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We derive the critical nearest-neighbor connectivity g, as 3/4, 3(7 — 9p)/4(5 — 4p™), and 3(2 + 7p')/
4(5 — p") for bond percolation on the square, honeycomb, and triangular lattice, respectively, where
p = 2sin(rr/18) is the percolation threshold for the triangular lattice, and confirm these values via Monte
Carlo simulations. On the square lattice, we also numerically determine the critical next-nearest-neighbor
connectivity as gn, = 0.687 500 0(2), which confirms a conjecture by Mitra and Nienhuis [J. Stat. Mech.
(2004) P10006], implying the exact value g,, = 11/16. We also determine the connectivity on a free surface
as g = 0.625 000 1(13) and conjecture that this value is exactly equal to 5/8. In addition, we find that at
criticality, the connectivities depend on the linear finite size L as ~ L*~¢, and the associated specific-heat-like
quantities C,, and C,, scale as ~ L*'~¢1n(L /L), where d is the lattice dimensionality, y, = 1/v the thermal
renormalization exponent, and L, a nonuniversal constant. We provide an explanation of this logarithmic factor

within the theoretical framework reported recently by Vasseur et al. [J. Stat. Mech. (2012) L07001].
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I. INTRODUCTION

To study the nature of the percolation process [1], much
attention has been paid to correlation functions P,(zy, ... ,2,)
describing the probability that n points (zy, ...,z,) belong
to the same cluster. For example, the mean cluster size
can be calculated as S = ZZ P»(z,0), and a recent work
investigated the factorization of the three-point correlation
function in terms of two-point correlations [2]. While most
results in the literature deal with long-range correlations
[1-4], the present work is dedicated to the investigation of
short-range correlations, over distances comparable with the
lattice spacing.

It is well known that the bond-percolation model can be
considered as the ¢ — 1 limit of the g-state Potts model [5,6].
For a lattice G with a set of edges denoted as {e;;}, the reduced
Hamiltonian (i.e., divided by £T") of the Potts model reads

HK.q)=—K Y 850, 0i=1,....q, (1)

ejj

where the sum is over all nearest-neighbor lattice edges e;;,
and K = J/kT, such that —Jd,,,, is the energy of a neighbor
pair. The celebrated Kasteleyn-Fortuin transformation [7]
maps the Potts model onto the random-cluster (RC) model
with partition sum

Zi(u,q) = Z uquM , u=eX -1, 2)
ACG

where the sum is over all subgraphs A of G, N, is the
number of occupied bonds in A, and N, is the number of
connected components (clusters). The RC model generalizes
the Potts model to noninteger values g > 0, and in the limit
g — 1 it reduces to the bond-percolation [6,7] model, in
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which bonds are uncorrelated, and governed by independent
probabilities p = u/(u + 1). As a result, the critical thermal
fluctuations are suppressed in this model, so that the critical
finite-size-scaling (FSS) amplitudes of many energy-like
quantities vanish. For instance, the density of the occupied
bonds is independent of the system size, and the density of
clusters converges rapidly to its background value with zero
amplitude for the leading finite-size term with y, = 1/v in the
exponent [8,9]. Though the partition function at ¢ = 1 reduces
to a trivial power of u, a number of nontrivial properties of
the percolation model can be derived from the RC model via
differentiation of the RC partition sum to ¢, and then taking
the limit ¢ — 1. Quantities of interest can then be numerically
determined by sampling the resulting expression from Monte
Carlo-generated percolation configurations. An example is
given in Appendix A, where we display the behavior of the RC
specific heat in the percolation limit ¢ — 1 as a function of
temperature.

Making use of existing results on the critical temperature
and energy of the Potts model [6,10,11], in the limitg — 1, we
derive analytically the critical nearest-neighbor connectivity g,
as3/4,3(7 — 9p')/4(5 — 4pi), and 3(2 + 7p)/4(5 — pi),
for bond percolation on the square, honeycomb, and triangular
lattices, respectively, where p'" = 2 sin(7/18) is the percola-
tion threshold for the triangular lattice, and confirm them with
Monte Carlo simulations. For bond percolation on the square
lattice, we also determine numerically the critical next-nearest-
neighbor connectivity as g,, = 0.687 500 0(2), which is very
close to 11/16. Our transfer-matrix calculations (Appendix
B), which apply to a cylindrical geometry, are consistent with
this value. As explained in Appendix C, g, is related to a
quantity for the completely packed O(1) loop model, which
has been studied by Mitra er al. [12]. They formulated a
conjecture implying the exact value g,, = 11/16. Our results
support that this conjecture holds exactly. Furthermore, we
determined the connectivity on free one-dimensional surfaces

©2014 American Physical Society
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of the square lattice as gfl‘"f = 0.625 000 1(13), and conjecture
that this value is exactly equal to 5/8.

We are also interested in the critical FSS behavior of the
connectivities g, and g,,, as well as the associated specific-
heat-like quantities C, and C,,. Numerical simulations and
finite-size analysis were done for square, triangular, honey-
comb, and simple-cubic lattices. It is found that, at criticality,
one has g(L) = g, + gL~ (d is the spatial dimensionality),
where g, accounts for the background contribution and the
amplitude g, for the singular part is nonzero. In two and three
dimensions, this critical exponent is knownas y, = 1/v = 3/4
[13,14] and y, = 1.141 0(15) [15], respectively. For C, and
Chn, it is observed that the leading y;-dependent term with
exponent 2y, — d also exists. Moreover, it is found that this
leading term is modified by a multiplicative logarithmic factor
such that C, and C,, are proportional to L2 ~?In(L/Ly),
where L is nonuniversal.

The logarithmic factor mentioned above can be related with
recently identified logarithmic observables that were explained
by mixing the energy operator with an operator connecting
two random clusters [3,4]. The latter operator is associated
with a change of the bond probability p [16] between Potts
spins, while the Potts coupling K remains constant. Forg — 1
the bond probability field and the temperature field become
degenerate. This mechanism is independent of the lattice type
and the number of dimensions.

The remainder of this work is organized as follows.
Section II contains the definitions of the observables, as well as
their expected FSS behavior. Section III presents the derivation
of the exact critical connectivities. The Monte Carlo results for
gn and g, for C, and Cyy,, on different lattices, are presented in
Sec. IV. The origin of a logarithmic factor in the FSS behavior
of C,, and Cy, is explored in Sec. V. The paper concludes with
a brief discussion in Sec. VI. Further details and examples
are presented in the Appendices, including the derivation of
the exact nearest-neighbor connectivities for the triangular and
honeycomb lattices in Appendix D.

II. OBSERVABLES AND FINITE-SIZE SCALING

A. Observables

We use yx ,(A) =1 and 0 to represent the situation that,
in a configuration A of bond variables, lattice sites x and y
belong to the same and to different clusters, respectively. The
following observables were studied:
(1) Energy-like quantities:
(a) The bond-occupation density p, = (N,)/Ne, where
N. denotes the number of edges in the lattice, and “()”
represents the ensemble average.
(b) The cluster-number density pr = (N.)/N,, where
N denotes the number of sites in the lattice.
(c) The nearest-neighbor connectivity g, defined by

gn(A): Z Vx,y(A)» &n = (gn)/Nny

xy€leij}

where the sum is on all nearest-neighbor pairs, and N, = N,
is the total number of nearest-neighbor pairs.

(d) The next-nearest-neighbor connectivity gu,, defined
analogously as gy, except that the summation on xy involves
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next-nearest-neighbor pairs, and that the denominator N,
is replaced by the total number of next-nearest-neighbor
pairs of the lattice. Connectivities at other distances can be
defined similarly.
(2) Specific-heat-like quantities:

@ Co= (&) = (£a)>)/Ne.

