5, X|X3X5, X]X3X6, X2X4X5, X2X4X6, X3, X3X}, X5, X5X6, X5X5, Xg ),

while the order 6 automorphism is %(O, 3,2,5,4,4). Inboth cases, the corresponding moduli
spaces F have dimension 4. They both correspond to the case 6 in [20], and the associated
saturated group is D1j.

Proof Denote by p the order 6 automorphism. Since the moduli space of cubic fourfolds with
such an automorphism has dimension geater than 2, the order 3 automorphism p? belongs
to cases (4) or (5) in Theorem 4.15. Thus, we can choose coordinates (xp, x3, ..., X¢) such
that ,02 = %(0, 0,0,0,1,2)0r %(O, 0,1,1,2,2), meanwhile ,o3 has two —1 on the diagonal.
Denote by F = F(x1, ..., x¢) adefining equation for X. Then F is a linear combination of
p-invariant monomials in x1, . . ., xg. Since X is smooth, there exists a p-invariant monomial
divisible by x? forany i =1,2,...,6.

If p?2 = _%(0, 0,0,0,1,2), then a p*-invariant monomial divisible by x2 must be x3.
Therefore xg' is p-invariant, hence also p>-invariant. So does xg’. We may then take p3 =
%(1, 1,0,0,0,0). Then p = é(3, 3,0,0,2,4) and

F e Span{x%)@, x12X4, X1X2X3, X]X2X4, x%)@, x%m, xg, x32x4, xyci, X3X5X6, xi', X4X5X6, xg, xg 1.
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This 14-dimensional vector space contains x12x3 +x22x4 +x§’ +x2 +x53 +x§ which determines
a smooth cubic fourfold. Therefore, a generic cubic fourfold with this automorphism p is
smooth. The dimension of the centralizer of p in GL(6, C) is4 +4 + 1 + 1 = 10, hence the
dimension of the moduli space F is 14 — 10 = 4.

If p2 = _%(O, 0,1,1,2,2), then a p>-invariant monomial divisible by x? must be x; or
xlzxz. Therefore, the two — 1 on the diagonal of p3 cannot occupy the first two positions simul-
taneously. So do the third and fourth positions, the fifth and sixth positions. By symmetry,
we may take p = %(O, 3,2,5,4,4) and

F e Span{xlS,xlx%,xIX3x5,x1X3x6,x2x4x5,x2x4x6,xg,x3xf,x53,x§x6,X5x§,xg}.

This 12 dimensional vector space contains x13 +x1x§ +x§ +x3xf —i—xs3 +xg which determines
a smooth cubic fourfold, hence a generic element also determines a smooth cubic fourfold.
Moreover, the dimension of the centralizer of p in GL(6, C)is 1+ 141+ 1+4 = 8§, hence
the dimension of the moduli space F is 12 — 8 = 4. O

4.3.1 Small non-cyclic groups

In addition to the cyclic groups identified above, we discuss also the cases of cubics with
symplectic action by the simplest non-cyclic groups, Klein group and respectively S3. First,
for the Klein group 22, relevant to item (c1) in Theorem 1.2, the following holds.

Lemma 4.23 Suppose X = V(F) is a smooth cubic fourfold with symplectic action of
G & 22. Then we can choose coordinates (x|, X3, X3, X4, X5, X¢) for V such that G =
(diag(1,1, 1,1, —1, —1), diag(1, 1, 1, —1, —1, 1)), and F can be written as Fi(x1, x2, Xx3)+
x%Ll (x1, X2, x3) +x§L2(x1 , X2, X3) +x62L3(x1 , X2, X3) +x4x5x¢6. The dimension of the asso-
ciated moduli space F is 8.

Proof Since G is a finite abelian subgroup of PSL(V), we can choose coordinates
(x1, x2, X3, X4, X5, Xg) for V, such that all element in G are diagonal matrices. For any g € G,
since g2 = id and g acts symplectically on the smooth cubic fourfold X, there are four eigen-
values 1 and two eigenvalues — 1 (see Theorem 4.15(1)). We now choose generators g1, g» of
G. Up to coordinate choices, we may assume g1 = diag(1, 1, 1, 1, —1, —1), and g» is either
diag(1, 1,1, —1, —1, 1) or diag(1, 1, —1, —1, 1, 1). Suppose g = diag(1, 1, —1, —1, 1, 1),
then there is no smooth cubic fourfold preserved by the action of G. Thus g» =
diag(1, 1, 1, 1, —1, —1). The defining polynomial F can then be written as

2 2 2
Fi(x1, x2, x3) + x5 L1(x1, x2, x3) + x5L2(x1, X2, X3) + x5 L3(x1, X2, X3) + X4X5X6.

A generic cubic of this type is smooth. Moreover, the dimension of the vector space of such
cubic polynomials is 10 + 3 + 3 + 3 + 1 = 20, and the dimension of the reductive group
GL(3) x C* x C* x C* c GL(6) preserving the normal formis 9+ 1+ 1+ 1 = 12. Thus
dim(F) =20 - 12 =8. O

We now consider the symmetric group S3, relevant to item (d2) in Theorem 1.2.

Lemma4.24 Let X = V(F) C P(V) be a smooth cubic fourfold with symplectic action of
G X S3. Then the action of G on 3 can be lifted to a representation of G on V = C, and
one of the following holds:

(1) The representation of G on V is the direct sum of two standard representations of S3.
The dimension of the moduli space of cubic fourfolds F with such an action is 6.
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(2) The representation of G on'V is the direct sum of a standard representation, an alternating
character, and two trivial characters of S3. The dimension of the moduli space of cubic
SJourfolds F with such an action is 4.

Proof A projective representation of S3 can be lifted as a linear representation. Suppose we
have an action of S3 on V with an invariant smooth cubic form F € SymS(V*), such that
the induced action of S3 on V (F) is faithful and symplectic. There are three involutions in
S3, and their actions on V must have two-dimensional (—1)-eigenspace.

There are three linear irreducible representations of S3, namely, the trivial character, the
alternating character, and the standard representation on C3. Since the action of an order 3
element in G is faithful on V, the representation of G on V has the standard representation
of S3 as an irreducible component. It is then clear that the two cases mentioned in the lemma
are the only possible ones.

Suppose V is a direct sum of two standard representations. We can choose coor-
dinates (x1, x2, x3, x4, x5,%¢) of V*, such that G = S3 is acting via permutating
(x1, x2), (x3, x4), (x5, x¢) simultaneously. A cubic form which is invariant under this action
can be written uniquely as a linear combinations of 14 cubic forms which are also invariant.

A BB
The centralizer group of S3 in GL(V) can be written as | B A B | where A, B are two
BB A
by two matrices. This group has dimension 8. Hence the dimension of the moduli of cubic
fourfolds with this action is 14 — 8§ = 6.

Suppose V is a direct sum of a standard representation, an alternating character, and two
trivial characters. We can choose coordinate (x1, x3, X3, X4, X5, x6) of V*, such that G = S3
is acting via permutating (x1, x2, x3), identically on x5, x¢, and alternatively on x4. A cubic
form which is invariant under this action can be written uniquely as a linear combinations of
15 cubic forms which are also invariant. The centralizer group of S3 in GL(V') has dimension
11. Thus, the dimension of the moduli space of cubic fourfolds with this actionis 15—11 = 4.

O

4.4 Proof of Theorem 1.2

At this point, we can complete the proof of our classification theorem (Theorem 1.2). The
main ingredients of our proof are the criterion given by Theorem 4.5, the Hohn—Mason
classification [24] of the fixed-point sublattices in the Leech lattice IL, and Fu’s classification
discussed above (Theorem 4.15). Nikulin’s criterion for the existence of even lattices with
specified discriminant form (Theorem A.8) is a well-known tool that we use repeatedly.
Hohn and Mason [24] list all possibilities (290 in total) for saturated Leech pairs (G, S).
Condition 4.8 allows us to rapidly remove a large number of cases (e.g., about half of the cases
have rank(S) > 21). We analyze the remaining cases one by one using Theorem 4.5 (our
main criterion) and Nikulin’s theory. The most delicate case, rank(K) = 4, was analyzed in
detail in Theorem 4.14. The cases when rank(K') > 5 are similar and in fact easier. Namely,
as K becomes larger, it is easier to embed E¢ into K & U 2 (in particular, note that except
rank(K) = 4, (E(,)J[; U2 is indefinite, i.e., the “easy” case of Nikulin’s theory). By a routine
inspection (we only need to compare the rank of K and /,,(Ag)) of the list of Hohn—-Mason,
we see that there are 43 cases (among them, there are 12,12, 5,5,2,3,2, 1, 1 cases with
rank(K) = 5,6,7, 8,9, 10, 12, 16, 24 respectively) in Hohn—Mason list with rank(K) > 5
and satisfying Condition 4.8. Out of these 43 potential cases withrank (K) > 5, only 28 satisfy
the equivalent conditions in our main criterion Theorem 4.5. We omit the details. Including
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the 6 cases of maximal rank, we obtain the list of 34 possibilities for (G, S) € %,;,. We list
them in Theorem 1.2 in the order of decreasing dimension of moduli M ¢ s) (or equivalently
by rank(S)). (Note however that Mg s) is not necessarily irreducible. When possible, we
list also the irreducible components of Mg, s).)

