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Abstract

A directed animal is a percolation cluster in the directed site percolation model.
The aim of this paper is to exhibit a strong relation between the problem of comput-
ing the generating function GF of directed animals on the square lattice, counted
according to the area and the perimeter, and the problem of solving a system of
quadratic equations involving unknown matrices. We present some solid evidence
that some infinite explicit matrices, the fixed points of a rewriting like system are
the natural solutions to this system of equations: some strong evidence is given
that the problem of finding GF reduces to the problem of finding an eigenvector
to an explicit infinite matrix. Similar properties are shown for other combinatorial
questions concerning directed animals, and for different lattices.

1 Introduction

We are mainly interested in the study of the area and perimeter generating function
GF>9 of directed animals on the square lattice Sq, but other lattices and questions will also
be addressed. The computation of GF>? is a central question in enumeration problems
for directed animals on two dimensional lattices, since it is deeply related to the study of
directed percolation on the square lattice. In this paper, even if we do not find an explicit
formula for GF>9, we show that to compute GF>9 it suffices to solve a quadratic system
of equations involving 4 unknown finite matrices. We are unable to find a solution, but
we provide some infinite size matrices which appear as the natural solution to this system
of equations. They appear to be a fixed point of a rewriting system, the rewriting rules
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involving the tensorial product of matrices. We give strong evidence that finding a right
and a left eigenvector to these matrices should lead to GF>Y. We hope that this gives
some insight on the algebraic structure of this problem, and that this will allow some
readers to compute GF>.

In Section 6, we show that numerous similar problems can be treated similarly.

Figure 1: DA on the square lattice and on the cylinder Sq(3). The black dots are the cells and
the white dots, the perimeter sites. The cylinder is defined as the square lattice with periodic
conditions, meaning that the extreme vertical lines on the second picture are identified. The
outlined cells constitute the source.

The set of oriented graphs with no cycle and no multiple edges which have a finite or
countable number of vertices and bounded degree is denoted G. For any graph G = (V, E)
in G, V is the set of vertices and E C V? the set of oriented edges. The orientation of the
edges leads to the notion of a descendant: for (zq1,x9) € E, x5 is said to be a child of x;
and the set of children of z; is denoted Ch(z1). A directed path d in G is a sequence of
vertices (z1,...,x) such that for any [ > 2, x; € Ch(x;_1). The vertex z; (resp. xj) is
called the origin (resp. the target) of d.

Definition 1 Let G = (V, E) be in G, and S be a subset of V.
e A directed animal (DA) A with source S is a subset of V' containing S, such that for
every a € A there exists a directed path having target a and its origin in S entirely con-

tained in A. The cardinality #A of A is called the area of A.
o A perimeter site ¢ of a DA A with source S is an element of V' \ A such that {c} U A
is still a DA with source S. The set of perimeter sites of A is denoted P(A).

We denote by A the set of finite DA on G with source S. The generating function (GF)
GF¢ counts the DA with source S according to the area and perimeter:

GFg(x,y) — Z gAY #P(A),
AcAg

Hence, the area generating function is GF§ (x, 1).

The search for a formula for GF§ (z,%) may be seen as the combinatorial contribution
to the study of directed percolation per site models. Indeed, on a probability space
(Q, A, P) consider a random colouring of the vertices of V' by the colours 0 and 1. Formally,
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this is given by a family of i.i.d. Bernoulli random variables (B*(p),v € V) indexed by
the vertex set (we then have P(BY(p) = 1) = 1 — P(B"(p) = 0) = p). The directed
percolation cluster with source v € V' is the maximum DA with source S = {v} included
in the set of 1-coloured vertices, that is {u € V' : B%(p) = 1} (the empty case, possible
here, arises with probability 1 — p): denote it A¥(p). Since for any DA A with source
v, P(A%(p) = A) = p#4(1 — p)#PA) the percolation cluster is finite with probability 1
if (1—p)+ ZAeA?U} p*A(1 — p)#PA) = 1, which is equivalent to GFg}(p, 1—p) =p

Hence a computation of GF?U}(x, y) would probably allows one to compute the directed
percolation threshold, and/or the associated critical exponent.

Denote by Sq = (Vsq, Esq) the directed square lattice where Vs, = Z* and

Esq = {((z1,11), (x2,52)) € V&, such that (z,42) — (21,41) € {(0,1),(1,0)}} .

Surveys on the study of DA on two dimensional lattices exist: Bousquet-Mélou [4] and Le
Borgne & Marckert [15]. When S is reduced to a singleton, the area GF Gng (x,1) is well
known, and numerous different approaches are possible to compute it: the gas approach
(Dhar [9, 10], but also [4], [15], Albenque [1]), heap of pieces approach (Viennot [18]),
combinatorial decomposition (Corteel & al [7], Bétréma & Penaud [5]). On the other
side, almost nothing is known about Gng(:v,y) (except for Bacher [2] who computed

Sq
S p(A)zhl = BGFGS—W(:L', 1) on the square lattice with or without periodic conditions,

proving conjectures by Conway [6] and Le Borgne [14]). GF3(z,y) is not believed to be
D-finite.

The aim of this paper is to use some algebra to search for a formula for GFZq(ZL', Y).
We will use the idea of Nadal & al. [16] and Hakim and Nadal [11], also used extensively
in [4]. First, the work is done on a so-called cylinder Sq(n), a vertical strip of Sq with
periodic conditions (see Figure 1). Second, the corresponding for Sq is obtained by taking
a formal limit since small DA on Sq(n) and Sq are the same. We will proceed similarly
here, starting with GFSC‘(”)(:U, Y).

In order to highlight the different considerations leading to the introduction of infinite
matrices, we have decided to simultaneously treat the study of GFSq(")(x, y) and a case
where infinite matrices can be avoided: the computation of GFS4(z, 1). This leads to
a new derivation of GF>(z, 1).

1.1 Two gases

Let G = (V,E) € G be an oriented graph. Following the ideas developed in [15], we
define two processes X¢g = (X,,v € V) and Yo = (Y,,v € V) indexed by the vertex set,
and taking their values in {0,1}. For this latter reason, the processes are called “gases”,
the value 1 (resp. 0) representing the presence (resp. absence) of a particle.

Both processes X and Y are defined on a probability space (£2,.4,P), on which are
defined some families of i.i.d. random variables (Z¥,v € V') indexed by the vertex set,
where =¥ = (B} (p), BY(q)) is a pair of independent Bernoulli random variables whose
parameters are p and q.
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Gas of type 1 : For any v € V, set

X, =B [] (1-x0). (1)

c€Ch(v)

That is, if X. = 0 for all ¢ € Ch(v), then X, = 1 with probability p; otherwise X, = 0.
Since two neighbouring sites can not be simultaneously occupied, this model is called a
hard particle model in the physics literature.

Gas of type 2 : For any v € V, set
Y, = BY(p) min{Y, : c e Ch(v)} + (1 — By(p))B;(q). (2)

Here Y, is equal to min{Y, : ¢ € Ch(v)} with probability p, and to B(q). with probability
1—p.

Lemma 2 Let G € G. If p € (0,1) is small enough, both processes Xg and Y¢ are
almost surely well defined.

Proof. We use the argument in [15] (the argument being already present in the PhD thesis
of Le Borgne [13]). For both gases, when BY(p) = 1, the set of values {X.,c¢ € Ch(v)}
(resp. {Y.,c € Ch(v)}) is needed to compute X, (resp. Y,), but they are not needed
when BY(p) = 0, in which case X, = 0 and Y, = BY(q). The fact that these “recursive
definitions” (1) and (2) indeed define some objects is not clear, but the values of both
X, and Y, are certainly well defined if A¥(p) is finite, since in this case, the recursive
computation of X, (and Y,) using the values of the children ends since the value of X
and Y on perimeter sites of AY(p) — sites where By(p) is zero — is well defined. Hence, if
the family of DA (A¥(p),v € V) is a family of finite DA, both processes are defined. Now
consider the standard problem of the directed percolation threshold. Let

Perit = sup{p : P(Vv,|A"(p)| < +o0) = 1}.

