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Abstract

In this paper we develop a new technique for dealing with the geometric irreducibility of a
variety in the algebraic torus (k\0)™ given by a general system of equations with fixed monomials
and linear relations on coefficients.

We illustrate the technique via two examples. First we generalize the Khovanskii Irre-
ducibility Theorem (criterion for a system f1 = --- = f,, = 0 to give an irreducible variety if
the monomials of fi,..., fm are fixed and their coefficients are generic enough) from C to an
arbitrary field. Then we establish a sufficient combinatorial condition for a set of monomials A,
so that the system f = fi = 0 yields a geometricallly irreducible variety in (k\0)" for a general
f with monomials from A.
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Introduction

1. INTRODUCTION

1.1. Setup

Background Let k be an arbitrary field, T™ := Spec k [xlil, . ,xffl] be the algebraic n-dimensional

torus over k, f € k [mlﬂ, e ,x;btl] a Laurent polynomial in n variables. Then we call the finite set
Supp f = {x‘fl R cdsé()}, where f = Z cazdt ... i

dezn

the support of the Laurent polynomaial f. If we embed Z" into R", we could view Supp f as
a subset of the n-dimensional euclidean space, so we could consider its convex hull A(f), which is
called the Newton Polytope of f. The aim of the Newton Polytope Theory is to determine the
geometric properties of the variety cut out by the system f; = --- = f,, =0 in T™ in terms of the
geometric properties of the support sets of fi, ..., f;, and in terms of their Newton polytopes (hence
the name). In this paper we address the property of (geometric) irreducibility.

Evidently, if we allow the coefficients of the system f; = --- = f,, = 0 to be arbitrary, then
we could not hope to predict any properties just knowing the support sets. Though if we view the
system as a point in the vector space k¢ := k41 x ... x k4™ where

EAi {f ck [x%cl’...,xrﬂlcl} ‘ Supp f C Ai},

then one could study the properties of the general system £ = (f1,. .., fm) € k**. The case when
k = C is well-studied, for example the irreducibility question is thoroughly researched in [ ] —
we partially generalize this result to an arbitrary field, see Theorem 4.1.

However, if one studies the varieties given by the systems f; = - -+ = f;;, = 0 with some additional
relations on coefficients, then all such systems may be contained in a closed subset of k%, so the
results about general systems from k% do not apply. Such special systems could be of much interest,
for example we may study the systems of the form f(x,y, z) = f(y,z,z) = 0 — this case is researched
in details in [ ], or we could study the critical loci (introduced in [[117]), i.e. systems of the form

f=f.=00r fi =f, =09 =g2=0, etc.

The Goal We aim to develop an approach to solve the following kind of problem. Let V C k4* be
a vector subspace that correspond to a "reasonable” form of a system supported at A1,..., A,,. We
want to find a condition on Ay, ..., A,, so that for the general f € V' the system f; =--- = f,, =0
cuts out a geometrically irreducible variety in (k\0)™.

In this paper we take a step towards this goal by working out the necessary technical equipment.
We illustrate the applicability of the approach by generalizing the Khovanskii Irreducibility Theorem
to an arbitrary field and by establishing a combinatorial sufficient condition on the support set A
so that for the general f € k* the variety f = f. = 0 is geometrically irreducible.

1.2. The structure of the paper

In the following section 2 we fix the notation, prove a few technical propositions, and introduce
Definition 2.1 that will be important in section 5.

In section 3 we prove all the necessary statements for our technique: Theorem 3.1 and Corol-
lary 3.1. We give a detailed explanation of our approach in paragraphs "Idea” and ”Filling in the
gaps” of subsection 3.2. Shortly, the idea is that in order to prove that the general fibre of a mor-
phism is geometrically irreducible it is sufficient to show that the fibred square of the morphism
is irreducible. It turns out, that after throwing out a small! subvariety (that does not affect the

lie. at each closed point its dimension is strictly smaller than the dimension of the ambient variety.
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irreducibility) we could easily show that the fibred square is irreducible as it turns out to be the
total space of a vector bundle over an open subset of T™ x T".

