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Abstract

We present a product formula for the initial parts of the sparse resultant associated with
an arbitrary family of supports, generalizing a previous result by Sturmfels. This allows
to compute the homogeneities and degrees of this sparse resultant, and its evaluation
at systems of Laurent polynomials with smaller supports. We obtain an analogous
product formula for some of the initial parts of the principal minors of the Sylvester-
type square matrix associated with a mixed subdivision of a polytope. Applying these
results, we prove that under suitable hypothesis, the sparse resultant can be computed
as the quotient of the determinant of such a square matrix by one of its principal minors.
This generalizes the classical Macaulay formula for the homogeneous resultant and
confirms a conjecture of Canny and Emiris.
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1 Introduction

In [27], Macaulay introduced the notion of homogeneous resultant, extending the
Sylvester resultant to systems of homogeneous polynomials in several variables with
given degrees. In the same paper, he also presented an intriguing family of formulae,
each of them allowing to compute it as the quotient of the determinant of a Sylvester-
type square matrix by one of its principal minors.

The sparse resultant is a generalization of the homogeneous resultant to systems
of multivariate Laurent polynomials with prefixed monomials. It is a basic tool of
elimination theory and polynomial equation solving, and it is also connected to com-
binatorics, toric geometry, and hypergeometric functions, see for instance [8,16,18,33].
As a consequence, there has been a lot of interest in efficient methods for computing
it, see also [5-7,10,13,22] and the references therein.

In [4,5], Canny and Emiris introduced a family of Sylvester-type square matrices
whose determinants are nonzero multiples of the sparse resultant, and showed that the
sparse resultant can be expressed as the gcd of several of these determinants. Besides,
for each of these matrices they identified a certain principal submatrix and, following
Macaulay, conjectured that the quotient of their determinants coincides with the sparse
resultant, at least in some cases. Their construction relies heavily on the combinatorics
of the polytopes defined as the convex hull of the exponents of the given monomials,
and of a chosen family of affine functions on them. Shortly afterward, Sturmfels
extended the method by allowing the use of convex piecewise affine functions on
these polytopes [33].

Using this circle of ideas, the first author found a recursive procedure to build
Sylvester-type square matrices with a distinguished principal submatrix, and obtained
another family of formulae for the sparse resultant extending those of Macaulay for
the homogeneous resultant [7]. Some connections between the D’ Andrea construction
and that of Canny and Emiris were explored by Emiris and Konaxis for families of
monomials whose associated polytopes are scaled copies of a fixed one [11]. There
are also some determinantal formulae for sparse resultants, but their applicability is
limited to a short list of special cases [1,3,9,12,19,25,26,34,35].

The main result of this paper is a proof of a generalized version of the Canny—
Emiris conjecture, with precise conditions for its validity. Our approach is based
on a systematic study of the Canny—Emiris matrices and their interplay with mixed
subdivisions of polytopes. In particular, we compute the orders and initial parts of its
principal minors and establish the compatibility of this construction with the restriction
of the defining data. We also prove a product formula for the initial parts of the sparse
resultant, generalizing a previous one by Sturmfels [33].

Classically, sparse resultants and Canny—Emiris matrices were studied in the situ-
ation where the family of exponents of the given monomials is essential in the sense
of Sturmfels, that is, when the sparse resultant does depend on all the sets of variables
and, in addition, the affine span of these exponents coincides with the ambient lattice,
see [33, §1] or Remark 3.5 for details. Whereas this is, without any doubt, the main
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case of interest, a crucial part of our analysis consists in extending and studying these
notions in full generality. Having constructions and properties that behave uniformly
allows us to descend to the simple cases where the result can be proved directly.

We also show that the Macaulay formula for the homogeneous resultant corre-
sponding to the critical degree appears as a particular case of our result, thus obtaining
an independent proof for it.

We next explain these results with more detail. Let M ~ 7Z" be a lattice of rank n.
Set Ty; = Hom(M, C*) >~ (C*)" for the associated torus and, for a € M, denote
by x: Ty — C* the corresponding character. Fori = 0,...,n let A; C M be a
nonempty finite subset, u; = {u; 4}qc 4; a set of #.A; variables and

Fi= Y tiax"€ZullM
aE.A,‘

the general Laurent polynomial with support equal to the subset .4;, where
Zlu;|[M] ~ Z[ui][xlil, e, x,fl] denotes the group Z[u;]-algebra of M.

Let Res 4, Elim g € Z[u] = Z[uy, ..., u,] be the sparse resultant and the sparse
eliminant associated with the family of supports A = (A, ..., .4,) in the sense of
[8,16]. The sparse resultant is the resultant of the multiprojective toric variety with
torus Ty, associated with A in the sense of Rémond’s multiprojective elimination
theory, whereas the sparse eliminant corresponds to what is classically referred to as
the sparse resultant, as is done in [6,18,33] for instance. Both are well defined up to the
sign, the sparse resultant is a power of the sparse eliminant, and they coincide when
the family of supports .4 is essential and its affine span coincides with M, see [8] or
Sect. 3 for precisions.

For each i denote by A; the convex hull of A; in the vector space Mr = M ® R
and set A = Y ' A; for the Minkowski sum of these lattice polytopes. For a vector
0= (g, ...,0,) € RA = ]_[;'zoRAf set

Vo0 Ay — R, i=0,...,n, and Oyp: A — R (1.1)
for the convex piecewise affine functions parametrizing the lower envelope of the
convex hull of the lifted supports Ai ={(a, wi,a)}aes;, CMxR,i =0,...,n,andof

theirsum ) 7y A; C M xR, respectively. These functions define a mixed subdivision
S(®g) of A, and for each n-cell D of S(®,) they also determine a decomposition

n
D= ZDi
i=0

where each D; is a cell of the subdivision S(¥,) of A;, called the i-th component
of D. We can then consider the restriction

Ap =(AyNDy,..., A4, N Dy)
of the given family of supports to these components.
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Our first main result, contained in Theorem 3.12, is the following factorization for
the initial part of the sparse resultant with respect to w, defined as the sum of the
monomial terms whose exponents have minimal weight with respect to this vector. It
generalizes a previous one by Sturmfels for the case when A is essential [33, Theorem
4.1].

Theorem 1.1 Let @ € RA. Then,

init,(Resq) = + ]‘[ Resq,,
D

the product being over the n-cells of S(®,).

A result by Philippon and the third author for the Chow weights of a multiprojec-
tive toric variety [31, Proposition 4.6] implies that the order of the sparse resultant
with respect to @ can be expressed as the mixed integral of the ¥, ’s (Theorem 3.12).
Applying this together with Theorem 1.1, we derive product formulae for the evalua-
tion of Res 4 by setting some of the coefficients of the input Laurent polynomials to
zero (Theorem 3.19 and Proposition 3.22), correcting and generalizing a previous one
by Minimair [29], see Remark 3.23. These factorizations might be interesting from the
computational point of view, since they allow to extract the sparse resultant associated
with a family of supports contained in those of A as a factor of such an evaluation
(Remark 3.21).

Apart from being homogeneous with respect to the sets of variables u;, the sparse
resultant is also homogeneous with respect to a weighted grading on C[u] associated
with the action of T, by pullbacks on the system of Laurent polynomials F =
(Fo, ..., Fy). As another application of the Philippon—Sombra formula, we compute
its degree with respect to this grading, extending a result by Gelfand, Kapranov, and
Zelevinsky [18, Chapter 9, Proposition 1.3] and by Sturmfels [33, §6] (Theorem 3.16).

To state our second main result, let

pi: A — R, i=0,...,n, and p: A — R (1.2)

be the family of convex piecewise affine functions and its inf-convolution defined by a
vector of R4 as in (1.1). Set p = (po, - - ., pn) and suppose that the mixed subdivision
S(p) is tight (Definition 2.3).

Following Canny and Emiris [4,5] and Sturmfels [33], this data together with a
generic translation vector § € MR determines linear subspaces of C(u)[M 1"*t! and of
C(u)[M], both of them generated by monomials indexed by the lattice points in the
translated polytope A 4+ §, and such that the expression

n
(Go, ..., Go) — Y _Gi F;
i=0

defines a linear map between them, see Sect. 4.1 for details. The matrix of this linear
map is denoted by H 4, ,, and we denote by £ 4, the principal submatrix correspond-
ing to the lattice points in A 4 § contained in the translated nonmixed n-cells of S(p)
(Definition 4.5).
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There is a nice interplay between these square matrices and the mixed subdivisions
of A that are coarser than S(p). Let

¢i: Aj — R, i=0,...,n, and ¢: A — R

be another family of convex piecewise affine functions and its respective inf-
convolution, and suppose that S(¢) is coarser than S(p), a condition that is denoted
by S(¢) < S(p). For an n-cell D of S(¢) denote by pp = (polpgys ---» onlp,) the
restriction to its components of this family of functions.

Theorem 1.2 For @ = (¢i(a))iq € RA we have that

inite (det(H.4,p)) = [ [det(H.a,.0,)-
D

the product being over the n-cells of S(¢).

More generally, a similar factorization holds for all the principal minors of the
Canny—Emiris matrix and in particular, for the determinant of £ 4 , (Theorem 4.10).
Hence, for the vector defined by the ¢;’s, the initial part of each of these minors
factorizes in the same way as the corresponding initial part of the sparse resultant. In
contrast with the situation for the sparse resultant, we do not know if this factorization
holds for every € R and as a matter of fact, it would be most interesting to extend
it to a larger class of vectors.

Another important property is that the Canny—Emiris matrices associated with the
restricted data Ap and p, can be retrieved as the evaluation of a principal submatrix
of H,, by setting some of its coefficients to zero, and that this construction is
compatible with refinements of mixed subdivisions (Propositions 4.8 and 4.9). We
also determine the homogeneities and degrees of det(H 4,,) (Proposition 4.6) and
show that, under a mild hypothesis, this determinant is a nonzero multiple of the
sparse resultant (Proposition 4.16). As a side question, such a hypothesis does not
seem necessary, and it would be interesting to get rid of it (Remark 4.20).

The Canny-Emiris conjecture [5, Conjecture 13.1] states that, if the family of
supports A is essential and its affine span coincides with M, then there is a family p
of affine functions on the A;’s and a translation vector § € My such that

det(H a,p)

Elim 4 = 4 A»)
AT S et a,)

(1.3)

As noted in [5, §13], this identity does not hold unconditionally since there are exam-
ples of families of convex piecewise affine functions whose associated Canny—Emiris
matrix and distinguished principal submatrix do not verify it (Example 5.16).

In [7], the first author presented a recursive procedure, using several mixed subdi-
visions on polytopes of every possible dimension up to n, for constructing a square
matrix with a distinguished principal submatrix such that the quotient of the determi-
nants of these matrices coincides with Elim_4. In [11], Emiris and Konaxis showed that
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in the generalized unmixed case, the D’ Andrea formula can be produced by a single
mixed subdivision of A, at the price of adding many more points to the supports.

Our third main result gives a positive answer to a generalized version of the Canny—
Emiris conjecture. To bypass the recursive steps of the previous approaches, we
consider chains of mixed subdivisions of A

S(00) < -+ = S(6n)

with S(6,,) < S(p). The tight mixed subdivision S(p) is said to be admissible if there
is such a chain which is incremental in the sense of Definition 2.4 and satisfies the
conditions in Definition 4.22.

Not every tight mixed subdivision of A is admissible (Example 5.16). However, for
the family of supports .A one can always find convex piecewise affine functions p =
(po, - - -, pn) Whose associated mixed subdivision S(p) is admissible. For instance, this
can be realized by considering convex piecewise affine functions as in (1.1) associated
with a generic vector v = (vg,...,V,) € RA such that vg > - > v, = 0.
Moreover, this vector can be chosen so that the p;’s are affine (Example 2.12 and
Corollary 4.25).

Theorem 1.3 If S(p) is admissible, then

In the setting of the Canny—Emiris conjecture (1.3), the sparse eliminant coincides
with the sparse resultant. Hence, this statement follows from Theorem 1.3 taking a
family of affine functions whose associated mixed subdivision is admissible.

The statement of Theorem 1.3 is contained in Theorem 4.27 and its proof uses a
descent argument similar to that of Macaulay in [27] and the first author in [7], but
its implementation is different. In contrast to these references, our approach works
directly with the Canny—Emiris matrices associated with restrictions of the given data,
without any need of extending the Canny—Emiris construction to a larger one. On the
other hand, it is interesting to note that such an enlargement is possible, in analogy with
the situation in [7,27]: the Canny—Emiris construction can be enlarged by replacing the
translation vector & by a convex piecewise affine function on a polytope, and Theorem
1.3 extends to this more general situation (Remark 4.28).

This result calls in for several research questions. To begin with, it would be inter-
esting to extend the class of mixed subdivisions to which the quotient formula for
the sparse resultant holds. Indeed, such an extension might be possible by enlarging
the range of validity of Theorem 1.2. In the mean time, for computational purposes it
would be interesting to have a fast way of checking if a given tight mixed subdivision
of A is admissible. In the same line, it would be interesting to determine the prob-
ability that a given tight mixed subdivision is admissible, with respect to a suitable
probability distribution.

As an application, we show that the Macaulay formula for the homogeneous resul-
tant corresponding to the critical degree is a particular case of Theorem 1.3, thus
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providing an independent proof for it (Corollary 5.13). This is done by considering
a specific admissible mixed subdivision of scalar multiples of the standard simplex
such that its Canny—Emiris matrix and distinguished principal submatrix coincide with
those in that formula (Proposition 5.9).

The paper is organized as follows. In Sect. 2 we explain the necessary notions
and results from polyhedral geometry, including convex piecewise affine functions on
polyhedra and their associated mixed subdivisions, and mixed volumes and integrals.
In Sect. 3, we recall the basic definitions and properties of sparse resultants and study
some further aspects, including their orders and initial parts, their homogeneities and
corresponding degrees, and their behavior under the evaluation at systems of Lau-
rent polynomials with smaller supports. In Sect. 4, we study Canny—Emiris matrices:
their behavior under restriction of the data, the orders, initial parts, homogeneities
and degrees of their principal minors, some divisibility properties of their determi-
nants, and we give the proof of the Canny—Emiris conjecture. In Sect. 5, we study
the Macaulay formula for the homogeneous resultant in the framework of the Canny—
Emiris construction, and give some additional examples and observations.

2 Polyhedral Geometry
2.1 Convex Piecewise Affine Functions and Mixed Subdivisions

In this section, we study the mixed subdivisions of convex polyhedra produced by
families of convex piecewise affine functions. We also introduce some notions that
will play a key role in our analysis of Canny—Emiris matrices, and establish their
feasibility for a given family of supports. Some of the techniques we use are similar
to those in [20,21]. The necessary background on polyhedral geometry can be found
in [17, Part 1].

Let M >~ Z" be a lattice of rank n € Nand N = MY = Hom(M,7Z) ~ Z" its
dual lattice. Set MR = M ® R ~ R" and Ng = N ® R ~ R" for the associated
n-dimensional vector spaces, and denote by (v, x) the pairing between v € Nr and
X € Mp.

A convex polyhedron of Mp is a subset of this vector space given as the intersec-
tion of a finite family of closed half-spaces. For a convex polyhedron A of My we
denote by ri(A) its relative interior, that is, the interior of this convex polyhedron rel-
ative to the minimal affine subspace containing it. Its support function is the function
ha: Nr — RU {—o0o} defined by

ha(v) = inf{{v, x) | x € A}. 2.1)

The assignment A +— ha is additive with respect to the Minkowski sum of convex
polyhedra and the pointwise sum of functions.
For a vector v € N, the face of A in the direction of v is defined as

A ={xeA|(v,x) =ha()} 2.2)
EOE';W
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Let p: A — R be a convex piecewise affine function. Its graph and its epigraph
are the subsets of M x R, respectively, defined as

gr(p) = {(x, p(x)) | x € A} and epi(p) = {(x,2) |x € A,z = p(x)}.

The epigraph is a convex polyhedron, whose faces of the form epi(p)¥'D, v € Ng,
are contained in the graph, and are called the faces of gr(p).

The subdivision of A induced by p, denoted by S(p), is the polyhedral subdivision
of A given by the image of the faces of the graph of p with respect to the projection
m: Mr x R — Mp. Its elements are called the cells of this subdivision. For j > —1,
we denote by S (p)f the set of cells of S(p) of dimension j, or j-cells. Their union gives
the j-skeleton of S(p), denoted by |S (,o)j |. For a vector v € Np, the corresponding
cell of S(p) is denoted by

I(p, v) = x(epi(0)™V). (2.3)
For x € A, we have that
px) > (—v,x)+ hepi(p)(va 1), 2.4)

and the equality holds if and only if x € I'(p, v).

