TRANSACTIONS OF THE

AMERICAN MATHEMATICAL SOCIETY

Volume 366, Number 10, October 2014, Pages 5523-5540
S 0002-9947(2014)06092-3

Article electronically published on May 21, 2014

THE MULTIVARIATE ARITHMETIC
TUTTE POLYNOMIAL

PETTER BRANDEN AND LUCA MOCI

ABSTRACT. We introduce an arithmetic version of the multivariate Tutte poly-
nomial and a quasi-polynomial that interpolates between the two. A general-
ized Fortuin-Kasteleyn representation with applications to arithmetic colorings
and flows is obtained. We give a new and more general proof of the positivity
of the coefficients of the arithmetic Tutte polynomial and (in the representable
case) a geometrical interpretation of them.

CONTENTS

1. Introduction 15523
2. Arithmetic matroids and multivariate Tutte polynomials 15525
3. Deletion and contraction 55217
4. Positivity of coefficients and generalizations

of Crapo’s formula 5524
5. Representable arithmetic matroids [5531
6. A geometric interpretation

of the arithmetic Tutte polynomial @
7. A Fortuin-Kasteleyn quasi-polynomial 5534
8. Generalized flows 155317
9. Chromatic quasi-polynomials and flow quasi-polynomials 19333
10. A multivariate Ehrhart polynomial 15539
References 554

1. INTRODUCTION

In this paper we introduce and study a multivariate arithmetic Tutte polynomial.
Recall that the Tutte polynomial is a bivariate polynomial with several well-known
specializations: for instance the chromatic polynomial of a graph, or the character-
istic polynomial of a hyperplane arrangement can be obtained by specializing the
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Tutte polynomial. Also, its coefficients are nonnegative, as proved by Crapo by
providing an explicit combinatorial interpretation [5,13].

Recently an arithmetic version of this polynomial was studied [7,[10]. Namely,
to a finite list £ of elements in a finitely generated abelian group G, one associates
an arithmetic Tutte polynomial. This is a bivariate polynomial that encodes several
geometric, algebraic and combinatorial invariants. For instance:

e The characteristic polynomial of the generalized toric arrangement 7 (L£).
This is a family of submanifolds in the abelian compact Lie group
Hom(G,S') (see [10, Section 5]).

e The dimension of the Dahmen-Micchelli space DM (L). This vector space
was introduced in order to study vector partition functions (see [10, Section
6]).

e The Ehrhart polynomial of the zonotope Z(L£) (see [10, Section 4] and [g]).

Furthermore, the arithmetic Tutte polynomial has applications to graph theory
[8], and it has nonnegative coefficients, as proved in [7] by providing a combinatorial
interpretation that extends Crapo’s theorem.

The Tutte polynomial is naturally defined in the general framework of matroids,
while the arithmetic Tutte polynomial is associated to an arithmetic matroid A,
which is a matroid equipped with a multiplicity function m satisfying additional
axioms. When A is represented by a list of elements in a finitely generated abelian
group, the function m encodes arithmetic information, just as the rank function
encodes linear-algebraic information.

Recently Sokal [12] studied a multivariate generalization of the Tutte polynomial.
The multivariate Tutte polynomial has a variable v, for each element e of the
matroid (or edge e of the graph), and an extra variable ¢. If all the variables v,
are set to be equal, we obtain a bivariate polynomial which is essentially equivalent
to the standard Tutte polynomial. In the case of graphs, the polynomial is known
to physicists as the partition function of the g-state Potts model, which along with
the related Fortuin—Kasteleyn random-cluster model plays an important role in the
theory of phase transitions and critical phenomena. In this paper we introduce a
multivariate arithmetic Tutte polynomial

Zalq,v) = Z m(A)g~ A H V.

ACE ecA

(Here E is the ground set of the arithmetic matroid A, while rk and m are the rank
and the multiplicity functions, respectively.) As the name suggests, Z4(q,Vv) gen-
eralizes the polynomials above. It is naturally defined starting from an arithmetic
matroid, or more generally from what we call a pseudo-arithmetic matroid (see Sec-
tion[2]). In fact, our polynomial encodes all the structure of the (pseudo-)arithmetic
matroid, i.e., it is possible to reconstruct A from Z(q,v).

For this polynomial we prove a deletion-contraction recurrence (Lemma[B.2]) and
a generalization of Crapo’s formula (Theorem [A.6]).

We also give a new proof of the nonnegativity of the coefficients of the (bivariate)
arithmetic Tutte polynomial in the more general framework of pseudo-arithmetic
matroids (Theorem AH). Moreover, if A is represented by a list £ of elements in
a finitely generated abelian group G, then in Theorem we give a geometrical
interpretation of such coefficients, generalizing various formulae proved in [7,[10].
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When A is representable, we also provide a Fortuin-Kasteleyn formula for
ZA(q,v) (Theorem [[1), with applications to arithmetic colorings. This can be
seen as a generalization of the “finite field method” for computing the charac-
teristic polynomial or the Tutte polynomial of a rational hyperplane arrangement
[TL2L14], as well as a generalization of a similar result for toric arrangements [9].
We also introduce a generalized “flow polynomial” with applications to arithmetic
flows (see Theorem B.T]).