Sections 4 and 5 could be read independently. Following very similar paths in section 4 we
generalize the Khovanskii Irreducibility Theorem — Theorem 4.1 and in section 5 we find a combi-
natorial condition on A so that for the general f € k4 the variety defined in the (n + 2)-dimensional
algebraic torus by f = f/ = 0 is geometrically irreducible — Theorem 5.1. These two statements,
of course, may represent interest on their own, but also they show the two key ingredients of the
method. In section 4 it is shown to what limit and how one could carefully refine the sufficient
condition produced by our technique so that it basically becomes a criterion. In section 5 we show
how studying the subspace V' C k“* gives us the condition so that for the general f € V the variety
f = 0 is geometrically irreducible.

Finally, in section 6 we formulate three directions in which the further research could be con-
ducted.
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Preparatory Work

2. PREPARATORY WORK

Notation Let M ~ Z™ be the character lattice of the algebraic torus T™ = Speck [mfl, . xil],

rn

Aq,..., A, be the maximal support sets, and V' C k“4* be a vector subspace. Consider the following
family of varieties parameterized by V:

2 ={(f,2) eV xT" fi(z) =+ = fm(z) =0}
If we are to study the properties of the general system f € V', then we need to study the general
fibre of the projection 2~ — V.

Obvious though useful observations Here we gather some simple remarks that apply equally
to the case V = k% and to the case V = {(f,g) € k" x k* | g =z1 ], }.

Definition 2.1. A subset P C M is called x;-dense if there are 2" - ... 2% a5 - ... .alr € P
such that a; — by is not divisible by char k.

REMARK 2.1. We could also give an invariant definition: let h € M* := Homy (M, Z) be an element
of the dual lattice. Then P C M is called h-dense iff there are p;,ps € P such that

h(p1) # h(p2) mod chark.

In the above definition we implicitly identify the basis of the lattice M with the dual basis of the
dual lattice M*. In particular, it makes sense to call a subset t-dense for some ¢t € M iff there is a
distinguished basis of M (in our case such basis is 1, ..., Zn)-

CLAamM 2.1. 2 — V is the kernel of the vector bundle morphism
VxTr = Al xT", (f,z)— (f(z), ).

IV ="kt orV={(fg) €k?xk| g=af,} and A is 1-dense, then 2~ — T" is a vector
subbundle of the trivial bundle V' x T™ — T™. In the first case the corank of the vector subbundle
is m, in the second case the corank is 2.

Proof. To prove that £ is a vector bundle it is sufficient to show that the rank of the morhpism
V xT™ = A" x T™ is constant.

First we deal with the case when V = k“¢. Then the matrix of V x T" — A" x T over the
point x € T™ is

tin(z) tia(z) - tis, () 0 "' 0 o 0 o 0
0 0 0 tar(z) -0 tas,(x) oo 0 0

where A; = {t;1,...t;s;} and ¢;;(x) € k(x). For all 4,5 we have t;;(x) # 0 because x € T", so the
rank of the matrix is m for all x € T™. Hence, the rank of V x T™ — A" x T™ is constant and
equals m, so its kernel 2" is a vector subbundle and its corank is equal to n — m.

Now we deal with the case V = {(f,g) € k* x k* | g=a1f, }. Let A = {t1,...,t,}. We
introduce the following coordinates on V: to the row (c1,...,¢s) € k® we associate the point
(>oi_qcitis iy dicit;) € V, where d; := deg, t;. Now the matrix of the vector bundle morphism
V x T™ — A2 x T™ over the point € T™ with respect to the chosen coordinates is

( t1(x) to(z) - ts(x) )
dltl(l') thQ(fﬂ) s dsts(l’) ’
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Since A is xi-dense, we have that for some 1 < i,5 < s the difference d; — d; is not divisible by
char k. Without loss of generality di — do is not divisible by char k. Now, for any x € T" we have
char k(z) = chark, so di — da is not divisible by char k(z) for all # € T™. Then the matrix above
contains the submatrix

ti(z)  ta(x) ti(z)  ta(z) \ _
<d1;1(l') d22tQ(30)) e (dlltl(x) d22tz(95)) = (G = o) (z)ta(z) £ 0.

Therefore, the rank of V- x T™ — A% x T™ is constant and equals 2, so its kernel 2" is a vector
subbundle and its corank is equal to 2. |

COROLLARY 2.1. In the above two cases we have that 2 is an irreducible variety. In the case
V = kA4 we have dim 2~ = dim V + n — m, in the other case we have dim 2" = dimV +n — 2.

CrAIM 2.2. Either the general fibre of 2" — V is of dimension dim 2" — dim V' or the general fibre
is empty.

