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Abstract Using the Wang-Landau flat histogram Monte Carlo (FHMC) simulation tech-
nique, we were able to study two types of triangulated spherical surface models in which the
two-dimensional extrinsic curvature energy is assumed in the Hamiltonian. The Gaussian
bond potential is also included in the Hamiltonian of the first model, but it is replaced by
a hard-wall potential in the second model. The results presented in this paper are in good
agreement with the results previously reported by our group. The transition of surface fluc-
tuations and collapsing transition were studied using the canonical Metropolis Monte Carlo
simulation technique and were found to be of the first-order. The results obtained in this pa-
per also show that the FHMC technique can be successfully applied to triangulated surface
models. It is non-trivial whether the technique is applicable or not to surface models because
the simulations are performed on relatively large surfaces.

Keywords Triangulated surfaces - Collapsing transition - Surface fluctuations - Flat
histogram Monte Carlo

1 Introduction

Surface models for membranes and strings constructed by Helfrich and Polyakov are de-
scribed using the notion of two-dimensional differential geometry [1-3]. The surface shape
in R? is considered to be governed by a curvature Hamiltonian, which is given by an inte-
gral over the squared mean curvature or the extrinsic curvature. Consequently, the surface
strength is characterized by bending rigidity b [4-8]. Thus, we understand that the surface
collapses and wrinkles in the limit of » — 0 while it swells and becomes smooth in the limit
of b — oo [9-11]. Theoretical studies utilizing the renormalization group technique predict
that the crumpling transition is continuous [12—16], while density-matrix renormalization
group studies on the folding of triangular lattice [17] and recent numerical simulations of
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the model on triangulated surfaces [18-21] indicate that the crumpling transition is of the
first-order and accompanies the collapsing transition.

By including certain inhomogeneous components such as cytoskeletal structure or holes
in the above-mentioned homogeneous models, we obtain a variety of surface models for nu-
merical studies [22-24]. Lateral diffusion of lipids can also be implemented in the models
by the so-called dynamical triangulation technique, which introduces non-uniform coordina-
tion numbers ¢ to the triangulated surfaces [25, 26]. We should note that such non-uniform
g naturally appears in diagrammatic expansions of the matrix integral in the matrix model
of 2D quantum gravity, where the surface is embedded in the D = 0 dimensional space, or
equivalently it is not embedded in any external spaces [27].

In those inhomogeneous surface models in R?, the transitions separating two neighboring
phases are discontinuous [22-24]. Thus, the first-order nature of transitions seems to be a
common feature of the shape transformation transitions in the triangulated surface models.
Therefore, careful numerical studies are still needed to understand the phase structure of
surface models, because first-order transitions are not always easy to analyze numerically.

In this paper, we study conventional homogeneous surface models on triangulated fixed-
connectivity surfaces of sphere topology using the flat histogram Monte Carlo (FHMC)
simulation technique of Wang and Landau [28]. The surfaces are allowed to self-intersect.
They are called phantom, or self-intersecting, surfaces.

The transitions of homogeneous surface models are already reported to be of the first-
order. They were obtained using the canonical Metropolis Monte Carlo (MMC) simulation
technique, as mentioned above [18-21]. MMC is a simple and reliable technique for study-
ing phase transitions in all statistical mechanical systems. However, MMC is not always
an efficient technique for analyzing first-order transitions. The curvature energy of surface
models jumps at the first-order transition point. Consequently, the surface configuration can
be trapped in one of the minimum energy states if the lattice size increases. The configura-
tions are trapped because MMC is directly defined based on a canonical ensemble, where
the configuration of dynamical variables are generated by the Boltzmann weight, which
confines the configurations to a narrow energy range.

In contrast to MMC, FHMC is defined by a random walk in energy space. A large number
of studies have been conducted to verify that FHMC is an efficient and reliable technique for
phase transitions in spin models [28-32]. FHMC technique can also be applied to models
of polymer chains, in which the phase space is non-compact [33], and also to models with
more than two energy terms [34, 35]. The non-compactness of phase space and the multiple
energy terms in those models share the common property with the surface models. In fact,
the phase space of surface models is R?, which is non-compact and is in sharp contrast to
the compact phase space of spin models. Moreover, the Hamiltonian of surface models is
always composed of two energy terms: the linear combination of a bond potential §; and
a bending energy S,. However, it is nontrivial whether such a sophisticated technique is
useful for studying phase transitions in surface models. In fact, a large scale simulation is
necessary to study phase transitions of surface models, while FHMC technique is considered
to be problematic on large systems of a spin model [35].