The second part of Theorem 1.2 is to give explicit equations for some of the cases. As
discussed above, Theorem 4.15, Lemma 4.22, Lemma 4.23 and Lemma 4.24 give normal
equations for cubic fourfolds X which admit faithful actions by some special group G (either
cyclic of primary order, Z /6, Klein group or S3 respectively). Starting with this classification,
we proceed in two ways. First, we have the saturation procedure: given a normal form
F stabilized by such a G, we obtain a Leech pair (G, S = Sg(V(F))), with saturation
(G, S) € A (ie., in the list of the previous paragraph). For a generic cubic fourfold X
in Mg,s), we have G C G’ = Aut’(X). By Proposition 4.6, we can calculate rank(S) =
20 — dim Mg, sy = 20 — dim Fg. Typically, using the information on the order of G (note
that ord(G") is a multiple of ord(G)) and rank(S) suffices to identify the pair (G’, S). As an
illustration of this saturation procedure see item (5) case Do in Theorem 1.2.

A second way to proceed is to start with (G, S) € %, and consider elements of primary
order g € G (say ord(g) = Po. By Theorem 4.15, we know the possible normal form(s) F
of X with an action by g (similar arguments apply to 22 C G or $3 C G). We then try to
specialize F so that it admits an action by G D (g) (e.g., see proof of Lemma 4.24). Again,
the knowledge of the dimension of F¢ (from the normal form) and that of Mg, s) proved
very handy in practice.

Concretely, for G = 1,2, 3 or 4, we can directly apply the second method (G = (g))
and (0), (1), (2b), (3a) are clear. For (2a), we can apply the second method for G = 22 and
use Lemma 4.23. For (3b), we can apply the second method for G = S3 and use Lemma
4.24. For (5a), we can apply the second method for G = D, and use Lemma 4.22. Then
applying the first method we see that a generic cubic fourfold described in Lemma 4.22 has
symplectic automorphism group Di,. For items (5b), (7b) and (7¢) of Theorem 1.2, we
apply a combination of the two methods.

The last case left is (7a). From Harada-Lang [20] (case (3¢)), there is a Leech pair (G, S)
withG Z3and K = E g‘ (3). From Hohn—Mason classification, the only saturated Leech sub-
pair of (Cog, L) with discriminant 3% is (3!* : 2, S). Thus this is the saturation of (G, S).
By Theorem 4.5, there exist cubic fourfolds with certain order 3 automorphism such that the
induced Leech pair is (G, S). The moduli space of such cubic fourfolds has dimension 2.
These cubic fourfolds must be given by case (6) in Theorem 4.15. Using the first method
described above, any cubic fourfold with such an order 3 automorphism has automatically
symplectic automorphism group 3'+4 : 2. We conclude case (7a). O

4.5 Uniqueness in maximal case

As discussed in the previous subsection, we are able to identify explicit equations for a
number of cases in Theorem 1.2. The cases that are more difficult are those with large, non-
abelian group. One further complication that can arise is the fact that Mg, s) might not be
irreducible. We discuss in detail this situation for the maximal rank case, rank(S) = 20 or
equivalently dim Mg sy = 0. In Theorem 4.14 we have identified six cases for such pairs
(G, S). On the other hand, Hohn—Mason [25, Table 11] have listed for each of these cases a
cubic fourfold in Mg ). It turns out, that in two of the six cases, there is an additional point
in Mg, s). This is the new content of our Theorem 1.8. Our arguments are lattice theoretic;
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we do not have explicit equations for these cubic fourfolds with large automorphism groups.
We start with two lemmas:

Lemma 4.25 For Leech pairs (G, S) withnumbers 1,4, 5, 10, 11, or 13 in Table 1, the natural
group homomorphisms

Aut(S) — Aut(gs)

are surjective.
Proof Direct inspection of Table 9 in [25]. O

From the reduction theory of lattices (e.g., see [8, Chap. 15, §3.2]), we have:
Lemma 4.26 Every positive rank 2 lattice admits a basis, such that the corresponding inter-
section matrix is a’c = (Z IZ) with —a < 2b < a <c,and b > 0ifa = c. In particular,

we have 3b*> < d = ac — b>.

Proof of Theorem 1.8 The issue that we need to investigate is the uniqueness of the primitive
embedding S < Ag (where Ag = Ar & (E3)? @ U? is the primitive cohomology of the
cubic fourfold). Welet T = Si‘o be the transcendental lattice. The maximal rank case is very
special, as T is in fact a negative definite lattice of rank 24 (in all other cases, T is indefinite,
the easy case of Nikulin’s theory). We now analyze case by case, the six cases of the Theorem
1.8, corresponding to items 1, 4, 5, 10, 11, or 13 in Table 1.

(1) For3*: Ag, the lattice T has discriminant form 371971 By Lemma 4.26, we see that the
negative rank 2 even lattices with discriminant 27 are — (2!14) and —(636). Only — (6%6)
has discriminant form 37191 Hence T = —(636) is unique. A saturation S® T — Ay
is given by an injective morphism —gr < ¢s. Every two such morphisms differ by an
automorphism of ¢g, which is induced by an automorphism of S (from Lemma 4.25).
Thus all primitive embeddings of S into Ao with orthogonal complement T give the same
primitive sublattice (up to automorphisms of Ag). Therefore, this case recovers a unique
smooth cubic fourfold, which must be the Fermat cubic fourfold V(x13 + xg + x33 + xi +
x53 + xg).

(2) For G = A7 and g7 = 571711 All negative rank 2 even lattices with discriminant
35 are —(6'6) and —(2!18). After calculating their discriminant forms, we conclude
T = —(2'18). Similarly to the previous case, all primitive embeddings of S into Ag
with orthogonal complement 7' give the same primitive sublattice. Therefore, this case
recovers a unique smooth cubic fourfold which is the diagonal cubic fourfold V(xf’ +
x% + xg’ +x2 + xg’ + xg —(x1+x2+x34+x4+x5+ x6)3) as we will show in Sect. 6
using the existence of certain anti-symplectic involutions (equivalently, Eckardt points).
See Corollary 6.9.

(2)) ForG = A7andgr = 37257+ Al negativerank 2 even lattices with discriminant 315
are —(21158), —(6354), — (18318), —(1034), — (14726) and — (18°22). After calculating
their discriminant forms, we must have 7 = —(18318). A saturation S @ T <> Ay is
given by an injective morphism gs < —qr. Given two such morphisms 71 and 77, denote
by ey, e, the generators of T with intersecting matrix —(18318). One element in the
automorphism group of 7 sends (eq, e3) to (e1, e2), (e2, 1), (—ey, —ez) or (—e2, —ey).
By simple calculation, we can choose an automorphism ¢ of 7', such that 7; and ¢t o 7 have
the same image. Then 71 and ¢ o 72 only differ by an automorphism of gs. By Lemma
4.25, this is induced by an automorphism of S. Thus the two primitive embeddings
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3)

“)

(&)

(6)

corresponding to 71 and 7, have the same image in Ag. Therefore, this case recovers a
unique smooth cubic fourfold. As we will show in Sect. 6, this cubic fourfold does not
admit any Eckardt points, hence is distinguished from case (2) above.

For 31%4 . 2.22 the lattice T has discriminant form 2; 2342 All negative rank 2 even
lattices with discriminant 36 are —(2°18), —(6°6) and —(410). After calculating their
discriminant forms, we must have T = —(6%6). As in case (1), all primitive embeddings
of S into Ao with orthogonal complement T give the same primitive sublattice. Therefore,
this case gives rise to a unique smooth cubic fourfold. By [25], this cubic fourfold is
X@H*:222) = V] +x3 +x3 + x5 +x3 4+ x3 — 3(v3+ D(x1x2x3 + X4x56)).
For Mg, the discriminant form of 7 is 25 '47'3725+1. All negative rank 2 even lat-
tices with discriminant 360 are —(2°180), —(4990), —(6°60), —(10°936), —(12°30),
—(18920), —(14%26), —(18°22) and —(187922). After calculating their discriminant
forms, we must have T = —(12°930). There are two discriminant subforms of —qr =
25_1 413251 that are isomorphic to gs = 25_l 47131541 Moreover, these two are not
identified via an automorphism of 7. Therefore, there are two non-conjugate embeddings
of § into Ao, both with orthogonal complement isomorphic to 7. From [25, Table 11]
there is an explicit description for one smooth cubic fourfold with symplectic automor-
phism group Mjp:

X' (M) =x{ + - +x3g + %(—3;7 =303 43¢ =303+ 60 —3) x F (4.3)

where ¢ = V2% and F = X1X2X3 + X1X2X4 + (;4 — Dx1x2x5 + x1x2x6 + (;4 —
1)x1x3%4 +x1x3%5 +x133%6 + (¢4 — Dx1x4x5 — Py xaxe — E 4y x5x6 + (04— Dxoxzxa +
(€% — Dxaxsxs — £¥xax3x6 + x2xaxs + x2xaxe — ¢ x2x5%6 + X3x4%5 — CHx3%4%6 +
X3X5X6 + X4X5X6.

