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A BOUND FOR THE SPLITTING OF SMOOTH FANO
POLYTOPES WITH MANY VERTICES

BENJAMIN ASSARF AND BENJAMIN NILL

ABSTRACT. The classification of toric Fano manifolds with large Picard
number corresponds to the classification of smooth Fano polytopes with large
number of vertices. A smooth Fano polytope is a polytope that contains the
origin in its interior such that the vertex set of each facet forms a lattice basis.
Casagrande showed that any smooth d-dimensional Fano polytope has at most
3d vertices. Smooth Fano polytopes in dimension d with at least 3d — 2 vertices
are completely known. The main result of this paper deals with the case of
3d — k vertices for k fixed and d large. It implies that there is only a finite
number of isomorphism classes of toric Fano d-folds X (for arbitrary d) with
Picard number 2d — k such that X is not a product of a lower-dimensional
toric Fano manifold and the projective plane blown up in three torus-invariant
points. This verifies the qualitative part of a conjecture in a recent paper by
the first author, Joswig, and Paffenholz.

1. INTRODUCTION AND MAIN RESULTS

Let us first recall the basic definitions. We refer to [19, 12] for more background.
Let N = Z< be a lattice with associated real vector space Ng := N ®z R isomorphic
to R%. A polytope P is a convex, compact set in Ng, its 0-dimensional faces are
called vertices, and its faces of codimension 1 are called facets. If every facet F' (of
dimension d — 1) of a d-dimensional polytope P has exactly d vertices (i.e., F is a
simplex), then P is called simplicial. The polytope P is called a lattice polytope if
its vertices are lattice points (i.e., elements of N).

Definition 1. (i) A polytope P C Ny is called smooth Fano polytope, if
> P is a lattice polytope, and
> P is full-dimensional and contains the origin 0 as an interior point, and
> for each facet F of P, the vertex set Vert F' is a lattice basis of V.
(ii) Two smooth Fano polytopes are lattice equivalent, if their vertex sets are in
bijection by an affine-linear lattice automorphism.

Remark 2. We decided to keep the notion of a smooth Fano polytope in order to
be consistent with existing literature. However, we remark that there exists also the
definition of a smooth polytope as a lattice polytope with unimodular vertex cones.
A smooth Fano polytope is not a smooth polytope (but its dual polytope is).

Note that any smooth Fano polytope P is necessarily simplicial. In each dimension
there exist only finitely many smooth Fano polytopes up to lattice equivalence (we
refer to the survey [19]). In 2007, @bro described an explicit classification algorithm
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Ficurge 1. The smooth Fano polygon Pg corresponding to the
del Pezzo surface Ss

in each dimension d, see [21, 22]. His implementation gave complete classifications
of lattice equivalence classes of smooth Fano polytopes up to dimension 8 extending
the previous existing classification results up to dimension 5; see [2, 25, 4, 24, 16].
Using a variant of @¥bro’s algorithm, the classification in dimension 9 was done by
Lorenz and Paffenholz [17]. The large number of 8229 721 smooth Fano polytopes
in dimension 9 indicates that complete classifications in much higher dimensions
are not feasible. This motivates to focus on finding sharp bounds on important
invariants and to classify the extreme cases.

When considering smooth Fano polytopes with large number of vertices, one
needs to start with dimension two. Let Ps be the smooth Fano polygon with 6
vertices as given in Figure 1. This polygon has the maximal number of vertices
possible in dimension 2.

There is a natural direct sum operation on smooth Fano polytopes (also sometimes
called free sum).

Definition 3. Given smooth Fano polytopes Q C Ng and Q" C Ny, we define their
direct sum as

Q®Q = conv(Q x{0}U{0} xQ') <C Ng x N;.

Direct sums of smooth Fano polytopes are again smooth Fano polytopes. A smooth
Fano polytope P splits into Q and Q' if P is lattice equivalent to Q & Q’.

In 2006 Casagrande proved the following long-standing conjecture.

Theorem 4 (Casagrande [7]). Let P be a d-dimensional smooth Fano polytope.
Then P has at most 3d vertices, equality holds if and only if d is even and P is
lattice equivalent to (Pg)®/2.

By now, smooth Fano polytopes with at least 3d — 2 vertices are completely
classified [23, 1]. In [1, Conjecture 9] it was conjectured that in order to classify
smooth Fano polytopes P of dimension d with | Vert P| = 3d — k it is enough to do
this up to dimension 3k. More precisely, if d > 3k, then P should be a direct sum
of Ps and a lower-dimensional smooth Fano polytope. The goal of this paper is to
verify the qualitative part of this conjecture.

Theorem 5. Let P be a d-dimensional smooth Fano polytope with 3d — k vertices
and d > 15k + 37k + 2. Further let f(d, k) := [4=10=3Tk | Then P is lattice
equivalent to

Qo PG@f(d’k)

where @ s a smooth Fano polytope of dimension d — 2f(d, k).

