Enumerating Degree Sequences in Digraphs and a Cycle-Cocycle Reversing System

Emeric Gioan

CNRS, LIRMM (Université Montpellier 2), France

email: Emeric.Gioan@lirmm.fr

European Journal of Combinatorics, Volume 28, Issue 4, May 2007, Pages 1351-1366

Abstract. We give some new enumerations of indegree sequences of orientations of a graph using the Tutte polynomial. Then we introduce some discrete dynamical systems in digraphs consisting in reversing cycles, cocycles, or both, which extend the edge firing game (reversing sinks) by considering all orientations (reversing cocycles) and by introducing duality (reversing cycles). We show that indegree sequences can represent the configurations of these systems, and we enumerate equivalence classes of these systems. In particular, concerning the cycle-cocyle reversing system, we show that its configurations are in bijection with indegree sequences of orientations having a given vertex (quasi-sink of the system) reachable from any other. We also briefly discuss its generalization to oriented matroids, and relate structural and enumerative properties of its configurations to those of the sandpile model or chip firing game.

Keywords. Directed graph, degree sequence, cycle reversing, Tutte polynomial, duality, discrete dynamical system, edge firing game, chip firing game, sandpile model, matroid.

1. Introduction

The indegree sequence of a digraph is the sequence of integers formed by the numbers of incoming edges at each vertex. The number of indegree sequences of orientations, resp. acyclic orientations, resp. acyclic orientations with a given unique sink, of a given graph can be calculated as an evaluation of its Tutte polynomial [5][15][22][23]. The Tutte polynomial of a graph is a generalization to two dual variables of the chromatic polynomial [24]. There are several equivalent definitions [5][18][24]. This polynomial encodes much enumerative and structural properties, and appears in various contexts, notably in some physical models [5]. Its coefficients are important invariants in graph theory, and it can be also generalized for instance to hyperplane arrangments, matroids and oriented matroids.

In Section 3, we use this polynomial again to enumerate indegree sequences of strongly connected orientations of a graph, and then, using a duality decomposition, to enumerate indegree sequences of orientations for which a given vertex is reachable from any other with a directed path (we say that these orientations have a unique quasi-sink at this vertex, since this vertex induces the unique sink when cycles are contracted).

Discrete dynamical systems on graphs have been studied for about twenty years, originally in connection with physical models, and because of their intriguing structural, enumerative and algebraic properties. The general motivation is the modelization with cellular automata of self-organized criticality in complex phenomena [9]. Similarities have been noticed between the behaviour of the mathematical models and of some physical events as sandpile formation, avalanche release, or earthquake propagation [1]. Briefly, the sandpile model consists in topple of grains of sand from a vertex to its neighbours when the degree of the vertex is reached. This model is sometimes also called chip firing game [4]. It has intriguing algebraic properties like a not well understood group structure [2][7]. The edge firing game on a digraph consists in reorienting sinks when the graph is directed. Its main interest concerns acyclic orientations (see for instance [17]). For these orientations, it is equivalent to the sandpile model at level 0, and its equivalence classes are represented by acyclic orientations with given unique sink (a consequence of [4], see also Proposition 4.3 for a direct proof).

In Section 4, we introduce first a cocycle reversing system which allow to reorient directed cuts, not only sinks, extending properties of the edge firing game to all orientations. Then we introduce by duality a cycle reversing system which consists in reorienting cycles, and at last a cycle-cocycle reversing system allowing both rules. We prove that the equivalence classes of this system are in bijection with indegree sequences with unique quasi-sink at a given vertex. We obtain enumerations of equivalence classes of these systems as evaluations of the Tutte polynomial.

We mention that these systems can be defined more generally, and exactly the same way, in oriented matroids, in terms of circuit and cocircuit reversing. These combinatorial structures [3] extend cycle and cocycle spaces of graphs, by considering them in some sense as hyperplane arrangements, and the notion of duality is fundamental. Many results on the Tutte polynomial generalize to oriented matroids. The previous enumerative results extend to regular matroids (but not to general oriented matroids), see [12]. However, the proofs of these results are quite different, since there is no notion of vertex, neither of sink, nor of indegree sequence, in matroids.

Stable recurrent configurations at level 0 of the sandpile model are in bijection with equivalence classes of configurations of the edge or cycle-cocyle reversing systems on acyclic orientations. Using the Tutte polynomial, we got an enumerative equality between the number of equivalence classes of configurations for the cycle-cocyle reversing system and the number of stable recurent configurations of the sandpile model [19], all levels being counted. These properties lead to the question of finding an appropriate bijection, see Section 5. Finally, this paper may be a first step towards a study of the sandpile model of a graph using orientations of this graph, towards a systematic study of duality in this model, or towards its generalization in the more geometrical context of regular matroids or oriented matroids.

2. Preliminaries

An orientation ⃗G of a graph G = (V, E) is the digraph defined by the choice of a direction for every edge of G. For A ⊆ E, we denote ⃗G/A the minor of ⃗G obtained by contraction of A, and ⃗G \ A = G(E \ A) the minor of ⃗G obtained by deletion of A or equivalently by restriction to E \ A. The reorientation of ⃗G with respect to A ⊆ E, denoted −_A ⃗G is the digraph obtained by changing the directions of the edges in A. A directed cycle of a digraph is a set of (undirected) edges forming a cycle of the graph such that they are all directed accordingly with a direction for the cycle. A vertex is said to be (contained) in a cycle if it is the extremity of an edge in the cycle. A directed cocycle is a set of (undirected) edges forming a cut of the graph such that all edges are directed from the same part of the set of vertices defined by the cut towards the other. A sink of a digraph is a vertex with no outgoing edge. Note that the set of edges with a same sink as extremity is a directed cocycle. A digraph ⃗G is acyclic if it has no directed cycle, and totally cyclic if every edge belongs to a directed cycle. A connected graph is totally cyclic if and only if it is strongly connected, that is if for every pair of vertices there is a directed cycle containing the two vertices.

