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In the literature, most of the results about the enumeration of directed
animals on lattices via gas considerations are obtained by a formal passage
to the limit of enumeration of directed animals on cyclical versions of the
lattice.

Here we provide a new point of view on this phenomenon. Using the gas
construction given in [Electron. J. Combin. (2007) 14 R71], we describe the
gas process on the cyclical versions of the lattices as a cyclical Markov chain
(roughly speaking, Markov chains conditioned to come back to their starting
point). Then we introduce a notion of convergence of graphs, such that if
(Gp) — G then the gas process built on G, converges in distribution to the
gas process on G. That gives a general tool to show that gas processes related
to animals enumeration are often Markovian on lines extracted from lattices.

We provide examples and computations of new generating functions for
directed animals with various sources on the triangular lattice, on the 7, lat-
tices introduced in [Ann. Comb. 4 (2000) 269-284] and on a generalization
of the £, lattices introduced in [J. Phys. A 29 (1996) 3357-3365].

1. Introduction. Let G = (V, E) be a directed graph with set of vertices V
and set of oriented edges E. Let A and S be two subsets of V, with S C A. We
say that A is a directed animal (DA) with source S if and only if any vertex of A
can be reached from an element of S through a directed path having all its vertices
in A (see Figure 1). The vertices of A are called cells and the number of cells,
denoted | A|, is the area of A. We denote Qg; the generating function (GF) for DA
on G with source S counted according to their area

G A k
Ggin= Y =3 au,
A, DA k>|S|
with source S

where ay, is the number of DA on G with source S and area k.

In the following, we will always assume that the cells of S form an independent
set on the directed graph G—we say that S is a free set—the formal definition
follows.
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F1G. 1. Example of a DA with area 6. The cells of the DA are dark and the vertices of the source
double circled.

DEFINITION 1. Let G = (V, E) be an oriented graph and x and y be two
vertices of G. We say that x is a father of y or equivalently that y is a child of x if
there is an edge from x to y.

More generally, x is called an ancestor of y if there exists a directed path from x
to y.

Let now S be a subset of V; we say that S is a free set of vertices of G if and
only if for every x, y € § such that x # y, x is not an ancestor of y.

In this article we focus on the link between enumeration of DA and hard particle
gas models.

DEFINITION 2. Let G = (V, E) be a graph, a gas occupation or gas configu-
ration on G is a map X from V to {0, 1}. The vertices v € V such that X (v) =1
are said to be occupied, the others are said to be empty.

A hard particle gas occupation of a graph is a gas occupation with the additional
constraint that two occupied vertices cannot be neighbors (the occupied cells form
then an independent set).

A gas model is a probability law on gas occupations. For a given gas model, we
call density in a vertex v the probability for v to be occupied, that is P(X (v) = 1).

Since the pioneering work of Dhar [7], the connection between DA and gas
models have been widely exploited. We shall now give a short overview of the
different contributions on this subject (we refer the reader to [4] and [10] for more
exhaustive references). In Dhar [7], using some statistical mechanics shows that
computing the area generating function for DA on the square lattice is equivalent
to computing the density of a hard particle gas model. This result was obtained
after Nadal, Derrida and Vannimenus [11] and Hakim and Nadal [9] obtained the
generating function of DA on some “cylindric” square lattices.

Those “cylindric” lattices are defined as follows: Let G be an oriented lattice—
that is, an oriented translation-invariant graph—with its vertices indexed by a sub-
set of Z?. If we consider that the abscissa of the vertices of G are labeled by
elements of [N] := Z/NZ instead of Z, we obtain the width-bounded variant of G
with cyclic boundary conditions (see Figure 2). We denote it G®V) and call it the
cyclic or cylindric version of G of width N.
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FIG. 2. The same DA on two representations of the cylindric version of the square lattice with a
width of 6.

Bousquet-Mélou [4] extends Dhar’s correspondence between the hard particle
gas models and enumeration of DA on cyclic square lattices. Particularly, she
shows that gas models allow the enumeration of DA not only according to their
area but also for instance according to their left perimeter or their number of loops.
Those results were then generalized to a family of lattices in a joint work with
Conway [5]. In Conway [5] and Bousquet-Mélou [4], the gas models studied are
defined on the cylindric versions of graphs and the GF for DA is obtained as the
formal limit of the density of the gas when the width grows to infinity. Since com-
puting the density of the gas model is not always tractable, the former result does
not necessarily lead to effective results about enumeration of DA. However, that
new link establishes gas models as a powerful and polyvalent tool for the counting
of DA.

In the latter works, the link between DA and gas is formal and appears because
DA and gas models are shown to verify the same recursive decomposition along
with the layers of the graph. It notably implies that that approach is only valid for
graphs that can be decomposed nicely into layers.

