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Weak correlation effects in the Ising model on triangular-tiled hyperbolic lattices
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The Ising model is studied on a series of hyperbolic two-dimensional lattices which are formed by tessellation
of triangles on negatively curved surfaces. In order to treat the hyperbolic lattices, we propose a generalization of
the corner transfer matrix renormalization group method using a recursive construction of asymmetric transfer
matrices. Studying the phase transition, the mean-field universality is captured by means of a precise analysis of
thermodynamic functions. The correlation functions and the density-matrix spectra always decay exponentially
even at the transition point, whereas power-law behavior characterizes criticality on the Euclidean flat geometry.

We confirm the absence of a finite correlation length in the limit of infinite negative Gaussian curvature.
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I. INTRODUCTION

An increasing interest in the thermodynamic behavior of
various physical models on non-Euclidean (curved) surfaces
has been persisting for about two decades, due to recent
experimental fabrication of soft materials with conical geom-
etry [1] and magnetic nanostructures which exhibit negatively
curved geometries [2—4]. Curved geometries are also relevant
in the theory of quantum gravity [5,6]. In this context, several
statistical models have been investigated on simple negatively
curved geometries, such as the Ising model [7-9], the g-state
clock models [10,11], and the XY model [12].

A typical example of the negatively curved geometry is
represented by the two-dimensional discretized hyperbolic
surface (lattice) which is characterized by a constant negative
Gaussian curvature. Among the varieties of lattice surfaces,
we choose, for simplicity, a group of regular lattices that
are constructed as tiling of congruent polygons of the pth
order with the coordination number g. On the hyperbolic
(p,q) lattices, the relation (p — 2)(¢ — 2) > 4 is satisfied, in
contrast to the relation (p — 2)(¢ — 2) = 4 on the Euclidean
flat geometry. Figure 1 shows two examples, the (3,7) and
(3,13) lattices where the whole lattice is mapped onto the
Poincaré disk [13].

In general, the number of the lattice sites within a
certain area increases exponentially with its diameter on such
hyperbolic lattices. This exponential increase limits efficiency
of numerical studies of statistical models, such as the Ising
model on the (p,q) lattice. In particular, applications of Monte
Carlo simulation face difficulties in the scaling analysis around
the phase transition. Also, transfer matrix diagonalization can
not easily be applied due to the nontriviality in the construction
of the row-to-row transfer matrices.

Despite these difficulties, one can evaluate the partition
function by means of Baxter’s corner transfer matrix
formalism [14] even for the hyperbolic (p,q) lattices. In this
article, we use a flexible numerical implementation of Baxter’s
method, so-called the corner transfer matrix renormalization
group (CTMRG) algorithm, which has been used as a tool
in the computation of the partition function for (flat) two-
and three-dimensional classical spin systems [15-17]. In our
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previous papers [9,10,18,19], we considered the hyperbolic
(p,q) lattices, typically for the case with g =4, where
the whole lattice can be divided into four quadrants, i.e.,
the “corners.” For the Ising model on the (p,4) lattices, the
mean-field universality was found [7,9].

The hyperbolic (p,q) lattice with an arbitrary coordination
number ¢ other than four has not been addressed by use
of the CTMRG method yet. For this case, the numerical
renormalization procedure of the corner transfer matrices
requires a technical extension upon the established numerical
procedure for the (p,4) lattices. In this article, we introduce
a new procedure which is valid for general values of ¢ and
find the thermodynamic properties of the Ising model on a
wider class of the (p,q) lattices. In particular, the triangular
tessellation (p = 3) and the coordination number g > 6 are
investigated as representative examples.

This article is organized as follows. In Sec. II, we define
the Ising model on the (p,q) lattices. In Sec. III, the
recurrent renormalization algorithm of the CTMRG method
is introduced. The application of CTMRG to the (3,¢) lattices
is explained starting from ¢ = 6 and increasing g. Numerical
results on the spontaneous magnetization and energy are pre-
sented in Sec. IV, with a detailed analysis of the ¢ dependence
of the phase transition temperature and the corresponding
scaling exponents. In Sec. V, the quantum entropy and the
scaling behavior of the correlation functions are observed.
We also analyze the effects of the Gaussian curvature on the
correlation length. We summarize the result in the last section.