Furthermore, we introduce a quasi-polynomial Zf (g, v) that interpolates be-
tween the ordinary and the arithmetic multivariate Tutte polynomial (Theorems
[C4 [76] [7), and a Tutte quasi-polynomial Qr(x,y) that interpolates between the
corresponding bivariate polynomials and specializes to a chromatic quasi-polynomial
and to a flow quasi-polynomial. The quasi-polynomial Zf (¢,v) is the partition
function of a generalized Potts model similar to the one studied by Caracciolo,
Sportiello and Sokal; see [12, Section 3.2].

2. ARITHMETIC MATROIDS AND MULTIVARIATE TUTTE POLYNOMIALS

The notion of an arithmetic matroid tries to capture the linear algebraic and
arithmetic information contained in a finite list of vectors in Z™".

Let N:={0,1,2,...} and 2 := {A: A C E}, where E is a finite set. We recall
that a matroid, M, on E may be defined via its rank function, which is a function
rk : 2F — N satisfying:

(RO) rk(®) = 0.

(R1) If A,B C E and A C B, then rk(A) < rk(B).

(R2) If A, B C E, then rk(AU B) +1k(AN B) < rk(A) +rk(B).

We shall now equip a matroid with a multiplicity function m : 2F — R satisfying
certain positivity and/or divisibility properties.

IfRCSCE,let [R,S]:={A:RCACS}. Wesay that [R,S] is a molecule
if S is the disjoint union S = RU FUT, and for each A € [R, 5]

tk(A) =rk(R) + |[ANF|.

Note that if [R, S] is a molecule and [R’, S'] C [R, S], then [R/, S'] is a molecule. A
pseudo-arithmetic matroid A = (M, m) is a matroid M equipped with a function
m : 2 — R satisfying the following axiom:

(P) If [R, S] is a molecule, then
p(R,8) = (-1)T 37 (—1)IS= 4l (4) > 0.
A€[R,S]

A quasi-arithmetic matroid A = (M, m) is a matroid M equipped with a func-
tion m : 2F — N satisfying the following axioms:

(Al) Foral AC Eand e€ E:
If rk(AU{e}) =r1k(A), then m(A U {e}) divides m(A);
otherwise m(A) divides m(A U {e}).
(A2) If [R, S] is a molecule, then
m(R)m(S) =m(RUF)m(RUT).

An arithmetic matroid is a quasi-arithmetic matroid which is also pseudo-arithmetic,
i.e., it satisfies (A1), (A2) and (P).
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Remark 2.1. The relevance of pseudo-arithmetic matroids is clear from Theorem
Quasi-arithmetic matroids also arise in combinatorial topology (see [3, Remark
3.3]). As will be shown later in this paper, axioms (Al) and (A2) are “algebraic”
(see Lemmas [5.2] [£.3]), while axiom (P) has a more geometrical flavor (see Section

G).

The dual of an arithmetic (or pseudo-arithmetic) matroid is defined as the ma-
troid with the same ground set F, its rank function defined by

rk*(A) := |A| — tk(E) + k(B \ A)

and its multiplicity function defined by m*(A) := m(E \ A). Notice that each of
axioms (Al), (A2) and (P) is self-dual, so the dual of an arithmetic matroid is
indeed an arithmetic matroid.

Our definition of an arithmetic matroid is equivalent to the one given in [7]. In
[7], the function m satisfies five axioms. The first three correspond precisely to
(A1) and (A2), while the others are:

(4) If AC B C E and rk(A) = rk(B), then p(A, B) > 0.

(5) If AC BC F and rk*(A) = rk™(B), then p*(A, B) > 0.
Clearly, axiom (P) implies (4) and (5). On the other hand, axioms (A2), (4), (5)
together imply (P). Indeed, by axiom (A2)

p(R,S) = (-7 3 (_1)\T\+\F|—\A1|7\A2|m(RU A)m(RU A,)
A CT,AsCF m(R)
_ p(R,RUT)p(R,RUF)
- m(R) 20,

where the last inequality follows from axioms (4) and (5).

The main example of an arithmetic matroid is the one associated to a finite list
of elements of a finitely generated abelian group G; see Section

Recall [BL13] that to each matroid M is associated the Tutte polynomial

Tam(z,y) = Z (z — 1)kE)—rk(A) (o) _ 1)lAl-rk(4)
ACE

that Sokal [I2] generalized by defining a multivariate Tutte polynomial in the vari-
ables qila V= {ve}eGE:

Zalg,v) =Y ¢ ] ve
ACE ecA

Similarly, to each arithmetic matroid A is associated the arithmetic Tutte poly-
nomial

Ma(z,y) = Y m(A)(x — 1)E KD () A=k
ACE

(see [7,10]) that we generalize to a multivariate arithmetic Tutte polynomial:

Za(q,v) = Z m(A)q~ rk(4) H Ve.

ACE ecA
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Of course these polynomials are also defined for a pseudo-arithmetic matroid. Note

that
(2.1) Zm((z=D(y—1),y—1) = (¢ = 1) Ty (z,y),
(2.2) Za((w=1(y—1),y—1) = (z = 1) P My(z,y).