For L, (11), the lattice T has discriminant form 11723~ All negative rank 2 even lattices
with discriminant 363 are —(2'182), —(14126), —(147126), —(6°62) and —(22!122).
After calculating their discriminant forms, we must have T = —(221122). Similarly to
the case (3), the image of S in A is unique up to automorphisms of Ag. Thus this recovers
a unique cubic fourfold, which must be V(xlzxz + x%m + x§x4 + xfx5 + x52x1 + xg).
Namely, Adler [1] showed that L,(11) is the automorphism group of the Klein cubic
threefold V(xlzxz + x%x3 + x32x4 + xfx5 + x52x1). It is then easy to see that L(11) acts
symplectically on the fourfold V(x]2x2 + x%)g + x32)C4 + xfx5 + xgx 1+ xg ) (obtained
as a cyclic cover of P* branched over the Klein cubic threefold).

For A3 5, the lattice T has discriminant form 371572, All negative rank 2 even lattices with
discriminant 75 are —(2138), —(6°14) and —(10°10). After calculating their discriminant
forms, we must have 7 = —(10°10). Similarly to the case (1), the image of S in Ay is
unique up to automorphisms of Ag. Thus, this recovers a unique cubic fourfold, which
must be

X(Azs) = V(x13 —i—xg —l—x; +x2 —l—xg’ —I—xg —l—x% —l—xg) NVxr + x4+ x3)
NV (x4 + x5 + X6 + X7 + Xx3).

as As s is acting symplectically on this cubic fourfold by permuting the two tuples
(x1, x2, x3) and (x4, ..., X8).

The remaining parts of Theorem 1.8 on non-symplectic automorphisms are proved in Propo-
sition 6.12. O

@ Springer



1488 R.Laza, Z. Zheng

5 Symplectic automorphisms for low degree K3 surfaces

In this section we will discuss the case of K3 surfaces. As we have indicated, the classifica-
tion of symplectic automorphisms for K3 surfaces was first systematically investigated by
Nikulin [42] via lattice theory, and culminated in the celebrated result by Mukai [41] on a
characterization of maximal finite symplectic groups of K 3 surfaces via Mathieu group M»3.
Kondo [29] simplified Mukai’s proof by embedding the covariant lattice S into a Niemeier
lattice (an approach closely related to ours). Xiao [53] gave the complete list of finite sym-
plectic automorphism groups of K3 surfaces by analyzing the combinatorial structures of
the singularities of the quotient surface. Hashimoto [22] extended Kondd’s lattice theoretic
approach to give the complete list and analyze the possibilities of geometric realizations.

We briefly discuss here the case of symplectic automorphisms for low degree polarized K 3
surfaces, along the lines of our analysis for cubic fourfolds. Our method is lattice theoretic and
relies on the Hohn—Mason [24] classification. On the other hand, low degree K3 surfaces
have projective models. For those K3 surfaces, one can study the automorphisms of the
projective model via geometric methods; some partial results exist in the literature (e.g. [21],
[9], [37]). Our discussion here only matches some of the maximal cases. A further analysis
of the interplay between geometry and arithmetic would be interesting.

5.1 General discussion

As in the cubic fourfold case, the main point of our analysis is that for a K3 surface ¥ with
a faithful symplectic action of a finite group G, one gets a Leech pair (G, Sg(Y)(—1)) (see
Lemma 4.2). The task now is to identify those that occur for Y a polarized K3 surface of
given degree. Similarly to our main criterion (Theorem 4.5) for cubic fourfolds, we obtain
the following criterion for Leech pairs to arise from low degree K 3 surfaces. Our arguments
apply essentially verbatim as in the proof of Theorem 4.5 for the cases when there exists a
Borcherds polarization on Y (see Sect. 2.4) which is a root lattice. As already discussed, this
is the case for degree 2 and 6. It is also true for the degree 4 case (e.g., [34, Sect. 1]). Finally,
it also applies to elliptic K3 surfaces. By abuse of notation, we call an elliptic K3 surface a
degree 0 K 3 surface, and we insist that the polarized symplectic automorphisms preserve the
class of the fiber and of the section (i.e., the natural U polarization for elliptic K3 surfaces
is point-wise fixed by the automorphism).

Theorem 5.1 Suppose (G, S) is a Leech pair. Let d € {0, 2,4, 6} and R, be the root lattice
Eg, E7, D7, or E¢ ® Ay ford = 0,2, 4, 6 respectively. The following three statements are
equivalent:

(i) there exists a smooth degree d K3 surface S with a symplectic action G which preserves
the polarization, such that (G, S) = (G, Sg (X)),
(i) there exists an action of G on L with S = Sg (L) and K = 1.9, such that there exists a
primitive embedding of Ry into K & U?,
(iii) there exists an embedding of S ® R into the Borcherds lattice B, such that S has primitive
image.

The maximal rank for Sg(Y)(—1) in the K3 case is 19 (or equivalently the orthogonal
complement K in the Leech lattice I has rank 5). From Hohn—Mason classification, we
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Table 2 Maximal Finite Symplectic Automorphism Groups of K3

Number Order Group Aut® (Y) Discriminant form deg(Y) in [41, Ex. 0.4]
1 960 My 228151 4
2 384 4.5, 4flgl? 4
3 360 Ag 471325+ 6
4 288 Ags 2281342 8
5 192 24Dy, 4728131 8
6 192 (0% Q8): S3 4733+ 4
7 168 Lo(T) 4f17+2 4
8 120 Ss 471352 6
9 72 Mo 25337 19-1 2
10 72 Nop (232 : Dg) 47134291 6
+1g—24-1
11 48 Tag 241823 2

identify the following 11 maximal cases in Table 2;’ they correspond precisely to the 11
maximal cases of Mukai. It is interesting to note that all 11 cases have projective models of
degree at most 8 (see [41, Example 0.4]).

Notation 5.2 The notation of the finite groups appearing in Table 2 follows Mukai’s appendix
to [29] (N.B. there are some small typos in loc. cit.: the group A4 4 has order 288, instead of
384). For reader’s convenience, we recall that the group M»q is isomorphic to 24 . As, the
group Mo is isomorphic to 32 : Qg, the group Tyg is isomorphic to L»(3). The operator s is
the central product. Concretely, the group Qg * Qg is the quotient of Qg x Qg by the center
of Qg embedded diagonally, and it is isomorphic to an extraspecial group 2! 4.

Below, we discuss the maximal rank cases for K3 surfaces of degree 2 and 6 as those
are connected to cubic fourfolds (as discussed, they correspond to “fake cubics”, i.e., the
Hassett divisors C; and Cg). The cases of degree 4 K 3 surfaces and elliptic K3 surfaces are
equally interesting, but less relevant to the core analysis in this paper. We point out however
the classification of projective automorphisms of quartic K3 surfaces in [37], and the work
[16] on automorphisms of elliptic K3 surfaces.

5.2 The degree 2 K3 case

The maximal symplectic cases for degree 2 K3 surfaces (analogue to Theorem 4.14 for
cubics) are listed below.

Theorem 5.3 Let Y be a K3 surface of degree 2 with a symplectic action of a finite group G.
Suppose rank (S (Y)) = 19, then (G, Sg(Y)) is one of the numbers 3,7, 9, 11 in Table 2. In
particular, the group G can be Ag (see (5.1)), L1(7) (see (5.2)), Mg (see (5.3)), or Tag (see
5.4)).

7 There are some typos in Hohn and Mason about the 2-parts of the discriminant forms. For instance, they
write 45"1 83’ 2 in case 2, and 2;'33* 191 in case 9. These symbols are not allowed (see Sect. A.2). Corrected
symbols for discriminant forms in this table can be found in [53] or [22].
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Proof Take a triple (G, S, K) from Table 2. By Theorem 5.1, we need to check whether
there exists an embedding of § @ E7 into B, such that the image of § is primitive. We have
qE;, = —qa, = 2;r ! For numbers 1,2,4,5, 6, the lattice S @ E7 has no nontrivial saturation
in which § is primitive, and [ (S@® E7) > 3. For number 10, we have [3(S® E7) = [3(K) = 3.
Therefore, in these cases, there are no embedding of S @ E7 into B such that the image of S
is primitive. We next check the other cases one by one.

(1) Fornumber 3 in Table 2, the discriminant form of S& E7 is 45 13+25+1 692;r ! ,and there is
no nontrivial saturation of S@ E7. Since 2 x4 x5 = 40 = 1 (mod 3), there exists a unique
negative rank 2 even lattice T = —(12930) with discriminant form 2;“145713'*'25 +1. Thus
there exists a primitive embedding of S @ E7 into B with orthogonal complement 7'.

(2) For number 7 in Table 2, the discriminant form of S @ E7 is 4;“ 1742 g Z;F 1, and there
is no nontrivial saturation of S @ E7. Since 2 x 4 = 8 is a square in Z7, there exists a
negative rank 2 even lattice 7 with discriminant form 2fl4f“l7+2. Thus there exists a
primitive embedding of S & E7 into B with orthogonal complement 7.

(3) For number 8 in Table 2, the discriminant form of S & E7 is 45 13-15-2 g Z;F ! , and
there is no nontrivial saturation of S @ E7 in which S is primitive. Since 2 X 4 x 3 =
24 = —1 is a square in Zs, there is no negative rank 2 even lattice with discriminant
form 2;7'43'3+1572 Thus there is no embedding of S @ E7 into B for which the image
of S primitive.

