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ASYMPTOTIC CHOW STABILITY OF SYMMETRIC REFLEXIVE TORIC
VARIETIES

KING-LEUNG LEE

ABSTRACT. In this note, we study the asymptotic Chow stability of reflexive toric varieties. We
provide examples of symmetric reflexive toric varieties that are not asymptotic Chow semistable.
On the other hand, we also show that any weakly symmetric reflexive toric varieties which have
regular triangulation (special) are asymptotic Chow polystable.

After that, we provide other criteria that can show a symmetric reflexive toric variety is
asymptotic Chow polystable. In particular, we give two examples that are asymptotic Chow
polystable, but not special. We also provide some examples of special polytopes, mainly in 2
or 3 dimensions, and some in higher dimensions.

1. INTRODUCTION

In GIT theory, in the construction the Moduli space, we focus on those varieties that are as-
ymptotic Chow semistable ([MEK94],[GKZ94]). Also, Chow stability has many relations with other
stabilities in Kdhler geometry (See [RT07], [YotlT] for example), so it is important to study the Chow
stability of singular varieties. However, unlike the smooth case, which is related to the constant scalar
curvature manifolds ([Don01], [Mab04], [Mab06], [RT07], see also the survey paper [PS10] for ex-
ample), in general, K stablity or existance of cscK cannot imply Chow stability. Moreover, there is
only very few examples of Chow polystable of singular varieties. In general, it is very difficult to
show that a variety is asymptotic Chow semistable. However, by the work of Futaki and
Omno [Ono13|, we can determine the asymptotic Chow polystability of toric varieties. We first recall

the main theorem we used in [Onol3| (see also [LLSW19]).

Theorem 1.1 ([Onol3]). Let P be a integral convex polytope of a toric variety Xp, and let G <
SL(n,Z) be the biggest finite group acting on P by multiplication. A n dimensional toric variety Xp
is asymptotic Chow semistable iff for any k € N, and for any convex G invariant function f on kP,

we have 1 1
—— [ jav<——o f().
Vol(kP) /kp x(EPNZ") veg;mzn
(As a remark, in the original literature, he used concave functions instead of convex functions, so
the direction of inequality in this note is different.)

In this note, we mainly focus on symmetric reflexive toric varieties. One of the reasons is inspired
by [BS99], which show that if a polytope is symmetric and reflexive, then it admits a Kahler Einstein
metrics. With the result of [Don02], we can see that symmetric and reflexive implies K stability. So
it is natural to ask if it is true for Chow stability. The second reason is, in this note, we defined a
invariant called Chow-Futaki invariant, which is

1 1
CFP(a7 k) = W kpg%;mzn a(p) — VT(P) /P a(x)dV

As a rephrase of the corollary 4.7 in [Onol3], we can see that if P is asymptotic Chow semistable,
then this invariant will vanish for all kK >> ko and for all affine function a. We can see that symmetric
polytopes satisfy this criteria, so it is natural to study symmetric polytopes. Also, by claim 4.3. in
[LLSWT9], there is an example which a symmetric non reflexive polytope is not asymptotic Chow
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semistable. On the other hand, by the results in [LLSW19], with the fact that P? and P! x P' are
asymptotic Chow polystable, we can see that all 2 dimensional symmetric reflexive toric varieties
are asymptotic Chow polystable. So this is natural to study symmetric reflexive polytopes.

However, in general, symmetric and reflexive is not enough, and a counter example is given by
example [391 Notice that this is not an isolated example. Indeed we can construct many examples
using proposition 3.7

Therefore, to ensure asymptotic Chow polystabilities, we need more conditions on symmetric
reflexive polytopes. One of the sufficient conditions is given by the following:

Definition 1.2 (Definition E3]). Let P be an n dimensional integral convex polytopes on R™. We
say P has regular boundary if for any k, there exists a triangulation of OkP which every “triangle”
is isomorphic (up to a translation and a subgroup of SL(n — 1,Z) < SL(n,Z)) to

Thn—1 := conv{(0,...,0),e1,...,€n—1},

the standard (n — 1) dimensional simplex, (i.e., the intersection between different T._, are at the
boundary) such that for any point p € kP, the number of simplex intersection with p < n!, and this
is the sub-triangulation of each face.

Also, we define:

Definition 1.3 (Definition [8]). an integral convez polytopes on R™ is called special if it is reflexive,
weakly symmetric and have reqular boundary.

And one of our main theorem is given by:
Theorem 1.4 (Theorem [6.)). Let P be a special polytope, then P is asymptotic chow polystable.

Notice that this condition is not necessary, as theorem [8.I] gives another sufficient criteria to show
when a toric variety P is asymptotic chow polystable. The statement of the theorem is the following:

Theorem 1.5 (Theorem BIl). Let P be a integral polytope which 0 € P such that all the Putaki-
Ono invariant vainish, and we have a triangulation on kP by n simplexes and a triangulation on
OkP by (n-1) simplexes, we denote n(p; k) be the number of n simplex attach the p € kP under the
first triangulation, and m(p; k) be the number of (n-1) simplex attach to p € OkP under the second
triangulation.
Suppose n(p; k) < (n+ 1)! for all p # 0 and
n
(5) mwsk) < ((n+ 1)t = n(ps k)
for all k large and for all p € OkP, then P is asymptotic Chow polystable.

As a concrete example, we have:
Corollary 1.6 (Corollary [84). D(Xs) and D(Xo) are asymptotic Chow polystable.

This example shows that there are non special symmetric reflexive polytopes that are asymptotic
Chow polystable.

In the last section, we provide examples which are asymptotic Chow polystable, mainly on di-
mension 3, and have two class of examples for higher dimensional. Notice that besides D(Xs) and
D(Xy), the remaining examples are special. Also, the corresponding varieties of the examples are
given in the appendix.
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2. CHOW STABILITY OF TORIC VARIETY AND CRITERIA

Recall that by Fataki, Ono ([Fut04], [Onol3], [OSY12], and also see [LLSW19]), a toric variety
Xp is Asymptotic Chow semistable if there exists C such that for any k£ > C, and for any convex G
invariant function f for the corresponding polytopes kP, we have

1 1
(1) Vol(kP) fdvﬁw Z f(p),

kP kpekPNZ™

and Xp is polystable if the equality holds only when v is affine. (In [Onol3] and [LLSW19], the
inequality is in opposite side as the input are concave functions.) Here G < SL(n,Z) is the biggest
group fixing P, which is a discrete group.