(b) Chpp, defined analogously as C,, for the next-nearest
neighbors.

B. Finite-size scaling

The analysis of the sampled quantities, obtained by nu-
merical simulation of the percolation model, is based on FSS
predictions. To obtain these predictions, one first expresses
these quantities in terms of the derivatives of the free-energy
density f = —L ¢InZ of the random-cluster model with
respect to the thermal field ¢, the magnetic field &, or the
parameter g. Then, one applies the scaling relation for the
free-energy density f(q,t,h,L), which is

f(g.t,h, L) = fi(q.t,h)+ L™ fi(q,tL*, hL",1), (3)

where the irrelevant scaling fields have been neglected, f;
denotes the regular part of the free-energy density, and f; is
the singular part. The thermal scaling field 7 is approximately
proportional to u — u., where u. is the critical value of u.

Differentiation of the partition sum Eq. (2) with respect to
u at the critical point shows that

(—uL?/N)@f/du) = N " Ny) = po(L) = poo +aLl” ™,
4

where py o represents the bond density in the thermodynamic
limit. The last equality in Eq. (4) follows from Eq. (3). In the
q — 1 limit, the amplitude a vanishes as a & a;(g — 1).

The FSS behavior of the nearest-neighbor connectivity
gn(L) follows from its relation with p,(L). The mapping on
the random-cluster model [7] shows that Potts variables in
the same cluster are equal, variables in different clusters are
uncorrelated, and that each Potts pair of nearest neighbors
is connected by a bond with probability pds,s;, where p =
u/(u + 1). The fraction g, of the nearest neighbors belonging
to the same cluster thus contribute a term pg, to the bond
density. The remaining fraction 1 — g, of nearest-neighbor
pairs lie across a boundary between two different clusters,
and there is still a probability 1/¢g that the two spins of the
pair are equal. The latter pairs thus contribute a second term
p(1 — gn)/q to the bond density. Therefore, for integers g > 1,
the bond density is expressed in g, as

Po = plgn + (1 — gu)/ql. )

It follows from Egs. (4) and (5) that, at criticality p = p., gn
is given by

gpvo/pc —1  qal¥ ™
q—1 (g —Dpe

gn(L) = (6)
One expects that this expression remains valid for noninteger
values of g. We denote the first term in Eq. (6) by gn 0 and
postpone its evaluation to Sec. III. In the limit ¢ — 1, it is
sufficient to linearize the amplitude a as a >~ a;(q — 1), which
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yields
gn(L) = gno + gnaL" ¢, (7)

where the amplitude g, takes a nonzero value a;/p.. The
above equation expresses that, in spite of the suppression of
the critical thermal fluctuations, g,(L) does display a singular
dependence on L. Similar FSS behavior is expected for gn,(L).

For the specific-heat like quantities C;, and Cy, at criticality,
one might simply expect

Co(L) ~ Con(L) & Co + ¢ L¥ 4. (8)

As numerically demonstrated later, Eq. (8) does not hold
exactly, namely, a term proportional to L>~?1n L is present.
We will explain the logarithmic factor by relating C, to
observables whose two-point functions scale logarithmically
forg — 1[3,4].

III. EXACT VALUES FOR THE CONNECTIVITY
gn INTHE THERMODYNAMIC LIMIT

At criticality, Eq. (6) yields, in the thermodynamic limit,

qpv0/pc — 1

- ©)

&n,0 =
Using this formula, and the known behavior of pp (q) and
pc(q), exact values of g, can be derived. On the square lattice,
the condition of self-duality yields the critical parameters
Pbo(q) =1/2 and p. = ./q/(/q +1). Thus, for general
values of ¢, one has

q+2

gnolg) = Y2 (10)
27+ 1)

which yields g, o = 3/4 for the bond-percolation problem

(g=D.

For the triangular lattice one has (85,5,) = —E /3K, where
E is the reduced internal energy. The critical value of K as
a function of ¢q is given in Ref. [10], and that of E is given
in Ref. [11]. At criticality, considering 0,0 = pc{ds,0,), the
substitution of K.(g) and E.(q) into Eq. (9) yields the function

tri

gno(q) as

gg,io(CI) = Tlc (1T)
For the honeycomb lattice, which is dual to the triangular

lattice, the function gl}]‘,‘)on(q) can be obtained from its duality

relation with gI‘Ir.iO(q). The relation tells that if there is a (no)
bond on an edge of the triangular lattice, there will be no (a)
bond on the dual edge in the honeycomb lattice. Furthermore,
if there is no bond between two nearest-neighbor sites, then,
if the two sites are connected (disconnected), the dual pair of
sites will be disconnected (connected).

Taking the ¢ — 1 limit of Eq. (11), one can de-
rive (see Appendix D) that gl = 3(2 4 7p)/4(5 — pi) =
0.714 274 133 - .- for the bond-percolation problem on
the triangular lattice, and making use of the duality
relation, we obtain ghy' = 3(—2+ 9pio)/4(1 4 4pton) =
0.804 735 202 - -- for the honeycomb lattice, where pfi =
2sin(r/18) and p?"“ =1—2sin(r/18) [17] are bond-
percolation thresholds for the two lattices, respectively. Noting
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that pz.“ is the solution to p3 — 3p + 1 =0 [17], substituting
the relations between g, o and p™ into the cubic equation,

Ace
it can be derived that the g, and g;’%‘ are solutions to

cubic equations 64x> — 144x% — 144x + 153 = O and 64x> —
432x2 — 720x + 333 = 0, respectively. These results are sim-
ilar to those of Ref. [8], where the results of Ref. [11] for
the cluster-number densities on the triangular and honeycomb
lattices are written in terms of p. of the two lattices, and
identified as solutions to cubic equations.

IV. NUMERICAL RESULTS

To confirm the exact values of g,, and to explore the FSS
properties, we simulated the bond percolation models on the
square, triangular, honeycomb, and simple-cubic lattices. The
results are presented in the following subsections.

A. Finite-size analysis for the square lattice

The Monte Carlo simulations of the bond-percolation
model on Lx L square lattices with periodic boundary con-
ditions follow the standard procedure: each edge is randomly
occupied by a bond with the critical probability p = p. = 1/2,
and the resulting bond configuration is then decomposed in
percolation clusters. Quantities are sampled after every sweep.
The simulations used 22 sizes in range 4 < L < 8000, with
numbers of samples around 100 million for L < 120, 80
million for 160 < L < 480, 50 million L = 800, 25 million
for L = 1600, 10 million for L = 4000, and 2.5 million for
L = 8000. Roughly 22 months of computer time were used.

1. Connectivities g, and gy,

We fitted our Monte Carlo data for g, by the formula
8 = gno+ L1 + 2L, (12)

with y, = 3/4, y; = —2, and d = 2. Extrapolations are con-
ducted by successively removing the first few small-size
data points, while using the guidance of the x? criterion.
The results are g, o = 0.749 999 99(13), ¢; = 0.277 6(3), and
¢y = —0.15(13), with L., = 16. These error margins in
the numerical results are quoted as two standard deviations
and include statistical errors only. The g,o value is in
perfect consistency with the assumption of the continuity
of gn(L = o0) in Eq. (6) as a function of g, used to derive
gn(L = 00) = 3/4 in the limitg — 1.

