UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Matroid polytope subdivisions and valuations

Permalink
https://escholarship.org/uc/item/2sw4q93iQ

Author
Fink, Alexander Ray

Publication Date
2010

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2sw4g3j0
https://escholarship.org
http://www.cdlib.org/

Matroid polytope subdivisions and valuations
by

Alexander Ray Fink

A dissertation submitted in partial satisfaction of the
requirements for the degree of

Doctor of Philosophy
in
Mathematics
in the

Graduate Division
of the

University of California, BERKELEY

Committee in charge:

Professor Bernd Sturmfels, Chair
Professor Federico Ardila
Professor David Eisenbud

Professor Robion Kirby
Professor Satish Rao

Spring 2010



Matroid polytope subdivisions and valuations

Copyright 2010
by
Alexander Ray Fink



Abstract

Matroid polytope subdivisions and valuations
by
Alexander Ray Fink
Doctor of Philosophy in Mathematics
University of California, BERKELEY

Professor Bernd Sturmfels, Chair

Many important invariants for matroids and polymatroids are valuations (or are valuative),
which is to say they satisfy certain relations imposed by subdivisions of matroid polytopes.
These include the Tutte polynomial, the Billera-Jia-Reiner quasi-symmetric function, Derk-
sen’s invariant G, and (up to change of variables) Speyer’s invariant h.

We prove that the ranks of the subsets and the activities of the bases of a matroid define
valuations for the subdivisions of a matroid polytope into smaller matroid polytopes; this
provides a more elementary proof that the Tutte polynomial is a valuation than previously
known.

We proceed to construct the Z-modules of all Z-valued valuative functions for labeled
matroids and polymatroids on a fixed ground set, and their unlabeled counterparts, the Z-
modules of valuative invariants. We give explicit bases for these modules and for their dual
modules generated by indicator functions of polytopes, and explicit formulas for their ranks.
This confirms Derksen’s conjecture that G has a universal property for valuative invariants.

We prove also that the Tutte polynomial can be obtained by a construction involving
equivariant K-theory of the Grassmannian, and that a very slight variant of this construction
yields Speyer’s invariant h. We also extend results of Speyer concerning the behavior of
such classes under direct sum, series and parallel connection and two-sum; these results
were previously only established for realizable matroids, and their earlier proofs were more
difficult.

We conclude with an investigation of a generalisation of matroid polytope subdivisions
from the standpoint of tropical geometry, namely subdivisions of Chow polytopes. The Chow
polytope of an algebraic cycle in a torus depends only on its tropicalisation. Generalis-
ing this, we associate a Chow polytope subdivision to any abstract tropical variety in R".
Several significant polyhedra associated to tropical varieties are special cases of our Chow
subdivision. The Chow subdivision of a tropical variety X is given by a simple combinatorial



construction: its normal subdivision is the Minkowski sum of X and an upside-down tropical
linear space.
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Chapter 1

Overview

1.1 Matroids and their polytopes

The matroid is a combinatorial structure with many faces. Not only is it widely applicable
in mathematics, it can be formalised in a large number of ways which, on the surface, don’t
look equivalent. Basically, a matroid abstracts the properties of an independence relation of
whatever nature on a finite set. Let E be a finite set, of cardinality n. We will often take
E =[n] :={1,2,...,n}, which is a completely general choice: we only care about E up to
bijections of sets. For simplicity we give only one definition of a matroid M on the ground
set E, that in terms of bases. We say that a set B of subsets of E is the set of bases B(M) of
a matroid M if it satisfies the following axioms:

e B#£0;

e For any B, B’ C Band V/ € B'\ b, there exists b € B\ B’ such that BN {b} \{V'} € B
(the exchange axiom).

The axioms could also be cast to capture other data associated to M, such as the inde-
pendent sets Z(M), the set of all subsets of E contained in a basis, or the rank function rky,
on subsets A C E such that rky,(A) is the size of the largest intersection of A with a basis.

For instance, the first and paramount example of an independence relation is linear
independence of vectors in a vector space. Let E = {vy,...,v,} be a subset of a vector
space V. Then there is a matroid M on E whose bases B(M (V')) are the subsets of E forming
vector space bases for span E, whose independent sets Z(M) are the linearly independent
subsets of E, and whose rank function is rky/(A) = dimspan A. We say that a matroid
is representable over a given field K if and only if it has this form for some V a K-vector
space. Representable matroids are a class of fundamental importance to matroid theory —
but equally one could say that it’s the frequency with which combinatorial situations with



underlying vector arrangements extend to non-representable matroids that makes matroid
theory shine. We’ll see two examples of this in later sections.

We will be particularly concerned here with certain functions on matroids. Before de-
veloping the conditions characterising these, we discuss an example of such a function: the
Tutte polynomial, probably the best-known function on matroids. The Tutte polynomial
is an wnwvariant: it takes equal values on isomorphic matroids. We’ll talk about it at some
length, both on account of its own importance (several of our results concern it) and because
its story parallels one of our main themes.

The Tutte polynomial ¢(M) of a matroid M is a bivariate polynomial,

t(M) — Z(m _ 1)rkA4(E)7rk1w(A) (y _ 1)‘A‘7rk1\4(A) .
ACE

This presentation is known as the rank generating function; the two quantities in the exponent
can be taken as measuring how far off A is from a basis in two different senses, given that
|B| = rk(B) = rk(E) when B is a basis. There is another presentation in terms of internal
and external activities; we defer to Section 2.5 for the statement.

Example 1.1.1. The bases of the rank r uniform matroid Ug, on E are all subsets of E of
size r. Its Tutte polynomial is

tHUe,) = (x —1)" + (T) (@—1) "4+ (T " 1) (- 1)

1O O L i L e

Tutte took interest in the fact that the number of spanning trees of a graph could be
computed recursively in terms of certain graph minors. In fact the set of spanning trees
of a graph G are the bases of a matroid on the ground set Edges(G). In this light the
statement becomes the more transparent one that the number of bases of M satisfies the
deletion-contraction recurrence,

f(M\e)+ f(M]/e) enot a loop or coloop,

f(M) =< f(M\e)f(e) e a loop, (1.1.1)
f(M/e)f(e) e a coloop.

A loop in M is an element e € E contained in no basis; a coloop is one contained in every
basis. M \ e is the matroid on E'\ e whose bases are the bases of M not containing e; M /e
is the matroid on the same set E \ e whose bases are the bases of M containing e, with e
removed.

Several other invariants f : {matroids} — R of interest, for a ring R, also satisfy the
deletion-contraction recurrence, among them other basic properties like number of indepen-
dent sets, and invariants with nontrivial graph-theoretic content like the chromatic poly-
nomial. Tutte defined the Tutte polynomial and showed that it had a universal property



([88] but there only for graphs; Crapo in [23] does the general case), solving the problem of
classifying all invariants satisfying the deletion-contraction recurrence.

Theorem 1.1.2. Let f be a matroid invariant satisfying (1.1.1). Then f = f' ot for some
ring homomorphism f'. Ezplicitly, f(M) = t(M)(f(coloop), f(loop)).

(By ‘coloop’ and ‘loop’ here we refer to matroids on a singleton ground set whose only
element is a coloop, respectively a loop.)

The main perspective on matroids adopted by this thesis takes them as polytopes. (A
polyhedron is an intersection of half-spaces; a polytope is a bounded polyhedron, equivalently
the convex hull of finitely many points. A lattice polytope or polyhedron is one whose vertices
are contained in a fixed lattices.)

Fix a real vector space RE with a distinguished basis {e; : i € E} and its dual basis
{e’ :i € E}. For aset I C E, we write e; = Y,;¢; for the zero-one indicator vector of I.
Given a matroid M on E, its matroid polytope is

Poly(M) = conv{eg : B € B(M)}.

The next theorem gives a pleasant intrinsic characterisation of matroid polytopes, which can
be taken as another axiom system for matroids.

Theorem 1.1.3 (Gelfand-Goresky-MacPherson-Serganova [37]). A polytope Q@ C RE is a
matroid polytope if and only if

o cvery vertex of Q) is of the form ey for I C E, and
o cvery edge of Q) is of the form {eyui,ery;} fori,j ¢ I CE.

The second of these conditions of course implies the first, unless () is a point.

Matroid polytopes were first studied in connection with optimisation and with the ma-
chinery of linear programming, introduced there by Edmonds [33] (who in fact treated a
mild variant of Poly(M), defined as the convex hull of all independent sets). A second line
of inquiry regarding matroid polytopes springs from the observation that their edge vectors
are the roots of the A,, root system. Generalisations to other root systems are then studied:
these are the Cozeter matroids [14]. Most recently, matroid polytopes have appeared in a
number of related algebraic-geometric contexts. We go into this in more detail in Section 1.3.

1.2 Subdivisions and valuations

The central construction in which matroid polytopes are involved in this thesis are sub-
divisions. Let P be a set of closed convex sets in a real vector space V'; in our case P is the



set of matroid polytopes, together with the empty set. A subdivision of sets in P is a cell
complex ¥ in V whose underlying space ¥ is in P and such that, if Py, ..., P, are the maxi-
mal cells of V', every intersection Px = (o5 Pr (0 # K C [k]) of some of these cells is in P.
For uniformity we put Py = |X|. Since faces of a matroid polytope are matroid polytopes
by Theorem 1.1.3, ¥ is a matroid polytope subdivision as soon as |X| and the maximal cells
P; are matroid polytopes. For example, Figure 1.1 portrays the simplest nontrivial matroid
polytope subdivision.

0101

1010
1001 0110

0101

N 0110

1001 " 0101

0011

Figure 1.1: The matroid subdivision of a regular octahedron into two square pyramids.

Let G be an abelian group. A function f : P — G is a valuation if, for any subdivision
> of sets in P with the Py defined as above, we have

> (=) (Pg) =0, (1.2.1)

KC[k]

That is, valuations are functions that add in subdivisions, taking account of the overlaps at
the boundaries of the maximal cells. We require that valuations take value 0 on (.

Valuations are a topic of classical interest; their defining property is similar to that of
measures, and they’re a basic tool in convexity. Among their uses is that they help us gain
control over the possible structures of subdivisions, and thus over the structures subdivisions
characterise. For instance, if an integer-valued function f is positive and is zero on polytopes
not of full dimension, then any full-dimensional polytope P can be subdivided into at most
f(P) pieces in P. (This is essentially the situation with Speyer’s invariant h introduced at
the end of Section 1.3.)

One fundamental valuation is the indicator function: indeed, the way (1.2.1) accounts
for overlaps is exactly what’s needed for the indicator function to be valuative. As usual, the



indicator function of a set P C RF is the map of sets 1(P) : RE — Z for which 1(P)(z) =1
if x € P and 1(P)(x) = 0 otherwise; by the unadorned name “the indicator function”,
referring to a function on P, we mean 1 : P — Homge (RE, Z).

Just as for the deletion-contraction recurrence (1.1.1), it turns out that several interesting
functions of matroids are valuations on matroid polytopes. The Tutte polynomial is one.
Some others have been recently introduced by Derksen [29], Billera, Jia and Reiner [11], and
Speyer [83]. In addition there is interest in certain properties of matroid polytopes which
are self-evidently valuations, such as their volume [5] or their Ehrhart polynomial [30], but
which are otherwise little understood.

If all sets in P are bounded, another basic valuation is the function x taking the value 1
on every nonempty set in P. This can be thought of as the Euler characteristic, and from
this perspective checking that x is a valuation essentially amounts to repeated application
of the Mayer-Vietoris sequence. Chapter 2 is an investigation of valuations that can be
constructed from y. The flexibility in this situation is this: if X is a closed convex set, and
Y is a subdivision, then ¥ N X with the cell structure given by intersecting cells of 3 with X
is a subdivision too. So M +— yx(Poly(M) N X) is a valuation. These are a generalisation of
evaluations of 1 (take X to be a point).

In Chapter 2, after setting this machinery up, we use it to build some families of valuations
which encapsulate a lot of information about matroids. The first family is the characteristic
functions of ranks of sets, or more generally of chains of sets.

Theorem 2.5.1, Proposition 2.6.1. The function

1 rky(A;) =r; foralli

0 otherwise (1.2.2)

sar(M) = {

is a matroid valuation, for any chain ) G A; C--- C A, CE andr = (r1,...,13) € ZF.

The second family is the characteristic function of internal and external activities of
bases.

Theorem 2.5.4. The function

1 B € B(M) has internal activity I and external activity E
0 otherwise

fB,I,E(M) = {

15 a matroid valuation, for any subsets B, I, E C E.

One can construct the Tutte polynomial 7" as a linear combination of either of these
families, yielding more elementary proofs that 7" is valuative than previously known (Corol-
lary 2.5.7).

We return to the question of characterising all valuations. Chapter 3 is dedicated to
this question in a range of settings. One generalisation we make throughout that chapter



is to polymatroids, another structure of general interest introduced by Edmonds. We also
invoke megamatroids, which are primarily a technical tool. The polytopes of polymatroids
are characterised by a close variant of Theorem 1.1.3: they are those lattice polytopes in the
positive orthant whose edges are parallel to vectors of the form e; —e; but have no restrictions
on length. Rank functions can also be defined for polymatroids. Finally, megamatroid
polyhedra are simply the unbounded analogues of polymatroid polytopes.

If f is a valuation, then so is g o f for any group homomorphism ¢g. Thus one could ask
for a universal valuation which all valuative functions of matroids factor through, parallel
to Theorem 1.1.2. One natural candidate for a universal valuation is 1. (In the language
with which Chapter 3 begins, valuations which factor through 1 are strong valuations, and
functions satisfying (1.2.1) are weak valuations.) This works in several classical cases: every
valuation does factor through 1 when P is the set of all convex bodies [41], and when P is
a set of convex bodies closed under intersection [91]. But these do not subsume the case of
matroid polytopes.

Example 1.2.1. Half a regular octahedron as in Figure 1.1 is a matroid polytope, as is any
of its images under the &, symmetries of the octahedron, where & denotes the symmetric
group. But a quarter octahedron can be obtained as the intersection of two of these images,
and this is not a matroid polytope. O

The first substantive result of Chapter 3 establishes that 1 is indeed a universal valuation
for matroids and polymatroids.

Theorem 3.3.5. Any valuation f of matroids or polymatroids is of the form f' o1 for some
group homomorphism f’.

Valuativity is a linear condition (unlike (1.1.1)), and so the set of valuative functions on
(poly)matroids on [n] of rank D, valued in a ring R, is an R-module. A few conditions on R
become necessary; everything will work as stated if R = Q. To keep the notation light, we
call the module of valuations V' (n, r) for the moment, and ignore notationally the question of
whether it’s matroids or polymatroids we’re dealing with. (In the more fastidious notation
of Chapter 3, we use the symbol Ppyn(n,r)".) By definition, V(n,r) is dual to the quotient
of the free module on the set of (poly)matroids by relations like (1.2.1). Theorem 3.3.5 above
gives us a set of generators of V'(n,r), namely the indicator functions of points. For greater
control we might ask for a presentation in generators and relations. In fact, in the cases we
care about, V' (n,r) will be a free module and we can find a basis. This is the aim of the rest
of Chapter 3.

It turns out that the s4, from (1.2.2) generate V(n,r) for matroids and polymatroids,
and it’s easy to get a basis with a little care paid to the index set.

Corollary 3.5.5. A basis for V(n,r) consists of those sa, such that sa, is not identically
zero and is not equal to any sar . for A', 1" subsequences of A,r (i.e. none of the equations
rky(A;) = r; are redundant).



A near-exact analogue is true for the module of valuative invariants, which could be
written V(n,r)®": we could modify Corollary 3.5.5 by imposing only the condition that A
is a subsequence of a fixed maximal chain of sets. But in this case the statement is nicer in

a variant:

Corollary 3.6.4. A basis for V(n,r)®" consists of those sa, such that s, is not identically
zero and A is the chain [1] C[2] C --- C [n].

The chapter culminates in a very clean algebraic description of the modules of valuative
invariants on all (poly)matroids, where now n and r are allowed to vary, and we consider
VS the direct sum of the V(n,7)®" over all n and r. There is also a clean structure for
additive valuations, those valuations whose values are zero on matroid polytopes of non-
maximal dimension.

Theorem 3.1.7. The module V®= is a free associative algebra over R, in the generators
Sipty,r-  The submodule of additive valuations is the free Lie algebra on these generators,
included in V= by [a,b] — ab — ba.

The multiplication invoked here is essentially such that the s4, multiply by catenating
subscripts. This is, moreover, the natural product structure that is associated with valuations
in the Hopf algebra structures on (poly)matroids and their valuations which we introduce in
section 3.7. (Poly)matroids thus have a place in the study of combinatorial Hopf algebras,
a recent active area of research [1].

1.3 Matroids and the Grassmannian

Let K be an algebraically closed field of characteristic 0.! The Grassmannian Gr(d, E) is
the space parametrising d-dimensional vector subspaces of KE. It is a projective variety: it
embeds into the projectivisation of /\d KE by the Pliicker embedding, which sends a subspace
V' to the wedge product of a basis of V. The Plicker coordinates are the corresponding
projective coordinates. There are (Z) Pliicker coordinates p;,..;,, one for each basis element
ei, A+ Aeg, of NYKE. (Recall that n = |E|.)

By the Gelfand-MacPherson correspondence, the Grassmannian is the parameter space
for a second kind of object, namely arrangements of n vectors in K¢ modulo the G Ly action.
The correspondence has an elementary description: given an d x n matrix A over K whose
rowspan is a d-dimensional subspace V' C K", the corresponding vector arrangement consists
of the columns of A. So, given a point z € Gr(d, E), consider its support B in the Pliicker
coordinates. Using the hyperplane arrangement description, we see that this B is the set of
bases of a representable matroid M (x).

'In other words we may as well choose K = C.



Here is a more geometric setting in which M (x) is encountered. Consider the n-
dimensional algebraic torus T := (K*)E. There is a natural action of 7' on Gr(d, E), by
which the ith coordinate of T' scales the ith vector in the arrangement (observe that this
scaling does not change M(z)). The same action can be defined by letting T act on KE
coordinatewise and carrying out the constructions in the first paragraph equivariantly; in
particular this action is a restriction from a T-action on P(AKE). If z is a point of a
(projectivised) K-vector space with a T-action, there is an associated weight polytope, given
as the convex hull of the characters T" acts by on the smallest T-invariant vector subspace
containing x. In the case at hand. the weight polytope of z € Gr(d,E) is Poly(M(x)). A
related way to say this: given xz, the variety Tz, the closure of the orbit of x under the
T-action is a toric variety. Toric varieties are a very tractable class of algebraic varieties,
due in no small part to their combinatorial nature. In particular, to every lattice polytope
is associated a toric variety, and in our case, Tx is the variety associated to the polytope
Poly (M (x)).

Matroid subdivisions have made prominent appearances in algebraic geometry, such as in
compactifying the moduli space of hyperplane arrangements (Hacking, Keel and Tevelev [42]
and Kapranov [46]), compactifying fine Schubert cells in the Grassmannian (Lafforgue [55,
56]), as well as Speyer’s h below. Lafforgue’s work implies, for instance, that a matroid
whose polytope has no subdivisions is representable in at most finitely many ways, up to the
actions of the obvious groups.

Underlying these appearances are certain degenerations which can be constructed over a
field with a valuation v. (We have here an unfortunate collision of terminology: a valuation
on a field, i.e. a homomorphism from its group of units to an ordered group, has nothing
to do with a valuation of polytopes.) Our variety Tz C Gr(d, E) degenerates into reducible
varieties Y7 U---UY} such that each nonempty intersection ﬂie ; Y; of components is again a
torus orbit closure of form Ty;. Associated to this degeneration is a subdivision of the weight
polytope of Tz into the weight polytopes of the various Ty;, with identical combinatorics:
i.e. the facets are the Poly(M (yy)), and we have (,.; Poly(M (ygy)) = Poly(M(yr)). The
subdivision is constructed by lifting the vertices of the weight polytope into one more di-
mension, in a fashion encoding certain values of v. The faces of the lifted polytope which are
visible from the direction of lifting form the subdivision in question. This is what’s known
as a reqular subdivision. Figure 1.2 is an example of a regular subdivision.

Starting with a representable matroid M(x), we have constructed a subvariety Tx of
Gr(d, E). This opens a set of avenues for the study of matroids by geometric means, through
working with the classes of the T in cohomology theories of Gr(d, E) (for instance the Chow
cohomology). Given our concern with valuations, the natural cohomology theory to use
is algebraic K-theory: more precisely we only need the Oth K-theory functor K°. This is
defined in Section 4.2. For the present purposes we need only a few facts. When X is a
sufficiently nice variety, like all those we will be working with, K°(X) is a ring. To every
subvariety Y C X corresponds an element [Y] € K°(X). The key property is this: when a



Figure 1.2: The regular subdivision of a 1-dimensional polytope with specified lifting heights.

variety Y = Y; U Y5 is reducible, the relation
Y] -] = [¥2] + [Y1UY)] =0

holds in K°[X]. Note the analogy with (1.2.1). We have similar relations for reducible
varieties Y C X with any number of components. The degeneration of Tz we describe in the
last paragraph doesn’t affect K-theory class. Altogether, this shows that the map M(z) —
y(M(z)) = [Tz] € K°(Gr(d,E)) is a valuation of representable matroids. Multiplication
being a linear map, the same is true of M(x) — Cy(M(z)) for any class C € K°(Gr(d, E)).

Actually, we mostly use a richer functor, the equivariant K-theory K%(X), which retains
some information about the way the torus T acts on all the varieties in question. The
properties above also hold of K%(X). Our main technical tool in Chapter 4 is equivariant
localisation. This reduces computations in the ring K°(Gr(d, E)) to computations in a direct
sum of copies of K% (point) = Z[t{', ... tF!], the ring of Laurent polynomials in n variables
(or, canonically, the group ring of the characters of T); there is no parallel to this reduction
in the non-equivariant case. This is of great computational utility. The computations of
equivariant localisation have a very strong polyhedral flavour, and our proofs end up mainly
dealing in lattice point generating functions of the matroid polytope and related polyhedra.

We would of course like to be able to work with all matroids, not just the representable
ones M (x) which we started with above. It is a remarkable fact, proved in [83], that even
though nonrepresentable matroids M have no corresponding subvarieties they still have
associated classes y(M) in K%(Gr(d,E)), which can be computed from their polytopes. We
can treat valuations on the set of all matroids this way.

Following the track of the previous chapters, we might ask whether the valuations of

the form M (x) — C[Tx] generate all valuations. It turns out they don’t (Example 4.4.4).
However, we can construct two important valuations in terms of these, and these are the
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main results of Chapter 4. The first is the Tutte polynomial. The second is Speyer’s invariant
h which is the subject of [83]. Speyer conjectures (and has proven in several cases) that, up
to a change of variable, h is positive; if this were true, it would impose sharp upper bounds
on the number of faces possible of each dimension in a matroid polytope subdivision.

Though we won’t define all the necessary objects in this exposition, we state the main
theorems here to highlight the striking formal similarity between the two invariants.

Theorems 4.7.1, 4.8.5. There exist maps and varieties Gr(d, E) < F/ LA (Pt x Pt
such that

t(M)(a, B) = (7). (y(M) - [O(1)])
h(M)(a, B) = (a').7 (y(M))

where ('), and 7 are respectively pushforward and pullback in K-theory, and K°(P"~1 x

P-1) = Za, B/(a", B7).

1.4 Tropical geometry

Our last chapter, Chapter 5, lies outside the thread of the other chapters regarding
matroid valuations. Instead it builds off the appearances of matroids in tropical geometry,
and consists of some first steps towards a generalisation.

Tropical geometry is a relatively new field of study. At its beginnings lies the following
observation. Let X be a complex affine or projective variety, and consider its image under
taking the coordinatewise real part of the logarithm: this image is known as the amoeba of X.
As the base of the logarithm tends to infinity, the amoeba shrinks and in the limit approaches
a polyhedral complex. Algebraically we can get the same limiting polyhedral complex directly
by working over an algebraically closed field with a valuation, and replacing the logarithm by
the valuation (and taking the closure of the resulting set). The polyhedral complex obtained
this way is a tropical variety, called the tropicalisation Trop X of the algebraic variety X
we began with.2 When we want to refer to expressly non-tropical objects we will call them
classical.

In the words of Maclagan [60], tropical varieties are combinatorial shadows of algebraic
varieties: that is, much information about classical varieties is retained in their tropicalisa-
tion. It can be a profitable attack on a classical geometric problem to consider the tropical
analogue, reducing hard algebra to hopefully easier combinatorics. We limit ourselves to
one quick example here: Mikhalkin used tropical techniques to count the rational curves of

2In particular our tropical varieties are all embedded in a real vector space (or near enough). Another
body of work in tropical geometry attempts to define a notion of abstract tropical variety, dissociated from
any particular embedding; this is not our concern.
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degree d through 3d — 1 points in the plane, for all d [67]; the number was only known for
d < 4 until around fifteen years ago.

That said, the combinatorics of tropical varieties, especially the global combinatorics, is
far from trivial. One of the better understood cases is that of linear spaces: these are very
closely related to matroids and matroid subdivisions. Let X be a linear subspace of complex
projective space. Its tropicalisation Trop X depends only on the valuations of the Pliicker
coordinates of X, and therefore on the regular subdivision of its matroid polytope described
last section. We can compute Trop X from the matroid subdivision. If the subdivision is
trivial (there is only one piece) then Trop X is the Bergman fan of [7]. Given a polytope P in
a real vector space V, its normal fan is the polyhedral complex on the dual space V*, whose
(closed) faces consist of all linear functionals maximised at a given face of P. The Bergman
fan is a certain subcomplex of the normal fan. For a regular subdivision of polytopes one
can define an analogue of the normal fan, and then an analogue of the Bergman complex,
and the analogue holds true. The situation is bijective: the Pliicker coordinates can also be
recovered from the tropical linear space. Indeed, the Grassmannian in its Pliicker embedding
tropicalises to the tropical Grassmannian, which is a parameter space for tropicalised linear
spaces [82].

It is a natural pursuit to develop a formalisation of tropical geometry that doesn’t depend
on classical algebraic geometry. From this perspective, the presence of classical varieties in
the explanation of tropical varieties opening this section is an unsatisfying feature, as it’s hard
to get a handle on. Given a polyhedral complex C', suppose we wish to determine whether
C = Trop X for an algebraic variety X. There are a set of necessary conditions on the local
combinatorics that are easy to test, but there are (usually) no good sufficient conditions:
indeed, Sturmfels proved [86] that determining realizability of a matroid in characteristic 0
is equivalent to determining solvability of a system of Diophantine equations over Q. This
informs us that, even for linear spaces, we can’t expect sufficient conditions for being a
tropicalisation. For this and other reasons, we define a tropical variety in general to be a
polyhedral complex with the aforementioned local conditions on its combinatorics.

Accepting this latter definition, we find that tropical linear spaces are exactly in bijection
with regular matroid subdivisions. This is one of three classes of tropical variety that have
been studied which are in combinatorial bijection with classes of subdivisions of polytopes.
There exist bijections between

(1) tropical linear spaces and matroid polytope subdivisions;
(2) tropical hypersurfaces and lattice polytope subdivisions;

(3) tropical zero-dimensional varieties and fine mized subdivisions of simplices [6].

(Regarding case 3, it is conventionally the tropical hyperplane arrangement dual to the
zero-dimensional variety which is associated to a fine mixed subdivision in the literature.)
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An effective algebraic cycle on a variety Y is a formal positive Z-linear combination of
irreducible subvarieties of Y. There is a classical construction, due to Chow and van der
Waerden [20], of a parameter space for effective algebraic cycles of given dimension and
degree in projective space, the Chow variety. For example, the Grassmannian is the Chow
variety for degree 1 cycles, these being linear spaces. The Chow variety is projective and
has a torus action, so as in the last section we can associate a weight polytope to any of its
points, i.e. any cycle X in Y; this is called the Chow polytope of X. We get more: working
over a valued field, the regular subdivision construction associates a subdivision of the Chow
polytope to X.

It turns out that, in the bijections (1)—(3) above, if any of the tropical varieties is of the
form Trop X for a classical algebraic cycle X, then the associated polytopal subdivision is
the Chow polytope subdivision. This makes it natural to consider the Chow polytope of any
tropicalisation. The main result of Chapter 5 extends this to all tropical varieties, providing
a simple combinatorial construction of a “Chow subdivision” for any tropical variety.

The k-skeleton of a cell complex is the subcomplex of all faces of dimension < k. Ignoring
the issue of multiplicity, we have the following result.

Theorem 5.4.1. Let C be a tropical variety of dimension e. Let L be the (e — 1)-skeleton
of the simplex conv{—ey,...,—e,}. Then the Minkowski sum C + L is the codimension 1
skeleton of the normal fan to a subdivision of polytopes. If C' = Trop X is a tropicalisation,
then this subdivision is the Chow polytope subdivision of X.

Unlike (1)—(3), this general Chow polytope construction does not afford a bijection:
Chapter 5 closes with an example of two tropical varieties which have equal Chow polytope.
In any event, the polytopes obtained from Theorem 5.4.1 lack a clean characterisation on the
model of Theorem 1.1.3, and there is certainly much to be done to obtain a combinatorial
description of all tropical varieties along these lines.
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Chapter 2

Valuations for matroid polytope
subdivisions

This chapter is joint work with Federico Ardila and Edgard Felipe Rincén. It is to appear
in the Canadian Mathematical Bulletin with the same title. (This version incorporates some
minor changes, largely for consistency with other chapters.)

2.1 Introduction

Aside from its wide applicability in many areas of mathematics, one of the pleasant
features of matroid theory is the availability of a vast number of equivalent points of view.
Among many others, one can think of a matroid as a notion of independence, a closure
relation, or a lattice. Ome point of view has gained prominence due to its applications
in algebraic geometry, combinatorial optimization, and Coxeter group theory: that of a
matroid as a polytope. This chapter is devoted to the study of functions of a matroid which
are amenable to this point of view.

To each matroid M one can associate a (basis) matroid polytope Poly(M), which is the
convex hull of the indicator vectors of the bases of M. One can recover M from Poly(M),
and in certain instances Poly(M) is the fundamental object that one would like to work
with. For instance, matroid polytopes play a crucial role in the matroid stratification of the
Grassmannian [37]. They allow us to invoke the machinery of linear programming to study
matroid optimization questions [78]. They are also the key to understanding that matroids
are just the type A objects in the family of Coxeter matroids [14].

The subdivisions of a matroid polytope into smaller matroid polytopes have appeared
prominently in different contexts: in compactifying the moduli space of hyperplane arrange-
ments (Hacking, Keel and Tevelev [42] and Kapranov [46]), in compactifying fine Schubert
cells in the Grassmannian (Lafforgue [55, 56]), and in the study of tropical linear spaces
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(Speyer [82]).

Billera, Jia and Reiner [11] and Speyer [82, 83] have shown that some important functions
of a matroid, such as its quasisymmetric function and its Tutte polynomial, can be thought
of as nice functions of their matroid polytopes: they act as valuations on the subdivisions of
a matroid polytope into smaller matroid polytopes.

The purpose of this chapter is to show that two much stronger functions are also valua-
tions. Consider the matroid functions

AOM) =" (Atky(A)) and fo(M)= Y (B,E(B).I(B)),

AC([n] B basis of M

regarded as formal sums in the free group with basis all triples in x. Here rkj; denotes
matroid rank, and E(B) and I(B) denote the sets of externally and internally active elements
of B.

Theorems 2.5.1 and 2.5.4. The functions f; and fs are valuations for matroid poly-
tope subdivisions: for any subdivision of a matroid polytope Poly(M) into smaller matroid
polytopes Poly (M), ..., Poly(M,,), these functions satisfy

f(M):Zf(Mz)_Zf(MU)‘F Z f(Migg) ==+,

1<J 1<j<k

where Mgy, . is the matroid whose polytope is Poly(M,) N Poly(M,) N - - N Poly(M.,).

The chapter is organized as follows. In Section 2.2 we present some background infor-
mation on matroids and matroid polytope subdivisions. In Section 2.3 we define valuations
under matroid subdivisions, and prove an alternative characterization of them. In Section
2.4 we present a useful family of valuations, which we use to prove Theorems 2.5.1 and
2.5.4 in Section 2.5. Finally in section 2.6 we briefly discuss some previously known matroid
valuations.

2.2 Preliminaries on matroids and matroid subdivi-
sions

A matroid is a combinatorial object which unifies several notions of independence. We
start with basic definitions; for more information on matroid theory we refer the reader to
[72]. There are many equivalent ways of defining a matroid. We will adopt the basis point
of view, which is the most convenient for the study of matroid polytopes.

Definition 2.2.1. A matroid M is a pair (E, B) consisting of a finite set E and a collection of
subsets B of E, called the bases of M, which satisfies the basis exchange axiom: If By, B, € B
and by € By — By, then there exists by € By — By such that (B; \ b1) Uby € B.
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We will find it convenient to allow (E, () to be a matroid; this is not customary.

A subset A C E is independent if it is a subset of a basis. All the maximal independent
sets contained in a given set A C E have the same size, which is called the rank rky;(A) of
A. In particular, all the bases have the same size, which is called the rank (M) of M.

Example 2.2.2. If E is a finite set of vectors in a vector space, then the maximal linearly
independent subsets of E are the bases of a matroid. The matroids arising in this way are
called representable, and motivate much of the theory of matroids. &

Example 2.2.3. If k < n are positive integers, then the subsets of size k of [n] = {1,...,n}
are the bases of a matroid, called the uniform matroid U,y,. &

Example 2.2.4. Given positive integers 1 < s; < ... < s, < n, the sets {a1,...,a,}
such that a; < s1,...,a, < s, are the bases of a matroid, called the Schubert matroid
SM,(s1,...,). These matroids were discovered by Crapo [23] and rediscovered in various
contexts; they have been called shifted matroids [4, 52], PI-matroids [11], generalized Catalan
matroids [13], and freedom matroids [26], among others. We prefer the name Schubert
matroid, which highlights their relationship with the stratification of the Grassmannian into
Schubert cells [12, Section 2.4]. O

The following geometric representation of a matroid is central to our study.

Definition 2.2.5. Given a matroid M = ([n], B), the (basis) matroid polytope Poly(M) of
M is the convex hull of the indicator vectors of the bases of M:

Poly(M) = convex{ep : B € B}.

For any B = {by,...,b.} C [n], by eg we mean e, + --- + e,, where {e1,...,e,} is the
standard basis of R".

When we speak of “a matroid polytope”, we will refer to the polytope of a specific
matroid, in its specific position in R". The following elegant characterization is due to
Gelfand, Goresky, MacPherson, and Serganova [37]:

Theorem 2.2.6. Let B be a collection of r-subsets of [n] and let Poly(B) = convex{ep :
B € B}. The following are equivalent:

1. B is the collection of bases of a matroid.

2. Every edge of Poly(B) is a parallel translate of e; — e; for some i, j € [n].

When the statements of Theorem 2.2.6 are satisfied, the edges of Poly(B) correspond
exactly to the pairs of different bases B, B’ such that B’ = (B \ i) U j for some i,j € [n].
Two such bases are called adjacent bases.

A subdivision of a polytope P is a set of polytopes ¥ = { P, ..., P,,}, whose vertices are
vertices of P, such that
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e PPU---UP, =P, and

e for all 1 <1 < j < m, if the intersection P; N P; is nonempty, then it is a proper face
of both P; and P;.

The faces of the subdivision Y are the faces of the P;; it is easy to see that the interior faces
of ¥ (i.e. faces not contained in the boundary of P) are exactly the non-empty intersections
between some of the P;.

Definition 2.2.7. A matroid polytope subdivision is a subdivision of a matroid polytope
@ = Poly(M) into matroid polytopes @)1 = Poly(M,), ..., Q,, = Poly(M,,). We will also
refer to this as a matroid subdivision of the matroid M into M, ..., M,,.