Let p: A - Rand p’: A’ — R be convex piecewise affine functions on convex
polyhedra. Their inf-convolution, denoted by p B p’, is the convex piecewise affine
function on the Minkowski sum A + A’ defined by

(pBpHx) =inf{p(y) +p'(Y) | ye A,y e Alandx =y +y'}. (2.5)

Alternatively, it can be defined as the function parametrizing the lower envelope of
epi(p) + epi(p’), that is,

(p B p")(x) =inf{z € R | (x,2) € epilp) +epi(p))}.

The Minkowski sum epi(p) +epi(p’) is a convex polyhedron, and so pH o’ is a convex
piecewise affine function on A + A’ and for every point x in this set, the infimum
in (2.5) is attained.

Now fors € Nletp;: A; - R,i =0, ..., s,beafamily of s + 1 convex piecewise
affine functions on convex polyhedra and set p = F;_ p; for their inf-convolution,
which is a convex piecewise affine function on the Minkowski sum A = Y 7_) A;.
The subdivision S(p) of A is called a mixed subdivision of A.

Fori =0, ..., s we, respectively, denote by
AS=>"A; and pf =H]p; (2.6)
J#i J#i
FoCT
‘_I o
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the convex polyhedron and the convex piecewise affine function, respectively, defined
by the i-th complementary Minkowski sum and by the i-th complementary inf-
convolution. We have that AY + A; = A and pf H p; = p.

For C € S(p) consider the subset of MI‘VR:rl defined as

IMe = H(xo,...,xs) € li[A,- ‘ zs:x,- eC andp(i:x,-) = i:pi(xi)}.
i=0 i=0 i=0

i=0

Fori =0,...,sletm;: Mﬁ{rl — M denote the projection onto the i-th factor. The
i-th component of C is the nonempty subset of A; defined as

Ci = m;(Ilc). 2.7

The next two results give the basic properties of the components of the cells of a
mixed subdivision.

Proposition 2.1 Ler C € S(p). Then,
(1) forv € N such that C = T'(p, v) we have that C; = T'(p;, v) € S(p;) forall i,
N

(2) C=) Ci
i=0

1=

(3) forx € Cand x; € Aj, i = 0,...,s, such that x = Z?:oxi we have that
p(x) =Y i_ pi(xi) if and only if x; € C; for all i.

Proof Letv € Ng and set for short & = hepi(p) (v, 1) and k; = hepi(p;) (v, 1) foreachi.

We have that epi(p) = Y _:_, epi(p;) and so, by the additivity of the support function,

s
K = ZK,’.
i=0

Leti € {0,...,s}and x; € C;. Choose x; € C;, j # i, such that (xp, ..., xy) €
INcandsetx = Zi»:oxj,sothatx € Candp(x) = Z;:O pj(xj).Hence, (x, p(x)) €
epi(p)("’l) and (x;, pj(x;)) € epi(p;) for all j and so

N

= (@, D, () = 4w, D, oy ) = Yk =
=0

J=0

Thus, ((v, 1), (x;, pi (x;))) = «; or equivalently (x;, p;(x;)) € epi(p;)®", which
implies that x; € T'(p;, v).

Conversely, let x; € I'(p;, v). Choose x; € I'(pj,v), j #i,and set x = Z‘;:O Xj
andr = Z‘;:O pj(x;). We have that 1 > p(x) and so (x, t) € epi(p). Moreover

(. 1), (D) =Y (0.1, (., pi(x))) = Y k) = k.
Jj=0 j=0
EOE';W
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Hence, (x, 1) € epi(p)®! and so x € C and r = p(x). In particular, x; € C; and we
conclude that C; = I'(p;, v), proving (1).

Now letx; € C;,i = 0,...,s, and set x = Zf=0xi. By (1), for any v € Ny
such that C = I'(p, v) we have that C; = I'(p;, v), and the last part of the proof
of this statement shows that x € C and p(x) = Y :_, pi(x;). This proves both that
Y i_o Ci C C and the “if” part in (3).

Conversely, foreach x € C the infimum in (2.5) is attained, and so there are x; € C;,
i=0,...,s,withx = > ]_;x;. Hence, C = ) }_, C; as stated in (2), whereas the
“only if” part in (3) is immediate from the definition of the components in (2.7). O

Proposition2.2 Let C,C’ € S(p) andi € {0, ..., s} such that their respective i-th
components have both dimension n and coincide. Then, C = C'.

Proof Since both C; and C,f have dimension n and coincide, there is a unique v € N
with C; = C] = T'(p;, v). Proposition 2.1(1) then implies that C = T'(p,v) = C’. O

Definition 2.3 A mixed subdivision S(p) on A is tight if for every n-cell C of S(p),

idim(Ci) =n.

i=0

If this condition holds, when s = n — 1 an n-cell of S(p) is mixed if all its components
are segments and when s = n, fork = 0, ..., n an n-cell of S(p) is k-mixed if its i-th
component is a segment for all i # k (and so its k-th component is a point).

The set of mixed subdivisions of A is partially ordered by refinements: for another
mixed subdivision S(p”) of A given by a family of convex piecewise affine functions
pit Ay = R, i=0,...,5, wesay that S(p) is a refinement of S(p"), denoted by

S(p) = S(p") or S(p) = S(p),
if for all C € S(p) there is D € S(p’) such that C C D and that C; C D; for all i.

Definition 2.4 An incremental chain of mixed subdivisions of A is a chain S(6y) <
- <X S(05) where, for k = 0, ..., s, the mixed subdivision S(6x) is induced by
the inf-convolution 6;: A — R of a family of convex piecewise affine functions
Ori: Aj — R, i =0,...,s5,such that 6y ; = 0|, fori > k.
This incremental chain is tight if, for each k, the mixed subdivision of A (considered
as the sum of the k + 1 polytopes Ao, ..., Ax—1, Y ;_; A;) induced by the convex
piecewise affine functions

s
bi A >R i=0,...k—1 and FHei=0] .
ik ik Ai
is tight in the sense of Definition 2.3.

FoC'T
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S(6) S(6h) S(02)

Fig.1 A tight incremental chain

Remark 2.5 The notion of incremental chain of mixed subdivisions of A might be
easily extended to chains of arbitrary length. We have chosen to restrict it to chains of
length equal to the number of polyhedra A; because it is the only case of interest for
the proof of Theorem 4.27.

Remark 2.6 If S(6p) < --- < S(0) is a tight incremental chain, then S(6;) is a tight
mixed subdivision.

Example2.7 Letn = 2 and M = Z* Setdy = 1,d; = 3 and d» = 2 and for
i =0, 1,2 consider the triangle A; = {(x1, x3) € (Rzo)2 | x1 + x2 < d;}. Consider
also the affine functions p; : A; — R, i =0, 1, defined by

po(x1,x2) =3x1 +6x2 and p1(x1,x2) = 2x1 + x3.

Fork,i =0,1,2set0; = p;ifi < kand 6y ; = 0|, ifi > k,andthenfork =0, 1, 2
set O = 6k 0 B O 1 BOi 2. Hence, S(6p) < S(61) < S(62) is a tight incremental chain
of mixed subdivisions of the triangle A = {(x1, x2) € (R30)2 | x1 +x2 < 6} (Fig. 1).

Convex piecewise affine functions on lattice polytopes might be constructed by
means of finite sets of lattice points and lifting vectors, as we next describe. For
i =0,...,5 let A; C M be a nonempty finite subset and v; € R4 a vector. Set
A; = conv(A;) for the lattice polytope of M given by the convex hull of 4; and

Uy, Aj — R 2.8)

for the convex piecewise affine function parametrizing the lower envelope of the
lifted polytope conv({(a, vi.a)}sed;) C Mr x R. Setalso A = (Ag, ..., As), v =
(V(), e vs) € R'A' = Hf:o ]RAz and

0y = [ 2. 2.9)
i=0

This latter is a convex piecewise affine function on the Minkowskisum A = Y 7 _ A;,
and S(O®,) is a mixed subdivision of this polytope.

EOE';W
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The next result shows that a generic choice of lifting vectors produces a mixed
subdivision that is tight. Furthermore, this choice can be made among the lifting
vectors whose associated functions are affine.

Consider the linear map T4 : N°*! — RA defined by

TA(vo, ..., vs) = ((vi,a))ie,....s),acA; - (2.10)

The convex piecewise affine functions associated with the vectors in its image are
affine.
The next result is similar to those in [20, page 1546] and [21, Lemma 2.1].

Proposition 2.8 There is a finite union of hyperplanes W C RA not containing
T A(N*TY) such that for all v € ]RA\W the mixed subdivision S(®y) of A is tight.

To prove it, we need the following auxiliary result. Fori = 0, ..., s let ¢; be the
(i + 1)-th vector in the standard basis of RS*1.

Lemma2.9 Forve RAlerL C Mp iR”l x R denote the linear span of the vectors
{(aa €, Vi,a)}ie{O ..... S},l/lE.A," Set also Ai = {((1, Vi,a)}ue.Ai - MR X Rr l = 07 ceen S
Then,

dim(f) = dim (iconv(;l\,')) + s+ 1.
i=0

Proof For each i let Z,- C Mg x R denote the affine span of the nonempty finite
subset .4;. Making linear combinations between the generators of the linear subspace
L, we easily deduce that dim (L) = dim(}";_o Li)+s +1. The statement then follows

from the fact that dim(}_;_, L;) = dim(}_;_, conv(A4;)). O
Proof of Proposition 2.8 For i = 0,...,s let u; be a set of #4; variables and let
u = (ug,...,us). Fix an isomorphism Mr =~ R". Then, for each family D =

(Do, - . ., Ds) of nonempty subsets D; C A; satisfying the conditions
(1) Y5_o#Di=n+s+2,

(2) dim(conv(D;)) =#D; — 1, i =0,...,s,

(3) dim(}_;_,conv(D;)) =n

setGp € R[u]P*0+5+2) for the square matrix made of the row vectors
(a,ei uiq) € Rl %2 i=0,...,s and acD;.

Set also Gp = det(Gp) € R[u], which is a linear form.
The conditions on D imply that for each i there is v € RA such that, setting

Di = {(@.via)aeD, C Mg xR, i =0,....5s, (2.1D)

we have that dim(}_";_, conv(ﬁ,-)) = n + 1. Moreover, this condition can be fulfilled
with a vector v € TA(N“H). Indeed, the condition (2) implies that the D;’s are
simplexes which by the condition (1), have dimensions that sum up n 4 1. Assuming
FolCT
i
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without loss of generality that each D; contains 0 as one its points, the remaining
points in the union of these sets determine n + 1 directions which by condition (3)
span Mg. Then, a possible choice for v satisfying (2.11) consists in setting v; , = 0
for each i and all a € D; except one of them, for which this coordinate is set to 1.

Lemma 2.9 then implies Gp(v) 7# 0 and in particular, the zero set of Gp is a
hyperplane not containing the linear subspace 7.4 (N**!). The set W is then defined
as the union of all these hyperplanes.

Now let v € R4 and suppose that S(®,) is not tight. Let C be an n-cell of this
mixed subdivision such that ) ;_, dim(C;) > n. Then, we can choose nonempty finite
subsets D; € A; N Ci, i =0,...,s, satisfying the conditions (1), (2) and (3). Such
a choice may be accomplished by picking simplexes defined by points in the finite
subsets 4; N C;,i =0, ..., s, whose dimensions sum up n + 1.

Let P be the face of the graph of ®, corresponding to C, and for each i let P; be
the face of the graph of ¥y, corresponding to the component C;. For each i the lifted
set D asin (2.11) is contained in P; and so

N N
Zconv(ﬁi) C Z P, =P.
i=0 i=0
Hence, dim(}_;_,, COHV(ﬁi)) < dim(P) = dim(C) = n. Lemma 2.9 then implies
that Gp(v) = 0 and so v € W, concluding the proof. O

The next corollary shows that we might fix one of the lifting vectors to zero and
still get a mixed subdivision that is tight. Set for short

A = (Ao, .... A1)
andletT 4 : N* — RA’ be the corresponding linear map as in (2.10).

Corollary 2.10 There is a ﬁmte union of hyperplanes W' C RA not containing

T o/ (N?) such that for all v’ € RA \W' the mixed subdivision S(®,) of A asso-
ciated with the vector v = (v, 0) € RA s tight.

Proof With notation as in Proposition 2.8, choose a vector (wg, ..., ws) € N s+l

whose image with respect to the linear map 7.4 does not lie in W. Let ¢; =
((ws, @))aca, € R, i =0,..., s, and

W = {0, V) €RA | )+ 80, Vo + 851, 8,) € W),
which is a finite union of hyperplanes of RA". We have that
(T g (wo —ws, ..., ws—1 —ws), 0 + &g, ..., Es1,85) =Tawo, ..., ws—1, ws) € W.
Hence, T 4/ (wo — wy, ..., ws—1 —w,) ¢ W, andso W' 5 TA/(N‘Y_l).

FoE'ﬂ
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By Proposition 2.8, for v/ = (v(,...,v,_|) € ]RA/\W/ the mixed subdivision
associated with (v 4+ &g, ..., Vi | + &, 1,8y € RA is tight. Hence, this is also
the case for the mixed subdivision associated with the vector (v/, 0) € R'A, since the
corresponding functions differ by a globally defined linear one. O

The next result shows that small perturbations of a given family of lifting vectors
produce finer mixed subdivisions.

Proposition 2.11 Letv € RA. Thereis a neighborhood U of v such that for allv € U
we have that S(Qy) > S(O,).

Proof For each n-cell C of S(®,) denote by vc the unique vector in Ny such that
C =T'(®,, vc). By Proposition 2.1(1) and the inequality in (2.4), for each i there is
kc.i € Rsuch that, forx € A;,

ﬂv,- (x) 2 <_UC7 x) + KC,i
with equality if and only if x € C;. Hence, there is ¢ > 0 such that for all a € A;\C;,
Uy, (@) = (—ve, a) +kc,i +c. (2.12)

Lete > 0and ¥ € R4 with ||F — v]ls < &, where || - || denotes the £>°-norm
of RA. Then, for all i and x € A; we have that

[05; (x) — Dy, (X)| < &. (2.13)

Fix anorm || - || on Mg and let || - || be the corresponding operator norm on Ng,

so that for v € N and x € My we have that
(v, x)| < [lv]| [|x]|. (2.14)

Let C be an n-cell of S(®y) and, similarly as before, denote by vz € Ng and
KG; € R,i =0,...,s, the corresponding vector and constants. Then, for each n-cell

C of §(®,) with dim(5 N C) = n there is K > 0 such that
lvg — vell, |/<5’l- —kc,il < Ke. (2.15)
Since the number of possible pairs (C, C) for varying v € RA is finite, the constant
K > 0 can be taken independently of the choice of these n-cells.
From the inequalities in (2.12) and (2.13), we deduce that for all a € A;\C;,

vy, (a) > Vy; (@) — e = (—vc,a) +kc,i +c—&,

and from the inequalities in (2.14) and (2.15),

(—vc,a) +«xci > (—vE,a) +k5,; — Ks( sup ||x|| + l).
’ XEA;
Elol:;ﬂ
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Then, for ¢ > 0 sufficiently small we have that ¥, (a) > (—vg,a) + KE i for all
a € A;\C;, yvvhich implies that (Nfl- C C; for all i. In turn, by Proposition 2.1(2) this
implies that C C C.

Since this holds for every n-cell of S(®y), we deduce that this mixed subdivision
refines S(®,). The statement follows by taking U as the ball of RA centered at v of
radius ¢ with respect to the £°°-norm. O

As an application of these results, we can exhibit an explicit family of tight incre-
mental chains of mixed subdivisions of the polytope A associated with the data .A.

Example 2.12 Set A.; = Z/>, A Cc M,i=0,. — 1, and for each i denote
by W! the finite union of hyperplanes given by Corollary 2.10 applied to the family
(Ao, ..., Ai, A>;) of i + 2 nonempty subsets of M.

Fori =0,...,s — 1 choose iteratively v; € R4 such that (vo,...,v;) ¢ W/ and
vo, ..., vi—1,v;,0,...,0) eRAliesintheneighborhoodof(vo, ...,i-1,0,0,...,0)
given by Proposition 2.11. Then, fork = 0, .. ., s consider the family of convex piece-
wise affine functions 6 ;: A; — R, i =0, ..., s, defined as 6y ; = ¥, if i < k and
as Or; = 0|, if i > k. Their inf-convolution

N
o = HH bx.i.
i=0

is a convex piecewise affine function on A. By Corollary 2.10 and Proposition 2.11,
S(B) = -+ = S(6y)

is a tight incremental chain of mixed subdivisions of A. Moreover, Corollary 2.10

allows to choose the vector (vq, ..., vs_1) € RA in the image of the linear map 7 4,
so that the convex piecewise affine functions 6y ; are indeed affine.

2.2 Mixed Volumes and Mixed Integrals

The mixed volume of n convex bodies of M is a polarization of the notion of volume
of a single one. Here, we recall its definition and basic properties, referring to [17,
Chapter 1V] for the corresponding proofs. We restrict the presentation to polytopes,
which are the only convex bodies appearing in this paper.