Since we assume that the maximum degree if the graph is finite, p..; € (0,1]. For all
0 < p < pPerit, X and Y are then a.s. defined. [

A subset S of V is said to be free if for any s1, s € S with s; # s9, there does not exist
any directed path with origin s; and target so in GG. The following Proposition says that
the computation of the finite dimensional distribution of the gas of type 1 (resp. type
2) is equivalent to the computation of the DA GF according to the area (resp. area and

perimeter), for general source. A DA is said to have over-source S if is a DA with source
S’ with S” € S. If §" # S, the set S\ S’ is taken to be a subset of the perimeter. We

denote by GFg the generating function of DA with over-source S.

Proposition 3 For any directed graph G = (V, E) in G and any free subset S of V,

P(X,=1ves) = (~1)"°GF§(-p,1),
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P(Y,=1veS) = GF§(p,(1-p)q),

where the first equality holds for |p| smaller than the radius of convergence of GFS(—p, 1)
and the second one holds if 0 < p < Derit-

Proof. The first assertion is proved in [15] (Theorem 2.7 for a single source, Proposition
2.16 for any source) on a general graph, and was already used in [4] on lattices for a
single source. Dhar [9], who made the connection on lattices between GF of DA and the
problem of finding the density of a hard particle system on an associated graph, did not
use the construction of the process X, but different considerations of the same process.
The second assertion is well-known, and it is also proved in [15] (Theorem 4.3) and valid
on any graph of G. The reason is simple: Y, = 1 if and only if B¥(q) = 1 for all perimeter
sites u of AY(p) (where v is considered as a perimeter site of AY(p) in the case where
A’(p) is empty). O

Note 4 Although GF(z,1) is a projection of GF(z,y), and GFS$(z,y) can be computed
casily thanks to (GFS (z,y),S" C S), the gas of type 2 is not an extension of the gas of
type 1. To compute GF(p,1) using the gas of type 2, q needs to be 1/(1 — p), which
18 larger than 1; this is not possible for probabilistic considerations. Nevertheless, given
the polynomial form of TY (see Formulas (3) and (4)), TY still has a meaning when
q = 1/(1—p); for this value, it is no longer a positive kernel, but Y sz =1 for any
a c E,. A non-negative solution p to p = pTY still exists, as can be checked by rewriting
the following system of equations: let, for any C C {0,...,n — 1},

We=p({x€E, :iecC=ux=1}).

p solves the system p = puTY if and only if W = (We,C C {0,...,n — 1}) is so-
lution to We = 3 peo((1 — p)q)C\DpDWCh(D), which when (1 — p)qg = 1 is a rewrit-
ing of We = 3 pceP"Wenpy.  Clearly, W satisfies the same system of equations as
GFS = (GF&(p,1),C c {0,...,n—1}). Since GFS exists and is non negative, p = puTY
admits some solutions. The initial conditions Wy = GFS(p,1) = 1 allows one to iden-

tify the two set of series W and GFS. As in Dhar [9] or Bousquet-Mélou [4], We
has a product form on E,, meaning that (Wa = an [[11 Qaiaiss mean JOT SOME numbers
Qo.0,Qo.1,Q10,RQ11). The behaviour of P(Y, = 1,v € S) becomes singular at ¢ = 1/(1—p):
some drastic simplifications of the involved algebra appear, but only for that value of q.
This leads to a Markovian type structure of .

Some extensions of the gas of type 1 can also be introduced, for erample X, =
By [Leech (1 — Xe) + (1 = By)By. These extensions are either of the same type as this
gas, meaning that an easy-to-prove Markovian behaviour occurs, or will present the same
kind of difficulties as for the gas of type 2 (as illustrated by the different cases discussed in
Section 6). We think that any gas allowing us to compute GF>™ (z,y) will be (at best)
as difficult to describe as the gas of type 2.
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1.2 The square lattice : the cylinder approach

We study some properties of the processes of type 1 and 2 defined on Sq(n), the square
lattice with periodic conditions shown in Figure 1. We first need to label the sites of this
lattice and its rows, in order to describe its Markov chain structure, row by row: the
Ith row is Row!” = {(z mod n,l — 2 mod n),z € Z} and let (i) = (i mod n,l — i
mod n) be the ith element of this row. The two children of z()(i) are z(*+Y(i 4+ 1) and
21 (7). Note that Row!*? is above Row® in Figure 1.

It is useful to provide a row decomposition of the processes Xsq(n) and Ysq(,). For
brievity, let Z € {Xsq(n), Ysqm) } be one of these processes, and let Z()(i) be the value of
Z at 21 (i), and

zV = (zV(i),i=0,...,n—1)

the value of Z on Row". Clearly Z® depends on Z(*Y and the values of the Bernoulli
random variables (E,,v € Row(l)) only. Then, the sequence Z®, when [ goes from +oo
to —o0, is a Markov chain. The transition kernel TZ can be expressed using (1) and (2) :
denote by E, the state space {0,1}", by a, := (ag,...,a,-1), and b, = (bg,...,b,_1)
some generic elements of E,,, and by @ the addition in Z/nZ. We have

n—1
T%(b,a) :=P(Z" =a | 2™ =b) = [[TZ,., .. (3)

1=0

and where T, _ and T)Y, . are explicit:
= Lay£001l:=0 + Lay=o (Pl.=1 + (1 — p)l.—) , (5)
TY,. = P(Bi(p)zy + (1 — Bi(p))Ba(q) = ) (6)
= Lmin(zy)=0 (p+ (1 —=p)(1—q)l.—o+ (1 —p)gl.—1)

Hlminzy)=1 (P + (1 = p)g)l.=1 + (1 = p)(1 — ¢)1.=0) - (7)

If, for a given [ € Z, Z!*V) has distribution v, then the distribution p of Z(®) satisfies

pla) = Y v(b) TH(b, a). (8)

beE,

For clarity, we use an operator-type notation and write u = v T%; accordingly, u = v (T%)*
designates the law of Z(=*) if Z(¥) has distribution .
Using the row decomposition of Sq(n), we have

Lemma 5 1) Let n > 1 be fived and Z € {Xsq(n), Ysqm)}- For p,q € (0,1), the process
(Z-9) . j € Z) (indeved by decreasing j’s) is a Markov chain with finite state spaces E,
under its stationary distribution. Since this Markov chain is irreducible and aperiodic,
the distribution of ZU) for any j is the only probability measure solution u% of

p? = p?Ty. 9)
2) The distribution p? is the limit distribution of any Markov chain with transition T%

on Sq(n), i.e. for any distribution v on E,, we have v(T%)* - uz.
K—+00
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The matrix TZ, indexed by the elements of E,, is called a (row) transfer matrix in statis-
tical physics literature. By the Perron-Frobenius theorem, the equation (9) has a unique
solution up to a multiplicative constant, which can be turned into a probability distri-
bution. Finding a pu? solution of (9) is a problem of linear algebra, and a solution can
be found by using a computer for small values of n. The fact that T% has the product
representation given in (3) plays a secondary role in that respect. In the following, it will
play a role of primary importance.

Proof. The only unclear assertion in (1) is that the row process Z(~") follows under its
stationary distribution. This comes from the infinite construction that we have, under
which Z! and Z{™ have the same distribution. Assertion (2) is a well known property
for aperiodic irreducible Markov chains on a finite state space. []

Note 6 In the case of the square (or triangular) lattice the gas of type 1 is a Markov chain
on the horizontal lines of the lattice [15]. In [4], it is observed that it is a Markovian field
on a zigzag formed with two consecutive lines of Sq(n); this Markovian field converges
when the row size goes to +0o to a Markov chain on the line according to [1]. It turns out
that the gas of type 2 is not Markovian on a line of the cylinder, on a line of the lattice,
or on the zig-zag [4]. In other words, there does not exist any 2 X 2 matriz A such that

pX(xy,. . xn) = cn H Agi zigi - (10)
i=1
To show this, one can solve (9) with a computer for n = 3,4,..., to check that no

factorisation of the invariant measure compatible with (10) is possible (a similar work can
be done directly on the rows of the entire lattice). It can also be checked that no solution
corresponding to a Markov chain with longer memory exists, at least for small memories.
When a computer is used to compute the invariant distribution on a cylinder of small
size, no “reqularity” of the measure has been observed: it turns out that on the cylinder
of size 12, if u(x1,...,2,) = 51, ..., yn), then x and y are equal up to a rotation
and/or symmetry. This implies that what happens is drastically more complex that what
appears for the gas of type 1 where uX has the form (10).

We now look at new considerations.

