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Critical points of higher order can exist in complex. magnetic and fluid systems. By definition, at a
critical point of order ©, © phases become identical simultaneously. Here the Wilson
renormalization-group method is generalized from ordinary critical points (0 = 2) and Gaussian
tricritical points (© = 3) to critical points of arbitrary order ©. An expansion scheme in
€5 =20/(0—1)-d is proposed. The nontrivial fixed points and the critical exponents for © = 3,4 are
calculated to order €,. We present the relevant scaling fields and densities for O = 3, and, in an
appendix, justify the validity of the approximate recursion relation to order €.

The concept of a “critical point of higher order”
has been introduced for complex magnetic systems?
and for ternary and quaternary fluid mixtures. 2
At such a critical point three or more phases can
become critical simultaneously.

The Wilson renormalization-group approach®
has been extensively applied to critical points of
order © =2. Of particular utility have been the
expansions, due to Wilson and Fisher, % in the var-

iable €,=4~- d, where d is the lattice dimensionality.

Can these vesults be generalized to critical
points of arbitrary order ©? Recently, Riedel and
Wegner® have treated tricritical points (0 =3) for
the special case d=3. Since this corresponds to
the Gaussian fixed point for © =3, one might ex-
pect the existence of expansions in the variable
€;=3~d, for ©=3. There also exist examples of
critical points of still higher order*'®® (0 >3), for
which there has been no renormalization-group *
work done of any sort. '

In this paper we give the appropriate generaliza-
tion of the Wilson renormalization-group procedure?
and propose a generalized Wilson-Fisher expan-
sion* scheme for critical points of arbitrary order
0. Our starting point is the reduced Ising Hamil-
tonian H, of the general form®

B @)= [aZ | vs@ [P+ Qs @], (a)

where, in obvious generalization of the cases
0=2,3,

Qi(8) =20 7y s . (1b)
k=1
The approximate recursion formulas are’
Q1.4(s) = - 2%In[1,(24/%)/1,(0)] , (2a)
where

L()= [ _dyexp[-3* - 2Qiz +y) —2Q,(e = 3)] . (20)

The basic motivation of using the form of (1b)
for @, is suggested by the general Landau model
used by Griffiths?‘ to provide a phenomenological
theory of critical points of higher order. It can

leo

be shown that @, is an appropriate linear combina-
tion of a set of © symmetric densities Q'® which
contain even powers of s such that

O+s1
Q= ija X Q®
As x,-0for k=2,3,...,0, O phases become iden-
tical simultaneously. Thus the model is expected
to simulate the behavior of a critical point of or-
der © . .

It is possible to include other symmetry-break-
ing densities in @,. This, however, will require
in general some modifications of the recursion
formulas (2), and will be considered elsewhere.
On the other hand, the inclusion of an ordering
density s in @, is quite straightforward because
such a term remains completely uncoupled from
the other symmetric densities in the Hamiltonian
upon iteration. It will be shown below that for (1b)
and with the inclusion of an ordering density, there
will be exactly © relevant scaling fields for a
critical point of order ©. The number of relevant
scaling fields can increase, of course, if other
symmetry-breaking densities are included. Ina
separate phenomenological paper, 2 we have
shown that for a critical point of order ©, there
are in general

s=n=-x-—d

relevant scaling fields. Here n is the total num-
ber of thermodynamic fields of the system, d is
the dimension of the critical subspace, and x is

- the number of phases which are in equilibrium at

the critical subspace but are not critical.