Le Borgne and Marckert [10] give a new insight into the connection between gas
and DA. They construct a coupling between random DA and random gas models
and give a combinatorial proof that for a free set S the GF of DA with source §
is equal to the probability for the vertices of S to be occupied (a construction of
that coupling is sketched in Section 2). Contrary to the construction on cylinders,
in [10] the gas model is well defined on any acyclic graph and in particular on the
whole lattice, where some of its stochastic properties can be studied. On the square
lattice for instance, its restriction to a line is shown to be Markovian, which allows
to compute explicitly the GF for DA with any source included in a line.

We must mention that there exist other fruitful approaches to the combinatorics
of DA. Some results have been obtained by establishing links with heaps of pieces
introduced by Viennot in [12] (see for instance [2, 3, 6, 13]) or with paths in the
plane [8] or via the ECO method [1].

We now describe the content of this paper and its organization. Our aim here
is to give a general framework that allows to reduce the enumeration of DA with
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various sources on a graph G to the same enumeration on “simpler” versions of G.
As mentioned above, simplifying the graphs we work on is a classical idea. Here,
the difference with the works cited above relies on the fact that thanks to the gas
construction given in [10], we can now study the convergence of the gas models
as stochastic processes and not only the formal convergence of their density. This
leads both to a better understanding of the gas models and to new results about
enumeration of DA with various sources.

The first point is to make the notion of “simpler” versions of G accurate; in
Section 3.1 we provide a distance on the set of graphs with marked vertices, cor-
responding to sources [see equation (3.1)]. Roughly speaking, G, converges to G
for the notion of convergence of graphs induced by that distance (which corre-
sponds roughly to the convergence of the neighborhood of sources) implies that
QSG" converges to gg. In terms of probability, that means the convergence of the
finite-dimensional laws of the gas under additional assumptions (Theorem 2).

Then we need to compute the law of the limiting gas process obtained thanks
to that convergence. That is possible on some lattices. The multiplicative formula
obtained for the distribution of gas restricted to a line on the cylinder in [4] and [5]
leads to the intuition that that multiplicative structure may be preserved when the
width of the cylinder goes to infinity and that the limiting process obtained above
should be Markovian. For that reason, in Section 3.2 we define a cyclic Markov
chain as a Markov chain conditioned to come back to its initial state after a fixed
number of steps (Definition 6). We then give a representation of the gas on the
cylinder as a cyclic Markov chain. Then in broad terms when the width of the
cylinder grows, the conditioning induced by the cyclic condition is less and less
constraining. At the limit, it eventually disappears which therefore yields that the
limiting process is Markovian. We provide in Theorem 3 a formal statement of
those two ideas; that provides a frame in which the gas process on a line is Markov-
ian.

We define in Section 4.1 the family of lattices (Lgr)gcnN, which extends the
family of lattices (L£,),>2 introduced in [5]. We apply Theorem 2 and Theorem 3
to it, to the triangular lattice and to the family of 7, lattices introduced in [6]. In
Section 4, we show that for those three examples, the restriction of the gas process
to a line is Markovian. Thanks to the link between gas models and GF of DA,
that allows us to obtain some GF for DA with various sources; see, for example,
Proposition 1 for some results on the triangular lattice.

2. Definition of the gas model. We sketch the construction of the gas model
given in [10] and its link with enumeration of DA according to their area. Let
G = (V, E) be a directed graph without multiple edges nor directed cycles and
such that the number of children of each node is finite.

The probability space we work on is Q = {a, b}" endowed with the o-field
generated by the finite subsets of vertices. We equip that space with the product



1864 M. ALBENQUE

FI1G. 3. The gas occupation (on the left) and the DA AS on L3, obtained from the same coloring of
the vertices. Cells colored with a (respectively b) are dark (respectively white) and the vertices of S
are double circled.

probability P, = (pd, + (1 — p)éb)®v, where §, is the standard Dirac measure
on {a}. In other terms, @ € 2 is a coloring of G and under P, each vertex has,
independently of the others, color a or b with respective probabilities p and 1 — p.
For x € V, w(x) gives the color of x. From that random coloring we construct
DA and a model of gas. Notice that the DA and gas process defined below are
deterministic functions of the random coloring.

DEFINITION 3. Let S be a subset of V and w be a random coloring of G.
We denote by Se(w) = {x € §, w(x) = a}, the (random) subset of S with color a.
We then define the random variable A’ as the maximal DA for the inclusion partial
order with source S, (w) and set of cells the a-colored vertices x that can be reached
from S, (@) by an a-colored path (see Figure 3).

For a set S such that |S| > 1, the random DA AS may be infinite with posi-
tive probability. Let pgit be the threshold for the existence of an infinite DA with
positive probability (it corresponds to the critical probability for the oriented per-
colation on G)

(2.1) pS, =sup{p, S:P,(|A%] < 00) =1 and |§| < o0}.

