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The continuum generalization of the p-state Potts model is analyzed in the ordered phase.
Renormalization-group iterations in ¢ =4 — e dimensions are followed by an elimination of the
transverse modes and a mapping onto an effective Ising model. This model is then used to
show that the transition is first order for p > p.(d) and continuous for p < p.(d). We find that

pe(d)=2ford >4and p.(4—€)=2+e+0(e?).

1. INTRODUCTION

The order of the phase transition of the p-state
Potts model' has been of much recent interest. It is
believed that the transition is second order for
p < p.(d) and first order for p > p.(d), where the
critical value p.(d) varies with the dimensionality of
the system, d. At d =2, Baxter? showed exactly that
p.(2) =4. Recent approximate real-space renormal-
ization-group calculations®* reproduced this result,
and gave details of the behavior for different values
of p. Some of these results have also been confirmed
experimentally.® As d approaches one from above,
Migdal-type recursion relations applied by Stephen®
showed that the transition is second order for all fin-
ite p; i.e., p.(1) =o0. At the other end, one expects
the Potts model to be correctly described by mean-
field theory above the upper critical dimensionality,
d.=6." Mean-field theory predicts that all Potts
models with p > 2 should have a first-order transi-
tion, due to the presence of cubic terms in the ap-
propriate Ginzburg-Landau expansion. Thus,

p.(d) =2 for d > 6. In fact, a recent study® of the
Potts model in 6 — e dimensions showed that the
transition remains first order for all p > 2; i.e.,
p.(6—€)=2. The critical value p.(d) thus seems to
be a monotonically decreasing function of d, changing
from4atd=2to2atsomed <6.°

The actual dependence of p. on d is of great impor-
tance, as the properties of the Potts model at d =3
are still far from being settled. - For p =3 and d =3,
experiments'®!! exhibit a first-order transition. A
first-order transition is also found in a Monte Carlo
renormalization-group calculation!? and in earlier
field-theoretical renormalization-group calcula-
tions.'>'* Thus it seems that p.(3) < 3. However,
earlier series-expansion results'> ' may be indicating

1

a second-order transition for p =3, d =3, so that
p.(3) is probably quite close to 3. ’

In the present paper we investigate the dependence
of p. on d. Extending the earlier work,® we show that
p. remains equal to 2 for all 4 =4. We then general-
ize earlier calculations'*!” in d =4 — € to obtain our
main new result; i.e.,

p(4—€)=2+€e+0(e) . 4))

Our calculation is based on the continuum generali-
zation of the Potts model.””® Since at p =2 the Potts
model becomes an Ising model, we are basically ex-
panding in powers of ( p —2) about this model.
Technically, we argue that a sufficient number of
iterations of the renormalization group in the ordered
phase will eliminate most of the fluctuations in the
transverse modes. Integrating the remaining
transverse modes out of the partition function then
leaves us with an effective Ising-model Hamiltonian
in the longitudinal component of the order parame-
ter. The properties of this Hamiltonian are then used
to determined p,.

The integration over the transverse modes is
described in Sec. II. The explicit integration of the
recursion relations in d =4 — e dimensions is then
described in Sec. III, and the results are combined
with those of Sec. II to yield the final Ising-model
parameters in Sec. IV, where these parameters are
also used to identify p.(4 —€). The situation for
4 < d < 6, and the results in general, are then dis-
cussed in Sec. V.

II. EFFECTIVE ISING HAMILTONIAN

Following Priest and Lubensky’ the effective re-
duced Hamiltonian is written as

H=—%f(’+k2) EQij(k)Qij(_k)+wszu(k)ij(k')Qk/(—k—k')

—uf2Q,,-(k)Q,-,-(k’)Qk,(k”)Qk,(—k—k'—k")—vf2Q,,(k)Q,k(k’)Qk,(k”)Q,,(—k—k'—k") )
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where r is linear in the temperature 7 and Q; are
symmetric diagonal traceless p-dimensional tensors.
The tensor components Qj are related to the com-
ponents A4, of the p-state Potts model

H=-J] 3 A(x)-4(x") A3)
(')
by
P
Qi/"EAaau": 4)
a=1
where
2 |0 ifi<a
af= _L.% x1l ifi=a
p—a -1/(p-a) ifi>a . 5)

We now assume uniaxial ordering, i.e., that only

one component, 4, orders. For reasons that will be-
come clear below, it is then convenient to shift 4,
via

Ay(x)=0Q8,,+L, . (6)

The parameter Q will be determined later. The corre-
sponding expression for Q; is given by Eq. (4),

o1 112

Qu= - (Q+L) , ©))
—1 1]

Qii=;T1—p_';] (Q+L)+g; fori=1, (8)

where g; is a traceless diagonal tensor of dimension
(p —1) and where the subscript on L has been
dropped.