Proof. If &~ — V is dominant, then the dimension of the general fibre is equal to the relative
dimension of the morphism: 2  — V is clearly closed, thus restricting to an appropriate irreducible
component and applying | , Tag 05F7], | , Tag 02JX] we get what we want. If 2~ — V
is not dominant, then the general fiber is empty. |

REMARK 2.2. It follows, that we always have to study just the following two cases: the degenerate
case when the general system f € V is not consistent, i.e. f = 0 has no solutions and the case
when the general system f = 0 cuts out the variety of expected dimension. Note, that in the same
fashion as in the above proof one could show that if there is just one system f € V such that
dim{z € T" | fi(z) = -+ = fm(x)} < D, then the same inequality holds for the general system.

REMARK 2.3. Consider any field extensions K /k. From | ,IV.3, 9.7.8] it follows that the general
fibre of 2~ — V is geometrically irreducible iff the general fibre of 2% — Vi is?, so we could from
now on that k is algebraically closed (though it will not be necessary).

2by 2Kk — Vi we denote the base change of 2" — V w.r.t. Spec K — Speck
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General Technique

3. GENERAL TECHNIQUE

In this section we setup the technical tools to prove the irreducibility of varieties cut out in the
algebraic k-torus by general systems of equations of specific form and of prescribed support sets.

3.1. Main theorem

Theorem 3.1. If X — Y is a finitely presented morphism of integral schemes and the fibre square
X Xy X is irreducible, then the general fibre of X — Y is geometrically irreducible, i.e. there is a
non-empty open subset U C Y such that for any y € U the fibre X, is geometrically irreducible.

Proof. We will assume without loss of generality that YV is affine. Let n € Y be the generic point of
Y. By | ,1V.3, 9.7.8], we only need to show that the generic fibre X, is geometrically irreducible.

In fact, we could also assume that X is affine. Indeed, let X = U; U---UU,, be an open covering
such that U; are affine and non-empty. Since the generic point of X lies in each U;, we get that the
fibres U;,, give an affine open covering of X;, such that for all indicies ¢, j the intersection U;, N U},
is non-empty. Then if we prove that all U;, are geometrically irreducible, we will also get that X,
is geometrically irreducible. So, we assume without loss of generality that X is affine.

Since X xy X is irreducible, we get that (X xy X), = X,, x, X, is also irreducible. Now we are
left with an algebraic statement to prove: if A is a K-algebra (K := k(n)) with no zero divisors and
ARk A has no zero divisors except nilpotents, then Spec A is geometrically irreducible. By [ ,
Tag 037N] and | , Tag 0G33] we could just prove that K is separably closed in A. Assume
the contrary: There is o € A that is separably algebraic over K and o ¢ K. Then K(a) ®x K(«a)
contains non-nilpotent (because « is separable) zero divisors. Since K () ® ¢ K(«) is a subalgebra
of ARk A, we get that A®k A also has non-nilpotent zero divisors, which is a contradiction. Hence,
K is algebraically closed in A and Spec A is geometrically irreducible. |

3.2. Excision Toolkit

Idea Now it is time to elaborate on what our technique is all about. Whenever we are to study
the properties of the general system of specific kind with given support, we get a closed subscheme
2 in the space V x T™, where V C k% is a closed subvariety. In this setting the properties of the
general system f € V are exactly the properties of the general fiber of the projection 2~ — V. In
the examples that are of primary interest V' is a vector space. Usually, the projection 2~ — T™ is
a vector bundle which, for example, gives us that 2 is irreducible. The theorem above shows that
studying the projection Z~ xy Z — V can give us the irreducibility of the general fiber. Also just
like before we get the projection 2" xy & — T™ x T™ that should help us in studying the former
projection. Of course, one could not show in the same fashion as before that the latter projection
X xy Z — T xT" is a vector bundle, because it is not even flat. However, the following discussion
provide a way around.

LEMMA 3.1. Let X be a Jacobson scheme, Z C X be a subset with the induced subspace topology
and assume that for any point p € Z that is closed in X we have dim, Z < dim, X. Then X\Z is
dense in X.

Proof. Assume the contrary: then there is an open subset U C X such that U N (X\Z) = @, i.e.
U C Z. Since X is Jacobson, there is a point p € U that is closed in X. We have dim, X =
dim, U = dim,, Z, which is a contradiction. |
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General Technique Excision Toolkit

COROLLARY 3.1 (Irrelevant fibres). Let X — Y be a morphism of k-schemes locally of finite type.
Let Z C Y be an immersed subscheme such that for all closed p € Z and all closed = € X, we have

dim, X, < dim, X —dim, Z V& € X,(k)
Then® X\ X is dense in X.