(By v =y — 1 we mean that each variable v, is evaluated at y — 1.)

3. DELETION AND CONTRACTION

Let A be an arithmetic matroid. Given an element e € E, the deletion of A by e
is the arithmetic matroid, A;, on the set By := E\ {e}, with rank function rk; and
multiplicity function m, that are just the restriction of the corresponding functions
of A.

We also define the contraction of A by e as the matroid As on the set Fo :=
E\ {e} = Fy, with rank function rke given by rka(A) :=rk(AU {e}) — rk({e}) and
multiplicity function given by mq(A) := m(A U {e}) for all A C Fj.

Clearly, the same constructions hold for pseudo-arithmetic matroids.

If an arithmetic matroid A is represented by a list Lg of elements of a finitely
generated abelian group G (see Section [, it is easy to check that the deletion 4,
is represented by the list Lg, in G, while the contraction As is represented by the
list Fy :={gq + (9e) : a € E\ {e}} of cosets in G/(ge).

We say that e € E is:

e free (or a coloop) if both
rki(E\ {e}) =rk(E\ {e}) =rk(F) — 1 and rko(E \ {e}) =rk(E) — 1;
e torsion (or a loop) if both
tky (E\ {e}) =1k(E) and rky(E \ {e}) = 1k(F);
e proper otherwise, i.e. if both
tky (E\ {e}) = 1k(F) and rko(E \ {e}) = rk(F) — 1.

Remark 3.1. An interval [R, S] is a molecule if and only if the matroid defined by
contracting all the elements in R and deleting all the elements not in S is such that
each remaining element is either a coloop or a loop. In this sense we use the word
“molecule” in a slightly more general meaning than in [7].

Let A be an arithmetic matroid, and let A; and A5 be its deletion and contrac-
tion by an element e € E.

Lemma 3.2.

Za(q,v) = { Za,(q:V) + Ve Z45(q; V), if e is a loop,

ZA,(q,V) + (ve/q)Za,(q,v), otherwise.

Proof. Decompose Z 4(q,Vv) as
Zalgv)= Y mA)g D J[oc+ D mA)g ] ve
ACE,e¢ A e€cA ACE,ecA ecA

If e ¢ A, then rk(A) = rk;(A). Hence the first summand equals Z 4, (¢, v). On the
other hand if e € A, then rk(A4) = rko(A) + ¢, where e =0 if e is a loop and e = 1
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5528 P. BRANDEN AND L. MOCI

otherwise. Thus

Z m(A)qirk(A)HUe:Ue Z M2(A\6)q*rk2(14\6)76 H o

ACE,ecA ecA ACE,ecA beA\e

= ’Ueq_GZ.AQ (qa V)'

4. POSITIVITY OF COEFFICIENTS AND GENERALIZATIONS
OF CRAPO’S FORMULA

The following combinatorial interpretation of the coefficients of the Tutte poly-
nomial was proved in [5].

Theorem 4.1 (Crapo).

T(x,y) =Y o' Py®),
BeB

where i(B) and e(B) are the internal and external activity defined below.

Let B be the set of bases of a matroid on E, and let B* = {E'\ B : B € B} be
the bases of the dual matroid. Fix a total order on F, and let B € B. An element
e € E\ B is externally active on B if e is dependent on the list of elements of B
following it (in the total order fixed on E). An element e € B is internally active on
B if in the dual matroid e is externally active on the complement B¢ := E\ B € B*.
In other words, e € B is internally active if there is no element f € E such that e
follows f and B\ {e} U{f} is a basis. Denote by E(B) the set of externally active
elements and by e(B) its cardinality, which is called the external activity of B. In
the same way, denote by I(B) the set of internally active elements, and by i(B) its
cardinality, which is called the internal activity of B.

We will now extend Theorem K] in various directions. First we deal with
molecules.

Lemma 4.2. Let [R,S] = [R,RUF UT] be a molecule in a matroid M, and let
m: E — R be arbitrary. Then

Z m(A)q_ rk(A) H Ve

A€[R,S] e€cA
= ¢ k() ( 1T ve> > pRULS\EK) ] (i+1> [Twe+).
e€RUF KCF,LCT eeK Ve ecL
Moreover if (M,m) is a quasi-arithmetic matroid, then
Z m(A)q kA H Ve
A€[R,S] ecA
_ R, RU(F\K)) q
_ ,—1k(S) H > Zp(a H_l
q Ve +
(eeRuF KCF m(R) e€K Ve

x| Y p(RUL,RUT) [ (ve +1)

LCT e€L
Note that p(R, RU (F \ K))/m(R) is an integer by Aziom (Al).
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Proof. Note that

> mEBRUAUAY) ] we—1) [ (ve—1)

A CT, A CF e€F\ Ay e€A;

= Y m@RUAUA) Y vEVE(1) A IE KL
A1CT,AxCF KCF\Ay,LCA,

= ZvaL Z (= 1)l A HAHFIHE LI, (R U Ay U As)
K,L LCA,CT,AyCF\K

= Z p(RUL,S\ K)vEvE,
KCF,LCT
where v4 = [I.c4ve. The first formula now follows by a change of variables since
tk(RUK UL) =r1k(R) + |K]|.
The formula for quasi-arithmetic matroids follows from the first by using Axiom
(A2): If Ay CT\Land Ay C F'\ K, then

m(RULUA; U As) = m(RULUA;)m(RU Asz)
m(R)
But then ( . . "
= p U ) U P 9 U
L K) = R RUT)p(R,RUF\ K
AR ESAE) m(R) )
so the sum factors as claimed.

