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Abstract We consider a version of directed bond percolation on the triangular lattice such
that vertical edges are directed upward with probability y, diagonal edges are directed from
lower-left to upper-right or lower-right to upper-left with probability d, and horizontal edges
are directed rightward with probabilities x and one in alternate rows. Let (M, N) be the
probability that there is at least one connected-directed path of occupied edges from (0, 0) to
(M, N).Foreachx € [0,1],y € [0,1),d € [0, 1) but (1 — y)(1 —d) # 1 and aspect ratio
o = M/N fixed for the triangular lattice with diagonal edges from lower-left to upper-right,
we show that there is an are = (d —y —dy)/[2(d+y—dy)]+[1 — (1 —d)*(1 — y)2x]/[2(d +
y— dy)z] such thatas N — oo, t(M, N)is 1,0 and 1/2 fora > a¢, ¢ < oc and @ = a,
respectively. A corresponding result is obtained for the triangular lattice with diagonal edges
from lower-right to upper-left. We also investigate the rate of convergence of (M, N) and
the asymptotic behavior of T(My, N) and (M}, N) where My /N 1 o and M;/N J ac
as N 1 oo.

Keywords Domany—Kinzel model - Directed percolation - Random walk -
Asymptotic behavior - Berry—Esseen theorem - Large deviation

1 Introduction

Directed percolation, or oriented percolation, can be thought of simply as a percolation
process on a directed lattice in which connections are allowed only in a preferred direction.
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Asymptotic Behavior for a Directed Percolation 501

It was first studied by Broadbend and Hammersley [1] and it has remained to this day as
one of the most outstanding interesting problems in probability and statistical mechanics.
Furthermore, directed percolation is closely related to the Reggeon field theory in high-energy
physics and the Markov processes with branching, recombination and absorption that occur
in chemistry and biology [2,3], etc. Various properties, results and conjectures of directed
percolation can be found in [4,5] and the references therein. However very little is known in
the way of exact solutions for the directed percolation problem.

Domany and Kinzel [6] defined a solvable version of compact directed percolation on
the square lattice in 1981 as follows. For a fixed p € (0, 1), each vertical bond is directed
upward with occupation probability p (independently of the other bonds) and each horizontal
bond is directed rightward with occupation probability 1. Furthermore, it is known that the
boundary of the Domany—Kinzel model has the same distribution as the one-dimensional last
passage percolation model [7]. A three-dimensional version of Domany—Kinzel model with
occupation probability 1 along two spatial directions was considered in Ref. [8]. Recently,
one of the authors considered a version of directed percolation on the square lattice whose
vertical edges occupied with a probability p, and horizontal edges in the n-th row occupied
with a probability 1 if n is even and pj, if n is odd [9]. Particularly for p; = 0 or 1, that
model reduces to the Domany—Kinzel model. In this article, we generalize further to consider
a triangular lattice as follows. Instead of using regular triangles, it is easier to start from a
square lattice with vertical probability y and horizontal probabilities 1 and x alternatively,
then add diagonal edges from lower-left to upper-right or from lower-right to upper-left with
probability d as shown in Fig. 1. Notice that the model we study is not a compact directed
percolation as holes may exist.

The vertices (sites) of the triangular lattice are now located at a two-dimensional rec-
tangular net {(m,n) € Z x Z4 : —M < m < M and 0 < n < N}. Consider the
probabilities x € [0,1], y € [0,1) and d € [0,1) but (1 — y)(1 —d) # 1, ie., d and
y should not be zero simultaneously, throughout this article, and the percolation always
starts from the origin (0, 0). We say that the vertex (m, n) is percolating if there is at least
one connected-directed path of occupied edges from (0, 0) to (m, n). Given any o € R, let
Ny = |aN] =sup{m € Z: m < aN} with N € Z4. Itis clear that o > O for the triangular
lattice with diagonal edges from lower-left to upper-right and « > —1 with diagonal edges
from lower-right to upper-left. Let us define

— 0  if diagonal edges from lower-left to upper-right ,
™7 —1 if diagonal edges from lower-right to upper-left .

Denote P as the probability distribution of the bond variables, and define the two point
correlation function

T(Ny, N) = P((Ny, N) is percolating) .

It is appropriate to define some of the standard critical exponents and to sketch the phenom-
enological scaling theory of 7(N,, N). A critical value of « exists, that is denoted as «,. For
o < o and « close to o, the scaling theory of critical behavior asserts that the singular part
of t(Ny, N) varies asymptotically as (c.f. [10])
—BN
T(Ngy, N) ~ exp(——) , (1.1)
(‘Xc - O{) v

where the notation f] o (N) ~ f2 ,(N) means that limy_, o log f1.4(N)/log f2.o(N) = 1.
The critical exponent v € (0, 00) is a universal constant [11]. The constant B will be derived
explicitly below, that does not depend on « but does depend on x, y and d. Note that there
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(a)
(074) 1 1 1 1 1
AR TR AN R AR TR AN TRy
(073) T xT x x x
AN AN AN A A
0,2)¢F— T T T T
AN AN AN A A
(0’1) T T xT X xT
U IR AN AN A AN

(0,0) L'(1,0) 1(2,0) 1'(3,0) 1'(4,0) 1(5,0)

(b)
1 1 1 10,4) 4 1 1 1
Yo P Y Yd AN AN PN YA Y
0.3)
xT xr xT T xT xr xT xT
yd yd yd yd yd yd yd yd Y
0.2)
T T T T T T T T
Yo a4 AN YN PN YA
0.1)
xT xT T T xT xX xT T
yd yd yd yd yd yd yd yd Y

(c)

L0,0) 1 (1,0) 1(2,0) 1 (3,0) I (4,0)

Fig. 1 a Triangular lattice with regular triangles; b square lattice plus diagonal edges from lower-left to
upper-right; ¢ square lattice plus diagonal edges from lower-right to upper-left. The probabilities for the edges

to be occupied are shown in b and ¢

has been no general proof of the existence of the critical exponents. For « < «., the critical
exponent of the correlation length v = 2 as shown below is the same as what was found in
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the Domany—Kinzel model [6,12—-14]. The consideration here generalizes and amends the
corresponding results for the square lattice in Ref. [9] by one of the authors (Chen).
The main purpose of this article is to find the critical value

_d—y—dy 1-(1-d)%1-y*
C2d+y—dy) 2(d +y — dy)?

