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Abstract. Let k be an arbitrary field, P = P xj - - Xi IPL”” be a multiprojective
space over k, and X C IP be a closed subscheme of IP. We provide necessary and
sufficient conditions for the positivity of the multidegrees of X. As a consequence of
our methods, we show that when X is irreducible, the support of multidegrees forms a
discrete algebraic polymatroid. In algebraic terms, we characterize the positivity of the
mixed multiplicities of a standard multigraded algebra over an Artinian local ring, and
we apply this to the positivity of mixed multiplicities of ideals. Furthermore, we use
our results to recover several results in the literature in the context of combinatorial
algebraic geometry.
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1 Introduction

Let k be an arbitrary field, P = P'' xj - - - X ]P:” be a multiprojective space over k, and
X C PP be a closed subscheme of IP. The multidegrees of X are fundamental invariants
that describe algebraic and geometric properties of X. For each n = (ny,...,1n,) € NP
with ny +--- +n, = dim(X) one can define the multidegree of X of type n with respect
to P, denoted by degp (X), in different ways. In classical geometrical terms, when k is
algebraically closed, degp (X) equals the number of points (counting multiplicity) in the
intersection of X with the product L1 Xy --- Xy L, C IP, where L; C IPK" is a general
linear subspace of dimension m; — n; foreach 1 <i < p.
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The study of multidegrees goes back to pioneering work by van der Waerden [39].
From a more algebraic point of view, multidegrees receive the name of mixed multiplic-
ities. More recent papers where the notion of multidegree (or mixed multiplicity) is
studied are, e.g., [1, 19, 15, 37, 6, 25, 22, 24, 7].

The main goal of this paper is to answer the following fundamental question consid-
ered by Trung [37] and by Huh [17] in the case p = 2.

e Forn € NP with ny + - - - 4+ n, = dim(X), when do we have that degp(X) > 0?

Our main result says that the positivity of degp(X) is determined by the dimensions of
the images of the natural projections from IP restricted to the irreducible components of
X. First, we set a basic notation: for each J = {j1,...,jx} C {1,...,p}, let II; be the
natural projection

P — ™ Mp M M
Hg.]P—]Pk Xk---Xk]Pk — ]Pk Xk---Xk]Pk .

The following is the main theorem of this article. Here, we give necessary and sufficient
conditions for the positivity of multidegrees.

Theorem 1.1. Let k be an arbitrary field, P = P" Xy - - Xy ]Plrf " be a multiprojective space
over k, and X C P be a closed subscheme of IP. Let n = (nl,...,np) € INP be such that
ny+- - +np = dim(X). Then, degp(X) > 0 if and only if there is an irreducible component
Y C X of X that satisfies the following two conditions:

1. dim(Y) = dim(X).
2. ForeachJ = {j1,...,jx} € {1,...,p} the inequality
nj, + -+ < dim (TTy(Y))
holds.

When k is the field of complex numbers this theorem is essentially covered by the
geometric results in [20, Theorems 2.14, 2.19], however their methods do not extend to
arbitrary fields. Here we follow an algebraic approach that allows us to prove the result
for all fields, and hence a general version for algebras over Artinian local rings. The
main idea in the proof of Theorem 1.1 is the study of the dimensions of the images of
the natural projections after cutting by a general hyperplane.

We note that if p = 2 and X is arithmetically Cohen-Macaulay, the conclusion of
Theorem 1.1 in the irreducible case also holds for X (see [37, Corollary 2.8]). We show
that this is not necessarily true for p > 2.

If X is irreducible, then the function 7 : 2{1-+#} — Z defined by r(J) := dim (IT3(X))
is a submodular function, i.e., 7(J1 NJ2) +r(J1 UJI2) < 1(J1) +7(Jz2) for any two subsets
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J1,32 €{1,...,p}. By the Submodular Theorem (see, e.g., [4, Theorem 3.11] or [27, Ap-
pendix B]) and the inequalities of Theorem 1.1, the points n € IN? for which degp (X) > 0
are the lattice points of a generalized permutohedron. Defined by A. Postnikov in [31] gen-
eralized permutohedra are polytopes obtained by deforming usual permutohedra. In
recent years this family of polytopes has been studied in relation to other fields such as
probability, combinatorics, and representation theory (see [27, 28, 30]).