II. LATTICE MODEL

Consider the Ising model with the Hamiltonian
H(o)=—1) oi0;—h) o (1)
{i.j} {i}

defined on the hyperbolic (p,q) lattices. We here use the
standard notation (p,q) where the first integer p corresponds
to the regular polygons with p sides (or vertices) and where the
second one g stands for the coordination number, which is the
number of polygons meeting in each vertex. Throughout this

©2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevE.86.021105

ANDREJ GENDIAR et al.

FIG. 1. Poincaré disk representation of the hyperbolic lattices
created by triangular tessellation p =3 with the coordination
numbers g = 7 (left) and ¢ = 13 (right).

article, we focus on the triangular tiling on the (3,q) lattices
only. The Ising spin variables o, =1 or | are located on the
vertices. The first term in H(o) represents the ferromagnetic
coupling (J > 0) between the nearest-neighboring Ising spins
o; and o ;, and the second represents the effect of the external
magnetic field /. Then, the partition function

H
Z = Zexp [—%} 2

is given by the sum of the Boltzmann weights over all spin
configurations which are denoted by {o}. Here, kg and T,
respectively, are the Boltzmann constant and the temperature.

On any (p,q) lattice, the Boltzmann weight of the whole
system can be represented as the product of the local
Boltzmann weights attributed to the particular p-gons. In
this study, we define the local Boltzmann weights which are
consistent with the triangular tessellation (p = 3). For areason
we explain in the following, each local Boltzmann weight Wg
is constructed by a pair of adjacent triangles 0,050, and 00,04
as shown in Fig. 2. The local Boltzmann weight Ws for this
pair of the triangles is then given by

Wi (0,0,0:04)
J
= exp [m(mﬂb + op0. + 0,04 + 040, + 20,04)
+ (04 + 205 + 0.+ 204)}- 3
gksgT

a K

FIG. 2. (Color online) Graphical representation of the extension
process of the left transfer matrix [',6, the right transfer matrix 7@6,
and the corner transfer matrix C~6 on the (3,6) lattice which are
defined by Egs. (5)—(7). The filled symbols correspond to the variables
which have to be summed up. The two-state and multistate variables,
respectively, are denoted by o and &.
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The factor 2 of 20,0, arises from the fact that o, and o, are
shared by two triangles, under the tessellation of “bitriangular”
Boltzmann weights. Also, the factor 2 appears in 203, and 20,
since the effect of external magnetic field 4 should be counted
for both upper and lower triangles. Under these factorizations,
we proceed the calculation by the CTMRG method [9,15].

The standard numerical formalism based on the diagonal-
ization of the row-to-row transfer matrix is not easily applied
under hyperbolic geometries. It has been shown that the
CTMRG method works as an alternative [18] when the (p,4)
lattice is considered under the condition p > 4. Recall that the
(p,4) lattice can be divided into four equivalent quadrants by
two perpendicular geodesics, and it is easily understood that
each quadrant corresponds to the corner transfer matrix [9,18].
Such division of the whole system is not generally admissible
for the (3,q) lattices, which is under our interest, in particular,
when ¢ is odd; we tackle this case in the following.

III. RECURRENT RG SCHEME

Let us consider the generalization of the CTMRG method
to the (3,9) lattice with ¢ > 6. The Boltzmann weight of the
whole (3,g) lattice can be represented by the product of the
q identical corner transfer matrices C, surrounding the central
spin o. In this picture, we can express the partition function in
the product form

q
Zop=y, Y. [lCotiEi ), “)

o £,6,...8, j=1

where &; and &;;, which appear as the parameters of the
corner transfer matrix C,(0'£;&; 1), are the block spin variables
corresponding to chains of the spins from the central spin o
towards the system boundary. We have assumed the cyclic
orderaround o, and thus &, = &, issatisfied. Throughout this
paper, we use the counterclockwise index ordering for the spin
variables included in corner transfer matrices C,(c&;&;41),
starting from any one of the two-state variables from o, to .
Also, the renormalized spin variables &; are aligned in the same
ordering, as shown on the red triangles in Figs. 2, 3, and 4.

Let us explain the recursive construction of the corner
transfer matrix C,(0'§;&;.1) with respect to the successive area
expansion of the whole system [9]. For a tutorial purpose, we
start from the (3,6) lattice where the system is on the flat
surface, and treat the cases ¢ > 6 afterward.