Remark 6. Any smooth Fano polytope is a reflexive polytope, i.e., it contains the
origin in its interior (as the only interior lattice point) and its dual polytope is also a
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lattice polytope (we refer to [3, 18]). Reflexive polytopes always appear as dual pairs.
They correspond to Gorenstein toric Fano varieties and were introduced by Batyrev
in 1994 to provide a combinatorial framework for constructing mirror symmetric
pairs of Calabi-Yau hypersurfaces [3]. In fixed dimension only a finite number
of reflexive polytopes exist up to lattice equivalence. Still, Haase and Melnikov
showed that any lattice polytope is isomorphic to the face of some (possibly much
higher-dimensional) reflexive polytope, [14]. Interestingly, it is conjectured that

d/2 . . . . . .
PG/ has the maximal number of vertices of a reflexive polytope in even dimension;

check [5]. Note that this is the dual reflexive polytope of Py’ 4/2

1.1. The algebro-geometric viewpoint: background, applications, and con-
jectures. To make this paper accessible not only to combinatorialists but also to
algebraic geometers, we decided to split the introduction. In this section we will use
algebro-geometric language to describe the relevance in toric geometry, to discuss the
equality case, and to present more detailed conjectures (all toric geometry statements
can easily be translated into combinatorial ones). However, note that all proofs in
the following sections will be purely combinatorial.

While smooth Fano polytopes are interesting peculiar classes of lattice polytopes,
the main reason for their investigation originates in algebraic geometry. Toric Fano
manifolds are among the most intensively studied classes of toric varieties. We refer
to the surveys [11] and [19] and the references therein. By the toric dictionary (e.g.
[10, Chapter 8]), any d-dimensional smooth Fano polytope P corresponds one-to-one
to a d-dimensional toric Fano manifold X. Two smooth Fano polytopes are lattice
equivalent if and only if the corresponding toric Fano manifolds are isomorphic.
In each dimension d, there exists only a finite number of toric Fano d-folds up to
isomorphisms. As described in the previous section, they are completely classified
up to dimension 9. Their large number in higher dimensions motivates the study of
subclasses of special interest.

Let X be a toric Fano d-fold corresponding to a smooth Fano polytope P of
dimension d. Then the Picard number px of X equals | Vert P| — d. For instance,
Ps corresponds to the del Pezzo surface S3 (P? blown up in three torus-invariant
points), note that ps, = 4. A smooth Fano polytope P splits into two smooth Fano
polytopes if and only if X is isomorphic to the product of the corresponding toric
Fano manifolds.

Theorem 4, by Casagrande, implies that the Picard number px of any toric Fano
d-fold X is bounded from above by 2d. Moreover, the equality case is only attained
in even dimension d by (S3)%/2, the product of d/2 copies of the del Pezzo surface
Ss. In 2008, @bro showed that if the Picard number equals 2d — 1, then the variety
X is isomorphic to (S3)(@=2)/2 x S, if d is even, where S is P? blown up in two
torus-invariant points, and X is isomorphic to (S3)(@=3)/2 x Y if d is odd, where
Y is one of two toric Fano 3-folds with py = 5. Recently, a complete classification
of toric Fano d-folds X with px = 2d — 2 was given by Assarf, Joswig, Paffenholz.
Their result gave rise to the following conjecture:

Conjecture 7 ([1, Conjecture 9]). Let X be a toric Fano d-fold with px = 2d — k.
If d > 3k, then X is isomorphic to (S3)™ x Y, where m is a positive integer and Y
is a toric Fano manifold of dimension at most 3k.

Note that necessarily here py = 2dim(Y) — k, since pg, = 4. As will be explained
below, this conjecture would be best possible. It would generalize the mentioned
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classification results, moreover, its validity would reduce the classification of toric
Fano d-folds with px = 2d — 3 to the case of d < 9, where complete classifications
already exist.

The main result of this paper is the verification of the following weaker version
of Conjecture 7.

Theorem 8. Let X be a toric Fano d-fold with px = 2d —k. If d > 15k + 37k +1,
then X is isomorphic to (S3)™ x Y, where m is a positive integer and Y is a toric
Fano manifold of dimension at most 15k% 4+ 37k + 1.

This result is equivalent to Theorem 5. Let us remark that it seems to be a hard
open problem to improve the quadratic bound in Theorem 8 to a linear bound (as
expected by Conjecture 7). See also Remark 40.

Remark 9. Casagrande’s upper bound of 2d on the Picard number was proven in
more generality for Q-factorial Gorenstein toric Fano varieties [7] (corresponding
to simplicial reflexive polytopes). In [20] @bro and the second author completely
classified all such varieties with px = 2d — 1. These results suggest that Conjecture 7
(and Theorem 8) should also hold when X and Y are Q-factorial Gorenstein toric
Fano varieties.

We say a toric Fano manifold X is non-Ss-splittable, if it is not a product of S3
and a lower-dimensional toric Fano manifold. Since there are only finitely many
toric Fano d-folds of dimension d < 15k? + 37k + 1, we get the following consequence
from Theorem 8.

Corollary 10. For each k there is only a finite number of isomorphism classes of
non-Ss-splittable toric Fano d-folds X with px > 2d — k.

Let us illustrate the previous result by considering the number of isomorphism
classes of non-Ss-splittable toric Fano manifolds for the known cases kK = 0,1, 2. For
k = 0 we have just 1 such manifold (namely a point), for k = 1 there are 3 (one
in each dimension 1, 2, and 3), and for k = 2 there are 15 isomorphism classes
where the highest dimension is 6 (the numbers are 2,4,7,1, 1 from dimension 2 up
to dimension 6 respectively).

Regarding the sharpness of Conjecture 7, it is natural to reformulate and extend
it in the following way (for an explicit description of the extreme case see Section 3).