In a more algebraic flavor, we state the translation of Theorem 1.1 to the mixed mul-
tiplicities of a standard multigraded algebra over an Artinian local ring.

Let A be an Artinian local ring and R be a finitely generated standard IN”-graded
A-algebra and let Pr(t) = Pr(ty,...,tp) € Q[t] = Qlt,...,tp] be the Hilbert polynomial
of R (see, e.g., [15, Theorem 4.1], [6, Theorem 3.4]). Then, the degree of Pr is equal to
the dimension of R and

Pg(v) = dimy ([R]v)

for all v € IN? such that v > 0. Furthermore, if we write

Prt)= Y e(nl,...,np)(t1+”1)---(tp+”P>, (1.1)

11,011 >0 ny np

then 0 <e(ny,...,n,) € Zforallny +---+n, =r.
Let n = (n1,...,np) € NP with [n| = r. Then e(n,R) := e(ny,...,nyp) is the mixed
multiplicity of R of type n.

Theorem 1.2. Let A be an Artinian local ring and R be a finitely generated standard INP-
graded A-algebra. For each 1 < j < p, let m; C R be the ideal generated by the elements of
degree ej, where ej € INV denotes the j-th elementary vector. Let ! = myN---Nmy, C R,
Let n = (ny,...,n,) € IN? be such that ny + --- 4+ n, = dim (R/ (0 :g M*)) — p. Then,
e(n; R) > 0 if and only if there is a minimal prime ideal 3 € Min (0 :g 9N%°) of (0 :gx N*°) that
satisfies the following two conditions:

1. dim (R/B) = dim (R/ (0 :g M*)).

2. Foreach 3 ={j1,...,jx} € {1,...,p} the inequality

n e = L+) j¢3 My
holds.

For a given finite set of ideals in a Noetherian local ring, such that one of them is zero-
dimensional, we can define their mixed multiplicities by considering a certain associated
standard multigraded algebra (see [38] for more information). These multiplicities have a
long history of interconnecting problems from commutative algebra, algebraic geometry,
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and combinatorics, with applications to the topics of Milnor numbers, mixed volumes,
and integral dependence (see, e.g., [17, 18, 38, 36]). As a direct consequence of Theorem
1.2 we are able to give a characterization for the positivity of mixed multiplicities of
ideals. In another related result, we focus on homogeneous ideals generated in one de-
gree; this case is of particular importance due to its relation with rational maps between
projective varieties. In this setting, we provide more explicit conditions for positivity in
terms of the analytic spread of products of these ideals.

Going back to the setting of Theorem 1.1, we switch our attention to the following

discrete set
MSuppp(X) = {n € N” | degp(X) > 0},

which we call the support of X with respect to IP. When X is irreducible, we show that
MSuppp(X) is a (discrete) polymatroid. An alternative proof is given by Brandén and
Huh in [2, Corollary 4.7] using the theory of Lorentzian polynomials. An advantage of
our approach is that we can describe the corresponding rank submodular functions of
the polymatroids, a fact that we exploit in the applications. Additionally, our results are
valid when X is just irreducible and not necessarily geometrically irreducible over k (i.e.,
we do not need to assume that X x k is irreducible for an algebraic closure k of k); it
should be noticed that this generality is not covered by the statements in [2] and [20].

Discrete polymatroids [16] have also been studied under the name of M-convex sets
[29]. Polymatroids can also be described as the integer points in a generalized permuto-
hedron [31], so they are closely related to submodular functions, which are well studied
in optimization, see [23] and [34, Part IV] for comprehensive surveys on submodular
tunctions, their applications, and their history. There are two distinguishable types of
polymatroids, linear and algebraic polymatroids, whose main properties are inherited
by their representation in terms of other algebraic structures. Theorem 1.1 allows us to
define another type of polymatroids, that we call Chow polymatroids, and which interest-
ingly lies in between the other two. In the following theorem we summarize our main
results in this direction.