The fit of the g, data, using the same scaling formula,
Eq. (12), yielded gnn,0 = 0.687 500 0(2), ¢; = 0.416 5(4), and
¢5 = —0.31(17), with Ly, = 16. The precision of g, o sup-
ports the conjecture that g,,(L = oo) = 11/16 holds exactly.
This reproduces a conjecture [12] for correlations in the
completely packed O(1) loop model, which was based on
exact results for correlations on L xoo cylinders for several
finite L values. This O(1) loop model can be mapped on the
square-lattice percolation model on a cylinder, but with the
axis of the cylinder along a diagonal direction of the square
lattice. In Appendix C we describe the relation between gy, in
the percolation model and the probability that two consecutive
points lie on the same loop of the completely packed O(1)
loop model.
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TABLE 1. Data for the nearest- and next-nearest-neighbor connectivities and the amplitudes of their fluctuations for the bond-percolation
model. These data apply to Lx L systems on square lattices with periodic boundary conditions. The quoted error bar corresponds to one
standard deviation.

L 4 8 16 32 64 120
2 0.797 65(2) 0.77051(1) 0.758 66(1) 0.753 643(4) 0.751 536(2) 0.750 698(1)
g 0.75567(3) 0.718 11(2) 0.700 48(1) 0.692 964(5) 0.689 804(3) 0.688 547(2)
C, 1.156 8(2) 1.6746(2) 2.1522(3) 2.5643(4) 2.907 8(4) 3.1642(5)
Con 1.7639(2) 2.8203(4) 3.8316(5) 4.7118(6) 5.4515(7) 6.0063(8)

L 200 480 800 1600 4000 8000

2n 0.750368(1) 0.750 123 4(3) 0.750 065 4(3) 0.750027 4(2) 0.750008 8(1) 0.750003 6(1)
g 0.688 052(1) 0.687 685 3(5) 0.687 598 1(4) 0.687 541 1(3) 0.6875132(2) 0.687 505 3(2)
C. 3.3375(5) 3.5742(6) 3.6830(7) 3.7996(11) 3.917(2) 3.976(4)

Con 6.3824(10) 6.8992(11) 7.136(2) 7.391(2) 7.650(3) 7.780(7)

The Monte Carlo data for g, and g,,, are presented in Table L.
We also performed some transfer-matrix calculations of these
two quantities in L x co bond-percolation systems. These show
that the connectivities converge very quickly to their infinite-
system values 3/4 and 11/16 as L increases. The finite-size
results for g, and g, are obtained as fractional numbers, which
reflects the interesting algebraic properties already observed in
the related context of the completely packed O(1) loop model
[12]. These results are presented in Appendix B.

2. Numerical evidence of a logarithmic factor
in the scaling behavior of C, and Cy,

For the quantity C,, which describes the amplitude of the
fluctuations in g,, we tried several fits according to

Co=Cno+ LV (d + oL +---). (13)

The results suggest that C, o ~ 4.22 and ¢ ~ —0.358. For
example, a fit to the data by Cy o + CH,IL"’ yielded Cp o =
4.20(4), Cy1 = —6.2(6), ¥ = —0.368(13), with L, = 320
for the cutoff at small system sizes. However, some caution
concerning the result ¢ &~ —0.358 for the leading finite-size
exponent in C, seems justified. Apart from the fact that
the exponent —0.358 cannot be expressed as a suitable
combination of the renormalization exponents and the space
dimensionality d, acceptable values of x? could only be
obtained for unusually large L y;,.

Since, as will be argued in Sec. V, a multiplicative
logarithmic factor may occur in the singular behavior of C,,, we
also applied fits according to Cy, = Cy 0 +d; L' In L + dr L2,
For y; =y, this reduces to C, = Cyo+diL"InL/Ly+

.., with d, = —dyIn Ly. With fixed y; =y, =2y, —d =
—1/2,thefitledto Cp o = 4.169 8(12), d; = —1.462(4), d, =
—4.018(5), with L, = 8. Other fits with y; or y, as free
parameters yielded consistent results. One observes that the fits
including a logarithm use fewer parameters and/or a smaller
cutoff Lu,. This indicates that a multiplicative logarithmic
factor indeed appears in the scaling of C,,. We present our data
for this quantity in Table I. The existence of the logarithmic
factor in these data is illustrated in Fig. 1.

For the quantity C,,, which represents the amplitude of
the fluctuations in gy, a fit by Cpp 0 + Cm,,lL‘/’ led to Cppo =
8.30(3), Cyn,1 = —12.8(3), and ¢y = —0.358(3), necessarily
with a cutoff at a large size L, = 200. These results tell that

the FSS behavior of Cy,,, on the square lattice is similar to that of
Cy. Afitto the databy Cyn o + d] L~?In L + d5 L~/ yielded
Cin,0 = 8.206(2), di = —3.271(7) and d; = —8.43(1), with
Lin = 8. Other fits with either or both of the exponents as free
fitting parameters also yielded results consistent with those for
C,. Thus, also the results for Cy, indicate the existence of a
logarithmic factor. Data for C, are also presented in Table I
and plotted in Fig. 1.

B. Finite-size analysis for other lattices
1. Triangular lattice with periodic boundary conditions

We simulated the bond-percolation problem on the triangu-
lar lattice at the percolation threshold p™ = 2 sin(r/18) [17].
Rhombus-shaped lattices were used, with periodic boundary
conditions applied along edges of the rhombus. We used
lattices with L2 sites, with 7 different values of the linear size L
in the range between 18 and 1152. The number of samples was

100 million for each size. Fits of the g, data by g}[}o 4+ LM

20 :
A
Q &
EEUT 1
16 - _§ ¥
2 [ f | +
~ # "
N 10 L .
\L ol 10 ) 10° o
2 +F .
o
o
8 I ++*++
) A+
4 L L L
10 102 103 10*
L

FIG. 1. (Color online) The quantities AC,L'? = (C,(00) —
C.(L))L'?, where x represents “n” and “nn” (inset), versus system
size L on a logarithmic scale. The quantities C,(L), Cyn(L) are
the amplitudes of the fluctuations in the nearest- and the next-
nearest-neighbor connectivities, respectively, for bond percolation
on LxL square lattices with periodic boundary conditions. We use
Cy(00) =4.169 8 and Cp,(c0) = 8.206, as determined by our fits.
The figures clearly indicate the presence of a logarithmic factor in the
leading scaling term of C,, and Cy,. The lines are added for clarity.
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yielded g‘“ = 0.714 273 9(8) and y; = —1.249(7). The value
y] agrees well with y; —d = —5/4. Fits of the data by Eq. (12)
led to gm = 0.714 273 9(3), which is in good agreement with
the theoretical prediction 0.714 274 133 --- in Sec. III. For
&nn, fits of the data by Eq. (12) yielded g;ﬁi o = 0.637 428 6(5).
A fit of the C, data by C‘rl +ci LY led to Cm = 7.24(3),
= —10.0(3), and ¢ = —0 351(8), with me = 144. The
value —0.351 of the exponent is quite different from 2y, — d =
—1/2. When including a logarithmic factor, a fit of the C,, data
by C"‘ +cL7V2 4+ c;L7?In L yielded Ctrl = 7.140(3),
= —6 99(3), and ¢, = —2.54(2), with L;, = 18. For Cy,,
the first fit led to ¢ = —0.343(7), with L, = 144, and the
second fit yielded CI‘1 o= 17.595(11), ¢; = —18.5(2), and
= —7.67(7), with Ly, = 36.
The above results tell that the FSS behavior of the
connectivities and their fluctuations on the triangular lattice
is similar to that on the square lattice.

