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cycles in fourientations which give trivariate generating functions that are generalized
Tutte polynomial evaluations of the form

ak+Bl+m yk+I+5m
k+m k+1

fora,y € {0,1,2} and B, 8 € {0, 1}. We introduce an intersection lattice of 64 cut—cycle
fourientation classes enumerated by generalized Tutte polynomial evaluations of this
form. We prove these enumerations using a single deletion—contraction argument and
classify axiomatically the set of fourientation classes to which our deletion—contraction
argument applies. This work unifies and extends earlier results for fourientations due to
Gessel and Sagan (Electron J Combin 3(2):Research Paper 9, 1996), results for partial
orientations due to Backman (Adv Appl Math, forthcoming, 2014. arXiv:1408.3962), and
Hopkins and Perkinson (Trans Am Math Soc 368(1):709-725, 2016), as well as results for
total orientations due to Stanley (Discrete Math 5:171-178, 1973; Higher combinatorics
(Proceedings of NATO Advanced Study Institute, Berlin, 1976). NATO Advanced Study
Institute series, series C: mathematical and physical sciences, vol 31, Reidel, Dordrecht,
pp 51-62,1977), Las Vergnas (Progress in graph theory (Proceedings, Waterloo silver
jubilee conference 1982), Academic Press, New York, pp 367-380, 1984), Greene and
Zaslavsky (Trans Am Math Soc 280(1):97-126, 1983), and Gioan (Eur J Combin
28(4):1351-1366, 2007), which were previously unified by Gioan (2007), Bernardi
(Electron J Combin 15(1):Research Paper 109, 2008), and Las Vergnas (Tutte polynomial
of a morphism of matroids 6. A multi-faceted counting formula for hyperplane regions
and acyclic orientations, 2012. arXiv:1205.5424). We conclude by describing how these
classes of fourientations relate to geometric, combinatorial, and algebraic objects
including bigraphical arrangements, cycle—cocycle reversal systems, graphic Lawrence
ideals, Riemann-Roch theory for graphs, zonotopal algebra, and the reliability
polynomial.
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1 Background

Throughout we use graph to mean finite, undirected graph (although we allow loops and
multiple edges). The Tutte polynomial is the most general Tutte—Grothendieck invari-
ant one can associate to a graph; that is, any graph invariant that satisfies a deletion—
contraction recurrence is a specialization of the Tutte polynomial. In fact, any graph
invariant that satisfies a weighted deletion—contraction recurrence is essentially an eval-
uation of the Tutte polynomial, as the following theorem, which is sometimes called the
recipe theorem, makes precise.

Theorem 1.1 (see [66, Theorem 1] and [67, Theorem 2.16]) Let G be some set of graphs
closed under deletion and contraction, let k be a field, and let f : G — k be some function
that is invariant under graph isomorphism. Suppose that f is normalized so that f(G) = 1
if G has no edges. Suppose further that for every graph G € G with at least one edge, there
is some edge e € E(G) such that

af (G/e) + bf (G\e) ife is neither an isthmus nor a loop
f(G) = {xof (G\e) ife is an isthmus
yof (G/e) ifeisaloop,

where G\e is graph obtained from G by deleting e and G/e is the graph obtained by
contracting e. Then for all G € G we have
e (K0 %0
£6) =a" B T6 (2, 20),
where n .= |V (G)| is the number of vertices of G, « is its number of connected components,
g = |E(G)| — |V(G)| + « is its cyclomatic number, and Tg(x, y) is its Tutte polynomial.

In light of Theorem 1.1, we call an expression of the form a” b8 T (x, y) a generalized
Tutte polynomial evaluation. Note that n — k is the rank of the graphic matroid associated
with G and g is its corank. In what follows we assume for simplicity that all graphs are
connected. We also write T'(x, ) :== Tg(x, y) when the graph is implicit.



Backman and Hopkins Res Math Sci(2017)4:18 Page 3 of 57

Our aim in this paper is to systematically exploit Theorem 1.1 in order to enumerate
various classes of generalized graph orientations via the Tutte polynomial. A fourientation
of a graph is a choice for each edge whether to orient that edge in either direction, leave
it unoriented, or biorient it. (There are 4/E@)| fourientations of a graph G and thus the
name.) A (k, [, m)-fourientation is obtained from a fourientation by assigning each oriented
edge one of k colors, each unoriented edge one of / colors, and each bioriented edge one of
m colors. A potential cut (cycle) in a fourientation is the same as a directed cut (cycle) in an
ordinary total orientation except that some of the edges may be unoriented (bioriented).
In Sect. 2, we generate a list of potential cut and cycle properties which mix with one
another to give an intersection lattice of 64 cut—cycle properties of (k, [, m)-fourientations
such that each associated class is enumerated by a generalized Tutte polynomial evalu-
ation. Moreover, we show that our list of properties is exhaustive: we derive the axioms
required for our deletion—contraction proof to apply and show that the set of properties
satisfying these axioms consists of precisely the potential cut and cycle properties on our
list together with two exceptional cases. In Sect. 3, we consider specializations of (k, [, m)
that recover enumerative results about classes of partial orientations and total orientations
obtained by many authors, as detailed in Sect. 1.1.

Our axiomatic approach to orientation properties recovers classes of partial orientations
which arose in seemingly unrelated contexts and also suggests interesting new avenues of
research. In Sect. 4, we outline how several of our cut and cycle properties relate to geomet-
ric, combinatorial, and algebraic objects including bigraphical hyperplane arrangements,
cycle—cocycle reversal systems, graphic Lawrence ideals, divisors on graphs, zonotopal
algebra, and the reliability polynomial. Recent developments in the study of divisors on
graphs, including the commutative algebra of the Abelian sandpile model [24,44,52-54],
Riemann—Roch theory for graphs [5,7], and geometrizations of the Matrix-Tree theorem
[1], highlight the algebraic significance of the relationship between graph orientations
and their indegree sequences. The partial orientation classes we define, which we term
min-edge classes, appear to arise in many situations where one is interested in inde-
gree sequences. A striking example of this phenomenon, described in detail in Sect. 4.4,
is that the acyclic-cut positively connected partial orientations point the way toward a
monomization of the internal power ideal associated with a graph G. While there exist
constructions of monomizations of the external [22,56] and central [55] power ideal asso-
ciated with G, there is no such construction for the internal power ideal that works for
all G. We arrived at the definition of the min-edge class cut positively connected only
as a result of our abstract machinery, but it conjecturally helps resolve this outstanding

problem that we became aware of after we began our research.

1.1 History

Since at least the seminal work of Stanley [60], it has been known that the Tutte polyno-
mial counts classes of graph orientations defined in terms of cuts and cycles. Stanley [60]
proved that the number of acyclic orientations of a graph is T'(2, 0), which is also equal
to the chromatic polynomial evaluated at —1. Las Vergnas [40] proved that the number
of strongly connected orientations, those with no directed cut, is 7(0, 2). Greene and
Zaslavsky [32] showed that the number of acyclic orientations of a graph with a unique
source ¢q is T(1,0). By fixing a total order on the edges and a reference orientation of
the graph, the previous result can be generalized in the following way: the number of
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acyclic orientations such that the minimum edge in each directed cut is oriented as in
the reference orientation is 7'(1, 0). These orientations give distinguished representatives
for the set of acyclic orientations modulo cut reversals, which can be obtained greedily.
Gioan [27] observed that T'(0, 1) counts the number of equivalence classes of strongly con-
nected orientations modulo directed cycle reversals, or equivalently indegree sequences
of strongly connected orientations (because any two orientations with the same indegree
sequence differ by cycle reversals). This theorem is equivalent to the result of Greene and
Zaslavsky [32] that the number of strongly connected orientations for which the minimum
edge in any directed cycle is oriented as in the reference orientation is 7'(0, 1) since these
orientations give distinguished representatives for the set of strongly connected orienta-
tions modulo cycle reversals. Greene and Zaslavaky’s result and its equivalence to Gioan’s
result were rediscovered by Chen et al. [15] who investigated it from a bijective perspective.
Stanley [62] observed that the total number of indegree sequences among orientations is
counted by T'(2, 1), which may be interpreted as a version of the previous result for orien-
tations that are not necessarily strongly connected. Similarly, Gioan [27] proved that the
number of (not necessarily acyclic) g-connected orientations is 7(1, 2), and the number
of indegree sequences of these orientations is T'(1, 1). Trivially, (0, 0) = 0, the number of
strongly connected-acyclic orientations, and T'(2, 2) = 2/, the total number of orienta-
tions. Putting all of these enumerations together, Gioan [27] offered a unified framework
for interpretations of T'(x, y) for all integer values 0 < x,y < 2 in terms of equivalence
classes of orientations. He presented separate proofs for the evaluations where either x or y
is zero and then obtained the remaining nonzero evaluations via a convolution formula for
the Tutte polynomial due to Kook et al. [39]. Gioan later provided a more unified proof
[28] making use of matroid duality, while still requiring application of the convolution
formula and separate proofs for the evaluations 7'(2, 0) and T'(1, 0).

Gessel and Sagan [26] used depth-first search to investigate relationships between
the Tutte polynomial and partial orientations (which they call “suborientations”) and
fourientations (which they call “subdigraphs”) of a graph. They proved that two generat-
ing functions for generalized orientations give generalized Tutte polynomial evaluations
with the following specializations: the number of acyclic partial orientations of a graph
is 2¢T (3, 1/2), the number of g-connected fourientations is 2/#/T (1, 2), and the number
of acyclic, g-connected partial orientations of a graph is 26 T(1, 1/2). The first result was
rediscovered and proven via deletion—contraction by the first author [4], who also showed
that the number of strongly connected partial orientations is 2”1 7(1/2, 3). It was also
shown in [4] that the number of partial orientations modulo cut reversals and modulo
cycle reversals are 2" "1 T'(1, 3) and 2¢ T'(3, 1), respectively. As in the case of total orienta-
tions, the partial orientations for which the minimum edge in every directed cut or cycle
is oriented in the same direction as the reference orientation give distinguished repre-
sentatives for these equivalence classes. The second author and Perkinson [35] observed
that the number of regions of a generic bigraphical arrangement is 2”~17(3/2, 1) and
the number of bounded regions is 2"~ 17(1/2, 1). They demonstrated that the regions
of a bigraphical arrangement are labeled by a certain class of “admissible” acyclic partial
orientations. Using exponential parameters to define a generic arrangement, we give an
alternate description of these admissible partial orientations as those for which the min-
imum edge in any potential cycle is neutral. The partial orientations that label bounded
regions become those which are in addition strongly connected.
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By specializing (k, [, m) in our main Theorem 2.14 to (1, 1, 1) (fourientations), (1, 1,0)
(type A classes of partial orientations), (1,0, 1) (type B classes of partial orientations), and
(1, 0, 0) (total orientations), we obtain tables (see Fig. 4) in which all of the aforementioned
results appear as entries. Moreover, for (k [, m) = (1,0,0), our proof of Theorem 2.14
specializes to a uniform proof of the Tutte polynomial evaluations in Gioan’s 3 x 3 square
of total orientation classes. Another uniform proof of the Tutte polynomial evaluations in
this 3 x 3 square can be obtained from a certain orientation activity expansion of the Tutte
polynomial due to Las Vergnas [42] which is closely related to the “active bijection” of
Gioan-Las Vergnas [29]. We explore this orientation activity approach in a sequel paper
with Traldi [6]; see Sect. 3.5 for more details.

2 Fourientations and min-edge classes
2.1 Notation and terminology
In this section, we introduce, enumerate, and classify the main objects of study in this
article: min-edge classes of fourientations. In order to do so, we begin by first developing
some useful notation and terminology, which will be employed throughout the paper.
Let G be a graph. We use V(G) to denote the vertex set of G and E(G) to denote
its edge set. Recall that throughout we will assume that all graphs are connected. (This
assumption is justified by the fact that if G = G’ U G” is the disjoint union of two other
graphs then we have Tg(x, y) = Tg/ (%, y) - Tgr(x, y).) We take a moment to describe our
notation for the edges of G and for orientations of these edges. Formally, V(G) is some
finite set and E(G) is a finite set together with a map ¢(G): E(G) — V(ZG)
map ¢(G) from E(G) to the set of all multisets of V(G) of size two. By abuse of nota-

) ie.a

tion, for an edge e € E(G) we write e = {1, v} to mean ¢(G)(e) = {u, v}; however, note
that we may have ¢, f € E with e = {y, v} and f = {u, v} but e # f, meaning that e
and f are multiple edges between the same vertices; it is also possible that e = {u, u}
is a loop. In order to talk about orientations of a graph, it is helpful to have a reference
orientation. A reference orientation Opes of G is a map Oef: E(G) — V(G) x V(G)
with F o O = ¢(G) where F: V(G) x V(G) — ((g)) is the forgetful map. An ori-
entation of e € E(G) is a formal symbol e* or e~, where we think of e™ as the ori-
entation of e that agrees with O and e™ as the orientation that disagrees with Opes.
For §,¢ € {4, —} we define —§ and § - ¢ in the obvious way. When discussing orien-
tations we use the symbols + and F for compactness of notation: any mathematical
sentence involving + should be interpreted by replacing all occurrences of & with 4, all
occurrences of F with —4§, and adding “for § € {—, +}” at the end of the sentence. Let
E(G) := {e*: e € E(G)} be the set of orientations of edges of G. We extend Oy to a
map E(G) — V(G) x V(G) by setting Oet(e™) := Oper(e) and Opep(e™) := Opet ()P,
where (1, v)°P := (v, u). Again abusing notation, we write eT = (u,v) to mean Oyef(e™) =
(4, v); however, note that if e = {i, u} is a loop then et = (4, u) and e~ = (1, u) but we
still treat e™ and e~ as different orientations of e. We call the pair (G, Oyef) an oriented
graph.

Definition 2.1 A fourientation O of an oriented graph (G, O,¢f) is a subset of E(G).

In other words, a fourientation is a choice for each edge e of a subset of {eT,e™}.
Ifet,e” € O thenwesayeis bioriented in O, and ife™, e~ ¢ O then we say e is unoriented
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in O. An oriented edge e of O is one for which e* € Obute¥ ¢ O. We emphasize that O
is not essential in the definition of a fourientation but O, has allowed us to introduce
the very useful notation et and e~ which we employ throughout this paper. Moreover,
when we discuss the properties of cuts and cycles in fourientations which define classes
enumerated by generalized Tutte polynomial evaluations the reference orientation will
play an indispensable role. Fourientations were introduced and studied in an enumera-
tive context by Gessel and Sagan [26] under the name of “subdigraphs.” They are also
superficially similar to the orientations of signed graphs investigated by Zaslavsky [69],
but note that Zaslavsky’s notion of a cycle in a signed graph orientation is quite different
from the kinds of cycles of fourientations we investigate. It seems plausible that there is
some deeper connection between orientations of signed graphs and fourientations and it
would be very interesting to find such a relationship.

We now need to review cuts and cycles of graphs as these are fundamental in defining
properties of orientations. A cut of G is a partition Cu = {U, U} for some U < V(G),
where U°¢ := V(G)\U denotes the complement of U, such that both U and U° are
nonempty. We define E(Cu) := {e = {u, v}: u € U, v € U e € E(G)}. The cut Cuissimple
if the restriction of G to U and the restriction of G to U both remain connected. (What we
call simple cuts are often called “bonds.”) An edge e € E(G) is an isthmus if E(Cu) = {e}
for some (necessarily simple) cut Cu. A cycle of G is a list Cy = vy, e1,va, €3, ..., Vi, €k
with k > 1,v; € V(G), e; € E(G), up to rotation and reflection of the indices, such that all
edges e; are distinct and e; = {Vj, V11 mod k}- We define E(Cy) := {e;: 1 < i < k}. The
cycle Cy is simple if all the v; are distinct. Note that an edge e € E(G) is a loop if and only
if E(Cy) = {e} for some (necessarily simple) cycle Cy.

Remark 2.2 Cuts and cycles in graphs are dual to one another; this duality is made precise
through the theory of matroids which we will not review here. Consequently, almost all
statements we make about cuts have an analog for cycles. In order to save space, we
therefore heavily employ the format “... cut (cycle) ...,” which should always be interpreted
as two assertions: one about cuts and one about cycles.

A directed cut of (G, Opef) is an ordered pair Cu = (U4, U°) for some cut Cu =
(U, U°) of G; let E(Cr) := E(Cu) and E(Crt) := {e* = w,v): u € Uyv € U, e € E(G));
ie., E(G?) is the set of edge orientations from U to U°. A directed cycle of (G, Oer) is a list
ﬁy = efl, e Vi e,‘i" , with 8; € {+, —}, up to rotation but not reflection of indices, for
some cycle Cy = vy, ey, ..., Vi, ex of G such that e?i = (Vi Vi+1 mod k); let E(?y) := E(Cy)
and E(?y) = {efi : 1 < i < k}. Note that each cut (cycle) C has two associated directed
cuts (cycles) C and - C.

Definition 2.3 A potential cut (cycle) in a fourientation is the same as a directed cut
(cycle) in an ordinary total orientation except that some of the edges may be unoriented
(bioriented). More formally, a potential cut (cycle) of a fourientation is a directed cut
(cycle) of the oriented graph such that each edge in that cut (cycle) is either oriented in
agreement with the cut (cycle) or is unoriented (bioriented). In symbols, Cu is a potential
cut belonging to some larger fourientation O if e* € E(a)t) = et ¢ Oforalle € E,
and 8}/ is a potential cycle of O if e* € ]E(?y) = et eOforalle € E.

Example 2.4 Let (G, Oyf) be an oriented graph and O be a fourientation of (G, O,f) as
below:
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Vo V2 V2
es el / \ /\
e

V3 g 1) v g V1) v3 o= )T

€2 A A
(2} €6
Y Y Y

V4 4 ® V5 Z > V5 V4 4 >e V5
es
G Oref (@)
+ o= ot ot o= ot = ot . .

Here O = {ej,e;,e3,¢e,,¢e,,¢e,¢e.,e;} (where the 4 on e7 in O is used to denote

that e;' € O as opposed to e € O). Observe that Cu = ({v2}, {v1, v3, va, v5}) is a potential
cut of O and €y =y, e; , V3, eI, Vi, e;', Vs, € is a potential cycle of O.

In this section, we define various classes of fourientations of (G, O,f) in terms of poten-
tial cuts and cycles. We will need more input data to define these classes. Specifically, we
will also need <, a total order on the edges of G. Such an edge order often appears in inves-
tigations of the Tutte polynomial because it allows one to define the (internal and external)
activity of spanning trees of a graph. It may be possible to extend our work to allow for
other notions of activity; for instance, see the recent paper [19] which develops a unified
perspective for various kinds of activity. However, we will stick to the most classical case of
activity defined in terms of a total edge order here. We call the triple G = (G, Oy, <) an
ordered, oriented graph. A fourientation of G is of course a fourientation of the underlying
oriented graph (G, Oyef).

The classes of fourientations we will define are enumerated by the Tutte polynomial,
so we now review deletion and contraction. For e = {&, v} € E(G), the graph obtained
by deleting e is denoted G\e; this graph has V(G\e) := V(G) and E(G\e) := E\{e}. The
graph obtained by contracting e is denoted G/e; now, we set V(G/e) := V/ ~ where ~
is the identification u ~ v, and again E(G/e) := E\{e}. Of course, we can also form the
deletion G\e and contraction G/e of an ordered, oriented graph G by keeping track of the
extra data in the obvious way. We similarly define the deletion O\e and contraction O/e
of a fourientation O (which in fact are both just equal to O\{e™, e™}). In particular note
that if et, e~ ¢ O then we will often treat O as a fourientation of G\e and of G/e. For a
subset of edges H C E(G) we also define G\H (G/H) to be the graph obtained by deleting
(contracting) all the edges in H in any order. Of course we similarly define G\H, G/H,
O\H, and O/H. For a simple cut Cu of G, we define the contraction to Cu, denoted G¢,
to be G/(E(G)\E(Cu)). The contraction to a simple cut always yields a banana graph B,
for some n > 1, where the family of banana graphs is

Similarly, for a simple cycle Cy of G, we define the restriction to Cy, which we denote G¢y,
to be the graph obtained from G\(E(G)\E(Cy)) by removing all isolated vertices. The
restriction to a simple cycle always yields a cycle graph C, for some n > 1, where the
family of cycle graphs is
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o 0 A\

C C, Cs

We define the restriction to a simple cycle Gy and the contraction to a simple cut G¢,
of an ordered, oriented graph G in the obvious way by keeping track of the extra data. We
also similarly define the restriction to a simple cycle Oc, and contraction to a simple cut
Ocy for fourientations O.