Let us formulate a bivariate version of Lemma for reference.

Lemma 4.3. Let [R,S] = [R,RUF UT] be a molecule in a matroid M, and let
m: E — R be arbitrary. Then

Z m(A)(z — 1)) —rk(A) () 1)l Al=rk(4)
A€[R,S]
= Y p(RUL,S\ K)alKlylHl,
KCF,LCT

Moreover if (M,m) is a quasi-arithmetic matroid, then

Z m(A)(x — 1)KE)=rk(A) () _ q)lAl=rk(4)

A€[R,S]
(y p(R,RUE%F\K))x\Iﬂ > p(RUL,RUT)y"!
= m(R) Lcr

The next proposition describes how 2¥ may be partitioned into molecules. For
a proof see [0] and [4].

Proposition 4.4. Suppose that M is a matroid with ground set E and set of bases
B. Then:
i) 2F is the disjoint union
2% = | | B\ I(B),BUE(B));
BeB

ii) for each B € B, [B\ I(B),BU E(B)] is a molecule with F = I(B) and
T = E(B).
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Theorem 4.5. The coefficients of the arithmetic Tutte polynomial M4(x,y) of a
pseudo-arithmetic matroid A are nonnegative. Moreover, pseudo-arithmetic ma-
troids are the most general objects closed under deletion and contraction and such
that the associated arithmetic Tutte polynomials have nonnegative coefficients.

Proof. Consider the molecule [R,S] = [B\ I(B), BU E(B)]. By the first equality
proved in Lemma [£.3] the polynomial

S m(A) (@ — 1RO () Al
A€([R,S]

has nonnegative coefficients. By Proposition 4] this implies that M4 (z,y) has
nonnegative coefficients.

For the second statement, notice that if [R,S] is a molecule we may contract
the elements in R and delete the elements in F \ S. Again by the first equality of
Lemma .3 we see that the constant coefficient of the arithmetic Tutte polynomial
of the corresponding matroid is p(R, S). O

Crapo’s formula has been extended in [7] to arithmetic matroids. We shall now
see how Lemma gives a multivariate version of this and extend it to pseudo-
arithmetic matroids with integral multiplicities.

If A is a pseudo-arithmetic matroid with integral multiplicities, let B be the
multiset with elements of the form (B, C) where B is a basis, C' C E(B) U I(B),
and where the pair (B, C) appears exactly

p((BUC)\I(B), (B\C)UE(B))
times.

Theorem 4.6. If A is a pseudo-arithmetic matroid with integral multiplicities,

" Zaev) =" Y Tl I] G+n IT (L+1).

(B,C)eB b€B ecE(B,C) i€l(B,C)
where E(B,C) = E(B)NC and I(B,C) = I(B)NC.

In particular,
M4 (.’L‘ y Z x?,(B C) e(B C)

(B,C)els‘
where e(B,C) = |E(B,C)| and i(B,C) = |I(B,C)|.

Proof. The proof follows straightforwardly from Proposition 4] Lemma and
Lemma [£3] |

For ordinary matroids we have the following consequence of Theorem
Corollary 4.7. If M is a matroid, then
Za(av) = OS> o [ (e + D] ( n 1)
BEB bEB ecE(B) ieI(B)

We define the external activity polynomial of a basis B C E to be

Ep(y):= Y p(T)y* P,

TOB
where p(T) := p(T, E) and e(B,T) := |T N E(B)|.
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As a consequence of Lemma [£3] we get a simpler proof of a theorem proved in
[T, Section 4].

Theorem 4.8. The arithmetic Tutte polynomial of an arithmetic matroid A de-
composes as

M.A(x,y) = Z L

fes MB)

where Ef.(x) is the external activity polynomial of the basis B¢ in the dual arith-
metic matroid.

Ep(2)Eg(y),

Proof. Consider the molecule [R, RUF UT]|, where R = B\ I(B), F' = I(B) and
T = E(B). By an elementary but somewhat tedious computation which is left to
the reader, one sees that

m(R) L
——~Ep(y) =Y _ p(RUL,RUT)y"
m(DB) LQZT
and
Ep(z)= > p(R,RU(F\ K))z.
KCF
Hence the proof follows from Proposition 4] and Lemma O

Furthermore, if A is representable, the polynomials Eg(y) and E%.(x) have nice
combinatorial interpretations, which we will give in Section [6l