Proof. The question is local on Y, so we may assume that Z is closed in Y. Now, X is a closed
subscheme of X, hence points of X7 that are closed in X are just closed points of Xz. Restricting to
appropriate irreducible comoponents of Xz, Z and applying | , Tag 02JT], | , Tag 0D4H]
we get

dim, X, = dim,(Xz), > dim, Xz — dim, Z

Regrouping the terms and applying the inequality from the assumption we get
dim, Xz < dim, X, —dim, Z < dim, X.

As schemes locally of finite type over a field are Jacobson, we are done. ]

Filling in the gaps Finally, we could formulate the whole idea of the technique: to establish
the geometric irreducibility of the variety cut out by the general f € V, we are going to prove
that 2 xy % is irreducible. We will do it by studying the projection 2~ xy 2 — T" x T".
Specifically, we are going to show that outside of a closed subscheme S C T™ x T™ the projection
X xy X — T™ x T™ is a vector bundle and that S satisfy corollary Corollary 3.1, i.e. throwing
out its preimage does not affect the irreducibility of Z" xy 2.

3by Xz we denote the pre-image of Z under the morphism X — Y
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Khovanskii Irreducibility Theorem
over an Arbitrary Field

4. KHOVANSKII IRREDUCIBILITY THEOREM
OVER AN ARBITRARY FIELD

We use the same notation as in section 2. In particular, we denote by A;,..., A, C M some finite
subsets that should be thought of as maximal support sets, we also assume that m < n. By A; we
denote the corresponding polytopes, i.e. the convex hulls of A; w.r.t. the embedding M — M ® R.
For a subset J C {1,...,m} we define the number Ny :=dim}_,.; A; — |J|, where by the sum we
mean the Minkowski sum. i.e. B+C:={b+c|be B,ce C}.

In this section we prove the following theorem.

Theorem 4.1. If for all non-empty subsets J C {1,...,m} we have N; > 0, then for the general
f € k4« the variety defined in 7™ by the system f; = --- = f,, = 0 is geometrically irreducible.

The formulation of the theorem and the proof for the case k = C is due to Khovanskii, cf. | ]

REMARK 4.1. The condition that VJ C {1,...,m},J # & we have N; > 0 is absolutely nat-
ural. In fact, N; determines the actual number of independent variables of the subsystem of
f; — the subsystem of f that corresponds to J. Indeed, if N; < 0, then after a proper mono-
mial change of coordinates and regrouping the equations we could assume that J = {1,...,7} and
fi = fi(z1,...,2,) for i < r. By the Kouchnirenko-Bernstein-Khovanskii Theorem the system f;
then has MVolz(Aq,...,A,) solutions in T". If MVoly(Aq,...,A,) > 1, then clearly the expected
number of irreducible components is greater than one.

Definition 4.1. We define the subvariety of singularities S C T™ x T™ of all the points such that
the projection 2" Xpas & — T" x T™ is degenerate over them, i.e.

S:={peT" xT" |rk, ® < 2m},

where ® is the morphism k4 x T7 x T™ — A?™ x T™ x T™, (f,z,y) — (f(z),f(y), z,y).

4.1. Preparations

CLAaM 4.1. X Xpae & — T™ x T™ is the kernel of ®. If S satisfies the condition of Corollary 3.1,
then 2" Xpa. 2 is irreducible.

Proof. Tt is obvious that 2" xi* 2" — T™ x T™ = Ker ®. We denote by (2" xi* 2)s the preimage
of S. Clearly the morphism (2 xi* Z)\(2 xi* Z)s — (T™ x T")\S is a vector bundle, in
particular, 2 x‘,j' 2 (X xf' Z)s is irreducible as it is the total space of a vector bundle over an

irreducible base. Therefore, if S satisfies the condition of Corollary 3.1, then 2~ Xpa. 2 must also
be irreducible. ]

REMARK 4.2. Until the end of this section we will denote A; = {t;1,...,t;s,}. Then we have that
the matrix of ® over the point p € T" x T™ is

tin(up) tia(up) -+ tis, (up) 0 . 0 0 0
0 0 . 0 t21(up) PN t252 (up) 0 0
0 0 S 0 0 o 0 ot (wp) o s, (W)
tin(wy) tiz(wy) o tis, (wp) 0 s 0 . 0 o 0 ;
0 0 - 0 t21(wp) . t252 (wp) 0 0
0 0 0 0 0 tm1(wp) tms,, (W)
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where u,, w, € k(p)"™ are the values of the coordinate functions x1, ..., =z, and y1,...,y, that come
from one same system of coordinated on T™. Then p € S iff i-th and (i + m)-th row of the above
matrix are proprotional for some 1.