2. Honeycomb lattice with periodic boundary conditions

We also simulated the bond-percolation problem on the
honeycomb lattice at the percolation threshold pi*" =1 —
2 sin(r/18). Rhombus-shaped lattices were used, with peri-
odic boundary conditions applied along edges of the rhombus.
We used lattices with L2 /2 sites, with eight different values
of the linear size L in the range between 8 and 1024. The
number of samples was 100 million for each size. Fits of the g,
data by gh°“ + ¢ L' yielded g:l‘f’(‘)‘ = 0.804 735 3(2) and y; =
—1.250(1). The value v agrees well with y, —d = —5/4,
and the numerical value of gh"“ isin good agreement with the
theoretical prediction 0.804 735202 --- in Sec. IIL

Afitof the C, databy C)Y + ¢ LY 1ed to Cy% = 2.367(6),

= —2.94(4), and ¢ = —O 351(5), with me = 128. The
Value —0.351 of the exponent is quite different from 2y, — d =
—1/2. When including a logarithmic factor, a fit of the C,, data
by Chy +c1 L2 + ¢, L7'2 In L yielded C)%' = 2.332 8(6),

= —2.170(4), and ¢, = —0.722(2), with Ly, = 16. Thus,
as expected, the FSS behavior on the honeycomb lattice
is similar to that on the square and triangular lattices. It
indicates that the logarithmic factor is a universal property
of two-dimensional lattices.

3. The three-dimensional cubic lattice

The bond-percolation model on three-dimensional L3
simple-cubic lattices with periodic boundary conditions was
investigated. The simulations were done at 11 different sizes
4 < L < 256, at a bond-occupation probability p = pS® =
0.248 811 8[15]. The number of samples was over 100 million
for L < 64 and around 10 million for L > 128.

A fit of the g, data by g&f +c L led to g&'f =
0.359 404 4(3) and y; = —1.857 3(14), with L, = 24. The
y; value is consistent with y(%) d ~ —1.859, as it follows
from the d = 3 literature value of the thermal exponent,
namely y = 1.141 0(15) [15].

A fit of the C, data by CC“b+d1L‘/’ yielded Cfl”o” =
6.57(2) and ¢ = —0.602(16), with Lyin = 32. Including a

correction term with exponent y(g) —1.2 [15], another fit

of the data by C&® + L¥(d) + do L") led to C2% = 6.57(2)
and ¥ = —0.62(2), with L, = 16. These values of y are
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FIG. 2. (Color online) The quantity AC®LO718 = (C(c0) —
CW(L))L%3 versus system size L on a logarithmic scale. C*®(L)
represents the amplitude of the fluctuations in the nearest-neighbor
connectivities for percolation on a L3 simple-cubic lattice with
periodic boundary conditions. We use C<"*(00) = 6.566 as obtained
from the fit. The line is added for clarity. Its nonzero slope expresses
the presence of a logarithmic factor in the leading finite-size
dependence of C°. Deviations at small L values are attributed to
finite-size correction terms.

different from 2y —d ~ —0.718. Instead, a fit by CS +

LM +dyInL + d3L>f )led to Ccub = 6.556(16), d| =
—8.0(7), and dp = —1.25(22), with me = 16. These fit
results support the appearance of a multiplicative logarithmic
factor in the FSS behavior of C,,, which is also shown in Fig. 2.

4. The square lattice with open boundaries

We also performed bond-percolation simulations at a
bond-occupation probability p = 1/2, using a square LxL
geometry, with periodic boundary conditions in one direction
and open boundary conditions in the other direction. We took
11 system sizes from L = 8 to L = 256, and a number of
100 million independent percolation configurations for each
size, in order to sample the nearest- and next-nearest-neighbor
connectivities g-'" and g1 on the open boundaries. Note that
a pair of next-nearest neighbors on the boundary is separated
by a distance of 2 lattice units, instead of \/_ 2 as in the bulk.

Fits of the g\ data by gj+ciL” yielded gy =
0.625 000 1(12) and y; = —1.999(6); and fits of the gS“r
data led to gy = 0.449 789(2), ¢ = 2.22(5), and y; =
—2.005(7). On a free boundary, the scaling dimension of the
energy operator € should be replaced by A, = 2 [18] (y. =
d — A¢ = 0). The numerical results for g, and g;" agree very
well with y; = y. —d = —A.. The surface connectivities
converge more quickly with the size of the system than the
bulk ones, possibly because surface clusters are smaller or
their correlations fall off faster, so that they are not as strongly
affected by the finite size of the system.

The result for the surface connectivity strongly suggests
that g1’y = 5/8 holds exactly. It applies to a system with a
bond probability p = 1/2 on the open boundary. When we
erase those bonds, the limiting probability that two nearest-
neighboring sites on the boundary are connected decreases to
g;“g = 5/32, as can be easily checked by adding a row of
p = 1/2 bonds perpendicular to the boundary. Next, we may
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merge two half-infinite systems, one with and one without
boundary bonds, thus reconstructing the infinite system. The
combined probability that the two nearest-neighboring sites
are now connected by some path within either system is
5/8 +3/8x5/32 = 175/256, slightly smaller than the bulk
value 3/4. It thus appears that there is a probability 3/4 —
175/256 = 17/256 that connections between the two neigh-
boring sites exist only via paths entering both half systems.

V. ORIGIN OF THE LOGARITHMIC FACTOR
IN THE FINITE-SIZE SCALING

We show that the quantity C, relates to connectivities of
four points {X;,y1,%2,¥>}, in which X; and X, are two sites
separated by a distance r, and y1, y» denote a nearest neighbor
of X| and X,, respectively. In Ref. [3] a logarithmic term was
derived in the FSS of these connectivities, in the limit g — 1.
It was obtained from the mixing of the energy operator with
the operator that connects two random clusters. These two
operators become degenerate at ¢ = 1, with the same scaling
dimension 5/4 in two dimensions.

Following the notation of Ref. [3], we define Py(r) as the
probability that the sites {X1,y1,X2,¥>} belong to four different
percolation clusters; P (r) as the probability that {¥,y{,%2, .}
belong to three different clusters, of which one cluster connects
one of {¥1,y;} to one of {¥X,,%,}; and P,(r) as the probability
that the four points belong to two different clusters, each of
which contains one point of {X;,y;} and one point of {X,y,}.
The probability that the pair {X;,y} is unconnected, while the
pair {X,,¥,} is simultaneously unconnected, is equal to

Po(r) + Pr(r) 4 Pa(r) = (1 = ¥x,y (1 = Yiy,))
= 1 - Zgn + <Vx1y1 VX2y2)5 (14)

(for convenience, we omit the arrow symbol over the site
coordinates here and below).
Next, we express the quantity C,, as

€= N2 (€2~ (E)

=N (Vi) — i) Vo)

X1Y1, X2)2

= Ngl Z (V)ﬂyl %czyz) + (Vx1y1> - Ne()/xl)q)z

X1Y17X2)2

=N D" o) | + 80— Negn. (15)

X1 Y17£X2Y2

The FSS singularity of C, resides in the first term in the last
line of Eq. (15), in particular in the dependence of (yy,y, ¥x,y,)
on the distance r between (x;y;) and (x,y,). Using Eq. (14),
and considering that 1 — g, equals the probability that two
neighboring points belong to different clusters, one derives

(Vxl)’l szy2>r =(P(r)+ Pi(r)+ P(r) — 1 + 2gn)
= (Po(r)+ Pi(r) + Po(r) — (1 — g)®) + g2.
(16)

According to Ref. [3], it behaves as (Vi,y, Vaoy)r = 82 +
(@a+blnr)r=?* in two dimensions, where A = 5/4 is the

PHYSICAL REVIEW E 90, 042106 (2014)

common scaling dimension of the two degenerate operators.
The scaling behavior of the sum is, therefore,

Ne_l Z (yXI_Vl yxz)y2> ~ (Ne _ l)gi

X1 Y17£X2)2
L2
—i—/ 2rrdr(a + blnr)r—>/?
1

= (Ne — gy +(A+ BInL)L™'/?, (17)

where A and B are nonuniversal constants. Substituting the
above result in Eq. (15), one gets

Co(L) = Co(00) +di L™V*InL +dL7V? 4+ ... . (18)

This explains the multiplicative logarithmic factor in the
singular part of C,,.