In contrast to the original CTMRG formulation [15], it is
important to introduce two different kinds of “half-row transfer
matrices” £, and R,, which are used for the area expansion
of the corner transfer matrix. On the (3,6) lattice, the area

FIG. 3. (Color online) The expansion process of £,, R, and C,
on the (3,7) lattice.
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_ FIG. 4. (Color online) The expansion process of L3, Ry3, and
C,5 for the (3,13) geometry.

expansions of the transfer matrices L¢ and R are performed
as

L6(040,050:6162) = Wh(0,0,0:04)L6(040:6162),  (5)

R6(0:040,0€1862) = Wh(0,040.04)Re(0.05E1E2),  (6)

where the position of each spin variable is graphically depicted
in Fig. 2. Similarly, the corner transfer matrix Cg is expanded
as

Co(040a0pE1E) = Y Wh(04040:04)Lo(040ExE1)
062,83

x Ce(0:6283)Re(0:016182). @)

The recursive expansion procedure in CTMRG can be initiated
by setting L6(0,050:04) = Re(0404050.) = Wh(0,0,0.04)
and Cs(0,0p04) = ), Wa(0,0,0.04) where the multispin
variables & are identical with the Ising ones o at the beginning.
In the following, we do not write spin variables explicitly for
bookkeeping.

We now generalize the above-mentioned expansion process
for the (3,¢) lattices, when g > 7, where the hyperbolic surface
geometry is realized. Drawing the lattice, such as shown in
Fig. 1, and analyzing the inner structure of the corners, one
can derive a set of recursive relations. The g-dependent corner
transfer matrix

C,=> WsL,C,R, ®)
o.,&'s

is a slight modification of Eq. (7). The relation is graphically
shown in Figs. 3 and 4 for the two representative cases.
Similarly, for the “half-row transfer matrices,” we obtain

Ly=> " WsCy'L,Cy. 9)
&'s
Ry=Y WeCy'R,Cq', (10)
E's
where n, is the multiplicity of C, given by
-6 -6
nqz\‘qTJEmax{neZngT}. (11)

In contrast to Eqgs. (5) and (6), the corner transfer matrices
appear in the expansion process of £, and R, when g > 7.
The extended transfer matrices £ @ R " andC , reenter the right
hand sides of Egs. (8)—(10).

The expansion process successively increases the system
size by expanding the matrix dimensions of fq, 7~€q, and 5q.
To prevent the exponential grow of computational effort, we
introduce the density-matrix renormalization scheme [9,15].
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Let us express the block-spin transformation by the matrix
Ugrg. The transfer matrices are “compressed” by the RG
transformation

(UliG[:q URG)/“Uliqu Urgll, = L,
(UlZGﬁ’qURG)/”UIiGﬁq Urgll, = Ry, (12)
(UiCaUr)/ 1UCoUrgll, = €y -

We introduced the normalization factor || ... |, in order to
avoid the numerical overflow in the expression of the partition
function.

The central issue concerns the definition of the RG
transformation. In the density-matrix renormalization scheme,
Ukg is created by diagonalization of the reduced density matrix
p which may be represented in a non-Hermitian (asymmetric)
form

p = Tren [ ) (@] (13)

The trace is taken over the spin variables belonging to the
environment as proposed by DMRG [15,20]. The states [y)
and |¢) correspond to two parts of the whole lattice. The
Boltzmann weight for these two parts can be calculated as the
product of the corner transfer matrices

V(0&.bp) = Z C(08,61)C(06182) ... Clodiép), (14)

&E1&2,.0 8k
o(ué &) = Z C(u&, )C(n& &) ... C(n&&s), (15)
&16,...8

where we introduced the condition k + £ + 2 = g. The most
optimal choice is to consider k =n 45 and £ = n 4 with
ng given by Eq. (11). We have used letter p for the two-state
variable of ¢ just for distinction from o of v, and this choice is
convenient when we construct the reduced density matrix. The
normalized partition function can be written as Z3 4) = (V¥|¢).
As an example, we obtain k = 3 and £ = 2 for the (3,7) lattice
with the corresponding Boltzmann weights

Y(okubp) = Y C(08.£1)C(061E)C(06:E:)C(0EEp),

516263
(16)
P(1ky ) = Y C(1&y E1)C(EENC(1ks).
&6

Notice that if ¢ is even, k =¢ = % — 1 resulting in
|Yy) = |¢). For this choice, the reduced density matrix p is
always Hermitian (symmetric). However, for any odd g, p
becomes non-Hermitian (asymmetric). This may lead to severe
numerical instabilities. In order to avoid them, we symmetrize
the reduced density matrix. We, therefore, consider an equally
weighted reduced density matrix