(1.2)

Q¢
for the triangular lattice with diagonal edges from lower-left to upper-right, and the critical
value

3d+y—dy 1—(0—-d)?2*1—y)x
2(d +y —dy) 2(d +y — dy)?

O, =

(1.3)

for the triangular lattice with diagonal edges from lower-right to upper-left, such that

1 ifa>a.,

lim T(2Ng,2N) =10 if o <o, (1.4)
N—o0 1
5 fa=qac.
Notice that we use the same symbol «, to denote the critical value for the triangular lattice
with diagonal edges either from lower-left to upper-right or from lower-right to upper-left,
because (1.4) and the following theorems apply to both cases. The meaning will be clear from
context. We also obtain the values of v and B for the triangle lattice. We use large derivation
argument and the Berry—Esseen theorem to quantify the rate.

The rest of this paper is organized as follows. In Sect. 2, we state the main results (Theo-
rem 2.1, Theorem 2.2 and Theorem 2.4) of this paper. In Sect. 3, we derive the critical value
« and the variance o'2. Theorem 2.1 is proved in Sect. 4 while Theorem 2.2 and Theorem 2.4
are proved in Sect. 5.

2 Main Results

First we study the rate of convergence of 7 (2N, 2N) for a fixed «. For notation convenience,
define

a=14b—d+y—dy)?, b=0—-d)*1—y)x (2.1)

from now on, thus (1.2) and (1.3) can be written as

1 y 1—b
A = —

2_d+y—dy+2(1—a+b)

for the triangular lattice with diagonal edges from lower-left to upper-right, and the critical
value
1 d 1-b

=Ty T dty—dy " 2(—atb)

for the triangular lattice with diagonal edges from lower-right to upper-left. Moreover, we
define

’

-3+
g:
if ac>—7+

’

Omin if a. <
—3++/(4a+3)2—402
i)

IS NI
QA Q
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where the variance is given by

2 _2=ydy—1-b  (1-b?

2.2
l—a+b (1 —a+b)? 2.2)
for the triangular lattice with diagonal edges from lower-left to upper-right, and
2(1—dydy —1-1b 1 —b)?
2 _ 20 —dydy (1—b) 03

l—a+b (1 —a+b)?
for the triangular lattice with diagonal edges from lower-right to upper-left. Here we again
use the same symbol o2 to denote the variance for the two cases.

Theorem 2.1 Given x € [0,1], y € [0,1),d € [0,1) with (1 — y)(1 —d) # 1 and the
critical aspect ratio o in (1.2) or (1.3), the asymptotic behavior of the two point correlation
function is

T(2Ny,2N) ~exp(—2NI(a)) for o <o,
T@Na.2N) =3+ 0(75) for a=ac, (2.4)
1 —1t(2Ny,2N) =~exp(—2NI(a)) for a > a.,

where
1
— (e —a)? <I(@) < —Iny for o€ (Cmin tc) (2.5)
o
1 2
1 (e — )
— (e — a)? <)< 4“2 ‘ . for o€ (o, o) (2.6)
7 - (7(“’;“{” ) (@ — )
1 2
(e —a) 1
402 : p =I(a) = —(ac —a)? for a>a.. 2.7)
L () @ —a) o
Furthermore,
T(2Na, 2N) < exp (2 (e — @)?) for e (@ a),

—2N 2
_ (ae—0t) (2-8)
1 —1(2Ny,2N) <ex (72(“ ““))ex o2 7 ) for a>a,.

( o ) p o2 p 1+(4(a+:2(')+6)(01—a() c

According to the definition of ¢, it is easy to see that ¢ < «,, and for o € (¢, o) we have

4+ o)+ 6
o2

)(ac—a)<1,

such that the upper bound of 7 («) in (2.6) remains positive and finite. By Theorem 2.1, we
have the following theorem:

Theorem 2.2 Given x € [0,1], y € [0,1),d € [0,1) with (1 — y)(1 —d) # 1 and the
critical aspect ratio o, in (1.2) or (1.3), inequalities

T(2Ny, 2N + 1) - T(2Ny, 2N +2) _

T(2Ny,2N) ~ T(2Ny,2N) ~

hold and the asymptotic behavior of the two point correlation function is

T(Ny, N) ~exp(—NI(x)) for o <a.,

1 1
T(Ny, N) :§+0(ﬁ) for o =a.,
1 —1t(Ny, N) ~exp(—NI(x)) for o> a..
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Remark 2.3 Theorem 2.1 and Theorem 2.2 lead to the following information:

1. The function I («) for « # o, does not have a simple expression. However, for the
original Domany—Kinzel model on the square lattice (i.e.,d = 0, x = 1), it is given by
(see Remark 4.1)

I(a) =aln ( ) —In(y(1+w)) . 2.9)

d=y»d+a)

2. For d = 0, the expressions of «, in (1.2), (1.3) and the expressions of o2 in (2.2), (2.3)
reduce to those for the square lattice in [9].

3. Forx = 1, our model corresponds to a Domany—Kinzel model on the 2N, x 2N triangular
lattice. (1.2) and (2.2)lead to e = (1—y)/(d+y—dy),0? = 2(1—y)(1—d+dy)/(d+y—
dy)? for the triangular lattice with diagonal edges from lower-left to upper-right. (1.3) and
(2.3)leadtoa, = (1—2d—y+dy)/(d+y—dy),o? =2(1—d)(1—y+dy)/(d+y—dy)?
for the triangular lattice with diagonal edges from lower-right to upper-left.