We add a fictitious field —4(x) A to the Hamiltoni-
an and separate it into its ‘“‘fluctuating” part®

=—§f(rL+k2)L(k)L(—k)—}f(rr+k2)lgqu,q,,—ﬁL(0)
+(p=2)cw—4Qw+50)] [ LIOL KL~k —k')
- [Bwc +4Q (u +3vc2)1fL(k) 2,] q,-,-(k’)lq,y(—k—k')
+(w+4ch)flglq,,-(k)q;;(k')qi,(—k—k')—(u +6v) [ LUOL (KL (KL (=k —k' = k")
-2(u +3vc2)fL(k)L(k’) 'glq,»,-(k")q,»,»(——k—k’—k")+4vc fL(k) 3, 4i(k) g (k") qi(—k —k'— k")

il

—u 2 lhi(k)ql'i(kl)qjj(k“)‘ijj(“k —k'—k")—v 2 ‘Iii(k)qii(kl)qli(k”)qii(—'k —k'—k") )
= il
J=1

and its fluctuation-independent (mean-field) part that any choice of rr(1*) will yield the same final
' universal result, Eq. (1). At this stage, we can in-

--1,02 - 3_pho — 4 "
Hyr 7107+ (p—DcwQ@’—hQ — (u+bv)Q* . tegrate the transverse modes {g;} out of the partition
(10) function, using standard perturbation expansions in
o(/*), u(I*), and v(/*). The result, apart from a

In these equations constant, is

rp=r—12(p —2)wcQ +24(u +bv)Q? ,
rr=r+120cQ +8(u +3vc?)Q? ,

Heff=—% f (relT+k2)L(k)L (—=k) —heﬁ’L (0)

+oar J LOOL (KDL (~k = k")
h=h—5rQ +3wc(p-2)0*—4(u +bv)Q* ,
—tter | LUOL (KL ("L (=k =K' —K")
c=lp(p-D1"2, af
b=(p*=3p+3)c? . an ‘ (12)
with

The Hamiltonian (9) contains fluctuations in both . .
L and g;. We shall find, however, that for p ~2, r, Uge=u (") +bv(1*) , (13)
is less than ry by a factor of (p —2). We thus iterate (o *y _ * * *y
the renormalization-group equations out of the criti- wer=(p =)ca(M) =4Q (D u (") +bv (D],
cal region until rr(/*) = 1.%1718 We note, however, (14)
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her=h(I*)=6(p—=2)cw(I*)I,
=2(p=-2)0U)u*) +3c2 ("), , (15

rer=ro (1) = 2932 p = 2)c22(1) 1,
+24(p =) [u (™) +3c (M1, , (16)

where

1 kd-!dk
I,=K _—,
dﬁ[nUW+HW

K;i'=2%"'7421(d/2) , an

and where we have kept only the leading terms in an
expansion in both the cubic and quartic coefficients.

Having generated the Ising-like Hamiltonian (12),
we can now use existing knowledge of this Hamil-
tonian. As usual, it is convenient to eliminate the
cubic term by an appropriate shift in the order
parameter. In our case this is simply achieved by an
appropriate choice of Q (/*), as determined by Eq.

“(14)

(p—=2caw(/*)

Once werr=0, Eq. (12) reduces to the usual Ising
model in a field. Below the critical point, this model
has a first-order transition from negative (L) to pos-
itive (L) as h.y goes through zero. Thus, the first-
order point is identified via

heff=0 . (19)

Since h.g is explicitly dependent on the temperature,
as seen from Egs. (11), this determines the first- .
order transition temperature. Finally, we note that
this transition is first order only below the critical
point, i.e., for!?® . ‘

Fegt < roc - k (20)

If we set the temperature at the transition value
determined from Eq. (19), re will then depend only
on p. The equality rqq=ro, will thus determine the
critical value p..