The purpose of this study is two-fold. The first part aims to determine whether FMHC
technique can be successfully applied to first-order transitions of surface models. The second
purpose is to confirm that the conventional, homogeneous models undergo the first-order
transition, which was first assessed by MMC simulation as mentioned above.

The density of energy §2 depends on two independent energies, S; and S, such that
2 = £2(8), S2). Therefore, we must replace §2(S;, S2) by the single energy density £2(S,),
because it seems difficult to obtain §2(S;, S,) due to the lack of computational speed cur-
rently available. Thus, we should check whether this replacement is well defined or not.
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2 Models

The models are defined by the partition function

; N
zz/ [ [dxiexp[-S(x)]. 1

i=1

where N is the total number of vertices and S(X) is the Hamiltonian. The symbol ]_[IN:1 dX;
denotes 3N-dimensional integration in R3. f " indicates that the integrations are performed
such that the surface center is fixed to remove the translational zero mode. The self-avoiding
property of the surface is not assumed.

Spherical surfaces in R? are triangulated, and S(X) is defined on them. The triangulated
surfaces are constructed from the icosahedron by splitting the edges into ¢ pieces of uniform
length and dividing the faces into triangles accordingly. The surfaces are identical to those
used in [20]. The total number of vertices is thus given by N = 10£2 + 2. The total number
of bonds Ng and the total number of triangles Ny are given by Np = 30¢2 and Ny = 20¢2,
respectively. The coordination number g is ¢ = 6 throughout the lattice except at 12 vertices,
which are the vertices of the icosahedron and of g =5.

The first model denoted by model 1 is defined by the Hamiltonian S(X), which is the
linear combination of the Gaussian bond potential S; and the bending energy S, with the
bending rigidity b:

S =S1+bS,  Si=Y (Xi=Xp% =y (I—n;-n), (model ). ()
@) @j)

Z(i 7 in S; denotes the sum over bond (ij) connecting the vertices i and ;. Zi, i in S, is
the sum over triangles i and j, which share a common bond. The symbol (X; — X j)z in S
is the bond length squares between the vertices i and j. The symbol n; in S, denotes a unit
normal vector of the triangle i. The inner product of the normal vectors n; - n; can also be
represented by cos6;;, where 6;; is the edge angle between two triangles. The unit of b is
kT, where k is the Boltzmann constant and 7 is the temperature.
The second model denoted by model 2 is defined by the linear combination of a hard wall
potential V,, and the bending energy S, with the bending rigidity b such that
S(X)=V,,+bS. V=) V(X;—X;]). S5=) (1—n;-n;), (model 2), (3)
@j) @j)

where V, denotes that the potential depends on the parameter . The symbol V(| X; — X;|)
in V,, is the potential between the vertices i and j and is defined by

(X — Xl <ro),

(otherwise).

0
VX — X, = { )

The value of rq in the right hand side of (4) is fixed at ry = +/1.1. Consequently, we have
OXi—-X j)z) /N ~3/2, which is automatically satisfied in model 1 as described below,
where the Gaussian bond potential S} =) (X; — X j)2 is included in the Hamiltonian in
place of the hard-wall potential V.

The hard wall potential V,,; makes the mean bond length constant just like the Gaussian
bond potential S;, which makes the mean bond length constant in model 1. If it were not for
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the constraint | X; — X ;| < rp, the size of the surface would grow larger and larger in the MC
simulations. Thus the constraint |X; — X ;| < r¢ is necessary to make the bond length well-
defined if the Gaussian term S; is not included in the Hamiltonian. Consequently, model 2
has an additional parameter, ry, which seems to fix a length scale in the model. However,
[36] shows that the results are not dependent on ry. Therefore, we use ry = /1.1 in the MC
simulations.