Substituting (1b) into (2b) and expanding the
non-Gaussian terms for 7,; <1, it can be shown
by induction that for =1, 2,...,0,

Veyie1 = 2@rL {r, )+ N{r D], (3)
where L, and N, are linear and nonlinear functions,

respectively, of the set of variables {r,,}, and j
ranges over 1,2,...,0. From the structure of
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the approximate recursion relations (3) (cf. Table
1) we note that to the first order of 7y,;, the fixed
points for (2-d)0 +d=0 [or d=26/(0 - 1)] must
be of the form

[
Q;(S)%K,Z ckszk, (4)
k=1

where c, are constants. To evaluate K;, terms
from %,1,;52%* to 75¢.2,;5*°"* are included in (1b).
From (3), which now includes the additional ir-
relevant parameters 7g,y,; t0 #20.2,; (Which are of
order ro,,z), and from recursion relations for
these additional parameters, we find that

K;=Ko/(1 +AKycgl) ,

where A is a positive constant. Therefore,
lim;.. K;=0. Expression (4) corresponds to an
o-well potential in the Hamiltonian.®

For lattice dimensions d#20 /(0 -1), we gen-
eralize the Wilson-Fisher? expansion scheme by
defining an expansion parameter

€ =20/ -1)~d . (5)

We make the ansatz that the 7,, for £=1,2, ... 0
are of order €, and replace Egs. (3) for j, k=1,
2,..., 20 =2, by the following set of differential
equations:

dr, (1)
dl

20-2 o
= Z; e}kyj+ E fijkyiyl
Jj=1 iy 4=1
+ terms of order €}, (8)

where e j, include terms up to order €b, fijx are of
order €, and #=1,2,...,20-2. For consistency,’
we find that it is again necessary to include in our
calculations the additional irrelevant parameters
Vo41 tO 73¢.3, Which are assumed to be of order €.
To first order of €9, Eqs. (6) admit the nontrivial
fixed-point solutions

r¥=KgCy€oIn2+terms of order € , V)]

where K is a constant and ¢,=0 for 2 >0. Equa-
tion (7) justifies the ansatz. We find that exactly
the same results can be obtained using Feynman-
diagrammatic techniques and the exact recursion
relations (see Appendix A). Thus, these results,
are exact to the first order of €,. We note that r§
«c,fork=1,2,...,0, because the expansion
scheme requires the nontrivial fixed point @* to
have the same form as (4).

Linearizing the recursion relations (3) with j,
k=1,2,...,20-2, we obtain, for small changes of
¥4, the following set of 20 — 2 linear algebraic
equations:

20-2
2 (Bju=A0,0)A,=0 (j=1,2,...,20-2), (8)
k=1
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where By, includes terms up to order €o and the
A, denote changes of 7,,. To lowest order of €,
the eigenvalues of Eq. (8) are

Ne=2"%+by€gn2 (k=1,2,...,0), (9)

where p,=2(0-%)/(0-1) and b, are constants.
The eigenvalues Mg,; to Apq., are not included.

The eigenvalues may be relevant or irrelevant, ®
according as A,>1 or A,<1. Thus we must investi-
gate the relative values of 2“* and b, €o1n2, partic-
ularly for k=0, since this gives the smallest value
of Ky (‘J'oz 0)'

For €,=0 [or d=20/(0-1)], Eq. (7) reduces to
the Gaussian fixed point for a critical point of order
o [cf. Eq. (4)] and the relevant eigenvalues X, are
given by 2“* with

pp=2(0-k)/(0-1) (k=1,2,...,0). (10)

Thus far the ordering field was not included. To
consider the ordering field we include an additional
term #;s in @,(s). The additional eigenvalue p,
corresponding to the ordering field for the Gaussian
fixed point can be shown to be (20-1)/(0-1). These
1, characterize the homogeneous scaling laws for
the critical point, with additional logarithmic cor-
rections®® introduced by the fact that ue =0.

For a critical point of third order (i.e., a tri-
critical point), we find

ca=(1, =%, &); Ky=1(&ln2) . (11)

Starting from an initial condition of 7= (45, - 15,
1)r, with €527, >0, the recursions relations indicate
that for €; >0 the nontrivial fixed point of Eq. (11)
is stable. For €;<0 the Gaussian fixed point wins
the competition and p,=d(1'-k) +2k, with k=3, 1,
2. Thus, there are three relevant scaling powers
for — 1< €y <0, with no logarithmic corrections.
At €5=-1, the Gaussian fixed point for d=4 is re-
covered and there are only two relevant scaling
powers with logarithmic corrections.