Theorem 1.3. Over an arbitrary field k, we have the following inclusions of families of polyma-
troids

(L'L'nea'r‘ polymatroids) - (Ch,ow poZymatroz’ds) C (Al,geb'r’az'c poZyma.troids).

Moreover, when k is a field of characteristic zero, the three families coincide.

If k has positive characteristic, then these types of polymatroids do not agree. In
fact, there exist examples of polymatroids which are algebraic over any field of positive
characteristic but never linear.

Theorem 1.1 can be applied to particular examples of varieties coming from com-
binatorial algebraic geometry. In Section 2.1 we do so to matrix Schubert varieties; in
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this case the multidegrees are the coefficients of Schubert polynomials, thus our results
allow us to give an alternative proof to a recent conjecture regarding the support of
these polynomials. In Sections 2.2 and 2.3 we study certain embeddings of flag varieties
and of the moduli space M, 3, respectively. In Section 2.4 we recover a well-known
characterization for the positivity of mixed volumes of convex bodies.

2 Applications

In this section we relate our results to several objects from combinatorial algebraic ge-
ometry.

2.1 Schubert polynomials

Let &, be the symmetric group on the set [p]. For every i € [p — 1] we have the
transposition s; := (i,i +1) € &,. Recall that the set S = {s; : 1 < i < p} gen-
erates &,. The length I(7r) of a permutation 7t is the least amount of elements in S
needed to obtain 7r. Alternatively, the length is equal to the number of inversions, i.e.,
() ={(i,j) € [p] x [p] :i <j, m(i) > (j)}. The permutation 7o = (p,p—1,---,2,1)

(in one line notation) is the longest permutation, it has length @.

Definition 2.1. The Schubert polynomials &, € Zl[ty,...,t,] are defined recursively in the

following way. First we define S, := [; tf ', and for any permutation 7 and transposition s

with [(s;r) < 1(7r) we let

6n — Si6n
ti—tipa

where &y, acts on Zlty, ..., t,] by permutation of variables. For more information see [12, Chap-

ter 10].

Ss;r =

i 7

Next we define matrix Schubert varieties following [26, Chapter 15]. Let k be an al-
gebraic closed field and M, (k) be the k-vector space of p x p matrices with entries in
k. As an affine variety we define its coordinate ring as R, := k(x;; : (i,j) € [p] x [p]].
Furthermore we consider an IN?-grading on R, by letting deg(x;;) = e;.

Definition 2.2. Let 71 be a permutation matrix. The matrix Schubert variety X, C M,(k) is
the subvariety

X ={Z € My(Kk) | rank(Zyn) < rank(7tyxp) for all m,n},

where Zy,xn 15 the restriction to the first m rows and n columns. This is an irreducible variety
and the prime ideal I (X) is multihomogeneous [26, Theorem 15.31]. By [26, Theorem 15.40],
the Schubert polynomial & equals the multidegree polynomial of the variety corresponding to
the ideal I (X).
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Following [28] we say a polynomial f = Y, cat"™ € Z[t;, - ,tp] have the Satu-
rated Newton Polytope property (SNP for short) if supp(f) := {n € IN? | ¢ > 0} =
ConvexHull{n € IN? | ¢, > 0} NINP, in other words, if the support of f consist of the
integer points of a polytope. In [28, Conjecture 5.5] it was conjectured that the Schubert
polynomials have SNP property and they even conjectured a set of defining inequalities
for the Newton polytope in [28, Conjecture 5.13]. A. Fink, K. Mézaros, and A. St. Dizier
confirmed the full conjecture in [10].

Theorem 2.3. For any permutation 7t, the Schubert polynomial & has SNP and its Newton
polytope is a polymatroid polytope.

The Newton polytope of a polynomial f is by definition the convex hull of the expo-
nents in the support of f, however in by our convention MSupp consists of the comple-
mentary exponents. This does not change the conclusion that the resulting polytope is a
polymatroid polytope.

Codimensions of projections. We now use Theorem thmA to give a combinatorial
interpretation for the codimensions of the natural projections of matrix Schubert vari-
eties. First we need some terminology.