Conjecture 11. Let X be a non-Ss-splittable toric Fano d-fold. Then px < %,
with equality if and only if d = 3d’ (for d’ a positive integer) and X is isomorphic
to the d’-fold product of a uniquely determined toric Ss-bundle over P!,

Remark 12. In the non-toric setting much less is known about the structure of
Fano manifolds with maximal Picard number. It is known that Fano 3-folds have
Picard number at most 10 with equality only for the product of a Del Pezzo surface
with P!, One conjecture in higher dimensions is that in even dimension d the
maximal Picard number equals % and is attained only for products of del Pezzo
surfaces with Picard number 9. There are further results [8, 9] that indicate that also
in the non-toric setting extremizing the Picard number naturally leads to fibrations
of Del Pezzo surfaces over another Fano manifold.

Let us finish this introduction by proposing the following further refinement of
Casagrande’s upper bound [7], based upon classification results in low dimensions.
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We say a toric Fano manifold X is non-splittable if it is not a product of two
lower-dimensional toric Fano manifolds.

Conjecture 13. Let X be a non-splittable toric Fano d-fold, where d > 3. Then
px < MTH, with equality if and only if d = 3d’ (for d’ a positive integer) and X is
isomorphic to a uniquely determined toric (S3)2d/-bundle over P7'.

As mentioned above smooth Fano polytopes are already classified up to dimen-
sion 9. The conjectures are true for d < 9; see Section 3.

1.2. Organization of the paper. This paper is organized as follows. Section 2
contains the combinatorial proof of Theorem 8. Section 3 discusses the equality
cases in Conjecture 11 and Conjecture 13.

2. PROOF OF THE MAIN THEOREM

2.1. Preliminaries of the proof. Let P be a d-dimensional smooth Fano polytope
and F a facet of P. Let us define some important notions and fix the notation (we
refer to [22, 18]).

For every vertex v € F there exists a unique neighboring facet N(F,v) that
intersects with F' in a (d — 2)-dimensional face that does not contain v. The unique
vertex of N(F,v) that is not contained in F is called the opposite vertex of v with
respect to F' and will be denoted by opp(F,v); see Figure 2.

w
r opp(F,v)

Ve

opp(F,w)

F1GURE 2. Neighboring facets and opposite vertices

We define the dual lattice of N as M := Homgz(N,Z) = Z¢ with the pairing
(,+) : M x N = Z. For Vert F = {v1,...,v4}, a lattice basis of N, we get the dual
lattice basis uF .y, ,...,UF v, of M. In other words, for v € Vert F' the lattice point
up, € M is characterized by (up.,v) =1 and (up,, w) = 0 for w € Vert F' \ {v}.
Moreover, it holds that up := Zle Up., € M is the unique primitive outer normal
of F, i.e., for every x € Vert F we have (up,z) = 1 and for every y € P we have
(ur,y) < 1.

Let j € Z. We define the set of vertices of P of level j as

V(F,j):={veVert P : {up,v) =3}.
Moreover, we set 7" := [V (F, j)|. Note that n{ = d as P is smooth and therefore
simplicial. The vector nf" := (nf',nd", nf',,...) is called the nf'-vector of P.
An important role is played by the vertex sum sp of P:

Sp ‘= E v.

veVert P
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We say that F' is a special facet [23], if sp is in the cone spanned by F. Note that
in this case necessarily (up,sp) > 0. Special facets were the crucial tool in @bro’s
classification algorithm for smooth Fano polytopes [21].

2.2. General assumptions of the proof. By a suitable lattice equivalence we
can assume that we are from now on in the following situation:

> P is a d-dimensional smooth Fano polytope,

> | Vert P| = 3d — k where d > 3 and k > 3 (for the case k < 2 see [7, 21, 1]),

> F denotes a special facet which has outer normal vector up,

> we write 7; 1= nf for the number of vertices of F' on level j. We also use the

notation n<; == 37, M-

2.3. Distribution of the vertices. Let us start by recalling some basic properties
of vertices on level 0:

Lemma 14 (Nill [18, Lem. 5.5]). Let x € V(F,0). Then there exists a vertex
v € Vert F' such that x = opp(F,v). Moreover, for v € Vert F' we have

x=o0pp(F,v) <<= (up,,z)<0 <<= (upy,z)=-1.

Here the second equivalence follows from the smoothness of P (for a more general
statement see Lemma 18, where the opposite vertex is not necessarily assumed to
be on level zero).

Lemma 15. The n-vector of any special facet of P has the following properties:

= d7

d - k S Tlo S d7

d—2k S -1 S d)

nS—Q S ka
n; =0 forj < —k—1.

Proof. The first equation is trivial, because P is a smooth Fano polytope and
therefore simplicial. The upper bound on 7y follows from Lemma 14, since there
are at most d opposite vertices to the d vertices in a given facet. The upper bound

for n_1 comes from the fact that we are looking at a special facet F' and therefore
we have

OS(uF,5p>:Zi-m:d+ sz

i<l i<—1
Now the upper bound follows from:

d> Z|i|'7h‘2 Zm-

i<—1 i<—1
With this inequality we also get the lower bound on 7y since | Vert P| = >~ n;
gives us a
3d—k=d+n+ Y ni<d+mn+d.
i<—1

Solving this for ny we get d — k < ng.
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The lower bound for 7_; follows with a similar argument. From the equality
| Vert P| =}, ., mi we get

3d—k—m—mno—n-1= Zm-
i<—2

Using the fact that we have a special facet and using the upper bounds on 79 and
71 gives us

0 <{up,sp)
:Zi‘ﬂi
i<1
=d—n-1+ Zlm
i<—2
<d—n-_1—2 Zﬂi

i<—2
=d—n-1-2Bd—k—mn —no—1-1)
<d-—m_1—6d+2k+2d+2d+2n_,
=MN-1— d + 2k .