For a general graph G, pgit is difficult to compute and can even be equal to
zero. In the examples given in Section 4, the outdegree of any vertex is bounded
and in that case pcit > 0 (see, e.g., Proposition 2.2 of [10]). For any p < pgit a gas
occupation X G on G is defined from a random coloring w = (w(v))yey as follows
(see Figure 3 for an example):

0, if w(v) = b,
(2.2) X% ) = [T (-x°0)), ifo@=a

v’children of v

The definition of pgit ensures that the gas process is almost surely well defined
as its recursive computation ends within a finite number of steps for any p < pgit
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(see Proposition 2.4 of [10] for details). From now on we always assume that
p < pcGrit and that the gas model considered is the probability law denoted ]P’g
induced by that construction.

The link between enumeration of DA and that gas model is given by the follow-
ing result:

THEOREM 1 (Le Borgne and Marckert [10]). Let G = (V, E) be a directed
graph and S be a free set of G. For any p in [0, Rg}, we have

(2.3) PG (X9w)=1,ve ) =(=D¥IG¢ (—p),
where Rg is the radius of convergence of Qg;.

With that theorem, the computation of the generating function for DA comes
down to the computation of the probability for some vertices to be occupied for
the gas model ]P’g. That explains why in the next section we focus only on the
study of the gas model and resume the enumeration of DA in Section 4.

3. Convergence of graphs, gas models and DA. We develop in that section
some tools allowing us to reduce to simpler graphs the study of the stochastic
properties of a gas model on a graph.

3.1. Convergence of graphs. As recalled in the Introduction, most of the re-
sults obtained about the enumeration of DA on a lattice G via the study of gas
models have been proved by a passage to the limit. More precisely, the gas models
are studied on G, the cylindric version of G (see the Introduction). For a fixed
size n, the set of DA with size n coincide on G and GY) when say N > n. It
amounts to saying that

68y~ 96
or equivalently in the gas model’s point of view that the density of the gas
converges formally (in the sense that Zan,kxk —> Zakxk if and only if
an .k —> n ai forevery n e N).

The aim of this section is to make clear a notion of convergence of graphs
(i.e., a topology on the set of graphs) which induces the convergence of the finite-
dimensional laws of the gas process and hence the convergence of the generating
function of DA. That convergence is no longer seen only as a formal convergence
of generating functions but as the convergence of the distribution of a stochastic
process.

In the following, we always assume that the graphs considered are directed,
without directed cycles nor multiple edges and that the number of children of each
node is finite (a node can, though, have an infinite number of parents) so that the
gas model given in Section 2 is defined.
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DEFRINITION 4. We call marked directed graph, a pair (G = (V,E),Z)
where Z is a subset of V. We denote by V7 the subset of V of nodes having at
least one ancestor in Z, and by G(Z) the subgraph of G having as set of nodes V7
(and set of edges the edges of E linking them).

To see Z as a source and G(Z) as the maximal DA on G with source Z may
help to understand better Theorem 2.

DEFINITION 5. Two directed marked graphs (G = (V, E),Z) and (G’ =
(V',E"), Z") are said to be isomorphic—we write (G, Z) ~ (G', Z")—if G(Z)
and G'(Z') are equal up to a relabeling of the vertices, in other words, if there
exists a bijective application ¢ from Vz onto V,, such that for any x, y in Vz,
(x,y) € E is equivalent to (¢ (x), p(y)) € E’.

The relation ~ is an equivalence relation on the set of marked directed graphs.
We denote by O the set of directed graph quotiented by that relation. For any
marked graph (G, Z) we denote by (G, Z) its class in O.

We denote .Ag the set of DA on G with source Z. The graph (G, Z) is the
right (or minimal) structure that provides all the knowledge necessary to study the
gas configuration on Z and the DA with source Z in G [that depends also on the
coloring on (G, Z)]. From the construction of the gas model and random DA given
in Section 2, it is clear that if (G, Z) ~ (G’, Z') then | Z| = |Z'| and G$ = Qg,/ and
the application ¢ provides a probability isomorphism between the gas occupations
on Z and Z’, which implies that IPI(,;(XSG =1l,s€eZ)= IP’?(XSG/ =1,se€Z).

For any r > 0, we define B,(G, Z) as the subgraph of (G, Z) containing only
the vertices v of (G, Z) such that d(v, Z) = inf,cz d(u, v) < r, where the distance
must be understood as a directed distance on graphs, that is,

d(u,v) =inf{|w|, where w is an oriented path from u to v}.

As announced above, we now define a distance dp on O which gives a suitable
notion of convergence of graphs: For any O and O’ in O, we set

1
3.1) dp(0,0") = inf{ l,r such that B, (G, Z) ~ B,(G/, Z/)},

r—+

where (G, Z) € O and (G', Z') € O’ [we let the reader check that that is indeed a
distance in O and, in particular, that it does not depend on the choices of (G, Z)
and (G’, Z))].