5. REPRESENTABLE ARITHMETIC MATROIDS

Let £ = (ge)ecr be a finite list of vectors in a finitely generated abelian group
G. By a list we will always mean an element (g.)ecr of G¥, and we do not
require F to be totally ordered. Recall that a finitely generated abelian group
G is isomorphic to Gy ® Gy, where G, is finite and G is free abelian, i.e., it is
isomorphic to Z" for some r > 0. Then G is called the torsion of G and r := rk(G)
is the rank of G. A matroid with ground set F is naturally defined by its rank
function rk : 2F — N defined by rk(A) = rk({£4)), where £4 = (ge)eca and (L4)
is the subgroup generated by L£4. In addition to the matroid structure, £ carries
arithmetic information which is encoded as multiplicities. For A C FE, let H4 be
the maximal subgroup of G such that (£4) < Hy and |Hy : (L4)] < oo, where
|[Ha : (L4)| denotes the index (as subgroup) of (L£4) in Hy. The multiplicity
m(A) is defined as m(A) := |Hy4 : (L£L4)|. For our purposes it is natural to express
the multiplicity in other terms: Let G4 = (G/(La)) , be the torsion subgroup
of G/(La4), and define m(A) := |Ga|. It is straightforward to see that the two
definitions agree.

The fact that the multiplicity function just described satisfies the original five
axioms for an arithmetic matroid (and hence our axioms) has been verified in [7].
It also follows from the results in this paper, namely Lemmas and B3] and
Section [6

Remark 5.1. The most familiar situation is when G = Z™. However, if we want to
allow for deletion and contraction (see Section Bl) we need the above more general
setup.
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We will denote by M, the matroid determined by £, and by Az = (Mg, m)
the arithmetic matroid determined by £. We say that an arithmetic matroid is
representable if it comes from such a list.

Lemma 5.2. Let AC E ande € E\ A. Ifrk(A) < rk(AU {e}), then there exists
a group monomorphism G — G augey- If tk(A) = rk(AU{e}), then there exists a
group epimorphism Ga — G aufe} -
Proof. Since

G/{LaU{ge}) = (G/(La))/(ge + (La)),
we may assume that A = 0. Let 7 : G — G/{g.) be the natural projection. Then
7 is a homomorphism between the torsion parts.

Suppose that g, is not a torsion element. If ¢t € G is a torsion element for which
7(t) = 0, then ¢ € (ge) so that ¢ = mg, for some m € Z. Since g, is not a torsion
element m = 0, and hence ¢t = 0. Hence 7 is an injection when restricted to the
torsion part.

Suppose that g. is a torsion element. The torsion part of G/{g.) consists of all
elements of the form g + (g.) where mg € (g.) for some m € Z. But mg € {(g.)
for some m € Z if and only if g is a torsion element. Hence 7 is an epimorphism
between the torsion parts. (I

Furthermore, if A C B C F are such that rk(A) = rk(B), then the composition
morphism G4 — Gpg does not depend on the order chosen on B\ A. In the same
way, if tk*(A) = rk*(B), the composition morphism G 4 < G g does not depend on
the order chosen on B\ A. Then for every molecule [R, S] we have a commutative
diagram

Gr——> GRur

Grur —— GRrurur

in which the horizontal arrows are injective and the vertical arrows are surjective.
Lemma 5.3. For each molecule [R, RUF UT]

Grur ., Grurur

Gr G rur
Proof. As in Lemma we may assume that R = (. By Lemma we have an
epimorphism G — Gpyr and hence an epimorphism
¢:Gp — Grur/Gr.

Now g+ (L) € ker(¢) if and only if mg € (Lr) if and only if g is a torsion element,
that is, g € Gy. Hence Gr/Gy = Gpur/Gr. O

6. A GEOMETRIC INTERPRETATION
OF THE ARITHMETIC TUTTE POLYNOMIAL

In this section the arithmetic matroids are representable. Let [R, RU F'UT] be
a molecule. Here we give geometric interpretations of the polynomials

f[RJ%uF](I) = Z PR, R;(;;;‘\K))ﬂm

KCF
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and
9ir,rUT) (T) = Z p(RUL,RUT)z".
LCT
By Lemma [A.3] and Proposition 4] this gives a geometric interpretation of the
arithmetic Tutte polynomial (see Theorem [6.3)).
It is not hard to see that there is a list of vectors £ = (f.)ecr C Z™ such that
G Y/
Crox) L) G
for all K C F. Hence
p(R, RUK) = m(R) (0, K),
where the accent refers to the list £’ in Z". Let Z(K) be the zonotope generated
by (fe)e€K7 i.e.,

Z(K) = {Ztefe:ogte <1 for alleeE}.

ecE

By e.g. Proposition IO p(f, K) counts the number of interior points in Z(K).
Now let P[R, RU F] be the set of integer points in the semiopen zonotope

{Ztefe:0<te<1foralle€E},

ecF
and let ¢(p), where p € P[R, RU F], be defined as the number of e € F for which
te=0inp=7 cptefe
Lemma 6.1. Let [R, R U F] be a molecule and let P = P[R, RU F] be as above.

Then
firrop(x) =Y 2@,
pEP

Proof. Each point p € P[R, RU F] is an interior point in Z(F \ K) for a unique set
K. The number of zero coordinates is then |K]|. O

Let T(RUT) be the generalized toric arrangement defined by RUT'; this is a set
of subgroups (hence submanifolds) in the abelian compact Lie group Hom(G,S*).
Namely, we have one subgroup H, for each e € RU T, having codimension 0 if e
is torsion and 1 otherwise. Let C(R) be the set of connected components of the
subgroup (,c He. Define a function 7 : C(R) — N as follows: For each ¢ € C(R),
let n(c) be the number of elements e € T such that H. D c.