For €5>0, Y, =1n},/In2 calculated from the
linearized recursion relations about the nontrivial
fixed point of Eq. (11) are

,=2+0(ed),

y3=1++€+0(€d), (12)

Yy=—2€3+0(ed) .

The eigenvalue corresponding to the ordering den-
sity is y,=1+3d=3(5 - €). Thus, we deduce from
Eq. (12) that the singular part of the Gibbs potential
scales as

G(IPxy, 1% x5, 1% x3) = 1G(xy, %3, X3) , (13)

where the x; are the relevant scaling fields.!® The
corresponding scaling powers, ! @,=y,/d, to O(e;)
are
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TABLE I. Approximate recursion relations for the

symmetric Hamiltonian (see Ref. 15 concerning notation).

General expression:

N
; r{ 2% =2‘3ﬁr,(2“z2)‘+I(2"‘/zz)—1(0)}.
= i=l

where

1(z)=é ” g (Zi)zzt'l-h)(z +2r)* @2k 1)1

2§ ) 2 (§okejok) - ()
r 2 +27¢)
§ i3 hz; = "7 ( ( 1

x (@ =D @k~1)1] = @k —2k+1)11]+003, k2 2).
To order 7§ (N=20 —2=4)

L45 105 7
7 — —
ri=2 {"1+3 a +r) 4 Qv 2 Ty
7 495 _mry 3375 43
-9 (I"""i)s - 4 (1 +7’1) 8 al +1‘1;5 * O(Tg) .

, 24_,,{72+§ vy 105 7 7

2= Trry "2 TEre 2 T

315 7,7 6075 73 +O(r§)}

T2 @ T 8 Amh
y rory 675 7
"2”{’3”4 o)~ TP =2 @or 75*0"'3’}

, 225° 7
r] =284 {n hvalie= +3"1 + O(rg)}

a, =%(1 + 1%‘3) ’
a;=3(1+73¢) , (14)
ay=3(1+ f€y) .

Expressions for all tricritical exponents can be

obtained directly from Eq. (14). For example, we
have!!

¢(crossover exponent) =a;/a,

=3(1+3€5)+ 0 (ed) , (15)

y=v,/¢ (susceptibility exponent)=a = -(—15;233—>
2
=3(1+¢€3)+0(ed) , 7 (16)

Yst.(staggered susceptibility exponent)

- 1_-__2!21_)

a

=1+0(€d) , amn

and
_l-a _, 2
Bst, = - 1(1-¢€)+0(ed) . (18)

The scaling fields can be calculated by expanding
the function @, in the reduced Hamiltonian in terms
of the eigendensities Q@ and the uncoupled density
s:

’ 29-2

Qo=x5+ 21 %, Q™ . (19)

k=2

For 0 =3 and €3 >0, the relevant scaling fields are

Xy =hy, (20a)
%2=3[(L+3€) 7y o+ (6 + RE)ry 5 +(45 +66€)rg g
+(420+630€)7,,0] , (20Db)
x3=5[HE 71,0+ U+ $ 7y 0+ 15+ By 4
+(210+ 42 &), ], (20¢)
where €=€31n2. The corresponding densities are
QW=s, (21a)
Q®=s? — HEst, (21b)
Qm=(—6+ Ze)s24st-les® . (21c)

Expanding (20) about the tricritical point (%,=0,
&:, T,) and choosing x,=x3=0 there, we obtain, to
linear order, x,=Ay(g -g;) +Ay(T - T,) and
%3=Ags(T - T,), where g is the nonordering field
and A;; are constants. At the tricritical point,
x1=%3=x3=0 and three separate phases become
identical simultaneously; by definition, this is a
critical point of order ©=3.

For an 0=4 critical point, we find

cx=(1, ~0.3700, 0.03651, -0.0009651);
K= - (0.046 00)(¢, 1n2) .

Starting from an initial condition of 7,=(~ 1036,
+383.4, -37.83, +1)r, with €,>7,>0, the recur-
sion relations for €, >0 indicate that the nontrivial
fixed point of (22) is stable. The calculated scal-
ing powers a; for €, >0 are given in Table II.