Note that we could shift any subset A; by any monomial as it corresponds to multiplying the i-th
equation of the system by the same monomial. Therefore we will assume without loss of generality
that ¢;; = 1 Vi. Now we have that the i-th and the (i + m)-th rows of the above matrix are
proportional iff they coincide. Hence we see that p € S iff there is ¢ such that t;;(zp) = t;;(yp) Vj.
We keep all the said assumption until the end of the section.

4.2. Stratification of singularities

Definition 4.2. Let J C {1,...,m} be a non-empty subset. We define the constructible subset
Sy={peT" xT" |Vie JVte A t(z,) =t(y,) and Vi & J3t € A; : t(z),) # t(yp) }-

In other words, S consists of all the points p € T" x T™ such that ¢ € J iff the i-th and the (i4+m)-th
rows of the matrix of ® over p coincide.

REMARK 4.3. Sy form a stratification of S, i.e. § = | |; Sy, where J runs over all non-empty subsets
of {1,...,m}. In particular, S satisfies the condition of Corollary 3.1 iff S; does for all non-empty
JcA{l,...,m}.

LEMMA 4.1. The following inequality holds: codimpnxpn Sy > dimz Aj.
jed

Proof. Sy is an open subset in the closed subset S; defined by the equations
t(x)=(y) Vie JVte A,

Recall that by M we denote the character lattice. Let L C M x M be the sublattice generated by
tij (m)t;l(y),z € J. Clearly S; is defined by the equations [(z,y) = 1 VI € L. We have that L is
the image of L' C M under the antidiagonal embedding M — M x M,t + (t,t71) = t(x)t"1(y),
where L' is generated by all t € A; for i € J. Let d = dim}_;_;A;. We have d =tk L' = rk L.
Hence, by the Smith Normal Form Theorem after a proper monomial change of coordinates we could
assume that L’ is generated by the monomials 7', ..., z*, 7; > 0. Then S is defined by equations

Ty T .
z;' =y,;"'. Therefore:

codim Sy > codimSij =d= dimz AV

icJ
|
LEMMA 4.2. For all p € S; we have dim(2" x4, Z7), = dimk?* —2m + |J|.
Proof. Obviously the rank of ® over p € S; is exactly 2m — |J|. Hence, the fibre (2" Xyae Z7)p =
Ker @, is nothing but a vector subspace in k(p)“* of codimension 2m — |J|. ]

LEMMA 4.3. For all closed x € 2 xjas 2 we have dim, 2" X4, 2 > dim k% + 2n — 2m.

Proof. All closed points of 2 x 4. 2 are closed points of k¢ x T™ x T™ as well. At all of its closed
points the dimension of k%4 x T™ x T is dim k“** + 2n. The subvariety 2" X4, 2" is cut out by
2m equations, so the dimension at each point may drop at most by 2m. |
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Proof of Theorem 4.1 Now we see that for any closed p € Sy and any closed x € (2" Xjae Z),
we have

dim, 2" Xpae Z —dim, (2" Xja. %)p —dim, Sy >
> dim k% + 2n — 2m — dim k2 + 2m — |J| — (2n — codimpn xn Sy) > Ny,
which shows that S; satisfies the condition of Corollary 3.1 for all non-empty J C {1,...,m}, i.e.

S satisfies the condition of Corollary 3.1 (see Remark 4.3), so 2" xpa, £ is irreducible. Hence, by
Theorem 3.1 we proved Theorem 4.1.
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Critical Loci

5. CRITICAL LocCI

In the previous section we showed that our approach could be helpful in generalizing to an arbitrary
characteristic the already existing results about the irreducibility. Now it is time to show that our
technique could also help in finding some new answers.

In this section we derive a sufficient combinatorial condition on A C M (we still use the notation
of section 2) so that for the general f € k“ the variety cut out by the equations f = fe, =0inT"
is geometrically irreducible, see Theorem 5.1.

