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ABSTRACT

Chapter 1 presents an introduction to aspects of critical phenomena
explored in the remainder of the thesis. The emphasis is placed on the
scaling hypothesis and the renormalization group.

Chapter 2 describes the application of the scaling hypothesis to
asymmetric systems such as single-component fluids. When the
symmetry and regularity properties characteristic of magnetic materials
cannot be assumed, the scaling hypothesis predicts various asymmetries
and singularities. In particular, it predicts that the curvature of the
vapor pressure curve should be strongly divergent and that the specific
heat has a leading order asymmetry across the coexistence surface. Even
if further assumptions are made to remove these singularities, the
critical isochore above the critical temperature must have a weakly
singular curvature.

Chapter 3 defines a class of systems more general than scaling systems,
which share many of the geometrical properties of systems satisfying
a scaling hypothesis. The notion of critical points of higher order is
discussed and a tentative classification system for such points is proposed. -

Chapter 4 consists of calculations with the renormalization group of
scaling powers and critical point exponents. The corrections to the
mean-field values of these exponents are calculated for magnetic-like
systems with & simultaneously critical phases.

Chapter 5 discusses nonlinear solutions of renormalization group
equations. By solving nonlinear equations, the competition between
different kinds of critical behavior. We describe the crossover from
asymptotically valid critical behavior to mean-field behavior for an
n-component ferromagnet. We also study a system of anisotropically
interacting 2n-components spins. This system has a renormalization
group solution diagram similar to phase diagrams of systems exhibiting
tricritical and fourth order critical point behavior.
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CHAPTER 1

INTRODUCTION TO SELECTED ASPECTS OF CRITICAL
PHENOMENA ‘



I. Introduction

This thesis consists of separate papers on various aspects of
critical phenomena. ‘The last decade of research in critical
phenomena has been an extremely productive combination of concrete
model calculations, data-analysis and phenomenological speculation
and classification. The progenitor of many apparently divergent
notions is the scaling hypothesis, and it is again the scaling
hypothesis that is the center of this work. In Chapter]., an
overview of the body of the thesis is given to provide an introduction
to each paper and to show the connections between them.

In Chapter & , the scaling hypothesis is discussed in detail for
systems with no obvious symmetrie;. This represents, in part, a
study of the application of the scaling hypothesis to fluid systems,
which lack the obvious symmetrics of simple ferromagnetic substances.
However, it also serves to provide a framework for the more general
systems discussed in later Chapters.

In Chapter .3 , a system of axioms is introduced which describes
systems which are more general than scaling systems but which share
many of their geometrical features. A classification of "higher order"
critical points on the basis of these "critically ordered" systems isgiven.

In Chapter 4, renormalization group calculations for critical
point exponents at a critical point of order @'(i.e., a point at
which(?’phases are simultaneously critical) is given for arbitrary
&. Previously, such calculationshave been made in a tortuous manner
forCL=2 (ordinary critical point),®=3 (tricritical point), and

C=4 (fourth order point). As a derivation of scaling properties this
Chapter complements Chapter & .

In Chapter 5, nonlinear calculations within the renormalization group



group are given. This nonlinear work in a sense justifies the critical
point exponents of Chapter 4'; exponent calculations in the renor-
malization group represent a linearization of fundamentally highly
nonlinear equations. Furthermore, it is also shown that the nonlinear
solutions of the renormalization group equations incorporate both
the "higher order" critical points typified by the "intersection of
critical subspaces', and the systems termed "critically ordered" in
Chapter 3 .

In the remainder of this Chapter introductions are provided for
each of the following Chapters. Section II corresponds to Chapter 2
and describes the terminology used to describe ordinary critical
points. Section III (corresponding to Chapter 3 ) discusses the
notion of higher order critical points and in the perspective of the
mean field theory. The simplest example of a "critically ordered"
system is discussed as preparation for the extensive discussions of
Chapter 3 .. 1In Section IV an introduction to the renormalization
group as applied to critical phenomena is given. The linearized
theory and its connection to the calculation of critical point
exponents is discussed. The corrections to mean fiéld exponents for a
point of order & are derived in the corresponding Chapter 4. 1In
Section V, the necessity of a nonlinear global approach to the renor-
malization group is shown as an introduction to the nonlinear calculations

of Chapter 5.



II. Ordinary Critical Points

Griffiths and Wheeler! have shown the advantage of a geometrical
viewpoint of behavior near the critical point. We consider two similar
ordinary critical points: the liquid-vapor critical point of a single
component fluid (cf. Fig. 1la) and the Curie point of a simple
ferromagnet (cf. Fig. 1b). Below the critical temperature Tc and
near the coexistence surface two different types of directions are
clearly distinguishable. If we follow a path which crosses the
critical surface, there are drastic changes in the order parameter
(the magnetization in the ferromagnetic case; for fluids it is more
complicated to define (cf. Chapter 2) but prototypically, the density).
On the other hand, on a path which is always tangent to the coexis-
tence surface, the variation in the order parameter is gradual.
Griffiths and Wheeler call the former direction "strong" and the latter
direction "weak'. Note that only the weak direction is unique at
any point of the coexistence surface, since any direction not tangent
will cross the surface and be a strong direction.

In the magnetic case, the coexistence surface is defined by
H=0, T<Tc' Thus a direction along the temperature axis H=0 is weak
and, for example, a path of constant temperature is strong.

It is perhaps not obvious that this distinction between weak and
strong directions persists as the critical temperature is approached
or above Tc' The discontinuity in the order parameter which marks
the phase boundary vanishes at the critical point itself, and is of
course identically zero above Tc' However, it is extremly profitable
to follow Griffiths and Wheeler and assume that the distinction holds
in some neighborhood of the critical point; presumably the weak direction

above Tc is at least asymptotically tangent to the phase boundary.



We now compare the critical behavior of two response functions:

for the magnetic case the susceptibility and the specific heat.

The magnetic susceptibility’?(is given by

Ju
T

X =(92G)

' (2.1)
while the constant field specific heat CH is given by
H ) (2.2)

where G is the Gibbs free energy.

Comparing (2.1) and (2.2), we note that the susceptibility is given by
the differentiation of the Gibbs potential in a strong direction
(constant temperature). On the other hand, the specific heat is
generated by differentiation in a weak direction, along the line H=0.
Extrapolating the notions of weak and strong from the region below

Tc’ Griffiths and Wheeler predict that, near the critical point the

susceptibility diverges more strongly than the specific heat,

Cy /T <% X, (2.3)

This is supported by the experimental and series work which indicate

that near the critical point



x ~ ‘T"Tc‘
_(_j_.,__‘ ~ \T-Tel- (2.4)
'T‘ J

where ¥ ~5/4, an~1/8.

The situation in the single-component fluid is similar, but some care
must be applied since the weak direction is neither a line of constant
temperature nor a line of constant pressure: both of these directions
are strong. The weak direction is asymptotically tangent to the critical
isochore and hence, is formed from some combination of temperature-like
and pressure-like directions (cf. Fig. 1b). The details of the fluid
case are considered in detail in Chapter Q.

A more complicated geometrical picture is given by an anisotropic
Ising ferromagnet} A model that we will return to for many examples
is shown in Fig. 2 . 1Ising spins are arranged in layers of planes. The
in-plane interaction strength is denoted by J while the interaction
between the planes is RJ. A diagram in the field space (H,T,R) is shown
in Fig. lec. For all R>0 the character of the critical point is unchanged;
that is although the critical temperature depends on the value of R, the
critical points exponents such as § and & do not and have the valﬁes
of the isotropic 3 dimensional Ising model . This, of course, cannot
be the case if R=0, since for that particular value of R, the system is
two-dimensional. At R=0, critical point exponents assume their two-
dimensional values. Similarly, for R=m , system behaves one-dimensionally.
The special critical point at R=0 will be considered in more detail

below (it represents a critical point of "higher order'). Our interest
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is focused, for the moment, on the smooth line of critical points
generated by the variation of R. At any one of these critical points,
a direction mnot parallel to the coexistence surface (labelled ﬁl in
Fig. 1lc) is strong; a direction in the plane of the coexistence surface
but not tangent to the line of critical points (such as ﬁz) is weak.
The direction both in the plane of the coexistence surface and tangent
to the line of critical points (X3) is clearly distinct from any of
the weak or strong directions. Since the critical behavior is the
same (as regards exponents) along the entire line, Griffiths and
Wheeler term a direction such as is irrelevant. Differentiation in
the ﬁs direction should not markedly change the nature of the singularity
of any theremodynamic function. At the point R=0, the variation along
the line of critical points is anything but irrelevant; this will be
discussed below.

Griffiths and Wheeler axiomatize these relations between strong,
weak and irrelevant directions. Strong directions carry the system
out of the coexistence surface; weak directions leave the system in
the plane of the coexistence surface but remove it from the space of
critical points or critical surface (a line in the case discussed above);
and finally, irrelevant directions leave the system in the critical
surface itself. We may now ask what mathematical models satisfy these
geometrical-analytic axioms.

The premier example of a system which obeys the Griffiths-Wheeler
axioms is a scaling system?"L+ In the form we will employ, the scaling
hypothesis assumes that the portion of the Gibbs potential which determines

the behavior near the critical point is a generalized homogeneous function

(GHF). For the simple magnetic case, this means that



aH at
GIANTH, A% = A aE,t) (2.5)

where we use tET-Tc. The constants ay and at are called the scaling
powers of H and t respectively. It is easy to check that if a; >a > o,
then H is a stronger variable than T.

With the assumption of the scaling hypothesis, much more is
obtained than just a system obeying the Griffiths-Wheeler postulates.
Most important of the scaling results is the conversion of inequalities
relating several exponents to the corresponding equalities. All the
usual critical point exﬁonents can be expressed as simple rational
functions of ay and a_ so that any inequality relating three exponents
must be an equality (if not tautologically true). For example, the
common exponents o,y and 8 (defined by M'L(TC—T)B on the coexistence

surface below Tc) are given by

-a= (1-2at)/at

-)

(1-2a5)/a, (2.6)

B= (l-a.H)/at

Thus the Rutherford inequality is satisfied as an equality

at2B+Yy =2 2.7



We have confined the discussion of scaling to the magnetic
case because the fluid case to which scaling was originally applied
is far more subtle and complicated. A magnetic system is endowed
with a natural symmetry, H> -H, M> -M. This exact symmetry implies that
all thermodynamic functions have simple symmetric or multisymmetric
properties on the coexistence surface.

This in turn implies, as is shown in Chapter & , that the scaling
variables must be taken as exactly H and t. From Griffiths and Wheeler
we know only that the variable corresponding to the larger scaling
power is exactly.H, since the coexistence surface is, by symmetry, on
the line H=0, Until the symmetry condition in M is applied we might
chose any combination of H and t for the variables corresponding to the
smaller of the scaling powers. Since the scaling is in the usual
variables H and t, it does not matter what thermodynamic potential we
choose as the basis function for a scaling hypothesis. The property of
being a GHF is preserved under Legendre transformation and differentiation
and integration, so that we may scale the magnetization, or the Helmholtz
or Gibbs free energy without loss of generality. Furthermore, we know
the exact form of the coexistence surface and the "isochore' H=0; they
both form parts of the line H=0.

None of this information is available even for the simplest fluid
system except by careful measurement. (i) Since the scaling variable
(or scaling fields) are not any of the usual thermodynamic variables
(but rather some function of them) not all thermodynamic functions can
be considered as candidates for scaling equations. (ii) Until the
variables are specified there is no obvious choice of an order parameter;
the choices p-pc and V—Vc (where pc and Vc are the critical point values
of the density and volume, respectively) are inequivalent, since a

coexistence surface symmetric in one will be asymmetric in terms of the



other. Furthermore, neither of these is the best candidate, but

rather combinations of the volume and entropy or density and entropy
density (see Chapter II). (iii) Without the symmetry of the magnet
either additional hypotheses have to be made, or experimental evidence
assembled, to describe the form of the coexistence surface and iso-
chore. (iv) Since fluid systems abound in asymmetries and singularities,
it may be necessary to emend the scaling equation of state itself to
incorporate all the observed phenomena. On the other hand, it is perhaps
possible to describe the system by a sufficiently carefully chosen
scaling equation with properly chosen scaling potential, scaling
variables, and forms for the coexistence surface and isochore.

In Chapter II, we give a systematic discussion of the scaling
hypothesis in single component fluid systems. To accomodate the
difficulties in (i)-(iv) we deal with a general potential of initially
arbitrary variables, 5?(x1,x2). By applying the scaling hypothesis,
it is shown that Xy is restricted to conform with the Griffiths-Wheeler
axioms, that is the line x1=0 must be tangent to the critical isochore
and coexistence surface. The canonical order parameter of the system
upon which symmetry requirements are imposed is chosen to be (éilggl),
the "density conjugate to the field x,". The asymmetry in the usual
thermodynamic "order parameters" such as the number density is used
to establish the form of X, the weak variable. The form of the
coexistence surface is assumed to be a scaling invariant as is natural
in a scaling theory; that is, on the coexistence surface, x. and x, are

1
related by

a /a
x.=A |x,| 1 2 (2.8)



where a; and a, are the scaling powers at x. and X, (a1>a2) and A_ is

1
a constant, possibly zero. The critical isochore, however, is shown
never to be a scaling invariant (since neither the density nor the
volume is proportional to the canonical order parameterwig/axl); a more
complicated form than (2.8) must be chosen, but with a scaling invariant
leading term, A+xé31/a2.

The use of the scaling invariant form (2.8) for the coexistence
surface as the most singular part of the isochore has the consequence
of satisfying another exponent inequality as an equality. The exponent
is defined by the behavior of the coexistence surface when expressed

in terms of the variables P and T, (BZP/QTZ) '\JT-TCI—G. Griffiths

proved the inequality

The form given in (2.8) satisfies the inequality as an equality,
o=otB, if A+%0. A second consequence of non-zero A_ is that the specific
heat, Cv is not symmetric across the coexistence surface, even to leading
order; the asymmetry is proportional to A_ (TC-T)-G.

Present experimental evidence indicates that the isochore of a
simple fluid is smooth when expressed in terms of the chemical
potential V(T)' This in turn implies that the divergence of the vapor

pressure curve must be the same as the divergence of the specific heat.

That is, we must have

e =a (2.10)



and therefore A =0, and the appropriate scaling choice is to scale
the pressure as a function of T ande. This analyticity does not
constitute a "failure" of scaling since it is included in the invariant
form (2.8). However, it is somewhat disconcerting that the scaling
invariant constraint does not apply in a non-trivial manner. In other
phenomenological studies of scalings systeméi scaling invariant paths
such as (2.8) have been employed to predict the geometrical properties
near certain "higher order" critical points such as the tricritical
point of a metamagnet (see discussion in Sec. III). Thus the failure
of (2.8) to hold with non-zero A may indicate that the geometrical
predictions of Ref, & may not be valid.

Even in the absence of the scaling invariant term (A+=0), the
critical isochore above the critical temperature cannot be analytic.

A weak singularity of the form

3-2(a+B)
T X2 (2.11)

is predicted from the scaling hypothesis.
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III. Critical points of "higher order'", Generalization of the Scaling

Hypothesis and Classifications of critical points.

The ordinary critical point, although in itself a rich system, is

not sufficiently diverse to encompass all of critical phenomena.

Various terms have been used to describe new sorts of critical

points, bicritical, tricritical, tetracritical, critical points of
higher order, and so forth. No consensus on a systematic classification
system of more complicated points has been reached, but a few of the
more common hyper-critical points have established terminology and
description.

For example, in the anisotropic ferromagnet discussed in the
previous section, the special point R=0 is called a critical point of
order foué% To understand this definition, we must examine the system
more carefully. 1If we consider the same system, (in-plane interaction
J and between-plane interaction RJ) but with R negative, the system
forms a metamagnet with ferromagnetic ordering in each plane and
antiferromagnetic ordering on alternate planes (cf. Fig. 2 ). For a
particular value of R, this system has an ordinary critical point at
its Néel temperature TN. If a small uniform magnetic field is applied
the antiferromagnetic ordering can be disordered at a lower temperature.
Thus, in the H-T plane (cf. Fig. 3) there is a line of ordinary
critical points. The ferromagnetic coupling in each plane is sufficiently
strong that at some magnetic field strength the transition ceases to
be second order (in the sense of Gibbs) and becomes first order or
discontinuous. The point at which the smooth second order transition
changes to a first order transition is clearly a special critical point.
For reasons to be given below, this point is termed a tricritical point.
As R is decreased in absolute value, the phase diagram remains

qualitatively the same (as shown in Fig. 3a and Fig. 3b) with a Néel
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temperature depending on R. The two tricritical points coelesee at R=0
(cf. Fig. 3c). The resulting figure in the H-T-R space for positive
and negative R is shown in Fig. 4. From the negative R side, there is
a surface of ordinary critical points, which is bounded by two lines of
tricritical points which intersect at the special point R=0.

The name tricritical was applied to the termination point of
the line of second order transitions by Griffiths who observed that

in an enlarged field space this point was formed by the intersection of

three lines of ordinary critical points. Returning to the meta-magnetic
model, we now apply a staggered magnetic field H' which alternates in
direction on alternate planes of spins, thus favoring one or the other
of the antiferromagnet orderings. Upon reaching the tricritical point,
instead of merely increasing the direct field H (and proceeding onto the
line of first order transitions) we may increase H and also apply the
staggered field H'. The staggered field conteracts the effect of
the direct field and we may continue along a line of second order transitioms.
In the H-H'-T space, the phase diagram appears as in Fig. 5. The half-
moon coexistence surface bounded by the line of ordinary critical points
in the physical plane H'=0 (cf. Figs. 3ad 4), is augmented by two pairs
of‘;ings“formed by coexistence surfaces between one of the antiferro-
magnetic phases and a paramagnetic phase between the wings. The lines
of critical points which border the wings intersect with the line of
critical points in the physical plane H'=0 at the tricritical point.

The system when viewed in four-dimensional H-H'-R-T space is somewhat
difficult to visualize but is simplified by the symmetry of the system
with regard to the exchanging of H and H' while reversing the sign

of R. That is, a strict symmetry of the system is given by



Al
H - H'
H' - H
R - -R (3.1)
s - (-1)Ps

which p is even and odd on alternate planes.

The point R=0, which is the junction of four tricritical lines is
called a point of order four;thes,we have the sequence of surfaces of
ordinary critical points (points of order two) intersecting in lines
of tricritical points (points of order three) which in turn intersect
in a point of order four.

It is clear that with sufficient ingenuity, this process can be
continued indefinitely, with subspaces of order o intersecting to form
critical spaces defined to be of order ©+1. Such a classification of
critical points has been proposed by Ref. 7 ) who also suggest that at
a point of order'd3‘,£y of the variables scale. That is, if there are
n fields or field-like variables (such as H, H', R, and T) then at a
critical point of orderéyjthe important part of the Gibbs free energy
(for example) is a GHF in & of the n variables. The scaling variables
are to be chosen to conform with the obvious generalization of the notions
of weak and strong for ordinary critical points. For example, along
a tricritical line of the system considered above, the direction
corresponding to the strongest variable (largest scaling power) is out
of the coexistence surface. The direction corresponding to the second
strongest variable (second largest scaling power) is in the plane of the
coexistence surface but not parallel to the surface of critical points
of order two. The third direction corresponding to the weakest scaling

variable (smallest scaling power) is in the critical surface but not
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parallel to the line of tricritical points. Finally, the last
direction is along the line of tricritical points and corresponds to
an irrelevant or non-scaling variable. These notions of attaching
augmented scaling equations to these critical points of higher order
is supported by series calculations on the metamagnetic modeif

Almost coincidentally, the order of a critical point as defined
above agrees both with the number of postulated scaling variables and
the number of phases thaf are mutually co-critical at that point. For
example, at the tricritical point (point of order three) between the
wings of the metamagnet, two antiferromagnetic phases and a paramagnetic
phase are simultaneously critical. At the point of order four, two anti-
ferromagnetic phases and two ferromagnetic phaseé are co-critical. To
see that this is indeed a coincidence we consider a Landau model which
models higher order critical behavior.

If we wish to consider a system with three phases, the corresponding
Landau free energy in a single variable M (this is one reason why this
discussion only mimics the real situation, since in most systems two
very different order parameters are competing to form the tricritical
point) can be represented by a polynomial of degree six in M. By a
shift in the origin of M, the coefficient of the M°term can be made to

vanish. Therefore, the free energy can be written as

F(Xll xz' x3’ X4, M)=

X M+x2M2+x3M3+x M4+M6 (3.2)

1 4

(The thermodynamic free energy is derived by minimizing F with respect to M.)
The tricritical point is reached when xréx2=x3=xq=0. We therefore must

be in a four dimensional space to achieve tricriticality. The metamagnetic
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system considered above bypasses this difficulty by the high degree of
symmetry in the order parameter. The reversal symmetry of the
Hamiltonian requires that X3 be identically zero, and thus, only X, X,
and x, need to be adjusted to reach tricriticality. The free energy in

4

(3.2) provides the Landau form of scaling;

) F(&,X;,X;,XqJM) -

Sic e, e, )
F() Xth X1,X X},X XQJAN). (3.3)

Thus, the scaling powers of xl,xz,xa,x!+ are 5/6,4/6,3/6,2/6.

The same argument can be applied to a situation in which & phases
become simulataneously critical. The Landau free energy is a polynomial
of degree 20 with the 20-1 term identically zero. The number of scaling
variables which must be set equal to zero to make the¢ minima coelesce
is 2¢-2. The scaling powers take the form (Z’—é)/Zo'for z=l,..,2'9'—2.
If special symmetry requirement are placed on the Landau free energy
as in the magnetic analogue, then the number of fields necessary to
generate a point of @& co-critical phases is reduced with the maximum
reduction occuring when all the odd terms except the first (which corresponds
to the ordering field) vanish. In this cas%qy phases can be co-critical
in a space of & dimensions and ¢ fields will scale. This represents the
magnetic limiting case discussed in Ref. 7 .

In the more general situation for multi-component fluids as
described in Refs.s‘%g line of critical points terminates in a critical
end point rather than at a tricritical point (cf. Fig. 6). That is, the
third phase joins the two previously co-critical phases in coexistence
but is not simultaneously critical with them (cf. Fig. 6a). By changing

another field or field-like variable, a line of critical end points may
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be generated which eventually meets another line of critical end points

at a point at which three phases are simultaneously critical (cf. Fig. 6b).
Thus, an asymmetric system can, in general, only increase the number of
phases which are simultaneously critical in a two stage process. First
the new phase must be added in coexistence with those phases previously
critical; and second, the new phase must be brought to criticality.

It is becoming customary, although there is no consensus, to define
the order of a critical point as the number of phases co-critical at that
point. With this definition, we see that the number of variables that
can be expected to scale at a point of order & (and therefore the minimum
dimension of the space in which it must be represented) varies from @ in
the fully symmetric magnetic models to 2¢-2 in fully asymmetric multi-
component fluid models.

Although the single component Landau analogs do not exhaust the
possibilities for critical points of higher order, they are sufficiently
abundant to overwhelm the available experimental evidence. For example,
the "tricritical" point in NHMCI, was originally thought to be a representative
of a Landau-like (sometimes referred to as mean-field or, inaccurately,
Gaussian) critical point of order threé? It has been argued that it is
plausibly a Landau-~like point of order fourf and the most recent tabulations
of measured exponents are even closer to that of a critical point of order
fivetx The phenomenal number of coincedences necessary to have a critical
point of order five (usually requiring the adjustment of eight fields)
at an experimentally accessible point mitigates against this possibility.
However, the experimental data underlines the sketchy information that is
available for most realistic systems.

In the metamagnetic system discussed above, one of the fields was
the unphysical staggered field H'. It was previously thought that all

evidence concerning such systems would have to be gathered in the '"physical
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plane" H'=0, On the contrary, in materials such as DAG it appears that
a distorted crystal field may produce a staggered field near the tri-
critical behavior but rather the critical behavior on one of the wings.
The staggered field cannot be controlled externally, however, and the

!
induced staggered field complicates the study of DAG considerablyf

The situation is even more difficult in more complicated systems
such as multi-component fluid mixtures or the ammonium halides. 1In
these cases it is not even clear what field variables should be chosen
and there is no detailed information available about the phase
diagram in the man-dimensional field spaces in which these points must
be represented. Only a narrow slice of the phase diagram can be
examined; this low dimensional view could obscure the phenomenological
situation.

It is, therefore, unlikely that a true test of scaling can be made
at any of the higher order critical points such as in multicomponent
fluid mixtures and the ammonium halides. Even in model systems, the
location of tricritical and higher order points by high temperature series
expansions is difficult. The exponents derived from a high temperature
expansion are sensitive to the location of the singularity; and, therefore,
the details of the phase diagram and possible scaling properties of
even simple models systems is controversia{?

Since the notions of weak and strong directions at ordinary critical
points (and their obvious extension to more complicated critical points)
have a more immediate cogency then the notions of scaling, it might be
interesting to explore a class of functions which accomodate the postulates
of Griffiths and Wheeler, but which do not scale (are not generalized
homogeneous functions). In the first part of Chapter 3 . we introduce

"

and discuss a class of such functions which we call "critically ordered".

To illustrate what is required for a system to be critically ordered, we
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will discuss the example of the ordinary critical point.
We first consider the scaling case. We assume that the singular
portion of the pressure is a generalized homogeneous function of
variables X, and x, which are taken to be smooth functions of the
chemical potential P-and the temperature tET—TC. The slope of
the isochore is given by (D/"/E’T)j) . We may express this as BCN,f) / 3“)’)

and rewrite as

3(/*,}3) _ 3(/'»;)/9(&.,;«‘)
Q(fﬁ,ﬁ) C)(é)jp)/d(’af.,h) ‘ (3.4)

Expanding the Jacobians, we obtain

Slpp) _

a ({‘j) (gi:)x‘(\gjx)-\)xz B \5#.\) *a @‘EZ)"" - G

(26 B2), - (5%, 54).
ot

The coordinate derivatives ( 3fk/3*u ), (@pI3¥% ), and so forth,
are smooth and non-singular by assumption. The density p is (SBP/ a/u.)é

and is therefore given by

. 94 (2F
- (a,g )t @’g.)u ! (9;‘")6(9"“%- (3.6)

P e «

Therefore, the density p is the sum of two GHFs with smooth amplitudes
arisingfrom the change of variables. The scaling power ofiarla*ﬂ is

l—alg the scaling power of(éP/Dxa) is 1l-a,. Since a1>a2 the second
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term is vanishingly small compared to the first as the critical point is
approached; the ratio vanishes like lt)(él—az)/a’ (cf. Chap. II). The
further differentiations with respect to x; and x, indicated in (3.5)

ensure that

¢ (3.7)

((@rmad/ay gy

Indeed, the ratio(Qp/QKQﬁ?P/xd again vanishes like |t
quotient on the right hand side of (2.5), near the critical point

reduces to

(3.8)

—
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This fixes the linear part of the transformation .9} (rL,t) in precisely
the correct way so that the line x;=0 is tangent to the critical
isochore at the critical point.

Note that we do not need to posulate that the weak axis, i.e. the
line x,=0; is tangent to the isochore; the scaling hypothesis guarantees it.

In passing from (3.5) to (3.8), the necessary step is that of (3.7).
The scaling hypothesis gives (3.7) and measures the precise ratio of the
two derivatives, but is clearly far stronger than is necessary. An
example of a system for which (3.7) holds, but which does not scale is
easy to construct. If the singular part of the pressure were given by
the sum of two GHFs of (for simplicity) the same variables but different

scaling powers,



s

f = P(Xi')(z) + FI(’(':X’\)

(3.9)

with a1>a2 and a1'>a2', then (3.7) would follow)but the system would
not scale.

To reach the statement of Griffiths and Wheeler expressed in
(3.8) we may replace the scaling hypothesis with the weaker assumption
that an ordering is associated with a particular set of variables
(xl,xz). This ordering expresses the content of (3.7): derivatives with
respect to x1 increase the singularity of a function faster than deriva-
tives with respect to xz. In the scaling hypothesis discussion in (3.5)-
(3.7) the density plays an inessential role. In fact, the same argument
shows that the critical isentrop is also tangent to the weak axis, x1=0.
Any object Q generated by differentiation or integration of any original

scaling equation will satisfy

‘ (3.10)
22 ,, 90
X, 2 X2,

)

and therefore,

(?)ﬁé - -~ (a ‘.[K
D't )Q ( 2 }t . 1)

We will assume, along with the ordering of the variables X and X, that

the set of functions for which the ordering holds is sufficiently
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large to describe all the thermodynamic functions of interest. A
system, endowed with a complete set of such functions and equipped
with an ordered set of variables is defined as being‘gritically ordered."

In this section we have shown that the physically cogent notions of
weak and strong directions can be embodied in a system more general than
that described by generalized homogeneous functions. Such "critically

_ordered" systems include all weak corrections to scaling in which extra
terms are added to a scaling equation as discussed in Chapter A . Less
trivial examples of critically ordered systems are discussed in Chapter
B in the context of general solutions to nonlinear renormalization group
equations. These solutions are roughly of the form indicated in (3.9);
the thermodynamic functions are given as a sum of generalized homogeneous
functions with distinct scaling powers. In Chapter 3 , the definition
of a critically ordered system is extended to critical points of arbitrary
order.

As noted earlier in this section, at a critical point of order O (&~
phases co-critical) the number of variables that could be expected to
scale (on the basis of a Landau expansion) varied from C for the maximally
sysmmetric system to 2~2 for a system with no symmetries at all.
Classification system for critical points have been made for both
limits of this range; Refs. 1-? have discussed the symmetric limit of
magnetic-like systems, while the fully unsymmetric multi-component fluid
systems have been described in Refs. $~9 . 1In the latter part of
Chapter _3 » We introduce a classification system which unifies these
classification systems and also treats systems with intermediate symmetry
properties (i.e., neither full symmetry nor completely un-symmetric).
This classification system applies both to scaling and critically ordered

systems.
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IV. The Renormalization Group (Linearized Theory and Scaling)

A. The Kadanoff Picture

The recent application of the renormalization group to critical
phénomena has provided a firmer foundation for many of the phenomenolog-
ical notions of critical behavior. First, it provides a derivation of

the scaling hypothesis and a method for the calculation of scaling
powers (and, hence, critical point exponents). As we will see below,
the scaling hypothesis follows from the existence of "fixed-points" of
the "renormalization group equations". The scaling powers are calculated
by determining the eigenfuncitons and eigenvalues of the renormalization
group equations when "linearized around the fixed point Hamiltonian".
Second, the fact that the renormalization group equations have
isolated fixed points (rather than, for example, lines or surfaces of
fixed points) supports the universality hypothesis. Many Hamiltonians
have their critical behavior determined by a single fixed point
Hamiltonian. Third, although the calculational accuracy of renormaliza-
tion group determinations of critical point exponents is limited by the
perturbational nature of the renormalization analysis, the renormaliza-
tion group approach can be applied to many problems where more accurate
techniques such as high temperature series do not exist or give
ambiguous results.

The terminology of the renormalization group approach reflects
a composite of field-theoretic notions and methods from the study of
systems of nonlinear first order differential equations. The connections
with field-theory and differential equations will be discussed below.
The underlying physical intuition is the extremely heuristic scaling
theory of Kadanoff.

Consider a system of ising spins on a square lattice with lattice

spacing a(cf. Fig.7a). As the critical point is approached, the correla-
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tion length is very large, and spins on distant lattice sites are
strongly correlated. Over a distance L which is small with respect to
the correlation length, but which may be much larger than a, we may
expect the spins to be almost certainly correlated. If we consider

the system to be composed of block spins containing b? spins (b=L/a),
Kadanoff argues that the block spin system is essentially identical to
the orginal site spin system. In particular, the correlation length is
simply reduced by a factor of b. By a leap of faith, Kadanoff supposes
that any other variables also scale with some power of b. Thus, the

scaling form of the correlation length is obtained,

T ey = b ?’u,,e)/

(4.1)

where h is the magnetic field andt =T-Tc.
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B. An Exact Approach

However, it is not necessary to proceed in this manner. Instead
2

of simply replacing the 2b states of the block (16 in Fig. 7) with a
single block spin, we can explicitly average over all of the internal
block states.

The interactions of the system can be divided into inter-block
and intra-block interactions. Averaging over the internal states while
holding the block spins fixed gives an effective interaction between
the block spins. The new interactions between block spins will generally
be more complex than the site spin interactions; for example, a site
spin Hamiltonian with nearest neighbor interactions might generate next
nearest neighbor interactions in the block spin Hamiltonian. If we
consider a very general form for the Hamiltonian which includes all
possible interactions, then we may consider the process described above
as a transformation on the parameters which determine the Hamiltonian.
This is an example of a renormalization transformation. In the Kadanoff

case, we have only two parameters, the magnetic field h and the reduced

temperature't. Calling the renormalization transformation ]Rb, the

hil "

Kadanoff renormalization transformations are

IRL h = b " h (4.2a)

i

R, t = b C

(4.2b)
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In general, of course, we cannot expect the renormalization transfor-
mation equations to have the diagonal, linear form of (4.2). For an

arbitrary renormalization procedure and a set of parameters EP"} we have

be pe = F. Cipd) , (4.3a)

}"({m”gj) = b Y (tpe}) .

(4.3b)

Equations (4.3) do not bear more than a passing resemblance to the
Kadanoff renormalization transformation (4.2) and scaling equation(4.l).

The Kadanoff equations have following distinctive properties:

(i) The critical point h=0,f =0 is a fixed point of the renormali-
zation transformation equations. That is, the Kadanoff transformations
do not change the Hamiltonian parameters if the Hamiltonian is at its
critical point.

(ii) The transformation equations are linear equations. The new
renormalized parameters are linear combinations of the original parameters.

(iii) The linear renormalization group transformations are diagonal.

The renormalization transformations in (4.3a) will, in general have none
of these properties. To obtain the simple form of the Kadanoff scaling
equation, we must somehow recover these three properties.

One feature present in the Kadanoff argument, but absent in the
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transformation equations is the restriction on block size mentioned

above. TFor the argument to be plausible we must have

a < L <<« ?
. (4.4)

That is, we must include in the block spins enough spins to have an
effective average, but not so many spins that the assumption of strong
correlation within the blocks breaks down. Thus, we may expect the
exact renormalization transformations (4.3a) to have a range of b for
which the transformation equations are simple; for b too small or
too large, we cannot hope to obtain the Kadanoff behavior (4.2).
Secondly, the construction in (4.1) and (4.2) by-passed entirely
the determination of the critical temperature. We generally do not
know the values of the critical parameters. We must determine them from
the renormalization group equations themselves. In analogy with (4.2),
we look for fixed points of the renormalization equations; that is,

values of the parameters %pi*} which have the property that

: * x
Ry pe = P 42

It is easy to show that each such fixed point of the renormalization
equations corresponds to a critical point. If (4.5)holds, then we

may write (4.3b) as
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FCLp ) = b T (HeY)

(4.6)

This is only possible if ? =0 or ? =@ . The vanishing of the correlation
length corresponds to a so-called "infinite temperature fixed point"
(see discussion in Sec. V of this Chap. p and Chapter §). The
divergence of the correlation length is a sure sign of a critical point.
A third characteristic of the Kadanoff equations which is not
immediately obvious in (4.2) is the role played by so-called irrelevant
variables , For example, for the Ising system shown in Fig. . , the
introduction of lattice anisotropy shifts the critical temperature but
it does not change the critical point exponents (cf. Fig.3 ). If,
however, we included the effect of possible anisotropy in the exact
renormalization equations (4.3a) we would obtain a fixed point (4.5) for
some particular value of the anisotropy, and not any other. What
in the renormalization group picture corresponds to the smooth line of
critical points produced in the phenomenological analysis by changing
the amount of anisotropy in a system? The resolution of this
difficulty lies in the renormalization use of the term "irrelevant
variable". We will write the anisotropy parameter R as l+7g so that
g=0 corresponds to an isotropic system. We imagine that we can augment

the equations (4.2) with an equation for g

-Qq

[Rb 8 = b g ; (4.7)
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where ag is positive. As the renormalization procedure includes
larger and larger blocks of spins (corresponding to approaching
the critical temperature and infinite correlation length), the
anisotropy parameter g becomes smaller and smaller. If we assume
that the exact correlation length depends smoothly on g, we can
perhaps set g=o, its fixed point value. Thus, for sufficiely
large block averages, the effect of the anisotropy disappears;
the anisotropic system behaves like the isotropic system.

We may also approach this issue more formally. The solution

forlg given by the renormalization equations (4.2) and (4.7) is
a - -1
?’( bq“h)b ef,b Sg): b \f(hiﬁ’g) . (4.8a)

Setting@]=0 for convenience, this may be rewritten using the

properties of generalized homogeneous functions as

.J/GL(:

Tleg) = el [ lsgnt, glel

agl/ae
)

(4.8b)

a /aé

The anisotropy parameter g enters only in the combination g|f¢ &
This tends to zero as t+0 for all values of g and the dependence on g
disappears in the asymptotically valid critical behavior.

0f course, the actual renormalization group equation g is not
likely to be as simple as (4.7). However, the principle is the same.
If a parameter, regardless of its initial wvalue, tends to a

particular value under the renormalization transformations, we term
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the parameter irrelevant. Comparing (4.2) and (4.7) we note that
the distinction between irrelevant and relevant variables in the
Kadanoff linear renormalization equations is that the irrelevant
variable g has a negative scaling power, —ag, while the relevant vari-
ables h and t have positive scaling powers ay and a .
Thus a critical point corresponds to all the relevant parameters
(that would increase under renormalization, e.g. (4.2)) being set to
their fixed point values. The irrelevant parameters may have any value.
The renormalization equation for the correlation length at the critical
point reads
T ({Ren} 1R71) = BTCLE (Y

) (4.93)

where the irrelevant parameters have been denoted as &?i} and the
relevant parameters as iPig . As b grows large, the irrelevant

parameters tend to their fixed point values and (4.9a) becomes

T Ot S e 1) 2 0" 5 ey {p”) ), (4.9b)

which, since it is true for all sufficiently large b, again implies

that f =@ .
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C. Formal Renormalization Group Procedure

We can now deséribe the four stages of a renormalization group
approach to a critical system, in close analogy to the Kadanoff
approach, but presumably more rigorous.

(1) We must define a renormalization group transformation Rb.
Kadanoff simply assumes them to be of the form given in (4.2). The
construction of an exact transformation is more difficult.

(ii) The fixed point (or fixed points; we are not guaranteed
that there is only one) of the renormalization equations must be
located. These correspond to critical points of teh system for
a particular choice of the irrelevant variables. Kadanoff's
equations have the immediate and unique fixed point h=t=o.

(iii) Since the fixed point Hamiltonian corresponds to the critical
point, we will assume that small variations in the Hamiltonian
parameters from their fixed points values correspond to small varia-
tions from the critical point. We accordingly linearize the renormali-
zation group equations around the fixed point. Kadonoff's equations
are, of course, already linear.

(iv) The linearized renormalization equations are then assumed
to be diagonalizable; placing them in diagonal form, we arrive at the
form of the Kadanoff transformation equations (4.2) and can extract
the scaling powers from the eigenvalues of the linearized, diagonal
equations. Kadanoff's equations are already diagonal.

The range of b for which the renormalization equations might simplify
can now be specified. We choose b sufficiently large thet the
irrelevant parameters are driven to their fixed point values, however,
b cannot be so large that the relevant parameters are carried out of
the region of validity of the linearization carried out in step (iii)

of the standard renormalization group procedure.
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Later in this section, we will perform steps (i)-(iv) explicitly
for a specific renormalization group. At this point we will just
write down a set of formal equations describeing (ii)-(iv).

-First we must solve the fixed point equation
Ryp” = p*
b P P: - (4.10a)

This is often the hardest part of the solution. Just as in high
temperature series analysis, the determination of critical point
exponents is relatively straightforward once the critical point is
located. Since the renormalization equations are highly nonlinear
(cf. (4.21) below), the fixed point equation is solved in many
cases by some approximate or peturbational analysis. This step

is that which usually limits the accuracy of the scaling powers
calculated in step (iv).

Second, we set pi=pi*+-$pi and determine the linearized equations

for 5pi.

R, ( p2+Spe) =08 = Ly (B ¢ O ({ipret)

(4.10b)

wherelL.is some linear operator which depends on ]Rb and {pi*}.

We must assume of course that the linearized transformation exists. 1In
all the cases examined to date, there appears to be a well-defined
linear transformation at each fixed point.

Third, we endeavor to diagonalize the linear transformation (4.10b).
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It is a further assumption that this diagonalization procedure will
not introduce complex numbers. Thus, we assume that we may choose

linear combinations of the gpiisuch that

U.b Xe  ~ f\‘c(b) X

(4.10c¢)

where the eigenvalues Aé(b) are real. This is not a trivial assumption.

)
. X . « . . . .
A simple example of a linearized renormalization transformation which

does not have real eigenvalues is

U—&. P, = P cos{@ub) - Pa S (£ab) , (4.11a)

H— b F')\ = PJ cos{ fub) + P. Sin (fhb)
(4.11b)

defining z ip gives

= +

5
N

(4.11¢)

The renormalization equations (4.11a) and i4.11b) describe circular
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motion of the parameters p1 and P, around the fixed point P,=P,=0. The
solutions of these equations, the "renormalization trajectories",

never enter the critical point nor leave it. No renormalization

group equation seems to have anything but real eigenvalues. This
corresponds to the intuition of the Kadanoff derivation. If we

average over too large a block (b»m ) we do not expect the system

to resemble a critical system. In renormalization group terms, the
relevant parameters will "run away" from their fixed point values.
Therefore, on physical grounds we expect the eigenvalues to be real.

In all our examples the eigenvalues of the linearized renormali-
zation group equations have been chosen to be powers of the renormalization
parameter b. This is a general feature of the renormalization group.
Returning to the Kadanoff picture, we can imagine performing a second
block transformation, averaging over blocks of blocks to form a super-
block spin. This must be equivalent to performing a single Kadanoff
transformation directly from the site spins to the super-blocks. 1If

the two separate renormalization factors are b and b' we must have

Ry = Ry Ry . (4.12)

This represents the semi-group property of the renormalization group.
It becomes a true group only when placed in its linearized form. Using

(4.12) we see that the eigenvalues in (4.19%c) must be of the form

+

_ a
A (b)) = b * x: (4.13a)
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so that (4.10c) can be rewritten as

U-—b X = b I (4.13D)

-

These equations are well defined for all values of b. The original
transformation which transformed site spins into block spins was
only defined for integral b; (4.13b) is well defined for all b>O0.
The correlation length can be considered as a function of the
parameters fx;} instead of the original parameters%jﬁ} Combining
(4.13b) with the renormalization equation for the correlation length

(4.13b) we finally obtain the Kadanoff form

?({Ba"h&) = b7 \f( {r3). (4.14)

Formulations of renormalization groups thst take precisely this
form of converting site spins to block spins have been considered by
16 o
Niemeijer and vaw Leeuwen, Nelson and Fisher, Kadanoff and Houghton,
and others. In these groups, the exact nature of the lattice as
well as the discrete nature of the allowed spins values is retained.
However, to date these methods have been confined to one and two
dimensional systems; since many of these systems are exactly soluble,
the exact solutions can be compared to the renormalization soltuions
to check the accuracy and validity of the renormalization equations.
Such checks seem to inditcafe a high reliabilty for the renormali-
zation calculations. The extensions of the site and block renormaliza-

tion schemes to three-dimensional systems appears to more difficult.
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D. Field Theoretic Analogue

An alternate approach abandons the details of the lattice

structure and spin quantatization in favor of a field-theoretic model.

