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Abstract

A class of classical spin systems in two dimensions with symmetry of a cyclic group
is studied in three ways: by the real space renormalization group technique, by the duality
transformation and by a numerical experiment. The former two methods are shown to be
in a close relation to each other. Useful information is obtained on the shape of the critical
surface, on the behavior near the criticality and on thermodynamic quantities such as the
internal energy and the magnetic susceptibility. Some of these results are compared with
expected properties of the planar model, to which the present model reduces if an appropriate

limit is taken.
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I. Introduction

Recently two-dimensional spin systems began to draw attention theoretically and
experimentally. From the theoretical point of view, two-dimensional systems with short
range interactions are quite interesting because of their marginal properties; some two-
dimensional systems are supposedl)’z) to have a new type of low temperature phase with-
out long range order, while three-dimensional systems clearly undergo phase transitions
accompanying onsets of long range order, and one-dimensional ones have no critical
points. Developments in experimental techniques have made it possible®)™5) to test some

6):18) concerning this marginality.

predictions
In this context we have theoretically investigated the properties of a class of two
dimensional systems by making use of three methods: the duality transformation which
gives a constraint on the shape of the critical surface, the renormalization group which
mainly concerns the critical phenomena and Monte Carlo simulation which gives a clear
picture on the behavior of thermodynamic quantities in a wide range of temperatures.
Our Hamiltonian to be treated in t.his thesis is expressed as
H= 2 VE—§) (1.1)
<i,j>
where £; is a spin variable which takes an integer value between 1 and n:§;=1, 2 ...,
n. The indices i and j run over all pairs of nearest neighboring lattice sites. By the spin
variable £;, we merely mean some degree of freedom attributed to the site i V is a
periodic and even function: V(§)=V (-£)=V(& +kn) (k is an arbitrary integer). The
temperature factor —1/kT is already included in V. The reason why models of this

type are interesting can be made clear if we take some special forms of V.

First let us put

J i — &
V(«S;—E,-)=—k—T' cos (2m —EH—EL ). (1.2)

This is the discrete vector model” ~12):1%) (sometimes called the planar Potts model!®).
In the limit n = oo it reduces to the planar model

V(9;—06;)= ;JT—cos (6;—96;) (1.3)

The planar model is experimentally a lattice gas model of the superfluid Helium!$)16)
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in which 0; represents the phase of the order parameter. The two-dimensional case in
this model is particularly interesting because it is believed to have a critical point at some
finite temperature')»?) although the absence of long range order at any finite temperatures
has been proved rigorously.!” Miyashita et al.'® studied the discretized version (1.2) of
the planar model (1.3) by performing a Monte Carlo simulation. José et al.!®) regarded

(1.2) as an effective Hamiltonian of the planar model (1.3) when the symmetry breaking

cristal field H'
H = %Dh cos(nb;)

is relevant to critical phenomena, and they treated the models (1.2) and (1.3) by a renor-
malization group transformation. Both of these two papers by Miyashita et al. and by
José et al. suggest that the discrete model (1.2) behaves like the continuous model (1.3)
if n is large enough and the temperature is not too low. The results of the present work
also support their suggestion. From the experimental point of view, the planar model
(1.3) is most interesting. However, it is very difficult to study it directly. The extra-
polation from the discrete model is a possible strategy.
If we take another form of V as

o const
V(E)=E Sppu X~
then, it is the Potts model.®?)  Potts regarded this model as an extension of the Ising
model (in the special case n =2 this reduces to the Ising model) and found that a duality
relation holds. (The duality relation which he found relates the free energy in the high
temperature region to that in the low temperature region. Therefore it is possible to
locate the transition point as the boundary of these two regions.) The Potts model was
the first extension of the Ising model as a system for which the duality holds.

The three ways of our approach, namely, the duality transformation, the renormali-
zation group and Monte Carlo simulation, are presented successively in chapters II, III and
IV. In chapter II the Wu-Wang duality relation®®) is explained, and it is found that its
applicability to the determination of the distribution of singularities of the free energy is
limited. This limit is complemented by the renormalization group approach proposed by

Migdal?? and re-interpreted later by Kadanoff??, as is shown in chapter IIl. Two of the
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results of this renormalization group calculation are of particular interest. That is, (i)
although it is already known®>'¥ that the location of the transition point of the discrete
vector model (1.2) with »n less than six is exactly calculable, it is possible to obtain, by
using the Migdal-Kadanoff transformation, the transition points of models even for
nZe6. (ii) As to the critical phenomena, the results on the discrete vector model ob-

tained so far?:14):18),19)

are well reproduced and some new aspects of the general model
(1.1) are found by means of the Migdal—Kadanoff transformation. In chapter IV we
refer to the results of the Monte Carlo simulation by Miyashita et al. and comment on
the validity of the finite-n approximation (1.2) to the planar model (1.3). Chapter V is
devoted to general discussions.

In this thesis we confine ourselves to the two-dimensional square lattice for simpli-

city.

II.  Duality transformation

A duality transformation relates the free energy of a system in the high temperature
region to that in the low temperature region. Thus it is possible to identify the location
of the transition point as the boundary of these two regions. A duality relation was first
discovered by Kramers and Wannier®®) for the two-dimensional Ising model, and it was
extended to the Potts model by Potts®) and Kihara et al.>) Here we adopt an expression

derived by Wu and Wang?® for the general model (1.1).

§2.1 Formulation2®)

We can express the partition function of the system (1.1) in two different ways.

The first one is defined by

Z=Zew (3 V() 2.1)

where the summation z;‘: is taken over all values of the variables {£}. For later con-
venience, we rewrite Eq. (2.1) in a slightly different form. ILet us take the set {§;—&}

in Eq. (2.1) as a new set of variables. Clearly not all of these new variables are inde-
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pendent; along a closed circuit on the square lattice (Fig. 1), the summation of new

3 £

-~

3 A

0 g

é fd >3§

S, — &

y) 2 3 '53
Fig. 1. The set of differences of the original variables [& —§;] is taken as a

new set of variables. Only N (the number of lattice sites) of the new
variables are independent.

variables {2,-—’;‘]-} vanishes (e.g., in Fig. 1, (&;—&)+ (§,—&3)+(E3—£4)+H(55—£,)=0).
It should be noted that this condition for vanishing holds only when we choose the order
of the subtraction Si—zj as follows, that is, & and Sj are variables at the tail and head of
the arrow respectively, where the arrow connects the two neighboring lattice points i and
j, and it is directed to the way along which we go around the circuit. By using this new
set of variables {nl-j} (n;;=§—%&), which are defined for all bonds, we can write the

partition function as

=3 y (2.2
z [%1 oxP (<tz,j> V()
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where the primed sigma denotes the sum over all values of the new variables [n] which
satisfy the condition for vanishing.