5.1. Preparations

Notation We slightly change the notation, so it is more convenient in the context of our specific
problem of critical loci. First we change our coordinates from x1,...,x,,n > 2 t0 T, Y1, ., Yn—1
and from now on we will take the partial derivative with respect to x instead of z1. Also to make our
notation less complicated we change n—1 to n, i.e. now we have the coordinates x,y1,...,yn,n > 1.
We identify V = k4 via k4 — V, f— (f,zf)).
We follow the path similar to what we did in section 4.

Definition 5.1. Let us define the subvariety of singularities S C 7"+ x T"*1! of all the points such
that the projection 2" xy 2 — Tt x T™*! is degenerate over them, i.e.

S:={pe T xT"" |1k, ® < 4},
where @ is the morphism V x T x T+ — AU T LT (f p o q) — (f(p), f(q), fo(p), f(q), D, q)-

CLAIM 5.1. 2" xy 2 — T"T1 xT"*! is the kernel of ®. If S satisfies the condition of Corollary 3.1,
then 2" xy % is irreducible.

Proof. The same as in Claim 4.1. |

REMARK 5.1. If A is z-dense (recall Definition 2.1), then for all p € T x T™ we have rk &, > 2.
Indeed, the matrix of ® w.r.t. the standard coordinates on? k4 is

t1(up) oo ts(up)
ti(wp) ... ts(wp)
dltl(up) N ths(’up) ’
dltl(wp) . dsts(wp)
where A := {t1,...,ts},d; :=deg, t; and uy, ..., Up41, W1, ..., Wy1 are coordinates on Tt Tntl

that come from one same system of coordinates on 77!, We have that the first and the third rows
are not proportional because A is z-dense®, i.e. rk ®, > 2. We keep the notation for the coordinates
until the end of the section.

CLAamM 5.2. If A is z-dense and dim S < n + 1, then S satisfies the condition of Corollary 3.1.

Proof. The above remark tells us that Vp € T" xT" we have dim(Z xy Z"), < dim V-2, because the
fibre over p is nothing but the kernel of the morphism @, : V — A%, and the rank of ®,, is at least 2.
For any closed z € V xT" Tt xT"*! we have dim, V xT" ! x T+ = dim V+2(n+1). Since 2" xy 2
is cut out in V x T+ x T"*! by 4 equations, we have that dim, 2" xy 2 >dimV +2(n+1) —4
for any closed © € 2 xy 2. Putting it all together we get that for any closed p € S and any closed
x € (X xy Z'), the following inequality holds:

dim, 2" xy £ —dim,(Z xy £), — dim, S >
>dimV+2n+1)—4—(dimV —-2)—dimS >2n—(n+1)=n—-1>0,

i.e. the condition of Corollary 3.1 is satisfied. ]

4recall that V = k4
5as in the proof of Claim 2.1
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5.2. The sufficient condition

Theorem 5.1. If A C M contains® two non-degenerate (n+1)-simplicies such that their equivalence
classes modulo the sublattice (xS 4, ... y,) are disjoint, then for the general f € k“ the variety
cut out in 7"+ by f = f/ = 0 is geometrically irreducible.

Proof. Let lo,l1, ..., lnt1,q1,---,qnt1 € A be such that the sublatticies L := <lilj_1>1§¢,j§n+1 and
Q = <qiqj_1>1§¢,j§n+1 are of the rank n + 1 and Vi,j we have liqj_1 & (w$hark o yn). Let
L and Q be the subvarieties of T"*! x T"*! defined by the equations’ t(u) = t(w)Vt € L and
t(u) = t(w) YVt € @ respectively. dimL = dimQ = n + 1 because the codimensions of these
subvarieties are equal to the ranks® of L, Q. Obviously A is 2-dense, so if we show that S C LU Q,
then by the above claims 2" xy £ is irreducible and by Theorem 3.1 we will be done.