Followﬁng Wilsonque replace the set of localized site spins

assuming discrete values with a spin density s(x) which may take on any

value -® ¢ s(x) < @ . Although this might appear to be a crude

approximation, high temperature series analysis indicates an insensiti-
Ao

vity of critical point exponents to the spin quantum number. The

lattice structure can be retained by requiring that the Fourier transform

of the spin density, s(k) has its support in the first Brillouin

zone (cf. Fig. 8). As such a requirement renders the theory cumber-

some, and since high temperature series analysis indicates an

insensitivity of critical points exponents to the details of the lattice

214
structure, it is convenient to replace the Brillouin zone by a sphere

IK I = N (4.15)

where A is roughly the reciprocal of the lattice spacing.

Instead of averaging over all the spins is a block of size L,
we average over all the momenta between some momentum p and A. In
the site spin case, we could only expect simple behavior if we averaged
over enough sites to smooth away unimportant fluctuations (corresponding
to irrelevant parameters), but not over too many sites (cf. (4.4)).

The corresponding restriction in momentum space is

-

h ] X ( y
? << p < A . (4.16)
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Having performed the averaging over all s(k) with k between p=A/b and A,
we again choose to regard the resulting system is essentially
equivalent to the original system with new interaction parameters,
defining a renormalization transformation( cf F'gjb ).

This momentum space approach to renormalization was intraduced to
critical phenomena by Wilsonﬁgnd developed by many other authors. It
is, of course, in this formulation that the theory is closest to
its field theoretic progenitor. The renormalization transformation
again reduces the length scale by a factor of b; the momentum space
scale factor is correspondingly increased by a factor of b. To see
this directly, recall that in the renormaliéed system, the un-averageed
over momenta are bounded by A/b. To put this ih the same form as
(4.15) the renormalized value of the cutoff momentum jRpA is bA.. Thus,
the renormalization process can be considered to be a method of
gradually removing the cutoff of a field theory. The inverse of the -
correlation length plays the role of an effective mass. Eq. (4.16)
says that we are interested in the behavior of the field theory
described by the spin density for mementa much larger than the
effective mass. This becomes the high energy limit of the field
theory as the cutoff momentum becomes infinite. The scaling form
for the correlation length and other thermodynamic functions is the
asymptotical scale invariance of field theoretic literature. The
study of cutoff field theories in the limit of infinite cutoff is,
of course, the original provenance of the renormalization group.

The advantages of this approach lie in its approximations,
which have discarded details which are unimportant. We also are. free
to borrow the_results and techniques of many years of field theoretic
perturbation theory. The disadvantages are that we have encumbered

ourselves with the ultraviolet divergences of field theory (when A»® )
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and must carefully rearrange and reérder all our terms to give a finite
limit as the cutoff becomes infinitely large. Of course, in field
theory, the cutoff is an artifice which must be eliminated ; in the
original lattice system, it represents the physical fact of spins

which are more or less isolated on definite lattice sites, and is
therefore real. The second disadvantage is that we are forced into
perturbation analysis of a poorly controlled nature. In the Niemeijer
approachf for example, we must, in practise, truncate the hierarchy of
of interactions contained within the renormalization scheme, including
nearest neighbor, second neighbor and third neighbor interactions but
not any fourth or more distant interactions. The approximation has a
physical basis; we may have reasons to discard such long-range inter-
actions. The remaining interactions are treated exactly. On the other
hand, in the field theoretic approach, we must assume that 2ll the
"coupling constants" (the parameters describing the "interaction"
Hamiltonian, see discussion below) are small. For example, the Wilson-
Fisher expansion is a perturbation in the parameter e=4-d. We are,
unfértunately, interested in numerical results for real physical systems
for which d=3 and ¢=1. This is not precisely small; in fact, it is
believed that the e-expansion may be an asymptotic expansion%L Good
numerical agreement is found at the 0(e2) term with results of high
temperature series analysis. This is extremely fortunate since

the results are only known to 0(c%) for the Wilson-Fisher model.
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E. Differential Generators

Although the connections with field theory are many and we will
continue to borrow terminology and results from it, we will not
pursue it further in this section. For the most part we will use a
formulation of the renormalization group due to Wegner and Houghtongzv
In this formulation, an infinitesimal or differential generator of
the renormalization group is derived. By infinitesimal we mean that
the behavior of the renormalization transformation is studied for

b differing only infinitesimally from 1. Formally, this infinitesimal

generator can be defined as

[I) = ]|vn _1255::.3;;.
b1 b-1 R (4.17)

In contrast to the averaging over a finite shell of momenta between A/b
and A , Wegner and Houghton consider only thosemomenta in a very thin
shell and take the limit as the shell becomes infinitesimal. They were
able to show that in this limit certain classes of Feynman diagrams which
appear in the perturbation series for general |Rb can be neglected in
this limit. They were therefore able to re-sum the pertubation series
to give a closed form expression for the infinitesimal generator.
Infinitesimal generators are termed differential generatorsbecause
they determine differential equations for the Hamiltonian parameters.
It is customary to use % as the continuous parameter of the differential
generator (so that for finite renormalizations b=exp (2)). The
differential generator replaces the recursive equations (4.3a) with

first order nonlinear ordinary differential equations
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oP: - F. ( {P,-}) .
JR (4.18)

The correlation length scales as exp(-L) so that the differential

equation for f is
?ij? ?; - : (4.19)
2L

"In Chapter A} we introduce an approximate form of the differential
generator of Wegner and Houghton. Although the quality of the approxi-
mation is not subject to rigorous a priori assessment, it is equivalent
to restricting the Hamiltonian densities to be of the Landau-Ginzberg

form.

;pg = lf;gf‘a + H (*5 )

. (4.20)

The "free term" in the field theory is the gradient term; H(8) is the
"interaction". A similar approximation and restriction was made by
Wilsogvin his derivation of the "approximate recursion formula'". The
approximate differentail generator given in (4.21) below is probably
the differential form of Wilson's approximate renormalization group,

but this has not been shown. The advantage of the differential
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approach is the multitude of techniques avalilable for the solution of
differential equations, some of which are unfamiliar or lacking for
finite difference equations. With this differential generator we can
carry out the entire four step renormalization procedure. We will define
a renormalization transformation, locate fixed points, linearize around
those fixed points, and extract scaling powers by diagonalization.

(i) Definition of the Renormalization Group Transformation

Wegner and Houghton choose to keep the coefficient of the gradient
term in the Hamiltonian density constant. In terms of our approximation,
we expect to determine a differential equation for the function H(s).

We find

aH = dH+ (d) 5T+ ladet [1+AT
éi? A

(4.21)

A .
where H is the matrix of second partial derivatives of the function H(s)

8. - OH

) (4.22)

™e
L S
%
W
~.
v
(2]
| 29

and d is the lattice dimension,

Although the details of the derivation of the Wegner-Houghton
equation and, in particular, this approximation, are béyond the scope
of this section, a few explanitory remarks can be made.

The first term on the right hand side of (4.21) arises from the
change in effective volume. The length scale as measured by the

correlation length behaves as exp(-%), so that the volume changes under
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venormalization as exp(-d?¢). Since H is a Hamiltonian density, a
factor of exp(+dl) is to be expected.

The operator ;.3 is the second term of (4.21) is a power
counting operator which replaces a term of order m in the spin compo-
nents with m times the same term. This term in the generator accounts
for the rescaling of the spin variables themselves. The gradient term
in the Hamiltonian density is to be held fixed. To do so, we must
scale the spins asex?LKQ—d)/Z} to compensate for the change of
length scale. 1In the exact formulation of Wegner and Houghton, this
rescaling factor is chosen to be exp( % (2—d-7)/2). The critical point
exponent Q is introduced to cancel contributions to the gradient
term which arise from the average over the infinitesimal momentum
shell. In the approximation used here, these terms have been dropped.
Thus, the approximation fails if 7 is not small. In (4.21), we have
set?—=o for consistency.

The third term in (4.21) is the only vestige of the renormalization
average taken over the infinitesimal shell of momentum. The fact that
it involves only the second derivatives of the Landau energy H(s) reflects
the simplification achieved by taking the infinitesimal 1imit. The
determinant represents the change of variables made in order to
perform the functional integral over the states in the shell. The
logarithm is simply the connection between the partition function and
the Hamiltonian.

(ii) Location of a Fixed Point

The fixed point equation

y) :
62’ (4.23)
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has many solutions. The simplest solution (which is central to all
our later perturbation studies) is the trivial or Gaussian fixed
point, given by H=0. Although this fixed point is obtained by
inspection and is particularly simple, we must not underestimate its
importance. It is the only fixed point which is exactly known. It
therefore is the anchor point to which we must refer.

(iii)-(iv) Linearization Around the Fixed Point and Determination of

Scaling Powers

If we linearize (4.21) around H=0 we obtain the equation

Z a * (4.24)

This equation has a familiar structure; the eigenfunctions of (4.24)
are the eigenfunctions of teh harmonic oscillator (as first pointed
out by Wegnemg%or the Wilson approximate recursion formula). For
single component spins, these are the Hermite polynomials. The

eigenvalue of the ¢th Hermite polynomial is given by

A = é_{l-d)fc/.

[4 A (4.258)

These eigenvalues do not look immediately familiar. First we must recall
that the freeemergy density scales as exp(dt). To convert these
eigenvalues to the scaling powers commonly used in the phenomenological

literature, we must divide the eigenvalues in (4.25a) by d,
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a; - 3 d

(4.25b)

Now, we borrow a result from field theory which shows that mean field
theory for an order & critical point of Landau-Ginsberg form (cf. Eq (3.2)
of Sec. iii) is valid for all dimensions d > 28767—1). If we insert

the value of the borderline dimension for such a point

do = 20 fo-
(4.25¢)

into (4.25b) we obtain

a, = (2e-I)/ze

(4.254d)

which are precisely the mean-field values of the scaling powers
derived in Sec. iii (cf. (3.3))! Note also that the eigenvalue of
the 20th Hermite polynomials is proportial to the difference between

the lattice dimension and the borderline dimension for an ®th order

critical point,

Noa ° (o-1) (de-d )

(4.26)



Thus, the 26th Hermite polynomial corresponds to an irrelevant variable
for d greater than the borderline dimension (4.25c¢c) when mean-field
holds, but to a relevant variable when d is less than the borderline
dimension when mean field fails. We may understand this by considering
that when mean-field holds, we may neglect all the fluctuations of the
spin. In terﬁs of the Fourier transform, this means that the support
of the transform is the origin of momentum space. The possibility of
such condensation into a single mementum state is lost in the field
theoretic formulation which depends on some non-zero support in momentum
space. When this assumption is invalidated, the renormalization group
incorrectly, but understanably, treats the 20th Hermite polynomial as
irrelevant; there is no contribution to the Landau form (4.20) from
fluctuations when there are no fluctuations.

Similarly, when fluctuations are important, mean field fails. The
fluctuations of the épin will contribute to the Landau energy. The 20th
Hermite polynomial corresponds to a relevant term and grows in
importance as renormalization proceeds. The Gaussian fixed point
cannot be the correct fixed point when this is the case. The eigen-
value of the 20th Hermite polynomial is relevant; to be at the critiéal
point we would have to set it equal to zero. The highest order term
in our Landau expression would be lost. To correctly describe the
critical behavior for a critical point of order ¢ we must find another
fixed point.

In Chapter 4 we describe the location of the new fixed point and
the determination of the new eigenvalues to first order in the difference
%y_d' Since the discussion takes the form of a Physical Review Letter
and is extremely brief we will describe the technique in some detail in
this section.

a3
The case( =2 is the now classical computation of Wilson and Fisher
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for the ordinary critical point. The #=3 tricritical case has been
discussed precisely at the borderline dimension d=3 by Riedel and

26
Wegner The extension of this work below three dimensions

has been studied by Stephen and McCaule;?'and Chang, Tuthill and Stanle};'z:8
Ref. &% has also considered perturbations from the®=4 case, which has
borderline dimension d=8/3. The study of successively larger& by the
methods employed in these references is rendered extremely difficult by
the number of simultaneous equations which need to be solved., The number
of equations necessary for the first order calculations is 28-2,

which rapidly becomes unmanageable.

The simplification and extension of the earlier results to
arbitrary © is made possible by the simple, explicit form for the
renormalization group transformation given in (4.21). Its closed form,
differential nature makes it easier to extract the essential features
of the order © problem.

We expect the fixed point to retain reflection symmetry so we
confine our attention temporarily to the even Hermite polynomials.

Since the mean-field and Gaussian results are identical at the border-

line dimension, we imagine that at dimensions close to the borderline,

the fixed point is "small". Postulating the existence of a fixed point
close to H=0, we attempt to locate it by a perturbation expansion of

(4.21). We write the fixed point Hamiltonian H=H* as

(2) g 30
4% e, HY v eo HT 4 O (S
~ ) (4.27)

where € - is some small expansion parameter to be determined and where

we have discarded term of higher than second order in GG?' Inserting
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into the fixed point equation (4.23) and retaining terms only up to

second order we have

(4} £} . (2
o €o LH 4 Eo ,B(H“’,H"’)+ co L HY -
(4.28)

wherei is the linear part of the renormalization equation given in

(4.24) and B is the quadratic part (cf. Chap. 4 )
()

The linear operator acting on H and the quadratic term involving

K
N are both of order &» . There is no term to balance the (apparently)

H
0(€g) term fH(') . Therefore, the fixed point equation (4.28) cannot
be satisfied unless XH(') is itself O (6’.’} This, in turn, is only

possible if H( "

is an eigenfunction of the linear operator; that is,
it must be a Hermite polynomial . The expansion parameter can be inden-

tified with the eigenvalue of the eigenfunction chosen. Thus,

P
H'= €ove Qo + = ; (4.29a)

where Qg is the 20th Hermite polynomial and

€o 2 oOGd)td (4.29b)

The borderline dimensions for the order ® point is just given by

setting e& =0,



s

x

To obtain the fixed point value of Vg We choose H orthogonal
to Qg and take the inner product of (4.29) with Qo' This determines
\ Since the fixed point is small, we expect the new eigenfunctions
to differ only slightly from the Gaussian eigenfunctions. This proves

to be the case, and we may calculate an 0(&) shift in the eigenvalues

in terms of integrals of Hermite polynomials. The result is very simple

A, = LG-d+d -2 s (o) |
{ 2 . (ag) . (4.30a)

The renormalized values of the scaling powers quoted for mean-field

in (4.25b) are again given by dividing these eigenvalues by d

. |
ad; = A6-¢ ., c-:.,(o-u[_i, - als) ] (4.30D)
B4 2e La¥ (%)

Having obtained the scaling powers, the critical point exponents

are determined to 0(g,). However, comparison with the exact
Wegner-Houghton equations shows that the critical point exponent Q is
zero to this order. By using field theoretic techniques, we have been

able to calculateVL to O(Q:). For Ising systems, we find

73: l‘f'é;

(1@. )3 (4.30c)
& .

These calculations can also be carried out for n-component spins; the



56

details are discussed in Chapter % .

The calculations for critical points of higher order only differ
from mean-field predictions in dimensions less than the borderline
dimension for each order® ; that is, d¢ 20/ ©@-1). Thus, it is
expected that mean~field holds in three dimensions for all such higher
order point with@®Z>3. However, (4.30) does apply to higher order
critical points in two-dimensional systems.

Eq. (4.29)-(4.30) determine the properties to leading order of all
the usual Landau model small fixed points. Ther, are however, many
other fixed points (some of which will be discussed in Chapter V). For
Ising systems, we may discuss a largeclass of these fixed points_J those
characterized in Chapter 4 as "odd-dominated'" Hamiltonians. In |
these systems, the leading term in the expansion for the fixed point
Hamiltonian is an odd Hermite polynomial in the spin s. The perturbation
expansions for such systems must be carried to cubic terms and the
expansion parameter is given by the square root of the corresponding
hermite polynomials eigenfunction. That is, we write the expansion of

the fixed point Hamiltonian H* as

3b (
“ €oy H Ve o)
}(4.31a)

H"= J_&;% Vo haoy + €oy H

where h,o_; (s) is an odd Hermite polynomial and

é""i = (@-4)(a-d) +d . (4.31b)
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The fixed point equation reads

(o EQ—; i H“) + é’o.% V01 aB( ‘fnp‘..jhzo.,) +
3

: 3k -
6;'-; Vo haga 1 €a-& VOS c ( hao-t \ lnw-, 5 h»—r}
Ih, (3i3) (4.32)
. 2
k) é:": Vo Jj(Haj hw._, ) + e‘}‘i H d oo

-

F 3

wherecz represents the cubic part of the renormalization equation (4.21).
It is now easy to see why the expansion parameter must be choosen

as in (4.31). The leading term, hlﬂLl is an odd Hermite polynomial,

and is orthogonal to any even function of the spin s. If an expansion

of the form (4.29) were employed, the inner product taken to determine

the fixed point would vanish identically. 1In this case, we must first

qp

choose H to balance the 0( €,.) portion of the equation. Having

) 3/3

determined H''’, we choose H to be orthogonal to %&r‘l and take

an inner product to determine the fixed point value of q;.The eigenvalues
of the various Hermite polynomials can be calculated at the fixed point.
They differ from their values at the H=0 fixed point by an 0( &, )
correction (see Chap. 4},

The odd-dominated systems are different from the usual even
Hamiltonian fixed points in that for €o 7 O(when the fixed point is
"stable", see Sec. V).the fixed point value of the Hamiltonian is pure
imaginary (at least forQ-=2,3). For €¢; { Q, the fixed point is real
but "unstable'". As will be discussed in Sec. V, such a fixed point
probably does not contribute to the asympototically valid values of
critical point exponents, but will influence the critical behavior

away from the critical point.

We also introduce in Chapter 4 an approximate renormalization group
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generétor based on the exact equation developed by Wilsoﬁausing

a "partial integrétion technique'". We show tﬁat it gives the same
results as the generator (4.21) based on the Wegner-Houghton
equations. Since the derivational technique is more subtle than
the straightforward Wegner-Houghton approach, which mimics the
Kadanoff ideas precisely, we will not discuss this new generator

in this section.
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V. The Renormalization Group: Global Theory and "Critical Ordering'

In this section we show how to incorporate the linearized, local
approach to the renormalization group into a global, nonlinear theory.
In the linearized theory, a fixed point of the renormalization group
transformations is found and the renormalization equations are linearized
around that point. As discussed in Sec. III, this leads directly to
the scaling form for thermodynamic potentials and the determination of
the scaling powers. This approximation has a double nature as
expressed in the term ""linearized, local" used to describe it.

First, the equation have been linearized. For example, suppose
the renormalization equations concerned a single parameter p with

renormalization equation
ap = 2p [ I+pY)
5%% P P * (5.1)

When linearized around its fixed point p=o and combined with the

equation for the correlation length (4.14) we have

2 €
p- ot
) - (5.2a)

Uz

—~nk

T
-
v

(5.2b)
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However, the exact solution of (5.1) is not (5.2a). Solving (4.1)

exactly we have instead of (5.2) the following

61311
(l"'f’a)'b - )

\f _ F-t/n (\-rP’)i,‘f

The expressions given in (5.2) and (5.3) do not differ significantly
for small p but have radically different behavior for large p. Thus,
the use of nonlinear equations yields '"'corrections to scaling" terms
similar to those discussed in Chap.l ; that is, the use of nonlinear
renormalization group equations can give the deviations from the
scaling behavior derived from the linearized equations.

The example (5.1) was carefully chosen to avoid the second
aspect of the approximation in the linearized, local analysis; that
is, locality. Eq. (5.1) has only one real fixed point; in Sec. III
we were able to establish a connection between the singularities of
the correlation length and the existence of fixed points. If there is
only one fixed point then there is only-ome sort of critical behavior.
In general, there will be several fixed points of the renormalization
equations each '"representing" a different critical behavior (each
fixed point represents a different critical behavior since the eigen-

values of the linearized equations will generally differ at the

(5.33)

(5.3b)
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different fixed points and hence the scaling powers and critical
exponents will differ).

The existence of several fixed points is a far more serious
difficulty than the simplé nonlinearity introduced in (4.1). Four
questions need to answered:

(i) Is there still a scaling equation?

(ii) Which fixed point determines the exponents of teh scaling
equation, if it exists?

(iii) How do the other fixed points influence the behavior of
the system?

(iv) Under what conditions does the asymptotic scaling behavior
escape the influence of one fixed point and come under the influence of
another?

Before we can discuss these questions we must introduce a somewhat
technical subject. Wegneé’%as termed expressions that have purely
exponential dependence on the renormalization parameter nonlinear

scaling fields. Thus the expression on the left hand side of (5.3a) is

the nonlinear scaling field corresponding to (5.1). The questions (i)-
(iv) will be addressed most easily in terms of these nonlinear fields.
Wegner explored the existence of nonlinear scaling fields in formal
power series expansions around a particular fixed point (i.e. for (5.1),
p=0). This approach is limiting by the fact that such series will almost
never have an infinite radius of convergence. The power series

expansion of (4.3a) around p=0 fails to converge at p =1 due to the pure
imaginary fixed points at p=xi. However, the exact nonlinear scaling
field is perfectly well behaved at p =1. This is not the case for
multiple real fixed points. If (5.1) is modified slightly to introduce

additional real fixed points
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. N
p - Ap LIFD)
s L (5.4)

then the solutions for p and the correlation length are given by

P 24
”_-“:—711 ™ e’ ) (5.5a)
(1-p7%) b, -8

~1ja o If
.f = P / (l'f’) ’ ,
(575b)

In this case, the nonconvergence of the expansion at p =1 represents a
real singularity in the nonlinear scaling field and a zero of the
correlation length.

Any truncated power series expression for a nonlinear scaling
field or a thermodynamic quantity such as the correlation length fails
to distinguish between these two possibilities and totally misrepresents
the nature of the solution at any fixed point other than the original
fixed point about which the expansion was made.

The above discussion shows that we may expect singularities in the
nonlinear scaling fields in the vicinity of other fixed points. To

successfully incorporate these expected singularities, the local approach



63

to the renormalization group problem (as reflected, for example, in the
use of series expansions) must be superceded by a global approach which
considers all the fixed points of the renormalization equations even-
handedly (cf. Fig. 8). In this way the major singularities of the
nonlinear scaling fields can be inqorporated intially and approximaties
made for any remaining smooth behavior.

If the nonlinear scaling fields for the renormalization group
equations can be found, (i) can be affirmatively answered. If {Si}
is a set of nonlinear scaling fields for the nonlinear renormalization

group equations for the parameters ‘{p 171 with eigenvalues { ai} then

a; £
Se ~ e
) (5.6a)

FOLp¥8y)= b7 T08Y) .

(5.6b)

Equations (5.6) hold everywhere in the parameter space where the nonliﬁear
scaling fields are defined. This is not a trivial restriction as is

shown by considering (5.5). The general theory of nonlinear first

order partial differential equations applies in this problem since

the nonlinear scaling fields satisfy equations of twot form. We may
generally expect the solution region for the nonlinear scaling fields

to be some region of thz parameter space bounded by surfaces on which

one or more of the scaling fields is singular.
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As will be shown in Chapter 5, the answer to (ii) is more proble-
matical. In general, a solution fo r the Gibbs potential, for example,
will not be dominated by the behavior of a single fixed point. These

solutions are examples of the critically ordered systems axiomatized

in Chapter 3 . These solutions, however, have "extra" singularities.

If these singularities are removed, then the so-called 'stablest"
fixed point determines the asymptotically valid behavior.

The notion of relative stabilityef fixed points is simple. If
the ¢ pi} move from a fixed point A to another fixed point B then A
is relatively unstable with respect to B. Thus, in (5.1) if the para-
meter p is not exactly O, it tends to 1 asg@ao . The fixed point at
p=0 is unstable with respect to the fixed points at +1. It is clear
taht a fixed point is unstable with respect to some fixed point if any
of the eigenvalues of the renormalization equations linearized around
that point are positive (and if 1limit cycles are excluded). Thus,
the strictly stablest fixed point is one at which all the eigenvalues
are negative. In (5.4) p=%l1 are stablest fixed points in this sense.
However, these are not the stablest fixed points that we want, since at
such a point the correlation length is zero (cf. (5.5b)). This
apparently corresponds to "infinite temperature" fixed point behavior.
Since the fixed points corresponding to critical points should yield
an infinite correlation length, we must retain at least one positive
eigenvalue. The remaining instability represents thé¢ temperature
instability. In some cases, more than one sort of instability is
retained, such as a magnetic field. While this division may seem
somewhat arbitrary, in any concrete problem the resolution is clear.

As will be shown in Chapter %, the global, nonlinear approach even-
tually leads to a description remarkably like that of the "higher order"

critical points discussed in Ref. 7 and Chap. 3 .. The solution
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region (cf. Fig.i®) of the renormalization group equations contains a
critical surface on which the critical point exponents are given by
tiy¢ stablest fixed point within that surface. The effects of the other
fixed points (question (iii) above) disappear asymptotically close to
this surface except near its borders. This surface can be compared to
the surface of ordinary @=2 critical points in Fig. 4. On the borders
of tise solution regions, special symmetry condition on the renormaliza-
tion equations exclude thé€ participation of the stablest fixed point and
the determination of critical point exponents passes to another fixed
point (question (iv) above). This is analagous to the bordering of a
surface of =2 critical points by a lower-dimensional surface of &=3
critical points (the tricritical lines in Fig. 4). In the vicinity of
the border, both fixed points compete exactly as in the phenomenological
discussion of competition between types of critical point incorporating
37,31
"double-power' scaling laws. As in the phenomenobzmqldiscussion, this
process can be continued indefinitely by introducing additional fixed
points for each type of critical behavior.

As mentioned above, those solutions of the renormalizations group
equations for tje thermodynamics functions that are not dominated by the
"stablest" fixed point, exhibit additional singularities. These systems
are not scaling systems but rather critically ordered (cf. Chap.3 ).
The decision to reject the singular solutions is not a simple one.

If they are retained, they provide a theoretical framework for a failure

of scaling in thermodynamic systems.
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CAPTIONS

la.

1b.

1lc.

Phase diagram of a single component fluid system, illustrating
the vapor pressure curce terminating at the critical point. The
direction tangent to the vapor pressure curve at the critical
point (the weak direction) is labeled ﬁz; %1 is any direction
not tangent to the curve (a strong direction).

The phase diagram of a simple ferromagnet. The weak direction
Q is along the T axis; X may be taken parallel to the H axis.

2 1

The phase diagram of an anisotropic ferromagnet. The coexistence
surface lying in the RT plane is bounded by a line of ordinary
critical points. The §3, or irrelevant direction, is tangent to

the line of critical points, QZ lies in the RT plane, and %1 can
be chosen as any direction not lying in the RT plane.

Schematic representation of an anisotropic ferromagnet. In each
plane, the spins are coupled with an interaction J between nearest
neighbors. Nearest neighbors in different planes interact with an
interaction strength RJ. For positive R (as shown) the system is
an anisotropic ferromagnet. For negative R, the spins on alternate
planes are aligned anti-ferromagnetically, so that the system
becomes a meta-magnet.

The phase diagram of the fourth order system of Ref. 2 is shown in
the HT plane for various values of R(R negative). The antiferro-
magnetic coexistence surface is bounded by a line of critical points
which terminates at tricritical points labelled TCP. The line of

. e . /
first order transitions is shown dashed; T,_ is the Neel temperature

N

for each value of R. (a), (b) and (c¢c) show the phase diagram for

successively smaller values of |R|.
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6b.

6c.

1

The phase diagram of the fourth order system of Ref. 2 in

HTR space; A coexistence volume is capped by a two-dimensional
surface of ordinary critical points. This surface is bounded by
two tricritical lines. The tricritical lines intersect at the
fourth order point: H=H'=R=0 and T=T2, the two-dimensional

Ising model critical temperature.

The phase diagram of a meta-magnet in HH; T space. A half-moon
coexistence surface labelled CXS is bordered by a line of anti-
ferromagnetic critical points, This line terminates at two
tricritical points (TCP). By examining the phase diagram for non
zero staggered magnetic field, the tricritical point is seen to
be the point of intersection of three lines of critical points.
Wings are forméd from coexistence surfaces between paramagnetic
and antiferromagnetic phases.

Three-dimensional slices of the phase diagram of a multicomponent
fluid system of three or more components, The variable t may

be considered to be the temperature and u and v as suitable
"fields" (combinations of the pressure and the various chemical
potential differences}),

The coexistence surface between the phases labelled A and B
terminates on the coexistence surface separating those phases
from a third phase labelled C. The point P is a critical end
point at which A and B are critical while simultaneously being

in coexistence with C. The line Lo is a line of three phase
coexistence.

A slice containing a point Pt at which all three phases are
simultaneously critical (the multicomponent fluid tricritical point).
A slice in which the coexistence sufface separating B and C
terminates on the A coexistence surface. The point P' is a critical

end point at which B and C are critical while in coexistence with A.

o Aa g s =
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7a. The Kadanoff picture of scaling. Ising spins on a lattice with
lattice spacingaare grouped into blocks of size L. If L is
much less than the correlation length ?, the blocks can be treated
as if all the spins within each block are aligned.

7b. The field theoretic view of renormalization. Momenta lying
between p and the cutoff momentum are integrated over; the
inverse of the correlation length is an effective mass for the
theory. Scaling behavior is expected for m xp«A.

8. Diagramatic representation of the continuous spin function s(x).
If we are only interested in the values of s(x) when x=2n I,
the two different functions shown are equivalent. For this case
of a spin on a one-dimensional lattice with lattice spacing 2 1,
we need only consider wave vectors such that |k|$1. That is,
wave vectors within the first Brillouin zone of the lattice.

9. The local linearized view of analysis is contrasted with a
nonlinear global approach. The linearized renormalization
equations can be treated in some region of any fixed point. Two
fixed points are shown at (p,q)=(0,1) and (0,0). Local renorma-
lization group equation solutions are indicated. See Eq. (1.2)
of Chapter 5.

10. Comparison between the phase diagram of the Ising metamagnet also
shown in Fig. 4 and the solution region of a nonlinear crossover
problem discussed in Chapter 5,

10a. Reproduces Fig. 4, A coexistence volume is covered by a surface
of ordinary critical points. This surface is bounded by two

tricritical lines which intersect at a point of order four.
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21

The solution region of a nonlinear renormalization group problem.

A surface is characterized by two variables which scale; the scaling
exponents for these variables are the same everywhere on the surface.
This surface is bounded by two lines on which three variables

sacle and for which there are different scaling powers. These
"tricritical lines'" intersect at a point at which four variables

scale with new scaling powers.
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Second order lines

Figure 5
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Figure 4
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Figure 6
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Appendix: On the Application of nonlinear Renormalization Group
Techniques to the Problem of '"Crossover' and the

Competition of Different Critical Behaviors
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ON THE APPLICATION OF NONLINEAR RENORMALIZATION GROUP TECHNIQUES TO THE
PROBLEM OF "CROSSOVER" AND THE COMPETITION OF DIFFERENT CRITICAL BEHAVIORS

The renormalization group, when considered in its nonlinear aspects,
provides a theoretical understanding of the crossover behavior of systems
which have competing critical behaviors. The result of the analysis is
to confirm phenomenological description of simultaneously valid scaling

hypotheses.

I. Examples of '"Crossover"

The term "crossover" is used in critical phenomena in several
contexts. In all cases it describes a competition between two or more
distinct types of critical behaviour. The simplest example is the
crossover between mean-field behaviour and true critical behavior as
the critical point is approached. In Fig. 1, the phase diagram of a
simple Ising ferromagnet is shown. Two phases with opposite magnetization
are in coexistence surface terminates at the critical point. Semi-
quantitative information about the nature of singularities of the
thermodynamic functions is provided by various critical point exponents,

some of which are defined below

-Y
x= aM v | oo .
5 4 T TC at h=0
. -k
ch=<T§_ v T -1 at h=0
aT)h ¢

(1)
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These critical point exponents are not completely independent. Rigorous
thermodynamic inequalities show that & + 2 B+ > 2. In fact,
the equality seems to hold in most systems, both theoretically and

experimentally,

A + 28 + Z{ =2 (2)

Mean-field or Landau theories of the critical point presume that
the thermodynamic potentials are analytic in M, and T-T.. This leads
to the predictions that o(.=0, B =ls, and ¥=1. At moderate distances

from the critical point, these values may be ovserved.

However, nearer to the-critical point, the character of the
singularity appears to change. Ploting log X versus log (T-T.) we
find (as shown qualitatively in Fig. 2) that the data will fall on two
separate straight lines connected by a "crossover" knee. The values
of the critical point exponents as determined from the asymptotic
values of the slopes also appear to satisfy (2) as an equality. Thus,
we pass from one set of exponents which satisfy exponent equalities

to a different set which also satisfy equalities.

A more interesting example of crossover is the competition between
critical and "tricritical singularities. As an example, we consider
the phase diagram of a simple Ising metamagnet. In this sytem both
antiferrmagnetic and ferromagnetic ordering are possible and compete.
In the H~T plane (cf. Fig. 3) there is a coexistence surface on which
two anti-ferromagnetic phases coexist. This region is bounded in part by
a line of ordinary critical points. At these points, the transition is
"second-order" in the sense of Gibbs. The two coexisting antiferromagnetic
phases become identical along this line with a smoothly vanishing
staggered magnetization. This critical line terminates, however, in
two special points called tricritical points. Beyond the tricritical
points the transition becomes first-order, with the staggered magnetization

dropping abruptly to zero.

As pointed out by Griffiths, this phase diagram becomes clearer
when examined in an augemented space which includes an unphysical

staggered magnetic field, Hst » which couples directly to the staggered
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magnetization . In this space, we see that the tricritical points are
points at which three lines of critical points intersect. The addition
wings (cf. Fig. 4) are coexistence surfaces separating antiferromagnetic

and paramagnetic phases.

The tricritical points are obviously unique points on the phase
diagram. It is not surprising that thermodynamic functions have a
different singular behavior at the tricritical points than they exhibit
on the line of "ordinary" critical points. It is found that on lines of
constant magnetic field which do not pass through the tricritical point
the divergence of the susceptibility can be described by a single critical

point exponent

x v Tz @ (3)

This "universality" of critical point exponents along the critical line
is partly explained by noting that the fundamental processes near the
critical line are still anti-ferromagnetic. The presence of the
magnetic field h shifts the critical temperature, but does not alter
the qualitative nature of the interactions. (a more mathematically
precise validation of universality is obtained in the renormalization

group calculations to follow).

However, on a line passing through the tricritical point, a new
behavior is observed. The singularity of the susceptibility is still as

power law, but with a different exponent
Y
x v |T-T tricriticalI
(4)
In a neighborhood of the tricritical point (cf. Fig. 5) both the critical

singularity characterized by ¥and the tricritical singularity characterized

by 5;compete.
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To explore this complicated situation, we first turn to a phenomeno-

logical framework which incorporates the observed facts.

Kadanoff Scaling

Kadanoff's heuristic scaling notions provide a basis for both the
phenomenological theories of scaling and the more rigorous renormalization
group techniques. Kadanoff considers a simple Ising ferromagnet near it's
critical point (cf. Fig. 6). The spin-spin correlation lenght,f, which
diverges at the critical point, is very large near the critical temperature.
Many neighboring spins tend to become aligned in blocks. Kadanoff argues
that we may be able to treat such blocks of spins as single spins. Thus, if
the spins in a block of for example four spins are nearly always all pointed
up or all pointed down, we may treat it as a unit.

This new system of block spins is similar to the original system,
although it obviously is not identical to it. In particular, the internal

degrees of freedom within a block have been neglected (for each block of four

- spins there are 16 states, not simply the two block states). However,

Kadanoff argues that these differences will not affect the critical behavior
of the system, and that for the purpose of studying critical behavior, the
two systems can be treated as identical in nature.

The correlation length of the block spin system (as measured in, for
example, lattice spacings) is less than that of the original system. For
blocks of b spins on a side (b=2 for four-spin blocks) the correlation

length is reduced by a factor of b.
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Thus we have that

(h

tblock ‘Ppiock * Tbloc T %a (h,t)

(5)

where hblock and Iilock are the effective magnetic field and reduced temperature

( t =(T—Tc)/TC) of the block system.

At this point Kadanoff assumes that the similarity of the two
systems is sufficiently precise that the effective magnetic field and
reduced temperature are themselves simply given by scale transformations.

boock = b2hp

a

thlock = b2t ¢ (6)

The constants ah'and :a, are called the "scaling powers'" of H and T, respectively.
Combining (5) and (6) we see that the correlation length is a generalized

homogenous function (GHF) of the variables hand t,

£ (%M, bPtr) = bl g (h,t) )

This can be rewritten to put £ into "scaling form" as

l—l/a

£ = |t t & (sgnt, h/|t] ah/at) (8)

From this example of the correlation length we may extend the scaling hypothesis

to other thermodynamic functions such as the Gibbs potential

d

G (b %hn, bt ¢) =b ¢ ¢ (h,t) (9

We have chosen the scaling power of G to be given by the dimension of the

lattice d to conform with the renormalization group results to be obtained
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later. From (9) we may calculate the critical point exponents:, B8, and o

Y = 28.. = d
o (10)
l&"
B = _d"tﬁ" i ’
. ax
A
= 2a: - d ;
a

These values for the critical point exponents clearly satisfy (2) for any
values of a, ar, and d. The Kadanoff construction does not give us any
way of calculating the scaling powers ah and atj However, they can be

calculated by the renormalization group.

I1I Scaling and Crossover.

The success of the scaling hypothesis in describing the critical
points of ferromagnets and single-component fluid has let- to its use in
fricritical phenomena and crossover. To make the closest connection with
the nonlinear renormalization group solution discussed below, we will
consider the geometrically simple modéi phase diagram shown in Figure 7.
A coexistence surface liéd in the plane h=0; h represents the ordering field.
The line x=H=0 is a line of ordinary critical points which terminates at
x=y=h=0 at a "tricritical point." Only one of the three critical lines
is shown.

At each point of the critical line, we make a two-fold scaling
hypothesis. We assume that, apart from smoothly varying backround terms,

the Gibbs potential is a GHF in h and x,

(;( bahh, b axx’y\‘, = bdG (h,X3y)

(11)

LY (hyx,y)

4

? (bahh, baXx, "v') = b—
With scaling powers ay and ax. The variable y only enters as a parameter.
By this means the universality of critical point exponents is guaranteed.
To distinguish the tricritical point, we assume that in the vicinity of the

origin the variable y no longer is an unimportant parameter, but rather

scales. We make a three fold scaling hypothesis



9 [2]

a a a
h * b4
Gtri(b h, b x, b 7y)

b Gtri (h,X,Y)

(12)

frs® M b b Ty = 57LY )

with new scaling powers — , — , and — .
a ay
If both (11) and (12) are to be valid near the tricritical point,

then we obtain extra information in the "crossover" region where both hold.
Consider, for example, the =0 correlation length. From (11) we have
-v
e~ X7 P, (13)

with v'slﬁzx. On the other hand, from (12) we have instead

en [ %17 e,y /xR (14)

tri

with ;-51/51 . We cannot require these expressions to be identical since
each scaling hypothesis represents an approximation to the critical
behavior. However, we can require that they give the same asymptotic
behavior when x - 0 with y fixed. This is the condition for the mutual

validity of both scaling hypotheses. Thus we must require that

-— Y-
e,y ] ,)’_fﬂ
tri X (15)
as ® >0 ) ‘P B Ei.x,farr

One simple function that satisfies all the requirements is given by

ﬁ‘! -V

NN S AP
(16)
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For X 0 with y fixed, (16) has the form expected from (13) while in the
vicinity of the tricritical point it has the form (14). The ratio }{

is called a crossover exponent since when x is the same order as
yf' thét the crossover region is entered. For x much less than y( critical
behavior rather than tricritical behavior will be seen. We also observe
that we can extract the dependence on y in the crossover region. The amplitude

of the critical singularity, which may be defined as

Awmp e@y) = i': o B x¥
(17)
can be obtained from (15) or (l6) as ;
|
Ampryy w y O
"E v Y (18)

Thus the amplitude of the critical singularity scales
with an amplitude exponent that is the product of the crossover exponent and !
the difference of the oridimary critical point and tricritical point values

of the critical point exponent for the correlation length.

Although this disc vssion has been phased in terms of the correlation
length, it is easy to see that these properties are applicable to all the
thermodynamic functions. In each case, in the region in which both tricritical
and critical scale might be expected to hold, we obtain constraints on the
tricritical scaling functions (15), which are characteristic of "double power
law" scaling forms such as (16). Furthermore, the amplitudes of critical
singularities will obey scaling laws such as (18). These predictions of
mutually valid multiple scaling hypotheses have been tested in various model
tricritical systems by high temperature series. Within the accuracy of the

series calculations they are all supported.
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D. The renormalization group

To put this phenomenological discussion on firmer ground we turn to
the "renormalization group'. The renormalization group approach is a
catch-all term describing the mathematical improvement of the block

scaling notions of Kadanoff discussed earlier.

The basic physical fact utilized by Kadanoff is the divergence of the
correlation length at a critical point. This implies that the system is scale
invariant; that is, if the correlation 1length is infinite, then blocks of spins
look precisely like single spins. In the immediate vicinity of a critical point
we have a nearly scale invariant system. By studying how the system changes
under a scale change, we hope to extract information on the behavior of

thermodynamic functions.

Kadanoff used this idea purely heuristically. Wilson pointd out that
a more rigourous approach is possible. We can illustrate this idea with a
simple example. Consider a one-dimensional chain of Ising spins (Cf. Fig. 8a).
To achieve a critical point at a non—-zero temperature, we must apply a long
range ferromagnetic interaction ( LRI) of some kind. We will not worry about

the detailed nature of this long range glue. We write the Hamiltonian as

o= h2 s LRI
kT ‘
(19)
Now we apply the Kadanoff block transformation idea to this system. We
divide the spins into blocks of 3 spins (Fig. 8b). We can define an Ising
block spin to each block by

o"é = 5(2"‘ (53é+ SJért + $3£+1) (20)
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We would like to be able to think of the block spin system in the same

way as the original spin system (cf. Fig. 8c). We want to define a new
magnetic field h' and a new long range interaction LRI'. We can calculate

the relationship between h and h' and between LRI and LRI' instead of

postulating them (as in Kadanoff) if we demand that the block system (h',LRI',®)

have the same partition function as the original (h,LRI, s) system.