Duality wil be introduced thanks to a fundamental property of orientations of graphs: every edge belongs to a directed cycle or a directed cocycle but not both [29]. Hence a directed graph is acyclic, resp. totally cyclic, if and only if every edge, resp. no edge, belongs to a directed cocycle. For a directed graph ⃗G, the cyclic part F of ⃗G is the union of (edges of) all directed cycles of ⃗G, and E \ F is called the acyclic part of ⃗G (it is the union of all directed cocycles of ⃗G). Then ⃗G/F is acyclic and ⃗G(F ) is totally cyclic. More structurally this result can be seen as a decomposition of the set of (re)orientations of a (di)graph:

2^E = ⊎ F cyclic flat of G

{ A^′ ⊎ A^{′′} | A^′ ⊆ F, −_A′ ⃗G(F ) totally cyclic, A^{′′} ⊆ E \ F, −_A′′ ⃗G/F acyclic }

where a cyclic flat F of G is a union of (edges of) cycles of G such that its complementary E \ F is a union of (edges of) cocycles, or equivalently, such that if C ⊆ E is a cycle with C \ e ⊆ F and e ∈ C, then e ∈ F (see [13][14] for refinements of such decompositions).

Given a vertex s of G, we say that an orientation ⃗G has a unique quasi-sink at s if the vertex induced by s in ⃗G/F is the unique sink of ⃗G/F , where F is the cyclic part of ⃗G. Equivalently, there is a directed path from v to s in ⃗G for every vertex v of G.

More precisely, we call quasi-sink of a connected digraph ⃗G = (V, E) a set S ⊆ V of vertices such that, with E_S the set of edges with extremities in S, E_S is contained in the cyclic part F of ⃗G, G(E_S ) is a connected component of G(F ), and the vertex induced by S in ⃗G/F is a sink of ⃗G/F . Hence an orientation has a unique quasi-sink at s if and only if it has a unique quasi-sink S and this quasi-sink contains s.

Note that the definitions of sink and quasi-sink coincide for acyclic digraphs, and that a strongly connected digraph has a unique quasi-sink S = V .

We call V -vector a mapping which associates a positive integer with every vertex of a graph or a digraph on set of vertices V . Assuming V = {v_1, ..., v_m} is labeled with increasing indices, a V -vector will be denoted (a_1, ..., a_m) where a_i is associated with v_i, 1 ≤ i ≤ m, and a_i is called the value of v_i.

The indegree sequence, or in-sequence for short, of a digraph ⃗G is the V -vector associating with v ∈ V the number of incoming edges in v. Obviously the in-sequence (a_1, ..., a_m) of ⃗G satisfies ∑ 1≤i≤m a_i = #E.

Note that a vertex is a sink of ⃗G if and only if its value in the in-sequence of ⃗G equals its degree in G.

Lemma 2.1. The set of in-sequences of acyclic orientations of a graph G is in bijection with the set of acyclic orientations of G.

Proof. An algorithm calculating the unique acyclic orientation with a given in-sequence of acyclic orientation is the following: since the orientation is acyclic, there exists a vertex of which value equals its degree in G, it is a sink of ⃗G. Then, when this vertex is removed, the in-sequence of the subgraph is also obtained by deleting the vertex, the subgraph is also acyclic, and so on...

The Tutte polynomial of the graph G is denoted t(G; x, y) = ∑ i,j b_{i,j} x^iy^j . Among its several equivalent definitions [5][18][24], we will use in proofs its famous following inductive one. When a graph is not connected, its Tutte polynomial equals the product of the Tutte polynomials of its connected parts.

t(∅; x, y) = 1 and for all e ∈ E if e is not a loop nor an isthmus of G then t(G; x, y) = t(G \ e; x, y) + t(G/e; x, y) if e is an isthmus of G then t(G; x, y) = xt(G/e; x, y) = xt(G \ e; x, y) if e is a loop of G then t(G; x, y) = yt(G/e; x, y) = yt(G \ e; x, y) It is known [15] that the number of (in-sequences of) acyclic orientations of a connected graph with unique given sink is t(G; 1, 0) = ∑ i b_{i,0}. The number of (in-sequences of) acyclic orientations of a graph G is t(G; 2, 0) [22]. The number of in-sequences of orientation of a graph G is t(G; 2, 1) [5][23]. The number of totally cyclic orientations is t(G; 0, 2) (by duality in [15] extending [22]) A useful numerical extension of the previous duality decomposition is this formula for the Tutte polynomial, implicit in [11] since proved bijectively, and called “convolution formula” in [16] (see also [10][14] for extensions) t(G; x, y) = ∑ F cyclic flat of G t(G/F ; x, 0) t(G(F ); 0, y).

The edge firing game on a graph G = (V, E) is defined by its set of configurations which are the orientations of the graph and by an evolution rule: if a vertex v ∈ V is a sink of ⃗G with A as set of incoming edges, then −_A ⃗G is a successor of ⃗G. These two orientations are said to be equivalent, and the transitive closure of this relation is an equivalence relation on the orientations of G. Obviously, if an orientation is acyclic, then every equivalent orientation is acyclic. On the contrary, if a vertex belongs to a directed cycle of an orientation then this vertex will never be a sink in an equivalent orientation. Thus the main interest of the edge firing game is its restriction to acyclic orientations.

Note that usually this system is defined on a digraph, and one studies the configurations reachable from this digraph [17]. Here we consider all edge firing games on the same underlying undirected graph, and call this structure the edge firing game of the undirected graph. If the graph is connected, and if we choose a vertex s ∈ V to be the sink of the system, there exists one and only one acyclic orientation of G with unique sink s in each equivalence class of acyclic orientations. Since the edge firing game is somehow equivalent to the sandpile model at level 0 (see last Section), this result may be seen for instance as a consequence of a classical property of sandpile model configurations [4]. However, a direct proof is given in the present paper for completeness in Proposition 4.3. These particular orientations are called s-configurations of the edge firing game on acyclic orientations of G. Hence the number of these configurations is t(G; 1, 0).