Now, the upper bound for 7<_j is a direct consequence of the previous lower bounds:

dom=3d—k—m—n—n

i<—2

<3d—k—d—(d—k)— (d—2k) = 2k.

Finally, let j < 0 be the minimal level with n; # 0. Let v € V(F, j). Then there are
at least 3d —k —n; —no — 1 =2d — k — 1 — ng vertices on negative levels apart from
v. In particular,

0 < (ur,sp)

<d—(2d—k—1-m0)+j

=—d+k+1+n+7,
hence j >d—1n9g—k—1> —k — 1, since ny < d. O
Lemma 16. The level of sp is at most k.

Proof. The maximal level of sp is achieved by having d vertices on level 1, d vertices
on level 0, and the remaining vertices (d — k many) on level —1. O

2.4. Partitioning the vertex set of F'. We will use the following notation intro-
duced in [1].

Definition 17. We call a vertex v of the facet F' good if opp(F,v) is contained in
V(F,0).

As the following well-known result shows, the second condition of a good vertex
given in [1] is automatically true in our setting because we assume smoothness.

Lemma 18. Ifv is a vertex of F, then (up,,opp(F,v)) = —1.
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ple1) —er es

—eq €1

—€2  P(e2) —e2
Ficure 3. The hexagon Py with labeled vertices.
Let us also recall the notation of the ¢-function (of a facet F') used in [1]:

w  if w:=opp(F,v) + v € Vert F

(1) ¢ : Vert F = Vert FU{0}, v — .
0 otherwise.

Note that if ¢(v) # 0, then v is a good vertex of F', but there are good vertices
for which ¢(v) = 0, so the converse is not true.

Definition 19. We will partition the set Vert F of size d into three different groups:
> A:={ueVert F' : uis good, ¢(u) # 0},
> B:={v e Vert F : v is good, ¢(v) = 0},
> C:={w e Vert F : w is not good}.

The following result clarifies the geometric meaning of a good vertex being in A
or B.

Lemma 20. Let v be a good vertex of the facet F (i.e., v € AU B). Then
opp(F,w) # opp(F,v) for every vertex w of F other than v if and only if ¢(v) #0
(i.e., vE A).

Proof. The ‘only if’ part is proven in [1, Lemma 25]. For the converse assume that
¢(v) # 0 and x := opp(F, w) = opp(F, v) for some vertex w # v of F. By the second
condition, x and v lie in the neighboring facet N(F,w). Hence, x + v cannot be a
vertex of P, a contradiction to ¢(v) # 0. O

Example 21. In Figure 3 the behaviour of the ¢-function is illustrated. The vertices
e1 and ey are both good and belong to the partition set A. We have ¢(e1) = es and

P(e2) = ey

Let us deduce the following observations on the sizes of the sets A, B, C.

Lemma 22.
d—2k<|A|, |B|+|C|<2k, |C|<k.

Proof. By Lemma 14 every vertex on level 0 must be opposite to some vertex in F,
and clearly two different vertices on level 0 cannot be opposite to the same vertex in
F', as opposite vertices are unique. Therefore, the bound 7y > d — k, see Lemma 15,
implies that at least d — k vertices have pairwise distinct opposite vertices on level
0. In particular, at least d — k vertices of F' must be good, i.e., |C| < k. Moreover,
there can be at most k of these d — k good vertices, say v, that have the property
that there exists another vertex v € Vert F' with opp(F, v) = opp(F,v). Therefore,
Lemma 20 implies |A| > d — 2k, and thus |B| + |C| < 2k. O
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Example 23. The reader should be aware that we do not claim that |B| < k. In
fact, |B| = 2k is possible as the following example shows. For this, consider the
convex hull of the following 10 points in dimension d = 4:
€1, €2, €3, €4
—e1 —exte3teq, —€3—es+erter
—€1, —€2, —€3, —€4.
This polytope is indeed a smooth Fano polytope with 10 vertices, so k = 2, as
3 -d = 12. The vertices eq, eq, e3, e4 form a special facet F'. Here, all the vertices
of F are in the partition set B, e.g., e; and es share the same opposite vertex
—ej — eg + e3 + e4. Therefore |B| = 4 = 2k. This example can be generalized to

higher dimensions, where all the vertices of a special facet F' are good, and yet k
pairs of vertices share an opposite vertex.

Let us summarize what we know about the opposite vertices (keep in mind that
Vert F' forms a lattice basis).

Proposition 24. Let z € Vert F.
(i) If z € A, then opp(F,z) = —z + ¢(2).
(i) If z € B, then
opp(F,z) = —z + Z a,u -+ Z byv + Z CoyW
u€A veEB\{z} wel

with ay, ¢y € Z>o and b, € Z>_1 forallu € A, v € B\{z} and w € C. Further

it holds
Zau+ZbU+ch=1, Zau§k+1, vaZ—k.
u€A veB\{z} weC u€A veB\{z}

(iii) If z € C, then

opp(F,2) = —z + Z Ay U + Z byv + chw

ucA veEB weC\{z}

With @y, by, cw € Z for allu € A, v € B and w € C\{z}. Further it holds

dau+ D b+ cw 0.

u€A veB  weC\{z}

Proof. (i) Follows by definition.