(4) For number 9 in Table 2, the discriminant form of S & E7 is 2+33+19+1 2+1 and there
is a unique nontrivial saturation Sof S@ E7 in which S is prlmmve The dlscrlmmant
form of S is 2+23+1 9+! Since 2 x 2 = 4 is a square in Z3, there exists a negative rank 2
even lattice 7' with discriminant form g3 _ ;) = 2;{23’19’1. Thus there exists a primitive
embedding of S into B with orthogonal complement 7.

(5) For number 11 in Table 2, the d1scr1m1nant formof S® E7 is 2+1 81123 @27, and there
is a unique nontrivial saturation Sof S @ E7 in which S is prlmmve The discriminant
form of S is 81123 ! There exists a negative rank 2 even lattice T with discriminant form
81 23+1 Thus there exists a primitive embedding of Sinto B with orthogonal complement
T.

The claim follows. O

We discuss the geometric realizations for those maximal symplectic groups. The double
cover of P2 branched along a sextic curve is a degree 2 K 3. If a group acts on a plane sextic
curve, it also acts on the corresponding degree 2 K 3 surface. A classification of automorphism
groups of plane sextic curves can be deduced from [21, Thm. 2.1]. It was discovered by Wiman
[52] that the sextic curve

V(10x3 x5 + 9x3(x7 + x3) — 45x7x3x5 — 135x1x0x5 + 27x9) (5.1)

has an action of Ag. The corresponding degree 2 K3 surface also admits an action of Ag,
which must be symplectic since Ag is simple. In [9] the uniqueness of such a sextic curve
(with an action of Ag) is proved.

The Klein sextic curve

V(xlsxz +x§x3 +x§x1) 5.2)

has automorphism group L, (7). Therefore, the symplectic automorphism group of the cor-
responding degree 2 K3 surface is L, (7).
Another smooth plane sextic with large symmetry (see Remark 2.4 in [21]) is

V(xl6 +x§ —|—x36 - 10(x1x2 +x2x3 +x3x1)) 5.3)
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which has automorphism group isomorphic to the Hessian group Hp16 of order 216 (this group

can be represented as the affine special linear group ASL(2, IF3), or as the projective unitary

group PU(3, F)). Actually the degree 2 K3 surface corresponding to this sextic curve has

symplectic automorphism group isomorphic to Mg = PSU(3, F) (cf. [41, Example 0.4]).
Finally, the group Tyg is realized by the double cover of P? with branch curve

V(xix2 4+ 05x1 4 x3), (5.4

(cf. [41, Example 0.4]).

5.3 The degree 6 K3 case

The maximal cases in the degree 6 case are listed below.

Theorem 5.4 Let Y be a K3 surface of degree 6 with a symplectic action of a finite group
G. Suppose rank(Sg (Y)) = 19, then (G, S (Y)) is one of the numbers 3, 8, 10 in Table 2.
In particular, the group G can be Ag (see (5.5)), S5 (see (5.6)), or N73 (see (5.7)).

Proof Take a triple (G, S, K) in Table 2. By Theorem 5.1, we need to check whether there
exists embedding of S @ Eg @ A; into B, such that the image of S is primitive. We have
qEs@A; = —qA,DPga, = 2“3"‘1 For cases withnumbers 1, 2, 4, 5, 6, 11, Wehavelz(g) >3
for any saturation S of S & E6 @ A1 in which S is primitive. For the case number 9, we have
l3(S) > 3 for any saturation Sof S@ E¢ @ Aj. Therefore, for those cases we cannot embed
S @ Ec @& Aj into B with primitive image of S. We consider the other cases one by one.

(1) For number 3 in Table 2, the discriminant form of S @ E¢ @ A is 43 13725+ @2 13+1,
We have a nontrivial saturation S of S @ E¢® A with discriminant form 2“47 3-15+L
There exists a negative rank 2 even lattice 7" with discriminant form 2+ ! 45 13+1 5t1 Thus
there exists a primitive embedding of S into B with orthogonal complement T.

(2) For number 7 in Table 2, the discriminant form of S @ Eq @ A; is 4“7+2 2+13+1,
and there is no nontrivial saturation of S @ E¢ @ Aj. Since 2 X 4 X 3 =24 =3 (mod
7), and 3 is not a square in Z7, there is no negative rank 2 even lattice with discriminant
form 2;”4;”3*17*2. Thus there is no embedding of S @ Eg @ A; into B.

(3) For number 8 in Table 2, the discriminant form of S @ E¢ @ A is 45713_15_2 @ 2?13"'1.
We have a nontrivial saturation S of S @ Eg @ A with discriminant form 2?14;15 -2
in which § is primitive. Since 2 x 4 = 8 is not a square in Zs, there exists a negative
rank 2 even lattice 7' with discriminant form 2+14 '5-2 Thus there exists a primitive
embedding of S into B with orthogonal complement T.

(4) For number 10 in Table 2, the discriminant form of S® E¢® A| is 4;1 3t29tl g 2?1 3+
We have a nontrivial saturation S of S&@ E. 6 D A1 with discriminant form 2}L14;r I3-1g+l ,
in which § is primitive. Since 2 x 4 = 8 is not a square in Z3, there exists a negative rank
2 even lattice T with discriminant form 2“4“3"‘19_l Thus there exists a primitive
embedding of S into B with orthogonal complement T.

The theorem follows. O

The geometric realization of all these three groups can be found in Mukai [41, Example
0.4]. The group Ag is the symplectic automorphism group of

Y=V +- 41NV +-4xHNVE ++x3) (5.5)
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(presented as a diagonal hyperplane section in IP%). Similarly, the group Ss is the symplectic
automorphism group of

VO -+ xs) V] + -+ x) NV A+ xd) (5.6)

(here the symplectic action is defined as follows: g € S5 actson (x, ..., x5) by permutation,
and x¢ — sgn(g)xe; see [41, p. 188]). The group N7; is the symplectic automorphism group
of

V(x] +x3 + 23 +x3) NV (xpxo + x304 + x3). (5.7)

5.4 Uniqueness for K3 surfaces

While we don’t investigate the uniqueness question here (i.e., analogues of Theorem 1.8), we
point out that Hashimoto [22, Main Theorem] proved that for three of Mukai’s maximal cases
(specifically (3), (7), and (8), corresponding to groups Ag, L2(7), and Ss) there are exactly
two primitive sublattices (up to conjugate) of Ag3(—1) isomorphic to S (where, as before,
S is the covariant lattice). Each of these cases has at least one realization for a K3 surface
of degree 2 or 6 (see (5.5), (5.2), and (5.6) below). As Hashimoto works in the unpolarized
case, the moduli space of K3 surfaces with symplectic automorphism groups in the above
three cases has two connected component, both of dimension 1. The group Ag is of special
interest since it occurs for degree 2 and degree 6 cases (see (5.1) and (5.5)). Interestingly, the
two cases are in two different components.

Proposition 5.5 The embeddings of S into Ax3(—1) given by the two geometric realizations
(5.1)and (5.5) (degree 2 and degree 6) have different orthogonal complements. In particular,
these two K3 surfaces belong to different connected components of the moduli space of K3
surfaces with symplectic automorphism group Ag.

Proof Let Y| and Y, be the K 3 surfaces of degree 2 and degree 6 with Ag symplectic action
respectively. Then the orthogonal complement of § = S4, (Y1) — H 2(Yy, Z)(—1) contains
a vector with self-intersection —2, while the orthogonal complement of § = S4,(Y2) —
H2(Y», Z)(—1) contains a vector with self-intersection —6. (Note that in our conventions we
are scaling the cohomology by —1, making the polarization a negative vector. Furthermore,
in these maximal cases, S is negative definite of rank 3.) On the other hand, from Hashimoto
[22, Table 10.3, item 79], the orthogonal complement S Lofan embedding of Sinto Ag3(—1)
can be either

-2 -1 0
-1 -8 0 ,
0 0 -12

which contains (—2)-vector but does not contain any (—6)-vector, or

-6 0 -3
0o -6 -3]),
-3 -3 -8
which contains (—6)-vector but does not contain any (—2)-vector. The claim follows. ]
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5.5 A geometric relation to cubic fourfolds

Notice that the maximal symplectic automorphism groups for degree 2 (see Theorem 5.3)
and degree 6 (see Theorem 5.4) also appear in case rank (S) = 19 in Theorem 1.2. This is not
a coincidence. The following proposition explains the geometry behind this phenomenon.

Proposition 5.6 Let (G, S) be a Leech pair satisfying conditions of Theorem 5.1 for degree
d =2o0r6, then (G, S) is one of the 34 Leech pairs from Theorem 1.2. In each of these cases,
the dimension of the corresponding moduli space of cubic fourfolds is one unit greater than
that of the moduli space of K3 surfaces of degree 2 or 6.