We should note that (S;/N) = 3/2 is satisfied in model 1. This is understood from
the scale invariant property of Z [11]. In fact, by rescaling the integration variable in Z
such that X — aX, we obtain Z(a) = a*¥=D ["TT¥ dX; exp[—S(aX)], where S(aX) =
a?S| +bS,. The scale invariance of Z indicates that Z(c) is independent of & and, therefore,
is represented by 0 Z () /d¢|y=; = 0. Thus, we have (S;/N) =3(N —1)/2N ~3/2.In con-
trast, (S;/N) = 3/2 is not satisfied in model 2 because the partition function Z is not scale
invariant in this case. In fact, the scale transformation X — X non-trivially changes the
potential V,, because ry also changes. Therefore, dZ (o) /90|41 = 0 is not always satisfied.
However, (S;/N) = 3/2 is almost satisfied in model 2 as we will see below. This finding
implies that the violation of the scale invariance is not very large in model 2.

S(X) in (2) naively has an expression S(X) = aS; + bS, with a parameter a of the unit
[kT/L?], where [L] is the length unit. By using the above mentioned scale invariance of Z,
S(X) can also be written as S(X) = S| + bS,. In fact, the partition function Z is unchanged
by rescaling X — X/./a, while this rescaling changes S = aS; + bS, to § = S| + bS,.
Thus, we can use this simple expression as the Hamiltonian, where we should always remind
ourselves that the coefficient of S, is assumed to be a[kT/L?*] = 1.

3 Flat Histogram Monte Carlo Technique
3.1 Histogram and Reweighting

We first describe the histogram technique for model 1 using the terminologies described
in [29]. As mentioned in the Introduction, the phase space of the models is R3, and the
dynamical variables X (€ R?) are continuous. Consequently, the energies S; and S, of the
models are continuous in contrast to the energy of the Ising spin model. For this reason,
the number of states §2(S], S») at energies S and S, should be understood with the symbol
dS1dS,, such that dS;dS,$2(S;, S,). Thus, the partition function Z(by) in (1) can also be
described by £2(Si, S,), such that

Z(b) = / / dS1dS292(S1, S2) exp[—(Si +boSy)]. )

Let Py, be Py, o £2(Sy, S2) exp[—(S; + by S2)]. We then obtain P, o Py, exp[—(b — by)S>].
Using this, we have the expectation value of a physical quantity Q at b such that

<Q(b)>=//dSIdSZQPb(SlaSZ)///dSIdSZPb(Sl»SZ)- (6)

This expression is a basic formula for reweighting called a single histogram technique,
which allows us to obtain (Q (b)) from the Monte Carlo data Py, at by.

The reweighting technique described above has two tasks. The first is to obtain £2(S;, S»),
and the second is to obtain the canonical expectation value by reweighting. The problem lies
is performing the first task or obtaining £2(S;, $,) efficiently. It is well known that the MMC
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technique is less efficient for evaluating §2 in a large system because of the exponential
dumping of §2 in the energy space. The multicanonical Monte Carlo simulation (MCMC)
technique is considered a dynamic version of the multihistogram reweighting technique [29].
However, it is not apparent whether this technique is applicable to the simulations of large
surfaces. In fact, our preliminary study indicates that a flat histogram is barely obtained by
MCMC simulations on the surfaces of N > 5762 for model 1. By contrast, a flat histogram
can be obtained even on relatively large surfaces by the flat-histogram MC technique, which
was recently proposed by Wang and Landau. Detailed information on the FHMC technique
for surface simulation is described in the following subsection.

3.2 Flat Histogram Monte Carlo

The Wang-Landau FHMC technique for surface models, which is simply denoted as FHMC,
consists of the following three steps [29]:

(1) Recursive construction of §2(S,).
(2) A production run with £2(S,), collecting measurements.
(3) Reweighting to extract the canonical expectation of physical quantities.

The first and the second steps are long Monte Carlo runs, but the third step is very short
by comparison. The second run (= Step 2) includes thermalization Monte Carlo sweeps
(MCS). In the following, we describe each step in detail.

In FHMC simulations for models 1 and 2, we use a reduced density of states £2(S,),
which is obtained by the replacement

£2(81,82) = £2(82). )

This replacement is necessary because §2(S;, S,) is a double histogram and, hence, seems
very hard to obtain accurately. This replacement is also well defined if we recall that S, is
almost constant in model 1 due to the scale invariance of the partition function. The fact that
S is almost constant implies that the role of §; is to make the mean bond length constant
in model 1. Therefore, the potential S; can be replaced by a Lennard-Jones type potential
[18] or by a hard-wall potential, which is the potential in model 2. Thus, the phase structure
of the surface models is primarily dependent on the curvature energy S,. For this reason,
the replacement in (7) is considered as reasonable. The histogram £2(S,) is defined by S, in
the region Sy < S, <SP, where SS" and S are chosen such that the phase transition
region is included. We should note that £2(S,) implicitly depends on S; in model 1 and on
V,, in model 2, although the replacement of (7) is assumed.