Notice that if there exists a C* action acting on Xp, the toric variety corresponding to P, then
it corresponds to an affine function on P (See Donaldson toric variety). So we can define

Definition 2.1. Let P be a integral convex polytopes. Then we define Futaki-Ono invariant of an
affine function v(x) = a1z1 + - -+ + anTn + ao is given by

1 1
FOP((L k) = W kpe;ﬁzn a(p) - VT(]D) /1; a(:c)dV

We can rephrase corollary 4.7 in [Onol3| as the following:

Lemma 2.2 (corollary 4.7, [Onol13]; also [Fut04]). Suppose P is Asymptotic Chow semistable. Then
there exists C' such that for any k > C, and for any affine function a on kP, we have

FOP(CL7 k) =0.
Recall that

Definition 2.3. An integral convez polytopes P is symmetric if there is exactly one fix point (which
must be 0) of the symmetric group G < SL(n,Z) acting on P.

In particular, any G invariant affine function on a symmetric polytopes must be constant, hence
it must vanish. so we define the following:

Definition 2.4. A polytopes P is weakly symmetric if for any k, and for any affine function a on
kP,
FOP((L7 k) =0.

Remark 2.5. Notice that this condition is stronger than assume FOp(a,k) = 0 for all k large.
There are two questions arise.
(1) 1t is easy to see that P is symmetric implies P is weakly symmetric. But is the opposite
true?
(2) If P is not weakly symmetric, does this imply P is not asymptotic Chow semistable?
Notice that the K stability version is not true, as there are non symmetric K stable toric variety,

namely, the toric Del Pezzo surface of degree 1. Howewver, it is not weakly symmetric and not
asymptotic Chow semistable (See [LLSW19), the section of X1 ).

Lemma 2.6. An weakly symmetric integral polytopes P is (asymptotic ) Chow semistable if for any
k€N (k> C for some fixr C), and for any convex function f which ITEIIICIIlD f(z) = f(0) =0, we have

1 1
ot [ fav < f@),
vt Y S xaEnE, 2

Proof. For any convex function f, there exists an affine function ax such that

min (f(2) — a(x)) = /(0) = 0.

€kpP
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Now,
a2 A0 [ @ = s S (ma) - [ (Fa)@a.
x(kPNZ™) kpeePnzn Vol(P) Jp x(kPNZ) fpeePnzn Vol(P) Jp
Result follows. O
3. SOME SPECIAL CLASS OF TORIC VARIETIES
3.1. Product class. The first class of polytopes is in the form of P, x --- X P, where Py,--- , P,

and Chow stable.

Lemma 3.1. Let P, P> are bounded convex sets. Then for any f is a convez function on Py X Ps,
fr,(z) == sz f(z,y)dVy is a convex function on Py

Proof. Consider fp,(tz1 + (1 —t)z2), where 0 <t < 1.

ey (ter + (1 —t)x2) = | f(ter + (1 —t)z2,y)dVy

Py

< / ti(trn, )dVy + [ F((1 = )z, y)dV,
Py Py

=tfp,(z1) + (1 = 1) fp,(22).
O

Proposition 3.2. Let Pi, P> are integral convex polytopes. P1 X P» is (asymptotic) chow polystable
(semistable) iff P1 and P> are (asymptotic) Chow polystable (semistable).

Proof. Suppose for any k > Cy and k > (3 and for any convex function fi, fo on P and P», we

have
1

1
Vol(kPy) Si(z)dV < NI > f2(v);

kPy pEP;

1 1
i Jp, O < S 2 0

Then for any k > max{C,C2} , and for any convex function f, we have
1
_ xz,y)dVydV,
Vol(kPr x kPy) Aplxkp2 f@y) v
1 1
" Vol(kP)) ke, Vol(kV2) Jip,

1 1
~ Vol(kPy) Jyp, Vol(kVz) Jrpy (2)dVa (lemma [B.T])

(2,y)dV,dVa

1 1
SWWH) Z fry(p1)

p1E€ELPINZ"1

Y (W/%f(p“y)dv@’)

p1ELPNZ™
1 1
S— > > flpr,p2)
X(kpl) p1EELPINZ™1 X(kP2) poELPyNZ™2
1
X X ) 2 f).

pEL(Py X Py)NZ™1 X7"™2

In particular, if C; = C2 = 1, then this inequality holds for any convex function and any k.

For the opposite, without loss of generality, assume P; is unstable. Then there exists a sequence
of convex functions fr on kP; such that for any k large,

1 1
Vol(kP1) Jip, Je@)dV = x(kPr) pEk;an f®).
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ot

Then define fx : kP1 X kP> — R such that
fe(z,y) = fu(z).

Then
1 1 1
VAR TR ooy eur, O = i) o, MO Sy 3 S0
1 1
=P < B > x(kP2)fu(p) = NGRS > fi(p).

pELPINZ"L PEL(PLX P2)NZ"1 XL"2

O

The following class of polytopes may not be chow stable in general. Indeed, we will give a criteria
which this class must not be asymptotic Chow polystable.
As a quick check, we have a computational proof of the following well known fact:

Corollary 3.3. ((P')", —Kp1yn) is asymptotic Chow polystable.

Proof. [—1,1] is asymptotic Chow polystable. A direct consequence of proposition[B2limplies [—1,1]"
is asymptotic Chow polystable. g

3.2. Symmetric Double cone type. We now consider a class of examples that can construct
unstable polytopes. Also, it is one of the non trival and easiest class to study.

Definition 3.4. Let P be a n dimensional integral polytopes. Then we define the double cone
D(P) := Conv{0,...,0,1),(0,...,0,—1), (p,0)|p € P}.

Notice that
kD(P) = {(p,q) € R" xR|p € (k- q)P,~k < q < k}.