We introduce in the sequel, first, a cocycle reversing system with larger equivalent classes, equivalent to the edge firing game in the acyclic part. We introduce, secondly, a cycle reversing system, allowing to extend the dynamic by duality to all orientations, and we introduce, finally, a cycle-cocycle reversing system which is a combination of the two.

In every dynamical system that we will consider in a digraph : edge firing game, cycle, cocycle, cycle-cocycle reversing systems, sandpile model, our aim is to represent every equivalence class of configurations with a particular object associated with this class, and compare these representative objects and their enumeration between these systems. Such a representative of a class will be called s-configuration of the class, it may be an orientation (edge firing game, cocycle reversing system) or a V-vector (cycle reversing system, cycle-cocycle reversing system).

The sandpile model of a graph G and its s-configurations are also described in terms of V -vectors, this is done in Section 5 since this system is not directly used in the other sections.

3. Enumerations of indegree sequences

Given a graph G, it is known that the number of in-sequences of orientations is t(G; 2, 1) (by [5][23]), of acyclic orientations is t(G; 2, 0) (by [22] and bijection of Lemma 2.1), of acyclic orientations with unique given sink when G is connected is t(G; 1, 0) (by [15] and bijection of Lemma 2.1). An example is given at the end of Section 4, illustrating also the enumerations of this Section.

Theorem 3.1. Let G be a connected graph. The number of in-sequences of strongly connected orientations of G is t(G; 0, 1).

Proof. Recall that a digraph is strongly connected if and only if it is connected and every edge belongs to a directed cycle.

First, we prove that if there exists a in-sequence (a_1, a_2, a_3..., a_m) of strongly connected orientation, then the set of in-sequences of strongly connected orientations, when a_3, ..., a_m are fixed, is of the form (a − j, a^′ + j, a_3..., a_m) for positive integers a, a^′, k and 0 ≤ j ≤ k. Indeed on the one hand two orientations with same values for v_3, ..., v_m must differ on a union of paths from v_1 to v_2, and on the other hand the reorientation of a path from v_1 to v_2 changes by one the values of v_1 and v_2, in positive and negative respectively, or the contrary, and does not affect the strong connectivity if we keep a path from v_1 to v_2 and a path from v_2 to v_1. Hence we get the property.

Secondly, let e be an edge of G. Up to relabeling we assume that v_1 and v_2 are the extremities of e. If e is an isthmus of G, then no orientation is strongly connected. If e is a loop of G, then it can be deleted and the number of in-sequences remains the same. Assume now that e is not a loop nor an isthmus.

If G\e has an isthmus f, then its number of strongly connected orientations equals zero, and there is a bijection between strongly connected orientations of G/e and G: the direction of e is opposite to the direction of f in the cut {e, f}.

Hence there exists a strongly connected orientation of ⃗G with in-sequence (a_1, ..., a_m) if and only if there exists a strongly connected orientation of ⃗G/e with in-sequence (a_1 + a_2, a_3, ..., a_m). Since a_1 + a_2 = #E − (a_3 + ... + a_m), the number of in-sequences of strongly connected orientations of G when a_3, ..., a_m are fixed is the number of in-sequences of strongly connected orientations of G/e when a_3, ..., a_m are fixed, it equals one or zero.

Assume now that G \ e has no isthmus, and (a_1, a_2, ...a_m) is a in-sequence of strongly connected orientation of ⃗G\e. On the one hand, the set of in-sequences of strongly connected orientations of G\e when a_3, ..., a_m are fixed is of the form (a−j, a^′ +j, a_3..., a_m). If ⃗G\e is a strongly connected orientation of G \ e, then e can be directed in any way in G, and the orientation remains strongly connected. So the set of in-sequences of strongly connected orientations of G when a_3, ..., a_m are fixed is of the form (a + 1 − j, a^′ + j, a_3..., a_m). Then the number of in-sequences of strongly connected orientations of G when a_3, ..., a_m are fixed is one plus the number of in-sequences of strongly connected orientations of G \ e when a_3, ..., a_m are fixed. A strongly connected orientation ⃗G of G with in-sequence of the above form induces a strongly connected orientation ⃗G/e of G/e with unique possible in-sequence (a_1 + a_2, a_3, ..., a_m).

Thus, finally, in both cases, the numerical relations satisfie the inductive definition of the Tutte polynomial, hence the result.

Corollary 3.2. The number of in-sequences of totally cyclic orientations of a graph G is t(G; 0, 1).

Proof. A digraph is totally cyclic if and only if the connected components of the underlying graph are strongly connected. Its Tutte polynomial equals the product of the Tutte polynomial of its connected components.

Lemma 3.3. An orientation with in-sequence (a_1, ..., a_m) has a directed cocycle C from A towards B where V = A ⊎ B is the partition induced by C if and only if the sum of values a_i of vertices in A equals the number of edges in the subgraph induced on A.

With the previous lemma, the fact that an orientation has a unique quasi-sink, and the fact that this quasi-sink contains a given vertex s, can be read on its in-sequence : we can calculate the acyclic part with the in-sequence, and the directions of edges in this acyclic part (lemma 2.1), then we know if the contraction of the cyclic part has a unique sink. Hence we define a quasi-sink of an indegree sequence as a quasi-sink of an associated orientation.

Theorem 3.4. Let G be a connected graph. The number of in-sequences of orientations of G having a unique quasi-sink at a given vertex is t(G; 1, 1).