THEOREM 2. Let (G, = (Vy,, E,), Z,) be a sequence of directed marked
graphs, and (G = (V, E), Z) be a directed marked graph. Let a, = #{A €
Ag: |A| = k} be the number of DA with source Z, in G, having k cells, and
denote by ap =#{A € A, |A| = k).
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Ifdo((Gp, Zy), (G, Z)) — O then:

1. gg: (P) = 2k=1z,1 an ik P* — oo gg(p) =2 k>Z| ay p* where the conver-
gence holds formally in the set of formal series with coefficient in N (i.e., for
any k, ap p — ax when n — 00).

2. Ifthere exists c,d > 0 such that for any n large enough,

(3.2) ani <cd*  foranyk>1,

then for any p < 1/d, the finite-dimensional laws of the gas occupation on Z,

according to Pg” converge towards those on Z distributed according to IPI?,
that is,

P (X0 =15 € Zy) —n>IP>g(XSG =1,5 € 2).

PROOF. 1. First, if do((G,, Z,), (G, Z)) — 0, then for any r, when n is large
enough, the two graphs B,.(G,, Z,) and B,(G, Z) are isomorphic. That implies
that the coefficients of an" and Qg coincide at least up to the rth.

2. First, condition (3.2) implies that pCGrft > 1/d, therefore the gas model }P’g” 18
well defined for any p < 1/d.

From the construction of the gas model, we can notice that the event {XSG =
1,s € Z} does not depend on the coloring of all the vertices of G but only on
vertices of AZ (see Definition 3). Since we assume p < 1/d, A is almost surely
finite according to P¥; that implies that for any & > 0, there exists m, such that
PY(IA%| = m,) <e.

As when n is large enough, the two graphs B,,, (G, Z,) and B,,, (G, Z) are
isomorphic, there exists an application ¢ that maps By, (G,, Z,) onto B, (G, Z).
Thus ¢ induces a probability isomorphism between the coloring of B, (G, Z,)
and of By, (G, Z). Therefore, conditionally on the event {|AZ| < m,}, the image
of A% by ¢ is A and we get

P (X" =15 € Zy||A*| <mg) =P (X7 = 1,5 € Z||A%| <m,).

This concludes the proof, since IP’](,;(|AZ | <mg) > 1— ¢ by definition of m,. [

REMARK 1. Even if in the applications of the latter theorem in Section 4, we
always assume that Z, and Z are free sets. There is no such assumption in the
theorem and Z,, and Z can be any sets.

3.2. A variation on Markov processes. The spirit of this section is guided by
the results obtained for enumeration of DA in [4] and [5]. It often happens that
the probability distribution of the gas has a multiplicative form on cylinders. That
leads to the intuition that the limiting process obtained when the width goes to
infinity is Markovian. We give here an appropriate frame to make that intuition
rigorous.
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In this section, we always assume that E is a finite state space, v a probabil-
ity measure on £ and M a stochastic matrix on E. We say that ¥ = (¥})jen 1S
a (v, M)-MC if it is a Markov chain with v as initial law and M as transition
matrix.

DEFINITION 6. For any nonnegative N, we call cyclic Markov chain of length
N on E with initial law v and transition matrix M, a process (X;);e(o,..., n—1} Which
is a Markov chain conditioned to come back to its starting point after N steps and
we say that X is a (v, M, N)-cyclic MC.

Let Y be a (v, M)-MC, for any xo, ..., xy—1 € E, the law of (X;)ic(0,...n—1} 1S
equal to

P(Xo=x0,..., Xy—1=2xNn-1)
(3.3)
=P(Yo=uxo0,...,Yn_1 =xn_11Y0=TYN).

In other words,

N-1

v(x My

(34 P(Xo=x0,...,XN—1=2xN-1) = ( O)Hl?f alaia
N

] [
----- N = V41

Note that if X is a (v, M, N)-cyclic MC, the distribution of Xg is given by

MN X, X
(3.5) PXo=x) = SOM e gy e E
ZN
and the distribution of X by
(3.6) P00 = x1) = (00 Mgy M ) 2o
X0

Equation (3.5) implies that the distribution of X is not v except for exceptional
cases. Combining equations (3.5) and (3.6) implies that if v = U, the uniform law
on E, then the cyclic MC is stationary, that is, for any x € E, P(X; =x) =P(Xo =
x).

On the other hand, assume that the initial law v is an invariant law for M,
then a (v, M, N)-cyclic MC is not necessarily stationary. Roughly speaking, the
term (MY 1), . xo Which appears in (3.6) prevents that probability from simplify-
ing even if v is an invariant measure associated with M.