Lemma 3.5. Suppose P is symmetric, then D(P) is symmetric.
Proof. If G is the largest group acting on P, then G x Z/2Z acting on D(P) by
(9,£1) - (p,q) = (9 p, +q).
hence if P is symmetric, then D(P) is symmetric. |

To given a counter example, first we have the following well known fact.

Lemma 3.6 (See [Ehr77], or [BDLD™05]). Let P be a convex integral polytope with dim > 2. then
the number of point

x(kP) == |kPNZ"| = Vol(P)k" + %Vol(ap)k"*l + p(k),
where p(k) is a polynomial in k of degree n — 2 which depends on P only. And forn =1,
X(kP) = Vol(P)k + 1;
for n =2, we have the Pick theorem (see [Pic99]):

x(kP) := |kP N Z"| = Vol(P)k* + %VOZ((?P)]C +1.

In particular, for k large,

Vol(oP)

X(kP) = Vol(kP) = ==

" 4 p(k) > 0.

Proposition 3.7. Let P be a n dimensional integral polytopes. Suppose Vol(P) > (n+ 2)(n + 1),
then D(P) is not asymptotic Chow semistable.
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Proof. For kD(P), denote the point in kD(P) be (p,q), where p € R", g € R. Consider the following
function:
~fo if lgf <k -1
1p,9) = {t it Jgl=Q—-t)(k-1)+th=k—1+t,0<t<1

> =2

pekD(P)
Let Vol(P) = (n+ 2)(n+ 1)(1 4 ¢) for some § > 0 .

o [t orverevd — ey [ — o — aven e (L 1
AD(P)f(x)dV—2/Ot(1 )"Vol(P)dt = 2V l(P)/Ot(l tydt =2V l(P)<n+1 n+2>

Then

Vi)
TS

for some fix § > 0. Therefore,

1 2+ 26
Vol(iD(P)) /w(m H@)dV = oDy
and
1 2
o) | 2, 1P = o)
1 1
x(kD(P)) pe;m T®) = vagne) /kD(P> fedv
_ 2 _ 2+ 20
=XD(P)) _ Vol(kD(P))
2 2+ 26
“Vo(kD(P)) _ Vol(kD(P))
—25
~Vol(kD(P))

<0.
O

Example 3.8 (Claim 4.3 in [LLSW19]). Let P = [—a,a] for a > 3, then D(P) is not Chow stable
by previous proposition.

The question is, suppose P is symmetric and reflexive, is it enough to show that P is asymptotic
Chow semistable? The answer is no.

Example 3.9. Consider P = [—1,1]° = (P1)%,0(2,2,2,2,2,2)), then
Vol(P)=2°=64>56=8x7=(6+2)(6+1).
Indeed, as 2% — (x + 2)(x + 1) s increasing when x© > 6, so for alln > 6,
2" —(n—2)(n—1) >64—56=8>0,
which implies that D([—1,1]") is not asymptotic Chow semistable for all n > 6.

Remark 3.10. This cut a vertex technique obviously holds for any polytopes. Namely, let p be a
d dimensional polytopes, then we cut a cone from the vertex such that there is no interior integral
point until length 1, and let the base to be Qp, which is (d — 1) dimension. If Vol(Qp) > d(d + 1),
then P is not asymptotic Chow stable.

Beside, for (P",0(n+1)) and (PY)",0(2,--- ,2)), if we cut the cone, it must be a n dimensional
simplez, hence Qp is a n — 1 dimensional simplex for all p, and the volume of Qp is

Vol(Qp)ﬁ < (+2)(n+1),

which is expected as we know that they are asymptotic Chow polystable .



ASYMPTOTIC CHOW STABILITY OF SYMMETRIC REFLEXIVE TORIC VARIETIES 7

In the next section, we will define a more restrictive type of polytopes, which is asymptotic Chow
polystable.

4. SPECIAL POLYTOPES

We first recall some definition in toric geometry.

Definition 4.1. A integral polytopes P is reflexive if the boundary is given by the equations

zn: a;xr; = :|:17
=1

where a; € Z. Or equialvently, there exists exactly one interior point (0, ..., 0).

Definition 4.2. A integral polytopes P is symmetric if there is exactly one fix point of the symmetric
group G acting on P.

notice that if P is reflexive, then the fix point is 0, and G < SL(n,Z) acting on P as a multipli-
cation. We now add one extra restriction on the symmetric reflexive polytopes.

Definition 4.3. Let P be an n dimensional integral convex polytope on R"™. We say P has a
reqular boundary if for any k, there exists a triangulation of OkP which every “triangle” is integrally
isomorphic of
Thn—1 := conv{(0,...,0),e1,...,n—1},
the standard (n — 1) dimensional simplex, (i.e., the interseciton between different T 1 are in the
boundary) such that for any point p € OkP, the number of simplex intersection with p, denoted as
n(p), satisfies
n(p) < nl,
and this triangulation is a sub-triangulation of each face.

Here integrally isomorphic means one of the object is obtained from another object by an integral
rigid motion, i.e., the multiplication of a matriz A € SL(n,Z) and translation of v € Z™.

Remark 4.4. If two object Pi, P> are integral isomorphic , then for all k, kP, has same number of
integral points as kP>. Indeed, integral isomorphism is obtained by a bijection map ¢ : Z" — Z",.
So for each compact object U C R™, the map ¢ : UNZ" — (U NZ") is a bijection.

Definition 4.5. An integral convex polytope on R™ is called special if it is reflexive, weakly symmetric
and has reqular boundary.

Example 4.6. Suppose P is a two dimensional symmetric reflexive polytope, then it is special.

Proof. The boundary of P is a loop, hence every point must connect with 2 segment, hence the
boundary has regular triangulation. g

Remark 4.7. The two dimensional symmetric reflexive polytopes are X3 := Conv{(—1,—1),(1,0), (0,1)},
X4 := Conv{(£1,0), (0, £1)}, X¢ := Conv{(0,+1), (£1,0), (1,-1),(-1,1)}, X5 := Conv{(£1,£1)},
Xo 1= CO“’U{(_L _1)7 (27 _1)7 (_17 2)}

Example 4.8. D(X3), D(X4) and D(X¢) are special. However, D(Xsg), D(Xo) is symmetric and
reflexive only, and they are not special. the reason is, the face of D(Xs) is given by the triangle
Conv{(-1,0),(0,0),(1,0),(0,1)}, which for any k, for the point (0,0, +k), there must be 2 simplex
attaching the vertex for each face, and there are 4 face, hence

n(0,0, k) = 8.
Similarly, we can see that for any triangulation for D(Xy),

n(0,0,+tk) =9
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5. CHOW STABILITY OF SPECIAL POLYTOPES
We now consider what the individual assumptions can be provided. we first start with reflexive.