Proof Let (G, S) be a Leech pair such that there is an embedding of S @& R, into B with
primitive image of S. Here Ry = E7 if d = 2 and Ry = E¢ @ A1 if d = 6. Notice that
in both situations we have a natural embedding E¢ <— R;. Thus we have an embedding
S® E¢ — S& Ry — B such that the image of S in B is primitive. Therefore, the Leech pair
(G, §) arises from symplectic actions of G on certain smooth cubic fourfolds. The dimension
of the moduli space of such cubic fourfolds is 20 — rank(S), while the dimension of degree
d K3 surfaces with the corresponding symplectic action of G is 19 — rank(S). O

Remark 5.7 The above proposition implies that if we have a family of fake cubic fourfolds
with symplectic action by a finite group G, then we can deform the fake cubic fourfolds into
smooth ones, preserving the action of G. What we obtain is a family (of one more dimension)
of cubic fourfolds with symplectic action of G such that the generic fibers are smooth.

Let us briefly discuss the geometry behind Proposition 5.6 (and Remark 5.7). For sim-
plicity, we restrict to the case of nodal cubic fourfolds (parametrized by the Hassett divisor
Ce). A singular cubic fourfold can be written as

Xo = V(fa(x1, ..., x5)x6 + f3(x1,...,x5)) C P (5.8)
for some homogeneous polynomials f, f3 of degree 2 and 3 respectively. Note that the
equation above singles out the singular point p = (0,...,1) € X. The linear projection
from p

7w Xg--» P

is a birational equivalence. The indeterminacy locus of the inverse map 7 ~! : P* --» X is
the degree 6 K3 surface

Y = V(falxi,...,x5), f3(x1,...,x5)) C P*.

More precisely, assuming Y is smooth, X has a unique singular point p which is either of
type Aq (if V(f») is smooth) or type A, (if V (f>) is singular), and

Xo = Bl, X = BlyP*.

This establishes a Hodge correspondence (essentially an identification) between the Hodge
structure on H*(Xp) (still pure) and H 2(Y)(=1). Going on to automorphism, note that
since the polarized automorphisms of Y are induced from projective transformations, i.e.,
G = Aut(Y),o, C PGL(5), G acts by automorphisms on }?0. The group G preserves the
quadric V(f2) C P> and its strict transform E in )70 = BlyP*. But then E is precisely the
exceptional divisor of Xg = Bl,X( — X(. We conclude that G acts on X by automorphisms
preserving the singular point p.
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Assuming that the equations f> and f3 of ¥ = V(f2, f3) can be chosen to be invariant
with respect to G (in general some character of G might be involved), then the (pencil of)
cubic fourfolds

X, =V ((foxe + f3) +1x3) C P

admit G as a group of automorphisms, with G acting trivially on x¢. For general t € P!,
the above cubic is smooth. This allows us to lift the equations for maximal symmetric K3
surfaces of degree 2 and 6 to 1-parameter families of cubic fourfolds with large symmetry
group (producing examples for most of the cases of Theorem 1.2(8)). The simplest example
of such a lifting is the A¢ case (5.5). Specifically, the degree 6 K3 surface is

Y=V(x12+-~+x§+(x1+~-~+x5)2,x13+~-+x53—(x1+'~+x5)3).
It can be lifted to the 1-parameter family of cubics X; = V (F;) with Ag symmetry, where

Fr=xi+-4x3— @+ +x5)° +x6 (¢ + - +x2 + 1+ +x5)?) + 123,
(5.9)

More symmetrically, we can write
X, = V( 3 3 2 2 3
r=Vxo+-+xs, x5+ + x5+ x6(xy + - +x35) +1xg).

In this particular case, the symplectic condition is automatic as Ag is a simple group (see
also Sect. 6.1 below).

6 Some remarks on the full automorphism groups for smooth cubic
fourfolds

In this section we discuss about automorphisms and automorphism groups of smooth cubic
fourfolds in general (i.e. without the symplectic assumption). We first discuss some general
structure results in Sect. 6.1 (the same arguments apply to K3 surfaces or hyper-Kihler
manifolds). In Sect. 6.2, we obtain some estimate on “how non-symplectic” the automorphism
group of a cubic fourfold can be. Finally, in Sect. 6.3, we give some arithmetic conditions for
smooth cubic fourfolds to admit non-symplectic automorphisms of order 2, 3 or 4, and then
use this to find the full automorphism groups for smooth cubic fourfolds with rank(S) = 20.

6.1 Basic structures of the full automorphism groups

Let X be a smooth cubic fourfold, and G = Aut(X) the automorphism group. The induced
action of G on H>!(X) gives a character x : G — C*, with kernel the symplectic auto-
morphism group G = Ker(x). The image of x is a cyclic group which we denoted by G.
We have the following short exact sequence of finite groups:

l1— Gy — G — G — 1.

As before, the symplectic part G; C Aut(X) induces a Leech pair (Gy, S). Denote by
T(X) C H*(X, Z) the transcendental lattice of X. Note

T(X) c H*(X, D)%, = Sx,.

prim
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The induced action of the full automorphism group G on H*(X,Z) (or H*(X,Z) prim)
preserves the algebraic and transcendental lattices. Since G acts trivially on 7 (X), the action
of G on T (X) factors through an action of G on T (X). Clearly, the action of G preserves
the Hodge structure on 7'(X), and in particular it preserves the subspace H>! = C c T(X).
Choosing a generator o of H3! (ie., the class of a (3, 1) form on X), we see that G acts on
o by roots of unity, i.e., forany 1 # & € G, we have

Eo=¢(o

for some root of unity ¢ (# 1) € U(1) € C*. Thus the invariant subspace T(X)? is purely of
Hodge type (2, 2). Since T (X) is transcendental, we must have T (X )8 = {0}. In conclusion,
we have:

Lemma 6.1 The induced action of G on T (X)\{0} is free.

Denote by n the order of G (i.e., G = n). Lemma 6.1 and standard algebra leads to the
following:

Corollary 6.2 We have (p(n)frank(T(X)). Here ¢ is the Euler function.

Proof Let & be a generator of G, and ¢ a primitive n-root of unity such that £.c = ¢o for
o € H>'(X). By Lemma 6.1, all the eigenvalues of £ on T'(X) are primitive n-roots of unity.
The characteristic polynomial pg of & (as an automorphism of 7 (X)) is rational. It follows
that pe is a power of the cyclotomic polynomial. The claim follows. O

6.2 Order of the non-symplectic part

The list of smooth cubic fourfolds with a prime order automorphism is known. Specifically,
according to [17, Theorem 3.8] there are 13 irreducible families® of cubics with a prime order
automorphism. In particular,

Proposition 6.3 A prime factor of the order of the automorphism group of a smooth cubic
fourfold canonly be 2, 3, 5,7, or 11. The only primes that can be an order of a non-symplectic
automorphism of a smooth cubic fourfold are 2 and 3.

Proof The list of prime orders is a consequence of [ 17, Theorem 3.8]. The second part follows
by noticing that 7 of the 13 cases were already identified in Theorem 4.15 as the symplectic
cases (see also Remark 4.16). The symplectic cases cover all the cases involving the primes
5,7, and 11. The claim follows. O

By Proposition 6.3, the order of G has only prime factors 2 or 3. Thus, we can write
n(=|G|) = 2*3!. From Corollary 6.2 and the fact T'(X) C Sy, we get:

@(n) = (23" < 22 — rank(S). (6.1)

As mentioned, the induced action of G on H 4(X , Z) preserves the algebraic and tran-
scendental lattices. In fact G preserves also the covariant lattice S(= Sg, (X)).

Lemma 6.4 The induced action of G on H*(X, Z) leaves S stable.

8 The case .7'-'52 in [17, Theorem 3.8] should be excluded, as the corresponding family contains only singular
cubic fourfolds. This was pointed out in [6].
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Proof The subgroup Gy is normal in G = Aut(X). Thus for any g € G, 2G5~ = G, By
definition, S is the orthogonal complement of the invariant lattice AGs, Clearly G5 = gGy g_1
leaves every vector in g A invariant. It follows that gAY = ASs. By taking orthogonal
complements, we see that g leaves S stable. O

The action of G on S induces ahomomorphism 7 : G —> Aut(gs). Since G acts trivially
on ¢gs, the homomorphism 7 descends to a morphism 7 : G —> Aut(gs).

Proposition 6.5 When rank(S) > 13, the homomorphism w: G —> Aut(qs) is injective.

Proof Suppose g € G \ G acts trivially on gs. Thus, the action of g on S is by isometries
preserving the discriminant. As previously discussed, any such isometry of S can be lifted
to a symplectic automorphism of X. Thus, there exists & € Gy, such that the restrictions of
g and & to S are the same. Replacing g by gh~!, we can assume (without loss of generality)
that g acts trivially on S.

Replacing g by a power g, we can further assume that g has prime order. By Proposition
6.3, we can assume that g is of order 2 or 3.