For €,<0, the Gaussian fixed point wins the com-
petition and the scaling powers are given by p,
=d(1 - k) +2k, with k=3,1,2,and 3. Thus, there
are four relevant scaling powers for — 5 < €,<0,
with no logarithmic correction terms. At €,=- 3,
the Gaussian fixed point for d =3 is recovered and
there are only three relevant scaling fields (with
logarithmic corrections).

In summary, then, we have considered the ap-
propriate generalization to arbitrary order © of the
Wilson renormalization group approach (and the

Wilson-Fisher expansion about a particular lattice .
dimensionality). Except for limited work® for or-

der 0=3 (tricritical points), previous attention has
been focused entirely on the case of ordinary crit-
ical points, 0=2, even though there exist numer-
ous systems displaying higher-order critical
points. 1**% Our results (some of which are sum-
marized in Table II) demonstrate the utility of the
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TABLE II.
coefficients ¢, & =1,2,...

RENORMALIZATION-GRQUP CALCULATIONS.

Expansion parameters €9, Gaussian eigenvalues yp, (k=1,2,...
,0) and Kp, and the relevant scaling powers @, (for €g>0) for
critical points of arbitrary order 0.
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0), fixed-point

o 2 3 4 o
~ 20
— — 8 — —— —
€ 4-d 3-d T d 0-1
20 k)
2 2 2 —_—
0-1
- 4
T 0 1 T k=1,2,...,0
0 ]
0
1 1 1 1
-3 -3 -0.3700 . (signs alternate)
Cr +e 0. 03651
—0.0009651 co
Ko e, In2 Legln2 - 0. 046 00€,In2 <0 tfor even ©)
7 €2 T3 : 4 >0 (for odd 0)
fa+Ley) Ta+iey FU+ge) @ =yy/d
-~ InA
ap 2(1 +— 52) %(1 +% 53) % (1 +% 54) Vet ‘.Sl_zk

Fa+ge)

(1 +1, 446¢,)

3(1+1.061€,)

renormalization group methods for handling more
complex systems. Although the results presented
here are only to first order in the expansion vari-
able €4, and are for spin dimension unity, similar
results can be obtained for higher-order expansions
in €4 using the exact recursion relations or cor-
relation function, and these ideas can be extended
to higher spin dimensions. 1

We are indebted to Professor K. G. Wilson for
advice and discussions, as well as to M. E. Fish-
er, R. B. Griffiths, B. D. Hassard, J. Nicoll,
L. L. Liu, and E. K. Riedel. We were informed,
after submission of this manuscript, that two of
the three critical point exponents have been sub-
sequently obtained, for the special case ©0=23, by
M. J. Stephen and J. L. McCauley, Jr. (these
authors do not calculate the crossover exponent
and the scaling fields, nor do they locate and con-
sider the stability of the fixed points).

APPENDIX: JUSTIFICATION FOR USING THE
APPROXIMATE RECURSION RELATION TO FIND THE
FIXED POINTS TO ORDER ¢g

To show that the exact recursion relations re-
duce to the approximate recursion relations (ARR),
to order €y, we follow closely the arguments of

Wwilson®*® for ©=2. For the sake of simplicity,
we restrict ourselves to a discussion of the tri-
critical case, 0=3.

First note that the exact recursion relations
are in the form of functional integral equations

for the momentum dependent variables®® »,(q),

75(&y, @z, A3, da), 731, A2y - -+, de)y 74, Ay - - -, Ap)e
An exact fixed point of these functional equations
is some set of fixed functions 7§ (q), 7% (d;,dz, - - -
54)’ 73 (511, daseees as), 73 (51, az: (RN as)- We wish
to show that, to order €;, these reduce to the mo-
mentum-independent fixed values determined by
the approximate recursion formulas (cf. Table I).
The combinatorial factors for the Feynman dia-

FIG. 1. The (r,)? contribution to »; (Ref. 15). For a
contribution to 7 (0, 0, 0, 0, B, —p), the momentum
constraint on the connecting leg requires Ipl=1.