As an aside, we note that by contracting all the bioriented edges and deleting all the
unoriented edges in a fourientation we obtain a total orientation of a graph minor. This
procedure seems quite natural as potential cuts and cycles are mapped to directed cuts and
cycles, respectively. Unfortunately, in order to reverse this procedure we must remember
how the oriented graph minor was obtained (i.e., which edges were contracted and which
were deleted) because various fourientations may be mapped to the same oriented graph
minor.

A fundamental notion for graph orientations is that of reachability by directed paths. In
an ordinary total orientation O we say that the vertex v is reachable from the vertex u if
we can walk from u to v along a series of edges that are oriented in O consistently with
our walk. Because we are viewing a bioriented edge as the union of both orientations of an
edge, we will allow a bioriented edge to be traversed in either direction. On the other hand,
unoriented edges cannot be traversed in either direction. Thus, we define a potential path
P of a fourientation O of (G, Oyef) to be a list vy, ef", et e,‘i"__ll, vy for some k > 1 such that
the e; are distinct, ef" = (v;, vigy1),and e® € Oforalll <i < k. We say that P is a potential
path from v, to vy, and we set E(P) := {e;: 1 <i < k — 1}. If there is a potential path P of
O from u to v, then we say v is reachable from u in O. It is a classical fact, which can be
seen by considering reachability classes, that every edge in a total orientation belongs to
a directed cycle or a directed cut but not both. It remains the case in fourientations that
every oriented edge belongs to either a potential cut or potential cycle but not both, as we
show in Proposition 2.6. First we present a more basic lemma that says that potential cuts
and cycles of a fourientation are disjoint.

Lemma 2.5 Let O be a fourientation of (G, Oyet). Let Cubea potential cut of O and 8)/ a
potential cycle of O. Then E(a;) N E(?y) =@

Proof Certainly if e is bioriented in O then it does not belong to a potential cut and if e is
unoriented in O then it does not belong to a potential cycle. So suppose that e* = (1, v) €
O buteT ¢ O and let Cu = (U, U°) be a potential cut of O with e € E(C_'I/)l). Note that u
is not reachable from v because any potential path from v to # would have to go through
an edge in E(U, U°) and these are all either unoriented or oriented from U into U°. Thus,
there is no potential cycle ?y of O withe € E (?y). ]

Proposition 2.6 Let O be a fourientation of (G, Oyef) and e an oriented edge of O. Then
ec E(@)for some potential cut Cu of Oorec E(?y)for some potential cycle 8}/ of O but
not both.

Proof Let e* = (u,v) € O with eT ¢ O. Let U be set of vertices reachable from v in O. If
u € U then e belongs to a potential cycle. Otherwise (U, U°) is a potential cut containing
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e. By Lemma 2.5 we know that e* cannot belong to both a potential cut and a potential
cycle. ]

In general, we cannot partition all of the edges of a fourientation into potential cuts
and cycles. However, the following two propositions offer two dual ways to extend the
partition of the oriented edges in Proposition 2.6 to a decomposition of the entire edge
set of our graph.

Proposition 2.7 Let O be a fourientation of (G, Oyet). Then, there is a unique decomposi-
tion E(G) = Ecy(O) U ES (O) such that

(a) foranye € Eqy(O) we have e € E(a)for some potential cut Cu of O/EE,(O);
(b) thereisnoe € ES (O) withe € E(G)t)for any potential cut Cu of O\Ey(O).

Proposition 2.8 Let O be a fourientation of (G, Oyef). Then there is a unique decomposi-
tion E(G) = E¢y(O) U ECCY(O) such that

(a) foranye € Ecy(O) we have e € E(?y)for some potential cycle ?y of(’)\ECCY(O);
(b) thereisnoe € ESY(O) withe € E(?y)for any potential cycle a/ of O/Ey(O).

Proof of Proposition 2.7 We first show existence. Let E.,(O) be the set of edges which
belong to a potential cut of O and E¢, (O) the complement of this set. Clearly condition (a)
is satisfied. To show (b), let e € E¢,(O). If e is bioriented in O then certainly it does not
belong to a potential cut of O/E.,(O). Next suppose e is oriented in O. Then since e does
not belong to a potential cut of O, by Proposition 2.7 it belongs to a potential cycle ﬁy of
O. Note that E(?y) N Eqy(O) = @ by Lemma 2.5. Thus ?y persists as a potential cycle in
O/E¢(0O), so again by Lemma 2.5 we have that e belongs to no potential cycle. Finally,
suppose that e = {u, v} is unoriented in O. Note that because e does not belong to a
potential cut, there is a potential path P from u to v and another potential path P’ from v
to u. All of the edges in E(P) U E(P’) either belong to potential cycles or are bioriented; at
any rate, none of them belong to potential cuts. Thus, P and P’ persist as potential paths in
O/Ecy(O). Finally, note that the paths P and P’ prevent e from belonging to any potential
cut of O/E(O). So indeed regardless of how e is fouriented it does not belong to any
potential cut of O/E.,(O).

For proving uniqueness of this decomposition, suppose E(G) = A L B and every edge of
G/B belongs to a potential cut of O/B while no edges of G\A belong to a potential cut of
O\A. First suppose that there exits some e € A\E.,(O). We know that e does not belong
to a potential cut in O; hence, it certainly does not belong to a potential cut in O/B, which
is a contradiction. Therefore, we may assume that A C E.,(O) and ES,(O) € B. Next
suppose there is some edge in e € B\ES,(O). We know that e belongs to a potential cut
in O, and therefore, e belongs to a potential cut in O\A, which is a contradiction. Thus,
A = Ey(0) and B = E¢, (0). ]

Proof of Proposition 2.8 The proof is analogous to the proof of Proposition 2.7. We
define E¢y(O) to be the set of edges which belong to a potential cycle. ]

2.2 Tutte fourientation properties and the main theorem
We now define Tutte fourientation properties. These properties are defined axiomatically
so as to satisfy exactly those conditions necessary for us to carry out a deletion—contraction
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argument that invokes Theorem 1.1 and proves that they are enumerated by generalized
Tutte polynomial evaluations. The key observation that motivates this definition is that if
some objects associated with our graph G are enumerated by a generalized Tutte polyno-
mial evaluation, then there is some way of recursively deleting and contracting edges of G
so that at each step our enumeration respects the relevant weighted deletion—contraction
recurrence. We may as well assume the order that we delete and contract is dictated by <.
Thus, we force the weighted deletion—contraction recurrence to hold with respect to the
maximum edge of our graph. As we will see later, we can also give explicit descriptions of
these properties that focuses instead on the statuses of minimum edges in cuts and cycles.

Definition 2.9 A fourientation property is a map
{(G, O): O is a fourientation of the ordered, oriented graph G} — {good, bad}

that is invariant under isomorphism of the input.! When (G, O) is good we say that O is a
good fourientation of G with respect to the property, and similarly when (G, O) is bad. In
general, we identify a fourientation property with its set of good fourientations. We call a
fourientation property a cut (cycle) property if O is a good fourientation of G if and only if
Oc is a good fourientation of G¢ for each simple cut (cycle) C of G. We call a cut (cycle)
property a Tutte cut (cycle) property if for all ordered, oriented graphs G we have

T1 O is a bad fourientation of G only if O has a potential cut (cycle);
T2 if the maximum edge e of G is neither an isthmus nor a loop, then

(a) if O is a good fourientation of G\e (G/e) then O U {eT} and O U {e~} are both
good fourientations of G;

(b) if Oisabadfourientation of G\e(G/e) but OU{e™, e~ }(O) is a good fourientation
of G, then exactly one of O U {e*} or O U {e™} is a good fourientation of G;

(c) O isagood fourientation of G\e(G/e) if and only if O(O U {eT, e™}) is a good
fourientation of G.

A Tutte cut—cycle property is the intersection of a Tutte cut property with a Tutte cycle
property.

The following lemma says that condition T2(c) applies to Tutte cut—cycle properties as
well as individual Tutte cut or cycle properties.

Lemma 2.10 Let e be the maximum edge of G, and assume e is not an isthmus or loop.
Then O is a good fourientation of G\e with respect to some Tutte cut—cycle property if and
only if O is good for G. Similarly, O/e is good for G /e if and only if O U {e™, €™} is good for
G.

Formally, we say that (G, Orlef’ <), O1) is isomorphic to (G2, O?ef, <2), 0?) if there exist bijections v: V(G!) —
V(G?) and n: E(GY) — E(G?) such that for all e, ¢’ € E(GL):

« 9(G*)(n(e) = v(p(Gh)(e));

. O 0(e) = v(OL(e));

+ e <! ¢ ifand onlyif n(e) <2 n(e);

« et e Olifand onlyif n(e)* € O%.
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Proof Suppose O is bad for G\e with respect to the cycle property: then there is a simple
cycle Cy of G\e so that Oy is bad for the cycle property; this cycle Cy persists in G and in
fact Gy is isomorphic to (G\e)cy; therefore, O is also bad for G. Similarly, if O is bad for
G with respect to the cycle property and e, e~ ¢ O, then there is a simple cycle Cy of G
so that O, is bad for the cycle property. If we had e € E(Cy), then Oy could not have a
potential cycle and so could not be bad by condition T1. So indeed e ¢ E(Cy), and thus Cy
remains a simple cycle of G\e, and thus O remains bad for G\e. On the other hand, that
O is bad for G\e with respect to the cut property if and only if O is bad for G is exactly
condition T2(c). The proof for G/e is analogous. m|

Lemma 2.11 Let e be the maximum edge of G and let O be a good fourientation of G with
respect to some Tutte cut—cycle property. Then either O\e is good for G\e or O/e is good
for G/e.

Proof If e is an isthmus or loop, then O\e and O/e are both clearly good. So assume that e
is neither an isthmus nor a loop. By Lemma 2.10, if e is unoriented in O then O\e is good
and if e is bioriented in O then O/e is good. So assume further that e’ € O ande™® ¢ O
for some § € {+, —}. Now suppose to the contrary that both O\e and O/e are bad. Note
as in the proof of Lemma 2.10 that O\e is certainly good for G\e with respect to the cycle
property; O/e is certainly good for G/e with respect to the cut property. So O\e is bad
with respect to the cut property and O/e is bad with respect to the cycle property. Then
by condition T2(b) we can extend O\e to a bad fourientation of G with respect to the cut
property by orienting e in a certain direction, and it must be that O’ := (O\e)U {e~%}is this
extension as we know O is good. Analogously we know that O' = (O/e) U {e~?} is bad for
G with respect to the cycle property. But that means that there must be some cut Cu of G
so that O, is bad with respect to the cut property. It must be that e € E(Cu) or else Oc,
would also be bad. And it must be that there is a way of directing Cu to become a potential
cut Czz of O’ or else the contraction O, could not be bad by condition T1. Analogously
we can find a potential cycle iy of O’ withe € E (83/). However, this contradicts Lemma 2.5
which says the edge sets of potential cuts and potential cycles are disjoint. ]

The deletion—contraction argument we use to count the good fourientations with
respect to some Tutte cut—cycle property will actually work for fourientations that are
weighted by the number of oriented, bioriented, and unoriented edges they contain. Thus,
we define the following chromatic extension of fourientations.

Definition 2.12 Fork, [, m € Z>o, a (kl,m)-fourientation is obtained from a fourientation
by assigning each of the oriented edges one of k colors, each of the unoriented edges one
of [ colors, and each of the bioriented edges one of m colors. If a variable is set equal
to zero, we naturally require that the associated fourientations have no edges with the
corresponding fourientation type. We say a (k; /, m)-fourientation is good with respect to
a fourientation property if the underlying fourientation is good.

Definition 2.13 We define the bad isthmus set X € {&, {—}, {+}} of a Tutte cut property
in the following way: let (B1, Oy, <) be the unique (up to isomorphism) ordered, oriented
graph whose underlying graph is the banana graph B; and let e denote the unique edge of
Bj; define X to be the set of all S such that {e° : ¢ € S}isabad fourientation for (By, Oyef, <)
with respect to the cut property. (Observe that by T1 it is impossible for {e*, e~} to be bad
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with respect to a Tutte cut property.) For a Tutte cycle property we define its bad loop
set Y C {{—}, {+}, {— +}} analogously in terms of the fourientations that are bad for Cj.
The bad isthmus (loop) set of a Tutte cut—cycle property is the bad isthmus (loop) set of
its underlying cut (cycle) property.

Theorem 2.14 For a fourientation O, let O° denote the set of edges that are oriented in
O, O" the set of unoriented edges, and OP the set of bioriented edges. Fix a Tutte cut—cycle
property with bad isthmus set X and bad loop set Y. Let k, I, and m be formal parameters.
Then for G, an ordered, oriented graph whose underlying graph G has n vertices and
cyclomatic number g, we have

KO°1710%1,,10 _ (; nl(g e (X0 Yo 91
%: m (k)" Mk + DTG (7 77 (2.1)

where the sum is over all good fourientations O of G, and where

x0:=8({+} ¢ X)k+8({=} ¢ X)k +8(a ¢ X)| +m
yo:=8({+} ¢ k+3({-} ¢ )k +1+({+ —} ¢ Y)m

and §(P) is 1 if P is true and 0 if P is false. Hence for any k, I, m € Z>q, the number of good
(k, I, m)-fourientations of G is given by (2.1).

Proof Fix a Tutte cut—cycle property. For an ordered, oriented graph G, define

T(G) :={O: O is a good fourientation of G with respect to our property}.

For a set O of fourientations, define O := > oco KIO%1 1041101, Letf(G) := T/(@) where
G has G as its underlying graph. The proof will also establish inductively that f(G) is
well defined, that is, that this generating function does not depend on what reference
orientation and edge order we give G.

Let G be a graph and set G := (G, O,f, <) for arbitrary O, and <. If G has no edges,
then certainly f(G) = 1. So assume G has an edge and let e be the maximum edge of G. If
e is an isthmus, then the simple cycles of G are the same as those of G\e and there is one
additional simple cut: namely, the cut that has e as its only edge. So any good fourientation
O of G\e extends to a good fourientation O U{e®: € € S} of Gaslongas S ¢ X, and we get
all good fourientations of G this way. Therefore, if e is an isthmus then f(G) = xof (G\e).
Similarly if e is a loop then f(G) = yof (G/e). So from now on assume that e is neither an
isthmus nor loop.

We want to show f(G) = (k + [)f (G\e) + (k + m)f (G/e) from which the result follows
via Theorem 1.1. For O € T(G\e), set De(O) = {0’ € T(G): O'\e = O}. Similarly,
for O € T(GJe), set CO° := {0 € T(G): O'/Je = O}. Set De := Uoer@\e) Pe(O)
and Co := Uper(g/e) CO’- We claim that for O € T(G\e),

(i) either De(Q) C De\Co and De(O) = {O, O U {e°}} for some ¢ € {—, +};

(ii) or De(®) € De N Coand De(O) = {O,0OU{eT},OU{e"},OU{e", e }}.
From this claim, it follows that f (G\e) = DIEEO + 2’2@5‘;" So let us prove the claim. First
of all, by Lemma 2.10 we know that O € T(G) which agrees with our claim. Assume

first O U {et,e”} € De(O); we need to show O € T(G/e) and O U {ef} € T(G) for
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any ¢ € {—, +}. For any simple cut Cu of G/e, we have a corresponding simple cut Cu’ of
G\eso that (G/e)c, and (G\e)¢,, are isomorphic. Thus, O is good for G /e with respect just
to the cut property. Because O U {e™, e~} is good for G with respect to the cycle property,
by condition T2(c) we get that (O U {e*, e™})/e = O is also good for G/e with respect to
the cycle property and therefore O € T(G/e). Using condition T2(a) with respect to the
cut and cycle properties gives OU{e™} € T(G)and OU{e~} € T(G) so we are done. Next
assume O U {eT, e™} ¢ De(O); we need to show O ¢ T(G/e) and O U {ef} € T(G) for a
unique ¢ € {—, +}. Lemma 2.10 gives O ¢ T(G/e). We know that O U {eT} and O U {e~}
are good for G with respect to just the cut property by condition T2(a). As before, we
know O is good for G /e with respect to the cut property. So it must be that O is bad for
G/e with respect to the cycle property. Condition T2(c) says that since O is not good for
G/e with respect to the cycle property, exactly one of O U {e*} or O U {e" } is good for G
with respect to the cycle property. So the claim is proved.

We can similarly show that f(G/e) = ii\ff + 2’,2‘1;?;” Then by Lemma 2.11,

f(G) = Dg\\Co + Co/\be +Den Co
= (k+ 0)f(G\e) + (k +m)f(G/e),

thus completing the proof. m]

Remark 2.15 Theorem 2.14 says that there are the same number of good fourientations
of (G, Orlef, < and (G, (’)rzef, <2) with respect to some fixed Tutte cut—cycle property. It
would be interesting to find a simple bijection between these sets of fourientations; that
is, it would be interesting to understand how the set of good fourientations changes as we

modify the reference orientation and total order.

2.3 Min-edge classes

A priori it is not clear that there are any nontrivial Tutte cut properties. We will now show
that there exist Tutte cut properties for all bad isthmus sets X € {&, {+}, {—}}. Moreover,
we will show that the Tutte cut properties are almost classified by X (specifically, for each
choice of X there are one, two, or three Tutte cut properties with bad isthmus set X). Of
course the situation is analogous for Tutte cycle properties.

Definition 2.16 A min-edge cut (cycle) property is defined by X < {&, {—}, {+}}
{{=}, {+} {— +}}) and § € {+, —}. A potential cut Kol (cycle _C)) of a fourientation O
of an ordered, oriented graph G is bad with respect to the min-edge cut (cycle) property
defined by (X, §) if it satisfies both of the following conditions:

(i) {e: e, € O} =S for some S € X, where e, is the minimum edge in E(?) ;

(ii) if emin is unoriented (bioriented) in O then efmn € ]E(?).
If the potential cut (cycle) is not bad, then it is good. A fourientation O of G is good
with respect to the min-edge cut (cycle) property defined by (X; §) if and only if all of its

potential cuts (cycles) are good.

A heuristic explanation for the emphasis on the statuses of minimum edges in potential
cuts is that in checking whether a cut is good or bad with respect to a Tutte cut property
we repeatedly peel off maximal edges until we reduce to the base case where the cut’s



Backman and Hopkins Res Math Sci(2017)4:18 Page 14 of 57

minimum edge becomes an isthmus. The point of § is that in order to satisfy T2(b) we
want one of the ways of extending a bad cut by an oriented edge to be bad and the other way
to be good: if the bad cut consists only of unoriented edges then both ways of extending it
by an oriented edge still yield potential cuts and so could potentially be bad by T1; in this
case 8 tells us which of these in fact is bad.

There are 12 essentially different min-edge cut properties because the choice of § is
relevant only if @ € X. Let —X denote the set we get by swapping + <> — and define —O
similarly. Clearly O is a good fourientation of G with respect to the min-edge cut property
defined by (X, 8) if and only if —O is good with respect to (—X, —§). So we may as well
fix § = — and thus reduce the list to the following eight properties, which we call the
min-edge cut classes of fourientations:

(1) Cut general (X = @): There are no restrictions on potential cuts.

(2) Cut directed (X = {@}): For each potential cut, if the minimum edge of the cut is
unoriented then the cut contains some oriented edge directed in agreement with the
reference orientation of this minimum edge.

(3) Cut negative (X = {{—}}): The minimum edge in each potential cut is unoriented
or is oriented in agreement with its reference orientation.

(4) Cutpositive (X = {{+}}): The minimum edge in each potential cut is unoriented or
is oriented in disagreement with its reference orientation.

(5) Cutconnected (X = {&, {—}}): Each potential cut contains an oriented edge directed
in agreement with the reference orientation of the minimum edge in the cut.