2 A new paradigm

Proposition 3 says that pY(1,%,...,%) = D (04} im2,m pY(1,z,...,2,), i.e. the
probability that Y¥ = 1 at some position v on Sq(n) is, up to change of variables, equal
to GF9(™ (x,). A nice description of Y would thus be helpful. For this, two new ideas
arise:

m The first one is to search for a representation of the same type as (10), but for matrices
A, , (taking the trace afterwards) instead of “real numbers A, ,”. This is not just a way
to add some degrees of freedom: Proposition 7 below says that all measures invariant
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under rotation on FE, have such a representation, and moreover have a representation of
the form Trace(J[/—, Q%) for some matrices Q° and Q,

m The second idea comes from the product form (3) of the transition kernel TZ for
Z € {X,Y}. It suggests that a “local equation” linking the matrix Q* “weighting the
probability to observe z somewhere on Row(l)” and Q¥, Q¥', the matrices weighting their
two children in Row(l+1) could suffice. But two neighbours in Row(!) share a neighbour in
Row(l41), and this must be taken into account. The second idea is to share the neighbour,
its suffices to “split” the matrices, and search for a solution of the form Q* = V*H?” for
some matrices V¥ and H® having right splitting properties. This is what is done and
proved to be possible, up to taking infinite matrices Q.

2.1 Transfer matrix and measure representations

We recall the definition and some properties of the Kronecker product (or tensor
product) between matrices that we will use in the paper. If A is an m x k matrix and B
is a p X ¢, then the Kronecker product A ® B is the mp x kg matrix

Al,lB s Al,kB
A®B=| : ..
ApB - AniB

The Kronecker product is associative. For matrices A, B, C, D,

(A® B)(C @ D) = (AC) ® (BD), (11)
Trace(A ® B) = Trace(A) Trace(B) (12)

where it is assumed in (11) that A, B, C, D have sizes such that AC' and BD are well
defined, and in (12) that the matrices are square matrices. The Kronecker product extends
to infinite matrices A ® B, but it is “interesting” only for finite B.

For n > 1, let M,, be the set of probability measures on FE,,, invariant under rotation:
if u € M,, then for any x = (xq,...,2p_1) € Epn, p(X) = p(x1, ..., Tp_1,%0).

Proposition 7 For any pn € M,,, there exists two square matrices Q° and Q' of finite
size, and four rectangular finite matrices VO, V', H°, H' such that:

(1) for any x € E,,,
n—1
pu(x) = Trace (H Q“) :

i=0
(2) Q' =V'H!, Q°=V°H VH®= [O] and VOH' = [0} , where [0} stands for the
null matriz with the appropriate size.

Proof. First, assume that there exists some matrices (Q%,z € {0,1}) of size m x m,

such that p(x) = Trace([]'2, @%). Take V! = Q'® [1 0], H' = Id(m)® {(1)1, Vo =
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Q" ® [0 1] and H® = Id(m) ® [ﬂ, where Id(m) is the identity matrix of size m x m.

Using Trace(]] a; ® b;) = Trace(] [ a;) Trace(]] b;), we see that for any x € F,,

n—1 n—1
Trace <H Qxi> = Trace (H Qx> ,

=0 i=0

and clearly Q' =VH, Q= V°H°, VOH! = V1HO = [O] .

Hence, only (1) remains to be proved. For this, denote by M, the set of probability
distributions having the representation j(x) = Trace([]/—y Q%) for some finite matrices
Q° and Q'. We show that M/ = M, For this, observe that M/, is closed under finite
mixture: if g = ap, + (1 — ), and j1;(x) = Trace([]1, Qj') for j € {a,b}, then taking

1/nNx
O = [a OQa 51/9@"5} . x€{0,1},

we obtain p(x) = Trace([]/—, @%). This shows that M/, is closed under finite mixture.

Since Trace(AB) = Trace(BA), any probability distribution in M/ is invariant under
rotation. It remains to see that M/, contains the uniform distribution on “simple” classes
of rotation in E,, since any measure in M,, is a mixture of these distributions. Take an el-
ement o = (ap,...,a, 1) in E,. For any i € [1,n], let a(i) = (@, ..., 01,0, ..., Q1)
and R := {a(i),i € {1,...,n}}, the rotation class of «. We now show that the probability
measure #R1 > ser 0 belongs to M which completes the proof. For this, denote by z;
the number whose binary expansion is «(i), and define Q' and Q° to be 2" x 2" matrices
where all entries are 0 except for

Qi _ —1/n .
Q1+zi,1+zi+1 =#R , for any 1.

It is then simple to check that p(x) = Trace([[;_, @) coincides with #R ™' >, ds. O

2.2 The fundamental Lemmas

The following two lemmas 8 and 10 — that are among the main contributions of the
present paper — serve two different purposes. The first Lemma can be used to identify the
solution p1(x) = Trace(] [, @) (and/or to prove that such a measure is a solution) of p =
pT,, when T,, has a product form. It gives a sufficient condition on (Q°, Q') in the form
of a “finite” system of quadratic equations. In the generic case, this system of equations
does not depend on n, and then a right pair (Q°, Q') will provide a representation of p
for any n.

The second Lemma can be used when no such solution has been found. It permits us
to describe the measure v'T* on the kth line starting from v, for some particular v using

some matrices Q”(“H). Since v'T* —J>r 1 the solution of y = T, this provides a way to
KR——+400

approach p. The problem is that the matrices QE"’H) appear to grow with k. The discussion
of the convergence of the sequence (Qfﬁ), k) is addressed later in this paper: this gives the
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clues we mentioned in the abstract that GF(x,y) should have an expression using some
eigenvectors of some explicit infinite matrices.

Lemmas 8 and 10 are stated in the case of Sq(n) for processes with values in {0, 1}.
They will adapted to the triangular lattice and to processes with more than 2 values in
Section 6.1.

A matrix T, indexed by E,, is called a transfer matrix. Ifforalla € E,, >, T, (a,b) =
1, then T, is a probability transfer matrix. Moreover if, for any a,b € F,,,

n—1
Tn(av b) = H Tai7ai®17bi (13)
i=0

for some Ty, a,b, c,€ {0,1}, we say that the matrix transfer has a product form.

Lemma 8 Assume that T,, is a probability transfer matriz with a product form. Assume
that there ezists square matrices (V* H* x € {0,1}) such that, V*HY = [0} for x # vy,
and such that for any x
VIH" = Y H'VYT,,.. (14)
y.y'€{0,1}

Finally let Q* = V*H* for x € {0,1}, and pu(x) = Trace (H;:Ol Q). We have = puT,,.

Note 9 (1) Equation (14) is the system of quadratic equations mentioned in the intro-
duction and in the Abstract. To find a solution to u = uT, it suffices to find (V*, H* x €
{0,1}) satisfying (14).

(2) One may weaken the conditions in Lemma 8, replacing (14) by “there exists an in-
vertible matrix P”, such that

VPH* =P Y HWVYT,,.| P (15)
y,y’'€{0,1}

Before proving this Lemma we make two remarks. Firstly, we are only interested in non
zero solutions! Under the hypothesis of this Lemma, the positivity of the measure pu is not
guaranteed, nor the fact that it is non-zero or real. In the case where a non trivial solution
exists, in the sense where u(x) # 0 for some x € F,,, then p is a multiple of an eigenvector
of T,, with eigenvalue 1. Since T, is a Markov probability kernel, by the Perron-Frobenius
theorem there is exactly one such eigenvector, which has non-negative entries. Note that
if (V* H* x € {0,1}) is a solution of (14) then so is (¢V*, H*, z € {0, 1}) for any ¢ # 0. A
¢ (which may depend on n) can be taken such that u is exactly the invariant distribution.
Hence, a condition for non triviality (CNT) for a solution of (14) is as follows:

CNT;: 1is an eigenvalue of Z VEH". (16)

ze€0,1

Secondly, finding a (V*, H*, x € {0,1}) solution of (14) is difficult in general. The num-
ber of variables and of equations quadratically increase with the size of the matrices

(V¥ H* z € {0,1}).
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Proof of Lemma 8.
Write Trace ([, @) = Trace (H;:Ol D i ie{o.1} HyiVyéealTyi,y;@l,mi). Since V¥ HY =

0 if y} # y;, we impose y; = y;. It remains to write, by some usual commutations

Z Trace (H Hszyl@l) H ition®i = Z p(y)T,(y,x) = pT,. O

yeEn yEEn
We now state the second fundamental lemma.