We denote by voly, the Haar measure on the vector space My that is normalized
so that the lattice M has covolume 1.

Definition 2.13 The mixed volume of a family of polytopes A; C Mr,i =1,...,n
is defined as

MVy (A, ..., A Z( D" voly (A + -+ 4 Ay)).

I1<ij<--<ij=<n

For n = 0, we agree that MV, = 1.
FoE'ﬂ
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For a single polytope A, we have that MV (A, ..., A) = n!volpy(A). The mixed
volume is symmetric and linear in each variable A; with respect to the Minkowski sum,
invariant with respect to linear maps that preserve the measure volys, and monotone

with respect to the inclusion of polytopes. We have that MV (A1, ..., A;) > 0,
and the equality holds if and only if there is a subset I C {1,...,n} such that
dim(}_;; Aj) < #I.If the A;’s are lattice polytopes, then MV (Ay, ..., A,) € N.

Given a family of convex piecewise affine functions p;: A; — R, i =1,...,n,

with inf-convolution p = H?_, p; and such that the mixed subdivision S(p) is tight
(Definition 2.3), the mixed volume of the A;’s can be computed as the sum of the
volumes of the mixed n-cells [20, Theorem 2.4]:

MV (A ... Ag) =Y voly (C). (2.16)

C mixed

Analogously, the mixed integral of a family of n 4 1 concave functions on convex
bodies is a polarization of the notion of integral of a single one. It was introduced in
[31, §8], and is equivalent to the shadow mixed volume defined in [15, §1]. Here, we
recall its definition and properties, translating them to the convex setting and restricting
to piecewise affine functions on polytopes. We refer to [31, §4.3] and [32, §8] for the
corresponding proofs and more information about this notion.

Definition 2.14 The mixed integral of a family of convex piecewise affine functions
pi: A > R, i =0,...,n,is defined as

n
My (00, ... o) = ) (=1 3~ pig B ... B pi;dvoly .
j=0

0<ip<...<ij<n A"0+"'+Aij

For a convex piecewise affine function on a polytope p: A — R we have that
Mly(p,...,p) =+ [ A P dvolys. The mixed integral is symmetric and additive
in each variable p; with respect to the inf-convolution, and monotone.

It is possible to express mixed integrals in terms of mixed volumes. Fori =0, ..., n
choose k; € R>q with k; > p;(x) for all x € A; and consider the polytope

Aj i = conv(gr(p;), A; x {k;}) C Mg x R.
Then, by [31, Proposition 4.5(d)],
My (oo, ..., pn) = — MVMXZ(AO,pO,Kov ey An,pn,/(n)

n
+ZK,~ MV (Ao, ..y Aty Ajgs oo Ap). (2.17)
i=0

For each i, the convex piecewise affine function p; : A; — R is lattice if there are
A; C M andv; € ZAi such that A; = conv(A;) and p; = B, as in (2.8).

Proposition 2.15 Fori = 0,...,n let pi: A; — R be a lattice convex piecewise
affine function. Then, Ml (po, . . ., pn) € Z.
Elol:;ﬂ
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Proof This follows directly from (2.17) and the analogous property for the mixed
volume. O

3 Sparse Resultants
3.1 Definitions and Basic Properties

In this section, we recall the basic notations, definitions and properties of sparse
eliminants and resultants from [8].

We keep the notation of the previous sections. In particular M ~ Z" is a lattice of
rankn > 0and N = MY ~ Z" its dual lattice. Let

Ty = Hom(M,C*) = N ®7 C* ~ (C*)"

be the torus over C associated with M. Then, M = Hom(Ty;, C*), and fora € M
we denote by x*: Ty — C* the corresponding character of T ;.

Fori = 0,...,n let A; be a nonempty finite subset of M, A; = conv(A4;) the
lattice polytope of MR given by its convex hull, u; = {u; 4}4¢ 4, a set of #.4; variables
and

Fi=Y ttiax® € ZulM]
acA;

the general Laurent polynomial with support equal to the subset .4;, where
Zlu;|[M] :Z[u,-][xfﬂ, cel, xfl] denotes the group Z[u;]-algebra of M. Set for short
A=A, ..., A), A=(Ag,...,A,), u=@o,...,u,) and F=(Fy,..., F,).

The incidence variety of F is defined as

n
Q4 =Z(F) C Ty x [ [P@C),
i=0

that is, the zero set of these Laurent polynomials in that product space. It is an
irreducible algebraic subvariety of codimension n + 1 defined over Q. Denote by
w: Ty x 1/ P(CA) — [T'- P(CA7) the projection onto the second factor. The
direct image of Q 4 with respect to @ is the Weil divisor of [}, P(CA) defined as

deg(w|q ) w(R4) if w(24) is a hypersurface,
w24 = .
0 otherwise,

where @ (2 4) is the Zariski closure of the image of the incidence variety with respect

to the projection, and deg(w|q_4) is the degree of the restriction of this map to the
incidence variety.

EOE';W
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Definition 3.1 The sparse resultant, denoted by Res 4, is defined as any primitive
polynomial in Z[u] giving an equation for @2 4. The sparse eliminant, denoted
by Elim 4, is defined as any irreducible polynomial in Z[u] giving an equation for
@ (2 4), if this a hypersurface, and as 1 otherwise.

Given a ring A and Laurent polynomials f; € A[M] with support contained in A;
for each i, we apply the usual notation

Elim4(fo,..., fu) and ResA(fo,..., fn) (3.1)

to denote the evaluation at the coefficients of the f;’s.

Both the sparse resultant and the sparse eliminant are well defined up to the sign,
and are both invariant by translations and permutations of the supports [8, Proposition
3.3]. The sparse eliminant does not depend on the lattice M but the sparse resultant
does, as the following proposition shows.

Proposition 3.2 Let ¢: M — M’ be a monomorphism of lattices of rank n. Then,
Elim,4) = £ Elim 4 and Resy,4) = + Res.[% w(M)]

Proof The monomorphism ¢: M — M’ induces a finite map of degree [M' : ¢(M)]
¢*: Ty = Hom(M', C*) — Ty = Hom(M, C*).

Setting F/ = )" . A; Uia %@ for the general Laurent polynomial with support ¢ (A;)
for each i, the system F), = --- = F,; = 0 has a nontrivial solution in T}, if and
only if Ffp = --- = F, = 0 has a nontrivial solution in Tj;. Hence, ¢* induces a
commutative diagram

Q</J(.A) Qa
\Lw/ lw
1‘[:':0 [p:((cw(A,-)) - H?:o I[D(CA:‘)

which implies the stated equality between the sparse eliminants. From here, we also
deduce that @’ (£24(.4)) is not a hypersurface if and only if this also holds for @ (2 4),
in which case both Res,4) and Res 4 are equal to &1, proving the second equality
in this case. Otherwise, the multiplicativity of the degree implies that

deg(@'|qpa) = [M': p(M)] deg(w | ,)

and so w;Q,4) = [M' : o(M)] @,Q 4, which implies the second equality in this
other case and completes the proof. O

The sparse resultant is homogeneous in each set of variables u; of degree [8, Propo-
sition 3.4]:

degui(ResA) =MVy(Ag, ..oy Ai—1, Ajgty ooy Ap), i =0, ..., 1. (3.2)
Elol:;ﬂ
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Let A C M be a nonempty finite subset and f = )" 1 aq x* € C[M] a Laurent
polynomial with support contained in .A. For v € Ng we, respectively, set

A" = ANconv(A) and init,(f) = Y oq x* (3.3)
ac AV

for the restriction of A to the face conv(A)Y as defined in (2.2) and the initial part of
f in the direction of v.

For v € N\{0}, the sparse resultant in the direction of v, denoted by Res AV, AL
is the sparse resultant associated with the orthogonal lattice v- N M ~ Z"~! and
the supports A?, i = 1, ..., n, modulo suitable translations placing them inside this
lattice, see [8, Definition 4.1] for details. By [8, Proposition 3.8], this directional
resultant is nontrivial only when v is the inner normal to a face of dimension n — 1
of the Minkowski sum Z?:l A;. In particular, the number of nontrivial directional
sparse resultants of the family of supports A is finite.

The following result is the Poisson formula for the sparse resultant [8, Theorem 4.2].
For a subset B C MR, its support function hp: Nrg — R U {—o0} is defined by

hp(w) = inf{{v, x) | x € B}.

This generalizes the support function of a convex polyhedron in (2.1).

Theorem3.3 Fori = 0,...,n let f; € C[M] with support contained in A; and
suppose that ResAf Av (inity (f1), ..., inity(fy)) # O for all v € N\{0}. Then,

.....

Res A(f0, f1, - f) = % [ [Resav . 4y ity (1), ..., inity (£)) 40 TT fo(p)™,
v p

the first product being over the primitive vectors v € N and the second over the
solutions p € Ty of the system of equations fi = --- = f, = 0, where m ), denotes
the intersection multiplicity of this system of equations at the point p.

Forasubset J C {0,...,n}put Ay = (A;)ijey and uy = (U;)icy.

Definition 3.4 The fundamental subfamily of A is the family of supports A, for the
minimal subset J C {0, ..., n} such that Res 4 € Z[u ] or equivalently, such that
Elim 4 € Z[u,].

For each i set L 4, for the sublattice of M generated by the differences of the
elements of .A;. For asubset J C {0, ..., n} considerthe sum L 4, = > ;. ; L 4, and
its saturation L;a‘tl =(La, @R NM.

Remark 3.5 By [33,Corollary 1.1 and Lemma 1.2] or [8, Proposition 3.13] when J # ¢

the fundamental subfamily .A; coincides with the unique essential subfamily of A,

that is, the unique subfamily such that rank(L 4,) = #J — l andrank(L 4,,) > #J !

forall J' C J, whereas when J = ¢, that is when Res 4 = £1, we have that A; = @
and A has at least two essential subfamilies.

EOE';W
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The sparse eliminant and the sparse resultant are related by
Res4 = % Elim‘g* (3.4)

with d 4 € Nog.

Proposition 3.6 Let A be the fundamental subfamily of A and suppose that J # .
Then, rank(L 4,) = #J — 1, and the exponent in (3.4) can be written as

sat

da=1[Ly, :La,l MVM/LﬁJ({ﬂ(Ai)}igéJ)

sat

where 7 is the projection M — M /L A

Proof The first claim follows from Remark 3.5, whereas the second is [8, Proposi-
tion 3.13]. O

Sparse eliminants are particular cases of sparse resultants.

Proposition 3.7 Let A be the fundamental subfamily of A, suppose that J # () and
consider Aj as a family of #J nonempty finite subsets of the lattice L 4, ~ 7 -1,
Then, Elim 4 = +Elim 4, = £ Res 4,.

Proof The first equality is given by [8, Proposition 3.11], whereas the second follows
from the equality in (3.4) and Proposition 3.6. O

We also need the following auxiliary result.

Proposition 3.8 Let A= @0, ceey ,Zn) be a further family of supports in M such
that A; C A; foralli. Let Ay and Ak be the respective fundamental subfamilies of
supports. Then, J C K.

Proof By the degree formula in (3.2), anindex j € {0, ..., n} lies in K if and only if
MVM(A(), ey Aj_l, Aj+1, ceey An) > 0.

The statement follows then from the monotonicity of the mixed volume with respect
to the inclusion of polytopes. O

The notions of sparse eliminant and of sparse resultant include the classical homo-
geneous resultant introduced by Macaulay [27], as we next explain.

Example 3.9 Ford = (dy, ...,d,) € (N=¢)"*! let Resy be the homogeneous resul-
tant, giving the condition for a system of n 4+ 1 homogeneous polynomials in n + 1
variables of degrees d to have a zero in the n-dimensional projective space [6, §3.2].
It coincides, up to the sign, both with the sparse eliminant and the sparse resultant for
the lattice M = Z" and the family of supports A = (Ao, ..., A,) given by

Ai ={a e N"||a| <d;},
FolCTM
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where for a lattice point @ = (ai, ...,a,) € Z" we denote by |a| = Y /_, a; its
length. Then, A; = {x € (R>0)" | |x| < d;} for each i and we can deduce from the
degree formula in (3.2) that

deg,,(Resq) = [ [d;. i =0.....n.
j#i

3.2 Order and Initial Parts

In this section, we study the different orders and initial parts of the sparse resultant.

Definition 3.10 Let @ € R and let 7 be a variable. For P € Clu]\{0} set

P? = P((t” u; )ic(o....n).acA;) € Clul[£*1\{0). (3.5)

.....

The order and the initial part of P with respect to w are the elements ord,(P) € R
and init,(P) € Clu]\{0} defined by the equation

P? = (inity(P) + o(1)) o) (3.6)

where o(1) denotes a sum of terms whose degree in  is strictly positive.
For a nonzero rational function P € C(u)™ written as P = P;/P, with P; €
Clu]\{0},i = 1, 2, the order and the initial part of P with respect to @ are defined as

inity (P))

ordy(P) = ord, (P;) — ord,(Pp) and inity(P) = — .
inite, (P2)

These notions do not depend on the choice of P; and P> and the maps
ordy: C(w)* — R and init,: C(u)* — Cm)™

are group morphisms. We extend them by setting ord,, (0) = +oo and init, (0) = 0.
The notion of initial part generalizes the definition in (3.3) for Laurent polynomials.

As pointed out by Sturmfels, the initial part of the sparse resultant in a given
direction is closely related to the mixed subdivision of A associated with the convex
piecewise affine functions defined by that direction [33].

Definition 3.11 For @ = (wgp,...,®w,) € RA let Vot Ay — R i =0,...,n,
and ®4,: A — R be the associated convex piecewise affine functions as in (2.8)
and (2.9). Let D be an n-cell of the mixed subdivision S(®,) of A and D; € S(¥,),
i =0,...,n, its components as defined in (2.7). The restriction of A to D is the
family of nonempty finite subsets of M defined as

Ap=AgN Dy, ..., A, N Dy,).
EOE';W
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The next theorem gives formulae for the order and the initial part of the sparse
resultant. The first part is a reformulation of a result by Philippon and the third author
for the Chow weights of a multiprojective toric variety [31, Proposition 4.6], whereas
the second is a generalization of a result by Sturmfels for sparse eliminants in the case
when the fundamental subfamily coincides with A [33, Theorem 4.1].

Theorem 3.12 Let w € R4, Then,

ordy(Res 4) = My (D, ..., Ve,) and init,(Resq) =+ 1_[ Resq,, .
DeS(O,)"

Before proving it, we need to establish some auxiliary results. For P € Clu] we
denote by supp(P) its support, that is, the finite subset of NA of the exponents of the
nonzero terms of this polynomial.

Lemma3.13 For @ = (@o, ..., @) € RA there is & = (@, ..., o) € ZA such
that

(1) initg(Res 4) = init, (Res 4),

(2) $(0g) = S(O),

(3) for every n-cell of S(®p), its components with respect to the families of convex
piecewise affine functions Vg, i =0, ...,n, and ¥y, i =0, ..., n, coincide.

Proof Set S = supp(Res 4) C NA and S® for the subset of S of lattice points with
minimal scalar product with respect to w. A vector @ = (@, ..., @) € RA verifies
the condition (1) if and only if

(@, —¢c)=0forc,c €S® and (@,c'—¢)>0forceS® and ¢ e S\S“.
3.7
With notation as in (2.3), for each D € S(®)" set vp € Np for the unique vector
such that D = I'(®,, vp). For each i let D? C A; be the set of vertices of the i-th
component of D. Then, D; = I'(¥;,, vp) if and only if

(vp,d' —a) + @ g — &g =0fora,a’ e DY,
(vp,a' —a) + @y — @4 > 0fora e DY anda’ € (A; N D)\DY, (3.8)

(vp,a’ —a) + @; o — @i q > O0fora € D? anda’ € A;\D;.

If this condition holds, then D = I'(®g, vp) by Proposition 2.1(1).

Hence, if @ satisfies the condition (3.7) and that in (3.8) for all D € S(®)", then
it also verifies (1), (2) and (3). These conditions amount to the fact that @ lies in the
relative interior of a polyhedral cone of RA defined over Z. This relative interior is
nonempty as it contains ®, and so it also contains a vector in ZA. O

Lemma3.14 Let (v,l) € N X Z be a primitive lattice vector with | > 0. Let (v, nH+
be its orthogonal subspace of Mr x R and

Q: W, DN M x7Z) — M
Elol:;ﬂ
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the lattice map defined by (a, q) — a. Then, [M : ¢((v, ) N (M x 7Z))] = 1.
Proof Set for short P = (v, )X N (M x Z), which is a sublattice of M x Z of rank n.
The map ¢: P — M is injective if and only if so is its dual ¢V : MY — PV and if

this is the case, then
(M :@(P)] =[P :¢"(M)]. (3.9)

We have that MY = N and PY >~ (M x 7Z)/7Z (v, ). With these identifications, the
dual map ¢¥: N — (M x Z)/7Z (v, ) writes down as ¢"(w) = (w, 0) + Z (v, [).
Hence, ¢ is injective because ! > 0. Moreover, its image is the sublattice
(M x17Z)/7Z (v,1) and so

[PY 9" M) =#WM xZ)Z (v,1)) /(M x| Z]Z (v,])) =#Z/I1Z =1,

which together with (3.9) implies the statement. O

Proof of Theorem 3.12 By [32, Proposition 4.5], the degree of a monomial deformation
of the sparse resultant can be computed in terms of mixed integrals as

deg, (Res ) = — My (Du, - - -, Da,)-
Since ord,, (Res 4) = —deg, (Res;{"), this gives the first part of the statement.