1
PO&lngp) = 5 D U0kt )P (utpt)
&

+ @1 (08L& W (ERE)). (17)

Having tested both formulations of the reduced density
matrix, Eqgs. (13) as well as (17), we encountered numerical
instabilities for the non-Hermitian case only, especially in the
vicinity of the phase transition. Otherwise, both density-matrix
formulations yield the identical thermodynamic properties.
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IV. MAGNETIZATION AND ENERGY

Since the detailed analysis of the phase transitions deep
inside the hyperbolic lattice is of our interest, we concentrate
on the bulk properties of a sufficiently large inner region of the
lattice [8,18], although the influence of the system boundary
is not negligible at all for the discussion of the thermodynamic
properties of the system. The bulk spontaneous magnetization
is an example where the value can be calculated by

M = Tr(op)/Trp (18)

in the CTMRG formulation. Without loss of generality, we
set the coupling constant J and the Boltzmann constant kg to
unity, and all thermodynamic functions are evaluated in the
unit of kg.

We now consider one-point functions of the Ising model on
the series of (3, p) lattices in the thermodynamic limit. First
of all, let us check the validity of our numerical procedure
as explained in the previous section. We perform a test
calculation for the flat (3,6) lattice. Keeping only m = 20
states of the multispin variables & [9,18,20], the obtained
spontaneous magnetization is shown in Fig. 5. The estimated
transition temperature 7. = 3.641 is quite close to the exact
value 7. =4/1In3 = 3.64096 [14].

Now, we focus on the hyperbolic surfaces. In Fig. 5, we
also plot the temperature dependence of the spontaneous mag-
netization M for the coordination numbers from 7 < g < 20.
The full and the dashed curves, respectively, distinguish the
even and odd values of g. As we show later, the system is
always off critical whenever ¢ > 7, even at the transition

temperature. We, therefore, use the notation Tp(tq ) instead of

TC(”) for g > 7; we also use Tp(f ) for g = 6in order to unify the
notation.

If a small magnetic field /# is applied at the transition
temperature Tp([q *7 the cubed induced magnetization M3 is
always linear around 4 = 0. Thus, the model satisfies the
scaling relation M(h,Ty) o< h'/® with the scaling exponent
6 = 3. This value is known for the mean-field universality of

1.0
0.9
0.8
0.7
0.6

So05)
0.4}
0.3
0.2
0.1
0.0

FIG. 5. Spontaneous magnetizations M with respect to temper-
ature T for 6 < g < 20. The inset shows the linear behavior of the
cubic power of the induced magnetization M?> with respect to the
magnetic field 4 around the transition temperatures Tp(;; ),
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TJ I T T T [T T T T[T T T T[T T T T [TTTL

Ll

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

FIG. 6. The squared spontaneous magnetization M? is linear with
respect to the normalized temperature near the transition point. This
corresponds to 8 = % Inset: the linearity of the M® is observed only
when g = 6 where 8 = ;.

the Ising model and is in full agreement with our previous
results for the hyperbolic (p > 5,4) lattices [18].

In order to observe the scaling relation of the spontaneous
magnetization M in a unified manner, we plot the squared mag-
netization M2 in Fig. 6 with respect to the rescaled temperature
by Tp(tq >D Near the point T = Tp(fl 7 the mean-field behavior
M(h = 0,T) o (T — T)# with g = 1 is detected. Note that
on the (3,6) lattice, the exponent is 8 = % as displayed in
the inset. To detect the scaling exponent § in a more precise
manner, we calculate the effective exponent

dn[M(h =0T <T)]
dn [Ty — 7]

Beit(T) = 19)

by means of the numerical derivative. The convergence of
Berr(T) with respect to Tp(tq) — T is shown in Fig. 7. It is

20 T T T T T T

AIZ* T I AR B B
t/ 6 8 1012 14 16 18 20

FIG. 7. Convergence rate of the effective scaling exponent. Inset:
scaling of the phase transition temperatures Tp([q ) versus the integer q.
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1.1, T { T { T { Yoé) T { T { T { T { T { T ]
10% q:6 _O-lk T T T T T T T T T 4
0.9 02f T/ 1
: L AN ]
r 0.3 / h / ///,/ 4
L ’/, —
0.81 L 04 e [ ]
0.7 S _8'(5; 7150 7
L -v.0 11, 1 4
O 0.6j :8;: /I’l/ 1
0.5 09F Y 1
[ o _10 U YR I Y S T S NI n
0.4 / 2 4 6 8 10 12 14 16 18 20—
L , T 1
0.3+ ,l 9 —
o | ’/,o 10 4
0.2 / L 11 -
r / Ot o o ! 13 14 B
0.1 /,’,/x e === =15__16 1718 19 20
00 L | L | L
0 2 4 6 8 10 12 14 16 18 20
T