The lower-dimensional faces of the subdivision, which are intersections of subcollections
of the @Q;, are also of interest. Given a set of indices A = {ay,...,as} C [m], we will write
Qa = Qayeay = [gen Qa- By convention, Qp = Q. Since any face of a matroid polytope
is itself a matroid polytope, it follows that any nonempty ()4 is the matroid polytope of a
matroid, which we denote M 4.

Because of the small number of matroid polytopes in low dimensions, there is a general
lack of small examples of matroid subdivisions. In two dimensions the only matroid polytopes
are the equilateral triangle and the square, which have no nontrivial matroid subdivisions.
In three dimensions, the only nontrivial example is the subdivision of a regular octahedron
(with bases {12,13,14,23,24,34}) into two square pyramids (with bases {12, 13,14, 23,24}
and {13,14, 23,24, 34}, respectively); this subdivision is shown in Figure 2.1.

1100
7

0101

1010
1001 0110
0101

N 0110

1001 \\ 0101

0011

Figure 2.1: The matroid subdivision of a regular octahedron into two square pyramids.
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Example 2.2.8. A more interesting example is the following subdivision [11, Example 7.13]:
Let My = SM;g(2,4,6) be the Schubert matroid whose bases are the sets {a, b, c} C [6] such
that a < 2,b < 4, and ¢ < 6. The permutation o = 345612 acts on the ground set [6] of M,
thus defining the matroids M, = oM, and M3 = 0>M;. (Note that o is the identity.) Then
{M;, My, M3} is a subdivision of M = Usg. One can easily generalize this construction to
obtain a subdivision of U, 4, into a isomorphic matroids.

Under the projection (z1, ..., xs) — (z1+22, T3+, x5+x6), Us g is taken to the hexagon
of Figure 2.2, and the M, are the preimages of the three parallelograms of that figure. Notice
that Figure 2.2 is also a polymatroid subdivision, as in Chapter 3. &

102 201

012 210

021 120

Figure 2.2: A projection of the subdivision of Example 2.2.8.

2.3 Valuations under matroid subdivisions

We now turn to the study of matroid functions which are valuations under the sub-
divisions of a matroid polytope into smaller matroid polytopes. Throughout this section,
Mat = Mat,, will denote the set of matroids with ground set [n|, and G will denote an ar-
bitrary abelian group. As before, given a subdivision {M;, ..., M,,} of a matroid M and a
subset A C [m], M, is the matroid whose polytope is (), 4, Poly(M,).

Definition 2.3.1. A function f : Mat — G is a valuation under matroid subdivision, or

simply a valuation, if for any subdivision {My, ..., M,,} of a matroid M € Mat, we have
> (=) (M) =0 (23.1)
AC[m]

IThis use of the term valuation is standard in convex geometry [63]. It should not be confused with the
unrelated notion of a matroid valuation found in the theory of valuated matroids [32].
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or, equivalently,

FOM) =3 (M) = 3 F(Mig)+ 3 f(Migi) =+ (23.2)

1<j 1<j<k

Recall that, contrary to the usual convention, we have allowed () = ([n], @) to be a matroid.
We will also adopt the convention that f(0)) = 0 for all the matroid functions considered in
this chapter.

Many important matroid functions are well-behaved under subdivision. Let us start with
some easy examples.

Example 2.3.2. The function vol, which assigns to each matroid M €& Mat the n-
dimensional volume of its polytope Poly(M), is a valuation. This is clear since the lower-
dimensional faces of a matroid subdivision have volume 0. &

Example 2.3.3. The Ehrhart polynomial {p(x) of a lattice polytope P in R? is the poly-
nomial such that, for a positive integer n, £p(n) = [nP N Z<| is the number of lattice points
contained in the n-th dilate nP of P [84, Section 4.6]. By the inclusion-exclusion formula,
the function ¢ : Mat — R[z| defined by (M) = lpay(ary () is a valuation. &

Example 2.3.4. The function b(M) = (number of bases of M) is a valuation. This follows
from the fact that the only lattice points in Poly(M) are its vertices, which are the indicator
vectors of the bases of M; so b(M) is the evaluation of {(M) at x = 1. &

Before encountering other important valuations, let us present an alternative way of
characterizing them. This result may be known, but we have been unable to locate the
precise statement that we need in the literature, so we include a proof for completeness.

Theorem 2.3.5. A function f : Mat — G is a valuation if and only if, for any matroid
subdivision ¥ of () = Poly(M),

fM)= ) (1)@= r(r(F)), (2.3.3)

Feint(3)

where the sum is over the interior faces of the subdivision 3, and M (F') denotes the matroid
whose matroid polytope is F'.

To prove Theorem 2.3.5 we first need to recall some facts from topological combinatorics.
These can be found, for instance, in [84, Section 3.8].

Definition 2.3.6. A regular cell complex is a finite set C' = {0y,09,...,05} of pairwise
disjoint and nonempty cells o; C R? such that for any i € [s]:

1. o; ~#B™ and ; \ 0; ~ S™ ! for some nonnegative integer m;, called the dimension of
g;.
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2. @; \ 0; is the union of some other o;s.

Here 7; denotes the topological closure of o; and ~ denotes homeomorphism. Also B! and
S’ are the I-dimensional closed unit ball and unit sphere, respectively. The underlying space
|C| of C'is the topological space oy U - U 0.

Definition 2.3.7. Let C be a regular cell complex, and let ¢; be the number of ¢-dimensional
cells of C. The Euler characteristic of C' is:

X(C) =) ()™ =N ()i =co—cr e —cs- .

oceC iEN

The reduced Euler characteristic of C'is x(C) = x(C)—1. A fundamental fact from algebraic
topology is that the Euler characteristic of C' depends solely on the homotopy type of the
underlying space |C/.

Definition 2.3.8. For a regular cell complex C, let P(C') be the poset of cells of C, ordered
by 0; < o if 3 C 7. Let P(C) = P(C) U {0,1} be obtained from P(C) by adding a
minimum and a maximum element.

Definition 2.3.9. The Moébius function u : Int(P) — Z of a poset P assigns an integer to
each closed interval of P, defined recursively by

up(x,x) =1, Z u(x,a) =0 for all z < y.

z<a<y

It can equivalently be defined in the following dual way:

pp(x,x) =1, Z pla,y) =0 for all x < y.

z<a<y

The following special case of Rota’s Crosscut Theorem is a powerful tool for computing
the Mobius function of a lattice.

Theorem 2.3.10 ([76]). Let L be any finite lattice. Then for all x € L,

u(0,2) = 3(-1)",

B

where the sum is over all sets B of atoms of L such that \| B = x.

Finally, we recall an important theorem which relates the topology and combinatorics of
a regular cell complex.
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Theorem 2.3.11 ([84, Proposition 3.8.9]). Let C be a reqular cell complex such that |C| is
a manifold, with or without boundary. Let P = P(C'). Then

x(I1C)) ife=0andy =1,
=<0 ifx #0,y=1, and x is on the boundary of |C,

—1)!@Y)  otherwise,

pp(z,y)

where l(x,y) is the number of elements in a maximal chain from x to y.

We are now in a position to prove Theorem 2.3.5.

Proof of Theorem 2.8.5. Let ¥ = {M,...,M,,} be a matroid subdivision of M. Let
{Q1,...,Qmn} and @ be the corresponding polytopes. Notice that the (relative interiors of
the) faces of the subdivision 3 form a regular cell complex whose underlying space has closure
(). Additionally, the poset ﬁ(Z) is a lattice, since it has a meet operation o; Ao; = int(o;N7;)
and a maximum element.

We will show that

> (—1)Im@amE p(Ar(F)) = Zf(Mz’) = f(My) + Y f(Myg) =+ (2.3.4)

Feint(3) i<j i<j<k

which will establish the desired result in view of (2.3.2). In the right hand side, each term is
of the form f(M(F)) for an interior face I’ of the subdivision 3 and moreover, all interior
faces I appear. The term f(M(F')) appears with coefficient

PORNC IS

AC[m|: Ma=M(F)

This is equivalent to summing over the sets of coatoms of the lattice IB(E) whose meet is F'.
By Rota’s Crosscut Theorem 2.3.10, when applied to the poset ﬁ(Z) turned upside down,
this sum equals —pip s (F, 1). Theorem 2.3.11 tells us that this is equal to (—1)/FD-1 =
(—1)dim@)=dim(F) " a5 desired. O

2.4 A powerful family of valuations

Definition 2.4.1. Given X C R", let ix : Mat — Z be defined by

(M) 1 if Poly(M)NX #0,
1 o
X 0 otherwise.
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Our interest in these functions is that, under certain hypotheses, they are valuations
under matroid subdivisions. Many valuations of interest, in particular those of Section 2.5,
can be obtained as linear combinations of evaluations of these valuations, i.e. of compositions
f oix for some group homomorphism f. It is in this sense that we regard the family as
powerful.

Theorem 2.4.2. If X C R" is convex and open, then ix is a valuation.

Proof. Let M € Mat be a matroid and X be a subdivision of ) = Poly(M). We can assume
that Q N X # 0, or else the result is trivial. We can also assume that X is bounded by
replacing X with its intersection with a bounded open set containing [0, 1]™.

We will first reduce the proof to the case when X is an open polytope in R”. By the
Hahn-Banach separation theorem [77, Theorem 3.4], for each face F' of ¥ such that FNX = ()
there exists an open halfspace Hp containing X and disjoint from F'. Let

X' = ﬂ Hp

FNX=0

be the intersection of these halfspaces. Then X’ O X and X' N F = () for each face F not
intersecting X, so ixs and iy agree on all the matroids of this subdivision. If we define X"
as the intersection of X’ with some open cube containing (), then ix~» and iy agree on this
subdivision and X" is an open polytope.

We can therefore assume that X is an open polytope in R"; in particular it is full-
dimensional. Note that X N int(Q) is the interior int(R) of some polytope R C . Since
R and @ have the same dimension, R ~ Bd™(@ and R ~ SI™@-1 If F is a face of
the subdivision ¥ and o is a face of the polytope R, let ¢p, = int(F) Nint(o). Since cp,
is the interior of a polytope, it is homeomorphic to a closed ball and its boundary to the
corresponding sphere. Define

C= {CF,O' cCro 7é (D}
0C ={cpy : cry # 0 and 0 # R} .

The elements of C' form a partition of R and in this way C' is a regular cell complex whose
underlying space is R. Similarly, 0C' is a regular subcomplex whose underlying space is OR.
Note that if F' is an interior face of 3, cpr = int(F) Nint(R) # 0 if and only if ' N X # (),
and in this case dim(cpr) = dim(F).



We then have

Y (i (M(F))

Feint(X)

Z (_1)dim(F)

Feint(X)

FNX#0

Z (_1)dim(cF7R)
Feint(S)

cp,R#D

Z (_1>dim(cF1R)
cr,r7#0
Z(_l)dim( ) Z (_1)dim( )
ceC cedC
X(R) — x(9R)
1 — (1 + (_1)dim(Q)—1>
(_l)dlm(Q)
(=) @ix (M),

which finishes the proof in view of Theorem 2.3.5.

Corollary 2.4.3. If X CR" is convex and closed, then ix is a valuation.

22

Proof. As before, we can assume that X is bounded since ix = ixnp». Now let X be a
subdivision of @ = Poly(M) into m parts. For all A C [m] such that X N Q4 = 0, the
distance d(X,Q4) is positive since X is compact and @4 is closed. Let ¢ > 0 be smaller
than all those distances, and define the convex open set

For all A C [m] we have that X N Q4 # 0 if and only if U N Q4 # (). By Theorem 2.4.2,

as desired.

U={zeR":d(x,X) <e}.

Z (—1)|A\Z-X(MA) — Z (—1)‘A|iU(MA) -0

AC[m]

AC[m)

In particular, ip is a valuation for any polytope P C R".

Proposition 2.4.4. The constant function ¢(M) =1 for M € Mat is a valuation.

Proof. This follows from c¢(M) = ijg 1.
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Proposition 2.4.5. If X C R" is convex, and is either open or closed, then the function
1x : Mat — Z defined by

_ 0 i Poly(MYNX #0,
1 otherwise,
18 a valuation.
Proof. Notice that ix = 1 — iy, which is the sum of two valuations. O

2.5 Subset ranks and basis activities are valuations

We now show that there are two surprisingly fine valuations of a matroid: the ranks of
the subsets and the activities of the bases.

2.5.1 Rank functions

Theorem 2.5.1. Let G be the free abelian group on symbols of the form (A,s), A C [n],
s € Z>o. The function F': Mat — G defined by

FOM) = 3 (A,rky(A))
AC[n]

15 a valuation.

Proof. It is equivalent to show that the function f4 s : Mat — Z defined by

fA,s(M) =

0 otherwise,

{1 if 1kp(A) = s,

is a valuation. Define the polytope

Py, = {x €01 a> 3}.

1€A

A matroid M satisfies that rky (A) = s if and only if it has a basis B with |[AN B| > s,
and it has no basis B such that |[A N B| > s+ 1. This is equivalent to Poly(M) N Py # ()
and Poly(M) N Pysy1 = 0. It follows that fa, = ip,, —ip,,,,, which is the sum of two
valuations. O
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2.5.2 Basis activities

One of the most powerful standard invariants of a matroid is its Tutte polynomial:

ta(z,y) = Z (z — 1) D=7y _ 1)lAl=r(d),
ACn)

Its importance stems from the fact that many interesting invariants of a matroid satisfy
the deletion-contraction recursion, and every such invariant is an evaluation of the Tutte
polynomial [19].

Definition 2.5.2. Let B be a basis of the matroid M = ([n], B). An element i € B is said
to be internally active with respect to B if ¢ < j for all j ¢ B such that (B\i)Uj € B.
Similarly, an element ¢ ¢ B is said to be externally active with respect to B if i < j for all
J € Bsuch that (B\ j)Ui € B. Let I(B) and E(B) be the sets of internally and externally
active elements with respect to B.

Theorem 2.5.3. (Tutte, Crapo [19]) The Tutte polynomial of a matroid is

tu(ey) = 3 Bl BB
B basis of M

Theorem 2.5.4. Let G be the free abelian group generated by the triples (B, E,I), where
B Cn], EC[n]\ B and I C B. The function F : Mat — G defined by

F(M)= Y (B.,E(B),I(B)) (2.5.1)

B basis of M

15 a valuation.

Before proving this result, let us illustrate its strength with an example. Consider the
subdivision of M = Usg into three matroids M, Ms, and M3 described in Example 2.2.8.
Table 2.1 shows the external and internal activity with respect to each basis in each one of
the eight matroids M4 arising in the subdivision. The combinatorics prescribed by Theorem
2.5.4 is extremely restrictive: in any row, any choice of (F, I') must appear the same number
of times in the M4s with |A| even and in the Ms with |A| odd.
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We will divide the proof of Theorem 2.5.4 into a couple of lemmas.

Lemma 2.5.5. Let BC [n|, EC[n]\ B and I C B. Let

V(B,E,I)={AC [n]:es—ep=e,— ¢, witha € E and a > b,
or with b € I and a < b}

and
es+ep

P(B,E,I)zconvex{ :AGV(B,E,I)}.

Then for any matroid M € Mat, we have that Poly(M) N P(B, E,I) =0 if and only if

e B is not a basis of M, or
e B is a basis of M with E C E(B) and I C I(B).

To illustrate this lemma with an example, consider the case n = 4, B = {1,3}, E = {2}
and [ = {3}. Then V(B,E,I) = {{1,2},{2,3}}. Figure 2.3 shows the polytope P =
P(B, E,I) inside the hypersimplex, whose vertices are the characteristic vectors of the 2-
subsets of [4]. The polytope of the matroid M; with bases By = {{1,2},{1,4},{2,3},{3,4}}
does not intersect P because B is not a basis of M;. The polytope of the matroid M, with
bases By = {{1,3},{1,4},{3,4}} does not intersect P either, because B is a basis of My, but
2 is externally active with respect to B and 3 is internally active with respect to B. Finally,
the polytope of the matroid Mz with bases By = {{1,3},{2,3},{3,4}} does intersect P,
since B is a basis of M3 and 2 is not externally active with respect to B; the intersection
point $(0110 + 1010) “certifies” this.

Figure 2.3: The polytope P = P(B, E,I) inside Poly(Us 4)
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Proof. Assume B is a basis of M. For a ¢ B, a is externally active with respect to B if and
only if there are no edges in Poly(M) which are translates of e, — e, with a > b which are
incident to eg. In the same way, for b € B, b is internally active with respect to B if and
only if there are no edges in Poly(M) which are translates of e, — ¢, with a < b which are
incident to ep. Since the vertices of P(B, E,I) are precisely the midpoints of these edges
when a € E and b € I, if Poly(M)NP(B,E,I) =0 then E C E(B) and I C I(B).

To prove the other direction, suppose that Poly(M) N P(B, E,I) # 0. First notice that,
since P(B, E,I) is on the hyperplane zy + 22 + -+ 4+ x, = |B| and Poly(M) is on the
hyperplane =y + 9 + -+ + z,, = r(M), we must have |B| = r(M). Moreover, since the
vertices v of P(B, F, ) satisfy eg -v = r(M) — 1/2 it follows that B must be a basis of M,
or else the vertices w of Poly(M) would all satisfy eg - w < r(M) — 1.

Now let ¢ € Poly(M)NP(B, E,I). Since g € Poly(M), we know that ¢ is in the cone with
vertex ep generated by the edges of Poly(M) incident to eg. In other words, if Ay, Ay, ..., Ay,
are the bases adjacent to B,

q=-ep+ Z)‘i(e&- —ep),
i=1

where the \; are all nonnegative. If we let e., — eq, = e, — ep for ¢; and d; elements of [n],
then

m

q=c¢ep+ Z Ai€e, — €d;)

=1

On the other hand, since ¢ € P(B, E, I),

€A+ €ep
a= 2 ,
A€V (B,E,I)

where the v, are nonnegative and add up to 1. Setting these two expressions equal to each

other we obtain .
eqat+ep
q:€B+Z)\i(eci_€di): Z AT
i=1 A€V (B,E,I)

and therefore

" €A — €R
r=q—es=)» Nlee,—ea)= Y 7a 5
i=1 A€V (B,E,I)

For A€ V(B,E,I) we will let e,, —e,, = €4 — ep for ay and by again elements of [n]. We

have
m

r= Z Ni(ee, —eq,) = Z Ya @. (2.5.2)

i=1 A€V(B,E,I)
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Notice that there is no cancellation of terms in either side of (2.5.2), since the d;s and the
bas are elements of B, while the ¢;s and the ass are not. Let r = (ry,r9,...,7,) and let k
be the largest integer for which 7 is nonzero.

Assume that & ¢ B. From the right hand side of (2.5.2) and taking into account the
definition of V(B, E, I), we have that k € E. From the left hand side we know there is an i
such that ¢; = k. But then e, — ¢4, is an edge of Poly(M) incident to ep, and d; < k = ¢;
by our choice of k. It follows that k is not externally active with respect to B. In the case
that k € B, we obtain similarly that k& € I, and that d; = k for some j. Thus e.; — ¢4, is an
edge of Poly(M) incident to eg and ¢; < k = dj;, so k is not internally active with respect to
B. In either case we conclude that E ¢ E(B) or I ¢ I(B), which finishes the proof. O

Lemma 2.5.6. Let B be a subset of [n], and let E C [n]\ B and I C B. The function
Gpp1:Mat — Z defined by

Gpri(M)=

0 otherwise,

{1 if B is a basis of M,E = E(B) and I = I(B),

15 a valuation.

Proof. To simplify the notation, we will write ip instead of if.,;. We will prove that
G(B,E,I)=G'(B, E,I) where

GIB,E,I(M) = (_1)‘E|—HI| : Z (—1)|X|—HY‘ (iP(B,)Qy)(M) — ZB(M)) s (253)

ECXCn]
ICY C[n]

which is a sum of valuations.

Let M € Mat. If B is not a basis of M then ig(M) = 1, and by Lemma 2.5.5 we have
ipB,x,y)(M) =1 for all X and Y. Therefore G’ , ;,(M) = 0 = Gp (M) as desired. If B
is a basis of M then ig(M) = 0; and we use Lemma 2.5.5 to rewrite (2.5.3) as

/B,E,I(M) = (_1)|E|+\I| . Z (_1)\X|+|y|

ECXCE(B)
ICYCI(B)
— (1B, _1\xl . _1\IYl
(1) (—1) (1)
ECXCE(B) ICYCI(B)

_ {1 if £=E(B)and I = I(B),

0 otherwise,
as desired. O

Proof of Theorem 2.5.4. The coefficient of (B, E, I) in the definition of (2.5.1) is G g (M),
so the result follows from Lemma 2.5.6. O
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Theorem 2.5.4 is significantly stronger than the following result of Speyer which moti-
vated it:

Corollary 2.5.7. (Speyer, [82]) The Tutte polynomial (and therefore any of its evaluations)
15 a valuation under matroid subdivisions.

Proof. By Theorem 2.5.3, tj/(z,y) is the composition of the homomorphism h : G — Z[z, y|
defined by h(B, E,I) = 21!l yl¥l with the function F of Theorem 2.5.4. O

2.6 Related work

Previous to our work, Billera, Jia and Reiner [11] and Speyer [82, 83] had studied various
valuations of matroid polytopes. A few months after the initial submission of the paper
this chapter represents, we learned about Derksen’s results on this topic [29], which were
obtained independently and roughly simultaneously. Their approaches differ from ours in the
basic fact that we have considered general matroid functions which are valuations, whereas
they have been concerned with matroid invariants which are valuations; however there are
similarities. We outline their main invariants here. See also Chapter 3 which takes up
Derksen’s approaches in considerable detail.

In his work on tropical linear spaces [82], Speyer shows that the Tutte polynomial is a
valuative invariant. He also defines in [83] a polynomial invariant gps(t) of a matroid M
which arises in the K-theory of the Grassmannian. It is not known how to describe gy (t)
combinatorially in terms of M.

Given a matroid M = (E,B), a function f : E — Z.q is said to be M-generic if the
minimum value of »,_, f(b) over all bases B € B is attained just once. Billera, Jia, and

Reiner study the valuation
QS = > [z

f M-generic beE

which takes values in the ring of quasi-symmetric functions in the variables z;, i.e. the ring
generated by
Z xiall e a;ia:
1 <. <l

for all tuples (o, ..., ;) of positive integers.

Derksen’s invariant is given by

G(M) :=> Ulrky (A1) = tky(Ao), ., rkar(An) = tkas(An1))

where A = (Ao, ..., A,) ranges over all maximal flags of M, and {U(r) : r a finite sequence
of nonnegative integers} is a particular basis for the ring of quasi-symmetric functions. (We
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won’t define the U(r) more precisely, but we define their dual basis u(r) in Section 3.6.)
Derksen’s invariant can be defined more generally on polymatroids. He shows that the Tutte
polynomial and the quasisymmetric function of Billera, Jia and Reiner are specialisations
of G(M), and asks whether G(M) is universal for valuative invariants in this setting. Chap-
ter 3 answers this question in the affirmative.

For the remainder of this section, F'(M) will denote the function of our Theorem 2.5.1.
Since F'(M) is not a matroid invariant, it cannot be a specialisation of gp/(t), QS(M), or
G(M). As one would expect, G(M) and QS(M) are not specialisations of F'(M). One linear
combination that certifies this is set out in Table 2.2, in which, to facilitate carrying out the
relevant checks for F'(M), the relevant matroids are specified via their rank functions.

However, one can give a valuation which is similar in spirit to our F'(M) and specialises
to Derksen’s G(M). This valuation will play a significant role in Chapter 3, where it is shown
universal for matroid valuations. (It will be handled not as a single function s as below, but
as its coordinates. The s,, of Chapter 3 is the coefficient of ((A1,7(A1)),..., (An,7(A)))
below.)

Proposition 2.6.1. The function s : Mat — G" defined by

s(M) = ((A1, (A1), -+ -, (An, 7(An))),

A

where A = (A, ..., A,) ranges over all maximal flags of M, is a valuation.

Proof. The proof is a straightforward extension of our argument for Theorem 2.5.1. With
the notation of that proof, checking whether a matroid M satisfies rky,(A;) = r; for some
fixed vector r = (r;), i.e. whether the term ((Ay,71),...,(An, 7)) is present in s(M), is
equivalent to checking that Poly (M) intersects Py, ,, and not Py, .41 for each i.

Observe that if Poly (M) intersects Py, ,, for all ¢ then r(A;) > r; and, since A is a flag,
we can choose a single basis of M whose intersection with A; has at least r; elements for
each i. Therefore Poly (M) intersects Py, ,, M-+ N Py

Consider the sum

n'n*

Do)y (M) (2.6.1)

where the sum is over all e = (ey,...,e,) € {0,1}", and where Pa ,;c is the intersection
Pa,rites N+ N Py, yote,. By our previous observation this sum equals

(Z(—l)eliPAl,rl+el(M)> (Z(—I)e"LipAnMﬂn(M)) ,

el €n

which is 1 if the term ((Ay,r1),...,(An,rs)) is present in s(M), and is 0 otherwise. All the
terms in (2.6.1) are valuations, hence s is a valuation. ]
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Chapter 3

Valuative invariants for polymatroids

This chapter is joint work with Harm Derksen. It is to appear in Advances in Mathematics
with the same title, as doi:10.1016/j.aim.2010.04.016. (This version incorporates some minor
changes, largely for consistency with other chapters.)

3.1 Introduction

Matroids were introduced by Whitney in 1935 (see [94]) as a combinatorial abstraction
of linear dependence of vectors in a vector space. Some standard references are [92] and [72].
Polymatroids are multiset analogs of matroids and appeared in the late 1960s (see [33, 44]).
There are many distinct but equivalent definitions of matroids and polymatroids, for example
in terms of bases, independent sets, flats, polytopes or rank functions. For polymatroids, the
equivalence between the various definitions is given in [44]. Here is the definition in terms
of rank functions:

Definition 3.1.1. Suppose that X is a finite set (the ground set) and rk : 2¥ — N =
{0,1,2,...}, where 2% is the set of subsets of X. Then (X,1k) is called a polymatroid if:

1. rk(() = 0;
2. rk is weakly increasing: if A C B then rk(A) < rk(B);
3. rk is submodular: tk(AU B) + k(AN B) <1k(A) +rk(B) for all A, B C X.
If moreover, rk({z}) <1 for every x € X, then (X, rk) is called a matroid.
An isomorphism ¢ : (X,tkx) — (Y,rky) is a bijection ¢ : X — Y such that rky op =

rky. Every polymatroid is isomorphic to a polymatroid with ground set [d] = {1,2,...,d}
for some nonnegative integer d. The rank of a polymatroid (X, rk) is rk(X).
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Let Spnm(d, r) be the set of all polymatroids with ground set [d] of rank r, and Sy (d, r) be
the set of all matroids with ground set [d] of rank 7. We will write Spym(d, ) when we want
to refer to Spwm(d,r) or Sm(d,r) in parallel. A function f on Spyw(d,r) is a (poly)matroid
invariant if f(([d],rk)) = f(([d],xk’)) whenever ([d],rk) and ([d],rk’) are isomorphic. Let
Sipy(d, ) be the set of isomorphism classes in Sp)m(d, 7). Invariant functions on Spym(d, r)
correspond to functions on Sigy\(d,r). Let Zp (d r) and Zpy\(d,r) be the Z-modules

(P)
freely generated by Spym(d, r) and Ssym v (d, ) respectlvely For an abelian group A, every

(sym) (sym)

function f : S (P)M (d, 7‘) — A extends umquely to a group homomorphism Z oy (d,r) — A.

One of the most important matroid invariants is the Tutte polynomial. It was first
defined for graphs in [88] and generalized to matroids in [18, 24]. This bivariate polynomial
is defined by

T((X, rk)) _ Z (ZL‘ _ 1)rk(X)—rk(A)(y _ 1)|A|—rk(A)‘
ACX
Regarded as a polynomial in x — 1 and y — 1, 7 is also known as the rank generating
function. The Tutte polynomial is universal for all matroid invariants satisfying a deletion-
contraction formula. Speyer defined a matroid invariant in [83] using K-theory. Billera, Jia
and Reiner introduced a quasi-symmetric function F for matroids in [11], which is a matroid
invariant. This quasi-symmetric function is a powerful invariant in the sense that it can
distinguish many pairs of non-isomorphic matroids. However, it does not specialize to the
Tutte polynomial. Derksen introduced in [29] another quasi-symmetric function G which
specializes to 7 and F. Let {U,} be the basis of the ring of quasi-symmetric functions
defined in [29]. G is defined by
((X,1k)) Z Urx

where
XZQZX()CXlC"'CXd:X

runs over all d! maximal chains of subsets in X, and

r(X) = (rk(X7) — rk(Xop), rk(X3) — rk(X7y), ..., tk(Xy) — rk(X4_1)).

To a (poly)matroid ([d], k) one can associate its base polytope Poly(rk) in R? (see Defi-
nition 3.2.2). For d > 1, the dimension of this polytope is < d — 1. The indicator function of
a polytope IT C R? is denoted by 1(II) : R* — Z. Let Ppyw(d, ) be the Z-module generated
by all 1(Poly(rk)) with ([d], k) € Spym(d, 7).

Definition 3.1.2. Suppose that A is an abelian group. A function f : Spym(d,r) — A is
strongly valuative if there exists a group homomorphism f: Prywu(d, ) — A such that

F(([d), xk)) = F(1(Poly(rk)))
for all ([d],rk) € Spywm(d, 7).
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In Section 3.3 we also define a weak valuative property in terms of base polytope decom-
positions. Although seemingly weaker, we will show that the weak valuative property is
equivalent to the strong valuative property.

Definition 3.1.3. Suppose that d > 0. A valuative function f : Spy(d,r) — A is said to
be additive, if f(([d],rk)) = 0 whenever the dimension of Poly(rk) is < d — 1.

Most of the known (poly)matroid invariants are valuative. For example, 7, F and G all
have this property in common. Speyer’s invariant is not valuative, but does have a similar
property, which we will call the covaluative property. Valuative invariants and additive in-
variants can be useful for deciding whether a given matroid polytope has a decomposition
into smaller matroid polytopes (see the discussion in [11, Section 7]). Decompositions of
polytopes and their valuations are fundamental objects of interest in discrete geometry in
their own right (see for instance the survey [65]). Matroid polytope decompositions appeared
in the work of Lafforgue ([55, 56]) on compactifications of a fine Schubert cell in the Grass-
mannian associated to a matroid. The work of Lafforgue implies that if the base polytope of
a matroid does not have a proper decomposition, then the matroid is rigid, i.e., it has only
finitely many nonisomorphic realizations over a given field.

Main results

The following theorem proves a conjecture stated in [29]:

Theorem 3.1.4. The G-invariant is universal for all valuative (poly)matroid invariants,
i.e., the coefficients of G span the vector space of all valuative (poly)matroid invariants with
values in Q.

From G one can also construct a universal invariant for the covaluative property which
specializes to Speyer’s invariant.
It follows from the definitions that the dual Ppyw(d, )" = Homg(Ppywm(d,7),Z) is the
Zpace of all Z-valued valuative functions on Spym(d,r). If P(Sg;?ﬁ(d, r) is the push-out of the
iagram

Zya(d, 1) "% Z (d, ) (3.1.1)
o T
v

P(P)M(da r) VoiYe (sgﬁ/[(i r)
then the dual space P(Sgilv[(d, r)¥ is exactly the set of all Z-valued valuative (poly)matroid
invariants. Let p?lypTM(d, r) be the rank of the free Z-module P(Sgglw(d, r), and prym(d,r) be
the rank of the free Z-module Ppy(d,r). Then pipy,(d,r) is the number of independent
Z-valued valuative (poly)matroid invariants, and ppyw(d, ) is the number of independent
Z-valued valuative functions on (poly)matroids. We will prove the following formulas:
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Theorem 3.1.5.

Sy1m Sym —r_r 1
a. py(d,r) = (f) and Z P (d, )Ty = R—
0<r<d
r4+d—1
sym ( ) ifd>1orr>1;
- Pesi(d {1 ifd=r=0 and
m 1—2z
ZZPSY )oY =
r=0 d=0 Yy
pM(d7 T) d—r, r __ r—y
c. EE: | r y = re—7T __ye—y’
0<r<d
B (r+10%—=7rd ifd>10rr>1;
d. peui(d 1) _{ 1 ifd=r=0, and
S5 muldr)ely 1=y
| — et
o d! 1—ye

We also will give explicit bases for each of the spaces Ppy(d, ) and Py, (d,r) and
their duals (see Theorems 3.5.4, 3.6.3, Corollaries 3.5.5, 3.5.6, 3.6.6, 3.6.5).

The bigraded module
Ziow = D Zoym(d. 1)
d,r

has the structure of a Hopf algebra. Similarly, each of the bigraded modules Z(SlﬁgnM, Prym
and P(SPY,;I;/[ has a Hopf algebra structure. The module Z(SFy,I)nM is the usual Hopf algebra of
(poly)matroids, where multiplication is given by the direct sum of matroids.

In Sections 3.8 and 3.9 we construct bigraded modules T{p)\ and T Py SO that Tipym(d, )"
is the space of all additive functions on Sipyi(d, ) and T, spyﬁ/[(d r)¥ is the space of all additive
invariants. Let ¢pyi(d, ) be the rank of T(pyr(d, r) and tsym v (d,7) be the rank of TSyIn ().

Then tpym(d, r) is the number of mdependent addltlve functlons on (poly)matrmds and
?yr)n (d r) is the number of independent additive invariants for (poly)matroids. We will
prove the following formulas:

Theorem 3.1.6.

a. H(l—xdryT) LRI e —

0<r<d

sym l—z—y
b. 1 d, r\tpar (d,r) _ -t J
[ (1 —=%") e
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r,d
d—1 . d > 1
d. tpm(d,r) = { g Zd— 0 and
tem(d,r) 4o, e(1 —y)
Z d! xy_lOg(l—yex)'

r,d

We will also give explicit bases for the the spaces Ty(d,r) and Tpy(d,r) in Theo-
rem 3.8.6, and of the dual spaces T3 " (d, )" ®z Q, Tey (d, 7)Y ®z Q in Theorem 3.10.2.

For Q-valued functions we will prove the following isomorphisms in Section 3.10.

Theorem 3.1.7. Let ug, uy, us, ... be indeterminates, where u; has bidgree (1,i). We have
the following isomorphisms of bigraded associative algebras over Q:

a. The space (Pyy")Y ®zQ of Q-valued valuative invariants on matroids is isomorphic to
Q{(ug, u1)), the completion (in power series) of the free associative algebra generated by
Up, U -

b. The space (Ppyy)" ®@2Q of Q-valued valuative invariants on polymatroids is isomorphic

to Q(ug, uy, ug,...).

c. The space (Ty™)Y ®z Q of Q-valued additive invariants on matroids is isomorphic to
Q{{uo, u1}}, the completion of the free Lie algebra generated by ug, u;.

d. The space (Tpy1)" ®z Q of Q-valued additive invariants on polymatroids is isomorphic

to Q{{uo, ui, ug, ... }}.

Tables for ppyu, p?}y;)nM, teym, t?l"y;)nM are given in Appendix 3.B to this chapter.
An index of notations used in this chapter appears in Appendix 3.C. To aid the reader
in keeping them in mind we present an abridged table here. In a notation of the schematic

form Letter] 1 (d,r):

The letter S refers to the set of *-matroids

Z the Z-module with basis all *-matroids
P the Z-module of indicator functions of *-matroids
T the Z-module of indicator functions of *-matroids,

modulo changes on subspaces of dimension < d — 1
with ground set [d] of rank r. Here % stands for one of the prefixes “” or “poly” or “mega”.
If the letter is lowercase, we refer not to the Z-module but to its rank.

The subscript M means the *-matroids are matroids
PM polymatroids
MM megamatroids (Def. 3.2.1);
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additionally, when we want to refer to multiple cases in parallel,

the subscript (P)M  covers matroids and polymatroids
*M matroids and poly- and mega-matroids.

The superscript sym means that we are only considering *-matroids up to isomorphism.