Lemma 10 Let T, be a transfer matriz on E,,. Consider two matrices Q’(”O), x € {0,1}, of
size mxm and some rectangular matrices V(’S), x € 40,1} of sizemxl, and H(IO), x €{0,1}
of size | X m, such that

Qo) = VioyH0), and, for x #y, V(“E”’))HEJO) = [0].

Consider the measure o) defined on E, by pey(x) = Trace (H¢=1 Q?&) . Assume that

there exist 8 matrices (hxy, (z,y) € {0,1}?) and (vyy, (z,y) € {0,1}?) (of size i x j and
J X i so that the products hyy vy, and vyyhy, are defined) such that for any 'y, x in E,,

1=0

n—1
Trace (H hym?ie;lvyieal,xi@l) = Tn(Y? X)' (17)
Now, set for z € {0,1}

Z H{y @ hye, Hiy = Z Vi) @ vy Qfy = Vi) Hp, (18)

y€{0,1} y€{0,1}

and pu1)(x) = Trace (H;.Zol be) . Then under these conditions,

1) 1y = p)Tr- If moreover puoy is a probability measure and T, is a probability transfer
matriz, then ji1y is also a probability measure.
2) moreover if for any x,z’,

ha;yvcc’y’ = [O] fOT’ ) 7£ y/’ (19)

then Vi Hy = [0] forz #y.
3) Assume that the probability transfer matriz T,, has the product form (13) and that
there ewist hy, with one line, and v,, with one column such that

hy Uy o = Tyoyzy for any y,y', x. (20)

Then condition (17) is satisfied, and Q(xl) and Qfo) have the same size. If moreover
Q) = Q) for x € {0, 1}, then pay = p)-
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Important note

e The size of the cylinder n plays no role at all in the hypothesis. Hence, the same
matrices H, Vi), QF;) will (or will not) work for all n.

e In the case where Q) = Q.= € {0,1}, we say that Q) is a fixed point for the
matrix equation. That is, for any n, pu, defined on E, by

n—1
pin(x) = Trace (H Qf;;) ,
=0

is a solution of wu, = u,T),.

Clearly, condition (2) is the condition needed to iterate the construction, that is to be
able to give a matrix representation of the measure on the «’th line, as stated in the next
Corollary.

Corollary 11 Let p, Qg(”o), V(”é and HE”O) satisfy the hypothesis of Lemma 10 (for ez-
ample V((l)) = H(lo) = [1] and V( H(OO) = [0]), and hyy and v, satisfy (17), (19) and
(20). Then, for any k > 1, x € {O, 1}, let

- y
Vi = Zye{o,l} H(;_l) ® hy 2,
H(ﬂ) - Zye{O,l} Vv(nfl) ® hy,a,
H.Z’

G ©€1{0,1}, and

n—1
[y (x) = Trace (H Q‘%) (22)
i=0

Then, for any k = 1, puy = pe—)T = po)T".

(21)

and Q= V5,

Proof of Lemma 10. This proof relies on (11) and (12); we also make heavy use of
Trace(A; ... A;) = Trace(AjA; ... A;_4). For (1), write

Trace (H Q‘fb) = Trace H Z H{gy ® hya, ) <Z ® Vy ))
i=1 i=1
= Trace Zvy ® Uy x> <2Hy y$i®1>>
i=1
= Trace Z Vy ® Uyt s ) (0) ® hy wz@l))
i=1
= Z Trace ( (V%) @ Vy, (Hyz hy,, .1’1'691))
y i=1
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y 1=0
n—1

= Z ,LL([)) (y) Trace ( hyzﬂ:z@l yzGBlvfriéBl)
y 1=0

(1) now follows from (17).
For (2), write for = # y,

Vi) = ( @hw,x) (Zwmvz,y)

which is indeed [0}, since Ny 20, 4 = [0} for any w, z. (3) follows immediately. [J

2.3 Relation with ASEP/PASEP/TASEP

The system (14) is quite close to the systems around the notion of “matrix ansatz”
associated with the ASEP/PASEP/TASEP problems as introduced by B. Derrida & al.
[8]. In this seminal paper, it is shown that the invariant distribution of the ASEP can be
expressed as the formal result of a computation in some algebraic structure, where some
operators D and FE satisfy some quadratic relations of the foorm DE = ED + E + D (or
more generally with some multiplicative parameters added) and some additional “border
conditions”of the type D|V>= S|V>, <W|E = a~' <W/|. For these problems, matrix
solutions D, E, VW are explicitly found. These solutions have, depending on the values
of the parameters and border conditions, a finite or an infinite size. In subsequent studies
of these exclusion processes, finite/infinite matrices appear as solutions of quadratic equa-
tions of a type appearing in [8]. Each time, the questions of commutation of matrices,
tensor products, and existence of limits with some growing matrices arise. We send the
interested reader to [3] and [12], and references therein.

These quadratic problems/algebras are also at the core of several different problems of
enumerative combinatorics, as observed by Viennot (this is discussed at length in several
of his talks and courses, available on his web page, see e.g. [17, section 7]).

3 Computation of fixed point solutions for gases of
type 1 and 2

As explained in the previous subsection, two main cases emerge. First, there may
exist a fixed point for the matrix equation involving finite matrices according to Lemma
10(3). If no such fixed point solution exists (or even if it does), Corollary 11 allows one
to build bigger and bigger matrices to describe the distribution on the kth line. In some
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cases, taking the limit give rise to some infinite matrices. We first discuss, what happens
when matrices of finite size are fixed points of the matrix equation. This is the case for
the gas of type 1 on Sq(n).

3.1 Gas of type 1

This happens in the case Z = Xgq(,), for which numerous different computations of
the gas density exist. Let us add one way to find the solution.

3.1.1 Application of Lemma 8
It suffices to search for finite matrices (V*, H*,x € {0,1}) which solves (14). Take

0 0 51,2 1 S1,1 0 0o . 0 0 1 t171 t172
Vio = Vo) = , Hgy = Higy = )
0 S99 s21 0 t12 to2 0 0

They are chosen to trivially satisfy V(f))H Eyo) = [0} if x # .

Note 12 The choice of the letters V' and H comes from these vertical and horizontal
structures.

The system of equations V*H” = Zy s H vyy'T ;'fy,’m is equivalent to:

s1atan = 0,821t11 = 0,811511 = 0, S2.9t20 = (1 — p)(s1,2t1,2 + S2.2t22),
X . _ _
Sysi :=1Q ta1521 = p(S1atio + Saotes), S12t12 = t11511 + to152.1,
S1ota0 = t11812 + 121522, S22t12 = t12511 + 122521

This system has non trivial solutions. For example s;1 = 0,512 = p, s21 = 1/(1—p), S22 =
1,t11=0,t12=1,t31 = (1 — p)p,tao = 1 — p, in which case

e-[1hp]e-[5]

From here the density Trace((Q°+Q")"'Q")/ Trace((Q°+Q")™) of the gas of type 1 on the
cylinder can be computed, and from that GF>9(™ (x,1) thanks to Proposition 3. Taking
the limit gives GF> (z,1). This representation was known and is present under different
forms in [16, 9, 4]. What is remarkable is that it follows from a simple computation.

3.1.2 Application of Lemma 10

For the same result, one may use Lemma 10 since a solution to both (20) and (19)
exists. The idea is to search for solutions under the following form, for which (19) auto-
matically holds :

h0,0 = 07a1707a2 ) hl,O = 07b1a07b2 (24)
h0,1 = |c1,0,¢9,0], h1,1 = |dy,0,d,0
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and v, , = 'h,, for all z,y, this last condition not being needed. The system (20) can be
rewritten as :

X d%#—d%:O, Cldl—l-Czdg:(), b%—{—b%—lzo,
2 Z U @1 E—p=0, byt baaz —1=0, @ +ad—1+p=0 (25)
1 2 p=y 141 + 02a2 - 7a1+a’2 +p* .

Clearly, d; = 0,dy = 0, and the rest of the system becomes
Sys® := B24+b2—1=0, e’ +c>—p=0, e +a®> —1+p=0, bia; + byay — 1 = 0}.