A diagram D is a subset of a p x p grid whose boxes are indexed by the set [p] x [p].
The authors of [28] define a function 6p : 2P +— Z as follows: for a subset J C [p] and
¢ € [p] , we construct a word WF,(J) by reading the column c of [p] x [p] from top to
bottom and recording

o (if (r,c)¢Dandr ey,
e Jif (r,c)e Dandr ¢ 3,
e xif (r,c) e Dand r € J;

let 6% (3) = # paired “()" in W5 (J) + #x in W5 (J), and finally 0p(3) = L5, 05(3).
Example For example, let D be the diagram depicted in Figure 1 and J = {2,3}, then

0p(3) = 3.

Figure 1: Example of a diagram in [5] x [5]
For any 7t € &, we can define its Rothe diagram as

Dri={(i,) |1 <i,j < n,7(i) > jand () > i} C [p] x [pl.
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For example when 7 = 42531 then D is the diagram of Figure 1.

Theorem 2.4. Let 1 € Gy, then for any J C [p] the projection 1y (X5) onto the rows indexed
by J has codimension 0p_([p]) — 0p,. (J'), where ' = [p]\J is the complement of J.

Notice that 6p_([p]) counts the total number of boxes in D,, which is equal to the
length of 7t (see [26, Definition 15.13]). So the case J = [p] of Theorem 2.4 above is
equivalent to the well-known fact that the codimesion of a matrix Schubert variety is
equal to the length of the permutation (see [26, Theorem 15.31]).

2.2 Flag varieties

We now focus on a multiprojective embedding of flag varieties. We first review some
terminology. For more information the reader is referred to [12] or [3].

In this subsection we work over an algebraically closed field k. Consider the complete
flag variety FI(V) of a k-vector space V of dimension p 4+ 1. This variety parametrizes
complete flags, i.e., sequences V, := (Vp,---,V,11) such that {0} = Vy C V; C V, C
-+ CV, CVyy1 =V, and each V; is a linear subspace of V of dimension i. One can
embed this variety in a product of Grassmannians FI(V) < Gr(1,V) x Gr(2,V) x - - - x
Gr(p, V) as the subvariety cut out by incidence relations.

Furthermore, each Grassmannian can be embedded in a projective space via the
Pliicker embedding 1; : Gr(i,V) — P,/ for 1 < i < p. By considering the product of
these maps, we obtain a multiprojective embedding of ¢ : FI(V) < P! Xy - -+ Xx ]PZ” :
For convenience we also call ¢ the Pliicker embedding. The proposition below computes
the corresponding multidegree support.

Proposition 2.5. Let V be a k-vector space of dimension p 4+ 1 and let X be the image of the
Pliicker embedding 1 : FI(V) — P =P" Xy -+ X ]Pl":p, then

k k=l p p1
MSuppp(X) =sneN? | 1<m <) (p—j)— ) n, Vke][p), an: ( ) ) ;
=1 i=1 =1
2.1)

The pullbacks of the classes H; from P" Xy - - - X IPZ” to FI(V) are called the Schu-
bert divisors, so Proposition Theorem 2.5 amounts to a criterion for which powers of
these classes intersect. These intersections are called Grassmannian Schubert problems
in [32]. In [32, Theorem 1.2] K. Purbhoo and E. Sottile give a stronger statement by
providing an explicit combinatorial formula using filtered tableau to compute the exact
intersection numbers.
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2.3 A multiprojective embedding of M, 3

The moduli space M43 parametrizes rational stable curves with p + 3 marked points.
Here we apply our methods to an embedding considered in [5]. The starting point is the
closed embedding Y : M 3 M, 2 Xk ]P constructed by S. Keel and J. Tevelev
in [21, Corollary 2.7]. By iterating this Constructlon we obtain an embedding M 43 —
lPll( Xk ]Pi Xt Xk IPIZ (see [5, Corollary 3.2]). In [5], R. Cavalieri, M. Gillespie, and
L. Monin computed the corresponding multidegree which turns out to be related to
parking functions. As an easy consequence of our Theorem 1.1, we can compute its
support.