(ii) The first statement is a consequence of Lemma 14 and Lemma 20. The
second equation follows since opp(F,v) is on level 0. Finally, as in the
proof of Lemma 22, we note that for z € B, there can be at most k other
vertices z € Vert F' (necessarily, z € B) with opp(F,z) = opp(F,z). By
Lemma 14 this implies that there are at most k other vertices z € B, z # z,
with bz = (upz,0pp(F,z)) < 0 (equivalently, equal to —1). We deduce
that EUEB\{Z} b, > —k. Since opp(F,z) € V(F,0), this implies also that
Z’UEA Ay < k+1.

(iii) This is as before a direct consequence of Lemma 18 together with the fact that
z is not a good vertex and so the opposite vertex must lie on a level below 0.

O
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2.5. Vertices on negative levels. Let us recall some of @bro’s observations.

Lemma 25 (Obro [23, Lem. 1 and 2]). Let G be a facet of P, z a vertex of G, and
G’ :=N(G,z). Then ug: = ug + ((ugr, z) — Vug,.. Moreover, for x € P we have
(ug,x) — 1 < (ug,z,x). In case of equality we have x = opp(G, z).

Corollary 26. If z € AU B, then up = up — ug,, for F' := N(F, z).
Proof. This follows from plugging in x := opp(F, z) into Lemma 25. (]
The following observation is contained in @bro’s PhD thesis [22, Lemma 1.9(5)].

Lemma 27. Let x be a vertex of P with x # opp(F, z) for some vertex z € Vert F.
Then the inequality (up ., x) <0 implies (up,x) < (up,opp(F, 2)). In other words,
if z has a negative contribution to x then the vertex x must lie on a level strictly
lower than the opposite vertex of z.

As we know that for all w € C the vertex opp(F,w) lies strictly below level 0, we
get the following consequence.

Corollary 28. There is at most one vertex x € V(F,—1) with (up.,,x) < 0 for
some w € C. If such a vertex x exists, then © = opp(F, w).

Let us make some auxiliary considerations regarding vertices on negative levels.
Lemma 29. Let z € AU B. For every z € Vert F' there is at most one vertex
x € V(F,—1) with (up,x) = —1 and (urz,z) < (upz,opp(F,z)).

Proof. Let us denote y = opp(F, z). We have (up,y) = 0, since z is good. Suppose
there are two vertices z, & € V(F, —1) with (up ., ) = (up ., ) = —land (upz,z) <
(upz,y) as well as (upz, %) < (upz,y) for some z € Vert F. We rewrite z, Z and y
as:

Api= Moy i = Qpyi=
—— —— ——
x:Z@Fﬂ,,x)v, :izZ(quv,@v, yzZ(uRv,wv.
v€EVert F veVert F veVert F
Considering the neighboring facet F’ := N(F,z) and its outer facet normal up-,

Corollary 26 implies upr = up — Uz, so  and T both lie on level 0 with respect to
F'. We rewrite z and Z in terms of the new lattice basis Vert F’ = Vert F'\ {z} U{y}:

x:y"’_E ()\U—av)v, j:y"'E (Mv_av)va
—— ——
vEZ vEz _ -
7<U‘F’,U7$> 7<U‘F’,U7I>
where we used A\, = p, = a, = —1. Our assumptions on z gives us that A\; < az
and pz < az. So Lemma 14 yields = opp(F’, 2) = Z. O

Lemma 30. Let z,z € Vert P with (up,x) < {up,Z). Then there must exist at
least one vertex z € Vert F' with (up.,x) < (ups, ).

Proof. Suppose this is not true, so (up ., ) > (up,., z) for every z € Vert F. Then
we get a contradiction from

(up,z) = Z (Upz,x) > Z (Up 2, &) = (up, T).

z€Vert F z€Vert F
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Lemma 31 (@bro [23, Lem. 5]). Let v and w # v be good vertices of the facet F
with opp(F,v) # opp(F,w). Then there exists no vertex x € V(F,—1) such that

(upw, ) = (Upw, ) = —1.
Now we can give a rough classification of vertices in V(F, —1).

Proposition 32. Any vertex x € V(F,—1) is one of the following three types:
(i) © = opp(F, z) for some z € C with (up ,,z) < 0.
(i1) (up,z) = —1 for some z € B, (upy,x) > —1 forallv € B, and (up,x) >0
forallwe AUC.
(iii) x = —z for some z € A.
There are at most |C| vertices of type (i), at most (k + 1)|B| vertices of type (ii),
and at least n_1 — |C| — |B|(k + 1) vertices of type (iii).

Proof. We consider the following situation: « € V(F,—1) and z € Vert F with
(upz,x) <0 (clearly, such a z must exist). The proof proceeds in three steps.

First, suppose z € C. Corollary 28 implies that x is the only vertex on level —1
which satisfies (up ,,z) < 0 (namely, the opposite vertex to z). Hence, z is of type
(i).