FIG. 8. Specific heat as a function of temperature. The open
circles connected by the vertical dotted lines show the discontinuity.
Inset: temperature dependence of the internal energy.

apparent that the mean-field value 8 = % is detected for any
q > 7, whereas we confirm 8 = % on the flat (3,6) lattice only.

The linear increase of the transition temperature Tp(f *" with
respect to g is shown in the inset where the linearity appears
already around ¢ 2 8. This agrees with an intuition where the
mean-field behavior becomes dominant for large coordination
numbers.
Let us analyze the specific heat (or the heat capacity) per
bond
C = aEinl7 (20)

v AT
where E; is the internal energy per bond, or equivalently, the

correlation function between the two nearest-neighbor spins

E.. = —J{0i0i11) = —J Tr(0i0i410) (21

nt

with o; and o;,; located at the center of the lattice.
Figure 8 shows the results for C,, and E, . The internal energy
E;, is continuous for all the cases we computed. The presence
of the kink in E,, at the transition temperature for each
g = 7 corresponds to the discontinuity in C, [18,19]. For these
cases, the scaling exponent «, which appears in the relation
C,(h=0,T) x |Tp(tq) — T|_a, is zero. It is instructive to point
out that both C,, and Ej in the paramagnetic region are almost
independent on g; the tiny differences are hardly visible on the
scale in the figure.

V. ENTROPY AND CORRELATION

Whenever the reduced density matrix p is defined, the von
Neumann (or entanglement) entropy [21]

S =—Tr(plog, p) = — Za)i log, (22)

can be used as a characteristic quantity which is of use for
the classification of the phase transition. Figure 9 shows
the temperature dependence of S, which remains finite for
q > 7 even at the transition temperature. The entropies in the
paramagnetic region are also almost independenton g if g > 7
as found for C, and Ejy.

PHYSICAL REVIEW E 86, 021105 (2012)
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FIG. 9. Temperature dependence of the von Neumann entangle-
ment entropy. The inset displays the dominant behavior of S for the
(3,6) lattice.

The decay rate of the density-matrix eigenvalues w; is
shown in Fig. 10 on a semilogarithmic scale for both (3,6) and
(3,9) lattices. We confirm a power-law decay in w; only at the
transition point of the (3,6) lattice. Note that the eigenvalues o,
decrease exponentially for ¢ > 7 at the transition temperature.

The exponential decay of the density-matrix spectra is also
reflected in the correlation function

Gi.j = Tr(0;0;p) (23)

between two distant sites i and j. We place the spin o; at the
center of the system and o; at the system boundary. Therefore,
as the lattice expands its size via the recursive steps in CTMRG,
the distance between these two spins increases progressively.

Figure 11 depicts log;,(G; ;) as a function of |i — j| for
the (3,6) lattice (open symbols) and the (3,9) lattice (full
symbols). It is evident that the correlation functions always
decay exponentially on the (3,9) lattice regardless of the
temperature. We remark that an analogous exponential decay
of G; ; has been observed for all ¢ > 7 (not shown). On the

10 @ T[T T T T[T T[T I T T[T T T T[T TTT 11 |(3,6)atT<TP(16)

BW(G,6) at T= Tpf"

107 F AA (3,6) atT>Tp(f)

0069 ar<T

10—8 e O-0@3,9) at T= T:)

(©))

,‘))mT>Tpl
-12 B
10 "~
s 16
10 [~
20E
107 [
D4E
107 [
28

10 L1 \‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

|
5 10 15 20 25 30 35 40

1

45 50

FIG. 10. Decay of the density matrix spectra for the (3,6) lattice
(filled symbols) and the (3,9) lattice (open symbols).
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0 LI I L L L L L L B BB

log,, (G, )
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T NI | Y ENETETI AR A

0 5 10 15 20 25 30 35 40 45 50
[i=J]

FIG. 11. Decay of the correlation functions with respect to
the distance |i — j|. The open and the full symbols, respectively,
correspond to the (3,6) lattice calculated at 7 = 3.0, 3.641, and 5.0,
and the (3,9) lattice at T = 6.0, 7.608, and 9.0.