Proof. By definition, the orientations ⃗G of G having a unique quasi-sink at s are the orientations such that, F being the cyclic part of ⃗G, ⃗G/F has a unique sink equal to the vertex of G/F induced by s. As noted above, with Lemma 3.3, the in-sequence of ⃗G determines its cyclic part. As mentioned at the beginning of the section, it is known that the number of in-sequences of acyclic orientations of G/F with unique given sink is t(G/F ; 1, 0). Besides, by Corollary 3.2, the number of in-sequences of G(F ) is t(G(F ); 0, 1). Hence, using the duality decomposition of the set of orientations, the number of in-sequences of orientations of G having a unique quasi-sink at a given vertex equals ∑ F cyclic flat of G t(G/F ; 1, 0) t(G(F ); 0, 1). Hence it equals t(G; 1, 1) using the convolution formula for the Tutte polynomial.

Remark. The enumeration of in-sequences for all orientations with t(G; 2, 1) (from [23]) could be deduced from the enumeration for acyclic orientations with t(G; 2, 0) ([22] and Lemma 2.1) and the enumeration for totally cyclic orientations with t(G; 0, 1) (corollary 3.2), exactly the same way as in Theorem 3.4. All these enumerations may also be seen as corollaries of enumerations of [12] in regular matroids together with bijections of Section 4.

4. A cycle-cocycle reversing system

In this Section, G = (V, E) is always a connected graph. We introduce successively a cocycle reversing system, a cycle reversing system and a cycle-cocycle reversing system on G. We enumerate their configurations (these enumerations may be seen also as corollaries of [12] in regular matroids), and relate them to indegree sequences. We end with a remark on the planar case, a remark on the generalization oriented matroids, a detailed example and a sum up of the bijections and enumerations involved in the paper.

Figure 1. Reversing cycles and cocycles

The cocycle reversing system on G is a dynamical system on G with set of configurations the orientations of G, and if C is a directed cocycle of ⃗G, then −_C ⃗G is equivalent with ⃗G. The transitive closure of this relation is an equivalence relation, defining equivalence classes for the cocycle reversing system. For example, in Figure 1, the directed graphs A, B, C and D are equivalent.

Lemma 4.1. Given an acyclic digraph ⃗G = (V, E), there exists a sequence of vertices v_{i1} , ..., v_{im} with {v_{i1} , ..., v_{im} } = V and a sequence of digraphs G = G_0, G_1, ..., G_{m−1}, G_m = G such that v_{ik} is a sink of G_{k−1} and G_k is obtained from G_{k−1} by reorienting edges incoming to v_{ik} .

Proof. Easy by induction: the first sink is reoriented and deleted, then there exists a sequence in the subgraph following the first reorientation. Of course, this procedure comes to reorient every edge twice, and so the final configuration equals the first one.

Proposition 4.2. The equivalence classes of acyclic orientations for the edge firing game equal the equivalence classes of acyclic orientations for the cocycle reversing system.

Proof. If C is a directed cocycle of ⃗G, and ⃗G is acyclic, then let V = A ⊎ B be the partition defined by the cut C ⊆ E, with the edges in C directed from A towards B. The subgraph of G induced on B is acyclic, then it has a sink. By Lemma 4.1, there exists a sequence of reorientations of sinks in this subgraph. Since C is directed towards B, sinks in the subgraph with set of vertices B remain sinks in G. Every edge in this subgraph has been reoriented twice. Hence the sequence of reorientations in G comes to the reorientation of C.

For example, in Figure 1, the digraphs A, B and C, restricted to edges 12345, are acyclic and equivalent for the edge firing game and the cocycle reversing system. Reversing 12 and 234 is the same as reversing cocycle 134.

Lemma 4.3.1 Let s, v ∈ V . Let k be the minimal number of edges in a path (undirected) from s to v in G. Let ⃗G_1 → ... → ⃗G_j be a sequence of orientations of G with sink s and such that, for 1 ≤ i ≤ j − 1, ⃗G_{i+1} is obtained by reorienting a sink v_i of ⃗G_i. The number of digraphs G_i in the sequence for which v = v_i is at most k − 1.

Proof. We prove this lemma by induction on k. If k = 1 the result is obvious since s and v cannot be sinks at the same time. Assume now k > 1. Let w ∈ V be a neigbourg of v at distance k − 1 from s. Assume i and i^′, 1 ≤ i < i^′ ≤ j, are such that v = v_i and v = v_i′ . The edge (v, w) is directed from v to w in ⃗G_{i+1}, and from w to v in ⃗G_i′ . So there exists i^{′′}, with i < i^{′′} < i^′, such that w = v_i′′ . By induction, there exist at most k − 2 possible values for i^{′′}, hence there exist at most k − 1 possible values for i and i^′.

Lemma 4.3.2 If two orientations ⃗G and ⃗G^′ are equivalent for the cocycle reversing system, then either ⃗G = ⃗G^′, or there exists a directed cocycle of ⃗G which is reversed between ⃗G and ⃗G^′.

Proof. With Proposition 4.2, there exists a sequence of orientations ⃗G = ⃗G_1 → ... → ⃗G_j = ⃗G^′ such that, for 1 ≤ i ≤ j − 1, ⃗G_{i+1} is obtained by reorienting a sink v_i of ⃗G_i. We prove that for every i, 1 ≤ i ≤ j, we have either ⃗G_i = ⃗G or there exists a directed cocycle C of ⃗G which is reversed between ⃗G_i and ⃗G. This is true for i = 1. Assume it is true for some i, if ⃗G = ⃗G_i then the set of edges incident to v_i is a directed cocycle of ⃗G reversed between ⃗G and ⃗G_{i+1}. Assume now ⃗G ≠ ⃗G_i then let C be a directed cocycle of ⃗G reversed between ⃗G_i and ⃗G. Let D be the set of edges in C incident to v_i, and D^′ the set of edges not in C incident to v_i. If D = ∅, then C remains reversed between ⃗G_{i+1} and ⃗G. Otherwise, C \ D ∪ D^′ is a cocycle of G, reversed between ⃗G_{i+1} and ⃗G. Hence the property is proved for all i, in particular i = j.

Proposition 4.3. There exists one and only one acyclic orientation with unique given sink in every equivalence class of acyclic orientations for the cocycle reversing system.