Lemma 6.2. With definitions as above,

9ir,RUT] (T Z 2",
ceC(R)

Proof. It is known that m(A) = |[C(A)|; see [10]. f R C A C D C RUT, then
C(A) D C(D). For A€ [R,RUTY, let

(6.1) CA):=ca)\ |J co.
ACDCRUT

Then B
C(R)= J C(RUL),

LCT

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



5534 P. BRANDEN AND L. MOCI

where the union is disjoint. By inclusion—exclusion

p(RUL,RUT) = |C(RUL)|.

If c € C(RU L), then the indices e € T for which H. D ¢ are exactly those in L.
This proves the lemma. O

Using Lemma[£3] and Proposition 4] we may now deduce the following geomet-
ric interpretation of the arithmetic Tutte polynomial. Let B be a basis. To simplify
the notation we set

P :=P[B\ I(B), B,
Cp:=C(B\I(B)),
n(c) == NE(B) (c).

To summarize, recall that Ppg is the set of integer points of the semiopen zonotope
defined by F' = I(B), while Cp is a set of layers of the generalized toric arrangement
defined by RUT = (B\ I(B)) U E(B).

Theorem 6.3. Let L be a list of vectors in a finitely generated abelian group G.
With definitions as abowve,

Mg (z,y) = Z Z 24P (Z yn(6)> )

BeB \ pePB ceCp

7. A FORTUIN-KASTELEYN QUASI-POLYNOMIAL

Let G = (V, E) be a finite graph with vertex set V' and edge set E. In [12] the
multivariate Tutte polynomial of a graph was defined as

Zg(q,V) = Z qk(A) H Ve,

ACE e€cA

where k(A) denotes the number of connected components in the subgraph (V, A).
The multivariate Tutte polynomial has an interpretation in statistical physics as
the partition function of the g-state Potts model.

Theorem 7.1 (Fortuin—Kasteleyn). For any positive integer g,

Zg(a,v)= Y [I (A+vedo(i),a(i)),

o:V—[qle=ijeE
where § is the Kronecker delta and [q] := {1,...,q}.

Theorem [1] is known as the Fortuin—-Kasteleyn representation of the g-state
Potts model. Our main goal in this section is to generalize this theorem to lists of
vectors in finitely generated abelian groups.

Here we define a generalization of the Potts model which is similar to the one
studied by Caracciolo, Sportiello and Sokal; see [12], Section 3.2]. Let £ = (ge)eck
be a list of elements in a finitely generated abelian group G, and let H be a finite
abelian group. Then

ZE(G,H,V) = Z H(l-'-’l}eé((b(ge),())).

¢€Hom(G,H) e€EE
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The special case when H = Z, := Z/qZ will be particularly interesting, and we

set
ZE(qv) = > T +ved((ge).0)).

$pEHom(G,Z,) eC€E

We will prove that Z f (g, v) is a quasi-polynomial in ¢ that interpolates between
the arithmetic multivariate Tutte polynomial Z4,(q, v) of the arithmetic matroid
Az and the multivariate Tutte polynomial Zaq,(q,v) of its underlying matroid
M.

Remark 7.2. Notice that ZF (q,v) is not an invariant of the arithmetic matroid.
For instance, the empty list in Z,4 defines the same arithmetic matroid as the empty
list in Zo ® Za, but ZF (2,v) is equal to 2 in the former case, and to 4 in the latter.

First a simple lemma. For a group G and integer ¢, let ¢G := {¢h : h € G}
where Z acts on G in the usual way.

Lemma 7.3. If G is a finitely generated abelian group of rank r, then
Hom(G,Z,) = G/qG = Zy © G1/qG;.

Proof. The lemma follows easily from the structure theorem of finitely generated
abelian groups by observing that Hom(G, Z,) = Hom(G/qG, Z,), Hom(Z,, Z.p) =
Zg, Hom(Z,Z4) = Z,, and

Hom(G1 & G2,Z,) = Hom(G1,Z,) & Hom(G2, Zy).

O
Theorem 7.4. If H & EBf;l Zgy, and q = |H]|, then
Z6(GLHv) = KO 3 H piLe
AQE' |ql
Proof. Assume first that H = Z,. Expand the product in the sum to obtain
Z Hl—i—ve Je) Z|{¢ (L4) Cker(o )}|1_[Ue
¢€Hom(G,Zq) e€E ACE ecA
Z|H0mG/£A \Hve
ACE ecA
By Lemma [7.3]
m(A r
(T1)  [Hom(G/(£4).Zy)| = |Ga/aGalg™ @~ = T prccrona
1gG 4
The proof for general H follows by observing that if H = H; & Hs, then
Hom(G/(L ), Hy @ Hz) =2 Hom(G/(L ), H1) ® Hom(G/{L4), Hs).
O

Remark 7.5. Since (¢ + |G|)G = ¢qG holds for any finite group G it follows that
Zg(q, V) is a quasi-polynomial in q.
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Let LCM(L) denote the least common multiple of all m(B), where B C E is

a basis. In the case when G = Z" and L has rank r, then LCM(L) equals the
least common multiple of all nonzero r x r minors of £. Define two subsets of
Zy :={n€Z:n>0} as follows:

Zy (L) :={q € Zs : GCD(q, LCM(L)) = 1},

Za(L):={q€Zs:qGp = (0) for all bases B C E}.
For example if ¢ is a multiple of LCM(L), then ¢ € Z4(L).
Theorem 7.6. Let |H| = q. Then q € Zp (L) if and only if

Ze(G H,v) = ¢ Zp,(g,v),

as a polynomial in v.