By the classification in [17] and the discussion in [54, §6], there are two conjugacy
classes of non-symplectic involutions with the corresponding moduli spaces being arithmetic
quotients of type IV domains of dimensions 10 and 14 (the 14-dimensional case is discussed
in detail in [35]). In particular, the invariant sublattice of Ay (which contains S) is of rank 12
or 8 respectively, contradicting the assumption that rank (S) > 13. The order 3 case is similar.
Namely, there are 4 conjugacy classes of non-symplectic order three automorphisms, whose
moduli spaces are arithmetic ball quotients of respective dimensions (the 10-dimensional
case is [2]). Again, the automorphism g cannot leave a sublattice of rank at least 13 of Ay
invariant, a contradiction. O

The proposition above is very useful in the cases where S is of large rank, or equivalently
G is relatively large; this is the case of interest in this paper. In fact, note that most of the
cases in Theorem 1.2 satisfy rank(S) > 13. It would be interesting to classify the possible
orders n = 2¥3! of non-symplectic automorphisms on a cubic fourfold, especially we do
not know which largest n may occur. These cases will have essentially trivial symplectic
automorphism group, thus they should be handled by different methods.

Remark 6.6 A major difference between the lattice theoretic methods in the symplectic and
anti-symplectic cases is that the covariant lattice N for an anti-symplectic automorphism
contains the transcendental lattice 7' (X), and thus (except the case rank(7 (X)) = 2) N is
indefinite (in particular, O (N) is typically infinite).

6.3 Maximal cases

We conclude our discussion of the automorphism groups of cubic fourfolds with a discussion
of the full automorphism group for the 8 maximal cases (with respect to symplectic automor-
phisms) identified in Theorem 1.8. These are the most interesting cases from the perspective
of this paper, and they are particularly suitable for classification (see Proposition 6.4 and
Remark 6.6, and note rank(S) = 20, rank(7) = 2).

Since we assume rank(S) = 20, the transcendental lattice 7'(X) is the orthogonal com-
plement of S(—1) in H YX,72) prim and has rank 2. From Equation (6.1) we deduce that the
possible orders for the non-symplectic part G are n = 2, 3, 4, or 6. We discuss first the case
of anti-symplectic involutions.
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An involution on a cubic X can be diagonalized to one of the following three types:
diag(—1,1,1,1,1,1), diag(—1,—-1,1,1,1,1), and diag(—1, —1,—1,1,1,1) (see also
[17]). The involution diag(—1, —1, 1, 1, 1, 1) is symplectic, while the other two are anti-
symplectic.

Remark 6.7 (Eckardt points) An essential ingredient in the geometric classification of the
automorphism groups of cubic surfaces are the Eckardt points (see [12] and [46]). The Eckardt
points can be defined for cubics of any dimension (e.g. see [35]). From the perspective of
automorphisms, a smooth cubic n-fold V- C P"*! has an Eckardt point iff it is invariant

with respect to an involution ¢ that fixes a hyperplane (thus of type diag(—1, 1, ..., 1)); the
Eckardt point is the isolated fixed point of ¢. Explicitly, V is defined by a cubic polynomial
F(x2,...,xp42) +x12L(x2, .., Xn42), where deg(F) =3 anddeg(L) =1;[1:0:---:0:

0] € V is an Eckardt point. We refer to [35] for further details.

We have the following necessary condition for a smooth cubic fourfold with maximal
symplectic symmetry to admit an anti-symplectic involution.

Proposition 6.8 Let X be a smooth cubic fourfold with rank(S) = 20. Suppose there exists
an anti-symplectic involution on X, then the composition of S® E¢ <~ Hé (X,Z2)®Ec — B
is not primitive.

Proof By Lemma 6.4, the induced involution ¢* on Ha1 (X, Z) preserves S = Sg, (X). Since
1* acts as —id on the orthogonal complement of S in H*(X, Z), the invariant sublattice
M = Hé(X, Z)‘* of Hé(X, Z) is contained in S. Suppose j: S @ E¢ — B is primitive, then
the inclusion j: M @ Eg < B is also primitive.

On the other hand, the involution ¢* on HS‘ (X, Z) extends to an involution on B with trivial
restriction to Eg. The invariant sublattice of B under the action of (* is M @ Eg. This is a
contradiction, because the invariant sublattice (in a unimodular lattice) of an involution has
2-group as its discriminant group, while |Agg| = 3. O

In particular, this allows us to distinguish the two cases of Theorem 1.8(2) with symplec-
tic automorphism group A7. Namely, we note that cubic fourfold with A7 automorphisms
identified by Hohn—Mason has an extra symplectic involution, while the other does not have.

Corollary 6.9 Let X = V(xj +x3 + x5 +x3 +x3 +x3 — (x1 4+ x2 4+ X3 + x4 + x5 + X6)°)
with symplectic automorphism group A7 (cf. [25, Table 2]). Let S be the covariant sublattice
of H*(X, 7)) with respect to the induced action of A7. Then the orthogonal complement T of
Sin Hy(X,Z) is —(2'18), and gr = 5+17+1.

Proof Thisis the (Clebsch) diagonal cubic, and thus its automorphism group is S7. Obviously,
G = §7/A7 = 2 (one can easily verify that exchanging x1, x; is an anti-symplectic involution
of X). By Proposition 6.8, the inclusion j: S @ Eg — B is not primitive. From the proof of
Theorem 1.8, we conclude T = —(2'18) and g7 = 51711, O

Similarly, we get:

Corollary 6.10 The cubic fourfold X2(A7), and those with symplectic automorphism groups
Gy = Lo(11) and Mo, have no anti-symplectic involution (equivalently, the order of G is

odd).

We now switch our attention to the case of anti-symplectic automorphisms of order 3 and
4. The main point here is that in these cases 7' (X) has a decomposition into two conjugate
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eigenspaces, and in fact it acquires the structure of a (Hermitian) lattice over Z[w] or Z[i],
Eisenstein or Gaussian integers respectively. This fact is the starting point of multiple works
by Kondo (e.g. [10]) and Allcock—Carlson—Toledo (e.g. [2]). In our situation, 7' (X) is of rank
2, and thus of rank 1 as Eisenstein/Gaussian lattice. This allows us to obtain the following
simple criterion for |G| to be a multiple of 3 or 4.

Lemma 6.11 Let T be a positive definite rank 2 even lattice. Then T admits an automorphism
of order 3 if and only if then there exists a positive integer a such that T = Aj(a), and T
admits an automorphism of order 4 if and only if there exists a positive integer a such that
T = A2(Q2a).

1

Proof The lattice Ay = (121) admits an order 3 automorphism, explicitly (? :i ) The

lattice A% = (292) admits an order 4 automorphism, explicitly (? _01 > Thus we have

necessity.

Suppose T admits an automorphism p of order 3. Choose v € T with minimal norm. Take
a such that (v, v) = 2a. A nontrivial order 3 automorphism on 7 is fixed-point free, hence
v+ p) + p(p(v)) =0. Thus

(,v) = (p(p(), p(P(v))) = (W + p(), v+ p(V) =2(v, v) +2(v, p(v))

which implies that (v, p(v)) = —a. We claim that (v, —p(v)) is a basis for T'. If not, then we
can find non-zero numbers A, u € [%, %] such that Av + up(v) € T. But (Av + pup(v), Av+
wo(v)) = 222 +2xu+2u? < 2(JA|+|ul)? < 2. This contradicts the fact that v has minimal
norm. We conclude that T = Aj(a).

Suppose T admits an automorphism p of order 4. Since p is rational, it has two eigenvalues
/=1 and —/—1. Thus p? = —1. Now take v € T with minimal norm 2a. Then (v, p(v)) =
(p(v), p(p(v))) = (p(v), —v), which implies that (v, p(v)) = 0. Similarly to the order 3
case, (v, p(v)) is a basis for 7. We conclude that T = A%(Z). O

We conclude with the computation of the non-symplectic part G for the 8 maximal cubic
fourfolds appearing in Theorem 1.8.

Proposition 6.12 (1) For the Fermat cubic fourfold X(3*: Ag) = V(x13 + x% + xg’ + x;:’ +
x53 + xg) the order of G isn = 6.

(2) For XY(A7) = V(x? +x§ +x33 +x2 +x§ +xg — (X1 4 X2 + x3 + x4 + x5 + x6)°) we
have n = 2; for X2(A7) we have n = 1.

(3) For the cubic fourfold with symplectic automorphism group G = 3174 : 2.22, we have
n=4

(4) For X" (M) and X*(M1g), we have n = 1.

(5) For X(Lo(11)) = V(x? + x22x3 + x§x4 + xfxs + x52x6 + xéxz) we have n = 3.

(6) For X(A3s) = V(x13 + xg + x32x4 + xfxs + x§x6 + XGZX3) we have n = 6.

Proof By Theorem 1.8, we know the transcendental lattices of the 8 cubic fourfolds. By
Lemma 6.11, we identify the cubic fourfolds which have order 3 or 4 non-symplectic auto-
morphisms. Combining with Corollary 6.10 we conclude the proof. O

Remark 6.13 One easy way to produce geometrically a non-symplectic automorphism of
order 3 is to consider a cubic threefold ¥ = V(f(x2,...,xs)) C P* Then the Allcock—
Carlson—Toledo [2] construction associates to Y the cubic fourfold X = V(f + xf’) cPps
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with an order 3 anti-symplectic automorphism (x; — wxp). Of the six items of Proposition
6.12, note that items (1), (5), and (6) are of Allcock—Carlson—Toledo type. ((1) and (6) also
have an anti-symplectic involution given by switching x; — x3.) In other words, they are
obtained from highly symmetric cubic threefolds.