(6) Cut co-connected (X = {@, {+}}): For each potential cut, either the minimum
edge of the cut is unoriented and the cut contains an oriented edge directed in
agreement with the reference orientation of this minimum edge, or the minimum
edge is oriented in disagreement its the reference orientation.

(7) Cutneutral (X = {{—}, {+}}): The minimum edge in each potential cut is unoriented.

(8) Cut positively connected (X = {&, {—}, {+}}): The minimum edge in each potential
cut is unoriented, and the cut contains an oriented edge directed in agreement with
the reference orientation of this minimum edge.

We omit the description of the min-edge cycle classes which are exactly analogous. Observe
that the poset of the above eight classes ordered by containment is of course isomorphic to
the Boolean lattice on three elements. A min-edge class of fourientations is the intersection
of a min-edge cut class and min-edge cycle class. Note that an arbitrary intersection of
min-edge classes remains a min-edge class.

Theorem 2.17 Any min-edge cut (cycle) property is a Tutte cut (cycle) property.

Proof Let us work with cut properties; the cycle properties are exactly analogous. First
let us prove that a min-edge cut property is a Tutte cut property. Fix some min-edge
cut property. Clearly the property is defined in an isomorphism invariant way and so
it is indeed a fourientation property. A potential simple cut being good with respect to
our min-edge cut property is the same as the corresponding contraction to a banana
graph being good (and in light of T1 we only care about potential cuts). So certainly if a
fourientation is good, its contractions to its simple cuts are good. Conversely, assume the
fourientation O is bad. Then there is a bad potential cut Ciifor O.In fact, we have E(C_'Zt) =
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E(@l) LU ]E(C_’z;k) for potential cuts C_’z;,- whose underlying undirected cuts Cu; are
simple. So if efnin € E(a) with emin being the minimum edge of E (GZ) then efnm € E(C_'L)ti)
for some i, which means Oc,, is bad. Thus, our min-edge cut property is indeed a cut
property. What remains to check are the conditions T1 and T2. Condition T1 holds
trivially. Now let us deal with condition T2: so let e be the maximal edge of G with e
neither an isthmus nor a loop, and let O be a fourientation of G\e. Condition T2(a) holds
because in this case e cannot be the minimum edge in any potential cut, so any good
potential cuts of O which it becomes a part of remain good in O U {e*}. Condition T2(c)
holds for much the same reason: since e is not the minimum edge in any potential cut, any
good potential cuts for O which it becomes a part of remain good potential cuts in O when
considered as a fourientation of G and any bad potential cuts remain bad potential cuts.
The least obvious condition is T2(b). First of all, if O is bad for G\e then one of O U {e™}
or O U {e™} is bad because G\e has at least one bad potential cut and so if we orient e as
e in a way consistent with this cut it will remain a bad potential cut in O U {e*}. In order
to complete the proof that T2(b) holds, we claim that if O U {eT, e} is good for G then
at least one of O U {7} or O U {e"} is good. Suppose that to the contrary O U {eT, e~}
is good but O U {e} and O U {e~} are both bad. Since O U {e™, e} is good, it cannot be
that there is a bad potential cut Chof OU {eT} withe ¢ E(GZ). So it must be that there is
a bad potential cut C_’z)4+ = (Uy, US) of OU{e™} and a bad potential cut Cu_ = u-,ue)
of OU{e"} withe € E(C_'L>t+) N E(@Z_). The idea, as depicted in Fig. 1, is to glue the
cuts 61)4+ and Cuz_ together to find a bad potential cut which does not involve e. Let enin
be the minimum edge of E(Gﬁ) UE (C_"Zt_). By supposition that e is not an isthmus, we
have e # emin. Suppose by symmetry that efmn € E(@Jr) for some § € {+, —}. We claim
that efnm # (u,v) withu € U, NU° and v € U N U_. Suppose to the contrary. Then
€min € E(C_'L>t+)ﬂE(C_'L)t_), which means that in order for C_'L)ur tobea potential cut of OU{e™}
and Cii_ a potential cut of O U {e™} we need enip to be unoriented in O. But then we have
e € E(Cuy) and et € E(Ci_), so0 by part (ii) of the min-edge cut definition we cannot
have that aﬁ and Cz_ are both bad potential cuts, a contradiction. So indeed efmn # (u,v)
forany u € Uy N U and v € U N U_. One consequence of this is that L/} # U°. So
at least one of L/; N U_ or US N UE is nonempty. And on the other hand if e = {w, x}
then {w, x} C (U, NU_)*NUSNUC ), so (U NU_)°and (U NUC )¢ are both nonempty.
Thus if we define Cit' := (Uy N U_, (Uy NU_)*) and Tt := (LS N UC, (LS. N UE)) at
least one of these must genuinely be a directed cut. Our discussion of epip also establishes
that efnm € E(a)/) or efnin € ]E(C_'Zt”). Whichever of Czz or Cit it belongs to is a potential
cutof OU{e™, e~} because we have e ¢ E((TZ/) ﬂE(a)tN). But then one of Czz or Czt isabad

potential cut of OU{e*, e~ }, contradicting our assumption that OU{e™, e~} is good. O

Fig. 1 A visual aid for the proof of Theorem 2.17
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In order to give a near converse to Theorem 2.17 and to completely classify Tutte
cut properties, we need to introduce two anomalous properties: cut weird and cut co-
weird. The cut weird fourientations of an ordered, oriented graph are those such that each
potential cut contains at least one oriented edge and the minimum oriented edge in the cut
is oriented in agreement with its reference orientation. The cut co-weird fourientations are
those such that each potential cut contains at least one oriented edge and the minimum
oriented edge in the cut is oriented in disagreement with its reference orientation.

Theorem 2.18 Any Tutte cut property is either a min-edge cut property or is cut weird or
cut co-weird. There is a completely analogous classification for Tutte cycle properties.

Proof Again we work with the cut case. Fix some Tutte cut property. Because it is a cut
property, this property is determined by the values it takes on ordered, oriented banana
graphs. It is not hard to see that if our Tutte property agrees with some min-edge cut
property (X, 8) on all ordered, oriented banana graphs then it agrees with (X, §) on all
graphs (here we again use the fact that a cut decomposes into simple cuts). Our goal is to
find (X, 8). Clearly we should define X to be the bad isthmus set of our Tutte cut property.
In order to define § we need to consider some small banana graphs. Let us view the banana
graph B, as having vertex set V(B,) := {u, v} and edge set E(B,) := {ey, ..., ey} where
ey := --- = ey := {u,v}. Define the edge order < bye; < --- < e,. If & ¢ X, then we
define § arbitrarily. If & € X, then we define § as follows: define a reference orientation O% ¢
by Orzef(ef) = Orzef(e;r) := (4, v); then let § € {+, —} be so that O? = {eg} is a bad
fourientation of (Bo, OrZef’ <). We need to check that our property agrees with the min-
edge cut property (X, §) on all banana graphs. So let (B;, Oy.f, <) be an ordered, oriented
banana graph and assume # > 1 since we know our Tutte property agrees with (X, ) for
n = 1. Let O be a fourientation of (B,, Oyef, <). If O has any bioriented edges, we know
it is good by condition T1 because it has no potential cuts and this agrees with (X, §).
So now assume O has no bioriented edges. If O\e, is good for (B, Oyef, <)\e, then we
know by conditions T2(a) and T2(c) that O is good no matter how e, is fouriented, which
again agrees with (X, 8). If O\e, is bad but contains at least one oriented edge, then we
know by conditions T1, T2(b), and T2(c) that O is good if and only if e is oriented to
disagree with that oriented edge and make it so that O has no potential cuts. This agrees
with (X, §). So finally assume that O\e, is bad and contains no oriented edges. Note by
repeated application of T2(c) that this is possible only if @ € X. Certainly by T2(c) if
e;‘,‘, e, ¢ O then O is bad; so the status of O is only at issue if e}, € O for some ¢ € {—, +}.
We claim that in this case the status of O is still consistent with (X, §) unless we are in an
exceptional case that we will address at the end.

From now on assume @ € X (or else we cannot have that O\e, = @ is bad). Using
the + < — symmetry assume additionally from now on that § = —. The proof that
follows is technical and requires constructing several auxiliary graphs; Figure 2 offers a
pictorial aid for the various subclaims made below. We must now consider how our Tutte
property behaves with respect to the other reference orientation for By. Define (’)rzéf by
(’)rz/f(e;r) = (’)rz/f(ez_) := (u, v) and define 0? = {e;r}. There are two cases to address:

€ €

either O% is bad for (By, 02, <) or it is good.

ref’
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Assume throughout
by symmetry § = —:

{} bad

Case I: Case II:
é bad @ good
Subclaim 1: Subclaim 2: Subclaim 3: | Subclaim 4: Subclaim 5:
i bad Induct on n:
e good and €n+t1
‘U’ ey eo
€3 €3
o
good golfd
a3
1 X \\
good N
(! good
good O good 7 " ,'
== bad =< Y
good

Fig.2 A visual aid for the proof of Theorem 2.18. The smaller arrows in the middle of an edge indicate the
reference orientation (if there are no arrows in the middle of an edge then the reference orientation is
arbitrary). The larger arrows at the end of an edge are edge orientations that belong to the fourientation. In
general, edges are ordered from left-to-right (with leftmost being minimal) but edge labels are included when
this is not the case and the order is important

Case I: 0? is a bad fourientation of (By, Ofe/f, <).

Note that this case is consistent with the min-edge cut property defined by (X, §). We
will show that indeed our Tutte property is this min-edge cut property.

Subclaim 1 Set O3 (ef) = O3 (e5) = 03 (e5) := (u,v). Then 03 = {e;} is a bad

ref ref ref
fourientation of (B, O3 ,, <).

Proof Suppose to the contrary. Define the auxiliary graph G* by V(G*) = {u, v, w}

and E(G*) := {e1, eo, e3,e4,e5} where e; := e3 := {u, w} and ey := e4 = e5 := {u, v}.
Set O ;(e7) = ;‘ef(e;) := (4, w) and O;"ef(e;r) = Oley) = Orgles) = (wv).
Then O* = {e;, e;'} must be good for G* := (G*, O}, <): the graph G* has two
simple cuts Cu; := {{u, v}, {w}} and Cuy := {{i, w}, {v}}; the contraction to these cuts
s (G’Eul, Oéul) ~ ((By, (’)rze/f, <), 0%) and (G‘&uz, (’)az) ~ ((Bs, Ofef, <), ©3), both of

which are good by supposition. Let G* be the graph obtained from G* by adding an
edge es := {v, w}, and let O:éf be any extension of O ;. By the Tutte condition (2c), we
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have that O* remains good for G¥ = (G*/, Of«;f' <). Set Cusz := {{u}, {v, w}}, a cut of G*.
Since we are working with a cut property, we know the contraction (G’éug, O¢,,) is good;
by removing es5 and e4 from this contraction using conditions T2(a) and T2(c) we get
that something isomorphic to ((Bs, Of’ef, <), —03) is good. But O3 and — O3 both being
good for (Bs, Orgef’ <) contradict the Tutte condition T2(b). So indeed it must have been

that O3 was bad. O

Subclaim 2 Let n > 1. Fix some (By, Oret, <). Suppose O = {el} for ¢ € {— +}
with Oref(ef) = Orefle;,®). Then O is bad for (B, Oret, <).

Proof Assume without loss of generality that Oref(ef') = (u, v). Define a reference orien-
tation O of B3 by O3 (ef) := OF3(ey) := O"F3(e) := (w,v) and O3 () =
Oref(e;ig) for all 4 < i < m+ 3. Since O3 is bad for (B3, O?ef’ <), repeated use
of condition T2(c) and one application of T2(b) says that O* := {eéIr ;€. 3} is bad
for (Byt3, O;’e‘;?’, <). Define the auxiliary graph G* by V(G*) := {u, v, w} and E(G*) :=
{e1,...,enta}, where e; := e4 := ... := eyy3 := {4, v}, eyra := {v,w} and ey := e3 :=
{u, w}. Let O, be any extension of (’):’;frs. Because the contraction of ((G*, O, <), O%)

€

to the cut {{u}, {v, w}} is isomorphic to ((B3, O3, <), 0%), we get that O* is bad for

ref
G* = (G*, O} <). So by condition T2(c), O*\e,+4 is bad for G*\e,+4. Note that
G*\ey+4 has two simple cuts: Cuy = {{u, v}, {w}} and Cuy := {{u, w}, {v}}. The con-

traction of (G*\ey44, O*\ey+4) to Cu; is isomorphic to ((By, O?ef’ <), 0?), which is good.
So it must be that the contraction of (G*\e,+4, O*\e,14) to Cuy, which is isomorphic to
((Bis Oret, <), O), is bad. O

Under the assumptions of the previous subclaim we have by condition T2(b) that —O
is good. Recall by considerations at the beginning of the proof that the status of any
fourientation O was only at issue if O = {e°} for some ¢ € {+, —} and O\e, was bad. But
we just showed that in this case the status of O still agrees with the min-edge cut property
defined by (X, §). So we are done with Case I.

CaseIl: 0% isa good fourientation of (B, Oféf, <).

Note that this case is in contradiction with the min-edge cut property defined by (X, 8).
We claim that our Tutte property must be cut weird.

Subclaim 3 We have {—} € X.

Proof Suppose to the contrary. Define the auxiliary graph G* by V(G*) = {u, v, w}

and E(G*) := {e1, ey e3} where e; := e3 = {u,v} and e; := {u, w}. Define O}
by (’);“ef(e;r) = Ofef(e;) := (i, v) and (’)fef(e;r) = (W, u). Then O* := {e;, e;} is good for

G* := (G*, O}, <): the graph G* has two simple cuts Cu; := {{n, v}, {w}} and Cuy :=
{{u, w}, {v}} and we have that (G’&ul, Oéul) ~ ((By, Orlef, <), {e; }) and (G’&uz, (’)az) ~
((Ba, Ofef, <), 02), both of which are good by supposition. Let G* be the graph obtained
from G* by adding an edge e4 := {v, w}, and let O;‘éf be any extension of O},;. Then O*
is good for G* = (G¥, Oféf, <) by condition T2(a). Set Cusz := {{u}, {v, w}}, a cut of G*.
The contraction (G“éug, Oéus) is good; by removing e3 from this contraction using T2(a)
we get that something isomorphic to ((Ba, (’)rz‘;f, <), —0%)is good. But 0? and —0? both

being good for (B, Of;f, <) contradict T2(b). So {—} € X. O
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Subclaim 4 We have {+} ¢ X.

Proof Define the auxiliary graph G* by V(G*) := {u, v, w} and E(G*) := {ey, ea} where
e1 := {u, v} and ey := {u, w}. Define O:ef(ef) := (i, v) and O:‘ef(e;) = (u, w). Set O* .=
{e;'}. Then O* isbad for G* := (G*, O}, <) because its contraction to Cu; := {{u, w}, {v}}
is bad. Let G* be the graph obtained from G* by adding an edge e3 := {v, w}, let O:;f
be the extension of O with O:‘;f(e;) = (v, w), and let O% = O* U {eg, e; }. Note that
0¥ is good for G¥ = (G¥, O;*;f, <): the contractions to Cu; and Cuy := {{u, v}, {w}}
no longer give potential cuts, and the contraction to Cus := {{u}, {v, w}} is isomorphic
to ((Ba, Orzef’ <), ©0?). So by condition (2b), one of O* U {e;'} or O*U{e; } must be good for
G* . Note that O* U {e3'} is not good because the contraction of (G¥,0* U {e5}) to Cuy
is isomorphic to ((By, O?e/f’ <), —(92,), which is bad by condition T2(b) since ((Bz, Of;f,
<), 0%)is good. So O* U {e;} must be good; but then ((Bo, (’)rzef, <), {ef', e;}), which is
isomorphic to the contraction of G¥,0*u {e;' }) to Cuy, is good. Then by T2(b) and T1

we get {+} ¢ X. |

Therefore, we must have X = {@, {—}}. This indeed is possible. In this case, the good
fourientations are the cut weird fourientations. To see that these are exactly the good
fourientations, again we can just check agreement on banana graphs. The only case
not addressed by above considerations is when O is a fourientation of (B, O, <) for
some 7 > 1 where e}, € O for ¢ € {—, +} and O\e, = & is bad.

Subclaim 5 Letn > 1. Set O := {e;/}. Then O is good for any (By, Opef, <).

Proof We prove this by induction on #. The case n = 2 is true by our suppositions.
So assume 7 > 2 and the result holds for smaller n. Assume without loss of generality
that (’)ref(ef) = (&, v). Suppose (’)ref(ezil) = (’)ref(el,’/) = (u,v) for y, y’ € {+ —}. Define
the auxiliary graph G* by V(G*) := {u, v, w} and E(G*) := {e1, ..., e,+1} where e; :=
o= ey—n = ey = {u,v} and e, := ey41 := {u, w}. Define O} ; by OF ((e;) := Orer(e)
forall 1 <i<n—2and O%(e]_)) == O%i(el,,) = (w,w) and O% (e ) := (V). Let
O* := {e}, eL_l}. Then O* is good for G* := (G*, O}, <): the graph G* has two simple
cuts Cu; := {{&, v}, {w}} and Cuy := {{», w}, {v}}; the contraction to Cu; is isomorphic
to ((By, O?ef’ <), ©%) or to ((Bo, Ofef’ <), ©%), which are good, and the contraction to Cuy
is isomorphic to ((B,—1, O;ef, <), {e;il}), which is good by our inductive hypothesis. Let
G* be the graph obtained from G* by adding an edge e,y2 := {v, w}, and let O:e/f be
any extension of O} . By condition T2(c), we have that O* remains good for G¥ =
(G¥, Oféf, <). Set Cus := {{u}, {v, w}}, a cut of G* . The contraction (G*C/us, (9"6”3) is good;
by removing e,4+1 from this contraction using condition T2(a) we get that something
isomorphic to ((By, Oy, <), O) is good. O

Under the assumptions of the previous subclaim we have by condition T2(b) that —O is
bad. So indeed any property that lands in Case Il would have to be cut weird. By mimicking
the proof of Theorem 2.17 one can show that cut weird actually defines a consistent Tutte
cut property. Finally note that if § = + then by a completely symmetric argument either
our Tutte property is still a min-edge cut property or we arrive at the other exceptional
case where our property is cut co-weird. O

Remark 2.19 Define a signed, ordered, oriented graph to be (G, Oy, <, o), where the
triple (G, Oqet, <) is an ordered, oriented graph, and o: E(G) — {+, —} is any map from
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the edges of G to {+, —}. We could extend our notion of fourientation property to take
as input fourientations of signed, ordered, oriented graphs and only require invariance
under isomorphism of these more decorated structures. Then we could extend the min-
edge cut (cycle) property defined by (X; §) to signed, ordered, oriented graphs by saying
that a potential cut < (cycle _C)) of a fourientation O of (G, Oyf, <, o) is bad if it satisfies
both of the following conditions:

({') {e: e, € O} =S forsome S € X, where en;y is the minimum edge in E(_C>) ;
(ii") if emin is unoriented (bioriented) in O then 5o (emin) E(?).

min

The arguments already given in this section establish that the number of good (k, [, m)-
fourientations of (G, O,.f, <, o) with respect to the intersection of the min-edge cut prop-
erty defined by (X, §;) and the min-edge cycle property defined by (Y, 2) is still given by
formula (2.1) in the statement of Theorem 2.14. However, a classification of Tutte prop-
erties where we allow the extra decoration o appears to be significantly more involved
than Theorem 2.18, and it is unclear what is gained by this extra level of generality. It
would certainly be interesting to find a simple bijection from the good fourientations
of (G, O¢et, <, 01) to the good fourientations of (G, Oy, <, 02) with respect to some fixed
min-edge cut property (X, §).

3 Specializations

In this section, we consider (k, [, m)-fourientations for special values of (k, J, m). Let us call
a fourientation with no bioriented edges a Type A fourientation, and a fourientation with
no unoriented edges a Type B fourientation. In other words, a Type A fourientation is
a (1, 1, 0)-fourientation and a Type B fourientation is a (1, 0, 1)-fourientation. The fouri-
entations that are both Type A and Type B, the (1, 0, 0)-fourientations, are precisely the
total orientations. The impetus for this research was actually to unify the study of various
classes of partial orientations. We now explain how Tutte fourientation properties give
rise to many interesting classes of partial orientations.