Equation (18) still contains a contribution due to g,, which,
as noted in Sec. I B, satisfies g, = gn.0 + ¢ L~ + o(L¥~%).
The terms in Eq. (18) originating from g, thus contribute a
constant contained in C,(c0), and the omitted terms include
one proportional to L ~¢, etc. This conclusion is consistent
with the numerical results in the previous section.

Similar arguments apply in the case of Cp,. The above
analysis is not restricted to the two-dimensional case. Indeed,
a similar relation between C,, and the four-point connectivities
holds for d > 2; and it is expected that the energy operator
and the operator that connects two random clusters become
degenerate also in higher dimensions [3,4,19]. Thus we expect
a logarithmic factor also for d > 2 in the FSS behavior of
C,, which is supported by our numerical results for the three-
dimensional cubic lattice in the previous section.

VI. DISCUSSION

As already clear from the work of Mitra et al. [12], critical
connectivities in the percolation model display remarkable
algebraic properties. Completely in line with these findings
are the results for the exact eigenvectors in Appendix B,
the exact value g, = 3/4, and the conjectured exact values
gm = 11/16 and g}*" = 5/8 for the square-lattice model. We
also derived, from the existing results for the Potts model, the
exact values of g, on the triangular and honeycomb lattices.
Results from Monte Carlo simulations agree very well with
these exact or conjectured values. In addition, we numerically
determined some other neighboring connectivities. Our results
for critical short-range connectivities in the thermodynamic
limit are summarized in Tables II and III. For the RC model
with g # 1, the critical nearest-neighbor connectivity can
be obtained from Egs. (10) and (11), for the square and
triangular lattices, respectively; and for the honeycomb lattice,
the nearest-neighbor connectivity can be obtained from its
duality relation with that of the triangular lattice.

In this work, for the percolation model, we also investigated
the FSS behavior of the short-range connectivities and their
fluctuations. As far as we know, the fluctuation amplitudes C,
and Cy, have not yet been studied before. While g, and g,
are energy-like quantities with leading FSS term proportional
to L'~¢, so that their fluctuations may be expected to have a
leading scaling exponent 2y, — d, the analysis using a simple
power of the system size yields a numerical exponent that is
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TABLEII. Critical nearest- and next-nearest-neighbor connectiv-
ities for bond-percolation in different lattices. For each lattice, the first
line shows the numerical result(s), and the second line (if applicable)
presents the exact or conjectured (labeled by “*”) value(s). Periodic
boundary conditions are used, except for the “square surface,” where
the connectivities are measured on free one-dimensional surfaces of
the square lattice.

Lattice gn &m

Square 0.749 999 99(13) 0.687 500 0(2)

3/4 11/16" (Ref. [12])

Triangular 0.714 273 9(3) 0.637 428 6(5)
32 +7p /4G5 — pih
Honeycomb 0.804 735 3(2)
3(=2+9pt /41 +4phm)

Square (surface) 0.625 000 1(12) 0.449 789(2)
5/8*
Simple cubic 0.359 404 4(3)

very different from 2y, — d. This numerical exponent does
not seem to fit a combination of the dimensionality and
the thermal scaling dimension of the percolation problem.
However, as described above, satisfactory fits (as judged from
the x2 criterion) are obtained by including a logarithmic
factor, for C, as well as for Cp,. These results support
that the fluctuations in the neighboring connectivities scale
as C —Co~ L»4In(L/Ly), where Cy is the value of
the fluctuations in the thermodynamic limit, and L, is a
nonuniversal factor. We have thus shown the existence of a
class of observables in critical percolation with logarithmic
factors in their scaling behavior, which are closely related
to recently identified four-point connectivities, which scale
logarithmically in critical percolation [3,4]. The origin of
the logarithmic factor is different from a mechanism that
introduces logarithmic factors through the g-dependence of the
critical exponents in some critical singularities in percolation
[20]. From another point of view, the observed FSS behavior
may be used to determine the critical exponent y, in d > 2
dimensions, where an exact value of y; may not be available.
For example, from our results of g, for the simple-cubic lattice,
the value of y, for d = 3 is obtained as 1.142 7(14), which is
comparable with a latestresult 1.141 0(15) [15], and consistent
with the value 8/7 conjectured by Ziff and Stell (see Ref. [21]).

TABLEIII. Critical third to ninth nearest-neighbor connectivities
for bond-percolation in the periodic square and triangular lattices.
The displacement vectors of the connectivities are listed in Cartesian
coordinates under x,y.

X,y Square X,y Triangular
&n3 2,0 0.649 577 2(6) 2,0 0.619 666 5(6)
8nd 2,1 0.629 978 1(7) 5/2,4/3/2 0.584 475 2(7)
&ns 2,2 0.599 838 6(8) 3,0 0.569 576 8(8)
&n6 3,0 0.595 566 4(8) 3,43 0.552 726 4(8)
&n7 3,1 0.587 653 5(8) 7/2,3/3/2 0.548 185 7(10)
&n8 3,2 0.571 119 2(9) 4,0 0.536 507 7(9)
&n9 4,0 0.560 360 4(12) 4,3 0.526 981 8(10)

PHYSICAL REVIEW E 90, 042106 (2014)

ACKNOWLEDGMENTS

This work is supported by the National Natural Science
Foundation of China under Grant No. 11275185, and the
Chinese Academy of Sciences. Y. J. Deng acknowledges
the Ministry of Education (China) for the Specialized Re-
search Fund for the Doctoral Program of Higher Education
under Grant No. 20113402110040 and the Fundamental
Research Funds for the Central Universities under Grant No.
2340000034. The authors thank B. Nienhuis for suggesting
the transfer-matrix approach to determine the short-range
connectivities, T. Garoni for helping on the calculation of the
exact nearest-neighbor connectivity on the triangular lattice,
and J. L. Jacobsen for drawing our attention to Ref. [4]. They
also thank J. F. Wang and Z. Z. Zhou for sharing their data
for bond percolation on the cubic lattice. One of us (H.B.)
thanks the Department of Modern Physics of the University
of Science and Technology of China in Hefei for hospitality
extended to him.

APPENDIX A: SPECIFIC-HEAT BEHAVIOR
INTHE LIMIT g — 1

The fluctuations in the energy-like quantities have been
used to obtain specific-heat-like quantities, but thus far we
have not considered the actual Potts model specific heat C
per site, which can be expressed as the dimensionless quantity
C/k = K*3%f(K,q)/3”K , where k is the Boltzmann constant
and f(K,q)= N, 'InZ(K,q) is the reduced free-energy
density. While the specific heat of the random-cluster model
vanishes atg = 1, one may still ask the question how it behaves
in the limit ¢ — 1. From Eq. (1) one reads that the energy
change associated with the ordering of the Potts model, i.e.,
the integrated specific heat, is equal to 2J(q — 1)/g for the
square lattice. The g-dependence of the energy change, and
therefore the vanishing of the specific-heat amplitude atg = 1,
can thus be compensated by introducing a normalization factor
q/(q — 1). This is illustrated in Fig. 3, which shows the
specific heat of the random-cluster model on the square lattice,
including such a factor, in the limit g — 1.