In Step 1, £2(S,) is recursively obtained by updating the variables X as follows: the new
position X; of the vertex i is given by X, = X; + AX, where AX is chosen randomly in a
small sphere. The new position X| is accepted with the probability Min[1, §2(S,)/$2(S5)],
where S, and §) are given by S, = S,(old) and S, = S,(new). The radius of the small
sphere is chosen so that the acceptance rate ry for X’ is approximately ry = 50%. However,
rx varies during the simulations in Steps 1 and 2 in contrast to the MMC case, where ry
remains almost constant. The constraint 3/2 — A < S;(new)/N < 3/2 is also imposed on
X! only in model 1, while the constraint V in (4) is imposed on X; in model 2. At the
beginning of the simulation of Step 1, MMC simulations are performed as a thermalization
MCS to make the variables X satisfy the conditions 3/2 — A < S;(new)/N < 3/2 and
Smin < S, < Sy, The parameter A is fixed to A = 0.05 in model 1. This constraint for
Si(new)/N is imposed on the new variable X; so that the replacement of (7) becomes well
defined, as mentioned above.
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The histogram £2(S,) is updated such that
2(8) — f82(S5) 3)

with the initial values £2(S;) = 1 and f = exp(1). The update of £2(S;,) in (8) is per-
formed independently, whether X’ is accepted or not, in every update of X. The formula
log[£2(S2)] — log(f) + log[$2(S,)] is used in the simulations. The multiplicative factor f
in (8) is also redefined such that

f=Jr ©9)

only when a given condition is satisfied. To perform this redefinition of f, we check whether
the energy histogram H(S,) is sufficiently flat or not at every 10° MCS by the condition
H(S,) < €H, where H is the mean value of H(S,) and € = 0.9. Once this flatness condi-
tion for H(S,) is satisfied, the histogram H (S) is reset to zero for all S,. This procedure is
repeated while f > 1+ 1073 in Step 1. The total number of MCS; for the recursion is not an
input parameter, but an output datum, and its value depends mainly on the conditions of f
and H(S,). The parameters ST, Sy, and As should be provided as input data for the re-
cursion simulations so that the histograms £2(S,) and H (S,) are defined at S;“i“, S;“i“ + As,
Sé“i“ +2As, ..., S5 — As. Let Ny be the total number of these energy points. Then, the
energy step As is given by As = (SP& — Snin) /N,

Step 2 is the production run, which is performed using the histogram £2(S,) and is sim-
ply described as follows: the new position X of the vertex i is accepted with the prob-
ability Min[1, exp(—AS;)$2(S,)/$2(S5)], where AS; = Sj(new) — S;(old), and £2(S,) =
22[S,(0ld)], $2(S5) = §2[S>(new)]. The factor exp(—AS;) is set to 1 in model 2. Because
£2(S,) is defined in the region SFi" < S, < SI*, the new position X/ is limited so that
Spin < S5 < S just like in Step 1. In Step 2, no constraint is imposed on the bond length
in model 1, while the potential V in (3) imposes its constraint on the bond length in model 2.
In both models, S is expected to be almost constant, such that S;/N = 3/2. The thermal-
ization MCS is fixed to 2 x 10" ~ 5 x 107 in both models. A sufficiently large number of
MCS, for production runs is performed after the thermalization MCS, where MCS, is an
input parameter in contrast to MCS; in Step 1. The measurements are performed every 500
MCS in both models. The acceptance rate ry varies during the simulations in Step 2, just
like in Step 1 mentioned above.

Table 1 shows the parameters, including ST and SY™*. Ny is the total number of energy
points for the histograms of £2(S,) and H(S;). MCS; and MCS; are the total number of
MCSs performed in Steps 1 and 2, respectively.