For the second part, we reduce without loss of generality to the case when w € 7A
thanks to Lemma 3.13. Set F© = (F°, ..., F") with

FP = Fi((t" uja)aen,) € Clu IIMItF", i =0, ... n.
With notation as in (3.1) and (3.5), we have that
Res® = Res o(F®). (3.10)
Consider the family of n + 2 nonempty finite subsets of M x Z given by
C=1{(0,0), (0, 1)} and A ={(@ oilaes, i =0,...,n.
Let v = {v(0,0), v(0,1)} be a set of variables, so that the general Laurent polynomial
with support C is v(o,0) + VO, 2 and that with support A is F“’(z) the evaluation of
F{ att = z for each i. Set A= (.Ao, .. .A ). By the “hidden variable” formula in
[8, Proposition 4.7], there is dy, € Z such that
Res o(F®) = 1% Resp 2(z — 1. F(2)).
Thanks to the formula in (3.6), we have that
inity(Res 4) = Resy 5 (z, F®(2))

FoE'ﬂ
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provided this latter polynomial is nonzero. To see this, consider a family of Laurent
polynomials f; € C[M] with supp(f;) C A;, i = 0,...,n, that is sufficiently
generic and set f® = (£°, ..., f"). By the invariance of the sparse resultant under
translation of the first support and the Poisson formula (Theorem 3.3), with notation
as therein we have that

Resc a(z, Q)= Resq_ g 1) (1 )

= & [ ] Res o (inity, ) (f(2))) He-0n (@D
D) (3.11)

==+ 1_[ Res 5w (init y ) (f© (2))) ™00
(v,0)

the products being over the primitive lattice vectors (v, /) € N x Z, and where .:l(v’l)
denotes the family of supports (.Zl\(v D A(v l)) The last equality follows from the
fact that —hc_(o,1)((v, 1)) = max{0, l}. Smce this holds for every choice of f, we

have that

{0.1
Resq 4(z. F®()) ==+ 1_[ Res';‘(’; ) }
(v,0)

because init(, ;) (F*(z)) is the general Laurent polynomial with support .Z(U’l).

Let (v,]) € N x Z be a primitive vector such that / > 0. For the linear map
¢: (v, N (M x Z) — M induced from the projection onto the first factor we have
that [M : ¢((v,1)> N (M x Z))] = [ by Lemma 3.14. For the cell D = T'(©,,, % v),

we also have that (p(.,zt\l(v’l)) = A; N D; for each i. Proposition 3.2 then implies that
Resrfa(f{,? = £ Resq, . (3.12)

Since every n-cell of S(©4)" appears exactly once in the product (3.11), this second
part then follows from (3.10), (3.11) and (3.12). O

3.3 Homogeneities and Degrees

The homogeneities of the sparse resultant are of two types: there are A; € Z,i =
0,...,n,and u € M such that for every ¢ € NA in the support of Res 4 we have that

n
E Cia=hai, 1=0,...,n, and E E Cigd =W,

acA; i=0 acA;

see for instance [18, Chapter 9, Proposition 1.3] or [33, §6]. The first type corresponds
to the fact that the sparse resultant is homogeneous in each set of variables u;. As
noted in (3.2), its partial degree deg, (Res4) = A; can be computed in terms of
mixed volumes.

FoE'ﬂ
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The second type corresponds to its equivariance with respect to the action of the
torus by translations. For p € Ty denote by 7,: Tyy — Ty the translation by
this point and let ‘L';;F = F o 1), be the pullback of the system of general Laurent
polynomials F with respect to this map. The fact that the sparse resultant satisfies this
type of homogeneity is then equivalent to the validity of identity

ResA(r;,“F) = x"(p) Resg (3.13)

forall p € Ty,.
Let deg,, be the grading of the monomials of C[u] with values in M defined by

degy (uiq) =afori =0,...,nanda € A;. (3.14)

Then, (3.13) is also equivalent to the fact that the sparse resultant is homogeneous
with respect to this grading, of degree i. As an application of Theorem 3.12, we will
reprove this type of homogeneity and compute its degree in terms of mixed integrals.

We first prove an auxiliary lemma. A point v € N can be seen as a linear function
on Mp and, in particular, can be restricted to any subset of this linear space.

Lemma 3.15 The function ua: N — Z given by

HA() =My (v]ag, -, V]A,)

is well defined and linear. Therefore up € M = NV.

Proof Let v € N. For each subset I C {0, ..., n} we have that
Hﬂ vla; = U|Ziel Aj
iel

because v is linear. For v € N, the definition of the mixed integral then implies that

MIy (v +v)ags -+ (0 +V)]a,) = My (v]ag, - - -, vla,)
+MIy (V] ags - -5 V]a,)s

which shows that wa is linear. Moreover, v|a,; is a lattice convex piecewise affine
function and so Proposition 2.15 implies that ;A (v) € Z. The last claim follows from
the previous ones. O

Theorem 3.16 The sparse resultant Res 4 is homogeneous with respect to deg,, and

deg,,(Resq) = ua € M.

Proof Let v € N. For the weight ® € ZA defined by wi 4 = (v,a) fori =0,...,n
and a € A;, we have that ¥, = v|a, for each i and ®, = v|a. Hence, A is the
unique n-cell of S(0,), and from Theorem 3.12 we deduce that

ordy(Res 4) = My (v|ay, ..., v|a,) and init,(Res 4) = Res 4 .
EOE';W
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This implies that for all ¢ € supp(Res_4) we have that (v, Zi’a Ciaa) = (U, UA) =
A (v). Since this holds for all v € N, we deduce the statement. m]

Remark 3.177 When M = 7Z" we have that ua = (A1, ..., lhA,n) With
HA; =My (Xilags -5 Xila,), i =1,...,n. (3.15)

In this case Ty, = (C*)", and for a point p = (p1, ..., py) in this torus we have that

n
Res A(ThF) = Res o(F(p1 X1, ..., pu X)) = ( pf‘A’) Res4 .

i=1

Example 3.18 Let Resy be the homogeneous resultant corresponding to a sequence of
degrees d = (dy, . ..,d,) € (N=¢)"T! as in Example 3.9. Since the function x — x;
is linear, for each i the mixed integral in (3.15) can be computed as

[Ai —Z(—l)" Y /A x; dx

O<ko<...<kj<n k0+"'+Akj

—Z< oy

0<ko<...<kj=n

(diy + -+ di))" ! —ﬁd
(n+ 1! e I

where the last equality can be proven with elementary algebra as in [17, Theorem 3.7].
This gives the well-known isobarism of the homogeneous resultant, a result that goes
back to Macaulay [28, page 11].

3.4 Vanishing Coefficients

In this section, we apply Theorem 3.12 to obtain a formula for the evaluation of the
sparse resultant by setting some of the coefficients of the system of Laurent polyno-
mials F to zero. -

Fori =0,...,nlet A; C A; be a nonempty subset, A C Mg its convex hull, %;
the set of v varlables corresponding to Aj, and F; the general Laurent polynomial with
support .A,, which can be obtained from F; by setting u; , = O for all a ¢ A Set
then

= (Ao, .... A, W=, ..., 0y and F = (Fy, ..., F,).
Consider the vector @ = (wq, ..., ®,) € zA given, fori =0, ...,nand a € A;, by

0 ifacA,

Wi g = .
1 otherwise,

and let ¥, : A; — R, i =0,...,n,and ©,: A — R be the associated convex
piecewise affine functions as in (2.8) and (2.9).
FoE'ﬂ
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Theorem 3.19 The following conditions are equivalent:

(1) Res A(F) #0,
(2) MIM(l?w(p"-’l?wn):O! ~
(3) for every n-cell D of S(®y) we have that Res 4,,(F) # 0.

If any of these conditions holds, then Res 4,, € Z[u] for all D € S(0,)" and

Resg(F) = =] [Resa, - (3.16)
DeS(Ou)"

Proof By Theorem 3.12, following Definition 3.10, we have that

Res(;t = j:( HRGSAD +0(1)> tordw(ResA)’ (3.17)
D

the product being over the n-cells D of S(0O,,). ~
Since @ € N4 we have that Res“_”4 € Clu][t] and Res“’A |z=0 = Res 4 (F). Hence,

Res A(F‘ ) # 0 if and only if ord,(Res 4) = 0, and so the expression in (3.17) gives
the equivalence between (1) and (2). If any of these conditions holds, then

Res 4(F) = init, (Res 4) = =+ [ [Res4,, - (3.18)
D

Since the left-hand side of (3.18) lies in Z[u] and the right-hand side is a polyno-
mial, the factors of the latter lie in Z[u], proving the last part of the statement and
implying (3).

Conversely, suppose that the condition (3) holds. Evaluating the expression in (3.17)
by setting u; , =0fori =0,...,nanda € A,’\.Zi we deduce that

ResA(i‘) = :I:( l_[ ResAD(i‘) + 0(1)) 1ordo(Res.a)
D

which implies (1) and concludes the proof. O

Example 3.20 Let M = 7Z, Ag = A; = {0, 1} and set A = (Ap, Ay). Then,
Res 4 = det(u; j)i je(o,1} = t0,0U1,1 — U0,1 U1,0- (3.19)

Set .Zi = {0},i = 0,1, and let F = (40,0, u1,0) be the corresponding system of
Laurent polynomials in C[¢*!]. With notation as in Theorem 3.19, in this case we
have that 9, (x) = x fori = 0,1 and x € [0, 1] and so O, (x) = x for x € [0, 2], as
shown in Fig. 2. Hence,

FolCT
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Fig.2 Convex piecewise affine functions for subsets of the supports

2 I
Mz (¥, Vo) =/ O (x) dx —/ D (x) dx
0 0

1 1

1
_/0 Por(dr =22 = > =1£0.

This result then tells us that Res A(F ) = 0, which can also be verified from (3.19).

Set also Ay = {0} and A = {1}, and let F = (10,0, u1,1t) be the corresponding
system of Laurent polynomials. Then, ¥y, (x) = x and ¢, (x) = 1 —x forx € [0, 1],
and so Oy (x) = max{l — x,x — 1} for x € [0, 2], as shown in Fig. 3. Hence,

MIZ(ﬁwo’ ﬁwl) =1- = 07

1 1
2 2

and so Theorem 3.19 implies that Res A(i‘ ) # 0. The mixed subdivision S(®,) has
the two 1-cells D = [0, 1] and D’ = [1, 2], that decompose as D = 0 + [0, 1] and
= [0, 1] + 1. Hence, this result also implies that

ResA(I~7) =Resq, -Resgq,, =uoouii,

which can also be verified from (3.19).

Fig.3 Convex piecewise affine functions for other subsets

Remark 3.21 The Minkowski sum A = 3"/ A; is the cell of the mixed subdivision
S (Ow) corresponding to the vector 0 € NR and its components are the polytopes

Aj,i =0,...,n. Hence, Ax — A. We have that either A is an n-cell of S(®,) or
Fol:rﬂ
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Res 5= +1. In the presence of any of the equivalent conditions in Theorem 3.19, the
factorization in (3.16) holds and it can be alternatively written as

ResA(i‘) = :I:Res;(- l_[ResAD .
D#A

When Res 4 is known, this factorization can be useful to compute the sparse resultant
Res Fasa factor of the evaluation Res 4 (F').

The next proposition gives two factorizations for the particular case when :Z(, =A;
fori =1, ..., n. The first one follows directly from Theorem 3.19, whereas the second
is a consequence of the Poisson formula.

Proposition 3.22 Let .Zo C Ao be a nonempty subset and fo the general Laurent
polynomial with support Ay. With notation as in Theorems 3.19 and 3.3, we have that

~ h g, (V)=h A, (V)
Resay A, A, (Fo, F1, ..., Fy) = :I:l_[ResAD ==ERes 4,4, ‘HRCSAY?~~~=A}§ o
DeS(Oy)" v

the last product being over the primitive vectors v € N.

Proof Let fy € C[M] with supp(fo) C A and f; € C[M] with supp(f;) C A;,
i =1,...,n,such that ResAT ,,,,, Ay (inity (f1), ..., inity (f,)) # 0 for all v € N\{0}.
By Theorem 3.3, we have that

Res g ;... A, (o, fiooeou f)
= & [ [Res.av, ..y Cinity (f1). .. .. inity (£,)) 40 - TT fo(p)™r.
v

P

the first product being over the primitive vectors v € N and the second over the
solutions p € Ty of fi = --- = f, = 0, where m, denotes the corresponding
intersection multiplicity, and similarly

ReSA‘OvAlw--s-An(fO’ fla R f}’l)

Taking the quotient between these two formulae we deduce the second equality in the
statement evaluated at fo, f1, ..., fu. Since these Laurent polynomials are generic,
we deduce that this equality holds for the general I:aurent polynomials fo, Fi,..., F,,
as stated. This also implies that Res 4, 4,..... 4, (Fo, F1, ..., F,) # 0, and so the first
equality follows from (3.16). O
Remark 3.23 In [29], Minimair also studied the factorization of the evaluation of sparse
resultant at systems of Laurent polynomials with smaller supports. Unfortunately, his
result is not consistent, since its statement involves the exponent introduced in [29,
Remark 3] that, as explained in [8, §5], is not well defined.
EOE';W
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4 Canny-Emiris Matrices
4.1 Construction and Basic Properties

In [4,5] Canny and Emiris presented a class of matrices whose determinants are
nonzero multiples of the sparse eliminant. These matrices are associated with some
data including a family of affine functions on polytopes. Shortly afterward, this con-
struction was extended by Sturmfels to the convex piecewise affine case [33]. Here,
we recall it and study its basic properties.

We keep the notations of the previous sections. In particular,

o A= (Ay,..., Ay)is afamily of n + 1 supports in the lattice M,
e A =(Ayp,...,Ay) isthe family of n + 1 polytopes of the vector space M given
by the convex hull of these supports,

e u = (up,...,u,)Iisthe family of n 4 1 sets of variables indexed by the elements
of the supports,

e F = (Fy, ..., F,) is the associated system of n + 1 general Laurent polynomials.

Fori = 0,...,nlet p;: A; — R be a convex piecewise affine function on A;

defined on A;, that is, a convex piecewise affine function of the form p; = ¥, with
v; € RA as in (2.8). Set p = (po, . .., pp) and consider the Minkowski sum and the
inf-convolution, respectively, defined as

n n
A=ZA1‘ and 'OZHH'O!"
i=0 i=0

We assume that the mixed subdivision S(p) of A is tight (Definition 2.3). Choose also
a vector § € Mg such that

(IS +8NM =0, (4.1)

where |S(,0)"_1| denotes the (n — 1)-skeleton of S(p).
The index set is the finite set of lattice points

Each b € B lies in a unique translated n-cell of S(p), that is, a polytope of the form
C+45withC € S(p)*.LetC;,i =0, ..., n,be the components of this cell, as defined
in (2.7). Since S(p) is tight, there is at least one i such that dim(C;) = 0, in which
case C; consists of a single lattice point in .A; because p; is defined on this support.
Set then

i(b) €{0,....n} and a(b) € Aip

for the largest of those indexes and the unique lattice point in the corresponding
component, respectively.

Elol:;ﬂ
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Definition 4.1 The row content function associated with A, p and § is the function
rc: B — |J'_o({i} x A;) defined by rc(b) = (i (b), a(b)) for b € B.

Consider the subsets
Bi={beB|ilb)y=i},i=0,...,n, “4.2)

which form a partition of B. Set also K = C(u) and consider the finite-dimensional
linear subspaces of the group algebra K[M] defined as

Vi= Y Kx"® i=0,...,n, and V=) Kyx". (4.3)
bel3; beB

Lemma4.2 Leti € {0,...,n}and b € B;. Then,

(1) forb' € B; we have that b’ — a(b') = b — a(b) if and only if b’ = b,
(2) b—ab)+ A; CB.

In particular dim(V;) = #B; and for all G € V; we have that G F; € V.