Another expression of the partition function is obtained by expanding the Boltz-

mann factor exp [V(4—§)] in Eq. (2.1) in the following Fourier series:

xp [V —£)] = & exp [2mih, S’f"

] u,., (2.3)

i

This Fourier expansion has only n terms since the interaction V is periodic: V (¥)=
V(£+n). Note that the variable A;; in Eq. (2.3) can be regarded to be attached to
the bond connecting the two sites i and j. As is shown in the following, the substitu-
tion of Eq. (2.3) into Eq. (2.1) and the summation over {£} in Eq. (2.1) yield the

second expression of the partition function:
Z=nNT' Mu, . (2.4)
{7\} G,py i

Here the primed summation has the same meaning as in (2.2) and NV represents the total
o

Ab

®- @
§§ Aa é lc 5@

A4

0§5

Fig. 2. An assignment of the original variables {£} and the variables {A} in
the Fourier-transformed expression.
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number of sites on the lattice. We show below how the primed summation over A ap-
pears in Eq. (2.4). Let us consider the configuration of the variables shown in Fig. 2.

By making use of Eq. (2.3), the trace of the product of the Boltzmann factors exp V
(81—%2), exp V(§1—&3), exp V(§;—%4) and exp V(§;—£s) over &, results in

$ exp [V —£2) + V(E —£3) + V(E —£a) + V(E —£5)]
£1=1

) 2mi .
=nZ u, uy uy texp—(—NE2 + N5 + N E —Ngks),
}\a’)\b a b "c "d n

>‘c' Ad

where the prime means the constraint on the summation that the sum of \’s of the four
bonds A, +A,+A.+A; should be a multiple of n. If we call A, the current attached to
the bond a (and similarly for b, ¢ and d), it is possible to interprete this constraint as a
current conservation condition with modulo n at site 1. By taking summations over all
&’s in this way we reach the representation of Z in which {\} is a new set of summation
variables which satisfies the current conservation condition. This conservation condition is
clearly equivalent to the condition that the current around any closed circuit should
vanish. Thus we get the expression (2.4). By comparing Eqgs. (2.2) and (2.4), we find
that the partition function is invariant with respect to the exchange of exp V{(j) and u;

(except the pre-factor nZN):

Z(e'W e e, ™) = (nu, YN Z (uyft, Upfth s U, (25)

where we have normalized #; in Eq. (2.4) by u,, because we hereafter normalize the
Boltzmann factor exp ¥V (n) for parallel spins in Eq. (2.2) to unity (e Vin) = oV10) = 1),
and consequently the corresponding Boltzmann factor u, in Eq. (2.4) should also be
made unity by dividing all u;’s by u,. This normalization is not necessary in general for
our discussion, but it makes calculations simpler by reducing the number of free para-

meters. For simplicity we denote x; for V(¥ and x)* for u,. That is,

(2.6)

as can be verified from the definition of u, in Eq.(2.3). Then Eq.(2.5) is re-expressed as
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Z(x1, Xg0 = X, ) = ()N Z(xef, x5, x, %) (2.7)

This is the duality relation we have intended to derive.

From Eq. (2.6) it directly follows that all x,*'s are monotomically decreasing func-
tions of xys. If we note that the high temperatures correspond to the values of x's
near 1 (x¢ =eV(€)~¢® = 1) and the low temperatures to xg~0 (xg~e " =0) and simi-
larly for x»*’s, this duality relation (2.7) can be interpreted to relate the free energy (or
the partition function) in the high temperature region to that in the low temperature
region. The transformation (2.6) from (x;, x5, ---, X,.,) to (x*, x,*, ---, x;5.,) is called
the duality transformation. We denote it by D.

Since we treat an anisotropic interaction characterized by ¥, and V), in the next
chapter (including the isotropic interaction Vy =¥y, =V as a special case), some generali-
zation of the duality transformation is necessary. As can been seen from the arguments
hitherto, the duality transformation for the anisotropic case can also be derived by chang-
ing the state variables from the original spin variables {{} to the set of parameters {\}

appearing in the Fourier expansion of the Boltzmann factor:

n 27N
exp (Vanis (M) = }\2 leXp (

) uy

where §=§,—¢, (Fig. 3). Each of these parameters {A} can be regarded to be assigned

to the bond connecting two sites on the original lattice. Thus, by taking into account
o3 Ko
A=| /(ar“’(p

3 7ﬁ§—g 3

Fig. 3. Both of the variables n and A can be expressed by the differences

El —Ez and Ka—Kg.
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the current conservation property of {\}, it is possible to interprete A as a difference
Ko—Kg of two parameters k, and kg assigned to the two sites on the dual lattice (a
lattice with sites each of which is located in the midst of four neighboring sites of the
original lattice). Hence the duality transformation for an anisotropic model brings the
interaction in the x-direction to that in the y-direction and vice versa. In this way the

duality transformation (2.6) and the duality relation (2.7) are generalized as

n 27N
Egle p ( n E)xi
y}\* - n
g:zlxi'
n 2miNE (2.8)
EEICXP ( p” ) Ve
X. ¥ =
A n
g_-':lyi
and
Z (X1, X2, oy Xp13 YV15Y25 s Yn-1)
= 0 (uonstoy N Z(y 1ty - yn %5 XEX2E -, Xn™) (2.9)
where
1 n
uox = 3 2, exp (Ve (®)
and

1 »n
oy = 5%, exp (V3 (8))

(These expressions of uox and uyy have been obtained by generalizing the definition
(2.3) of uy in the isotropic case.) In this chapter we treat only the isotropic duality
given in Egs. (2.6) and (2.7).