4. Our result gives that t(N,, N) with ¢ < o and 1 — t(N,, N) with o > «, both decay
exponentially to zero. Furthermore, we obtain B = 1/¢2 and the critical exponent v = 2
in (1.1) for @ < a.

Finally, we investigate the asymptotic phenomena of 7 (N, g N)and t(N, o N) where a; {

ac and oy 1 ac as N 1 oo. A sequence {£,};2; is called a regularly varying sequence

if for any A € (0, 00), lim,— 00 £|an)/€n = 1. For example, £, = logn or £, = ¢ €

L‘2
(0, 00) for all n. For convenience, we denote ®(x) = ﬁ ff w0 € 7 du as the standard
cumulative distribution function of Gaussian distribution with mean 0, variance 1 and let

l¢2
Yx)=1—-dx) = \/% [ e T du.Itis not difficult to see that
/\'2
W) =<2 (1+0(6) whenxisl
xX) = x when x is large.
V2mx s

Theorem 2.4 Givenx € [0,1], y € [0,1),d € [0, 1) with (1 — y)(1 —d) # 1, p € (0, 00)
and a positive regularly varying sequence {£,}7° . Denote a, = a. — ON_”KN/\fZ and
a; =, + JN_”ZN/\/Z then both

TNy N) o 1= T(Ngt N

~ exp(—N 2 F10%) if pe, %)

~ exp(—£€3)) if p=1, oty > o0
=W(Z>+0(1)ma§x{ﬁ,w—ew|} if p=1, ty — £€[0,00)
=Ll+oMN—"PT2ey if pe(3.1)
=§+O(ﬁ) if pe[l,o00)

Note that p = % is a critical value and we have the following corollary.
Corollary 2.5 Under the same assumptions of Theorem 2.2, we have
. . 0 if pe(, ),
I SN = Jim (1 M) =17 2
N1—r>nooT(NaN N) N TWNe> N) [; if pe(,00).
When p = 1/2 and £y — £ € [0, o0], we have

: _ _ 92 : 1 _ _ 2
ngnoor(Na;],N)_exp( ), ngnoor(Na;,N)_l exp(—£7) .
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3 Derivation of o, and ¢2

For any N € N, we say that an occupied vertical or diagonal edge in a bond configuration
is wet if it lies on a percolating path where (2N, 2N) is percolating. For a certain occupied
vertical or diagonal edge ending at (m, n), we say that it is primary wet if it is the wet
edge with smallest m value for that n. In a percolating configuration where (2N, 2N) is
percolating, there is one primary wet edge for each n € {1,2,--- ,2N}. Define Py (m) as
the probability that the primary wet edge for n = 2N ends at (m, 2N), and formally define
Po(m) = 8¢,» where § is the Kronecker delta. Since the primary wet edge can occur at any
value of m < 2N,, we have

T@Ne. 2N) = D Py(m)
m<2Ngy

for N € N.
In terms of one-dimensional independent and identically distributed random variables
w(m) = Py(m) form € Z, Py (m) can be written as

Py(m) =D Pi(k)Py_1(m — k) = w* (m),
keZ

where w*V is the N-fold convolution. We can define a N-step random walk Sy with the
probability Prob. such that for N € N

SN=X1+Xo+--+Xn,

where Prob.(Xj = m) = w(m) for j € {1, 2, ..., N}, Prob.(Sy = m) = Py(m) withm € 7Z
and Prob.(Sy = m) = 8,,». The expectation for Prob. is denoted by Exp.

In this section, we shall obtain that the mean and the variance of w are 2o, and o2, and
Exp.(1X1]?) < oo for the triangular lattice with diagonal edges from lower-left to upper-right
in Sect. 3.1 and that with diagonal edges from lower-right to upper-left in Sect. 3.2.

3.1 Diagonal Edges from Lower-Left to Upper-Right

Let us first consider the triangular lattice with diagonal edges from lower-left to upper-right
(c.f. Fig. 1b) in this subsection. We shall derive the generating function

o0

W(t) = Z w(m)t" .

m=0

As aforementioned w(m) is the probability that (m, 2) is percolating with the primary wet
edge in the top row ending at (m, 2). However the primary wet edge in the bottom row can
be ending at (k, 1) for any k in 0 < k < m. Therefore, we have

m

w(m) = Zu(k)v(m —k),

k=0

where u (k) is the probability that the primary wet edge in the bottom row is ending at (k, 1)
and v(m — k) is the probability that starting from (k, 1) the primary wet edge in the upper
row is ending at (m, 2). Now since the primary wet edge can be either vertical or diagonal,
both u(m) and v(m) should be further divided into two cases:

u(m) = uy(m) +uz(m),  v(m) =wvi(m)+v2(m),
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0.2 | , L @2
A

1—4d 1—4d 1—d Y
1—y 1—y 1—y

xT ® €T '? xT
G S | . . :
(0,0) ! 3,00 (0,0 ' ! 3,0

(a) (b)

Fig. 2 Constructions of a vy (m) and b vo(m) for m = 3 in (3.1). Occupied edges are shown as oriented
edges; while unoccupied edges are not shown. Dotted edges can be either occupied or vacant

where we use the subscript 1 when the primary wet edge is vertical and 2 when the primary
wet edge is diagonal. It is easy to see that

vi(m) = (1 -d)"(1 —y)"x"y for m>0,

0 for m=0,
v2(m) = [ (1 —dy"'(1 — y)"x"=ld for m > 1, 3.1)
as shown in Fig. 2, and the generating functions are
< y
V = m = .
1) = > vimt A= 9d
m=0
o0
(1 —y)dt
V = m = N
K(1) = D" va(m)t =0 =D 3t
m=0
S y+ (1= yydi
V) = "= . 3.2
(t) m%v(m) T a—da —y (3.2)