Proof. By Theorem [7.4] the equality holds if and only if ;G4 = G4 for all AC E
and 1 < ¢ < k, which is equivalent to the fact that GCD(qg;, |Ga|) = 1forall A C E.
By Lemma[(.2] for each A C E there is a basis B C E for which |G 4| divides |Gp|.
Hence we only have to check the condition for bases. ([l

Note that when £ C Z™ = G is a totally unimodular matrix, i.e., m(B) = 1 for
all bases B, then Zy;(L) = Z (L) = Z,. Thus Theorem [(.6] extends [12] Theorem
3.1] and can also be seen as a refinement of the “finite field method” to compute
the characteristic polynomial of a hyperplane arrangement; see [2] (or its Tutte
polynomial; see [IL[14]). The proof of the following theorem follows immediately
from Theorem [7.4¢

Theorem 7.7. Let q be a positive integer. Then q € Za(L) if and only if
(72) ZE (Q7 V) = qu(G) Z.AL (q> V)u
as a polynomial in v. In particular, if q is a multiple of LCM(L), then (2] holds.

Theorem [.7] is a refinement of the finite field method used to compute the
characteristic polynomial of a toric arrangement; see [9].

Example 7.8. Let us see why Theorem [Tl is a special case of Theorem [[7} Let
G = (V,E) be a graph on V = [n]. Further, let G = Z" and L = (g.)ccr, where g,
is the vector with ¢th coordinate 1 and jth coordinate —1 and the other coordinates
0, where e = {4, j} and ¢ < j. Then m(A) = 1 for all A since the matrix £ is totally
unimodular, and hence G4 = (0) for all A C E. Moreover, Hom(G, Z,) = Zg, S0
Theorem [T.1] follows.

Example 7.9. Let G = Z3 and
110 0 0 1 1
L=]101 1 1 0 0 1
000 1 111

Then M/ is the non-Fano matroid F; , which is not a regular matroid (see for
example [I1]). The multiplicities of the bases are given by the absolute values of
the nonzero 3 x 3 minors and are thus equal to 1 or 2. Hence for ¢ a positive integer

Zf(q,v) _ ZF;(q,v), if ¢ is odd,
Za,(q,v), if g is even.
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In view of Theorem [[.4]it is natural to define a Tutte quasi-polynomial by
Gal

Q[) z,y) = r—1 rk(E)—rk(A) y— 1 |A\—rk(A).
@)= 2 g -near @ Y =1

By Theorem [l we have an analogue of ([21I) and ([2Z2):

(7.3) ZE (x =Dy -1,y —1) = (@ = 1) P Q(a,y).

Hence Qc(x,y) is a quasi-polynomial in ¢ = (x — 1)(y — 1), which by Theorems
and [ coincides with My (x,y) when ¢ € Za(L) and with Tr(x,y) when
qE€Zy (,C)

From Remark we see that Q. (z,y) is an invariant of the list £ and not of
the arithmetic matroid.

8. GENERALIZED FLOWS

For A C E and g € Z define a homomorphism ¥9 : Zj;‘ — G/qG by
W (0) = dle)ge +qG.
ecA

By analogy with g-flows in graphs (see Section[), an element ¢ € ker(¥%) will be
called an (L, q)-flow. If in addition ¢(e) # 0 for all e € E, ¢ is called nowhere-
zero. Hence a nowhere-zero (£, q)-flow is a map ¢ : E — Z, \ {0} for which

>ecr d(€)ge =0 in G/qG.

The multivariate arithmetic flow polynomial of L is defined by

Fr(g,v)== Y ] +vd(4(e),0)).

¢Eker(‘llqE) ecE
Theorem 8.1. For positive integers q,

Fre(q,v)=q ™ Lg%t)' <H ve> ZE (q,q/v),

eckE

where q/v := {q/Ve teer. Moreover:
(1) If g € Zp (L), then

o - (I 2t

ecE
(2) If g € ZA(L), then

Fe(a,v) = ﬁ (H ) Zac(4,q/v):

eclk
Proof. Expand the product in the sum to get
S [ +veb(e(e),00) = > [ker(¥h)| T ve-
pEker(VY) e€l ACE beE\A

By Lemma [7.3] and the third isomorphism theorem,
~ GHLa) o G/{La) . G
Hom(G/Ea) 20 = 0 GT ) = WG+ (Ea[(Ea) a6+ (Ea)
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Also
Im(¥%) = (¢G + (L4))/4G,
and hence by the third isomorphism theorem again
~ G N G/qG
)= G L) T WGt LG

Hom(G/{LA),Z

By (1)) and Lemma [T3]
Mqu(G)—rk(A) _ |G /qG|

|Gl [(aG + (La))/4G]|

_ m(®)g™ D m(0)

|G| Im(TH)|  [9Gl

g™ D714 ker ().