Step 3 is performed by using a technique that is analogous to the multi-histogram
reweighting technique; however, the recursion is not necessary because of the single Monte
Carlo simulation performed in Step 2. The canonical expectation value of a physical quantity
Q(b) is given by

Y5, 20 Qh(S2, 0)2(S2) exp(=bSy)
D5, 20 h(S2, 0)$2(8,) exp(=bS,) ’

(o)) = (10)

where h(S,, Q) is the histogram of the data obtained in Step 2. Equation (10) corresponds
to (6), where by is actually set to zero. We should note that the sum over S in the denomi-
nator/numerator is dropped from (10) in model 1. This is because of the replacement of (7).
A normalization constant can be included in the exponential factor in both the denominator
and the numerator in (10).
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Table 1 The parameters used in the FHMC of models 1 and 2. These are all input parameters, excluding
MCS;

Model N SIin/Np Smax /N Ny MCS;(x10%) MCS;(x 10%)
1 2562 0.35 0.47 1000 1.8 9

1 5762 0.35 0.5 2500 11.2 17.8

1 7292 0.35 0.5 3300 153 27.3

1 10242 0.35 0.5 4500 18.6 49

1 15212 0.35 0.5 6700 44.5 50

2 2562 0.34 0.49 1000 6.6 9

2 4842 0.35 0.49 1500 16.8 21.6

2 8412 0.35 0.51 2500 432 37.2

2 16812 0.35 0.51 5550 453 108

We use a random number called Mersenne Twister [37]. A sequence of uniform random
numbers is used for a 3-dimensional move of the vertices X and for FHMC accept/reject
decisions in the update of X.

4 Results

The mean square size X is defined by
1 - -1
2_ %2 _ - )
X =~ Ei (Xi —X)7, X—N E,- Xi, an

where ), denotes the sum over vertices i, and X is the center of the surface. X2 is identical
to the radius squares if the surface becomes smooth and spherical, while it becomes X? — 0
if the surface collapses. Therefore, X2 can reflect the surface size.

Figures 1(a) and 1(b) show X? vs. b and the bending energy S,/Np vs. b of model 1,
respectively. Np(= 3N — 6) is the total number of bonds. The solid curves are the results
of FHMC, while the symbols such as the circle, triangle, etc., are those of MMC, which
are identical to the results reported in [20]. The error bars for the symbols in this paper are
standard errors, which are obtained by binning analysis. From these symbols, we can directly
see whether the results of FHMC coincide with those of MMC. For this reason, MMC data
from [20] are presented in this paper. Figures 1(c) and 1(d) show the results of model 2. The
symbols are the results of MMC reported in [21]. In the case of model 1, we see that the
FHMC results are in good agreement with MMC in both X2 and S,/Np at N < 10242. On
the N = 15212 surface, the results are only slightly different from each other. The FHMC
results of model 2 are also in good agreement with those of MMC at N < 8412. A deviation
can be seen in the data obtained on the largest surface of N = 16812. We have no definite
explanation for these deviations. However, the total number of MMCs was not sufficiently
large, at least on the largest surfaces in model 1 [20] and in model 2 [21]. Note also that the
FHMC results seem to be dependent on the choice of S;“i“ /Ng and S/ Ny if the range is
narrow. A wide range is better for accuracy in the obtained results. However, the simulation
time becomes longer and longer with increasing range on such large surfaces.
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Fig. 1 (a) The mean square size

2 X2 SZ/NB
X~ vs. b of model 1, (b) the F T T

bending energy S>/Np vs. b of G (b)
model 1, (¢) X2 vs. b of model 2, 15212 D

and (d) S»/Np vs. b of model 2. 100} 5Aa N=10242
The solid curves are the results of §

FHMC, while the symbols (O, 5762 042y
A, ...) are those of MMC in [ " 1
[20, 21] VAR s 0.4

0 "6’9’%3?? N=15212

77 7 77 Vi
) 0 b 0.78 Sy/Ng 0 b 0.78
2P 5 ©
% § N=16812
0.44

N=8412
100

0.4

g4
N=16812

N=2562 ! )
0.685 0.69 . 0.695

0.685 0.60 . 0695

b b
The variance Cy2 of X? is defined by
1 2 2\)2
Cy2= N((X —(x*)7). (12)

This variance C > reflects the fluctuations of X? around the mean values. The specific heat
Cs, of S, is defined by