The partition function for the single spin system is given by

Z = 5 exp[—(h'i“*‘*lﬂ
S;_:Il

We must first write this in terms of the block spins oy - We divide the sum

in (21) into two parts. First we sum over all the values of si consistent

with a fixed set of values for the o‘j.

T

2 erp L-(RE5i+LRI)]
Se=tl
0} Friaed

1Y

Then we take a sum over the possible values of 03

bl

Z: 5 T(LQI):)o;)
o

We now must write this last expression in a form similar to (21),

(21)

(22)

(23)
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(24)

£ 2 expl[- (Wior +LRT'+ ) [
O’:)-:-I

where C is a constant.

This can be a very complicated procedure. However, it is simple to calculate
the dependence of h' on h, if LRI is even in the spin variables. If this is
the case, we can calculate the relationship between h' and h as if LRI = 0 ,

since (as in Kadanoff) h' is a function of h only.

When we turn off the interaction, we can consider each block separate. The
possible s-states for a given o are shown in Fig. 9. There is one state for
which all the spins have the same sign as ¢ and 3 states where 2 spins are of

the same sign and one spin has the opposité sign. Therefore, we can write

T = _ﬂ— [ exp(-3hosy + 3 exp(-hey) |
; .

(25)

The pseudo partition function formed from T is

o 1y N
Z - E.Q.(COSLSL 43 cosL(hJ)—J

(26a)

where N is the number of blocks of spins. (Jn the other hand the partition function

form using h' (with LRI'=0) is

i Ui

N
EZ = f A CC cosuk()] (26b)
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and therefore we have
cosh h' = [cosh3h + 3cosh (h)] /eC

(27)
We expect that if the magnetic field h = 0 in the original system that there is
no magnetic field in the block spin system. This identifies eC =4 so that our

final renormalization equation relating h and h' is

cosh h' = [cosh3h + 3cosh(h)] /4 (28)

It would be much harder to calculate the effective interaction LRI' and

we will not attempt to do so. In any case, we would find

LRI' = function (LRI)
(29)
If we are at the critical point,s = 00, and we expect scale invariance.
That is, we expect h'=h and LRI'=LRI. This is called a fixed point of the

renormalization group equations (28) - (29).

We can now study the dependence of the correlation length on the magnetic
field. By the Kadanoff block construction we employed, the correlation

length of the block spin system is given by

_
R
(30)

Near the fixed point (critical point) value h = 0, (26) implies that



L)y = 3w -

If we stay at the critical temperature (LRI' = LRI), the correlation length

f is a function of h alone. Therefore,

7( 1= Tc > — (constant) /h2 (32)

We have derived a critical point exponent!! There was nothing magic in our

choice of 3 spins per block. Any odd number leads to (30).
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E. Continuum Spin Renormalization

For many applications it is more convenient for caculational purposes
to replace the lattice of discrete-valued spins with an n-component spin density,

s(X), which is defined at every point and which can take on all values (cf.Fig.10).

Since we are only interested in the valuesof S(X) at point of the
original lattice, the Fourier transform of S(X), which we denote o (k), and
be taken to vanish outside the first Brillouin zone of the lattice. This
restriction is illustrated in Fig. 11 for a one-dimensional Ising chain. Both
the spin functions shown describe the same spin values at the lattice points.
Therefore, we may discard the more rapidly varying function. Although
there is an effective upper bound, there is no corresponding lower bound to

—
the wave vectors, since the case of all spins aligned is k=9 . From high
temperature series analysis and experimental data, it appears that the
detailes of the lattice structure do not affect critical behavior greatly.
In particular, critical point exponents are not sensitive to the nature of
the lattice. Therefore, we are justified in replacing the Brillouin zone

by a sphere (cf. FigLUof radius A ~ 1/a, where a is the lattice spacing.

We now must write our Hamiltonian in terms of the spin density s(x).
Instead of the restriction on the spin values (s= *1 for Ising systems) we
. . . . 2 4 .
introduce a spin-weighting factor such as exp(-s”~ -bs -...) which serves to
qualitatively approximate the restriction on spin values. This sort of
approximation is not expected to distrub critical point exponents. Series
work indicates, for example, that exponents do not depend on spin quantum

number (cf. Fig. 13).
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We write the partition functions as

_ G\_e_(g(;)) _ W(SCx)>
Z = J_Ds(x) E

(33)
whereJ%L is the Hamiltonian functional divided by kT and W is a weight factor
(e.g. W= s2 + bs4 ) The notation /[y'é‘(i) indicates that we must
integrate over all functions §(X).

We may absorb W into )¢ and write thesuwas Landau-Ginzberg-Wilson form
y 2 T2 Sk ot 0 Stxy4 -]
),ez fdh[1us] k50
(34)

where d is the dimension of the lattice. The gradient term represents a short
range interaction. The remaining terms could represent true interactions or

be partly from the weighting functions.

Near the critical point of the system, the correlation length is very large.
The characteristic size of fluctuations is therefore very large and we do not

expect that small scale fluctuations are important.

Wilson suggested that the analogy to Kadanoff's replacement of site spins
by block spins is the integration out of the large k components of S(X). The

procedure is as follows:

In the expression for the partition function, perform the average over all
o(k) (0( k) is the Fourier transform of s(¥)) with A/b< k¢ A . The resulting
expression will only involve o(k)'s with k < A/b. Then a scale change k+¥ = bk
is made to restore the original form of the cutoff (cf. Fig. 14). After this
is completed, we will find that the remaining evaluation of the partition

function can be cast into the original form with new parameters h',r',u’.
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The equations which relate the new parameters to the old parameters are
in general extremely complicated. In fact, we have to allow for a form more
general than (34) to encompass all the possible changes in the parameters.

There are several ways by which we may simplify the situation.

. As mentioned previously, the precise size of the Kadanoff block does not
matter; when exponents are determined, the block size drops out of the final
result. In the continuum case considered here, this means that the final
results will not depend on the value of b. However, the renormalization equations
will involve b at every intermediate stage. We may remove this extraneous
depend from the problem by examining the renormalization proceedure in the

limit b-—>1.

If we set b=exp (é,& ) with §.A << 1, we are only averaging over a
very thin momentum shell (cf. Fig. 15). We expect that the renormalized values

of the parameters will differ only slightly from the unrenormalized

values
h'=sh + 0( §.2 )
r'=r + 0(§ 2 )
u'=u + 0(§ ¢ ) (35)

We can therefore study the differential change in the parameters as $£-0

lim (r'-r)/§2 = dr/de (36)
S£-0

Such an exact differential generator has been given by Wegner and Houghton.

Even these equations are still too complicated in general. We now make
the assumption that we are in dimensions close to 4. That is, we define an
expansion parameter € =4-d and make a perturbative analysis of the renormalization

equations. To lowest non-trival order in &€ we obtain the following equations



1 2°

o
»
i

dx 2x:[l—x- € y(n+2)/2(n+8)]
de

y [e (1-y)-4x]

niE
]

where x and y are related to r and u by

x=1r/(l+r) + u d(nt+2)
(141)% 20 (d-2)
¢ y=u d (n+8)

(l+r)2 2n

It is the study of these equations (37) that will return us to the

phenomenological discussions of crossover.

(37a)

(37b)

(37¢)

(37d)

(38a)

(38b)
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F. Return to Phenomenology: Examination of the Renormalization Equations

Before we examine the more complicated equations, it is useful to examine
the simple equations (37a) and (37b) for the correlation length and the
magnetic field. The first equation just represents the scale change involved
in the renormalization transformation analogous to §‘/ =1/3 ; in our earlier
example. The fact that the magnetic field equation involves only h is due to the
absence of any odd terms in the Wilson Hamiltonian. If all the other
parameters were fixed at their scale invariance values (fixed point or

critical values). The correlation length would again be a function of h alone

7 cow stent
- R
? - 1+ 4l

L

(39)

It is only the dependence on x and y that requires any further analysis. In
most of the following discussion we will set h=0 and consider only the x and y

equations.

The particular definitions of x and y employed in (38) place the fixed
points of the equations at '"canonical' locations. The fixed points with positive

y (needed for thermodynamic stability) are (cf. Fig. 16)

x=y=0 the finite Gaussian fixed point
x=0,y=1 the Wilson-Fisher fixed point
x=1, y=o the infinite Gaussian fixed point

Let us examine the x and y equations in the vicinity of each fixed point.
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Near the infinite Gaussian fixed point we linearize the equations around

%=1, y=0 and obtain

42 - -22
Ae

a
-~

-d Y

Te
(40)
where z=(x-1) + cast y. These equations have simple solutioms.
2z 2o eXxp -2¢3
Y = Yo €X%p Z‘-C(e)
(41)
Combining these with the equation for the correlation length, we see that
is a scaling function of z and y,
- 2 4
?()‘E—)Ay): A 7(%)')
ov
Y ¢
¥ s =" T V)
(42)

As y and z tend to zero (with Y/ z 2 fixed)) f—ﬁ 0. The infinite

Gaussian fixed point corresponds to a point of zero correlation. It is scale

invariant but is not the sort of scale invariance that we want: it corresponds

to infinite temperature (note that x=1 implies r =@g).
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If we turn now to the Wilson Fisher point, we have the following

linearized equations

dx o (2- €0 /0y ) x

de
4if e
de
(43)
where w= (1-y) + const x. This leads to a scaling form in terms of the
variables x and w.
_ A- € /vty ¢ ‘g
~ X w
f ( A LI A w ) = ’\ ( J /
ov, p 2 - €1 /Gats) €/(1~ € Hrs/urt
> (w X )
‘?’ =] X
(44)
The correlation length diverges as x-»0 regardless of the value of w.
We identify x with T—Tc and extract the critical point exponent,v’ for the
Wilson - Fisher point
N, s
WFE 9 - e(\ml)/(n-i-%]
(45)

It is important to note that the variable w scales in equation (44) but in such
a way that its presence is not important as x—» 0. At least in the vicinity

of the Wilson-Fisher point the line x=0 is a line of critical points, each with
the same critical point exponent (45). However, how real this behavior is

and how far this putative line of critical points extends cannot be determined

from this linearization approach alone.
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As we examine the final fixed point, the finite Gaussian fixed point,
the phenomenological picture comes into even clear focus. The linearized

equations are

42 ' (46)

and the corresponding scaling form for the correlation length is

§ N, Ay - REENT

© = X2 T v/t
(47)

If we compare the renormalization group solution (44) and (47) with our
phenomenological equations (12) and (13), the resemblance is quite striking
(cf. Table 1). Somewhere near the finite Gaussian point the scaling power
of x seems to change from 2- € (n+2)/(n+8) to 2. Thus the correlation
length has a different singularity, a different critical point exponeng at
the finite Gaussian point than it does near the Wilson-Fisher point.
Moreover, the variable y, which has no effect near the Wilson-Fisher point

(as x—>0) is a crucial scaling variable at the finite Gaussian point.

The analogy is so close that we immediately feel that the finite Gaussian
point represents a '"tricritical" sort of point at which the scaling behavior
changes suddenly and drastically. The Wilson-Fisher behavior(44) or rather
the Wilson-Fisher value of the critical point exponent, can be expected to
be the correct expression of the critical behavior for all y»0 (at least as
x - 0). To show this we must clearly go beyond the linearized solutions of

eqs. (40) - (47).



G. Solution of the Renormalization Group Equations

In the linearized analysis we obtained solutions valid in the immediate
vicinities of the three fixed points. To produce a global valid solution which
stiches together the solutions already obtained from the linear analysis,

we must solve the renormalization equations without linearization.

The solutions of nonlinear equations is often a matter of chance and
circumstance. Therefore, the method used to solve the particular equations
at hadn is less interesting than the motiviations which lie behind it. It
is therefore instructive to examine what we need to know to solve the

nonlinear problem.

Each of the linearized equations produced a scaling function in terms
of the original variables x and y or some linear combinations of x and y.
Taking the finite Gaussian point as an example, we found that the variables
x and y were scaling variables near x=y=0. However, near the Wilson Fisher point
we again got scaling but in terms of x and w, and with different scaling powers.
We call x and y (near the Gaussian point) and x and w (near the Wilson Fisher

point) linear scaling fields . They are linear in x and y, they appear in

scaling equations, and we borrow Griffiths terminology of fields to describe
those things which appear as arguments in thermodynamic functions. They would
be adequate to describe the system if we had only one fixed point or knew

that we were very near a particular fixed point.

Wegner suggested that we consider nonlinear scaling fields. That is,
nonlinear functions of the variables (in this case x and y) that would appear

in globally valid scaling equations. We could define such scaling fields as



functions which satisfy particularly simple renormalization equations. For

example,
_ 2 <
AS{ﬂ.u. - )~ Sguu =) Szauf €
d 2 (2- e\ 2
=D Su‘, = € (48)
(J Slu|= - ()_— € ea;_) S.u:r

al £
These functions have the trivial exponential dependence on‘[ and a very
complicated dependence on x and y. From the form of the equations, however,
we might guess that near x=y=0, SGau is essentially x (since they satisfy
the same equation) while near x=0, y =1, SWF is x. If we had such functions,
we could write the correlation length scaling equation as.

t "€ R (144 % .
7(/\ Sguu)/\l o4 k\)_—/\ §( Span, Som, k)

D

(49)

where we have reintroduced the magnetic field h for completeness The scaling

equation for the Gibbs free energy (which satisfied dG/d¢ =dG) would be

WF
J

2- €l i1+ d d
G—( >\zsg(m) / = S A\ '1\) = X G—(Sa_“) SUFJ C‘)

(50)



These nonlinear scaling functions shoudl be valid everywhere, not just near
the Gaussian or Wilson-Fisher fixed points. They, therefore, should contain
all the information contained in our earlier phenomenological analysis. We
should be able to show that the line x =0 represents a critical line on which
the critical point exponents are those given by the Wilson-Fisher fixed point;
the special point x=y=0 should appear as a "tricritical" point at which we

see crossover effects.
Before we can proceed further, we must write down the scaling fields SGau

and SWF' They are given by

- x C—(n+2)/(n+8)

SGau (I+r)
(51)
SWF -xy -(n+2) /(at+8) (1+r)(4—n)/(n+8)
where the function C is given by
C = (1-y/peny))  exp[ ((n+2) / (n48)) € xy/#] (52)

where y = ;é(x) is the equation of the line connecting the Wilson Fisher point
to the infinite Gaussian point. In the language of nonlinear differential
equation y = f (x) is the separatrix connecting the two fixed points. The
factors of (l+r) are present in the solutions (51) to match things up at the
infinite Gaussian fixed point and are not important for our later discussion.
The interesting thing to notice is that the scaling field corresponding to
Gaussian fixed point behavior is infinite along the y ==f; (x) separatrix, while

the Wilson Fisher scaling field is infinite along the line y = 0.
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We can understand this behavior most easily in terms of the line y=0.
If y = 0 at some value of { it stays equal to zero. The remaining equation
simply states that the variable r has a purely exponential dependence r=exp(2€ )
and, hence, ? =r_%. The line y = 0 represents pure Gaussian behavior. In
a similar way, the y = f separatrix represents pure Wilson-Fisher behavior.
Since both sorts of scaling behavior are contained in the scaling forms
(49) -(50), the scaling fields must take on special values to avoid appearing
in the final result.. If we return to Fig. 16 we can see that these lines
are also singled out geometrically. The flow lines indicate the paths that the
variables x and y take as functions of ¢ . The separatrix y = f(x) is the only

trajectory which leaves the Wilson Fisher point; the line y=0 is the only

trajectory leaving the Gaussian fixed point which is not tangent to the y-axis.

Armed with the nonlinear scaling fields, we can now investigate what forms
the scaling functions may have. This is entirely parallel to our earlier
discussion which placed restrictions on the tricritical scaling function in
order that it also describe critical behavior. However, the present discussion
is more surely grounded than the purely phenomenological discussion since we know

that the single form given in (49)-(50) must incorporate all the behavior.

In general, G(SGa h) will generate critical point exponents

u’SWF’
that do not satisfy exponent inequalities as equalities. This is to be
expected since G depends on three distinct scaling field with three distinct
scaling powers. The usual scaling equalities which relate three exponents are
satisfied because there are only two independent scaling powers . An example

of a Gibbs potential which is a "nonscaling" global solution of the form

given in (50) is



(53)

where GGauand G___. are both scaling functions. Each of these will generate

WF
its own singularities with "exponents' that satisfy equalities. Since

these exponents are not equal, the measured exponents will be the exponents

representing the larger singularities. Therefore, we must have d*’zf"r > /

However, (51) is not a very good solution. Since SGau diverges on the

separatrix, and S at y = 0, the Gibbs energy given above is infinite on

WF
these two lines. This is certainly unacceptable especially since these two
lines were to represent pure Wilson-Fisher and pure Gaussian behavior. To

examine this more closely, we consider the Gibbs potential at h = 0. We may write

it in two ways

o (54a)

or

2-ol
~ WF
G = Sup e (I) (54D)

where I is the renormalization group or scaling invariant

; 2- € (W) [ naf
T - x* C (55)

s
y*® (1+vy e

(nt€ )/ u+)

( DwE
= [Z2-etrOpn+5 ] 72
|5

CFuw



We have written d/2 as 2 - & u and d/(2 - €(n +2)/ (n+8) as 2 -4 __ to

Ga WF

explicitly display the critical point exponent. If the asymptotically valid
value of [ were °lGau' then it followsSthat fGau(I=0) is some finite
constant. However, the invariant is zero on the y = #‘ separatrix as

well as at x=0. Therefore, the function fGau cannot help us avoid the

singularity in S along the separatrix. On the other hand, if the

Gau

asymptotically valid value of ¢ were £ WF? then fwF (I=0) is a finite
constant. This implies that the separatrix should also have Wilson-Fisher

behavior, which is what we expect. Near the line y = 0 both SWF and

the invariant I are singular. By a proper choice of the function £ the

WF’

two singularities will cancel .. An example of a choice that works is

A- o(u‘,- t/e "UF _°{6-a.«
G - (S ) (I _,{]
WwF L
(55)
which near x=y=0 can be written as
2/ doe = Lo
-dwe
(= x* [+ v¥]
(56)

This is precisely the sort of expression that in our phenomenological

discussion served as an example of a suitable tricritical scaling function.

Thus, we have returned to our starting place. We have shown how to
discuss crossover phenomena in terms of a single nonlinear group transformation
(the renormalization group) instead of two linear groups (the regular

critical and tricritical scaling transformations). Not only does the
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renormalization group naturally give rise to the universality of critical
point exponents along the critical line, (and the attendant crossover to
"tricritical behavior") but it also provides a method for the calculation
of scaling powers. The crossover behavior resulted not from a desire to
have simultaneous validity of critical and tricritical scaling notions, but

rather from simple regularity conditions on the Gibbs potential.



PHENOMENOLOGY : RENORMALIZATION GROUP

Near the critical line Near the Wilson-Fisher fixed point

e € Ve
T= x1” ) 7= a0 T )

Th e variable y does not The variable w does not change
change qualit ative behavior behavior or e xponents, A line
or exponents. The line x=0 of singularities at least fo r
is a line of critical singularities. i w <41 (close to Wilson -Fisher

‘ point).

'/m =2- & (n+2)/(n +8)

Near the tricritical point ' Near the Gaussian fixed point

fs l?\l—’v 30(// /) T= a7 f(//x*’*)_

The variable y scales and there The variable y scales and there
is a change of exponent, is a change of exponent.
v, =2

Table 1.
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CAPTIONS

The phase diagram of a simple ferromagnet. The scaling directions

X and X, in this case coincide with the magnetic field H and the
temperature T—TC.

Qualitative view of crossover for the susceptibility. A simple power
law dependence of would imply a straight line relationship between

log and log T-Tc. The observed relationship shows two straight-

line regions connected by a crossover "knee'.

Phase diagram of a simple Ising metamagnet. The antiferromagnetic co-
existence surface is bounded by a line of critical points which
terminates at tricritical points labelled TCP. The line of first

order transitions is shown dashed; T,, is the Neel temperature.

N
The phase diagram of a meta-magnet in HH' T space. A half-moon
coexistence surface labelled CXS is bordered by a line of anti-
ferromagnetic critical points. This line terminates at two tricritical
points (TCP). By examining the phase diagram for non zero staggered
magnetic field, the tricritical point is seen to be the point of
intersection of three lines of critical points. Wings are formed

from coexistence surfaces between paramagnetic and antiferromagnetic

phases.

In the vicinity of the tricritical point, three different types of
behavior can be expected. Meanfield behavior will hold far from the
tricritical point and critical line. Near the critical line, "true
critical"” behavior will be observed. Finally, in the immediate

neighborhood of the tricritical point, the tricritical singularity
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will be observed. In the overlapping regions and borders, crossover

behavior will be observed.

The Kadanoff picture of scaling. Ising spins on a lattice with lattice
spacing a are grouped into blocks of size L. If L is much less than
the correlation length 7 , the blocks can be treated as if all the

spins within each block are aligned.

Geometrically simple tricritical system. A coexistence surface lies
in the zero-ordering field plane h = 0 . In that plane a line of
critical singularities (x = 0) terminates at a tricritical point at
the origin. The crossover core, within which critical rather than
tricritical behavior, is obtained is of the form X ~ y/! » Where

% is the crossover exponent.

The renormalization group principle as applied to a one dimensional

Ising chain.

. The system consists of a chain of Ising spins coupled to a magnetic

field h and interacting via a long range interaction LRI.
The spins may be grouped into blocks at spins. The interactions can

be divided into inter-block and intra-block interactions.

I
Performing an average over the "internal degrees of freedom, we

obtain a new Ising system, with an effective magnetic field h' and

an effective interaction LRI'.

Contributions of internal states of block spins to free energy. There
is one state in which all the spins have the same sign as the block

spin and three states in which one of the spins has the opposite sign.



1ts

10. A system of Ising spins on a lattice is replaced by a continutx m -

valued spin density defined everywhere.

11. Diagramatic representation of the continuous spin function s(x).
If we are only interested in the values of s(x) when x=2nT" , the
two different functions shown are equivalent. For this case of a spin
on a one-dimensional lattice with lattice spacing 271 ., we need only

consider wave vectors such that k<41., fhat is, wave vectors within

12.

13.

14.

15.

the first Brillouin zone of the lattice.

A spherical Brillouin zone approximates the true Brillouin zone
approximates the trueBrillouin zone of the lattice. Details in

lattice structure are not expected to change critical behavior.

Approximation of quantized spin values by a weight function: The
value of the spin quantum number §3’= %)1, and 3/2 are shown) does
not change the critical behavior. A continuous weight function

serves as an average over all spin values.

Renormalization procedure for a contiuum spin system. The wave-
numbers of the spin fluctuations are divided into two classes. The
more rapid fluctuations are integrated over and the remaining wave-

vectors rescaled to restore the original form.

A differential generator is calculated by performing the re-

normalization procedure for an infinitesimal change of scale. A

thin shell of wave-vectors of thickness /\S ) is integrated over.

The limit §4 —0 is then taken.
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Solution region of the renormalization group equations. The region
includes three fixed points, denoted as the finite Gaussian, infinite
Gaussian, and Wilson-Fisher fixed points. The separatrix connecting

the Wilson-Fisher and infinite Gaussian fixed points is labeled y = + x).
The line x = 0 corresponds to the surface of critical Hamiltonian.

The origin corresponds to the tricritical point.
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CHAPTER 2

SCALING LAWS FOR FLUID SYSTEMS USING GENERALIZED

HOMOGENEOUS FUNCTIONS OF STRONG AND WEAK VARIABLES*

*(Phys. Rev.Bl11, 1176 (1975) )
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Scaling laws for fluid systems using generalized homogeneous functions of strong and weak
variables*

1. F. Nicoll, T. S. Chang,! A. Hankey,' and H. E. Stanley
Physics Department, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 28 December 1973). '

We present a systematic approach to scaling at ordinary critical points with special emphasis on the
critical point of a single-component fluid. Recent work on scaling in fluids has avoided the possibility
of a singular coexistence surface. In particular, the consequences of satisfying the inequality 8 < a + 8
as an equality have not been explored. We show that 6= a + 8 is a prediction of scaling, and that, if
8= a + B, the specific heat at constant volume has a leading-order (a-divergent) asymmetry across the
coexistence surface. We further show that the asymmetric nature of the fluid critical point precludes
the analyticity of the critical isochore above the critical temperature, whether the critical isochore is
expressed in terms of u(T) or P(T). A weak singularity of the form |T — T .f~%°*# is predicted for
the isochore, which may be dominated by stronger singularities.

I. INTRODUCTION

The original scaling hypothesis was made by
Widom® (and, independently, by-others?) to de-
scribe behavior near the critical point of a fluid.
More recently, it has been realized that this
form of the scaling hypothesis may only be ade=~
quate to describe the leading-order behavior of
models and real fluid systems. The interest in
extending the domain of validity of the scaling
hypothesis has been stimulated by the discovery
of a singular diameter® in certain models* ® and by
recent renormalization-group calculations® ; the
singularity behaves like |T =T, |1™% where o
(a >0) is the exponent characterizing the diver-
gence of the specific heat, C,. Mermin and
Rehr? have suggested that this (1 - a) singularity
may be expected generally in fluids.

To incorporate the diameter singularity, Cook
and Green® have suggested a very general equa-
tion of state. It contains as its leading term the
scaling equation of state and many less singular
terms. These corrections to scaling yield the
diameter singularity and other weakly singular
corrections to leading~-order scaling behavior.
On the other hand, Rehr and Mermin® have shown
that the singular diameter can be derived from a

simple modification of the original scaling equation.

In 1965, Griffiths'® derived the rigorous in-
equality 6 <a +8, where 9 is the exponent char-
acterizing the divergence of the curvature of the
vapor pressure curve, (02P/3T®),. In Refs. 8 and
9 this Griffiths inequality is not satisfied as an
equality since assumptions are made about the
smoothness of the chemical potential (Ref. 9) or
the degree of symmetry about the liquid-vapor
coexistence surface. This suggests that the ap-
proaches of Refs. 8 and 9 do not explore the con-

11

sequences of the scaling hypothesis for fluids in
the most general way.

In this work, we show how to formulate a scaling
hypothesis which can satisfy the Griffiths inequal-
ity d sa +f as an equality. To separate physical
assumptions from mathematical assumptions, we
consider the general problem of making a scaling
hypothesis at an ordinary critical point with spe-
cial attention paid to the ligquid-vapor critical
point. To make a scaling hypothesis for a fluid
system the following four decisions must be made:
(i) which thermodynamic variable to select as the
dependent variable of the scaling equation; (ii)
what independent variables to choose in the scaling
equation; (iii) what curves in the thermodynamic
space to describe and how to express them in the
variables chosen; (iv) whether to augment the
scaling equation with correction terms. We will
illustrate these four decisions by examining the
assumptions implicit in the original scaling hypoth-
esis proposed by Widom?:

(i) First, a particular thermodynamic potential
must be selected as a candidate for a scaling equa-
tion. For fluids, Widom chooses the pressure, P.
Each choice of a potential carries with it a natural
set of variables (here i and T, where u is the
chemical potential and T the temperature) and a
natural set of associated thermodynamic quantities
given by the partial derivatives of the potential
with respect to these natural variables. For exam-
ple, the number density p is given by p=(3P/8p)p.

 On the other hand, if one chooses the Gibbs poten-

tial, G(P, T'), then the volume V is given by :
V=(3G/%P),. [For amagnetic system, -M= (5G/8H ),
where M is the magnetization and H is the
magnetic field.] Symmetries or asymmetries in
quantities such as p or V, will differ depending

on the choice of variables and potential (cf. Fig. 1).

1176
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(ii) Second, one must choose variables in which
to state the scaling equation. Widom chooses
w—u(7T)and T, where u(T) describes the co-
existence surface for T<7T,, and the critical iso-
chore for T>T,. The choice of T as the second
variable instead of some combination of u and T,
coupled with Widom’s use of a single scaling func-
tion, has the consequence that the density diame-
ter is rectilinear (cf. Sec. III). The |T -T,.|'®
dependence of the diameter can be obtained in
two ways (a) by allowing the second variable to
be a function of u and 7, and (b) by adding correc-
tion terms to the scaling equation. As we will
see in Sec. T, the amplitude of the [T - T,|'™
term in the diameter is explicitly related to the
amplitudes of leading order singularities in case
{a), while in case (b) the amplitudes need have no
relationship. Thus, the use of a different “second
variable” (instead of T'), which Rehr and Mermin®
call “revised scaling,” gives the expected form of
the diameter singularity but may not correctly
give the associated amplitude, as they have pointed
out.

(iii) Third, one must decide which surfaces in
the thermodynamic space to describe and how to
describe them in terms of the scaling variables.
By his choice of u = u(T) as his first variable,
Widom singles out the liquid-gas coexistence sur-
face (i.e., the vapor pressure curve) and the
critical isochore and describes them both by the
homogeneous*! equation u — p(T)=0. The coexist-
ence surface is a natural choice in that it is the
real phase boundary. The critical isochore is not
a natural choice in this sense, but both the co-
existence surface critical isochore correspond
to paths utilized in experimental measurements,
making it highly desirable to describe these paths.
The use, however, of a homogeneous'! descrip-
tion of these paths by an equation x, =0, where x,
is some appropriate variable, limits the scaling
approach to systems described by smooth'? sur-
faces. To see this statement, suppose that u(T)
were singular on the coexistence surface or
critical isochore. Then the variable x, = pu — u(7T)
would have-singularities at T =T, even away from
the critical point. This behavior is undesirable
although perhaps tolerable if the singularity were
sufficiently weak.!® Since the singularity in the
vapor pressure P(T) [and its critical isochore
continuation for 7> T,] is expected to be strong,
having a divergent curvature, (82P/8T?), - as
T -T,, there has been a nearly universal avoid-
ance of p -t scaling of G. (Here we utilize the
reduced variables, p=P-P, and t=T-T..) In
this work we weaken Widom’s assumption to allow
inhomogeneous!! descriptions of the critical iso-
chore and coexistence surface in order to en-
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compass the more general situation. This permits
us to consider p-¢ scaling of the Gibbs potential
G as well as u-t scaling of the pressure P.

(iv) Fourth, one must decide whether to de-
scribe the system with a single scaling function
or to augment the scaling equation with correction
terms. Widom’s choice of a single function ac~
counts for the leading-order singular behavior
and, as extended in Ref. 9, places strong restric-
tions on the forms and amplitudes of asymmetries
and other weakly divergent corrections to the lead-
ing-order behavior. On the other hand, multiple
correction terms give considerable freedom to
the equation of state. Therefore, it is possible
that the revised scaling approach of Rehr and
Mermin® gives only the qualitative nature of the
diameter, but cannot correctly predict the ampli-
tude.

In Sec. ITA we introduce a general potential ¥
which could be taken to be (within a linear term
subtracted off) either P(u, T) or G(P, T) for fluids
[or, for the sake of comparison, GH, T) for a
magnetic system]. We initially choose to de-
scribe the system with a single scaling function
to simplify the exposition and to explore the limita-
tions of this approach.

In Sec. II B we discuss the restrictions that can
be placed on the forms of thescaling variables
used: to describe the system. We show that the
preferred (“weak’) direction of Griffiths and
Wheeler,'* as reflected in the scaling variables,
is an automatic consequence of the scaling hypoth-
esis. That is, one of the scaling variables, x,,
must be chosen such that the line x, =0, the x,
axis, is tangent to the coexistence surface at the
critical point. We further show that a change in
the second variable, x, generates a series of
correction terms to the scaling equation of a form
suggested by a restriction of the formalism of
Cook and Green.?

In Sec. IIC we form a hypothesis for the de-
scription of the coexistence surface and critical
isochore in terms of the scaling variables x, and
%,. The scaling-invariant form x, =Ax,?% is sug-
gested by the scaling hypothesis. We show that
this choice in a fluid system corresponds to a
vapor-pressure curve with a divergent curvature,
(8%2P/5T?),, characterized by an exponent 8 =a +8,
and an asymmetry in the amplitudes of the specif~
ic-heat divergence across the coexistence surface
(cf. Sec. III).

In Sec. III we derive the usual critical-point
exponents and the relationships between the ampli-
tudes of the leading-term singularities and those
of the asymmetries, sich as the diameter, utiliz-
ing the s caling-invariant parametric form x,
=Ax,%% for the coexistence surface and critical
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isochore. We then show that if a single scaling.
function is used, this scaling-invariant form can-
not suffice on the critical isochore, but it must
be modified by the addition of a specific correc-
tion term.

II. A MODIFIED SCALING HYPOTHESIS AT AN
ORDINARY CRITICAL POINT

A. Choice of potential and scaling equation

We consider a system that can adequately be
described near its critical point by a potential ¥
which can be expected to scale. By keeping ¥
general, we can discuss p-¢ and p-f scaling in
fluids and H -f scaling in a simple magnetic
system, simultaneously. For example, ina
magnetic system, we can choose ¥ =GH, T)-G,
+S,(T =T,),' where S is the entropy (the subscript
¢ denotes the value at the critical point).

For simplicity we choose to describe ¥ with one
scaling function and we employ initially aribtrary
scaling variables. Inthe simple case of a single
function, we write

¥=8+8, (2.1)

where the scaling function 8(x,, x,) is a general-
ized homogeneous function (GHF) )

A8(x,, x;) =8(A\%1x, \2x,), (2.2)

and ®(x,, x,) is a C” background term which van-
ishes and whose first partial derivatives vanish

at the critical point (0, 0). We choose x, and x,

to be smooth invertible functions of the usual
thermodynamic variables, y, and y,. For ex-
ample, in the simplest Ising ferromagnet, x, =y,
=H and x,=y,=t. The convention q, >a, labels x,
and x, as the strong and weak variables of Griffiths
and Wheeler.'* 1® By restricting the transforma-
tion to be smooth and invertible, we exclude those

J. F. NICOLL et al.

11

cases in which the geometry of the transforma-
tion may be as important or more important than
that of the scaling function 8. In particular, the
parametric representations of Schofield'” embody
the singularities directly into the transformed
variables used in the parametrization. The trans-
formation is singular and noninvertible at the
critical point.

Of the large number of thermodynamic quanti-
ties, we will discuss in detail three: C, which
is an “order parameter” for the system; D, a
typical strongly divergent quantity; and D,, a
typical weakly divergent quantity.!® In terms of
the potential ¥, these are given by

C=¥!, 2.3)
D,=¥", (2.4)
DwE(‘I’u‘I’ZZ-‘I’IZ‘I’m)/‘I‘n; (2.5)

we introduce the notation
i OF _OF 2.6
F=ms F‘—ax‘. (2.6)

Table I lists the specific symbols for ¥, C, D,,
Y1, ¥s, and D, for the three cases considered
in this work.

B. Restrictions on the forms of the variables x and x,,

It is straightforward to show'® that the scaling
hypothesis (2.2) implies that near the critical

point
b} 9
Ho-() (2.7)
bl ()yz'c

where we use the notation

TABLE I. Values of symbols used in the text in three cases. Symbols not defined in the
text are s =S/V (entropy density) and K », the isothermal compressibility.

u —~¢ scaling

¥ P—=P, —p; (1 =)
—(T-T,)s,

¥q B —He

¥, t=T-T, )

c P =P

D, PK ¢

D, pCy/T

G &)

p~—t scaling Magnetic system
G -G, +(T-T,) S, G -G, +(T -T,)S,
— P -P, )V,
p=P-P, H
t=T-T, t=T - T,
vEV -V, -M
(av) an;)
aP, T XT:_(E— T
-Cy/T -Cy/T

&7

8T /y
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f » T=-Tc

J<Te

Vor;;

FIG. 1. View of the coexistence surface in P -V or
u —p plane for the case of an asymptotically symmetric
top.

9%;
= 2.
b = 33’1 @8

Equation (2.7) is proved under less restrictive

hypotheses (than the scaling hypothesis) in Ref, 18.

Equation (2.7) shows that the line x, =0, which is
the x, axis, must be tangent to the critical iso-
chore at the critical point, as postulated in Ref.
14 (cf. Fig. 2). We assume that the derivative.
(2.7) is continuous from above T, to below T, so
that the x, axis is also tangent to the coexistence
surface at the critical point. Equation (2.7) deter-
_mines x, to linear order, In general, x; will have
higher-order dependence on y, and y,; however,
this dependence cannot be extracted from leading-
term or even first-nonleading-term behavior of
any thermodynamic quantity. The linear depen-
dence of x, must be determined from nonleading-

Por 4 "
i Yy
4
a Critical
N Iﬁ/lsochore
/ X2
/
/
> 32

C Coexistence
surface -

T

FIG. 2. Relationship between the x, axis and the
coexistence surface. The dashed line denotes the criti-
cal isochore for T>T,.

order terms, so that the higher-order dependence
of x, is even more difficult to extract. For this
reason, we will discard any term which does not
dominate these weak singularities coming from
the nonlinear portions of the transformation be-
tween (x,, x,) and (y,, ¥,).

The original postulate of Griffiths and Wheeler"1
(that the strong direction, the x, axis, is arbi-
trary), however, is correct if and only if we con-
sider solely leading terms inthe expressions for
thermodynamic quantities. Our scaling hypothesis
(2.1) is stated in terms of a GHF, 8; for a function
which is a GHF to remain a GHF after a change
of variables, the change of variables is severely
limited. The transformation cannot be linear in
both variables unless either it is the unit trans-
formation or the scaling powers are equal. The
proof of these statements is given in Appendix A.

If we consider a linear transformation in one
variable, setting X, =x, — (const)x,, our GHF,
$(x,, x,), can be expanded as a sum of GHF’s:

8(xy, X,) =8(x,,X,) +{const )x,8,(x,, X,)

+[(const)?/21 | 438,5(x,, X,) 4+ -+ . (2.9)

Equation (2.9) is a series of correction terms of
the form suggested® to account for certain of the
asymmetries in a fluid. For example, one can
easily show that the second term on the right-hand
side of (2.9) can be written

1- / X
| %, [oreni® @ ( |X2,“11%>

= |X,|?-o+ 8819 (l—X’:‘I‘-ax) . (2.10)

For the convenience of the reader, the right-hand
side of (2.10) utilizes the expressions in terms of
a, and a, of the critical-point exponents to be ob-
tained in Sec. III.

If we try a more general smooth change of vari-
ables, we generate a more general series of cor-
rections. However, the most singular of these
corrections will still be given by the linear part
of the change of variables. It is important to ob-
serve that a lineay change in the strong variable
X1 generates a series of correction terms, each
of which is move singulay than the previous terms.
Therefore, even if we did not have (2.7) we would
not be free to choose x, arbitrarily. This state-
ment is a special case of the situation for » vari-
ables discussed in Appendix A.

The correction terms of (2.9) are explicitly re-

lated to the original GHF, 8. They are not, of

course, the most general correction terms of the
same form. However, if for some choice of x, the
corrections of the form (2.10) vanished identical-
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ly, then revised scaling® alone would be sufficient
to account for all the asymmetries discussed (at
least to leading order in those asymmetries). On
the other hand, one may be forced to include cor-
rection terms from the beginning. In this case,
a change of x, simply changes the exact form of
the correction terms without changing their quali-
tative nature; x, can be chosen “arbitrarily.” The
use of revised scaling relates the amplitudes of
the weaker singularities to those of the stronger
singularities, and is therefore capable of sharper
testing when compared to models or experiment,
than the corrections-to-scaling approach® which
leaves the weak amplitudes independent of the
leading-term amplitudes. If revised scaling® does
correctly give the weak amplitudes, then the x,
axis forms a second preferred direction in the
sense that it defines the most appropriate vari-
ables in which to state the scaling equation.

The x, variable, although unspecified, has a
simple form on many paths. It is essentially equal
to y,. To see this, observe that on any path T,

2&) J
= ——— 2.11
(dyz TSy (2.11)

where J denotes the Jacobian of the transforma-
tion between (x,, x,) and (y,, ¥,),
J=b1b2 -b3b%. (2.12)

We assume that J is nearly constant near the
critical point; this is consistent with our assump-
tion of a C” transformation. For convenience we
will normalize our variables so that at the critical
point J=1 and b} =1.

In this case, an approximate integral of (2.12) is

%, =y, +bix,(x,). (2.13)

We will see that on the coexistence surface and
critical isochore dx,/dx, - 0 at the critical point,
so that the approximation in (2.13) is a good one.

C. Forms of the coexistence surface and critical isochore

We choose to describe the critical isochore as
well as the coexistence surface, since experi-
ments are performed along both paths; as we will
show in Sec. III, the critical-isochore path is
slightly inconvenient theoretically. !

On all paths passing through the critical point,
the singularities of ¥ in (2.1) are assumed to come
from terms involving 8. We know from (2.7) that
x,=0 on both the critical isochore and coexistence
surface. Using the properties of GHF’s we write

for 8; and 8, :
8,(xy, x,) = |2, [F7%/%28 (x, /] %, %%, £1), (2.14a)

B,y x5) = | x, [1m%m% YR, (%, /1x,]"%, x1).
(2.14b)

The upper sign is used for x, positive and the
lower sign for x, negative.

Equations (2.14) suggest the possible validity
of the following scaling-invariant form for the
relationship between the scaling variables on paths
of interest:

% =Ay %"V =A, |x, ’-Ba . (2.15)

In (2.15), A, is a constant, possibly zero, which
may differ above and below T, (the subscript
denotes the sign of T~ T, ).

The limiting case, A, =0, reduces to the homo-
geneous relation x, =0, corresponding to a smooth
form for the phase boundary and critical isochore.
The case of A, #0 gives a power=law singularity.
We observe that on any path T,

(d_yl) =_b;+(‘i’ﬁ.) (‘i’.‘z) . (2.16)
ay, r dxy /. \ @Y, r

The b} are smooth by assumption and by (2.13),
(dx,/dy,)r is nearly constant. We therefore ex-
pect that the curvature of the path d?y,/dyZ ona
scaling-invariant path (2.15) will be given approxi-
mately by

a? d?x 24 )/a .
(52) ~(55) ~mleemre -y,
(2.17)
where the exponent is given by
6=a+8. (2.18)

In both p-t and u-¢t scaling, (2.18) satisfies the
inequality’® 6§ <sa +8 as an equality.'®‘®’ Physical
necessity (as well as convenience) suggests the
relationship (2.15) for the coexistence surface.

In the two-phase region below T,, there are two
branches of 8 corresponding to the liquid and gas
phases. The coexistence surface is defined by the
equality of 8 on these two branches; that is, on the
coexistence surface,

8 (3, 2,) =8 (x, £5) . (2.19)

Only the form given in (2.15) allows (2.19) to be

satisfied exactly,’®®®’ if a single scaling function
is used. On the other hand, we will show in Sec.
IM that if a single scaling function is used, (2.15)
cannot be used on the critical isochore and must
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be modified by the addition of corrections.