(3,6) lattice, the correlation function decays as a power law at
the transition temperature, as seen in the inset.

In the following, we compare the Gaussian curvature
associated to the (3,q) lattice with the correlation length at
the transition temperature. There are several ways to define
the correlation length &, [14,22]. For example, the decay rate
of the correlation function directly provides &, . This is straight-
forward, but the region of the distance for the fitting analysis
has to be valued carefully. Another possibility consists in using
the largest eigenvalue Ay(q) and the second largest one 1;(g)
of the row-to-row transfer matrix where &, is determined from

i—:ln[kdq)}. (24)
éq AI(Q)

The relation can be generalized to the (3,4 > 7) lattices, in
analogy to our previous formulations for the (5,4) lattice [23],
via the construction of the row-to-row transfer matrix

1(6104621810,65) = L4(0,15104)L4(0.6:2850,).  (25)

Using the notation of the recurrence scheme introduced in the
previous section, we calculate &, by use of Eq. (24).

The Gaussian curvature K, that corresponds to (3,q) lattice
is given by Ref. [24]

1
(iR

1
=—4 mccosh[m}, (26)

where R, is the curvature radius of the hyperbolic surface.
Recall that K, must be zero on the Euclidean flat space
(g = 6). Figure 12 shows the relation between K, and the

shifted transition temperature Tp(f’ - Tp(f ). The lower-left inset
shows complementary information about R,. The correlation
function &, calculated around the phase transition for three
different ¢’s is plotted in the upper-right inset. Notice that &,
reaches its maximum at the phase transition, which is not well
visible as g increases.

Figure 13 shows the dependence of the correlation length
&,(T) at the transition temperature with respect to the curvature

PHYSICAL REVIEW E 86, 021105 (2012)
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[ @ © =19 "o ]
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79 _7©
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FIG. 12. Gaussian curvature K, with respect to the shifted phase
transition temperatures for 6 < g < 20. The inset on the left shows
the related radius of the curvature iR, via Eq. (26), while that on
the right shows the correlation length in the vicinity of the phase
transition.

radius R,. In order to collect these data, we performed exten-
sive calculations up to 32 digits numerical precision for the
value of g as large as ¢ = 10 000 000 where the corresponding
Gaussian curvature Ky is approximately 900. Note that both
quantities diverge on the (3,6) lattice, and therefore 56(Tp(t6 ))
and Rg are not shown. Let us focus on the limit R, — 0,
which corresponds to g — oo. Evidently, the correlation
length &, decreases to zero as g tends toward infinity (the
circles). Applying a least-squares fit, we obtain the relation
§, = LA44(R, )%-998 a5 shown by the thick dotted-dashed curve.
If we consider the error in the calculation of the correlation
length, we can conjecture that &, is proportional to R,.
Recall that the specific heat C,, the internal energy Ejy, and
the entanglement entropy S turned out to be weakly dependent
on the value of ¢ in the paramagnetic region 7 > Tp(t”) for
q > 6. Thus, it can be conjectured that the disordered state is

1.6 e
r 1! H“W HW‘ H“W HW‘ H“W LALLL E| E * -
14~ F %b 5 : -
[ <} 3 1
~ -2 g —
L2-< 107 ‘o-0.. E
Foar 73: O._.. 3 B
—~ 1o 10 F o .g * =5
§ - - -4 m“uﬂm“uuﬂm“um“uuA R -
~" 08l 10°10' 10> 10° 10* 10° 10° 10 : -
S 08 0'10' 10 oqo 10710 * 0
> r * * O 4
0.6 x o i
* O
L 'OOO J
04+ . 5 2‘5 20 oo By = 144 RO -
o' %1008 50 0 --= &= 18R} |
o.zﬁ%&a _

e b b b b 1y
O'%.O 0.1 0.2 0.3 0.4 0.5 0.6 0.7

B 1
iR, = K,

FIG. 13. Asymptotic scaling of the correlation length &, at the
transition temperatures TP({’ ) with respect to R,. The thin dotted lines
serve as a guide to the eye. The inset shows the difference A&, (Tp({’ )
in Eq. (27) with respect to ¢ on a double logarithmic scale.
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not modified by the presence of the negative curvature. We,
therefore, compare &,>7 just at the transition temperature Tp(f’ )

with the correlation length & at the temperatures 7 = Tp(tq ).