Since a “ferromagnetic” interaction is assumed, that is, 0=V (Q)>V(1)>.-->V
([n/2]) ([n/2] is the largest integer not exceeding n/2) and V(n)=V(O0)>V(n-1)
>...>V([n/2]), all of the x; = e (®) are less than unity. Furthermore as mentioned in thel
previous chapter, we assume that V already includes the temperature factor —k7/J. From
these two facts it follows that the point (x;, X, ---, ¥n.,) in the n-1 dimensional space

draws a line connecting (1, 1, ---, 1) and (0, O, ---, 0) as we vary the temperature T
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from infinity to zero. Correspondingly the dual Boltzmann factors (x*, x,*, ---, x;¥;),
as a set of monotonically decreasing functions of x¢'s, draw the corresponding trajectory
from (1, 1,.--, 1) to (0, O,---, 0) as T decreases. Therefore it is clear from Eq. (2.7)
that if the free energy is singular at some temperature 7., then it is singular also at the
corresponding point (¢* ¢y (Te), X2 (Te), -y Xn-1(Te)), -+, X751 (61 (Te), X2 (Te), -,
Xn.1(T¢)))- Now let us regard {x;} as multually independent variables and not as func-
tions of the temperature. Then the duality relation (2.7) still holds for Z, as can be
verified by re-tracing the derivation of Eq. (2.7), and it gives a constraint on the way in
which the singularities of the function Z distribute; if Z is singular at (x,., X2, -,
Xy.1,¢), it is singular also at the dual point (x;*(xic, X2¢, **5 Xno15¢)s =5 X¥1 (X105
Xacs ***s Xn-1,c))- Since a physical system of the type of Eq. (1.1) is represented by a
line connecting two points (0, 0, ---, 0) and (1, 1, ---, 1) in the n-1 dimensional space,
we can determine the location of the transition point of any system of the type of Eq.
(1.1) by finding the distribution of singularities of the function Z(x;, x5, -+, Xp.1):
the intersection of the set of singularities (i.e., the critical surface) and the line represent-
ing the physical system is the transition point. Thus the problem of finding the transi-
tion point can be solved by determining the distribution of singularities of the function
Z with mutually independent variables {x.}. The duality (2.7) offers a clue in this pro-
cedure by limiting the possible distributions. The next section is devoted to the illus-

tration of this idea.

§2.2 Application

Before giving some examples of the application of the idea in the previous section,
we should make two remarks.

The first one is on the reduction of the degrees of freedom. Since our interaction

V is an even and periodic function, the following relation holds:

£=eV(E)=eV(_E)=eV(n_£)=Xn__g. (210)

Similarly, from the definition of the dual Boltzmann factors (2.6), we can obtain the
same relation for x,*. Therefore, for simplicity, it is appropriate to confine ourselves to

the subspace (xy, Xz, ---, X[/2])- In the rest of this thesis all functions of (xy, x;, -,
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Xp-1) will be written as if they were functions of (x;, x,, - - - ,X[n/2}1). We make the second
remark on the role played by the fixed point of the duality transformation D. If there is
a fixed point of D on a line connecting (0, 0, - - -, 0) and (1, 1, - - -, 1), the assumption that
this point is singular is clearly consistent with the duality (2.7). It is not only consistent
but, as can be easily understood, also this assumption is rigorously justified if we assume
the existence of a unique singularity on this line representing a physical system. Therefore
our interest in this section is focused upon the distribution of fixed points of D. Unless men-

tioned explicitly, we identify a singularity (i.e., a transition point) with a fixed point.

22,1 Case 1: n=2and 3

In this case the number of degrees of freedom is unity (=[n/2]). Thus the transi-

tion points of these models are given by, respectively,

1—x,
xc = xc*z
1+x,
and
1 —x
Xp = Xp* = ¢
1+2x.

as is well known.'?
222 Case 2: n=4
If n is four, [n/2] is two, and, as a direct consequence of the duality transforma-

tion (2.6), the set of fixed points constitutes the line
X6 = 1-2x,¢

The four-state Potts model'®>'?) is a system with x; =x, and consequently its transition

point is given by x, =1 — 2x,, i.e., x. = 1/38)’9). The four-state discrete vector modeln),”)

has the Boltzmann factors x; = exp[(—1+cos 2n/4)K] and x, =exp [(—1+ cos 47/4)K]
= x2. Its transition point is given by X2 =1 — 2x., i.e., xo =v/2 — 1191 In the region

X, > Xy, the situation is a little more complicatedzs) (the fixed point does not necessarily

correspond to the ciritcal point), and will be explained in detail in the next chapter.

223 Case 3: n=5

In the model with n =5, the degree of freedom ([n/2]) is two, and the set of fixed
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points is a line x{ +x§ = (v/5—1)/2, as can be verified by putting x; =x7= xS and x,=
x,' = x5 in Eq. (2.6). Hence the five-state Potts model (x; = x,) has the transition point
at x,=(\/5 - 1)/48)’9) and the five-state discrete vector model is critical at exp [(—1 +
cos 2m/5)K,] + exp [(—1 + cos 4n/5)K,]= (V5 — 1)/2.18)
224 Case 4. n=6

It has been shown for the models with » up to five that the set of fixed points
divides the parameter space (x,, X,, -+, X[n/2]) into two parts, each of which is inter-
preted as the high temperature phase and the low temperture phase respectively. (see
Figs. 4, 5). On the other hand, the six-state model has, in the three dimensional space

(x1,x 4, x3), fixed points only on the following line

X9
1

4 State Potts

I

4 DVM

Fixed line

O A v
r ‘l A 1
0.5
Fig. 4. The free energy of the four-state model is fixed by the duality transform-
ation along the line x, =1-2x,.The two lines representing the four-state
Potts model (x;=x,) and the four-state discrete vector model (4DVM,
X, =x;%) have common points with this line.
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1.0

_H State Potts

\T\\ X 5DVM
Fixed line

Fig. 5. All points on the line x; +x, =(+/5-1)/2 is fixed by the duality transform-
ation of the five- state model. The transition point of any five-state model
is obtained as the intersection of this invariant line and the line representing

the system,
A 3+4/6
X1 = 3 — 3 X2

Vo6 -3 /6
= +
3 3

X3 X2

(2.11)