Proof. Let s ∈ V , chosen to be the unique sink. First, we prove the existence. Consider an equivalence class of acyclic orientations for the cocycle reversing system. With Lemma 4.1, we immediately get that there exists an orientation ⃗G in the class such that s is a sink of ⃗G. Let S be the set of orientations of G belonging to the equivalence class of ⃗G for which s is a sink. If every orientation in S had a sink different from s, then this sink should not be a neighbourg of the sink s, and it would be possible to build a sequence of orientations in S with arbitrary length, with the property that every orientation is obtained by reorientation of a sink different from s in the previous one. But this would be a contradiction with Lemma 4.3.1. Hence S contains an orientation with unique sink s. Secondly, we prove the unicity. Assume two orientations ⃗G and ⃗G^′ with unique sink s are equivalent for the cocycle reversing system, With Lemma 4.3.2, either ⃗G = ⃗G^′ or there exists a directed cocycle C of ⃗G reversed between ⃗G and ⃗G^′. If ⃗G ≠ ⃗G^′, let V = A ⊎ B be the partition associated with C. Since ⃗G and ⃗G^′ have a sink s, and C is a directed cocycle reversed between ⃗G and ⃗G^′, the digraph ⃗G^′ must have a sink in both sets of vertices A or B, which is a contradiction with ⃗G^′ has a unique sink. Hence ⃗G = ⃗G^′.

Remark. The result of Proposition 4.3 is not really new, but the author did not find such a direct proof in previous works. It may be seen for instance as a consequence of a classical property of sandpile model configurations at level 0, see [4].

Corollary 4.4. The number of equivalence classes of acyclic orientations for the cocycle reversing system of a graph G is t(G; 1, 0).

Note that for non-acyclic orientations, equivalence classes of the cocycle reversing system are larger than equivalence classes of the edge firing game. For instance, if a directed cocycle C defines a cut V = A ⊎ B, and if the subgraphs induced on A and B are strongly connected, then the directed cocycle C can be reoriented in the cocyle reversing system, but not in the edge firing game. In fact, in the cocycle reversing system, it is like if one can reorient at the same time several vertices. More precisely, we have the following proposition.

Lemma 4.5. If C is a directed cycle or a directed cocycle of ⃗G, then ⃗G and −_C ⃗G have same cyclic part and same acyclic part.

Proof. Let C be a directed cycle and C^′ be a directed cocyle of ⃗G. Then C ∩ C^′ = ∅. Hence C is a cycle in a connected component of G \ C^′. Thus C^′ is a directed cocycle of −_C ⃗G, and C is a directed cycle of −_C′ ⃗G. Hence the acyclic part of ⃗G is included in the acyclic part of −_C ⃗G, and the cyclic part of −_C′ ⃗G is included in the cyclic part of ⃗G. By symmetry, the three graphs ⃗G, −_C ⃗G and −_C′ ⃗G have same cyclic and acyclic parts.

Proposition 4.6. Let ⃗G be an orientation of G with cyclic part F . All configurations for the cocycle reversing system equivalent to ⃗G have same cyclic part F . The equivalence classes of ⃗G and ⃗G/F for the cocycle reversing system, and the equivalence classes of ⃗G/F for the edge firing game are isomorphic.

Proof. First, edges in a directed cycle cannot be reoriented in the cocycle reversing system, thus the cyclic part is invariant (cf. Lemma 4.5). Moreover if C is a directed cycle of ⃗G, and A the set of vertices of C, then the cut V = A ⊎ (V \ A) correspond to a vertex of ⃗G/F , and so the rule is the same applied in ⃗G or in ⃗G/F . At last, ⃗G/F is acyclic, so for this graph edge firing game and cocycle reversing system give the same structure to the configurations by Proposition 4.2.

Proposition 4.7. Let s be a vertex of G. In each equivalence class of the cocycle reversing system, there exists a unique orientation with unique quasi-sink at s.

Proof. The directions of the edges belonging to F are fixed, then using Proposition 4.6 the unique orientation of G/F with unique sink s gives a unique orientation of G with unique cocycle-sink s.

For example, in Figure 1, for the equivalent digraphs A, B, C and D, we have F = {5, 6, 7, b, c, d}. The digraph D is the unique in its class with unique quasi-sink at s. And when F is contracted, D is the unique in its class with a unique sink s.

Corollary 4.8. The number of equivalence classes of the cocycle reversing system of G is t(G; 1, 2).

Proof. On the one hand, the rule of the system does not affect the cyclic part of the digraph (cf. Lemma 4.5). On the other hand, an edge belonging to the cyclic part is never reoriented when the rule is applied. Hence two configurations with same cyclic part F such that the restriction to F are not the same do not belong to the same equivalent class. The number of totally cyclic orientations of G equals t(G; 0, 2) (cf. Preliminaries), and the number of equivalence classes of G/F equals t(G; 1, 0) Hence the number of equivalence classes equals ∑ F cyclic flat of G t(G/F ; 1, 0) t(G(F ); 0, 2) = t(G; 1, 2) (convolution formula).

Finally, when a vertex s is chosen to be the sink of the system, the orientations of G with unique quasi-sink at s are in bijection with equivalence classes of configurations. They are called s-configurations of the cocycle reversing system on G.

Dually, we introduce the cycle reversing system on G. Configurations are still the orientations of G, but the evolution rule is dual and defined by: if C is a directed cycle of ⃗G, then −_C ⃗G is equivalent with ⃗G. The transitive closure of this relation is an equivalence relation, defining equivalence classes for the cycle reversing system. For example, in Figure 1, the digraphs D and E are equivalent.

Note that the definition of the cocycle reversing system and the cycle reversing system can be readily extended to oriented matroids, since there is no choice of a particular sink in these definitions. In this context, the cocyle reversing system for an oriented matroid M is exactly the cycle reversing system in the dual oriented matroid M^∗, see last remarks or [12].