These values are plotted in Fig. 13 by the asterisks. Since Tp(tq)
almost linearly increases with g for large values of ¢, the dotted
line goes to the origin of the graph. The circles and the asterisks
in Fig. 13 are of the same order for all ¢, and this fact supports
our conjecture that R, represents the only characteristic length
of the hyperbolic lattice and that the phase transition occurs at
the temperature where &, is of the same order as R, . Note that

éé(Tp(f’ ) > fg’q(Tp(tq )) is always fulfilled as plotted in the inset of
Fig. 13 where we show the difference

Aoy (Ty") = [66(Ty") = & (1) @7

The relation é(,(Tp([q )) > &, (Tp(tq ) ) may be explained by the effect
of the negative curvature that prevents from a kind of loop-back
of the correlation effect. Such suppression is also expected
to be present in higher-dimensional hyperbolic lattices and
could be analytically studied by means of the high temperature
expansion.

We conjecture the reason why the correlation length
remains finite even at the phase transition temperature Tp(f’ )
for g > 6, as follows. First of all, the hyperbolic plane
contains the typical length scale R, and it might prevent
scale invariance of the state expected at the criticality. A
more constructive interpretation could be obtained from the
observation on the row-to-row transfer matrix. The calculation
of &, by means of Eq. (24) requires diagonalization of the
row-to-row transfer matrix 7, (£,0,4,|£/0,&5) in Eq. (25). The
matrix corresponds to an area which connects (transfers)
the row of the neighboring spins {&,0,&,} with the adjacent
ones {£/0.&5}. The shape of this area is very different from
the standard transfer matrix on the Euclidean lattice, which
corresponds to a stripe of constant width. On the hyperbolic
surfaces, however, this distance between the spin rows is not
uniform. The distance is minimal at the center of the transfer
matrix, i.e., between the two spins o, and o, and it increases
exponentially with respect to the deviation from the center
to the direction of spin rows. Such a geometry [23] could
be imagined from the recurrence construction in Eq. (9). As
a consequence, the transfer matrix has an effective width,
which is of the order of the curvature radius R,. The region
outside this width contributes as a sort of the boundary spins
that impose mean-field effect to the bulk part. This situation
is analogous to the Bethe lattice, being interpreted here as
(00,q) lattices [18]. Thus, the Ising universality could be
observed only when the correlation length &, is far less than the
curvature radius &, << R, . As the length &, increases toward
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the transition temperature, we expect a transient behavior to
the mean-field behavior around the point when &, becomes
comparable to R,. We are confirming these conjectures and
the details will be reported in our subsequent work.

VI. CONCLUSIONS

We have presented a detailed analysis of various non-
Euclidean lattices forming surfaces with hyperbolic curva-
tures. In addition to our previous works on the (p,4) lattices,
we studied the complementary situation represented by the
(3,9) lattices. This task required a reformulation of the existing
CTMRG algorithm. We, therefore, considered the half-row
transfer matrices and the corner transfer matrices including
asymmetric (non-Hermitian) cases. For the lattices with odd
q’s, we symmetrized the density matrix by the way which has
been accepted by the DMRG community [20].

We treated the Ising model on the (3,q) lattice with
coordination number 6 < g < 107. The phase transition tem-
peratures are determined from the analysis of the magneti-
zation, internal energy, specific heat, and the von Neumann
entanglement entropy. We have shown that the transition
temperature Tp(f’ ) linearly increases with ¢ for larger values
of g. The scaling behavior of the thermodynamic functions,
including their related scaling exponents @ =0, § = %, and
8 = 3, obeys the mean-field universality class. The mean-field
nature of the hyperbolic surfaces is characterized by the
exponential decay of the reduced density-matrix eigenvalues
and the correlation functions even at the transition temperature.

We further evaluated the radius of the Gaussian curvature
R, for the generic (3,9 > 6) lattice geometry and compare
it to the results for the correlation length extracted from the
row-to-row transfer matrix. We found a strongly suppressed
correlation length &, < 1 at the transition point for any g > 7.
We conjecture that &, is proportional to R, in the large ¢
limit.

In order to elucidate the origin of the mean-field universality
induced by the hyperbolic geometry, our future studies
aim at the treatment of specific hyperbolic geometries with
nonconstant Gaussian curvatures in order to systematically
approach the Euclidean (flat) geometry.
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