The quantity plotted in Fig. 3 is equal to
K?3*f(K,q)/3*Kdq at ¢ = 1. The Monte Carlo calculation
of this quantity is slightly more involved than that of the
random-cluster specific heat [22] for general g, because of
the additional derivative to g, which requires sampling of
the correlation of the bond density and the cluster density at
g = 1. In particular, our numerical results were obtained by
sampling of
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FIG. 3. (Color online) Dimensionless specific heat C/k of the
q-state Potts model on the square lattice, divided by g — 1, versus
reduced temperature 7* = k7/J = 1/K, in the percolation limit
q — 1. The Potts specific heat vanishes near ¢ =1 as g — 1, so
that the normalization factor 1/(¢g — 1) compensates the vanishing
specific-heat amplitude. The data points (full squares) were obtained
by extrapolations of finite-size data to the thermodynamic limit.
Estimated error bars do not exceed the symbol sizes. The curves
are added for visual aid only. The critical singularity is governed by
a specific-heat exponent o =2 —2/y, = —2/3. The dashed parts
(blue) of the curves display the power-law behavior with this
exponent. In contrast with the Ising model (¢ = 2), the specific heat
remains finite at the critical point; this illustrates the “nonuniversal”
behavior of the Potts model when ¢ is varied.

and extrapolation to the thermodynamic limit. We simulated
square systems with sizes up to L = 64, taking numbers of
samples up to a few hundred million.

The figure illustrates that the rescaled specific heat remains
finite at the critical temperature and displays a cusp-like
singularity that is, as follows from the known tempera-
ture exponent [13,14] of the Potts model, proportional to
|T* — TF|™%, with « = —2/3 and the reduced temperature

*=kT/J =1/K =—1/In(1 — p).
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APPENDIX B: TRANSFER-MATRIX CALCULATION
OF THE PERCOLATION CONNECTIVITIES

The key observation behind the results of Ref. [12] is
that the leading transfer-matrix eigenvector can be normalized
such that all its components are integers. Motivated by these
results, we investigated finite L x oo bond-percolation systems
with the periodic direction along a set of edges, for several
values of L. Indeed we found that it is possible to normalize
the eigenvector belonging to the largest eigenvalue such that
all components are integers with greatest common divisor 1.
While this eigenvector describes the connectivity at the open
end of the cylinder, one can connect two of these systems
by L intermediate bond variables, and thus compute the
connectivities on a cylinder without an open end. It is therefore
possible to express the nearest- and the next-nearest-neighbor
connectivities on these finite systems as exact fractions. The
results of these transfer-matrix calculations are presented in
Table IV. It is apparent that the connectivities converge very
quickly to their infinite-system values 3/4 and 11/16 as L in-
creases. The data were fitted by an iterated power-law method
[23], which yielded g, = 0.750 2(8) and gn, = 0.687 49(2).
These fit results are consistent with the infinite-system
values.

Some practical guidance is given in Ref. [12] about how
one can guess a formula from a series of integer numbers. We
did not succeed in guessing exact formulas for g, and g, as
functions of L. The difficulty originates from the following
facts: (1) large prime numbers occur, such as 75337 in the
denominator of the fractional value of connectivities when
L =5, and 55051 in the factorization of 18442 085, which
occurs in the denominator for L = 6; and (2) the integers in
the leading eigenvector increase very rapidly as L increases.
This made clear by an inspection of the smallest elements
of the leading eigenvector. A list of values of these smallest
elements, after normalization as mentioned above, is presented
in Table V for several values of L.

For even L, the entries in Table V are equal to 2(-~2L/4 for
even L, and for odd L they are equal to (2L—! — 1)2(t=DE=3)/4,

TABLEIV. Nearest- and next-nearest-neighbor connectivities on L x co square bond-percolation lattices with periodic boundary conditions
along a set of edges. They are also represented as exact fractions whose numerators and denominators are listed.

L Numerator Denominator &n

2 21 52 0.84
3 1201 392 0.789612097304
4 1496541 13932 0.771234389567
5 4331416849 75337? 0.763156025078
6 258134675843541 184420852 0.758972970522
7 3885478927552013401 2266262629 0.756526392191
8 47703428114196051853941 251368505957> 0.754966814629
L Numerator Denominator gm
2 16 52 0.64
3 114 132 0.674556213018
4 1326144 13932 0.683421208184
5 3893316098 75337? 0.685966680489
6 233593856264336 184420852 0.686817539741
7 3529173407855598194 2266262629° 0.687151539217
8 390852028122815173284096 7541055178712 0.687302830864
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TABLE V. Integer value (i) of the smallest element in the nor-
malized eigenvector, which corresponds with the largest eigenvalue
of the transfer-matrix for the bond-percolation problem on an L x oo
square lattice with periodic boundary conditions along a set of edges.

L 2 4 6 8 10
i 1 22 26 12 920
L 3 5 7 9

i 3 15%x22 63x2° 255x212

Thus, defining ¢; = 24=21/4 one observes that the smallest
element is ¢, if L is even, and ¢y — ¢ if L is odd.

Since many analytic expressions have been obtained [12]
for the completely packed O(1l) loop model, which relate
to specific algebraic numbers series, such as the number
of symmetric alternating sign matrices and coefficients of
the characteristic polynomial of the Pascal matrix [12], one
wonders if it will be possible to find exact expressions for the
aforementioned connectivities as a function of L in the case
of the bond-percolation problem on L x co square lattices with
the presently used periodic direction.

APPENDIX C: RELATION BETWEEN PERCOLATION
AND O(1) LOOP CORRELATIONS

Figure 4 illustrates the mapping of a completely packed
loop configuration to a bond configuration of the correspond-
ing bond-percolation problem [24]. Reference [12] gives a
conjecture on the probability that n consecutive points on a

A O A

FIG. 4. Correspondence between completely packed O(1) loop
configurations and configurations of the bond-percolation model. The
figure shows a part of a system wrapped on a cylinder, such that it
is periodic in the horizontal direction and extends to infinity in both
vertical directions. Solid circles show points in the middle of the
lattice edges of the O(1) loop model. The dual lattice of the lattice
defined by these solid circles is divided into two mutually dual square
sublattices, whose lattice sites are shown by open triangles and circles.
Solid lines are for loops, and dashed lines are for bonds in percolation
clusters on one of the dual square lattices. The dotted line indicates a
row where we take the probability that two consecutive points, such as
A and B, on arow lie on the same O(1) loop, and the probability that
two next-nearest-neighbor sites, such as a and b, of the corresponding
percolation configuration belong to the same cluster.
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row lie on the same loop of the O(1) loop model on L xo0
cylinders. For n = 2, it predicts that the probability approaches
11/16 as L — oo. We argue that, for the completely packed
O(1) loop model on Lxoo cylinders, the probability that
two consecutive points on a row, such as A and B in
Fig. 4, lie on the same loop equals the probability that two
next-nearest neighbors, such as a and b in Fig. 4, are in
the same percolation cluster on the corresponding square
lattice. The argument is based on: (1) When two consecutive
points on a row lie on the same loop, the two next-nearest
neighbors on the corresponding percolation lattice belong
to the same cluster. (2) When two consecutive points on a
row lie on different loops, the two next-nearest neighbors
on the corresponding percolation lattice belong to different
clusters.