Lemma 5.1. Let P is a reflexive polytopes. then for all k € N,

k
kPNZ" = J@iPnzZ").
=0

Proof. Let P be reflexive. (0,...,0) € 9(0P) by defintion. Notice that for any p = (p1,...,pn) #0 €
kP, there exists a and 0 < ¢, < k such that

a1,aP1 + -+ An,aPn = Ca.
But p € Z"™ implies cqez, hence p € dco PNZ™. d
Also, we have the following.
Lemma 5.2. Let P be reflexive n dimensional polytopes, then

Vol(9P) = Vol(P)

Proof. Let Uj—; = Q; = OP, where Q; are faces of P. Then define
C(Q;) := Conv{(0,...,0),Q;} = {tx € Plz € Q;,0 <t < 1}.

Then

i=1
and .

Vol(P) = Vol(C(Q:)).

i=1
The assumption that P is reflexive implies the height is 1 for any C(Q;), so
i Vol(Q;) _ Vol(9P)

n n

Vol(P) = Z Vol(C(Qy)) =

i=1

Lemma 5.3. Suppose f: P — R be a G invariant convex function such that
i = f(0) > 0.
min f(z) = f(0) 2
Then

Ff(t) = f(tx)dcrp
toP
is convez, where oaop|e = d(lg,)|s for x € Qs, the defining boundary function of the face Q; C OP.

Proof. First, we have a map ¢ : 9P X [0,1] — P defined by
p(z,t) = tx.

Notice that this map is surjective, ¢(z,0) = 0 and ¢|gpx(0,1] is bijective. Hence any function f on
P can be represented by the function

9(z,t) := fop(tr)

Notice that f(0) is the minimum, so f(z) > 0. We find a (decreasing) sequence of smooth G invariant
convex function f; with f;(0) > 0, converges to f. Denote Q = dP. We define g; : Q x [0,1] — R by
gi(xv t) = fl © QO(:Z?, t))

Now, by convexity, and f(0) is minimum, f is increasing along the segment {(tz,t)|0 <t < 1}, so it

implies
dgi
dt

(z,t) > 0.



ASYMPTOTIC CHOW STABILITY OF SYMMETRIC REFLEXIVE TORIC VARIETIES 9

Also, convexity of f; implies
d2 gi
dt?

(z,t) > 0
As
/ fitz)dog = t"fl/ gi (z,t) dog,
tQ Q
We now compute the second derivative of F;. for n > 3, the second derivative of F; is given by:
d2
p7s) /tQ fi(@,t)dog

d> 1
=—t"" / gi(z,t)dog
at? o

:% ((n— 1)t”*2/Qgi (2, ) doo +t"*1/Q Cfii (2,1) daQ>
=(n—1)(n—2)t"? / gi (z,t) dog

Q

n— dgi n— dzgi
+2(n— 1)t 2/Q 7 (@,t)dog +1 1/QWdJQ

=0,

so all F; are convex. Thus F' is convex.
Also, for n = 2,

7 dgz d2gi
F; (t)zQ(n—l)/ —(ﬁC7t)d0Q+t/ doq,
o dt o dt?

Finally, for n = 1, F(t) = f(—ta) + f(tb) for P = [—a,b], so
F/'(t) = a*f"(—ta) + b f" (tb) > 0.
So Fy'(t) > 0 for all ¢ which implies F(¢) is convex. a

As a remark, when we put f(z) = ¢, then F.(t) = ¢V ol(0P)t" ™', in which we can see if ¢ < 0
and n > 3, F. is not convex on [0, 1].

Corollary 5.4. Suppose P is symmetric, then for all k € R, for all G invariant convex function
f kP — R with rg}ﬁr})f(x) = f(0) =0, we have

Fa,)dV < %F(O) FF() 4ot P(k—1) + %F(k),

where
F(t):= f(z,t)doop.
toP
Also, equality hold if and only if f = 0.

Proof. Now
1 1
o ftz)dVv :/(; /&;)kP fltz)dodt :/0 Fyrp(t)dt.

By Lemma [53] F(t) is convex, hence by trapezoid rule, we have

Fla, 1) < SF(O0) + F(1) + .+ F(k — 1)+ 2 F(F).
kP

The final lemma is a property of regular boundary:

Lemma 5.5. Let P have a regular boundary, then for any k, and for any convex function f, we
have

fl@)do < Y f(v).

okP vedkP
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Proof. Let n be the dimension of P, then its boundary can be triangulated by the (n-1) simplex
—1. Let the vertex point of T,—1 p := (po, ..., Pn—1) and mp, then convexity implies

M \

/ f(z)do < Vol(Th-1 3 =
T

n—1 1=0 i=

o

Therefore, if we denote n(p) to be the number of simplex touch the point p, then the regular boundary
assumption means n(p) < n!, and hence

RETS B IEFICTEED 3 DRI N pRe iU
P a MM a i=0 ) pedkPAZN :
< > HMPo > g
peokprzn U peORPALY

6. CHOW STABILITIES OF SPECIAL POLYTOPES

We now show that a special polytope is asymptotic Chow polystable.

Theorem 6.1. Let P be a special polytope, then P is asymptotic Chow polystable.