The computation of the factor u(m) with m > 1 is more complicated. We first notice that
u1(0) = y and u>(0) = 0, and decompose both u(m) and u;(m) into two terms for m > 1
as follows:

ui(m) = 81(m) +01(m),  uz(m) = d(m) + 6(m) ,

where 6;(m) with j € {1, 2} is the probability that the first primary wet edge in the bottom
row is ending at (m, 1) such that the site (m — 1, 1) is disconnected from (0, 0), while 8; (m) is
the probability such that the site (m — 1, 1) is connected with (0, 0). For §; (m) with m > 0,
one can start from uj(m — 1), then convert the vertical edge connecting (m — 1, 0) and
(m — 1, 1) into a vacant edge, so that

l—y

81(m) = [ ul(m—l)} (I—-dy=0-d)d - yui(m—1). (3.3)

For 6 (m) with m > 0, one can start from wi(m — 1) = ka;()l u(k)vi(m — 1 — k) whose
primary wet edge in the upper row is a vertical edge connecting (m — 1, 1) and (m — 1, 2),
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('m,—l,2)1

(m—l,l):‘.

(0,0) (m—-1,00" (m,0) (0,0 (m—1,00% (m,0)
(a) (b)

Fig. 3 Constructions of a §1(m) and b 61 (m) in (3.3) and (3.4), respectively. Occupied edges are shown as
oriented edges; while unoccupied edges and most edges between (0, 0) and (m — 1, 2) are not shown. Dotted
edges can be either occupied or vacant. The /inebetween (0, 0) and (m — 1, 1) in b indicates that they are
connected

(m71v2)1

(m—l,l):..

(0,0) (m—1,00" (m,0) (0,0 (m—1,00% (m,0)
(a) (b)

Fig. 4 Constructions of a §>(m) and b 6, (m) in (3.5). Occupied edges are shown as oriented edges; while
unoccupied edges and most edges between (0, 0) and (m — 1, 2) are not shown. Dotted edges can be either
occupied or vacant. The line between (0, 0) and (m — 1, 1) in b indicates that they are connected

then convert that edge into a vacant edge, and impose the conditions that the edges from
(m —1,1) to (m, 1) and (m, 2) are vacant to ensures that the site (m — 1, 1) is not on a
percolating path, so that

1—
01 (m) = [Tywmm - 1)} (I1—ad)*1—x)y=10-d)*1—x)1 - yywim—1).

(3.4)
(3.3) and (3.4) are illustrated in Fig. 3. Similarly, we have
1 —y)d
52(m) = %ul(m -1,
1—d)(1—x)1—y)d
boimy = L= DL=DU=Nd ) (3.5)

y

for m > 0 as illustrated in Fig. 4.
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Because the generating function of wi(m) is given by Wi(t) = anozo wy(m)t" =
U()Vi(t), using (3.2), (3.4) and (3.5) we have

O1() = D" 01" = (1 —d)*(1 = x)(1 = Y)W (1)
m=1
(A=A —x)(1—y)yt
T 1= —=d)1 - y)xt
1-ad)(1—x)1 — y)dt

o . 009 = U(l‘)_L(a ()
2(0—2 h(m)t" = 1— (1 —d)(1— y)xt T (—ay "

u@,

m=1

Using (3.3) and (3.5) to have

Ar(t) = D" sim)t™ = (1 —d)(1 — y)tUy (1)

m=1
=1 —d)(1 = y)tly+ A1) +O1(0)] ,
B s w (1= y)dt . d
Az(t)—%&(m)r = U0 =g5;40.
we solve
(1 —d)3(1 — x)(1 — y)2yr? (1 —d)(1 — y)yt
A = U .
e G e v 5 W Y g e R B gy e Y s
Therefore,
d —d
D) = 3+ 410+ 010) + 0o(0) + €20 =y + 12810 + 0100
LU= =0 —p@hy—dy o v+
[ = (1 —d)(d -yl — (1 —d)(1 - y)xr] I—(1—d)(1 -yt

which leads to

[I-=d)(I=y)xt]ly+d — y)di]

Ult)= .
© 1-0-d)A=y)tl[1-A-d)(1—y)xt]—(1—d)(A—x)(1—y)(d+y—dy)t
(3.6)
Combining (3.2) and (3.6), we finally have
W) =U@)V ()
_ [y + (1 — y)dt]?
T+ A=D1 —y)2x —(d+y—dy)2lt + (1 —d)2(1 — y)2xz?
Iy +d =y
C l—ar+b2 -7
Furthermore, it follows that the mean of w(m) is given by
= _dw@®) d—y—dy 1-b
“_Z:;)mw(m)_ dr et T dty—dy T1oags 2% (3:8)
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. 02 1 1 (31.2) . 02 1 ;. B2
1—d 1-d 1—d 1—d |,
11—y 11—y 11—y
b z k- e— k- — °
U0 ! ! 160 b0 ! ! SCN)
(a) (b)

Fig. 5 Constructions of a vy (m) and b vy (m) for m = 3 in (3.10). Occupied edges are shown as oriented
edges; while unoccupied edges are not shown. Dotted edges can be either occupied or vacant

and the variance of w(m) is given by

o0 2
d~wi()
2 _ 2 2=
o° = mgzom wim) — u P

=1
2 —ydy—1-b (1—b)?
B l—a+b (1—a+b)?

for the triangular lattice with diagonal edges from lower-left to upper-right. It is easy to check

3w aw
that Exp.(|1X1°) = 200y m3w(m) = T(I) i + 37(0

(3.9)