We need to show that for all p € T x T\ (L U Q) we have rk, ® = 4. The key observa-
tion for us will be that Vp & £ the rows? (I3(up), ..., ln+1(up)) and (I3 (wp),. .., lpt1(wy)) are not
proportional. Indeed, otherwise we have that for all 1 <¢,5 <n+41

Li(u Li(u _ _

e s ) = )
Since lilj_1 generate the lattice L, it would imply that p € L£. The same way, if p € Q, then
the rows (q1(up), ..., qn+1(up)) and (g1 (wp),. .., gn+1(wp)) are not proportional as well. Now let
us fix p € LU Q. Without loss of generality the rows (I1(up),l2(up)) and (li(wp),l2(wp)) are not
proportional, and the rows (gi(up), g2(up)) and (g1 (wp), g2(wp)) are not proportional. We introduce
the following notation:

a; = Zl(up); a2 = ZQ(up)» a3z = q1 (up)7 a4 = Q2(Up)7
b =lh(wy), be=1la(wy), bs=aq(wy), bs=q(wy),
dy =deg, li, do=deg,ly, ds=deg,q, ds=deg,q.

The following matrix is a submatrix of ®,:

ay a2 asg Qa4

by by b3 by
dia1 deaz dzaz diay
diby  dabs  dgbs  dyby

we will show that this submatrix is of rank 4, thus ®, will also be of rank 4 and the theorem will
be proved. We show that the rank of the submatrix is 4 via straightforward Gaussian Elimination:

al as as aq ay ag as aq
N T S " YO I P, bs |
d1a1 d2a2 d3a3 d4a4 o 0 (dz — dl)ag (dg — dl)ag (d4 — dl)a4 o
diby  dobs  dsbs  daby 0 (do—dy)by (ds—d1)bs (dy—d1)by
a a2 as 2]
b 1 0 b by by
[bz T bz B (bl/al)az] B I‘k 0 (dg — dl)a2 (dg, — dl)ag (d4 — d1)a4
0 (d2—di)by (dz—di)bs (da—di)by
6i.e. there are lo,11,...,ln+t1,q1,--,qn+1 € A such that the sublatticies <l¢l;1), <qiq;1) are of the rank n + 1 and
Vi,j we have liq;1 & <x‘13hark,y1, cesYn).
Trecall that uq, ... s Un41,W1, - .., Wn4+1 are the coordinates on T+l Tl

8in fact, they are equal to the ranks of the images of these sublattice under the anti-diagonal embedding
M < M x M,t~ t(u)t~!(w), but these ranks are the same.
9recall that uyp is the vector (u1,...,un+1) that is evaluated at p and the same for wy.
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we need b, # 0 for the following identity to be true. It is proved after the Gaussian Elimination.

ay by ay a)
b 0 b by f _
i == thasfas] =k | N (dy —dy)al (s —di)al | T
0 (do—di)b, (ds—d)by (ds—dy)b,
aﬁ b% a/‘/'?’ (l/il / / !/ ( ) !
_ 0 2 by 4 _ ay 2 (d3_d2)a3 dy —dg)ay _
=K 0 0 (dy—d)ay (da—d)a, | TN 0 wy) TN (ds — )by (da—do)t,) T
0 0 (ds—do)by (do—do)V)

B ay dl ay ay\ (ds—ds 0 B
a5t ) e (G 5 (0™ 0 ta)) =0

Now, the condition that liqfl ¢ (xhark 4y ... y,) means exactly that deg, l; — deg, gj is not
divisible by chark, i.e. deg,l; — deg, q; # 0 in k(p)Vp € T™T! x Tt Therefore, we have that
dy —ds # 0 and dy — dy # 0 in k(p). Thus

ay aly\ (ds—ds 0 _ aly al
(G 3 (0™ wla)) =

Furthermore, a;, b; — al, b, is a linear automorphism: to prove it we need to show that
b/2 = b2 - (bl/al)ag # 0.

It is the case because the rows (a; ag) and (b1 b2) are non-proportional. Hence, a;,b; — aj, b} is
indeed a linear isomorphism, so

(@ e ag ay\ _ (a1 b az as\ _ _
(*)_rk(b,1 b,2>+rk<é y,) = b b +rk by by =2+2=4.

REMARK 5.2. In case char k = 0, there is a more geometric formulation of our condition: if there
are non-degenerate simplicies A; A’ C A such that their projections onto (x) along the sublattice
(y1,...,yn) are disjoint, then for the general f € k? the variety f = f. = 0 is geometrically
irreducible. In case char k > 0 we need to replace (z) with the quotient lattice (z)/(xhark).

5.3. Examples

In this subsection we gather a few important examples. In particular, we show some limitations of
the found condition.