We now give the main result about the convergence of cyclic Markov chains.

THEOREM 3. Let E be a finite state space and V be a square nonnegative
matrix indexed by the elements of E such that V admits a simple real eigenvalue A
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greatest in modulus than every other eigenvalues. Let (X)) N>1 be a family of
stochastic processes such that for every N, XN) is indexed by {0, ..., N — 1} and

N—-1
1—Ii=0 in,xi+1

(N) (N)
3.7 P(X™M =xg, ..., XM —xy_1) =
3.7) (Xo 0 N1 =AN-1) trace(VN)

’

with the convention xy = x.
Let R = (R})icg and L = (L;);cE be respectively a right and a left eigenvector
associated with ). such that their dot product is equal to one, thatis, > L;R; = 1.

(i) Foreach N > 1, XN jsa (UE, M, N)-cyclic MC, where M is equal to

(3.8) M=V,
' PETUROR;

(i) Let now X = (X;)ien be a (well-defined) stochastic process and its finite-
dimensional laws are given, for any k € N, by

fori,jeE.

(3.9) pu((xo. ... ) = lim IP’(X(N) LX) = xp).

Under u, X is a (v, M)-MC, where M is defined as in equation (3.8) and v is the
invariant probability measure for M and is given by v(x) = Ly Ry, for x € E.

PROOF. We begin with (ii) and show that the limit in (3.9) exists. Let k € N
and xg, ..., xx € E, for any N > k we have

k—1
(3-10) P(X(N) X(N) - (l_[ in,xwrl)
i=0

(V)30
trace(VN)

When N goes to infinity, the only significant terms of (VN _k)xM0 and trace(V")
are those in A . More precisely,

(3.11) (VR vo = R LaoghN 75 + > ay Nk
A'eigenvalue of V#A
(3.12) = Ry Lig AV * + 0N 7H)

as A > |A/], besides trace(V"Y) = AN + o(A") which leads to

_ Ryl
(3.13) 1i]5n1P(XgN>:xo,...,X,§N) 0 ]"[Vx, il

Ry Ly
Let w({xg, ..., xx}) = " 0 ]_[k_o1 Vi x.1» We can check that v is a probability

distribution. Indeed, from equatlons (3.10) and (3.13)

. . (V )xx T (VN)x,x _
Z v(x) = Z ReLyx = Z lN trace(VN) h}{/n); trace(VV) b

xeE xeE xeE
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where the inversion of the sum and the limit is immediate since E is finite. We
check similarly that the matrix M defined in (3.8) is stochastic.

Now it is easy to see that the finite-dimensional laws given in (3.9) are con-
sistent, the Kolmogorov extension theorem applies and ensures that the stochastic
process X is well defined.

Point (i) follows directly from the definition of a cyclic Markov chain. [J

4. Examples of graphs. We give in this section some examples of results that
can be obtained by the application of Theorems 2 and 3. In the following examples,
we only consider oriented lattices with vertices indexed by a subset of Z2. The jth
line of the graph is the set of vertices with second coordinate equal to j. We will
see why the restriction of the gas model “to a line” of the graph is Markovian. The
general approach used is widely inspired by the method developed in [4] and [5].
For a given graph G, we first show that the assumptions of Theorem 2 are verified
for G and the sequence of lattices (G™)),,, that implies that the gas process on
G™) converges in distribution to the gas process on G. We then compute the
distribution of the gas on a line of G®Y) and interpret it as a cyclic MC by checking
that its distribution can be written in a multiplicative form as in equation (3.7).
Theorem 2 and Theorem 3 imply then that the gas process restricted to a line is
Markovian. We explain fully the first example and sketch the others.

4.1. The family of lattices (Lr)rcn. We define in this section a new family
of lattices. For any finite subset R of N such that |R| > 2, we define Lg as the
lattice with set of vertices indexed by Z? and from each vertex (i, J), there are |R)|
emerging edges from (7, j) to (i +r, j + 1) for r € R. In the following, we always
assume that inf(R) = 0 without loss of generality. We set R = sup(R).

Note that Ly,1) corresponds to the square lattice. If R = {0, ...,n — 1}, then
Lr = L, which corresponds to the family of lattices introduced in [5] and detailed
in the following. Another example is given in Figure 4.

REMARK 2. For any finite subset R of N, the lattice Lg verifies the assump-
tion of Section 2 so the gas model is well defined for any p < pfrﬁ and since the

outdegree of any vertex is equal to | R|, pﬁR > 1/|R| > 0.For N > n+ R, the balls

crit

F1G. 4. Example of a DA of size 10 on lattice LR, when R = {0, 1, 4}.
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or radius n of £%N) and of Lp are isomorphic, moreover assumption 2 of Theo-
rem 2 holds true with d = |R|, thus the finite-dimensional laws of the gas model
on L V)
r converge to the ones on L.
(N)
J
of EEQN) and compute its distribution. The construction of the gas model given in

We denote X'’ the N-tuple that gives the occupation of the gas on the jth line

Section 2 implies that, when j decreases, (X;N)) jez 18 a “vertical” Markov chain
(with 2V states) under its stationary distribution. Markov chain theory implies that
such a distribution is unique (that one of the main tool in [5] and [4]).