“which can be obtained by putting x, =x1*, X, =x2* and x3 =x3* in Eq. (2.6). This line

does not divide the three-dimensional space into two distinguishable parts, and we cannot

determine the location of the transition point for an arbitrary six-state model; more pre-

cisely, a line representing a particular six-state model (e.g., the six-state discrete vector

model: x; =exp [(—1+cos 27/6)K], x, = exp [(~1+cos 41/6)K] and x; = exp [(—1+

cos 6m/6)K]) does not generally have a common point with the invariant line (2.11).
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Similar situation arises also for n =7, and this fact makes it difficult to locate the transi-
tion point of many-state (n =6) systems only by means of the duality transformation.
However, it should be noted that the absence of a fixed point of the duality transforma-
tion along a physical line connecting (0, 0, ---, 0) and (1, 1, ---, 1) does not immediately
imply the absence of any singularities on this line; a fixed point can surely be a transition
point (assuming its unique existence) but the converse is not necessarily true. The duality
relation (2.7) never asserts that any sigularity should be identified with a fixed point, but

only tells that, if a particular point on the space (x,, -+, x[/2)) I8 singular, then the

point dual to it is also singular. As mentioned above, if n exceeds five, this constraint is
not strong enough to locate all singularities even if we assume the uniqueness of the
transition point. Thus it is necessary to introduce another approach, for example, the re-
normalization group transformation as in the next chapter.

Before concluding this chapter, we remark that it is possible to find the value of
the transition point even for n larger than five if we confine ourselves to particular
models whose trajectory in the [n/2] dimensional space intersects the set of fixed points.
A most popular example is the Potts model in which x; =x, = EX(p2] T Applica-

*

tion of Eq. (2.6) to this model yields x1*=x2 = e =xrn/2]—=—x*. Hence the transition

point exists at x, =xc* =(1—x.)/(1+(n—1)x;), namely, we obtain the well known result®)

xp = 1/(1+/n=1).

III. Renormalization group transformation by Migdal and Kadanoff

It is well known? that the real space renormalization group technique gives an
approximate value of the critical point. Among various formulations®® of the real space
renormalization group transformation, the ingenious one by Kadanoff?2) based on the idea
of Migdal®" has a remarkable property??): if it is applied to the Potts model (including
the Ising model) on the square lattice, it gives the exact value of the transition point.
In this chapter we show that this property of the Migdal-Kadanoff transformation can be
extended to the general model (1.1). By extension we never mean that we have proved

that the transition point obtained by the Migdal-Kadanoff formalism is exact for any
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systems of the type of Eq. (1.1); we only imply that the distribution of singularities given
by the Migdal-Kadanoff renormalization group transformation (MKRG) satisfies the duality

constraint (2.7).

§ 3.1 Formulation

The set of Boltzmann factors (of two neighboring spins) in a system with anisotro-
pic interaction is expressed by (x,, x5, ---, X(n/21 Y1s Y2, oo y[n/zl), where x¢ = exp
V() and yg=exp V,(§). As is shown in Appendix A, MKRG transforms this set of
Boltzmann factors into a new set (xj, X3, -, x['n/'z] S V1, Vo o y['n/'z]) with x; and

y¢ given by

i21r§>\ _127r2w b
[—Ze " [Ze " xu]b]
n o\ u
XE—
_i21r?\g b
[—=[Z " x,1°1]
n A M
(3.1
] i277$>\ _12’”&)\ b
—3Ze " [Ze " ()]
n a i
yE_ ’
1 _j 2meA b
—Z[Ze " (b1
n oA u

where b denotes the scale factor (b>1). Normalization x, =y, =x, =y, =1 is implicit
in Eq. (3.1). Resemblance of this transformation to the anisotropic duality transforma-
tion (2.9) is remarked. In fact it requires only a simple but tedious calculation to show
that these two transformations are commutable: (x;)'='(x'§)*‘vand (y:)'='(y'g)*. This
commutability ensures that MKRG yields a distribution of singularities which is consistent
with the duality constraint (2.9). This statement can be justified as follows.

The first step of the proof is to notice that the dual point of a fixed point is also
a fixed point as a consequence of the commutability. (If xg;':'xg, then (xag)'='x;, and
similarly for ».) For example, MKRG,(3.1) has a trivial fixed point with all x and y zero

(except x, =y, =1): (0,0, ---, 0;0, 0, ---, 0), which is transformed into another trivial
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fixed point at (1, 1, ---,1;1,1,---,1) by the duality transformation (2.8). It is easy to
see that a non-trivial fixed point is transformed into a non-trivial fixed point. Now the second
step of the proof is as follows. Let us construct an infinite series of points by starting from
a point in the 2(n — 1) dimensional space (x; ,X2, -+ ,Xp_1; Y1,Y2,*+, Yn—1)and making
the next point one after another by MKRG (3.1). The set of points dual to these points
constitutes another series. If the first series flows into a non-trivial fixed point, then also
the dual series does, because a dual point of a non-trivial fixed point is a non-trivial fixed
point as a consequence of the commutability mentioned above. This fact, together with
the ansatz of the renormalization group that all singularities are ultimately transformed into
one of the non-trivial fixed points, lead to the desired result: dual point of a singularity is
also a singularity within the framework of MKRG. In other words, MKRG yields a distribution
of singularities (critical surface) which exactly satisfies the duality constraint (2.9).

A remark is made here. MKRG, as a renormalization group transformation, carries
all the information on the properties of the system, including the value of the transition point.
Our proof above never asserts that this value of T, is always exact. MKRG is an approximation
while the duality is exact. Therefore the above information obtained only by MKRG except
the duality (e.g., the location of the transition point of the six-state discrete vector model,
and for details see §2. 2. 4) is nothing but a conjecture. Our claim based on the above proof
is that the conjecture by MKRG on the distribution of singularity of the free energy is reliable
because it exactly satisfies the duality. In this statement it is assumed that the duality relation
(2.7) or (2.9) is a very strong constraint on the shape of the critical surface. This assumption
is believed to be reliable from the fact that the duality relation exactly determines the critical
surface if n<5.