+ U < 00.
=1
3.2 Diagonal Edges from Lower-Right to Upper-Left

Let us consider the triangular lattice with diagonal edges from lower-right to upper-left (c.f.
Fig. 1c) in this subsection. No confusion should result from our use of the same notations as
in the previous subsection. w(m) again is the probability that (m, 2) is percolating with the
primary wet edge in the top row ending at (m, 2). However now the primary wet edge in the
bottom row can be ending at (k, 1) for any k in —1 < k < m + 1. Therefore, we have

m+1

w(m) = Z u(k)v(m — k) .

k=—1

It is easy to see that for the probability v(m) = v{(m) + v, (m) in the upper row,

v1(m) = 0 for m=-1,
=1 (1 = dym+1(1 — yymx™y for m >0,
vm) = (1 —d)" 1A -y " lg for m>—1, (3.10)
as shown in Fig. 5, and the generating functions are
o
(1—-d)y
V = m = N
1(1) m; vi(m)t = —d)( -yt
o0
djt
Va(t) = "= ,
2 (1) ,,Z " = T T Ty
> (1 —d)y+d/t
V() = "= . 3.11
(t) m;v(m) TPy gy p—— (3.11)
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(m7272)1

(m—l,l):

(0,0) (m—1,00" (m,0) (0,0 (m—-1,001 (m,0)
(a) (b)

Fig. 6 Constructions of a 1 (m) withm > 1 and b 61 (m) in (3.12). Occupied edges are shown as oriented
edges; while unoccupied edges and most edges between (0, 0) and (:m — 1, 2) are not shown. Dotted edges
can be either occupied or vacant. The /ine between (0, 0) and (m — 1, 1) in b indicates that they are connected

1 1

(0,0) (m—-1,001 (m,0) (0,0) (m—1,0)
(a) (b)
Fig. 7 Constructions of a §y(m) with m > 1 and b 65 (m) in (3.13). Occupied edges are shown as oriented

edges; while unoccupied edges and most edges between (0, 0) and (m — 1, 2) are not shown. Dotted edges
can be either occupied or vacant. The /ine between (0, 0) and (m — 1, 1) in b indicates that they are connected

(m,0)

For the probability u(m) = uj(m)+us(m) in the bottom row, we again have the decompo-
sitionu1(m) = §1(m) + 061 (m) and ur(m) = 5>(m) + 60, (m). We first notice that u(—1) = 0
and uz(—1) = d. By the arguments similar to those in the previous subsection, we have

C[a=ay for m=0,
al(m)_[(l—d)(l—y)ul(m—l) for m>1,
(1—d)(1—x)(1—y)yw

01(m) = 7

o(m—2) for m>0, (3.12)
as illustrated in Fig. 6, and

1-d)1 —y)d for m=0,

5 = _ —
2(m) {Ud)(;yﬂdul(m_l) for m>1,

far(m) = (1 —d)(1 = x)(1 — y)’wa(m —2)  for

3
\%

>0 (3.13)
as illustrated in Fig. 7.
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Because the generating function of wy(m) is given by Wa(t) = > oo, wo(m)t™ =
U(t)Va(t), using (3.11), (3.12) and (3.13) we have
010 = 3 ormy = 1= —20- 2L
m=0
a0y,
020 = 3" tatmyem = ¢ f_dzil__ d);zil__yﬁzdtv(r) = @@nm :

m=0

Using (3.12) and (3.13) to have

Art) =D 8im)™ = (1 = d)y + (1 —d)(1 — y)tU (1)

m=0
— (= d)y+ (1 —d)(1 = i [AL() +O1 ()]
s 1—d)(1 —v)2d
M) = 3 Sami™ = (1 —d)(1 — y)d + ()(y—y)’mm
m=0
1 —y)d
_ =0,
y
we solve
(1= d)2(1 = x)(1 — )2y (1—d)y
A = U .
N Yy s s Ty e Yy Qe e L gy vy s
Therefore,
Ul(t)

d d d+y—d
= M1+ 010+ + Ma(0) + O2(0) = T + M[AI(I) +®1(t)]

_ d-d)d-x)d —y)(d+y—dy)t U + d/t+ 1 —d)y
[1 -1 =d)(d =yl = A —=d)(1 - y)xt] -0 —-d)(d -yt

which leads to

[I-(=d)(I=y)xt]ld/t+(1-d)y]

U@)= .
© [1-(I=)A=y][1-(A-d)(A=y)xt]=(1=d)(1=x)(1=y)(d+y — dy)t
(3.14)
Combining (3.11) and (3.14), we finally have
_ _ld/t+ A=y
W)y =U@®)V(i) = T —artbl (3.15)
The mean of w(m) is given by
- _dW@|  _ 3d+y-dy 1-b
p= 2L mwem =] = Y Ty = e (19

m=-2
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and the variance of w(m) is given by

0 2
d“W(t
o’ = Zmzw(m)—,uzz ® +,lL—pL2

=, dr? =1

20—d)ydy—1—» 1 — b)?

_ 2 )dy ( ) (3.17)
l—a-+b (1 —a+ b)?

for the triangular lattice with diagonal edges from lower-right to upper-left. It is easy to check

that Exp.(1X1%) = 352, m3w(m) = £0 Lzl + 3%’ <o

Notice that if 4 and y are switched to each other, then the u in (3.16) plus two is equal to
the mean we obtain in the previous subsection in (3.8). This is expectable since the triangular
lattice with diagonal edges from lower-right to upper-left (c.f. Fig. 1c) is equivalent to the
triangular lattice with diagonal edges from lower-left to upper-right (c.f. Fig. 1b) if each
vertex (m, n) is moved to (m + n, n) and the probabilities d and y are switched. Therefore,
the o2 in (3.17) is equal to the variance we obtain in the previous subsection in (3.9) with d
and y switched.