For C C [N], let FéN) be the probability that the occupied vertices of a line of
the graph are exactly those with first coordinate lying in C. In other words, for
a gas occupation X“* distributed according to the gas model given in Section 2:

(N) (N)
4.1 FV = PR (XER (i, j) =1 if and only if i € C).

Note that the construction of the gas model implies that FéN) does not depend on
a particular choice of j.

We traduce the fact that (X ;N)) jez, j| 1s Markovian into recurrence relations for
FéN). To that purpose, we define for any subset C of N
NO) = Jli+rlreRr)
ieC
and
N@©) = Jti—r|reR},
ieC
where the addition is taken in [N]. Notice that {N(C) x {1}} and {N(C) x {—1}}

correspond respectively to the set of children and of fathers of the set {C x {0}
and that [NV (C)| = [N (C)|. We thus obtain the following equations:

IC| _
P -
4.2) FéN):<1_ ) Yo (= pN WD,
P7 pcwicye

Following Bousquet-Mélou and Conway [5], we check that the probability distri-
bution defined by

1/ p A\
R = ({5) a-pre
Zy\1—p
where
ZN = Z plc‘(l _ p)N(C)—ICI
CC[N]

is stationary for equation (4.2).
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To obtain a matrix formulation of that distribution, we consider the matrix V
indexed by the elements of {0, 1}® and defined by, for o = (so,...,s3_;) and
T=(11,...,13),

V(;,T:O if(sl,---,Sé,l)Eé(ll,---,lR,l);

and otherwise,

D, if t]é = 1, _
Vor=31-p, if 1z = 0 and there exists r such that s, =1and R —r € R,
1, otherwise.

The quantity F, éN) can then be rewritten as

FC - ZN ll:!) V(‘Yl Oi+1°
4.3)
where | 7N =90 and
oi(k) =1, iffi+k—1e€C,
with

O1,...,0N

N-1
ZN = Z (l_[ Vgl.,gl.ﬂ) =trace(VN).
i=0

The expression given for FéN) in equation (4.3) is in the very same form as the
statement of Theorem 3. Furthermore it is immediate to check that all the coef-
ficients of VR~ are positive [for p € (0, 1)] which ensures that V satisfies the
conditions of Theorem 3 by the Perron—Frobenius theorem.

As mentioned in Remark 2, the finite dimensional laws of the gas occupation

on E%N) converges to those on Lg. We apply Theorem 3 and get:

THEOREM 4. Let X = (X(i, j)) jyez be the gas process on L distributed

according to P5R , With p < pfriRt. The stochastic process (X;);eN defined by X; =
(X(@i,0),..., X+ R—1,0)) is a Markov chain under its stationary distribution.

In other words, the stochastic process (X; = X (i, 0));eN is a Markov chain with
memory R — 1 under its stationary distribution.

The family of lattices L£,. The family of lattices (L,),>> introduced in [5]
corresponds to the particular case of Lg when R =1{0, 1, ...,n — 1} (examples of
DA on £3 and L4 are given in Figure 5). In [5] the GF for DA with one source is
given as the solution of an algebraic solution of degree at most n + 1.

THEOREM 5 (Bousquet-Mélou and Conway [5]). The generating function G
for DA on L, with a single source is solution of the following equation:

@4 2A+0" N+ 0+ DG =1+t +m— DG Lt —26%) =0.
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FI1G. 5. DA on the lattices L3 and L4 (all the edges are oriented upwards). The cells are black and
the sources are circled.

We give some examples of computation obtained by the application of The-
orem 4 on the lattices £,. In the case n = 2, the computation of the eigenvalues
and eigenvectors of V = ( 1 1 » z ) constitutes an alternative proof of Theorem 3.3
of [10].

For n = 3, the transition matrix can be given explicitly as (the coefficients of the
matrix are indexed by the lexicographical order on {0, 1}?)

I/ 1—1/x 0 0

0 0 1—p/2x p/2r

o l—« 0 0 ’

0 0 1—p/A A

@5) p/r~ p/ 2
_ _d=p7p
Q—p—MA’
where

N 1+,/1+4p—4p?
p— 2 .