Secondly, let us look at the remaining vertices x on level —1 (of which there are at
least 7_1 —|C| many), i.e., (up z,x) > 0 for any zZ € C. Suppose we have z € B with
(upz, ) < 0. Lemma 25 implies (up ., ) = —1. We define y := opp(F, z) € V(F,0).
We claim that (upz,x) > 0 for all Z € Vert F' which satisfy opp(F, z) # y. Clearly,
this is automatically true for z € C' by our choice of . Otherwise, z is good, and
the claim follows from Lemma 31. Hence, we get (use Lemmas 14, 18 and 25 again):

z € Vert F' with opp(F,2) #y = (urz,y) >0 and (upz,x) >0
z € Vert F' with opp(F,2) =y = (ursz,y) = —1 and (upz,z) > —1

Here we see that (upz,x) = —1 is only possible if Z € B with opp(F,z) = y (see
also Proposition 24(ii)). From these observations we deduce that x is of type (ii).
Now, Lemma 30 implies that there must exist at least one vertex z € Vert F' with
(upz,x) < (upz,y) because x lies on level —1 and y is on level 0. From (2) we
observe that this implies (up z,y) > 0. By Proposition 24(ii), y can have at most
(k + 1) many negative coordinates and lies on level 0 so we see that (upz,y) > 0 is
only possible for at most (k + 1) choices for z € Vert F. But Lemma 29 tells us that
x is uniquely determined by z € V(F, —1), (ur,z) = —1 and (upz, ) < (upzy)
for given z € Vert P. Therefore, for given vertex z € B, there are at most (k + 1)
vertices x € V(F, —1) that are not opposite to a vertex in C' and satisfy (up ., x) < 0.

Finally, consider the remaining vertices x on level —1, of which there are at least
n-1 — |C| — |B|(k + 1) many, i.e., (upz,z) > 0 for all Z € BUC. In this case, we
must have z € A with (up,,z) < 0 for such an z. Again, Lemma 25 shows that

this is equivalent to (up ,,z) = —1. Now, Lemma 31 implies (upz,x) > 0 for all
z € A\ {z}. Since ), cyert p{UFv, )V = 2 With Y o p(UFy, ) = —1 and there
is only one negative summand which is already —1, we must have © = —z, so x is of
type (iii). O

2.6. Construction of the splitting. We will now restrict our set A.

Definition 33. Let
A':={ve A : —v € Vert P}.
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Lemma 34 (Assarf, Joswig, Paffenholz [1, Lemma 29]). If v € A, in particular
¢(v) # 0, then ¢(p(v)) € {0, v}.

We want to restrict A’ further to a subset of elements v that have the desirable
property ¢(¢(v)) = v. For this, let us first recall the following result.

Lemma 35 (Casagrande [6, Lemma 3.3]). If z,x,2',y,y’ € Vert P with x # 1
such that v +z =y and 2’ + z =y, then y = —x.

Corollary 36. Let z € Vert F. Then
[{ved [¢(v) =2} <L
Proof. Assume there exist v,v" € A’, v # v with ¢(v) = z = ¢(v"). We define

ri=-v, o' :=-v, y:=opp(F,v)=z2-v, ¢y :=opp(F,v)=0e¢{)—1
Then Lemma 35 implies ¢(v') —v' =y’ = —x = v, a contradiction since ¢(v') — v’
is on level 0, while v is on level 1. O

Next, let us write the vertex sum as a linear combination of vertices of F":

sp = Z Yz -

zeVert F

Note that v, > 0 for any z € Vert F'. Now, we can restrict the set of good vertices
further.

Definition 37. Let

A={veA : ¢v) €A, 7 =0=r40)}
Note that Lemma 34 implies ¢(¢(v)) = v for v € A. In particular, v € A implies
o(v) € A.

The reason for including the condition on the vertex sum in the definition of A
is that changing the special facet will be useful in the upcoming proofs, and this
condition will ensure that the new facet will still be special.

Note that A splits into disjoint pairs, each pair, say v, ¢(v), giving rise to the
following configuration of vertices of P (see also Example 21 and Figure 3):

v, ¢(v)
v—¢(v), ¢(v) —v
—¢(v), —v
We can now estimate the size of the set A.
Proposition 38. ~
|A] > 2|A"| — d — 2k.
Proof. We have by Corollary 36
Hve A : ¢(v) e BUC} U {ve A : ¢(v)e A\ A"} <|B|+|C|+ |A| - |A].
This shows that
[ve A g(v) € A} = |A| — (B +]C| + |A| - |A']) = 24| - d.

Finally, from Lemma 16 we see that there are at most k vertices in F' with nonzero
~v-coordinate. Hence, we have to potentially remove k pairs, so 2k vertices from the
previous estimate. [
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In order to finally prove that we indeed have a splitting into a sufficiently
large subset of these hexagons it is necessary to bound the number of its nonzero
coordinates in A for each vertex on a negative level.

Lemma 39. For x € V(F,< —1) it holds
|{z€ A | (up,z, @) #0}| < 2k +2.

Proof. Let x be a vertex in V(F, < —1). Suppose there exists a vertex vy € A with
(up,py, ) < 0, then we consider the neighboring facet Fy := N(F,vg). Note that
by our assumption on A, the facet Fy is still a special facet, as F; has vertices
Vert F \ {vo} U {¢(vo) — vo}. Hence, up, = up — up,,. In particular, we get
(up,, z) > (up,x). )

Now, suppose there exists another vertex v; € A with v1 & {vo, ¢(v)} such that
(up,,x) < 0. Note that by the choice of v; and by Lemma 25 and the fact that
UF, v, = UF,,, the opposite vertex of v; with respect to F; is the same as for F,
that is opp(F1,v1) = opp(F,v1) = ¢(v1) — v1. Counsider Fy := N(Fy,v1). Again, by
Lemma 14, the facet F, has vertices

Vert F'\ {vo, v1} U {d(vo) — vo} U {g(v1) — v1}
and therefore is also a special facet. Hence, up, = ur — Up, — UF,, . In particular,
(um,, ) > (up,, x).
Continuing with this argumentation we might end up with a facet Fy where
(up,, ) = 0 and vertices

Vert F\ {vo, ..., v} U{op(vg) —vo} U---U{p(vg_1) —vp_1}.
At this moment there cannot exist another vertex v, € A with (ug,,,r) < 0,
since Lemma 14 shows that = opp(Fy,ve) = ¢(ve) — v € V(F,0) (note that
UF, v, = UF,, and due to our choices the opposite vertices of Vert Fy N A do not
change). A contradiction.