Lemma 4.9. Reorienting a cycle in a digraph does not change its indegree sequence.

Proposition 4.10. Two orientations of a graph are equivalent for the cycle reversing system if and only if they have same indegree sequence.

Proof. If two orientations are equivalent then they can be joined, by definition, by a sequence of reorientatons of cycles, hence they have same in-sequence with Lemma 4.9. Conversely, let ⃗G and

⃗G′ be two orientations with same in-sequence. Suppose there exists an edge e directed in opposite directions in these two digraphs. Assume e is directed from v_1 to v_2 in ⃗G. Since the in-sequence is the same, there exist an edge (v_2, v_3) directed from v_2 towards v_3 in ⃗G which has the opposite direction in ⃗G′. Then inductively we get a sequence of vertices containing a cycle C of which edges have opposite directions in the two digraphs. Then the digraph −_C ⃗G is equivalent to ⃗G and has a strictly smaller number of edges directed differently from ⃗G^′. Thus we get the result by induction.

Corollary 4.11. The number of equivalence classes of strongly connected orientations of a connected graph G for the cycle reversing system is t(G; 0, 1). The number of equivalence classes of orientations of a connected graph G for the cycle reversing system is t(G; 2, 1).

Proof. This is a direct consequence of Proposition 4.10 and Theorems 3.1 and 3.4.

Finally, we have a bijection between equivalence classes of configurations for the cycle reversing system of G and indegree sequences of orientations of G. These sequences are called s-configurations of the cycle reversing system on G.

Note that on the contrary with edge firing games or cocycle reversing systems, these sconfigurations, that represent equivalence classes, are not orientations of the graph but V-vectors. However in the planar case the cycle reversing system can be described as the cocycle reversing system of the dual, and then these s-configurations can be described as particular orientations of the dual graph. A statement generalizing this description is not clear in general: see remark on planar graphs at the end of this Section, and questions on sandpile model in next Section.

At last, we define a cycle-cocycle reversing system on G, of which configurations are the orientations of G with the folowing rule: if C is a directed cycle or a directed cocycle of ⃗G, then −_C ⃗G is equivalent with ⃗G. The transitive closure of this relation is an equivalence relation, defining equivalence classes for the cycle-cocycle reversing system. For example, in Figure 1, all digraphs are equivalent.

Proposition 4.12. Let s be a vertex of G. Two orientations with unique quasi-sink at s are equivalent for the cycle-cocycle reversing system if and only if they have same indegree sequence.

Proof. The evolution rule does not change the cyclic part of the digraph, hence the directions of the edges in the contraction G/F are determined by the in-sequence and the fact that this acyclic digraph has a unique sink induced by s. Then the directions in the strongly connected graph G(F ) are determined by the in-sequence up to cycle reorientations thanks to Lemma 4.10.

Corollary 4.13. The number of equivalence classes for the cycle-cocycle reversing system of G is t(G; 1, 1).

Proof. This is a direct consequence of the bijection below and Theorem 3.4.

Thus, finally, we have a bijection between equivalence classes of the cycle-cocycle reversing system and indegree sequences of G with a unique quasi-sink at a given vertex s. These in-sequences are called s-configurations for the cycle-cocycle reversing system with quasi-sink at s.

Planar case. When the graph is planar, it has a dual G^∗. As a particularization of the well known duality property of the Tutte polynomial in matroids [5], we get that t(G; x, y) = t(G^∗; y, x). Strongly connected orientations of G, resp. G^∗, are acyclic orientations of G^∗, resp. G. Then the cycle reversing systems and cocycle reversing systems on G and G^∗ are dual, and the cycle-cocycle reversing system on G is isomorphic up to duality to the cycle-cocycle reversing system on G^∗. Thus, moreover, for any given vertex of G and any given vertex of G^∗ (particular cycle of G), we get a bijection between in-sequences of G and in-sequences of G^∗ with unique quasi-sinks at these respective vertices.

Generalization to oriented matroids. The reader is refered to [3] for necessary background on oriented matroids, and to [12] for the detailed constructions and results described below. In an oriented matroid M on E (or in particular an hyperplane arrangement), the oriented matroid obtained by reorientation of M with respect to a subset A ⊆ E is denoted −_AM. By extension, we call reorientation a subset A ⊆ E, of which associated oriented matroid is −_AM. These reorientations correspond to signatures of the arrangement associated with M. This is done to preserve a number of reorientations equal to 2^{|E|}, similarly with graphs. But of course, structurally, the oriented matroids −_AM and −_{E\A}M are in fact equal. We define a circuit reversing, resp. a cocircuit reversing, resp. a circuit-cocircuit reversing system, of which configurations are the reorientations of M, generalizing the previous systems in digraphs. Indeed a (positive) circuit, resp. cocircuit, of a matroid associated with a graph is an elementary (directed) cycle, resp. cocycle. The following rule is used: if C is a positive circuit, resp. a positive cocircuit, resp. a positive circuit or a positive cocircuit, of −_AM, then the reorientation C△A (associated with −_C (−_AM)) is equivalent with the reorientation A (associated with −_AM). The transitive closure of this relation is an equivalence relation, defining equivalence classes for the system. Note that the circuit reversing system for M is isomorphic to the cocircuit reversing system on M^∗, and then the circuit-cocircuit reversing system of M and M^∗ are isomorphic. However in oriented matroids there is not a notion of vertex as in graphs, and so there is not a notion of in-sequence. It is easy to check that the enumerative results on equivalence classes do not generalize to any oriented matroid. For instance a uniform oriented matroid U_{2,2k}, resp. U_{2,2k+1}, has exactly one, resp. two, equivalence classes of acyclic reorientations, for any k > 0. Nevertheless, enumerative results of Section 4 all extend to regular matroids, which are binary orientable matroids, and form the smaller usual class of oriented matroids containing graphs and self-dual.