Before we present the detailed results of our
modified scaling hypothesis, a discussion of the
use of any inhomogeneous descriptionis in order.!!
In the p-t scaling case, for example, we can write
the form of the coexistence surface as

p = (const)t = (const’)t2 +« "=A_|t |z-e+. ..
(2.20)

The left-hand side of (2.20) is an acceptable choice
for x,; that is, it satisfies (2.7). Using (2.13) we
could rewrite (2.20) to lowest order as

X, =A_|x,]2"°. (2.21)

(A similar situation might exist in u-¢ scaling
with the possibility that 6<0.) We assume, there-
fore, that any nonanalyticity on the coexistence
surface or critical isochore can be expressed in
an inhomogeneous way such as (2.15) or (2.21),
This is equivalent to defining x, to be some or all
of the smooth part of the coexistence surface and
critical isochore. If both of these are smooth,
we have the case treated by Widom. I one is
smooth, but the other is not, x, is the analytic
continuation of the smooth surface.

ITI. RESULTS OF REVISED SCALING

In this section we develop the results of a re-
vised-scaling hypothesis using a single scaling
function with no correction terms [cf. Eq. (2.1)]
and utilizing the scaling invariant form (2.15) to
describe the coexistence surface and critical iso-
chore. We derive the usual critical-point expo-
nents and relate the amplitudes of the weaker
singularities to the amplitudes of the dominant
singularities in C,D,, and D,. We show that the
use of (2.15) with A, nonzero changes both the
leading and nonleading amplitudes and gives a
leading~term (a-divergent) liquid-gas asymmetry
in D, across the coexistence surface. Finally,
we show that the use of a single scaling function
and the scaling-invariant form are incompatible
on the critical isochore; to retain a single scaling
function, Eq. (2.15) must be modified. This modi-
fication has the consequence that a weak singularity
is predicted for the pressure of a fluid system on
the isochore similar to one found in the correc-
tions-to-scaling approach of Cook and Green.®

Employing Eq. (2.15), and utilizing the proper-
ties of GHF’s, we can express the quantities ¥,
C, Dy, and D, as follows2’" %

(3.1a)
(3.1b)

\I,:Qllt '2-u+Qzlt |3-2a-ﬁ,
C=C,|t|P+C,|t |7,

) 39
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D, =K, |t | +K,[t]5"?,
D, =Dy+D,|t |~ +D,[t ,1‘201—6-

(3.1¢)
(3.14)

We have replaced y, with t (=T - T, ) for the sake
of clarity since this substitution is appropriate in
the three cases we are considering. The con-
stants in Egs. (3.1) are given in Table II. The
constant D, is not derived from the scaling func-
tion 8, but comes instead from the background
term ® of Eq. (2.1). Background terms have been
dropped from the other expressions. The diver-
gence in D, tends to be weak (a.=~0.1), and hence
the terms coming from the background may be
important and measurable. The constant @, and
the final terms in C,, K,, and D, come from the
expansion of x, given in (2.13) with the upper and
lower signs applying to the critical isochore and
coexistence surface, respectively. We note that
the independent parameters in Table II are b2,

Q, C,, K,, andA,."® The critical-point ex~
ponents are obtained in the usual way,™

B=(1-a,)/a,, (3.2a)
-y=(1-2a,)/a,, (3.2b)
-a =(1-2a,)/a,. (3.2¢)

On the critical isotherm, x,xx,, so that by us-
ing GHF properties we have (dropping all but the
leading term)

C =|x,|""*17"18 (£1, 0). (3.3)

Here the upper sign corresponds to x, positive
and the lower sign to x, negative, and

6=a,A1-a,). (3.49)

Combining (3.2) and (3.4) we observe that the
usual exponent inequalities involving a, B, v, and
5 are satisfied as equalities; for example,

(3.5a)
(3.5b)

a+2B+y=2,
y=B(6-1).

TABLE II. Values of constants in Eq. (3.1).

=8, x1)

Q=% (2-0){4,Q

Ci=8%@,,£1)

C,=b}[@-a)Q,+C A, (~B61B)]
K,=8,@,,+1)

K,=2b38C,~K b}A, (2B6%y)
Dy=(2-0)(1-)Q,~BC}/K~CB6A, (1-a-p)
Dy ==b3Dy[2BC/K; +A.(~2p5 * a)]




140

1182 " J. F. NICOLL et al. 11

Below the critical temperature, Eq. (2.19) pro-
vides some information which relates the ampli-
tudes of the scaling function 8 on the liquid and
gas sides of the phase boundary. If we also re-
quire that the coexistence surface have an asymp-
totically symmetric top, then

Sl;quid(x“ xz)=—8"§as(xll xz) ’ (3'6)

at least to lowest order, on the coexistence curve.
Similarly, if the strongly divergent quantities are
to have the same leading-term behavior in the two
phases, we must require

Slli"{“id(xl, %) =857 (xy, %) , (3.7

to leading order.?'® Note that (2.15) is the only
relationship between x, and x, which allows (3.6)
and (3.7) to hold exactly.

Using (2.19), (3.6), and (3.7), we can evaluate
the asymmetries across the phase boundary:

Clud 1 C¥ =229, (2 - @) 2] 17, (3.82)
Dliwwid  p&s =453 8C | £] 871, (3.8b)
Dl pts = _2CH (A _BS(1-a — B) | £] "+ 5% [¢] 1208
x{B5(1 - a - B)(2p5 + A%
+20[(2 - )1 - @)@, - B*C2 /K, 1/K }) .
(3.8¢)

Observe that the asymmetries in (3.8a) and (3.8b)
are proportional to »%. If 4% =0, then the implied
symmetry leads to a rectilinear diameter as is the
case in the original Widom formulation. This is
also true of the weaker asymmetry in (3.8c); how-
ever, the leading asymmetry depends only on A_.
If A_ is nonzero, the amplitudes of the weak di-
vergence differ in the liquid and gas phases. >
Thus, although we can maintain symmetry in the
order parameter and the strong divergence, 6

= o + f breaks the symmetry of the weak diver-
gence, typically, the specific heat.

The expressions given in Table II have one un-
fortunate consequence. On the critical isochore,
setting C,=C, =0 implies D, =0. That is, there is
no o singularity of the specific heat. The difficulty
arises because we have implicitly assumed that the
isochore is a natural path in the same sense that
the coexistence surface is a natural path. This is
not the case in an asymmetric system. The most
natural order parameter ¢ is not simply the den-
sity or entropy, but some function of p and s given
by

2w
By

3.9)

Lines of constant ¢ might be expected to be scal-
ing invariant. If, however, we wish to describe

TABLE III. Values of constants in Eq. (3.13).

Q1=84,,1)

Q,=0{(2-a)A,Q}

K{=844,,1)

Ky=-b%A, K{(2Bd +y) + 2—-a)8; A, , 1Q} /K])
Di=@2-a)(1-a)Q]

D,=biD4A [286-a +B6(1—a—f)/(1-a)]

the isochore, we cannot expect that path to be scal-
ing invariant as well. We could abandon revised
scaling and add correction terms to the equation

of state (2.1). If, however, we retain revised scal-
ing, we find on the isochore

s _S,(x,/x8%,1)

-bixlma-f= . 3.10)
bix} S/ ) (
Inverting this equation we find that
x,/x3% =f(g=2"8). (3.11)

Since we have neglected background terms and ex-
cluded corrections to scaling, we are only justified
in expanding the right-hand side of Eq. (3.11) to
first order in x!~*"8. Using the explicit forms
given in (3.10) we discover that on the isochore,

8,(4,,1)=0, (3.12a)

5 _ b";(z - a)S(A,, l)xg-a(m 8)
811(14+: 1) )

Since (3.12b) is not a scaling-invariant relation-
ship for 32 #0, the arguments of $; and 8,; will no
longer be constant; the expansion of these ampli-
tudes gives corrections of the same order as the
corrections due to revised scaling. Employing
(3.12b), we write for the critical isochore only

(3.12b)

x,=A, xP

T =Q)|t|2e @ t[22"8, (3.13a)
D,=K}|t|"T+K}|t]BY, (3.13b)
D, =Dy +Dj|t| = +Dj|t| 7228, (3.13¢c)

The constants are given in Table III. All the for-
mulas given in this section are special cases of
the equations developed in Appendix C (cf. Tables
IV-VI).

In the case of i — ¢ scaling of the pressure (3.12)
gives the following expression for the pressure on
the critical isochore (7> T,):

p =(const)t +(const')# + @,
+HQA,(2 - )2 B rp A £mab

'pcbﬁ(Ql(i- @) -A2(2-qa- B)) B2 B
1
(3.14)
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An expression of this form with A, =0 and the co-
efficient of the last term unrelated to 8 follows
from a correction to the scaling approach as well.??
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APPENDIX A: PROPERTIES OF GENERALIZED
HOMOGENEOUS FUNCTIONS

In this appendix we will develop some properties
of generalized homogeneous functions (GHF’s) nec-
essary to the body of the work. We will always be
discussing a GHF, F(x,..., %,),

AFF(Xyy ey %) =F(A%2p, ..., A%,) . (A1)

Since thermodynamic functions are often evaluat-
ed along particular paths (such as.the isochores
and isotherms), the behavior of GHF’s along diff-
erent paths is crucial. The simplest path is one
along a variable axis, that is, a path on which all
the variables except one, x;, are zero. On sucha
path, F is given by

F(xy, ... ,%,)=|%,|%/%F(0,0,...,sgnx,0,...).

(A2)
This homogeneous description' gives a pure pow-
er-law behavior. However, there are many other
paths that give a pure power-law dependence. If
we write F as

%) = |2y |10 Flxy/ g |V,
. ’xn/lxj Ian/al) b
(A3)

we recognize a class of paths which we term scal-
ing-invariant paths, which are characterized by

Xy =Ay| 2y | WY, R#j. (A4)

Flx,,..

sgnx,, - -

On such a p-éth we have the simple power-law de-
pendence of the homogeneous paths
Flxy, - y2) = |2 |Y9F(A,, . .., 580%;,...,A,).
(A5)
However, there is a still larger class of paths

which give essentially the same behavior as (A4).
If on a path we can write

X =Ag | x| % + By | x, | w09 aR (A8)

with ¢,>0, and if F is sufficiently nice (analytic)
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near (A;,4,,...,sgnx,...,A,) we would expect
(A5) to hold approximately. We would write

F(xy,...,x,) =23

X <F(AU A

+ZaF(AaJ;k--A )Bk}xjjqk) .

k=4

(AT)

Equation (A7) has (A5) as its leading term. We
will term paths such as given in (A6) as asymp-
totically tangent lo the x; axis. Note that in the
case of scaling-invariant paths (A4), the path is
asymptotically tangent to all the axes with nonzero
Age

An example of particular interest is the “straight
line,” for which the path is described by a linear
parametrization, '

Xy = CpXy (A8)

Then if a, > a,, for all & such that ¢, #0, the path
is asymptotically tangent to the x, axis since 1
=q,/a, +1-a,/a, and, by assumption, 1-a,/a,>0.
The variables employed in (A1) and in the body
of this work may seem arbitrary and unconnected
to the thermodynamic variables one is accustomed
to. If we make a change of variables from (x,,
Koy v ey X 10 (9,2, .., x,) With ¥ =y(x;, %, . .., x,,)

~ we cannot expect the GHF F to remain a GHF.

Writing F for F as a function of (y, x,,. - ., x,), the
statement that F is still a GHF, i.e.,

AFF(Y, %y vy %) =FQABY, A2, ..., \%,),

(A9)

is equivalent to the following differential equation
for y(x,, %, .- ) X,):

Ay) /2 5 /B_F_

(ay +Ay)/ax1 AF ox,

where the differential operators A and A are de-
fined by

(A10)

n
e}
A=g,- Za,xjg, (A11)
i=1 4
n
- — 2
A= Z(a, -a,)x,a. (A12)

i=2

From (A10)-(A12) we see that if the transforma-
tion leaves the basic scaling exponents unchanged
along paths asymptotically tangent to the x; axes

(j=2), thatis, a,=3,, theny satisfies the homo-

geneous equation!! :
" Ay=0. (A13)

The solutions of (A13) are GHF’s,
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(A14)

The converse is not true. If we rewrite (A10) as

X%y, e s %) =YLy, .. Ay,

aF -
3y Ay =AF,

where the new differential operator, &, is given
by

(A15)

(A18)

A= i (a, = @,)x, <8_?—c;)

’
j=2 y

we see that'y, a GHF, implies that AF =0. This
always has the trivial solutiony =F.
In general, the right hand side of (A10) is a GHF

W such that
AW (yy .00y %) =Wy, L L0, A%,) . (A1T)

Now if y is taken to be an analytic function of

(%, -..5%,), then W must also be analytic. The

right-hand side of (A10) is analytic only if
7,8, =ay,

for some integers n;. Furthermore, if the trans-
formation is linear, then the left hand side of (A10)
is linear and we must have n; =1, or a,=aq, for
all j.

If we consider a linear transformation

n
y=x1+z €%
i=2

we can expand F to yield

n aF
F=F(9,%,...,%,) - Z c,x,a—g(y,xz,.. AN
' 1= (A19)

")

(A18)

From (A19) we see that if a,<a, for all j such that
c;#0, then the correction terms generated are
weaker than the leading term, and that, converse-
ly, if a,> a, for some k such that ¢, #0, then the
correction term is stronger than the original term.
Therefore, linear (and, in general, smooth trans-
formations with a nonvanishing linear part) vari-
able changes can only involve variables stronger
than the variable undergoing transformation. The
strongest variable cannot be changed at all, the
second strongest can have mixtures of the strong-
est added to it, the third strongest, mixtures of
the first and second, and so forth, down to the
weakest variable, which can be considered as ar-
bitrary.

APPENDIX B: EXACT FORMS OF C,D,,, AND D,

From the definitions it is straightforward to ob-
tain

C=bhy, +b%%,, (B1)

D =b1b1¥,, +20107%,, + b103¥,, +61,¥, + 65, ¥,,
(B2)
D, =[T(¥ 0y ~ ¥y ¥,,) + W, +W,] /Dy, (B3)
where
a%x
Yi8s

The quantities W, and W, are given by the lengthy
expressions

bin=

W | =W, 0,,(b},57b; + b b1b7 ~ 2b320165) + 20,0, 57,0583 + b3b1bG - b1 (010} + b3b3)]

+ 0, Wy, (01,5302 +b1,b%b% = 2b1,6%03) + W1 W (B]1b2, = D1ab3a) + 2, Wa (57103, + 01,05 — 203:0%,),

W,=W,,1=2.

The b} and b}, must be understood to be smooth
functions of y, and y, so that the singularity struc-
ture of D,, for example, is given by

Dy=hg+hy|t| " T+k |t +Ry[t]
+hy|t]® +Rg |1 + R |2 *Y . (B5)

The constant k; comes entirely from the ¢ depen-
dence of bih}; the constants k, and kg are a mix-
ture of b!, and #%,, on the one hand, and the ¢ de-
pendence of 514 and b3b%, on the other. Terms
like the 1 - divergent term %, in (B5) could also
arise by replacing the scaling function in (2.1) with

(B4a) _

(B4b)

—
the product of a smooth function of ¥, and y, and
the same scaling function. This is related to the
idea employed by Domb** to generate corrections
to scaling for the Ising ferromagnet.

The detailed dependence of D, as expressed in
W, and W, in (B4) is very complicated and general-
ly unenlightening. Each term is proportional to
second derivatives of the transformation between
(v1,7,) and (x,, x,) which, unlike the first deriva-
tives, we have no method of estimating. A change
of variables which changed the second derivatives
(but left the first derivatives unchanged) leads to
the generation of a series of corrections to the



J 3

11 SCALING LAWS FOR FLUID SYSTEMS...

scaling equation that are always weaker than the
original scaling function. Therefore, if we are
willing to carry correction terms of that type, we
may choose the second derivatives in any way we
wish.

We observe that if o +8< 3, the leading singular
term in W, is in fact larger than the [¢|'~2%*8 term
discussed in Sec. III and Appendix C. We write D,
as

D,=Dy+D,|t|"*+D,|t|*"2*8 4D |t]|*"*+D,|t|8.
_ (B6)
The new constant D, is given by
D,=C,(bl,bibj+b}, —2b1,b). (B7)

Since it is proportional to C,, the |#|® term vanish-
es on the critical isochore (T>T,).

APPENDIX C: EXTENSIONS OF REVISED SCALING

The symmetry requirements on the coexistence
surface [cf. Egs. (2.19), (3.6), and (3.7)] preclude
any modification of the scaling-invariant form
(2.15) without a corresponding modification of the
fundamental equation (2.1). That is, corrections
to scaling must be added. To illustrate what can
be done in a corrections-to-scaling approach, we
replace (2.1) with

¥ =8+§+@, (c1)

where § is a correction-to-scaling term.® We re-
strict ourselves to a single correction term for
simplicity; the further generalization is only an
algebraic complication. We have no a priori rea-
son to restrict § in any way. However, for sim-

1185 .

plicity, we assume that § is a GHF in the same
scaling variables as 8,

Aram§(x ) =8§(A%1x), A %2x,) . (C2)

Note that the exponent of X on the left-hand side of
(4.2) is not 1 but 1 +qa, with ¢>0. By assumption,
the dominant behavior of any thermodynamic quan-
tity is given by 8. The correction-to-scaling term
§ cannot affect leading-order scaling. If we as-
sume that § is a GHF, we know by the discussion
in Sec. I B that the weaker variable can be chosen
freely; there is no loss in assuming it to be sim-
ply x,. The stronger variable has a natural defini-
tion as the smooth part of the coexistence surface
and critical isochore, and we assume that this
preferred variable can be carried over to the cor-
rection term. The scaling powers ¢, and @, have
been chosen equal to those of the scaling function
8 for further simplicity. One of the scaling powers
can always be so chosen (cf. Ref. 15), and if the
coexistence surface or critical isochore is singu-
lar with 4, #0, the usefulness of the scaling-invari-
ant path suggests that both of the scaling powers
are equal to the corresponding scaling powers of
the leading-term GHF.

Correction terms of the same order as those
coming from 8 can be generated by modifying
(2.15). We write for the coexistence surface

x,=A.| %, |88 +B_|x,\B5*. (C3)

Anticipating the difficulties on the critical iso-
chore, we write for the isochore:

x,=A, %55 +B, 1,85+ - (2 - a)

% S(A;, 1) x1-2(a+8)_ (C4)

811(A+,1) 2 .

TABLE IV. Values of constants in Eq. (C5).

Q=84 _,-1)
Q,=-blA_(2-aR,
Q=B C,+8(4_,-1)
C,=$,@A_,-1)

C, =02 -a)lQ-A.C(]
C,=B.K{+5,4_,-1)
Ky=8_,-1)
K,=b}[28C-K,(286-7)|

Ky=B SA_,~1)+8,,@4_, ~1)
Dy=(2-a)(1-a)Q,~BCi/K,~-C A _BS(1-a -B)

D, =b}Dy[A. (286 +0)- 2BCy/K,]

D3=B_CB(3-20—B +2) — (1~ +q) (2~ +q)| +B2CIK /K% 28
X (B+q)Co€ /K | +(1-a +q)(2—a +q)Q 3 +C 3864 _(@ +B ~1)
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TABLE V. Value of the constants in Eq. (C9).

TABLE VI. Values of constants in Eq. (C10).

C,=2022-0)Q,

Cy=2B K +3imida _ 1) +88" @ _,-1)

K, =4b%p cliavd

By =BI8 ., -1-88i@., -1 8 "u_, -1
-$2u_ )

b, =2C1"" 48 (~a-p)

Dy=R,[2 - 0)(1- )@, — B*CY/K,)/K, +bIA (286 + ) D,

Dy=2B CHMI[R(3 — 20~ B+2¢) = (1~ +¢) 2 —a +g)]
+B2CIK /K - 28 (B +q)CP™ Ty
+(CHw _CY)BO(B +a ~1)A.

From our discussion of changes of variable in
Sec. II B, we note that if we employ a nonzero §
with g=1- a -8, we may set b3 =0.

Evaluating the consequences of (4.1) and (4.3) we
find on the coexistence surface:

T=Q,[t]* "+ Q,[t[*"2-B +Q,[t|>**¢,  (C5a)
C=Cy|t|B+Cylt* =+ Cyl 8|8, (C5b) -
D,=K,|t]| 7 +K, || B~  + Ky | 277, (C5e)

D,=Dy+D,|t| % +D,|t|*"2*"B +D,[t]|*"*. (C5d)

The constants in (C5) are given in Table IV. The
independent parameters have increased to @,, C,,
K, @ Ci K; A,, and B,.

In the simple revised-scaling scheme of Sec. III,
p—-tand u -t scaling, although handled in similar
ways, cannot be compatible due to the intrinsic
differences in symmetry. Even a pure |#|? depen-
dence in p(v) leads to a |£]?® diameter in v(p).
However, if we set g=p, we produce |¢[2® terms
in C (and [#[®~? terms in D,). If we assumed that
i -t scaling were valid with a |¢]'~% density diam-
eter, then p ¢ scaling would also be valid if in the
p -t scaling formalism, the following relations be-
tween the constants of (C5) held:

C,=C,C/V,, (C6a)
Ks=3K,C,/V,, (C6b)
D,=D,C,/V,. (C6ce)

These relations are particularly interesting in the
case A_=0 but B_+#0, since (C3) would then imply
that the divergence of the curvature of the coexis-
tence surface, (32p/3¢2),,"* would be character-
ized by an exponent 9 with

Q,=814,,1)
Q4 =bi2-a)A @
Q4 =§(A+.1)
K{=8,@4,,1)
3 =-bilAK (285 +7)+ @~ )8y (A, DIQ/K]
K% =B 81,1 +8y4,,1)
Dy =@-a)l-0)Rf
D, =biD\A [286—a +86(1~a~B)/ (1~ )]
Dy=(l-a+q)@-0+q)Q%

f=a. (cn

Equation (C7) gives the same value of 4 as that
expected in the case of a smooth coexistence sur-
face u(T).

The generation of new singular terms in (C5)
changes the asymmetries across the coexistence
surface. To evaluate the asymmetries we first
observe that in addition to (2.19), (3.6), and (3.7),

QUi = g (c8)
We find for the asymmetries
CH B =T, [ [*~* + Tyt B, (C9a)
Diid _ ps =R, 8871 + By | [0, (C9b)
Dk _prs =B || "+ D, [[* 2% 8 + Dyt
(C9c)

The constants in (C9) are given in Table V. We
observe that the amplitudes of the asymmetries
arising from the correction term cannot be evalu-
ated in terms of the amplitudes of the leading-or-
der singularities. The amplitude D, can be ex-
pressed in terms of leading-term amplitudes and
C, and ;. C, and K, on the other hand, involve
derivatives of 8 and § which do not play a part in
any of the other amplitudes. Therefore, only the
difficult measurement of C,, K,, and D, can give
a test of this extended revised-scaling approach.

On the critical isochore, Eqs. (C1) and (C4) com-
bine to give

¥ =Qit2-a +Qét3-za+ﬂ +Qét2-a+°, (C10a)
D, =Kt +KhtB- K27, (C10b)
D, =Dy +Dt" %+ Dt -2*=8 1 pj=, (C10c)

The constants in Eq. (C10) are given in Table VI.
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An Axiomatic Approach to Geometric Aspects of Critical Phenomena

in Multicomponent Systems¥*
J.F. Nicoll and H.E. Stanley
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Griffiths and Wheeler (GW) have shown the utility of considering
the coexistence and critical surfaces of simple and complex
systems. In particular, GW have proposed postulates which connect
the geometry of the coexistence and critical surfaces to the
relative strengths of singularities at the critical surface. The GW
postulates combine axioms of an analytic nature with strictly
geometrical ideas. GW assume that derivatives taken in various
directions have different well-defined strengths and that these
directions are associated with the coexistence surface and critical
surface in a certain way. In this work, we show that the first
assumption (that different directions can be assigned relative
strengths) is sufficient to imply the geometrical association
postulated by GW. Using the reduced set of axioms, which we call
critical ordering, we discuss the application of GW to critical
points of higher order. We show that in the absence of eritical
ordering, competing coexistence and critical surfaces may not merge
smoothly at their intersection. Several systems exhibiting a critical
point of order four that have this singular geometry are discussed.
Application of the analytic axioms is extended to multicomponent
fluids and a classification system unifying previous systems for fluids
and magnetc materials is introduced. The formulation of scaling
hypotheses is treated and a discussion of corrections to scaling is

given.

*% This work forms part of a Ph.D. thesis of JFN, to be submitted to

the Physics Department of MIT. Work supported by the National Science
Foundation, Office of Naval Research, and Air Force Office of Scientific
Research.



In 1970, Griffiths and Wheeler1 (GW) proposed that the qualitative
behavior of systems near their critical points could be understood
geometrically. They argues that the coexistence and critical

surfaces 2

give directions which are singled out thermodynamically
as well as geometrically. In this paper we discuss analytic postulates

which imply the geometrical considerations of GW.
I. POSTULATES OF GRIFFITHS AND WHEELER

For a single component fluid (cf. Fig. la), the cirection tangent
to the coexistence surface at the critical point (labeled ;z)is the
only direction determined by the geometry. GW point out that motion along
the coexistence surface produces gradual changes in the character
of the fluid while, on the other hand, motion across the coexistence
surfaces produces dramatic changes. For this reason, GW call
;2 the weak direction; any direction oblique to ;2, such as ;1in Fig. 1la,

is called strong.

In a simple ferromagnet (cf. Fig. 1b) the coexistence line and
hence ;2 s precisely along the temperature axis, T, and the strong
direction ;1 can be taken to be parallel to the magnetic field, H.
Since T is weak and H is strong, GW predict that the constant-field

specific heat,

-C, = ( aZG)

Yy R (1.1)

H

diverges weakly at the critical point, and that the isothermal

susceptability

32H (1-2)

diverges strongly. Here G = G (H,T) is the Gibbs potential, H the

magnetic field, and T the temperature.
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It is found that the divergences of CH and xcan be represented
by power laws,
(1.32)

5 -
Cy - IT-T_ |

and

- pep |- Y
x ~ |r-T | (1.3b)

witha~0.1 and ¥ ~ 1.

In an anisotropic ferromagnet with interplanar interations
ngiven by Rny,changing the lattice anisotropy parameter R
strings out the ferromagnetic critical point (for fixed R) into
a line of critical points bounding a two-dimensional coexistence
surface (cf. Fig. 1lc). A direction tangent to the line of

~
critical points (x3)is called irrelevant.

In a general system described by n £field variables, GW
postulate that if an (n-1)- dimensional coexistence surface is
bounded by an (n-2)- dimensional surface of ordinary critical
points, then directions out of the coexistence surface are strong,
directions in the coexistence surface but not in the critical
surface are weak; and, finally, that the remaining variables

are irrelevant.

It is convenient for our purposes to restate these postulates
in terms of variables, instead of directions. In terms of
variables, the GW postulates are given as follows. At any point
of the critical surface, we can choose variables, (xl, Xy x3...xn)

such that

X =0 (1.4a)
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is the tangent surface to the coexistence surface at the critical

point in question and such that

x, =%, =0 (1.4b)

is the surface tangent to the critical surface at the critical

point. The remaining variables (x3...xn) parametrize the critical surface
near the critical point. Any variables chosen in this way have

the further property that derivatives of a thermodynamic potential

with respect to x,are, in general, strongly singular, derivatives

with respect to x, are, in general, weakly singular, and, finally,

2
derivatives with respect to (x,...X ) are, in general, finite.
3 n

The GW postulates specifically apply to determinants of matrices
of second partial derivatives of the thermodynamic potential

(e.g., the Gibbs potential)
D(A) H ¢'i.j H X5 Xj G A (1.5)

and we use the notation ¢, . = 329 /Bxi ax

‘4 J e

where A is a set of the variables X - The simplest case is that of a
set containing a single variable A = xkk. In this case, the
determinant in (1.5) is just the susceptibility associated

with the wvariable Xy s
D(i_xk} ) = 1k (1.6)

As in (1.3), we expect that D({Xl}) diverges strongly and D(fxz})
diverges weakly. The susceptibilities associated with KgseeoX s
(that is, the susceptibilities associated with irrelevant

variables) are expected to be finite.

If the set A contains two variable, A= ?xk, Xl}, then

D(A) involves the ordinary and 'cross' susceptibilities,

D( x ) =

K’ 1 Pk 211 7 ke Pke (1.7)
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GW propose that the character of this combination be determined

by the ordinary susceptibility terms. That is, they suppose that

the second term in (1.7) is not more singular than the first term, and
that, in general, no cancellations occur that would reduce the
divergence of the sum. For example, D({ xi, XB}) diverges
strongly-times-weakly, D(fxl, x4}) diverges strongly, D({xy, x3})

diverges weakly, and D({xj, X4}) is finite.

This lack of cancellation is a very important feature of the

GW postulates. Each term in the determinant

J = | 226 32
3 P2 3P T

3G 3G

3P2T  oT2

(1.8)

is strongly divergent. However, by a unimodular transformation,
this determinant is seen to be exactly D({xl, x9%). Thus, the
determinant in (1.8) is strongly-times-weakly divergent, not
strongly-times-strongly divergent. Cancellation of the most
singular parts of the determinant reduces the strength of the
singularity. However, there is no cancellation in the determinants
(1.7) which are written in terms of the geometrically distinguished

variables.

The properties of D(A) when A has three or more members are
determined in the same way. In each case, the strength of the
singularity can be read off from the product at the diagonal terms.

Thus, the postulates are:

(a) If A contains X, but not Xys

(b) If A contains X, but not xl,D(A) diverges weakly;

D(A) diverges strongly;

(¢) If A contains both x, and x,, D(A) diverges strongly-times-weakly;

1 2’

(d) If A contains neither x, nor x.,, D(A) is finite.

1 2?
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Recently 3-8, there has been great interest in higher order

critical points. Prototypically, in a metamagnet3, “hree lines of
critical points meet at a special point termed the tricritcal point
(cf. Fig. 2a). The directions tangent to the critical lines, which
were irrelevant everywhere along the critical line, certainly is not
irrelevant at the tricritcal point. We may expect that the

critical behavior may be different at the tricritcal point. 1In

Ref. 3, a hierarchy of critical points is defined to incorporate the
tricritical and even more complicated critical points. An

ordinary critical point is defined to be a point of order two. A d-
dimensional surface of such point of order 2 is denoted 2Rd. It is
expected that in a space of n field variables d=n-2. 1In a space of
three variables, there are lines of ordinary critical points which may
intersect at a critical point of order three (a tricritical point).
Similarly, in a four dimensional field space, surfaces of ordinary
critical points may intersect in lines of tricritical points

(points of order three), which in turn intersect at a point or order
four. Reference 3 proposes that several PRn—p intersect at a
p+an_P_1. While such simple systems do not exhause the possible
complexities of higher order critical points (it does not, for
example, include the possible termination of a critical line in a
critical end point rather than a tricritical point; the critical end
point is characteristic of multicomponent fluid systems 4-5, cf.

Sec. III), they do suggest the appropriate extention of GW to

higher order critical points.
We temporarily adopt the geometrical picture of Ref. 3 and
P
further suppose that on an Rn—p there are p distinct degrees of
divergence which can be classified as follows. We can choose a

set of variables at each point of the PRn_p such that

x, =0 (1.9a)

x, =x, =0 (1.9b)



is .the surface tangent to the surface of ordinary critical points;

and, in general

X, = X, = 00X, =0 (1.9¢)

is tangent to the surface of critical point of order j (the jRn—j)
for all j, 14j<p. (for (1.9c) to hold for j=1, we also define the

).

coexistence surface to be aan_l
We now suppose that the susceptibilities 4;jjare divergent

for 14 j<p and that, as the obvious extension of GW.

¢11 >> @ak'j>>"‘>>¢PP (1.10)
The susceptibilities corresponding to the remaining n-p variables

are assumed to be finite. Just as for the p=2 ordinary critical

point case treated by GW, we assume that the singularity of the
determinants such as (1.5) can be estimated from the diagonal

terms which only involve the ordinary susceptibilities. Thus, the cross
susceptibility terms are again supposed to produce no singularities
stronger than the product of the diagonal terms and they do not

combine to reduce the strength of the singularity given by that product.

Since we now have p different degrees of divergence, we must
abandon giving each divergence a name such as strong and weak; we

may say instead that X, is stronger than X, which is stronger than X4

and so forth. Thus, the set of variables (xl....xn) is partially
ordered by the degree of singularity of the susceptibilities

corresponding to the irrelevant variables (x ..xn) are all assumed

ptHl’
to be finite. However, the ordering is complete among the

variables (xl.
distinguish them from the irrelevant variables.

..xp) which we will term relevant variables to



We see that the GW postulates fall into two parts, one
analytical and the other geometrical. The analytical assumptions are
(i) at any point of a pth order critical surface we may divide the
n field variables into two classes. There are p relevant variables
whose susceptibilities are infinite at the critical point.
The remaining n-p irrelevant variables have finite susceptibilities.
(ii) The relevant variables can be ordered by the strength of the
divergence of their susceptibilities (1.10).
(iii) Determinants which contain both direct and cross
susceptibilities have the divergence properties of the products of
the direct susceptibilities (cf (1.7)).
The geometrical portion of the postulates connect the relevant variables
to the geometry of the critical surfaces near the critical point. That

is (as in (1.9)) the surface determined by

1 T Ty (1.11)

is tangent to the surface of order j critical points, the JRn_j, for

all j £ p.

In Section II, we show that the anlytical assumptions (i) - (diii)
are sufficient to imply the geometrical association (1.11). We
also discuss the situation in which the relevant variables are not
completely ordered (several variables have the same "strength"). We
point out that the analytical axioms are obeyed by more general

systems than the scaling systems discussed in Ref. 3.

In Section IITI we discuss multicomponent fluid systems for which
the geometrical picutre of Ref. 3 fails. We extend our GW formalism
to these systems and introduce a classification system for surfaces
on which some non-critical phases are in coexistence with other

critical phases.
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In appendix A, we discuss the application of this work to
the formulation or scaling hypotheses; a brief discussion of

corrections to scaling is given.



I1 CRITICAL ORDERING AND SIMPLE CRITICAL SYSTEMS

In part A of this section we show that a system obeying
the axioms (i) - (iii) of the previous section automatically have the
geometrical properties summerized in (1.11). We call a system that
obeys the analytical portion of the GW postulates '"critically
ordered", where the ordering is, of course, that of the
susceptibilities (1.10). In part B, we discuss various scaling and
non~scaling critically ordered systems and their relation to the
renormalization group. In part C, we discuss systems with
"partial" . critical ordering . The geometry of such systems is

more complicated and is illustrated by two fourth order' examples.

A. Geometrical Properties of Critically Ordered Systems

We will use two sets of variables in this discussion. The first
(yl....yn) are field like variables which are not associated with
the geometry of any of the critical surfaces. In asymmetric
systems, they may be chosen to be the usual thermodynamic fields.
For example, in a single component fluid, we could choose the
pressure and temperature. In symmetric systems such as a simple Ising
ferromagnet, the usual variables of temperature and magnets field
are associated with the geometry; the coexistence surface is
contained in the line H=0. However, we can imaging choosing slightly
skewed fields. This restriction is just a technical one to

allow certain simplifications of the discussions to follow (cf 2.3).

The second set of variables is the ordered set (xl...xp; xp+1...xn).
We assume that ¢kk is divergent for k=p, and finite otherwise. We
assume that determinants of second partial derivatives of the potential
¢ of the form (1.5)have the same singular behavior as the product
of the diagonal tarms and that
¢ >>¢22 >>¢ >>¢ op

(2.1)
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The assumption of complete ordering of (xl...xp) will be relaxed

in part C of this section.

The basic geometrical connection is provided by the following
relationship between the densities ¢k Eaﬁéxk and the variables

(xl...xp) at the critical point.

¢

_3:5_) =(Ez,5\ |
ka}ﬂe 4’5 "'4’533"”2 ,‘“’Xall Ky -oXj iy} (2.2)

for all j4p, and all k, X and where {y“}denotes any set of

n-j yi's. The proof is as follows.

The left hand side of (2.2) can be written as the quotient of

. 8
two Jacobians

(E{k)q)» 5. {y} e by
SYL 1..7] , - B(Xl' X, XX
vee 3373 (2.3)

3 (@‘...¢ j{y} yl)

s CF1 % %541, %)

Each Jacobian on the right hand side (2.3) can be written as a sum
of determinants involving the susceptibilities multiplied by factors
involving the derivatives of the (yl...yn) with respect to the
(xl...xn). These coordinate derivatives may be assumed to be non-
vanishing since we have not specified the (yl...yn). The largest

of the susceptibility determinants is 9( @1...¢j)/3(xl..xj). This

is of the form (1.5) and therefore, this leading divergence does
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not have singularity reducing cancellations (we do not care if there

are cancellations in the other determinants of susceptibilities).

T herefore, as ¢ ceey % take on their critical values, we may

1,
write the right hand side of (2.3) as

206 %) > (1rs x)

> (v x 9K Ku)
ENZARER o {dyr V)
o( %  #) S (Kr  Xn)

The leading divergent term is identical in both numberator and

denominator. (Cancelling this term we have

(2; X,< ; 2] Ye

| - ety | @)
. “) ) . . a }16 \ & HENPY

7

i

as the critical point is approached. Equation (2.2) is proven for the

case p=2 (ordinary critical point) in Ref. 1.

It may be instructive to work out the details of this proof for

a particular case. Consider the Jacobian

D (% 4., v

e e

J = () ( )(1 Wj X’"&; )(,‘3 ‘} (2.53)

It may be expanded to give
= Y Z gf d ol
J = a)/ I ! (‘f.‘ s G f ] *aXR/ ok e f

@, ‘f"zt ¥
-2 /{ o] (2.5b)



(59

By considering various determinants of the form (1.5) we can

estimate the divergence of the cross-susceptibilities

. 4z
J é | 2 ! f/ (4919 qu ) ) (2.6a)

EN AN S

(2.6b)

X ; iy
\ ch‘.;si < M“‘ dss) & (2.6¢)

Thus the second determinant in (2.5b) has at most the divergence of
A 1 . . .

¢ ll(¢ 29 ¢ 33)4 Since ¢22>7'f33, this is much smaller than the

first determinant which is characterized by the divergence of

¢11.¢22' Similarly, the third determinant has at most the divergence

of ¢22(¢11¢ 33)% and therefore may be neglected in comparison with

the first determinant.

It is easy to see that we may replace the*{'k in (2.2) by any

functions fk where

_ n-k j

k= 3 4k+i (2.7)
¢ =& D

where the a, are any smooth functions of (xl...xn), ay q& 0.

For example, if a and b are constants,

d(dradurdd by yy = 2(d b, ¥) b2k, by Y,
- . AC L ke % 3 (Ko, Ry %
SLKy , K, %) © )T < 28

The largest possible divergence of the second Jacobian is negligible
in comparison with the most divergent term of the first Jacobian.

Furthermore, the Jacobians, (and, hence, (2.2)) are invariant under
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l...fj).

any unimodular transformation of the (f
To apply (2.2), consider the single component fluid. For

j=1, Eq. (2.2) implies that

(A%‘;)v 7 (%i; )"'

(%'fr) 5 - (3“% X, o

as the critical point is approached in the single phase region.
Thus, whether we choose to regard the volume or entropy as the order
parameter, (2.9) shows that the coexistence surface (which is
presumed to have the small tangent surface at the critical point
as the iso-order surface) is tangent to the line Xy =0.

The same argument shows that (2.2) implies the tangency of the
surface x1=0 to the coexistence surface in the general case of n
fields. This identification corresponds to the physical notion

of GW that the strongest fluctuations should be exhibited by the

order parameter.

The remaining connections between (2.2) and (1.11) may be
proved by induction on j. The proof depends upon a weak version
of the smoothness hypothesis9 which is implicit in any discussion
of surfaces of higher order critical points. For our classification
by order to be useful, the critical properties of the critical
points on a particular surface of order j critical points should not
vary drastically from point to point. For our classification by order
to be useful, the critical properties of the critical points on
a particular surface of order j critical points should not vary
drastically from point to point. We need not assume that, for
example, critical point exponents are the same everywhere on the
surface; a gradual variation of exponents is tolerable. We need only
exclude variations in critical behavior which are so extreme as to
isolate a critical point from its neighbors. This criterion applies

rigorously only in the interior of the surface. The boundary of the



surface is isolated geometrically and we cannot impose our smoothness
requirement there. This is, of course, to be expected; it is

precisely at the boundaries of surfaces of order j that Ref. 3 suggests
the existence of order j+1 critical points. However, we do not

expect the ordering on the j+lRn_j_lto be incompatible with that of

the boundary region of the jRn_j. If a region of mutual validity

of the two orderings exists, no difficulty is encountered.

Consider the case j=2. From (2.2) we have that the surface
x1=0 is tangent to the coexistence surface and to the ¢1= constant
surface. We have also that the X =X, = 0 surface is tangent to
the ¢1 = constant, ¢ ,= constant surface. We wish to show that
this latter surface must be the surface of ordinary (j=2) critical
points. Suppose that it is not. Then, if we take a derivative
of ¢2 in any direction contained within the critical surface, the
resulting susceptibility will contain a‘i22 term which cannot be
cancelled by any other term (we are already in the Xy = 0 surface)
Thus, the density’¢2 varys in the surface of j=2 critical points
strongly in such a way as to isolate the critical point in question.
This contradicts our smoothness requirement. Therefore, the

surface x, = =0 must be tangent to the surface of critical points

1 %
of order 2.

The proof for general j proceeds in the same way to show that the

surface x1=x2=...=xj=0 is tangent to the surface of order j critical

points. We may write this symbolically as

1777 n-j (2.10)

where v denotes tangency between the indicated surfaces.
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B. Examples of Critically Ordered Systems

The most usual and useful critically ordered systems are scaling

systems. Ref. 3 proposes that on each JRn_ the"singular part" of

1
the Gibbs potential is a generalized homogeneous function 10(GHF) of
j of the n fields

a

a
¢ CAMxpreeo Al x) = QGGG X)) (2.11)

If for each individual scaling hypothesis we have a;ryay... aj> 0,

the scaling equation (2.11) represents a critically ordered system. For
such systems, the analytical portions of the GW postulates can be
checked in more detail. For example, in E9 (1.5), each term in the
determinant expansion is of the same degree of singularity. Thus in

the determinant D( éxl, x2}) = the cross -

611 €22 612612

susceptibility term G can never be larger than the product of the

12G12

direct susceptibilities G The noncancellation of the two terms

llG22'

is not, however, guaranteed by the scaling hypotheses (2.11)

0f course, we may add to the Gibbs potential any regular or weakly
singular terms which do not disturb the leading order scaling behavior;
the system will still be critically ordered. These "corrections to
scaling' are or interest in single-component fluid systems which lack
the simplifying symmetries of magnetic systems and yet are sufficiently

simple that verification of theoretical predictions may be possible.
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The scaling hypotheses (plus corrections) has the theoretical
support oif the renormalization group14 which also gives a method for the
calculation of the scaling powers (al...aj) by linearization of the re-
normalization group equations 6—5. 14 However, even  more sﬁpport
for the phenomenological scaling theories can be obtained from
nonlinear renormalization group equations.ls_18 In Ref. 3, it is
assumed that near the boundary of an jRn_j (the boundary is itself
an j+1Rn—j-l) there is a region in which both the order j scaling
hypothesis and the order j+1 scaling hypotheses have validity. This
assumption leads to the prediction of various "double power" scaling
laws and relationships. 19 In a region in which three separate scaling
hypotheses can be made (e.g. near the intersection of tricritical lines
at a point of order four) " triple-power" laws are predicted. The
nonlinear renormalization group solutions of Ref. 18 have precisely these
properties. The competiion between various fixed points 14 expressed
in these nonlinear solutions bears a striking resemblance to the
phenomenological description of Ref. 3. In the "Hamiltonian space"
surface of ordinary critical points is bounded by "tricritical lines"
which in turn intersect at a point of "order four". Double-power
scaling behaviour is found near the tricritical lines and triple-power
scaling near the point of order four. The geometry of these

renormalization group systems will be considered in more detail in Part

C of this section.