So the number of vertices v with (up,,z) < 0 is at most 2 - |(up, z)|, where the
factor 2 comes from the fact that (up (v,), ) could be zero or not.

One can repeat the same argument with (ug,,z) > 0. In this case, since all the
facets were special, we can use that —k —1 is the lowest possible level (Lemma 15) to
deduce that there are at most 2- (k+ 1 — |[(ug, x)|) vertices v € A with (up,,z) > 0.
Putting this together we get the desired statement. O

2.7. The proof of Theorem 5. Let us define
W= U {Ua ¢(U)v (,ZS(’U) —-U, UV— ¢(v)a -, 7(;5(”)}

veEA
Note that the convex hull of these vertices splits into hexagons as desired. Our goal
is now to bound the number of vertices v € A for which there exists some vertex
x € Vert P\ W with (ug,, ) # 0. Then after removing these undesired vertices v
(and their hexagons) from W, the remaining vertices of W live in a subspace that is
transversal to all other vertices of P.

First let us consider the case that € V(F,0)\W with (ug,,z) # 0 for some
v € A. In particular, x is not opposite to any vertex in A (since x ¢ W). By
Lemma 14, this implies (ug,z) > 0, and z = opp(F, v') for some v’ € Vert F' with
v' € (A\ A)UB. We distinguish two cases. If " € A\ A, then Proposition 24 implies

¢(v') =vand x = v—2'. (Since in this case each choice of v’ uniquely determines
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and thus v, there are at most |A \ A| many possibilities for v.) We can say more for
v’ € B. Let us partition B into disjoint subsets By, ..., By, where two vertices of B
are in the same subset B; (for i € {1,...,¢}) if and only if their opposite vertices
are the same. Let us assume that v" € B; for some j € {1,...,t}. By Lemma 14
and Proposition 24, the vertex = has negative coordinates only in Bj, so x has at
most | B;| many positive coordinates in A, since x is on level 0. So, in this second
case there are at most ¢ possibilities for x, and at most |B1|+ - - - + | B;| = | B| many

possibilities for v. Hence, the number of vertices v € A for which there exists some
vertex € V(F,0) \ W with (up,,z) # 0 is bounded by

(3) |A| — |A] + |B].

Next we notice that there are at most 2k vertices in V(F, < —2) by Lemma 15.
For each such vertex =, Lemma 39 implies that (up,,z) # 0 can be satisfied for at
most 2k + 2 many choices of v € A. Therefore, the number of vertices v € A for
which there exists some vertex x € V(F, < —2) \ W with (up,,x) # 0 is bounded
by

(4) (2k + 2)2k.

This leaves the case where x € V(F, —1) with —z ¢ A and (up,,z) # 0 for some
v € A. By Proposition 32 the vertex « must be of type (i) or (ii). Lemma 39 shows
that the number of vertices v € A for which there exists some vertex z € V(F, —1)\W
of type (i) with (ug,,z) # 0 is bounded by

(5) (2k +2)|C].

Let us define two sets. V is the set of vertices in V(F,—1) of type (ii), and
A is the set of vertices v € A where there exists some z € V with (upp,x) #0
(necessarily, > 0). Note that by the description of a vertex = € V in Proposition 32
it holds that, since x € V(F, —1), if 7 many coordinates of 2 in A are positive, then
at least 7 + 1 many coordinates of x in B must be equal to —1. Hence,

A+ V<> ({v €A (upy,z) >0} +1)
xEV

<> H{veB : (upy,z) = -1}

z€EV

= Z H{x € Vo (Up, ) = —1}]

vEB
< (k+1)|B],

where we used Proposition 32 for the last inequality. This shows that the number
of vertices v € A for which there exists some vertex x € V(F,—1) \ W of type (ii)
with (up.,z) # 0 is bounded by

(6) (k+1)|B| - V.

Summing up Equations (3),(4),(5), and (6) we get that the number of vertices
v € A for which there exists some vertex z € Vert P\ W with (up,,z) # 0 is
bounded by

|A| — |A| + |B| + (2k + 2)2k + (2k + 2)|C| + (k + 1)|B| — |V|.
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Using |A| + |B| + |C| = d and |V| > n_, — |C| — |A’| (see Proposition 32), this
expression can be bounded from above by

(2k + 2)2k + (2k + 2)|C| + (k + 1)|B| + |A| — |A| — n_1 +d.

Now, we want to remove all these vertices v together with ¢(v). So, we deduce
that the number of vertices v € A for which there exists no vertex x € Vert P\ W
with (up,, ) # 0 or (upg(),x) # 0 is at least

4] = 2((2k + 22k + (2K +2)[C] + (k + 1)|Bl + 4| = |4] = -1 +d)
= 3|A] = 8(k + 1)k — 4(k + 1)|C| = 2(k + 1)|B| — 2|A’| + 2n_, — 2d.
From |A| > 2|A’| — d — 2k (Proposition 38) we get that this expression is at least
A|A'| — 6k — 8(k + 1)k — 4(k + 1)|C| — 2(k + 1)|B| + 21—, — 5d.