Proof Let b, b’ € B; such that b — a(b) = b’ — a(b’), and denote by C and C’
the n-cells of S(p) corresponding to these lattice points. With notation as in (2.6),
the complementary cells C{ and C° have both dimension » and the lattice point
b —a(b) = b' — a(b’) lies both in 1i(Cy) + § and in ri(C) + 4, the translates of
the relative interiors of these cells. This implies that C; = C/°, and so C = C’ by
Proposition 2.2. We deduce that {a(b)} = C; = C; = {a(b’)} and so b = D', proving
(1).
We also have that b — a(b) € C; + 8 C Af + & and so

b—ab)+ A CA+8+A)DNM=(A+NM=B8

as stated in (2). The last two claims follow directly from (1) and (2). m|

Consider the linearmap ® 4 : K[M]"t! — K[M]defined, for G = (Go,...,Gy) €
K[M]"*, by

®AG) =) GiF.
i=0

By Lemma 4.2(2), if G € @;_, Vi then ® 4(G) € V.

Fixing an order on B, the right decomposition in (4.3) gives a basis of V indexed
by this finite subset. This order induces an order on each B; through the row content
function, and thanks to Lemma 4.2(1) the left decomposition in (4.3) gives a basis for
the linear subspace V; indexed by B;. The induced basis for the direct sum €p; V; is
then indexed by B.

For a subset C C B with the induced order, we denote by KCE*C the set of matrices
with entries in K and whose rows and columns are indexed by the elements of C.

EOE';W
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Definition 4.3 The Sylvester map associated with A, p and § is the linear map
DAps: @B, Vi — V given by the restriction of ® 4 to these linear subspaces. The
Canny—Emiris matrix associated with A, p and §, denoted by H 4 .5 € KB*B is the
matrix of this linear map in terms of row vectors. Weset H 4, , 5 = det(H A4, 5) € Z[u]
for the corresponding Canny—Emiris determinant.

Since the vector § is fixed throughout our constructions, we omit it from the notation,
and so this linear map, matrix and determinant will be, respectively, denoted by

DPa, Hap, and Hap.

Remark4.4 For G € @, V; we have that [G] - Hap = [®A4,(G)], where [G]
and [® 4 ,(G)] denote the row vectors of G and of ® 4 ,(G) with respect to the
bases of ; V; and of V given by the decomposition in (4.3). Hence, the row of the
Canny—Emiris matrix corresponding to an element » € B codifies the coefficients
of the Laurent polynomial y?—4®) F; ). Precisely, the entry corresponding to a pair
b, b € Bis

i i ifb) —b b) € Aip,
Hoa b, b'] = Ui(b),b'—b+ab) 1 . +a(b) i(b)
0 otherwise.

For a subset C C B, we, respectively, denote by
Hapc=Hapb.b'Dpyec € K€ and Ha,e = det(Hac) € Zlu]

the corresponding principal submatrix and minor of the Canny—Emiris matrix.

Definition 4.5 The nonmixed index subset, denoted by 5°, is the set of elements of B
lying in the translated n-cells of S(p) that are not i-mixed for any i (Definition 2.3).
We denote by

EAp=HApB € KB *B° and Ea,=Happ €Zlul

the corresponding principal submatrix and minor of H 4 ,.

We next compute the homogeneities and corresponding degrees of the Canny—
Emiris determinants and, more generally, of its principal minors.

Proposition 4.6 For C C B, the principal minor H A , ¢ is homogeneous in each set
of variables u; and with respect to the grading deg,, defined in (3.14). Moreover,

deg, (Ha pc) =#B;NC), i =0,...,n, and degy(HA,c) = Za(b).
beC

Proof Leti € {0, ..., n}. For b € C, the entries in the corresponding row of Hapc

are homogeneous in u; of degree 1 if i (b) = i and of degree 0 otherwise. Expanding

H 4 , ¢ along rows, we deduce that it is homogeneous in u; of degree #(B; N C).
Elol:;ﬂ
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For the claims concerning deg ,, first extend this grading to C[u][M] by declaring
that deg,,(x“) = a for a € M. Consider then the matrix H e Clu][M]1¢*€ obtained
from H 4 p ¢ multiplying by x?~*® the row corresponding to a lattice point b, for
each b € C. By Remark 4.4, the entry corresponding to a pair b, b’ € C is
PO Uiy b —pray D —b+ab) € Aiy),

otherwise.

Hib, b= {*

Hence, for b’ € C, the entries in the corresponding column of H are homogeneous
with respect to deg,, of degree b’. Expanding the determinant H= det(H) along
columns, we deduce that it is homogeneous with respect to deg,, of degree

v

b'eC
These claims then follow from the fact that H 4 , ¢ = H- [Tpec x —bta(®) O

Remark 4.7 The argument for the homogeneity with respect to deg,, of the principal
minors of a Canny—Emiris matrix is an extension of that of Macaulay for the isobarism
of the homogeneous resultant in [28, page 11].

4.2 Restriction of Data and Initial Parts

In this section, we study the interplay between the Canny—Emiris matrix associated
with the data A, p and §, and the mixed subdivisions of A that are coarser than the
tight mixed subdivision S(p). We first introduce the notion of restriction of data to
an n-cell of a mixed subdivision and study the compatibility of the Canny—Emiris
construction with this operation.

Let ¢i: A; — R, i = 0,...,n, be another family of convex piecewise affine
functions, set ¢ = F47_, ¢; for their inf-convolution, and let S(¢) be the associated
mixed subdivision of A.

Let D be an n-cell of S(¢). Similarly as in Definition 3.11, we define the restriction
of A and of p to D as

Ap=(AoNDy,..., AN Dy) and pp = (polpy, - -, PulD,)-

We suppose that S(¢) < S(p) for the rest of this section. We are not assuming that
S(¢) is tight and in the sequel, the considered row content function is the one induced
by the family p.

Proposition 4.8 Let D be an n-cell of S(¢). Then,

(1) pilp; is a convex piecewise affine function on D; defined on A; N D; for each i,
(2) BH:?:() pi'Di = 10|D’
(3) the mixed subdivision S ( EEI?:O 0i | D,.) of D is tight,
(4) the vector § € MR is generic with respect to S( i pi |Di) in the sense of (4.1).
FoE'ﬂ
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Proof Clearly, the restriction p;|p, is a convex piecewise affine function on D;. Since
S(¢) = S(p) we have that D; is a union of n-cells of S(p;). Hence, p;|p, is defined
on the set of vertices of these n-cells and so on .A; N D;, which proves (1).

For (2), note that for x € D we have that (HH, pi|p,)(x) (respectively, p|p(x)) is
defined as the infimum of the sum

> piCx) (44)
i=0

with x; € D; (respectively, x; € A;) for all i such that Z?:o xi = x.Let C € S(p)
such that x € C and C C D. By Proposition 2.1(3), the infimum of the sum in (4.4)
withx; € A;,i =0,...,n,suchthat ) _;x; = x is attained when x; € C; forall i.
Since S(¢) < S(p), we have that C; C D; and so x; € D; for all i. This implies that
(E; pilp)(x) = plp(x) and so HHi_g pilp; = plp, as stated.

The statements in (3) and (4) follow directly from that in (2). O

By Proposition 4.8, for D € S(¢)" the data (Ap, pp, §) satisfies the hypothesis
in Definition 4.3, and so we can consider its corresponding Sylvester map, Canny—
Emiris matrix, and determinant. To set up the notation, for i = 0, ..., n consider
the set of variables up; = {#; ¢}qeA,np; and the general Laurent polynomial with
support A; N D; defined as

Fpi= Y tiax"eClupM].
ac A;ND;
Letup = (upo,...,up,) and Kp = C(up). Set then

Bp=BN(D+6) and Bp; =B N(D+3),i=0,...,n, 4.5)

and consider the linear subspaces of Kp[M] defined as

Vp.i = Z Kp x*™*®, i=0,....n, and Vp= Z Kp x°. (4.6)
bGBD,,' bEBD

Then, the corresponding Sylvester map ® 4, 5, D7 Vp.i = Vp is defined by
n
DAy.p,(G) =) GiFp,i,
i=0

the Canny—Emiris matrix H 4,5, € KgD *Bb s the matrix of this linear map with
respect to the bases of @i Vp.i and of Vp given by the decomposition in (4.6), and
Happ, € Zlup] is its determinant.

Elol:;ﬂ
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ForC C BletCp = CN(D+34). This is a subset of Bp, and so we can consider the
corresponding principal submatrix and minor of H 4,, 5, respectively, denoted by

CpxC
HAp.pp.Cp € K7P**" and Hay.p,.Co € Zlupl.

The next result shows that the Canny—Emiris matrix of (Ap, pp, §) coincides with
a principal submatrix of the evaluation of the Canny—Emiris matrix of (A, p, ) setting
to zero the coefficients which are notin Ap.

Proposition 4.9 The matrix H A, p,,.c,, is the evaluation of the principal submatrix
HApcp by settingu; o =0fori =0,...,nanda € A;\D;.

Proof By Proposition 4.8, the row content function associated with the restricted data
(Ap, pp, 8) coincides with that of (A, p, §) restricted to the index set Bp.

For each i, the general Laurent polynomial Fp; is the evaluation of F; setting
uj.q = 0fora € A;\D;. Hence, the Sylvester map ® 4, ,, is the restriction of ® 4 ,
to the linear subspace @_, Vp,; composed with the evaluation that sets u; , = 0 for
alli and a € A;\D;.

This implies the statement when C = B. The case of an arbitrary subset C C B
follows from this one by considering the corresponding principal submatrices. O

Next we turn to the study of the orders and initial parts of the Canny—Emiris deter-
minant and, more generally, of its principal minors.

Theorem 4.10 Set @ = (¢i(a))i.a € R and let C C B. Then,

ordy(Ha p.c) = Y bipy(a()) and inity(Ha o) = [ [ Hap.pp.co-
beC DeS(p)"

Before proving the theorem, we will establish some necessary results. The next
lemma is a wide generalization of [5, Lemma 4.5] and it plays a key role in the proof
of Theorem 4.10.

Lemma4.11 Letb, b’ € Bsuchthatb' € b—a(b)+Aip) andseta’ = b'—b+a(b) €
Aiw). Then,

(b —8) < ¢(b—8) — giry(a(b)) + iy (a’) 4.7)
and the equality holds if and only if there is D € S(¢)" with b,b' € D + § and
a e D; ).

Proof With notation as in (2.6), we have that b — § — a(b) € Af(b) and a’ € A;p).
Since ¢ = ¢l‘?(b) B ¢i ), this implies that

(b —8) < $ip) (b — 8 — a(b)) + i) (@) (4.8)

Let C € S(p)" suchthat b € C + § and D € S(¢)" with C C D. Then,
b—a(b)—§ € Cl.c(b) and a(b) € C;,). Since S(p) = S(¢), we have that Cl.c(b) C Dl.c(b)
and C;) C Djp) and so

b—seD, b—6—al)e Dl-c(b) and a(b) € D;y. 4.9
EOE';W
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Proposition 2.1(3) then implies that ¢ (b — §) = ¢>l.°(b) (b — 6 —a(d)) + ¢iwp)(a(b)).
The inequality in (4.7) follows from this together with (4.8).

Now if b € D + 8§ and a’ € D) then Proposition 2.1(3) together with (4.9)
implies that the inequality in (4.8) is an equality, and so is (4.7).

Conversely suppose that (4.7) is an equality or equivalently, that this is the case for
(4.8). Let D' € S(¢)" such that b’ € D’ + §. Applying again Proposition 2.1(3),

b—38—a(b) € Djj) and a' € D).

Since S(p) is tight we have that dim(Cic(b)) =n—dim(C;p)) = n,and since b —§ €
ri(C) we also have that b — § — a(b) € ri(Cl?(b)). Hence, ri(Cf(b)) - ri(D{%b)) and

sob—38—a() e ri(Dﬁb)). Using (4.9) we deduce that the n-cells le%b) and Df(b)

coincide. Proposition 2.2 then implies that D’ = D, completing the proof. O

Corollary 4.12 Letb, b’ € Bsuchthatb' € b—a(b)+A;p) andseta’ = b'—b+a(b) €
Aiw). Then,
P =8) < p(b—8) — piwy(ab)) + pip(a)

and the equality holds if and only if b’ = b.

The next result generalizes [S5, Theorem 6.4] which is stated for the case when
the p;’s are affine, the fundamental subfamily of supports coincides with A and the
lattice L 4 coincides with M. The proof follows mutatis mutandis the scheme in [33,
Theorem 3.1] and [5, Theorem 6.4].

Proposition 4.13 Letw = (wq, ..., w,) € RA such that Vo, = piforalliandC C B.
Then,

orde(HAp.c) = Y @ig.ay and inity(Ha pc) = [ | titv).aw)-
beC beC

In particular Hp o ¢ # 0.

Proof Set 1% , o = Ha,p.c((t” Ui a)ic(0,..n).ach;) € K(#)*C and let H be the
matrix obtained from it multiplying by ?(?=8)=,i®)(@®) the row corresponding to a
lattice point b, for each b € C. The entry corresponding to a pair b, b’ € C is

Hlb, b'] = :tp(b_a)_pi(b)(a(h))mm’)’"’ uipy.a ifa’ €A,

otherwise,

witha = b" —b+a(b). For b" € C we have that p;;)(a’) < w;@4),« by the definition
of this piecewise affine function. Moreover, let C € S(p)" such that b € C + §. Then,
Cipy = {a(b)}, and since pip) = Ve, this implies that p;p)(a (b)) = @ip).ap)- By
Corollary 4.12

o' —38) < p(b—8) — piwy(ab)) + wip).«
FoC'T
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and the equality holds if and only if 5" = b. Hence, for ' € B the entry in the
corresponding column of H for b € C is of order at least p (b — 8), and this value is
only attained when b = b’. We have that H([b, b] = u;b).a) =9 and so

HY o = det(HY , o) = det (H) - [] =P~ D oo @®)
beC

= ( l_[ Ui(b),ab) + 0(1)) 12bec Pi(bat)
beC

proving the statement. O

Proof of Theorem 4.10 This result can be proven similarly as it was done for Proposi-
tion 4.13, by considering the matrix H% | » = H.4,p.c (1”4 i )i.a) € K()¢*C and
the modified matrix 7 obtained multiplying by 1#®~9~9i@®) the row of H e
corresponding to a lattice point b, for each b € C. N o

Let D € S(¢)". By Lemma 4.11, the lowest order in ¢ in the column of H corre-
sponding to a lattice point ' € CN (D +38) is ¢ (b’ —8), and it is attained exactly when
beD+é8anda’ =b"—b+a(b) € Djp). Hence, the matrix extracted from H 4. ¢
by keeping only these entries of minimal order in each column is block diagonal, with
blocks corresponding to the n-cells of S(¢). Moreover, the block corresponding to an
n-cell D coincides with H 4,, », ¢,,- Hence,

HY po = det(H) - l—[ 1—3B=8)+dip) @d) _ ( HHAD,pD,cD + 0(1)> Lbec Bity@®))
beC Des($)"

By Proposition 4.13, all the H4,, 5, .¢,,’s are nonzero, which completes the proof. O

4.3 Divisibility Properties

An important feature of Canny—Emiris determinants is that they provide nonzero
multiples of the sparse eliminant. The next proposition generalizes [5, Theorem 6.2]
and [33, Theorem 3.1], which are stated for the case when the fundamental subfamily
of supports coincides with .A.

Proposition 414 Elim 4 | H 4 , in Z[u].

To prove it, we need the following lemma giving a formula for the right multi-
plication of a Canny—Emiris matrix by column vectors of a certain type. For a point
p € Ty consider the vectors

tpeCBandn,; eCB i=0,...,n, (4.10)
respectively, defined forb € Bby ¢, ) = x?(p),and by Npib = xP4® (p)ifb € B;
and by 1, ; » = 0 otherwise, for the subset B; defined in (4.2).

Lemma 4.15 For p € Ty we have that H 4, - {; =Y 1 oFi(p n; i
EOE';W
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Proof In terms of the dual basis of V, right multiplication of a row vector by {3
corresponds to the linear functional eval,: V — R defined by G — G(p). In terms
of the dual basis of iVis right multiplication by n i corresponds to the linear
functional eval, ; : @j V; — R defined by (Go, ..., Gp) = G;(p). With these
identifications, for G € € ;j Vj we have that

[G]- Ha,- ¢y =eval,(®4,(G) =) Gi(p) Fi(p)
i=0

= Y el (6) Fi(p) = 161 (. oy ).
i=0

i=0
The lemma follows from the fact that this equality is valid for every G. O

Proof of Proposition 4.14 1f Elim 4 = +1 then the statement is trivial. Else, by Defini-
tion 3.1 we have that Elim 4 € Z[u] is irreducible and the points u = (uo, ..., u,) €
CA such that there exists p € Ty (C) with Fy(ug, p) = --- = Fy(u,, p) = 0 form
a dense subset of the hypersurface Z(Elim 4) C ]_[l- IP’((CA"). By Lemma 4.15, for
all these points we have that H 4 ,(u) - ;; = 0 and so ker(H 4,,(u)) # 0. Hence,
Ha ,(u) = 0, which implies that Elim 4 | H 4, in Z[u], as stated. O

The next result strengthens Proposition 4.14 by showing that the Canny—Emiris
determinant is a multiple of the sparse resultant and not just of the sparse eliminant,
under a restrictive hypothesis which nevertheless is sufficiently general for our pur-
poses.