Example. Figures 2, 3, 4 and 5 show all orientations of a same small graph and their in-sequences. We chose that the directions of edges are represented with grains put at the outgoing extremities, in order to bring out visually in-sequences and by analogy with level 0 configurations of the sandpile model. The in-sequences are written with respect to the ordering (s, a, b, c). Configurations equivalent for the cycle-cocycle reversing system are on a same line. The various Figures correspond to various cyclic parts F . Here, for each F , we have the same useful quasi-sink S for the different configurations associated with F (it is not the case in general). The Tutte polynomial of this graph is

t(G; x, y) = x^3 + 2x^2 + x + 2xy + y + y^2.

Figure 2. F = E, S = V (strongly connected orientations)

The number of orientations equals t(G; 2, 2) = 2^5 = 32. The number of in-sequences, that is the number of equivalence classes for the cycle reversing system, equals t(G; 2, 1) = 24 (there are 2 in Figure 2, 2 in Figure 3 and Figure 4, and 18 in Figure 5).

Figure 2 shows the equivalence classes of strongly connected orientations. For these orientations, the cyclic part is the set of edges E, and the unique quasi-sink is V . The number of strongly connected orientations is t(G; 0, 2) = 6. Two configurations on a same line have same in-sequence: they can be deduced by a sequence of reorientations of cycles. According to Theorem 3.4, the number of equivalence classes, or s-configurations, or in-sequences, of strongly connected orientations, is t(G; 0, 1) = 2.

Figure 3 and Figure 4 show respectively the orientations with cyclic part F = {ab, ac, bc} and F = {sa, sb, ab}. Two configurations on a same line have same in-sequence if and only if they can be deduced by a sequence of reorientations of cycles. And the in-sequences are different if and only if a cocycle has been reoriented. The first orientation in Figure 3 has a unique quasi-sink {s} which is in fact a (unique) sink (s does not belong to the cycle {ab, ac, bc}). The first orientation in Figure 4 has a unique quasi-sink {s, a, b}, but has no sink (s belongs to the cycle {sa, sb, ab}). In both cases, the unique quasi-sink contains s. Hence the first in-sequence of each line is the s-configuration of the equivalence class.

Figure 3. F = {ab, ac, bc}, S = {s}

Figure 4. F = {sa, sb, ab}, S = {s, a, b} Figure 5 illustrates the (trivial) bijection between acyclic orientations and their in-sequences, and the first elements of each line give the bijection between acyclic orientations with unique sink and their in-sequences. For these orientations, the cyclic part F is empty. The number of in-sequences of acyclic orientations equals the number of acyclic orientations t(G; 2, 0) = 18. The number of equivalence classes for acyclic orientations, or s-configurations, or in-sequences of acyclic orientations with unique given sink, is t(G; 1, 0) = 4. These configurations are exactly the same as for the edge firing game of acyclic orientations. Their in-sequences are sandpile configurations at level 0 (see Section 5).

Figure 5. F = ∅, S = {s} (acyclic orientations)

The number of equivalence classes for the cocycle reversing system is t(G; 1, 2) = 14. There are 6 in Figure 2 (all strongly connected orientations), 2 in Figure 3 and in Figure 4 (the two first of each line), and 4 in Figure 5 (the first of each line).

Finally, the number of equivalence classes, or s-configurations, or in-sequences of orientations with unique quasi-sink at s, is t(G; 1, 1) = 8. It is the number of lines in the four Figures. The first insequences, one for each line, is the set of s-configurations. Their number is the same as s-configurations for the sandpile model.

Sum up. The bijections, and the related evaluations of the Tutte polynomial, involved in the paper, are the following. Let s be a fixed vertex of G.

t(G; 1, 0) = # classes of the (cycle-)cocycle reversing system of acyclic orientations = # acyclic orientations with unique sink at s = # in-sequences of acyclic orientations with unique sink at s t(G; 1, 2) = # classes of the cocycle reversing system

= # orientations with unique quasi-sink at s t(G; 0, 1) = # classes of the cycle(-cocycle) reversing system of strongly connected orientations = # in-sequences of strongly connected orientations t(G; 2, 1) = # classes of the cycle reversing system

= # in-sequences of all orientations t(G; 1, 1) = # classes of the cycle-cocycle reversing system

= # in-sequences of orientations with unique quasi-sink at s

5. Open link with the sandpile model

Let G = (V, E) be a connected graph with V = (v_1, ..., v_m), and let d_i be the degree of v_i, 1 ≤ i ≤ m. The sandpile model on a graph [2][4][9] can be defined as a dynamical system, of which configurations (a_1, ..., a_m) are V -vectors on G, defined by the following rule: if a vertex v_i has a value a_i superior to its degree d_i, then its value is decreased by d_i and the value of each neighbourg is increased by the number of edges joining the two vertices (one if we forbid multiple edges). A vertex s is chosen to be the sink of the system, and a configuration is said to be stable if s is the only vertex of which value is superior to its degree. A configuration is a stable recurent configuration if when the rule is applied to the sink we necessarily get the same configuration after a sequence of successors. The set of configurations reachable from any stable recurent configuration is an equivalence class of configurations, and there exist one and only one stable recurent configuration in every equivalence class. We call s-configurations the stable recurent configurations for which the sink has value exactly its degree (this restriction is due to enumerative reasons, but in fact the value of the sink, superior to its degree has no importance). These configurations are the main object in the study of the sandpile model, they have an intriguing group structure [9] which has already remarkable properties, see for instance [8], or concerning duality, since we noticed that the cycle-cocycle reversing system of a planar graph is isomorphic to the one of its dual, we mention here that the sandpile group associated to a planar graph is also isomorphic to the one of its dual [7].