III. RECURSION RELATIONS

For the Hamiltonian given by Eq. (9) the recursion

—2°K4(p =) (3co(D+40 (D[u (1) +3cv (D] }2g2 (D) 1

*)= 18
o) 4lu(1*) +bv(/*)] a8) relations are’8
f;TL(,)=[2_.,’(/)]rL(/)+2“3Kd[u(l)+bu(l)]gL(l)+24K,,(p—2)[u(l)+3c2v(l)]gr(1)
= 232K, ((p—=2)cw(D) —4Q (D [u (D +bv(N])2g2()
EEIL/(I)=[Z—n(l)]rr(/)-{—Z“de[u(/)+3cz(p—2)v(/)]gr(l)+2“Kd[u(l)+3czv(l)]gL(1)

— 25K (3cw(D) +4Q (D [u (D) +3c2v(D ] 2er (Dg, (D

=23K,c2p (p =) (D) +4cv(DQ (D122 (D (22)

%(I)=%[d +2-—-'r)(/)]l;(l) +6K;(p—2)co(DIg (1) —gr(N]

=2BK,0N[u (D) +bv(Ng, (D =22K,(p =)0 (DILu (D +3c2v(N]1gr (D) (23)
where
_ 1 _ 1
a D=7 150 (24)
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For the higher-order coefficients the recursion relations for the disordered phase will suffice,

do oy _ e o _3|_@0 L, _2 _ o
i (D=+l6—d 3n(1)]w(/)+2881<,,[1 AT 0T 293K, 2u (D +3]1 ](1) Tk
i () < (4—d —2m(D 1 (1) + 325K u (DD 1 = 2 [—L 4+ 396g v(Dw ()= L__1
di p | T1+r(DP 4 M+r(DP
o4 2 _1 2,2 1
2K 1 (p +Du(D) +6]1 p]u(l)v(l)+(9/p Yv2(D) 7O (25)
dv 247 2 396 2 3 _ 1.__
—N=[4-d-29(D1v (D +32Ku (N () [1+ (1)13 +32K,v(Nw (/)l TEVOIE
4 —<1,2 —
23K,,l4u(l)v(l)+31 ] ) T (1)]2 ,
where
n(1)=48K,,[1—-;} 2(p . (26)
For d =4 — € these have the solutions
(=T, (D=2K,(p+Du() +3 1—71)-]v(/) +23K4[u(D+bv(DIT, (D Inl1+ T, (D]
+ 2K (p =D [u (D) +3c2(D 1T (D) Inl1 + Tr ()]
+2332K4{(p =D (D =40 (D u (D) +bv(N])? 1n[i+T (1)]+i(—[1—
4 L 1+7,.()
. Tr (D)
+22(p =2D)K3co() +40 (D[u (D) +3c2v (D] Pn(1 + T7 (D] + ———— Qn
A 1+ T7(D
re(D) =Tr(D +0 (4, 0?) | ' A (28)
and
A(D=ho(D+2B3K,Q0 (DLu (D) +bv(D1+22K4(p=2)Q (D u (D +3ctv(D]
+3K4(p=DcaoD{T, (D1 +T, (D] =Tr(DInl1 +T7 (D1}
=23K, 0 (Nlu () +bv(DIT (D1 +TL(N)]
—=22K(p=2)0NMu () +3c2v(NITr (D Inl1+Tr (D], : 29)
where
TL(D=1(D)=12(p =2)cw(NQ () +24[u () +bv(D]IQX(]) , (30)
Tr(D=t(D+12c(DQ (D +8[u () +3c(D]1QXD , ’ 31)
Fo(D=h (D) =5t(NQ D) +3(p=2)cw(DQXN) —4lu () +bv(N]1Q* () , (32)

and where ¢ (/) satisfies the equation

%(I)=2r(l)-—2“K4 (p+Du(D)+3

1—l]v(1)]r(1)—24321<4[1—l]wz(l) . (33)
p D
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Further

0 (1) = Qe | h(1)=he=D! G4)

Here A is the external uniaxial field applied to the
Potts model, which we set equal to zero.

We shall require only approximate solutions for
u(l), v(D, w(), and t (/). Following Priest and Lu-
bensky,’ we start with the recursion relations for u
and v in the absence of w. For p <5, they find that
the ( p —1)-component Heisenberg fixed point is
stable, i.e.,

u()—u*=¢€/16(p +7)K4, v(l)—0 (35)
for / — co. Note that for p — 2 this becomes the usu-
al Ising fixed point. Assuming that v(/) is small we

indeed find

ul) =ue/U(I) ,

the recursion relation for w(/) is

dw(l)
dl

= 1+§ (D =23Ku (Do) + -+, (38)

yielding
(1) = we VY Y (S P+ (39)

To the same approximation, the solution of Eq. (33)
for t (/) is given by

re?! 32 w?())

(D =~ 5y 40

~ 2 2

F=r +PKy(p+Du+-9 (41)
2p u

IV. EVALUATION OF p,.(4—¢)

We return now to the evaluation of the effective
parameters of the Ising model as given by Egs.