Proposition4.16 Let i € {0,...,n} such that B; is contained in the union of the
translated i-mixed n-cells of S(p). Then,

HA’p
Res 4

eQ(an‘~"ui717ul’+1"‘~7u}1)'

Moreover, if B; # () then Hq o/Res g € Zlug, ..., ui—1, Uiy, ..., Uyl
To prove it we need some further lemmas. Set for short
mi =MVy (Ao, ..., N1, Ajy1, ..., Ay), 1 =0,...,n. 4.11)
Lemma 4.17 For each i, the function B; — M defined by b — b — a(b) gives a

bijection between

(1) the set of lattice points of B; lying in translated i-mixed n-cells of S(p),
(2) the set of lattice points of A; + & lying in translated mixed n-cells of S(py).

The cardinality of both sets is equal to m;.
Proof Denote by C; and C; the finite subsets of M defined in (1) and in (2), respectively.
For b € C; let C be an i-mixed n-cell of S(p) with b € C + §. Then, Cl-C is a mixed
FolCTM
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n-cell of S(pf) and b — a(b) € Cf + 8 C AY +8,and so b — a(b) € C.. Hence, the
assignment b > b — a(b) defines a function C; — C; which, by Lemma 4.2(1), is
1njective.

Now for ¢ € le let B be a mixed n-cell of S(p;) with ¢ € B + 6. With notation as
in (2.3), let v € Ng be the unique vector such that B = I'(p;, v) and set

C=T(p,v) €SP

By Proposition 2.1(1), C is an i-mixed n-cell of S(p) and C; = B and moreover, C;
consists of a single lattice point a € A;. Setting b = ¢ +a € C + §, we have that
b—a(b) =b—a=candsoC; — C is surjective, proving the first claim.

For the second, note that each mixed n-cell B of S(p;) is a lattice parallelepiped,
and so the genericity condition in (4.1) implies that #(B + &) " M = voly; (B). Hence,
the cardinality of C; is equal to the sum of the volumes of these n-cells which, by the
formula in (2.16), coincides with m;. O

We also need the next reformulation of a result by Pedersen and Sturmfels [30] and
by Emiris and Rege [14] on monomial basis of finite-dimensional algebras.

Lemma4.18 Fori =0, ..., nletC; be the set of lattice points in B; lying in translated
i-mixed n-cells of S(p). Then, there is a proper algebraic subset Y; C [] i CAi such

that for () j2i € []; CAINY;, the zero set
Zi=Z({Fj@mj,)}j+) CTyu
has cardinality m; and the matrix (x?—¢® (P)bec;, pez; € C™>*™i is nonsingular.

Proof Suppose without loss of generality that i = 0. By Bernstein’s theorem [2]
and the Bertini-type theorem in [23, Part I, Theorem 6.3(3)], there is a proper alge-

braic subset Yo C ]_[?=1 CAi such that for (@, ..., u,) € I—[;le CAI\ Yy, if we set
fi =Fj@j,)eCM]j=0,....,nand Zg = Z(f1,..., fu), then the ideal
(f1, ..., fn) C C[M]is radical and Z has cardinality my.

By Lemma 4.17, the set {b — a(b)},cc, coincides with the set of lattice points in
AG+d = (Z?:l Aj) + & lying in translated mixed n-cells of S(pg). After possibly
enlarging Yo, by [30, Theorem 1.1] or [14, Theorem 4.1] the monomials Xb_“(b),
b € Cp, form a basis of the quotient algebra C[M]/(f1, - - ., fn)-

Since the ideal (f1, ..., fy) is radical, the map C[M1/(fi, ..., fu) — CZ0 defined
by g = (g(p)) pez, is an isomorphism. Hence, the vectors (xP—a® (P))pez, € C2,
b € Cy, are linearly independent, proving the lemma. O

Proof of Proposition 4.16 By its definition in (4.2), the set 3; contains the set of lattice
points in the translated i-mixed n-cells of S(p). Thus, the hypothesis in the present
statement amounts to the fact that B; is equal to this set of lattice points. Lemma 4.17,
Proposition 4.6 and the degree formula in (3.2) then imply that

deg, (Ha ) = deg, (Res4) = m;.
EOE';W
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When m; = 0 the statement is clear. Hence, we suppose that m; > 0. Consider
then the 2 x 2-block decomposition

_ (Hi1 Hip2
Htap= <H2,1 H2,2)

where the first rows and the first columns correspond to B; and the others to B; for
J # i. By Proposition 4.13, the matrix H> > is nonsingular and so

I —Hia-Hys\ | _(H 0
(0 1 Htap= Ho1 Hop @.12)

with H' = H11 — Hiz - Hyp - Ha.

With notation as in Lemma 4.18, choose (u;) j+; € ]_[j#l- CA \Y;. Foru; € CA
setu = (ug, ..., uy) € CA. Set also fi =Fj(;,-) € C[M] for each j and denote
by Z; C Ty the zero set of the Laurent polynomials f;, j # i. With notation as
in (4.10), for each p € Z; we have that

Ha,@) - ¢y = filp)n,, (4.13)
thanks to Lemma 4.15. Consider the matrices in CBi*Zi ~ C™mi*mi defined as

P =("(p)beBpez, and Q= (x"" "D (p)pep, pez,-
From (4.12) and (4.13), we deduce that H'(w) - P = diag((f;(p)) pez;) - Q and so

Hp ,(@) - det(P) = det(Ha2(@)) - det(H'(w)) - det(P)
= det(Ha,(@)) - det(Q) - [ | fi(p).

PEZ;

By Lemma 4.18, the matrix Q is nonsingular and so H 4 ,(@) = 0 only if there is
p € Z; such that f;(p) = 0. Hence, both H 4 , and Res 4 are polynomials of degree

m; > 0 in the set of variables u; that, for a generic choice of (&) € [[;4 CA
vanish for@; € C if and only if this also holds for the irreducible polynomial Elim 4
(recall that Res 4 is a power of Elim _4). Thus,

Hap,=1y Resgq

with y € Quog, ..., ui—1,Uiy1,...,U,)>, proving the first claim. The second is a
direct consequence of the first together with Gauss’ lemma, since Res 4 is a primitive
polynomial in Z[ug, ..., u;—1, Uit1, ..., us][u;]. O

Corollary 419 We have that Hp ,/Res 4 € Q(uy, ..., u,). Moreover, ifmg > 0 then
Ha p/Resa € Zluy, ..., uyl

Elol:;ﬂ
@ Springer Lﬁjog



Foundations of Computational Mathematics (2023) 23:741-801 781

Proof For b € By let C be the n-cell of S(p) such thatb € C + 6. Then, dim(C;) > 0
for all i > 0 and so C is 0-mixed. Moreover, if mg > 0 then By # @ thanks to
Lemma 4.17. The corollary follows then from Proposition 4.16. O

Remark 4.20 We conjecture that Res 4 | H 4, , in the general case. If this is true, then
the hypothesis B; # ¢ in Proposition 4.16 and that mo > 0 in Corollary 4.19 would
not be necessary.

The next corollary allows to compute the sparse resultant as the greatest common
divisor of a family of Canny—Emiris determinants, when the fundamental subfamily
of supports coincides with A. It generalizes the method proposed in [5, §7] to the
situation when the sublattice L 4 is not necessarily equal to M.

Corollary 4.21 Suppose that the fundamental subfamily of supports coincides with A
and choose a permutation o; of the index set {0, . . ., n} with o; (0) = i foreachi. Then,

Res 4 (1) = + ged(HoyA),00(p) (00@)), - . ., H, (A), 0, (0) (On (@))).

Proof Corollary 4.19 applied to the data (0;(A), 0;(p), 8) implies that Res,, (4)
divides Hy,(A),0;(p) and that both polynomials have the same degree in the set of
variables u(. By the invariance of the sparse resultant under permutations of the sup-
ports we deduce that Res 4 (u) divides Hy, (4),0;(p)(0i (w)) and that both polynomials
have the same degree in the set of variables u; for each i, which implies the statement.

O

4.4 The Macaulay Formula for the Sparse Resultant

In this section, we give the proof of our main result, Theorem 1.3 in the introduction.
It is based on the constructions and results from the previous sections, and we keep
the notations therein. In particular,

e p = (po,-..,py) is a family of n 4+ 1 convex piecewise affine functions on the
polytopes in A = (Ay, ..., A,) defined on the supports in A = (Ao, ..., A,)
such that the mixed subdivision S(p) defined by its inf-convolution is tight (Defi-
nition 2.3),

e §is a vector in Mp that is generic with respect to S(p) in the sense of (4.1),

e Bis the index set and B;,i = 0, ..., n, the subsets partitioning it, and B° is the
nonmixed index subset of 5,

o ®4,,HA,and Hy , are the Sylvester map and the Canny—Emiris matrix and
determinant associated with the data (A, p, §),

o &4, and E 4 , are the principal submatrix and minor corresponding to B°,

e (Ap, pp) is the restriction of (A, p) to an n-cell D of a mixed subdivision that
is coarser than S(p).

To prove Theorem 1.3, we use a descent argument similar to that of Macaulay in
[27] and the first author in [7]. The following notion comprises the properties of a
tight mixed subdivision that allow us to perform this descent.

FoC
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Definition 4.22 The tight mixed subdivision S(p) is admissible if there is an incre-
mental chain of mixed subdivisions of A (Definition 2.4)

So) < -+ = 5(0n) (4.14)

with §(8,) < S(p) such that fork =0, ..., n, each n-cell D of S(6;) verifies at least
one of the conditions:

(1) the fundamental subfamily of .Ap has at most one support,
(2) the subset Bp i of By defined in (4.5) is contained in the union of the translated
k-mixed n-cells of S(pp).

The incremental chain of mixed subdivisions in (4.14) is called admissible (for S(p)).

The next result gives sufficient conditions for a given incremental chain to be
admissible that will allow us to recover Macaulay’s original formulation with our
methods (Proposition 5.8).

Proposition 4.23 Let S(0y) < --- < S(6,) be an incremental chain of mixed subdivi-
sions of A such that for k = 0, ..., n, each n-cell D of S(6) verifies at least one of
the conditions:

(1) thereis J C {0, ..., n}such thatdim(zjej Dj) <#J —1,
(2) thereisi € {0, ..., n} such that dim(D;) = 0,
(3) foralli < k we have that dim(zj#i’k Dj) <n.

Then, this incremental chain is admissible for any tight mixed subdivision of A that

refines S(6,).

Proof Letk =0,...,nand D € S(0;)". If this n-cell satisfies the condition (1), then
fori =0, ..., n we have that

dim( ij) < dim (Z Dj) <#J — 1 < #U\{i}).

JeJ\i} jed

By the basic properties of the mixed volume, MV (Do, ..., Di_1, Di41, ..., Dy) =
0. Hence, Res 4,, = =1 thanks to the degree formula in (3.2) and so the funda-
mental subfamily of Ap is empty. Thus, in this case D satisfies the condition (1) in
Definition 4.22.

If D satisfies the condition (2), thenalsoMV y (Do, ..., Dj_1, Djy1, ..., Dy) =0
forall j # i and so the fundamental subfamily of A is either empty or consists of the
single support A4;. In both cases, D also satisfies the condition (1) in Definition 4.22.

Finally suppose that D satisfies the condition (3). For b € Bp  let C be the n-cell
of S(pp) such that b € C + §. We have that dim(Cy) = 0 and that C; C D; for all
J,and so for each i < k we have that

dim(C)) =n — Y dim(C}) =n —dim( 3 cj) > n —dim( 3 Dj) - 0.
Ak JEk JEk
Elol:;ﬂ
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Since b € Bp ; we also have that dim(C;) > 0 for all i > k and so C is k-mixed.
Hence, in this case D satisfies the condition (2) in Definition 4.22. We conclude that the
incremental chain is admissible for any tight mixed subdivision of A refining S(6,).

O

As a consequence of this result, we deduce that tight incremental chains of mixed
subdivisions are admissible.

Proposition 4.24 An incremental chain S(6y) <X - -- < S(6,) of mixed subdivisions of
A with §(6,) <X S(p) that is tight in the sense of Definition 2.4, satisfies the conditions
in Proposition 4.23. In particular, it is admissible.

Proof Since the incremental chain is tight, fork =0, ...,n and D € S(6;)" we have
that
k—1 n
Zdim(Dj)—l—dim(ZDj) —n. (4.15)
Jj=0 j=k

If there is i < k such that D; is a point, then D satisfies the condition (2) in Proposi-
tion 4.23. Else dim(D;) > 0 for all i < k and so the equality in (4.15) implies that

dim (Z D,-) < Y dim(D)) + dim (Z D.,-) —n —dim(D;) < n,
j#i i<k j=k

and so D satisfies the condition (3) in Proposition 4.23. This gives the first claim,
whereas the second is an application of that proposition. O

Corollary 4.25 The incremental chains of mixed subdivisions S(6p) < --- < S§(6,) of
A obtained by setting s = n in Example 2.12, are admissible for S(6,).

The next result gives the basic particular cases of Theorem 1.3 that can be treated
directly. Recall that m; = MVy (Ao, ..., Aj—1, Ait1, ..., Ay) for each i, as in
4.11).

Proposition 4.26 Let A be the fundamental subfamily of A. Then,

(1) when Aj = we have that Res g = £1 and Hp , = E A p,
(2) when Aj consists of a single support A;, we have that Res g = :I:ui"’a and

Hpp = u;"[’l E A p for the unique lattice point a € M such that A; = {a}.

Proof The first claim in (1) is a direct consequence of the hypothesis that J = @J. The
same hypothesis together with the degree formula in (3.2) implies that m ; = 0 for all
j. Lemma 4.17 then implies that 5° = B, which gives the second claim.

For (2), first note that, by the rank condition in Proposition 3.6, if #J = 1 for the
fundamental subfamily Ay, its unique element 4; is a singleton. Then, in this case,
u; = {u;jq}and m; = 0 for all j # i. The first claim follows then from the fact that
Res 4 is a primitive homogeneous polynomial in Z[u; ,] of degree m;. The hypothesis
that A; = {a} also implies that S(p) has no n-cells that are j-mixed for j # i. By
Lemma 4.17, the subset C; C B; of lattice points lying in the translated n-cells that

EOE';W
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are i-mixed has cardinality m;. For each b € C; we have that rc(b) = (i, a) and so,
for b’ € B,
uj, ifd =0,

H b, b=
Al ] {O otherwise.

Since B° = B\C; and £ 4 , is the principal submatrix of H 4 , corresponding to this
subset, we deduce the second claim. O

Now we are ready for the proof of the main result of this paper, corresponding to
Theorem 1.3 in the introduction.

Theorem 4.27 Suppose that S(p) is admissible and let S(6y) < --- < S(6,) with
S(6,) <X S(p) be an admissible incremental chain for it. Then,

H
Resq = £ -2 and Eap=[]Eapp
EAJ’ D

the product in the second formula being over the n-cells D of S(61).

Proof Let S(6y) < --- < S(6,) with S(0,) < S(p) be an admissible incremental
chain, and fork =0, ...,nletb; ;: A; - R, j =0, ..., n, be the family of convex
piecewise affine functions corresponding to 6. Set also 6,41 = p.

We prove by reverse induction on k that for every n-cell D of S(6;) we have that

HAD»pD

==xF . 4.16
Res4,, Ap.op (4.16)

The first statement in the theorem corresponds to the case when k = 0 and D = A.

For k = n + 1 we note that S(6,,11) = S(p) is tight. Hence, for D € S(6,,4+1) we
have that ) "}, dim(D;) = n and so dim(D;) = 0 for at least one i. This implies that
the fundamental subfamily of .Ap is either empty or consists of the single support
A; N D;. Hence, Ap verifies the hypothesis of Proposition 4.26, and so the equality
in (4.16) follows from this result.

Hence, suppose that 0 < k < n and let D € S(6k). In case D satisfies the
condition (1) in Definition 4.22, the equality in (4.16) follows similarly from Proposi-
tion 4.26. If this does not happen, then D satisfies the condition (2) in this definition,
and so the subset Bp j is contained in the union of the translated k-mixed n-cells of
S(pp)-

By Proposition 3.8, for all i < k and every n-cell C of S(6;) containing D, the
index set of the fundamental subfamily of A¢ contains that of Ap, and so this n-cell
cannot satisfy the condition (1) in Definition 4.22. Hence, it satisfies the condition (2)
in this definition and so B¢ ; is contained in the union of the translated i-mixed cells
of S(pc). From here, we deduce that Bp ; is contained in the union of the translated
i-mixed cells of S(pp) and as mentioned, the same happens for i = k. Together with
Proposition 4.16, this implies that

Hap,
EAp.pp € Zlug+1, -..,u,] and ﬁe@(ukﬂ,...,un).
D

FoC'T
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Consider the vector @ € R4 defined by wj 4 = Ogs1,j(a) for j = 0,...,n and
a € Aj. Since the chain is incremental, we have that w; , = 0 for j > k + 1 and
a € Aj and so

HADvPD
Res 4,,

Eapp, = initw(EAD’pD) and

HAD,pD) B initw(HAD,pD)

— init ( .
“\ Res Ap init, (Res 4,,)

Applying Theorem 3.12 and Theorem 4.10 for the subsets Bp and 3%,, we deduce that

inite(HAp.pp) _ B Hayrp (417

init, (E = EA., 0. —
o(EAppp) 1_[ Apropp inity, (Res 4,,) Resq,,

D’ D’
both products being over the n-cells D’ of S(0,) = S(6k+1) that are contained in D.
The equality in (4.16) then follows from the inductive hypothesis.