Another important fact should be pointed out. As has been noted by Kadanoff??),
the anisotropy in the recursion relation (3.1) is manifestly an artifact of the approximation.
Reliable information on the distribution of singularities is obtained only in the limitd -1 +0

(infinitesimal transformation), in which x; =y{ if x, =y,. and Eq. (3.1) then reduces to

dxg 1 n 2mikp 1 n
——=xglnx£+——Ee n F}\IHF;\—-——XSE FyInFy (32)
dl n x=1 ok
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with
n lZn?xu
F)\ =2 " Xy
p=1
and
[=Inb

As an example of the effect of the anisotropy of the recursion relation (3.1), in the isotropic
Ising model (Vy = Vy and n = 2), the commutability of the duality transformation and MKRG
for arbitrary b garantees that the location of the transition point obtained by MKRG satisfies
the duality constraint, x, =(1 —y,) / (1+y,)* (which can be obtained from Eq. (2.8)),
but each value of x. and y, is different?® from the exact solution?*) except in the isotropic
limit 5> 1+0. For this reason, in the application in the next section, only the isotropic

transformation (3.2) will be treated unless mentioned explicitly.

§ 3.2 Application

According to the discussion in the previous section, MKRG (3.2) should reproduce
the results on the system (1.1) obtained in chapter II. As is shown in the following, it does
reproduce exactly the distribution of singularities for the systems with »n up to five. Further-
more it gives some conjecture concerning the systems with #n exceeding five. This conjecture
has a good reason which is reliable as explained in the previous section.
321 Casel: n=2 and 3

The recursion relation (3.2) for these models are solved to give the transition points

(the fixed points) at
Xe = X1 = \/T -1

-and

Xe Xie (\/? -1)/2

respectively, both of which are exact as expected. Linearization of the recursion relation

near the criticality yeilds the values of the critical exponent

*) Note that an isotropic system V= Vy) is transformed into an anisotropic one (V; ¥ V}',) by MKRG(3.1)
if 5>1.
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o 1 -
Sy YT 1327 . (33)

V3 1.191 (3.4)
v = =~ 1. .
21n([32—_—1—)+2\f3‘

for n = 2 and 3 respectively. It is well known

and

25) that the critical gxponent v assumes unity

in the two-dimensional Ising model. The above result (3.3) exceeds the exact estimation by
33%, which exhibits the limit of validity of MKRG for the purpose of investigating the critical
behavior. Nevertheless the fact that v decreases as n increases from two to three is qualita-
tively in agreement with other approximate estimations: forzn =3, » =0.8415 by Marland 26’
(RG by decimation) and » =0.852 by Zwanzig and Ramshaw?®”) (series expansion).
322 Case 2: n=4 and 5

In these models the degree of freedom [n/2] is two, and therefore the flow diagram

X5 oC
1.0 [\ 3 /

\ 4 [State Potts

4 DVM

V%

0.0 0.5 1.0 X

Fig. 6. The flow diagram of the four-state model. Four non-trivial fixed points (e)
have been found.
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1.0

5 State Poits

1.0 X1

Fig. 7. The flow diagram of the five- state model. Three non-trivial fixed points
(®) have been found.

of MKRG is written in a two-dimensional space as in Figs. 6 and 7.
The fourstate model treated here is a special case of the Ashkin-Teller model.”)

28) investigated this system by the real space renormalization group in the form of

Knops
the block spin transformation technique23) to obtain a flow diagram quite similar to Fig. 6.
He pointed out that a branch point exists (corresponding to A in Fig. 6) in the phase boundary
(critical surface) in agreement with our result. Our picture differs from his only in quantitative
details: the exact loci of the transition points A, B, C and D have been given by MKRG.

It is instructive to note here the relation between the daulity result (Fig. 4) and the MKRG
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result (Fig. 6). All points on the line x, = 1 — 2x; are fixed by the duality transformation,
but this line is the phase boundary only between A and D (Fig. 6) according to MKRG. The
phase boundary continues from A to C and from A to B, and these two segments A-C and
A-B are mutually dual. This is an example in which the fixed point of the duality transfor-
mation is not a singularity of the free energy. As to the critical phenomena, MKRG (3.2)

for n = 4 gives the value of the critical exponent v as

1
v = > 1.327

V2 In(/2 —1)+2

at B, C and D (Fig. 6) and

1
p = —— = 1.109
2 —1n3

at A. As expectedzs), three fixed points B, C and D have the same critical property as the
transition point of the Ising model (see §3.2.1).

The five-state model'*) has the flow diagram shown in Fig. 7. Three non-trivial fixed
points appear at A(0.5129, 0.1051), A'(O.lOSl, 0.5129) and B(1/(/' 5 + 1), 1//S + 1)),
which divide this five-state model into three universality classes. As a matter of fact, the
recursion relation (3.1) (or (3.2)) is invariant under the exchange x; <—>x, (and y;<—y,),
and therefore the fixed points A and A’ represent the same critical phenomena. Thus the
five-state model has actually two universality classes, one of which is of the Potts model and the
other including the five-state discrete vector model. It is known??)3%) that the Potts model
with the number of states greater than four undergoes a phase transition of the first order.
MKRG fails to explain this first order nature although it gives the value of the transition point
exactly: the fixed point B at (1/(+/5 + 1), 1/&/5 + 1)) is a usual fixed point of the second
order transition according to MKRG. This fact has already pointed out by Kadanoff??) him-
self. Critical exponent » characterizing the fixed point A has been estimated numerically:
V=~ 246. In this five-state model, the set of fixed points of the duality transformation (which
constitutes a line x + y = (/5 — 1) / 2) has been found to be the phase boundary from C to
C’in Fig. 7 by MKRG.

323 Case3:n=6

The free energy of the six-state model has three degrees of freedom ([n/2] = 3). The

flow diagram of MKRG (3.2) should be written in the three-dimensional space (Fig. 8). We
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have found eleven fixed points, four of which are trivial and the rest seven are non-trivial.
The trivial fixed points are at A(0, 0, 0), B(1, 1, 1), C(0, 1, 0) and D(0, 0, 1), and the non-
trivial ones at E(0, 0, v/2 — 1), F(0, &/3 =1)/2,0), G2 =1, 1,v/2 = 1), H{/3
- D2, /3 -1)/2,0, (W2 -1) /3 =12, /3 =1)/2,¥/2 1), JA/ 6 +1),

D
_J3-1
’ [xz“"’z—'
X3
7 e
E
X3=I2—-1
B
6 State Potts J G
A =
6 DVM | F c/ X1
+[6
"33 X2
V6
+23—-X2