Hence

Z | ker(0%) H vy = |th| Z

D T
ACE bEE\A ACE |qGA|

beE\A

9. CHROMATIC QUASI-POLYNOMIALS AND FLOW QUASI-POLYNOMIALS

Let us see how colorings and flows on graphs may be generalized using the ideas
in the previous sections. Some of the following observations were also made in [§],
where the results were obtained by deletion-contraction arguments.

Let D = (V, E) be a directed graph without loops and assign positive integer
weights {w. }eer to the edges. Define a list of vectors £ = (ge)ecr in G := ZV as
follows. If e is an edge from ¢ to j, let g, be the vector with entry j equal to we,
entry i equal to —w,, and the other entries equal to 0. Then we define a proper
(L, q)-coloring as a map ¢ : V — Z, such that

we¢(i) # we¢(])

whenever e is an edge between ¢ and j. We define the chromatic quasi-polynomial
X2 (q) as the function that counts such colorings. The fact that this is actually a
quasi-polynomial and that it is independent on the orientation of the graph are
consequences of the next theorem.

Dually, the flow quasi-polynomial x7%(¢) counts maps ¢ : E — Z, \ {0} such that
the weighted Kirchhoff laws hold: for each i € V'

Z ¢(e)we = Z ¢(6)wev

where i < means that e is an edge from i to some other vertex.

We will show that the quasi-polynomials above are specializations of the Tutte
quasi-polynomial. This fact holds more generally for any list £ of elements of a
finitely generated abelian group G. By analogy with the graphic case, we call an
element ¢ € Hom(G,Z,) a proper (L, q)-coloring if ¢(g.) # 0 for all e € E, and
we denote by x,(q) the number of such colorings. Notice that by definition this is
equal to the evaluation of Zf(q,v) at v, = —1 for all e € E, which we denote by
ZE(q,—1). We call x£(q) the chromatic quasi-polynomial.

Dually, denote by x7(¢) the number of nowhere-zero (£, ¢)-flows. By Theorem
BTl this is a quasi-polynomial in ¢ which we call the flow quasi-polynomial.
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We have the following result, generalizing a famous theorem of Tutte [13], and
also its analogue in the arithmetic setting [8]:
Theorem 9.1. Let q be a positive integer. Then
(9.1) xe(g) = (1) P gHATKEQL(1 - ¢,0)  and
(9.2) Xe(@) = (D) (m(0) 7 Qe(0,1 — g).
In particular, if ¢ € Zp (L), then

(9.3) xe(q) = (1) P gHO=TKETL (1 - ¢,0)  and
(9-4) Xz(g) = (~D)IPI T (0,1 - g).

If, on the other hand, q € Za(L), then

(9.5) xc(q) = (=) gHO=KEIN (1 - g,0)  and
(9.6) Xe(g) = ()P ML (0,1 - g).

Proof. The first statement follows immediately from (T3)), since x2(¢) = ZE (¢, —1).
Likewise (@.2) follows from Theorem BI] and (Z3]) because x%(gq) is equal to
Fr(q,—1). The other statements are consequences of the first two and Theorems

[76l [1 and R11 O

One may of course generalize the setting for graphs by, for example, allowing the
nonzero entries of g. to not be equal in magnitude. We choose not to develop this
direction here.

10. A MULTIVARIATE EHRHART POLYNOMIAL

In this section we assume that G has no torsion, i.e., G = Z" for some r. Then,
a list £ = (ge)ecr in G defines a zonotope

Z(L) :—{Zsege:OgseglforalleeE}.

eck
Consider the polynomial
Ee(v)i= Zac(a.qv)| =Y ma) [] v,
q=0
A ecA
where the sum is over all independent sets A in M. For k = (k.)eer € N let
k- L = (kege)ecn-
Proposition 10.1. Let k = (k¢)cep € NF.
(1) Er(k) is equal to the number of integer points of the zonotope Z(k - L);
(2) Er(—k) is equal to the number of integer points in the interior of Z(k - L);
(3) the univariate polynomial t — Er(t,...,t) is the Ehrhart polynomial of
Z(L);
(4) the highest degree part of Er(v) is the mized volume of the 1-dimensional
polytopes Z({g1}),.- -, Z{gn})-

Proof. Tt is known (see for instance [0]) that the number of integer points in Z(L£)
is

Z{m(A) : A C F is independent }.
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However, if A is independent, then the multiplicity of A in k - £ is equal to
m(A) [[,ca ke This proves the first statement and the third. The second is then
a consequence of the well-known reciprocity theorem for the Ehrhart polynomial.
The fourth statement is then also clear. |

The theorem above generalizes a result proved in [6]. In fact, the polynomial
E(v) is a multivariate version of the Ehrhart polynomial. It may be considered
as a mized Ehrhart polynomial.

For example, if £ = {(3,0), (0,2),(1,1)}, then

EE(Ul,UQ,'U3) =1+ 3’[)1 + 2’02 + vz + 6’[)1’[)2 + 3’[)1’[)3 + 2’[)1’[)2.
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