The second statement follows from the first equality in (4.17) applied to the case
k=0and D = A. O

Theorem 4.27 generalizes the Canny—Emiris conjecture since, by Proposition 3.7,
the sparse eliminant coincides with the sparse resultant of the fundamental subfamily
of supports with respect to the minimal lattice containing it.

Remark 4.28 We can extend the Canny—Emiris construction to a larger class of matri-
ces, following an idea of the first author in [7]. The study of its properties can be done
similarly as for the original formulation, and so we only indicate the modifications.

Let /: A — R be a convex piecewise affine function on a polytope such that the
mixed subdivision S(p H ¥) on A 4+ A is tight and its (n — 1)-th skeleton does not
contain any lattice point. The case treated in this paper corresponds to the situation
when A = {6} and v takes any value at this point.

The index set is defined as B = (A + A) N M. For each b € B, there is a unique
n-cell C of S(p B i) containing it, and we denote by C; € S(p;),i =0, ...,n, and
B € S(y) its components. The tightness condition implies that there is always an i
such that dim(C;) = 0, in which case C; consists of a single lattice point of 4;. We
then set

i(b) €{0,...,n} and a(b) € Aip

for the largest of these i ’s and the unique lattice point in the corresponding component,
respectively. For b € B we have that b — a(b) + A;p) C B and so we can define
a Sylvester map ® 4 , y and the corresponding Canny—Emiris matrix H 4, , 4 and
determinant H 4 , y in the same way as it was done before.

Fori € {0, ..., n}, we say that an n-cell C of S(p B ) is i-mixed if dim(C;) =1
for all j # i. The nonmixed index subset 5° is the subset of 5 of lattice points lying
in the n-cells that are not i-mixed for any i, and we denote by £ 4 , y and E 4 , y the
corresponding principal submatrix and minor of the Canny—Emiris matrix.

EOE';W
@ Springer Lﬁjog



786 Foundations of Computational Mathematics (2023) 23:741-801

Theorem 4.27 can then be extended to the statement that

Hapy

Resyq =+
EApy

whenever the mixed subdivision S(p) is admissible in the sense of Definition 4.22,
together with a factorization for E 4 ,  in terms of the n-cells of the second mixed
subdivision in an admissible chain for S(p).

Remark 4.29 The extraneous factor E 4, , does not depend on the choice of the admis-
sible chain S(6y) < --- < S(6,) but its factorization in Theorem 4.27 in principle
depends on the second mixed subdivision S(61). One can go further and refine this
factorization using the subsequent mixed subdivisions in this chain. It would be inter-
esting to exhibit concrete cases where different admissible chains produce different
factorizations for this extraneous factor.

In addition, our factorization of E 4 , consists of a product of extraneous factors
of smaller systems in the same dimension, whereas the factorizations presented by
Macaulay in [27, page 14] and by the first author in [7, (47)] consist of Canny—Emiris
determinants and extraneous factors of systems in lower dimensions. It would be
interesting to compare these approaches and put them into a more general framework.

5 Homogeneous Resultants

The goal of this section is to show that Macaulay’s classical formula for the homoge-
neous resultant can be recovered as a particular case of our construction. Macaulay’s
row content function is given in terms of the exponents of the monomials indexing
the matrix, and we will exhibit a family of affine functions on multiples of the stan-
dard simplex whose associated mixed subdivision reflects this idea. Unfortunately, this
mixed subdivision is not tight in dimension > 3 (Remark 5.6) but we show that any
tight refinement of it will do the work (Proposition 5.9). This is done by constructing
a chain of mixed subdivisions for this refinement that is admissible (Proposition 5.8).

5.1 The Classical Macaulay Formula

In this section, we describe the Macaulay formula for the homogeneous resultant from
[27].

Letd = (do,...,dy) € (Nog)"*'. Fori = 0,...,nlet u; = {uj c}jc|=q; be a
set of (di :lr") variables indexed by the lattice points ¢ € N"*! of length |¢| = d;, put
u = (ug, ..., u,) and denote by

Resg € Z[u]

the corresponding homogeneous resultant as in Example 3.9.
Lett = {tg, ..., t,} be a further set of n 4 1 variables. By [6, Chapter 3, Theorem
2.3], Resg is the unique irreducible polynomial in Z[u] vanishing when evaluated at
FolCTM
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the coefficients of a system of n 4 1 homogeneous polynomials in the variables ¢ of
degrees d if and only if this system has a zero in the projective space P}, and verifying

that Resg (1%, .. ., t,‘li”) =1.
Set K = C(u) and choose an integer m > |d| — n. Fori = 0, ..., n consider the
general homogeneous polynomial in the variables ¢ of degree d;

Pi= Y ut° €Kl

e|=d;
and the linear subspace of the homogeneous part K[#],,_4, given by
T; ={0; € K[t]n—y, | deg,j(Qi) <djforj=i+1,...,n}, 6.
where degtj (Qi) denotes the degree of Q; in the variable #;. Set also T = K[¢],, and
consider the linear map Wq 5, : @?:0 T; — T defined by

Wan(Qo, ...\ Q) =y Qi P.
i=0

LetZ ={c ¢ N"H}m:m be the index set, and consider also the finite subsets
Zi ={c=(co,...,cp) €L |ci >diandcj <djforj>i}, i =0,...,n,

which form a partition of it. Denoting by ¢;, i = 0, ..., n, the vectors in the standard
basis of R"*!, the sets of monomials

{t e ez, i =0,....n, and {tect (5.2)
are bases of 7;,i =0, ..., n, and of T, respectively. Then, we set
Md,m c KIXI

for the matrix of Wy ,, in terms of row vectors and with respect to the monomial bases
of @7_, T; and of T given by (5.2), both indexed by Z.

Setalso Z™ ¢ 7 for the subset of lattice points ¢ = (co, - .., cp) € Z withaunique
i such that ¢; > d;. We then denote by Z7° = Z\ 7" the nonreduced index subset and
by Ny the corresponding principal submatrix of My ,,, The Macaulay formula for
the homogeneous resultant [27] then states that

det(M
Res; = et( d,m)’ (5.3)
det(Ng.m)
see [24, Proposition 3.9.4.4] for a modern treatment.
EOE';W
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Example 5.1 Letn = 2,d = (1,2,2) and m = |d| — n = 3. The corresponding
general homogeneous polynomials are

Py=apto+a1t1 +artr,
Pr=potg+Pitoti+ Potf + Batotr + Patita + Bs 13,
Pz=)’0f§+71 fot +V2f12+)/3t012+)/4t1 t2+)/5f22,

and the index set splits as 7 = Zop LU Z U Z, with

To=1{(3,0,0),(2,1,0), (2,0, 1), (1, 1, 1)},
71 =1{(1,2,0), (0,3,0), (0,2, 1)},
1, =1{(1,0,2),(0,1,2),(0,0,3)}.

The matrix My ,, is constructed by declaring that the row corresponding to each lattice
point ¢ € Z;,i = 0, 1, 2, consists of the coefficients of the polynomials tediei P; in
the monomial basis of the homogeneous part K[#]3. Hence, this matrix is written as

o1k $n o il 6 tn i3 nity 6
P [ o @ 0 0O 0 0 O 0 0
tot1 Pol 0 0 o a; O 0 0 0 0
totr P | O 0 o o 0 0 0 o 0 0
t1h Py 0 0 0 o) 0 0 «a 0 ar O
to P Bo B B B+ B2 O O B 0 O (5.4)
t Py 0 B O Bz B B B+ O Bs O
t Py 0 0 B B 0 0 B B3 Ba Bs
to P, oV W 12} > 0 0 y» 0 0
t Py 0 »w O V3 i v va 0 'y 0
t P 0 0 71 0 0 » wm v ¥

We have that 7\Z™4 = {(1, 2, 0), (1,0, 2)} and so

Nd,m — <:32 ,35) )
Y2 Vs

By the identity in (5.3), Resy is the quotient of the determinants of these matrices. It is
an irreducible trihomogeneous polynomial in Z[e, B, y] of tridegree (4, 2, 2) having
234 monomial terms.

5.2 A Mixed Subdivision on a Simplex

In this section, we study a specific mixed subdivision of a scalar multiple of the
standard simplex of R” that, in the next one, will be applied to the analysis of the
classical Macaulay formula for the homogeneous resultant.

Elol:;ﬂ
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Fori = 0,...,n, consider the simplex A; = {x € (R>¢)" | |x| < d;} and the
affine function ¢; : A; — R defined by

|x| ifi =0,
i(x) = 5.5
G =0 it 0, (5)
where |x| = Z?:l x; denotes the length of the point x = (x, ..., x,) € R". Set then

n n
A=) Aj={xe®R)|lx| <|d|} and g = Hpi: A — R
i—0 i=0

for the Minkowski sum of these simplexes and the inf-convolution of these affine
functions, respectively.

For a subset I C {0,...,n} denote by I¢ = {0,...,n}\[ its complement and
consider the polytope of A defined as

Ci={xeA|Li(x)>0forieland{;(x)<0fori eI, 5.6)
where ¢;: A — R is the affine function given by ¢; (x) = Z;Zl dj —|x| wheni =0

and by ¢;(x) = x; —d; wheni > 0. For a subset J C /€ and an index [ € I consider
the lattice point defined as

vy = (Zdj)el + Z djej

jeJ jelJ¢

with e; equal to the i-th vector in the standard basis of R” wheni > Oandep = 0 € R".

Fori =0, ..., n, consider also the face of A; defined as
d; e; ifi el,
Cri={¢ ores (5.7)
d; conv(e;, {Ej}jg) ifi e IC.

The next result collects the basic information about the mixed subdivision S(¢) of
A that we need for the study of the Macaulay formula for the homogeneous resultant.

n

Proposition 5.2 We have that ¢ = )_;_,max{0, ¢;} and the n-cells of S(¢) are the
polytopes Cy for I C {0, ...,n} with I, I¢ # (). Moreover, for each I we have that

(1) the vertices of Cy are the lattice points vy for J C [€andl € I,
(2) the components of Cy are the polytopes Cy;, i =0, ...,n,
(3) Yol_odim(Cyp ;) = #1 - #I°.

Example 5.3 For n = 2, the mixed subdivision S(¢) has 6 maximal cells that, with
notation as in Fig. 4, decompose as

FoC
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(0,0)" 4,
A
B {2}
Ch Aq
Clo.2 \&0{1,2}
di,0
I (d1,0)
0,d C
(0,dz) By 0} Cﬁog}“}
Cy As
A
Fig.4 A mixed subdivision in dimension 2
Cioy=1(0,0)+ A; + 2, Cio,1y = (0,0) + (d1,0) + Ay,
Ciy= Ao+ (d1,0) + By, Ci2y = Ao+ (d1,0) + (0, do),
Cpy = Co+ B1 + (0, dy), Ci0,2) = (0,0) + Ay + (0, do).

To prove Proposition 5.2, we lift the previous constructions to R"*!. For i =
0,...,n consider the simplex A; = {z = (20,...,2x) € (R0)"T! | |z] = d;} and
the affine function ¢; : A; — R defined by ¢; (z) = d; — z;, and set

n n
A=) Ai={ze®=)"" ||zl =1dl} and §=F{%: A —R
i=0 i=0

for the Minkowski sum of these simplexes and for the inf-convolution of these affine
functions, respectively.
For a subset I C {0, ..., n}, consider the polytope of A defined as

61={zezlzi >d; fori € I andz; < d; fori € I°},

and for each subset J C € and each index [ € I consider the lattice point defined as

afJ:(ZdJ')ajLde?f’ (5.8)

jeJ jeJe

where ¢; denotes the (i +/1)—th vector in the standard basis of R"T!. Fori =0, ...,n
consider also the face of A; defined as

Cri= (5.9)

~ die ifi el,
d; COHV(?,‘, {’e\j}jel) ifi € I°¢.

FoC'T
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For each i, consider also the convex piecewise affine function 7); : A — R defined by
Mi(z) = max{0,z; —d;} andset T =Y | 7.

Lemma 5.4 Then-cells ofS/(\?) are the polytopes 61f0r1 c {0, ...,n}withl, I° # 0.
For each I, the vertices of Cy are the lattice points Uy for J C I°andl € 1.

Proof For each i, the subdivision S(7;) has two n-cells, one defined by z; > d; and the
other by z; < d;. The n-cells of S(7) are intersections of n-cells of these subdivisions
and so they are of the form 61 for I C {0, ..., n}

We have that Y 7z —d; = 0 on A, and so if either I = #f or I° = {J then the
polytope C; reduces to the lattice point d. Otherwise, take 0 < ¢ < 1 and consider
the point z = (20, ..., z,) defined by z; = d; + 47 if j € I and as z; = d;j — 55 if
J € 1. We have that |z| = |d| and that z; > O for all j, and so z € ri(z). Also for
each i we have that z lies in the relative interior of the corresponding n-cell of S(7;).
Hence, C 1 is n-dimensional in this case, proving the first claim.

Now let I C {0,...,n} with I, I¢ # (. The vertices of C ; are the intersections
in this polytope of n of its supporting hyperplanes. These supporting hyperplanes are
the zero set of one of the affine functions

Zj, jEIC, and Zj—dj, j:O,...,n.

To compute the vertices, take disjoint subsets J C € and K C {0,...,n} with
#J +#K = n. The intersection of the corresponding hyperplanes in the affine span
of A'is

{zeR"™ ||z| =|d|, z;j =0forj € Jandz; = d, for j € K}

and it consists of the lattice point

O= (=Y d)a+ Y 4%

jeK jeK

for the unique index / in the complement of J U K.

When J # () we have that v ; € 61 if and only if / € I. When J = (J we have
that vy ; = d, which is also realized by taking / € I and K = {0, ..., n}\{l}, proving
the second claim. O

Recall that for a convex piecewise affine function p: A — R on a polyhedron A
of R"*! and a vector w € R"*! we denote by I'(p, w) the corresponding cell of the
subdivision S(p) of A asin (2.3).

Lemma5.5 Ler I C {0,...,n}withI,I¢ # () and set w; = — Y . ek. Then,

(1) C; =TT, wy) and for z € C; we have that 7(z) = Zje] zj—dj,
(2) fori =0,...,n we have that 61,,- = I'(¢;, wy) and for 7 € 61,,- we have that
9i(z) =0ifi € Iand gi(z) = )" 2 ifi € I°,
(3) Cr =Y Cr,
4) p=1.
FoC
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Proof For z € A we have that 7(z) = > i—omax{0, z; — d;}, which readily implies
that

T(z) > ZZJ' —d;

jel

with equality if and only if z € C. By the characterization of the cell I'(T, wy) that
follows from (2.4), this proves the statement in (1).

For each i, the vertices of A; are the lattice points d,-’e\j, j =0,...,n. For each
J, we have that (wy,d;e;) = —d; if j € I and (wy,d;jej) = 0if j € I°, whereas

@i(diej) =0if j =i and ¢;(d; €j) = d; if j # i. Hence,

—d; ifjelandj=i,
(wy,diej) +@i(die) =10 ifjelandj#i, orjel®and j =i, (5.10)
di ifjelandj #i.

Then, the definition in (5.9) and the characterization in (2.4) easily impll that C 1=
(@i, wy) which proves the first part of the statement in (2). Now letz € C Cui. Foriel
the polytope C 1,i consists of the single lattice point d; e; and so @; (z) = @;(d; ¢;) = 0.
For i € I° the vertices of C, ; are the lattice points d; ¢, ej, jef{i}Ul,andso z =
ZJE{Z}UI zj ej. Hence, (5.10) gives that ¢;(z) = —(wy, z) = Zle[ zj, completing
the proof of (2).

Let vy be the vertex of C1 ass001ated with a subset J C I€ and anindex [ € 1
as in (5.8). We have that d; ¢; € C1 ;foralli € I°and d;e; € C1 ; for all i, and so
vy € Z C 1.i- Since this holds for all J and /, Lemma 5.4 implies that

n
Crc) Cri (5.11)

From (2) and Proposition 2.1(1), we deduce that the C 1.i’s are the components of the
cell (@, wy) of S(¢) and by Proposition 2. 1(2), we have that Yo C1 i is a cell of
this mixed subdivision. On the other hand, the C;’ 1’s are polytopes that cover A and so
the inclusion in (5.11) is an equahty, as stated in (3).