There are also critically ordered systems which do not scale.
Consider for example, a Gibbs potential given by the sum of two
CHFs G=G® (x,, x,) + Gb(x X,.), with scaling powers (a 2 a a)

1’ 72 1’ 7277 1’ 72
b b . . a b
and(a1 > 2, ) respectively. Since G and G are both GHFs, each
generates a set of ''critical point exponents' which satisfy
a a , ya b b, 6 yb =2
A F2pTHET =2 At 2[3 +4

2-12

We can choose the scaling powers such thatz§a=ﬁ$ and daﬁmb (and

therefore, ¥ h)B%ﬁ; for example, we might have ala= 13/15, a2a = 8/15,
alb = 6/7 and azb = 4/7. The measured exponents would be A‘a,lgb, and
8 b. In this case, only some critical point exponent inequalitites

will be satisfied as equalities; e.g. Aa + 23 @ +2Sb7 2.

Thermodynamic potentials of this form arise naturally as singular
solutions of nonlinear renormalization group equations

Calculations of the free energy by a method of Wilson's 20 seem to
indicate that these singular solutions will not represent the true free

. 18-21
energy in most systems .



C. Partial Critical Ordering and Singular Geometries

We have assumed that there is a complete ordering of the divergent
3
21 212 2 ! )) .
susceptibilities, ¢ll>>¢ 22)) ) e on each Rquf This
guarantees the smooth merging of intersecting critical surfaces. When
P+l

several pRn intersect to form a’ R

-p n-p-1° the complete ordering on
+
e P

. . h|
th Rn-p—l gives unique tangent surface to all the Rn-p—l’ the

+
le

complete ordering on the n-p-1 gives unique tangent surface to all
the JRn .. This merging of coexistence and critical surfaces was

described in terms of scaling systems in Ref. 22.

However, there are many systems which do not have this complete
ordering. In the scaling case, complete ordering corresponding to distinct
scaling powers. If some of the scaling powers are equal, then the

ordering is only partial. In general we may have only that
TSR SR S 4y, (¢ SRR RO
(4113 ’ 4J,J|)§ (CtJiil,Jltl c'i-'; A1)>) Jptide “rsr) )

corresponding to the following relationship among the scaling powers

Teeed

a =w#ee = g P a T.ee= a4, ).--‘78_ .
Jean Iy

(2.14)

In this case, the fundamental geometrical relation (211) holds only for
j=j1, j2,...jr. Thus, we cannot show the geometrical relationships of
GW for all j.; previously, the obtained results apply only to

j=jt’ l4t4r.
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In particular, the smooth mergining of intersecting coexistence

and critical surface cannot be guaranteed. In Fig. 2b, we show

11’¢22

and 422 cannot be distinguished. Two coexistence surface

schematically what is expected when ( ¢ )>)¢33, but the relative

3

izes of f
sizes of ¥ ,
intersect at a finite angle but the critical lines bordering those
coexistence surfaces merge smoothly. This sort of behaviour at a

tricritical point was also discussed in Ref. 22 (corresponding to
a; =a2‘7a3). ‘

The first example of such a system that we will discuss has even
more singular geometry. Not only are the two strongest variables of
the same strength there is also no unique tangent surface to the surface of
ordinary (order two) critical points at the critical point of order four.

Thus the left hand side of (2.1) is not well defined. The system is the

meta magnetic system of Harbus et al3. The Hamiltonian is given by

Xy z n
X=-[Z s;5.+R T s.;s.]-HZs, -H' Z (-1)'s,
ajy I gy it i !

(2.15)

The first sum is over nearest neighbor pairs in each xy-plane; the
second sum is over nearest neighbor pairs coupled in the z-direction; H
is a direct field, and H' is a staggered field which changes sign on
alternate xy planes (the parameter is z%fo on even—numbered planes and

=1 on odd-numbered planes). For R 0, the system is a metamagnet, for
R 0, an anisotropic ferromagnet, and for R = 0, the system reduces

to a set of uncoupled two-dimensional Ising planes. The Hamiltonian is

invariant under the transformation
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R —~» -R
H ~>» H'
H' — H
-7
s; —> -1 8; (2.16)

Therefore the Gibbs potential obeys the symmetry relation

' - ' —
G, H', R, T) = G(d', H, -R, T). (2.17)

For various values of R (R<0), the phase diagrams in the H~T plane are
shown in Fig. 3. The coexistence surface is bounded by a line of
critical points, which, in turn, terminates at tricritical points

(labeled TCP).

TN is the Neei temperature at each particular value of R. In the three
dimensional space H-T-R, Fig. 4 shows a coexistence volume capped by a
surface of critical points or order two, which is, in turn, bounded by two
tricritical lines. These tricritical lines interesect at R=0 at a point of
order four. The symmetry exhibited in (2.17), combines with exact

scaling results for the two-dimensional Ising model, gives rigorously

the scaling powers at the point of order four:

a1 = aH = 15/16

a, = a;= 15/16

ag = ap = 7/8 (2.18)
a, = a; = 1/2

Two .of the scaling powers are equal; the system has only partial
critical ordering at the point of order four. For R 0 the full
coexistence surface lies in the H=0 space; on the other hand, for R 0,

the coexistence surface is entirely in the H'=0 space.
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At the fourth order point, the two strongest variables are H and H'
We would expect the critical surface, therefore, to be tangent to the
R-T place at the fourth order point. However, the critical surface lacks
a unique tangent plane at that point. For example, a place placed
tangent to the critical surface at the top of the coexistence volume
(at the Neel temperature) has as its limit plane the H-T plane if R O0;
while a similarly placed plane for R 0 has as its limit the H' - T plane.
On the other hand, if we approach the fourth order point along any of
the lines of tricritical points, the tangent planes do have as their

limit the R - T plane 23.

It is suggestive that for this example the "proper'" limiting
behaviour at the fourth order point is achieved along the line of third
order points. However, we have not been able to establish conditions for

this to hold generally.

As a second example taken from nonlinear renormalization group

. 1 . . . . . .
calculations, 8 we consider two internal isotropically interacting n-
- B3

8 and 8, which interact through a biquadratic

term. The Hamiltonian density is given by

H = lvill& (98] + ~ L8382 4 Y L0 T 4600 ]

component spin systems,

b Y [ 58t a e (55
(2.18)

The properties of this system can be studied via a renormalization
group perturbation expansion in the parameter¢=4 -d, where d is the lattice
dimension. The properties of the solution depend on the number of spin
components n. For 2f11f4, the Hamiltonian space may be depicted
as in Fig. 5. The variable x is related tor and is proportional to T—Tc,

we have set the ordering field h=0.



The shaded portion of the x=0 plane is a surface of order two critical

points. The scaling power of x is given by dax=2 —€§3n/(n2+8) . Near
the"tticritical'line"y2n=0, Yon is also a scaling variable with
scaling power da = G(4—n)/(n2+8). The tricritical scaling power of

2.n
x is daX = 2- €(n+2)/(n+8), this is the usual n-component Wilson-Fisher

fixed point value .24 Near the second "tricritcal line" yn=0, the
variable v, scales with scaling power dayﬁ=¢é(n—2)/ (nt+4). The
tricritcal scaling power of x is in this case, given by daX=2—¢§(n+l)/
(n+4); this is the Wilson-Fisher value for a 2n-component system.
Finally, at the point of order four, v, =y2n =0, both yn and y2n

are scaling variables with the same scaling power day= €. The fourth
order scaling power for x is dax=2; the Gaussian or mean-field value.
Since the scaling powers for v, and Yo 2Te identical, we are not

surprised to find that the tricritical lines intersect at a finite

angle,
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ITI MULTICOMPONENT FLUID SYSTEMS

In systems of high symmetry (prototypically, magnetic systems) the

simple picture of Ref. 3 applies. In other words, each JR . is
n-j

j+lR

n-j-1 ° This situation need not always hold, and

bounded by a
it is possible that a critical surface may terminate at a surface of

. . o . 4
critical end points rather than at a critical surface of higher order.

In Fig. 6a, a phase diagram for a multicomponent fluid system is shown.
A coexistence surface between two phases labeled A and B intersects a
second coexistence surface separating A and B from a third phase C.

The critical line bounding the AB coexistence surface terminates at
the point P, a critical end point. By changing a fourth field, under
certain conditions the phase diagram may be brought to that of Fig. 6b.
The three coexistence surfaced, bounded by three critical lines,

meet at the tricritical point Pt. A different value of the fourth
field produces the phase diagram shown in Fig. 6v, where

the line of B-C criticality ends at the critical end point P'.

It is possible that under cerain conditions all the critical
lines form a single connected surface in the four-dimensional field space.5
This critical surface is bounded by two lines of critical end
points (swept out by P and P') which intersect at the tricritical
point, Pt. This critical surface is drawn schematically in
Fig. 7. The point labeled P0 is a point on the critical surface but
not on either of the two critical end lines. Universality would
argue that at every point such as PO, the critical phenomena are
essentially the same; in particular, the critical-point exponents
are the same all over the critical surface. The points on the
lines of critical end points are certainly distinguished both

thermodynamically and geometrically. They bound the critical surface, and
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are points where three phases are in equilibrium (two of the phases
being critical). However, the presence of the third coexisting

phase may not disturb the critical phenomena connected with the

two critical phases. We will assume that on the lines of critical end

points there are still only relevant variables.

At the tricritical point, however, three phases become critical
simultaneously. The considerations of a Landau model25 lead us to
expect that at the tricriﬁical point all four of the variables scale.

We will assume that this is the case, although experimental verification
is lacking. In order to describe this more general situation, we

define a new notation for critical coexistence surfaces. A surface of
dimension d, on Whiché?phases are simultaneously critical, while

in coexistence with x additional phases are simultaneously critical,
while in coexistence with x additional phases, and on which s of the
variables are relevant variables, will be denoted byéiRj.

the order of the critical surface in harmony with Griffiths. The critical

We will call

surfaces of Ref. 3 are, in this notation, sg0 the number of scaling

st’
variables being equal to the order of the critical surface. With this

notation, the surface of ordinary critical points in a termary mixture

is a gRg. The line of critical end points bounding the critical surface
is a ;Ri; the tricritical point is a 2R8. Note that for these cases

stx+d=n, where n is the number of field or field-like variables used

to describe the system.

Multicomponent fluid systems lack the extreme symmetry of magnetic
systems. The failure of the line of critical end points to be a
tricritical line (as it was in the magnetic case) exhibits this lack of

26 . . ‘s
symmetry . If we write the constraint that one of the critical phases

is in coexistence with the third phase as F(iiﬁﬁb=0, then
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We can retain our identification of variables with geometry on the
critical end line, by noting that since X4 and x4 are irrelevant along
the critical end line, we can choose them in any way we wish. If we
choose X, (locally) to measure distance along the end line and X4 to

measure distance from the end line at the critical point in question, then

by definition

o F \._
( ax4 ) 0 (3.1)

at each point along the critical end line. Therefore, at each point of

the critical end line,

o ,
Q—ZZ ¢4, F = <§;1;_)

X1X2X3 (3.2)

The variables (XI’XZ) are pulled out because they are critical; x3 is

pulled out by Eq. (3.1).

At the tricritical point (if it is a 2Rg ), Eq. (3.2) may hold by
critical ordering. For example, if we made a scaling hypothesis
at the tricritical point,

al a2 a3 34
AGG %, %0x,) = G(RA7x5 A%y, A7xg A%, ) (3.3)

we might expect that the line of critical end points is described by a
scaling invariant constraint function; that is, the critical end line

is described by F=0, where
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(3.4)

If F is a scaling invariant constraint, then the properties of GHFs imply

that

orF
ox

oF

d

8

k4 ) (3.5)

N '1:|

on scaling invariant paths, i= 1,2,3, where

a;/ a,

14 (3.6)

In the more general situation of critical ordering, we will assume that
Eq. (3.5) holds as the tricritical point is approached. In this case,
Eq. (3.2) holds by critical ordering at the tricritical point. We

will call F a quasi-critical constraint, since it constrains the

geometry in a non~critical way except at the higher order point.

If we raised the dimension of the system by one, the tricritical
point is strung out into a line of third order points. This line
could terminate at a critical end point and the process given above
repeated. 1In general, the relationship between successive surfaces

might be given by

zRo 2 gl 530

1 0
7o RO R RS > R (3.7)

-3 ..
~4 4 "n-5 noO,
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where n=2m-2. At each step in which a coexisting phase is added
to the previously critical phases, a quasi-critical constraint is
added. Systems described by Eq. (3.7) have been considered in

Refs. 4. For these systems we can replace (2.10) by

_ _ m+l_0

(x) =...x, =0) 2m n-2m (2.8a)
_ _ m+1_1

Gep=e =Xy 1”0 ~ on Roon1, (3.8b)

where in Eq. (3.8b) we have defined the coexistence surface as a
surface of order®=1 and written as éRi_l so that the convention s+x+d =n
is satisfied

The magnetic systems of Ref. 3 are described by (2.10) and the

succession surfaces.

2
R0 s (3.9)
0On-1 2 n-2 3 n-3 , )

Eq. (3.8) and Eq. (3.9) are governed by a set of rules which can be

generalized to cover different situations such as

G’X 0 +0Rx—9’ (3.10a)
s d s+0'+1 d-1

oHo' x-0"+1 (3.10b)

R -> +@"R d-1

The magnetic systems, after one application of (3.10a), use (3.10b)
exclusively; on the other hand, the multicomponent fluids use (3.10a)
and (3.10b) alternately (with Q’=l and @' = 0, successively). The
rules are more generally applicable. For example, the three-phase

line of a metamagnet terminates at the tricritical point,



|75

3,0
-
3RO (3.11)

Q -
o

/
Eq. (3.11) employes (3.10a) with{ =2.

To explore the uses of Eqs. (3.10), consider a multicomponent
system with at least four phases. We consider the appropriate
generalization of Fig. 6a but sliced in such a way as to suppress
the coexistence surface between phases A and B. In Fig. 8 we illustrate

a three-dimensional slice of this hyperdimensional phase diagram.

The line L0 is a éRﬁ—Z’ where three phases (A,B,C) are in

. . . 2.1 A
coexistence. The point P is a Rn— where A and B become critical

2" n-3

while remaining in coexistence with C. The line L1 is a gRg_z, where C is

critical with one other phase. L1 terminates on a coexistence surface
with the phase labeled D, which is bounded by L2, where D is critical
with the phase previously in coexistence with it. As the various

undisplayed fields are changed, the point P moves on the C coexistence

surface and the lines LO, Ll, and L2 move relative to one another. From

1
this diagram we see that the ;Rﬁ_3 can be bounded in the following ways:
(a) The point P hits the line Ll (Fig. 9a). This is the usual multi-
component fluid boundary: 2R1 —> 3RO
P TP 2%-3 4 n-4

(b) The point P hits the D coexistence plane but not Ll (Fig. 9b):

R

2 1 3,22
2 n-3 R

a n-4

(c¢) The point P hits the line L., at the termination of Ll (Fig. 9¢):

1

gRl —§—> 3Rl
o 3 n-4
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at the D coexistence point precisely when

. . . . 2.1 4.0
: . o
that point hits the D critical line: 2Rn—3 WRo-4 (Fig. 9d)

(d) The point P hits the line Ll

In case (a) when point P moves down the line Ll to the D coexistence plance,
there are two possibilities. If phase D is not critical, then
3R 0 3Rl ; while if D is critical, 3.0 4.0 .
4 b 4 n-5 , : >R R
: 4 n-4 5 n-5

Exhausting all the possibilities inherent in Figs. 7-8, we can make a
table of successive boundaries (cf. Fig. 10). We have used the
equation

s+x+d=n (3.12)
to predict the number of scaling variables or critical variables on each

surface. The 2R1 might be bounded on one side by a 2R2

2%n-3 Ry and by

a 3.0
R on another which intersect to form a 3.1 . The other
4 n-4 4Rn—5

possibilities given in Fig. 10 all exhibit greater symmetry and reach

surfaces of order four more quickly.
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V. CONCLUSIONS

We have shown that the analytic-geometrical postualtes of
Griffiths and Wheelerl can be reduced to analytic statements, from which the
geometrical associations follow. Our assumption of critical ordering is
weaker than that of scaling, and yet the major results of scaling
hypotheses, such as the smooth merging or intersecting of competing

coexistence and critical surfaces, depend only on critical ordering.

The system of classification of coexistence-critical surfaces introduced
here unifies multicomponent fluid systems with the highly symmetrical
magnetic systems. We may think of Eq. (3.12) as a phase rule which
encompasses both the fluid systems of Ref. 4 (cf (3.7)) and the
magnetic systems of Ref. 3 (cf.(3.9)). The rules given in (3.10)
might also govern systems of mixed symmetry; that is, systems more
symmetric than fluids, but lacking the full symmetry of magnetic
systems (cf. Fig. 6). The phase rule given in (3.12) and the boundary
rules (3.10) are partly based on a Landau model, which may not be
correct in every detail. However, the rules apply as stated to those
systems for which we have a global understanding of the geometry of
the critical surfaces. Eq. (3.10) are the only rules that preserve
the phase rule s+x+d =n and that also have the property that the
number of relevant variables (i.e. those have divergent susceptibilities)
always increases at least as fast as the order of the critical surface.
The latter property precludes the possibility that the order could
ever be greater than the number of relevant variables. This is a

plausible condition on the basis of the systems presently known.
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APPENDIX A. FORMULATION OF SCALING HYPOTHESIS

The present expression of the Griffiths-Wheeler ideas in terms of
variables is especially suited for the discussion of the formulation
of scaling hypotheses at the various critical points, since, in the final
accounting, functions are written in terms of variables. Eq.(2.10)
can be regarded as a set of equations for the relevant variables
(xl,...xp). Since the relationship is one of tangency at the critical

point under consideration, the relevant variables can only be determined

to linear terms in the fields (yl,...yn). Furthermore, if (xl,...xp)
is a solution of Eq. (2.12), then (Xl,...Xp) is also a solution,
where(Kl,...Xp) is given by
, = A..x. Al
X1 ;)3 AlJ x} . ( )

n Eq. (A.1), Aij is an arbitrary lower triangular matrix, with non-zerio
diagonal entriesz. A trivial change of variables reduces A to a

matrix with unit diagonal entries. By the construction of (2.12),

the transformation of (A 1) cannot affect tﬁe leading order behavior

of any thermodynamic quantity. However, the non-leading terms are
affected. To illustrate this effect, consider a scaling hypothesis
stated in terms of GHF in p critical yariables,

a a

{ : = 1
RG\xl...xp,xpﬂ...xn) G(\ xl,...\)LP

We define the induced action of A on the function G by

xp;xp+1...xn) . (A 2)

. L= -1
A.G((xl...xp)...;—u(A (xl...xp),...) . (A 3)

- -1 |
Writing A ~ = I +B and expanding the right hand side of (A.3) in a Taylor

series, we have

A G= G(xl..‘x

+ L ° . . (A4
p""}' f‘fBinjﬁ;G(Xl"'xp) . (A 4)

1
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We define C,. by
1]

.. =B..x, O (A.5)
i i3 Ry ¢

Then the properties of GHFs imply that

1+a_—a. -1 1 p
A i i Cij Lé} Xy Xp) (A.6)
Since B is lower diagonal, aj—ai >0, and the Cij are all weaker than G
(that is, the singularities of the Cij are all weaker than the
corresponding singularities of G). If we only wish to examine leading

behavior in a critical system, any solution of (2.10) can be used in a

scaling hypothesis.

In cases of special symmetry, the solutions of (2.10) are more
restricted. For example, in the case of a simple ferromagnet, Eq. (2.10)
has the solutions

X1=H
x2=T—TC+ cH, (A.7)
where c¢ is any constant. If a scaling hypothesis were made in terms of

these variables, the magnetization, M, would be given by
-M = ;35G /9G |
+
srRR e (a.8)

On the coexistence surface

M=t |T-T_ |B_Bfl 1-u

x, (0,1) + c(2=) T-T_  G(0,1)

(A.9)



The term proportional to ¢ is an unphysical asymmetry. We therefore

must set c=0. In a fluid system, on the other hand, the lack of such a

symmetry leads to the expectation 11-13,18, that a diameter

(defined as the sum of the order parameters on opposite si&es of the

coexistence surface) behaving like |T—Tc|l-ashould be found in a fluid.
In general, we expect that the knowledge of particular symmetries of

the system, or the lack of such symmetries, will restrict the

transformations allowed in Eq. (Ail)’ Ref. 1 has suggested as a

possible equation of state for a fluid an equation that is form

invariant under (A,l) and its non-linear extentions. This equation

of state includes all the corrections of the form given in (A 6) and

(A ,5) and many more. However, the corrections of Ref. 11 are not

connected to an original GHF, but are independent functions. Refs.

12-13 have suggested that a particular choice of critical variables

can be used with a single GHF to describe fluid systems. The

resolution of these two approaches has not been settled experimentally.
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2a.

Phase diagram of a single component fluid system, illustrating
the vapor pressure curve terminating at the critical point. The
direction tangent to the vapor pressure curve at the critical

point is labelled X,3 X is any direction not tangent to the curve.

1
The phase diagram of a simple ferromagnet. The X, direction is

along the T axis; x, is parallel to the H axis.

1
Phase diagram of an inisotropic ferromagnet. The coexistence

surface lying in the RT plane is bounded by a line of critical points.
The x., direction is tangent to the line of critical points,

3

lies in the RT plane and x, is out of the R=0 plane.

X
2 1

Phase diagram of a metamagnet. The antiferromagnetic critical line

terminates at the tricritical point where three critical lines

intersect.

Schematic phase diagram for a system with incomplete critical ordering.

Two coexistence surfaces are shown intersecting along the Xy axis.

The fourth order system of Ref. 4 is shown in the HT plane. for
various values of R(R negative). The éntiferromagnetic coexistence
surface is bounded by a critical line, which terminates at
tricritical points labelled TCP. The line of first order

transitions is shown dashed; T, is the Neel temperature for each

N
value of R. (a) gives the phase diagram for the magnitude of R
moderately large; (b) for a smaller value of R ; and (c) gives

the phase diagram for R=0.



The phase diagram of the system of Ref. 4 in HTR space. A
coexistence volume is capped by a two~dimensional critical surface,
which is bounded by two tricritical lines. The tricritical lines
intersect at the fourth order point at H=H'=R=0 and T=T2, the

two-dimensional Ising model critical temperature.

Hamiltonian space for the nonlinear renormalization group
solution of Ref. 18. The surface x=0 is a surface of ordinary
critical point of order two. It is bounded by two "tricritical
lines" Y= 0 and You = 0 (and by a separatrix connecting the
fixed points. cf. Ref. 14,18). The point x=yn=y2n=0 is the

point of order four.

Three—-dimensional slices of a mulcomponent fluid system of three
or more components. The variable t may be thought of as the
temperature and u and v as suitable field variables (combinations

of the pressure and various chemical potential differences).

The coexistence surface between the phases labelled A and B
terminates on the coexistence surface separating those phases from
the phase labelled C. The point P is a critical end point at which A

and B are critical while in coexistence with C.

A slice containing the point Pt at which all three phases are

simultaneously critical.

A slice in which the coexistence surface separating B and C terminates
on the A coexistence surface. The Point P' is a critical end point

at which B and C are critical while coexisting with A.



The two dimensional critical surface in a ternary mixture is shown
schematically. The points P and P' are on critical end lines which
bound the critical surface and intersect at the tricritical point

P . The point P

c is any other point on the critical surface

0
but not on either critical end line.

Phase diagram of a multicomponent fluid mixture (of at least four
phases). The line LO (cf. Fig. 6a) is a n-2 dimensional surface
where three phases A,B,C, are mutually coexisting. At the point
P, phases A and B become critical. The line Ll (cf. Fig. 6a) is

a n-2 dimensional surface where C is critical with one other
phase. The C coexistence surface (bounded by Ll) terminates on

a coexistence surface separating the phase labelled D from the
other phases. The line L, is a n-2 dimensional surface where D is

2

critical with one other phase.

Phase diagram of a multicomponent fluid system. Various possibilities

for the boundary of the surface of critical end points are shown.

2Rl ~§3R0 . The third phase C becomes critical with the

2 n-3

4 n-4
previously critical phases A and B.
2.1 2.2

R - R The phase D becomes coexistent with A and
2’ n-3 2" n-4.

B (critical) and C.
2.1 3,1

2Rn—3 - 3Rn—4.

the phase D becomes coexistent with A,B, and C.
2.1 = 4.0

2Rn—3 4Rn—4' The phases C and D. Simultaneously become critical

with A and B, previously critical.

The third phase C becomes critical and simultaneously
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The illustrative example of Eq. (3.10) treated in the text and

associated Figs. 8-9. All the critical chains begin from a ;Ri—3
and terminate at a point of order four (four phases simultaneously

s 4 0
critical), a st'
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CHAPTER 4

RENORMALIZATION GROUP CALCULATION OF SCALING POWERS



A OO

I. Approximate Renormalization Group Based on the

Wegner-Houghton Differential Generator*

*(Phys. Rev. Lett. 33, 540 (1974) )
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Approximate Renormalization Group Based on the Wegner-Houghton Differential Generator*

J. F. Nicoll, T. S. Chang, and H. E. Stanley
Physics Department, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 16 April 1974)

We give an approximate renormalization~group formulation which parallels that of Wil-
son. The group generator represents the momentum~independent limit of the differen~
tial generator of Wegner and Houghton. The eigenfunctions near the Gaussian point are
computed for all spin dimensions n and lattice dimensions d, including d=2. The nontriv-
ial fixed-point Hamiltonian in dimensions near d=20/(0 - 1), together with the eigenval~
ues near that nontrivial fixed point, are found explicitly to first order in eg= 0(2~d) +d
for all values of n and the order ©. Odd-dominated Ising systems and corresponding ex-
pansions in €4.4/; are also treated.

The renormalization-group approach to the study of critical phenomena has had great initial suc-
cess.'”? The renormalization group embodies in concrete mathematical form the scaling notions of
Kadanoff® and provides a framework for explicit calculation. These calculations have usually been
done by perturbative expansions, in analogy with similar problems in quantum field theory. All the
difficulties of field theory have been incorporated into critical-phenomena calculations as well; the cal- .
culation of thermodynamic quantities involves complicated Feynman diagrams and divergent integrals.

Even in those cases where field-theoretic difficulties are not encountered, the perturbation tech-
niques have been “brute force” in nature. For example, the calculation of critical-point exponents for
higher-order® critical points has been hampered by the rapid increase of the number of equations which
contribute.?

Many renormalization-group problems can be simplified by revising the perturbative techniques to
conform as closely as possible to the structure of the renormalization group itself. It was noted by
Wegner® that the eigenfunctions of Wilson’s approximate renormalization group (when linearized around
the Gaussian point?) are related to Laguerre polynomials. However, this observation has hitherto not
been fully exploited. Here we show that by utilizing the structure of the renormalization group, a num-
ber of problems [see (i)-(iv) below] may be solved simply and explicitly.

To do this, we first write down an appropriate differential equation based upon the Wegner-Houghton’
differential generator for the renormalization group. Their functional integrodifferential equations
may be simplified if we consider them in the limit of vanishing “external” momenta.? We find that for
n-dimensional isotropically interacting spins § on a d-dimensional lattice, the renormalization action
on the reduced Hamiltonian H is given by

. 2 .

hed+(2-an 2.2 [{1 %) 1n(1 +%§>+%m(1 +%’+2x%§ﬂ , @
where the dot denotes differentiation with respect to the renormalization parameter I, and x= (§+§)/n.?
Since we have neglected the detailed momentum dependence in the renormalization group, we have set
7 =0.

(i) The general €¢expansion.—To solve (1), the Hamiltonian H can be expanded in terms of any com-
plete set of functions; the expansion functions should be chosen to simplify the problem under consid-
eration. A particularly useful set of functions are the eigenfunctions of (1) when (1) is linearized about

540
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the Gaussian fixed point, H# =0. These functions (not normalized) can be chosen to be
Q, (x)=[d/(2 -dm]? L,V*"}([(d - 2)/d] nx) ()

where the conventions of Erdelyi® are used for the Laguerre polynomials, L,?"'(z). The eigenvalue
corresponding to @, is A, =p(2 —=d) +d. To illustrate the use of the @,, we have calculated the non-
trivial fixed-point Hamiltonians, _H =Ho*, corresponding to critical points of order ©.* The fixed points
of (1) are determined by setting H =0. In analogy with the € expansions introduced in Refs. 1 and 2,

we calculate Hg* as a perturbation expansion in € ¢= 9(2 —d)+d,*® for &=2,3,4,... (the usual™2 € is €,
in our notation). To first order in €y, Ho*=€gvoQ,y, where vy is given by

1=%dvo(D(0,6)|0). (3a)
Here the bilinear functional D(¢,j ) is given by
DG, j )E(l -%)%%% ((1 —n)%%i+(2i+n—2)Q,-.1 ) ((1 —n)%+(27’+n—2)Q,--1> , (3b)
and the inner product {f!p) for a function f(x) is defined by
F)= 510 Q). ' (3¢)
=0

Equation (1) can now be linearized around Hg*. The eigenfunctions will change slightly and so will
the eigenvalues. If we denote by A, the eigenvalue of the new eigenfunction, which to zeroth order is
@,, we find that to first order in €4

N ((a)(e, iy

50, 0)10) (4)

The evaluation of the bilinear coefficients in (4) is merely a problem in classical analysis. In fact, us-
ing the full renormalization-group equations, we have shown that (4) is exactly correct!! to order €.

For n=1 (Ising systems), (3b) simplifies considerably, the @, are related to Hermite polynomials,
and (4) reduces to

1 !

These results are in agreement with the @ =2 calculations of Refs.
of Ref. 5. We note that (5) also contains the odd eigenvalues for /=
From (5) we immediately deduce several important consequences. (i) For €9>0, the correction to

the Gaussian eigenvalue is negative, so that the nontrivial fixed point always dominates the Gaussian
fixed point sufficiently near the critical point. (ii) The correction to the Gaussian eigenvalue vanishes -
unless 212 ©, In particular, to order €4, Xl =2 for all ©+2, independent of 4, (iii) We note that Xc,
=-Ag==-€p, SO that if we examine the first © eigenvalues we find that at the Gaussian fixed point they
are all positive, and at the nontrivial fixed point all but the last remain positive. The Gaussian point
is unstable, and the nontrivial point is a generalized saddle point for €¢>0.? '

We also note that the ordering field which couples directly to § is entirely decoupled from the re-
mainder of the renormalization-group transformations.!®* The eigenvalue X, cc’;rresponding to the
ordering field, is exactly 1+d/2.

(ii) Gaussian eigenfunctions for d=2.—We next consider the behavior of (1) for d=2. Tue nontrivial
fixed points at d =20/{(© - 1) cluster densely around d=2 as © — . By studying (1) with d set equal to
2 [or by examining the limit of (2) as d - 2 with p(2 - d) fixed] we find the eigenfunctions around the
Gaussian fixed point have a continuous set of eigenvalues, A< 2. A complete orthonormal set of eigen-
functions is given by**

Q)‘(x) = (_;.n)l/zx- ("’2.”/2']:1/2-1((4 - 2)\)1/2(%)1/2) , (6a)

1 and 2, and the ©=3, 4 calculations
1 3§
2,2,2

ye e o

where J,,,., denotes the Bessel function of the first kind, and

ST dxxv1Q, (0)Q (k) = 5(x =1”), ‘ ' (6b)
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The Hamiltonian is expressible as an integral, H = [v,@,d\, rather than a sum (for d#2). In the dis-
crete case, thermodynamic potentials are generalized homogeneous functions'® of the expansion coeffi-
cients. In the continuum limit, they become generalized homogeneous functionals with similar proper-
ties. For example, the Gibbs potential satisfies

e G,)=GleMv,). M

The continuous nature of the eigenvalue spectrum leads, in general, to logarithmic factors multiplying
the usual power-law dependence of generalized homogeneous functions.!® Since the approximations
made in deriving (1) require setting 7=0 for consistency, one must be cautious in interpreting our re-
sults for d=2. .

(iii) Power-law expansions.—The solution of (1) for other than €, expansions is more difficult. For
n arbitrary, the expansion of H in terms of Laguerre polynomials leads to equations coupled to all or-
ders in the expansion parameters. If these cannot be assumed small, the equations are too complicat-
ed for immediate solution. If. however, H is expanded in powers of x, the resulting equations, while
not appropriate for general €4 analysis, are essentially “triangular.” That is, if we expand

H=3v,;x/j!,
=0
the generator for the v,, equation is given by

a2 (12l £ Ao S 2

i=o =0

®)

x=0

The linear structure has only one off-diagonal term, d(1 + 2p/n)172,+p/2, and the nonlinear terms are at
most of order p in the modified coupling constants #,;=v,,/(1 +v,). Furthermore, the nonlinear terms
include no v,; with j>p. In particular, for n=-2m, the first m equations.decouple entirely from the
remaining equations,*® , .

We have used (8) to evaluate critical-point exponents for the ordinary and tricritical points (0 =2, 3).
For O =2, our results agree with those of Refs. 1 and 2. For © =3 we find to order &,

=2, X,=1+[(6-n)/(Bn+22)]e,/2, (9)

in agreement with the general formulas for z=1 given in.(5).
(iv) Odd-dominated Ising systems.—In addition to the usual even fixed-point Hamiltonians described
above, (1) admits (for »=1) fixed points which have leading odd terms. We may do €¢.,,, expansions

for ©=2,3,... in this case as well. The fixed-point Hamiltonian is of order (€4.,,,)"2. We write the
fixed-point Hamiltonian H* as
H*=(€g .1 ohyo oy +€0mysV0 et (€010 fo+. . (10)

where k,q., is an odd Hermite polynomial, and f, is an even and f, an odd function of s. Solving (1)
to first order in €4.,,,, we find the fixed-point value v ¢ and the perturbed eigenvalues to be given by

=-tdve¥9(20-1,20-1)[20 - 1), : (11a)

(820 —1,1)|1)
V2420 -1,20-1)[20 1)

Xijz =Aipg == 3€0 1=1,2,3,.... (11b)

The operator 4 in (11) is
8m,D=64(I-1mm =) )hyg+h;y® P+ 21, L0, hy,)], (12)

where £, is defined by £,4,=[p(p -1)/p -1]h,., for all Hermite polynomials k,. At least for 20 -1
=3,5, we have vo®<0; the Hamiltonian is real only if €9.,,,<0. For €g -172 >0 the odd parts of the '
fixed-point Hamiltonian are purely imaginary."

The Wegner-Houghton approximate renormalization group proposed here provides a straightforward
framework in which to explore the consequences of the full renormalization group. As a differential
representation, it is suited to investigations of nonlinear phenomena such as crossover competition
between two or more fixed points. Elsewhere!® we have solved (8) near d =4 for the nonlinear cross-

~a0
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over between critical and Gaussian (mean-field) behavior. The extension to crossover from tricritical
to mean-field behavior seems to be more difficult.

We would like to thank G. F. Tuthill and L. L. Liu for many helpful comments and suggestions and
B. D. Hassard for discussions of the differential generator of the renormalization group.

*Work supported by the National Science Foundation, the U.S. Office of Naval Research, and the U.S. Air Force
Office of Scientific Research. Work forms a portion of the Ph.D. thesis of J.F.N. to be submitted to the Massachu-
setts Institute of Technology Physics Department.

K. G. Wilson and M. E. Fisher, Phys. Rev. Lett. 28, 240 (1972).

?K. G. Wilson and J. Kogut, to be published; for an elementary discussion, see H. E, Stanley, T. S. Chang,

F. Harbus, and L. L. Liu, in Local Properties at Phase Transitions, Proceedings of the International School of
Physics “Enrico Fermi,” Course LVII, edited by K. A. Mdller (Academic, London, 1974), Chap. 1.

31, P. Kadanoff, Physics (Long Is. City, N.Y.) 2, 263 (1966).

‘A critical point of order O can be defined as a point at which © phases are simultaneously critical. See T. S.
Chang, G. F. Tuthill, and H. E. Stanley, Phys. Rev. B 9, 4882 (1974), and references contained therein.

Chang, Tuthill, and Stanley, Ref. 4; M. J. Stephen and J. L. McCauley, Jr., Phys. Lett. 444, 89 (1973); E. K.
_ Riedel and F. J. Wegner, Phys. Rev. Lett. 29, 349 (1972). '

" SF.J. Wegner, Phys. Rev. B 6, 1891 (1972).
'F. J. Wegner and A. Houghton, Phys. Rev. A 8, 401 (1973).
%n the special case n=w, Ref. 7 gives a derivation of a solution for (1), The zero-momentum requirement can

be weakened somewhat in this case. If we write vz‘,(—lzi, v Ezj) for the momentum—dependegt 2j-spin cogpling con-
stant, Eq. (1) follows by restricting the k; to cancel in pairs; that is, we consider only vy;(ky, = ky, . . .. K;—k;) .

We also note that the reduced Hamiltonian density Hy, of Wilson (Ref. 2) has the form Hy = |Vs|®+H(x). The gradi-
ent term is left unchanged by the renormalization group in the approximation employed here and is therefore not
considered explicitly.

%A. Erdelyi, Higher Transcendental Functions (McGraw-Hill, New York, 1953), Vol. 2, pp. 188 ff.
. 00ur definition of €g differs slightly from that of Chang, Tuthill, and Stanley, Ref.4. The convention adopted
' here has the advantage that the eigenvalue of @, is precisely ¢g.
Uy see this, it is sufficient to note that the @, are eigenfunctions of the full linear renormalization-group opera-
- tor. The powers of x in the @; are replaced by more complicated sums over momentum: {(nx) becomes

E' te 2 (Eh ';h ')"'(-s.k '-S.k )Op 4k’ 4o+ Rythy’s 00
AR R p TRp T TRitRy p+Rp

With these emendations, an examination of the full nonlinear renormalization~group equation of Ref. 7 shows that
the fixed point and eigenvalues are correct to first order in €y, and 74 is oleg?.

2points (ii) and (iii) hold for generaln; (i) cannot hold for arbitrary n {e.g., for 0 =2, A;=2-[(n +2)/(n +8)]e,}.

137, Hubbard, Phys. Lett. 40A, 111 (1972).

4G, N. Watson, Theory of Bessel Functions (Cambridge Univ. Press, Cambridge, England, 1968). Note that the
formal completeness of the eigenfunctions @) is only guaranteed for n= 1. Results for » <1 must be obtained by
analytic continuation of those for larger n. See also Watson, op. cit. pp. 453 ff.

!5A. Hankey and H. E. Stanley, Phys. Rev. B 6, 3515 (1972).

M. E. Fisher, Phys. Rev. Let}. 30, 679 (1973).

After the completion of this manuscript, we were informed that M. J. Stephen has obtained similar results for
an €3/253—d/2 expansion. :

87 F. Nicoll, T.S. Chang, and H. E. Stanley, Phys. Rev. Lett. 32, 1446 (1974).

543



II. Renormalization Group Calculation of the Critical Point

Exponent Q for a Critical Point of Arbitrary Order*

*(Phys. Rev. B (June, 1975))



206

Renormalization -Group Calculation of the Critical Point Exponent '2

For a Critical Point of Arbitra‘ry'Order*

G. F. Tuthill, J. F. Nicoll, and H. E. Stanley
Physics Department, Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

The critical point exponent V! for a critical point of order O in

L
dimensions less than dg = 20/(6-1) is calculated to leading non-vanishing

order in the parameter 68 2d6 -d. The result is given for n-com ponent
isotopically interacting magnetic systems.. For Ising systems, n=1, the

result is =€ 2 4(6-1)2/( 26) 3. As & increases, the coeff icient of
g © (V]

6 for @large. In che

G a 2 rapidly becomes very small, varying as 2~
limit of large n, IjL o for odd order points approaches a constant and, for

even order points, is proportional to 1/n.

*This work forms a portion of the Ph.D. theses of G.F.T. and J.F.N. to
be submit ted to the Physics Dept. of M.1.T. Work supported by the
National Science Foundation, Office of Naval Rese arch, and the Air Force
Office of Scien tific Research.
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The classification and study of critical points of "higher order" has been
_gf recent interest. 1-7 The order of a critical point is defined by some authors
to be the number of phases simultaneously critical at the critical point. 1-2
Thus, an ordinary critical point is an &=2 point; tricritical points are d=3
points. Although there are many kinds of higher order points3, much of the

work has concentrated on systems that in the mean field approximation could

be represented by a Landau-Ginzberg form for the Hamiltonian density,

: O u :
HE) = - | d%%[5|vs®@ |+ > =2 (s8)" ]
| / ’[ zl = o . (1)

where we have specialized to the ""magnetic'' case of an isotropically interacting
n-component spin’%(;).

The renormalization group approach to such systems was introduced by
Wilsons' for the case &=2. Corrections to mean field behavior are calculated
in a perturbation expansion in € 2:‘: 4-d. The tricritical case, O’=3_, has been
studied by Riedel and Wegner4 at d=3. Stephen and McCauley5 and Chang, Tuthill,
and Stanley6 calculated exponents below three dimensions in an expansion in
¢ 323-d. Ref. 6 also gave explicit exponents to first order in€ 4= 8/3-d for the
O=4 case. The critical point exponents for the general @ case were given in
Nicoll, Chang, and Stanley7 to first order in 605 20/(0-1) -d. The critical
point exponent 7 was shown in Ref. 7 to be at most o( € 02). In this work,
we complete the calculation of all critical point exponents to leading order by
calculating ;? to 0(602 ).