3.1 Partial orientations

Definition 3.1 A partial orientation of (G, O,f) is a subset O of E(G) such that for each
e € E(G) atleastone of e™ ore~ isnotin O.Ife™ ¢ O ande™ ¢ O then we say e is neutral
in O and we write e ¢ O. If e* € O then we say e is oriented in O.

So a partial orientation is just a Type A fourientation where we call the unoriented edges
neutral. The reason we use “neutral” instead of “unoriented” when studying partial ori-
entations is because we actually want to consider Type A and Type B fourientations
“simultaneously.” Let us call the images of the min-edge classes of fourientations under
the identity map from Type A fourientations to partial orientations the Type A classes of
partial orientations. There is also an obvious bijection from the set of Type B fourienta-
tions of G to the set of partial orientations of G where we treat bioriented edges as neutral.
Let us call the images of the min-edge classes of fourientations under this second bijection
the Type B classes of partial orientations. Many (but not all) of the min-edge classes of
partial orientations have been studied before, as we detail in Sect. 4. In order to explicitly
describe the Type A and B classes of partial orientations, let us give some preliminary
definitions.
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Definition 3.2 By abuse of language, a directed cut (cycle) of a partial orientation is a
directed cut (cycle) of the underlying oriented graph for which all edges are oriented
in agreement with the cut (cycle). A potential cut (cycle) of a partial orientation is a
directed cut (cycle) of the underlying oriented graph for which all oriented edges are
oriented consistently with the cut (cycle), but neutral edges are allowed. In symbols, T is
a directed cut (cycle) of O if et € E(?) = et € Oforalle € E, whereas Tisa potential
cut (cycle) of O if e* E(?) = eT ¢ Oforalle € E.

Using these notions of potential and directed cuts and cycles, we give the following names
to the Type A classes of partial orientations of an ordered, oriented graph:

(1) Cut/cycle general: There are no restrictions on cuts/cycles.

(2) Cycle minimal: The minimum edge in each directed cycle is oriented in agreement
with its reference orientation.

(3) Cycle maximal: The minimum edge in each directed cycle is oriented in disagree-
ment its the reference orientation.

(4) Acyclic: There are no directed cycles.

(5) Cut directed: For each potential cut, if the minimum edge of the cut is neutral
then the cut contains an oriented edge directed in agreement with the reference
orientation of this minimum edge.

(6) Cut negative: The minimum edge in each potential cut is neutral or is oriented in
agreement with its reference orientation.

(7) Cut positive: The minimum edge in each potential cut is neutral or is oriented in
disagreement with its reference orientation.

(8) Cut connected: Each potential cut contains an oriented edge directed in agreement
with the reference orientation of the minimum edge in the cut.

(9) Cut co-connected: For each potential cut, either the minimum edge of the cut
is neutral and the cut contains an oriented edge directed in agreement with the
reference orientation of this minimum edge, or the minimum edge is oriented in
disagreement with its reference orientation.

(10) Cut neutral: The minimum edge in each potential cut is neutral.

(11) Cutpositively connected: The minimum edge in each potential cutis neutral and the
cut contains an oriented edge directed in agreement with the reference orientation
of this minimum edge.

The names of the Type B classes of partial orientations are similar (with “strongly con-
nected” being dual to acyclic). The point of considering Type A and Type B classes simul-
taneously is that there are interesting containment relations between classes across types:
Figure 3 depicts these relations. Theorem 2.14 tells us that all Type A and Type B classes
of partial orientations are enumerated by generalized Tutte polynomial evaluations (but
note that it is not true in general that an intersection of a Type A and a Type B class is
enumerated by a generalized Tutte polynomial evaluation). Figure 4 displays these specific

evaluations.

Remark 3.3 The containment relations depicted in Fig. 3 imply inequalities among the
generalized Tutte polynomial evaluations in Fig. 4: for instance, for any graph G on n
vertices with cyclomatic number g we have 28 - T (2, %) < 2m=1. (1, 3).
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Fig.3 Min-edge cut and cycle classes of partial orientations ordered by containment

3.2 Total orientations

Of course, we can also set (k, [, m) :=

(1,0,0). The (1, 0, 0)-fourientations of G are precisely

the total orientations. The min-edge cut classes for total orientations are:

(1) Cut general: There are no restrictions on cuts.

(2) Cut minimal: The minimum edge in each directed cut is oriented in agreement with

its reference orientation.

(3) Cut maximal: The minimum edge in each directed cut is oriented in disagreement

with its reference orientation.

(4) Strongly connected: There are no directed cuts.

The poset of these four classes ordered by containment is isomorphic to the Boolean lattice
on two elements. By intersecting min-edge cut and cycle classes of total orientations, we
realize all values of T'(x, y) for integral 0 < x, y < 2 as explained in the unifying work of
Gioan [27] and Bernardi [13]. Bernardi connects this 3 x 3 table with a corresponding
table of classical subgraph enumerations. Note, however, that the input data of [13] are
different than what we are working with here: Bernardi uses an embedding of the graph
into a surface rather than O, and < to define his classes and in particular to define a
notion of internal and external activity. The middle row and column of the 3 x 3 table

have various equivalent descriptions (see also Sect. 1.1 above):

« Middle row:

— cycle maximal total orientations;

cycle minimal total orientations;

equivalence classes of total orientations modulo cycle reversals;
indegree sequences of total orientations.
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Fig.4 Four tables showing how the min-edge classes of generalized orientations are enumerated by
generalized Tutte polynomial evaluations. Cells shaded in gray are enumerations that had been obtained in
some form prior to this work or are trivial (see Sect. 1.1)

« Middle column:

— cut minimal total orientations;

— cut maximal total orientations;

— equivalence classes of total orientations modulo cocycle reversals;

— g-connected total orientations.

Informally, the indegree sequence of an orientation is the list of the numbers of incoming
edges at each vertex, and a g-connected orientation is one with a directed path from g
to every other vertex. We now recall the cycle/cocycle reversal systems of Gioan [27].

Page 23 of 57



Backman and Hopkins Res Math Sci(2017)4:18 Page 24 of 57

Given a total orientation O of G, a (co)cycle reversal is the operation of replacing O

C C
by (O\E(C)) UE(—C) for some directed cycle (cut) C of O. We write © <~ O'(O < O')
if O is related to O’ by a series of (co)cycle reversals, and write O ~ O if O is related to
Cy C
O’ by a series of cycle and cocycle reversals. The three equivalence relations Ny, <, and ~
define the cycle, cocycle, and cycle—cocycle reversal systems, respectively. Each equivalence
class in the (co)cycle reversal system contains a unique cycle (cut) minimal orientation,
and each equivalence class in the cycle—cocycle reversal system contains a unique cut
minimal-cycle minimal orientation. The cycle/cocycle reversal systems are discussed in
more detail in Sect. 4.2.

3.3 Tables of enumerations

Figure 4 displays four tables recording the generalized Tutte polynomial evaluations that,
as a consequence of Theorem 2.14, enumerate the various min-edge classes of generalized
orientations.

3.4 Subgraphs

If weset (k, [, m) := (0, 1, 1), we get fourientations with no oriented edges. We may identify
such fourientations with subgraphs by thinking of the bioriented edges as belonging to
our subgraph and the unoriented edges as being absent. All subgraphs H of G under
consideration are spanning: they have V(H) = V(G) and E(H) € E(G); so we can identify
the subgraph H with its set of edges E(H). Let H € E(G) be a subgraph. Then, by abuse
of notation, a cut Cu of H is a cut Cu of G with E(Cu) N H = @. And a c¢ycle Cy of H is a
cycle Cy of G with E(Cy) € H. The min-edge cut classes for subgraphs become:

(1) Cut general: There are no restrictions on cuts.
(2) Connected: The subgraph has no cuts.

Of course the poset of these two classes ordered by containment is isomorphic to the
Boolean lattice on one element. Dually, the min-edge cycle classes become:

(1) Cycle general: There are no restrictions on cuts.
(2) Forest: The subgraph has no cycles.

These classes make up two rows and two columns of the 3 x 3 table of classical subgraph
Tutte polynomial enumerations mentioned above. In order to recover the other row and
column of this table, we need to consider internal and external activities: this will be the
main project of a sequel paper. We now briefly sketch this approach.

3.5 Future work: activities
For a fourientation O of G let O° denote the set of oriented edges of O, O* the set of
unoriented edges, and O the set of bioriented edges as in the statement of Theorem 2.14.
Also, let O denote the set of edges oriented in agreement with the reference orientation
and O~ the set of edges oriented in disagreement with the reference orientation so that
0°=0TU0O.

Las Vergnas developed a notion of orientation activity that allows one to recapture
the enumerations in the bottom 3 x 3 table in Fig. 4. Specifically, let us say e € E(G) is
internally active in the total orientation O if it is the minimum edge in some directed cut



Backman and Hopkins Res Math Sci(2017)4:18 Page 25 of 57

of O. Dually, we say e € E(G) is externally active in O if it is the minimum edge in some
directed cycle of O. Let I(O) denote the set of internally active edges in O and L(O) the
set of externally active edges. For ease of notation set [(OT) := I(O) N O and so on. Las
Vergnas [41, Theorem 3.1], [42, Theorem 3.1] proved

To(w+wy+2)= 3 Al OO LONILO) (3.1)
O

where the sum is over all total orientations O of G.

There is a very analogous story for subgraphs. We say an edge e € E(G) is internally
active in the subgraph H C E(G) if e is the minimum edge in a cut of H\{e}. Dually, we
say e € E(G) is externally active in H if e is the minimum edge in a cycle of H U {e}. Let
I(H) denote the set of internally active edges of H and L(H) the set of externally active
edges. In the case where H is a spanning tree of G, these notions of activity go back to the
original work of Tutte [65], but in the case of arbitrary subgraphs H the earliest reference
for these notions of activity we are aware of is Gordon—Traldi [30] (but see also [9]).
Gordon-Traldi [30, Theorem 3] (see also [43, Theorem 3.5]) proved

TG (Xs 4 Wi Vi + 24) = Z x*II(H)ﬂH\W*II(H)\HIy*\L(H)\le*\L(H)ﬁHI‘ (3.2)
HCE(G)

Of course Egs. (3.1) and (3.2) give different expressions for the same Tutte polynomial
evaluation when the variables with stars equal those without. Giving a bijective proof of
this fact that matches terms in the two sums is one aim of the so-called active bijection
of Gioan—Las Vergnas [29]. We now discuss a different approach to understanding the
relationship between (3.1) and (3.2) via fourientations. The ultimate goal is to derive a
fourientation activity expression for the Tutte polynomial that specializes to both (3.1)
and (3.2). So let us say an edge e € E(G) is internally active in a fourientation O of G if

« eisoriented in O and is the minimum edge of some potential cut of O;
+ eisunoriented in O and is the minimum edge of some potential cut of O U {e~}.

Dually, we say e € E(G) is externally active in O if

« eisoriented in O and is the minimum edge of some potential cycle of O;
« eis bioriented in O and is the minimum edge of some potential cycle of O\{e™}.

As before, let 1(O) denote the set of internally active edges in O and L(O) the set of
externally active edges. Set I(O%) := I(O) N O* and so on. Then the techniques developed
in this paper allow one to prove that
kx +kw+we +m ky+ kz+ 1+ mz,
k+m ’ k+1 )
= ko 1101 | O L@ MOy, OO HILOT)] 5 ILO")] (3.3)
o

where the sum is over all fourientations O of G. Taking x, w, wy, 5, v, v« € {0, 1} in (3.3)

(k +m)" Yk + 18 Tg (

recovers the enumeration of min-edge classes of fourientations from Theorem 2.14. Also,
specializing (k, [, m) := (1,0, 0) in (3.3) recovers Las Vergnas’s formula (3.1). Moreover,
specializing (k, [, m) := (0, 1, 1) in (3.3) yields

To(1+wwl+z)= Z W*\I(H)\HIZ*IL(H)0H|,
HCE(G)
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which is (3.2) with x, := 1 and y, := 1. A natural question is if we can introduce two extra
variables, x, and ., into (3.3) so that we can fully recover the Gordon—Traldi formula (3.2)
when we set (k, [, m) := (0, 1, 1). This amounts to extending the definition of fourientation
activity so that bioriented edges can be internally active and unoriented edges can be
externally active. This extension is carried out in a sequel paper with Traldi [6]. Note,
however, that the description of fourientation activities given in that paper is not entirely
satisfactory because in order to allow bioriented edges to be possibly internally active and
unoriented edges to be possibly externally active, we have to define activity recursively, in
contrast to the explicit definitions of activity given above. See [6] for details.

4 Connections between min-edge classes and geometric, combinatorial, and
algebraic objects

The mid-edge classes of fourientations enumerated in our main Theorem 2.14 are not sim-
ply formal combinatorial objects. In this section, we illustrate their broader significance
by highlighting connections to several different mathematical topics such as bigraphical
arrangements, cycle—cocycle reversal systems, Riemann—Roch theory for graphs, zono-
topal algebra, graphic Lawrence ideals, and the reliability polynomial. In the future, we
hope that a more unified understanding of these various relationships will arise which
incorporates additional min-edge classes.

Throughout this section, we fix an ordered, oriented graph G = (G, O,ef, <) which
has n := |V(G)| vertices and cyclomatic number g := |E(G)| — |V(G)| + 1. We will
suppress mention of the reference orientation and edge order where it is not necessary
(and thus for example speak of fourientations or partial orientations of G).

4.1 Bi(co)graphical arrangements

Cycle neutral partial orientations are related to the bigraphical arrangements originally
defined by the second author and Perkinson [35]. We explain this relationship precisely
here and also define for the first time the object dual to the bigraphical arrangement,
namely the bicographical arrangement. The bi(co)graphical arrangement depends on the
graph G as well as a parameterlist A = (a,x) € R[E(OG), which is a list of positive real param-

eters a,+, a,- € R. ¢ for each e € E(G) subject to the technical restriction that ap # ap
1 2

for e‘il # egz € E(G) with Oref(efl) = Oref(egz). For an appropriate choice of parameters,
the regions of the bi(co)graphical arrangement are in bijection with cycle (cut) neutral
partial orientations; moreover, the regions that avoid a certain generic hyperplane are in
bijection with cut minimal-cycle neutral (cycle minimal-cut neutral) partial orientations,
and the bounded regions are in bijection with strongly connected-cycle neutral (acyclic-
cut neutral) partial orientations. The result concerning bounded regions of the bigraphical
arrangement was essentially already proved in [35], albeit in slightly different language.
In general, for any hyperplane arrangement A these three region counts (total number of
regions, number of regions avoiding a generic hyperplane, number of bounded regions)
are given (up to sign) by evaluating the characteristic polynomial y 4(¢t) att = —1,0, 1.
These three characteristic polynomial evaluations allow us to explain an entire row (resp.,
column) in one of the tables in Fig. 4 in terms of the bi(co)graphical arrangement.

The degenerate case of the bi(co)graphical arrangement where we set all the parameters
aq+ to 0 recovers the (co)graphical arrangement. Many of the results here are exten-
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sions from total orientations to partial orientations of results obtained by Greene and
Zaslavsky in [32], especially §8 of that paper which explores the cographical arrangement.
In the proofs in this subsection we assume some familiarity with the theory of hyperplane
arrangements, especially the notions of the intersection poset and characteristic polyno-
mial of a hyperplane arrangement; see [63] for all the relevant definitions and background

information.

Definition 4.1 LetA = (a,+) € RIE(OG) be a parameter list. Let W ~ RY(%) be a real vector
space with basis x, for v € V. Let I € W be the subspace of W where ZveV(G) x, = 0.
The bigraphical arrangement XG0, )(4) € U is

ref

2(6,0,)(A) = {He+ N U, H,- N U : e € E(G) with e not a loop}

where for a nonloop e € E(G) with e* = (1, v) we define H,+ := x, — x,, = a,+. Note that
the bigraphical arrangement is an essential arrangement of 2|E(G)| hyperplanes in (n —1)-

dimensional space.

Definition 4.2 Let A € IRIE(OG) be a parameter list. Let W ~ RE(G) be a real vector space
with basis x,+ for e € E(G), with the convention that x,- = —x,+. Let I € W be
the subspace of W where for every v € V(G) we have ¥+ g, v(G)\ () ¥+ = 0. The
bicographical arrangement ZE*G’OM)(A) CUis

ETG,OM)(A) = {He+ NU,He- NU: e € E(G)}

where for e € E(G) we define H,+ := x,+ = a,=. Note that the bicographical arrangement
is an essential arrangement of 2| E(G)| hyperplanes in g-dimensional space. (This is because
U is determined by # linear equations, any n — 1 of which are linearly independent, so its
dimension is |[E(G)| — (n — 1) = g.)

A region of a hyperplane arrangement A in R¥ is a connected component of RK\ A. In
both the bicographical and bicographical arrangements, the hyperplanes H,+ and H,- cut
out a “sandwich” in space for each e € E(G), so that for any region R of the arrangement
exactly one of the following holds:

(a) Risin the half-space of U\H,+ opposite from H,-;
(b) Risin the half-space of U\H,- opposite from H,+;
(c) Risbetween H,+ and H,-.

Thus, there is a natural map R +— Op that associates with any region R of either
the bicographical or bicographical arrangement a partial orientation Og of (G, Oyef)
whereby e € E(G) is oriented as e™ in case (a), it is oriented as e™ in case (b), and it
is left neutral in case (c).> The second author and Perkinson [35] show that for a generic

parameter list A the number of regions of ¥, 0, ,)(4) is given by a generalized Tutte poly-

ref)
nomial evaluation. In order to make their input data compatible with the edge order <
used to define classes of partial orientation above, we will fix a particular choice of generic

parameters, namely exponential parameters. We define the exponential parameter list

%In the case of the bigraphical arrangement, if e is a loop we did not include hyperplanes H,+ for e because they would
lead to contradictory equations, but we can in fact consider these as hyperplanes “at infinity” and thus treat any region
as “between” H,+ and H,-. Thus, a loop will always be neutral in O for R a region of (6,0, (A). It can similarly be
seen that an isthmus will always be neutral in O, for R a region of 2(*6, Om)(A)'
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associated with < to be A~ := (a;) where for each e € E(G) weseta_, :=a; = (1/2)
if e is the ith smallest edge according to <. That s, ife; < e3 < --- < e, are the elements
of E(G), then a; = a:‘_ = (1/2)".

Proposition 4.3 The map R — Og, is a bijection between the regions of X(G,0,,,)(A~) and
the cycle neutral partial orientations of G.

Proof Cleary R +— Op is injective as a map to partial orientations. It is shown in [35,
Theorem 1.6] that for a bigraphical arrangement g, ;) (A) with arbitrary parameter list
A, the image of this map R > Ok is the set of so-called A-admissible partial orientations.
A partial orientation O is A-admissible if every potential cycle of O has a positive score
with respect to A, where the score v4(C, O) of a potential cycle ?y is given by

vA(ﬁy,O):: Z At — Z e

et EE(@), e+ e]E(@),
e¢O eteO

We are interested in the case of the exponential parameter list A<. There is a simpler
description of admissibility in this special case: a partial orientation is A<-admissible pre-
cisely when the minimum edge in every potential cut is neutral because the contribution
of this minimum edge in a potential cycle dominates the score of that cycle. In other
words, a partial orientation is A=-admissible precisely when it is cycle neutral. So indeed
the image of R — Ok is the set of cycle neutral orientations. ]

Proposition 4.4 The map R — Og is a bijection between the regions of EkG o f)(A<) and

the cut neutral partial orientations of G.

Proof This proposition is formally dual to the previous one. Using the same techniques
as in [35] we can describe when a partial orientation is in the image of R > Og in terms
of scores associated with potential cuts, and we will see that with A< the A-coadmissible
partial orientations will be precisely the cut neutral ones. Alternatively, one could also
prove, as in [35, Theorem 3.2], that because A< is generic the characteristic polynomial
of E(*G,Oref)(A<) is XZFG’Ore )(A<)(t) = (—2)8T3(1, 1—¢t/2), which would show via Zaslavsky’s
theorem [63, Theorem 2.5], [68] that there are at least the same number of cut neutral
partial orientations as regions of X Ows) (A<). Then itis easy to see that Op for R a region
of EE"G, Oref)(A<) cannot have a potential cut whose minimum edge is directed, proving
that the map is indeed a bijection. ]

Compare the following propositions to [32, Corollary 8.2].