Solutions to this system exist. We then take Vg, H{ as in (23) for example, and
take Vi7),H()) as defined in (21). Again, Q(xl) = Q) is possible since h,, and v, are
respectively single line and single column (according to Lemma 10). Of course, since
My 2Vy 2 = TX(y,y',x), we are back to the previous problem treated in Section 3.1.1.

Note 13 The appearance of non real numbers in the considerations (Sys™ has no real
solution) does not harm the reasoning at all since TY is still a probability transfer matriz.
The possibility to use non real matrices V*, H* as a solution of the equations of interest
enriches the space of solutions.

3.2 No finite solution for the gas of type 2

In the case of the gas of type 2, we were not able to find finite (non-trivial) matrices
(V*,H*,x € {0,1}) which solve (14). If they exist, they must have size > 5 (this can be
seen via the computation of a Grbner basis). Also, numerical computations — which in
principle does not guarantee any result — indicate that no non-trivial matrices (V*, H* x €
{0,1}) with complex coefficients having size < 8 are solution. Hence we were unable to
use Lemma 8 to go on.

Question 1 (a) There it exist finite square matrices V°, H°, VY H* which solve (14) for
T =TY? (and such that Y, V*H?® has eigenvalue 1?)
(b) If not, is it possible to find a solution to (15) for T =T¥ ¢

4 Toward an infinite size solution

This section prospective explains how some infinite matrices may arise. Even if no
complete solution is provided, we hope that this new point of view will allow some reader
to tackle the problem of computing GF(x,y).

Recall that Lemma 10 and Corollary 11 say that if there exist single line and single
column matrices h,, and v,, solving h, v, = T%(z,2',y)1,—,, then on a cylinder of
the square lattice the distribution on the x+1’th line p(,) := u(,{_l)TZ has a representation
of the form (22), provided that the distribution on the first line j () has this same form

with Vg H, = 0 for « # y. Such matrices hyy and v,y exist for Z € {X, Y}
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Theorem 14 For any Z € {X,Y},
(1) there exist line matrices (hyy, x,y € {0,1}) and column matrices (vy,,x,y € {0,1})
which solves (19) and (20), namely

Py Vgt = Tz(x ' y)ly—y for any (z,y,2',y") € {0, 1}4 (26)

(2) For any K, the entries of the matrices Vi), Hi ), QF, (as introduced in Corollary 11)
can be computed.

(3) The solutions of (26) and the initial matrices Vg, H, can be chosen in such a way
that for any x, V(”SH), H (25) szn) converges simply when k — +oo (that is, each fized entry
converges).

We have already discussed the existence of solutions to Sys?, this implying the exis-
tence of solutions to (26) in the case Z = X. To prove Theorem 14(1), let us write the
following system of equations for h, , and v, , defined as in (24), in the case Z =Y. In
this case (26) is equivalent to

c?+ et —q+pg=0, o’ +qdi* —ger® = 1,d* + dy® —p+pg—q=0
Sys;{ =2 dicy+doycy —q+pg=0, a;2+ a2 —1+q—pqg=0,
b1a1+b2a2—1+q—pq:0, b12+bg2—1—|—q+p—pq:0
(27)
It is not difficult to check that this system has a solution (using Maple or Mathematica,
for example, or the computation of a Grbner basis).
The proofs of Theorem 14 (2) and (3) are more delicate. Their respective proofs are
the object of Sections 4.1 and 4.2 below.

Notation. For any pair of matrices (A%, A'), A* := A% + A'. Similarly, for any doubly
indexed quantity a,,, Gz« = Gz 0 + Gz 1.

4.1 Computations of the entries of Qx (”6 k)

Let Z € {X,Y} be fixed, and let h,, and v,, as defined in (24) be solution of
SysZ (the sizes of h and v are 1 x m and m x 1 respectively for some m > 1). Let

us compute the entries of ((QfH V(E Hﬂvﬁ)),m > 1) starting from some matrices V(é),

H(lo), V and HO such that Vo H"%) = [O] for = # 2’ of size my x my (for example,
)
V((l)) H o) — [1], V(O) .I—I.?O). - [0])
For li > 2, by associativity of the Kronecker product,

‘/(n ZZ ‘/(/{ 2)®Uzy ®hym Zvﬁ 2) ®V233 <28)

with

= E :Uz,y ® Ny
y
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which entails, iteratively that
Véi;) - Z V(fﬁ @ Vapzg @ Vayzg @ Ve oz (29>
20521532k —1

(The matrices v, have size m x m.) A similar formula exists for H{, ), obtained by
replacing h by v and vice versa in the previous considerations, leading to the definition

ofh,, = z By @ Uy g
In the same manner, Q V H (zn) can be computed: write

Q?’*) - <Z ‘/(272) ® Vz,m) (Z H(Z,;,Q) ® hz’,gg) .

Using the structure of Véd) and H 6;72), we get
Qo = D_ Q) ® ue

where
Z Z (Uw,th,z> y,zvz x Z Z Yy Z,T Uw,y w z)
y z

(we used here that vgp, hayp is a solution of Sysgz). Again, using the same methods above

Qfgn) = Z Qfé)) ® A2,z D Azyz0 @ - @ Qg 2 (30)

20,21 50052k —1

With these formulas, the entries of Vé,{), H éﬁ) as well as that of Q”(”QK) can be computed

(and with a simple adaptation those of odd indices also). For this, recall that if

A=B&C
where C'is a ¢ X ¢ matrix, B a b x b matrix then, for any ¢, € {0,...,bc — 1},
Ali, j] = Blidivm, j divm] x C[i mod m, j mod m] (31)
with the convention that for any matrix M, M[i, j| :== M, j+1, and as usual = divm and

xmodm denote the quotient and the remainder in the division of x by m.
Assume now that some matrices Wi, o € {0,1}, Kk > 0, satisfy

W(Zgn) - Z W?(())) QO Wgzy @ Wayop @ - QW2 (32)

20521552k —1

with w,, having size m x m, and W‘Z“”O) having size mg x mg. Therefore W‘én) has size
mo X m"; any 4,7 in {0,1,...,mg X m*} can be written under the following form :

1= &,‘iJrl(i)?nN + Z ml_lal(i)a ] = &erl(j)Tn"‘i + Zml_lal<j)7

=1 =1
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where 0 < a,41(2), awr1(j) < mo, and 0 < (i), a;(j) < m for I € [1,k] (apart from
a,+1 which may play a special role if mg # m, the a;(i)’s are the digits of ¢ in base m).
Therefore, from (31),

ng,g) [i,7] = Z ng) [a41(7), Grgr (7)) XWzy,z0 [an (i), ak(F)] < - KXW 1,20 [a1(7), a1(7)]-
20505 Zr—1
(33)
There is also a way to represent this with matrices, very similar to the representation of
the distribution of a Markov chain; for any (a,b) in {0,...,m — 1}?, let My/(a,b) be the
2 x 2 matrix defined by:

Mw(a, b) — W(]’()[a,b] Wo’l[(l,b]:| ’

WL()[CL, b] lel[a, b]
and for a,b € {0,...,mg — 1},
pwla,b] = [W?O) [a, b] W(lo) [a, 0] .
We have

Wi li] = pwlowsa i), tnen ()] Ml an ). Mwlan(@).an )] 7] - 30

This fact, together with (30) and (29), proves Theorem 14(2).

4.2 Convergence of the entries of V(gﬁ), H(xzﬂ), and Q(x%)

We continue from the previous section. Notice that for a fixed (4, ), a;(¢) and all a;(j)
are zero for large [. We then immediately have:

Lemma 15 W¢,,, [i, 7] converges when k — +oo in C for any i, in N if and only if
pw 0, 0] My [0, 0]’
converges when | goes to +o0o; a sufficient condition is the convergence of My0,0].

Again, the convergence stated in Lemma 15 will be only interesting if the limit is not

zero. We examine the simple convergence of V(‘;H),Héﬁ) and Q‘(”QH) when Kk — +o00, to

some infinite matrices (VZ, HZ Q% ), meaning that, for = € {0,1} and any i,5 > 0,

starting with some suitable matrices ((V(g), Hp)» Qfp)): @ € {0,1}). If such a convergence

holds, the limiting infinite matrices Q. and Q(()OO) are moreover a solution of the following
rewriting like system:

1
forz€{0,1}, QL= QY& quy. (36)
w=0
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Rewriting rules such as (36) rely entirely on the corners of the matrices (Q%[0,0],z €
{0,1}). Writing py[0,0] := [M°[0,0], M*[0,0]], formula (36) allows us to compute the
only possible corners:

pvoo pVooMV[07 O]
PH. = PHLMi[0,0].