3.2 Polymatroids and their polytopes

For technical reasons it will be convenient to have an “unbounded” analogue of polyma-
troids, especially when we work with their polyhedra. So we make the following definition.

Definition 3.2.1. A function 2¥ — Z U {0} is called a megamatroid if it has the following
properties:

1. rk(0) = 0;
2. k(X)) € Z;

3. rk is submodular: if tk(A),rk(B) € Z, then rk(AU B),rk(AN B) € Z and 1k(AU B) +
tk(AN B) <rk(A) + rk(B).

Obviously, every matroid is a polymatroid, and every polymatroid is a megamatroid.
The rank of a megamatroid (X, rk) is the integer rk(X).

By a polyhedron we will mean a finite intersection of closed half-spaces. A polytope is a
bounded polyhedron.

Definition 3.2.2. For a megamatroid ([d], rk), we define its base polyhedron Poly(rk) as the
set of all (yy,...,yq) € R? such that y; + 1y + -+ + yq = tk(X) and Y ica Vi <rk(A) for all
ACX.

If rk is a polymatroid then Poly(rk) is a polytope, called the base polytope of rk. In [33],
Edmonds studies a similar polytope for a polymatroid ([d], rk) which contains Poly(rk) as a
facet.

Lemma 3.2.3. If ([d],rk) is a megamatroid, then Poly(rk) is nonempty.

Proof. First, assume that rk is a megamatroid such that r; := rk([i]) is finite for i =
0,1,...,d. We claim that

y=(r1—ro,ra —7T1,...,7q — rq—1) € Poly(rk).
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Indeed, if A = {iy,...,ix} with 1 <3 <--- < i < d then, by the submodular property, we
have

> ovi= k(i) = rk([i])) <

< ; (rk({z’l, i) — rk({in, - ,zH})> — rk({ir, ..., i}) = rk(A)

where the inequality holds even if the right hand side is infinite.
Now, assume that rk is any megamatroid. Define rk™ by

k™ (A) = g{ngigrk(X) + N(JA] — | X]). (3.2.1)

Let N be large enough such that rk™ ([d]) = rk([d]). It may help the reader’s visualization to
note that, in this case, Poly(rk”) is the intersection of Poly(rk) with the orthant (—oo, N]%.
If A, B C [d], then we have

k™ (A) = 1k(X) + N(JA| = [X]), 1k"(B) =rk(Y) + N(|A] - [Y])
for some X C A and some Y C B. It follows that
k™ (AN B) +1k" (AU B)
<tk(XNY)+N(JANB| - |XNY|)+rk(XUY)+N(JAUB| - |XUY])
=1k(X NY)+ k(X UY)+ N(|A|+|B|—|X|—|Y])
<1k(X) +1k(Y) + N(|A| + |B|] — | X| — |Y]) = 1k (A) + kN (B).

This shows that rk™ is a megamatroid. Since rk™(A) < rk(A) for all A C [d], we have
Poly (k™) C Poly(rk). Since rk™(A) < oo for all A C [d], we have that Poly(rk™) # (). We
conclude that Poly(rk) # 0. O

A megamatroid ([d],rk) of rank r is a polymatroid if and only if its base polytope is
contained in the simplex

Apn(d,r) ={(y1, - ,ya) ER [ 41, ,9a >0, y1 + Y2+ +ya =71}
and it is a matroid if and only if its base polytope is contained in the hypersimplex
Ai(d,r) ={(y1, - ya) ERT[0<y1,.. ., 4a <1, yr+ya+ - +ya =7}

If ([d],rk) is a matroid, then a subset A C [d] is a basis when rk(A) = |A| = rk([d]). In
this case, the base polytope of ([d],1k) is the convex hull of all },_ , e; where A C [d] is a
basis (see [37]). The base polytope of a matroid was characterized in [37]:



39

Theorem 3.2.4. A polytope 11 contained in Ay (d,r) is the base polytope of a matroid if
and only if it has the following properties:

1. The vertices of 11 have integral coordinates;

2. every edge of I1 is parallel to e; — e; for some i, j with © # j.

We will generalize this characterization to megamatroids. The remainder of this section
builds up to proving Proposition 3.2.9, showing that the following definition captures exactly
the polyhedra Poly(rk) for rk a megamatroid.

Definition 3.2.5. A convex polyhedron contained in y;+- - -+y4 = r is called a megamatroid
polyhedron if for every face F of II, the linear hull lhull(F) is of the form z + W where z € Z4
and W is spanned by vectors of the form e; — e;.

The bounded megamatroid polyhedra are exactly the lattice polytopes among the gen-
eralized permutohedra of [73] or the submodular rank tests of [69]. General megamatroid
polyhedra are the natural unbounded generalizations.

Faces of megamatroid polyhedra are again megamatroid polyhedra. If we intersect a
megamatroid polyhedron II with the hyperplane y; = s, we get again a megamatroid poly-
hedron. For a megamatroid polyhedron II, define rky : 219 — Z U {occ} by

rki(A) = sup{> ;4 vi | y € I1}.

Lemma 3.2.6. Suppose that 11 is a megamatroid polyhedron, A C B and rkp(A) < co. Let
F be the face of I1 on which .., y; is maximal. Then

I‘kH(B) = I‘kF(B)

Proof. 1If tkp(B) = oo then rky(B) = oo and we are done. Otherwise, there exists a face
F' of F on which ) . 5 y; is maximal. Suppose that tkp(B) < rkp(B). Define g(y) :=
Y icpYi — 1kp(B). Then g is constant 0 on F”, and g(y) > 0 for some y € II. Therefore,
there exists a face F” of II containing F”, such that dim F” = dim F’ + 1 and ¢g(z) > 0
for some z € F”. Clearly, z ¢ F and F does not contain F”. We have lhull(F") =
Thull(F’) + R(e, — e;) for some k # j. By possibly exchanging j and k, we may assume that
F" is contained in lhull(F") + R4 (e, — €;), where R, denotes the nonnegative real numbers.
Since z € lhull(F’) + Ry (ex — e;) and g(z) > 0 we have k € B and j ¢ B. In particular
j & A. For all v € F” we can write ¢y = y + r(ex — ¢;) with y € F and r > 0, and it
follows that » .,y > > .4y = rkn(A) since the j-th coordinate of y” cannot contribute.
So F" C F'. But this is a contradiction. We conclude that rkp(B) = rkp(B). O



40

Lemma 3.2.7. Suppose that f(y) = ijl ;> iex, Yi where

X:0cXiCcXoC---CXy=1[d]

18 a maximal chain, and . ...,aq_1 > 0. For a megamatroid polyhedron 11 we have

sup f(y Z a; rkp (X

yell

Proof. First, assume that II is bounded. Define Fyy = II, and for j = 1,2,...,d, let F} be the
face of Fj_; for which . x, Yi is maximal. By induction on j and Lemma 3.2.6, we have
that rkp, (X;) = rkn(X;) for all j < i. Also, Fj is contained in the hyperplane defined by
the equation >, y; = rkp,_, (X)) = rkn(X ). We have Fy = {z} where z = (21,...,24) i8
defined by the equations

Y m=rkn(X;), j=12....d
i€X;

It follows that

d d
:E a; 2 = g ajrkp (X

j=1  ieX; j=1

Suppose that II is unbounded. Let [Ty be the intersection of I with the set {y € R? |
y; <N, 1=1,2,...,d}. Now Ily is a bounded megamatroid polyhedron for large positive
integers N. (For small N, ITy might be empty.) We have

d
sup f(y) = sup sup f(y) = Supza] rki, (X5) = Y otk (X))
j=1

yell N yelly j=1

Corollary 3.2.8. If II s a megamatroid polyhedron, then rky is a megamatroid.

Proof. For subsets A, B C [d], choose a maximal chain X such that X; = AN B and
X, = AU B for some j and k, and let

fA(y):Zyia fB(y):Zyi, fly) = Z Yt Z yi = faly) + f(y).

€A i€EB i€ANB i€AUB

By Lemma 3.2.7,

rki(A) + rkn(B) = sup fa(y) + sup fp(y) = sup f(y) = rkn(A N B) + rkn(AU B). O

y€ell y€ll y€ll
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Proposition 3.2.9. A convex polyhedron 11 in the hyperplane yy +yo + -+ +yqg =7 1S @
megamatroid polyhedron if and only if I1 = Poly(rk) for some megamatroid rk.

Proof. Suppose that II is a megamatroid polyhedron. Then rky is a megamatroid by Corol-

lary 3.2.8. Clearly we have II C Poly(rkn). Suppose that f(y) = Z?:1 a;y; 1s a linear

function on the hyperplane y; + --- + y4 = r. Let ¢ be a permutation of [d] such that
Qo) > () for i < j. Define Xy, = {o(1),...,0(k)} for k=1,2,...,d. We can write

Zﬁ] > i

1€X;

where 3 1= a4 (j) — Qp(j41) = 0 for j =1,2,...,d — 1 and B3 = a,(q).
By Lemma 3.2.7 we have

sup £y z@rkn > s z@zzz e

y€ll zEPoly(rkn i€X; z€Poly (rkry)

Since II is defined by inequalities of the form f(y) < ¢, where f is a linear function and
¢ = sup,ey f(y), we see that Poly(rky) C II. We conclude that Poly(rky) = I

Conversely, suppose that rk is a megamatroid, and that F' is a face of Poly(rk). Choose
y in the relative interior of F. Let Sg denote the set of all subsets A of [d] for which
Y ica¥i = 1k(A). Note that (), [d] € Sp. The linear hull of F' is given by the equations

Zyi =r1k(4), A€ Sp.
icA
We claim that Sr is closed under intersections and unions. If A, B € S, then we have

(> wi—tk(ANB))+( Y yi—1k(AUB)) =

1€EANB 1€AUB

=S "+ Yy~ k(AN B) —1k(AUB) =
1€EA i€B

rk(A) + 1k(B) — tk(A N B) — tk(AU B) > 0

by the submodular property. Since Y. 454 —rtk(ANB) and >, ., p¥i — k(AU B) are
nonpositive, we conclude that AN B, AU B € Sr and

rk(A) + rk(B) = rk(A N B) + tk(AU B).

Let us call A € Sg prime if A is nonempty and not the union of two proper subsets in
Sr. Let Pr be the set of primes in Sp. If C' = AU B, then

Z y; = rk(C

ieC
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follows from the equations

Zyi:rk(A)v Zyi:rk(3>7 Z yi:rk(AﬂB)'

i€A €D 1€ANB

Let C4,C5, ..., Cy be all prime sets in Sg. It follows that the linear hull of F' is defined by
all the equations

S ui=1k(Cy), j=1,2,... .k

i€C;
Every element of Sp is a union of some of the Cj’s. For every j, let B; be the largest
proper subset of C; which lies in Sp. Define A; = C; \ B, and r; = rk(C;) — rk(B;). Then
Ay U---U A, = [d] is a partition of [d], and every element of Sy is a union of some of the
A;’s. The linear hull of F' is defined by the equations

Zyi:’f’j, j:1,2,,]€
iI€A;

Clearly, Thull(F) contains some integral vector z € Z? and lhull(F') is equal to z + W where
W is the space spanned by all e; — e; where 4, j are such that ¢, j € A for some k. O

3.3 The valuative property

There are essentially two definitions of the valuative property in the literature, which we
will refer to as the strong valuative and the weak valuative properties. The equivalence of these
definitions is shown in [41] and [91] when valuations are defined on sets of polyhedra closed
under intersection. In this section we will show that the two definitions are equivalent for
valuations defined on megamatroid polytopes. Note that the class of megamatroid polytopes
is not closed under intersection: see Example 1.2.1.

Definition 3.3.1. A megamatroid polyhedron decomposition is a decomposition
MN=I1,Ull,u---UIl

such that II,II;, ..., II; are megamatroid polyhedra, and II; N1I; is empty or contained in a
proper face of II; and of II; for all 7 # j.

Let Sy (d, ) be the set of megamatroids on [d] of rank r. Let Zy(d, r) be the Z-module
whose basis is given by all (rk) where rk € Sy(d, 7).

For a megamatroid polyhedron decomposition

M=I1LUIll,U---Ull
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we define II; = (", 1; if I € {1,2,...,k}. We will use the convention that IIy = II. Define

ma(IGI, . T) = Y (=D)my € Zuu(d,r),

Ig{1727’k}

where m; = (1k’) if rk’ is the megamatroid with Poly(rk’) = II;, and m; = 0 if II; = (). We
also define

Meoval (1111, .., TT) = (tkyr) — > (tkp).
F

where F' runs over all interior faces of the decomposition.

Definition 3.3.2. A homomorphism of abelian groups f : Zy(d,r) — A is called weakly
valuative, if for every megamatroid polyhedron decomposition

M=I1IUIll,U---Ull

we have f(my, (I I, ..., II;)) = 0. We say it is weakly covaluative, if for every megamatroid
polyhedron decomposition
[M=I1LUullbU---Ull

we have f(meovar (IL; 115, ... 1)) = 0.
We define a group homomorphism
E . ZMM(d, T) — ZMM(d, 7“)

by
E((tk)) = (rkp)

F

where F' runs over all faces of Poly(rk) and rkg is the megamatroid with Poly(tkgp) = F.
For a polytope II, we denote the set of faces of II by face(II).

Lemma 3.3.3. The homomorphism f : Zym(d,r) — A of abelian groups is weakly valuative
of and only if f o E is weakly covaluative.

Proof. We have

E(mwL1, .. ) = Y (=)E@m) =

I1C{1,2,....k}
= D DY Gkey =D (ke Y (DML (33.1)
I1C{1,2,...,k} Feface(Ily) F I1C{1,2,...,k};

Feface(Ilr)
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Let J(F') be the set of all indices i such that F' is a face of II;. Suppose that F' is a face of
II. Then J(F) = 0 if and only if F' = II. We have

; qo [ 1 F=T
>, (= (‘1)|:{o if 11

IC{12,...k}; ICJ(F)
Feface(Ily)

If F is an interior face, then J(F) # () and

== (=1

1C{1,2,.. k}; ICI(F)I#D
Feface(Ily)

We conclude that

E(mval(H; H17 cee 7Hk)) = <1"k1‘[> - Z(rkF> = mcoval(H; Hla cee >Hk)
F

where the sum is over all interior faces F. The lemma follows. OJ

For a polyhedron IT in R? let 1(II) denote its indicator function. Define Py (d,r) as
the Z-module generated by all 1(Poly(rk)), where rk lies in Sy (d, ).

There is a natural Z-module homomorphism
]-MM . ZMM(d, T’) — PMM<d, 7")
such that
1y ((rk)) = 1(Poly(rk))
for all rk € Sum(d, 7).

Definition 3.3.4. A homomorphism of groups f : Zym(d,r) — A is strongly valuative if
there exists a group homomorphism f : Pym(d,r) — A such that f = f o ¥y

Suppose that [T =II; U- - - UIl, is a megamatroid decomposition. Then by the inclusion-
exclusion principle, we have

I (M (I Ty, .o 1)) = 1MM< Z <_1)|I|ml> _
IC{1,2,...k}
= Y [y = > ~nfhan) = [Jam) - 1am) =o.

IC{1,2,....k} iel I1C{1,2,....k} i=1

This shows that every homomorphism f : Zyn(d, ) — A of abelian groups with the strong
valuative property has the weak valuative property. In fact the two valuative properties are
equivalent by the following theorem:
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Theorem 3.3.5. A homomorphism f : Zym(d, ) — A of abelian groups is weakly valuative
of and only if it 1s strongly valuative.

The proof of Theorem 3.3.5 is in Appendix 3.A. In view of this theorem, we will from
now on just refer to the valuative property when we mean the weak or the strong valuative
property.

For a megamatroid polytope II, let II° be the relative interior of II. Define a homomor-

phism 13 : Zvm(d, ) — Pya(d, ) by 13 ((rk)) = 1(Q°(rk)).

Definition 3.3.6. Suppose that f : Zyn(d,r) — A is a homomorphism of abelian groups.
We say that f is strongly covaluative if f factors through 13, i.e., there exists a group
homomorphism f such that f = f o IRVIVE

Corollary 3.3.7. A homomorphism f : Zy(d,r) — A of abelian groups is weakly covalu-
ative if and only if it is strongly covaluative.

Proof. If II =1I; U --- UIl is a megamatroid polytope decomposition, then

1800 (Meoval (I T4, o T1)) = 130, ((Tkrr)) 21 ((tkp)) = 1(II°) = > " 1(F°) =0,

F

where F' runs over all interior faces. This shows that if f has the strong covaluative property,
then it has the weak covaluative property.

It is easy to verify that 13;,; o £ = 1mm. Suppose that f is weakly covaluative. By
Lemma 3.3.3, f o E~! is weakly valuative. By Theorem 3.3.5, f o E_" is strongly valuative,
so fo E~1 = fo 1y for some group homomorphism f, and f = folynio E = fo 13y
This implies that f is strongly covaluative. 0

Definition 3.3.8. Suppose that d > 1. A valuative group homomorphism f : Zy(d,r) —
A is additive if f((rk)) = 0 for all megamatroids ([d],rk) for which Poly(rk) has dimension
<d-1.

If f: Zym(d,r) — A is additive, then for a megamatroid polyhedron decomposition
=1, ullbu---Ull

we have
k

flrkn) =Y f({rkm)).
i=1
A megamatroid polyhedron decomposition IT =TIy U - - - U Tl is a (poly)matroid polytope
decomposition if 1L 1I;,... Il are (poly)matroid polytopes. Let Spym(d,r) be the set of
(poly)matroids, and let Zpy\(d,r) be the free abelian group generated by Spym(d,r). We
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say that f : Zipywu(d,7) — A has the weak valuative property if f(myu(II; 1L, ..., II;)) =0
for every (poly)matroid polytope decomposition. We define the weak covaluative property
for such homomorphisms f in a similar manner. The group homomorphism E : Zyp(d, r) —
Zym(d, ) restricts to homomorphisms Zpywm(d,r) — Zpyw(d, 7). A group homomorphism
[ Zew(d,r) — A is weakly Valuatlve 1f and only 1f f o E is weak covaluative. Let
Py (d r) = Iy (Zpym(d, 7)) and define Lpy : Zpym(d,r) — Preym(d, ) as the restric-
tions of 1. A homomorphism f : Zpyw(d,r) — A is strongly valuatlve if and only if it
factors through 1(pyy

Corollary 3.3.9. A homomorphism [ : Zpywu(d, 7) — A is weakly valuative if and only if it
18 strongly valuative.

Proof. We need to show that ker1pyw(d,r) = Wewm(d,r). Clearly Wppw(d,r) C
ker 1pym(d,7). By Theorem 3.3.5, we have that kerlywm(d,7) = Wuawm(d,7), so
kerl w(d,r) = Wam(d,r) N Zp (d r). Define 7y Zmma(d,r) — Zpya(d, ) by
w(p)M(<rk)) (rk’) where Poly(rk) Poly(rk) N Apym(d,7) if this intersection i 1s nonempty
and mpyw((rk)) = 0 otherwise. Note that m(pyy is a pl"O_]eCtIOH of Zn(d,r) onto Zpywm(d, 7).
We have

W(p)M(mval(H; Hl, ce ,Hk)) = mval(H N A, H1 N A, e ,Hk N A) € W(p)M(d, 7"),
where A = Apyni(d, ). This shows that mpyw(Wawm(d, 7)) € Wpy(d, 7). We conclude that
ker ]_(p)M(d, 7“) WMM<d 7“) N Z (d 7“) M(WMM(da 7“)) g W(p)M(d, 7'). ]

The strong covaluative property for a group homomorphism f : Zpyw(d,r) — A can
also be defined. The proof of Corollary 3.3.7 generalizes to (poly)matroids and f is weakly
covaluative if and only if f is strongly covaluative.

3.4 Decompositions into cones

A chain of length % in [d] is
X:0cXyC---C X1 CXp=1[d

(here C denotes proper inclusion). We will write /(X ) = k for the length of such a chain. If
d > 0 then every chain has length > 1, but for d = 0 there is exactly one chain, namely

0= 0]

and this chain has length 0. For a chain X of length k& and a k-tuple r = (r1,79,...,7%) €
(Z U {oo})*, we define a megamatroid polyhedron

RMM(K7£>:{(y17"'7yd ER ‘nyz—ﬁm vj Z%STJ}

1€X;
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We will always use the conventions 1o = 0, Xy = (). The megamatroid rky , is defined by
Poly(rkx ;) = Ram(X, ).
For a megamatroid rk and a chain X of length £ we define

RMM(K; I'k) = RMM(K; (I‘k(Xl), I'k(XQ), c. ,I'k(Xk)))

Suppose that II is a polyhedron in R? defined by ¢;(y1,...,v4) < ¢; for i = 1,2,...,n,
where g; : R? — R is linear and ¢; € R. For every face F of II, the tangent cone Coney of F
is defined by the inequalities

gi(yb s 7yd) S C;

for all ¢ for which the restriction of ¢g; to F' is constant and equal to ¢;.

Theorem 3.4.1 (Brianchon-Gram Theorem [15, 40]). We have the following equality

1(ID) = ) (=1)"™"1(Conep)

F

where F' runs over all the bounded faces of I1.

For a proof, see [61].
Theorem 3.4.2. For any megamatroid vk : 214 — 7 U {co} we have

1(Poly(rk)) = Y (—=1)"“M1(Ry(X, 1k)).

X

Proof. Assume first that rk(X) is finite for all X C [d]. We define a convex polyhedron
Q-(rk) by the inequalities

Sy < rk(A) + e(d — |AP)
i€A
for all A C [d] and the equality y; + - - - + yq4 = 7, where r = rk([d]).
Faces of Q.(rk) are given by intersecting Q.(rk) with hyperplanes of the form

Ha= {0 00) € B | s = k() + (& ~ [4P)}.

If A, B C [d], and A and B are incomparable, and (y1,...,yq) € Ha N Hg N Q.(rk), then
> yi+ >y =rk(A) +1k(B) +((d” — |A]*) + (d* - |BJ*))
i€EA i€EB
> 1k(A) +1k(B) +e((d* — |[AU B|*) + (d*> — |AN BJ?))
> 1k(AU B) + k(AN B) +e((d* — |[AU B*) + (d*> — |AN BJ?))

> Z Yi + Z yi:ZyH—Zyi

1€AUB i€ANB €A i€B
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This contradiction shows that Ha N Hp N Q. (rk) = 0. Tt follows that all faces are of the form
F.(X)=Q:(rkyNHx,N---NHx,_,

where k > 1 and
Xo=0cCcX;C---C X1 CXp=1[d].

Also, all these faces are distinct.

Let us view Q.(rk) as a bounded polytope in the hyperplane y; + yo + - - - + y4 = r. For
a face F(X), its tangent cone Conep, (x) is defined by the inequalities

S i < k() + e(d? - 1X)

1€X;

(and the equality Z?Zl y; = r). If X has length k, then the dimension of F.(X) is d — k.
Theorem 3.4.1 implies that

1(Q-(rk)) = Y " (=1)* X1 (Coner, (x)).

X

When we take the limit € | 0, then 1(Q.(rk)) converges pointwise to 1(Poly(rk)), and
1(Conep, (x)) converges pointwise to 1(Ryn (X, rk)).

Finally, for a general polymatroid rk, we have rk = limy_. rk”, where k" is as in the
proof of Lemma 3.2.3, and rk” has all ranks finite, and likewise

lim 1(Rasa (X, tk™)) = 1(Rasar (X, 1K)).

N—o00
So the result follows by taking limits. O

Example 3.4.3. To illustrate the proof of Theorem 3.4.2, consider the case where d = 3
and r = 3, and rk is defined by rk({1}) = rk({2}) = rk({3}) = 2, rk({1,2}) = rk({2,3}) =
rk{(1,3}) = 3, rk({1,2,3}) = 4. The decomposition of Q.(rk) using the Brianchon-Gram
theorem is depicted in Figure 3.1. Note how the summands in the decomposition correspond
to the faces of Q.(rk). The dashed triangle is the triangle defined by v1,y2, 93 > 0, y1 +y2 +
ys = 4. Instead of getting cones in the decomposition, we get polygons because we intersect
with this triangle.

In the limit where £ approaches 0 we obtain Figure 3.2. This is exactly the decomposition
in Theorem 3.4.2. In this decomposition, the summands do not correspond to the faces of

Poly(rk). &
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Figure 3.1: A decomposition of Q.(rk), as in Theorem 3.4.2.

3.5 Valuative functions: the groups Py, Prum, Pav

Lemma 3.5.1. The function x : Zy(d,r) — Z such that x({rk)) = 1 for every megama-
troid tk has the valuative property.

Proof. Let
M=1L1Ull,U---Ull

be a megamatroid polyhedron decomposition. By Rota’s crosscut theorem [76],

XM (I, T0)) = ) p(IL F) =0,

where F' runs over the faces of the decomposition, and p is the Mobius function. O

Lemma 3.5.2. Let H C R? be a closed halfspace. Define jy : Zyn(d,r) — Z by

(k) = { 1 if Poly(rk) C H,

0 otherwise.

Then jg s valuative.
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NN

Figure 3.2: The limiting decomposition of Poly(rk) corresponding to Figure 3.1.

Proof. Let
M=1LUllbU---Ull

be a megamatroid polyhedron decomposition. The intersections of the faces of this decom-
position with R?\ H establish a regular cell complex structure on I\ H, and a face F' of
the decomposition meets R%\ H if and only if (x — ju)(tkr) = 1. It follows that x — jy is
valuative, by the argument of the previous proof applied to this complex. O

Lemma 3.5.2 can also be deduced from the fact that the indicator function of the polar
dual has the valuative property (see [57]).

Suppose that X is a chain of length k& and r = (ry,...,7%) is an integer vector with
ri = r. Define a homomorphism sy, : Zum(d,r) — Z by

1 ifrk(X;) =r; for j =1,2,... K,
0 otherwise.

sx.(1k) = §

Proposition 3.5.3. The homomorphism sx , is valuative.
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Proof. For € > 0, define the halfplane H;(¢) by the inequality

Zsj 123/ <Z€j !

j=1 i€X;

and define Hy(g) by

Zej 12y2<25j bpy — ¥

j=1 1€X;

By Lemma 3.2.7 and Lemma 3.5.2, (ju, (¢ jHQ(E))(l"k) = 1 if and only if

k k
I IR "I IERD DD SECLIEY
j=1 j=1

1€X;

If (3.5.1) holds for arbitrary small €, then it is easy to see (by induction on j) that rk(X;) = r;
for j =1,2,..., k. From this follows that lim._.q jx, (¢)—JH.(c) = Sx,r- SO Sx,, is valuative. [

Suppose that d > 1. Let pau(d, 7) be the set of all pairs (X, r) such that X is a chain
of length k£ (1 < k < d) and r = (ry,r2,...,7%) is an integer vector with r, = r. We
define Rpym(X,r) = Rum(X,r) N Appa(d,r). If Rpp(X,r) is nonempty, then it is a
(poly)matroid base polytope. Define ppyi(d, ) C pa(d, ) as the set of all pairs (X, r) with
0<ry <---<rp=r. Let pp(d,r) denote the set of all pairs (X,r) € pyn(d, ) such that
r=(ry,...,r) for some k (1 <k <d),

0<rm<rg< - <rp=r
and
0<|Xq|—r <|Xo|—=ro < <|Xpi| = g1 <|Xp| —rp=d—r.
For d = 0, we define pym(0,7) = ppum(0,7) = pp(0,7) = 0 for r # 0 and py(0,0) =
peu(0,0) = pu(0,0) = {(0 < [0], ()}
Theorem 3.5.4. The group P.(d,r) is freely generated by the basis

{(1Ra(X.1)) | (A1) € poa(dr) ).

Proof. The case d = 0 is easy, so assume that d > 1.

For megamatroids. 1If rk is a megamatroid, then 1(Poly(rk)) is an integral combina-

tion of functions 1(Rym(X, 7)), (X,r) € pum(d,r) by Theorem 3.4.2. This shows that
1(Rym(X, 1)), (X,r) € pmm(d,r) generate Pyn(d,r). If sx,(Rym(X',7’)) # 0 then

rky . (X;) =r; for all 7, and Rym (X', ") € Rvm (X, 7). Suppose that

k
Z ail(RMM(X(i),Z(i))) =0

=1
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with &k > 1, aq, ..., a, nonzero integers, and (K 2 r@),i=1,2,...,k distinct. Without loss
of generality we may assume that Rypg (XY, 7! ) does not contam Ry (XD 7Y for any

7> 1. We have .

0= 55(1)751) (Z aiRMM(&(i);f(i))) = Aas.
i=1
Contradiction.
For polymatroids. Tt is clear that Ppy(d,r) is generated by all 1(Rpy (X, 1)), with (X, r) €
pvm(d, 7). If 71 < 0 then Rpy(X,r) is empty. Suppose that r;.1 < r;. It is obvious that

Rpw (Xa Z) = Rpwm (KI, ZI)

where
X/iQZX()CXlC"'CXZ‘_lCXi+1C"'CXk:[d]

and

!
r = (T1’r2,---’rifljriJrl’...’/rk-).

Therefore, Ppy(d, ) is generated by all 1(Rpy(X,r)) where (X,r) € ppu(d,r). If II =
Rpm(X, 1) with (X, ) € ppum(d,7), then (X, r) is completely determined by the polytope II.
For 1 <i < d, define a; = max{y; | y € II}. Then r is determined by 0 < r; < --- < 1 and

{ri,...,m} ={a1,...,aq}.

The sets X;, j = 1,2,...,k are determined by X; = {i | a; < r;}. This shows that
the polytopes Rpm(X, 1), (X,r) € ppm(d,r) are distinct. A similar argument as in the
megamatroid case shows that 1(Rpm(X, 1)), (X, r) € ppm(d, r) are linearly independent.
For matroids. From the polymatroid case it follows that Py(d,r) is generated by all
1(Ru(X,r)), where (X,r) € ppm(d,r). Suppose that |X;_1] —r;—1 > |X;| — r; for some
i with 1 <4 < k (with the convention that o = 0). Then we have

1(Rm(X, 1)) = 1(Ru(X', 1))

where
X:d=XoCX1C--CX;1 CXipy C--- C X = [d].
and
=Ty Tis1, ity e o5 TE)-

This shows that Py(d,r) is generated by all 1(Ryx,)) where (X,r) € py(d,r). If II =
Ry (X, r) with (X, r) € pu(d,r), then (X, r) is completely determined by the polytope II.
Note that rkp(A) = min; {rkp(X;)+|A|—|ANX;|}. If 0 C A C [d] then A = X for some j if
and only if rky(A) < rkp(B) for all B with A C B C [d] and |A| —rkp(A) > |B|—rkn(B) for
all Bwith ) C B C A. So Xy,..., Xy are determined by IT, and r; = rkp(X;), 7 =1,2,...,k
are determined as well. This shows that the polytopes Ry(X,r), (X,r) € pu(d,r), are
distinct. A similar argument as in the megamatroid case shows that 1(Ry(X,r)), (X,r) €
pum(d, r), are linearly independent. H
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Let (X,r) € pmm(d, 7). Consider the homomorphism siﬂ : Zym(d,r) — Z defined by

1 if rk(X;) < for j=1,2,...k,
0 otherwise.

5500 = {

This homomorphism sir is a (convergent infinite) sum of several homomorphisms of the
form sy ., so by Proposition 3.5.3 it is valuative.
In view of Theorem 3.5.4, if f : Zpyu(d,s) — Z is valuative, f is determined by its
values on the (poly)matroids Ry, since the spaces Ppy(d,r) are finite-dimensional. For
a (poly)matroid 1k, s% ,.(rk) = 1 1f and only if Poly(rk) 1s contained in Poly(Rpym(X,1)).
Therefore, the matrix specifying the pairing Ppyw(r,d) ® Peyw(r,d)¥ — 7Z whose rows
correspond to the polytopes Poly(Rpym(X, 7)), in some linear extension of the order of
these polytopes by containment, and Whose columns correspond in the same order to si,r,
is triangular. The next corollary follows. o

Corollary 3.5.5. The group Ppywu(d,r)" of valuations Zpywi(d,r) — Z has the two bases

{Sé,z (X, 1) € preyml(d, 7")}

and

{s%, (X.1) €prpuld,m)}.

If X is not a maximal chain, then sx, is a linear combination of functions of the form
sx'» where X' is a maximal chain. The following corollary follows from Corollary 3.5.5.

Corollary 3.5.6. The group Ppy(d, 7)Y of valuations Zpy(d,r) — Z is generated by the
functions sx, where X is a chain of subsets of [d] of length d and r = (ry,...,rq) is an
integer vector with 0 <ry < --- <rg=r.

The generating set of this corollary appeared as the coordinates of the function H defined
in §6 of Chapter 2, which was introduced there as a labeled analogue of Derksen’s G.

Proof of Theorem 3.1.5(d). Let a(d,r) be the set of all sequences (ay,...,aq) with0 <a; <r
for all i and a; = r for some i. Clearly |a(d,7)| = (r + 1) — r?. We define a bijection
fppm(d,r) — a(d,r) as follows. If (X,r) € ppum(d, ), then we define

f(Xaz) = (&1,@2, L 7ad)

where a; = r; and j is minimal such that ¢ € X.

Suppose that (aq,...,aq) € a(d,r). Let k be the cardinality of {ay,...,aq}. Now r; <
ro < --- < 1} are defined by

{7”1,7“2,...,7%}:{al,...,ad}
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and for every j, we define
Xj={ield|a; <r;}.

Then we have
f a1, ... aq) = (X,1).

A generating function for ppy(d, r) is

. — (T—i_l)d_rd d r __ - (r+1)z rEN T e’ —1 _6x<1_y)
BTD SpaLa SLVRT 5 P E L

]

Proof of Theorem 3.1.5(c). Suppose that (X,r) € pu(d,r) has length k.  Define
Up, U2,y - -, Uk by
up=m1, u=r;—ri1—12<1<k).

Define vy, vs, ..., v, by
v = (Xl =r) = (I Xica| =) -1 (A <0 < k= 1),
ve = (| Xe| =) = ([ Xpa| =1%1) =d =7 — [ Xpa| + 151
If (X,r) € pu(d,r), then we have that wuq, ..., ug, v1,...,v; are nonnegative, and
U+ tu=r—k+1, v+---+yy=d—r—~k+1.

Let Y; = X;\X; 1 fori=1,2,... k. Ifk > 2 then we have u;+v1+1 = |Y1|, up+vp+1 = |V
and u; +v; +2=1Y;| fori =2,3,...,k — 1. There are
d!
(uy + vy + D) (ug + va + 2)N(ug +vs + 2)! -+ - (ug—1 + ve—1 + 2)N(ug, + v + 1)!

partitions of [d] into the subsets Y1, Ys, ..., Yy, such that (X, r) has the given u and v values.
If k=1, then uy +v; = d and d!/(u; 4+ v1)! = 1 so there is just one pair (X, r) with given u
and v values.