Proposition 4.5 Let M > 0 be some large positive constant and define the hyper-
plane Hy € R" " by Ho := Y e p(G) et —(uv) Bar ®v — %) = —M. Then the map R — Op
is a bijection between the regions R of ¥(G,0,..)(A~) with RN Hy = @ and the cut minimal-
cycle neutral partial orientations of G.

Proof Let A be an essential arrangement of hyperplanes in R¥. Let us say the hyperplane
Hy is in general position with respect to A if for any Hi, ..., H,, € A, we have that
dim(H;yN...NH, NHy) =dim(H;N...NH,)—1ifdim(HiN...NH,;)>1land H; N
...NH,NHy = @ifdim(H;N...NH,,) < 1.Suppose H is in general position with respect
to A. Then the number of regions R of A such that H N R = @ is given by (—1) x.4(0),
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where x4 is the characteristic polynomial of A. This interpretation of x4(0) is due to
Greene and Zaslavsky [32, Theorem 3.1].

Recall that a hyperplane arrangement A is generic if for all H;,, . . ., H;, € Awe have that
H; N---NH; # @ ifand only if the normal vectors to the H,'j are linearly independent
(see [63, §2]). We say that a parameter list A is generic if ¥ 0,,,)(A) is generic. It is shown
in [35, Theorem 3.2] that for generic 4, the characteristic polynomial of ¥ 0,,)(A) is
XZ(G,oref)(A)(t) = (=2)""'Tg(1 —t/2,1). Thus, the previous claim tells us that the number

of regions of (g0, )(A) for generic A that avoid a generic hyperplane is 2"~1T¢(1, 1),

ref
which is precisely the number of cut minimal-cycle positive partial orientations of G by
Theorem 2.14. It is easy to see that A< is a generic parameter list and Hy is in general
y(A<).

To finish the proof, we show that if Op is not cut minimal, then R must have nonempty

position with respect to X0,
intersection with Hy. Suppose Op is not cut minimal. Then there is a directed cut
Cu = (W, W¢) of Op such that the orientation of the minimum edge in E (C_'L)t) disagrees
with Oper. Let 1ye := D", e %y, and let p be a point in R. Let Lo be the linear form
Zeeﬂﬁz(w) az (xy — xy). Then Lo(p + t1we) = Lo(p) + Nt where

N = Z ay — Z a.

e"’eIE(@) e‘eIE(E)'M)

Note that N is negative because the orientation of the minimum edge in E (67) disagrees
with Oyer. And note also that p + t1yc € R for all ¢ € [0, 00). Thus, we can find a
point g € R with Ly(g) arbitrarily small. This means R intersects Hy nontrivially as long
as M is taken to be sufficiently large. ]

Proposition 4.6 Let M > 0 be some large positive constant and define the hyper-
plane Hy € RE by Hy = }_,cp(G) a5 e+ = —M. Then the map R +— Og is a bijection
between the regions R of (*G, Oref)(A<) with RN Hy = & and the cycle minimal-cut neutral
partial orientations of G.

Proof Again, this proposition is formally dual to the previous one and the key is to compute

the characteristic polynomial of E(*G, Oref)(A<)' O

The following propositions should be seen as analogous to the fact that there are no
strongly connected-acyclic total orientations, which agrees with there being no bounded
regions of the (co)graphical arrangement.

Proposition 4.7 The map R > Og is a bijection between the regions of £(G,0,.,)(A~) that
are bounded and the strongly connected-cycle neutral partial orientations of G.

Proof It is shown in [35, Theorem 1.8] that the bounded regions R of (g 0,,;)(4) for any
parameter list A are those for which Op is A-admissible and such that every oriented
edge in Op belongs to a potential cycle. Although they did not describe it in these terms,
that is equivalent to saying that the bounded regions R are those for which Op is A-
admissible and strongly connected because, in light of Proposition 2.6, each oriented edge
in a partial orientation either belongs to a potential cycle or to a directed cut, but not both.
Thus indeed the bounded regions R of X 0,)(A~) are those for which O, is strongly
connected and cycle neutral. ]
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Proposition 4.8 The map R +— Oy is a bijection between the regions of ZE"G Owe) (A=) that

are bounded and the acyclic-cut neutral partial orientations of G.
Proof This proposition is again dual to the previous one. O

Example 4.9 Let G be the triangle graph as below:

Vo V2
€3 €1 / f
1% 1% V3 @ 1%
3 e 1 3 1
G Oref

Take O.er as above and let < be given by e; < ez < e3. The Tutte polynomial of G
is Tg(x y) = x> + x + y. Figure 5 shows the bigraphical arrangement of G together
with a labeling of its regions by partial orientations. Note that there are 2! TG(%, 1) =
19 regions of ¥(g0,,)(A~) and their labels are the cycle neutral partial orientations.
There are 2"~ 1Tg(1,1) = 12 regions of 2(G,0,) (A7) that avoid Ho, shaded in light and
dark gray, and their labels are the cut minimal-cycle neutral partial orientations. There
are 2”_1Tg(%, 1) = 7 bounded regions of ¥ 0,)(A~), shaded in dark gray, and their
labels are the strongly connected-cycle neutral partial orientations. Figure 6 depicts the
bicographical arrangement of G similarly labeled.

In fact, the Tutte polynomial tells us not just the number of regions but also the dis-
tance enumerator of the bi(co)graphical arrangements with exponential parameters. For
a hyperplane arrangement A and some distinguished base region Ry, the distance enu-
merator of A with respect to Ry is

1
— Ty = 5

a5 s\ AN

Fig. 5 Bigraphical arangement X 0, (A=) in Example 4.9. The hyperplane
Ho = 306, —X) + $ 0 — x0,) + s — Xy,) = —M from Proposition 4.5 is depicted in red
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Fig. 6 Bicographical arrangement EZ‘G Oyef)(A<) in Example 4.9. The hyperplane

Ho = %(XGT) + %(xe;) + %(xe;) = —M from Proposition 4.6 is depicted in red

d(Ro,R
Dag,) = Y.  y* B,
R aregion of A

where d(Ry, R) is the distance between Ry and R, i.e., the number of hyperplanes separat-
ing Ry from R. For more on the distance enumerator of hyperplane arrangements, and
especially the special case of the Shi arrangement, see [63, §6].

Corollary 4.10 Let Ry be the central region of the bi(co)graphical arrangement, that is, the

yA<) and T}, )(A<)

region containing the origin. The distance enumerators of (g0 (GO
7~ rel

ref

with respect to Ry are

— y 1
DZ(G’Oref)(A<)’R0(y) = (y + 1)” lyg ’ TG (1 + a1 _>;

y+1y
Dse o uom® =9+ 18 To (S 1+ -2
z:(Gvoref)(A »Ro Y G y’ y =+ 1 '

Proof The distance enumerator Dy, ; , (A<)Ro (y) is just the generating function for cycle

neutral partial orientations by number of oriented edges and so the claimed formula holds

by Theorem 2.14. The case ofD):(*Go JA<)Ro (y) is analogous. |
»~ref

Remark 4.11 For an arbitrary generic parameter list A € R[E(OG), although the number of

regions of ¥ (g 0,.)(4) is 21 T(%, 1), it is not necessarily the case that

y 1)
y+1y)

For example, suppose G = K3 is the triangle graph as in Example 4.9. Then the parameter

DE(G,Oref)(A)’RO = ()’ + 1)"—1yg . TG (1

list A := (a,+) given by a.+ := 1 for all e € E(G) is generic, but there are six regions R of
2(G,0rep)(A) with d(Ro, R) = 1 (see [35, Figure 1]) while there are only four regions R of
E(G’oref)( <) with d(ROI R) =1 (See Flg 5)

Remark 4.12 Let W ~ RE() be a real vector space with basis x.+ for e € E(G) with
the convention that x,- = —x,+. Let £ 0,,)(A) := {H=} be the “perturbed coordinate
hyperplane arrangement” in W with H,+ := x,+ = a,+. For a directed cut or cycle T of
G define the vector X = Ze ten(C) x.+ € W. The bicographical arrangement is the

projection of £ 0,,)(A) to the subspace &/ € W where e = 0 for all directed cuts Cu
of G. In order to make the bicographical arrangement look more like the bicographical
)(A) to the subspace I’ € W
where x@ = 0 for all directed cycles 83/ of G. Consequently, one might wonder which

arrangement, one can also view it as the projection of £ ¢

ref

other min-edge classes of partial orientations can be described by projecting £, 0, ()(A~)
to various subspaces: for instance, the set of all partial orientations is naturally in bijection
with the regions of £ 0, ) (47).

Page 31 of 57
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Remark 4.13 There is another notion of acyclicity for partial orientations which is not
to be confused with our acyclic partial orientations. In a recent paper of Iriarte [37],
this other kind of acyclic partial orientation is called a “partial acyclic orientation.” A
partial acyclic orientation is one for which the contraction of all neutral edges yields an
acyclic total orientation. By contrast, the acyclic partial orientations studied in this paper
are those such that the deletion of all neutral edges yields an acyclic total orientation.
There is a bijection between the partial acyclic orientations of a graph and the faces (i.e.,
the regions and the faces of lower dimension) of its ordinary graphical arrangement (see
Greene—Zaslavsky [32, Lemma 7.2] or Zaslavsky [69, Corollary 4.6], who proves a stronger
version of this result that holds at the level of signed graphs). Recast in our terminology,
these partial acyclic orientations are the partial orientations whose only potential cycles
consist of all neutral edges. Apparently the partial acyclic orientations are not enumerated
in a simple way by the Tutte polynomial. However, we remark that these partial acyclic
orientations are precisely the partial orientations that are cycle neutral for all choices of
edge order <. They are also the partial orientations that are A-admissible for all choices

. E(G)
of parameter list A € R_ ™.

4.2 Cycle/cocycle reversal systems and Riemann-Roch theory for fourientations

Recall the definitions of cycle and cocycle reversals, and of the cycle, cocycle, and
cycle—cocycle reversal systems from Sect. 3.2 above. Gioan [27] used the cycle/cocycle
reversal systems to give a unified framework for understanding the evaluations 7'(x; y)
for 0 < x4,y < 2 integral. Each equivalence class in the cycle (cocycle) reversal system
contains a unique cycle (cut) minimal orientation and so these objects give distinguished
representatives. Thus, the 3 x 3 table at the bottom of Fig. 4 is equivalent to Gioan’s 3 x 3
square. Furthermore, Gioan also showed that the two orientations are in the same equiv-
alence class of the cycle—cocycle reversal system if and only if their associated indegree
sequences are equivalent by chip-firing moves, which we now describe: given a chip con-
figuration, which is simply a function from the vertices to the integers, a vertex fires by
sending a chip to each of its neighbors and losing its degree number of chips in the process;
we say that two chip configurations D and D’ are chip-firing equivalent if we can get from
one to the other by a sequence of chip-firings moves. Equivalently, if we view D and D’ as
vectors, then they are chip-firing equivalent when their difference is in the integer span
of the columns of the Laplacian matrix of G.

In [4,5], the first author investigated two different extensions of Gioan’s cycle/cocycle
reversal systems for partial orientations. One extension, which we call the cycle/cocycle
reversal systems for partial orientations, describes the set of partial orientations modulo
cycle and/or cocycle reversals. The definition of (co)cycle reversals for partial orientations
is exactly the same as for total orientations: given a partial orientation O of G, a (co)cycle
reversal is the operation of replacing O by (O\E(ﬁ)) U ]E(—?) for some directed cycle
(cut) C of O. These cycle/cocycle reversal systems are related to the graphic and cographic
Lawrence ideals from combinatorial commutative algebra, and in [4] it was demonstrated
that they define equivalence classes of partial orientations counted by generalized Tutte
polynomial evaluations. Each equivalence class in the (co)cycle reversal system contains a
unique cycle (cut) minimal partial orientation. The (co)graphic Lawrence ideals and their
connection to fourientations are discussed in Sect. 4.5. The other extension, which we call
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the generalized cycle/cocycle reversal systems for partial orientations, was introduced in [5]
for the study of chip-firing in the context of Baker and Norine’s combinatorial Riemann—
Roch theorem [7]. We now explain how this extension allows for a direct and esthetically
pleasing interpretation of the graphical Riemann—Roch duality in terms of fourientations.
At the time of writing, the precise connection between the Tutte polynomial and the
generalized cycle/cocycle reversal systems remains a mystery.

In [5], an edge pivot for partial orientations was defined as follows: given an edge e
oriented toward a vertex v and €’ a neutral edge incident to v, we may unorient e and
orient ¢’ toward v. This name is motivated by the image of an oriented edge nailed down
at its head which can pivot to other unoriented edges. The generalized cycle, cocycle
and cycle—cocycle reversal systems for partial orientations are defined to be these systems
extended to partial orientations by the inclusion of edge pivots.

We can of course define cycle and cocycle reversals for fourientations. For a fourientation
O of G, we say the directed cut (cycle) T is directed cut (cycle) of T if IE(_C>) C O and
IE(—_C)) N O = @. Then, as before, a (co)cycle reversal is the operation of replacing O
by ((’)\E(?)) U E(—?) for some directed cycle (cut) T of O. The cycle/cocycle reversal
systems for fourientations are defined in terms of these reversals.

We now introduce generalized edge pivots for fourientations, which we will simply call
edge pivots. Let e and €’ be a pair of edges incident to v. Suppose that e is bioriented or
is oriented toward v and €’ is either unoriented or oriented away from v. Then, we can
remove the orientation of e toward v and add an orientation of ¢’ toward v. That is, if O
is a fourientation with efl = (vu) € O but egz = (w,u) ¢ O, then an edge pivot is the
operation of replacing O by O’ = ((9\{@?1 })U{eg2 }. See Fig. 7 for the different combinatorial
types of edge pivots. The generalized cycle, cocycle and cycle—cocycle reversal systems for
fourientations are defined to be these systems extended to fourientations by the inclusion
of generalized edge pivots. We write O ~ O’ if the fourientations O and O’ are equivalent
in the generalized cocycle reversal system.

Remark 4.14 A cycle reversal in a fourientation can be performed by a sequence of gen-
eralized edge pivots as depicted in Fig. 8. Thus, the generalized cycle—cocycle reversal
system and the generalized cocycle reversal system for fourientations agree.

For a fourientation O of G and a vertex v € V(G), we define the indegree of O
at v to be indeg,(v) := et = (wv) € O}|. In keeping with the terminology
of algebraic geometry, we define the divisor associated with the fourientation O to

ANETANEN AT

Fig. 7 Various types of edge pivots

VANE AN

Fig. 8 A cycle reversal performed by edge pivots
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Fig.9 A Jacob’s ladder cascade

be Do = ZVGV(G)(indego(v) — 1)(v) viewed as a formal sum of the vertices with integer
coefficients. Similarly, given two divisors D and D’ we write D ~ D' if they are equivalent
by chip-firing moves and say they are linearly equivalent. See [54] or the upcoming book
[18] for background on linear equivalence of divisors. We note that our terminology is
justified by the rich connection between combinatorial divisor theory for graphs and chip-
firing [3,7,16,49]. Lemma 3.1 of [5] says that two partial orientations are equivalent in
the generalized cycle reversal system if and only if they have the same associated divisors,
which extends Gioan’s [27, Proposition 4.10] from total to partial orientations. We now
further extend this result to the setting of fourientations.

Lemma 4.15 Two fourientations O and O are equivalent by edge pivots if and only
if Do = Dgy.

Proof 1t is clear that if O and O’ are equivalent in the generalized cycle reversal system
then Do = De. We now demonstrate the converse. First suppose that there exists
some edge e = (1, v) such that e is oriented toward v in O, but e is bioriented in O'.
Because Do = D¢ we know that there exists some €’ incident to u such that ¢’ is not
oriented toward u in O. We can perform a pivot from e to ¢ in O. By induction on the
symmetric difference of O and O’ we may assume that no such edge exists. Therefore,
their symmetric difference is a Type A fourientation, and we therefore reduce to Lemma
3.1 of [5]. ]

In [5], the first author introduced a “nonlocal” extension of an edge pivot called a Jacob’s
ladder cascade and employed this operation repeatedly. We now extend this operation
to fourientations. Let P be a directed path from u to v in the fourientation O (i.e., P is a
path from u to v that walks along oriented edges). Let e; and e; be edges not in P such
that e?l = (%, u), egz = (y, v) with efl € O and egz ¢ O. Then we can perform successive
edge pivots along P to so that e?l ¢ O and egz € O and we call this operation a Jacob’s
ladder cascade; see Fig. 9. We note that our definition allows for e; = e3 = {u, v}, and
hence, a cycle reversal may be viewed as a special case of a Jacob’s ladder cascade.

Given a fourientation O, we define O°¢ to be the fourientation obtained by reversing
the orientation of each directed edge, replacing each unoriented edge with a bioriented
edge, and replacing each bioriented edge with an unoriented edge. In other words, we
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set O° := [E(G)\O. Recall the canonical divisor of G is K = ZVGV(G)(deg(V) —2)(v) where
the degree of v € V(G) is deg(v) := [{e = {u, v}: e € E(G), u € V(G)}|. Baker and Norine’s
Riemann—Roch formula for graphs [7] investigates the rank of a divisor D, written r(D),
in comparison with r(K — D). We do not review the definition of rank here, nor the
Riemann—Roch formula, but we note the following important observation.

Remark 4.16 1f O is a fourientation, then K — Do = Doc. Thus, the divisors associated
with complementary fourientations are Riemann—Roch dual.

Lemma 4.17 If O and O’ are fourientations, then O ~ O’ if and only if O¢ ~ (O').
Proof This is trivial. o

Lemma 4.18 Let O be a fourientation, then

(i) O~ O with O" a Type A fourientation if and only if deg(Dp) < g — 1;
(ii) O ~ O with O a Type B fourientation if and only if deg(Dp) > g — 1.

Proof Wehavethatdeg(Dp) < g—1ifandonlyifdeg(Doc) > g—1,and Ois Type A ifand
only if O¢ is Type B, thus Lemma 4.17 shows that (ii) is equivalent to (i). We now verify (i).
It is clear that if O ~ O with OO’ a type A partial orientation, then deg(Dp) < g — 1.
Conversely, suppose deg(Dp) < g — 1 and O is not a Type A fourientation. Let S be
the set of vertices incident to a bioriented edge and T be the set of edges incident to an
unoriented edge. By assumption, both S and T are nonempty. Furthermore, we take S
to be the set of vertices which are reachable from S by a (possibly empty) directed path.
IfsnrT # @, then we may perform a Jacob’s ladder cascade to decrease the number of
bioriented edges. By induction on the number of bioriented edges in O, we can assume
that eventually SNT = @. Therefore, (§C, S)is fully oriented toward S, and we can reverse
this directed cut enlarging S. By induction on IS¢, this process must terminate. ]

Theorem 3.4 of [5] states that two partial orientations are equivalent in the general-
ized cycle—cocycle reversal system if and only if their associated divisors are chip-firing
equivalent. This extends Gioan’s [27, Proposition 4.13] from total orientations to partial
orientations. We now extend this theorem further to the setting of fourientations.

Theorem 4.19 If O and O’ are fourientations, then O ~ O’ if and only if Do ~ Dey.