We examine separately the two cases Z = X and Z =Y in the next subsections.

4.2.1 Case of the gas of type 1.
We work with h defined in (24). We then find

0 cd 2 0

Therefore, the convergence of the sequence (Véﬁ) i, 7], > 0) to a non zero limit is equiv-
alent to d; = 1, in which case, for any [ > 1,

M,(0,0)" = M,(0,0) (37)
and the convergence of Mg(0,0)" arises if ¢ = 1, in which case, for any [ > 1,
Mq(0,0)" = My(0,0). (38)

We may wonder if Sysy still has some solutions if we add these conditions.
» The answer is yes for the condition ¢; = 1 (for example, a? = —p,ay = 1,b; = 0,by =

l,c; = 1,¢2 = p—1,d; = dy = 0). Then it is possible to have simple convergence for
(2r)°

m The answer is no for the condition d; = 1. In order to find h,,,v,, satisfying (26)
(and Z = X)) and such that V(o) simply converges, it suffices to increase the size of the
matrices h and v defined in (24). Take instead

hoo = [07@170761270,@3] , hig = [071)1»0,52,07})3] (39
hgyl = [61,0,02,0,03,0] s h171 = [dl,o,dQ,O,dg,O} )
and again v, , = "h,,. The values of My(0,0) and M, (0,0) are unchanged, but now there
are some solutions for (17) and (19) and where d; = 1. Again, this is not difficult to
check with a program like Maple or Mathematica. Note also that if we want to solve Sys§(
together with the two equations ¢; = 1 and d; = 1, there exists solutions for h and v
having size 6. For example:

(Z%—szo,agzo,bl:O,b2:07a3:b3201:1,C§:p703:i,d1 :1,d2:0,d3:i.
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It remains to specify pq and py, namely the starting condition of the construction. We
may take mo = 1 (that is, starting with 1 x 1 matrices). Taking Q¥ = V() = F(© = [0]
and QW =V = g = [1] leads to

PV = PH = PQ ‘= [0, 1} : (40)

With this convention, by (37) and (38), the upper-left corner of Qf%) coincides with
szﬁ_Q), and the same thing hold for V' and H as well. We then have pg_ = pu., = pv, =

Q-

4.2.2 Case of the gas of type 2.
First, for A and v defined in (24),

[ (=1+p)(~1+q)F  (¢+p—pg)c} [0 diey
Mq(0,0) = (—1+p) (=14 q)ds? (Q‘Fp—pQ)d%]’ M. (0,0) = {0 dﬁ]'

The convergence of Mg(0,0)! to a non zero limit happens if (p — pq + q)di* + (1 — ¢ —
p+ pg)ci = 1, in which case Mg4(0,0)" = M4(0,0) for any [ > 1, and the convergence of

M,(0,0)! to a non zero limit arises if d; = 1, in which case M, (0,0)" = [8 Cﬂ forl >1

In this case, solutions h,, of size 1 x 4 exist : there exists solutions to Sysy with the
additional condition (p — pg + ¢)di> + (1 — ¢ —p+ pq)c® = 1 or d; = 1. Again, if if we
want to solve Sysy with both conditions together there exist solutions for i and v having
size 6, for example:

b = (1-q)(1—p),d* =—(1—¢q)(1—p),
2 (1—Q+pQ) 1—q+pg
_ by =0,by = =1
ai (1_ )( ) =0,a3 = b 1 0, by 0,c1 )
1— 1—
6 — _M@ZM 4 =1.dy =0,

dy (1-p)(1—q)

This suffices to imply the simple convergence of Q(% Véﬁ), H (2)- Here pg., = [(—1 +

p)(=1+4q),p—pa+d], pv.. = [0,1] and py,, = [0,1].
This ends the proof of Theorem 14(3).

4.3 Trace of the limit and limit of the trace

As said above, Theorem 14 gives a representation of M(ZH) starting from some simple
,u(zo) (this could be useful to make advances on enumeration issues concerning DA with
height ). The important and natural question is the following one : do we have, for any
X = (x1,...,%),

k) (x) = Trace <H Q 214)) — Hoo(x) = Trace (1:[ Q;) ? (41)

1=0
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Since the simple convergence of Q(xzﬁ) to Q% does not imply the simple convergence of

‘EQK)QZ(’QK) to Q% QY. , the answer to this question is certainly not an immediate issue. For
the TASEP, the choices of matrices D, E satisfying the different matrix ansatz, leads or
not to the convergence of the product (see discussions in [8, 3]).

Moreover, simple convergence of a sequence of matrices A,, to some matrice A,, does
imply the convergence of the trace, since the trace involves an infinite number of entries.
Nevertheless, ji(2.) converges when x goes to +0o by Lemma 5. Let p°°(x) = lim,, j1(2.) (%)
the limit of the measure. The question is: do we have p* = u,.? Since u> is the only
non trivial probability measure fixed point of ™ = p>TY, it suffices to show that fie
satisfies the same property, which would imply g = Au, for some A (which must be
shown to be # 0). In fact, by Construction gy« 1s associated with two-row transitions, since

Trace([[, Gyiw;) = ZZeE Ty o T oz = (TY)?(x,y). Clearly (TY)? is also a
probability transfer matrix, corresponding to an aperiodic irreducible Markov chain on a
finite state space. Subsequently, by uniqueness, it is easy to check that u., is the unique
solution to pu = pu(TY)2.

Using that (. is solution of the rewriting system (36), if one ignores convergence and
commutation issues, then

Trace (1:[ Qig) = Z Trace (H Qy’> Trace (H Q.. m) (42)

=0 yeE, =0
= ) Trace (HQ%) (TY)*(y, %), (43)
yeEn, =0

and one sees that we just have to justify convergence of [, Q’”l and the validity of the
rearrangements in the infinite sum.

We were unable to prove the validity of this. Besides, the entries of Q)Y seems no to
converge to 0 (due to the choice of the value of M(0,0), needed to have the convergence
of QZ(”K) to Q%,); also, seen as series in p, ¢, the degrees of the entries Q}; do not go to +00
with 2,7 — oo.

Question 2 [s it possible to prove that Trace (H;:Ol Qgg) is well defined (for some notion
of convergence) and solution of (42)?

We here review some properties of the matrices V(ﬁ), H (o) and of fi(2,). These properties
lead to some questions about the structure of Q% , and its eigenvectors (if any). First, we
have

1=0 i=0

n—1 n—1
Ly (x) = Trace (H V}%HE‘%) = Trace (H H(””;)V(i")@l> .

This representation is very close to the standard representation of Markov chain, where
here H (o) V(’;) plays the role of a probability transition and

R b
Py =Y HiyVi,
a,b

THE ELECTRONIC JOURNAL OF COMBINATORICS 19(3) (2012), #P45 21



plays the role of the transition matrix.

Proposition 16 For any k, Q?ﬁ) has eigenvalues 1 and 0. The eigenvalue 1 has multi-
plicity 1.