Proposition 2.6. Let X be the image of My py3 — P =P} X IP% Xy - - - X1 IPY, then

k p
MSuppp (X) = {n eENF | Y n<kVi<k<p-1, ) n= p}. (2.2)
=1 i

The cardinality of MSuppp(X) is equal to the Catalan number C, (see [35, Exercise
86]). For a comprehensible survey on Catalan numbers see [35].

2.4 Mixed Volumes

In this subsection we assume k is an algebraically closed field. We begin by reviewing
the definition of mixed volumes of convex bodies, as a general reference see [9, Chapter
IV]. Let K = (Kj,...,K;) be a p-tuple of convex bodies in R?. The volume polynomial
v(K) € Z[wy, ..., wp) is defined as

U(Kl, .. .,Kp) = VOld(lel + -+ wPKP)'

This is a homogeneous polynomial of degree d. If the coefficients of v(K) are written as
(z)V(K;n)w“, then the numbers V(K;n) are called the mixed volumes of K. A natural
question to ask is: when are mixed volumes positive? The relation between mixed
volumes and toric varieties (see Equation 2.3 below) together with Theorem 1.1 allows
us to give another proof of a classical theorem formulated on the non-vanishing of mixed
volumes [33, Theorem 5.1.8].

Theorem 2.7. Let K = (Ky,...,K,) be a p-tuple of convex bodies in R%. Then, V(K;n) > 0 if
and only if Y8 n; = d and ¥jeyn; < dim (L5 K;) for every subset 3 C [p].

The proof can be reduced to the case of polyopes, where we can use basic results
about toric varieties and lattice polytopes. As an initial step we recall some facts about
basepoint free divisors; a general reference is [8, Section 6]. Let X be a fan and let P be a
lattice polytope whose normal fan coarsens . Then, P induces a basepoint free divisor



Multidegrees 9

Dp in the toric variety Yy [8, Proposition 6.2.5]. Here, being basepoint free means that
the complete linear series |Dp| induces a morphism ¢p : Yy — P}’ for some m; € N
such that ¢*(H) = Dp € A*(Yx), where H is the class of a hyperplane in the projective
space P},

Lemma 2.8. Let Ky, ..., Ky, be lattice polytopes and let K := Kq + - - - + K, be their Minkowski
sum . Let Y be the toric variety associated to ¥, the normal fan of K, then for each J C [p] we

have a map ¢y : Y — TTje; ]P;nj such that dim (¢3(Y)) = dim (X5 K;).

Lemma 2.9. In the setup of Lemma 2.8, if § = [p] then after scaling each polytope if necessary,
¢ = ¢5 is an embedding.

Proof of Theorem 2.7. We can assume that each K; is a polytope. Additionally, we can
reduce to the case where each K; is a lattice polytope since any polytope can be approx-
imated by lattice polytopes (see [11, Page 120]). Let K = Ky +---+ K, and let Y be
the toric projective variety associated to the normal fan of K. Each lattice polytope K;
induces a basepoint free divisor D; on Y. As explained in [11, Eq. (2), Page 116], the
fundamental connection between mixed volumes and intersection products is given by
the following equation

V(K;n) = (D’fl . DZ") /d, (2.3)

where the numerator is the intersection product of the divisors in Y. Notice that posi-
tivity of mixed volumes is unchanged by scaling so whenever needed we can scale each
polytope.

By Theorem 2.9 we have an embedding ¢ : ¥ — ]—[f:1 P, such that the pullback of
each H; € A* (Hf;l IP.") is D;. By using the projection formula [13, Proposition 2.5(c)],
we can consider the product <H{Z oo HZ” ) /d! instead of the one in Equation 2.3. From

the fact that Y is irreducible we are now in the setup to apply Theorem 1.1 and Lemma
2.8 computes the appropriate dimensions. O

Acknowledgements

We thank the reviewer for his/her suggestions for the improvement of this work. We
would like to thank Chris Eur, Maria Gillespie, June Huh, David Speyer, and Mauri-
cio Velasco for useful conversations. We are also grateful with Frank Sottile for useful
comments on an earlier version (in particular for the simplification of the statement of
Proposition 2.5). Special thanks to Brian Osserman for many insightful conversations
and encouragements. The computer algebra system Macaulay2 [14] was of great help to
compute several examples in the preparation of this paper.