Let us remark that we only need the set of vertices (m,n) with m > 0 and n > 0 for
the triangular lattice with diagonal edges from lower-left to upper-right as the percolation
directions are chosen to be directed upward and rightward. However, if we only consider
the set of vertices (m,n) with m > 0 and n > O for the triangular lattice with diago-
nal edges from lower-right to upper-left, then the problem is non-trivial and the current
method does not apply. The reason is because the boundary condition for the percolation
from the origin (0, 0) to (m, 2) for a certain m is different from that for the percolation
from (m1, 2) to (my, 4) for a certain m, etc. That is, they are not independent and identically
distributed.

4 Proof of Theorem 2.1
When o > apin, by the definition of N, given in the introduction, we have
T(2Ny,2N) = Prob.(Sy <2Ny) = Prob. (Sy <2aN — cy)

for some ¢, € [0, 1) depending on «. Berry—Esseen theorem (c.f. [15]) asserts that

(ONy.2N) = Prob (SN—2aCN<2N(a—aC)—CO,)+O( 1 )
T s = r'rob. <
“ 2No V2No VN

2N (a—ac)—cy

2No
! _%d —I—O(l) 4.1)
= e u — . .
2 VN
—00
Setting @ = «,, we have
2Ny, 2N) ! *éd —I—O(l)
T , = e u —
e V2 N
—00
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0 0
[t | feetao( )
= e u— e u —
21 21 N
—00

—cg

V2No

1 1
-+ 0 (—) , (4.2)
2 VN
which gives the second line in (2.4).
In the rest part of this section, we shall use the argument of large deviation [16] to consider

a general @ # o,. Since X is a finite logarithmic moment generating function, we set
A = —Int for @ < . and use the Chebyshev inequality and Markov’s property to have

Prob.(Sy <2Ny) = }LH%PVOb.(e_)‘SN > e~ 2kaN+hca)
>

IA

inf Prob.(e 25V > =2l
2>0

. (Exp.(e)‘xl))N
inf | —————

IA

A>0 6_2)‘0‘
= ¢ 2NI@)
where we define
1 1
I(x) = sup (a Int — 5 In W(t)) =alnt, — 3 InW(ty) ,

te (0’ u—«/zab2 —4b )
and t4 is a function of . Notice that ¢ should be less than b such that the denominator
of W(t) in (3.7) or (3.15), and hence W (¢) itself remains positive. Similarly for « > o, we
set A = Int to have

a—+/a%—4
2b

Prob.(SN > 2No¢) = }i\n{)Prob_(e)LSN > e2)»aN—ch,)
>

Exp. X1 N
inf (7)617 (e )) et

1>0 eZha
< i 2NI(@)

IA

By Cramér’s theorem, the first and third lines of (2.4) are established.

Remark 4.1
1. We shall show thatz, € (0, 1) forae < @, andf, > 1 fora € (cxc, 4ova 20 ‘2“19274”)

2. I () does not have a simple expression. However, for the original Domany—Kinzel model
on the square lattice (d = 0, x = 1), both (3.7) and (3.15) reduce to W (¢) = (ﬁ)2

1—
For each o # o, = Ty’ we solve

d 1
a7 ozlnto,—ian(ta) =0
to obtain 7, = m, and (2.9) follows.

The following discussion is devoted to the derivation of upper and lower bounds of 7 («)
given in (2.5)—(2.7). Let us first consider the case with diagonal edges from lower-left to
upper-right, so that « is positive. By definition,
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dW(ta)
1 =20 V)
2oL 4.3)
ly 2\ W)
such that
d
d 1fF-W(ty) 2«
—I(@) =@ =ty — - | L5 - )1,/ =Int,, 4.4
da (@) (@) Ny 2( Wty o ) a Ny (4.4)
where t' = %‘; and
) £ — (1) 2
")y==>, 1"a)=""5"> 2(“) . (4.5)
ty 12

As W(t)|;=1 = 1 by definition and (3.8), (3.16) give dW/dt|;=1 = 2., setting t, = 1 in
(4.3) leads to ty, = W(ty,) = | and hence I (o) = I'(a) = 0. To obtain (2.5)—(2.7), we
need to show the following properties:

I'(@) <0 for o € (0, a.)
I'(ae) = % . (4.6)

—@a+3)1"(@)? <I"(@@) <0 for >0
Assuming that (4.6) holds, by Taylor formula we have
I (o)

(o) > (@ —ae)? = (e —a)? for ae(a o),
2 o2
1" 1
I(a) < &(d —Otc)2 = 7(050 —ot)2 for o > o,
2 o

which yields the lower bound of (2.6) and the upper bound of (2.7).
On the other hand, consider a € (0, o) and integrate o in — (4 +3) 1" (@)? < 1" (a) < 0
from « to o, we obtain

1
— QRac+2a+3) (e — ) < @ - m <0
such that
I”(Q )
(@) < ¢ f € (. a)
) < A g T 20 4 3) e — o) ey T @€ (@)

where @ must be larger than ¢ so that the denominator on the right-hand-side is positive.
Therefore by Taylor formula, for any @ € (o, o), there exists a £ € («, @) such that

1(@) = Iae) + I'(ee) o — o) + - 2@) (@ — o)’
< (@) (@ — )
2{1 — (& + 20 + 3) (e — &)1 ()
1" (@) )

= 1= Qa+ 200 + )@ —a0 @] Y

1 2
—(ac—a)

=< .
(e 0
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Similarly for any o > o, we have

’ I//(ac)
I (@) >
1+ Qo +2a +3) (@ — o) I (o)

and use Taylor formula again,

1
(Tz(ac - 05)2

I(a) >
1+ (74((14:;“)4'6) (a0 — o)

for o > a,.