2
Cs, = 2{(5:— (52))?) (13)
N
This Cs, also reflects the fluctuations of the bending energy.

Figure 2(a) shows Cx2 vs. b of model 1, while Fig. 2(b) shows Cs, vs. b of model 1. The
results of model 2 are also shown in Figs. 2(c) and 2(d). The solid curves in the figures are
the results obtained by FHMC, while the symbols are those obtained by MMC, as presented
in Figs. 1(a)-1(d). In Fig. 2(b), the solid curves of Cg, almost agree with the symbols.
However, there is a small difference between the two results at N = 15212. The specific
heat C;, obtained by FHMC is not always in good agreement with those obtained by MMC,
as can be seen in model 2 in Fig. 2(d). We feel that the reason for this deviation is mainly
due to a lack of statistics in MMC simulations in [20, 21]. The MMC data of Cy2 in [20, 21]
are not shown in Figs. 2(a) and 2(c) because the deviation between the MMC data and the
solid lines is relatively large compared to those in Cg,. The variance Cy2 and the specific
heat Cg, are not so easy to obtain accurately. However, we observe that the peaks of Cy2
and Cs, grow with increasing N. Therefore, our expectation is that the phase transitions are
reconfirmed by FHMC simulations.

The peak values C;‘;"‘ of model 1 are shown as symbols in Fig. 3(a) against N in a log-
log scale. The peaks CIS“;"‘ of model 1 are shown in Fig. 3(b). The error bars drawn on the
symbols denote the standard errors of C{3* and Cg*™. The straight lines in Figs. 3(a) and

@ Springer



684

H. Koibuchi

Fig.2 (a) The variance Cy» vs.
b of model 1, (b) the specific heat
C52 vs. b of model 1, (c) CX2 VS.
b of model 2, and (d) C52 vs. b
of model 2. The solid curves are
the results obtained by FHMC,
while the symbols are those of
MMC

Fig. 3 Log-log plots of the peak
values C?SX vs. N and Cg% vs.
N of models 1 and 2. The error
bars for the data are standard
errors. The data and the errors
were obtained by FHMC. The
straight lines are drawn by fitting
the data to (14). The largest three
data points are used in the fitting
in the cases of (b) and (d)

CX2 i Csz
OO @) (s ]] [ )
—N=15212 20+ -~ N=15212 R
N=10242 N=10242
0.04+ N=7292 .
’ 10}
N=5762
I /N72562 ]
0 ' ' 0 : :
0.77 0.78 0.77 0.78
Cx2 b Cg b
© (@ [model 2}
0.1} - N=l6g12 1 40l ~— N=16812
I N=8412 )
0.05F 1 20}o N=4842
N=2562 I NP
O I L L O L [ L L
0685 0.69 | 0.695 0685 0.69 0695
Cx5, Csa
0.05} @ ] (b)
10 )
0.01} :
0.005 1 o=1247 1 Of 74 ]
' pn=0.98(12)
1000 [y 500010000 1000 Ny 5000 10000
Cx2) Csa,
L (d) ]
0.1} ;%
\\
_ 10} ]
0.01 o=1.4202) u=1.26(5)
[mose2]{ | (k2]

3(b) are drawn by fitting the data to

where o and p are critical exponents. The fitting of C

max o
Cy*~ N7,

500010000 7y

max
cm o~ N*,

max
X2

500010000

(14)

in Fig. 3(b) is performed by using

the largest three data points. Figures 3(c) and 3(d) are the results obtained by model 2. The
symbols and the errors are simulation data. The straight lines are drawn by fitting the data.

@ Springer



Flat Histogram Monte Carlo Simulations 685

Fig. 4. The Gaussian bond S,/N S,/N
potential Sy /N vs. b of ' b '
() model 1 and (b) model 2. The ~ 1.502} (@ . (b)

solid curves are obtained by 1.495
FHMC, while the symbols are

MMC data L5 ’ﬁﬁﬁﬂ%@@éé%_’ L4

1.498 - 1

0:N=15212 N=
£:N=10242| {1-485 A8 |
| [model I | |O:N=5762 O:N=4842

model 2 [ | 7:N=2562

0765 0.77 b0.7‘75 0.685 0.69 0695

The fitted line in Fig. 3(d) is obtained using the largest three data points. Thus we have

o =1244+0.07, nw=098+£0.12, (modell),
15)
o =1.42+0.02, n=126+£0.05, (model?2).