This yields the generating function

o d
paldr) 4y 0 tu1gv
) ID B D D T

d=0 r=0 u1,v1 20

gt tuzttuptk—1, vitvattop+k—1

+ ) ;
(Ul + v+ 1)!(1@ + vy + 2)' s (Uk—l + V1 + 2)'(uk + v + 1)'

(3.5.2)
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We have that

T yv i ttgv i l,d+1 _ yd+1 ret — yey (3
> = = 5.3)
| | — | —_ !
u,v>0 (u+v) d=0 utv=d i (z —y)d! r—y
Feg? o0 xuyv 0 xd—i—l _ yd+1
uéo (utv+1) d;u;:d (d+1)! E (z —y)(d+1)!
© gd oyl 2 gl gl o — oY
= T = 3.5.4)
D DN ey el
— (x —y)d! — (x —y)d! r—y
and
Z CCuyv f: Iuyv i a1 yd+l
S lutod2) T L (A1) L= (v —y)(d+2)
_i xd — (e =1)/r—(e"-1)y ye*—y—we!+ux (35.5)
= (r—y)d+ D T —y @y T
Using (3.5.3), (3.5.4) and (3.5.5) with (3.5.2) yields
o d
pM(d’ T’) d—r, r
DD D
d=0 r=0
2 oo k—2
ret — yeY e’ —eY e’ —xe¥ +uw
— xy( ) Z (y Y ) _
x—y x—y p T —y
re® — yeY et — v\ Ty B
-y x— 1_yex—y—xey+x
r—Yy
r __ Yy r _ Ly\2 o
_reove  wle o) TV 35
r—y  (z—y)(vey —ye”) we " —yey
O

The values of ppyi(d,r) for small d and r can be found in Appendix 3.B.
. . . . sym sym sym
3.6 Valuative invariants: the groups P, Ppy;, Py

Let Yanu(d, r) be the group generated by all formal differences (rk) — (rk oo) where rk :
2l — 7 U {oo} is a megamatroid of rank r and o is a permutation of [d]. We define
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Zym(d,r) = Zym(d,r)/Yam(d,r). Let mum : Zam(d,r) — Zyn(d,r) be the quotient
homomorphism. If rky : 2X — ZU{oo} is any megamatroid, then we can choose a bijection
¢ : [d] — X, where d is the cardinality of X. Let r = rkx(X). The image of (rky op) in
Zyiy(d,7) does not depend on ¢, and will be denoted by [rkx]|. The megamatroids (X, rkx)
and (Y,rky) are isomorphic if and only if [rkx] = [rky]|. So we may think of Zy}\i(d, ) as
the free group generated by all isomorphism classes of rank r» megamatroids on sets with d
elements.

Let Bum(d,r) be the group generated by all 1(Poly(rk)) — 1(Poly(rk oo)) where rk :
2l — ZU{oo} is a megamatroid of rank r and o is a permutation of [d]. Define Pyn: (d, r) =
Pum(d,7)/Byn(d, r) and let pyu : Pum(d, 7) — Py (d, ) be the quotient homomorphism.
From the definitions it is clear that Lypn(Yam(d, 7)) = By(d, 7). Therefore, there exists a
unique group homomorphism

i - Za(ds ) = Py (d )
such that the following diagram commutes:

TMM \LPMM

Z3(d.1) e PR ).

This diagram is a push-out. Define Ypym(d,7) = Yam(d,7) N Zpya(d,r). The group
Ypym(d,r) is the group generated by all (rk) (tk oo) where 1k : 219 — N is a (poly)matroid
of rank r and o is a permutation of [d]. Define Z3)\,(d,r) = Zpya(d, r)/Yepa(d, 7). The
group Z(y (d,r) is freely generated by all [rk] Where rk : X — N is a *matroid of rank r
and d = |X|.

Define B,(d,r) as the group generated by all 1(Poly(rk)) — 1(Poly(rkoo)) where
rk : 2l¥ — N is a *matroid of rank r and o is a permutation of [d]. Let P3{'(d,r) =

P*M(d7 r)/B*M(da T’).
Lemma 3.6.1. We have
B(p)M(d, 7’) = BMM(d, 7“) N P(p)M(d, 7’).

Proof. Define qpyn @ Pam(d,7) — Pey(d,7) by gem(f) = f - 1(Awem(d,r)). This
is well defined because for any megamatroid rk : 2 — 7Z U {oo} of rank r, we
have gpym(1(Poly(rk))) = 1(Poly(rk)) - 1(Awpm(d,r)) = 1(Poly(rk) N Apwm(d, 7)) and
Poly(rk) N Apyw(d,r) is either empty or a polymatroid polyhedron. Clearly, gpym is a
projection of Pyn(d,r) onto Prpyw(d,r). Since geywm(Bwm(d, 7)) € Breyw(d,r), it follows
that

BMM(d, 7") N P(p)M(d, 7") = qu(BMM(d ) N P (d 7")) g B(P)M(d, 7’).

It follows that By (d, ) N Peywm(d,r) = Beyw(d, ). O



57

By restriction, we get also the commutative push-out diagrams (3.1.1) from the introduc-
tion. Define p33;'(d, r) as the set of all pairs (X,r) € p.um(d,r) such that for every j, there
exists an ¢ such that

X;=[]={12,...,i}.
Define A,\i(d, r) as the Z module generated by all 1(R.(X, 7)) with (X, r) € pXr1 (d, 7).
Lemma 3.6.2. We have
Pou(d,r) = Awau(d, ) @ Bau(d, 7).

Proof. By the definitions of A,y(d,r) and B.u(d,r) it is clear that Paoy(d,r) =
Awn(d,r) + Bau(d,r). Consider the homomorphism 7 : Poy(d,r) — Pau(d,r) de-
fined by 7(f) = > ,f o 0 where o runs over all permutations of [d]. Clearly,
Bau(d,r) is contained in the kernel of 7.  Recall that 1(R.(X,r)), (X,r) €
pau(d,r) is a basis of Pay(d,r). From this it easily follows that the set
7(L(Ram(d, 7)), (X,r) € pXi(d,r) is independent over Q. Therefore the restriction of 7
to A.au(d,r) is injective and A (d,r) N Bau(d, ) = {0}. O

Theorem 3.6.3. The Z-module Py"(d,r) is freely generated by all poy(1(Ran(X, 1)) with
(X,r) in piﬁl(da r).

Proof. Tt is clear that pa(Aai(d, 7)) = PR, (d, 7). So the restriction is surjective. It is also
injective by Lemma 3.6.2. So the restriction of pay @ Pum(d,r) — PR (d,r) to Aw(d,r)
is an isomorphism. From the definition of A,/ (d,r) it follows that the given set generates
P31 (d,r), and the set is independent because of Theorem 3.5.4. O

The matroid polytopes Ry (X, ) are the polytopes of Schubert matroids and their images
under relabeling the ground set. Schubert matroids were first described by Crapo [23], and
have since arisen in several contexts. So Theorem 3.6.3 says that the indicator functions of
Schubert matroids form a basis for Py (d, 7).

Recall that Z33;" can be viewed as the free Z-module generated by all isomorphism classes
of xmatroids on a set with d elements of rank r. We say that a group homomorphism
[ Zypp(d,r) — Ais valuative if and only if fomyy is valuative. For any (X, r) € pam(d, 7)
and o a permutation of [d], we have sx ,(tkoo) = s,x ,(rk), where o acts on X by permuting
each set in the chain. So the symmetric group &, acts naturally on P (d,r). It is easy to
see that

P (d, )Y = (P (d,r)Y) ™,

where the right-hand side is the set of &4-invariant elements of P,y (d,r)".
For (X,r) € pyp(d, ), define a homomorphism s : Zy(d, 7) — Z by

sym
SXor = SoX,r

oX
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where the sum is over all chains ¢ X in the orbit of X under the action of the symmetric
group. Then Corollary 3.5.5 implies the following.

Corollary 3.6.4. The Q-vector space Py (d,r)" ®z Q of valuations Z gy (d,r) — Q has

a basis given by the functions s¥! for (X,r) € psym (d,r).

For a sequence o = (ay, ..., aq) of nonnegative integers with || = >, a; = r, we define
Ua = Sx Zipy(ds 1) = Z,

where X, = [i| for i = 1,2,...,7 and r = (ag, 01 + @a,..., a1 + -+ + ay). Parallel to
Corollary 3.5.6 we also have the following.

Corollary 3.6.5. The Q-vector space Py (d, 7)Y ®z Q of valuations Zjy' (d,7) — Q has a
Q-basis given by the functions u,, where a runs over all sequences (o, . .., o) of nonnegative
integers with |a| = r.

Corollary 3.6.6. The Q-vector space Py (d, )" ®z Q of valuations Zyy™(d,r) — Q has a
Q-basis given by all functions u, where o Tuns over all sequences (ay, . .., aq) € {0, 1} with
la] = 7.

Proof of Theorem 3.1.4. From the definitions of the U, and the u,, it follows that u,((rk)) is
the coefficient of U, in G((rk)). In other words, {u,} is a dual basis to {U,}. The universality
follows from Corollary 3.6.6. O

The rank of Py (d, r) is equal to the cardinality of pipy,(d,r). If (X, r) and (X) = k

lies in p(P (d,r) then X is completely determined by the numbers s; := | X;|, 1 <7 < k.

Proof of Theorem 3.1.5(b). Given k, there are (,”,) ways of choosing r = (rq,...,rx) with

O<ri<reg<---<r,=rand (d 1) ways of choosing (s1,...,8) With 0 < 1 < s < -+ <
sk = d. So the cardinality of pPy;(d,r) is

S )E) =S OO

Sym r r4-d— r _ 1 1—-$
Tzd:pPyM(dy"’ﬁdy :Z(Jri 1>xdy :Z(l—x) Tyt = 1 v -2y

r,d d 1—x
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Proof of Theorem 3.1.5(a). Let t; = s; — r;. Then we have 0 < t] <ty < -+ < tp_q <ty =
d—r. Given k, there are (kil) ways of choosing r such that 0 <r; < --- <rp =r and (Z:;)
Stg) with 0 < t) < -+ <ty < tx = d —r. So the cardinality of

()G -2 W0 -0)

k>0
sym d—r, r d 1
DAY =) (e +y)' =
r,d d

ways of choosing (¢, ..

Pyt (d,r) is

k>1

So we have

]

Example 3.6.7. Consider polymatroids for r = 2 and d = 3. All polymatroid base polytopes
are contained in the triangle

{(y1,92,93) ER® |1 +y2 + Y3 =2, y1,¥2,93 > 0}.

There are (dfi”) = (3) elements in our distinguished basis ppy;
(3,2) are given by:
A

R(X,r), (X,r)

4

sym

€ Ppm

002
.
1014 011
200 110 020

A

sym

3 3
3 3 6

These 6 polytopes correspond to the following pairs (X, r) € ppum(3,2).

X: {1,2,3} X: {1,2)c{1,2,3} [ X: {1} C{1,2,3}

r= (2 r= (1,2) r= (1,2)

X: {1} c{L,2,3}| X: {1,2YC{L,2,3}| X: {1} C{L,2}C{1,2,3}
r= (0,2) r= (0,2) r= (0,1,2)

(3,2) and the polytopes
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The symmetric group &3 acts on the triangle by permuting the coordinates v, y2, y3-

If &3 acts on the generators R(X,r) with (X,r) € ppm(3,2), then we get all R(X,r)
with (X, 7) € ppm(3,2). In the figure, we wrote for each polytope the cardinality of the orbit
under &3. The cardinality of ppy(3,2) is 1 +3 4+ 3+ 3+ 3+ 6 = 19. This is consistent with
Theorem 3.1.5, because the cardinality is (r + 1) — r? = 3% — 2% = 19.

&
Example 3.6.8. Consider matroids for r = 2 and d = 4. All matroid base polytopes are

contained in the set

{1, v2,Y3,00) ER* [y + o +ys +ya =2, Vi 0 <y < 1}.

This set is an octahedron:

,,,,,,,,,,,,,,

1010 <Y 7777 o110

0011
There are () = (}) elements in py(4,2), and the polytopes Rn(X, 1), (X, 1) € pr(4,2)
are given by:

AN N
2R [

W
AN
AN

Nl

Voo Voo _____Y

4 6 12
These 6 polytopes correspond to the following pairs (X, r) € pm(4,2).
X: {1,2,3,4) X: {1,2} C{1,2,3,4} ] X: {1,2,3} C {1,2,3,4}

(2) r= (172) = (172)
X: {1} c{1,2,3,4} | X: {1,2} c{1,2,3,4} | X: {1} c{1,2,3} C{1,2,3,4}
= (0,2) r= (0,2) r= (0,1,2)

1=
I
=3

1=
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The symmetric group &4 acts by permuting the coordinates w1, y2,ys3,y4. This group
acts on the octahedron, but it is not the full automorphism group of the octahedron. Also
note that not all elements of G, preserve the orientation. If G4 acts on the generators
Ryv(X,r) with (X, 1) € pm(4,2), then we get all R(X,r) with (X,r) € pu(4,2). In the
figure, we write for each polytope the cardinality of the orbit under &4. The cardinality of
pm(4,2)is 1+ 6 +4 4+ 4+ 6 + 12 = 33, which is compatible with Theorem 3.1.5 and the
table in Appendix 3.B. Besides the polytopes R(X,r), (X,r) € pm(4,2), there are 3 more

3.7 Hopf algebra structures

Define Zoy = @, Zwm(d, ), and in a similar way define Z3},", P, and P;". We can
view Z,\ as the Z-module freely generated by all isomorphism classes of *matroids.

If 1k @ 219 — Z U {oo} and rky : 210 — Z U {oc} then we define
rky Bk, : 2179 — Z U {oo}

b
' (I‘kl BHI‘kQ)(A) = I'kl(A N [dD + I'kg({l S [6] ’ d +1 € A})

for any set A C [d + e]. Note that B is not commutative. We have a homomorphism
V: Zym(d,r) @z Zanale, s) — Zum(d + e, 7 + s).

defined b
’ V({rk;) ® (rky)) = (rky Hrks).

The multiplication V : Zyn ®z Zyum — Zunv makes Zyny(d, ) into an associative (non-
commutative) ring with 1. The unit n : Z — Zyn(d,r) is given by 1 +— (rkg) where
rko : 21% — Z U {oo} is the unique megamatroid defined by rk(f)) = 0. With this multiplica-
tion, Zy(d,r) and Zpy(d,r) are subrings of Zy(d, 7). The multiplication also respects the
bigrading of Zynu(d, 7).

Next, we define a comultiplication for Zyn. Suppose that X = {iy,ia,...,i4} is a set
of integers with 4; < -+ < ig and rk : 2¥ — Z U {00} is a megamatroid. We define a
megamatroid tk : 24 — Z U {oo} by tk(A) = tk({i; | j € A}). Iftk : 2% — Z U {oo} is
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a megamatroid and B C A C X then we define tka,p : 2\% — Z U {00} by rka/5(C) =
tk(BUC) —rk(B) for all C C A\ B. We also define tks :=rka/p and rk/p = rkx/p.
We now define
A Zym — Zam ®z Zam
by - -
AR = S (@ ().
AC[d]; tk(A)<oo

where A runs over all subsets of [d] for which rk(A) is finite. This comultiplication is
coassociative, but not cocommutative. If rk : 214 — Z U {oc} is a megamatroid, then the
counit is defined by

1 ifd=0;

0 otherwise.

(k) = {

The reader may verify that the multiplicative and comultiplicative structures are compatible,
making Zy into a bialgebra. Note that A also restricts to comultiplications for Zpy and
Z\, and Zpy and Zyp are sub-bialgebras of Zyny.

We define a group homomorphism S : Zyivy — Zyvu by

d T

S((rk)) = (~1) 3 IT kv

r=1 X; é(){'):’r7 ’Lil

rk(X1)<o0,...,rk(X;)<oo

Here we use the convention X, = (). One can check that S makes Zyny into a Hopf algebra.
Restriction of S makes Zy; and Zpy; into sub-Hopf algebras of Zyn. We conclude that Z,y
has the structure of bigraded Hopf algebras over Z.

It is well known that Z37™ has the structure of a Hopf algebra over Z. Similarly we have
that Z3jy; and Zpy have a Hopf algebra structure. The multiplication

. r7Sym sym Sym
Vi Zyia Oz Zyiv — Znm

is defined by
V([I'kl] X [I‘kg]) == [I'kl @rkg].

The comultiplication is defined by

ARK) = D [(Arka)] ® (X \ A rkya)]

ACX;rk(A)<oco

for any megamatroid rk : 2% — Z U {co}. The unit n : Z — Z3jy; is given by 1+ [(, rko)]
and the counit € : Zyjy; — Z is defined by

1 if X = 0;
0 otherwise.

(6,10 = {
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Finally, we define the antipode S : Zyy; — Zy DY

d r

S(Irk]) = > (=1 > TT G X,k X/ X )]

r=1 X; 4(X)=r, =1
rk(X1)<oo,...,rk(X;)<oo
From the definitions, it is clear that the m,\; are Hopf algebra morphisms.

The space Py inherits a Hopf algebra structure from Zyny. We define the multiplication
V: PAm ® Pav — Paa by

V(1(I1) ® 1(IL)) = 1(IT; x II,). (3.7.1)

It is easy to verify that V o (1yy ® Iym) = Lym o V.

To define the comultiplication A : Pyy — Pum ® Puum, we would like to have that
(Yan @ Uaig) ® A = Ao by So for a megamatroid polytope rk : 2[4 — Z U {co} we would
like to have

A(1(Poly(rk))) = A(an((tk)) = D~ tana(rka) @ danni(rkya) =

AC[d];rk(A)<oo

= > 1(Poly(rka)) ® 1(Poly(rkya)).
AC[d];rk(A)<oo

A basis of Pypy is given by all Ry (X, r), with (X, r) € pum = Ud,r pvm(d, 7). Recall
that the rank function rky , is defined such that Poly(rky ,) = Ry (X, 7). We have that
rkx (A) < oo if and only if A = X; for some 4. In this case we have

Al(tkx,)) = Y (tky ) ® (thyo o),

i=0
where
X,:hcXxic---CXy, 1,=(r1,72,...,7%)
XX\ Xi C-- CXp\ Xy, 1= (i1 —Tiy oo T —T5).
We define A by

—

A( (RMM X T' Z]_ RMM A, z))®1(RMM(X TZ))
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From this definition and Theorem 3.4.2 follows that

A(1(Poly(rk))) = > (=) OAL(Ryi (X, 1k)) =

X
o(X) —
_ZZ D)X (R (X, iy, ) @ (= 1) X0 % 1 (Rypg (X7, thyx;)) =

X =0

= ) 1(Poly(tka)) ® 1(Poly(rk/4)). (3.7.2)
AC[d];rk(A)<oo

In a similar fashion we can define the antipode S : Pypy — Pym-

The Hopf algebra structure on Py naturally induces a Hopf algebra structure on Py
such that pyy and 137y are Hopf algebra homomorphisms. Also Ppy is a Hopf subalgebra
of Py and Py is a Hopf subalgebra of Ppy. Similarly Poyy is a Hopf subalgebra of Py,
and Py;" is a Hopf subalgebra of Pg)}".

As a first observation to motivate the consideration of these Hopf algebra structures, we
consider multiplicative invariants.

Definition 3.7.1. A multiplicative invariant for xmatroids with values in a commutative
ring A (with 1) is a ring homomorphism f : Z;3]" — A.

That is to say, f is multiplicative if f(rk; ®rke) = f(rky)f(rks). This is exactly the
condition that f be a group-like element of the graded dual algebra Py (d,r)#. Many
(poly)matroid invariants of note have this property, for instance the Tutte polynomial.

Proposition 3.7.2. The Tutte polynomial T € Py (d,r)* is given by
T — eW—Duotur guot+(@—1)ur_ (3.7.3)

Proof. Recall the definition of u, in terms of rank conditions on a chain of sets. In view
of (3.7.2), we have that the multiplication in (P3")# is given by u, - ug = (*/)uas, where
a has length d and ( has length e. Denote the right side of (3.7.3) by f. We have

/= Z Z - +])' ((y — V)ug + u1) (uo + (z — L)uy )’

D) B L TR (I8

where r; = 22:1 ay, so that ¢ — r; is the number of indices 1 < k£ < ¢ such that o = 0, and
Ti+; — 1 is the number of indices 7 + 1 < k < j such that a4, = 1.
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Let d =i + j. For a matroid rk on [d] of rank r, the elements rk and 1/d! ) s koo
of Zy(d,r) have equal image under . Therefore

F) = 5 3 flakoo)

eSSy
! d! rq—Ti i
:EZ ZF Z (z—=1)""(y — 1) ua(rkoo)
Loeqiti=d ae{0,1}d
1 r—rk(o (|2 i—rk(o(li
=3 > a1y ey — gy,
0€S, i+j=d -

The set o([i]) takes each value A C [d] in |A|!(d — |A|)! ways, so

£uK) = 3 (@ = 1Ay — DA — T r),
AC[d]

3.8 Additive functions: the groups Ty, Tpu, T

For 0 < e < d we define P,\(d,r,e) C Pa(d,r) as the span of all 1(IT) where IT C R¢ is a
smatroid polytope of dimension < d—e. We have P,\(0,7,0) = Pa(0,7) and Py (d,r, 1) =
Pa(d,r) for d > 1. These subgroups form a filtration

- C P*M(d,r,2) - P*M(d77’,1) QP*M(d,T,O) :P*M(dﬂ”)

Define P, (d, 7, e) := Pa(d, 7, e)/Pa(d, r,e+1). If II; and II, are polytopes of codimension
e1 and eg respectively, then II; x Il, has codimension e; 4 e5. It follows from (3.7.1) that
the multiplication V respects the filtration. Since Poly(rk4) x Poly(rk,4) is contained in
Poly(rk), it follows from (3.7.2) that the comultiplication A also respects the filtration:

A(P*M<d7 T, 6)) - ZP*M<Z7.77 k) ® P*M(d - i,')" - jv € — k)
6.4,k
Similarly, the antipode S respects the grading. The associated graded algebra
F*M = @?*M(d, T, 6)

d,r.e

has an induced Hopf algebra structure. We define T,\(d, ) = Pou(d, 7, 1).
For every partition X : [d] = [];_, X, into nonempty subsets there exists a natural map

oy : [[RY - R
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Define

and
PauX)= @ TllXilr) @& Tl X.], 7).

1,72, Te €L

The map @y induces a group homomorphism
¢x : Pau(X, e) = Pau(d,r,e)
defined by
ox(1(I) @ 1(Ily) ® - - - @ 1(11,)) = 1(Px (IT; x Iy x - -+ x I1,)).
The map ¢x induces a group homomorphism

55 : Pan(X,e) — Pou(d,r,e).

A vector y = (y1,...,ya) € R is called X-integral if >, . y; € Z for j = 1,2,... €.
An X-integral vector y is called X-regular, if for every j and Jevery Y C X, we have: if
YieyYi € Z, then Y = @ or Y = X;. In other words, an X-integral vector y is called
X-regular if it is not integral for any refinement of X. We call y X-balanced if >, 1; =0
holds if and only if S is a union of some of the X;’s.

Choose an X-balanced vector yx for every X. For f € Po(d,r) we define
x(f)(@) == lim f(z +eyx).

If 1T is a smatroid base polytope, then vx(1(II))(z) is constant on faces of II. This shows
that yx(1(II)) € Puu(d,r). So vx is an endomorphism of Puy(d,r). Now yx also induces

an endomorphism 7y of P.(d, 7).
Lemma 3.8.1. We have that vx o vx = Vx.

Proof. Suppose that € RY. Consider the set S of all z + eyy with ¢ € R. There exist
a partition Y of [d] and a dense open subset U of S such that all points in U are Y-
regular. Then there exists a § > 0 such that T = {x + ey | 0 < ¢ < §} has only Y-regular
points. For every xmatroid base polytope II, we have that T NIl = () or T C II. It
follows that for every f € Py.(d,r) there exists a constant ¢ such that f is equal to ¢ on
T. Therefore yx(f)(z) = ¢ and yx(f) is constant and equal to ¢ on 7. We conclude that

Yx (x(F)(2) = ¢ = x(f)(2)- -
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Lemma 3.8.2. Suppose that XY are partitions of [d] into e nonempty subsets, and X #Y .
Then we have

TYx © gbx = 0.
Proof. For some k, Y}, is not the union of X;’s. The image
(I)X(Hl X+ X He)

consists of Y-integral points. For any = € R4, z + eyx is not Y-integral for small € > 0. It
follows that

Yx(Qy (LI x - -+ x 1)) (2) = yx (L(Py (IIy x -+ x ILe)))(z) = 0
for all x. O

Theorem 3.8.3. We have the following isomorphism

@ b Po(X) = @ Pould,re) (3.8.1)

K:()(17)(2 7777 Xe) TGZ
[d]:XluX2u~~|_|Xe;X1 ..... Xe7$@

where ¢ = Zgai'

Proof. We know that a xmatroid base polytope of codimension e is a product of e xmatroid
base polytopes of codimension 1. This shows that ¢ is surjective. It remains to show that ¢
is injective.

Suppose that ¢(u) = 0 where u = >, uy, and ux € P.(X) for all X. We have
vx 0 ¢y = 0if X # Y by Lemma 3.8.2. It follows that Fy (¢ (ux)) = Fx(o(u)) = 0. We
can lift ux to an element tix € Py (X). Then we have that N

vx (6x(lix)) = Y ail(Ay)

i

where the A; are smatroid polytopes of codimension > e. We have that 1(A;) € im ¢y~
for some partition Y with more than e parts. Therefore 1(A;) € im ¢y as well for any
coarsening Y of Y/ with e parts, and we may choose Y so that Y # X, so by Lemma 3.8.2,
vx(1(A;)) = 0 for all 4. Therefore, we have

vx (0x(tix)) = yx (7x (¢x (Ux)) Zamx = 0.

Note that vx induces a map vy : Pau(X) — Pau(X) such that ¢x o7y = yx opx. We have
that

ox(ux) = (id —yx)(dx (Ux)) = dx ((id =) (ux))-
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Since ¢x is injective, we have
uy = (id =) (ux).
So ux lies in the image of id —vyx.

For smatroid polytopes I, ..., I, of codimension 1 in Rl . . RIXl respectively, we
have

(U x -+ x L)) () = 1.
for any relative interior point x of II; x --- x Il.. It follows that
(id =75 (LI x -+ x L)) = > apl(F)
F

where F' runs over the proper faces of I1y x --- x I, and ar € Z for all F. Therefore, the
composition
id _'YX —
Pou(X) — Pau(X) — Pau(X, )
is equal to 0. Since uy is the image of ux = (id —v%)(ux), we have that ux = 0. O
Let pepa(d, 7, €) be the rank of Ppy(d, 7, €), and tpy(d, r) := pem(d,r, 1) be the rank of
T(p)M(d ’l“)

Proof of Theorem 3.1.6(d). From Theorem 3.8.3 follows that

tem(d, )ty u 1 tpM(d r)ady” u pem(d, T, €) d 7€) 4 v e
eXp<Z dl ):ZQ(Z = > "y u

d,r>0 e>0  dr>0 e,d,r>0

If we substitute u = 1, we get

tpnm(d, r)xty ppMdre dr_e”(l—y)
GXP(ZT 2 s

d,r>0 e,d,r>0

It follows that

T

tpm(d, r)zly
2 d!

1 —
d,r>0 Yy r>1

—_e?i)) — z+log(1—y)—log(l—ye*) = z+) (e =Dy

e
:log( "

Comparing the coefficients of x%y" gives

=1 ifd > 1;
0 otherwise.

@m¢ﬂ={r

(Recall that 0° = 1.) O
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We also have

Z pem(d, rc,ue)t s"u exp <log (e (1-— s))u> _ (e (1-— S))u

1 — set
dr>0

Proof of Theorem 3.1.6(c). The proof is similar to the proof of part (d). We have

d—r, T

tam(d, r)ad=ry" B pu(d,re)x Ty x—y

d,r>0 d,re

and

pu(d, rye)zdTyr2¢ x—y -
Z . d! - (a:e*l" — ye*y) - U
d,r,z>0 )

A table for the values ¢pyv(d,r) can be found in Appendix 3.B.

If d > 1, let tpp(d, r) be the set of all pairs (X,r) € ppu(d,r) such that r; > 0, and
d ¢ Xy_1, where k is the length of X. Similarly, if d > 2, let ty;(d,r) be the set of all pairs
(X,r) € tu(d,r) such that r; > 0, | Xy_1| — 761 <d—7r,and d € Xj_;.

Lemma 3.8.4. We have |[tpym(d, )| = tpym(d, ) whenever the former is defined.

Proof. For polymatroids. We revisit the bijection f : ppyn(d, ) — a(d, ) defined in the proof
of Theorem 3.1.5(d). It is easy to see that a € f(tpm(d, r)) if and only if ag = 7, = r and no
a; equals 0. Accordingly such an a has the form (aq,...,aq_1,7) with a; freely chosen from
{1,...;r}foreachi=1,...,d — 1, so | f(tpnm(d,7))| = r* 1.

For matroids. We proceed by means of generating functions. We begin by invoking the
exponential formula: the coefficient of 9~ "y" of the generating function

> tM d,T o
eXp<ZZ! (@)l y>

d=0 r=0

enumerates the ways to choose a partition [d] = Z;U- - -UZ; and a composition r = s1+-- -+
and an element (X, r;) of t\(|Z;i], s;) for each i = 1,...,l. Let us denote by q(d,r) the set
of tuples ([d],r, (XD, rM), ... (XD, D)),

We describe a bijection between q(d, r) and pyy (d, 7). Roughly, given (X, r) € pyy (d,7),
we break it into pieces, breaking after X; whenever X;\ X;_; contains the largest remaining
element of [d] \ X;_;. More formally, given (X,r) € pyy (d,r), for each j > 1 let Z; =
Xi; \ Xi,—1 (taking 49 = 0) where 4; is minimal such that X, contains the maximum element
of [d]\ Xi,_,, and let s; = r;; —r;,_,. This definition eventually fails, in that we cannot find

a maximum element when X;,_, = X; = [d], so we stop there and let [ be such that i; = k.
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For j =1,...,1, let f; : [|Z ] be the unique order-preserving map, and define the
chain and hst of integers (X W) () by
XZ(J fj(XijﬂJri \ Xij—l)’ (2 = 17 cee 7ij - ijfl)
Z(J) 7’@] 1+ 7’@'].71. (Z = 1, c. ,’lj — Z'ifl)

We have that (XY 7)) € ty(|Z;],s,): the crucial property that d ¢ Xj_; obtains by
choice of 7; and monotonicity of f;. This finishes defining the bijection. Its inverse is easily
constructed.

From this bijection and (3.8.2) it follows that

oo d
eXp( thMdM drr>_1+zz|qdr|f

d=1 r=0 a>1 r

r 00 d
Z pu( d r)x — exp <Z Z tM(dd!a T) xd—ryr) .

d=1 r=0

drr

[]

Lemma 3.8.5. The classes of L(Rpywm(X,r)) for (X, 1) € tpyw(d,r) are linearly indepen-
dent in Tipym(d, 7).

Proof. Let y = (—1,...,—1,d — 1). Let IIpyu be the set of points x € Apym(d,r) such
that « + ey € Apywu(d,r) for sufficiently small ¢ > 0. Choose some (X,7) € tpym(d, 7). If
r € Ripywm(X,r) NILpyu, and € > 0 is sufficiently small, we have x + ey € Rpywu(X, 1), since
the defining inequalities of R(p)M(i ,7) involve only the variables zy,...,z4 1. It follows
that for x € II(pyy we have

L(Rem(X, 1)) (@) = 7 (L(Rem (X, 1)) (2).

We will write {[d]} for the partition [d] = {1} U {2} U--- U {d}. Observe that y is {[d]}-
balanced, so that for any point x, x + ey is {[d] }-regular for sufficiently small € > 0.
Suppose the sum

S= > aX.)(Rem(X,r))
(X,r)eteym(d,r)
vanishes in Tpym(d, ), i.e. is contained in Ppywm(d,r,2). Then the support of S contains no
{[d]}-regular points. So for any x € ILpy we have S(x) =v,(5)(z) = 0.
We specialize now to the matroid case. If r = d, then Ty(d,r) = 0 and the result is

trivial. Otherwise let H be the hyperplane {z; = 0}; we will examine the situation on
restriction to H. Identifying H with R?"! in the obvious fashion, we have Ay (d,r) N H =
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Av(d—1,r), Iy N H = {x € Au(d —1,7) : z; # 0 for all i}. For any (X,r) € tu(d,r),
Ry(X,r) N H = Ry (X', r’) where, supposing X has length &,

X" pcX,C---CXpy CXp\{d}=1]d—1]

and (X',r’) is obtained from (X”,r) by dropping redundant entries as in the proof of The-
orem 3.5.4.
Suppose T' € Py(d — 1,r) is supported on {z; = 0}. By Theorem 3.5.4 we have a unique
expression
T= > bX)1(Ru(X, 1))
(X,r)epm(d—1,r)

But we also have

T = T’{xizo} = Z b(K, Z)l(RM(Ka Z) N {mz = O})

(X,r)epn(d—1,r)

in which each 1(Ry(X,r) N {z; = 0}) is either zero or another 1(Ry(X',r’)), so that by
uniqueness b(X,r) = 0 when Ry (X,r) € {x; = 0}.

The restriction S|y is supported on

Ap(d—1,7)N (L_j{l‘z = O}) )

so it is a linear combination of those 1(Ry(X, 1)) supported on some {z; = 0}, i.e. those for
which r; = 0. On the other hand,

Sla= Y,  alX,r)1(Ru(X,r)NH)

(ii) cetm (d,T’)

in which each Ry(X,r) N H is another matroid polytope Ry (X',r) with r; > 0 (and X’
only differing from X by dropping the d in the kth place). Note that (X,r) € ty(d,r) is
completely determined by Ry (X, r) N H. Therefore, by Theorem 3.5.4, a(X,r) = 0 for all
(X, f) S tM(d, T’).

The polymatroid case is similar, but in place of the hyperplane H we use all the hyper-
planes H; = {zg =i} fori=0,...,r — 1.

Note that Apy(d,r) N H; = Apm(d,r — 7). For (X,r) € tpm(d, r), supposing X has
length &,

_ [ Ru(X 1) rpa >
Rpm(X, 1) N H; = { 1) otherwise

where again
X”Z@CXl C-- C Xpq CXk\{d}:[d—l]
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and
1 .
" = (ry, ey TRt TE — 1),

and (X', ') is obtained from (X”,r”) by dropping redundant entries as in the proof of
Theorem 3.5.4. Although (X,r) € tpy(d,r) is not completely determined by S |g,, the
arguments in the matroid case still show that S |g,= 0, and a(X,r) = 0 for all (X,r) for
which Xy # [d — 1]. Restricting to H,_; shows that a(X,r) = 0 for all (X, r) for which
Xk_1 = [d—1] and r,, = 1. Proceeding by induction on i, we restrict S to H,_; and see that
a(X,r) =0 for all (X,r) for which Xj_; = [d — 1] and 4y = 1. O

The following is an immediate consequence of Lemmas 3.8.4 and 3.8.5.

Theorem 3.8.6. The group Tipyw(d, 1) is freely generated by all 1(Rpyw (X, r)) with (X, 1) €
t(p)M(d, ’I").

Example 3.8.7. Consider again Example 3.6.7. The set tpy(3,2) consists of the following
elements:

X: {1,2,3} X {1,2} c{1,2,3}
r= (2) r= (1’2)

X {(IJc{.23] X: {21c{1.23)
r= (172) r= (1’2)

S S
S S
- -

,,,,,,,,,,,,,,,,,,,

%

Example 3.8.8. Consider again Example 3.6.8. The set t\(4,2) consists of the following
elements:

X {1,2,3,4) X {1,2] C {1,2,3,4}
X {13V C{1,2,3,4} | X: {23} C {1,2,3,4]
The polytopes R (X, ), (X,1) € pu(4,2) are
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3.9 Additive invariants: the groups 7y; ', Tenrs Tang

The algebra P3;" of indicator functions of *-matroid polyhedra mod symmetries has a
natural filtration:

C PYM(d,r,2) C PYM(d,r, 1) C PY(d,r,0) = PX(d, ).
Here P}["(d,r,e) is spanned by the indicator functions of all xmatroid base polytopes of
rank r and dimension d —e. Define Py (d,r,e) = PIM(d,re)/PY"(d,r,e +1). Let

—sym

Py = @dre At (d, . €) be the associated graded algebra.
Define T3" = @, T_Sym(d r,1). The following corollary follows from Theorem 3.8.3.