10

Federico Castillo, Yairon Cid-Ruiz, Binglin Li, Jonathan Montafio, and Naizhen Zhang

References

(1]

[4]

[5]

(6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

P. B. Bhattacharya. “The Hilbert function of two ideals”. Proc. Cambridge Philos. Soc. 53
(1957), pp. 568-575.

P. Brandén and J. Huh. “Lorentzian polynomials” (2020). arXiv:1902.03719.

M. Brion. “Lectures on the geometry of flag varieties”. Topics in cohomological studies of
algebraic varieties. Trends Math. Birkh&user, Basel, 2005, pp. 33-85.

E Castillo and F. Liu. “Deformation Cones of Nested Braid Fans”. International Mathematics
Research Notices (June 2020). rnaa090. por.

R. Cavalieri, M. Gillespie, and L. Monin. “Projective Embeddings of My, and Parking
Functions” (2020). arXiv:1912.12343.

Y. Cid-Ruiz. “Mixed multiplicities and projective degrees of rational maps” (2020). to
appear in J. Algebra. arXiv:2001.00547.

A. Conca, E. De Negri, and E. Gorla. “Cartwright-Sturmfels ideals associated to graphs
and linear spaces”. J. Comb. Algebra 2.3 (2018), pp. 231-257.

D. A. Cox, J. B. Little, and H. K. Schenck. Toric varieties. Vol. 124. Graduate Studies in
Mathematics. American Mathematical Society, Providence, RI, 2011, pp. xxiv+841.

G. Ewald. Combinatorial convexity and algebraic geometry. Vol. 168. Graduate Texts in Math-
ematics. Springer-Verlag, New York, 1996, pp. xiv+372.

A. Fink, K. Mészaros, and A. St. Dizier. “Schubert polynomials as integer point transforms
of generalized permutahedra”. Adv. Math. 332 (2018), pp. 465—-475.

W. Fulton. Introduction to toric varieties. Vol. 131. Annals of Mathematics Studies. The
William H. Roever Lectures in Geometry. Princeton University Press, Princeton, NJ, 1993,
pp. xii+157.

W. Fulton. Young tableaux. Vol. 35. London Mathematical Society Student Texts. With appli-
cations to representation theory and geometry. Cambridge University Press, Cambridge,
1997, pp. x+260.

W. Fulton. Intersection theory. Second edition. Vol. 2. Ergebnisse der Mathematik und ihrer
Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics [Results in Mathemat-
ics and Related Areas. 3rd Series. A Series of Modern Surveys in Mathematics]. Springer-
Verlag, Berlin, 1998, pp. xiv+470.

D. R. Grayson and M. E. Stillman. “Macaulay?2, a software system for research in algebraic
geometry”. Available at http://www.math.uiuc.edu/Macaulay2/.

M. Herrmann, E. Hyry, J. Ribbe, and Z. Tang. “Reduction numbers and multiplicities of
multigraded structures”. J. Algebra 197.2 (1997), pp. 311-341.

J. Herzog and T. Hibi. Monomial ideals. Vol. 260. Graduate Texts in Mathematics. Springer-
Verlag London, Ltd., London, 2011, pp. xvi+305.


https://arxiv.org/abs/1902.03719
https://dx.doi.org/10.1093/imrn/rnaa090
https://arxiv.org/abs/1912.12343
https://arxiv.org/abs/2001.00547
http://www.math.uiuc.edu/Macaulay2/

Multidegrees 11

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

J. Huh. “Milnor numbers of projective hypersurfaces and the chromatic polynomial of
graphs”. Journal of the American Mathematical Society 25.3 (2012), pp. 907-927.

C. Huneke and 1. Swanson. Integral closure of ideals, rings, and modules. Vol. 13. Cambridge
University Press, 2006.

D. Katz, S. Mandal, and ]J. K. Verma. “Hilbert functions of bigraded algebras”. Commutative
algebra (Trieste, 1992). World Sci. Publ., River Edge, NJ, 1994, pp. 291-302.