Proof 1Ttis clear that if O and (0’ are equivalent in the generalized cocycle reversal system,
then Do ~ De/. We now demonstrate the converse. Lemma 4.17 in conjunction with the
factthat Do ~ D¢y ifand onlyif Doc ~ D(or)c allows us to assume that deg(Dp) < g—1.By
Lemma 4.18 O ~ O; and O’ ~ O, such that both O; and O, are Type A fourientations.
We know that Do ~ De, and Doy ~ Dg,, thus by transitivity Do, ~ De,. Now by
Theorem 3.4 in [5] we have O; ~ O and again by transitivity O ~ O'. |

4.3 Indegree sequences of partial orientations

For a fourientation O of G, define Do := ZVEWG) indeg (v)(v) € ZV(G). We call Do the
indegree sequence of O. Recall the divisor associated with Ois Do := 3, cy/(g)(indegp (v)—
1)(v) € ZV(Q); the distinction between the divisor associated with a fourientation and
its indegree sequence is just one of normalization. As mentioned in the last section,
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results of the first author imply that studying partial orientations up to “having the same
indegree sequence” is the same as studying equivalence classes of partial orientations in
the generalized cycle reversal system (specifically, see the discussion above Lemma 4.15).
In this subsection, we explore the number of indegree sequences in various classes of
partial orientations. We might hope that the number of indegree sequences among partial
orientations in a min-edge class is also given by a generalized Tutte polynomial evaluation.
But, as observed in [4], the number of indegree sequences among all partial orientations
of G cannot be a generalized evaluation of the Tutte polynomial of G itself: for example, the
path with three edges has 21 indegree sequences among its partial orientations while the
star with three edges has 20, but the Tutte polynomials of all trees with # vertices are the
same. This also shows that the number of indegree sequences of acyclic partial orientations
of G is not a generalized Tutte polynomial evaluation since all partial orientations of a
tree are of course acyclic. One way to get around this obstruction is by considering the
Tutte polynomial of graphs related to G. Let us denote by G* the cone over G, which is
the graph obtained from G by adding an extra vertex vo and connecting it by an edge
to every other vertex in G. Note that the cone over the path on three edges and the
cone over the star on three edges have different Tutte polynomials. It turns out that the
set {Do: O an acyclic partial orientation of G} is the set of (G*, vg)-parking functions, and
thus, the cardinality of this setis TG (1, 1). Let us first review some terminology (following,
e.g., [55]) to explain why this is.

Definition 4.20 Let G be a graph and designate a special sink vertex g € V(G).
Set V1(G) = V(G)\{g}. A (G, q)-parking function is an element ¢ = Zvevq(G) (V)
of ZV1(G) such that for all @ # U C V4(G), thereis u € U with 0 < ¢, < dLGI(u),
where dg(u) = |{e = {u, v} € E(U, V(G)\U)}|. We denote the set of (G, g)-parking func-
tions by PF(G, g). The set of (G, g)-parking function inherits a partial order from ZV4(G).
A maximal (G, q)-parking function is one that is maximal among elements of PF(G, q)
with respect to this order.

Remark 4.21 Let G’ be the graph obtained from G by removing all loops. Observe that
PF(G/, q) = PF(G, q). Indeed, the Tutte polynomial evaluations we study in this subsection
and the next are all of the form ¢ - Tg(x, 1/y), a quantity which is the same if we replace
G by G'. Thus, we will assume without loss of generality in these subsections that G = G/,
i.e., that our graph is loopless. All results stated also hold for graphs with loops, except
that in Lemma 4.22 we should replace “acyclic total orientations” with “maximal-by-
inclusion acyclic partial orientations” (since a graph with loops cannot have any acyclic
total orientations). The assumption that the graph is loopless means that any acyclic partial
orientation of a graph can be extended to an acyclic total orientation.

A source of a total orientation is a vertex with no incoming directed edges. The following
lemma, which is the main tool that will allow us to count indegree sequences of partial
orientations, is well known.

Lemma 4.22 (See[12, Theorem 3.1]) There s a bijection between acyclic total orientations
of G with unique source q and maximal (G, q)-parking functions given by O — (Do)zv4(G)-

Note the unfortunate, but traditional, conflict between the terms sink and source.
Here (-)zy4(g) means ignore the —1 coefficient of g and treat the expression as an ele-
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ment of ZV4(G). The inverse map of the bijection in Lemma 4.22 is essentially given by
Dhar’s burning algorithm [23]. By [32, Theorem 7.3], acyclic total orientations of G with
unique source g (and consequently, maximal (G, g)-parking functions) are enumerated
by T(1, 0).

Proposition 4.23 (See [35, Proposition 2,4]) The number of indegree sequences of acyclic
partial orientations of G is Tge(1, 1).

Proof Observe that the set {Do: O an acyclic total orientation of G} is also equal to
{(Do)v(g): O an acyclic total orientation of G* with unique source vp} and so by
Lemma 4.22 the indegree sequences of acyclic total orientations of G are the maximal
(G*, vp)-parking functions. Then observe {Do: O an acyclic partial orientation of G} is
thesameas{c € ZV:0<c¢ < Do for some acyclic total orientation O of G} because any
acyclic partial orientation can be extended to an acyclic total orientation. It is a simple
fact that ¢ € ZV4(G) is a (G, g)-parking function if and only if 0 < ¢ < ¢’ for some
maximal (G, g)-parking function ¢’. Thus indeed the set of (G*, vp)-parking functions
is {Do: O an acyclic partial orientation of G}. It is a classical fact (again, see [12]) that
for any choice of sink g € V(G), the number of (G, g)-parking functions is Tg(1, 1), the
number of spanning trees of G. So the number of indegree sequences of acyclic partial
orientations of G is Tge(1, 1). O

Proposition 4.24 (See [35, Corollary 2.10]) The number of indegree sequences of cycle
neutral partial orientations of G is Tge(1, 1).

Proof The main result of Hopkins and Perkinson [35, Corollary 2.10] is that for any
parameter list A € RIE(OG) (in the sense of Sect. 4.1) the set of indegree sequences of acyclic
partial orientations of G is also equal to {l_)@R: R a region of ¥ 0,)(A)}. (See also the
work of Mazin [46] extending this result, which was originally proven only for simple
graphs, to multigraphs; for more on the connection between parking functions and partial
orientations when G = Kj, is the complete graph, see [11].) Therefore by Propositions 4.3
and 4.23 the number of indegree sequences of cycle neutral partial orientations of G is

also given by Tg-(1, 1). ]

It would be interesting to see whether we can count indegree sequences for other classes
of partial orientations by evaluating the Tutte polynomial of graphs related to G, or by
using more complicated expressions involving the Tutte polynomial of G itself. Another
way to obtain Tutte polynomial enumerations of indegree sequences for min-edge classes
of partial orientations is by restricting to special input data. Recall that a partial orienta-
tion O is g-connected if every vertex v € V4(G) is reachable from g, i.e., there is a directed
path from g to v for each v € V4(G). As mentioned in Sect. 1.1, g-connected (or “initially
connected”) fourientations and partial orientations were previously investigated by Gessel
and Sagan [26] in the context of depth-first search. First we consider a slight variation
of Proposition 4.23 (which appears implicity in [53] and explicitly in [5, Lemma 5.6] and
[51, Theorem 3.10]). The following result in some sense extends Lemma 4.22 to all, not
necessarily maximal, G-parking functions, and it follows more-or-less immediately from
that classical result. Perhaps the main reason why this result did not appear earlier in the
literature is simply that many authors consider total orientations to be more well behaved
or natural than partial orientations. One of the main goals of this paper is to convince the
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reader that this instinctual desire to restrict attention to total orientations is not always
beneficial.

Proposition 4.25 The number of indegree sequences of acyclic, q-connected partial ori-
entations of G is Tg(1, 1).

Proof Note that the acyclic, g-connected total orientations of G are the same as the
acyclic total orientations of G with unique source g. So thanks to Lemma 4.22, and argu-
ing as in the proof of Proposition 4.23, the set of (G, g)-parking functions is also equal
to {(Do)zva(g): O an acyclic, g-connected partial orientation of G}. As before the cardi-
nality of this set is (1, 1). |

Recall that we are always assuming our graph G is connected and so in particular G has at
least one spanning tree. Choose a sinkg € V(G) and choose an ordered, g-rooted spanning
tree T of G. By this we mean that T is a directed spanning tree of G rooted at g, with edges
oriented away from g and totally ordered in some way consistent with the partial order of
ancestry so that edges closer to g in T are less than those further away. Let us say that O,¢
and < are compatible with the data of (g, T') if reference orientation O, is obtained by
extending the orientation of the edges of T to all the edges in E(G) arbitrarily, and the edge
order < is obtained by extending the order on the edges of T to an order of all the edges
in E(G) in some way so that any edge not in T is greater than all edges in T'. If O, and
< are compatible with (g, T') then we call the ordered, oriented graph G = (G, Oy, <) a
(g T)-connected graph. Let us say that G is g-connected if the set of cut connected partial
orientations of G is equal to the set of g-connected partial orientations of G. The point of
studying (g, T')-connected graphs G is explained by the following proposition.

Proposition 4.26 (See [4, §3]) If G is (g, T)-connected then G is q-connected.

Proof Let G = (G, Oyef, <) be (¢, T)-connected and let O be a partial orientation of G.
Suppose O is not cut connected and let Ci = (U, U°) be a bad potential cut that witnesses
this. Let e be the minimum edge in E(@). Since Cu is bad we have Oret(€) = (v, u)
with u € U and v € U°. Observe that e belongs to T'. Moreover, because T is ordered in a
way consistent with ancestry and because its edges are oriented away from g, all the edges
in T closer to g than e are between vertices in U¢. Thus, it must be that g € U¢. But this
means that € U is not reachable from ¢ and so O is not g-connected. Now suppose O is
not g-connected. Let U be set of vertices not reachable from g. Then Cu = (U, U¢) isabad
potential cut with respect to the cut connected property: the minimum edge e in E (C—'Zl)
belongs to T and since g € U° and e is oriented away from g we have Of(e) = (v, u)
withu € U and v € U°. ]

Corollary 4.27 Suppose G is (g, T)-connected. Then the number of indegree sequences of
acyclic-cut connected partial orientations of G is Tg(1, 1).

Proof This follows immediately from Propositions 4.25 and 4.26. O

The (g, T)-connectedness of G is really essential here: the number of indegree sequences
of acyclic-cut connected partial orientations of an arbitrary ordered, oriented graph
G = (G, Oet, <) is notnecessarily given by T (1, 1). In fact, we have the following converse
to Proposition 4.26 which justifies restricting our attention to (g, T')-connected graphs.
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Proposition 4.28 Suppose G = (G, Oef, <) is q-connected. Then there exists an ordered,
q-rooted spanning tree T such that for any min-edge cut property X and any (q, T)-
connected graph G' = (G, O, , <'), the set of good fourientations of G with respect to
X is equal to the set of good fourientations of G’ with respect to X.?

Proof Let G = (G, Oyef, <) be g-connected. It is enough to prove the following:

(t) Thereis an ordered, g-rooted spanning tree T of G such that for any simple cut Cu of
G the minimum edge e in E(Cu) with respect to < is the minimum edge in E(Cu)NT
with respect to the tree order and O,.¢(e) agrees with the orientation of e in T'.

This is because, as explained in the proof of Theorem 2.17, it suffices to check min-edge
cut properties on simple cuts and because the minimum edge in any cut Cu with respect
to <’ for a (g, T')-connected graph G = (G, </, (’);ef) will always be the minimum edge in
E(Cu)NT.For U C V(G) let G[U] denote the restriction of G to vertex set IJ and define
G[U] analogously. A cut vertex of G is v € V(G) such that G[V(G)\{v}] is disconnected.
Suppose v € V(G) is a cut vertex of G. Let Vy € V(G) be the connected component of
G[V(G)\{v}] containing g; set V1 := Vy U {v} and V, := V(G)\ Vp. If Cu is a simple cut
of G then either E(Cu) € E(G[V1]) or E(Cu) € E(G[V3]). So if T1 is an ordered, g-rooted
spanning tree of G[ V1] satisfying (1) for G[V1] and T is a v-rooted, ordered spanning tree
of G[ V3] satisfying (t) for G[ V2] then T := T7 U T, (where we declare all edges of T to be
greater than those of 77) is an ordered, g-rooted spanning tree of G satisfying (1) for G.
Thus by induction on the number of vertices we can reduce to the case where G has no
cut vertices.

Now assume that G has no cut vertices. To construct the appropriate 7" we build up
a chain of vertices {qg} = S1 € S» € --- € S, = V(G) and Ty, ..., T, such that T; is
an ordered, g-rooted spanning tree of G[S;] for each 1 < i < n and Tj4; is obtained
from 7; by adding e;, the minimum edge (with respect to <) in E(G)\E(G[S;]). To
show that this is possible we need to show that the minimum edge in E(G)\E(GI[S;])
never belongs to E(G[V(G)\S;]). Suppose to the contrary that for some i the minimum
edge in E(G)\E(G[S;]) is e; = {u, v} with u,v € V(G)\S; and ef = (u,v). Since G
has no cut vertices, G[V(G)\{u}] is connected, and thus, there exists a g-connected
partial orientation O, of G[V(G)\{u}]. Set O := O, U {e*: et = (wu),e € E(G)).
Then O remains g-connected, but O is not a cut connected partial orientation of G
because Cu = (V(G)\{u}, {u}) is a bad potential cut. This contradicts the assumption that
G is g-connected. So indeed the minimum edge e; = {u, v} in E(G)\E(GIS;]) is always
between a vertex u# € S; and a vertex v € V(G)\S;. A very similar argument shows that
Oret(€;) = (4, v). Thus, we can construct the desired T;. Now set T := T;,. We claim that
this T satisfies (1). So let Cuu = {U, U} be a simple cut of G and suppose e; is the minimum
edge in E(Cu) N T. Because T; spans S; and all the edges in T; are less than e;, we must
have that S; € U. Butthen E(U, U°) € E(G)\E(GIS;]), so e; must be the minimum edge in
E(U, U°). As mentioned above, O, (e;) agrees with the orientation of e; in 7. Therefore,
T satisfies (1). O

3For O a fourientation of G and O’ a fourientation of G/, we write O = (0’ to mean that we have an equality of
multisets {Oye(eF): eF € O} = {O;ef(ei): et e O').
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Remark 4.29 There is an obvious notion of g-connected fourientation as well: we say a
fourientation O is g-connected if for every v € V1(G) there is a potential path from g to v.
Note that G being g-connected is equivalent to the set of cut connected fourientations of G
being equal to the set of g-connected fourientations of G. This is because a fourientation
is cut connected (respectively, g-connected) if and only if it contains a cut connected
(resp., g-connected) partial orientation. In fact, the minimal-cut connected fourientations
of G under the partial order of containment are “oriented spanning trees” of G; each
spanning tree appears exactly once in this set with some orientation. In the case where
G is g-connected, these minimal-cut connected fourientations are precisely the g-rooted
spanning trees.

Remark 4.30 1In contrast to the complicated situation with partial orientations described
above, the number of indegree sequences among a min-edge class of total orientations is
certainly given by a Tutte polynomial evaluation as outlined in Sect. 1.1. In the other direc-
tion, it also might be interesting to investigate the number of indegree sequences among
fourientations in a min-edge class. Again, this value is not necessarily a generalized Tutte
polynomial evaluation. However, we can nevertheless sometimes get a simple expression
for this value: for instance, it is easily seen that the number of indegree sequences among
all fourientations of a graph G is [ [,¢y/(g) deg(v).

Remark 4.31 For G a (g, T)-connected graph, the cut minimal-cycle minimal total orien-
tations enumerated by T (1, 1) become the cycle minimal, g-connected total orientations.
These objects are in bijection with their associated divisors which were introduced by
Gioan [27] and further investigated by Bernardi [13]. These divisors were rediscovered by
An etal. [1], who proved that they are exactly the break divisors of Mikhalkin and Zharkov
[49] offset by a chip at gq. These break divisors were discovered originally in the context
of divisor theory for tropical curves: they provide canonical representatives for the set of
divisors of degree g modulo linear equivalence. In particular, this implies that by adding
a chip at g to the divisors associated with g-connected partial orientations, we lose all
dependence on ¢q. Interestingly, there exist tropical proofs (see [49, Corollary 6.6]) of the
existence and uniqueness of break divisors which are not combinatorial in nature.

4.4 Monomizations of power ideals

One can extend the enumeration of (G, g)-parking functions via the Tutte polynomial
to an expression for the generating function by degree: a famous result of Merino [48]
is that TG(Ly) = > ccpr(Gy) y¢~48©) where for ¢ = > vevag) &v(v) € ZVI(G) we
define deg(c) := Zvevq(G) ¢y. (Merino [47] used this interpretation of the Tutte poly-
nomial to resolve a special case of a 1977 conjecture of Stanley [61] about the /-vectors
of matroid complexes.) Merino’s theorem can also be expressed succinctly using commu-
tative algebra. Fix some field k of characteristic zero and let R := k[x,: v € V7(G)] be
the polynomial ring with generators indexed by nonsink vertices. For @ # U < V4(G),
define x4 := Hueuxjg(u) where as before we have dg(u) = |{e = {u,v} € E(U4, U")}|.
Then define the monomial ideal /g4 := xUY: @ £ U € VI(G)). We use the nota-
tion x° := [],cyai® forc = 3 cyag ev(v) € NVI(G). It is not difficult to see that
a linear basis of R/I(G,q) is {x°: c a (G, q) — parking function}. A restatement of Merino’s
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theorem is then that the Hilbert series of the R-module R/l is Hilb(R/I(G4)y) =
¥ - Ta(1, 1/y).

Motivated by questions in Schubert calculus [57], Postnikov and Shapiro [55] studied
the monomial ideal /g, as well as a deformation of this ideal generated by powers
of homogenous linear forms. Specifically, setting df; := Y, dfi(u), they defined the
power ideal /G ) := <(Zueu xu)dg : @ # U C VI(G)). (Here power ideal means an ideal
generated by powers of homogenous linear forms.) One of the main results of [55] is that
R/1Gq and R/J,q) have the same Hilbert series. In fact, Postnikov and Shapiro proved
something stronger than this: they proved that /() is a monomization of /). For Z a
monomial ideal of R and J any ideal of R, we say that 7 is a monomization of J if the
standard monomials of Z (i.e., the monomials in R not in 7) form a linear basis of R/ 7. Of
course Z being a monomizations of J implies that R/Z and R/J have the same Hilbert
series. Note that for any given 7, a monomization Z of J can in principle be found using
the theory of Grobner bases, but when 7 is a power ideal it is computationally expensive
to compute a Grobner basis of 7 and the resulting Grobner bases are often “nasty,” e.g.,
have a large number of elements. The monomizations we discuss here are not initial ideals
of their corresponding power ideals with respect to any term order. Nevertheless, /(g 4) is
a very “nice” monomization of JGa): for instance, the generators of IGq) correspond to
the generators of /G4 in a natural way, and the group Aut(G, g) of automorphisms of G
fixing g naturally acts on both I 4 and /(g ).

The algebra R/J(g,4) arises in the theory of zonotopal algebra developed by Holtz and
Ron [33]. Zonotopal algebra is the study of three pairs (external, central, and internal)
of finite-dimensional polynomial spaces associated with a zonotope Z. These spaces of
polynomials are related to the complexity of box splines [20,21]. Let us use Z+ to denote
the (Macaulay) inverse system of an ideal 7 of R (see [2, §2.2] for the definition of inverse
system). Then (R/JG,¢) ](Jéq)) is the central pair for the graphical zonotope Zg of G. The
two other pairs of polynomial spaces can be defined similarly. Specifically, define the
ideals ](’G,q) = (el xu)d5+’: @ # U C Vi(G)) for r > —1. The ideals ]{G)q) in the
special cases r = +1, 0, —1 are the external, central, and internal power ideals associated
with G, and the three pairs (R/ ](’qu), (](’G’q))L) in the special cases r = +1,0, —1 are the
external, central, and internal pairs of polynomial spaces associated with G. Recall that (at
least when k has characteristic zero) the dimension of an inverse system of an ideal is equal
to the dimension of the quotient by that ideal and that when the ideal is homogenous, as is
the case for these power ideals, the same is true of the graded parts. Thus, the Hilbert series
of R/ ]{G)q) are very important in the theory of zonotopal algebra. Ardila and Postnikov [2]
showed that

Hilb (R/](g}q); y) =9 - Tg(L+y1/y);

Hilb (R/Jiclyyiy) = - To(0, 1/9).