The 68 calculation of Ref, 7 were based on the differential renormalization
group generator of Wegner and Houghtong. The calculation of ;2 by this method
is difficult and, therefore, through most of this work we will adopt a field-theoretic
approach utilizing Feynman diagrams. However, we will extract the dependence

of VL on the number of spin components, n, by combining graph-counting |

with the solutions of Ref. 7.
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Following thé meh od used to locate fixed pointss-g, we assume U, to be
O(GO) for k €. It is then possible to carry out a self-consistent perturbation
expansion in the parameters u,, Upsoe u, o While applying a "mass counterterm"8
so that the bare propagator is (p2+r)'1, with r the zero ordering-field susceptibility.
The exponent 7 O,is defined by a proportionality relation for the Fourier transform

G of the spin-spin correlation function for small wave-number

¢ UB) ~ p> 78 ~ P1- 76 Mmp - ..) (2)

at the order & point (r=0). We will now show that to 0(662), the calculation of
7 G_involves only two Feyman graphs to be evaluated in dimension d@‘

In the perturbation expansion for G-1 we may write
cXp.m=pl+r+ ) (D,r) - 3)

where Z represents the sum of all remaining graphs (with counter-term)
displayed schematically in Fig. 1. The mass counterterm u,-r cancels all
p-independent terms in (3)) in particular, all single vertex diagrams. The
series may be further simplified by formally eliminating closed loops which
include only one vertex and introducing r-dependent generalized vertices ;Zk(r) ,
defined by

_ féjk
Uy, (1) =u,, + —_ (F,(1))
2k 2k T M . 1 @

Here, as in Ref. 5, Fl(r) represents the loop integral fdde(k, r)/(Z’IT)d.
With this change in notation and to 0(662), the set of graphs in Z is reduced to

those shown in Fig. 2.
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Next, we note that ﬁ-Zk (r=0) =0 for all k <®. This follows from Wilson's

scaling theorem8for 2k -point vertex functions |
T (p=0) ~ ¢ T (5)

For d=d6 - eO” (5) requires that I"'Zk vanish at r=0 for all k <& Since the
first order perturbation expansion for FZk is just ﬁ'Zk’ ﬁZk must vanish as well,
At the critical point, therefore, all the graphs except the last shown in Fig. 2
are zero.

The combinat orial factor for this diagram may be evaluated by considering
first the Ising case, in which it is simply 1/(2d—1)l . To determine the n-dependence,
it suffices to note that a factor of (n+2N-2) is associated with the connection of |
two legs of a single 2N-leg vertex. Thus, the n-dependence of the uZOZ diagram
is given by fl (n)/(20-1)! where

-/
= TT (mezo/@e) . (6)
£=1

With this factor and denoting the uZ(‘)Z integral by Il’ the correspondence

between (2) and (3) gives

2 2 2
P (1- Aotop) =p”- Uy £, () [ 1,(p, =0)]
(20-1)!

pzlnp part (7)

. . . 2
Since u,q is O(ée,), 76 is clearly O(€ o ).
The fixed point value of BLo remains to be determined ; it is chosen so

that the vertex functions satisfy scaling laws. For k=G in (5) this gives

ST Galltd 6
© 2

8
26 inr ... (8)

~ 1+ €

The constant of proportionality must also be expanded as a series in €., so that
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Mo = A+€L[AB-D/2 tar +B] (9)

with A and B constants.

In first order, 1—'2 o is uZG'

involve two-vertex diagrams u

so that A=u20. Second order terms all

24 Ez 2 (with £, £' €Q) and graphs with internal

lines numbering (£O;, (cf. Fig.3). The r-dependence.of Ez is given by the
integral F, (r)-F (0) since by the remarks above u (0) 0 for £¢ d.

| dp e ~3+d
A 1 1 d g3+ gk
F. (r)-F. (0) = 3 | - —_— (10)
R . / emd 0l K b= amye &% +r)
o

d/2 / P(d/ 2) is the area of the unit sphere in dimension d.

WhereQd = 2(17)

Changing variables) we have

-]
F, ()-F, (0)=- (), p(d-21/2 | gy x9-3 (11)
-(ﬁ)d o 1tx .

The integral converges for 2<¢d < 4 so that all r-dependence is in the prefactor;
no fnr factors are present.

Next, we examine the r-dependence of the graph of Fig.3. By power
countlng, this integral d1verges like r(1 -©)/(8-1) for small r. (For i ¢ O,
the integral converges at large k without a momentum cutoff, and a change of
variables similar to that in (11) shows that the diagram gives a prefactor of
r (1-0)/(G-1) multiplied by a convergent integral) Only for i=0 will fnr terms
arise; the integral for this case is denoted as Iz(r).

To compare with the scaling form (9), we note that the perturbation expansion

gives

r_| (20)! I (r) 2

= u - ¢ s . (12)
20 20 ——rz(e,) ‘



The resulting value for W to first order is

- "3
u G_"'"(O‘l) (G.) 6 01 (13)
(20" [

I 2 (r) ]mr part

Combining (13) with (7), the expression for the exponent 7 &(for n=1; n-dependence

will be discussed below) to leading order s

2
_ 2 (0-1)° (o) H(p)
Ve = o % amp 1)
(20-1)! [(20") 12 1, (r)] e

All that remains is the calculation of the two integrals

-
!

: - = (15)
- - d-> ikR
-— 117y ¢ 2 "'].
/ddR olP R[ d k e2 ] o
and

ik R

d—> e ]O _
2 / @m? k* + 1) ) (16)

o 20/(0-1). Both integrals are

divergent as written; L diverges quadratically and I, diverges logarithmically.

f—t
1}

where d and & are, of course, related by d=d

To extract the finite terms desired, we cut off the R integrations by integeting
over IRI>A}

Prom Batemanlo we note that

- e [4 0] .
/dd; X ='/dx -xd"1 Ddr‘(d/Z)Ju(xq) (xq/z)-9~ )

(17)
o
where V= (d-2)/2. Therefore, applying (17) to (15) we have
20
1= Oula/2)) Rd dRJ(Rp)(—Z—)) 34K I (<R) (5% e
(2md o1 (18)

o

A
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The inner integral can be evaluated exactly; after a change of variable (18)

Pécomes
f' 2¥-1 ®
-QJ (a/2) 2 r’(‘)) 126" l_Q /_'d/Z)p ax x™3 5 (x) x/2)7Y
1 Y (19)
(27r)
7/

The integral over the interval [1, o) gives a finite contribution to 1:he'p2 term.
The iniegral over the interval [0,1] can be evaluated by expanding the Bessel

function in its Taylor series. We find that

Q,( /a/2) 22‘)’1/'3«‘) ZOIﬂJFdIZ) Zmp + oD 20
e “4/d/2 -

The I2 integral can be handled in the same way except that r# 0. Although
the inner integral with nonzero r can be performed exactly, it is not necessary

to do so explicitly. We merely note that

d— ik'R 20-1/7 '
d k -2 2 _
/ > - Y- cur? (21)

(27/‘)d k™ +r (277‘)d R

where C{x) is analytic at x=0, C(0)=1, and C(x) ~1/x for x large The I2

1ntegra1 is therefore
w .
-Q 'Q"//_'d/Z) 2 /—'(") ]O:/%z}s' %) (22)
(277) -
Vi

A

The integral over [1, o) is a finite constant which we may discard. For the

- integral over [0,1], C(x) may be expanded in its Taylor series. Thus,

201
Oy ﬂ"’ P‘d/ 22 ) mr + othh

(23)
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Combining (14), (20), and (23) we have for n=1 the following simple

expression

2z 2
70 = 4(&"/) éo. (24)

20\7
()

For the general n-éase, more combinatorial factors must be computed. The
n-dependent factor for the numerator is fl (n)) given in (6). The combinatorial
factor for the fixed point verfex e is more complicated. In the differential
equation formulation o?V'Ref. 7, these same combinatorial complications
determine the n-dependence of the fixed point. In Ref. 7, this n-dependence
is given as an integral involving three generalized Laguerre polynomials.

11

Performing this integral we find the combinatorial factor for

the numerator is fz(n) where
(D7(6,0)|0)
(G160l0)

» .
and the inner product <a{9 / d; @ )/ 0’ > is given by the double summation

(A(0)]0) =
N o

"J l’:/ 2-0

£, = (25a)

With these combinatorial factors, the result for general n and general © is

- 4(0-1)° //'7)
To (Zé») L) & | | (26)




21

It is easy to check that (26) reduces to the previously calculated results for

(952 8 and (9‘—‘35
! gt n+2

71 £ 2(n+8)°

n

(27)

75 = ¢ Lx2)(n? 7)

12 (Fn+22)*

We note that as O increases the coefficient of 662 rapidly becomes very
small, ~ 2760 ¢or O-large. In the limit of large n, 7o for odd order

\- .
points reduces to a constant and , for even order points, to zero.

For all © 2 3 we have de_s 3, and the mean field result 7 G=0
therefore applies in three-dimensional systems, However, these results
and those of Refs, 5-7 may apply to higher order critical points in two-
dimensional systems, In any event, the previously obtained results8 for
ordinary critical points are placed in a broader theoretical context by the
extension to general O:

We wish to thank Prof, T, S, Chang for many useful discussions.
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Fig. 1 Perturbation series to O(ée_) for the function Z (p ,—f‘), defined
by Equation (3). Each diagram carries net momentum p.

Fig.2 The mass counterterm u,-r cancels all f;—independent terms in

2 , and the use of the generalized vertices 1—12k(r) eliminates all
closed single-vertex loops.

Fig. 3 Typical second-order contribution to F"ZG . The 28 external

lines carry no momenta.
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Figure 3.
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Approximate Wilson Differential Generator and Higher-Order Critical

Point Exponents for Systems with Long Range Forces

J.F. Nicoll, T.S. Chang, and H.E. Stanley

Physics Department, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

We give a reformulation of Wilson's incomplete integration differential
generator to simplify perturbational analysis and to facilitate comparison
with the Wegner-Houghton generator. An approximate generator is then obtained
in the form of a partial differential equation. The linear structure of the
approximate generator introduced here is identical with that of our previous
generator based on the Wegner-Houghton equation. The nonlinear structures, of
course, are quite different. Using operator algebra based on an expansion
in terms of qaussians eigenfunctions, we derive in closed form the eigenvalues
associated with a critical point of arbitrary order & (6’phases simultaneously

+ &
critical) and long range force exponent O (interaction energyn’l/rd dF)‘

These results are obtained to first ordei in the expansion parameter ée,(G') =
@ (6- d) + d. We calculate explicitly specific inner products of Gaussian
eigenfuncticns. These inner products not only give the dependence of the
eigenvalues on n (the number of spin components) for the first order
corrections, but also are useful in calculating the n-dependence of the
exponent 70,to second order. This correction vanishes for 6 < 2 for all & so
that )2; 2 - 6. Previously, it has been demonstrated that to leading order the
value of 72 for 6 =2 is independent of the cutoff function in Wilson's original

formulation. We give an alternative proof in terms of our modified exact generator.

* This work forms a portion of the Ph.D. Thesis of J.F. Nicoll to be submitted
to the Physics Department of M.I.T. Work supported in part by the National
Science Foundation, Office of Naval Research, and the Air Force Office of
Scientific Research.
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I. Introduction

The use of differential generators for the renormalization group 1,2 has
several advantages over finite or recursive formulations. (i) In a recursive
renormalization group, the equations will contain the renormalization factor
explicitly. The eventually calculated critical point exponents are
independent of this factor, which therefore represents an unneccessary complication.
A differential generator avoids the difficulty. (ii) The differential equations
obtained from a differential generator will, in general, have a far simpler form than
the corresponding recursion relations. This is the case because the recursion
relations must exhibit all the feedback that results from the finite amount of
renormalization. (iii) Differential equations are amenable to more analytic
solution techniques than recé?ion relations. This is particularly true of

the nonlinear study of renormalization group equations

There are presently two exact differential generators. The Wegner-
Houghton generator1 represents the differential limit of the finite generator of
Wilsonz. It gives the differential changes in Hamiltonian parameters when an
infinitesimal shell of momenta is i%ﬁ;ated over. The W%son differential
generator2 represents a partial integration in which the larger wave-vectors are
more completely integrated than the small wave-vectors. In this paper, we
compare and contrast the two generators. To do so, we reformulate the Wilson
generator in such a way that it more closely resembles the Wegner-Houghton
generator. We may then solve a large class of problems (to first order in a
perturbation series) to show agreement between the two generators. For these

calculations we utilize approximate versions of both the Wegner-Houghton

and Wilson generators.

For many renormalization group studies the full structure of the
renormalization group equations is not needed. The location and stability
analysis of fixed points can be carried out to lowest order in a perturbation

, , . . 7 s
expansion. Studies of anisotropic systems , metamagnets8 bicritical and



. . 9 s s . 10 - . . 2,13
tetracritical points”, tricritical points , critical points of arbitrary order ~’ 7,

3

. 3-5
coupled order parameters and nonlinear effects , to name a few, can be

studied via approximations of the exact renormalization group equations.

Detailed calculations of higher order correction to critical point exponents

15,16
2

However, in many cases the essential information is obtained in the lowest order

(such as the calculation of)z ), of course require the full exact equations.

expansion. Many of these results were or can be obtained with the approximate

recursion formula of Wilson 2’17.

, 1 . . .

We recently introduced 3 an approximate differential generator based

on the exact Wegner—-Houghton generator. We wrote it in a form suitable for

isotropically interacting systems: it is easily generalized for non-isotropic
d +

systems with long range forces (interaction~1/r cawhere 6 is a

"long range force exponent" 18). It may be written as

2 = H(ZDF T+ detn 1+ ]

(1)
BA Iy . 3 3 A I3 . .
where H (s,jf) is a function of a n-component spin vactor s in a d-dimensional
. 3 3 A 3 3
space,{ is the renormalization parameter and H is the matrix of second
partial derivatives of H with respect to the components of the spin:

A i
H =”32 H/bsiz sj ” . For 622, the short range value € = 2 is to be used.

A similar approximate generator based on the Wilson partial integration

generator can be derived (see discussion below) and is given by

A1 AVE. By + v - T
57 = I (DI vy + VH - VH-TH 2
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In Section II, we introduce an éiy ( 67) expansion for critical
points of arbitrary order & (& phases simulataneously critical) with long
range force exponent 6 ,. This generalizes our previous work13 for short
range forces (¢ arbitrary, 6 = 2 ) and the work of Fisher, Mé, and Nickel 18
for @ 2 and arbitrary 6. These calculations are made with the approximate
generators (1) and (2) and are exact to O ( éiy (6) ). We also find, by use

of the method of Ref. 16, that1a9?sticks" to the classical value of 2 - & for all

¢, in agreement with the & = 2 result of Ref. 18.

In Section III, we point out that the nonlinear structures of the two

generators are very different as might be expected on general groundslg.

In Section IV, we give a derivation of the approximate Wilson generator
(2) from a reformulation of the exact Wilson generator. This reformulation
when

is made to simplify the renormalization equations A expanded around the

Gaussian fixed point solution.

The reformulated exact generator contains an arbitrary function of a
different character than that of the original generator. The & =2, 6 = 2
critical point exponent has been shown to be independent of the arbitrary Cufafy'

20-22

function of the original formulation. In Section V, we show that this

independence is characteristic of the reformulated generator as well.
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II. The 68"( 6 ) Expansion

Recentlyzo, it has been shown that the exact Wilson differential generator
repfoduces the earlier results in the 4-d expansion,15 at least to lowest order.
Subsequently, several authors 20-22 have shown that at least the exponenti&gis
correctly given to second order with this generator (%E= (4—d)2 /54 for Ising
n=1 systems). With the approximate generator (2) we are able to show agreement

between the Wilson and other renormalization group formulations for a wide class

of critical systems.

We consider a Landau-like critical point of order & for a single-order
parameter at which & phases are simulataneously critical. The mean-field theory
. . . D . .
for such a system is a polynomial of degree ¢ in B¢5. The renormalization group
treatment of such a system is closely related to the "Gaussian' eigenfunctions of
the renormalization group equation; in the case of (1) and (2) these are the
eigenfunctions when the equations are linearized around H = 0. Both (1) and (2)

. . . . 7 .
have the same linearized structure and eigenfunctions. As noted by Wegner (b) in the

. . 2,1 . .
context of the Wilson approximate recursion formula ’)7 these eigenfunctions

are products of generalized Laguerre polynomials and harmonic polynomials23

Q - m~-1+n/2
pom = L (@-0)s% /0] 2_(5).
(3)

with eigenvalue.)B,m = [d + (6-d) - (p + m/Z)J . For n-component spins, there
are 2m4+n - 2) (m+n - 3)!/ m! (n-2)!)) harmonic polynjbmials Pm(s) of degree
m; all of these are degenerate with respect to the linearized renormalization
group equations. The eigenfunctions are also eigenfunctions of the exact
Wegner-Houghton and Wilson differential generators when linearized around the

Gaussian functional (cf. discussion below)_
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We restrict our attention to isotropic systems (m=0). The renormalization
group study of an order @ system is simplified if the eigenvalue of the Laquerre

polynomials of order & is small. We therefore define an expansion parameter eg (67)

by

€y (6 =)‘y,o

=d + & (¢ -d) (4)

For &= 2, this is the €of Ref. 18; for 6 = 2, this is the expansion parameter

for higher order critical points discussed in Refs. 12-13.

We first locate the fixed point Hamiltonian. We expand the fixed point

Hamiltonian as

g = a€ () Q, + [ée,(s')Jzﬂ @ ...
(5)

*
and substitute this into the fixed point equation DH/&( =0. To the order

required we may represent both generators (1) and (2) by

— = H + . (H,H) 6
Y] ?)( ) (6)
whereatis a linear differential operator common to both (1) and (2) and

%)and %)are the quadratic parts of generators (1) and (2) respectively. Upon

inserting (5) into (6) we find

0=aq, + a’ %)(QO,, Q) +Lu® 4. 7)
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(2)

We can choose H orthogonal to QU and take the inner product of (7) with

QG’ to determine a:
0 =Cag] 9> = akB(ey 0 | o> ®

It is convenient to define [i,j;k] by

ENBY) E(%)(Qi, Qj)!Qk>/<le Q> 9

Then we may write (8) as

1= -a [&ete’) (10)

We now determine the eignevalues of the new eigenfunctions when the
generators are linearized around H*. Since the fixed point Hamiltonian H*
differs from the Gaussian fixed point H = 0 only slightly, we expect the
eigenfunctions and eigenvalues to be changed only by O( 66,(0’) amounts. We

set

Q, = € (6
Q‘e Q-f + €, (6) q4 (118)
X = € (o (11b)

* -
Inserting H=H + Ql into (6) we find that

s)\:tQ{ = x q’e + 2a ‘%}(Qd, Ql ) +... (12)
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Choosing ql orthogonal to Q

A

and taking the inner product of (12) with QX

gives

5}\1= Za[ﬁ’,l;l]. (13a)

Using (10) to eliminate a ,

—

)\! - a+ f(5- 0 2 € @) [&4:4) /[0 &) (13b)

Theevaluation of [OC,?;,IJ involved the integration of the product of three
Laguerre polynomials. For n=1, the Laguerre polynomials reduce to Hermite
polynomials and we may evaluate (13) in closed form. For both (1) and (2)

we find

X1= d+ f(o-d) -2€, (6) (zg/)/ (28/,) s

We have not been able to demonstrate that the generators agree for arbitrary n.
However, we have checked that (1) and (2) agree for = 2 and =3. We

find —

/\! =d+f(5-d - € (6) f(6f+n-8)/(a+8)

(15a)

for = 2 and

j\'{) =d+f(6-d) - € (&) L(f-1) ( 104+ 3n - 8)/[3Gn + 22)]
(15b)

for @ = 3. For a general n and & we can compute [G’,,e ,,(J as a sum:

-1
& /- & -14n/ -+
[ ﬂ’) 1] Z:( e«_: 2) (—1)3(:11) (ifl)(1+zj'.:n/2)Fij (16)
i,j =1
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where Fij = [ﬁ+(j+1) (1—21)] for generator (1) and Fij = (j+1) for

generator (2).

Equations (13) - (14) give the lowest order corrections to most critical
point exponents. However, the shift of the critical point exponentiéfrom its
classical value;7= 2 -6, cannot be calculated from the approximate generators.
In Ref. 16,6%}5 calculated by field theoretic techniques for critical pbints of
order and 6 = 2. The result is

)Ief= £ (€ 3% 4/ (209')3

(17a)

where f is given by

-1
7T m+23) | (e8] _ ? (17b)
i=1

f -

ee-it - (& ed?

Thus, we have £ = 1 for n = 1. By an extension of the method used in Ref. 16, we find %

that for ¢ < 2,§k;sticks" at the classical valueb =2 - 6 to 0 ( é%&d’) 2 ), as
¢

found by Ref. 18 for the special case &= 2.

III Comparison of Nonlinear Structures at (1) and (2)

Although the linear structures of (1) and (2) are identical and both
seem to give the same corrected eigenvalues, the full nonlinear structures are
very differentlg. For example, if we consider a Landau—Ginzbefg—Wilson

expansion of H for a single order parameter,

H = rs’ / 2+ us4/ 41 + vs6/6! +... (18)



We may generate equations for r,u, and v from both (1) and (2). Setting
Nn=1 for simplicity, we have

= 2r + u/(1l+r) (19a)
o= (4-d) u + v/(+r) -(3/2) v / @ +1)2 (19b)
V= (6=2d) v - 15uv/ (14r)% + 0 (), (19¢)

for the Wegner-Houghton based generator (l1). On the other hand, the

Wilson-based generator (2) gives

r= 2r (l-r) +u ' (20a)
u= (4-d) u + v -8ru (20Db)
Y= (6-2d) v - 12rv -20u® (20¢)

The "propagator factors' of (l+r) characteristic of generator (1) are absent

in (2). 1In recent work, we make a nonlinear transformation to remove the
propagators and change the high temperature fixed point from r = 00 to r = 1.
This step is not necessary for (2), which incorporates this change automatically.
Note, however, that (2) introduces more feedback terms than (1). For small r,u,
and v, (19c) shows that v is O (u3) and therefore v can be neglected in (19b).

On the other hand, from (20c) we see that v is O (uz), and therefore v must be

considered in (20b).

The nonlinear structure of generator (1) has been explored for a variety
of problems in Refs. 4-5. Because of the extra feeback terms, a similar
analysis using (2) would be more difficult. Such a study would be extremely
interesting, however, since the details Of crossover solutions 4=5 would appear

to depend on the details of the nonlinear structures of the generators.

IV  Derivation of (2) from the Exact Wilson Equations

To derive an approximate differential generator from the Wilson partial

integration generator, it is convenient to put the exact Wilson equations into
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a form closely resembling the exact Wegner-Houghton equations. This
reformulation is slightly more convenient for perturbation expansions from

the Gaussian fixed point solution, as illustrated below.

We begin with the exact Wilson equation for Ising like spins ( n = 1),

\# djﬁ-a—] [iz- d{;)/z +/9m2) ﬁM] jf

- [ 5% ;lgﬂﬁ%
jﬁ[/“%/z 'f/ﬂ(ﬁz)]/&;és:’;é SJ,Q SL,Q (2/)

This expression differs from that given in Ref. 2 since in (21) the operator
k-é?i does not act on the s, or momentum conserving delta-functions in the

expan31on oijF while in Ref. 2 ki? acts only on the s, . The difference is
k k
simply an integration by parts. The functionfﬁis an arbitrary (increasing)

function of k2 (e.g.,/9=k2).

The presence of,ﬁin the first integral in (21) as well as in the second
integral is an inconvenience for some calculations. If we make the change of

variable

1-3e 4p(8)
C{éz) (22)

é& —
Eq. (21) can be fewritten as

75 ety ) 7. 3
jf = d% + f/@ G l(z-dyy2 + q(&%) - 55 ] )

+f C(k)[ﬁicuﬁ_ -%—5}_&:]

(23a)
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where q is related tofgand C by

ffiéz) "/4 (,@2 +..- /n[f ?/g -f/gf;é’))/(/,é)] (23b)

The function C (kz) is a cutoff function in the usual sense; for example,

C = f?(l—kz), a Brillouin zone cutoff, or C= exp (—k2), a smooth cutoff. 1In
passing from (21) to (23) we have increased the number of arbitrary functions
from one st) to two (q and C). We reduce the number to one again by

examining the Gaussian fixed point solution.

The Gaussian solution is defined as the fixed point solution of the

form

‘gﬂé = %jﬁ W(/IR/)S4 5.4 240

The function w satisfied
5427 -RsFIW = 2C(ARYW?
(6"!"4:..? -—ﬁé%j') w =2 (24b)

where we have set}l= 2 - 6. If we expand around the Gaussian solution,

\ﬂaﬂc +ﬂf we have
91 % = dH + f [2 a’-?)/z +- -2wC - /ﬁgz-]—f%

/ / /
+fé con [EH - F gﬂ]

3’:% 8§54 LX) &Ek

(25)

where S%= )(--2 + 0,



2 3%

Equation (25) issimplified if q and C are related by q = 2 wC. Combining

this with (14b) we have

/%] (26)

o (® o2
{ZC‘(x)x 2 dx

In (26) the upper limit of the integral has been chosen so that q andlg
are increasing functions of |k|for large k
In this formulation, the generator (25) when linearized around the
Gaussian fixed point has the same form as the similarly linearized Wegner-
Houghton generator
y o 2.2 15
Y =dF + [éfﬁ[(f—d)/z-ﬁa/efjig
2. 27
v [ cwr 2 7
% 85585,
For the Wegner-Houghton generator, the cutoff function C is replaced by
5;( Ikl - 1). Equation (27) admits solutions with momentum independent
expansion coefficients, in contrast with the usual formulations of the Wilson

2, 19-22, 26
generator .

If we now setéﬁl= 0 in (25) and ﬁeglect momentum dependence by considering
the limit of all k's<»0, we have the following equation for H (s,( )
2.
2 28 2052 25

where we have normalized C by‘{C=1. The linearized eigenfunctions of (28) are

-
eigenfunctions of (27) if we identify s" with fff(']?l +.. .km) Sttt Sy -

The above discussion may be repeated for general n, leading to the 1 n

approximate generator (2).
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V. Lack of Dependence on C of )7
A

The reformulated equation (25), just as the original generator (21) may
be used for momentum dependent calculation. As discussed in Refs. 20-22, the
leading dependence of )lz(for =2, 6= 2) is independent of the functionIBin
(21). Thus it is to be expected that)lzis independent of the choice of C in

(25).

This is somewhat easier to demonstrate than the independence oflé.
because of the simplification of the equation given by the constraint q =2wC used
in (25). It is straightforward to expressvlin terms of the function C. The

method is similar to that of Ref. 20 and will not be detailed here. The result
is (for 6 =2)

@ -3
)/2 = -( 622/7) [ fo copax] I 2 where (z74)

J = ]dfjp‘dﬂ/?zd{f 2 5in*ed6 (pICGIC [P+t “2pg/t cos6) | (2

with C(x) = dCxXVdx .

To compute7 we rewrite the multlple integrals of (29b) in terms of the

Fourier transform of C, C (z) fC(x) exp (-izx)dx.

Performing the angular integration gives a Bessel function and (29) becomes

A /
/ )3jd2 0’22 %dtdxo’y C/\(éi)f\(zz) C(Z_a)()(//t)/zn

(30)

- T, (22s/Ex ) exp {ilxz +y 2+ (x+ty) 23,7]_

where x = p2, y = qz. We now assume (as in Ref. 22) that the z-integrals can
be deformed off the real axis so that each z has a small positive imaginary part.
With the aid of this convergence factor, the integral is a well-known Bessel

function integral 24 giving
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23

1= 'ﬂfdzdzzo’%o’t dyy(zfzz) :

(31D)

A A < - -
cC(3)C(2)C(3) e)r,oﬁy 2,1 Cty2 Z‘s/ Z,ffa)J \

The y and t integrations are now elementary and we obtain (after symmetrizing

in 21, z, and z3)

‘ 2 TP 3 _
v 7:5/2;73[./d26(2)] : (32)

A
Because C (x) = 0 for x<0, G (z) is analytic in the lower half plane. We may

therefore, close the contour down and write

1= {/6) ) 3 O 33)

A pa
However, C(0) = IC(X)dx, Therefore, from (29) we find )12= 62 /54
independent of the cutoff function C.
The authors wish to thank G.F. Tuthill, Prof. K.G. Wilson and Dr. G.R. Golner .

for helpful discussions.
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We give the first nonlinear solution of renormalization~-group equations. This solution,
based on the differential generator of Wegner and Houghton, exhibits an explicit mixing
of (or crossover between) critical and mean-field behavior. The solution is given for all
values of the spin dimension 2 and to first order in € =4—d, where 4 is the lattice dimen-

sionality.

Recently’? much work has been devoted to the
renormalization-group equations linearized
around various fixed points. Each fixed-point
Hamiltonian governs a particular class of criti-
cal phenomena. The linearized equations about
a fixed point have solutions which represent scal-
ing equations of state, with critical-point expo-
nents which are simply calculated from the eigen-
values of the linearized renormalization-group
equations. The physically measurable exponents
are those of the dominant fixed point. The anal-
ysis of a single fixed point is therefore sufficient
to discuss the critical behavior asymptotically
close to the critical point. However, at finite
distances from the critical point, the competing
influences of the many other fixed points may be-
come important., This competition between fixed
points is loosely described as “crossover”; the
physical system passes from the domination of
one fixed point to the domination of another.

Riedel and Wegner,® using a semimicroscopic
model which simulates renormalization-group
crossover, have discussed the competition be-
tween tricritical and critical behavior., Here we
present the first cross over solution based di-
rectly on the nonlinear renormalization-group
equations. The solution given describes the tran-
sition from true critical behavior near the crit-
ical point to mean-field~like behavior at higher
temperatures.™®

To preface the discussion of the nonlinear solu-"

tion itself, we will first give a general abstract
description of the solution of a linear renormal -
ization-group equation, This will also serve to
establish our notation. Generally a renoraliza-
tion-group representation near a fixed point can
‘be written as a set of linear differential equa-
tions. For example, a model Hamiltonian param-
etrized by variables p and ¢ might be described
by the equations.

p=2p, (1a)
q=¢€gq, (1b)

1446

where the dot denotes the derivative with respect
to the renormalization parameter [ and € =4 -d, |
where d is the lattice dimension. The fundamen-
tal equation defining the renormalization param-
eter itself is given by the renormalization tra-
jectory for the correlation length, £(p, q),

E=-t. (2)
The solutions of Eq. (1) are

p =conste?, (3a)

g=conste®. (3b)

The solution of Eq. (2) is a generalized homoge-
neous function,

E(D, X q) =AY (p, q). (4)

The correlation-length solution is more usually
written as

E(p, 9)=3""2P(p</q"), (5)

where P is any arbitrary function which, how-
ever, is assumed to be regular and nonzero at

- p=0. We call p and q scaling fields. They play

the same role in Eq. (4) as the scaling variables
of the usual scaling theory. In this case, the cri-
tical-point exponent v = 3. ‘

More generally, Eqs. (1) will have nonlinear
terms as well as linear ones. However, there
will still be.functions of p and ¢ (not simply equal
to p and ¢) which have a simple exponential de-
pendence on the renormalization parameter, We
will call these functions the nonlinear scaling
fields.® The correlation length is again a gen-
eralized homogeneous function, not of p and g,
but of the corresponding nonlinear scaling fields.

Wegner and Houghton' have suggested a differ-
ential generator for the renormalization group
which reproduces the results of Wilson’s finite-
difference generator. For nonlinear solutions
good to first order in €, the momentum-indepen-
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dent equations of Ref, 1 reduce to

Q

u dn+2
1+r2 n

o u? dn+8
u-(4—d)u—(1+7)22 n’

r=2r+ , ' (6a)

(6b)

where r and # are the momentum-independent
two- and four-spin coefficients in Wilson’s re-
duced Hamiltonian.?

The character of Egqs. (6) is more easily seen
after a transformation which maps the solution
trajectories of interest into a finite region. We
define new variables 7 and % by

7=r/(1+7), (7a)
#=u/(1+7)% (7b)
The fundamental equations now take the form
7=2(1 - 7)[F +ad(n+ 2)/4n], (8a)
i=iile - @(3d/2n)n +4) - 47]. (8b)

There are three fixed points of physical interest
(« =0): the “finite” Gaussian point at ¥ =% =0;
the “infinite” Gaussian point at ¥=1, #=0; and
the Wilson-Fisher” point at 7= - €(n + 2)/2(n +8),
#=e2n/d(n+8).

Equations (8) are already in diagonal form
around the infinite Gaussian fixed point (=1,
#=0). It is also useful to diagonalize (8) around
the finite Gaussian fixed point (¥=#=0). Defining
new variables x and y by

x=7+ [@/(2 - Olldn+2)/2m), (9)
ey =id(n+8)/2n, (9b)
we rewrite Egs. (8) as -
%= 2x{1-x- [(n+2)/2(n +8)ley}, (10a)
y=yle(l -y) - 4x]. (10b)

We have neglected terms of order €%y? in (10) con-
sistent with (6). This approximation puts (8) and
(10) into the same form. We also note (cf. Fig. 1)
that the various fixed points are located at x=y
=0 (finite Gaussian); x=1, y=0 (infinite Gaus-
sian); and x=0, y=1 (Wilson-Fisher),

We may write the solutions to Egs. (8) in terms
of two functions R and U, which satisfy the equa-
tions

R=2(1-%)R, U=daU. (11)

~ Infinite Gaussian

Wilson-Fisher

O ™~ Finite Gaussian 1
y -

FIG. 1. Qualitative behavior of renormalization-
group and temperature trajectories. The light lines
depict the renormalization-group trajectories for the
parameters ¥ and ¥ lef. Eqs. ©) and (10)]. The heavy
lines labeled 4 and B depict temperature trajectories
for different system Hamiltonians lcf. Eqs. (24)].

The solutions are given by the scaling fields
(@/R?) [P+ 9/ 28 = g opgte -4, (12a)
[ -#)/RIU™*®/?"= conste ™, (12b)
The adfantag'e of this formulation becomes ap-

‘pa.rent when we perform a similar calculation

for Egs. (10). Defining F and G through the equa-

tions

F=~2xF, (13a)
G=-¢€yG, (13b)

we discover that the scaling fields can be written
as

y/GF?=conste*-,

x/ FG(n+2)/(48) = o ongt et

(14a)
(14b)

Since both sets of scaling fields describe the
same solutions, we may match them to reduce
the number of unknown functions. Noting that U

= =2n/(n *8) we find that
Fe1o7 (15a)
R=xG A +d/(n+e) (150)

All that remains is the calculation of G. The
partial differential equation for G can be solved

1447
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in terms of the separatrix connecting the Wilson-
Fisher point with the infinite Gaussian point; this
separatrix is indicated as y = ¢(x) in Fig. 1. The
function ¢ satisfies

2;{(1 ~x)-[(n+2)/2n+8)|ep}dp/dx
=Kl - ¢) - 4x]. (16)

On this separatrix G is identically zero. Using
Egs. (16) we may write G as

G=(1-y/p)ef, (17a)
where g satisfies

n+8€x¢ dx '

Solving Egs. (16) and (1'7b) together we find (to
order ¢)

¢=(1-x)"exp[3ex(4 —n)/(n+8)}, (18a)
122 g2t 0]
G (1 <P> exp[m+8 exw_!. (18b)

Equations (6) are now completely solved (to order
€). We define the Gaussian and Wilson-Fisher
scaling fields by

SG:xG-(n+2)/(n+8)/(1 _,7), (193.)

xy ~(n+2)/ 0+8) /(1 _7)(4-n)/(n+8). (19b)

Syp =

The behavior of any function whose renormaliza-
tion behavior is known can be expressed in terms
of a generalized homogeneous function. If @ is a
function that satisfies the renormalization trans-
formation

Q=aqQ, (20)
then @ satisfies
QO HH, X*GS ;, A"WFS )
=NQQ(H, Sg, Swr)s (21)
where H is the ordering field, and®

agy=1+d/2, ag=2,

awe=2—-€emn+2)/(n+8). (22)
In particular, the correlation length satisfies
(20) with a, = - 1; the Gibbs potential satisfies
(20) with ay=4.® An example of a correlation
length which satisfies (21) is

5 B [v(n*z)/(rna)(l —17)(4_")/(’”8)] 1/a WF
X

S Vel ) (n+8)V/a
A [(1 ,},)Gn+2 n+8 "1 G
x 4 -

(23)

For any nonzero v {at the critical temperature),
the Wilson-Fisher term will dominate asymptot-
ically near the x=0 (T=T,) singularity [provided
that ayg <ag, i.e., em+2)/(n+8)>0], giving v
=3+e(n+2)/4(n+8). However, for finite x (T+T,)
the Gaussian term may become important. This
would give mean-field behavior, characterized
by the exponent v=3%. The “rate” of the cross-
over (between critical and mean-field behavior)
depends on the magnitude of the constant A and on
the explicit temperature dependences of x and vy,

The temperature dependence of the two- and
four-spin coefficients » and # will vary from mod-
el to model. For the case of two-spin interaction
models, for which the four-spin term is intro-
duced as a phase-space weight factor, the only
temperature dependence is in the two-spin term,
7(T). 1t is straightforward to show that, in this
case, the temperature trajectories are

1-x=(1+7 ) (p/y ) 1 +r (v/v 2], (242)
where 7 is the value of » at the critical temper-
ature,

€y, n+2

L = -
1+7, 2-en+8’ (24D)

and y . is the value of y at the critical tempera-
ture., Two temperature trajectories are shown
by the heavy lines labeled 4 and B in Fig. 1. It
is clear that, for a given change of x, tempera-
ture trajectory A crosses more renormalization-
group trajectories than does temperature tra-
jectory B. To make this more quantitative, the
renormalization trajectories can be labeled by
the renormalization invariant I:

1=x?1 - 7)4G W /Y2, (25)

The invariant [ is zero on the separatrices pass-
ing through the Wilson-Fisher fixed point [x=0
and y = ¢(x)]. It is infinite on the limiting inte-
gral curve (y=0) joining the finite Gaussian fixed
point to the infinite Gaussian fixed point. It may
therefore be used as a measure of the criticality
of a system. A small invariant characterizes a
system dominated by the Wilson-Fisher fixed
point, while a large invariant indicates that the
system is dominated by the Gaussian or mean-
field behavior. The crossover of a system from
critical to mean-field behavior is governed by
the rate of growth of the invariant. For the two-
spin systems under consideration [temperature
trajectories given by (24)} and n=~ 2 (for simplic-
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GLOBAL NONLINEAR RENORMALIZATION GROUP ANALYSIS FOR MAGNETIC SYSTEMS .
J.F. Nicoll, T.S. Chang, and H.E. Stanley
Physics Department, Massachusetts Institute-of‘Technology, Cambridge, Ma. 02139

ABSTRACT

Recent applications of the renormalization group
to critical phenomena in magnetic systems have been
based mainly on local linear arguments. It has been
implicitly assumed that the global nonlinear effects
are important only in crossover effects and that the
behavior asymptotically close to the critical point is
determined by the stablest fixed point alone. We have
given a nonlinear analysis which incorporates the
crossover between the Wilson-Fisher and mean field
behavior. We point out in this paper that this com-
petition expresses itself in globally valid solutions
which can upset the dominance presumed from the linear
stability analysis unless certain regularity conditions
are imposed.

In a recent paperl, we gave a solution describing
the crossover between Gaussian and Wilson-Fisher? (WF)
critical behavior of a set of renormalization group
equations within ane expansion (e= 4-d). Briefly we
considered a reduced Hami;tonian density of the form
(for an n-component spin s)

2 +2.2

) .
H = IV;I + rs” + u(s™) (1)

Applying an approximate form3 of the differential
generator of Wegner and Houghton" we obtained nonlinear
differential equations for the renormalization behavior
of the parameters r and u. We found, that nonlinear
scaling fields can be written to O(e) as

e - g (nt2) / (n+8) (1+1) | (2a)

A GO PN GO .(.n+8)

S (1+x (2b)

WF

where x=r/(l+r) + u/ (1+r) 2 ((n+2) /n)and
ey=u/ (1+r)%(2(n+8)/n). The function G is given by
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(1-y/9) exp{{((n+2)/(n+3))exy/o} (2¢)

where y=$(x) is the equation of the separatrix connec-
ting the WF to the infinite Gaussian (high temperature)
fixed point (cf. Fig. 1).

Many thermodynamic functions can now be expressed
as generalized homogeneous functions of the scaling
fields given in (2). These scaling fields are not
unique since a generalized homogeneous function of
any pair of scaling fields is again a suitable scaling
field. On the other hand, if we require that the
'scaling fields be proportional to the variable x for
small x(xvT-T.), the scaling fields given in (2) are
unique up to multipication by arbitrary functions of
the renormalization dnvariant.

6—2—€(n+2)/(n+8)/y2

I=xG (l+r)d (3)

which are nonzero at I=0. Note that I vanishes on the
separatrix y=¢(x) as well as on the line x=0; I=® on
the pure Gaussian trajectory y=0.

We may, however, use the scaling fields (2) with-
out loss of generality since we have not specified the
form of any generalized homogeneous function. For
the zero field correlation length we can choose as an
example the simple form

-1/a

£=8,"°6 + s ~Layg

- (%)

where the scaling powers of 5, and S __ are a_ =2 and

*2 - ¢(n+2)/(n+8). Since the twoAscaling fields
aupear symmetrically in (4), this form has the virtue
of reducing to the appropriate linear solution as
either of the two fixed points is approached. For
x fixed and y»0, S __+m , and the Wilson-Fisher term
vanishes. Similarly, as the separatrix is approacned
Sp+a), and the Gaussian term vanishes. For
intermediate values of y, both singularities contrlbuta
giving the expected nonlinear crossover.
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A more complicated behavior is exhibited by the
Gibbs potential G. 1In addition to the spin-dependent
terms, an additive constant v, in .the Hamiltonian
density also contributes. This spin-independent term
grows at the rate of ed, To first order in €, we
find ' '

ah£ aGQ aWFQ

) = e—dQG(he ,Sge S e

G’SWF’ G )

G(h,S

~Ap ! (5a)
+(dn/2)£gd2' anf1+r(e") ye ¢*

where h is the ordering field and ap=1+d/2. As the
renormalization average proceeds (@ ), information
sbout the Gibbs potential passes from the first term
on the right hand side of (5a) to the second term?

In some circumstances, (in particular, zero magneti-
zation) it may be possible to take the limit ¢+ and
consider only the second term. This method has been
utilized by some authors®+6>7 to calculate an.
approximate Gibbs potential. For our case, the
result would be

G = (n/2)tn{1+c(0)} + ngme*dﬁx(z)dz (5b)

However, for fixed %, the second term contains
information that should be unimportant for critical
behavior. Accordingly, we will deal with the
homogenous term only in our discussions. Thus, when
discussing the Gibbs potential and its temperature
like derivatives, we will confine our attention to
x+0, even though the solutions for the nonlinear
scaling fields are valid for all x<1. The difficulty
does not arise when studying the derivatives of the
Gibbs potential with respect to the ordering field
h (such as the magnetization and susceptibility)
since the second term in (5a) is not dependent on h
and does not contribute. We could, therefore, phrase
our discussion of crossover in terms of these func-
tions; we will discuss the Gibbs potential to allow
the closest connection between this work and other
phenomenological discussions of crossover.

In general, G(h, Sg, Syp) will generate critical
point exponents that do not satisfy exponent inequal-
ities as equalities. This is to be expected since G
depends on three distinct scaling powers. The usual
scaling equalities which relate three exponents are
satisfied because there are only two independent
scaling powers. An éexample of a Gibbs potential
which is a nonscaling global solution of the renorma-
lization group equations is given by
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G = Gy(h,5,) + G (h,5.) L (6)

WF

where Gg and Gyp are separately generalized homogeneous
functions. Each piece of the Gibbs potential gener-
ates its own singularities with exponents that satisfy
equalities. However, since Ye<Yyr it follows that
ag>oyp. The measured exponents would be Yyr and ag.
Therefore, a+2R+y>2.