These give the upper bound of (2.6) and the lower bound of (2.7). To establish the second

line of (2.8) for o > a, we use (4.4) and I'"/(t) < O for all > 0 to have
2o —
Inty = I'(cr) < I'(cre) + I (o) (ot — 1) = ("‘72“) :

o

So the remaining task is to claim that (4.6) holds. First we show the second identity of (4.6)
as follows. The first equality of (4.5) at @ = «, gives

’
o,

(@) =

’
=ly. -
ac

Taking derivative with respect to o on both sides of (4.3) and setting « = o, we have

2 2
1 a1 [ d2Wia) _(;’,W(tac)) )
ac -

oo 2 2| W) W (ta,)

Since 1, = 1 and 20c = 1 = L W (1), it follows that
2= 2a,tq, = (0% = 2a0)ta,

such that 1" () = %

Next we show that I'(a) < 0, i.e., ty € (0, 1) by (4.4), for @ € (0, o). Using W(z) =
[y + (1 — y)dt]z/(l — at + b?) given in (3.7), where a and b are defined in (2.1), (4.3)
multiplied by 2 becomes

2a _ 2(1 — y)d a — 2bty

— = , 4.7
to  y+(A—ydty 1—aty+ bt}
so that
2 2 — at,
20 = — Y 4 . 38)
y+ (0 —ydty 1—aty+ bt?
Taking derivative with respect to @ on both sides of (4.8), we have
2yd(1 —y) a —4bty +abt?\
= 5 75 ) la 4.9)
(y+ (1 —yydie)” (1 —atq +bty)

Since a — 4bty + abt? = a(l — aty + bt2) + (a* — 4b)ty where 1 — aty + bt2 > 0 and
a? — 4b > 0 (the equality a®> — 4b = 0 holds when x = 1), we have

a — 4bty + abt? .
(1 —aty +bi2)2 ~
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(4.9)leadstot,” > Oforalla > 0.Hencet, € (0, 1) fora € (0, a.) and t, € (1, a_ivz"hz_‘”’)
fora > a,. This yields I (a) < I(0) = —Iny fora € (0, o).

Finally we show that —(4a + 3)I"(a)® < I" () < O for all @ > 0. Taking derivative
with respect to « on both sides of (4.9), we have

0 2yd(1 —y) a —4bty +abt?\
v+ (1 —ydte)* (1 —aty +b2)2 )
d 2yd(1 —y) a — 4bty + abt? '
—_— ty')” . 4.10
+ [dta ((y + (1 — y)dty)? + (1 — aty + bt2)2 (far) (4.10)

To obtain I""(a) < 0 for all o« > 0, it is sufficient to show that

d ( 2yd(1 —y) a — 4bty + abtg) -
dig \O+ (A —y)dtg)? (I —aty+bt2)2) —

Since 1+ aty — 312 = 1 — aty + biZ + 2a(@ = 2bte) = 0 for 1y € (0, “=V7=2), we
have

d 2yd(1 — y) a — 4bty + abt?
dig \(y+ (1 —y)dty)? (1 —aty + bt2)?
—4yd*(1 — y)? — 2bt 2 _4b
_ yd=(1—y) aa o) (a ) (1 + aty — 3b2)
O+ A —y)dty)’ (A —aty +bt2)? (1 —aty + bt2)3
>0
—4yd?*(1 — y)? aa — 2bty) @10
T (y+ (1= y)dty)3 (1 —aty, + bzu%)2 ' '
By (4.8), we have
(a —2bto)te 2 — aty
1 —aty +bt2 1 —aty + bt2
- 2y _2(1 = y)diy

y+A—=yydty y+ 1A=yt
This yields

(a — 2bty) - 2(1 — y)d
I—aty+bt2 — y+(—y)dity’

such that
—4yd?(1 — y)? a(a — 2bty)
v+ (1 —y)dtg)? (1 —aty + b12)?
—4yd?*(1 — y)? (a — 2bty)?
T v+ A —=ydty)? (1 —aty + bt2)?

4d*(1 — y)? -y
1
= O+ (= ydi)? (y+(1—y>dra - ) =0

and 1" (a) < 0 for all & > 0 is proved.
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To show the lower bound — (4o 4+ 3)1" ()* < I (), we use (4.5), (4.10) and (4.11) to
have

—4yd?(1—y)21, 4 2u(6ba —abto,) I 2(a2—4b)ty 2—aty)
[y+(1—y)dts]? [1—ate+bt2] [1—ate+bt2]3

1 . 2 2
o) = =17 2di—y) 4 _laa®=4b) 1
(y+(1—y)dty)? l—ata+bt02( (1—aty+bt2)?
214 (6b—a’—abty) + 21 (a®—4b)(2—aty)
l—aty+bi2)? I—aty+bi2]3
> —I//(Ol)z [1—aty+bts] [ 2at +btg] +1 ) (4.12)
a + ty(a=—4b)
T—atg+bi2 " (I—atg+bi2)?

It is easy to see that 2 — azg > 0 for all 5 € (0, (a - 4b) /(2b)), we have

21, (6b — a? — abty)
[1 — aty + bt2]?
—21,(a® — 4b) 2bty (2 — aty)
T U —aty + 622 " 1 — aty + bi2]?

—21,(a? — 4b) a 2bt, 2 —at,

= + X — X ———
[1 —aty +bt2]2 1 —aty + bt2 a | —aty + bt2
—2ty(a® — 4b) a 2 — aty

X )
T —aty+b2]? 1 —aty +bt2 1 —aty + bt
so that

21 (6b — a® — abty)  2(a? — 4b)ty (2 — aty)
[1 — aty + bt2]? [1— aty + bi2]?

2 —aty a ty(a® — 4b)
< +
T\l —aty + b2 )] \1 —aty + b2 (1 —aty + b12)?

t2(a® — 4b)(a — 2bty)
(1 — aty + bt2)3

(4.12) becomes

2—aty a 1t (a®—4b) n 12(a®—4b)(a—2bty)
1—aty+bt2 1—aty+bt2 (1—aty+bt2)? (1—aty+bt2)3

11 g 2
@) = =1"(@) @ db) +1

s+
l—aty+bt2 (1—aty+bt2)?