One might wonder whether there are analogous monomial ideals I(VG,q) for r = £1 that
are monomizations of ](’G,q) and which enjoy the other nice properties mentioned above
such as having their generators correspond to the generators of ](’"G’q) in a natural way.
For the complete graph G = Kj,, Postnikov—Shapiro—Shapiro [56] found such an
external monomial ideal I(E’lq) (and indeed this external case was the one they were
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originally interested in). Desjardins [22, §3] extended their construction to obtain an

external monomial ideal I('Elq) for any G. Specifically, let < be a total order on V4(G)
and define 1(+G]1q,<) = Fmin_ (1) - xU: @ #£ U C Vi(G)) where min.(U) is the min-
imal element of U/ according to <. Then Desjardins showed 1(+qu - is a monomiza-

tion of ](Elq). But he also showed that certain assumptions on G were necessary to

mimic this construction and obtain an appropriate internal monomial ideal 1(_qu). We
can try to define 1(_qu o= (x;ﬁln w xU: @ £ U C VI(G)). However, it is impor-

tant to observe that I(_G,lq, 9 does not always make sense because xmiln< w x may be

a Laurent monomial rather than an honest monomial. But I(E;lq -

at least when there is an edge between g and each vertex in V7(G). Desjardins [22,

) does make sense

§4] showed that when G is saturated, i.e., when there is at least one edge between
any pair of vertices in V(G), then I(_G,lq, - is a monomization of ](_G,lq) for any choice
of <.

Here we suggest an approach for finding a monomization of ](z;,lq) for all graphs G

using acyclic-cut positively connected partial orientations. As before, we must work

with a (g, T)-connected graph G. For @ # U C V49(G), define xT := ]_[ueung'T(u)
with dLGLT(u) = |{e = {u, v} € E(U, U°) and e is not the minimum edge in E(U, U°)}|. So
in particular the degree of x*T is one less than the degree of x/. Then define the mono-
mial ideal I(_G’lq)T) = (x%T: @ #£ U C V4(G)). Note that an ordered, g-rooted spanning
tree T of G gives rise to a total order <7 on V4(G) whereby u <7 v if the minimum
edge in T containing u is less than the minimum edge in T containing v. Furthermore,
we have / (_G}q’T) = I(_G,lq)<T), and moreover, the total orders < arising from spanning trees
in this way are precisely the ones for which ](_G,lq,<) does make sense. In analogy to the
definition of (G, q)-parking functions, let us say ¢ € ZV4(G) is a (G, q, T)-internal park-
ing function if x° is a standard monomial of I(z;)lq,T). Equivalently, we have the following
definition.

Definition 4.32 Anelementc = Zvevq(G) ¢y(v) € ZVI(G)isa (G, g, T)-internal parking
function if for all @ #= U € V4(G), thereisu € U with0 < ¢, < dLGLT(u). We denote the
set of (G, g, T)-internal parking functions by PF~(G, g, T). (see also [33, Definition 1.5],
where Holtz and Ron define internal parking functions in the case of the complete graph
G=K,)

Also, let APC(G, g, T) denote the set of acyclic-cut positively connected partial ori-
entations of G. (Notice that both PF™(G, ¢, T) and APC(G, g, T) depend only on the
data (G, g, T').) In what follows, rather than study monomizations directly, we concentrate
on the easier problem of showing that R /I(G)lq, T and R/ ](G,lq) have the same Hilbert series.

To that end we put forward the following conjecture.

Conjecture 4.33 For any graph G and choice of sink g € V(G), there exists an ordered,
q-rooted spanning tree T of G such that

(@) Hilb (R/Igly 1iy) = 5 - To(0, 1/
(b) PF (G, q T) = {(Do)zvac): O € APC(G, ¢ T)}.
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Example 4.34 Let (G, g, T) be as below, with the edges of T oriented and in bold:

2
V2 V1

G

The 9 acyclic-cut positively connected partial orientations in APC(G, g, T) are:

ZAVAVAVAV AV AV AV AV

The Tutte polynomial of our graph is Tg(x, y) = y> 4+ 4% + 2xy + 2y*> + x + 5. We can

compute I(_G)lq’T) = (y, %y, &2, %3, ). So indeed,

Hilb(R/I G, ) = 1+ 2+ 5 = y° - T6(0,1/y).

And indeed, the set of divisors associated with partial orientations in APC(G, g, T) is the
set of internal parking functions, namely {0, (v1), (v2), 2(v1)}.

Finding the appropriate tree T for each choice of graph G and sink g € V(G) is a major
part of resolving Conjecture 4.33. Desjardins [22, Example 21] gave an example that shows
statement (a) from Conjecture 4.33 does not always hold for all choices of (G, g, T'). That
some restrictions on T are necessary should be seen as similar to the fact that we need
G to be (g, T')-connected in order to ensure that the number of indegree sequences of its
acyclic-cut connected partial orientations is Tg(1, 1).

We now prove some special cases of Conjecture 4.33. First we upgrade Desjardins’
result about monomizations of the internal power ideal for saturated G to a proof of
Conjecture 4.33 for saturated G.

Theorem 4.35 Conjecture 4.33 is true when G is saturated.

Proof As we already explained, Desjardins showed that statement (a) holds for any choice
of T'. Thus, we need only show that (b) holds for an appropriate choice of T', which we do
now. We will take T to be a star, i.e., the edges of T are e = {g, v} for all vertices v € V4(G).
The order of the edges of T can be arbitrary. Let < be some edge order compatible with T'.
In what follows for convenience, we write Do in place of (Dp)z14(G) when the choice of
sink is clear from context.

First let us show {Dp: O € APC(G,q, T)} S PF (G, ¢, T). Solet O € APC(G, g, T) and
setc =) ,cyqg) cv(v) = Do. Suppose to the contrary that ¢ ¢ PF™ (G, g, T): specifically,
suppose there is some U/ € V9(G) such that d&T(u) < ¢, forall u € U. Let ug be the
vertex in U adjacent to the minimal edge in E(U, U¢). First suppose that there is some e €
E(U, U°) with e* = (v, up) such that e* ¢ O. This means we have |{e* = (i, u) € O: i’ €
U, e € E(G)}| = 1 for each u € U. But then O contains a directed cycle involving vertices
in U, contradicting the fact that O is acyclic. So now assume that for all e € E(U, U°¢) with
e* = (v, ug) we have e* € O. Then if Cu = (U°¢, U) is a potential cut, it is a bad potential
cut with respect to the cut positively connected property because its minimum edge is ori-
ented. So it cannot be a potential cut. Thus, there must be e* = (11, vg) € O with u; € U
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and vy € U°. But also note that [{e* = (/,u) € O: ' € U,e € E(G)}| > 1foreachu € U
with u# # ug, which in particular means there is a directed path in O from ug to u; involv-
ing vertices in U. Because G is saturated, there is e = {vy, up} € E(G) and by assumption
we have et = (v1, up) € O. Therefore, there is a directed cycle in O that goes from u;
to v1 to ug back to u1, contradicting the fact that O is acyclic. So indeed ¢ € PF™(G, g, T).

Next let us show PF7(G,q, T) € {Do: O € APC(G, ¢, T)}. Soletc € PF7(G,¢q, T). We
wanttofinda O € APC(G, g, T) with Dy = c. To do this, we will apply the Cori—Le Borgne
variant [17] of Dhar’s burning algorithm [23]. The algorithm proceeds as follows: we
initialize Op := @ and By := {g}; at the ith step fori =1, ..., deg(c) +n — 1 we set O; :=
O;_1U{e*}, where e* is the maximum edge of E(B;—1, Bf_;)\O; accordingto <,and B; :=
{q} U{v € V1(G): indegy, (v) — 1 = ¢v}; our output is O := Odeg(c)+n—1- The facts that
E(Bi—1, B_;)\O; # @ at each step, that Do = ¢, and that O is a g-connected, acyclic
partial orientation follow from the correctness of the Cori—Le Borgne algorithm [17] (see
also the description of this algorithm given in [8, §5.2]). All we need to show is that O is cut
eO

= (g, v) is the minimum edge in E(U, L) with respect to <. (We know ey, is of

neutral. Suppose to the contrary we have a potential cut Cu = (U, U°) of O and efmn

where efnin
this form because T isastar.) Let i be such that ©@; = ;_1U{e®}. First suppose that I C B;.
The minimum edge in any cut is of the form e = {g, v} because T is a star, and since {e =
{gv'}: v € B} C {e = {gV}):V € U}, the minimum edge in E(B;, Bf) must in fact
be emin. But because we always choose the maximum edge in the cut to add at every step of
the algorithm, we must have E(B;, BY) € O. This in turn means that dBG?,T(V/ ) < indeg(O)—
1forall v e Bf, contradicting that ¢ € PF7(G, ¢, T). So now assumel U\B; # @. Let j be
minimal so that O; = O;_1 U {ei*} with ey* = (4, w) for some w € U\B;. Such aj exists
because Byeg(c)+n—1 = V(G). Note that because we added an edge emin € T atstep i, it must
be that any e € E(B;, B{)\O; also belongs to T (and is thus incident to g). So if u € B; then
u = gande, € T.Butinfactbecause G is saturated thereisan edgee = {v, w} € E(G), and
because the algorithm would not choose to add an edge in 7' when it could add an edge not
in T this means u# # g. Thus u € U¢, which means ei* = (u,w) € Owithu € Uandw €
U, contradicting the fact that Cuisa potential cut of O. So indeed O is cut neutral. O

We will now prove Conjecture 4.33 in a different special case than the case addressed
by Desjardins, namely when G is an outerplanar graph. This means that G can be drawn
in the plane without crossings in such a way that all of its vertices lie in the boundary
of the unbounded face of this drawing. These cases really are quite different: G being
saturated means that G is “dense” while G being outerplanar means that G is “sparse.” Also,
the techniques we employ are very different from those used by Desjardins. Desjardins
employed the theory of Monotone Monomial Ideals developed by Postinkov—Shapiro [55,
§5]. Instead, we build on Merino’s deletion—contraction proof [48] of his famous theorem.
We remark that the ideals /(g 4, 7) we obtain for outerplanar G are in general not Monotone
Monomial Ideals.

The main observation for what follows is that if T is an ordered, g-rooted spanning tree
of any graph G and e = {g, v} € E(G) is some nonloop edge that does not belong to T
then there are ways to obtain suitably compatible ordered, g-rooted spanning trees T'/e
and T'\e of G/e and G\, respectively. These are defined as follows. Let f be the minimal
edgein T that contains v; then T /e is the ordered, g-rooted spanning tree of G /e consisting
of all edges in T except for f with the same relative order as in 7. And T'\e is just defined
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to be equal to T'. Figure 10 gives an example of this construction, with the edges of the
g-rooted trees oriented, in bold, and labeled according to order.

Proposition 4.36 Let G beagraph, q € V(G) asink, and T an ordered, q-rooted spanning

tree of G. Let e € E(G) be an isthmus. Then Hilb(R/I(_qu ) =0.

Proof Let {U, U¢} be the cut such that E(U, U¢) = {e} and g € U°. Then x4T =1, s0

—1 _
RilGqr) =0 0
Proposition 4.37 Let G beagraph, q € V(G) asink, and T an ordered, g-rooted spanning

tree of G. Let e € E(G) be a loop. Then Hilb(R/l(_G,lq)T);y) = Hilb(R/I(_Gl/e,qu);y).

Proof This is trivial: loops do not affect dLGLT(u) for any u € U € V4(G), so in fact we

-1 -1
have I(G,q,T) = I(G/e,q,T)' g

Lemma 4.38 Let G be a graph, q € V(G) a sink, and T an ordered, q-rooted spanning
tree of G. Let e = {q, v} € E(G) be some nonloop edge that does not belong to T. Then

. -1 . -1 . —1
Hllb(R/I(qu,T) iy) = H1lb(R/(I(G JeqT/e) T (x));9) +y- Hllb(R/I(G\e,q,T\e); ).

Proof Let Fi € PF (G, g, T) be the subset of internal parking functions whose coeffi-
cient of (v) is 0. Let F, := PF~(G, ¢, T)\F1. Following Merino [48, Theorem 3.6], we will
construct bijections

¢p1: F1 > PF (G/e,q, T/e)
@y: Fp — PF (G\e g, T'\e)

with deg(¢1(c)) = ¢ and deg(p2(c)) = deg(c) — 1, thus proving the desired identity.

We define ¢;(c) := ¢, i.e., ¢ is the identity map. Clearly this is an invertible map, and
we just need to check that it and its inverse take internal parking functions to internal
parking functions. Let f be the minimal edge in T adjacent to v. We need the following
key claim:

If U € VI(G) with v € U° then f is not the minimum edge in E(U, U°). (*)

To prove (*), suppose @ # U C V4(G) with v € U° is such that f € E(U, U°). Then
consider the path from v to g in T': it crosses into U at f and therefore must cross back
into U° at some edge g closer to g than f. But since the total order of edges in T is consistent
with the partial order of ancestry, we musthaveg < f.Soindeed f is not the minimum edge
in E(U, U°) because g € E(U, U°). A consequence of (*) is that forany u € U € VI(G/e)

Gle G\e

Fig. 10 An example of contracting and deleting an ordered, g-rooted spanning tree T along an edge e ¢ T
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we have dLG[,/Te/e(u) = dLC}:T(u). Thus clearly if ¢ € F; we have ¢1(c) € PF(G/e g, T /e).
Conversely, let ¢’ € PF(G/e, g, T /e) and set ¢ := ¢~ }(c’). Because of (*) there can be no
@ # U C VI1(G) with v € U° such that ¢, > dLG[,T for all u € U. But on the other hand, if
v € U then dg’T(v) > 1since e € E(U, U°) and e is not minimal in any cut (as it does not
belong to 7) and so 0 = ¢, < dLG[,T' Thus, indeed ¢ € Fj.

Next we define ¢y(c) := ¢ — (v). Again, this is clearly an invertible map, and we just
need to check that it and its inverse take internal parking functions to internal parking
functions. But observe that because e is never the minimum edge in any cut, we have for

all I € V4(G) and all u € U that

G\e _ dLGI,T(M) -1 lfl/l =V
dyr() = G
d 0ur () otherwise.
Thus, @3 and ¢, ! clearly take internal parking functions to internal parking functions.
O

Let G be the smallest set of triples (G, g, T') where G is a (connected) graph, g € V(G) is
a choice of sink, and T is an ordered, g-rooted spanning tree of G such that

+ if G is the graph with one vertex and no edges, then (G, ¢, T') € G;

« if there exists e € E(G) with e an isthmus, then (G, ¢, T) € G;

« if there exists e € E(G) with e aloop and (G/e, ¢, T) € G, then (G, ¢, T) € G;

« if there exists a nonloop e = {q, u} € E(G) with e ¢ T and if (G/e,q, T /e) € G and
(G\e,q, T\e) € G, then (G, ¢, T) € G.

Corollary 4.39 Hﬂb(l@}q} ¥ =3¢ - T6(0,1/y) for (G, ¢, T) € G.

Proof This follows from Propositions 4.36 and 4.37, Lemma 4.38, and Theorem 1.1. O
Lemma 4.40 PF (G, ¢, T) = {(Do)zva): O € APC(G, ¢, T)} for (G, ¢, T) € G.

Proof We will prove this by induction on the number of edges of G. If e € E(G) is an
isthmus, then both sets are empty. If e € E(G) is a loop, then, as mentioned earlier, the
loop e has no effect on the set of internal parking functions and also e must be neutral in
any O € APC(G, g, T), so the claim reduces to the same claim for (G/e g, T). If G is the
graph on one vertex and no edges, then both sets are equal to {0}. Thus, we may assume G
has no isthmuses and loops, that there is e = {g, v} € E(G) with e ¢ T, and by induction
that the claim holds for (G/e, g, T /e) and (G\e, ¢, T'\e). In what follows for convenience
we write Do in place of (Dp)zv4(g) when the choice of sink is clear from context.

First let us show PF7(G,¢q, T) € {Dp: O € APC(G,q, T)}. So let ¢ € PF7(G,q, T).
By the proof of Lemma 4.38, we know that either the coefficient of (v) in ¢ is 0 and we
have ¢ € PF7(G/e, g, T /e), or else ¢ — (v) € PF~(G\e, g, T'\e). Assume we are in the first
case where the coefficient of (v) in ¢ is 0. By induction, we can find a partial orientation O’ €
APC(G/e, g, T /e) with Dy = c. Define O := O’ U {® = (¢, v)}. Then Dp = c. We claim
that O € APC(G, g, T). Clearly O remains acyclic and g-connected. Let us show it is cut
neutral. So assume there is a potential cut Cut for O that is bad for the cut neutral property.
First suppose Cu = ({g} U U3, {v} U Uy). Then note that the only edge in E(G’;) adjacent to
v thatis oriented in O is e, but e it is not in T and so cannot be the minimum edge in E (@)
and the minimum edge of any bad potential cut must be oriented. Thus, there is some



Backman and Hopkins Res Math Sci(2017)4:18 Page 47 of 57

edgein E (C_’z)t) that is less than any edge in E (6’;) adjacent to v. Therefore, ({g, v} U U1, U3)
is also bad. So we may assume that Cu = ({g, v} U U1, U>). But then by the key claim (*) in
the proof of Lemma 4.38 the minimum edge of Cil = ({g} U U, U>) is also the minimum
edge of 67, SO (7:/ is a bad potential cut of (0, a contradiction. Thus indeed O is cut
neutral. Next assume we are in the second case where the coefficient of (v) is greater
than 0. Again by induction we can find O” € APC(G\e, g, T'\e) with Dp» = ¢ — (v). Define
O := 0" U{e® = (¢ v)}. Then Do = c. Furthermore, we have O € A(G, g, T): clearly O
remains acyclic and g-connected, and it is cut neutral because e is never the minimum
edge in a cut.

Now let us show {Dp: O € APC(G,¢q, T)} € PF (G, ¢, T). So let O € APC(G, g, T).
If e = (gv) ¢ O, then O U (&%} € APC(G, ¢ T): certainly O remains acyclic and
g-connected, and it is still cut neutral because e is never the minimum edge in a cut.
Moreover, if we show Dpyyes; € PF7(G, g, T) this will show Do € PF™(G, g, T') because
0 < Do =< Dpyyesy and the set of internal parking functions is downward closed: that is,
if 0 < ¢ < ¢’ with ¢’ a internal parking function, then c is a internal parking function. So
now assume that ¢® € O. First suppose that ¢’ is the only oriented edge in O pointing into
v. Then we claim that O/e € APC(G/e, q, T /e): it is easy to see that this orientation is
acyclic and g-connected, and any bad potential cut for the cut neutral property for O/e lifts
to a bad potential cut of O because by the key claim (*) in the proof of Lemma 4.38 when g
and v are on the same side of a cut the minimum edge of this cut is the same in G and G/e.
Now assume that there is at least one other oriented edge pointing to v. Then by walking
backwards from v along this edge we see that there is another directed path from g to v that
does not use e. We claim that in this case O\e € APC(G\e¢, g, T'\e): again itis clearly acyclic
and g-connected, and it is cut neutral because in any cut that e belonged to, we must have
another oriented edge in the same direction coming from the other path from g to v. But
then by induction we know that Dp/. € PF™(G/e g, T /e) or Do\ € PF™(G\e, q, T'\e),
and so by the proof of Lemma 4.38, we know that Dp € PF™(G, ¢, T). O

Now let us apply the above results to G when G is outerplanar. Let ¢ € V(G) be a
choice of sink. We say that T is a g-rooted boundary tree if it can be obtained as follows:
draw G in the plane without crossings and with all its vertices on the boundary of the
unbounded face; walk counterclockwise along this boundary starting at ¢ and add an
oriented edge e’ = (4, v) to T whenever you walk along e’ and visit v for the first time;
order the edges in T in the order they were walked along. For example, Fig. 11 depicts
an outerplanar graph G together with a g-rooted boundary tree T, with the edges of T
oriented, in bold, and labeled according to order.

Lemma 4.41 IfG isan outerplanar graph, q € V(G) is a choice of sink, and T is a q-rooted
boundary tree, then (G,q, T) € G.