Kondd [30] proved that the K3 surface
V!t + x3 +xF 4 x4 12x1x0x3x9) (6.2)

has finite automorphism group of maximal possible order 3, 840. Here we conclude an
analogue of Kondd’s result. Namely, the Fermat cubic fourfold has maximal order for the
automorphism group, namely |3* : Ag| x |Z/6] = 174,960.

Corollary 6.14 The maximal possible order for automorphism groups of smooth cubic four-
folds is 174,960, which is reached only by the Fermat cubic fourfold.

Proof The order of automorphism group G for a smooth cubic fourfold is given by the
product of |G| and n = |G|. The value of n is bounded by (6.1). The claim follows by a
straightforward inspection of Theorem 1.2, Theorem 1.8, and Proposition 6.12. O
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Appendix A: Some lattice theory

We review some of the basic results of Nikulin [43] on lattices and discuss the standardized
notation of Conway—Sloane [8] (which is less familiar in algebraic geometry). The Conway—
Sloane notation is quite efficient and precise, and it is used in one of our primitive references
[24]. Thus, we are using it systematically throughout the paper. This appendix aims to set up
the basics as used in our paper (for further details, we refer to [43] and [8]).

A.1: Lattices

We introduce some notation and results in lattice theory. Recall that a lattice over an integral
ring R is a free R-module of finite rank together with a non-degenerate bilinear form valued
in R. An integral lattice is a lattice over Z. An integral lattice is called even if the norms of all
elements are even numbers; called odd if it is not even. Once an ordered basis for an R-lattice
is chosen, there is an associated symmetric Gram (or intersection) matrix. The discriminant
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of an R-lattice is the absolute value of the determinant of the intersection matrix. The dis-
criminant does not depend on the choices of the basis. An R-lattice is called unimodular if its
discriminant is 1. An integral lattice M can be diagonalized as diag(1,...,1,—1,...,—1)
over R. Let n; be the multiplicity of 1, and nj that of —1. Then n; + nj is the rank of M,
and (n1, ny) is called the signature of M.

An element v in an R-lattice M is called primitive if v is non-zero and for any integer
n > 2, the quotient v/n is not in M. A sublattice N of M is called primitive, if there does not
exist an element v € M \ N and a positive integer n > 2 such that nv € N. An embedding
of lattices N <— M is called primitive if the image is a primitive sublattice.

We use (n) to denote the rank one lattice such that the norm of the generator is equal to
n. For an R-lattice M and n € Z, we define M (n) to be an R-lattice obtained from M by
multiplying the bilinear form by 7. In the category of R-lattices, we have naturally direct sum
@®. For a Dynkin diagram Ay, Dy or Ej, there is the associated intersection matrix, which
defines a positive integral lattice, still denoted by the same symbol Ay, Dy or E;. We use U
to denote the hyperbolic lattice, given by the intersection matrix 10)
We have a classification of integral unimodular lattices (e.g. [47, Chapter 5]):

Theorem A.1 (Milnor) An odd indefinite unimodular integral lattice of signature (ny, ny)
is isomorphic to 1, n, = (1)"' @ (—1)"2. An even indefinite unimodular integral lattice of
signature (ny, na) exists if and only if ny = ny (mod 8), and when this holds, the lattice is

np—np nyp—n

isomorphic 10 Ty, n, = Eg © @ UL or Eg(—1) "5~ @ UJ".

Remark A.2 The structure theory in the definite case is much more complicated. For example,
we have 24 Niemeier lattices (see Theorem 3.2), all of which are positive definite, unimodular,
even and of rank 24.

A.2: Classification of p-adic lattices, and Conway-Sloane’s notation

For any prime p, we use Z,, for the ring of p-adic integers, and Q,, for the field of p-adic
numbers. We next discuss about the classification of Z,-lattices, and the standard notation
of Conway and Sloane [8]. We also call a lattice over Z, a p-adic lattice. Let Qu(Z,) be
the semigroup of p-adic lattices (with respect to @).

For 6 € Z; / (Z;)z, denote by Kp( p") the p-adic lattice determined by the matrix (6 pk).
For p an odd prime, Z; / (Z;)2 contains two elements. For p = 2, Zj/ (Z;)2 has four
elements represented by 1,3,5,7 € Z;. For the case p = 2, we need to also consider lattices

. 0 2k r 2k+] 2k
U@k = <2k 0 ) and V(2%) = ( ok 2k+1)f0ranyk > 0.
Proposition A.3 [43, Proposition 1.8.1] For p an odd prime, the semigroup Qu(Zy) is gen-
erated by Ko (p*). For p = 2, the semigroup Qu(Z,) is generated by Kq(25), U(2X) and
v (25).

For p odd, any p-adic lattice K can be written as a direct sum of rank one p-adic lattices.
Explicitly, the quadratic form g can be decomposed as

K=K ®pK,®dp’K,p @ ®IK -,

where [ are powers of p, the determinant of each K; is coprime to p. Here the p-adic lattice
[K; can be write as a direct sum of several p-adic lattices of the form Ky (/). Following [8,
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Chapter 15, §71, the p-adic quadratic form 1 K| is denoted by 1" . Here n; is the rank of K,
and ¢; is + if det(K;) is a square in Z;; is — otherwise. Then the p-adic form K is written
as 1€ p€plp .. [ ... 'We call this the Conway—Sloane expression for K .

Proposition A.4 For p odd, a p-adic lattice K has a unique Conway—Sloane expression
lfln]pepnp R UL B

For p = 2 the notation is more complicated. In this case, any 2-adic lattice (M, g) can
be \;Cvritt%n as a direct sum of rank one 2-adic lattices or rank two 2-adic lattices of the forms
(;kz ;klc? , where a, ¢ are even and b is odd. Explicitly, the 2-adic quadratic form K can
be decomposed as

K=K ®2K:®2°Kp®---BIK D---,

where [ are powers of 2, and the determinant of each K; is odd. By [8, Chapter 15, §7], the
2-adic quadratic form [ K; is written as l;”l. Here n; is the rank of K, and € is + if det(K;)
is congruent to 1 or 7 modulo 8; is — otherwise. A 2-adic lattice is called even, if the norm
of each vector is even; odd otherwise. If the 2-adic lattice K; is even, then S; = II, and we
say [ K; are of even type. When /K] is of even type, it can be decomposed as a direct sum
of 2-adic lattices of the form U (!) or V (/). If K; is odd, then S; = Tr(K;) € Z/8Z, and we
say [ K; are of odd type. When [ K] is of odd type, it can be decomposed as a direct sum of
2-adic lattices of the form Ky (!), for 6 € Z3/ (Z;)z. The 2-adic form K can be written as
1€sl.n] 2;2"2 . lg”’ ... The ways to express a 2-adic form as above are not unique, but there
is a canonical way to do this (see [8, Chapter 15, §7.6]).

Remark A.5 The following conditions must hold for any 2-adic constituent lg " of rank n:

(1) Ifn=0,then §; =l and ¢, = +.

(2) If n = 1, then the form is of odd type. In this case, if €, = +, then §; is congruent to 1
or 7 modulo 8; if € = —, then §; is congruent to 3 or 5 modulo 8.

(3) if n = 2 and the form is of odd type, then € = 4 implies that S; is congruent to 0, 2 or
6 modulo 8, ¢ = — implies that S; is congruent to 2, 4 or 6 modulo 8.

For further discussion, we refer to [8, Chapter 15, §7.8] (esp. [8, Table 15.5]).

Two integral lattices are said to have the same genus if they have the same signature and
are equivalent over the p-adic integers for all p. Under mild conditions, for indefinite lattices,
there exists a single isometry class in a given genus. For definite lattices, typically there are
multiple isometry classes in a genus (e.g. compare Theorems A.1 and 3.2 in the unimodular
case).

A.3: Conway-Sloane’s expression for finite quadratic forms

One of the main tools in the Nikulin’s theory [43] is the systematic use of finite discriminant
forms. Here we review the basics, and we connect it with the Conway—Sloane notation.
Given an integral lattice M, we denote M* = Homgy(M, Z), the dual lattice. We have
naturally M — M* — Homg (Mg, Q), where the first map sends x to (x, -). Define the
discriminant group of M tobe Ay = M* /M, which is a finite group of order the discriminant
of the lattice. For a finite abelian group A, we denote by / (A) the minimal number of generators
in A. The bilinear form on M induces a bilinear form by, on Ay valued in Q/Z, by sending
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[v], [w] € Ay (With v, w € M*) to [(v, w)] € Q/Z.If M is even, we can define a quadratic
form

qm : Ay — Q/2Z,

by sending [v] € Ay to [(v, v)] € Q/27Z. The quadratic form gy determines by via the
relation:

1
bu([v], [w]) = E(QM([U +wl) —gu(v]) — gmu((w)).

The quadratic form g is called the discriminant form of M. We sometimes write gy instead
of (Ay, gum). In the rest of the Appendix, we restrict ourselves to the case of even lattices.

Any finite quadratic form (A, g) has a unique decomposition (A, g) = ®,(A, g,). Here
A is the group of elements in A whose orders are p-powers, and g, is the restriction of
g to Ap. The finite quadratic form g, takes value in Q,/Z, = QP /Z if p is odd, and in
02/27Z, = QP 27, if p = 2.