Fig. 8. The flow diagram of the six-state model has eleven fixed points (A~K).
The directions of the flow are omitted for simplicity. See also Fig. 9.
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1/(6/6 +1), 1//6 +1)) and K(0.5847, 0.1275, 0.0249). The universality classes which
these non-trivial fixed points represent are, respectively, E and G—the Ising model type,
F and H——the three-state model type, I—the mixed type of the Ising model and the three-

state model, J—the six-state Potts model type and K—the six-state discrete vector model

type.
In order to elucidate this interpretation of the fixed points, we first point out that,

if x; = x,x3, the one-dimensional transfer matrix T of the six-state model decomposes into

a direct product of 2X2 and 3X3 matrices:

§i+1
iE\642315

. Xq X3 1
X1 X3 X1 X3 1 X9

i
6 rl X2 Xo X3 X3 X3
4 X, 1 x, x; x3 Xx;
1 x5 x,
2 Xy X9 1 xy X1 X3 1 x3
T = = ® X, 1 X
3 X3 X3 X1 1 x5 x, x; 1
1
5

X1 X1 X3 X5 Xp 1

Thus the free energy is a sum of the free energy of the Ising model (Boltzmann factors 1 and
x3) and that of the three-state model (Boltzmann factors 1, x, and x,). It is easy to see!!)
that a similar decomposition is possible even in higher dimensional cases under the same condi-
tion x; = x,x3. Therefore on the surface x; = x,x3 in the cubic space of Fig. 8, the free
} energy is singular along the lines x3 =+/2 — landx, = (/3 — 1)/ 2 (see §2.2.1). The
former singular line is of the Ising model type (logarithmic singularity in the specific heat) and

26):27) than in the Ising

the latter is of the three-state model type (possibly stronger singularity
model). The non-trivial fixed points E, F, G, H and I lie on these singular lines, and conse-
quently the interpretation above comes about.

Along the line x; = x, = x3, the system reduces to the six-state Potts model. It has a
singularity at the point J. (We note that MKRG again predicts the second order transition
of the Potts model with the number of states greater than four.)

The final fixed point K is of particular interest since it represents the universality class to

which the six-state discrete vector model belongs as is explained in the following. In Fig. 9 we

show the projection of the flow diagram of MKRG starting from some arbitrary points on the
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X
1.0
Fig. 9(2) . //
A
/
/
6 DVM /,l
/
7,
// /
/
K\
~ — - X‘]
00 B Xic 1.0
X3
1.0
fl
/
/
Fig. 9(b) /
/
/
/
6DvM /]
/
/
//
/ //
7
0.0 , _— 7 K X
X1c 1.0™M

Fig, 9. The flow diagram in the neighborhood of the six-state discrete vector
model, (a) is the projection to the x; —x, plane and (b) in the next page is
to the x; —x, plane.
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line representing the six-state discrete vector model. Fig. 9(a) is the projection to the x; — X,
plane and Fig. 9(b) is the projection to the x; — x3 plane. It is clearly observed that the
six-state discrete vector model has two phases. The transition point is at x;,. = exp[(—1 +
cos(2n/6))K.] = 0.5339, i.e., kT [J = 0.7968. This transition point flows into the non-
trivial fixed point K. We have failed to locate analytically these points (the transition point
of the discrete vector model and the fixed point K), but the value k7, /J == 0.7968 is reasonable
compared with the previous results for other discrete vector models in §2.2 (see also Fig. 13).
The dashed line in Fig. 9 is the limiting interaction characterizing the present universality class.
This line has been obtained after performing many steps of MKRG. In order to investigate
the critical property of this universality class, we have calculated the strength of ‘the flow
dxy [dR along this ‘“‘universal interaction” (dashed line in Fig. 9) and plotted it in Fig. 10(a).
In Figs. 10(b) and (c) the same quantities dx; /d€ for the four-state and five-state discrete
vector models are plotted for comparison (see also Figs. 6 and 7). When n increases from
five to six, the flow around this fixed point is suppressed (that is, the slope of the curve around
the fixed point decreases as n increases), which is reflected to the increase of the value of the
exponent »: numerically, » =~ 1.3 (four-state discrete vector model), » = 2.5 (five-state discrete

vector model) and » = 5.6 (six-state discrete vector model).

0.2¢

0.0 =
1.0

-0.1

Fig. 10(a)
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02} 9X1
al

n

it
I~

01 F

0.5 1.0

=01}

Fig. 10(b)

0.2 9%

01} n=5

0.0 —L, X
| 1.0 1

- 01}

Fig. 10(c)

Fig. 10. The strength of the RG flow dx,/d! is shown.
(a) is the six-state case along the universal interaction (the dashed line in Fig.9).
(b) and (c) in the next page are the corresponding quantities in the four- and
five-state models.
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Another remark concerning the six-state model is made on the effect of the renormali-
zation group transformation (3.2) applied to the points on the duality-invannt line(2.11).
We have found that MKRG makes these points flow into one of the non-trivial fixed points
I, J and K. The direction of the flow is from J to I, J to K, and points outside the segment
[-K are attracted either to I or K. Hence MKRG predicts that the free energy is singular
along the line (2.11), all points on which are fixed by the duality transformation.
3.2.4 Case 4: n greater than six

In the case with n exceeding six we have investigated only the Potts model and the
discrete vector model. The reasons are (i) difficulty in drawing a global flow diagram in the
high dimensional (d = [n/2]) space, and (ii) existence of essentially only two universality
classes (the Potts model type and the discrete vector model type) in systems with n up to six.

First we discuss the Potts model. The infinitesimal MKRG (3.2) gives the exact value

of the transition point of the general n-state Potts model:

X, = ———1 +1\/7 3.5
as expected from the fact that the duality relation (2.6) and (2.7) is a sufficient condition
to determine 7, in this model (recall the discussion in §3.1). MKRG (3.2) again predicts
the second order transition at x, of Eq. (3.5). This is a fatal defect of MKRG if n > 5 since
a rigorous proof exists32):33) that the phase transition of the Potts model is of the first order
ifn=5s

As to the discrete vector model (or its universality class), José et al.'®) have already
studied this system by means of the duality transformation and the renormalization group
including MKRG (of scale factor » = 2). We are particularly interested in three of their results.

(i) In the planar model (n-infinite discrete vector model) the system appears to the
critical for a finite range of temperatures including the absolute zero. MKRG supports approxi-
mately this picture, and José et al. further employed another approach, namely the calculation
of the vortex correction!? to the spin wave excitation,>! to confirm the validity of this picture
(the critical line).