For example, we obtain as a consequence of that formula that the generating func-
tion g,f* for DA on £3 with a compact source of size k > 2 is equal to

GO (1) =

1 — (V1 =4t — 412) < —2t )k—l
1—4t—42+ (1 4+ 201 — 4t — 412 1 — 41 — 412

To obtain the GF as the solution of an algebraic equation, we use that in [5], the
largest eigenvalue A of V is shown to be solution of

(4.6) 21— p) =t - 1)

For n > 4, A cannot be computed explicitly from equation (4.6). Nevertheless,
since L and R are eigenvectors associated to A their coordinates can be computed
in linear time and are polynomial of degree one in A. With the condition of renor-
malization }_ L; R; = 1, we obtain that for any free set S, the generating function
for DA on L, with source S is a rational fraction and its numerator and denomi-
nator are polynomial in A. Moreover, we know that A is solution of equation (4.6),
which implies that the generating function is algebraic in p.
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FIG. 6. Examples of DA on the triangular lattice (left) and on Ty (right).

4.2. The triangular lattice. The triangular lattice, denoted Tri, is defined as
the oriented graph with set of vertices (i, j) € Z? such that i and j have the same
parity and with set of oriented edges [(i, j), ( — 1, j + DI [G, j), @ + 1, j + 1)]
and [(i, j), (i, j + 2)] (see Figure 6).

We follow some ideas used in [4] to compute the law of the gas on that lattice
(note that in [4] the generating function for DA with one source on the triangular
lattice is obtained by the study of an ad hoc gas model). We work on Tri®") the
cylindric version of the triangular lattice. We keep the definition of FéN) intro-
duced in equation (4.1), but since a vertex has children in the two following lines,
we need to define an extension of FéN) to obtain recurrence relations. Let C and D
be two subsets of [N] and X a gas model on Tri’", we denote Fg’\g the proba-
bility that the vertices occupied in the line 0 (respectively the line 1) of Tri™ are
exactly the ones with first coordinate belonging to C (respectively to D); in other
words, for C, D € [N],

(N)

Fep =P;ﬁw) (XTri(N)(i, g) = 1 if and only if {‘9 =0andi/2€Cor ) ‘

e=land (i—1)/2€ D

We define N'(C) as U;ec{i — 1,i + 1} which leads to the following recurrence
relation for C, D € [N] such that N (C) N D = &:

[C]

P _

4.7) ) = (_1 - ) S Fpp(1— p)NTIWDLEL
P/ pce(cON(D))

Notice that since the sum is taken on sets E such that N(D)NE =&, IN(D)UE|
is equal to [N (D)| + | E|. Therefore the distribution given by

IClplDI
(4.8) Fc.p= TIN(C)QD:Q for C, D € [N],
N
and where
Zv= Y plpPl
C,D
N(C)ND=o

is solution to the recurrence relation given in (4.7).
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LetV= (i p ), we can rewrite equation (4.8) as

0
1 2N—1
Frp=m — Vit
P trace(VN) E) i
4.9) e
1, ifi isevenandi € C,
where x; = 3 1, ifiisoddandi € D,
0, otherwise.

Combining equation (4.9) and Theorem 3 results in the following statement:

THEOREM 6. Let X = (X (i, j)),j)eri be the gas process under Pﬁri, the
stochastic process X = (X;);cz defined by

¥ — X(i,0), ifi is even,
T X(l’ 1)9 l_fl iSOdd,

is a Markov chain under its stationary distribution and its transition matrix is given
by

W_(IP’(L“l:OIZo:O) P(zlzuzo:m)_(l/,\ p/)?)
P, =0Z0=1) PEZ=1Z0=1/)" 1 0o )

1+/TF4p
2

where A = and its stationary distribution is given by

[P(0 = 0), P(Zo = D] =[*/(p +1%), p/(p +27)].
Adding up equation (4.8) for all possible D leads to

1
(4.10) Fe = L pICI(1 4 pyN-INOI
ZN

Setting V = ( ! —}l-p ﬁ ) enables equation (4.10) to be rewritten as

N-1

4.11) where x; =1 if and only if 2i € C.

Fe=— [ Ve,
€~ trace(VV) ll;!) i
Again Theorem 3 and equation (4.11) lead to:

THEOREM 7. Let X = (X (i, j)),j)etri be the gas process under IPgri, the
stochastic process X = (X;);cz defined by X; = X (2i,0) is a Markov chain under
its stationary distribution and its transition matrix is given by

W_<P(21=0|Zo=0) 1P’(>31=1|Eo=0))
“\P(Ei=0Zo=1) PE=1Zg=1)

(1= oo
o e 1 —oe /)’

4.12)
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FIG. 7. Examples of sources considered in Proposition 1(i) on the left and in Proposition 1(ii) on
the right.

and its stationary distribution by [P(Zo =0), P(Zo = 1)] = [=22—, —%], where

o+’ a.—f—ot

2p 1+1+4p

and oe =

R Iy 2

The link between gas distribution and enumeration of DA given in Proposition 1
and a simple matrix computation give the following reinterpretation in terms of
enumeration of DA of Theorems 6 and 7 (see Figure 7 for an example of the
different sources considered).