The exponent p of model 1 is almost identical to u = 1. Therefore, the transition of surface
fluctuations in model 1 is considered to be of the first order. We also see that the remaining
exponents are consistent with a first-order collapsing transition and a first-order transition
of surface fluctuations, although they are slightly larger than 1. These results are consistent
with the previous conclusions described in [20, 21]. We should emphasize that the symbols
and the errors in Figs. 3(a)-3(d) are the ones obtained by the FHMC technique in contrast
to those shown in the previous figures, such as Figs. 1 and 2, where the symbols correspond
to MMC simulation data in [20, 21].

Finally in this subsection, we show the Gaussian bond potential S;/N vs. b in Figs. 4(a)
and 4(b). The solid curves represent FHMC results, while the symbols are the results of
MMC, just as presented in Figs. 1 and 2. As described in Sect. 2, S;/N in model 1 is
expected to be S;/N = 3/2. We see from Fig. 4(a) that this expectation is satisfied just like
the MMC data. The solid curves of S;/N of model 2 in Fig. 4(b) are also consistent to the
results of MMC. We should note that the discontinuity seen in S; /N reflects a discontinuous
change of bond length in model 2. Therefore, the phase transition in model 2 is considered
to be accompanied by a structural change of its surface, although the discontinuity is very
small compared to the value of S;/N. The fact that the discontinuity in S; /N is very small
compared to S;/N itself indicates that the violation of scale invariance is small in model 2,
as mentioned in Sect. 2.

5 Summary and Conclusions

In this paper, we studied two types of triangulated spherical surface models using the flat
histogram Monte Carlo (FHMC) simulation technique of Wang and Landau. The surface
models have long been studied numerically, mainly using Metropolis Monte Carlo (MMC)
simulations. It has been recently reported that the surface fluctuations in these models un-
dergo a first-order transition. We aimed to confirm that the transition is of the first order
and to verify that the FHMC technique can be applied to study phase transitions of surface
models.

It is nontrivial whether FHMC can be used to study surface models because large-scale
simulations are necessary to study the phase structure of surfaces. It was pointed out in [35]
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that the FHMC technique can not always be successfully applied to large-scale simulations
of spin models. On the other hand, the variables X of the surface models are updated by a
random walk in energy space in the FHMC technique. Therefore, the FHMC technique is
considered to have an advantage in studying first-order phase transitions, as compared to the
MMC technique. However, the surface simulations by FHMC remained to be studied.

The FHMC simulations performed in this paper consist of three steps: the first is a ran-
dom walk in energy space to obtain the density of states £2(S,) recursively. The second is to
collect measurements using §2(S,). The final step is to obtain canonical expectations using
a reweighting technique. The first two steps are long MC runs, each of which is a single
MC run. We need many parameters to start FHMC simulations. Short MMC simulations are
required to obtain these parameters before starting FHMC simulations.

The results obtained by FHMC simulations were compared to those reported in [20, 21],
which were obtained by MMC simulations. FHMC results were found to be in good agree-
ment with MMC results in both model 1 and model 2, excluding the data obtained for the
largest surfaces in both models. Although the variances Cx2 and Cg, obtained by FHMC
simulations are slightly different from those previously obtained by MMC simulations on
the largest surfaces, the order of the transitions is not influenced. The reason for these differ-
ences seems to be due to the lack of statistics in the previous MMC simulations, at least on
the largest surfaces. No problem is observed in FHMC simulations concerning the system
size at least on the surfaces upto N = 15000-17 000. Thus, we conclude that the first-order
nature of the transitions is reconfirmed by the FHMC technique and, consequently, that the
FHMC technique can be successfully applied to study the phase structure of surface models.