(ii) The limiting interaction after many steps of MKRG (corresponding to the dashed

line in Fig.9) for the planar model is well approximated by the Villain model®?):
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exp V(G)z;%:_wexp[—%(ﬁ —2mm)?] (3.6)

(iii) José et al. could not determine definitely how the finite-n discrete vector model
behaves in the critical region; one of the reasons is that they did not know the reliability of
MKRG in investigating the shape of the critical surface. Their result by MKRG (scale factor
b = 2) suggests that, it n is large enough (n =12, e. g.,), the effect of the finiteness of n emerges
only at very low temperatures: kT,./J 2 1/n*. They invented also a duality transformation
applicable to models including the Villain model with finite number of states (6 = 2nk/n,
k=0,1,---,n—1in Eq. (3.6)) which belongs to the same universality class as the discrete

vector model (see below). Explicitly written, their duality relation for the finite-z state Villain

model is

n n?
Z (2mk) = (ﬂ)NZ(ﬁ) (3.7)

Thus, if Z has a singularity at K =~ 0(1), then it is singular also at K ~ O(n?), which is con-
sistent with above mentioned result of MKRG.

Our investigation by the infinitesimal MKRG qualitatively supports their assertion.
First, as shown in Fig. 11 the finite state Villain model belongs to the same universality class
as the discrete vector model. Along the limiting universal interaction, the strength of the
flow dx,/df has the tendency shown in Fig. 12 (see also Fig. 10) suggesting the approach to
the planar model (dx,/d¢=0 below T,) as n increases; if n is finite but large, | dx, /d?]| is
very small in a finite interval of x,, and this interval extends approximately between kT/J =~
O(1) and kT/J~0O(n~*). However, precise numerical estimation of dx, /d! shows that the
transition point (the fixed point of MKRG at which dx, /d¢= 0) exists uniquely for any finite
value of n (Fig. 13). This estimation of k7, /J, which is fairly reliable due to the commuta-
bility of MKRG and the duality, yields the linear dependence on 1/n of kT (n)/J approximately
(Fig. 13). It is consistent with (3.7): under the assumption of the unique existence of the
singularity, the exact duality relation (3.7) for the finite-state Villain model asserts that the
singularity should be located at kT,./J = 2n/n. Therefore we are convinced that the present
universality calss (to which the discrete vector model and the finite-state Villain model belong)

has only one singularity at kT,/J = 1/n, but these systems are almost critical ( | dx, /d?| << 1)
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Figllb

7.0

Fig. 11. (a) The line representing the finite-state Villain model lies very near the
universal interaction in the space of the Boltzmann factors if n is greater
than eight. This figure is the projection to the x; —x, plane.
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0.63
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Fig. 11. (b) The same plot as in Fig. (a) but enlarged.
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6 State Villain
Fig. 11(c)
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Fig. 11(d)
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Fig. 11. (¢) and (d) Even if the finite-state Villain model is not near the universal

interaction, it belongs to the same universality class to the discrete vector
model.
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in a finite range of temperatures (possibly from kT./J ~ O(n=?) to O(1)).

Finally, the result of our calculation of the internal energy of the discrete vector model
by the renormalization group®*) (3.2) is shown in Fig. 14. This curve will be compared with

the result of the Monte Carlo simulation in chapter IV.

X
00s | 341
n=8
OO / 1 \Z/ 1X1

-0.05 n=i

T

-0.1 ¢

-015 }

Fig. 12. If n is large enough (n=8, 12 or greater), there appears an approximate
critical line (finite temperature range in which ldx,/dl1<<1). Note that
the abscissa of this figure is the Boltzmann factor x; =exp [K(K(~1+ cos
(2m/n) ) 1 and consequently the constancy of x; when r varies does not
imply the constancy of K.
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Fig. 13. Transition points of the various discrete vector models obtained by MKRG.
Apparently kT,/J is proportional to 1/n rather than to other powers of

1/n.
E/NJ
0.0r
1ol .
o. .
_2.0-
l ' l , kT/J
1.0 2.0 3.0 4.0

Fig. 14. The value of the internal energy of the eight-state discrete vector model
obtained by MKRG is plotted.
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IV. Monte Carlo simulation

In order to investigate the critical phenomena of the planar model (n-infinite discrete
vector model) Miyashita et al.'®) performed a Monte Carlo simulation (MCS) on this system
by the finite-n approximation (n = 8 and 12). We are interested in two aspects of the results
presented in their paper.

(i) Thermodynamic quantities

Internal energy, specific heat and magnetic susceptibility per spin have been obtained
as in Fig. 15. The calculation has been done for systems of sizes 15 X 15, 30 X 30 (n = 8)
and 15 X 15, 30 X 30, 50 X 50 (n=12) on the square lattice. In Fig. 15, we have plotted
only the result of n =28 only. The data of the case n =12 are found in Appendix B. The
susceptibility per spin (Fig. 15 (c)) is clearly dependent on the system size below kT/J =~ 1.15,
which implies that this quantity is divergent in this temperature range in the thermodynamic
limit. The energy and the specific heat (Figs. 15(a) and (b)) are finite for any value of the
system size. This result (the divergence of the susceptibility and the finiteness of the specific
heat) is qualitatively in good agreement with other approximate estimations!)2):1%)-33)
on the planar model. (The validity of finite-n approximation will be discussed later.)

In Fig. 15(a) the energy calculated by MKRG (83.2.4) is also plotted for comparison.
The results of MCS and MKRG well coincide in the low temperature region. If kT/J is of
the order of unity, these two methods give a little different values of energy, which is due
to the approximate nature of MKRG?2?) (i.e., the manipulation “potential moving” in the
derivation of MKRG is valid in the totally ordered state as mentioned in Appendix A).