Proof. First, denote x(kP) := #{kP NZ"}, then

1 1
Vol(kP) /kp cdV = x(kP) > e

pekPNZ"

so we only need the show the inequality for all G invariant convex non negative function f > 0. And
Wwe can assume

min f(z) = f(0) = 0.

zEkP

As P is symmetric, for any non-negative convex function, by corollary [5.4]

f(x)dV < f Zapf z)do + = / f(x

kP

Lemma implies

v <LioeY ¥ el ¥ im=3 Y se-tio-t S s

kP r=19rPNZ"™ OkPmZ" r=0 pedr PNZ" pedkPAZN

Therefore, lemma [5.1] implies

DV < Y fm) -3 f0) -5 S i)

kP kPAZ" pedkPNZ™
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Therefore,

1
Vol(kP) /kP Fa)dv

1 1 1
X(kP) Jip f@)dv + (VOl(kP) B X(kp)) kP fe)dv

SX(;P) Z/arpf(x)da—%f(o)—% Z f(p)>

pEOKPNZL™

r=0 pedrP peEdkLPNL™
1 1
+ (vartemy ~ 5wy L, T (Lemma £.3)
1 1
=P 2 fp) — (kP (f(O) + pw;mzn f(p)>
1 1

* (Vol(kp) - X(kP)> @ (Lemma [51)

So we only need to show

1
5P (f(0)+ > f(p))+(VolkP e >/ F(z)dV <0,

pedkPNZ™

that is,

1 1 1
@ (Vol(kP) _X(kP)) RIS e (f(0)+ > f(p))

pEOkKPNL™

Now, we can triangulate kP by Cq := conv{(0, ...,0), Ty 1}, wehre U, T ; is the regular triangula-

. k k .
tion on OkP. Vol(Cy) = Py and by convexity,
fO) + fP5) +-- -+ flpn-1)
< g « E
. f(x)dv < > Vol(Cq) i ——

_ kn(p)f(p) Vol(0kP) k k:f( ) k
’pga;P W +1) T VallCo) iitn + 17 Sp;;p e Cl ity s yRAC)

Therefore, in order to show equation (), it suffices to show that we have

1 1 kf(p) k 1
(Vol(kP) - X(kp)) ( Z n+1 + Vo l(@kP)mf(0)> < W (f(0)+ Z f(p)> )

pEOkP pEDkPNL™

or,

(25 (o) Q) 5= () (55882 5,

By assumption, f(0) = mg}l3 f(p) =0, so we only need to show
pe

0< @ B (nil) (X(kpv)o—z(kvzgl)(kp))) '
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By LemmaB8] x(kP) = Vol(P)k™+ %V(ﬂ(ap)k”*1 +r(k), where r(k) = an—2k™ % +---+ark+1
is a polynomial, and a; depends on P only.

x(kP) — Vol(kP) _ Vol(dP) n
VolhP)  ~ 2kvo(p) T TRIET

Using Lemma 5.2
< k )(X(kp)—voukp)>_ k <v01(ap)+r(k) k" )

n+1 Vol(kP) “n+1 \kVol(P) Vol(P)
“n f— 1 (% + 7’(k)Vkoll—EnP)>
1—n
:2(717:— n* T(k)VkT(P)'
Therefore, there exists C' such that
|Tx(/k(3l]z;)n| - Voll(P) Janzk™" 4 ank® KT < 2(n71+1)

for all £ > C, and hence

k x(kP) — Vol(kP) n [r(B)E'" 1
<n—|—1> < Vol(kP) ) s+ " Vam “ 2

which shows our theorem. O

Example 6.2 (See also [LLSW19]). By example [[.0 and remark [{7, all 2 dimensional symmet-
ric reflexive polytopes are special, which are X; for i = 3,4,6,8,9, hence the above varieties are
asymptotic chow polystable.

7. REGULAR TRIANGULATION OF n SIMPLEX

To find higher dimensional examples, we first need to know how to triangulate a polytopes in
higher dimensions. In general it may be very difficult, but at least, we can triangulate a polytopes
of kP by the following:

(1) triangulate P into simplex;
(2) For kP, we first enlarge the triangulation on P, then kP is triangulated by enlarge simplexes
kT, , then we further triangulate every enlarged n simplex kT, into simplexes.

So we need to know how to triangulate a simplex kT, := Conv{(0,...,0), ke;|i = 1,...,n}. where
kew = (k,0,...,0), ..., ken = (0,...,0, k).

Lemma 7.1. There exists a triangulation of R™ such that n(p) = (n+1)! for all p € Z™. Moreover,
this triangulation can triangulate KTy, such that

_ (n+ 1)
n(p) = (k+1)!

for allp € ((n — k) skeleton)’ NZ".

Proof. Let a € {0,1}™ — (0,...,0), and consider all the hyperspace o - © = p. Notice that any in-
tersection of n of the hyperspace is an integral point. Then we have a triangulation of R™, except
we don’t know if each "triangle” has the smallest area. To do so, notice that this triangulation is
translation invariant, so it is sufficient compute n(p) for p = (0, ..., 0).

Let ag = 0, and let (a1, ..., an) is a generic point near (0, ...,0). Then we have

Ag(0) > Ag(1) > *** > Qo(n),

where o € Sy, is an element in the symmetric group of {0,...,n}. Hence there are (n + 1)! element.
Notice that if o(i) > o(j) and o'(z) < o’'(j), then the plane x; + x; = 0 separate this two points.
Therefore,

n(p) > (n+ 1)L
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But n(p) is a constant and the volume of any integral polytope is at least T hence we prove

1
(n+1)!

the first part.

For the second part, notice that the group S,+1 acts on this triangulation in R™. So without loss
of generality, we may consider the points in (n — k) skeleton is in a1 = --- = ax = 0 = ao. hence the
group fixing the points are Sky1, which implies

for p € ((n — k) skeleton)’ N Z". a

FIGURE 1. triangulation of 2 simplex and rectangle.

8. A SUFFICIENT CONDITION OF CHOW STABILITIES ON TORIC VARIETIES

Theorem 8.1. Let P be a integral polytope which 0 € P° such that all the Futaki-Ono invariant

vainish, and we have a triangulation on kP by n simplezes and a triangulation on kP by (n-1) sim-

plexes, we denote n(p; k) be the number of n simplex attach the p € kP under the first triangulation,

and m(p; k) be the number of (n-1) simplex attach to p € OkP under the second triangulation.
Suppose n(p; k) < (n+ 1)! for all p # 0 and

n
(5) m:k) < ((n+1)! = n(psk)
for all k large and for all p € OkP, then P is asymptotic Chow polystable.

Proof. First, we can write

1 1 1 1
Vol(kP) Jip J(@)dv = x(kP) /kP f@)dv + <V0l(kP) a X(kp)> kP J(@)dv.