K. Kaveh and A. G. Khovanskii. “Complete intersections in spherical varieties”. Selecta
Math. (N.S.) 22.4 (2016), pp. 2099-2141.

S. Keel and J. Tevelev. “Equations for My ,”. Internat. J]. Math. 20.9 (2009), pp. 1159-1184.

A. Knutson and E. Miller. “Grobner geometry of Schubert polynomials”. Ann. of Math. (2)
161.3 (2005), pp. 1245-1318.

L. Lovész. “Submodular functions and convexity”. Mathematical programming: the state of
the art (Bonn, 1982). Springer, Berlin, 1983, pp. 235-257.

M. Michatek, L. Monin, and J. Wisniewski. “Maximum likelihood degree and space of
orbits of a C* action” (2020). arXiv:2004.07735.

M. Michatek, B. Sturmfels, C. Uhler, and P. Zwiernik. “Exponential varieties”. Proc. Lond.
Math. Soc. (3) 112.1 (2016), pp. 27-56.

E. Miller and B. Sturmfels. Combinatorial commutative algebra. Vol. 227. Graduate Texts in
Mathematics. Springer-Verlag, New York, 2005, pp. xiv+417.

F. Mohammadi, C. Uhler, C. Wang, and J. Yu. “Generalized permutohedra from probabilis-
tic graphical models”. SIAM J. Discrete Math. 32.1 (2018), pp. 64-93.

C. Monical, N. Tokcan, and A. Yong. “Newton polytopes in algebraic combinatorics”.
Selecta Math. (N.S.) 25.5 (2019), Paper No. 66.

K. Murota. Discrete convex analysis. SIAM Monographs on Discrete Mathematics and Ap-
plications. Society for Industrial and Applied Mathematics (STAM), Philadelphia, PA, 2003,
pp. xxii+389.

A. Postnikov, V. Reiner, and L. Williams. “Faces of generalized permutohedra”. Doc. Math.
13 (2008), pp. 207-273.

A. Postnikov. “Permutohedra, associahedra, and beyond”. Int. Math. Res. Not. IMRN 6
(2009), pp. 1026-1106.

K. Purbhoo and F. Sottile. “A Littlewood-Richardson rule for Grassmannian permutations”.
Proc. Amer. Math. Soc. 137.6 (2009), pp. 1875-1882.

R. Schneider. Convex bodies: the Brunn-Minkowski theory. expanded. Vol. 151. Encyclope-
dia of Mathematics and its Applications. Cambridge University Press, Cambridge, 2014,
pp. xxii+736.

A. Schrijver. Combinatorial optimization. Polyhedra and efficiency. Vol. B. Vol. 24. Algorithms
and Combinatorics. Matroids, trees, stable sets, Chapters 39-69. Springer-Verlag, Berlin,
2003.


https://arxiv.org/abs/2004.07735

12

[35]
[36]

[37]
[38]

[39]

Federico Castillo, Yairon Cid-Ruiz, Binglin Li, Jonathan Montafio, and Naizhen Zhang

R. P. Stanley. Catalan numbers. Cambridge University Press, New York, 2015, pp. viii+215.

B. Teissier. “Cycles évanescents, sections planes et conditions de Whitney”. Astérisque 7.8
(1973), pp. 285-362.

N. V. Trung. “Positivity of mixed multiplicities”. Math. Ann. 319.1 (2001), pp. 33-63.

N. V. Trung and J. Verma. “Mixed multiplicities of ideals versus mixed volumes of poly-
topes”. Trans. Amer. Math. Soc. 359.10 (2007), pp. 4711-4727.

B. L. Van der Waerden. “On HilbertaAZs function, series of composition of ideals and
a generalization of the theorem of Bezout”. Proc. Roy. Acad. Amsterdam. Vol. 31. 1929,
pp- 749-770.



	Introduction
	Applications
	Schubert polynomials
	Flag varieties
	A multiprojective embedding of M0,p+3
	Mixed Volumes