Proof The proof is by induction on the number of edges of G. The case where G has one
vertex and no edges is trivial. If G has a loop e at g, then we can contract e and T is still a
g-rooted boundary tree of the outerplanar graph G/e, so by induction (G/e, ¢, T) € G and
thus (G, ¢, T) € G by the definition of G. Suppose all edges containing g in E(G) belong
to T: then we claim G has an isthmus e. Indeed, this can happen only if as we are walking
along the boundary we walk along an edge ¢’ = (g, v) and then later walk along e~?; in
this case, e must be an isthmus. So in this case (G, ¢, T) € G.
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5
s
6 ‘3°
2
7
1
q

Fig. 11 An example of an outerplanar graph G with a g-rooted boundary tree T

Thus, we can assume that there is some nonloop e = {g, v} with e ¢ T, and we can
assume that e is chosen to be the “leftmost” such edge, i.e., it is the last one we walk along
when walking along the boundary of G. Then we claim that 7'/e and T'\e remain g-rooted
boundary trees of the outerplanar graphs G/e and G\e, respectively. First consider T /e:
we can take the drawing that verifies T is a g-rooted boundary tree and “squish” e in
this drawing to obtain a drawing of G/e; then (neglecting any loops produced, which are
irrelevant) if we walk counterclockwise from g around the boundary of this drawing of
G/e we walk along the same edges in the same order as in the walk for T’; so this drawing
verifies that T /e is also a g-rooted boundary tree. Now consider T'\e: again, we take the
drawing for T and delete e from the drawing to obtain a drawing of G\e; now as we walk
counterclockwise from g along the boundary of this drawing of G\e we may walk along
some new edges after we visit v, but we will have already visited all vertices at that point;
so this drawing verifies that T'\e is also a g-rooted boundary tree. Therefore by induction
(G/e g, T/e), (G\e g, T\e) € G, which means (G, g, T) € G by the definition of G. O

Theorem 4.42 Cownjecture 4.33 is true when G is outerplanar.

Proof Let q € V(G). Certainly there exists a g-rooted boundary tree 7. Then by
Lemma 4.41 we have (G, g, T) € G. So statement (a) of Conjecture 4.33 holds by Corol-
lary 4.39, and statement (b) holds by Lemma 4.40. ]

Remark 4.43 Gessel and Sagan [26] count the number of acyclic partial orientations of
G by decomposing the poset of acyclic partial orientations into a number of intervals
equal to the number of forests of G. The interval corresponding to a forest F is a Boolean
lattice of order |E\(F U L(F))| where L(F) denotes the set of externally active edges in F as
in Sect. 3.5 (albeit with a slightly different notion of external activity that is based on depth-
first search). The partial orientations belonging to an interval corresponding to a spanning
tree are precisely the acyclic, g-connected partial orientations. It should be possible to fit
the acyclic-cut positively connected partial orientations into this story: in particular, they
should be precisely the partial orientations that belong to an interval corresponding to a
spanning tree with no internal activity. Indeed, extending the interval decomposition of
[26] in this manner seems like a promising approach to proving Conjecture 4.33. The main
issue is that there are so many choices of data, including even which notion of activity to
use.

But let us briefly sketch how to relate the work of Gessel and Sagan [26] to the external
and central monomial ideals. So let < be a total order on V4(G), and extend it to a total
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order on V(G) by declaring g to be minimal. For a subset &/ € V(G) let min~(U) be the
minimum vertex in U according to <. Let O be an acyclic partial orientation of G. Define
the ordered partition I1~(0) := (I15(0), ..., [1(0)) of V(G) as follows:

(a) Initialize i := 0.

(b) Setv; := min~(V\(IT{(O) U ---UTIZ,(0))).

(c) SetIl; := {v € V(G): visreachable from v; in O}\(IT5(O) U - - - U ,(O)).

(d) fV(G) #TF(O)U---UIF(O), seti:= i+ 1and go to (b). Otherwise terminate.

Define 55 = ZVGV(G) Evv, where for v € V(G) with v € Hf((’)) we set

5 d, ifv = min‘(Hf(O));

v =

d, —1 otherwise,

with d, := |{e* = (u,v) € O: u € Hf((’))}l + et = (u) e O:u e 7(0), i < j}l.
Observe that 135 = Dy + q if O is an acyclic, g-connected partial orientation. As we
have mentioned, {x°?)zv/@: O an acyclic, g — connected partial orientation} is the set
of standard monomials of I, 4). In fact, (xP o:Oan acyclic partial orientation} is the set of

standard monomials of I} . Moreover, it is possible, using similar techniques to Gessel

(Gg=)
and Sagan [26], to associate with each forest F of G two acyclic partial orientations Oin (F)

and Opax(F) so that:

(1) Ura forest of ¢ [Omin(F), Omax(F)] is a decomposition of the poset of acyclic partial
orientations of G into T (2, 1) Boolean intervals;

) Ura span. tree of G [Omin(T), Omax(T)] is a decomposition of the poset of acyclic, g-
connected partial orientations of G into T5(1, 1) Boolean intervals;

3) Fr— xPOmax() bijects forests and standard monomials of I(Elq oy

4) T xPOmax() bijects spanning trees and standard monomials of /(G,,).

The partial orientation Oy (F) is easy to define: the oriented edges are precisely the edges
of F, with each connected component U of F rooted at min~ (). The partial orientation
Omax(F) can be defined in terms of the Cori—Le Borgne [17] variant of Dhar’s burning
algorithm. For a related account, based on an algorithm of Chebikin and Pylyavskyy
[14] rather than the Cori—Le Borgne algorithm, see [36]. As mentioned in the previous
paragraph, the outstanding problem is to fit the internal monomial ideal and acyclic, cut
positively connected partial orientations into this story.

Remark 4.44 Recently, there has been a great deal of interest in understanding mini-
mal free resolutions of /g, and minimal free resolutions of a certain binomial ideal
for which /() is a distinguished initial ideal [24,34,44,45,51-53] [54, §7]. It would be
interesting to find a combinatorial description of a minimal free resolution of I(E-;}q,T)
or to compute its Betti numbers combinatorially. For that matter, it would be interest-
ing to similarly investigate free resolutions of the external monomial ideal ] (E,lq,<)’ which
apparently have not been studied. Note that Postnikov and Shapiro [55, Conjecture 6.10]
have conjectured that the graded Betti numbers of ) and /(G4) coincide, but appar-
ently understanding minimal free resolutions of Jg,q) is a very difficult problem (see, e.g.,

[58,59]).
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4.5 (Co)graphic Lawrence ideals
As in Remark 4.12, let W ~ RE(S) be the vector space with basis elements x,+ = —x,-
for e € E(G). Consider the lattice ZZ(@ inside of W. Given u = ZeeE(G) Ce(xpr) € ZE@),
let us define ut = Zcezo Ce(xe+) and u~ := — Zceso Ce(x,+) to be the positive and
negative parts of u. Fix a field k and let S = Kk[y},y,;: e € E(G)] be a polyno-
mial ring in 2|E(G)| variables. To a lattice element u € 7ZE(@), we associate a bino-
mial b(u) := yﬁ‘:yl_ - y”fyi_ € S, where we use the notation y§ = [T,epq2)“
for ¢ = ZeeE(G) ce(x,+) € NE@) Let L be a sublattice of ZE(@). To L we associate the
binomial Lawrence ideal I} := (b(u) : u € L).

Recall that for a directed cut or cycle T of G we defined g = Ze ieE(—é)xei €

W. We define the cut lattice of (G, Oyef) to be (xc-,zl . Cuis a directed cut)z and the

cycle lattice to be (x€ : gy is a directed cycle )z. See [3] for a more organic homological

description of the cut and cycle lattices. The graphic and cographic Lawrence ideals, which

we will denote I(g%re ) and I(G O

cycle lattices, respectively. The observation which relates these ideals to cycle/cocycle

. are the Lawrence ideals associated with the cut and

reversal systems is the following: we can encode a fourientation O of G as a squarefree

monomial y© := [] eteo yjc € S; then multivariate division of y© by some b(xa} )(b(x@ )

corresponds to a (co)cycle reversal of ?y(@?) in O. These ideals have been previously
studied in the context of algebraic combinatorics and algebraic statistics [10,25,38,51-53].
A theorem of Sturmfels [64, Theorem 7.1] about binomial generating sets for Lawrence
ideals implies that {b(xC—,>u ): Cuiis a directed cut} and {b(xa: ): 8}/ is a directed cycle} are
universal Grobner bases for the ideals that they generate.

Mohammadi and Shokrieh [53] investigate the graphic Lawrence ideal I(CG:% 0 and

_)
construct a minimal free resolution of I(G% o With the aim of relating it to /(g,q) and the
binomial ideal mentioned in Remark 4.44 of which /(g ) is a distinguished initial ideal.

%
They relate these ideals via regular sequences, as we will now explain. Define in - (I(gbfg f))

to be the initial ideal of I(g% with respect to lexicographic term order < where y, <
yem < Ve, < yenH < .-+ <y, < yg is the order we choose on the generators of S
ife; < e < -+ < ey are the edges of G. Explicitly, by the aforementioned theorem of

Sturmfels, we have

. Cu . ‘ Cit is a directed cut with el € E(Cu),
in. I(G o) | =(mx= ) —>
) Oref Cu where emin is the minimal element of E(Cu)

where to u € ZF(@ we associate the monomial m(u) := yf y* € S. Choose a
sink g € V(G) and suppose G is (g, T')-connected. In this case, Mohammadi and Shokrieh
term 1n<( (G 0. )) the graphic oriented matroid ideal of G.

For each v € V(G) choose some ev € E(G) so that e,, = (i, v) for some u € V(G)
and then define the set £, := {e* : = (u,v) for some u € V(G) and e* # e‘S,V}
Set £ := U,ey L, and L7 := EU{e } Mohammadl and Shokrieh [53, Proposition 9.6] (see

_)
also [34]) prove L7 is a permutable regular sequence for S/ in<(I(G o f)). Tensoring with
S/{L7) should be seen as the algebraic version of taking the indegree of an orientation: it
moves from edge orientation variables to Vertex variables. It is clear from the presentation

of these ideals by generators that S/1n<( (G o, f)) ®sS/(L1T) ~ R/I(G,qg)- That L7 is aregular
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sequence in particular implies

—
Hilb (R/I(G,93) = (1 = )!*"! - Hilb (5/ in< (Igforef)) ;y> ;

but |£?| = 2|E| — n + 1, so from the theorem of Merino we mentioned at the beginning
of Sect. 4.4 one concludes

' - Tg(L,1/y)
Hilb <S/I(G@ -y) = ()f—y;%

o

We now offer a different way to compute the Hilbert series of S / (G Or (S /I(G Ore )) in
terms of the Tutte polynomial using cut (cycle) connected four1entat1ons that av01ds the
use of regular sequences and instead studies the polyhedral combinatorics of these ideals
directly (and which does not depend on choosing (g, T)-connected data).

Proposition 4.45 We have

Te(1,1/y)
Hilb (5/1GO f),y) - Hﬁ;

. Cy _ vt Te(/y 1)
Hilb (S/I(GO ) (1-— y)zlE\fg ’

—
Proof One can easily see that the squarefree standard monomials of in<(1(g"é,) f)) are y©
—> =
for O € A(gu where A(g” := {O°: O is a cut connected fourientation of (G} 4 In other

ﬁ
words, the Stanley—Reisner ring of the simplicial complex Ag“ isS /in<(1(gbf9 )). Note
that Theorem 2.14 implies that

0 u 1
> = YT =y T (1, 1+ ->
CM O a cut connected Y
geAg fourientation of G

—

and so dim(Ag”) = |E(G)| + g — 1. Therefore, by again applying Theorem 2.14 we get
—

that the f-polynomial of Ag” is

—
dim (Ag”t> —dim(o)
=2

O’GAcu

— yIE(G)Hg . Z y*\o"\*ll(?“\

O a cut connected
fourientation of G

2

1+y

1 n—1 1 g <—>
=y|E<G>+g< +y> < +y) 1oL 2 L

y y2 7 14y

y2

= 1+ To(1, 1+ )

It has previously been observed by Manjunath and Sturmfels [45] that Alexander duality for the G-parking function
ideal (G4 is closely related to Riemann—Roch duality. When we instead work with edge variables rather than vertex
variables, Alexander duality with respect to y(@ is precisely Riemann—Roch duality.
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And so the s-polynomial of AC” is H ot (y) = F c (y — 1) = yE@I . T5(1, y). Basic

combinatorial commutative algebra [50 Corollary 1 5] then implies that

dim(Agu)+1
y ‘H = (1/y)
Hilb (S/in< (1(% )) ; y) - _A;gu _” TGz(é] 1/y)1'
ref _ —n+
dim(AGCM>+1 (1-y) "
(1-y)

Of course this means that Tutte polynomial expression is the Hilbert series of S / (G Ows)
as well. An analogous argument for the cycle case establishes that § /in<(I(Gy o f)) is the

Stanley—Reisner ring of Ag v = {—0O: Oisacycle connected fourientation of G} and

that in particular the Hllbert series of the cographic Lawrence ideal is as claimed. O

We recall that Gessel and Sagan [26] obtained the generating function for cut connected
fourientations of G by size in the case where G is (g, T')-connected. Their result could be
used in the proof of Proposition 4.45 instead of Theorem 2.14. In fact, the aforementioned
theorem of Sturmfels implies that this generating function is the same for all choices of
total order and reference orientation.

Let o := ({yfy, : e € E(G)}), an ideal of S. Tensoring with S/o is the algebraic version
of passing from fourientations to partial orientations: it kills bioriented edges. We can

compute the Hilbert series of S/1n<( (GO )) Rs S/o(S/in<(1(GyO f)) ® S/0) in terms of
the Tutte polynomial using cut (cycle) minimal partial orientations.

Proposition 4.46 We have

_ ¥ Te(1, 1+ 1)
Hilb <S/in< (I(g%ref)> ®s S/o;y> = W;

| (g Yyl Te(1+ 1,1
Hilb (S/m< <I(G?/Oref) ®S/oy| = 1 — )] —

Proof Set] := ({m(x—>) Ci: a directed cut, emm € E(C_'L)t)} Ufyfy, :ee E(G)}). Clearly

Cu
% -~ —~
S/in<(1(gbf9 ) ®s S/o =~ S/I. The squarefree standard monomials of T are y© for O €
ﬁ
A(g"‘ where A Cu . = {—=0: O isa cut minimal partlal orientation of G}. In other words,

the Stanley—Reisner ring of the simplicial complex Agu is S/I. Note that Theorem 2.14

—
implies that dim(Ag”) = |££G)| — 1. Therefore, by again applying Theorem 2.14 we get

that the f-polynomial of K(g” is

A—)
dim <Agu> —dim(o)
G

O'€ACM

— JE@ » y1o°

O a cut minimal
partial orientation of G
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n—1 g 2+y
_ ,E@) <1 +y> (1) 16 (1, 2=
y y

=1+t T, 2+y).

L=

s
And so the /-polynomial of Ag”‘ isH @) =F =@—1)=y"1 Tl 1+y). Again
alu alu

we conclude

—
dim <Zg”) +1
Y M@ e sty
Hilb(S/T; y) = —5 = o J
dim(ZGC”>+1 (1=3)
1-y)
An analogous argument holds for the cycle case. ]

4.6 The reliability polynomial

Suppose that we remove each edge of G independently with probability p; then, the reli-
ability polynomial Rg(p) of G is the probability that the resulting subgraph is connected.
Note that this subgraph is connected if and only if it is spanning in the sense of Sect. 3.4. It
is well known (see [67, (3.3)] and [66, §V.(15)]), and easy to prove using the rank generating
function description of the Tutte polynomial, that

Re(p) =1 —p)" 'p* - Tg (L }9)

In this section, we discuss a strong relationship between the cut connected fourientations
and the reliability polynomial. Let k, /, and m be nonnegative real numbers such that 2k +
[ + m = 1. By abuse of notation, by a “(k, /, m)-fourientation” we will mean a randomly
chosen fourientation where the probability of choosing O is k/©°! Rt

Theorem 4.47 Let k, I, and m be nonnegative real numbers with 2k + 1 + m = 1. The
probability that a (k, I, m)-fourientation of G is cut connected is Rg(p) wherep := k + .

Proof By Theorem 2.14, the probability that a (k, /, m)-fourientation of G is cut connected

is

0 u k+m 2k—|—l+m
K0°110%1,, 10" _ (1 =1k 418 . T, ,
> m (k)" Mk + 0F - T { 7 =

O cut connected
fourientation of G

2k +1
= (k4 m)y Nk 1) T (1,
k+1
1
=1 -p)" e Tg (1, -)
V4
which as explained above is Rg(p). O

For a fixed probability p, Theorem 4.47 gives a one-parameter family of combinatorial
interpretations of Rg (p): if we choose some probability 0 < p < 1 and some parameter ¢ €

[max (}7, lTlp -2, oo) then there are unique nonnegative real numbers &, /, and m

with 2k+/+m = 1suchthatp = k+/andt = HT’” We now present some specializations
of Theorem 4.47, the first of which shows that we can recover the classical description of

Rg(p).
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Corollary 4.48 By setting k = 0 in Theorem 4.47 we recover the classical description of
the reliability polynomial.

Proof If k = 0, then the random fourientation will contain only bioriented edges and
unoriented edges. We can consider these objects as random subgraphs by saying that a
bioriented edge is “present” and an unoriented edge is “absent” as in Sect. 3.4. In this
situation, the fourientation is cut connected precisely when the subgraph is spanning in
the sense of Sect. 3.4. O

The following specialization recovers a result of the first author.

Corollary 4.49 [4, Theorem5.1] Let0 < p < 1/2. Then there are unique nonnegative real
numbers k and m with 2k + m = 1 such that p = k. In this case, Rg(p) is the probability
that a (k, 0, m)-fourientation of G is cut minimal when viewed as a partial orientation in
the sense of Sect. 3.1.

At the time of writing [4] it seemed odd that the probability was restricted to lie between
0 and 1/2, and that something else must lie on “the other side of 1/2”. The following dual
specialization clarifies this strange range restriction.

Corollary 4.50 Let 1/2 < p < 1. Then there are unique nonnegative real numbers k
and 1 with 2k + [ = 1 such that p = k + l. In this case, Rg(p) is the probability that
a (k I, 0)-fourientation of G is cut connected when viewed as a partial orientation in the
sense of Sect. 3.1.

The first author’s result Corollary 4.49 was inspired by the work of the second author
and Perkinson who showed the following.

Proposition 4.51 [35, Corollary 3.3] Let G be a planar graph and G* be its planar dual.
Let A e R]E(OG) be a generic parameter list in the sense of Sect. 4.1. The probability that a
partial orientation of G chosen uniformly at random is A-admissible is Rg=(2/3).

Let us clarify the relationship between Proposition 4.51 and Theorem 4.47. Recall
from Sect. 4.1 that the exponential parameter list A< is generic and that being A<-
admissible is the same as being cycle neutral. This property is planar dual to cut neutral
(which was studied in Sect. 4.1 in relation to the cobigraphical arrangement). Although
the two sets of partial orientations are not equal, the number of cut neutral partial orien-
tations is equal to the number of cut connected partial orientations by Theorem 2.14 and
so Proposition 4.51 follows from Corollary 4.50.

Remark 4.52 Let 0 < p < 1. Let Op be a random fourientation obtained in the following
manner: independently for each e € E(G) and each § € {+, —}, include ¢’ in Op with
probability (1 — p) and exclude e® from Op with probability p. Let Oy be a different
random fourientation obtained as follows: independently for each e € E(G), include both
et and e~ in Oy with probability (1 — p) and exclude both e™ and e~ from Oy with
probability p. Theorem 4.47 implies that the probability that Op is cut connected is the
same as the probability that Oy; is cut connected and in fact they are both equal to Rg(p):
for Op wetake (k, [, m) := (p(1—p), p?, (1—p)?) and for Oy we take (k, I, m) := (0, p, (1—p)).
Suppose G is (¢, T)-connected for some choice of sink g € V(G). Our claims about Op
and Oy can be reinterpreted as follows. Let Gp be the directed graph obtained from G
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by including the directed edges (i, v), (v, u) in Gp for each e = {i, v} € E(G). Remove
each directed edge from Gp independently with probability p; from the above claim about
Op we conclude that the probability the resulting “subdigraph” is g-connected is R (p).
On the other hand, as explained in Corollary 4.48, the claim about Oy, just amounts to
the classical definition of the reliability polynomial. Thus, we see that the “directed” and
“undirected” system reliability models have the same probability of failure. The connection
between partial orientations and system reliability, and especially this intriguing fact that
the “directed” and “undirected” system reliability models corresponding to a graph G have
the same probability of failure, were recently explored by Mohammadi [51]. For more on
the relationship between the Tutte polynomial of G and analogs of the Tutte polynomial
for Gp, see [31, Proposition 4.8].
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