Now,

n(p; k n+ 1) —n(p;k
[ foavs 3 2R < 30 r - 3 B )

Also, using the triangulation of kP, and cone with origin,

fav < 3 7WZ£§;?TBT§§)+VOZ(I€P) T{(O)
pEJKP

kP

Also,
Vol(d(P))k™*
2

nVol(P)k™*

x(kP) — Vol(kP) = 5

+O(k"?) = +O(k"?)
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By symmetric, we may assume f(0) =0,

1
Vol(kP) /Pf (@)dV

< | s - 3 L )

pELP peEOkP
nk™'  O(k™?)
<2X(kP) " x(kP)>
1 1 n —1 . | .
> 10+ ey (5 + 06 )) k) = (e + 1! = nw: k) > f)

x(kP) PERP pEOkP
Therefore, if

+

n _
((5+00™) mwsk) = ((n+ 1)t = n(psk))) <0,
then the inequality holds. Therefore, if for all k, for all p € 0kP
n
5mpik) < ((n+1)! = n(p; k),
then it is asymptotic Chow polystable. (]

Remark 8.2. Indeed, by consider kP, there is always an integral point po € kP. also we can replace
0 by this point po. So this criteria is general enough to talk about any P.

8.1. D(Xs) and D(Xy). As D(Xs) and D(Xyg) are not special, we have to triangulate the whole
polytopes and compute the inequality directly.

Notice that the only way to triangulate D(Xs) and D(Xy) into simplex is the following: We
triangulate Xg and Xy by:

Then we connect any small triangle to (0,0, 1) and (0,0, —1) to get 3-simplex. Therefore, we can
triangulate D(Xg) into 16 simplexes and D(Xy) into 18 simplexes. Then by triangulation of each
simplex, we have a triangulation of kD(Xs) and kD(Xy).

As a consequence of Lemma [Tl we have:

Lemma 8.3. For kD(X;), under the above triangulation,

=i ifp=1(0,0,%k);
n(p)y <24 ifpekD(Xy)°
<12 ifpe kD(X;)

Moreover, the triangulation on kT> combining with the induced triangulation on D(X;) onto 0kD(X;)
gives
=i ifp=1(0,0,%k);
m(p) { <6 if otherwise

As a remark, in here ngp(0,...,0) = 2i, also for the triangulation of 9kD;, n(p) = 4 for p € OkP
intersect with the red line.

Corollary 8.4. D(Xs) and D(Xy) are asymptotic Chow polystable.
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(n+1)!

Proof. For p € OkP that p # (0,---,%1), n(p; k) < and m(p; k) < n!, then the inequality

becomes
n(n!) < (n+1)!
which is true. Also, at p = (0, ...,0,£1), we have
n(p;k) = m(p; k) =i,

then we need

2
(n+1)! > (”; )i,
that is,
(n+2)i
1> 27
Z3m
if n = 3, then it becomes
1> 2
48’
hence this inequality holds for ¢ < 9. Therefore, by Lemma [8:3] and theorem 8] D(Xsg) and D(Xo)
are asymptotic Chow polystable. O

9. EXAMPLES OF STABILITY OF SYMMETRIC REFLEXIVE POLYTOPES
9.1. 1 and 2 dimensional.

Example 9.1. The only 1 dimensional symmetric reflexive polytopes is [—1, 1], which is Chow stable.
(See [LLSW19]).

Example 9.2. Suppose P is a two dimensional symmetric reflexive polytopes, then it is special,
hence it is asymptotic Chow stable. Indeed, by theorem 1.2 and corollary 3.8 in [LLSW19], with the
fact that P? and P* x P! (by prop[T2) is Chow stable, so indeed, all 2 dimensional special polytopes
are Chow stable.

As a remark, they are

X :=P?/(Z/37), X4 :=P' x P'/(Z/2Z), X := P?blow up 3 pts, Xs := P* x P', Xg := P?,
and all the line bundle to define the polytopes are —Kx, .

e

FIGURE 2. X, for i =3,4,6,8,9.

Notice that in [LLSW19], there are some examples about the non reflexive polytopes which we
will not discuss in detail in this note.

9.2. 3 dimensional. To study the higher dimensional polytopes, we first recall that given a reflexive
polytopes P, we can define a reflexive polytopes P by the following: Let
P:={y eR" (z,y) > —1, for all z € P}.

—

If P is symmetric and reflexive, so is P. For example, D(P) = P x PL. However, the duality may
not share the stability.

By Lemma [T] if the face are 2 simplex or a rectangle, then for each face, m(p) =6 for p € P° |
m(p) = 3 if p € (OP)°, and the m(p) = 1 if p is the vertex. For any p € (9P)°, there are at most 2
faces connected to p, so in order to check if a polytope is special, we only need that there are ¢ < 6



16

KING-LEUNG LEE

simplex connecting each vertex under the triangulation on the boundary.

Denote Ao be the triangulation of 2 simplex. As in figure [B] if the face are given by X;, for
i =3,4,6, then n(0) =i, n(p) =6 for p € P° — {0} , n(p) =3 if p € (OP)°, and the n(p) =2 if p is
the vertex using the rotation of Ag as the triangulation.

As

TR

FIGURE 3. A\g C )(37 Ao C X4 and ANy C Xs.

Therefore, if the polytopes which faces are combination of above, then the only possible problem
is the vertex, and which can count it one by one.

Proposition 9.3. The following symmetric reflexive 8 dimensional polytopes are asymptotically
chow polystable.