Nowletz = (zo,...,2,) € C1 andz; € C1 i,i =0,...,n,suchthatz = Z?:o Zi-
Necessarily z; = d; ¢; fOfl € I and so

T(z) = ZZj —dj = Z((iz”) —dj) = ZZi,j = i@(zl') =9(2),

jel jel i=0 iel€ jel i=0

where the first equality follows from (1) and the two last from (2) and Proposi-
tion 2.1(3), respectively. Hence, T and ¢ coincide on C; and so on the whole of
A, proving (4). O
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Proof of Proposition 5.2 Consider the projection 77 : R"*! — R” defined by

(205 -5 2n) = (215 -5 Zn)-

This linear map induces isomorphisms between A and A and between Z,- and A; for
each i, and it also satisfies that ¢; = ¢; o 7 for each i.

Forz € A and x = m(z) € A, the condition that z = Z?:o z; with z; € K,-
translates into x = Z?:o x; with x; € A;, and vice versa. Precisely, if the first
condition holds then so does the second with x; = 7 (z;) and conversely, if the second
condition holds then so does the first with z; defined as the only preimage of x; in A

We deduce from Lemma 5.5(4) that p ot = ¢ = T, and the statement then follows
from Lemmas 5.4 and 5.5. O

Remark 5.6 Proposition 5.2(3) implies that the mixed subdivision S(¢) is tight only
whenn < 2.

We next study a specific incremental chain of mixed subdivisions of A. For k =
0, ..., nconsider the affine functions 6 ; : A; = R,i =0, ..., n,definedast; = ¢;
ifi <kandas6; =0|a, ifi >k, and set Oy = EE;;O O i for their inf-convolution.

Forasubset/ C {0,...,k—1}letI¢ = {0, ..., k—1}\I and consider the polytope
of A defined as

Cry=f{xeA|¢(x)>0fori e land;(x) <O0fori eI}

For J C I€and! € I U {k, ..., n} consider the lattice point defined as

Vi, g1 = ( > dj)el + ) dje,

jeJUik,...,n} jeJe©
Fori =0, ..., n consider also the face of A; defined as
d; e; ifi el,
Cr.1.i = {diconv(e;, {ej}jeruik,..ny) ifi e,
d; conv({e;}jeruik,...n}) ifi > k.

The next result gives a detailed description of the mixed subdivision S(6x) of A.

Proposition 5.7 We have that 6y = Zf:—é max{0, ¢;} + Y 7, ¢; and the n-cells of the

mixed subdivision S(0y) are the polytopes Cy 1 for I C {0, ..., k — 1}. Moreover, for
each 1

(1) the vertices of Cx.j are the lattice points vy for J C I€andl € I Uk, ..., n},
(2) the components of Cyj are the polytopes Cy 1, i =0,...,n,
(3) Yl odim(Cr i) =#I¢-# +n—k+ 1)+ —k+1D#HI +n—k).
FolCTM
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Proof Denote with a hat the corresponding objects in R+ as it was previously done for
the study of ¢, and consider also the convex piecewise affine function on A defined as

k—1 n
T = Zmax{O, i+ Zﬁi
i=0 i=k

The proof of these properties is a direct generalization of that for Proposition 5.2
and so we only indicate the main steps:

e show that the n-cells of S(7}) are the polytopes a(’l for/ C {0,...,k— 1},

e for each /, compute the vertices of Ci ; by considering the intersections of the
supporting hyperplanes of this polytope,

e compute the face of A defined by the slope of T on Ck I

e show that the Minkowski sum of these faces coincides with G, k0>

e show that Gk coincides with 7 on each G .1, and so on the whole of A.

Finally, the obtained results are brought back to R” via the projection 7, as in the
proof of Proposition 5.2. O

Proposition 5.8 We have that S(6y) < --- < §(0,) is an incremental chain of mixed
subdivisions of A with S(6,,) < S(¢) that satisfies the conditions in Proposition 4.23.
In particular, this incremental chain is admissible for any tight mixed subdivision of
A that refines S().

Proof Foreach I C {0, ..., n} with I, I° # () we have that
C; C Cuingo,...n—1y and Cy; C Cp injo,...n—1},i> 1 =0, ..., n.

Propositions 5.2 and 5.7 then imply that S(¢) > S(6,). Similarly, for k € {1, ..., n}
and each I C {0, ...,k — 1} we have that

Cr.1 C Ck—1,1n0,....k—2) and Cy 1; C Cr—1,1n(0,...k=2}.i» i =0, ..., n,
and Proposition 5.7 implies that S(6x) > S(6x—1). Hence, S(6p) < --- < §(6,) < S(9).
Since 6;,; = 0|, for all k and i > k, the chain

S(B) = -+ = S(6n)

is incremental.

For k = 0,...,n,let I C {0,...,k — 1}. If I # @ then for the n-cell
C; of S(6k), each component C;; with i € I consists of a lattice point and so
this component verifies the condition (2) in Proposition 4.23. Else / = # and so

Ck,1,i = diconv(e;, {ej}jeik,..n) if i < k and Cr,1; = djconv({e;}jek,...n}) if

i > k.Fori = 0,...,k — 1, consider the nonzero vector w; € R" defined as

w; = Z;’ 1ejifi = 0and as w; = ¢; if i > 0. For all j # i, we have that Cy ; ;
FoE'ﬂ
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S(6o) S(01) S(02)

Fig.5 An admissible incremental chain

lies in a hyperplane that is parallel to wiJ- and so

dim (ZC;(JJ) <n.

J#

Hence, Ci ; satisfies the condition (3) in Proposition 4.23. The last statement is a
direct consequence of that proposition. O

Figure 5 shows this admissible incremental chain of mixed subdivisions for a case
in dimension n = 2.

5.3 Polyhedral Interpretation

Letd = (do, ...,d,) € (Nog)"*!. In this section, we study the classical Macaulay
formula (4.16) for the situation when

m = |d| —n,

which is the main case of interest. We keep the notation of Sect. 5.1. In particular, for
i =0,...,n we denote by u; a set of (d":”) variables indexed by the lattice points
¢ € N1 of length |¢| = d;. Alsou = (uy, ..., u,) and K = C(u).

In this situation, we, respectively, denote the corresponding index set and nonre-
duced index subset, linear map, Macaulay matrix and distinguished principal subma-
trix by

n
PcIczZ, W @ > T. MgeKPT and Ny e KIE,
i=0

where 7;, i = 0,...,n, and T are the finite-dimensional linear subspaces of the
polynomial ring K[¢] = K[z, ..., t,] in (5.1).

As explained in Example 3.9, the homogeneous resultant Resy coincides, up to the
sign, with the sparse resultant corresponding to the lattice M = Z" and the family of
supports A = (Ao, ..., Ay) defined by A; = {a € N" | |a| < d;} for each i.

EOE';W
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We also use the notation of Sect. 5.2. In particular, fori = 0, ..., n we consider
the simplex A; = conv(4;) = {x € (R>0)" | |x| < d;} and the affine function
¢i: A; — R defined by ¢;(x) = |x|ifi = 0 and as ¢; (x) = d; — x; if i > 0. Let
also A = Y!'_ A; be the Minkowski sum of these polytopes and ¢ = HH;_, ¢; the
inf-convolution of these affine functions. By Proposition 5.2, we have that

n
A={xe®0)"|lx| <|dl} and ¢ =7} max{0,¢),
i=0

where ¢;: A — R is the affine function defined by ¢;(x) = Z;f:l dj — |x| when
i =0and by ¢;(x) = x; —d; wheni > 0.

Fori =0, ..., n choose a linear function y; : R* — R and set p; = ¢; + ;. Set
then p = (po, ..., pp) and p = F4;_, pi, and suppose that the mixed subdivision S(p)
of A istight and refines S(¢). By Propositions 2.8 and 2.11, both conditions are attained
when the p;’s are sufficiently generic and small. Choose also § = (81, ...,8,) € R"?
with §; + 1 > 0 for all i and ) /_,(8; + 1) < 1, and satisfying the genericity
condition (4.1) with respect to S(p).

Consider then the index set and nonmixed index subset, Sylvester map, Canny—
Emiris matrix and distinguished principal submatrix corresponding to .4, p and 4,
respectively, denoted by

n
BCBCZ'. da, PVi—>V. Ha, KPP and £4, e KEF
i=0

where V;,i =0, ..., n,and V are the finite-dimensional linear subspaces of K[Z"] =
K[s*'] = K[si, ..., s;F'] defined in (4.3).

The next proposition shows that this Canny—Emiris matrix coincides with that of
Macaulay, and that this is also the case for their distinguished principal submatrices.

Proposition 5.9 The morphism of algebras m..: K[t] — K[s] defined by m.(tp) = 1

and . (t;) = si, i = 1, ..., n, induces a commutative diagram
Va
n
Di-o Ti r
l”* \Lﬂ*
DA,
n .
Di—o Vi v

and bijections between the monomial bases of @;_, T; and @)_ Vi, and between
those of T and V. In particular, H A, = Mg and €4 p, = Ny.

To prove it, we first need to establish some auxiliary lemmas.

Lemma 5.10 Let C be an n-cell of S(p). Let I C {0, ...,n} with I, I° # (@ such that
CCCrandi €/{0,...,n}. Then,
FolCT
u
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(1) the i-th component C; is a point if and only if i € I, and if this is the case then
Ci ={d; ei},
(2) C isi-mixed if and only if I = {i}.

Proof Since S(p) > S(¢), we have that C; C Cy;. If i € I then (5.7) implies
that C; = {d; ¢;}. Conversely, for i € I€ consider the vector w; € R" defined as
w; = Z?:l ejifi =0and as w; = ¢; ifi > 0. Forall j # i we have that C; ; lies
in a hyperplane that is parallel to wl.l, and so does C;. Hence,

dim(C;) =n — dim (}_C;) >0,
i

proving (1). The statement in (2) is a direct consequence of that in (1): C is i-mixed
if and only if C; ; is the unique component of C; of dimension 0, which is equivalent
to the fact that I = {i}. m]

Lemma5.11 B={be N"| |b| < |d]| — n}.

Proof Letb = (by,...,b,) € Z". Then, b € A + § if and only if b; — §; > 0 for all i
and |b— §| < |d|. Since b is a lattice point, §; +1 > O foralli and >/, (§; +1) < 1,
these conditions are equivalent to b; > 0 for all i and |b| < |d| — n, proving the
lemma. O

Lemma5.12 Letb = (by, ..., b,) € B and set by = |d| — n — |b|. Then,

(1) forI C {0, ...,n}withI,I°# @ we have that b € C; 4 § if and only if b; > d;
foralli € I and b; < d; foralli € I€,

(2) for each i we have that b € B; if and only if b; > d; and b; < d; for j > i, and
if this is the case then a(b) = d; e;,

(3) b € B\B° if and only if there is a unique i such that b; > d;.

Proof With notation as in (5.6), we have that b € C; + § if and only if £; (b — §) > 0
fori € I and ¢;(b — §) < O fori € I°. Arguing as in the proof of Lemma 5.11, we
deduce that these conditions are equivalent to b; > d; for alli € I and b; < d; for all
i € I¢, as stated in (1).

The statements in (2) and (3) follow from that in (1) together with Lemma 5.10. O

Proof of Proposition 5.9 Let v : Z'+! — 7" be the linear map given by 7 (co, . .., ¢,)
= (Cl, ..., Cn), 50 that m, (t¢) = s™© =s{' ... 5" forall ¢ = (cp, ..., c,) € N+,

By Lemma 5.11, 7 induces a bijection between the index sets Z and /3, and so the
morphism of algebras m, gives a bijection between the monomial bases of 7" and of
V. Similarly, by Lemma 5.12(2) 7 also induces a bijection between Z; and 13; for each
i, and so 7, gives a bijection between the monomial bases of @_, 7; and B7_, Vi,
proving the second claim. Moreover, for ¢ € 7 we have that

ﬂ*(\yd(tc)) — n,*(tC*di?i) — sﬂ(C)*di [ — (I)A’p(sﬂ(c)) — ch,p(”*(tc)),

which shows the commutativity of the diagram. The last claim is a direct consequence
of the two previous. O
Eo oy
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D\
(0,0) 5
2
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(270) 0 Q
(0.2 g {15
AZ J \_J‘\:_\_)
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Fig.6 The index set of a mixed subdivision

Corollary 5.13 Resy = det(My)/det(Ny).

Proof By Proposition 5.8, the mixed subdivision S(p) is admissible. Theorem 1.3 and
Proposition 5.9 then imply that

det(HA4,p) _ 1 det(My)

Resg = + _ _
T T et 4 det(\Ny)

The sign can be determined by considering the evaluation of both sides of this equality
at the coefficients of systems of polynomials tid ii=0,...,n.

Example 5.14 Consider again the case whenn = 2,d = (1, 2, 2) and m = 3. Then,

Ao ={(0,0), (1, 0), (0, D},
A= A2 =1{0,0), (1,0, (2,0, (1,0, (1, 1), (0, 2)}.

By Proposition 5.2(3), the mixed subdivision S(¢) is tight and so we can take p; = ¢;,
i =0,1,2. We also choose § = (—%, —%) e R2.
As shown in Fig. 6, the index set B splits as B = By U B; U B, with

Bo = {(0,0), (1, 0), (0, ), (1, D},
Bi ={(2,0),3,0), (2, D},
B> ={(0,2), (1,2), (0,3)},

and the row content function assigns to the elements of B;, i = 0, 1, 2, the vertices
(0,0) € Ag, (2,0) € Ay, (0,2) € Ay, respectively. Moreover, the elements of 3
lying in the translated nonmixed 2-cells are (2, 0) and (0, 2).

The Canny-Emiris matrix H 4 , and its principal submatrix £ 4 ,, respectively,
coincide with the Macaulay matrices My and ANy in Example 5.1, in agreement with
Proposition 5.9.

Elol:;ﬂ
@ Springer Lﬁjog



Foundations of Computational Mathematics (2023) 23:741-801 799

B(’h
0,0 A
(0,0) R
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B Ay ey
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Ay ° °
(0,2)

A, o Cy sz

Fig.7 A nonadmissible mixed subdivision

Remark 5.15 The Macaulay matrix M cannot be produced by a mixed subdivision
admitting a tight incremental chain (Definition 2.4). This can be shown by inspecting
the different mixed subdivisions of A that allow such an incremental chain and veri-
fying that none of them coincides with S(p). One of these incremental chains for the
case whenn = 2 and d = (1, 3, 2) is shown in Example 2.7.

We next show that when the mixed subdivision S(p) is not admissible, the formula
in Theorem 1.3 might fail to hold.

Example 5.16 Let notation be as in Example 5.14 and instead of the ¢; s, consider the
affine functions p;: A; — R, i =0, 1, 2, defined by

£0(0,0) =0, po(1,0) =1, po(0,1) =1,
p1(0,0) =0, p1(2,0) =0, p1(0,2) =3,
£2(0,0) =0, p2(2,0) =3, p2(0,2) =0.

Let p: A — Rbe their inf-convolution. The mixed subdivision S(p) of A is tight and
has 6 maximal cells as shown in Fig. 7, that decompose as

Ci=(0,00+A;+ By, Co=Ap+(2,0)+ By, C3=(1,0)+(2,0) + Ao,
Cs=Bo+A1+(0,2), Cs5=A0+2,0+(0,2), Co=(0,1)+ A1+ (0,2).

The index set and row function corresponding to the data A = (Ag, A1, A2),
p = (po, p1, p2) and § are equal to those in Example 5.14, and so the Canny—Emiris
matrix H 4., also coincides with that in (5.4). However, the translated nonmixed cells
of S(p) differ from those in Example 5.14. Their lattice points are (3, 0) and (0, 3)
and the corresponding principal submatrix is

B2 0
Eap= (0 vs )
EOE';W
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The determinant of this matrix does not divide that of H 4, and so the formula in
Theorem 1.3 does not hold in this case. In particular, S(p) is not admissible.
Indeed, this latter observation can be verified directly: let

S(6o) = S(61) = S(2)

be an incremental chain of mixed subdivisions of A with S(6) < S(p) and for each
k=0,1,21letb;: A; — R,i = 0,]1,2, be the corresponding family of convex
piecewise affine functions.

If01 0: Ap — Risnotconstant, then S(0;) has acell thatis a translate of the triangle
A1+ Ay = {(x1,x2) € (Rzo)z | x1 + x2 < 4} which is not compatible with the
assumption that S(p) is a refinement of S(61), as it can be verified in Fig. 6. We deduce
that 01 o: Ap — R is constant, but in this case S(6;) is the trivial mixed subdivision
of A and this incremental chain does not verify the conditions in Definition 4.22 for
k = 1, and so it is not admissible.
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