PROPOSITION 1. (i) Let S = {sy1, ..., Sk} where s; = (x;, €;) be some points
on the triangular lattice with €; € {0, 1} and such that d; == xj41 — x; for i €
{1,...,k — 1} are non smaller than 2. The GF of DA on the triangular lattice with
source S is given by

k—1 d:
Tri _ IS (- + o
—p)=(—1 ,
Gg'(—p)=(=1) fra L0
2,/ 2
where o = 22 42—p21+4p .
(i) Let S = {s1, ..., sx} where s; = (2x;, 0) be some vertices on a line of the trian-
gular lattice, such that d; := x;y+1 — x; fori € {1, ...,k — 1} are positive integers.

The GF of DA on the triangular lattice with source S is given by

Gii(—p) = (=D

(029 1:[ o(l_ao_ao)d +Ol
.—JrOlo i=1 ao+ao

In particular, if S, := {(i,0),i = 1,...,n}, we obtain QS“( p) = o +a (1 —
@e)"~1(=1)". Then, the GF of DA on the triangular lattice with compact sources
satisfies

Tri _ -1 —_P
Y= (e =D =174

n>1 n>1

That formula was obtained in [8] by combinatorial methods.
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4.3. The family of lattices 7,,. We now study the family of lattices 75, intro-
duced by Corteel, Denise and Gouyou-Beauchamps in [6]. The oriented lattice 7,
is a combination of the lattice £,, and the triangular lattice, defined as follows:

e if n =2k 4 1, the vertices of 7;, are labeled by the elements of 7?. From each
vertex (i, j) € Z? there are n emerging edges from (i, j) to (i +r, j + 1) for
—k <r <k and one emerging edge from (i, j) to (i, j + 2);

e if n = 2k, the vertices are labeled by the elements (i, j) € Z? such that i and j
have the same parity. From each vertex (7, j) there are n emerging edges from
(@, j)to (i +2r+1,y+ 1) for —k <r <k — 1 and one emerging edge from
@, j)to (i, j+2).

The case n = 2 corresponds to the triangular lattice, treated separately in Sec-
tion 4.2 for sake of clarity. In [6], the generating function for DA on 7, with a sin-
gle source is shown to be solution of an algebraic equation given explicitly. The
proof relies on a combinatorial argument which links the generating function for
DA on 73 to that for DA on £,,.

The method used to obtain a stationary distribution for the gas model on 7;, is
very similar to that used in the case of the triangular lattice in Section 4.2. We keep
the same definitions for F, éN) and F, g\g as those given for the triangular lattice and
define for C € [N], N(C) as the set,

o Uiecli+r, for —k <r <k}ifn=2k +1,
o Uiccli +2r +1,for —k <r <k — 1} if n = 2k.

With that new definition of N (C), equations (4.7), (4.8) and (4.10) still hold true.
Following the ideas introduced to study £, given in [5], we define V as the square
matrix (Vg ;)s,r With indices running over {0, 1}"~! and defined as follows. If

o=(s1,...,8,—1)and T = (12, ...,1,), then
07 if(s29""sl’l*1)#(t27"'atn*1)’
_ pv if(s27"'7Sn—1):(t27"'stn—1) andslzlv
@13) Vo= 1+ p, ifo =1t=1(0,0,...,0),
1, otherwise.
The stationary distribution of the gas model on a line of fl'n(N) is given by
1 N-1
FD = E i=0 0,041
(4.14)
here oy =09 and
W o;(ky=1, ifandonlyifi +k—1€D,
with

N-1
— E _ N
Zy = 00,..,ON—1 ( l_!) 'Va;,a,-ﬂ) = trace(V"™).
i=
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The characteristic polynomial of V, denoted x can be calculated explicitly

n—2
X(x) — xzn—l_n (Xn _ xn—l(l + 2p) + p2 Zxk)'
k=0

We rewrite the latter equation as

2”_1—}’2
X _
X0 ==—— (P = 2"+ p* = D(x = 2p+ D).
That implies that the dominant eigenvalue A of V satisfies A # 1 and
(4.15) =T+ p =D —@2p+ D).

We are here in the very same situation as for £,. We can compute explicitly the
solutions of equation (4.15) only for n < 4. Nevertheless the same arguments as
those given for £,, apply and we obtain the following from Theorem 3 and equa-
tion (4.14).

THEOREM 8. Let X = (X (i, j)),j)eT, be the gas process under IP’?’. The
stochastic process (X;);cN defined by

% = (X(2i,0), X(2(G +1),0),.... X(2(n —2),0))  fori €N,

is a Markov chain under its stationary distribution.
In other words, (X (2i,0));cN is a Markov chain with memory n — 1 under its
stationary distribution.
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