Using |A'| > n—1 — |C| — |B|(k + 1) (Proposition 32) we get that the previous
expression is at least

—6k — 8(k 4 1)k — A(k + 2)|C| — 3(k + 1)|B| + 61_1 — 5d.

Plugging in 7—1 > d — 2k (Lemma 15) we deduce that the previous expression is at
least

—18k — 8(k + 1)k — 4(k + 2)|C| — 3(k + 1)| B| + d.

Finally, we use |B| 4 |C] < 2k and |C| < k (Lemma 22) to show that the previous
expression is at least

d — 15k* — 37k.

Summing up, we have proved that there are at least d — 15k? — 37k vertices v € A
such that all vertices x € Vert P\ W satisfy (up,,z) = 0 and (up @), r) = 0.
Hence, if d > 15k — 37k + 2, then P splits such that there are at least

{d — 15k2 — 37kJ
— >1

hexagons Pg as splitting factors. This finishes the proof.
O

Remark 40. The reader may wonder why our proof does not achieve a linear bound.
In fact, the quadratic order comes from (4), (5), and (6). These inequalities rely on
several worst-case bounds such as Lemma 39. The main bottleneck at this crucial
point in the proof is the separate application of these estimates when the worst cases
may actually exclude each other. Hence, in order to get an overall linear bound it
would be desirable to find a direct and unified approach to these estimates.

3. EXTREMAL SMOOTH FANO POLYTOPES

In this section, we explain why Conjecture 11 and Conjecture 13 would be sharp.
These conjectures were found using polymake [13]. We analyzed all smooth Fano
polytopes up to dimension 9 (and checked the validity) using the database extension
poly_db [15], where all the polytopes found in [17] are part of the database.
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Definition 41. Let d = 3 - d’ for some positive integer d’. Let e1,...,eq be the
standard basis of R?. We define v to be the following vector in R

d’ d’
v i= E €d'+2; — E €; .
i=1 i=1

It consists of —1 in the first d’ coordinates and then the coordinates alternate
between 0 and 1. We define S to be the simplex S := conv{v, e, es,...,eq} C R%
Let P; C R? be the hexagon from Figure 1. Finally, we define By as the combined
convex hull

By := conv (S U ({O}d/ X Pﬁ@d/)) .

Remark 42. Let us recall the following construction (generalizing Definition 3).
Given two polytopes Q, Q" C R? whose affine hulls intersect precisely in a point
(not necessarily a lattice point), then the convex hull of @ and @’ is a combinatorial
free sum (also called direct sum or linear join) of @,Q’. This means that its
combinatorial type is dual to the product of the combinatorial dual polytope of Q
and the combinatorial dual polytope of @’. In particular, the combinatorial type of
a combinatorial free sum of @) and @’ only depends on the combinatorial types of Q

and Q'.

Proposition 43. By is a smooth Fano polytope of dimension 3d'" with 7d' + 1
vertices that does not split into lower-dimensional smooth Fano polytopes.

Proof. The polytope @ := {O}d/ X P6®d/ is a 2d'-dimensional smooth Fano polytope
(considered as PéBdl in RQd') with 6d’ vertices. Since S is a d’-dimensional simplex
containing eq,...,eq, the polytope By has clearly dimension 3d’ and thus is full-

dimensional. We observe that the barycenter of S equals = := Z?lzl ﬁedurgi
which is a point in the interior of (). This is the only intersection point of @ and S.
Hence, in the notation of Remark 42, By is a combinatorial free sum of @ and S.
In particular, By is simplicial and every facet F' of By is the convex hull of a facet
in S and a facet in Q.

Our goal is now to show that each facet forms a lattice basis. As PéBd/ is a
2d’-dimensional smooth polytope we know that F contains a lattice basis for the
subspace {O}dl x R24' . Let us distinguish whether v € F' or not. Suppose v € F
then the facet contains the points ey, es, ..., eq, which is a lattice basis of the
space RY x {0}2%. If on the other hand v € F then one of those cartesian basis
vectors is missing, let this be e; without loss of generality. It is sufficient to show
that we can write e; as an integer linear combination of vertices of F. Consider
el = —v — Z?’:Q e; + Z;il eq +2;- This integer linear combination consists either of
vertices of F' or of points which can be expressed as an integer linear combination
of vertices of F' since we already know that the vertices form a lattice basis for
{0} x R24". This shows that By is a smooth Fano polytope.

Finally, assume that By would decompose as a direct sum of two lower-dimensional
smooth Fano polytopes P, and P». Say, v is a vertex of P;. Since v is a linear
combination of e1,...,eq and eg19; for i = 1,...,d’, these vertices must also be
vertices of P;. However, no hexagon Py splits, so all vertices of P are in P, a
contradiction. (]
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Regarding the sharpness of Conjecture 11, we see that BP™ has dimension
d := 3m with 8m vertices. Hence, the associated toric Fano manifold has Picard
number bm = %. This example and its toric variety was already considered in [1].
Regarding the sharpness of Conjecture 13, we observe that the toric Fano manifold
associated to By has dimension d := 3d’ and Picard number MTH. We refer to
the book [10] for the explanation why this defines a toric fiber bundle as stated in

Conjecture 13.
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