Let qu(Z,) be the semigroup of finite quadratic forms on an abelian group with order a
p-power. Denote by gg(p*) the discriminant form of the p-adic lattice Ky (p*). Denote by
u(2%), v(2%) the discriminant form of the 2-adic lattices U (2%), V (25) respectively.

Proposition A.6 [43, Proposition 1.8.1] The semigroup qu(Zy) is generated by qo PH ifp
is an odd prime; by qg(25), u(2*) and v(2*) if p = 2.

The following theorem (see [43, Theorem 1.9.1]) tells that except very special cases (which
occur only for p = 2), a finite quadratic form over Z, is induced uniquely by a p-adic form:

Theorem A.7 (Nikulin) Let p be a prime and (A, q) € qu(Zp). There exists a unique p-adic
lattice K (q) € Qu(Z)) of rank [(A) whose discriminant form is isomorphic to q, except in
the case when p = 2 and q is g9 (2) ® g, for some 6 € Z;/(Z;)z.

If g = q9(2) ® g5, there are precisely two 2-adic lattices Ko, (q) and Kq,(q) of rank
[(A) whose discriminant forms are isomorphic to q. Here disc(Ky,(q)) = «; |A|(Z§)2f0r
i =1,2, where ay,ay € ZE‘/(Z;)2 and ajoy = S(Zz)z.

Given g € Qu(Zp), we have then a p-adic lattice K (p) of rank /(g) whose discriminant
form is g. The Conway—Sloane expression of the p-adic lattice K (g) is used also to denote
q. Notice that when p = 2 and g = gp(2) ® ¢/, the expression of ¢ is not unique. A finite
quadratic form ¢ € Qu(Z) can be uniquely decomposed as a direct sum of finite quadratic
forms over Z,. Putting together the Conway—Sloane expressions for those sub forms of ¢,
we get a Conway—Sloane expression for g.

A.4: Nikulin's criterions

We repeatedly use in our arguments two key results of Nikulin: the criteria for existence and
uniqueness of embeddings of lattices into unimodular lattices (in our case, the relevant uni-
modular lattices are the Leech lattice I and the Borcherds lattice B = IL @ U?). Specifically,
the following is Nikulin’s far-reaching generalization of Theorem A.1 for even lattices.

Theorem A.8 (Nikulin [43, Thm. 1.10.1]) An even lattice of invariant (ny, na, A, q) exists
if and only if the following conditions are fulfilled:

(1) na —n; = sig(g) (mod 8),
(2) n1 =0,n2 > 0,n1 +n2 > 1(A),
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(3) (—=D"|Al =disc(Kq,) (mod (Z";))z)for all odd primes p with ny +ny = 1(A)p),
@) 1A| = %disc(Ky,) (mod (Z3)?) if n +na = 1(A2) and g2 # qo(2) @ 5.

An embedding of a lattice M into a unimodular lattice exists iff a lattice with complemen-
tary invariants (most notably discriminant form —g,,) exists. The above theorem allows one
to settle this question. If an embedding exists, the uniqueness of the embedding can be often
settled by the following result.

Theorem A.9 (Nikulin [43, Thm. 1.14.4]) Let S be an even lattice of signature (ny, ny) and
let M be an even unimodular lattice of signature (I1,1y). There exists a unique primitive
embedding of S into M if the following conditions are fulfilled:

() L > ny, b > ny,

) i+l —ny —ny = 1(Ag) + 2.

Appendix B: Finite groups

In this appendix, we make a quick review of some facts on finite groups relevant for the
present paper. We follow the notation of Mukai [41] and Hohn—Mason [24,25].

B.1: Extensions of finite groups

Let N, Q be two finite groups. An extension of Q by N is a finite group E with a short exact
sequence:

l—N—E-2 0—1. (B.1)

Suppose there is a group homomorphism r: Q — E with p o r = id, then the sequence
(B.1) is called split. In this case, E is denoted by N x Q, which is called the a semidirect
product of N and Q. Semidirect products of N and Q are not unique, and are uniquely
determined by group homomorphisms Q —> Aut(N). Following [24,25], we use N : Q
to represent a semidirect product of N and Q that is not a direct product, and use N.Q to
represent an extension of Q by N for which we are not sure whether it is split or not.

B.2. Mathieu groups

The series of Mathieu groups consists of five sporadic groups denoted by M1, M2, M2,
M>3, Mpy. This is the first series of sporadic groups, which was found by Mathieu (1861,
1873). No other sporadic groups were found until 1965, when the first Janko group was
found. There are also Mathieu groups Mg, Mo, Mo, Mg, M>1, with the first four not simple
and the last one isomorphic to PSL(3, F4), which is simple but not sporadic.

We give the definition of the largest Mathieu group M4 (see [13, Appendix B] for further
details). Let N be the Niemeier lattice with root lattice L of type 24A. Then L ¢ N C L*
and L*/L = (F,)?*, where I, is the field with 2 elements. The quotient¥ = N/L C F5*isa
12-dimensional vector space over 5, characterized by the property that each nonzero vector
in it has at least 8 nonzero coordinates. This vector subspace ¢ is known as the extended
binary Golay code. The permutation group S»4 acts on F%“ by permuting the 24 coordinates,
and the Mathieu group M»4 is defined to be the subgroup of Sy4 that leaves ¢ stable. The
smaller Mathieu groups M»4_; can be defined as the subgroups of M4 stabilizing i coordinate
axes in IF%“, wherei =1, 2, 3 or 4.
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Remark B.1 For K3 surfaces, Kond6’s approach [29] to the Mukai’s classification of sym-
plectic automorphisms reduces the problem to one about subgroups of M54 [and in fact M»3]
(and involves the associated Niemeier lattice of type 24 A1). For hyper-Kéhler manifolds, it
is necessary to pass to the Conway group Cop (N.B. M>4 can be embedded into Cog) and
the associated Leech lattice IL (e.g. see [27]). Furthermore, the description in terms of Leech
lattice is more uniform; this is the point of view taken in this paper.

A dodecad of ¢ is a vector with exactly 12 vanishing coordinates. The Mathieu group M1»
is by definition the stabilizer of a dodecad in IF%“ under the action of My4. Then M5 is a
subgroup of the permutation group Sj2 acting by permutations on the 12 coordinates that
vanish on the dodecad. The Mathieu group M1,_; can be constructed as stabilizer in M1, of
i coordinate axes among those 12 which are permuted by M1,. The action of M1>_; on the
remaining 12 — i coordinates is sharply (5 — i)-transitive.

Fork+I[ < 12and! > 8, My is the subgroup Mj4; N Sk x S; of M. This is well-defined
since My is k-transitive. Moreover, we have an exact sequence:

1l — M} — My — Sk — 1,

and thus |My ;| = |M;| - k!. Let us briefly discuss the groups M3 and M> 9, as they are
relevant for our study. The group My is isomorphic to the quaternion group Qg, and we have
a semidirect product M3 g = Qg : S3. Mukai [41] denotes this group by T4g. The group Mo
is isomorphic to PSU3(IF») (see §B.4), and Mg = 3% : Qg. We have M9 = 32 : QDyq.
It is natural to expect that M» 9 is exactly the group in item 15 of Table 1, but we have not
checked all the details.

B.3: Extraspecial group
For p prime, recall that a p-group is a finite group of order a power of p.

Definition B.2 An extraspecial group is a non-abelian p-group G with center Z(G) = p and
an elementary abelian quotient G/Z(G).

Every extraspecial group has order p!+2
prime number p and positive integer k, there exist two extraspecial groups of order p
By convention, the symbol p'*2¥ represents an extraspecial group of order p' 2. For p = 2
and k = 1, the two extraspecial groups 2!2 are the dihedral group Dg and quaternion group

Os.

with k a positive integer. Conversely, for any
1+2k

B.4: Linear and projective groups over finite fields

Linear and projective groups over a field K refer to Zariski-closed subgroups of GL(n, K)
or PGL(n, K). When K is a finite field, these groups are finite and play an important role in
the classification of finite simple groups. In the final section we collect such kinds of groups
related to our classifications.

We introduce the unitary groups over finite fields. For a finite group F > where ¢ = p" and
p is a prime number, there is an I, -linear involution : F 2 —> F 2 sending x to x4 (this
is the r-th power of the Frobenius automorphism of IF;). Let V be an n dimensional vector
space over F 2, then there is a unique Fg-bilinear form (called Hermitian form over finite
field) H: V xV — qu satisfying H(w, v) = a(H (v, w)) and H (v, cw) = cH (v, w)
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for any c € F 2. Explicitly,

n
H,w) =Y vlw

i=1

The unitary group® U (n, g) is the automorphism group of the Hermitian space (V, H). We
note that the projective special unitary group PSU(3, [F,) is isomorphic to the Mathieu group
My, and appears as symplectic automorphism group of a degree 2 K 3 surface.

The group PSL(2, Fy1) is simple and appears as the automorphism group of the Klein
cubic threefold V(x%xz + x22x3 + x32x4 + xe5 + xgxl) (see [1]). As shown in Theorem 1.8,
there is a unique cubic fourfold with an order 11 automorphism which is a triple cover of P*
branched along the Klein cubic threefold.
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