The two conclusions above can be derived as follows. In
Fig. 4, a and O are located on different sides of the loop
through point A, while b and O are located on different
sides of the loop through point B. In this configuration, A
and B lie on the same loop, so that a and b are adjacent
to and on the same side of the loop. Therefore, a and b
belong to the same percolation cluster on the corresponding
square lattice. Let us now change the loop configuration
such that A and B lie on different loops. Then, the path
aAO BbD crosses the loop through A once, i.e., one of @ and
b belongs to the inside of that loop and the other one to the
outside. Therefore, a and b belong to different percolation
clusters.

The Mitra-Nienhuis conjecture was based on exact numeri-
cal results for systems on a cylinder with a finite circumference,
which also applies to our transfer-matrix calculations for the
percolation problem. However, the orientation of the O(1)
lattice used in Ref. [12] with respect to the axis of the cylinder
differs by m /4 from our percolation lattice, so that our results
for finite system do not match those for the O(1) model.
But these differences should vanish after extrapolation to the
infinite system.

APPENDIX D: DERIVATION OF THE EXACT
NEAREST-NEIGHBOR CONNECTIVITY FOR
BOND PERCOLATION ON THE TRIANGULAR
AND HONEYCOMB LATTICES

We first derive the exact nearest-neighbor connectivity on
the triangular lattice and then find the one on the honeycomb
lattice using a duality relation. For the bond-percolation
problem on the triangular lattice, with —E. /3K, = l atg = 1,
from Eq. (11) one gets

o d(E/3K)
8no = 1 - 3— .
q g=1,K=K.

The value of K. as a function of ¢ can be obtained from
Ref. [10] as

1 [4
exp Kc(g) =1+ g sec <§ arctan 7 1 ) (D2)

(D1)
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and the reduced internal energy at K = K, is given in Ref. [11] as

E.(qg) = —3e csc(2¢) sin(2¢/3) sin(4¢/3)/

with cos¢ = ,/q/2

* sinh[(r — ¢)x] cosh(2¢px/3)

- dx, (D3)
sinh(7r x) cosh(¢x)

(0 <¢ < %), e =In[2cos(2¢/3)], and ¢ < 4.

Substituting K.(¢g) and E.(q) into Eq. (D1), we derive the exact connectivity in the limit g — 1 as

(D4)

i 81n (2cos )smz”(S\/_ tan & )cosﬁ 1200s% — 8cos 29 4sm— —2In (ZCOS )(7+4sm —)
&no = 1 -
91n? [ (2+sec )](2~|—sec ) 9ln[ (2+sec )](2+sec )
n In (2005 T)cos —{ 800t 4+ 3csc + [—21 + 16\/1—3005( arctan 53‘f)]sm 5 }
91n [5(2 + sec %)]
3 tri :
= (2 +7P€ ) = 2+ 14§1n[n/18]) =0.714 274 133 ...,
4(5 — pti) 4(5 — 2 sin[7/18])

where ptrl = 2sin(;r/18) is the bond-percolation threshold
on the triangular lattice [17]. The derivation involved the
calculation of several complicated integrals, which led to
an intermediate result [the first two lines of Eq. (D4)].
We found the simplified expression in the last line of
Eq. (D4) with the help of an answer engine [25] using
numerical values of the intermediate result. We verified
that the two results are exactly equal. In the verification,
we made use of the identities 4 cos(27/9) = 2 + sec(r/9)
and V13 cos(arctan[53+/3/191/3) = (4 + 7 sin[/18])/
(3 — 8sin[w/18]).

From the above g}{io, one obtains the value of g\ as follows.
Let p™ be the critical bond-occupation probablhty on the
triangular lattice and p the probability that two nearest-
neighbor sites are connected via some path of bonds not
covering the bond between the two sites. Then, (1 — p'™)p'™ is
the probability that there is no bond between nearest-neighbor
sites, while the sites are still connected. Thus,

hon

gltlrl — Pgl + (1 pg‘)P;ﬁ- (DS)

(
Similarly, one can write for the honeycomb lattice
grkllon — pgon 4 (1 p?on)plolon' (D6)

The duality property tells that

pi 4 phon — 1, (D7)

The substitution of Egs. (D7) and (D5) into Eq. (D6) yields

tri tri
hon __ tri tri En — Pc
&n =1- Pe +p <1_ 1_pgi )

P&+ Pt =

(D8)
Using the above equation and the g‘“ value as given in
Eq. (D4), one obtains
ghon _ 3(7 - 9p") _ 3(—2+9pkm)
YA —ap) o 4(1+4ph)

_ 3(=7+ 18sin[x/18])

"~ 4(—5+ 8sin[7/18])

=0.804735202--- .

(D9)

[1] D. Stauffer and A. Aharony, Introduction to Percolation Theory,
revised 2nd ed. (Taylor & Francis, London, 1992).

[2] P. Kleban, J. J. H. Simmons, and R. M. Ziff, Phys. Rev. Lett.
97, 115702 (2006); J. J. H. Simmons, P. Kleban, and R. M. Ziff,
Phys. Rev. E 76, 041106 (2007); G. Delfino and J. Viti, J. Phys.
A:Math. Theor. 44,032001 (2011); R. M. Ziff, J. J. H. Simmons,
and P. Kleban, ibid. 44, 065002 (2011), and references therein.

[3] R. Vasseur, J. L. Jacobsen, and H. Saleur, J. Stat. Mech. (2012)
LO07001.

[4] R. Vasseur and J. L. Jacobsen, Nucl. Phys. B 880, 435 (2014).

[5] R. B. Potts, Proc. Cambridge Philos. Soc. 48, 106 (1952).

[6] E. Y. Wu, J. Stat. Phys. 18, 115 (1978).

[7] P. W. Kasteleyn and C. M. Fortuin, J. Phys. Soc. Jpn. 26(Suppl.),
11 (1969); C. M. Fortuin and P. W. Kasteleyn, Physica (Utrecht)
57,536 (1972).

[8] R. M. Ziff, S. R. Finch, and V. S. Adamchik, Phys. Rev. Lett.
79, 3447 (1997).

[9] H. Hu, H. W. J. Blote, and Y. Deng, J. Phys. A: Math. Theor. 45,
494006 (2012).

[10] D. Kim and R. L. Joseph, J. Phys. C 7, L167 (1974).

[11] R.J. Baxter, H. N. V. Temperley, and S. E. Ashley, Proc. R. Soc.
London A 358, 535 (1978).

[12] S. Mitra, B. Nienhuis, J. de Gier, and M. T. Batchelor, J. Stat.
Mech. (2004) P09010; S. Mitra and B. Nienhuis, ibid. (2004)
P10006; B. Nienhuis (private communication).

[13] B. Nienhuis, in Phase Transitions and Critical Phenomena,
edited by C. Domb and J. L. Lebowitz (Academic Press, London,
1987), Vol. 11, p. 1.

[14] J. L. Cardy, in Phase Transitions and Critical Phenomena,
edited by C. Domb and J. L. Lebowitz (Academic Press, London,
1987), Vol. 11, p. 55.

[15] J. Wang, Z. Zhou, W. Zhang, T. M. Garoni, and Y. Deng,
Phys. Rev. E 87, 052107 (2013).

[16] A. Coniglio, Phys. Rev. Lett. 62, 3054 (1989).