4886 CHANG, TUTHILL, AND STANLEY

(b)

FIG. 2. The (r,)? contributions to »{ (Ref. 15). Dia-
gram (a) does not contribute to 7,(0,0,0,0,0,0,p, —p),
while diagram (b) does.

grams leading to the exact relations are shown by
Wilson to be the same as those for the correspond-
ing terms of the approximate formulas.!® Further,
setting the momenta of the external legs of these
graphs equal to zero reduces the set of separate
graphs in the exact relations to precisely those of
the ARR of Table I. Thus to begin we assume that
the exact fixed functions can be expanded as:

r¥@) =7 +4%+0(€d) ,
’ 64) =7; + O(Eg)’
,8g) =75 +O(€3) , (A1)

7;‘ (61’ az, e
T; (al, az, e
’V’: (al’ 62: R ,ae) ~ O(Eg) ’

where 77, 75,73 are of order €;. That is, the mo-
mentum dependence of each fixed function [aside
from 7¥(q), which always has a bare ¢® term] is
carried by a term which is smaller by at least one
order of €; than the corresponding momentum-in-

dependent term. Wilson’s arguments'* then show
J

%)

that, if these expansions are substituted into the
exact functional integral equations, the resulting
relations for the momentum-independent terms
are just those given by the ARR, to order €; for
7¥ and 7§, and to O(ed) for »3. There is one mod-
ification in the tricritical case, however, which in-
volves feedback from the rr term.

It has been shown!* that an irrelevant variable,
say w, can affect the fixed point value [to O(€)] of
the last relevant variable, say u, provided w* is
of order €4 and w enters the ' equation linearly.'
In the ©=2 case, w corresponds to 73 and « to 7,.
In the zero-external-momentum limit, 73 enters
the 7, equation only in the form 74(0, 0, 0,0, P, = p). .
But 74(0, 0,0, 0, B, — P) can be shown to be ©(e}), as
follows: The only 0(62) term contributing to
74(0,0,0,0, P, - P) consists of two 7, (four-leg) ver-
tices connected once (Fig. 1). If all but two ex-
ternal legs have zero momentum, the internal leg
can carry at most momentum !pl. By the momen-
tum constraint (| Pel =1, 1Dys/=1), this contribu-
tion therefore vanishes.

For the tricritical case (0=3) we note that 7,
enters linearly into the ré equation in the form
7,(0,0,0,0,0, 0,p, -D). Now the 7, relation contains
two diagrams (Fig. 2) involving ()%. While Fig.
2(a) does not contribute to 7,(0, 0,0, 0,0, 0, P, - D),
Fig. 2(b) does, and 7} indeed enters into the 73
equation in an important way.

To take into account 7,, we write

7@, 05 ..., d0) =77 + 0@y, dpy -+ -, dg) ,  (A2)
where by definition
v¥(0,...,0)=0. ‘ (A3)

Usmg this expression (A2) and that of (Al) for
7’3 (Ch, oo ,C’le), the exact recursion relation for
75(dy, ..., ds) reduces to

v =2%s1 (1'4 225(7;)2j—§_2 +terms of O(eg)) , (A4)

Uf(an az, A ] qa) 2353-1 [‘UI % % 2, . ,%aa) + €2FZ (Eb qz, e ,aa)] . (A5)
Equation (A5) admits a convergent series solution for v} in terms of Fj:

v¥@y, Qap e .-, 0g) = €3 20 2%V F T (277G, 27,y . . .5, 27 ) - (A6)

n=0

This means that v}~ O(ed).

Therefore, to order €2, the exact equation for 73(q;, d,, ...

, ) does not con-

tain v¥. Under the momentum-integral approximations of Ref. 14, Eq. (A4)reduces to the approximate

relation given in Table I.

Therefore the last two equations of Table I suffice to determine 7.

*Work supported by the National Science Foundation, Of-
fice of Naval Research, and the Air Force Office of

Scientific Research, Work forms part of a Ph. D. thesis

to be submitted by G. F. T. to the Physics Department
of MIT.
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