(1)
(2)
(3)

Xi x [-1,1] for i=8,4,6,8,9, which indeed are also special. The corresponding varieties are
X; x P,
D(X;), where i = 3,4,6,8,9. Notice that X3, X4 and X¢ are special, but D(Xs), D(Xo) are
not, but all of them are asymptotically chow polystable;
Other special polytopes, in which they are
(a) (P?,0(4)) := Conv{(—1,—-1,-1),(3,-1,-1),(=1,3,—1),(=1,—1,3)} ( tetrahedron )
and its dual,
Az = Conv{(-1,-1,-1),(1,0,0),(0,1,0),(0,0,1)} ( tetrahedron );
(b) P? blowup 4 points, which is a convex set of the points:
(07 -1, _1)7 (_17 0, _1)7 (_17 _170)‘(27 -1, _1)7 (27 -1, 0)7 (2707 _1);
(-1,2,-1),(-1,2,0),(0,2,-1),(-1,-1,2),(-1,0,2),(0,—1,2),
hence it is a truncated tetrahedron, which the boundary contain 4 Xe¢ and 4 simplex
triangle. each vertexr connect to 2 simplex triangle and 2 Xs.
It dual is given by

Conv{(£1,0,0)(0,+£1,0),(0,0,. £ 1),(-1,—-1,-1),(1,1,1)},

which is D(X4) glue with two standard 3 simplex, which the faces are all standard 2
simplex.

(¢) Conv{(£1,0,0),(0,+£1,0),(£1,F1,0),(0,0,+1),(£1,0,F1), (0,£1, F1)}, which is a cuboc-

tahedron, with 8 triangular faces and 6 square faces, and each vertex are connected to 2
2 simplex and 2 square. The action group is Sz which permute the coordinates. Hence
for the surface, each vertex p,

n(p) <2+4+2-2=06,

and the remaining is also smaller than 6.
and its dual, which is given by the convex hull of the points:

(1,0,0),(1,1,0),(0,1,0),(-1,0,0),(-1,-1,0), (0, —1,0),
(0,0,1),(1,0,1),(1,1,1),(0,1,1), (0,0, —1), (—1,0,—1),(-1,—-1, —1),(0, -1, —1)
which is a thombic dodecahedron. Notice that (0,1,1),(1,0,1),(0,—-1,-1),(-1,0,—1)
has 4 square touched the points, and other are only 3. So when we triangulate the
surface, if we choose the triangulation such that two of the square don’t bisect along
those points, then for any point p in it,
n(p) <6,

hence it is special.
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9.3. higher dimensional. We know that in high dimensional, not every symmetric reflexive poly-
topes are asymptotic Chow stable, for example D([—1,1]™) for n > 6. On the other hand, we would
provide two classes of polytope which are special

Example 9.4. Consider A, = {[z0, ..., Zn+1] € P"21..znq1 = 207!}, The corresponding poly-
topes, also denoted as A, are given by

A, = Conv{(1,...,0),(0,1,...,0), ..., (0, ...,0,1), (=1, =1, ..., = 1) }.

As all the face are simplexes, with all the condimension 2 or above boundry intersect with less than
n, it is asymptotic Chow polystable.

Notice that A2 = X3 in our notation on symmetric reflexive polygons. Also, as a polytope, Ay is
the dual polytope of the polytope corresponding to (P™,O(n + 1)).

Proof. Notice that the surface is given by n piece of P*~!. So we only need to know how many
simplex will attend to the point in the co-dimension k skeleton.

Let a; = e; and an—1 = (—1,..., —1), then we can represent any codimensional k piece by the
following: ai represent the point e1, {a1, az}represent the segment containing a1, a2, and etc. Also,
as symmetric group S,+1 act on it, we only need to consider how many face containing the n-
r skeleton {ai...an—r}. But the face containing ai...an—r is represent by the set {an—ri1...ant+1}
removing one element. therefore, there is r 4+ 1 face connecting the skeleton containing ai...an—.
Therefore, lemma [Tl implies that for any point in p € kP which is in the interior of n — r skeleton,

@ n!

‘(r):mgn!.

Therefore, it has regular triangulation. Also, it is symmetric and reflexive, hence it is special, which

implies it is asymptotic Chow polystable. (]

Example 9.5. Consider (P",0(n + 1)). The boundary of k(P",0(n + 1)) is defined by
ﬂ{fcz =—k}n{zi+- -z, =k}
i=1

Up to an Sn+1 action, a point p is in the interior of codimensional 1 skeleton if
p=(—k,... —k,v),
where v € R"™" such that
—r 4+ Fvp—r <k,
v > —k

foralli=1,..,n—k. Hence n(p) =r. So we have the same calculation of An, which implies it is
special, and therefore it is asymptotic Chow polystable.

Example 9.6. Define D, := Conv{(£1,...,0),(0,%+1,0,...,0),...,(0,...,0,£1)}. D, is special for all
n. Notice that D> = X4 and D3 = D(Xy).

Proof. Notice that kD, = Z3 - kT, where Z35 = {1,—1}" with the group action to be multiplication,
and the action is multiplication to the corresponding coordinate. D,, is symmetric and reflexive. To
show D,, has regular boundary, p is in the interior of codimension r + 1 skeleton if p = (21, ...,xn) €
0kD,, with

:Cilz-“::CiT:O

for r =0, ...,n—1. we denotes these points as p,. Hence, similar to the last example, as a consequence

of lemma [T} we have
wp) = @) = () (§) e

hence it is special. O
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Example 9.7. Notice that Dg is the dual polytope of [—1,1]°, and thus D¢ x [—1,1] (i.e., D¢ x P as
the corresponding variety) is asymptotic Chow polystable. However, its dual is D([—1,1]%), therefore
a dual of a asymptotic Chow polystable polytope need not to be asymptotic Chow polystable (or even
semistable).

10. PICTURES OF 3 DIMENSIONAL SYMMETRIC REFLEXIVE POLYTOPES

Finally, we provides the picture of the 3 dimensional symmetric reflexive polytopes mentioned

FIGURE 4. X; x [—1,1]

@@@

8) D(Xy)

FIGURE 5. D(X;)
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L

P?/(Z/ATZ)

4

E

Dual of P* blow up 4 points. cuboctahedron Daul of cuboctahedron.

FIGURE 6. Others special polytopes, red line indicate part of triangulation

APPENDIX A. FROM INTEGRAL POLYTYPES TO VARIETIES

In this section, we will briefly explain how we obtain a toric variety from the integral polytope.
then we will write down the corresponding varieties of the toric varieties occurred in this note.