042106-10


http://dx.doi.org/10.1103/PhysRevLett.97.115702
http://dx.doi.org/10.1103/PhysRevLett.97.115702
http://dx.doi.org/10.1103/PhysRevLett.97.115702
http://dx.doi.org/10.1103/PhysRevLett.97.115702
http://dx.doi.org/10.1103/PhysRevE.76.041106
http://dx.doi.org/10.1103/PhysRevE.76.041106
http://dx.doi.org/10.1103/PhysRevE.76.041106
http://dx.doi.org/10.1103/PhysRevE.76.041106
http://dx.doi.org/10.1088/1751-8113/44/3/032001
http://dx.doi.org/10.1088/1751-8113/44/3/032001
http://dx.doi.org/10.1088/1751-8113/44/3/032001
http://dx.doi.org/10.1088/1751-8113/44/3/032001
http://dx.doi.org/10.1088/1751-8113/44/6/065002
http://dx.doi.org/10.1088/1751-8113/44/6/065002
http://dx.doi.org/10.1088/1751-8113/44/6/065002
http://dx.doi.org/10.1088/1751-8113/44/6/065002
http://dx.doi.org/10.1088/1742-5468/2012/07/L07001
http://dx.doi.org/10.1088/1742-5468/2012/07/L07001
http://dx.doi.org/10.1088/1742-5468/2012/07/L07001
http://dx.doi.org/10.1016/j.nuclphysb.2014.01.013
http://dx.doi.org/10.1016/j.nuclphysb.2014.01.013
http://dx.doi.org/10.1016/j.nuclphysb.2014.01.013
http://dx.doi.org/10.1016/j.nuclphysb.2014.01.013
http://dx.doi.org/10.1017/S0305004100027419
http://dx.doi.org/10.1017/S0305004100027419
http://dx.doi.org/10.1017/S0305004100027419
http://dx.doi.org/10.1017/S0305004100027419
http://dx.doi.org/10.1007/BF01014303
http://dx.doi.org/10.1007/BF01014303
http://dx.doi.org/10.1007/BF01014303
http://dx.doi.org/10.1007/BF01014303
http://dx.doi.org/10.1016/0031-8914(72)90045-6
http://dx.doi.org/10.1016/0031-8914(72)90045-6
http://dx.doi.org/10.1016/0031-8914(72)90045-6
http://dx.doi.org/10.1016/0031-8914(72)90045-6
http://dx.doi.org/10.1103/PhysRevLett.79.3447
http://dx.doi.org/10.1103/PhysRevLett.79.3447
http://dx.doi.org/10.1103/PhysRevLett.79.3447
http://dx.doi.org/10.1103/PhysRevLett.79.3447
http://dx.doi.org/10.1088/1751-8113/45/49/494006
http://dx.doi.org/10.1088/1751-8113/45/49/494006
http://dx.doi.org/10.1088/1751-8113/45/49/494006
http://dx.doi.org/10.1088/1751-8113/45/49/494006
http://dx.doi.org/10.1088/0022-3719/7/8/004
http://dx.doi.org/10.1088/0022-3719/7/8/004
http://dx.doi.org/10.1088/0022-3719/7/8/004
http://dx.doi.org/10.1088/0022-3719/7/8/004
http://dx.doi.org/10.1098/rspa.1978.0026
http://dx.doi.org/10.1098/rspa.1978.0026
http://dx.doi.org/10.1098/rspa.1978.0026
http://dx.doi.org/10.1098/rspa.1978.0026
http://dx.doi.org/10.1088/1742-5468/2004/09/P09010
http://dx.doi.org/10.1088/1742-5468/2004/09/P09010
http://dx.doi.org/10.1088/1742-5468/2004/09/P09010
http://dx.doi.org/10.1088/1742-5468/2004/10/P10006
http://dx.doi.org/10.1088/1742-5468/2004/10/P10006
http://dx.doi.org/10.1088/1742-5468/2004/10/P10006
http://dx.doi.org/10.1103/PhysRevE.87.052107
http://dx.doi.org/10.1103/PhysRevE.87.052107
http://dx.doi.org/10.1103/PhysRevE.87.052107
http://dx.doi.org/10.1103/PhysRevE.87.052107
http://dx.doi.org/10.1103/PhysRevLett.62.3054
http://dx.doi.org/10.1103/PhysRevLett.62.3054
http://dx.doi.org/10.1103/PhysRevLett.62.3054
http://dx.doi.org/10.1103/PhysRevLett.62.3054

SHORT-RANGE CORRELATIONS IN PERCOLATION AT ...

[17] M. F. Sykes and J. W. Essam, J. Math. Phys. 5, 1117 (1964).

[18] J. L. Cardy, Nucl. Phys. B 240, 514 (1984).

[19] A. Coniglio, J. Phys. A: Math. Gen. 15, 3829 (1982).

[20] X. Feng, Y. Deng, and H. W. J. Blote, Phys. Rev. E 78, 031136
(2008).

[21] C. D. Lorenz and R. M. Ziff, Phys. Rev. E 57, 230 (1998).

PHYSICAL REVIEW E 90, 042106 (2014)

[22] X. Qian, Y. Deng, and H. W. J. Blote, Phys. Rev. E 71, 016709
(2005).

[23] H. W.J. Blote and M. P. Nightingale, Physica A 112,405 (1982).

[24] R. J. Baxter, S. B. Kelland, and F. Y. Wu, J. Phys. A 9, 397
(1976).

[25] Wolfram|Alpha, http://www.wolframalpha.com

042106-11


http://dx.doi.org/10.1063/1.1704215
http://dx.doi.org/10.1063/1.1704215
http://dx.doi.org/10.1063/1.1704215
http://dx.doi.org/10.1063/1.1704215
http://dx.doi.org/10.1016/0550-3213(84)90241-4
http://dx.doi.org/10.1016/0550-3213(84)90241-4
http://dx.doi.org/10.1016/0550-3213(84)90241-4
http://dx.doi.org/10.1016/0550-3213(84)90241-4
http://dx.doi.org/10.1088/0305-4470/15/12/032
http://dx.doi.org/10.1088/0305-4470/15/12/032
http://dx.doi.org/10.1088/0305-4470/15/12/032
http://dx.doi.org/10.1088/0305-4470/15/12/032
http://dx.doi.org/10.1103/PhysRevE.78.031136
http://dx.doi.org/10.1103/PhysRevE.78.031136
http://dx.doi.org/10.1103/PhysRevE.78.031136
http://dx.doi.org/10.1103/PhysRevE.78.031136
http://dx.doi.org/10.1103/PhysRevE.57.230
http://dx.doi.org/10.1103/PhysRevE.57.230
http://dx.doi.org/10.1103/PhysRevE.57.230
http://dx.doi.org/10.1103/PhysRevE.57.230
http://dx.doi.org/10.1103/PhysRevE.71.016709
http://dx.doi.org/10.1103/PhysRevE.71.016709
http://dx.doi.org/10.1103/PhysRevE.71.016709
http://dx.doi.org/10.1103/PhysRevE.71.016709
http://dx.doi.org/10.1016/0378-4371(82)90187-X
http://dx.doi.org/10.1016/0378-4371(82)90187-X
http://dx.doi.org/10.1016/0378-4371(82)90187-X
http://dx.doi.org/10.1016/0378-4371(82)90187-X
http://dx.doi.org/10.1088/0305-4470/9/3/009
http://dx.doi.org/10.1088/0305-4470/9/3/009
http://dx.doi.org/10.1088/0305-4470/9/3/009
http://dx.doi.org/10.1088/0305-4470/9/3/009
http://www.wolframalpha.com