Proof. We first claim that (Q7,,))*"(1 = Q) = (Qfyes1))* (1 = Qfyyyy) = [0]. The
claim implies that the minimal polynomial of Q7 , ., (with ¢ € {0, 1}) divides 2**(1 — ),
which implies that the eigenvalues are 0 and 1. Since Trace(Q{,)) = Trace(Q{, _ 2)), and
since Trace(Q(;) = Trace(Q(;)) = 1, the eigenvalue 1 has multiplicity 1. It remains to
show the claim. For this write

Qo = VinHiy :( HY ®hy,x> (Z v 1)®vyzaﬂ>
- Z (k—1) (n 1>Z vy

vy

and since this last sum is 1, we have
Q) = Pe1)- (44)

Also, using (18),
> Qlyy®py
y

where p, = vy hy .. It turns out that h, v, , = 1 for all (z,y); hence, any product of the
form vy, Nz, Vs <Py s - - -5 Uy, <Py, equals vy, LAy, . Henceforth, x > 0, and m > 0,

Q)™ = P2 = 3 Q2@ QY| @ vrhi

Hence if for some & > 0 and m > 0, (Qf,))™ = (Qf,))™ " then (Qf, )" = ( ’(*NH))m“.
The initial conditions being Qfy = = [1] (and Q) = [1]) we get (@ ) = (@ )°,
then ( ?2,-;))2%1 = ( ?2,-;))% (and ( 2;-;+1))2H+1 = ( ?2;-;+1))2 as well). D

Denote by L) and R, the left and right eigenvectors of Qfﬁ) associated with the
eigenvalue 1. Since (Q,))™ converges to R()L(.) when m — 400, and since ( ?H))m“ =
(Q?ﬁ))m, for m large enough,

(QR)™ = R Lw)- (45)
Moreover L.y and Ry can be normalised such that LR, = 1. Notice in (45) the

equality; in sunllar situations only convergence holds. For m large enough the quantity
of interest

Trace(Qhy (Q4)™) = Trace(Qly R Liw).
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Using (44)
(fo;))m = PEZ—D = H&—Q(Q(*H—n)m_lv(t;—l)a (46)
which leads to

RiyLey = VigRurn Lot Hiy,
ReyLiy = HinyRinLisn)Vi),
and then (since all matrices have rank 1 and L) = 'R(y))
Ly = H&_UL(/«FI); (47)
— H?H*l)HFIﬁfQ) o o HZ(O) (48)
Since Trace(Q(, Ris) L)) = Trace(H Ry Lx)V],) we have also
1 . 1 * *
Ho Liwy = HyHixry - - - Hg)

a triangular product whose computation seems to be quite difficult. We may also note
the following

Lemma 17 Let d™ (1) = IP’(YUSq(n) = 1), the density of the gas process of type 2 (this is
GF>™ (2. y)) up to change of variables, by Proposition 3). For n large enough
Zi>0 L(N)[l, 21 + 1]R(,i) [2i + 1, 1]

Zj;o L(H)[LJ]R(H)U 1]

Proof. For short, we don’t write the indices (k). For n large enough (by (45)) we have
(Q*)" = RL. Hence,

d™ (1) = Trace(Q,(Q*)" 1)/ Trace((Q*)") = Trace(LV'H'R)/ Trace(LR).

Introduce L(1) = [L[l,i]ll- mod 2:1] and R(1) = [R[z', 11; mod 2:1], the vectors L and R,
where the even entries are sent to 0. Now, clearly LV = (LV*)(1) and H'R = (H*R)(1),
then (LV*)(1) = L(1) and (H*R)(1) = R(1). O

Let us come back to the matrices Q. and Q(()oo) solution of the rewriting like system

d™(1) =

(36). Again, the value of the corner of [0, 0] is given by pg[0, 0]M4[0, 0] E‘TO} .
=1

Conjecture 1 The matriz Q% has eigenvalue 1 with multiplicity 1. Let L™ and R*> be
the left and right eigenvector, such that L™ =*R>*. We have

P(Y, =1) =Y L¥[1,2i + 1JR®[1,2i + 1]/ Y L®[1, j]Rj,1]. (49)
( J
We have seen that an) —+> Q”(”oo) (simply) and Q&) has a unique eigenvalue 1, the other
K—+00

ones being 0. This convergence is not sufficient to deduce that the infinite matrix Q)% has
eigenvalue 1, and even if it is the case, the convergence of the numerator and denominator
in (49) may not converge. In the general case, for 4 given matrices (¢, (z,y) € {0,1}?),
the same question arises2: can we find the eigenvectors (and eigenvalues) of the matrix
Q% that solves the rewriting systems (36).
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Question 3 s it possible to find solutions to (14) with infinite matrices V', H', V° H°,

in the case T = TY and such that moreover any product of the form [[_, V¥ H" converges
?

5 Other similar but different considerations

We present some alternatives to Lemma 10. Even if morally what is done has more of
less the same taste as this Lemma, we were not able to reduce the following considerations
to it.

5.1 Research of a solution on the zigzag

We discussed above the construction of an invariant measure relying on the research
of a measure of the type Trace(Hle Q") on the rows of the cylinder. Two closely related
constructions can be proposed. The first one is quite close to that discussed in [4] around
the question of “Markovian Field”. The idea is to search for an invariant measure on a

Figure 2: Decomposition of the measure along the zig-zag.

zigzag on the cylinder having the following forms (idea used with success by Dhar): for
any (x,y) € By,

n
(%, y) = cn H oy, Uy w15 (50)
i=1
for some complex numbers (dgp, Uqp, a,b € {0,1}), where “d” is chosen for “down”, and
u for “up”. But such a measure has a cyclic Markovian structure on the lines since for
Map = Y, Ao ctep and Mg p = D, Uq dep the induced law on the line above (up) is " when
the measure below (down) is ¢ with p*(x) = ¢, [[May 000, and p(y) = ¢, [Ty, yio: -
Since P(Y; = 4| Xi = 5, Xig1 = Tig1) = T, 000, @ sufficient condition for p* = pd and
pu? = T is that for any a,b, c,z,y

{ da,cuc,b/ma,b = Ta,b,ca

Mgy = Ma,y.

(51)

Notice that condition (51) can be weaken a bit since u* = p does not imply 7, , = My,
but rather Mg, = weq pma,p for w,p such that, for any x € E,, (or sufficiently in the support

of pu), §
[Tweiww =1 (52)
i=1
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For measures with support E,,, letting N, ,(x) = #{i € {0,...,n—1} : (z;, z;¢1) = (a,b)},

(52) rewrites
H wifg’b(x) =1.
(a,b)e{0,1}2

Since on E,, Nig = Nojy and Nyg+ Ny = #{i : v, = 1} = n—#{i : z; = 0} =
n — No1 — Noo, andNy 1 = n — 2N g — Ny, this condition is fulfilled if wyo = w11 = 1,
wo w0 = 1, giving us one degree of freedom. If we deal with measures on {0,1,2,..., Kk},
it suffices that the product on all finite cycles wg, 4, ... Wy, ,, equal 1 for [ < k. This
provides also some degrees of freedom.

Hence, the existence of a product form as (50) is equivalent to the existence of solutions
to the following system of equations

dq clUcb
m - Ta,b,m
a,b

Mgy Wey = Myy. (53)
wop = w1 = L, wowio =1

This is a finite algebraic system, and solutions can be found using the computation of a
Grbner basis. Again, in order to avoid trivial solutions, an additional equation has to be
added: letting M := (Mg y)(@y)efo1)2, the equation Trace(M™) = u(k,) let us sees that
the existence of a non zero eigenvalue for M is necessary and sufficient for non triviality:

CNT,: 1is an eigenvalue of M. (54)

The computation of the Grbner basis of the set of polynomials corresponding to the equa-
tions (53) gives all transitions T for which solution exists (of course, as usual T is not
in this set).

One can go further searching for a matrix type solution. Mixing (51) with the consider-
ations of the previous subsection, we look for matrices (Dgp, Usp, for (a,b) € {0,1}?) of
size say k x k such that for mg, =Y. Do cUep and mgp = > Uy Doy,

{ Da,cUc,b = Ta,b,cma,ba

Pmyy = wyymy, P

(55)

for some k x k invertible matrix P, (w,,,x,y € {0,1}) solution of (52). Again some
non-degeneracy conditions must be added: define K := (mg ) @y)eq0,1} (defined by block,
and having size 2k x 2k). The needed condition is Trace(M™) # 0, for n large. By
triangulation of M, it appears clearly that a necessary and sufficient condition is that M
has a non zero eigenvalue, which amounts to imposing C' NT5.

We were unable to show existence/non-existence of such matrices (P, D, U) and weights
(wy,) solution of (55) + C'NTy in the case T =TY for m > 3.

5.2 Research of a solution by projection

Recall a simple fact : if (X;,7 > 0) is a Markov chain with state spaces S (with #S5 >
2), and if ¢ : S — S’ then in general (¢(Z;),i > 0) is not a Markov chain. Here, one may
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search if the process Y (on E,,), gas of type 2, whose measure y is solution of u¥ = u¥TY,
can be written Y; = ¢(Z;) for some function ¢, and some process (Z;,1 < ¢ < n) taking
its values in a state space S with |S| > 2, and having a simple representation. We were

not able to find such a solution.

6 Extensions

In this section we discuss some extensions of the method we developed above: first to
the triangular lattice, second to processes with more than 2 states.