ExAMPLE 5.1 (Sufficient though not necessary). The following example shows that the found con-
dition is indeed not a criterion. Consider a finite set of monomials:

Ay = {xayll’lm..-yfl"a—l—b1—|—...—|—bn§d;a,bi20}.

For a polynomial f € k[z,y1,...,yn] we have Supp f C Ay <= deg f < d. For d = 1 the variety
f = fi = 0 is empty for the general f € A;, because f. is a non-zero constant. For d > 3 the
set A4 satisfies the condition of Theorem 5.1. The case d = 2 drops out: it does not satisfy the
condition of our theorem and one can manually check!?, that for the general f € k*> the solution
set of f = f! =0 is a non-empty geometrically irreducible variety.

10Tndeed: fL = 0is a hyperplane and the restriction of f = 0 to the hyperplane gives a quadric. The general quadric
is geometrically irreducible.
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EXAMPLE 5.2 (Actual counter-example). The following example shows a situation when for the
general f € k“ the system f = f/ = 0 defines a variety that is not irreducible. Let B C (y1,...,yn)
be an arbitrary finite subset, L C (z,y1,...,¥yn) be a line segment disjoint from B. Then we could
consider A := B C L. For any polynomial f supported at A there is the decomposition of the
following form:

f(z,y) = g(y) + h(z,y), Suppg C B,Supph C L

Then f, = h. Since Supph is contained in a line segment, we see that there are monomials
v,z € (X,Y1,...,Yn) such that h(x,y) = v - p(z), where p € k[T] is a polynomial in one variable.
Therefore f, = 0 defines a finite number of shifted subtori and f = f, = 0 is the intersection of the
hypersurface f = 0 with these subtori. In particular, if at least two intersection are non-empty, then
the variety f = f. = 0 is not irreducible.

To give a concrete example let us consider the case whenn = 2, B = {1,y1,42}, L = {x,..., 2™}
and k is algebraically closed. Then for the general f,Supp f C (B U L) the equation f, = 0 defines
m parallel hyperplanes = ¢;,1 < i < m and the system f = f, = 0 defines m disjoint planes of
codimension 2.

EXAMPLE 5.3 (Characteristic matters). Here we illustrate that the characteristic of the base field
is significant. Consider A = AgU{z}Ux3A3U {25}, where Ay, A3 C (y1,...,y,) are arbitrary finite
subsets that contain non-degenerate n-simplicies. Then any f € k4 is of the form

f=az®+2°h(y) + bz +g(y), a,bek.

If char k > 3, then Ao U{z°} and {z}Uz3A; each contain a non-degenerate (n + 1)-simplex and the
projections of these sets onto (z) are disjont modulo z"® ¥ i.e. this case satisfies the condition of
Theorem 5.1. Though it is different for char k = 3. If char k = 3, then f. = 5az* + b and the variety
f = f! =0 has 4 geometric irreducibility components for the general f € k4.
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6. FURTHER WORK

A Unified Approach It is hard not to notice the great resemblance of the proofs of Theorem 4.1
and Theorem 5.1 — they are very similar in the geometric part, though they differ when it comes to
analyzing the fibres of the projection 2 xy 2 — T" x T™ which is completely determined by the
vector subspace V. In the same way as in these theorems, we could find a condition on the support
sets so that the general systems of the kind f, = f;, =0, f = f; = g1 = -+ = gm = 0, etc. give a
geometrically irreducible variety. Clearly, we are not bound just to critical loci and we could study
other systems with fixed support sets and linear relations on coefficients. There must be a way to
do this in a unified manner, i.e. there must be a correspondence between some special properties of
V C kA and the conditions on A, so that for the general f € V the variety f = 0 is geometrically
irreducible.

Discriminant Conditions Suppose we already know that for the general f € V' the variety f = 0
is geometrically irreducible. Then it is natural to seek an explicit condition (like the non-degeneracy
conditions in | ] and| ]) on f € V so that f is general, i.e. f = 0 is geometrically irreducible.
The exact criterion may be hard to find, but adapting a common toric geometry technique'! one
should be able to find a sufficient condition.

Sufficient though not necessary The approach produces only sufficient conditions. In the case
of the Khovanskii Irreducibility Theorem the condition is virtually a criterion, but it is because the
general systems in k¢ is a relatively nice setting. As we see things get more complicated if a slightly
more difficult problem is considered. Therefore, it would be useful to find a way to estimate the
roughness of the produced conditions.

Mfor example, see | ][Sec. 7, p.30]
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