v 12/ pT) (36) (13)—(16). To leading order in €, the integrals /,
v(l) =ve/U () , and /, may be evaluated at d =4 and r;(I*) = T+ (/¥),
yielding
where
Tr(I*)
]|=—;‘ 1+ TT(I*) ln —‘L_T]] ‘ N

U =1+ (e~ Dufu® 37) L+ 1) 2)
and where » and v are the initial values ¥ =u (0) and 12=-2_ In (" | 1+10% |
v=v(0). We note that v(/) indeed decays to zero
for / sufficiently large and p < 5. We now introduce Combining Egs. (15) and (29) (with the latter
a small cubic term w. Neglecting terms of order w?, evaluated at / = /%) then gives

her=ho(I") =3K4{(p —2)ca(I*) —4[lu (") + bo(IMIQUH M1 =T, () In[1 + T, (/M) ]} . (43)

When we substitute Eq. (18) for Q (/*) we find
Regr=hol1*) , (44)

where ho(/*) is given by Eq. (32), without any correc-
tions from the diagrams. Setting /.= 0, and making
use of Eq. (18), gives

~ (p=2)%%?(")

) = M 75001

(45)

As outlined in Sec. II we iterate the recursion rela-
tions until r7(/*) = 1. In practice, it is more con-
venient to choose 7T7(/*) =1. Thus, from Eq. (31)
we set

t(I")+12c(/*)Q (I%)
+8[u(I*) +3c2w(I*)]1Q*(I*)=1 . (46)

Substituting Eqs. (18) and (45) for Q (I*) and ¢ (/*)

I

gives

Ll +bvUD) 30, 2y 40((p-27 . @D
ctw?(1%)

Hence by Eq. (45) the first-order transition occurs at
(M) =(p-2)/3+0p-2)) . (48)

From Eq. (30) we now obtain
T,(I")==(p-2)/6+0(p—2)) . (49)

This shows that our assumption that |r, | < rr does
indeed remain true up to / =/*,

Next we need to calculate r. as given by Eq. (16).
Substituting Eqgs. (27) and (42) we find again that all
the diagrams cancel to leading order in (p —2).
Thus we obtain simply

reg=T,(I")=—=(p—=2)/6+0{p—-2)2) . (50)

At this stage we can iterate the recursion relations for
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the effective Ising Hamiltonian (12). The recursion
relation for the temperature variable is'’
dr ey

—— =2r .5 +2%3K
dl Fett 4l+reff

, (51)

so that to leading order the temperature scaling field
;19
is

tosr=rFere+2°3K gtery (52)

Thus finally we need to calculate u¢y as given by Eq.
(13). From Eq. (47) it follows that for p ~2

e ~(p-2) . (53)
From Egs. (36) it then further follows that
u(M=u*1+0(p -1 ,
v(I*)=0+0((p—2)¥9)
Thus
uer=u (") +bv(I")=u"+0((p-2)) , (55

(54)

with u™ as given by Eq. (35). Finally, from Egs. (50)
and (52) we obtain

(p—2) ¢
teg=———-— +— 56
eff 6 6 ( )
The transition (as function of A.g) is first order for
ter <0, i.e., for p >2+e€. This concludes the deriva-

tion of Eq. (l)

V. DISCUSSION

In the preceding sections we mainly concentrated
on the solutions for d < 4, i.e., € > 0. In fact, the
same solutions apply for d > 4. The only difference
is that u (/), according to Eq. (36), will decay to zero,
as el and, therefore, u (/*) « (p —2)¥2.. Thus,

both terms in Eq. (52) will vanish at p =2. This
shows that p.(d) =2 for all d > 4.

One could also repeat the above calculations in
6 — € dimensions. The solutions of Sec. III must then
be replaced by solutions in which w(/) approaches its
fixed-point value,®

—'5/1441(6[——3 57

Again, a detailed analysis shows that all the diagrams
contributing to Eq. (19) cancel, so that Eqs.
(47)—(49) are still correct. However, using Eq. (57)
in Eq. (47) yields u (I*) < (p —2), so that finally Eq.
(52) gives teroc (p —2), again showing that p, =2.
This is consistent with the results obtained in Ref. 8.

To summarize, we have been able to show that
p.(d) =2 for all d > 4, and to evaluate the deviation
from d =4 — € dimensions. A simple extrapolation of
Eq. (1) to lower dimensions approaches the correct
answer at d =2, i.e., p.(2) =4. The same extrapola-
tion goes through p.(3) =3. Corrections of higher
order in € are thus essential in order to determine
whether in fact p.(3) is smaller than 3. The extrapo-
lated result p.(3) =3 does seem to confirm the gen-
eral belief that p.(3) is not very far from 3, explain-
ing the conflicting evidence in the literature.
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