The level of a configuration (a_1, ..., a_m) is ( ∑ 1≤i≤m ai) − #E. The V -vectors which are s-

configurationsy are characterized by a lattice structure, graded by the level. The s-configurations at level 0 are exactly in-sequences of acyclic orientations with unique sink s (this result is implicit for example in [6]). There exists a unique s-configuration at maximal level ( ∑ 1≤i≤m di − 1) − #E + 1, it is the V -vector having all values equal to the degree less one, except for the sink which has value equal to its degree (as for all s-configurations). An s-configuration is a V -vector superior to a configuration at level 0 and inferior to the maximal s-configuration with respect to the Gale ordering ((a_1, ..., a_m) ≤ (b_1, ..., b_m) if a_i ≤ b_i for all 1 ≤ i ≤ m). The number of s-configurations of the sandpile model on G at level k is ∑ i b_{i,k} and hence the number of s-configurations of the sandpile model is t(G; 1, 1) [19].

So, on the one hand, s-configurations of acyclic orientations for the edge firing game or the cyclecocycle reversing system on G are in canonical bijection, via the in-sequence, with s-configurations at level 0 of the sandpile model on G. Note moreover that the evolution rule is compatible with this bijection: configurations of the sandpile model at level 0 are in bijection with acyclic orientations and their in-sequences, and their equivalence classes are in bijection with equivalence classes for the edge firing game or the cycle-cocycle reversing system.

On the other hand, s-configurations of the sandpile model and of the cycle-cocycle reversing system are particular V-vectors, in same number. Hence the following problems raise.

Problems. Find a bijection between in-sequences of orientations with unique quasi-sink at a given vertex and s-configurations of the sandpile model with given sink. If possible, find an interpretation of the sandpile model levels k > 0 in terms of in-sequences or in terms of orientations. If possible, find an interpretation of the algebraic law between configurations of the sandpile model in terms of in-sequences or orientations.

Given a linear order on E, the number ∑ i b_{i,k} is also the number of spanning trees with external activity k [24]. This equality leads to a bijection [6] between s-configurations of the sandpile model and spanning trees, transforming level into external activity. On the other hand, the same coefficients have an interpretation in terms of activities of orientations [18]. An activity preserving bijection between these spanning trees and activity classes of orientations is done in [13], providing with the previous result a bijection between s-configurations of the sandpile model and some classes of orientations tranforming the level into the orientation-activity. However this bijection is not - a priori - in question here, since these activity classes of orientations depend on a linear ordering, whereas the dynamical equivalence classes of orientations studied here do not.

References.

[1] P. Bak. How nature works - The science of SOC. Oxford University Press, UK, 1997. [2] N. Biggs. Chip firing and the critical group of a graph. J. Alg. Comb. 9 (1999), 25-45. [3] A. Björner, M. Las Vergnas, B. Sturmfels, N. White and G. Ziegler. Oriented matroids. Encyclopedia of Mathematics ans its Applications 46. Cambridge Univertisty Press, UK, 1993, 1999. [4] A. Björner, L. Lovász, P.W. Shor. Chip firing games on graphs. Europ. J. Comb. 12 (1991), 283-291.

[5] T. Brylawski, J. Oxley. The Tutte polynomial and its applications. Chapter 6 in: N. White (ed.), Matroid Applications, Cambridge University Press, UK, 1992.

[6] R. Cori, I. Le Borgne. The Sandpile model and Tutte polynomials. Advances in Applied Mathematics, 30 (2003), no. 1-2, 44-52.

[7] R. Cori, D. Rossin. On the sandpile group of dual graphs. Europ. J. Comb, 21(4) (2000), 447-459. [8] R. Cori. D. Rossin. B. Salvy. Polynomial Ideals for sandpiles and their Gröbner bases. Th. Comp. Sci. 276(1-2) (2002), 1-15.

[9] D. Dhar. Self-organized critical state of sandpile automaton models. Phys. Rev. Lett., 64 (1990). [10] G. Etienne. On the Möbius algebra geometric lattices. European J. Combinatorics 19 (1998), 921-933.

[11] G. Etienne, M. Las Vergnas. External and internal elements of a matroid basis. Discrete Math. 179 (1999), 111-119.

[12] E. Gioan. Circuit-cocircuit reversing system in regular matroids. Submitted. [13] E. Gioan, M. Las Vergnas. Active bijections between spanning trees and orientations in graphs. Discrete Math. 298 (2005), 169-188.

[14] E. Gioan, M. Las Vergnas. The active bijection in oriented matroids, II - Decompositions of activities. Submitted. See also chapter 2 in: Correspondance naturelle entre bases et réorientations des matroïdes orientés, Ph. D. Dissertation, Bordeaux 1 University, France, December, 2002. [15] C. Greene, T. Zaslavsky. On the interpretation of Whitney numbers through arrangements of hyperplanes, zonotopes, non-Radon partitions and orientations of graphs. Trans. Amer. Math. Soc. 280 (1983), 97-126.

[16] W. Kook, V. Reiner, D. Stanton. Combinatorial laplacians of matroid complexes. J. Amer. Math. Soc., 13 (1999), 129-148.

[17] M. Latapy, C. Magnien. Coding distributive lattices with edge firing games. Inf. Proc. Lett., 83(3) (2002), 125-128.

[18] M. Las Vergnas. The Tutte polynomial of a morphism of matroids II. Activities of orientations. Progress in Graph Theory (Proc. Waterloo Silver Jubilee Conf. 1982), Academic Press Toronto, Canada, 1984, 367-380.

[19] C. Merino-López. Chip firing and Tutte polynomial. Annals of Combinatorics 2 (1997), 253-259. [20] G.J. Minty. On the axiomatic foudations of the theories of directed linear graphs, electrical networks and network-programming. J. Math. and Mechanics, 15 (1966), 485-520. [21] J. Oxley. Matroid theory. Oxford University Press, UK, 1992. [22] R.P. Stanley. Acyclic orientations of graphs. Discrete Math. 5 (1973), 171-178. [23] R.P. Stanley. Decompositions of rational convex polytopes. Ann. Disc. Math. 6 (1980), 333-342. [24] W.T. Tutte. A contribution to the theory of chromatic polynomials. Canad. J. Math. 6 (1954), 80-91.