Theorem 3.9.1. The algebra Py is the free symmetric algebra S(TS™) on T", and there
exists an isomorphism

SE(T") = @Piﬁ“ (d,r,e) (3.9.1)

Proof. 1f we sum the isomorphism (3.8.1) in Theorem 3.8.3 over all d, we get an isomorphism
PPX) - PPuldre)
4.X d,r

where the sum on the left-hand side is over all d and all partitions X of [d] into e nonempty
subsets. If we divide out the symmetries on both sides, we get the isomorphism (3.9.1). O

Corollary 3.9.2. The algebra P3" is a polynomial ring over Z.
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Proof. Consider the surjective map

& rad. 1) @Fﬁﬁ“ (d,r,1) = TS

d,r

Suppose that G is a set of Z-module generators of T5y". Each element of G can be lifted to
@dr P3™(d,r,e). Let G be the set of all lifts. Since G generates Py, by Theorem 3.9.1,

G generates P over Z. Since G is an algebraically independent set, so is G. So PN is a

polynomial ring over Z, generated by G. [

Proof of Theorem 3.1.6(a),(b). We prove the stated formulas after taking the reciprocal of
both sides. Let pXI'(d,r, ) be the rank of Py (d,r,¢). Define t31(d,r) := pau(d, 7, 1) as
the rank of 773,"(d,r). From the matroid case of Theorem 3.9.1 follows that

H(l . ‘xrydfr)fti}['m(d,r) _ 1

l—z—y
and
H(l — ug"y )T Zpsym (d,r, e)uca"yt™"

From the polymatroid case follows that

H(l — Idyr>7t;yl\r/?(d77') — ]-_—y7

l—z—y

and

H(l — zxy")” ten (47) — Zpsym (d,r,e)z°zty".

3.10 Invariants as elements in free algebras

Let
3 =~ D)
be the graded dual of P3;".

Proof of Theorem 3.1.7(a),(b). A basis of (P5y;)* ®7Q is given by all u, where a runs over
all sequences of nonnegative integers, and a basis of (Py")# ®z Q is given by all u, where
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a is a sequence of 0s and 1s (see Corollaries 3.6.5 and 3.6.6). The multiplication in (P3;")#

is given by
d+e
Ua'u,g:( d )Uag,

where a has length d and 8 has length e. It follows that (Psyp ) ®zQ is the free associative
algebra Q(ug, u1, ug, ... ) generated by ug, ui, ug, ... and (Py™)# ®z Q is the free associa-
tive algebra Q(ug,u1) (the binomial coefficients make no difference). The ordinary dual,
(P3M)Y is a completion of the graded dual (P3")#. We get that (Poyy)Y ®z Q is equal to
Quo, ur, us, ... ) and (P )Y ®@z Q is equal to Q{(ug, u1)). O

Let mar = @y, Par (d,r,1). Then we have m2y = @,, P (d,r,2) and T3" =
mar/m2y,.
The graded dual m#, can be identified with

(PP (0,0) @@Pﬁiﬁm a.7)

So m#M ®z Q will be identified with the ideal (ug,uq,...) of Q(ug,uy,...) and mM ®z Q
will be identified with the ideal (ug,u;) of Q{ug,u1). The graded dual (Tpy)* ®z Q is a
subalgebra (without 1) of the ideal (ug,u1, ... ), and (Tpy ) ®zQ is a subalgebra of (ug, u;).

Lemma 3.10.1.

a. ug,u; € (T™)Y ®z Q, and u; € (Teyr)Y ®2 Q for all i;
b If f,9 € (Ti)¥ @2Q, then [f,g] = fg—gf € (Ti¥p)" @2 Q.

Proof. Part (a) is clear. Suppose that f,g € (T(?)';n ). Suppose that a,b € mpy. We can
write A(a) =a®1+1®a+ad and A(D) =b®@1+1®b+b where o/, V' € mpy @ mpy. Note
that a/(b® 1),ad' (1 ®b),ad't/,b'(a @ 1),b'(1 ® a) lie in m&,; ® mpy or mpy @ mdy,. It follows
that

fglab) = (fR9)((a®@1+10a)(b®1+1R0D)) =
=f®gab®@1+a®@b+b®a+1®ab) = f(a)g(b) + f(b)g(a).

Similarly ¢gf(ab) = f(a)g(b) + f(b)g(a). We conclude that [f, g](ab) = 0. O

Proof of Theorem 3.1.7(c),(d). From Lemma 3.10.1 follows that (Tpy;)* ®z Q contains
the free Lie algebra Q{ug,uy,us, ...} generated by wug,uy,..., and (Ty™)# ®z Q con-
tains Q{wup,u1}. By the Poincaré-Birkhoff-Witt theorem, the graded Hilbert series of
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(P @7 Q = Q(ug,uy,...) is equal to the graded Hilbert series of the symmetric al-
gebra on Q{ug, u1,...}. On the other hand, the Hilbert series of Pp);' ® ZQ is equal to the
Hilbert series on the symmetric algebra on Tpy; ®z Q. So (Tt )¥ @7 Q and Q{ug, vy, ... }
have the same graded Hilbert series, and must therefore be equal. If we take the com-
pletion, we get (Tpy)Y ®z Q = Q{{wo, u1,...}}. The proof for matroids is similar and
(Tii™)" ®2 Q = Qf{uo, ur Jf- O

One can choose a basis in the free Lie algebra. We will use the Lyndon basis. A word
(in some alphabet A with a total ordering) is a Lyndon word if it is strictly smaller than any
cyclic permutation of w with respect to the lexicographic ordering. In particular, Lyndon
words are aperiodic. If o € N, we define b(a) := u,. If @« = ajay---ay is a Lyndon word of
length d > 1, we define b(«) = [b(up), b(u,)] where 7 is a Lyndon word of maximal length
for which o = 7y and (3 is a nontrivial word. The Lyndon basis of Q{ug, u1} (respectively
Q{uo, u1, ... }) is the set of all b(«) where a is a word in {0, 1} (respectively N). For details,
see [74]. Define 7" (d,r) (respectively t3y;(d,r)) as the set of all Lyndon words « in the
alphabet {0, 1} (respectively N) of length d with |a| = d. The following theorem follows.
Theorem 3.10.2. The space (T(Sgﬁ/[)v(d, r)®zQ of Q-valuative additive invariants for (poly)-
matroids on [d] of rank r has the basis given by all b(a) with o € p7on,(d, 7).

(P)M
Example 3.10.3. For d = 6, r = 3 we have
o (6,3) = {000111,001011,001101}
and
toar (6, 3) = {000003, 000012, 000021, 000102, 000111, 000201, 001002,001011,001101}.
O

Proposition 3.10.4. The Hopf algebra PR @7 Q is isomorphic to the ring QSym of quasi-
symmetric functions over Q.

Proof. If we set u; = p;41 then the associative algebra P5y; ®z Q is isomorphic to NSym =
Q(p1,p2,...). The ring NSym has a Hopf algebra structure with A(p;) = p; ® 1+ 1 ® p;
(see [29, §7.2]). The reader may verify that

This shows that the isomorphism is a Hopf-algebra isomorphism. It follows that Ppy; ®z Q
is isomorphic to QSym, the Hopf-dual of NSym. m



7

If we identify PpY[ ®z Q with QSym, then G is equal to ¢¥py;.
It a multiplicative invariant is also valuative, then there exists a group homomorphism
[ PX" — Asuch that f = foy}]". Since 93} is onto, f is a ring homomorphism as well.
So there is a bijection between valuative, multiplicative invariants with values in A, and ring
homomorphisms f : P3" — A. By Corollary 3.9.2, the ring PY" is a polynomial ring, so
ring homomorphisms P3" — A are in bijection with set maps to A from a set of generators
G of P2, One such set is a lift of a basis of m,y/m%. The next corollary follows.

Corollary 3.10.5. The set of valuative, multiplicative invariants on the set of xmatroids
with values in A is isomorphic to Homgz(m,y/m2,,, A).

3.A Equivalence of the weak and strong valuative
properties

In this appendix we will prove that the weak valuative property and the strong valuative
property are equivalent.

For a megamatroid polyhedron II, let vert(Il) be the vertex set of the polyhedron. Let
Wi (d, ) be the subgroup of Zyn(d,r) generated by all my,(IT; 11y, ..., 1) where IT =
I1; U --- UTlg is a megamatroid polyhedron decomposition. Define Wyn(d,r, V) as the
subgroup generated by all the my, (IT; Iy, ..., II;) where vert(Il) C V.

A megamatroid 1k : 29 — Z U oo is called bounded from above if 1k([i]) < oo for
i = 1,2,...,d. The group Wy, (d,r) is the subgroup of Zyn(d,r) generated by all
Myat (IT; Iy, . .., IT;) where II is bounded from above, and Wy (d,r, V) is the subgroup
of Zym(d,r) generated by all my,(IL; 11y, ..., 1Ix) where II is bounded from above and
vert(I) C V.

Lemma 3.A.1. If rk is a megamatroid bounded from above, then there exist megamatroids
rky, ..., rky which are bounded from above and integers aq,...,a; such that

(k) — Z ai(rk;) € Wiy (d, r, vert(IT))

i=1
and vert(Poly(rk;)) consists of a single vertex of I1 := Poly(rk) for all i.

This lemma follows from the Lawrence-Varchenko polar decomposition of Poly(rk) [58, 89].
For explicitness we give a proof.

Proof. Let T be the group generated by Wy (d, 7, vert(IT)) and all megamatroid polyhedra
I which are bounded from above, and whose vertex set consists of a single element of vert(II).
We prove the lemma by induction on |vert(Poly(rk))|. If |vert(Il)] = 1 then the result is
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clear. Otherwise, we can find vertices v and w of II such that v — w is parallel to e; — ¢,
for some 4,5 with ¢ > j. Consider the half-line L = Rxq(e; — e;) where Rxq is the set of
nonnegative real numbers. Let II + L be the Minkowski sum. Let us call a facet F' of II a
shadow facet if (' + L) NIl = F. Suppose that Fi, ..., F; are the shadow facets of II.

We have a megamatroid polyhedron decomposition
N+ L=TOU(F+L)U---U(F;+L).

Note that II+ L, F1 + L, ..., F; + L are bounded from above. The set vert(Il+ L) is a proper
subset of vert(IT) because it cannot contain both v and w. Also vert(F; 4+ L) is contained in
vert(F;) for all 4, and is therefore a proper subset of vert(Il) for all shadow facets F. The
element

<I‘k> +mva1(H+L;H,F1 +L,...,Fj +L)

is an integral combination of terms (rk’) where Poly(rk’) is a face of II+ L or a face of F; + L
for some 4. In particular, for each such term (rk’), the polyhedron Poly(rk’) is bounded from
above, and vert(Poly(rk’)) is a proper subset of vert(Poly(rk)). Hence by induction

(rk) + ma(IT+ L;ILFy + L, ..., F;+ L) € T.

Now it follows that (rk) € 7' O
Proposition 3.A.2. Suppose that rky, ..., tky are megamatroids which are bounded from
above and ay, ..., ax are integers such that

k

Z a;1(Poly(rk;)) = 0.

Then we have i

Z a;(rk;) € Wiy (d, 7, V)

=1

where V = [J¥_, vert(Poly(rk;)).

Proof. First, assume that Poly(rk;) has only one vertex for all . We prove the proposition
by induction on d, the case d = 1 being clear. We will also use induction on k, the case
k = 0 being obvious.

For vectors y = (y1,...,yq) and z = (z1,...,24), we say that y > z in the lexicographic
ordering if there exists an ¢ such that y; = z; for j =1,2,...,¢ — 1 and y; > 2. If rkis a
megamatroid bounded from above, and Poly(rk) has only one vertex v, then v is the largest
element of Poly(rk) with respect to the lexicographic ordering.

Assume V. = {uy,...,v,}, where v; > vy > --- > w, in the lexicographi-
cal ordering. Assume that Poly(rk;),...,Poly(rk,) are the only megamatroids among
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Poly(rky), ..., Poly(rky) which have v; as a vertex. Because v, is largest in lexicographic
ordering, v; does not lie in any of the polyhedra Poly(rk,.1), ..., Poly(rk;). Because these
polyhedra are closed, there exists an open neighborhood U of v; such that U NPoly(rk;) = 0
for ) =n+1,..., k. If we restrict to U, we see that

k n
Z a;1(Poly(rk;) N U) = Z a;1(Poly(rk;) NU) =0
i=1 i=1
Since Poly(rky), ..., Poly(rk,) are cones with vertex vy, we have

n

Z a;1(Poly(rk;)) = 0.

i=1

and
k

> a1 (Poly(rk;)) = 0.

i=n+1
If n < k, then by the induction on k, we know that

n

Z ai<POIY(rk)i> < Wl\—}[_M(d’ T, V)

=1

and .
Z Q; <POIY(rkl)> < WI\—}I_M(dv Ty V)7
1=n+1
hence
k
S ai(Poly(rk,)) € Wyt (d,r, V).
i=1

Assume that n = k, i.e., Poly(rk;), ..., Poly(rk;) all have vertex v;. After translation by
—vp, we may assume that r = 0, and v; = 0. Now Poly(rk;), ..., Poly(rks) are all contained
in the halfspace defined by y4 > 0 inside the hyperplane y; +--- + y4 = 0.

Define
pr{yeRT it Aty =1 > {yeR [+ +ya=0}

by p(y1, - ¥a-1) = (Y1, ..., Ya_1,1). Assume that p~1(Poly(rk;)) # 0 for i = 1,2,...,t and
p Y (Poly(rk;)) =0 fori =t+1,... k. Fori=1,2,...,t, define megamatroids rk/ : 2[-1 —
Z J {oo} such that Poly(rk}) = p~!(Poly(rk;)). We have

Z a;1(Poly(rk;)) = Z a;1(Poly(rk;)) o p = 0.

i=1
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Note that Poly(rk}) is bounded from above and vert(Poly(rk})) C {—ey,...,—eq_1} for
1=1,2,...,t. By induction on d we have
t
D ailrkl) € Wiy (d — 1, =1, {—e1, —€,..., —eq_1}). (3.A.1)
i=1

If I' is a megamatroid polyhedron inside y; + - - - + y4-1 = —1 which is bounded from above,
and vert(I') C {—ey,..., —eq_1}, then define C(I') as the closure of R>op(I'). Note that
C(T) is also a megamatroid polyhedron. Define

v ZMM<d, —1, {—62, ooy —6d}) — ZMM(d, 0, {0})

by v({rk)) = (rk), where rk is given by Poly(rk) = C(Poly(rk)).
If
Poly(rk’) = Poly(rk}) U - - - U Poly(rk)
is a megamatroid decomposition inside {y € R? | y; + -+ +y4_1 = —1}, then
C(Poly(rk’)) = C(Poly(rk})) U - - - U C(Poly(rk}))

is also a megamatroid decomposition inside y; + - -+ + y4 = 0.
So v maps Wity (d, =1, {—e1, ..., —eq4_1}) to Wi, (d,0,{0}).
Applying v to (3.A.1) we get

t t
7( 3 ai<rk;)) = 3" ai{rks) € Wying(d, 0, {0}).
i=1 i=1
From this follows that >!_, a;1(Poly(rk;)) = 0. Since 32¥ , a;1(Poly(rk;)) = 0, we have that
Zf:t +1 a1 (Poly(rk;)) = 0. Since Poly(rk;) is contained in the hyperplane defined by y4 = 0
fori=1t+1,...,k, we can again use induction on d to show that

k

> aifrks) € Wiy (d,r, {0}).

i=t+1

We conclude that

k t k
D ailrk) =) ai(tk) + Y ai(rks) € Wiy (d, 7, {0}).
i=1 i=1 i=t+1
Assume now we are in the case where rky,...,rk, are arbitrary. By Lemma 3.A.1, we

can find megamatroids rk; ; bounded from above with only one vertex which is contained in
the set V/, and integers ¢; ; such that

<I‘kl> — Z C@j <I‘ki7j> S WS/IM(d, r, V)

J
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It follows that 3% a;c;;1(Poly(rk;;)) = 0. From the special case considered above, we

obtain i N
Za¢<rki> = Zai Zci,j (rk; ;) € Win(d, 7, V).
i=1 i=1 J
L]

Proof of Theorem 3.3.5. 1t suffices to show that the kernel of 1y is contained in Wy (d, ).

Suppose that
k

1MM<Z% (rk;) >

i=1 i=1

a;1(Poly(rk;)) = 0.

M»

Let sgn : R — {—1,0, 1} be the signum function. For a vector v = (v, ...,v4) € {—1,0,1}¢
and a megamatroid polyhedron II, define

I ={(y1,. .. ya) € I1| Vi (sgny; = 7 or y; = 0)}.
For every j we have a megamatroid polyhedron decomposition
I; = U m (3.A.2)
YE{~1,1}4117£0

where y runs over {—1,1}%. Intersections of the polyhedra IT], v € {—1, 1} are of the form
1} where v € {—1,0,1}%. If TI] # () define rk] such that Poly(rk]) = II]. From (3.A.2) it
follows that

Mot (I {I1 } ey 1ya) = (k) — > b (rk}) € Wyn(d,r) (3.A.3)

ye{—1,0,1}4;I17 #0

where the coefficients b7 € Z only depend on 7. (One can show that b, = (—1)*(") where
z(7y) is the number of zeroes in 7y, but we will not need this.)

> al() =0

i:I1) 0

For every v we have

For a given v, we may assume after permuting the coordinates that v; < v < -+ < 4. It
then follows that II] is bounded from above for all i. By Proposition 3.A.2, we have

Zai(rk” € Wam(d,r)
for all 7. By (3.A.3) we get

k
Z ai(rki) - WMM(d, ’I").
=1
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3.B Tables

Below are the tables for the values of ppy(d,7), pm(d, ), ppar (d, 1), pay(d, 1), tem(d, ),
tm(d,r), toar (d,r), 6y (d,r) for d < 6 and r < 6. Rows correspond to values of d and

columns correspond to values of r:

T
_—

!



ppm 01 2 3 4 5 6 pm 01 2 3 4 56
0 1 0 1

111 1 1 1 1 1 1 11

2 13 5 7 9 11 13 2 13 1

3 17 19 37 61 91 127 3 17 7 1

4 115 65 175 369 671 1105 4 11533 15 1

5 131211 781 2101 4651 9031 5 131131131 31 1
6 163 665 3367 11529 31031 70993 6 1 63 473 833 473 63 1
P01 2 3 4 5 6 P01 2 3 4 56
0 1 0 1

111 1 1 1 1 1 1 11

2 12 3 4 5 6 1 2 12 1

3 13 6 10 15 21 28 3 13 3 1

4 14 10 20 35 56 84 414 6 4 1

5 15 15 35 70 126 210 5 15 10 10 5 1
6 16 21 56 126 252 462 6 16 15 20 15 6 1
tbm 01 2 3 4 5 6 tM 01 2 3 4 56
0 0

111 1 1 1 1 1 1 11

2 1 2 3 4 5 6 2 1

3 1 4 9 16 25 36 3 7 1 1

4 1 8 27 64 125 216 4 71 4 1

5 1 16 81 256 625 1296 5 1 11 11 1

6 1 32 343 1024 3125 7776 6 1 26 66 26 1
01 2 3 4 5 6 01 2 3 4 56
0 0

111 1 1 1 1 1 1 11

2 1 1 2 2 3 3 2 1

3 1 2 3 5 17 9 3 1 1

4 1 2 5 8 14 2 4 71 1 1

5 1 3 7 14 25 42 5 1 2 2 1

6 1 3 9 20 42 75 6 1 2 3 2 1
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The tables for pyp, ta, toags by can be computed recursively using the equations for the
generating functions in Theorems 3.1.5 and 3.1.6. The values for ppwm, ppag, Php s tpm are
trivial to compute, but are included here for comparison. The tables of ppy; and py™
are of course related to Pascal’s triangle. The table for p;™ appears in Sloane’s Online
Encyclopedia of Integer Sequences [81] as sequence A046802. These numbers also appear
in [80]. We have ty(d,r) = E(d — 1,7 — 1) for d,r > 1, where the E(d,r) are the Eulerian

numbers. See the Handbook of Integer Sequences [81], sequences A008292 and A123125.
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The sequences 5y and 3y are related to sequences A059966, A001037, and the sequence
A 051168 denoted by T'(h, k) in [81]. We have tpy; (d,7) =T(d —1,r) for d > 1 and r > 0,
and 6y (d,r) =T(d—r—1,r)if0<r<d.

3.C Index of notations used in this chapter

A subscript vy or pv or j on a notation refers to the variant relating respectively to
megamatroids or polymatroids or matroids. The subscript ,\ stands in for any of yi or py
or y, while (py\ stands in for either of py or .

Notations below with a dagger may have the parenthesis (d,r) omitted, in which case

they refer to direct sums over all d and r. These are introduced on page 61.

%88 dual space of V', 34

V# graded dual space of V, 74

1(IT) indicator function of a set II, 33, 44

1.om the map Iy @ Zvm(d, ) — Pumi(d, ), Lau((rk)) = 1(Poly(rk)), 44
1R the map 1y : Zum(d, ) — Pum(d, ), 1y ((rk)) = 1(Poly(rk)°), 45
Aai(d,r) t the Z-module generated by all 1(R.m(X,r)) with (X, r) € au(d,r), 57
an(d, ) index set, 57

Buu(d,r) the group generated by all 1(Poly(rk)) — 1(Poly(rk o)), 56

E the map E((rk)) = > . (tkp), F ranging over faces of rk, 43

face(II) the set of faces of a polyhedron II, 43

F Billera-Jia-Reiner quasi-symmetric function, 33

g polymatroid invariant, 33

U(X) length of a chain X, 46

Thull(F) linear hull of F', 39

MM @d,r Pflildm(d’ T 1)7 75

Pou(d,r) 1 the Z-module on indicator functions 1(Poly(rk)), 33, 44

Pou(d,re) filtration of Py, 65

P.ul(d,r,e) associated graded of Py, 65

PXM(d,r) T P/B, the symmetrized version of Py, 34, 56

PX(d,rye)  filtration of P2, . 73

P\ (d,re) associated graded of P, 73

peym(d,r) rank of Ppyn(d,7), the number of independent valuative functions, 34
p?lyf)nM(d, T) rank of P(Sgﬁlw(d, r), the number of independent valuative invariants, 34
peyw(d,r,e)  rank of Ppyw(d,r,e), 68

p?%,l)nM(d, r,e) rank of P(sgﬁ/[(d, r.e), 74

pam(d,r) index set for a basis of P.(d,r), 51

P (d,7)

index set for a basis of Py (d,r), 57



Poly(rk)
Rou(X, 1)
I’kH

SX,r

sym
SXr

S

S*M(d, 7’)
Seym(d,7)
T

T*M(d, 7") T
T (dr) 1
t(p)M(d, 7“)
t?ly;;lM(d7 r)
t*M(d, 7”)

€ (d,7)

{Ua}
{ua}

vert(IT)
WMM(d, 7”)
VI/E\/H\/[(d7 T, V)
Wy (... )"
Y;M<d7 T)
Z*M(d, 7") T
Zan (dor) 1
AM<d7 T)
APM(d, 7”)
A

n

\Y%

€

HO

TTMM

PMM
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base polytope of a megamatroid, 37

a (mega-, poly-)matroid whose polytope is a cone, 46
rank function of a polytope II, 39

the indicator function for the chain X having ranks r, 50
the average of sy, under the symmetric group action, 57
antipode H — ‘H in a Hopf algebra, 63

set of (mega-, poly-)matroids, 33, 42

isomorphism classes of (poly)matroids, 33

Tutte polynomial, 33

Pou(d,r, 1), 65

Po(d,r 1), 73

rank of T(py(d, r), number of independent additive functions, 68
rank of T(Sry,;i/[(d, r), number of independent additive invariants, 74
index set for a basis of T, (d,7), 69

index set for a basis in (T(Sg;?w(d, r))Y ®zQ, 76

basis of the ring of quasisymmetric functions, 33

dual basis of {U,}, basis of Q-valued invariants, 58

set of vertices of a polyhedron II, 77

subgroup of Zyn(d, r) generated by all myy(I1, ... )s, 77
ditto, IT having all vertices in V', 77

ditto, IT bounded from above, 77

the group generated by all (rk) — (rkoo), 55

the Z-module on (mega-, poly-)matroids, 33, 42

Z]Y, the symmetrized version of Z, 33, 55
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Chapter 4

The geometry of the Tutte polynomial

This chapter is joint work with David Speyer. It is on the arXiv with identifier 1004.2403,
under the title K-classes of matroids and equivariant localization. (This version incorporates
some minor changes, largely for consistency with other chapters.)

4.1 Introduction

Let Hy, Hy, ..., H, be a collection of hyperplanes through the origin in C?. The study
of such hyperplane arrangements is a major field of research, resting on the border between
algebraic geometry and combinatorics. There are two natural objects associated to a hyper-
plane arrangement. We will describe both of these constructions in detail in Section 4.3.

The first is the matroid of the hyperplane arrangement, which can be thought of as
encoding the combinatorial structure of the arrangement.

The second, which captures the geometric structure of the arrangement, is a point in the
Grassmannian G(d,n). There is ambiguity in the choice of this point; it is only determined
up to the action of an n-dimensional torus on G(d,n). So more precisely, to any hyperplane
arrangement, we associate an orbit Y in G(d,n) for this torus action. It is technically more
convenient to work with the closure of this orbit. In [83], Speyer suggested that the K-class
of this orbit could give rise to useful invariants of matroids, thus exploiting the geometric
structure to study the combinatorial one. In this chapter, we continue that project.

One of our results is a formula for the Tutte polynomial, the most famous of matroid
invariants, in terms of the K-class of Y. In addition, we rewrite all of the K-theoretic
definitions in terms of moment graphs, something which was begun in the appendix of [83].
This makes our theory purely combinatorial and in principle completely computable. Many
results which were shown for realizable matroids in [83] are now extended to all matroids.

We state our two main results. The necessary K-theoretic definitions will be given in the
following section. Given integers 0 < dy < --- < dy < n, let Fl(dy,...,ds;n) be the partial
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flag manifold of flags of dimensions (dy, ..., ds). For instance, F¢(d;n) = G(d,n). Note that
Fl(1,n — 1;n) embeds as a hypersurface of bidegree (1,1) in P! x P"~!  regarded as the
space of pairs (line, hyperplane) in n-space.

We will be particularly concerned with the maps in diagram (4.1.1):

Fl(1,d,n—1;n) (4.1.1)
/ \
G(d,n) S Fl(l,n—1;n)
Pnfl X Pnfl

Here the maps F¢(1,d,n—1;n) — Fl(1,n—1;n) and Fl(1,d,n—1;n) — G(d,n) are given
by respectively forgetting the d-plane and forgetting the line and hyperplane. The map
Ti(n—1) 18 defined by the composition F¢(1,d,n — 1;n) — Fl(1,n — 1;n) — Pt x P,

Let T be the torus (C*)", which acts on the spaces in (4.1.1) in an obvious way (explicitly,
T actson A" by t-o = (t]'w1,...,t 2,), and flags are taken to consist of subspaces of A™;
see Convention 4.2.2). Let x be a point of G(d,n), M the corresponding matroid, and Tx
the closure of the T orbit through z. Let Y be the class of the structure sheaf of Tz in
K°G(d,n)). Write K°(P*1 x P" 1) = Q[a, 8]/(a™, "), where o and f3 are the classes of
the structure sheaves of hyperplanes.

We can now explain the geometric origin of the Tutte polynomial.

Theorem 4.7.1. With the above notations,

(Min-1))smg (Y - [OD)]) = tu (e, §)
where tyr 1s the Tutte polynomial.

As usual, the sheaf O(1) on G(d,n) is a generator of Pic(G(d,n)) = Z; it is the pullback
of O(1) on PV via the Pliicker embedding. Also O(1) = A%SY, where S is the universal
sub-bundle of Section 4.5.

The constant term of ¢, is zero; this corresponds to the fact that my(,—1) is not surjective
onto P~ x P! but, rather, has image lying in F¢(1,n — 1;n). The linear term of Tutte,
B(M)(a + 3), corresponds to the fact that the map 7, (Tr) — F€(1,n — 1;n) is finite of
degree G(M).

Theorems 4.8.1, 4.8.5. Also with the above notations,

(T1n-1))+7y (V) = har(a + B — afB)

where hys is Speyer’s matroid invariant from [83].
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Our results can be pleasingly presented in terms of & — 1 and 8 — 1. For instance, in
Theorem 4.8.1, hy is a polynomial in 1 — (a+ 3 — aff) = (a—1)(f — 1), and Theorem 4.7.1
obtains the rank generating function of M in the variables a« — 1, § — 1. In other words,
we might take as a generating set for K°(P"~! x P"~!) not the structure sheaves of linear
spaces {a”(39}, but the line bundles O(—p, —¢q) = O(—1,0)? O(0,—1)?, where O(—1,0) is
the pullback of O(—1) on P"~! via projection to the first factor, and O(0, —1) is the analogue
for the second factor. We have a short exact sequence

0— O(-1,0) = O — Oy — 0, (4.1.2)

where H is the divisor P2 x P*~! C P*! x P! s0 [O(—1,0)] = 1 — a, and similarly
[O(O’ _1)] =1-0.

This chapter begins by introducing the limited subset of K-theory which we need, with
particular attention to the method of equivariant localization. Many of our proofs, including
those of Theorems 4.7.1 and Theorems 4.8.5 above, rely heavily on equivariant K-theory,
even though they are theorems about ordinary K-theory. The end of Section 4.2 describes the
K-theory of the Grassmannian from the equivariant perspective, and Section 4.3 describes
the K-theory classes associated to matroids.

In equivariant K-theory, working with o and (3 presents a difficulty: the characters which
appear when handling hyperplane classes equivariantly depend on the choice of hyperplane,
and there is no canonical way to make this choice. Working with « — 1 and § — 1 avoids
this difficulty. Thus we get some results of independent interest in equivariant K-theory in
terms of those classes, for instance Theorem 4.7.2.

Any function on matroids arising from K°(G(d,n)) is a valuation. This is the subject of
Section 4.4, where we show that the converse doesn’t hold by exhibiting a valuative matroid
invariant not arising from K°(G(d, n)).

Section 4.5 proves Lemma 4.5.1, the core lemma which we use to push and pull K-
classes in diagram (4.1.1). In conjunction with equivariant localization, our computa-
tions are reduced to manipulating sums of Hilbert series of certain infinite-dimensional
T-representations, which we may regard as rational functions. We control these rational
functions by expanding them as Laurent series with various domains of convergence. We
collect a number of results on this subject in Section 4.6.

Sections 4.7 and Section 4.8 are the proofs of the theorems above. Finally, Section 4.9
takes results from [83], concerning the behavior of hy; under duality, direct sum and two-sum,
and extends them to nonrealizable matroids.

4.1.1 Notation

We write [n] for {1,2,...,n}. For any set S, we write (i) for the set of k-element subsets
of S and 2% for the set of all subsets of S. Disjoint union is denoted by L. The use of the
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notation 7\ J does not imply that J is contained in /. In addition to the notations P, G(d, n)
and F/ introduced above, we will often write A" for affine space.

4.2 Background on K-theory

If X is any algebraic variety, then Ky(X) denotes the free abelian group generated by
isomorphism classes of coherent sheaves on X, subject to the relation [A] + [C] = [B]
whenever there is a short exact sequence 0 — A — B — C — 0. The subspace generated
by the classes of vector bundles is denoted K°(X). If X is smooth, as all the spaces we deal
with will be, the inclusion K°(X) — Ky(X) is an equality. (See [71, Proposition 2.1] for
this fact, and its equivariant generalization.)

We put a ring structure on K°(X), generated by the relations [E][F] = [F ® F| for any
vector bundles F and F on X. The group Ky(X) is a module for K°(X), with multiplication
given by [E][F] = [E ® F] where E is a vector bundle and F' a coherent sheaf.

For any map f : X — Y, there is a pull back map f* : K°(Y) — K°X) given by
f*[E] = [f*E]. This is a ring homomorphism. If f : X — Y is a proper map, there is also a
pushforward map f, : Ko(X) — Ko(Y) given by

FIEl =D (-1)[R'f.E].

Here R'f, are the right derived functors of the pushforward f, of sheaves (see [21, paragraph
5.2.13]). These two maps are related by the projection formula, which asserts that f, is a
homomorphism of K°(Y)-modules, where K°(X) has the module structure induced by f*.
In other words, for £ € K°(Y) and F € Ky(X), we have

L((FENIF]) = [BILLF) (121)

We always have a map from X to a point. We denote the pushforward along this map by
[,orby [ « When necessary. (There are many analogies between K 9 and H*. In cohomology,
the pushforward from an oriented compact manifold to a point is often denoted by [, because
it is given by integration in the de Rham formulation of cohomology. We use the same symbol
here by analogy.) Notice that Ko(pt) = K°(pt) = Z, and [[E] is the holomorphic Euler
characteristic of the sheaf F.

If T is a torus acting on X, then we can form the analogous constructions using 7-
equivariant vector bundles and sheaves, denoted K%(X) and Kl (X). The analogous prop-
erties hold of these. Writing Char(T") for the lattice of characters, Hom(T',C*), we have
Kl (pt) = K2(pt) = Z[Char(T)]. Explicitly, a T-equivariant sheaf on pt is simply a vec-
tor space with a T-action, and the corresponding element of Z[Char(7")] is the character.
Making a choice of coordinates, we will often take Z[Char(T)] = Z[t{", ..., t*].
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We write [E]7 for the class of the sheaf E in K%(X). We also write [7 for the pushforward
to a point in equivariant cohomology.

We pause to discuss Hilbert series and sign conventions. If V' is a finite dimensional
representation of 7', the Hilbert series of V' is the sum

Hilb(V):= > dimHom(y,V)-x

X€Char(T)

in Z[Char(T)]. If V isn’t finite dimensional, but Hom(x, V') is for every character x, then
we can still consider this as a formal sum.

Here is one example of particular interest: let W be a finite dimensional representation of
T with character ) x;. Suppose that all of the x; lie in an open half space in Char(7") ® R;
if this condition holds, we say that W is contracting. Then the Hilbert series of Sym(W),
defined as a formal power series, represents the rational function 1/(1—x1)--- (1 —x,). If M
is a finitely generated Sym (W) module, then the Hilbert series of M will likewise represent
an element of Frac(Z[Char(T)]) [68, Theorem 8.20].

Remark 4.2.1. If W is not contracting, then Hom(x, Sym(W)) will usually be infinite dimen-
sional. It is still possible to define Hilbert series in this situation, see [68, Section 8.4], but
we will not need this.

Sign conventions when working with group actions are potentially confusing. We now
spell our choices out.

Convention 4.2.2. Suppose that a group G acts on aring A. The group G then acts on Spec A
by g(a) = (g7 ')*a. This definition is necessary in order to make sure that both actions are
left actions. Although we will only consider actions of abelian groups, for which left and right
actions are the same, we still follow this convention. This means that, if V' is a vector space on
which T" acts by characters oy, ag, ..., a,, then the coordinate ring of V' is Sym(V*) and has
Hilbert series 1/ [[(1 — a; ). Now, let W be another T-representation, with characters /3,
Ba, ..., Bs. Consider W x V as a trivial vector bundle over V. The corresponding Sym(V*)
module is W ® Sym(V*), and has Hilbert series (3° 3;)/](1 — «; '). So one cannot simply
memorize a rule like “always invert characters” or “never invert characters”.

When we work out examples, we will need to specify how T acts on various partial flag
varieties. Our convention is that T acts on A" by the characters ¢, ', ..., t;'. Grassmannians,
and other partial flag varieties, are flags of subspaces, not quotient spaces, and T acts on
them by acting on the subobjects of A”. The advantage of this convention is that, for any
ample line bundle L on F/(n), the pushforward [ "1L] will be composed of positive powers
of the t;.

Example 4.2.3. Let L be the d-plane Span(ey,es,...,eq) and M be the (n — d)-plane
Span(egyi1, ..., en). Let W C G(d,n) consist of those linear spaces which can be written as
the graph of a linear map L. — M. This is an open neighborhood of L, sometimes called the
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big Schubert cell. The cell W is a vector space of dimension d(n — d), naturally identified
with Hom(L, M). The torus T acts on the vector space W in the way induced from its
action on G(d,n), with characters titj_l, forl<i<dandd+1<j<n. SoT acts on the

coordinate ring of W with characters ti_lt]-, for 7 and j as above. &

4.2.1 Localization

The results in this section are well known to experts, but it seems difficult to find a
reference that records them all in one place. We have attempted to do so; we have made no
attempt to find the original sources for these results. The reader may want to compare our
presentation to the description of equivariant cohomology in [54].