A solution of the form (6) cannot, however, be
matched to the expected linear solutions near the
two fixed points since as the scaling fields diverge
the Gibbs potential becomes infinite. To show this
more explicitly, we consider the h=0 potential.

We may write it in two ways,

G =15} ©£,(D . - (7a)
or
£ (T) | (7b)

If the asymptotically valid value of a were ag, then
it follows that fg(0) would be a finite constant.
By (3), £¢(I) is also well behaved as the separatrix-
y=¢.(x) is approached. Since Sg is singular on the
separatrix, the Gibbs potential would be singular
there as well. On the other hand, if the asympto-
tically valid value of o is oy, then fyp(0) is fin-
ite. It is also finite on the separatrix. However,
as y»0, the invariant I+ . Therefore, the diver-
gence in Syp as y»0 may be cancelled by an appro-
priate behavior of fyp. An example which has this
property is given by

G = Gg(h,S)Gp(h, Sy,

)/ (Gg+6, ) (8)
It is easy to check that (8) generates exponents

that agree with those of Gyp alone; the linear analy-
sis is thereby justified by the global results. 1If
€<0, the arguments given above are precisely reversed
and the Gaussian fixed point @in this case the stabler)
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determines the asymptotically valid critical point
exponents.

The analysis presented above gives a theoretical
understanding of a mechanism for possible non-
scaling critical behavior as global renormalization
group solutions with singularities on portions of the
boundary of the solution region. This possibility and
further nonlinear analysis will be éxplored in a
separate paper.’

We acknowledge interesting discussions with
Professor M.E. Fisher and Dr. D.R. Nelson. This
research is sponsored by NSF, AFOSR, and ONR.
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III. Global Features of Nonlinear Renormalization Group Equations*

*(Phys. Rev. B (July, 1975) )



A5 |

Global Features of Nonlinear Renormalization Group Equations*

J.F. Nicoll, T.S. Chang, and H.E. Stanley
Physics Department, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139

The analysis of selected nonlinear problems in the renormalization group
is found to show striking coﬁj?rasts between the usual local linearized fixed
point analysis and the properties of global solutions of nonlinear equations
derived from an approximation of the Wegner-Houghton differential formulo tion.
The competition between various fixed points that is incorporated ix general
global solutions can upset the asymptotically valid critical behavior deduced
from the local analysis. in general, the critical point exponents of such
a solution will not satisfy equalities, but rather the corresponding inequalities.
However, these non-scaling solutions have extraneous singularities that are not
related to the thermodynamic singularities of the system. If singularities
of this type are excluded, then the global solution has the same critical point
exponents as the local solution derived by linearizing around the stablest
fixed point.

It is shown that in this case the critical surface in the Hamiltonian
space is closely related to the surface of order two critical points in a
thermodynamic field space. The boundaries of this surface are correspondingly
related to the critical points of higher order in this thermodynamic space. The
nonlinear global solution predicts multiple power scaling behavior from a single
scaling equation deduced form the renormalization group. Previously such

behavior was obtained by postulating the simultaneous validity of two of more

"linear" scaling hypotheses.

* This work forms a part of a Ph.D. thesis of J.F.N. to be submitted to the
Physics Dept. of MIT. Work supported by the National Science Foundatioq,Office of
Naval Researc@ and the Air Force Office of Scientific Research.
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I. Introduction

The renormalization group approach to the study of critical phenomena is a
mathematical expression of certain heuristic ideas of Kadanoffi Kadanoff argued
that sufficiently near the critical point, the correlation length was so large
that even crude averages over small groups of spins would not alter the physics
in an unmanageable way, but would only change the parameters slightly. If
the transformation of the parameters is assumed to be of a particular form (the
"scaling hypothesis"), then many valid and useful predictions of critical behavior
follo'w':2 In the renormalization group approacgjsa particular form of Kadanoff
averaging is carried out explicitly. If the system Hamiltonian is characterized
by some set of parameters{ﬂjtme renormalization group equations provide a definite
transformation on the parameter space.

The fixed points of the renormalization group are just the fixed points of
this transformation in the parameter space. As is well known from the study of
nonlinear finite-difference and differential equations? the qualit gtive and
much of the quantitative properties of a set of transformations are determined by
the location and study of the fixed points of those transformations. This is
the rationaleof the renormalization group approach: to study the transformation
properties (via the fixed points) in order to deduce the properties of the partition
function and other thermodynamic quantities.

A formulation of a renormalization group may be of a recursive character with
a "finite-difference" generator, or it may have a differential generator. For
example, if we consider a system with discrete spins localized on lattice sites,
we could construct a renormalization group which replaced each spin by an
average of that spin and the spins of its neighbors. After averaging, the

parameters of the Hamiltonian woulq,in general, change. The new parameters would
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be given by relations of the form p.'=Pijiufor some functions P Thus the
K}

5
renormalization group equations in the parameter space would take the form of
finite difference equations coupling all the parameters together. A second case

of a finite-difference formulation is the well-known renormalization group of
Wilson? It treats a system of continuum spins; the renormalization average is
performed by averaging over a finite fractiog of the momenta in the space of the
Fourier transform of the spin density.

Finite difference equations, however, are clumsy to manipulate in the large,
i.e., over large domains of the variables. A differential generator, which
performs an average over an infinitesimal number of degrees of freedom is far more
convenient. A differential generator gives a smootﬁ transformation of the pj's,
of the form dpj/dl = Pjﬁp%owhere,lis a parameter describing the progress of the
renormalization averaging. Various differential generators have been proposedj e.g.
Wilson5 has proposed a "partial integration" generator, while Wegner and H@ughton9
have proposed a differential generator which averages over an infinitesimal
shell of momentum.

In applications of the renormalization group to critical phenomena it is
customary to perform an average which corresponds to a simple scale change of the

correlation length as in Kadanoff scaling. TFor a finite difference generator we

expect that the renormalization equation is of the form §

e+l (constant)&n.
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for a differential generator the parameter i is usually normalized so that the -

«
renormalization equation for - 1s &= ~Z ., where the dot denotes differentiation

2y

with respect to A,

. 10-11 . .
With a few exceptions » the work devoted to the application of the
renormalization group to critical phenomena has been confined to the location and
linearized analysis of fixed points. For example, we could consider a set

of two parameters p and q with renormalization group equations

po- o oap (i-p-c&d)
(1.13)

% 9 {eG%)-"tP]

(LIb )
These equations have several fixed points. One fixed pown® is at p = q = 0. 1If
we linearize around p = q = 0 we obtain the elementary solutions p = pg expl[ixl

mnd q_ exp[efl.

2 ~
Q{ In terms of p and q, the equation for the correlation length E_~—';,becomes

. © ‘ NS
J? Py 1 = - }: L)
ap cﬁ‘] o ) '

If we make the linearized approximation for E~and ;j(l.2) is of the

form

_Z a }%OZIL =CLl___F
P a")“ (<]

1.3)
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The solutions of an equation such as (1.6) are generalized homogeneous functions

(GHFs)lz. That is, they satisfy the functional reiationship
o : S . s
FOOApY) = X" FOfpd)

(1.4)

The constants a; and a, are termed the scaling powers of the variables 1 and the

function F, respectively. "To see that (l.Eﬁ implies (lfﬂ} it is sufficient to

examine the case at hand. We write .

! xS Y 5 i |
Plpee™ 7,6 ) = T (p) € )

which is just (1.4) with =e % a =2, a =¢, and a = -1.

g
Eq. (1.5 ) is equivalent to

? (P)Q) = jF]mg ? ( gg;wa , ?/‘P;éb-)

(1.6)

' The quantity q/lpfiz is a renormalization invariant of the linearized equationgJ

as is easily checked from (1.1).
The correspondence between the form for the correlation_length and the

usual scaling hypothesis leads to the definition of p and q as (linear) scaling

fields. If we make the identification p A'T—Tc we derive the value of the critical
.point exponents/=%. However, we linearized (1.l) to obtain this solution. In
principle this analysis might only be valid locally, infinitesimally close to
the fixed point p=0, -0 cf, Fig i),

We can examine other fixed points. A second fixed point is located at p:0,
g=l. At this fixed point, we have a different pair of linear scaling fields,

p'sp and q' & (q-1) +[4/(2—ed)] D, with the new linearized renormalization equations
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o
¢!
A
»

1
m
f - g
r
-0
.S

().7a )

(1.7v)

- ~—7 We again obtain

<

a GHF but with variables p' and q' and scaling powers ap, = 2-EA and aq. = -E, Thus,

O 2 gy = AT TR
J

(1+3.a)
or; equivalently
-/ (x-€a) €/(z€4)
TOra) < Ip ¥ Csgop, 01 IPE)

(1.8 b)
Again, since the fundamental equations(l.l) were linearized, the solution given'
in (1.8) is, in principle, valid only infinitesimally near the fixed point p=0,q=l.
Thus, by locating two fixed points and analyzing the behavior of the linearized
equations in a neighborhood of each fixed point we have produced two comp_eting

[]
forms for the correlation length with different critical exponents,¥ =% and ¥ =

1}?2-@5).If we are not to be confined to infinitesimal regions about one of the fixed

points, the effects of both fixed points must be incorporated. This obviously requires

a solution of the nonlinear equations to give a solution valid at each fixed point
and at every point between the two fixed points. To include more than a single

fixed point, the local, linear anaylsis must be replaced by a global, nonlinear

analysis( qu Flg 1-)_
From the example treated above it is easy to see that any set of linearized

renormalization group equations confirm the scaling ideas of Kadanoff: thermodynamic
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functions are GHFs of suitable linear combinations of the parameters {f&} . Since
many fixed points may be included in a global analysis, three questions must be
answered:

(i) Which fixed point should be choosen to represent the true scaling

behavior of the system? |

(ii) Can solutions derived from linearizing the renormalization group

equations around various fixed points be matched together in such a way as

to form a globally valid solution?

(1ii) Does the class of global solutions include behavior that is drastically

different than the behavior deduced from the linearized solutions?

Question (i) has been traditionally anéwered by the criterion of relative
stability. If two fixed points can be considered as important for a particular system,
we examine them tq determine whether a trajectory in the parameter space connects
them. If such a path exists, and under the action of the renormalization equations
it passes from fixed point A to fixed point B, we say that A is unstable with
respect to B. It is assumed that the fixed point which is least unstable (‘of those
fixed points which lie on the "critical surface", cf.Sec.III) is the dominant or
controlling fixed point. The asymptotically valid scaling behavior is assumed to
be that given by the linearization about that point. For example, the isotropic
Heisenberg fixed point is unstable with respect to an anisotropy along one spin
axis. In the renormalization group parameter space, two paths lead out of the
Heisenberg point, connecting it to a point of XY character and a point of Ising
characte%? We see that the idea that the slightest bit of anisotropy turns the
system into either an XY-like or Ising-like system is supported by this notion of

14
relative stability ( and seems to be confirmed by high temperature series analysis).
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The procedure of checking relative stability requires first finding the fixed points
of the renormalization group transformations and this is an exceedingly nontrivial task.
Numerous pertyrbation expansions have been developed to discover those fixed points

that are "close" to some fixed point located by inspection (thetexpansions of Ref 4-5

[

‘ﬁ}aé_jand the <, expansions of critical points of higher "order" of Ref. 15-16 are
AN 2 ST 2
bt examples).

Question (ii) must be answered individually for each renormalization group and
probably for each problem within any one reno;malization group. At least for
groups with differential generators, one supposes that the solutions for the
thermodynamic functions are again GHFs with revised arguments. That is, instead
of linear cﬁmbinations of the ‘parameters {F&} , certain nonlinear functions of the

i7
parameters (called nonlinear scaling fields) will be the arguments of the GHF. The

equations for the nonlinear scaling fields will be first order partial differential
equations with coefficients that are nonlinear in the pj. For any particular case,
the general theory of such equations can be envoked to determine whether solutions

18
to these equations exist in the large. A further question is whether every global

solution'fof‘the thermodynamic funéﬁioﬁ'matches onto the local solutions at all
the fixed points (or at least at all the fixed points we have found); that is,

are all the global solutions sufficiently regular (in a sense particular to each
problem) near each fixed point. (Of course, the nonlinear solution for the {f%}

themselves always match.) In general, the answer is no; not every global solution

matches onto the linearized solution at each fixed point. Many global solutions

exist that have singularities that are unrelated to the physical thermodynamic singu-
larities].'9 If we require that a global solution match smoothly at each fixed point,
then the set of global solutions will be restricted, but the global solution is

still not in general uniquely determined.
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Question (iii) can only be answered by explicit construction of the nonlinear
scaling fields and some class of global solutions. In this work we will consider
two cases which illustrate that the answer is yes: global solutions can be radically
different than what might be presumed from the local analysis. However, we will also
show that the global solutions that violate the local analysis have extra singularities
on the boundary or some portion of the boundary of the solution region. These
singularities are apparently unrelated to usual thermodyhamic singularities. If we

require that the solution be well-behaved everywhere on the boundary of the solution

region, then the only global solutions that are acceptable support the local
linearized analysis.

In Sec. II we review the nonlinear solution given in Ref. 11 for the crossover
or competition between the Gaussian fixed point (which has mean-field exponents) and
the Wilson-Fisher fixed point (which has non-classical exponents). We show that
a general global solution is not dominated by the stabler fixed point. Such solutions,
however, have singularities on the separatrix which emerges from the stabler fixed
point. This separatrix also forms part of the boundary of the solution region. The
exclusion of those solutions with singularities on the separatrix leaves only
solutions which are dominated by the local linearized behavior of the stabler
fixed point.

In Sec. III we discuss a three-parameter crossover problem. The system
considered consists of two internally igotropic n-spin subsystems which are coupled
together througha;\ngua(vuh'tterm. The competition is among a fixed point of
dubious spin and the -wsual Gaussian, n-spin, and 2n-spin fixed points. In this
case it is again true that a global solution which is not dominated by the linear
behavior of the stablest fixed point has singularities on the boundary of the
solution region. However, the singularities do not cover the entire bounding surface

(which is two-dimensional) but are confined to the line emerging from the stablest
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fixed point. The removal of the singularity along this separatrix again
restricts the class of global solutions to those dominated by the behavior

of the stablest fixed point. The properties of these restricted global solutions
strongly resemble the crossover behavior of systems which contain several
different types of critical points, including critical points of higher orde%?
In particular, the "double power law" scaling behavior characteristic of

critical to tricritical crossoverzis an automatic consequence of the nonlinear
fenormalization group solutions.

In Sec. IV we discuss the general properties of global renormalization group
solutions as illustrated in Secs. II and III. We discuss the possibility of
accepting the global solutions which are singular on some separatrix. The
critical point exponents of such systems are more complicated .€han the more
regular global solutions, but are still characterized by double-power law
expressions.. These systems, which are a generalization of séaling systems, share
many properties with the simpler systems: elsewhere, we have given a partial
classification and discussion of such systemsand termed them "critically ordered"

systems'.z3
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IT1. Two-parameter Crossover

In this section we review the crossover solution given in Ref. 11 for a set
of nonlinear renormalization group equations involving two parameters. This
solution describes the crossover between Gaussian and Wilson-Fisher (WF) critical
behaviorf and is obtained within an G-expansion approximation, The techniques
used in the solution of this problem parallel those that are used in Sec. III
for a three—parametef crossover problem and, in fact, the three-parameter problem
reduces to the two-parameter problem on special surfaces in the Hamiltonian
parameter space.

The properties of the global solutions given in Ref. 11 are more fully
developed in this section. In particular, we show that not every global
solution can match the local, linearized solutions at both of the fixed points.
More precisely, a general global solution may be singular on particular
trajectories leading from the Gaussian or WF fixed points. If the global
solution is to avoid such singularities, then the class of admissible solutions
is reduced. In fact, it can be shown that the local, linearized analysis is
now justified; the global solution matches the local solutions formed at
both the WF and Gaussian points and the asymptotically valid critical behavior is
determined by the stabler fixed points.

In this section and in Sec. III we use an approximate renormalization group
based on the momentum independent limit of the differential generator derived by
Wegner and Houghtog. The use of a differential formulation is far more convenient
for the global study of nonlinear equations than a iteration equation such as the
Wilson approximate recursion formulg, since it allows the use of many techniques
familiar from the general theory of differential equatigﬁég A discussion of the

Wegner-Houghton approximate renormalization group (WHARG) is given in Appendix A,
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We consider a Wilson reduced Hamiltonian demsity of the form

L

3 i A e n =
d(.z lesl 4 v Sl + (51) + he o

u .

N ) AJ

A

(2.1

for a continuum spin vector s with n-components. The variables r and u are constant
interaction parameters and h is the magnetic field. As discussed in Ref. 5, the
Hamiltonian (2.1) models a short range interaction between spins on a lattice.
The approximation of such a system by a continuous spin allows the renormalization

average to be performed more easily. The WHARG equations for the isotropically

interacting n-spin system of (2.1) in a lattice of dimension d are
*

-

° -\ ::\' . ¢ i ‘
= X o+ — Ly A lmra) \QQ"\)
.. oy
. W4y, — . s \ : Yy 1
W= L"\*«\} ’e ' : 4 it L A #’gj f iﬁ.e;#)
SEAS -
~
A natural change of variable maps all the fixed points of interest into a
finite region of parameter scace. We write
r= v Jiavy EYy = & [si (NS’)]
) 3 n ; 2 i -
(1 ¢r) *
(2.2 g)
PRV X1
The WHARG equations in terms of these variables are » %7/
. =Y v ¢ (n+2) /1 (ai8) ] .
T = ali-F)Lr e, / ; (2.3a)
‘. B > ; ; - L. - \* X . - ‘-:- ,
Yo 2 Y. [€ Q-3 danthn) - 47 ] (2.3



263

The three fixed points of interest are the "finite Gaussian" point (r = v.= 0),
the infinite Gaussian" point (r=1, yn=0), and the Wilson-Fisher point
(T2-¢(n+2)/(2(n¥8)), yn=l). The term "Gaussian" is applied to the first two points
since the nonquadratic terms in the effective Hamiltonian are zero. We distinguish
between the two Gaussian points by the value of rbwhich is zero at the finite
Gaussian point and infinite at the infinite Gaussian point.

The equations given in (2.3) are already diagonalized about the infinite
Gaussian point. If we diagonalize them around the finite Gaussian point, we have

the complementary set of equations

x= A*x (1-x ~€ 4%? Ya )

(2.4a)
awd
Yo = Jule(Y) MRS
(2.4b)
where

X= F 1 Y, €0 /(x€) , 8a% (he3) /(1) i\f,,(\v‘,.")

In passing from (2.3) to (2.%) we have discarded terms proportional to

Ezyn andérzyn2 . Thus, (2.3) and (2.4Y) are formally equivalent to 0(&) (see, however,
Appendix B). The advantage of this approximation is that the surface of crifical
Hamiltonians is now the straightline x=0. We are justified in neglecting the

g? terms if Yy is always of 0(1). Since the original WHARG equations GR-R) are

only good to 0 (&) 16 this approximation is self-consistent. The restriction on

the size of Y, limits us to global solutions for which the renormalization trajectories

are bounded in v, -
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With these approximations, (2.3) and (2.%) are of the same form. The three
fixed points have been placed at the canonical locations x=yn=0 (the finite
Gaussian point), x=0,yn=1 (the Wilson-Fisher point), and x=1,yn=0 ( the infinite
Gaussian point) (see Fig Q).

The solution of (2.3) and (2.Y¥) for x and ¥y, can be conveniently expressed in

terms of three functions R,X, and Yn which are defined through the equations

e
1]

= - X

x.

(2.5b)
) e '\{
Y, - - ew;
" o
(2.5¢)
Employing (2.7a) and (2.7¢) in Eq. (2.3} we have
N .de
RanY 3(n¥)/(neg) = COnst €
)
" (2. 6a)
- -2€
A = const €
R Y A‘ )
(2.6b)
Using (2.5b) and (2.5c) in the complementary equations (2.4) we also have
¢ L
Ja = const € :
2 ;
x ’Y\n (2. be)
. 2 €
D S = ce nst €

X ’\(; An | | (Z.éd)
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bo. &1
The four expressions on the left hand sides of (2.W@)-(2.&l) are termed nonlinear
A A

scaling fiel&g since they have a purely exponential dependence on the renormalization

parameter £. Equation (2.6a)-(2.63) cannot all be independent since there can

only be two independent scaling fields. It is easy to see that

1

|- ¢

« Y

X

(2.7a)
- 2An

)

R

(2.7b)
All that remains is finding the solution of (2.5%¢) fo.r Yn. We are interested
in the solution that can be written as
£
Y. = expleef 092 )
" -9 ’
| (2.8)
By (2.§ ) we mean that the value of Yn(x,yn) is to be determined by performing
the indicated integral along the unique renormalization trajectory that pasées
through the point (X,yn). Thus, Yn(O,yn)=l-ynby direct integration of (A,9).
The separatrix connecting the WF point x=0,yn=l and the infinite Gaussian point
x=1, yn=0 is denoted by y=%x) in Fig. A. Since the renormalization solution along
this trajectory reaches the WF fixed point only in the limit - -@, at each
point y‘--yo(ﬂo) on the separatrix, y)yofor allﬂ(fo. The integral in the exponent
of (‘1‘.@( ) diverges and, therefore Yn has a zero on the separatrix y=i)h(x).
Since we have the exact solution for x20, Yn=1-yn, it is easy to show that

Yn can be written as (to first order in ¢, c<f Appendix B),

Y, - ,\j (%, ¥n, 8) 2 (17 Yoff) exp( €xBaY0/Pn)

) (2.9 2)
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where the separatrix function‘?éx) shown in Fig.d . is given by

-~

Fo = T8 by 2 (1-x) " explercmanial

(2.’.9 b)
(The derivation of the functionswvnandnﬁ is given in Appendix B; they are used
with different arguments in Sec. III). We can now write down the globally valid
nonlinear scaling fields appropriate to the Gaussian and WF fixed points. That is,
the nonlinear fields that embody the behavior characteristic of the renormalization

equations when linearized around the two fixed points. The simplest forms of these

fields are given by

_ -4,
ng *—’—%"“ ;
_ Aa (2.%103a)
- 4y

S

(2.10Db)
With these scaling fields, we may describe the global behavior of any function whose
renormalization transformation behavior is known. If f is a function that satisfies

-

the renormalization equation '? = <1§‘7)

i
then f is a GHF of the magnetic field h, and the two scaling fields S‘ga“ and ,Sn)

FON™ 0 A 8o, 07500 2 A O el S0)
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¢ ,
Here the scaling powers ay s agau’ and a are given by

i n - . (# § = 9"’6&"
ah: i}dIIJ c“éﬁu. A K n .

(2.7 )
For example the correlation length satisfies (2.1j ) with af=—l; the Gibbs potential
=d( see, however, discussion following Eq. (2.15) ).

satisifies (2.1} ) with ag

The renormalization group equations do not determine the form at the GHF

25

(2.1% ) and they also do not determine the scaling fields uniquely. Since
any GHF remains a GHF under any transformation of varibles which is itself a
GHF we may choose new scaling fields which are arbitrary GHFs of Sééh‘and Ss

Thus, we can choo;e scaling fields with any scaling powers. This
freedom is reduced by considering the fact that the separatrix connecting the finite
Gaussian point and the WF point (x=0, 04y £1)corresponds exéctly to the surface of
critical Hamiltonians. That is, x=0 if and only if T=Tc. Making the usual Taylor
series expansion we assume that xaT—Tc for sufficiently small T—TC. If we

require that the scaling fields themselves be proportional to x for T near Tc and
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that they reduce to the nmatural linearized scaling fields at the Gaussian and WF fixed

points}then the most general fields are given by those of {(2.12) wultipliea by
. arbitrary functions of the renormalization invariant
- xf ’Y‘a" Xd
I = .Ynl R ‘
(2.13 )
which do not vanish at x=0. Note that I=0 on the separatrix Zj¥3X) as well as
when x=0; I== along the pure Gaussian trajectory Y, =0.
This freedom in the choice of nonlinear scaling fields is illusory since we
have not specified the GHFs for which the scaling fields are arguments. Any
change in the scaling fields induces a corresponding change in the form of the GHFs.
We may, therefore, choose the nonlinear scaling fields at our convenience.
Without loss of generality, we will use the scaling fields defined in (2.18).

With these nonlinear scaling fields a particularly simple example for the h=0 correlation

length is
~to -1 /cn

f o= A@ Seau © BTy ¢,

J

(2.14)
where A(I) and B(I) are smoothly varying functions of the renormalization invariant
(finite both at I=0 and I=¢e). Since both of the scaling fields appear in (2.1%)

symmetrically, this form has the virtue of reducing to the appropriate local solution
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as either of the limiting trajectories (yn = 0 or v, = %2n(x) is approached. TFor x
fixed and yn-é o, Sn-ma @ and the WF term vanishes. Similarly, as the Yn=(gn
separatrix is approached, Sgaﬁé ® and the Gaussian term -» 0. For intermediate values
of ynjboth singularities compete, giving the expected nonlinear crossover.

A more complicated behavior is exhibited by the Gibbs potential. In addition to

the spin dependeni terms, an additive constant in the Hamiltonian density contributes

to G. Therefore, we can write

a<

¢ B —d,;L - - - . &
G(ip,;) +v_=e G (p. () +e V() (2.1%2)
i o Wi o
The WHARG equation for v, can be easily integrated to give
Fe _J_{”
~ -d 4 o T 2% i
o(fe,l) = e elp, (<} )Hn Jae fatirrciye L sy

2

As the fenormalization average proceeds ( £-* * ), information aboﬁt the Gibbs
potential passes from the first term on the right hand side of (2.15») to the second
term. In some circumstances (in particular, zero magnetization) it may be possible
to take the limit .¢ » ® and consider only the second termi This method has been

26,27

utilized by some authors to calculate approximate Gibbs potentials in zero
ordering field (i.e., h=0). However, for fixed .fi , the second term contains information

would be unimportant for critical behavior. Accordingly, we will in our discussions

drop the second term of (2.15h) and deal only with the homogeneous term. Thus,
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when discussing the Gibbs potential and its temperatire like derivatives, we will
confine our attentien to x> 0, even though the solutions for the nomnlinear scaling
fields are valid for all x< 1. The difficulty does nct arise when studying the
derivatives of the Gibbs potential with respect to the ordering field h (such as the
magnetization and suseptibility) since the second term in (2.§{%h) is independent
of h and does not contribute. We could therefore phrase our discussion of crossover
in terms of these functions; we discuss the Gibbs potential to allow the closest
connection between this work and phenomenological discussions of crossove;iQIA brief
discussion of the limit f->ce in the second term is given in Appendix D.

Within this approximation, therefore, the Gibbs potential is a GHF of the

ordering field h and the two nonlinear scaling fields Sn and Sgau' In general,

G(h,Sgau,Sn) will generate critical point expoments that do not satisfy exponent

inequalities as equalities. This is to be expected on general grounds simply because

G(h’sgau’sn) depends on three scaling fields with three distinct scaling powers.

The usual scaling equalities which relate three exponents are satisfied because there

are only two independent scaling powers. An example of a Gibbs potential which is
a global solution of the remormalization equations which does not ‘give exponent
equalities is

G (h, 5‘8"‘“» §)= Golh ’318““‘) v Gy (h, Sa) } S

&

where. GS‘“ and G, are both GHFs, . Each piece of
the Gibbs potential generates its own singularities with exponents that satisfy
exponent equalities. However, sincezgga%au, it is immediate that Agad);dn. The
measured exponents would be Ynand dgau’ and therefore.ﬁ&2ﬁ+ﬁ}2!

However, a solution of the form given in (2.1) cannot be matched to the
expected local solutions near the two limiting trajectories. Ai ynao, Sﬂ>mfand

therefore G_.»» . Similarly, as the separatrix is approached, S -» 2 and G
n gau gau
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PN

-3 @ _ 1f we replace Gn by Gp/(l+12) the divergence at yn=0 is removed. However,

to remove the divergence on the separatrix we would have to multiply Ggau by a
power of the invariant. Since the invariant is proportional to a power of x(cf.
equation (2.13 ))jthis weakens thg singularitiés’generated by Ggau' In fact, it
is easy to see’'that it weakens Ggau just enough to ensure that the measured » will be e
Thus, if we require that the global solution matc% the expected local solution on
both boundaries a splitting of the Gibbs potential as in (2.1g) does not lead to the
violation of exponent equalities since the Ggau term must be discarded. The
critical behavior is determined entirely by the WF point.
To show this in another way, consider the h=0 Gibbs potential. We can write

it in two ways,

. ‘;l - 'j\g (2178

G = )_ Sgau_l ;gaull) ,- i;{-lja)

A= 4n

[S] i, (1) (317%)

P

o

G

If theusymptotically valid value of & .13 Kpau then fgau (0) is a finite

constant. However, I=0 on the 5n=§;(x) separatrix as well as at x=0; therefore,

as the separatrix is approached, fgau is well behaved and, since Sgau is singular

at Yn=0, G has a singularity on the separatrix. On the other hand, if the asymptotically
valid value of £ 5 dn’ then fn (0) is finite. It is also finite, therefore,

on the separatrix. However, as ydé 0, the invariant I-sw. Therefore, the divergence

in Sn as ydaﬂ may be cancelled by an appropriate behavior of fn(I) as I, An

example is given by

_ x- C . '
G = Sa - aw LS
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The form given in (2.1%) has the virtwe of reducing to the expectedylocal solutions

on both bounding trajectories. A form valid for non-zero h which corresponds to
13)
(2.4 1is

LG G ) Geal (b S ,

i BN
Goh Sa) + Coaalh Sow) -

If €0, the argument given above is precisely reversed so that the Gaussian fixed
point (which in this case is the stabler fixed point) does dominate the global

solution. Thus, in this two-parameter example, the stabler fixed point is always

doninant globally.
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III. Three-parameter Crossover; Coupled Order Parameters.

In this section we describe the solution to nonlinear renormalization group
equations which involve three parameters. These equations model a system
involving two interacting order parameters., There are several réalistic systems
whose phase diagram may be understood in terms of a model Hamiltonian
encompassing the interaction between two (or more) coupled order parameters.

One simple example is provided by the phase diagram of the mixed crystals

ad

(Fe,Mn. )WO, near the quadruple point. In these crystals (which possess a

) 4

monoclinic wolframite structure), the oxygen ions form a distorted hexagonal close
packed pattern; half the octahedra spaces are filled with Fe or Mn ioms

and the other half are filled with W ions. The magnetic structure of FeWO4
(ferbefite) is antiparallel in alternate planes (4} ). The magnetic cells
for‘MnW'O4 (huebnerite) on the other hand, is quadrupled in the a-direction

and doubled in the b and c directions (4% §J ). Wegneélq has shown that near
the quadrauple point of such substances (defined to be the point at which the
paramagnetic phase, Fe ordered phase, Mn ordered phase, and a mixed phase

are simulataneously in coexistence) the free energy may be represented by

a model involving two order parameters with reflection symmetry and a
biquadratic coupling term. Depending on the various interaction strengths,
the two ordered phases are either separated by a first-order transition or by

an additional phase. Other examples of magnetic materials exhibiting similar
3

3"

Ther order-disorder tansitions in the ammonium halides provide further examples

quadruple point include Fe(Pd,Pt)

of systems with coupled order parameters. At sufficiently low temperatures,
the NH4 tetrahedra can have two different types of ordering, parallel and
anti-parallel, in the cubic structure of the halide ions. The coupling

-

between the two types of ordering is, however, not direct; it is probably



2724

mediated by non-ordering effects (e.g., magnetoelastic interactions). Model
Hamiltonians involving the interaction of the parallel ordering and magnetoelactic
effectszl have been used to simulate the order-disorder phenomena of NHacl,
leading to a renormalization group prediction of classical tricritical behavior.

A model Hamiltonian which treats magnetoelastic effects and both the parallel

and antiparallel ordering is more complicated and will be treated in a separate

Ja

paper. Because the elastic distortion breaksthe reflection symmetry, the

model Hamiltonians for NH4Cl are generally assumed to contain coupling terms
different from the simple biquadratic term employed in the mixed crystal
examples discussed above.

There exist a number of systems that can be described by model Hamiltonians
with biquadratic coupling terms? These include the metamagnets (such as
FeClzfy?, systens involving spin-flop transitionéif-and displacive transitions
in perovskite crystaléaé. It has been shown that such a model provides descriptions
not only of classical tricritical points but also "bicritical" and "tetracritical"
points3 s in the "physical plane'. We will demonstrate in the latter part of
this section that this model also contains the type of "higher order critical points"
exemplified by the intersection of critical subspaces(as first proposed by Ref. 2Q )
when the phase diagrams are viewed in the multi-parameter Hamiltonian space.

A general model Hamiltoaian with a biqu 4 dratic coupling term has five
interaction parameterésaj(as discussed in Appendix A). In this section, we
consider the special case of a system in which the two order parameters play
precisely equivalent roles. The system considered is a generalization to
n-component spins of theanisotropic Hamiltonian discussed in Ref. 4 for n=1. The
close relationship e% this three-parameter system to the two parameter system

solved in Sec. II allows many of the solution methods of the simplerproblem to

be applied to its generalization in this section.
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- -—
We consider two internally isotropic n-component spin subsystems, 81 and 32

which interact through a quartic term,

M = \v3l|’+]V§;l“-+ F(5*+58.) + %{[(S. ) (517 ]

(3.1)
>% a3 - ey
¢ W St Sa *L~S'+hsz .
This Hamiltonian can be viewed as the sum of two n-spin Wilson Hamiltonians
. . y . ., . 22 a2
of the form given in Eq. (2.1) with abigusdvebe interaction term .w 817 8y - On the

other hand, it can also be considered as the Wilson Hamiltonian for a single 2n-
component spin system g = (?1,?2) with an "anisotropy-like" interaction (w-u) X
? 2 (cf Fig 3). These two descriptions of the single Hamiltonian (3.1) are
reflected in the discussion of the global renormalization properities of (3.1)

as will be shown below.

The WHARG equations are given by (see Appendix A for details)

r=a(-0[Fre (B, + 04 Yan V]

jn [.é(l"3‘»_:,.:.;y -2 You) "q‘T] ; (3.2)

’ 33.»« [E' (l"?(v“lr) Jam - (h“*’;) Yn "lf‘?] J

where the variables f, y_ , and y, are defined by the relations
_ n 2n

r/ Q)

-1
i

= F (U~ W o
€ Yo = d(mg) (W-w) [ 14ry 3.3

€ Yo = dnt) W JSa4r)t -
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The two descriptions mentioned above of the Hamiltonian (3.1) have been incorporated
in the choice of the variables Y, and Yon employed here. When yn=0 the system
is equivalent to an isotropic 2n-component spin system; on the other hand, when
y2n=0 the system breaks into two non-interacting n-component spin systems.

Egqs. (3.2) are already diagonalized around the infinite Gaussian fixed point,
=1, yn=y2n=0. If, as in Sec. II, we diagonalize around the finite Gaussian podint

r=yn=y2n=0, we obtain the equations

X = ax[l""%“”“w‘“\!“)] ) (3.42)

= - - £ PO :
Y Jul €01- . Pl Y- ] (3.4b)
i = ‘57_"[6(“\51“'2&" ‘j” -"'Y] :.

. (3.4¢c)

where x = ¢ + € (AMXM A ¥ol) /2 ) An= (mi2) J(nes) , Az S (041) | (nit) «

Terms such as ézyn, E1yn2, e’yzn, and e‘y2n2 have been neglected. The
considerations of Sec. II apply here as well; only global solutions bounded in
Y, and Y,, are acceptable (see again Appendix B).

The surface of critical Hamiltonians is the plane x=0. There are five
fixed points at which X, s and Yon are C)(l) (there are other fixed points

at which LI AP and Yy, 2T 0 ('[e); these cannot be subsumed in this perturbation
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analysis). Four are located on the plane x=0, and one at x=1:
(D the finite Gaussian point, yn=y2n=x=0;
(ii) the usual n-spin WF point, yn=1,y2n=x=0;
(iii) the usual 2n-spin WF point, y2n=l, Yy =x=03
(iv) a point of no particular spin (unless n=1) which we will call the

z-point, x=0,yn=yno=' (n-2) (n+8) / (r™+8), = (l6—n2)/(n2+8);

- Y9n Y 2no

(v) the infinite Gaussian point, x=1,yn=y2n=0.
These fixed points and the integral curves and surfaces connecting them form a
finite region of the parameter space which is invariant under the action of the
renormalization group.

The most relevant eigenvalue (the eigenvalue of the x equation (3.4a)) for

the four fixed points in the x=0 plane are given by

M
N

Cliyhs

"

a, 2-€hn (3.5)

a’." = 1- eAZ” 3

@Ry T 2-€ A

where Az'-:-. 3n/ (n2 + 8). Since we identify x with T—Tc for sufficiently small x,

for exa;ple q/ =, —
» Vgau

X the critical point exponentnfis given by the inverse of the eigenvalues of (3.5);
w
The existence of the z-point shows that the Hamiltonian (3.1) contains a
third symmetry relation similar to the two discussed above which are represented

by the n-spin and 2n-spin fixed points4. The relative stability of the n-spin,

2n—-spin and z-points depends on the spin dimension n as determined by (3.4) .,
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For n:2, the 2n-spin point is stablest (cf. Fig. 4a). For 2{n¢4, the z-point is
stablest (Fig. Qb). Finally, for n}4,the n-spin point is stablest (Fig. 4c).
The finite Gaussian point is always unstable with respect to all the other x=0
fixed points; all the x=0 fixed points are unstable with respect to the infinite
Gaussian fixed point.

From (3.4) we gmote that the trajectory which joins the finite Gaussian point

(Y,‘=yh =0) to the z-point (yn Voo * G Y.

A A ) is a straight lipne, Hence, we may
n

supplement (3.4) by

é = z [t (\—g'\n‘y'ln) —lf)(] y (3-6)

where 22Y Y900 = Y9nYno" Note that the z-point is ¥y~ Yno 5 x=2=0. Eq (3.6) is
not independent of Eqs (3.4), but the redundant information expressed in (3.6) will
be very helpful in the solution of the original equations (3.4).

Proceeding as in Sec. II, we define functions Yn’ an,X,ijy the equations

10-)R

7>
]

(3.7a)

(3.7b)

(3.7¢)
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\.(xm = T€ tizv._Yz‘v. . (3.7d)

By inspection of Eqs. (3.2), (3.4) and (3.6))we write down non-linear scaling fields

24

N S = Cons‘f e .
Aay, )

A, :
X Y“ YDM (3.8a)

-2€
l"'F - COB‘\Se e

R Y- Y. ’ .55

-d2
= consl €

{n |
Ra .Yl Y 30“"’)/‘“*‘“ ! (3.8¢c)
Av

(4]

;’2’\ - cons" e._a‘e
__.__..-,4._. ‘,,A“ 3(“*;)RM) P j
l \1 Y Y
An

w

(3.84d)

€L
Yo - const €

,xa YGMM)Y (3.8e)
n

x4
Yan = const €

Xa Y,u“ ‘Y; n (3.8£)
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€L
= con S{ e (3.8g)

. z
XY, Ya,

Matching scaling fields gives X=(1-r) and R=XY;2 da Yz;z A’“":'Ln analogy with (2.2).

Eq (3a8c1g)cannot be independent since z is a linear combination at yznand Y,

Comparing the solutions for_iL)-JO , where Yn and Y n=l gives the following relationship

2

between Y and Y, :
n 2n

-3 f(ntt) o @0) finrg)
\j'n \j'lhc—. \jm jncf ji\‘jzuo in - 32—‘43»10 "

o (3.9)

Thus, for nf2,4, the complete solution of the three-parameter crossover

problem depends only on the solution of (3.7) for either Yn or Y Unfortunately

2n
(except for n=0 and n=¢ , see Appendix C), we have not been able to derive the

form of Yn or Y, even in an € -expansion. The essential difficulty is in

2n
the x=0 plane, where there is no small parameter and the nonlinear equations must
be solved exactly. However, a great deal can be learned about the solutions by
comparison with the two-parameter solutions of Sec. II on appropriate two-

dimensional surfaces. Whenever Y2 Yon? OF 2 vanishes the problem reduces to a

two-parameter problem. We have, therefore, the following partial results:

:_Y,n (X,‘Jm, y:mro) = 7 (7(, J“J 4-) )

(3.10a)

AV
\‘nn (% Yoo, Yon) ’f\j(xffan, Azn ) )

(3.10b)
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‘Yv; (X,'ih, 5%)]110 = [,\j (XJ "’/ Yue ; Ai)]yn: (3.10¢)

V .‘jlﬂe
Y;h (%% y ) \-lso.: [j (x y"/ziwo ) A"’-)] (3.10d)

To discuss the boundary conditions that apply to Yn and an we must generalize the
notion of separatrix. A fixed point at which not all the eigenvalues of the
linearized equations are of the same sign is a saddle point in the appropriate space.
The family of trajectories leaving a saddle point in a two-dimensional space is

a one-dimensional line (a separatrix). In higher dimensional spaces, this family

of trajectories may be of higher dimension, and we will call the corresponding
surface a "separ-surface'". On the separ-surface leaving the n-spin point, there

is a boundary condition on Ynj on the separ-surface leaving the 2n-spin point,

there is a boundary condition on Y ni on the separ-surface leaving the z-point,

2

boundary conditions on both Yn and an apply. As in the discussion following (2.Y%),
the Y on which the condition is imposed must be identically zero or infinite on
the appropriate surface. These boundary values are shown in Fig. 4 for the three

ranges of n, n{2, 2¢n _{_4, and n>4. The general character of Yn and an‘ is

established, even though the solutions cannot be given explicitly. We will

proceed as if Yn and Y, were known (for n=0 and n=00 , Yn and Y, are known,

2n 2n

see Appendix C).