> 1" () 2 —aty to(a — 2bty)
| —aty +bt2 1 —aty + bt?
€(0,2a+2) €(0,2a)
> —(4a +3)I" (@)?

where the last inequality holds by (4.7) and (4.8), and the proof for the case with diagonal
edges from lower-left to upper-right is completed.

For the case with diagonal edges from lower-right to upper-left, (3.15) reads W(t) =
[(d/t + (1 —d)y)?1/(1 — at + bt?), where a and b are defined in (2.1). Multiply both sides
of (4.3) by 2 again, we have
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2a+1)  2(1-d)y a — 2bt,
ta  d+(0—d)yty 1 —aty+bt2’
so that
2d 2 —aty,
2o +2 = (4.13)

“drd—dyn —aty + b1

Note that 2 + 2 > 0 since we only consider « > —1. Taking derivative with respect to «
on both sides of (4.13), we have

B 2yd(1 — d) a — 4bty +abt2\
T \d+ A =dyte)? T (I —aty +b12)2)

By the same argument, (4.6) can be shown. This completes the proof.

5 Proof of Theorem 2.2 and Theorem 2.4
5.1 Proof of Theorem 2.2

To show Theorem 2.2, it is easy to see the case for o = o, by the same argument of (4.2). For
the case of o # o, we consider diagonal edges from lower-left to upper-right with y > 0
first. Since T (m1,2N) < t(my,2N) foranym; < mp and N € N, by the definition of u (m)
and up(m), we have

2Ng
T(2Ng, 2N + 1) = Z Pn(m) (uy 2Ny —m) + u2(2Ny — m))
m=0
2Ny
< T@Na, 2N) D (1 (2No —m) + uz(2Ny = m))
m=0
< 1t(2Ny,2N),
such that
TeNe 2N+ D N e, (5.1)
7(2Ng, 2N)
On the other hand, we also have
T(2Ng, 2N +2)
2Ny
= D 7(m, 2N + 1) (01 (2Ny — m) + v2(2Ny — m))
m=0
2Ny —1 2Ny —1
= D> 2N+ DviQ@Ng —m)+ > t(m, 2N + Dva(2Ng — m)
m=0 m=0
+7(2Ng, 2N + Doy (0)
2Ng—1 2Ng—1
< >t 2NNy —m)+ D (m, 2N)12(2Ny — m)
m=0 m=0

4+ yt(2Ny, 2N + 1)
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< 10N 2N)( (1 =y)(1 —d)xy (1—y)d )
- @ 1-1—y)A—-dx 1—0—y—dx

4+ yT(2Ny, 2N + 1)
< (1 =y)T(2Ny,2N) + yT(2Ny, 2N + 1) < T(2Ng, 2N). (5.2)
By (5.1) and (5.2) and using 7 (m, n) € (0, 1] for all m, n € N, we have

log T(2Ny, 2N +2) log((l — Y)T(2Ny,2N) + yt(2Ny, 2N + 1))
logt(2Ny,2N) — logt(2Ny, 2N)

Taking the limit of N — oo, Theorem 2.1 yields

<1.

T(2Ny, 2N + 1) &~ T1(2Ny, 2N) ~ e 2N (@ (5.3)
Using similar argument for the case with y = 0, we have

T(2Ny + 1,2N 4+ 1) < 1(2Ny, 2N) ,
T2Ny +2,2N+2) < (1 —d)T(2Ny,2N) +dt(2Ny + 1,2N + 1)
< t(2Ny,2N) .

Taking the limit of N — oo, we also obtain (5.3). The proof for the case with diagonal edges
from lower-right to upper-left can be shown by the same method.

5.2 Proof of Theorem 2.4

First consider p € (0, %) orp= % with limy_, 5 £y = 00. By Theorem 2.1, we have
N7y < I(ay) < N72243,(1+ cN~PLy),
N720,(1 —cN~Pey) < I(ay) < N72P¢%

for some ¢ > 0, so both

T(Ny» N) and 1 —7(N,t, N) ~ exp(—N'"20¢2)) .

For p > J or p = § with limy_. £y = £ € [0, 00), we use (4.1) to have

TNy, N) = W (N%—%N + 0(%)) + 0(\%\}) .

For the first case p > %, we have

1
—rt3 L
N IN+O(F5)

o0
\I’(N_""'%E —I—O(L)) / ! e_%du— b e_%du
NTEYUN / Vom J Nz
[ivomnNrtiey pedin,
|3+ o0/ p=1,

and for the second case p = % with lim,, o0 €y = £ € [0, 00)

u

ll2
(NPT y) = e 7 du=W()+ 0t —ty]) .

'\’\
\(\

1
N
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Therefore,
1 L N-rt+3 1
f(Naf,N): 2+0(1)max{\/ﬁva 2EN} IO>%, .
N YO+ oMmax{ =, [€ —Enl} p =7, iMoo by =L € [1, 00).

Using the same argument, it is easy to obtain the corresponding result for @ = a; for p > %
orp = % with limy_, €y = € € [0, 00), and the proof is omitted here. This completes the
proof of Theorem 2.4.

6 Future Works

In conclusion, we have considered a version of directed percolation model on the triangular
lattice, and investigated the critical behavior of the probability that there is at least one
connected-directed path of occupied edges from (0, 0) to (M, N). The main result given as
Theorem 2.2 includes the lower and upper bounds of the exponential rate of convergence for
the two point correlation function when « # «,. These bounds are by no means optimal and
may be tightened. A more general model would be considering all the horizontal probability
are directed rightward with probability x € (0, 1). This reduces to the original directed
percolation model when x = y and d = 0. The real challenging work is the directed
percolation on the Z¢ lattice with nontrivial occupation probabilities in all directions. As
the limiting behavior of the three-dimensional version of Domany—Kinzel model has been
considered in Ref. [8], it would be interesting to investigate the rate of convergence for this
model.
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