In this chapter, we will be only concerned with KI'(X) for extremely nice spaces X. In
fact, the only spaces we will need in the chapter are partial flag manifolds and products
thereof. All of these spaces are equivariantly formal spaces, meaning that their K-theory
can be described using the method of equivariant localization, which we now explain.

We will gradually add niceness hypotheses on X as we need them.

Condition 4.2.4. Let X be a smooth projective variety with an action of a torus 7'.

Writing X7 for the subvariety of T-fixed points, we have a restriction map
Ep(X) — Kp(X") = K'(X") ® K7(pt).
Suppose we have:
Condition 4.2.5. X has finitely many T-fixed points.

Theorem 4.2.6 ([71, Theorem 3.2], see also [53, Theorem A.4] and [90, Corollary 5.11]). In
the presence of Condition 4.2.4, the restriction map K%(X) — K%(XT) is an injection. If
we have Conditions 4.2.4 and 4.2.5, then KX(XT) is simply the ring of functions from X7
to K2(pt).

For example, if X = G(d,n) and T is the standard n-dimensional torus, then X7 is (Z)
distinct points, one for each d-dimensional coordinate plane in C™.

Let x be a fixed point of the torus action on X, so we have a restriction map K%(X) —
K2(z) = K(pt). It is important to understand how this map is explicitly computed. For
£ € KY(X), we write £(z) for the image of ¢ in K%(x).

We adopt a simplifying definition, which will hold in all of our examples: We say that
X is contracting at x if there is a T-equivariant neighborhood of x which is isomorphic to
AN with T acting by a contracting linear representation. We will call the action of T on X
contracting if it is contracting at every T-fixed point.
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Let X be contracting at x. Let U be a T-equivariant neighborhood of x isomorphic to a
contracting T-representation, and let x1, ..., xn be the characters by which 7" acts on U.
Let E be a T-equivariant coherent sheaf on U, corresponding to a graded, finitely generated
O(U)-module M. Then the Hilbert series of M lies in Frac(Z[Char(7)]); it is a rational
function of the form k(E)/J](1 — x;*) for some polynomial k(E) in Z[Char(T)].

Theorem 4.2.7. If U is an open neighborhood of x as above then K%(U) = K%(pt). With
the above notations, [E)T (z) = k(E).

Proof sketch. The restriction map K%(X) — K%(z) factors through K2(U), so it is enough
to show that [E]T|y is k(E).

Let M be the O(U)-module coresponding to U, and abbreviate O(U) to S. Then M has
a finite T-graded resolution by free S-modules as in [68, Chapter 8|, say

b1 bo
0— @SXZN = P Sha'l - P Sl = M —o.
=1 =1

Because we write our grading group multiplicatively, we write S[x~!] where S[—x] might
appear more familiar. This notation will only arise within this proof.

The sheafification of S[y~!], by definition, has class y in K%(U). So

bj

o) (4.2.2)

j=1 i=1
As the reader can easily check, or read in [68, Proposition 8.23], the sum in (4.2.2) is k(E). O

Corollary 4.2.8. If E is a vector bundle on U, and T acts on the fiber over x with character

>, then [EY(z) = 3 mi.

Remark 4.2.9. The positivity assumption is needed only for convenience. In general, let
x be a smooth variety with T-action, x a fixed point of X, and let E be an equivariant
coherent sheaf on X. Then O, is a regular local ring, and FE, a finitely generated O,
module. Passing to the associated graded ring and module, gr F, is a finitely generated,
T-equivariant (gr O,)-module, and gr O, is a polynomial ring. If the T-action on the tangent
space at x is contracting, then we can define [E] (x) using the Hilbert series of gr E,; if not,
we can use the trick of [68, Section 8.4] to define k(gr E,) and, hence, [E]*(x). But we will
not need either of these ideas.

We have now described, given a T-equivariant sheaf F in K (X), how to describe it as a
function from X7 to K%(pt). It will also be worthwhile to know, given a function from X7
to K% (pt), when it is in K%(X). For this, we need
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Condition 4.2.10. There are finitely many 1-dimensional T-orbits in X, each of which has
closure isomorphic to P*.

A T-invariant subvariety of X isomorphic to P! necessarily contains just two T-fixed
points.

Theorem 4.2.11 ([90, Corollary 5.12], see also [53, Corollary A.5]). Assume condi-
tions 4.2.4, 4.2.5 and 4.2.10. Let f be a function from XT to KX(pt). Then f is of the
form &(+) for some & € KA(X) if and only if the following condition holds: For every one
dimensional orbit, on which T acts by character x and for which x and y are the T-fized
points in the closure of the orbit, we have

f(z) = fly) mod 1—x.

We cannot conclude that € is itself the class [E]T of a T-equivariant sheaf E, for reasons
of positivity. For example, £(x) = —1 does not describe the class of a sheaf.

Let’s see what this theorem means for the Grassmannian G(d, n). Here K%(pt) is the ring
of Laurent polynomials Q[tF,¢F,...,¢]. The fixed points G(d,n)” are the linear spaces of
the form Span(e;);e; for I € ([Z]). We will write this point as x; for I € ([Z]). So an element
of K%(G(d,n)) is a function f: (")) — K%(pt) obeying certain conditions. What are those
conditions? Each one-dimensional torus orbit joins x; to x; where I = SU{i} and J = SU{j}
for some S in (d[f]l). Thus an element of K%(G(d,n)) is a function f : ([Z}) — K%(pt) such
that

fesu{i}) = f(SuU{j}) mod1—t/t; (4.2.3)

forall S e ( d[ﬁll) and ¢, j € [n]\\S. In this case we have an even more concrete interpretation of
this ring. The graph formed by the 0- and 1-dimensional orbits in G(d, n) form the 1-skeleton
of a polytope in the character lattice of T, namely the hypersimplex conv{][,.,t;: I € ([Z]) }.
An edge in direction x corresponds to a 1-dimensional orbit acted on by x. Then K%(G(d, n))
is the ring of splines, i.e. continuous piecewise polynomial functions, on the normal fan of
the hypersimplex; condition (4.2.3) asserts continuity along the codimension 1 cones.

We now describe how to compute tensor products, pushforwards and pullbacks in the
localization description. The first two are simple. Tensor product corresponds to multipli-
cation. That is to say,

([ETFTY) (@) = [E) (2) - [F]" (x) (4.2.4)

for z € X7, Pullback corresponds to pullback. That is to say, if X and Y are equivariantly
formal spaces, and 7 : X — Y a T-equivariant map, then

(7 [E]") (2) = [E]" (n(x)) (4.2.5)

for v € XT and [E]T € KI'(X). The proofs are simply to note that pullback to X* and YT
is compatible with pullback and with multiplication in the appropriate ways.
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The formula for pushforward is somewhat more complex. Let X and Y be contracting
at every fixed point and 7 : X — Y a T-equivariant map. For x € X7 let x1(z), x2(), ...,
x-(z) be the characters of T acting on a neighborhood of z; for y € Y7, define n1(y), ...,
ns(y) similarly. Then we have the formula

(. [E]")(y) _ (BT (x)
QR ey S DI e ooy e v M

See [21, Theorem 5.11.7].

It is often more convenient to state this equation in terms of multi-graded Hilbert series.
If Hilb(E,) is the multi-graded Hilbert series of the stalk E,, then equation (4.2.6) reads:

Hilb(m.(E),) =  »_  Hilb(E,) (4.2.7)

zeXT, w(x)=y

zeXT, w(z)=y

It is also important to note how this formula simplifies in the case of the pushforward to
a point. In that case, we get

T

/ (E]" =" Hilb(E,) (4.2.8)
X zeXT

This special case is more prominent in the literature than the general result (4.2.6); see for

example [71, Section 4] for some classical applications.

Finally, we describe the relation between ordinary and T-equivariant K-theories. There
is a map from equivariant K-theory to ordinary K-theory by forgetting the T-action. In
particular, the map K%(pt) — K°(pt) = Z just sends every character of T' to 1. In this
way, Z becomes a K%(pt)-module. Thus, for any space X with a T-action, we get a map
K(X) @0 pe) Z — K°(X). All we will need is that this map exists, but the reader might
be interested to know the stronger result:

Theorem 4.2.12 (|66, Theorem 4.3]). Assuming Condition 4.2.4, the map
K7 (X) QK (pr) L — K°(X)

18 an isomorphism.

4.3 Matroids and Grassmannians

Let E be a finite set (the ground set), which we will usually take to be [n]. For I C E,
we write e; for the vector Y, ; e; in ZF.

Let M be a collection of d-element subsets of E. Let Poly(M) be the convex hull of the
vectors ey, as I runs through M. The collection M is called a matroid if it obeys any of a
number of equivalent conditions. Our favorite is due to Gelfand, Goresky, MacPherson and
Serganova:
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Theorem 4.3.1 ([37, Theorem 4.1]). M is a matroid if and only if M is nonempty and
every edge of Poly(M) is in the direction e; — e; for some i and j € E.

See [23] for motivation and [70] for more standard definitions. We now explain the
connection between matroids and Grassmannians. We assume basic familiarity with Grass-
mannians and their Pliicker embedding. See [68, Chapter 14| for background. Given a point
x in G(d,n), the set of I for which the Pliicker coordinate p;(z) is nonzero forms a matroid,
which we denote Mat(z). (A matroid of this form is called realizable.) Let T be the torus
(C*)™, which acts on G(d, n) in the obvious way, so that p;(tx) =t p;(x) for t € T. Clearly,
Mat(tz) = Mat(x) for any t € T

Remark 4.3.2. We pause to explain the connection to hyperplane arrangements, although
this will only be needed for motivation. Let Hy, H», ..., H, be a collection of hyperplanes
through the origin in C?. Let v; be a normal vector to H;. Then the row span of the d x n
matrix (v; v -+ v,) is a point in G(d,n). This point is determined by the hyperplane ar-
rangement, up to the action of T'. Thus, it is reasonable to study hyperplane arrangements
by studying T-invariant properties of x. In particular, Mat(z) is an invariant of the hyper-
plane arrangement. It follows easily from the definitions that {i1,...,is} is in Mat(z) if and
only if the hyperplanes H;,, ..., H;, are transverse.

We now discuss how we will bring K-theory into the picture. Consider the torus orbit
closure Tz. The orbit T is a translate (by x) of the image of the monomial map given by
the set of characters {t~° : p;(z) # 0}. Essentially! by definition, T is the toric variety
associated to the polytope Poly(Mat(z)) (see [22, Section 5]). In the appendix to [83], Speyer
checked that the class of the structure sheaf of Tz in K%(G(d,n)) depends only on Mat(z),
and gave a natural way to define a class y(M) in K%(G(d,n)) for any matroid M of rank d
on [n], nonrealizable matroids included.

We review this construction here. For a polyhedron P and a point v € P, define Cone,(P)
to be the positive real span of all vectors of the form v — v, with v € P; if v is not in P,
define Cone,(P) = 0. Let M C ([Z]) be a matroid. We will abbreviate Cone,, (Poly(M))
by Coner(M). For a pointed rational polyhedron C' in R", define Hilb(C') to be the Hilbert

series
Hilb(C) == > ™

aeCNZ™

'We say essentially for two reasons. First, Cox describes the toric variety associated to a polytope P as
a the Zariski closure of the image of ¢ — (t7)pepnzn. We would rather describe it as the Zariski clsoure of
the image of ¢ — (¢ 7)pep. These are the same subvariety of G(d,n), and the same class in K-theory, but
our convention makes the obvious torus action on the toric variety match the restriction of the torus action
on G(d,n). The reader may wish to check that our conventions are compatible with Example 4.2.3.

Second, there is a potential issue regarding normality here. According to most references, the toric variety
associated to Poly(Mat(x)) is the normalization of Tz. See the discussion in [22, Section 5]. However, this
issue does not arise for us because Tz is normal and, in fact, projectively normal; see [93].
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This is a rational function with denominator dividing [[;c; [T;0,(1 — ¢ 't;) [84, Theorem
4.6.11]. We define the class y(M) in K%(G(d,n)) by

y(M)(zr) := Hilb(Cone;(M)) HH(l —t;7'),

il &I

Note that Hilb(Cone;(M)) = 0 for I & M.

To motivate this definition, suppose M is of the form Mat(z) for some = € G(d,n). For
I in M, the toric variety Tz is isomorphic near z; to Spec C[Cone;(M) N Z"]. In particular,
the Hilbert series of the structure sheaf of Tx near z; is Hilb(Cone;(M)). So in this situation
y(M) is exactly the T-equivariant class of the structure sheaf of Tz.

We now prove the following fact, which was stated without proof in [83] as Proposi-
tion A.6.

Proposition 4.3.3. Whether or not M is realizable, the function y(M) from G(d,n)T to
K2(pt) defines a class in K¥(G(d,n)).

This follows from a more general polyhedral result.

Lemma 4.3.4. Let P be a lattice polytope in R™ and let u and v be vertices of P connected
by an edge of P. Let e be the minimal lattice vector along the edge pointing from wu to
v, with v = u + ke. Then Hilb(Cone,(P)) + Hilb(Cone,(P)) is a rational function whose
denominator is not divisible by 1 — t°.

It is not too hard to give a direct proof of this result, but we cheat and use Brion’s
formula.

Proof. Note that the truth of the claim is preserved under dilating the polytope by some
positive integer N, since this does not effect the cones at the vertices.

Since u and v are joined by an edge, we can find a hyperplane H such that u and v lie on
one side of H, and the other vertices of P lie on the other. Perturbing H, we may assume
that it is not parallel to e, and that the defining equation of H has rational coefficients. Let
H™ be the closed half space bounded by H, containing u and v. Then H™ N P is a bounded
polytope and, after dilation, we may assume that it is a lattice polytope.

By Brion’s formula ([10], [17]) applied to give the Ehrhart polynomial at 0,

> Hilb(Cone,(H" N P)) = 1.

veEVert(PNHT)

The terms coming from vertices w other than v and v have denominators not divisible by
(1 —t¢). So Hilb(Cone,(P N H")) 4+ Hilb(Cone,(P N H*)), which is Hilb(Cone,(P)) +
Hilb(Cone,(P)), also has denominator not divisible by 1 — ¢°. O
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Proof of Proposition 4.3.3. We must check the conditions of Theorem 4.2.11. If z; and
xy are two fixed points of G(d,n), joined by a one dimensional orbit, then we must have
I'=SU{i} and J = SU{j} for some S € (k[ﬁ]l) with i, j € [n] \ S. We must check that
y(M)(zr) = y(M)(z;) mod 1—t;'t;. Abbreviate [[,, [Toepp s (1 =2 't5) to dr, and define
d; similarly. Observe that d; =d; =0 mod 1 —¢; 't; and d; = —d; mod (1 — tl-tj’l)z.

If I and J are not in M, then y(M)(z;) = y(M)(z;) = 0.

Suppose that I € M and J ¢ M. Since Hilb(Coner(M)) has no edge in direction
e; — ej, the denominator of Hilb(Cones(M)) is not divisible by 1 — ¢;'¢;. So y(M)(z;) =
d; Hilb(Coner(M)) is divisible by 1 — ¢; 't;, as required.

If I and J are in M, then we apply Lemma 4.3.4 to conclude that the denominator of
Hilb(Cone;(M)) + Hilb(Cone;(M)) is not divisible by 1 —t;'t;. Also, the denominator of
Hilb(Cone;(M)) is only divisble by 1 —¢; 't; once.

Writing

y(M); — y(M); = d; Hilb(Cone;(M)) — djy Hilb(Cone (M)) =
d; (Hilb(Cone;(M)) + Hilb(Cone;(M))) — (d; + d;) Hilb(Cone s (M)),

we see that each term on the righthand side is divisible by 1 — ¢; 't;. O

Although we will not need this fact, it follows from the Basis Exchange theorem [72,
Lemma 1.2.2] that the semigroup Cone;(M) N Z™ is generated by the first nonzero lattice
point on each edge of Cone; (M), i.e. by the vectors e; — e;, where (i, j) ranges over the pairs
ie€l,jeIsuchthat TU{j}\ {i} is in M.

Example 4.3.5. We work through these definitions for the case of a matroid in G(2,4),
namely

M = {13,14,23,24, 34}.
1 1 01
00 1 1)’
with Pliicker coordinates (pi2, p13, P14, P23, Poa, P34) = (0,1,1,1,1, —1). For ¢t € T the Pliicker
coordinates of tx are

This M is realizable, arising as Mat(x) when for instance x is the rowspan of

(O, tits, t1ty, tols, toly, —t3t4).
Every point of G(2,4) with p;s = 0 and the other Pliicker coordinates nonzero can be written
in this form, so Tz has defining equation p;» = 0 in G(2,4). (That is, Tz is the Schubert
divisor in GG(2,4), of which z is an interior point. Compare Remark 4.4.2, in which notation
M = SM(13) and the Schubert divisor is €43.)

Computing y(M) entails finding the Hilbert functions Hilb(Cone;(M)) for each I € M.
The cone Conej3(M) is a unimodular simplicial cone with ray generators e; — €1, e4 — ey,
and ey — ez, so we have

1

(1=t ) (1 — 171 ) (1 — t5'y)

Hilb(Conelg(M)) =
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We can do similarly for the other bases 14, 23 and 24. At I = 34, the cone Conesy (M) is
the cone over a square with ray directions e; — ez, e; — €4, €3 — e3, and e; — ¢4. By summing
over a triangulation of this cone we find that

1 — titots 't !
(1 — itz D) (1 —ttg ) (1 — totz ') (1 — taot) )’

Hilb(Conesy (M)) =

Accordingly, y(M) is sent under the localization map of Theorem 4.2.6 to
(0,1 —totz ', 1 —toty 1 —tytz 1 1 — 8,1, 1 — tytats ') )

again ordering the coordinates lexicographically. We see that this satisfies the congruences
in Theorem 4.2.11. &

4.4 Valuations

A subdivision of a polyhedron P is a polyhedral complex ¥ with |X| = P. We use the
names Py, ..., P, for the facets of a typical subdivision ¥ of P, and for J C [k] nonempty we
write Py = ﬂjEJ P;, which is a face of 3. We also put /) = P. Let P be a set of polyhedra in
a vector space V', and A an abelian group. We say that a function f : P — A is a valuation
(or is valuative) if, for any subdivision such that P; € P for all J C [k], we have

ST (=)Vf(Py) =0,

JC[K]

For example, one valuation of fundamental importance to the theory is the function 1(-)
mapping each polytope P to its characteristic function. Namely, 1(P) is the function V' — Z
which takes the value 1 on P and 0 on V' \ P.

We will be concerned in this chapter with the case P = {Poly(M) : M a matroid}, and
we will identify functions on P with the corresponding functions on matroids themselves.
Many important functions of matroids, including the Tutte polynomial, are valuations.

We now summarize some results of Chapter 3. A function of matroid polytopes is a
valuation if and only if it factors through 1. Therefore, the group of matroid polytope
valuations valued in A is Hom(Z, A), where Z is the Z-module of functions V' — Z generated
by indicator functions of matroid polytopes. (In Chapter 3, Z was called Py.) We are
also interested in valuative matroid invariants, those valuations which take equal values on
isomorphic matroids. For M a matroid on the ground set E and o0 € Gg a permutation,
let o - M be the matroid {{o(i1),...,0(iq)} : {i1,...,iq} € E}. This action of &,, induces
an action of &,, on Z. We write Z/&,, for the quotient of Z by the subgroup generated by
elements of the form o(M) — M, with ¢ € &,, and M € Z. The group of valuative invariants
valued in A is Hom(Z, A)®» = Hom(Z/6,,, A).
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Given I = {iy,...,i4} € ([Z]) with 43 < --- < 44, the Schubert matroid SM(I) is the
matroid consisting of all sets {ji,...,j4} € ([Z]), ji1 < ... < jq such that j, > i, for
each k € [d]. In the notation of Chapter 3, SM(I) is the matroid Ry (X,r) where X; = [
and r; = [I N [i]]| for 1 <i <n.

Theorem 4.4.1, which was Theorems 5.4 and 6.3 of Chapter 3, provides explicit bases for
7T and Z/6,,. The dual bases are bases for the groups of valuative matroid functions and
invariants, respectively.

Theorem 4.4.1. For I € ([Z]), let p(I) C &,, consist of one representative of each coset of
the stabilizer (&,)sm(r)-

(a) The set {Poly(c-SM(I)): 1 € ([Z’]),a € p(I)} is a basis for T.
(b) The set {Poly(SM(I)) : I € ([Z])} is a basis for T/6,,.

Remark 4.4.2. We caution the reader that y(SM(I)) is not in general the class of the structure
sheaf of the Schubert variety ;. Letting I = {i1,...,i4}, 91 < --- < iq4, this is the Schubert
variety consisting of d-planes x whose Pliicker coordinate p,(x) is zero for all J = {j1, ..., ja},
J1 < -+ < ja, such that jp < iy for some k. The two varieties differ in that €); is the closure
of the set of all points x € G(d,n) with Mat(xz) = SM(I), while y(M) is the class of the
closure of the torus orbit through a single point x with Mat(x) = SM(I). Once Q) is large
enough to have multiple torus orbits in its interior, there appears to be no relation between

y(SM(I)) and [Og,]”.

We now discuss how valuations arise from K-theory. Let 3 be a subdivision of matroid
polytopes, with facets Py, ..., P, and let P; = Poly(M ). Then we have a linear relation of
K-theory classes

> (=D)Mly(My) = 0. (4.4.1)

JCk]
That is,

Proposition 4.4.3. The function y is a valuation of matroids valued in K%(G(d,n)).

Proof. Let I € ([Z’}). We will check that ng[k](—l)my(MJ)(x]) = 0. The nonempty

cones among the Cone;(M;), j = 1,...,k, are the facets of a polyhedral subdivision, and
Coner(M;) = (;c; Coner(M;). Then the proposition holds since taking the Hilbert series
of a cone is a valuation. O]

As a corollary, for any linear map f : K¥(G(d,n)) — A, the composition f oy is a
valuation as well. In particular, all of the following are matroid valuations: the product
of y(M) with a fixed class [E]T € K%(G(d,n)); any pushforward of such a product; and
the non-equivariant version of any of these obtained by sending all characters of T" to 1.
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Note that &,, acts trivially on K°(G(d,n)), so M — y(M) is a matroid invariant, and so
is M — [y(M)[E] for any E € K°(G(d,n)). On the other hand, &,, acts nontrivially on
K%(G(d,n)), so valuations built from equivariant K-theory need not be matroid invariants.

As the reader can see from Theorem 4.4.1, 7/&,, is free of rank (Z) The group
K°(G(d,n)) is also free of rank (7). This gives rise to the hope that every valuative matroid
invariant might factor through M +— y(M), i.e. that every matroid valuation might come
from K-theory. This hope is quite false. We give a conceptual explanation for why it is

wrong, followed by a counterexample.

The reason this should be expected to be false is that no torus orbit closure can have
dimension greater than that of T', namely n — 1. Therefore, [ y(M)[E] vanishes whenever
E' is supported in codimension n or greater. This imposes nontrivial linear constraints on
y(M), so the classes y(M) span a proper subspace of K°(G(d,n)).

Example 4.4.4. We exhibit an explicit non-K-theoretic valuative matroid invariant. Up
to isomorphism, there are 7 matroids of rank 2 on [4]. Six of them are Schubert matroids
SM(I); the last is M, := {13,23,14,24}. The unique linear relation in Z/&, is

[Mo] = 2[SM(13)] — [SM(12)],

corresponding to the unique matroid polytope subdivision of these matroids, an octahedron
cut into two square pyramids along a square. However, in K°(G(2,4)), we have the additional
relation

y(Mo) = y(SM(14)) + y(SM(23)) — y(SM(24)).
The reader can verify this relation by using equivariant localization to express y(M;) as a
K3 (pt)-linear combination of the y(SM(I)), and then applying Theorem 4.2.12.

Consider the matroid invariant given by z(SM(12)) = z(SM(13)) = z(M,) = 1 and
z(SM(I)) = 0 for all other I (extended to be &y-invariant in the unique way).The reader
may prefer the following description: z(M) is 1 if Poly(M) contains (1/2,1/2,1/2,1/2) and 0
otherwise. Then z is valuative, but does not extend to a linear function on K°(G(d, n)). <

4.5 A fundamental computation

Let [E] be a class in K°(G(d,n)). Recall from Section 4.1 the maps 74 : F{(1,d,n —
1;n) — G(d,n) and my(,—1) : FO(1,d,n — 1;n) — P*~ ! x P"1 and the notations a and 3
for the hyperplane classes in K°(P"~1 x Pn~1).

Over G(d,n), we have the tautological exact sequence

0—-S5—-C"—Q—0. (4.5.1)

Here S and @, the tautological sub- and quotient bundles, are the natural bundles such that
over each point of G(d,n), the fiber of S is the corresponding d-dimensional vector space,
and that of @ is the (n — d)-dimensional quotient.
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The point of this section is the following computation:

Lemma 4.5.1. Given [E] € K°(G(d,n)), define a formal polynomial in v and v by

R(u,v) = / NS e

Then
(T1(n-1))+7a[E] = R(or — 1, 5 — 1).

Remark 4.5.2. Lemma 4.5.1 is an equality in non-equivariant K-theory. In equivariant K-
theory, we may only speak of the class of a hyperplane if it is a coordinate hyperplane, and
then the class depends on which coordinate hyperplane it is. We do not have an equivariant
generalization of Lemma 4.5.1.

For the purposes of this section we will write x = [O(1,0)] and A = [O(0,1)]. Recall
that k™' = 1 —a and A™' = 1 — 3, by exact sequence (4.1.2). For k, ¢ > 0, we have
(M)« (M1a1))* (KFAY) = [Sym*Q @ Sym*S"].

From the sequence (4.5.1), we have [S] + [@] = n. Similarly, we have a filtration
0 C /\kS =F CF,,C...CFE = /\k(C'”, where F; is spanned by wedges i of whose
terms lie in S. Its successive quotients are NS, NS @@, ... NFQ, giving the relation
Zfzo[/\lS] N Q] = (7). We can encode all of these relations as a formal power series in u,
with coefficients in K°(G(d, n)):

(Z[/\p(s)]up> <Z[/\Z(Q)W> = (1+uw)"
) ¢
Also, from the exactness of the Koszul complex [34, appendix A2.6.1],

(Z<—1>k[8ymk<@>1uk> (ZW(Q)W) -1

k l

So
SN = (14w (-1 Sy @)

The right hand side is

1+ uk

((wd)*ﬁ(n_l) Z(_l)k,fkug (14 u)" = (14 u)"(7q) (1) ( 1 ) :

Similarly,

SIN@ = (1 i (15 )
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So,

R(u,v) = (1 +u)"(14+v)" /G(d,n) [E](7a)« T (n1) <<1 n un)l(l n v)\)> :

By the projection formula (equation 4.2.1),

Rlu,v) = (1 +u) {1 +o)” /PP ((7”("‘1))*”3 [E]) i+ m)lu o

Since k = (1 —a) P and A = (1 — 3)7!, we get

B . (14+w)"(1+v)"
)= [ () wilel) s o =

The quantity multiplying (m1¢,—1))«7;[E] can be expanded as a geometric series

D (1—a)(1 = B)a* B (1 +u)" A+ o)

The sum is finite because o™ = " = 0.
Let ((my(n—1))«m3[E]) = > T30’ 7. Now, [p1 pns &'# is 1if i and j are both less than
n, and zero otherwise. So

1 fi=n—-—1—kand j=n—-¢—-1
0 otherwise '

/O/ﬂj(l —a)(l-pf)afp = {

We deduce that

R(u,v) = ZTij(l +u)'(1+v) and R(u —1,v—1) = ZTijuivj.

Looking at the definition of the T;;, we have deduced Lemma 4.5.1.

77

4.6 Flipping cones

Let f be a rational function in Q(z1, 22, . . ., 2, ). It is possible that many different Laurent
power series represent f on different domains of convergence. In this section, we will study
this phenomenon. Everything in this section is surely known to experts, but we could not
find references for much of it. ([43] treats a case, but doesn’t contain the lemmas we need).
We recommend [9] as a general introduction to generating functions for lattice points in
cones. The results here can be thought of as generalizations of the relationships between the
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lattice point enumeration formulas of Brianchon-Gram, Brion and Lawrence-Varchenko. We
recommend [10] as an introduction to these formulas.

Let P, be the vector space of real-valued functions on Z" which are linear combinations
of the characteristic functions of finitely many lattice polytopes. (A polytope need not be
bounded.) We denote the characteristic function of the polytope P by 1(P). If P is a
pointed polytope, then the sum ) _, 2° converges somewhere, and the value it converges to
is a rational function in R(z1, ..., 2,) which we denote Hilb(P).

It is a theorem of Lawrence [59], and later Khovanski-Pukhlikov [51], that 1(P)
Hilb(P) extends to a linear map Hilb : P — Q(z1, ..., 2,). If P is a polytope with nontrivial
lineality space then Hilb(1(P)) = 0.

Let ¢ := (¢1,Ca,---,Cn) be a basis for (R™)*, which for expediency we identify with R”
via the standard inner product. Define an order <, on Q" by x < y if, for some index 7, we

have (C1, ) = (C1,¥), (G2, 7) = (C2,¥)s -+, (Gim1,7) = (i1, ) and (G, 7) < (G, Y)-

Remark 4.6.1. Note that, if the components of (; are linearly independent over Q, we can
disregard the later components of {. For any finite collection of vectors in Q", we can find
(1 with such linearly independent components so that <. and <¢ agree on this collection.
We could use this trick to reduce to the case of a single vector in all of our applications, but
the freedom to use vectors with integer entries will be convenient.

We'll say that a polytope P is -pointed if, for every a € R", the intersection P N {e :
e <¢ a} is bounded. We'll say that an element in P, is ¢-pointed if it is supported on a
finite union of ¢-pointed polytopes. Let PS$ be the vector space of {-pointed elements in P,.

Lemma 4.6.2. The vector space P, is spanned by the classes of simplicial cones.

Proof. Let P be any polytope. By the Brianchon-Gram formula ([15, 40], see also [79] for a
modern exposition), [P] is a linear combination of classes of cones. We can triangulate those
cones into simplicial cones. O

Lemma 4.6.3. The restriction of Hilb to PS is injective.

Proof of Lemma 4.6.3. Suppose, for the sake of contradiction, that Hilb(b) = 0 for some
nonzero b € PS. Note that P, is a Q[ty,...,t,] module with the multiplication ¢; * 1(P) =
1(P +e;). For any simplicial cone C, there is a nonzero polynomial ¢(t) € Ql[ty, ..., t,] such
that ¢*1(C') has finite support. We can take ¢(t) = [[(1 — t¢) where the product is over the
minimal lattice vectors on the rays of C' [84, Theorem 4.6.11]. So, by Lemma 4.6.2, we can
find a nonzero q € Q[ty,...,t,] such that ¢ * b is finitely supported.

Now, Hilb is clearly Qlty,...,t,|-linear. So Hilb(q x b) = ¢ - Hilb(b) = 0. But ¢ % b is
finitely supported, so g x b = 0.

Thus far, we have not used that b is ¢-pointed. We use this now. Let e be the {-minimal
element of Z™ for which b(e) # 0. Also, let d be the ¢-minimal exponent for which ¢4 occurs
in g. Then the coefficient of d + e in ¢ * b is nonzero, a contradiction. O
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We will usually use the above lemma in the following, obviously equivalent, form:

Corollary 4.6.4. Suppose that we have functions fi, fa, ..., fr, 91, G2, - .., gs in PS and
scalars ay, ..., ar, by, ..., bs such that ) a; Hilb(f;) = > b; Hilb(g;) in Q(z1,...,2,). Let
e be any lattice point in Z". Then > a;fi(e) = b;g;(e) in PS.

Let C' be a simplicial cone with vertex w, spanned by rays vy, v, ..., v.. Reorder the v;
so that v; <¢ 0 for 1 <i < /¢ and v; >¢ 0 for £ +1 <7 <r. Define the set C¢ to be

Ccz{w—l—Zaivi: a; <0for1<i<landa; >0for {+1<i<n}
i=1

and define
1(C)¢ = (—=1)“1(C).

Note that C¢ is ¢-pointed.

Lemma 4.6.5. With the above notation,
Hilb(1(C)) = Hilb(1(C)°).

An example of Lemma 4.6.5 is that )7, 2" and — >, 2" both converge to 1/(1 — 2),
on different domains. This shows that Corollary 4.6.4 is quite false if the f; and g; are taken
to be in P, rather than PS, taking f; and g; to be these two series and a; = b; = 1.

Proof. For I a subset of {1,2,...,¢}, set

Cr:= {w+2aivi:a,~ >0forig 1, a; € R fori e I}.
i=1
So Cy = C'. Then
1) =) (-n'h(cy).

IC[/]

Applying Hilb to both sides of the equation, all the terms drop out except
Hilb(1(C)¢) = Hilb(1(Cy)) = Hilb(1(C)).
O

The following lemma, in the case that (; has linearly independent components over Q, is
the main result of [43].

Lemma 4.6.6. Let ¢ = ((y, ..., () be as above. For every f € P,, there is a unique f¢ € PS
such that Hilb(f) = Hilb(f¢). The map f + f¢ is linear.
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By Lemma 4.6.5, this notation f¢ is consistent with the earlier notation 1(C)¢.

Proof. We get uniqueness from Lemma 4.6.3. It is clearly enough to prove existence in the
case f = 1(P) for some polytope P. By Lemma 4.6.2, it is enough to show 1(D)¢ exists for
D a simplicial cone. This is Lemma 4.6.5.

Finally, we must establish linearity. Let f and g € P, and let a and b be scalars. Then

Hilb((af + bg)¢) = Hilb(af + bg) = a Hilb(f) + b Hilb(g) =
a Hilb(f¢) 4 b Hilb(¢¢) = Hilb(a(f¢) + b(g°)).

By the uniqueness, we must have (af + bg)¢ = a(f¢) + b(g°). O

Remark 4.6.7. We warn the reader that, when C' is not simplicial, 1(C)¢ need not be of
the form +1(C"). For example, let C be the span of (0,0,1), (1,0,1), (0,1,1) and (1,1, 1).
Choose (7 to be negative on (0,0,1), (1,0,1) and positive on (0,1,1) and (1,1,1). Then
1(C)¢ = 1(U) — 1(V) where

U ={a(1,0,0) +6(0,0,—1) + ¢(0,—1,—1) : a > 0, b,c > 0}

and
V ={a(1,0,0) +6(1,0,1) + ¢(1,1,1) : @ > 0,b,c > 0}.

Lemma 4.6.8. Let C be a pointed cone with vertex at w. Then 1(C)S is contained in the half
space {x : ((1,x) > (C1,w)}. Furthermore, if C is not contained in {x : ((1,x) > (1, w)},
then 1(C)S is in the open half space {z : (¢, z) > ((1,w)}.

Proof. For simplicial cones, this follows from the explicit description of 1(C)¢ in
Lemma 4.6.5. Since any cone can be triangulated, the statement about the closed half
space follows immediately from linearity and the simplicial case.

If C' is not contained in {z : ((1,z) > ((1,w)} then there is some ray of C' in direction
v with ((1,v) < 0. Choose a triangulation of C' in which every interior face uses the ray
v. For example, we can triangulate the faces of C' which do not contain v, then cone that
triangulation from v. (This is called a pulling triangulation.)

Letting F be the set of interior cones of this triangulation, we have

1(0) _ Z (_1)dimC—dimF1(F)

FeF

and
1(C)e = 3 (1t ey (p)e
FeF
By the simplicial computation, each summand on the right is supported on the required
open half space. O
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Corollary 4.6.9. Let C; be a finite sequence of pointed cones in R™, with the vertex of C; at
w;. Let a; be a finite sequence of scalars. Suppose that we know »_ a; Hilb(C;) is a Laurent
polynomial. Then the Newton polytope of this polynomial is contained in the convex hull of
the w;.