Since there are three parameters (X’yn’y2n) there are two independent
renormalization invarients. It will be convenient to write down several non-
independent invariants for compactness in later discussion. There are three

ways of combining (3.86)—(3.83):
(n-3) /(nt4)

— \jn Ahn

I -
: W Ya (f-n) f(n43) (3.11
3 " \jln <Y'n a)
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i

z
1 2y _ (3.11b)

_ ‘\r- (n-2) /n+4) J
j‘“ 2w

1]

Z (3.11c)
" ~Y- 4-n) / (n8)
Yan

- n

I? Yan

which are connected through (3.9). Combining (3.8a) with (3.8€)-(3.8y) we have

three invariants involving x explicitly

& X ‘L:un’Y

a,-204n)/(neg)

|

I X 31?\

Yom ’
n | (oot (3.12a)
J < I aln‘acw‘x)
e X
Ixan - B
(3.12b)
d Qp, . Rz,
= <X Y Vi
-Ix% - 21 [ 4
: (3.12¢)

Finally we combine (3.11) and 3.12 to give an invariant which does not contain

either Y or Y

2n n )
d a, (w48) [@) (w2
T = X 7
- — ‘niy) [(n-2)
o y a., (M€) [¢n) 41::’* () (3.13)
w

The invariant Io of (3.13) is useful because it distinguishes between different

trajectories on the curved separ~surfaces where either Yn or an is identically
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zero or infinite. The invariants (3.11) and (3.12), which involve Yn and an

explicitly, are constant on these separ-surfaces, while (3.13) varies. For n=2
and n=4 it is impossible to form an invariant that contains neither Yn nor Y2n'
However, in these cases it is not necessary to eliminate both of the Y's since only

one of them has singular behavior on the separ~-surface. For n=2, Yn=0 on the separ-

surface and we can choose the invariant

d Lan
©“ KV,

- §Y4-n)
‘2 oay, (m8)/w) z';l o (] ‘ (3.13b)

an

ul

in this case. For n=4, Y2n=0 on the separ-surface, and the invariant

, d Xy
1= <X
v Gan @D/ (w3) 2= an (1) [ (n-2) (3.13¢)

K

distinguishes trajectories. For the remainder of this work it is simplest to
assume that nf2,4, although the analysis carries over to those cases, via slightly
modified arguments.

We may choose the nonlinear scaling fields to be given by

X
x ~Y; Ay ‘\(;“Aﬂn (3.14a)

(n™4) [(0*48)

X RIS |
S‘z x"“z Yan Az Yan (3.14b)

S e

"
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Si.ﬂ z \’1Av|)( An (n-/Cnt3) )
Xy AN,
(n™) [Cam)(nig ) (- 140)
5 = X —\{V\ '
an X\-ltm,\ jV\AM
. (3.14d)

The choice of the scaling fields is (as in Sec. II) not unique, but it is a convenient
choice for the case 2Ln<£% which is discussed in detail below as a concrete example.
In this case, both Y, and yzn are both positive throughout the solution region.

The invariant Io also contains information regarding relative stability. It
is zero in the x=0 plane and also in that plane which contains the stablest fixed
point. For example, in the case 2£:n5L4, the z-point is stablest and IO=O whenever
z=0. The invariant I_ is infinite in those planes which contain the relatively

0

unstable points. For 24n{4, I = when yn=0 or y2n=0.

0
As in Sec. II we can show that global solutions which do not generate the
exponents of the stablest fixed point have extraneous singularities. For
concreteness, we will consider 2¢ n £4; a similar analysis can be made for any
value of n. If we were to suppose that the asymptotically valid value of 4 were

that given by the n-spin fixed point, rather than that of the z-point, it would

be appropriate to write the Gibbs free energy as

d/a, |
G’ - Sn F(\V\VO-"IO\W*S) (3.15)

Since
C It is presumed in writing the free energy in the form (3.15) that F(invariants)

dla, = 2-4, >,

is well behaved at x=0 and in the y2n=0 plane (where we definitely expect n-spin

point behavior). The amplitude of the free energy singularity is given by
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@y . - b, d]a, -d W)/(‘Mra?):
G/ Xd/a i j“ /G. ‘Y:“Qn F(‘nud—r(ads')l o
x,

l!“\

{50 (3.16)

If I . — ]
we consider a pa;h in the x=0 plane that is a renormalization trajectory (cf Fig.h ),

(3.11) ;g again constant. The function F is therefore constant and we see that the

amplitude of the free energy singularity diverges as the stablest fixed point is

approached along any renormalization trajectory (an*—? 0). The singularity can be

-

removed along any particular trajectory or finite number of trajectories but it
cannot be removed everywhere in the x = 0 plane. Similar difficulties are

encountered if we assume that the 2n-spin point dominates the critical behavior of G.

If, however, we assume that the z-point dominates the exponents everywhere

(except in the yn=0 and Y2n=0 planes), then we can avoid singularities. We may

.defing a scaling field ‘
Qt/azh)

. -
5”:3 S, (L+ Sz glnﬂ o
- 1 . S_z gv;-(-ia/a'ﬁ
ala

SZ' reduces to S 238 x>0, for y# 0, Yon + 0; as y -0, x§0, S ---~>Sn .n;
a /a
2n

2n

(3.1

as y -> 0, x #0, Sz'—* S Ihus a global solution for the Gibbs potential
which has z-point like exponents (except in the special symmetry planes vn=0 and
y2n=0) could be given by
o Gyaw (h Sgen) Gy(h, S2')
G- (3.18)
Ggonl b, S guuyt Gl §0)

The linear local analysis is again supported.

We may describe the crossover involved in the scaling field (3.3197) and
the Gibbs potential (3.18) by noting ;hat if x—-0 with v, and yzn_fixed and
nonzero;.then only the magnetic field h and Sz "scale". Near the special plangs

yn=0 or y2n=0, an additional field is important (S2n or Sn’ respectively) and "scales'.
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It would be more customary to describe this in an alternate manner. Away
from the special symmetry planes, Sz scales and v, and Yo, 2re truly irrelevant
variables. Thus, at each point of the critical surfac, x=0, we may consider x
to be a scaling variable with Y, and Yon being irrelevant variables which have
only an insigificant effect on the thermodynamic functions. Near the junction
of the plane x=0 and one of the symmetry planes (for example, y2n=0), Yon is
clearly important. Phenomenologically, we might expect x and Yon to scale, while
Y, remains irrelevant. To see that this is the case, note that Sz can be

written as

An-bg Au ¢ (a™4)[cr48)

PSJZ = S n ‘5'“\ ]__ .j'nj').u (3‘? s

-a /a
Thus,  the scaling invariant combintion SZSn R T (3.1'T) can be written

(apart from the irrelevant quantities ynand y2n) as

) [k (n-t) [ {n*)] [a,
o & (44) Jn+3)
S‘ S‘ 'O-Z/Qv‘ -’-X___’______q
] n /"’" CLn P
z jln (3'»2;'

This is exactly the expected scaling invariant involving x and Yon providing that,
near the junction of the x=0 and Yon =0 planes, we identify the scaling power

of Yoo 38 2, T ¢ (4-n)/(nt8) and the scaling power of x as a_ 2 a . An examination

y n

of (3.4) shows that these are the scaling powers that are obtained by linearizing

|

around the n-spin fixed point. The nonlinear scaling field SZ embodies the

behavior of both fixed points in such a way as to generate the "double-power" scaling
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AG-&4
laws used to describe crossover in anisotropic system'yand in higher order systems,

For example, the zero field Gibbs potential is given by

o lruck
G. - Wg) Q'B/&i (mnbn-n/(w %)
Yn + (X ) (3.20)
4 .

We note thatd.&laxisaa%"'crossoyer exponent" and (2- o(z)(na+8) Jnt+s) (n-1) is an
"amplityde exponent".

In Eq. (3.21) the dependence on the unimportant quantities me, Yn’ and an has
been ignored. Precisely analogous behavior is found near the junction of the
x=0 and Yn=0 planes, where the variables ynand x appear in a scaling combinatior
with scaling powers derived by linearization around the 2n-spin fixed point.

The analogy between the nonlinear effect incorporated in the nonlinear
scaling fields and the crossover effects in systems with critical points of higher
order can be extended. Fig. 6a shows a three-dimensional section of the four-
dimensional phase diagram of the "Ising meg_:amagnet";?;ith interactions J in the

‘ '."‘}"f"“‘\ = e
Mplane and ﬂJ between planes (£¢0); the staggered field H' is zero in Fig.(¢ a.
er

Y By varying the strength of the interaction parameter R , the line of ordinary

critical points of a simple metamagnet sweeps out a surface of critical points.

The tricritical points which marked the transition between the second order critical

behavior and the first order transition become lines of tricritical points. At#& =0,
the system reduces to a set of two-dimensional ferromagnetic systems, and the

va- tricritical lines meet on the T axis at the d=2 critical temperature. AsR > & ,
the system becomes a one-dimensional antiferromagnet, and there is no phase tran=#

sition. The surface of ordinary critical points shrinks and the tricritical lines
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meet at T=0. The classification system of Ref. 20 terms the surface of ordinary
critical points a surface of critical points of order three. The special point at
&=0 is a critical point of order four. This notion of order corresponds both to
the number of phases which are simultaneously critical at the critical point
and to the number of variables which 'scale" at that point. Thus, Ref. 20 proposes
that on the surface of order two points, two variables scale; that is, the singular
part of the Gibbs potential is a GHF of two of the variables (while the dependence
on the remaining variables is smooth and non-singular). At a point on one of the
lines of order three points, three variables scale. Finally, at the fourth order
point, all four variables scale.

To compare this to the coupled-order parameter system described in this section,
we note that near the plane x=0 (but not near the lines v, =0 or Yo =0 ) only
the variable x and the magnetic field h scale; that is, the leading singular
behavior of any function derived from the Gibbs potential (3.18) depends only
slightly on the variables A and You (and the nonlinear functions X, Yn’ and an).
However, near the junction of the x=0 and y2n=0 planes, Yon does not appear merely
as a smoothly varying parameter in the amplitudes of the thermodynamic function, but
rather in an important, characteristically ''double-power" scaling manner. Similarly,
near the Gaussian fixed point, all the variables x, Vo and ¥, appear in a "triple-
power" scaling formula. We may tentatively relabel the Hamiltonian parameter
space as in Fig. 6b. The x=0 plane is a surface of order two critical points; the
lines yn=0 and y2n=0 are "tricritical" lines or lines of order three; finally, the
Gaussian fixed point is a point of order four.

In determining the domain of influence of a tricritical point, scaling invari-
ants of the form (3.2¢) are natural choices for the 'crossover cones"%l The cross-

over effects contained in a double-power scaling formula are derived in the context
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the fourth order point both being equal to & . A similar situation does occur at
the fourth order point of the metamagnet. In this case, the scaling powers of the
direct and staggered fields are equal and the coexistence volumes do not merge
together smoothly.

We also remark that the attainment of a point of order four in a space of
four demensions is achievable in both the metamagnet and the renormalization group
examples only due to their highly symmetric nature. In general, a space of
demension six is required to observe a point at which four phases are simultaneously

o

criticalﬁ Indeed, a less symmetric version of (3.1) discussed in Appendix A is

expressed in a six-parameter space.



A 70

IV. Discussion

In Secg, IT and III we were able to explicitly carry out the solution of the
nonlinear WHARG equations. Summarizing the features of these solutions which we
believe are of a general nature, we have shown that
(a) Global solutions can be found in a limited but finite region of the Hamil-
tonian parameter space. This region includes the competing fixed points and is
bounded by separ-surfaces emanating from the fixed points.

(b) Global solutions which do not yield the critical-point exponents derived from
the local, linearized analysis of the stablest of the fixed points (on the critical
surface ) are singular on the separatrix leaving that fixed point.

Ther properties of the "regular" global solutions are closely analogous
to those properites proposed in a phenomenological manner for crossover behavior
between various critical points of higher order%0 For the former, it is the nonlinear
character of the scaling equation and scaling fields that embodies several types
of ordering and critical behavior. For the latter, the simultaneous validity to
lowest order of several linear scaling equations with linear scaling fields is
presumed%l In both cases, the borders of a region where m variables scale is a
region where (m+l) variables scale.

As shown in Sec. III for a three-parameter example, there is some surface (of
dimension greater than two, in general) of order two critical points. The exponents
everywhere on this surface are determined by linearization about the stablest fixed
point, which is located somewhere on that surface, This surface will be partially
bordered by special symmetry ''planes" on which the renormalization group equations
involve fewer parameters. In these special surfaces, another fixed point determines
the critical behavior. Near the junction of the symmetry plane and the critical
surface the two fixed points are in sharp competition. On the border of the order

two critical points, three variables will scale in a characteristically '"double-
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power " law scaling form (cf. Eq. (3.2f/)). If the special symmetry planes associated
with each such "tricritical" line intersect (as in Sec. III), more parameters are
removed from the renormalization group equations, a new fixed point controls the
exponents, and characteristic "triple-power" scaling behavior results. As in the
phenomenological studies, this process can be continued indefinitely. As more and
more symmetry restrictions are placed on the Hamiltonians, fixed points of weaker

and weaker stability determine the critical point exponents. Since in the immediate
neighborhood of a truly unstable fixed point there must be regions controlled by
more stable fixed points, the crossover effects get more and more complicated as

the order of the critical point increases. All of these crossover effects are

automatically incorporated into the nonlinear scaling fields.

The above discussion gives reassuring support both to the usual local
linearized fixed point analysis and also to the phenomenological descriptions of
crossover. However, there are farther questions about the behavior‘of real systems
modeled by renormalization group equations.

The solutions developed in Sec. II and III are only valid in a specified
region of the parameter space. For the two-parameter problem (at the critical
temperature), 04 v, ¢ 1. For the three-parameter problem, v, and Yy, are confined
to the region enclosed by the lines y2n=0, Vn=0 and the two separatrices joining
the n-spin and 2n-spin points to the stabler z-point (for 2{}1{4). Portions of
these boundaries can be understood on a physically intuitive level. 1In the two-
parameter case the restriction Yy ? 0, is necessary for thermodynamic stability.
The parameter v, is proportional to the coefficient of the quadratic term in the
Hamiltonian density; since the quadratic term is the term of highest degree in the
Hamiltonian its coefficient must be positive. In the three-parameter problem the
stability requirements are u> 0 and w» —u. These are not necessarily the "tricriti-

cal" lines (for 24n‘ 4, yn=0 and y2n=0 are the order three lines;these restriction
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are in the lines u=0 and w=u). However, if these lines do mark the boundary

of a region of first order transition, as in the metamagenetic analog, they

do form natural borders for the scaling behavior. However, the portion of
the boundary formed by the restriction ynfl in the two-parameter case and
by the separatrices in the three-parameter case have no such intuitive
explanation.
Within the confines of the region of scaling behavior, the renormalization
trajectories are bounded. We may imagine changing the values of the
parameters v, and y2n until the system Hamiltonian lies outside the solution
region. In this case, the parameters Y, and Yon? which (except near the
"tricritical" lines) did not significantly affect the critical behavior, have
unbounded renormalization trajectories. The approximations employed when ﬁyh.<< 1
and Eyzn'<(l are no longer valid. The problem immediately becomes far
more complicated and it is no longer possible to discuss the renormalization
group sdlutions within a simple perturbative scheme. Therfore, we can only
speculate that the nonlinear solutions will involve many new fixed points
and qualitatively different behavior.
Thus, although we have seen that thermodynamic stability requirements
and possible first order transitions may account for some portion of the
bounding surface of the solution region, the boundary formed by the separ-
surfaces is more complex and possibly marks a transition to vastly altered

behavior. However, it is precisely on this surface that regularity conditions

were imposed on the global solutions. This is not an obvious step.

The requirement of regularity everywhere on the bounding surface
corresponds to the notion that we can smoothly move the Hamiltonian (in
Wl

particular, the critical Hamiltonian) to the "singular separatrix" (in particular,

the stablest fixed point). It might seem reasonable to requre that such a
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procedure have a finite limit (as in Sec. III.) This resolution has several

difficulties, among which are the following:

(i) The bounding separ-surfaces divide the region where even a general
global solution is well-behaved from a region in which (as argued above) the
global behavior may be radicaliy different. It is perhaps over-optimistic
to ascribe to the boundary between two such regions all the properties of one
or the other of the regions.

(i1) It may not be possible by any application of an external field to
move the parameters arbitrarily close to the boundary and the singular separ-
atrix. This difficulty is unlikely in the particular cases treated in Secs.
IT and III since the fixed point values of the parameters are small, but it
is not an impossible occurence. For example, we showed in Ref. 11 that temper-
ature trajectories for the two-parameter problem usually terminate at a finite
value of x (with x {1) instead of reaching the infinite Gaussian fixed point x=1.

A more cogent example is provided by the five-parameter crossover model
described in Appendix A. We consider a system with n+m spin components which
decomposes into an n-spin system and an m-spin system13. For n=1 and m=2,
this is a description of a Heisenberg ferromagnet with a single axis of
anisotropy. The stablest fixed point is either Ising-like (one "easy axis")
or XY-like (one "hard axis'). However, these fixed poiﬁts consists of the XY
subsystem parameters taking on their usual WF fixed point values, while the
Ising subsystem is at its infinite Gaussian fixed point. Loosely, one sub-
system is at its critical temperature while the second subsystem is at
"infinite'" temperature. No physical system with finite Hamiltonian parameters
can be at such a fixed point; at best, it represents a limit of realizable
systems. Therefore, we might expect that anyxnngularity in a thermodynamic

function would not manifest itself in the physical space.
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Thus, in some cases (not necessarily those treated in Sec. II and III),
the requirement of regularity everywhere on the bounding surface may be
too stringent. If this requirement is relaxed, non-scaling behavior results.
For example, in the three-parameter problem discussed in Sec. III, we might
allow free competition among the n-spin fixed point, the 2n-spin fixed point,
and the z-point, regardless of stability. These solutions, as shown in Sec.

ITI, will be singular on the separatrix leaving the stablest of the x=0 fixed

points. If this singularity is tolerated, the asymptotically valid critical
point exponents will be determined by the fixed point which contributes
the largest singularity to the thermodynamic quantity considered. Therefore,
A and X’will be determined by the fixed point which gives the smallest
eigenvalue in the renormalization equation for x(3.4a); on the other hand &
and B will be determined by the fixed point which yields the largest such
eigenvalue. Since the competition is among three non-trival fixed points,
we need only consider the relative sizes of a s ay s and a.

If we confine our attention to n >0 for concretenes§>we have A > An and

P
2n
A > Az. For 1< n 54’we also have AZ > An. Thus for n » 0 the

2n -
correlation length exponent will be that of the 2n-spin point, while ¢ and B
are given by their n-spin point values for 1 <n < 4, and the z-point otherwise.

Instead of equélitj in the relationship a + 28 +y =2, we have that



9(+1,5+ ¥ = 2 % € 3n 1£nsd,  (4)a)
2 (nt)(ne8) ) /
4 '*1[3*8 = 24 € ‘h"‘)z("*’) nel, o, 4.0b)

2 (n+q Y(n™§ )

If the finite Gaussian fixed point is allowed to compete as well,q/'is
as .. . above; howevery = &/2 andg =1/2- C”‘/4, independent of n. The

Rushbrooke inequality is

£ + 2/3* ¥ A+ € Oti) (4.12)
A (ni4)

The crossover effects embodied in a general global solution are similarly
more complicated than those of the regular solutions exemplified in (3.18). It
is reasonsible to impose the condition that, in the symmetry planes yn=0 y2n=0,
and z=0 (where the renormalization equations involve only two parameters) any
global solution should reduce smoothly to a two-parameter solution (except at
the intersection of the separ-surfaces and the symmetry planes). This can
always be done by using the invariants (3.10). The crossover near such a
symmetry plane is between one set of exponents determined by the free competition

of the fixed points in the three-parameter space and another set of exponents

derived from a similar competition in a two-parameter space. Neither set of
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exponents need satisfy scaling equalities. This is in contrast to the situation
described in Sec. III; in that case, both sets of exponents separately
satisfy scaling equalities.

Even though they do not satisfy exponent equalities, general global
solution share other properties with the regular solutions (3.1¢3). The
eigenvalue of the magnetic field ay is larger than an, a2n’ or a . Differentia-
tion with respect to h increases the singularity of the Gibbs potential more
rapidly than differentiation with respect to the temperature T. Therefore,
we may still describe h as a "strong" direction and T as a ''weak" direction
in the sense of Griffiths and WheelerAﬂi Elsewhere23, we have considered
systems which have this property that derivatives taken in different directions
have different well-defined relative strengths. We term such systems "critically
orderﬁland have shown that under certain.condition% the geometric postulates
of Griffiths and Wheeler are satisfied for these non-scaling systems. Using
this terminology, we can restate the distinction between the general and
regular solutions for the thermodynamic functions. The former represents
a system that is only critically ordered, while the latter has a true

43
asymptotic scaling form.

We wish to thank A. Aharony, B.D. Hassard, Y. Imry, L.L. Liu, D.R. Nelson,

P. Reynolds and G.F. Tuthill for helpful suggestions.
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APPENDIX A. The Wegner-Houghton Approximate Renormalization Group

Wegner and Houghtog have introduced an exact differential generator for

the renormalization group as applied to continuum spin Hamiltonian densities. It
takes the form of a highly nonlinear functional integrodifferential equation. The
Hamiltoniaﬁ density JLQ— (s) must be written as a functional of the Fourier trans-
form of the spin density s(x). Thus it is conventional to write an expansion for
the Hamiltonian density (L( as

T Z, £t VAR R s Ry SR (AL

_ A . 9

where §(i) is the Fourier transform of 5(%) and « is a j~compenent

-9
index, A = (4, ,..,ai.):).

The coefficent functioms Yf(k) are also to be.considered as functions of the
renormalization parameter, { . The renormalization group equations become
nonlinear integrodifferential equations coupling the Yf(k). Equations of this
form are nearly intractable. Following the lead of Wilson's approximate recursion
formula, we hope that a certain "momentum-independent"” or 'zero-momentum" limit

of the full renormalization gfoup structure will preserve the basic content of the
renormalization group approach. We force the mometum dependent coupling constants

to be of the form

i
3

. o
v Vpte) 4 é.;lxév"'.“‘a k (A2)

This is equivalent to choosing a Wilson reduced Hamiltonian density of the form
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(A3)

\ T < v
H(S) = £,5 Y% 9% Sq

wheve 5o

Hamiltonian densities such as (A3) are, of course, not renormalization group
invariant. Thus, terms which arise from the exact group equations must be
discarded if they do not retain the form (A3). This requires, for example, that

the critical point exponent Q_ be set equal to zero since it cannot be determined

from the resulting equations.

For the momentum independent part of the Hamiltonian density (A3), H(s )

we find that the Wegner-Houghton Approximate Renormalization Group (WHARG) equation

1s given by

H = dH Q‘__'_‘i’ 371:, H td ln det[l 4!:}/2]
A A )

(A4)

A
where H is the matrix of second partial derivatives

4

H, = & H/os.55, 45)

.

and d is the lattice dimension. Expanding the function 1n det, (A4) can also be

written as



H=dH +@dSGH + 4] 410 -4+ A 5 i)
P

This however, may not be the best form of the expansion (see below).

The solutions of the linearized form of (A62)in which the traces of ﬁ 2, 6\3
and so on are discafde%)are the Gaussian fixed point eigenfunctions. They are
given by products of generalized Laguerre polynomials and harmonic polynomials

5,44
just as in the Wilson approximate recursion formulae

K-itnja

iy d=2 ¢ i (;)
Q w « L. (5 5) P« ) (A7)

where Pk (8) is a harmonic polynomial of degree k)and n the spin dimension

For a system in dimension n, there are (2k+n-2) (k+n-3)!/(k!(n-2)!) harmonic
polynomials of degree k?s A1l of these polynomials, moreover, are degenerate
with respect to the renormalization group since the eigenvalue of the linearized

renormalization group equation depends only on m and k:

Q’MJK '.: de’K + &f §‘v Qm,j’( t+ %‘vl Q”‘JK

- {d 10-d)(wmtKRY ] Qmi (A8)

1 .
Else'where,6 we have given a study of the fixed points determined by perturbation
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from the Gaussian fixed points for the . isotropic cases (m arbitrary, k=0) and
for the special case n=1. These problems were considered only from the viewpoint
of location of, and linearization about, particular fixed points.
It is easy to check that the solutions of the linearized WHARG equations
are solutions of the full Wegner-Houghton momentum dependent equations when
similarly linearized (forVL =0; if we wish to insert an a priori determined
the (d-2) in the argument of the Laguerre polynomial changes to d-2+ q_ ). Thus
if the Hamiltonian is "small", the error in using the WHARG equations is of
second order of smallness. As a parenthetical remark we note that the class of
solutions to the linearized momentum-dependent equations is very large. Each eigen-
function that is at most a polynomial of degree r in the spins has as the coeffi-
cient of the highest power of the spins an arbitrary homogeneous function of the
momentum vectors. If this coefficient function satisfies )ﬁ f(kl,kz..ﬁr)=
f( Aklf )kz,... )kr) then the eigenvalue of such an eigenfunction is d+(2-d)(r/2-q).
Fully nonlinear problems must be considered individually. For use in
Sec II and Sec IIT we consider a system of spin dimension n+m, which breaks into

n

two internally isotropic blocks; that is, the Hamiltonian is a function of x:& 3
(4]
ntm

and y = fi S. alone. The WHARG equations are

{-hﬂ

— AedHre24v2) v 2 [n)n(|4%i)*mxn(|+%jyl) \
: J()P | H (A9)
g o g 3 ~GAT]T]

|

[+ Olpx Hg*{‘ (”au)“,,au

e It is more compact to leave the nonlinear structure inside the logrithm in this

case. Now ¥ we write H as

H= roX+ TYY v UDa X4 U)’rxl 1 Uy XY
S 2 A ) (A10)
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and make the change of variables

Y., Ve /(14V%)
Ywm™ Oy /)
Uer [ UH¥<)?
U - UYY/(‘*W)?.

sy [Lmiey)

C
=
i

(A12Y)

i

“Tiea the WHARG equations are
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;’n = “"rw) [D\ LW %( (mfl)u.ﬁ* mw )‘]

p

Ym = (g-rm\[lrm+g( (ma) 0, + nw‘s] ‘
Uy = €Va-d [(ms‘)un"é wet | -‘tvv«{m g ( ‘hﬂ)vnmw)]
Um =

€U m ,é [(mti)ur:f mw’“] - tfuw.[fm 1 ﬁ [ (DOt th] | (A12b)

L

w = €Ew - d)lﬂ[‘tw-r(m’.w“{(wl)om] - 2w [V;.Ww -u?t ((nﬂm)wi (ez)op A (mia)uy,)

| w
. . . . 0 3
It is easy to check that coefficients af higher powers of the spin are (e ).

These equations are already diagonalized around the infinite Gaussian point,

rn=rm=l, un=um=w=0. Diagonalizing around the finite Gaussian point

rn=rm=un=um=w=0, we make the further change of variables

W

‘ TR . [(h*l U'tmuu
X " N 22 € ) w ]

J
(A13)
= ¢t ,CL_ [(wn.)t)mi n W
X ™ axe) 1}
and write the WHARG equations as (neglecting terms like Elunz and G”'Un’:)
K, = 2¥nlt~¥a-(na)0,] - Am Xew
X T 2 e 17w = 1) 0m] AN A W
U = €EUs - d [y u gy mw®] - 400 x,
ﬂ l ——
. | x
= £ - i)V, > — ,

£

Ew - 4“"_4 w )Y, f(""*l)u"""] ~ 2w (FatYm)
2
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The equations given in (Al4) do not lend themselves easily to global analysis.
There are 32 fixed points of (Al4), many of which are not particularly interesting.
Points of particular interest in the three-dimensional subspace xn=xm=0 are

the Gaussian point at un=um=w=0; the n-spin point at um=w=0,un= €/(2(n+8)); the
m~-spin point at un=0=w,um= €/(2(m+8)); the coexisting but uncoupled (n,m) spin
point at w=0,un= €/(2(nt8)), u = €/(2(m+8)); and the n+m spin point at w=u_=u =
&/(2(ntm+8)). The usual n and m spin points are unstable with respect to the
uncoupled (n;m) point which is unstable with respect to the n+m spin point. Thus,
if these fixed points were sufficient to describe the system, the ntm spin point
would be the most stable.

However, there are also fixed points for non-zero X and X - The most
important are the '"isolated" n-spin point at xn=0 xm=l M, um=w=0, unf=€/(2(m+8))
and the "isolated" m-spin point at xm=0,xn=l , un=w=0, u = €/(2(mt8)).

Recalling that xn(respectively, xm) =] implies that rn=00 (respectively, r =09),
we see that‘these isolated points correspond to systems for which one subsystem

is at its critical temperature while the other subsystem is effectively at "infinite"
temperature. It is clear that no real Hamiltonian can be said to be "at'" these
fixed poiﬁts. However, the ntm isotropic spin fixed point, which is the stablest

of the xn=xm=0 fixed points is unstable with respect to these isolated n-spin and
m=spin points. These isolated points are unstable only with respect to the infinite
Gaussian fixed point xn=xm¥1, un=um=w=0. The full five-dimensional space is thus
partitioned in such a way that one four-dimensional manifold is generated by the
isolated m-spin fixed point; a second four-dimensional manifold is generated by

the isolated n-spin point; these manifolds intersect in the three-dimension
manifold xn=xm=0, which is generated by the ntm spin point (by generated we

mean that the fixed point in question is a stable node with respect to all

trajectories lying entirely within the manifold, that is, the fixed point
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is the stablest fixed point contained within the manifold.). The field-like
variable carrying the system from one of the four-dimensional manifolds through
the three dimensional boundary to the other four-dimensional manifold is
essentially the anisotropy field. Linearizing about the nitm spin fixed point
gives the usual determination of the crossover exponentl3,cp’ ‘* € (mm)/ l(mm?) .
The complicated geometry of the four-dimensional manifolds precludes
any direct attack on the full five-dimensional problem. For this reson,
Sec. III of the text considers the special case of n=m and xn=xm s un=um.

Specializing equations (A12-14) to this case, one obtains (3.1-3).
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APPENDIX B. CALCULATION OF § AND’j )

In this appendix we will discuss the calculation of the two parameter
separatrix and crossover functions, ¥ and 7)Which are used extensively in

both Sec. II and III. Consider the coupled first order differential equations,

= ax (1-x - €4Y[2) )

0 e

(1)

v - \/(ECI’Y)“‘I’*), 52)

We are interested in the form of the separatrix y=.I (x), joining the point

x=0, y=1 to the point x=1, y=0 (cf Fig. 1). We may form an equation for

$(x) by noting that € (x) X(x,¥) = "1(1,5) or

Tl 2x( l-x-ca®fa) = 3 (e(1-3)- <) .

(B3)

Near x=1 we expect ]E“ [ h S Examining (B3) in that limit, it reduces

to the linear equation

2 T{‘/ (I-xy = - ¢ d (B4)
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which has solutions proportional to (l—x)d/z. If we set © =(1—x)d/2e8 we
obtain an equation forg . This equation is rather messy and it is better
within the context of the WHARG equations to perfbrm an ( expansion. A form

for g which contains all 0(&) corrections exactly is

“‘ x)C“l exr ic « ( l-:lA)/)- -]

b

3

(B5)

However, since this is arrived at in terms of an expansion in £, it is not

immediately clear that (B5) is the best or most suitable way of writing the

. . . - N 3y A - . o i \ - -

solution of (B3) to O(& ). WL ‘twavé Onitiktd Y2 )varukd‘¥7 e‘ Svuiﬂ Bn
3,.‘7(;:3\.».;\91‘\; - -&; S"\OV'P +'l‘\n»-:j‘;“ A D :

<wovs singularities would be introduced at that order.

T # We now turn our attent.ion to(\:{E exp(—jy d,e.) , On the line X=O’H =1-y by

explicit integration. We also recall thatjvanishes on the separatrix y=§ (x).

: - E ;-
We therefore try a solution of the fomy 2(1-y/ e g,

To first order in &, we find

7 = (1-3 ) epleay/E

()

We have also checked that this form is suitable.
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Thus we have shown that the forms given in (B5) and (Bg) are suitable
0(E) approximate solutions. Since they are used in a variety of contexts
in Sec. IT and Sec. IIT we repeat their expressions here and display their

dependence on A as an -additional argument.

df2
xay = {1-x) ~ exp (e x (=28 ja)

’\f(xﬁ;u (1= 9 [Fam) exp et/ %) . (B8)

It is important to stress that (B7) and (B ¥) give the solutions

to (B1)-(B2) to ok} Thus, in Sec. II, the solution given in (2.9.) is the
proper 0(¢&) solution of (2.5). However, it is not a proper solution to (2.3)
except formally. If the solution given in (2.7 ) is tested with the trans-
formations given in (2.3) one of the 0( 62) terms which is formally dropped
is proportional to 62 'ynz/x. This is to be expected since (2.3) and (2.4
have different locations for their singularities. 1In passing to (2.4), the
separatrix connecting the finite Gaussian and WF points was apprdximated by

a straightline. It is easy to see that if terms up to ynm are kept in the
definition of x (x=0 definesthe critical separatrix) the terms to be formally

My m] /

discarded include one proportional to €& Y, x. Thus to avoid this incon-

venient singularity in the solution of (2.3) we would have to go to arbitrary
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order in &. Although we will argue below that such an effort is bootless,
we will sketch briefly the results of such a solution.
We make the exact change of variable x=?-lf (€ yn) in (2.3) and demand

that x=0 represent the_T=Tc separatrix. The resulting equations are

x =2x[ I-X -67,,4../7.1' 20p-Y df/d)ﬁ)]
| )

(3%)
. _ 1- Y, (1428,)) —=3x +4
3”_3”[6( 4 #] ‘ (B10)
wheref satisfies
0= 2a(lp) (€Indnfr-p)+ In %?”EG('-S-.CH“»‘)*?] -
» Bii

(81e)
Matching the solution to (2.3) and (B%) and A~ will involve R, X, Yn’
° - . . [/
and two new functions Y ' and Y '' defined by Y '=ZTY 'and Y ''=4 y‘_WY’
n n n n- n ‘ n
respectively. Yn' and Yn" are simple powers of Yn if the linear approximation
forf is made as in (2.4). An immediate consequence of (B )-(Bi{) is that

the singularity of Yn at x=0 is changed from (1—yn) to (1—yn) l+a, where
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a=2 A n-@j ~ = ED,.
dyn

The effect of keeping the curvature of the separatrix is to introduce
'at least a cubic term into the v, equation (B1l)). However we have already
discarded from the Yo equation any six-spin interaction term which "feeds
back" from the higher order equations. By examining the WHARG equations one
finds that the six-spin coupling constant is O(yn3). Thus, we cannot keep
any curvature in the separatrix without including the six-spin terms. If
we were to use the exact separatrix we would have to solve the infinite set
of WHARG equations. Furthermore, the use of the WﬁARG equations could not
be justified since the momentum dependence has been neglected.

We also note that logrithmic corrections of the sort described by Wegner17
do not appear in ang -expansion. Ref. 17 gives a general procedure to extract
nonlinear scaling fields and shows that the méthod‘may fail if the eigenvalues
satisfy certain integral relations. In the examples in Sec. II or Sec. IIT,
Wegner would predict logrithmic corrections if 2/¢ = N, an-integer. These
corrections will never appear in any g&-expansion. The source of these terms
is the vanishing of the denominator of some coefficient in a tentative power
series expansion for the scaling fields of the form 1/(N€é -2). In a consistent

& -expansion this denominator must be expanded as -1/2-41/4N € ... Thus, to
any fixed order in € no difficulty is encountered.

This rather unhappy resolution is closely related to a similar situation
in the field theoretic approach to the € —-expansion. The Feyman diagram
illustrated in Fig. 7a diverges as P_e for small P. This divergence is not
troublesome in a few simple diagrams, but by concatenating N such simple loops
the divergence is increased to P_NE(Fig. 7b). The multiple loop diagram can
replace the single loop diagram in any Feyman diagram, and no further '"renor-
malization" removes this divergence. To handle this, a consistent ¢ -expansion

N

=N¢
is performed so that P =1-Ng InP+. .. The divergence of each log term is



310

sufficiently wgak to be incorporated into the remaining diagramatic calculations
and renormalization proceedure. Thus, in both cases a real singularity is
removed by the use of a self-consistent €& -expansion.

We also note that the expansion of the nonlinear scaling fields in power
series is limited in usefulness by the fact that the fields contain singularities.
The zero of the function ﬁ;{ ,for example, is hard to lacate 1in a power
series ekpansion. The delineation of the basic singularities of the nonlinear
scaling fields enables the series expansions of Ref. 17 to be partially summed

to give faithful representations of the scaling fields
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APPENDIX C. The Special Cases n=0, w, 2,4.

In a few special cases, the solution of the equations of Sec. III can be

carried further. For n=0 and n=m® completely explicit solutions can be obtained

within the context of an ¢ -expansion. For n=2 and n=4, the renormalization

trajectories in the x=0 plane cai be obtained exactly.

For n=0 and n=w , we may take z=yn+y2n. The x equation and the z

equation decouple from the remaining equation. We have

’lx(|"’X‘ GZ:/,?) \

A

i =

for n=0, and

for n= oo;

s

Z%hile in both cases the z equation is

2 -z (ecli-z)1x)

(C1)

(C2)

(€3)

Combining the solution of the two dimensional problem with the information

given in (3.9) we have immediately for n=0
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\a 1
Y - ‘j nt %;"\ YO
aAn e —" ) (c4)
Yo 4 Y2n
y 'h[
= W) (c5)
n _ -Y’ x )
‘jn 1 ‘jl"‘ o
where Yo=/y(x,yn+y2n, 1/4). Similarly for n=w , we have
\Yn - In Y':;’ ' 33.". - |
Ya + Yan | (c6)

Vo= Yo Qe
an

y‘b jn + “‘An (c7)

where Yoo ;:f (x,yn-!-yzn,l) .
For the case n=2 and n=4 (where (3.9) fails to provide any information),
some extra information is available in the form of the renormalization trajectories
in the x=) plane. In principle, Yn and Y2n can be obtained in the x={} plane
by one integration. The form of Yn and an at x=0 is probably sufficient
since we are interested in x-»0 and we know how the boundary conditions for

Yn and an depend on x (see Sec. III). For n=2, the trajectories are given



implicitly by

$ N . > ’ + 5-’3n/3ﬁ
[ %""»'("L’")i?( i\i‘g}h’”'z"% () + A% s -eiz;\:] € =

while, for n=4, the corresponding equation ig

[ Lo, - (3a) * 2 [ L )2’3 1o 427 oM

an

Tan 3 fin 32

K © (C8)

L

= K° (C9)
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APPENDIX D. Zero-Fields Gibbs potential

As discussed in Sec. II, the zero field Gibbs potential (for T)Tc) can

2¢,2]

be written as

® _d4 N
G= dn Je £a C14re)) dE
2 A | (p1)

In (D1) we have set)z=0. Integrating this equatidn by parts we have that

oo

G = %ln(s+m>)+-§'_~_fe'd4__f_@l_d£

e [+ r(€) (D2)

Examination of Egs. (2.2) and (2.4) for the two-parameter problem or Egs.

(3.2) and (3.3) for the three parameter problem shows that to O(€) we

may replace £/(l+r) by@x and (l+r) by X_l. Eq. (D) now reads

q.. .-.--.g:!n X(O) + n,fe'“ x) d€

o (D3)

The Gibbs potential can now in principle be evaluated by expressing x in terms
of the nonlinear scaling fields given in (2.10) and (3.14) for the two-parameter

and three parameter problems respectively, and performing the integration in (D3).
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For example, in the two-parameter case we may write the integral in (D3)

as

0de = 2 Sn (x,m g[‘ O, ypx)) dx’
nje ?retyde = f 3 Qél"n("')] | o

In (D4), y (x") denotes the value of v, at x=x' on the renormalization
n
trajectory passing through (x,yn). We may consider two limiting cases of (D4).

First we restrict (x,yn) to lie on the separatrix Y= f n(x). In this case,

d4-4
=X __dx
n f € xwydt = '_(%’K%S (W) (1-€dn(+0)/2) (05)

/

using (2, 9b) we have

As a second example we consider (x,yn) such that ynfe«l—x)z all along the

renormalization trajectory. In this case we may neglect Yn and write

® — G-x' E%" dx!
n.{ e R’“ a- x)"’ﬁ%J (D6)

s 2 . e . .
The condition v, & (1-x)“ cannot be satisfied as x <0 unless v, is identically
zero; in all other cases, the trajectories sweep toward the separatrix so that

the free energy more closely approximates the solution given in (D5). We note
2- o(gau

that the prefactor of the integral in (D6) is simply S

with Y set =1.
gau n

For the general case, the trajectories yn(x') are given implicitly in the
renormalization invariant (2.13 ). For further discussions and model calculations,

see Ref. 26-27.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

The (p,q) plane of Eq. (1.1), Only two fixed points are shown. Local
integral curves for the fixed points (0,0) and(0,1) are sketched as
shown. The local regions of validity of the linearized approximations
to the correlation 1engt£ (cf. Eq. (1.0) and(1.3 )) are indicated,

as well as the nonlinear global region considered in Sec. II.

The solution region for the two—-parameter problem of Sec. II is shown.
The region includes three fixed points, dendted as the finite Gaussian,
infinite Gaussian, and Wilson-Fisher fixed points. The separatrix
connecting the Wilson-Fisher and infinite Gaussian fixed points is
labeled yn=?n(x). The line x=0 corresponds to the surface of

critical Hamiltonians.

Diagramatic representation of the Hamiltonian density (3.1). The
squares and circles represent the n—components subsystems El and"é2
respectively. This system can be regarded as either (a) possessing

a biquadratic interaction between the two subsystems, or (b) possessing
an anisotropic self-interaction of a single 2n~-component spin 3 a(§i,§2).
In case (a), the intrasystem interaction strength is w while the
intersystem interaction is u/2. In case (b), the super-spin interactions
is u/2 while the anisotropic interaction is w-u.

The solution region for the three-parameter problem of Sec. III is
shown for various values of the spin-dimension n. There are five

fixed points: the finite Gaussian, point, the infinite Gaussian

point, the n-spin point at x=0, y2n=0, yn=1, the 2n-spin point at

x=0, yn=0, y2n=l and the "z-point" whose location depends on n as

indicated in the text. Boundary conditions on the functions Yn and an



Fig. 5.

Fig. 6.

Fig. 7.

3x0

are indicated for the separ-surfaces. In (a), the solution region

is depicted for n ¢ 23]'.n (b), for 2¢n<4:in (c), n24.

The solution trajectories in the x=0 plane are shown. The renormali-
zation trajectories sweep toward the separatrices joining the relatively
unstable fixed points to the stablest fixed points before moving to the
satblest fixed point. This behavior, although illstrated for n =1
holds for all n.

Comparison of the phase diagram of an Ising metamagnet and the
three-parameter crossover problem of Sec. III.

(a) The phase diagram of the metamagnet is shown in zero staggared
field, A coexistence volume is capped by a surface of ordinary
critical points (0=2). This surface is bounded by two lines of
tricritical points (0=3). The tricritical lines intersect at the

ok4 point H=0,f2=0, T=T2, the two-dimensional Ising critical
temperature.

(b) The solution region for the three parameter problem for 2:n<4

is shown. The finite Gaussian point corresponds to the point of

order four; the lines yn=0 and y2n=0 correspond to the 0=3 lines;

The portion of the x=0 plane bounded by the "tricritical" lines and

the separatrices joining the 2n-spin point and the n-spin point to

the z-point correspond to the surface of ordinary critical points (0=2).
Feynman diagrams for simple loop divergence.

(a) A single loop with momenta 31 and"B2 diverges like P_e where'§¥§i¥$2.
(b) N such loops linked together give a diagram which diverges like

-Ne
P N » which is of arbitrary order for sufficiently large N.
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