References

. Helfrich, W.: Z. Naturforsch C 28, 693 (1973)
. Polyakov, A.M.: Nucl. Phys. B 268, 406 (1986)
. Kleinert, H.: Phys. Lett. B 174, 335 (1986)
. Nelson, D.: In: Nelson, D., Piran, T., Weinberg, S. (eds.), Statistical Mechanics of Membranes and Sur-
faces, second edn., p. 1. World Scientific, Singapore (2004)
5. David, F.: In: Nelson, D., Piran, T., Weinberg, S. (eds.), Two Dimensional Quantum Gravity and Random
Surfaces, vol. 8, p. 81. World Scientific, Singapore (1989)
6. David, F.: In: Nelson, D., Piran, T., Weinberg, S. (eds.), Statistical Mechanics of Membranes and Sur-
faces, second edn., p. 149. World Scientific, Singapore (2004)
7. Wiese, K.: In: Domb, C., Lebowitz, J. (eds.), Phase Transitions and Critical Phenomena, vol. 19, p. 253.
Academic Press, London (2000)
8. Bowick, M., Travesset, A.: Phys. Rep. 344, 255 (2001)
9. Kantor, Y., Nelson, D.R.: Phys. Rev. A 36, 4020 (1987)
10. Ambjorn, J., Irback, A., Jurkiewicz, J., Petersson, B.: Nucl. Phys. B 393, 571 (1993)
11. Wheater, J.E.: J. Phys., A Math. Gen. 27, 3323 (1994)
12. Peliti, L., Leibler, S.: Phys. Rev. Lett. 54(15), 1690 (1985)
13. David, F, Guitter, E.: Europhys. Lett. 5(8), 709 (1988)
14. Paczuski, M., Kardar, M., Nelson, D.R.: Phys. Rev. Lett. 60, 2638 (1988)
15. Borelli, M.E.S., Kleinert, H., Schakel, A.M.J.: Phys. Lett. A 267, 201 (2000)
16. Kownacki, J.-P., Mouhanna, D.: Phys. Rev. E 79, 040101(R) (2009)
17. Nishiyama, Y.: Phys. Rev. E 70, 016101 (2004)
18. Kownacki, J.-P., Diep, H.T.: Phys. Rev. E 66, 066105 (2002)
19. Koibuchi, H., Kusano, N., Nidaira, A., Suzuki, K., Yamada, M.: Phys. Rev. E 69, 066139 (2004)
20. Koibuchi, H., Kuwahata, T.: Phys. Rev. E 72, 026124 (2005)
21. Endo, I., Koibuchi, H.: Nucl. Phys. B 732, 426 (2006) [FS]
22. Koibuchi, H.: J. Stat. Phys. 129, 605 (2007)
23. Koibuchi, H.: Phys. Rev. E 75, 011129 (2007)
24. Koibuchi, H.: Eur. Phys. J. E 26, 301 (2008)
25. Koibuchi, H.: Phys. Rev. E 75, 051115 (2007)

B LN =

@ Springer



Flat Histogram Monte Carlo Simulations 687

30.
31.
32.

. Koibuchi, H.: Phys. Rev. E 76, 061105 (2007)

. Di Francesco, P., Ginzparg, P., Zinn-Justin, J.: Phys. Rep. 254, 1 (1995)

. Wang, F,, Landau, D.P.: Phys. Rev. Lett. 86, 2050 (2001)

. Janke, W.: In: Dunweg, B., Landau, D.P., Milchev, A.L (eds.), Computer Simulations of Surfaces and In-

terfaces. Proceedings of the NATO Advanced Study Institute, Albena, Bulgaria, 9-20 September 2002.
NATO Science Series, II. Mathematics, Physics and Chemistry, vol. 114, pp. 137-157. Kluwer, Dor-
drecht (2003)

Berg, B.A., Janke, W.: Phys. Rev. Lett. 98, 040602 (2007)

Schulz, B.J., Binder, K., Miiller, M.: Int. J. Mod. Phys. C 13, 477 (2002)

Wang, F., Landau, D.P.: Determining the density of states for classical statistical models: a random walk
algorithm to produce a flat histogram. arXiv:cond-mat/0107006

. Taylor, M., Paul, W., Binder, K.: J. Chem. Phys. 131, 114907 (2009)

. Strathmann, J.L., Rampf, F,, Paul, W., Binder, K.: J. Chem. Phys. 128, 064903 (2008)

. Schulz, B.J., Binder, K.: Phys. Rev. E 71, 046705 (2005)

. Koibuchi, H., Kusano, N., Nidaira, A., Suzuki, K., Suzuki, T.: Phys. Lett. A 314, 1 (2003)

. Matsumoto, M., Nishimura, T.: Mersenne twister: a 623-dimensionally equidistributed uniform pseudo-

random number generator. ACM Trans. Model. Comput. Simul. 8(1), 3-30 (1998)

@ Springer


http://arxiv.org/abs/arXiv:cond-mat/0107006

	Flat Histogram Monte Carlo Simulations of Triangulated Fixed-Connectivity Surface Models
	Abstract
	Introduction
	Models
	Flat Histogram Monte Carlo Technique
	Histogram and Reweighting
	Flat Histogram Monte Carlo

	Results
	Summary and Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