Proof. Let P be the Newton polytope in question and let > ., f(e)z® be the polynomial.
Extend f to Z™ by f(e) = 0 for e ¢ P. Since P is a bounded polytope, f is {-pointed for
every ¢ and, thus, f¢ = f for every (.

Let e be a lattice point which is not contained in the convex hull of the w;. By the Farkas
lemma [95, Proposition 1.10], there is some ¢; such that (i, e) < ({1, w;) for all i. Complete
(i to a basis ¢ of R™. For this ¢, Lemma 4.6.8 shows that f¢ does not contain e. But, as
noted above, f¢ = f. So f(e) = 0. We have shown that f(e) = 0 whenever e is not in the
convex hull of the w;, which is the required claim. O]

4.7 Proof of the formula for the Tutte polynomial

Let M be a rank d matroid on the ground set [n], and let py; be the rank function of M.
The rank generating function of M is

v) — Z u@—Pm(S)y|Sl=pm (S)
SCIn]

The Tutte polynomial is defined by tp/(2z,w) = rp(z —1,w —1). See [19] for background on
the Tutte polynomial, including several alternate definitions.

We continue to use the notations 74, m(,—1), @ and 3 from section 4.1, and the notation
K(pt) for K°(pt) = Z[tF, ..., t5].
The aim of this section is to prove:

Theorem 4.7.1. We have
(F10y)75 (y(M) - [O(l)]) e

By Lemma 4.5.1, it is enough to show instead that

U

n—

[ van 33 NS] IA'QO)u = ruu o)

p=0 ¢

Il
o

In fact, we will show something stronger.
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Theorem 4.7.2. In equivariant K-theory, we have

[ 3 Suan O NS (@ vt = 3 ooyt

p=0 ¢=0 SCln]

That is, the integral (4.7.2) is a generating function in K% (pt)[u, v] recording the subsets
of [n] which ry,(u,v) enumerates.

Proof. As defined earlier, let es = > ._ge;. We now begin computing the left hand side

of (4.7.2), using localization. Let I € ([Z}) and abbreviate [n]\I by J. Because the localization
of a vector bundle at x; is the character of its stalk there, we have

(OO INSITINQIIT) (1) = (t -t Byl et Ealt)ses
= FEqp(ti)ic1Eq(t) a1

where Fj is the k-th elementary symmetric function. Summing over p and ¢ and expanding,
we get

SN (OO IAPSITIAUQIT) (1) wret = 37 3 erteayd-Plylal

p=0 q=0 PCIQCJ

So we want to compute

> " Hilb(Cone (M) Y Y " terteay=IPlyiel, (4.7.1)

IeM PCIQCJ

The reader may want to consult Example 4.7.4 at this time.

Although by its looks this sum is a rational function in the ¢;, it is a class in K%(pt)
and is therefore a Laurent polynomial. By Corollary 4.6.9, all the exponents appearing with
nonzero coefficient in this polynomial must be in the convex hull of the set of all exponents
which can be written as ep + eg, for P and () as above. Since P and () are disjoint, all
of these exponents are in the cube {0, 1}", so the polynomial (4.7.1) must be supported on
monomials of the form ¢°5. Fix a subset S of [n]. Our goal is now to compute the coefficient
of t* in (4.7.1).

Choose (; € R™ such that the components of (; are linearly independent over Q, the
component ((;); is negative for ¢ € S and ((;); is positive for i ¢ S. Clearly, on the cube
{0,1}", the minimum value of (; occurs at eg. Complete (; to a basis ¢ of R™. Note that (3
assumes distinct values on the 2" points of the unit cube. Then (4.7.1) is equal to

Z Hilb(1(Cone; (M Z Z teruQyd=IPlylQl, (4.7.2)

IeM PCIQCJ
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By Corollary 4.6.4 we can compute the coefficient of ¢S in this polynomial by adding up the
coefficients of ¢S in each term.

We therefore consider the coefficient of t¢s in t¢Pv@ Hilb(1(Cone;(M)¢)). The function
epug + 1(Coner(M))¢ is supported on a cone whose tip is at epyq, and which is contained
in the half space {z : ((1,2) > (C1.epug)}. Since epyg is in the unit cube {0,1}", our
choice of ¢; implies that ((;,es) < ((1,epug). So t7v@ Hilb(1(Coner(M))S) contains a t°s
term only if S = PUQ. Even if S = P U@, by Lemma 4.6.8, the coefficient of ¢ is
nonzero only if Cone;(M) is in the half space where (; is nonnegative. This occurs if and
only if (1(e;) < (i(ep) for every I' € M. In short, the coefficient of t°S receives nonzero
contributions from those triples (7, P, @) such that

1. The function (;, on Poly(M), is minimized at e;.
2. PCTland Q Cn]\I.
3. §=PUQ.

The contribution from such a triple is u®~17lvl@l.

Because (; takes distinct values on {0, 1}", there is only one basis of M at which (; is
minimized. Call this basis Iy. Moreover, there is only one way to write S as P U ) with
P CIyand @ C [n]\ Ip; we must take P = SN 1yand Q =S N([n]\ I). So the coefficient

Of teS IS udf\SﬂIO\U|Sﬂ([n}\Io)|

From the way we chose (i, we see that [ is an element of M with maximal intersection
with S. In other words, |S N Iy| = pp(S). From the description in the previous paragraph,
the coefficient of ¢ is u®=PMS)ylSI=Pr(9) ~ Summing over S, we have equation (4.7.2), and
Theorems 4.7.1 and 4.7.2 are proved. O

Question 4.7.3. Is there an equivariant version of Lemma 4.5.1 which provides a generating
function in K%(pt)[u, v] for the bases of given activity, parallel to Theorem 4.7.2 for the rank
generating function?

Example 4.7.4. We compute the sum in (4.7.1) for the matroid from Example 4.3.5. We
can shorten our expressions slightly by defining

sp = Z Z terteqyd-IPlylel — H(u +ti) H(l + vt;)

PCIQCJ el JjeJ

he o= [[IJO-6"t)"

i€l jeJ
where, recall, J = [n] \ I. Then (4.7.1) is

813h13(1 — t2t§1> + 514h14(1 — tgtzl) + 523h23(1 — tlt;l)
+ Saahaa(1 — taty ") + szahsa(1 — titats 't 1),
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which is

(tats + tots + tity + oty +tats) + (G +ta +H 3+ 1) -
+ (t1t2t3 + t1t2t4 + t1t3t4 + t2t3t4) U+ U2 + (tltg) S UV + <t1t2t3t4) . 1)2

Specializing the ¢; to 1 gives the rank-generating function
5+ du + 4v + u? + uv + v*.
Setting u = z — 1 and v = w — 1 gives the Tutte polynomial

w+ 2+ w4+ wz + 22

4.8 Proof of the formula for Speyer’s h

In this section, we discuss the relation between localization methods and the matroid
invariant hj; discovered by Speyer. Our first aim is to prove Theorem 4.8.1 below, defining
a polynomial Hj;. We will then discuss the relation of Hy; to hyy.

Theorem 4.8.1. Let M be a rank d matroid on [n] without loops or coloops. Let the maps

g and Ty(,—1) and the classes o and (3 be as in Section 4.1. Then there exists a polynomial
Hy € Z[s] such that

(T1(n=1))«Ty y(M) = Hy (o + 8 — af3).

Because (a+[—af)" = 0, there is more than one polynomial which obeys this condition.
We make H),; unique by defining it to have degree < n.

The heart of our proof is the following lemma:

Lemma 4.8.2. In the setup of Theorem 4.8.1, [* y(M)A"SITIN QYT € Z for any p
and q, and equals O when p # q.

Proof of Theorem 4.8.1 from Lemma 4.8.2. Suppose that (mi(n—1))«m; (y(M)) = F(a, ).
To say that F' is a polynomial in a + 3 — af is the same as to say that it is a polyno-
mial in 1 —a+ 6 —af = (a—1)(f —1). So, by Lemma 4.5.1, it is equivalent to show that
S y(M) S IAPSTIANQY)]uPv? is a polynomial in wv. By Lemma 4.8.2, the coefficient of uPv?
is zero whenever p # ¢, so this sum is a polynomial in uw. O

As in the proof of Theorem 4.7.1, the proof of Lemma 4.8.2 will be by equivariant
localization.
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Proof. Fix p and ¢. For any I € ([Z]), we have

[/\pS]T[/\q(QV>]T(I) = Ep(tz‘_l)ieIEq(tj)jE[n]\f

where F, is the k-th elementary symmetric function. So

/ y(M)NPS]FINYQY)T = ZHﬂb(cone,(M)) Z tep Z tee. (4.8.1)

i< re) ()

The reader may wish to consult example 4.8.3 at this time.

By Corollary 4.6.9, t* may only appear with nonzero coefficient if a is in the convex hull
of {ep —eq} where P and () are as above. In particular, every coordinate of a must be —1,
0 or 1. We will now establish that, in fact, every coordinate must be zero.

Consider any index i in [n]. Let ; = e; and complete (; to a basis ¢ of R". We abbreviate
the half space {z : x; > 0} by H, and {z : z; > 0} by H,.
The sum in (4.8.1) is equal to

> Hilb(1(Cone; (M))¢) Y > teamer, (4.8.2)

1< re(t) @=("))

By Corollary 4.6.4, it is legitimate to extract the coefficient of a particular term.

Suppose that ¢« ¢ I. Then ¢ cannot be in P, so the i-th coordinate in eg — ep
is nonnegative. Also, by Lemma 4.6.8, 1(Cone;(M))¢ is supported in H. So such
tee=er Hilb(1(Cone;(M))¢) cannot contribute any monomial of the form t* with a; < 0.

Now, suppose that i € I. Since 7 is not a coloop of M, the cone Cone;(M) has a ray with
negative i-th coordinate. So, by Lemma 4.6.8, 1(Cone;(M))¢ lies in the open halfplane H,.
In particular, if 1(Coner(M))¢(a) is nonzero for some lattice point a then a; > 1. So, again,
te@=¢r Hilb(1(Cone;(M))¢) cannot contribute any monomial of the form ¢ with a; < 0.

A very similar argument shows that no monomial with any positive exponent can occur
in (4.8.2). So the only monomial in (4.8.2) is t°, i.e. (4.8.2) is in Z. Additionally, (4.8.2) is
homogenous of degree ¢ — p, which is nonzero if p # ¢. So we deduce that in that case (4.8.2)
is zero, as desired. O

Example 4.8.3. We compute H,; for the matroid M from Example 4.3.5. For brevity, we
write

sy o= Z Z tmerteaylPlylel — H(l +ut; ) H(l + vt;)

PCIQCJ iel jeJ

he o= [[IJQ-6"t)"

il jeJ
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We must compute

8/13h13(1 — tgtgl) + 5/14h14(1 — tgtl1> + 5/23h23(1 — tltS:l)
+ Sl24h24(1 — tgtzl) + Sg4h34(1 — tltgtgltll). (483)

The reader may enjoy typing (4.8.3) into a computer algebra system and watching it simplify
tol—wuv. So Hy=1—(1—a)(1—-p0)=a+F—af and hy(s) = s. o

We now show that the polynomial H,; is equal to the polynomial h,; from Speyer’s
work [83].

Remark 4.8.4. In [83], two closely related polynomials are introduced, hps(s) and gas(s).
These obey gu(s) = (—=1)%hp(—s), where ¢ is the number of connected components of
M. As discussed in [83, Section 3|, g behaves more nicely in combinatorial formulas; its
coefficients are positive and formulas involving gy, have fewer signs. However, hj; is more
directly related to algebraic geometry. The fact that hj,; arises more directly in this chapter
is another indication of this.

We review some relevant notation. Let ¢ be an index between 1 and d. Choose a line £ in
n-space and an n — i plane M containing ¢. Let Q; C G(d,n) be the Schubert cell of those
d-planes L such that ¢ C L and L + M is contained in a hyperplane. If i > d, we define €);
to be Q4. Then hy(s) was defined by

ha(s) o - g
=3 /G IRCDICHE

1=

In other words, the coefficient of s* in hy(s) is

/G L 0D (10a] = [0,]).

Theorem 4.8.5. With the above definitions, we have Hp(s) = hp(s).

Proof. We will show that the coefficient of s® in both cases is the same. Notice that the
coefficient of s’ in H,(s) will also be the coefficient of 3° in Hy(a+S—af3). As we computed
in the proof of Lemma 4.5.1, the dual basis to /3’ is o™ 17{p"=4"174(1 — a)(1 — 3). In
particular, the coefficient of 5% in (1 (n—1))sm5y(M) is [ ((T1(—1))mjy(M)) ™11 7H(1 —
f).

Now, «" ! intersects the hypersurface F/¢(1,n — 1;n) in the set of pairs
(line, hyperplane) where line has a given value /. Intersecting further with 3"~*~! imposes
in addition the condition that hyperplane contain a certain generic n —i — 1 plane N. But,
since the hyperplane is already forced to contain /, it is equivalent to say that the hyperplane
contains the n — 4 plane N + £. In short, a® 13"~ N Fl(1,n — 1;n) is represented by the
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Schubert variety of pairs (I, H) where [ is a given line ¢ and H contains a given n — i plane
M containing /.

Now, the pushforward of the structure sheaf of a variety is always the structure sheaf of
a Schubert variety. In the case at hand, (m1(,—1)).m5a" 13"~ is the class of the Schubert
variety of d-planes L such that ¢ C L and L 4+ M is contained in a hyperplane. This is to
say, (M)« a1 f" "1 = [Ogq,]. Using (4.2.1), we see that the coefficient of s* in Hy(s)
is

/[Pnl pr—1 ((Wl(nfl))*ﬂl;y(M)) an_lﬁn_l_i(l - ﬁ) = /G(d )y(M) ([ng] - [Oﬂz—l]) y

as desired. O

4.9 Geometric interpretations of matroid operations

In [83], a number of facts about the behavior of hjy; under standard matroid operations
were proved geometrically. In this section we re-establish these using our algebraic tools
of localization and Lemma 4.5.1. Following the established pattern, our proofs will be
equivariant. We first introduce slightly more general polynomials for which our results hold

Define FJ}(u,v) to be the unique polynomial, of degree < n in u and v, such that
Fi(0(1,0),0(0,1)) = (m1(n—1))7q ([O(m)]y(M)) . (4.9.1)

We also define an equivariant generalization of this by
P () = [ 000 SINSITIN@ !
p,q

In the previous sections, we checked that Fyi' (u,v) = Hy(1 — uv) = hy(1 — uv), that
Fii"(u,v) and F},(u,v) are the weighted and unweighted rank generating functions, and
that Fi(u — 1,0 — 1) is the Tutte polynomial. The entire collection of F};" can be seen
as a generalization of the Ehrhart polynomial of Poly(M). Specifically, F}}(0,0) = #(m -
Poly(M)NZ™) for m > 0.

Write M* for the matroid dual to M.
Proposition 4.9.1. We have Fyj(u,v) = Fy}.(v,u) € Z[u,v].

Proof. Equivariantly, we will show that Fj2"(t)(u,v) = t™= F7T (¢ (v, u).  (Here the
symbol F™T (¢~1) means that we are to take the coefficients of F™7T which are in Z[Char(T')],
and apply the linear map which inverts each character of T'.)
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We must show that for any p and g,

([ saniowmiins v )
= ([T NS QT ) 6. (w92)

By localization, the left side is

ZHllb (Coney(M))(t) t™mer Z Z tee—er,

feu Pe(y) @e(MyY)

The polytope Poly(M*) is the image of Poly(M) under the reflection & + ep,) —2. Therefore
Hilb(Cone;(M))(t) = Hilb(Conepp r(M*))(t™1). So the left side of (4.9.2), reindexing the
sum by J = [n] \ I, is

3" Hilb(Cone, (M*)(¢7h) tmemns 3" 37 gearer

JeM* Pe([n]\J) QG(J>
= ") Z Hilb(Coney(M™))(t™) t~/ Z Z —erteQ
JeM* Qe (?) pe(hV)
which is the right side of (4.9.2). O

Given matroids M and M’, we denote their direct sum by M @& M’.

Proposition 4.9.2. We have FyiFy = Fypga-

Proof. Localization gives

Fip = Hilb(Coney (M) ¢y~ Y = gea=erylFlyldl (4.9.3)

IeM PCI QCE\I

and analogous expansions for M" and M & M. Since Poly(M @& M') = Poly(M) x Poly(M’),
we have

Hilb(Cone;(M)) Hilb(Coney (M")) = Hilb(Cone; (M & M")).
The proposition follows immediately by multiplying out expansions like (4.9.3). O]
For k = 1,2, let M} be a matroid on the ground set E; and let 7, € E;. Consider the

larger ground set E = E; LWE, \ {41,142} U{i}, where i should be regarded as the identification
of 7; and i5. There are three standard matroid operations one can perform in this setting.
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In the next definitions, I; and I5 range over elements of M; and M, respectively. The series
connection M., of M; and M, is the matroid

(I UL (I U L) N {iy, i} = 0}
U{(L U)\ {1, 0} Ui} [([1 U L) N{iy, i} =1}

on E; their parallel connection M,,, is the matroid

(LU L)\ {ir o}« |(1 U L) N {iy,in}| = 1}
U{(L U D)\ {ir,ia} ULy : [(I U L) N {iy,is}| = 2}

on E; and their two-sum Mo, is the matroid

{(Il L [2) \ {’il,ig} : |(Il L Ig) N {i17i2}| = 1}

on E\ {i}. For the reader with little intuition for these matroids, they can be realized
as vector arrangements (the dual realization to hyperplane arrangements) as follows. For
i=1,2,let A; = {vi,... ,vf”} be an arrangement of vectors in the vector space V; realizing
M;. Our realizations will be variations on the realization (A;,0) U (0,A4;) C Vi @ V5 of
My & My: for M, replace (v;,,0) and (0,v;,) by (v, vs,); for My, project to the quotient
Vi ® Va/(vi,, —v;,) and identify the images of (v;,,0) and (0,v;,) as a single point; and for
Mogunm, take the same projection but remove those two images.

The next property has the nicest form for the particular case of FY,;, on account of
Lemma 4.8.2.

Theorem 4.9.3. We have

Fﬁl@MQ = <1 + ,U)F]’,\?ser + (1 + U/)F]\ZLpar - (1 + U)<1 + u)Fﬂ25um.

In particular, Fyy, = Fy = Fyy = Fyoa,/(1—uv).

The series, respectively parallel, extension of a matroid M; along ¢; is its series, re-
spectively parallel, connection to the uniform matroid U; ;. Two-sum with U o leaves M,
unchanged. If My = U, » then we have

0 0 0 0
0 . FM1@U1,2 . FMlFU1,2 . FM1(1 - UU) 0
Mser 1 —wv 1 —wv 1—uv M

using Proposition 4.9.2, and an analogue holds for the parallel extension. This implies one
of the most characteristic combinatorial properties of h from [83].

Corollary 4.9.4. The values of hy;, Hy and FY, are unchanged by series and parallel
extensions.
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Proof of Theorem 4.9.3. Let My have rank dy, d = d;+ds, and n = |Eq|+|Ez|. Let T'= (C*)"
be the torus acting on G(d,n). Our aim is to relate y(M; @& M) € K¥(G(d,n)) to y(M),
Y(Mpar), and y(Masum). Localization renders the problem one of relating cones at vertices of
certain polytopes. Define

Pier = Poly(M; & My) N {z;, + x5, < 1}
Poar = Poly(M; & M) N{z;, + 2, > 1}
Pygum = Poly(M; & M) N{z;, + x4, =1}

Then
1(Poly(M; @ Ms)) = 1(Paer) + 1(Ppar) — 1(Posum)-

(If Py and P, have the same dimension as Poly(M; @ M) they will be the facets of a
subdivision, with Pyg,, the unique other interior face.) This implies that, for I € (Z),

Hilb(Cone,, (M; & M,)) = Hilb(Cone,, (Pser)) + Hilb(Cone,, (Pyar)) — Hilb(Cone,, (Po—sum))-

(4.9.4)

We'll use L to denote one of the symbols ser, par, 2sum. Let p : RE\YE2 — RE be the

linear projection with p(e;,) = p(ei,) = e; and p(e;) = e; for j # i1, iy, and let « : REV — RE
be the inclusion into the i-th coordinate hyperplane. Then

p(Pser) - POIY(Mser>
p(Ppar) = POIY(Mpar) +e;
p(P2sum) - L(POIY(MZSMH)) +e;

where +e¢; denotes a translation.

The polytope Poly(M; @ My) lies in the hyperplane {3, ¢ x; = di}, which intersects
ker p transversely, so p is an isomorphism on the polytopes Pp. In particular for any I €
M, @ M, we have Conep.,)(p(Pr)) = p(Cone,, (Pr)). Also, if u is a lattice point then p(u)
is. Define r : K(pt) — K% (pt) to be the restriction from characters of T' to characters of
its codimension 1 subtorus

T/ = {(tj>j€E1UE2 eT: ti1 = tiZ}’

so that tP(¢1) = r(t°r). We write ¢; for the common restriction of ¢;, and t;, to T'. We will also
occassionally need a notation for the torus 7" which is the projection of 7" under forgetting
the i-th coordinate.

Let A be the subring of Frac K2(pt) consisting of rational functions whose denominator
is not divisible by t;, — t;,. The map r extends to a map r : A — Frac K, (pt). Because Py,
is in the hyperplane > jeg, £ = di, the edges of P, do not point in direction e;, — ¢;,, so
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Hilb(Cone,, (Pr)) is in A and we have

Hilb(Conep(c,)(My)) = Hilb(Coneye ) (p(F1)))
= Hilb(p(Cone, (Pr)))
= r(Hilb(Cone,, (Pr))) . (4.9.5)

We now embark on the computation of F}j ., by equivariant localization. We have

FZT\T/IPL{QMQ (u7 U) =
> Hilb(Cones (My & My)) 7™y " Y~ geamerylPlyldl

IeM1 P M2 PCI QCE UE2\I

Expanding as dictated by (4.9.4), this is

FX}{Z‘;M2 (u,v) = Z (Hilb(ConeeI(Pser)) + Hilb(Cone,, (Pyar))

IeMi®Mo

—Hilb(ConeeI(PQSum)))-tmefz S treeryPll@l (4.9.6)

PCI QCE1UEo\T

We will eventually be applying the map K2(pt) — K°(pt) = Z replacing all characters
by 1 to get a nonequivariant result. This map factors through r. As explained above, all of
the terms in equation (4.9.6) lie in the ring A, so we may apply r to both sides.

We take the three terms inside the large parentheses in (4.9.6) individually. The three
are similar, and we will only work through the first, involving Pk, in detail. Temporarily
denote this subsum >, i.e.

Ser = Hilb(Cone,, (Poey)) £~ Y e rulPlylel,

IeM1® M2 PCI QCEUEx\I

By (4.9.5) and the definition of  we have

r(Yeer) = Z Hilb(Conepe,) (Meer)) tp(mej)z Z pleq—ep)y |Pl,Q1

IeM1 & Mo PCI QCE 1LUEx\I

For any I € M; @ M, such that p(e;) € Poly(Mj.,), not both ¢; and iy are in I, so p(e;) = ey
for some I’ C E, and we have

YOS pleamenylPllol - (1) $TFT pramerylPlylal

PCI QCE LUEo\] PCI' QCE\I
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where the factor (1 4 vt;) comes from dropping one of i; and is not contained in I from the
sum over (). Therefore

r(Sser) = (1 + vt;) Z Hilb(Coney (M) ™ Z Z rea—ep 1Pl IQl

'€ Mier PCI’ QCE\I’
= (1 +vt;) Fyy (u,v).

er

A similar argument for each of the other two summands in (4.9.6) yields

r (P () =

(L + vt (u,0) + (L4 uty Y ERT (u,0) — (L4 ot) (14 uty N ERT (u,0). (4.9.7)

In the last term, we are implictly using the injection K! (pt) — K{ (pt) coming from the
projection T — T".

On passing to non-equivariant K-theory, this becomes the first assertion of the theorem.
For the second, Lemma 4.8.2 says that H); is a polynomial in uv for any matroid M. Thus,
putting m = 0 in (4.9.7), the terms on the right containing an unmatched v must cancel,
implying F' &ser =F &qum. The same goes for the terms containing an unmatched u, implying
F I?JW = F}y,.. . Making these substitutions and simplifying, (4.9.7) becomes the second
assertion of the theorem. O



Chapter 5

Tropical cycles and Chow polytopes

5.1 Introduction
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Several well understood classes of tropical variety are known to correspond to certain
regular subdivisions of polytopes, in a way that provides a bijection of combinatorial types.

1. Hypersurfaces in P"~1 are set-theoretically cut out by principal prime ideals. If the

base field has trivial valuation, then Trop V(f) is! the fan of all cones of positive
codimension in the normal fan to its Newton polytope Newt(f). In the case of general
valuation, the valuations of coefficients in f induce a regular subdivision of Newt(f),
and Trop V (f) consists of the non-full-dimensional faces in the normal complex (in the
sense of Section 5.2.2).

. Linear spaces in P! = P(K") are cut out by ideals generated by linear forms. To a
linear space X of dimension n—d—1 is associated a matroid M (X), whose bases are the
sets [ € ([Z]) such that the projection of X to the coordinate subspace K{e; : ¢ ¢ I} has
full rank. If the base field has trivial valuation, then Trop X is a subfan (the Bergman
fan [7]) of the normal fan to the matroid polytope

Poly(M (X)) = conv{}_;.;e; : J is a basis of M(X)} (5.1.1)

of M(X). In the case of general valuations, the valuations of the Pliicker coordinates
induce a regular subdivision of Poly(M (X)) into matroid polytopes as discussed in
Chapter 3, and Trop X consists of appropriate faces of the normal complex.

Throughout this chapter we use boldface for classical algebro-geometric objects (except those with
standard symbols in blackboard bold or roman, which we preserve), and plain italic for tropical ones.
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3. Zero-dimensional tropical varieties are simply point configurations. A zero-dimensional
tropical variety X is associated to an arrangement H of upside-down tropical hyper-
planes with cone points at the points of X: for instance, the tropical convex hull of the
points of X is a union of closed regions in the polyhedral complex determined by H.
The arrangement H is dual to a fine mixed subdivision of a simplex, and X consists
of the faces dual to little simplices in the normal complex of this subdivision.

The polytopes in this list are special cases of the Chow polytope, associated to any cycle
X on P! as the weight polytope of the point representing X in the Chow wvariety, the
parameter space of cycles. This suggests that there should be a general description of
tropical varieties as somehow dual to associated Chow polytope subdivisions.

This chapter’s main theorem, Theorem 5.4.1, provides a simple tropical formula for this
Chow polytope subdivision in terms of the tropical variety Trop X, making use of stable
Minkowski sums of tropical cycles introduced in Section 5.3. There is however no general
map in the reverse direction, from Chow polytope subdivision to tropical variety, and in
Section 5.6 we present an example of two distinct tropical varieties with the same Chow
polytope. In Section 5.5 we use this machinery to at last give a proof of the fact that
tropical linear spaces are exactly tropical varieties of degree 1.

5.2 Setup

5.2.0 Polyhedral notations and conventions

For II a polyhedron in a real vector space V and v : V' — R a linear functional, face, II
is the face of Il on which u is minimised, if such a face exists. For II, P polyhedra, IT + P
is the Minkowski sum {7 + p : 7 € Il,p € P}, and we write =P = {—p : p € P} and
I—-P=1I+(-P).

5.2.1 Tropical cycles

Let Ng be a real vector space containing a distinguished full-dimensional lattice N, so
that Ng = N ® R. For a polyhedron ¢ C Ng, let lino be the translate of the affine hull of
o to the origin. We say that o is rational if N, := N Nlino is a lattice of rank dimo.

The fundamental tropical objects we will be concerned with are abstract tropical cycles in
Ng. See [3, Section 5] for a careful exposition of tropical cycles. Loosely, a tropical cycle X
of dimension k consists of the data of a rational polyhedral complex > pure of dimension k,
and for each facet o of ¥ an integer multiplicity m, satisfying a balancing condition at
codimension 1 faces, modulo identifications which ensure that the precise choice of polyhedral
complex structure, among those with a given support, is unimportant. A tropical variety is
an effective tropical cycle, one in which all multiplicities m, are nonnegative.
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We write Z; for the additive group of tropical cycles in Ny of dimension k. We also write
Z = @, Zy, and use upper indices for codimension, Z b — Zn Ne—k- 1f 2 is a polyhedral
complex, then by Z(X) (and variants with superscript or subscript) we denote the group of
tropical cycles X (of appropriate dimension) which can be given some polyhedral complex
structure with underlying polyhedral complex ¥. Our notations Z and Z* are compatible
with [3], but we use Z(X) differently (in [3] it refers merely to cycles contained as sets in X,
a weaker condition).

If a tropical cycle X can be given a polyhedral complex structure which is a fan over the
origin, we call it a fan cycle. We prefer this word “fan” as essentially in [36], over “constant-
coefficient”, for brevity and for not suggesting tropicalisation; and over the “affine” of [3],
since tropical affine space should refer to a particular partial compactification of Ng. We use
notations based on the symbol Z™* for groups of tropical fan cycles.

In a few instances it will be technically convenient to work with objects which are like
tropical cycles except that the balancing condition is not required. We call these unbalanced
cycles and use notations based on the symbol Z'"P2l That is, 2" simply denotes the free
Abelian group on the cones of A. If 0 C Ny is a k-dimensional polyhedron, we write [o]
for the unbalanced cycle o bearing multiplicity 1, and observe the convention [()] = 0. Then
every tropical cycle can be written as an integer combination of various [o].

It is a central fact of tropical intersection theory that Z™" is a graded ring, with multipli-
cation given by (stable) tropical intersection, which we introduce next, and grading given by
codimension. The invocation of these notions in the toric context [35, Section 4] prefigured
the tropical approach:

Theorem 5.2.1 (Fulton-Sturmfels). Given a complete fan 3, Z%®(X) is the Chow coho-
mology ring of the toric variety associated to 3.

Given two rational polyhedra ¢ and 7, we define a multiplicity u,, arising from the
lattice geometry, namely the index

MHor = [NO'+T : NO’ + NT]

We define two variations where we require, respectively, transverse intersection and linear
independence:

e | por if codim(ocN7)=codimo + codim 7
Hoyr 0 otherwise,

B | Mor if dim(o+7)=dimo+dim7
Hor =13 0 otherwise.

Alternatively, uET is the absolute value of the determinant of a block matrix consisting
of a block whose rows generate N, as a Z-module above a block whose rows generate N, in
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coordinates providing a basis for any (dim o + dim 7)-dimensional lattice containing N ..
Likewise 5 . can be computed from generating sets for the dual lattices.

If 0 and 7 are polytopes in Ng which are either disjoint or intersect transversely in the
relative interior of each, their stable tropical intersection is

o] - [7] = pa -lo O 7. (5.2.1)

If X =% _mylo] and Y = > _n.[r] are unbalanced cycles such that every pair of facets o
of X and 7 of Y satisfy this condition, then their stable tropical intersection is obtained by
linear extension,

XY =Y men, - py [onT]. (5.2.2)
If X and Y are tropical cycles, so is X -Y (see [3]). For a point v € Ng, let [v]EBY denote the
translation of Y by v; this is a special case of a notation we introduce in Section 5.3. If X
and Y are rational tropical cycles with no restrictions, then for generic small displacements
v € Ng the faces of X and [v] BY intersect suitably for equation (5.2.2) to be applied. In
fact the facets of the intersection X - ([v] BY") vary continuously with v, in a way that can
be continuously extended to all v. This is essentially the fan displacement rule of [35], which
ensures that X - Y is always well-defined.

Definition 5.2.2. Given two tropical cycles X, Y, their (stable) tropical intersection is

XY =lmX-(p]BY).

We introduce a few more operations on cycles. Firstly, there is a cross product defined in
the expected fashion. Temporarily write Z (V') for the ring of tropical cycles defined in the
vector space V. Let (N;)r, ¢ = 1,2, be two real vector spaces. Then there is a well-defined
bilinear cross product map

X Zunbal((Nl)R) ® Zunbal((Ng)R) N Zunbal((]\[1 D NQ)]R)

linearly extending [o] X [7] = [0 x 7], and the exterior product of tropical cycles is a tropical
cycle.

Let h : N — N’ be a linear map of lattices, inducing a map of real vector spaces which
we will also denote h : Ng — N (an elementary case of a tropical morphism). Cycles can
be pushed forward and pulled back along h. These are special cases of notions defined in
tropical intersection theory even in ambient tropical varieties other than R™ (in the general
case, one can push forward general cycles but only pull back complete intersections of Cartier
divisors [3]).

Given a cycle Y = > _m,[o] on Ng, its pullback is defined in [2] as follows. This is
shown in [35, Proposition 2.7] to agree with the pullback on Chow rings of toric varieties.

RH(Y) = Z Mo [Np-1(0) : K (N))][h ™ (0)]

o : o meets im h transversely
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The pushforward is defined in [36] in the tropical context, and is shown to coincide with
the cohomological pushforward in [49, Lemma 4.1]. If X = )" _m,[o] is a cycle on N, its
pushforward is

h(X)= >, me[Nje : h(No)]h(o)].

o : h|os injective

In these two displays, the conditions on ¢ in the sum are equivalent to h~'(c) or h(o),
respectively, having the expected dimension. Pushforwards and pullbacks of tropical cycles
are tropical cycles.

5.2.2 Normal complexes

Write M = NV, Mr = Ng" for the dual lattice and real vector space. Let 7 : Mr x R —
Mg be the projections to the first factor. A polytope II € Mg x R induces a regular
subdivision ¥ of w(IT). Our convention will be that regular subdivisions are determined by
lower faces: so the faces of ¥ are the projections m(face, 1y IT). We will also write face, ¥ to
refer to this last face. In general, we will not consider regular subdivisions > by themselves
but will also want to retain the data of II. More precisely, what is necessary is to have a
well-defined normal complex; for this we need only ¥ together with the data of the heights
of the vertices of I visible from underneath, equivalently the lower faces of II. (When we
refer to “vertex heights” we shall always mean only the lower vertices.)

Definition 5.2.3. The (inner) normal complex N' (3, IT) to the regular subdivision X induced
by II is the polyhedral subdivision of N with a face

normal(F) = {u € Ng : W C face,1)(II)}
for each face F' = conv(m(WW)) of X.

We will allow ourselves to write N''(2) for N1(X, IT) when IT is clear from context. If IT
is contained in Mg x {0}, which we identify with Mg, then N'(X,II) is the normal fan of TI.

We give multiplicities to the faces of the skeleton N¢(X, IT) of N (X, I1) so as to make it a
cycle, which we also denote N¢(X, IT). To each face normal(F) € N (X, II) of codimension e,
we associate the multiplicity Mmuormai(r) = vol I where vol is the normalised lattice volume,
i.e. the Euclidean volume on lin F' rescaled so that any simplex whose edges incident to
one vertex form a basis for Ny has volume 1. In fact NV¢(X,II) is a tropical cycle. In
codimension 1 a converse holds as well.

Theorem 5.2.4.

(a) For any rational reqular subdivision ¥ in Mg induced by a polytope 11 in Mg x R, the
skeleton N¢(X,11) is a tropical variety.
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(b) For any tropical variety X € Z'(Ng), there exists a rational polytope I1 in Mg X R and
induced regqular subdivision Y, unique up to translation and adding a constant to the
vertex heights, such that X = N1 (3, 1I).

Part (a) in the case of fans, i.e. I C Mg x {0}, is a foundational result in the polyhedral
algebra [64, Section 11]. The statement for general tropical varieties follows since the normal
complex of ¥ is just the slice through the normal fan of II at height 1, and this slicing
preserves the balancing condition. Part (b) is also standard, and is a consequence of ray-
shooting algorithms, the codimension 1 case of Theorem 5.2.11.