6.1 Triangular lattice

We proceed as in Section 5.1 where a zigzag is considered. Since no new result are
provided for DA on the triangular lattice, we just explain how the previous method can
be adapted here. First the two probabilistic local transitions needed for the definition of
the gases of type 1 and 2 on the triangular lattice are

T = P(By(1—a)1-b)(1—c)=d)
Tyea = P(Bpabc+ (1— B,)B, =d).
Again Proposition 3 says that the density of the corresponding gas provides up to a

change of variables GF(z,1) and GF(z,y), the area, and area-perimeter GF of DA on
this lattice. As explained in Section 5.1, one searches for a representation of the zigzag

Figure 3: Representation of the transition. DA on the triangular lattice; the white circles
represent perimeter sites. On the second picture, a DA on the triangular lattice with periodic
conditions; on the last picture, a zig-zag on the triangular lattice

process distribution as follows:

Moy \dy ug,y..otin ,dn, — Trace (Duldl . Udnul) (56)

-----

for some matrices D“¢ and U%* for u,d € {0,1}* (see Figure 3 to see the respective
positions of the u;’s and d;’s). To find some finite matrices doing the job, it it sufficient
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to find matrices D*¢ and U%* for u, d € {0, 1}* solving the following system:
Dabyrbe — 0, [ab pbe — 0, for a,b,c € {0,1}, (57)
DYUIT =3 UD" Ty s for d, f,d € {0,1}.

For T' = TX there is a solution with “matrices” D*¥, U of size 2, for example D*¥ = U*¥

—1 —r —rp TP
11 _ 10 _ 01 _ 00 _
for any 2,4, D o], [‘(T}H— 1+2p)/p 1 ]’ b {—rp rp]’ D

1 . . .
ll q, where r satisfies p + (1 — 2p)r + 72p = 0. This leads to the searched density
(similar approach are present in [1, 4]).

Again no such chance arises for Y. To adapt the construction of growing matrices as
explained in Corollary 11, some single line and single column matrices hgp c, Vg b, indexed
by (a,b,c) € {0,1}3 which solves the following system must be found:

hdxzvxd’z’ = ded’,zlz:z’- (58)

The idea then is to grow the matrices D), U(,) as follows:

{ Dd:/+1) 2 Un) @hdwz
U(ngﬂ o Dm Y @ vytar

Under this condition if s,y has a representation as that given in (56) with some matrices
Dy, Uiy (instead of D,U) such that D?g)U(y;f = Ug;y)Dz(’,;’)z = [0} if y # ¢/, then this
property is inherited for D ,11), Uget1). On the zigzag below (as drawn on Figure 3), then
measure /i(,41) Will also be given as in (56), with D41y, Uges) instead of D), U(y). Again,
solutions to the system (58) exist: this permits one to grow some matrices D), U, and
then to have a representation of the measure fi(,. Infinite matrices U, (aol;) and D?é’o) appear
again by some passage to the limit. We were not able to deduce from them GF.

6.2 Bond percolation

Let A bea DA on G = (V,E). Abond in A is an edge e € E between elements of A;
let N(A) be the number of bonds in A. The GF BS(xz,y) = >, 2!4ly#N A of DA with
source C' counted according to the area and number of bonds can be obtained also by

computing the density of some gas process (this is explained in [4], page 21, in the case
G =Sq(n)). Indeed, for any G € G,

BE =2 Y- BDyCeD (59)

DcCCh(C

where C' — D is the number of bonds between C' and D. For any cell d € Ch(C), let
Sc(d) = {(c,d) € E |c € C} be the set of bonds from C' to d. Further, denote by
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D¢c(i) = {d € D | |Sc(d)| = i} be the subset of D of cells being extremities of i edges
coming from C'. We have

BS = 2l¢! Z BGy2ilPe )l (60)
DcCh(C

We will define a gas whose density will coincide up to a change of variables to Bs. For
this, associate with the set of vertices V' ii.d. Bernoulli(p) random variables (denoted
(By,z € V)), and with the edges of F, ii.d. Bernoulli(¢) random variables (denoted
(B, x € E). Consider now the gas defined by

IT t-(x: IT B . (61)

deCh(x) (z,d)eE

Taking the expectation in the previous line, leads to

P(X,=1zeC) = p Y PX,=1axeD)(-1)Plg=iPetl,
DCCh(C)

Set now He(p, q) = (—1)°IP(X, = 1,2 € C). The last equation rewrites

He(p,q) = (—p)© Z Hp(p, q)g= 1P
DCCh(C)

in other words, the family (Ho(—p,q),C) satisfies the same equations as the family
(Be(p, q), C), the initial conditions being By = 1 and Hy = 1. On the square lattice, set
TE, . =P(X =2|X; =2,X; =y) = P(z = B,(1 — 2B{")(1 — yBP).

T,Y,2

Again, there exist solutions to the equations hyyvyy = 1,—y T2, y» and we may also

impose that Mq(0,0)! converges. This permits again to use Corollary 11 to represent ().

6.3 Bicolouration

We present a new model of gas X taking three values 1, 2 or 3 (we see the value
as a colour), having an interest from a combinatorial point of view, and illustrating the
universality of the present approach. Let G = (V) FE) be in G, and let (C,,x € V) be
a i.i.d. random colouring of the vertices of G, such that P(C' = i) = p; for i < 2, and
> pi = 1. We set

| s (62

ceCh(x)

The arguments given in Lemma 2 implies that X is a.s. well defined for p; + py small
enough. According to (62), if C,, = 0 then X, = 0 (with proba. 1), and if C, = ¢ for
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Figure 4: A bi-coloured DA. There is no edge of the graph between sites with different
colours.

i € {1,2}, then X, = i with proba. p; if no child of = has colour i, and X, = 0 in the
other cases.

Clearly P(X; = 1) = —GF%(—p;,1) and P(X = 2) = —GF%(—py, 1) since the
gases Y = 1y1 X and Y’ = 1x_5X/2 have the same transitions as the gas of type 1
with parameters p; and py (and by Lemma 3). This gas is related to the counting of bi-
coloured DA, having no neighbouring sites with different colours (this model is interesting
only when several sources are involved); a bi-coloured DA with a source of cardinality 4
is represented on Figure 4.

Formally consider two sets Sy := {c1,...,c} and Sy := {dy,...,d;} such that S; N
Sy = @ and such that S; U S is a free set. We call bicoloured DA a pair (A,[), where
[:A— {1,2} (where I(a) is seen as the colour of a). A bicoloured DA is said to be well
coloured, if for any (a,b) € A2N E, I(a) = I(b), meaning that neighbouring sites have the
same colour.

Denote by Ag, s, the set of well coloured DA (A,[l) with source S; U Sy such that
1(S;) = {i} (the cells of the sources S; have colour 7). This model is hard to deal with
using heap of pieces arguments. Let GFg, s, be the corresponding GF, counted well
coloured DA according to their number of cells of each colour.

Proposition 18 We have
GFs, 5,(—p1, —p2) = (=1)#H#2P(X, = 1,2 € 51, X, =2,7 € Sy). (63)

Here again, the gas transition 7'(a,b,¢) = P(C, = ¢ |C,, = a,C,, = b) can be written
T(a,b,c) = hqcvpele— for some monoline and monocolumn h and v, for any a,b,c, ¢’ €
{0,1,2}. Again, this ensures the existence of a representation of the measure on the
rth line of the lattice using some matrices Vii, Hi), QF,, for = € {0,1,2}, starting for
some measure fug)(x) = Trace(]]}, VioyH(p)) and some matrices V{5, H, such that
V(ﬁ)H(z”O) = [0] for z # y.

Here the case is particularly interesting: P(X, = j) for j € {0,1,2} as well as P(X, =
Jj,x € C) are easy to compute: the reason is that the projection Y and Y’ (as defined
above) are well known, and have a simple product form: they correspond in the first case
to identify the states 2 and 0 and in the second one to identify 0 and 1. Hence, both Y
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and Y’ are Markovian on a line of the lattice (and hard particle model on the zigzag),
but X is not Markovian on the lines (or on the zigzag). The combinatorial issue is not to
find the density of X, but rather to compute a quantity as P(Xo = 1, X; = 2). At this
moment, I am not able to do this.

Thanks : Grateful thanks to David Renault for numerous stimulating discussions about
this work. Many thanks are due to the anonymous referees for their comments.
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