(ii) Transition point

The susceptibility appears to be divergent below k7,/J =~ 1.15 in the thermodynamic
limit (Fig. 15(c)). Thus it is possible to identify this temperature (k7./J =~ 1.15) as the tran-
sition point. On the other hand, in §3.2.4 we have estimated the values of the transition points
of the eight- and twelve-state discrete vector models as k7, =~ 0.635 and 0.445 respectively
(see Fig.13). This discrepancy between MCS and MKRG is originated from the existence
of an approximate critical line as mentioned in §3.2.4; the strength of the MKRG flow dx, /d¢
is very week (| dx; [d?] << 1) within a finite range of temperatures around the critical point,

although our precise numerical investigation reveals that only one fixed point exists actually.
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We have found numerically that the high temperature edge of this approximate critical line
is at kT/J ~ 1. This agreement of kT/J ~ 1 with kT/J ~ 1.15 by MCS supports the claim that
the slow flow along the approximate critical line makes the susceptibility very large below
kT|J = 0O(1). The low temperature edge of the approximate critical line is at kT/J ~ O(n"?).
Thus it is natural to suppose that in the limit n - oo the low temperature edge approaches the
absolute zero and the high temperature limit is fairly stable against the increase of n and finally
becomes the transition point of the planar model. This picture is partly supported by the
approximate coincidence of the value of kT, /J (= 1.15) by MCS with other estimates!)»19)+34)

for the planar model.

E/NJ
0.0
(0]
8DVM 0 R
o [}
o [
1.0} QO
O.
¢ o MCS [N=3OXBO
o N=15x15
®
_20L ° MKRG
kT/J
1.0 2.0 3.0 4.0

Fig. 15. (a) Internal energy of the 8DVM by MCS (Miyashita et al.) is compared
with the MKRG result.
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Fig. 15. (b) Specific heat obtained by MCS. This quantity looks to be finite for
any values of V (the system size).
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Fig. 15. (¢c) Susceptibility per spin divided by the temperature is equal to <M? >
because <M> = 0 if kT/J= kT,/J = 0.6345 for SDVM. The system size
dependence of <M?>/N below kT/J = 1.15 implies the very large value in

the limit N > o= |
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V. Conclusion

It has been pointed out that the Wu-Wang duality relation provides a strong constraint
on the shape of the critical surface of the model(1.1). If the number of states n is less than
six, this constraint is a sufficient condition to determine the critical surface (except the special
situation in the four-state model). If # is greatér than or equal to six, we have to ask help to
MKRG whose prediction on the shape of the critical surface is ekactly consistent with the
duality relation. In this way we have obtained the transition point of the discrete vector model
analytically(n < 5) or numerically (n > 6). Any other models of the type of Eq. (1.1) can
be treated in the same way.

The internal energy of the discrete vector model has been calculated by MKRG. The
result is in agreement with the MCS estimation within the precision of the approximation.

MKRG is not necessarily reliable for the purpose of the investigation of critical phe-
nomena. For instance, MKRG cannot derive the exact result that the phase transition of
the Potts model with the number of states greater than four is not of the second order. Never-
theless the critical behavior of the discrete vector model is explained qualitatively quite well
by MKRG. The existence of the approximate critical line in spite of the unique transition
point gives a reasonable picture of the discrete vector model. This statement is asserted by
MKRG and supported by MCS performed by Miyashita et al. Furthermore it has been found
that within the model (1.1), only two types of the universality classes exist if n < 6 (the Potts
model type and the discrete vector model type).

It is not easy to improve MKRG as a renormalization group transformation without
destroying the commutability with the duality transformation. The extension of the present

method to systems other than the type of Eq.(1.l) is also a future problem.
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and gave some suggestive comments.

Appendix A. Derivation of the Migdal-Kadanoff transformation

The Migdal-Kadanoff renormalization group transformation?!)22) (3.1) is derived
in this Appendix. First the idea is illustrated by thhe special case of the scale factor b = 2.

The reduction of the degree of freedom and the scale transformation are performed
in two steps (Fig. 16). (i)Potential moving: Remove every other interaction in the y-direction
Vy and make the remaining interaction in the y-direction twice (V, = 2V),). (ii)Decimation:
Take a trace of the spin variables which are connected to the neighboring variables only by
the interaction in the x-direction after the potential moving. By this manipulation, the inter-
action in the x-direction ¥y becomes a new one (V). The same processes should be per-

formed by exchanging x and y in (1) and (2) ((1)" and (2)" in Fig. 16).

=>
1)

~
—
\\U/

~

2w | 2

Fig. 16. The potential moving (1), (1) and the decimation (2), (2)" are the funda-
mental steps of the MKRG manipulation.
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The interaction of the new lattice is now 2(Vy)’ in the x-direction and (2Vy)’ in the
y-direction. If we express this transformation of the interaction in terms of the transformation

of the corresponding Boltzmann factors (x; =expVy(§), yi = expVy,(§)),

, | n i27EN , _;27eA 2
xp = [—2e " [Ze " oxyl? ]
n a=1 u=1
(A.1)
1, ;2m6A . ;2mud
yp = —2Ze " Se n 2 ,
£ n Neq [“= (Vu) ]

because the potential moving (e. g., ¥, = 2V}) makes the Boltzmann factor squared (v, ~
(¥u)?) and the decimation (e.g., Vx = (Vx)') is equivalent to the potential moving in the

Fourier-transformed space

n 2muA n 2muA R
(2 exp(—i x> [ 2 exp(—i )x, 19):
u=1 u=1 n
n non 2T (5, —E)m, (E—E,)]
Z oexp[Vx(&1 =9+ Vx(E-E)l=2 2 e " Uy Uy,
£=1 £=1 Moysp,=1
no 2y —5,)
=nX 1e " ’ (“p)z =nexpV, (¢, —§2)
=

The normalization (x, =¥, =X," =y, ') can be taken into account by dividing the right hand

side of Eq. (A.1) by x,," or y,":

(A.2)
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If the scale factor is not two but b generally, only the replacement (something)* — (some-
thing)b is necessary in (A.2). In this way we get Eq. (3.1).

The error caused by this renormalization group transformation originates in the potential
moving process. If the interaction energy between neighboring spins is spatially uniform,
the potential moving causes no trouble. In general the interaction energy of a spin pair is
different from that of another pair at any moment because of different spin configurations.
The uniformity assumption is valid in the low temperature limit. (If 7~ 0, only the ground
state is permitted to appear.) Therefore MKRG is a low temperature approximation.

It should be emphasized that the derivation presented here never garantees that MKRG
is more than an approximate RG transformation. Nevertheless it happens that the critical

surface obtained by MKRG exactly satisfies the duality constraint as shown in chapter IV.
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