5.2.3 Chow polytopes

See [47], [38, ch. 4] and [28] for fuller treatments of Chow polytopes and Chow forms, the
first for the toric background, the second in the context of elimination theory, and the last
especially from a computational standpoint.

Let K be an algebraically closed field. Let (K*)™ be an algebraic torus acting via a linear
representation on a vector space V', or equivalently on its projectivisation P(V'). Suppose that
the action of (K*)" is diagonalisable, i.e. V' can be decomposed as a direct sum V = @ V;
where (K*)™ acts on each V; by a character or weight y; : (K*)" — K*. A character y;
corresponds to a point w; in the character lattice of (K*)", via y;(t) = t“i. We shall always
assume V' is finite-dimensional, except in a few instances where we explicitly waive this
assumption for technical convenience. If V' is finite-dimensional, the action of (K*)™ is
necessarily diagonalisable.

Definition 5.2.5. Given a point v € V of the form v = ZkeK v;, with each v;, € V;,
nonzero, the weight polytope of v is conv{wy : k € K}.

If X C P(V) is a (K*)"-equivariant subvariety, this defines the weight polytope of a point
r e X.

The Chow variety Gr(d,n,r) of P"~! introduced by Chow and van der Waerden in 1937
20], is the parameter space of effective cycles of dimension d — 1 and degree r in P"~!. When
we invoke homogeneous coordinates on P"~! we will name them 1, ..., z,.

Example 5.2.6.

1. The variety Gr(n — 1,n,r) parametrising degree r cycles of codimension 1 is
P(Kzy,...,z.),) = P(77)
polynomial.

An irreducible cycle is represented by its defining

2. The variety Gr(d,n, 1) parametrises degree 1 effective cycles, which must be irreducible
and are therefore linear spaces. So Gr(d,n, 1) is simply the Grassmannian Gr(d,n),
motivating the notation. O
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The Chow variety Gr(d,n,r) is projective. Indeed, we can present the coordinate ring of
Gr(n — d,n) in terms of (primal) Plicker coordinates, which we write as brackets:

n —

K[Gr(n —d,n)] = K[ [J]:J e ( " d) }/(Ph’icker relations).

For our purposes the precise form of the Pliicker relations will be unimportant. Then
Gr(d,n,r) has a classical embedding into the space P(K[Gr(n — d,n)],) of homogeneous
degree r polynomials on Gr(n — d,n) up to scalars, given by the Chow form [20]. For X
irreducible, the Chow form Rx of X can be constructed as the defining polynomial of the
locus of linear subspaces of P"~! of dimension n —d — 1 which intersect X. (There is a single
defining polynomial since Pic(Gr(n —d,n)) = Z.)

The natural componentwise action (K*)” ~ K" induces an action (K*)® ~ S*(A"“K").
The ring K[Gr(n — d,n)] is a quotient of this symmetric algebra by the ideal of Pliicker
relations. This ideal is homogeneous in the weight grading, so the quotient inherits an
(K*)™-action. The Chow variety is an (K*)"-equivariant subvariety of P(K[Gr(n — d,n)],),
so we also get an action (K*)" ~ Gr(n — d,n). The weight spaces of K[Gr(n — d,n)] under
the (K*)"-action are spanned by monomials in the brackets [J]. The weight of a bracket
monomial [[,[J/;]™ is >, msey,.

Definition 5.2.7. If X is a cycle on P"! represented by the point = of Gr(d, n,r), the Chow
polytope Chow(X) of X is the weight polytope of x.

Example 5.2.8.

1. The Chow form of a hypersurface V(f) is simply its defining polynomial f with the
variables zj replaced by brackets [k], so that the Chow polytope Chow(V(f)) is the
Newton polytope Newt(f).

2. The Chow form of a (d — 1)-dimensional linear space X is a linear form in the brackets,
> ;ps[J], where the p; are the dual Pliicker coordinates of X for J € (n[ﬁ] ). Accord-

ingly Chow(X) is the polytope Poly(M(X)*) of the dual matroid. Note that this is
simply the image of Poly(M (X)) under a reflection.

3. For X = X4 an embedded toric variety in P"~!, the Chow polytope Chow(X) is the
secondary polytope associated to the vector configuration A [38, Chapter 8.3]. O

From a tropical perspective, the preceding setup has all pertained to the constant-co-
efficient case. Suppose now that the field K has a nontrivial valuation v : K* — Q, with
residue field k — K. For instance we might take K = k{{¢t} the field of Puiseux series over
an algebraically closed field k, with the valuation v : K* — Q by least degree of . Let X be
a cycle on P"~! with Chow form Rx € K[Gr(n—d,n)]. Let 7,..., 7, € K be the coefficients
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of R[X], so that R[X] is defined over the subfield k[ri"!,..., 7] C K. The restriction of v
to this subfield is a discrete valuation, so we may assume that all the v(7;) are integers.

The torus (k*)™ acts on k[Gr(n — d,n)] just as before, and therefore acts on k[Gr(n —
d,n)|[r, ..., 75, Let (k)" x k* ~ k[r*!][Gr(n — d,n)] where the right factor acts on

Laurent monomials in 7y,...,7,, with 7¢ having weight Y ", v(7;)e;. Let II be the weight
polytope of the Chow form Rx with respect to this action.

Definition 5.2.9. The Chow subdivision of a cycle X on P"! over (K,v) is the regular
subdivision Chow, (X) induced by II.

The Chow subdivision is the non-constant-coefficient analogue of the Chow polytope, gen-
eralising the polytope subdivision of the opening examples. It appears as the secondary sub-
division in Definition 5.5 of [48], but nothing is done with the definition in that work, and we
believe this chapter is the first study to investigate it in any detail. Observe that Chow, (X)
is a subdivision of Chow(X), and if v is the trivial valuation, Chow,(X) is Chow(X) unsub-
divided. By N (Chow, (X)) we will always mean N (Chow, (X), IT).

If (u,v) : k* — (k*)" x k* is a one-parameter subgroup which as an element of N x Z has
negative last coordinate, then face, Chow, (X) = face(, ) II is bounded. We observe that a
bounded face F' = face, Chow, (X) of Chow,(X) is the weight polytope of the toric degen-
eration lim; o u(t) - X. This follows from an unbounded generalisation of Proposition 1.3
of [47], which describes the toric degenerations of a point in terms of the faces of its weight

polytope.

Example 5.2.10. Perhaps the simplest varieties not among our opening examples are conic
curves in P3. Let K = C{t}, and let X C P3 be the conic defined by the ideal

(tr —y+ 2 — 2w, yz + t2> + Pyw — 2w + (£* — t")w?)

where (z : y : z : w) are coordinates on P?. The Chow form of X can be computed by the
algorithm of [28, Section 3.1]. It is

(2tT + 15 +1° — ) zw][yw] + (7 +£° — ) yw]® + (2t + ¢ + 2 — 1) [zw][yz] + (—t> + % — 1) [yw][y2]
+ (=t = D[yz]® + (2% — tHY [zw][zw] + (2% + 1° — 2tY) [yw][zw] + (£° — t°)[zw]? + (2t° — t)[zw][z2]
+ (=t + 87 = 20)[yw]faz] + (=2 — ) [yz][e2] + (—)[ew][22] + (—17) [22]* + (=" = 26° + 1) [2w][2y]
+ (=) [yw][zy] + tly2][zy] + (1) [zw][zy] + ¢*[22][y).

The Chow subdivision Chow, (X) is the regular subdivision induced by the valuations of
these coefficients. It is a 3-polytope subdivided into 5 pieces, depicted in Figure 5.1. The
polytope Chow(X) of which it is a subdivision is an octahedron with two opposite corners
truncated (it is not the whole octahedron, which is the generic Chow polytope for conics in

P3). ¢
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Figure 5.1: The Chow subdivision of Example 5.2.10. Top: coordinates of points (black)
and lifting heights (blue). Bottom: the pieces.
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Figure 5.2: Identifying a vertex of a Chow subdivision by Theorem 5.2.11. Coordinates of
vertices of the curve are given in R*/(1,1,1,1).

Theorem 2.2 of [31] provides a procedure that determines the polytope Chow(X) given a
fan tropical variety X = Trop X. That procedure is the constant-coefficient case of the next
theorem, Theorem 5.2.11, which can be interpred as justifying our definition of the Chow
subdivision. Theorem 5.2.11 determines Chow, (X) for X = Trop X not necessarily a fan,
by identifying the regions of the complement of A''(Chow, (X)) and the vertex of Chow, (X)
each of these regions is dual to.

Theorem 5.2.11. Let u € Ny be a linear functional such that face, Chow,(X) is a vertex
of Chow,(X). Then
in, Rx = H [J]deg([quRZO{ej:jEJ}]‘X),
Te(,")
1.€.
vertex, Chow,(X) = Z deg([u +Rxofej 1 j € J} - X)ey. (5.2.3)

(")

The condition that face, Chow,(X) be a vertex is the genericity condition necessary for
the set-theoretic intersection (u + Rso{e; : j € J}) N X to be a finite set of points.
The constant-coefficient case of Theorem 5.2.11 is known as ray-shooting, and the general

case as orthant-shooting, since the positions of the vertices of Chow,(X) are read off from
intersection numbers of X and orthants C; shot from the point w.
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Example 5.2.12. Let X be the conic curve of Example 5.2.10. The black curve in Figure 5.2
is X = Trop X. Arbitrarily choosing the cone point of the red tropical plane to be u € Ng,
we see that there are two intersection points among the various [u + C}| - X, the two points
marked as black dots. Each has multiplicity 1, and they occur one each for J = {1,3} and
J ={2,3}. Accordingly eg1 3 + ea.3y = (1,1,2,0) is the corresponding vertex of Chow, (X)
(compare Figure 5.1). O

Theorem 5.2.11 is proved in the literature, in a few pieces. The second assertion, orthant-
shooting in the narrow sense, for arbitrary valued fields is Theorem 10.1 of [48]. The first
assertion, describing initial forms in the Chow form, is essentially Theorem 2.6 of [47]. This
is stated in the trivial valuation case but of course extends to arbitrary valuations with our
machinery of regular subdivisions in one dimension higher. The connection of that result
with orthant shooting is as outlined in Section 5.4 of [87].

5.3 Minkowski sums of cycles

Let N be any lattice. For a tropical cycle X = Y m,[o], we let X*! = 3" m,[—0] denote
its reflection about the origin. (This is the pushforward or pullback of X along the linear
isomorphism z +— —z.)

Given two polyhedra o, 7 C N, define the (stable) Minkowski sum
o] B[] = ,LLET[U + 7). (5.3.1)

Compare (5.2.1). If X and Y are cycles in Ng, then we can write their intersection and
Minkowski sum in terms of their exterior product X x Y € Nrg x Ng. We have an exact
sequence

0— Ng - Ng x Ng % Ng — 0

of vector spaces where ¢ is the inclusion along the diagonal and ¢ is subtraction, (x,y) — x—y.
It is then routine to check from the definitions that

XY =0r(XxY)
XBY™ = ¢, (X xY) (5.3.2)

Since pullback is well-defined and takes tropical cycles to tropical cycles, it follows immedi-
ately that there is a well-defined bilinear map H : Zunbal i Zunbal _, 7unbal oxtending (5.3.1),
restricting to a bilinear map H: 7 ® Z — Z.

A notion of Minkowski sum for tropical varieties arose in [27] as the tropicalisation of
the Hadamard product for classical varieties. The Minkowski sum of two tropical varieties
in that paper’s sense can have dimension less than the expected dimension. By contrast our
bilinear operation H should be regarded as a stable Minkowski sum for tropical cycles. It is
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additive in dimension, i.e. Z;B Zy C Z;, 4, just as stable tropical intersection is additive in
codimension. The next lemma further relates intersection and Minkowski sum.

The balancing condition implies that for any tropical cycle X in Ny of dimension dim Ng,
X (u) is constant for any u € Ng for which it’s defined. We shall denote this constant deg X.
Similarly, if dim X = 0, then X is a finite sum of points with multiplicities, and we will let
deg X be the sum of these multiplicities. These are both special cases of Definition 5.3.2, to
come.

Lemma 5.3.1. Let X andY be tropical cycles on Ng, of complementary dimensions. Then
deg(X -Y) = deg(X B Y™,

Proof. Let u € Ng be generic. Let ¥(X) and 3(Y') be polyhedral complex structures on X
and Y. The multiplicity of X B Y™ at a point u € Ny is

(XBY* N (w)=> pr,, (5.3.3)

summing over only those o € ¥(X) and 7 € (V)™ with u € 0 + 7, i.e. with ({u} —7)No
nonempty. These {u} — 7 are the cones of X(Y’), where Y’ = [u] BY. Then by (5.2.2),
deg(X -Y") is given by the very same expression (5.3.3) except with u® in place of x; and
by the fan displacement rule preceding Definition 5.2.2, deg(X - Y) = deg(X - Y’). But
Hor = MET when o and 7 are of complementary dimensions. ]

Let £ be the fan of the ambient toric variety P", which is the normal fan in N to the
standard simplex conv{e;}. The ray generators of £ are e; € N, and every proper subset of
the rays span a face, which is simplicial. For J C [n] let C; = Rxo{e; : j € J} be the face
of £ indexed by J. Let L, be the dimension k skeleton of £ with multiplicities 1, that is,
the canonical k-dimensional tropical fan linear space.

Definition 5.3.2 ([3, Definition 9.13]). The degree of a tropical cycle X € Z¢(Ng) is
deg X :=deg(X - L.).

The symbol deg appearing on the right side is the special case defined just above for
cycles of dimension 0. It is a consequence of the fan displacement rule that deg X = deg(X -
([v] B L)) for any v € Np.

Lemma 5.3.3. Let X € Z¢. Then

deg(X H Ee,lreﬂ) = edeg X.
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Proof. By Lemma 5.3.1 we have

deg(X B Lo_1™) = deg
= deg

(XB L™ - L))

XBL. ™|,

(Lo_r™ @ £ . xef)

= deg((Le—1 B L) - X)

= deg((eLe) - X)

=edeg(X - L.)

=edeg X. O]

= deg

—~~ I~ —~

Remark 5.3.4. The classical projection formula of intersection theory is valid tropically [3,
Proposition 7.7], and has an analogue for H. For a linear map of lattices h : N — N’ and
cycles X € Z(Ng) and Y € Z(Ng), we have

ha(X - W5 (Y)) = ha(X) - Y,
XBLRY)=hrh(X)BY).

The facts in this section, as well as the duality given by polarisation in the algebra of
cones which exchanges intersection and Minkowski sum, are all suggestive of the existence of
a duality between tropical stable intersection and stable Minkowski sum. However, we have
not uncovered a better statement of such a duality than equations (5.3.2).

5.4 From tropical variety to Chow polytope

Henceforth d < n will be a fixed integer, and X will be a (d— 1)-dimensional subvariety of
P!, We will tropicalise X with respect to the torus (K*)"/K* C P", where K embeds diag-
onally, so that X := Trop X is a tropical fan in Ng = R"/(1,...,1). Let N =7Z"/(1,...,1)
be the lattice of integer points within Ng, and let Mg = (1,...,1)t = (Ng)".

As explained in [47], the torus (K*)" acts on the Hilbert scheme Hilb(P"~!) in the fashion
induced from its action on P"~! and the map Hilb(P"~!) — Gr(d,n,r) sending each ideal to
the corresponding cycle is (K*)"-equivariant. This implies that deformations in Hilb(P"~!)
determine those in Gr(d,n,r): if u,u’ € Ng are such that in, Z(X) = in, Z(X), where 7
denotes the defining ideal, then also in,, Rx = in, Rx. Accordingly each initial ideal of Z(X)
determines a face of Chow(X), so that the Grébner fan of X is a refinement of the normal
fan of Chow(X).

The standard construction of the tropical variety X via initial ideals [75, Theorem 2.6]
shows that X is a subfan of the Grobner fan. But in fact X is a subfan of the coarser
fan N (Chow(X)), since the normal cone of a face face, Chow(X) appears in X if and only
if X meets the maximal torus (K*)"/K* C P"~! and whether this happens is determined



131

by the cycle associated to X. The analogue of this holds in the non-fan case as well. This
reflects the principle that the information encoded in the Hilbert scheme but not in the Chow
variety pertains essentially to nonreduced structure, while tropical varieties have no notion of
embedded components and only multiplicities standing in for full-dimensional non-reduced
structure.

The machinery of Section 5.3 allows us to give a lean combinatorial characterisation of
the Chow subdivision in terms of Theorem 5.2.11.

Main theorem 5.4.1. We have
N (Chow, (X)) = X B L,,_g_,™".

To reiterate: Let X be a (d — 1)-cycle in P*1, and let X = Trop X. Then the codimension
1 part of the normal subdivision to the Chow subdivision of X is the stable Minkowski sum
of X and the reflected linear space Ly_q—1"". By Theorem 5.2.4(b), this uniquely determines
Chow,(X) in terms of X, up to translation and adding a constant to the vertex heights.

Theorem 5.4.1 should be taken as providing the extension of the notion of Chow polytope
(via its normal fan) to tropical varieties.

Definition 5.4.2. Let the Chow map ch be the map taking a tropical cycle X of dimension
d to its (tropical) Chow hypersurface, the cycle ch(X) = X B L,_q_1"".

The dimension of ch(X) is (d—1)+ (n —d —1) = n — 2, so its codimension is 1. Indeed ch
is a linear map Z;_; — Z%.

In the classical world, the most natural object to be called the “Chow hypersurface” of
a (d —1)-cycle X in P! is the hypersurface in Gr(n — d,n) defined by the Chow form Rx.
Our tropical Chow hypersurface ch(X') however lives in the tropical torus (K*)"/K, as does
X, and not in a tropical Grassmannian. One can of course associate to X a hypersurface
Y in Trop Gr(n — d,n), namely the tropicalisation of the ideal generated by Rx and the
Pliicker relations. The torus action (K*)"/K* ~ Gr(n — d, n) tropicalises to an action of Ng
on Trop Gr(n — d,n) by translation, i.e. an (n — 1)-dimensional lineality space. Denote by
Ng + 0 the orbit of the origin in Trop Gr(n — d,n); this is the parameter space for tropical
linear spaces in Ng that are translates of £,,_4_1. Then we have ch(X) =Y N (Ng + 0).

Lemma 5.3.3 is also seen to be about Chow hypersurfaces, in which context it says
deg ch(X) = codim X deg X.

This should be compared to the fact that the Chow form of a cycle X in Gr(d,n,r) is of
degree r = deg X in K[Gr(n—d, n)|, and this ring is generated by brackets in n—d = codim X
letters.
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Proof of Theorem 5.4.1. Given a regular subdivision T' of lattice polytopes in M induced
by II, its support function Vi : u — face, T is a piecewise linear function whose domains of
linearity are NO(T,I1). We can view Vr as an element of (220 @ M.

We take a linear map ¢ : (2P0 @ M — (ZwPal)l such that §(Vy) = NY(T,1I) € Z* for
any regular subdivision 7. The restriction of § to the linear span of all support functions is a
canonical map ¢’, which has been constructed as the map from Cartier divisors supported on
N(T,1I) to Weil divisors on N (T,1I) in the framework of [3], or as the map from piecewise
polynomials to Minkowski weights given by equivariant localisation in [50]. Roughly, ¢'(V)
is the codimension 1 tropical cycle whose multiplicity at a facet 7 records the difference of
the values taken by V' on either side of 7. We can take § as any linear map extending ¢’
such that §(V') still only depends on V' locally; our only purpose in making this extension is
to allow formal manipulations using unbalanced cycles.

Let V' = Vehow, (x), and write X = >~ . m,[o]. Expanding (5.2.3) in terms of this sum,
the value of V at u € Ny is

> my Y deg((o] - [u+ Cyl)es

oEYD Je(n—d)

The intersection [o] - [u + C}] is zero if u € 0 — Cy, and if u € 0 — C} it is one point with

multiplicity u3 o ,. So
V= ng Z /JJUCJ CJ]@GJ.
oceEX JE( )

Let V,, be the inner sum here, so that V' = ZUEE mgyVy. Then

Z He.c, Z o([r] @ e).

eGl) st

Here, if 7 is a facet of form ¢’ — C} for ¢’ a facet of o, then e; € R7 so d([7] ® e;) = 0 and
the 7 term vanishes. Otherwise 7 has the form ¢ — C;; where J' = J \ {j} for some j € J.
Regrouping the sum by J' gives

V= S [ X we,dlo-Crlee) (541)

Je(, )\l
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where again we have omitted the terms 6([c — Cy] ® e;r) = 0. Now, if j € J' then

/”L:’»CJ/u{j} = HoCriigyy

NU+CJ,U{J_} : No + N¢,,
N : N, + NCJ, + Zej]
=[N : Nyyco, + Zej|[Nyyc, + Zej : No + N, + Ze;]
=[N : Nyyc,, + Zé&j][Nysc, : Ny + Ng,,]

a5}
= (€, P)Hoc,

U{j}]

=
=

where p is the first nonzero lattice point in the appropriate direction on a line in Mg normal
to 0 + C'y. Then the components of p are the minors of a matrix of lattice generators
for ¢ + C; by Cramer’s rule, and the last equality is a row expansion of the determinant
computing NEH,CJ,- If j € J then u;cm{j} =0= (q,p)ufcy also. So it’s innocuous to let
the inner sum in (5.4.1) run over all j € [n], and we get

Vo)= > D uie,lejp)d(lo - Crloe;)
ge(, ) \deln]
= Z foc,0([c — Cp] @ p)
J’e(nJZLl)

= Z M(EECJ,{U—CJ’]
J'G( [n] )

n—d—1

= ([0] B Ln—a™").
We conclude that

N (Chow, (X)) =6(V) =Y mo([o] B Ly—g—1™") = X B L™ O

5.5 Linear spaces

A matroid subdivision (of rank r) is a regular subdivision of a matroid polytope (of rank
r) all of whose facets are matroid polytopes, i.e. polytopes of the form Poly(M) defined
in (5.1.1). The hypersimplex A(r,n) is the polytope conv{e; : J € ([:f])} The vertices of a
rank r matroid polytope are a subset of those of A(r,n). We have the following polytopal
characterisation of matroid polytopes due to Gelfand, Goresky, MacPherson, and Serganova.

Theorem 5.5.1 ([37]). A polytope T C R™ is a matroid polytope if and only if TT C [0, 1]"
and each edge of 11 is a parallel translate of e; — e; for some 1, j.
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Definition 5.5.2. Given a regular matroid subdivision ¥, its Bergman complez B(%) and
co-Bergman complex B*(X) are subcomplexes of N (X). The face of N(X) normal to F € X

e is a face of B(X) if and only if F is the polytope of a loop-free matroid,;

e is a face of B*(X) if and only if F is the polytope of a coloop-free matroid.
We make B(X) and B*(X) into tropical varieties by giving each facet multiplicity 1.

The Bergman fan, the fan case of the Bergman complex, was introduced in [7] (where an
object named the “Bergman complex” different to ours also appears). Bergman complexes
are much used in tropical geometry, on account of the following standard definition, appearing
for instance in [82].

Definition 5.5.3. A tropical linear space is the Bergman complex of a regular matroid
subdivision.

In the context of Chow polytopes it is the co-Bergman complex rather than the Bergman
complex that arises naturally, on account of the duality mentioned in Example 5.2.8(2).
Observe that the co-Bergman complex of a matroid subdivision is a reflection of the Bergman
complex of the dual matroid subdivision; in particular any Bergman complex is a co-Bergman
complex and vice versa.

Since there is a good notion of tropical degree (Definition 5.3.2), the following alternative
definition seems natural.

Definition 5.5.4. A tropical linear space is a tropical variety of degree 1.

Theorem 5.5.5. Definitions 5.5.3 and 5.5.4 are equivalent.

The equivalence in Theorem 5.5.5 was noted by Mikhalkin, Sturmfels, and Ziegler and
recorded in [45], but no proof was provided. One implication, that Bergman complexes of
matroids have degree 1, follows from Proposition 3.1 of [82], which implies that the tropical
stable intersection of a (d — 1)-dimensional Bergman complex of a matroid subdivision with
L, 4 (the Bergman complex of a uniform matroid) is a 0-dimensional Bergman complex, i.e.
a point with multiplicity 1. Thus it remains to prove that degree 1 tropical varieties are (co-
)Bergman complexes. In fact, let X C Ng be a degree 1 tropical variety of dimension d — 1.
We will show

1. The regular subdivision X such that ch(X) = N'(X) is dual to a matroid subdivision
of rank n — d.

2. We have X = B*(X).
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Tropical varieties have an analogue of Bézout’s theorem. See for instance Theorem 9.16
of [3], which however only proves equality under genericity assumptions, not the inequality
below. We will only need the theorem in the case that the varieties being intersected have
degree 1.

Theorem 5.5.6 (Tropical Bézout’s theorem). Let X and Y be tropical varieties of com-
plementary dimensions. We have deg(X -Y) < deg X degV, and equality is attained if X
and Y are of sufficiently generic combinatorial type.

Lemma 5.5.7. If a tropical variety X of degree 1 contains a ray in direction —e; fori € [n],
then —e; is contained in the lineality space of X.

Proof. Consider the set
Y ={u€ Ng:u—ae € X for a>> 0}.

By assumption on X, Y is nonempty. This Y is the underlying set of a polyhedral complex;
make it into a cycle by giving each facet multiplicity 1. In fact, Y is a tropical variety, as any
face 7 of Y corresponds to a face o of X such that 7 = 0 + Re;, and so Y inherits balancing
from X. Also dimY = dim X =: d — 1. Since Y is effective, some translate and therefore
any translate of £, _4 1 intersects Y stably in at least one point.

Suppose X had a facet o whose linear span didn’t contain —e;. Then there is some
translate [u] B £,,_4_1 which intersects relint o, with the intersection lying on a face u + C;
of [ul B L, _q1 with i € J. Given this translate, any other translate [u — ae;| B L,,_4_1 with
a > 0 will intersect X transversely in the same point of relint . For a sufficiently large,
one of the points of Y - ([u — ae;] B L,,_4_1) lies in X, providing a second intersection point
of X and [u — ae;)] B L,,_4_1. By Bézout’s theorem this contradicts the assumption that
deg X = 1. O]

Proof of Theorem 5.5.5. To (1). Suppose [ C Ng is a classical line in any direction ey,
J C [n]. By Lemma 5.3.1 and Theorem 5.5.6 we have

deg(ch(X) - [1]) = deg(X B Li—q1y™) - [I]) = deg(Loay BI]) - X) <1 (5.5.1)

because L,—q-1) B [I] is a degree 1 tropical variety. Since intersection multiplicities are
positive, if [ intersects a facet o of ch(X) then the multiplicity of the intersection is po, =1

Let o be a facet of ch(X), and [ a line in direction e; intersecting it. Then u3, = (m, e;)
where m € My is the difference of the endpoints of the edge of ¥ dual to 0. Then m
is the product of a primitive normal vector to ¢ and the multiplicity m,. The positive
components of m cannot have sum k > 2, or else, for a suitable choice of J, we would
achieve p3, = (m,e;) = k. Since m is nonzero and normal to (1,...,1) we must have
m = e; — e; for some ¢ # j € [n]. It follows that each edge of ¥ is a parallel translate of
some e; — €;.
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Furthermore, let [ C Ng be a line in direction e;, for i € [n]. The vertices of ¥ attained
as face, > for some u € [ are in bijection with the connected components of the complement
of ch(X). So there are at most two of these vertices, and if there are two, say mg and m;, we
have (m; —mg,e;) = 1. But among the vertices face, > for u € [ are vertices m minimising
and maximising the pairing (m, e;). Therefore, the projection of ¥ to the ith coordinate axis
has length either 0 or 1.

For the remainder of the proof we fix a particular translation representative of 3, namely
the one whose projection onto the ith coordinate axis is either the point {0} or the interval
[0,1] for each ¢ € [n]. For this particular ¥, Theorem 5.5.1 implies that ¥ is a matroid
subdivision.

Let r be the rank of the matroid subdivision . Let e; be one vertex of X, so that
|J| € ([:]), and let u be a linear form with face, ¥ = e;. Then, for any ¢ € [n] \ J and any
a > 0, we have face, 4., 2 = ey, since e; € face,, X. On the other hand, for any ¢ € J and
sufficiently large a > 0, we have face, 4., 2 # ey, and indeed face, 4., 2 will contain some
vertex ey with ¢ & J', whose existence is assured by our choice of translation representative
for ¥. It follows that a ray [u] B [R>o{e;}] of [u] B £; intersects ch(X) if and only if i € J.
Each intersection must have multiplicity 1, so

deg(ch(X)) = deg(ch(X) N ([u] B Ly)) = |J| =1

But by Proposition 5.3.3 we have that deg(ch(X)) =n —d, so r =n — d as claimed.

To (2). Fix some polyhedral complex structure on X. Given any u € Ng in the support
of ch(X), its multiplicity is ch(X)(u) = 1, and therefore by positivity there is a unique choice
of a facet 7 of X and J € (HJZLI) such that v € X — C;. Write J = J(u). On the other
hand, ¥ has a canonical coarsest possible polyhedral complex structure, on account of being
a normal complex. We claim that J(u) is constant for « in the relative interior of each facet
o of ¥, and thus we can write J(o) := J(u). Suppose not. Consider the common boundary
p of two adjacent regions oy, 09 of ¢ on which J(u) is constant. Suppose oy C 7 — C,. We
have p C 17— Ck for K € (HJZLQ) There is a facet of X of form o; C 7 — Ckyy, incident to p
for each k € [n]\ K such that e is not contained in the affine hull of 7. Since dim7 =d —1,
and any d of the e, are independent in Ng, there exist at most d — 1 indices k € [n] such

that ey is not contained in the affine hull of 7, and hence at least
[P\ K| - (d-1)=3

indices k € [n] yielding facets of 3. In particular o; and o9 cannot be the only (d — 1)-
dimensional regions in ¥ incident to p, and this implies ¢ cannot be a facet of 3, contradic-
tion.

Now, every facet o of ch(X) is normal to an edge of ¥, say E, = conv{ex +e;,ex + ey}
for K € ( [Z]_l). Since ¥ C A(n—d,n), o must contain a translate of the normal cone to E,

n—

in N1 (A(n — d,n)), namely
normal(E,) = {u € Ng : uj = uy,u; < wj fori € K,u; > u; for i ¢ K U{j,k}}.
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In particular o contains exactly n —d — 1 rays in directions —e;, those with ¢ € K.

Let R be the set of directions —eq,...,—e,. Suppose for the moment that X contains
no lineality space in any direction —e;. We have that 0 C X B [-Cj()]. By Lemma 5.5.7,
X contains no rays in directions in R, so we must have that J(o) = K and —C(,) contains
a ray in direction —e; for all ¢ € K. Now consider any face p of ¢ containing no rays in
directions in R. Then we claim p € X. If this weren’t so, then there would be another face
o' parallel to o and with J(o) = J(o’). But the edge E, is determined by J(o) = K and
the normal direction to o, so E, = E,, implying ¢ = ¢’. On the other hand, the relative
interior of any face of ¢ containing a ray in direction R is disjoint from X, since if u is a
point in such a face there exists v € —C/») \ {0} such that v —v € X. So X consists exactly
of the faces of ch(X) containing no ray in a direction in R.

If X has a lineality space containing those —e; with j € J, then let X’ be the pullback
of X along a linear projection with kernel span{—e; : j € J}. Then we can repeat the last
argument using X', and we get that X consists exactly of the faces of ch(X) containing no
ray in a direction in R\ {—e; : j € J}.

Now, a face normal(F) of N (X) contains a ray in direction —e; if and only if the linear
functional (m, —e;) is constant on m € F and equal to its maximum for m € X. The
projection of F' to the ith coordinate axis is either {0}, {1}, or [0, 1], so normal(F’) contains
a ray in direction —e; if and only if the projection of F'is {1}, or the projection of F' and
of ¥ are both {0}. Projections taking > to {0} correspond to lineality directions in X, so
we have that X consists exactly of the faces of ch(X) which don’t project to {1} along any
coordinate axis. These are exactly the coloop-free faces. O]

5.6 The kernel of the Chow map

In this section we will show that the Chow map ch : Z;_; — Z! has a nontrivial kernel.
This implies that there exist distinct tropical varieties with the same Chow polytope: Y
and X + Y will be a pair of such varieties for any nonzero X € kerch, choosing Y to be
any effective tropical cycle such that X + Y is also effective (for instance, let ¥ be a sum
of classical linear spaces containing the facets of X that have negative multiplicity). Thus
Chow subdivisions do not lie in a combinatorial bijection with general tropical varieties, as
was the case for our opening examples.

There are a few special cases in which ch is injective. In the case d = n — 1 of hyper-
surfaces, ch is the identity. In the case d = 1, in which X is a point set with multiplicity,
ch(X) is a sum of reflected tropical hyperplanes with multiplicity, from which X is easily
recoverable. Furthermore, Conjecture 5.6.2 below would imply restrictions on the rays in
any one-dimensional tropical fan cycle in ker ch, and one can check that no cycle with these
restrictions lies in ker ch.

Example 5.6.1 provides an explicit tropical fan cycle in ker ch in the least case, (d,n) =
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123

Figure 5.3: Two tropical surfaces with the same Chow hypersurface. A point labelled j; - - - ji
represents the ray Rxoeg;, . 1

(3,5), not among those just mentioned. First we introduce the fan on which the example
depends, which seems to be of critical importance to the behaviour of ker ch in general.

Let A, C R"! be the fan in Ny consisting of the cones Rso{ey,, ..., e } for all chains
of subsets
b hC---Cdignl

This fan A, makes many appearances in combinatorics. It is the normal fan of the permu-
tahedron, and by Theorem 5.5.1 also the common refinement of all normal fans of matroid
polytopes. Its face poset is the order poset of the boolean lattice. Moreover, its codimension
1 skeleton is supported on the union of the hyperplanes {{z; = z;} : ¢ # j € [n]} of the type
A reflection arrangement, i.e. the braid arrangement.

As in Section 5.2.1, the ring Z%®1(A,,) is the Chow cohomology ring of the toric variety
associated to X. This toric variety is the closure of the torus orbit of a generic point in the
complete flag variety (which, to say it differently, is P"~! blown up along all the coordinate
subspaces). The cohomology of this variety has been studied by Stembridge [85]. We have
that dim Z™*(A,,) = n!, and dim(Z™")*( A, ) is the Eulerian number E(n, k), the number of
permutations of [n| with & descents.

For any cone 0 = Rso{ey,,...,es,} of A,, and any orthant o ;™% = Ryg{—¢; : j € J'},
the Minkowski sum o + ;™% is again a union of cones of A,. Therefore ch(Z2(A,)) C
(Z'B)1(A,) always, and we find nontrivial elements of ker ch whenever the dimension of
Z8n(A,) exceeds that of (Z™)1(A,), i.e. when E(n,n —d) > E(n, 1), equivalently when
2<d<n—-1

Example 5.6.1. For (d,n) = (3,5), we have E(5,5—3) = 66 > 26 = F(5,1), and the kernel
of ch restricted to Z2%(Aj5) is 40-dimensional. Two tropical varieties in Z£8%(A5) within
Nr = R* with equal Chow hypersurfaces are depicted in Figure 5.3. As one often does, we
have dropped one dimension in the drawing by actually drawing the intersections of these
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2-dimensional tropical fans with a sphere centered at the origin in R*, which are graphs in
R3. The difference of these varieties is an actual element of ker ch, involving the six labelled
rays other than 123, which form an octahedron. &

The property of A, that this example exploits appears to be essentially unique: this
is part (a) of the next conjecture. This property, together with experimentation with fan
varieties of low degree in low ambient dimension, also suggests part (b).

Conjecture 5.6.2.

(a) Let X2 be a complete fan such that the stable Minkowski sum of any cone of ¥ and any
ray Rso(—e;) is a sum of cones of ¥. Then A, is a refinement of 3.

(b) The kernel of the restriction of ch to fan varieties is generated by elements of Z™*(A,,).
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