A.1. general procedure. Let P be a integral polytope containing (0, ..., 0). Let {po = (0, ...,0), p1,...,pn}
be all the integral points in P. Then we can define a toric subvariety in PV by the following equations:
Suppose we have
cipiy + -+ erpi, = bipyy + - + bspj,,
and without loss of generality, we may assume

Cl+"'+CT:b1+"'+bs+a

for some a > 0. Then we have a homogeneous polynomial defined by

fl...zc"'—zbl . bs
1

z 25
ir T %51 js <0

Then {2z - 2" — zfll e z;’: 2§ = 0} is a divisor in PV and it is a toric subvariety. Notice that the

toric action is given by
€Y=L, AN) € (C)VIAT - AT = AT A )

By intersecting all these divisors, we can obtain a toric subvariety.
Notic that some of the equations are repeated in ((C*)N , so in the following, we will define the
variety only by those which is different equation in (C*)", and the variety is the closeure of this.

A.2. examples.

Example A.1 (A,). Denote po = (0,...,0), pi = €; fori=1,..,n and pnt1 = (—1,...,—1). Then
we have

p1+ - -pn = (0,...,0) = po,
so the corresponding varieties, also denoted as An, is given by

An =A{[20, s 2n41] €P" 21 zpi = 27
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Example A.2 (D,). Recall that D,, :== Conv{xe;}. Denote po = (0,...,0), p2i—1 = €i, p2i = —€;
fori=1,...n. then pai—1 +p2;: =0 fori=1,...,n gives n equations z2;—122; = zg, and it gives an
codimension subvariety of P2", hence these equations define D, .

D, = {[Zo, ey Zzn] S P2n|22i7122i = Zg}

Given
c1 cr by bs _a
Zil Ry = i ...stz()’
we denote
P20,y 2N) = 251020 — 2t 2] 2,
Example A.3 (D(P)). Let P is defined by
{[20, .., 2n] €PN [fr = -+ = f, = 0}

Then we define fi(zo,...,zN+2) = fi(zo0,...,2n). then by denote pnt1 = (0,...,0,1), pny2 =
(0,...,0,—1), we have a new equation

ZN+1ZN+42 = Zg«
Then the variety of D(P) is given by

D(P) = {[z0, ..., an112n42] EPV|fi =+ = fr = 2n112842 — 20 = O}

In order to define D(P), we need to know P as a subvariety of PV, so in order to compute all the
examples, we need to write down what X; is as a subvariety.

Example A.4. As a subvariety of P, restricted in (C*)' C P*, X; are given by:

(1) X3 = A = {[20721722723] [S ]P)3|Z12223 = ZS},

(2) X4 =Dy = {[2072’1,22,23,24] € ]P4|2122 = 287232’4 = Zg},

(3) X6 = {[z0,21,...,26] € ]P’6|2124 = 2oz = 2326 = 48,2024 = 2320}, here the last equation
comes from (0,1) + (=1,0) = (=1,1), also, z224 = 2320 can be replaced by z12325 = 25 with
other equations to get the same variety.

(4) Xs ={[70,21,..., 28] € P8|z7«z,~+4 =22, wherer =1,2,3,4; 2123 = 2020, 2325 = zazo}, and

(5) Xo = {[20, 21, ..., 20] € ]P’9|z,~z7«+3z,~+5 =28, wherer = 1,2,3; 2123 = 25, 2024 = 22, 2226 =
28, 2327 = zg} Another way to write it is using Xe plus 8 points, hence we need two more
relation, namely

Pg _ _ 2 _ _ .3 _
{[20, 21, -+, 20] € P |2124 = 2225 = 2326 = 20, 2224 = 2320, 272829 = 20,2728 = 2122}

With this , we can write D(X;) as a subvarieties of P2, For exzample,

(1) D(X3) = {[20, 21, 22, 23, 24, 25] € P®|212223 = 28, 2425 = 23},

6 2 2 2
(2) D(X4) = {[z0, 21, ..., z6] € P°|z122 = 20, 2324 = 2§, 2526 = 23 },
(3) D(Xes) = {[z0,21,..., 28] € ]P’8|zlz4 = ZoZ5 = 2326 = 282074 = 2320, 2778 = zg},

10 2
(4) D(Xs) = {[z0,21,-..,210] € P|zrzr4a = 25, wherer = 1,2,3,4;2123 = 2220,2325 =
2470, 29710 = 28 }, and

(5) D(Xo) = {[z0,21,...,211] € P11|z,~zr+3z,~+5 = 28, wherer = 1,2,3;2123 = 23,2024 =

23, 2026 = 20, 2321 = 23, 210211 = 20 }-
We already know what X; x P' are, so we will only write down the equations of the varieties that

we don’t know what it is, in which we denoted as

Example A.5. (1) P1 = Conv{(%1,0,0)(0,+1,0),(0,0,.+£1),(—-1,-1,-1),(1,1,1)}, which is
D(X4) glue with two standard 8 simplex, which the faces are all standard 2 simplex,
(2) P> = Conv{(%1,0,0),(0,=£1,0), (£1,¥F1,0),(0,0,+1), (£1,0, F1), (0, £1,F1)},
(8) Ps, which is given by the convex hull of the points:
(17 07 0)7 (17 17 0)7 (07 17 0)7 (_17 07 0)7 (_17 _17 0)7 (07 _17 0)7
(07 07 1)7 (17 07 1)7 (17 17 1)7 (07 17 1)7 (07 07 _1)7 (_1707 _1)7 (_17 _17 _1)7 (07 _17 _1)
which is a thombic dodecahedron. Notice that (0,1,1),(1,0,1),(0,—1,-1),(—1,0,—-1).

(1) P1 = {[z0,21,..., 28] € (C*)® CP8|z122 = 22,2324 = 22,2526 = 28,2728 = 28,212325 = 2723 },
the last equation is deduced from e1 + ez +es = (1,1,1).
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(2) P; is a subvariety 0f]P’12, so we need 9 equations. zaor_12z2r = zg forr=1,...,6, z124 = z520,
2729 = 2120 and z7z11 = 23%20.

(8) Ps is a subvariety of P4, Following the order above, we have z1z4 = z225 = 23 = 26 = zg,
2123 = 2220, 2729 = 28Z10, Z11213 = Z12214, 27211 = 28%12 = 29213 = Z10214 = 2§ and
Z8Z11 = ZoR1-
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