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Abstract: We consider a variety of nearest-neighbor spin models defined on the
d-dimensional hypercubic lattice Z¢. Our essential assumption is that these models
satisfy the condition of reflection positivity. We prove that whenever the associated
mean-field theory predicts a discontinuous transition, the actual model also undergoes
a discontinuous transition (which occurs near the mean-field transition temperature),
provided the dimension is sufficiently large or the first-order transition in the mean-
field model is sufficiently strong. As an application of our general theory, we show that
for d sufficiently large, the 3-state Potts ferromagnet on Z¢ undergoes a first-order phase
transition as the temperature varies. Similar results are established for all g-state Potts
models with ¢ > 3, the r-component cubic models with » > 4 and the O (N)-nematic
liquid-crystal models with N > 3.
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1. Introduction

1.1. Motivation and outline. Mean-field theory has traditionally played a seminal role
for qualitative understanding of phase transitions. In fact, most practical studies of com-
plex physical systems begin (and sometimes end) with the analysis of the corresponding
mean field theory. The central idea of mean-field theory — dating back to [15,53] — is
rather compelling: The ostensibly complicated interactions acting on a particular ele-
ment of the system are replaced by the action of an effective (or mean) external field.
This field causes a response at the point of question and its value has to be self-consis-
tently adjusted so that the response matches the effective field. The practical outcome
of this procedure is a set of equations, known as the mean-field equations. In contrast to
the original, fully interacting system, the mean-field equations are susceptible to direct
analytical or numerical methods.

There is a general consensus that mean-field predictions are qualitatively or even
quantitatively accurate. However, for short-range systems, a mathematical foundation
of this belief has not been presented in a general context. A number of rigorous results
have related various lattice systems to their mean-field counterparts, either in the form of
bounds on transition temperatures and critical exponents, see [19,20,52] and references
therein, or in terms of limits of the free energy [48] and the magnetization [12,41] as
the dimension tends to infinity. In all of these results, the nature of the phase transition
is not addressed or the proofs require special symmetries which, as it turns out, ensure
that the transition is continuous. But, without special symmetries (or fine tuning) phase
transitions are typically discontinuous, so generic short-range systems have heretofore
proved elusive. (By contrast, substantial progress along these lines has been made for
systems where the range of the interaction plays the role of a large parameter. See,
e.g., [10,11,14,47].)

In this paper we demonstrate that for a certain class of nearest-neighbor spin systems,
namely those that are reflection positive, mean-field theory indeed provides a rigorous
guideline for the order of the transition. In particular, we show that the actual systems
undergo a first-order transition whenever the associated mean-field model predicts this
behavior, provided the spatial dimension is sufficiently high and/or the phase transition is
sufficiently strong. Furthermore, we give estimates on the difference between the values
of parameters of the actual model and its mean-field counterpart at their corresponding
transitions and show that these differences tend to zero as the spatial dimension tends to
infinity. In short, mean field theory is quantitatively accurate whenever the dimension
is sufficiently large.
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The main driving force of our proofs is the availability of the so called infrared
bound [18,22-24], which we use for estimating the correlations between nearest-neigh-
bor spins. It is worth mentioning that the infrared bound is the principal focus of interest
in a class of rigorous results on mean-field critical behavior of various combinatorial
models [13,30-32,37,39] and percolation [29,33-36,38,40] based on the technique of
the lace expansion. However, in contrast to these results (and to the hard work that they
require), our approach is more reminiscent of the earlier works on high-dimensional
systems [1-3], where the infrared bound is provided as an input. In particular, for our
systems this input is a consequence of reflection positivity. (As such, some of our results
can also be extended to systems with long-range forces; the relevant modifications will
appear in a separate publication [9].)

The principal substance of this paper is organized as follows: We devote the remainder
of Sect. 1 to a precise formulation of the general class of spin systems that we consider,
we then develop some general mean-field formalism and, finally, state our main theo-
rems. Sect. 2 contains a discussion of three eminent models — Potts, cubic and nematic —
with specific statements of theorems which underscore the first-order (and mean-field)
nature of the phase transitions for the large-d version of these models. In Sect. 3 we
develop and utilize the principal tools needed in this work and provide proofs of all
statements made in Sect. 1. In Sect. 4, we perform detailed analyses and collect vari-
ous known results on the mean-field theories for the specific models mentioned above.
When these systems are “sufficiently prepared,” we apply the Main Theorem to prove
all of the results stated in Sect. 2. Finally, in Sect. 5, we show that for any model in the
class considered, the mean-field theory can be realized by defining the problem on the
complete graph.

1.2. Models of interest. Throughout this paper, we will consider the following class of
spin systems on the d-dimensional hypercubic lattice Z¢: The spins, denoted by S, take
values in some fixed set €2, which is a subset of a finite dimensional vector space Eq. We
will use (-, -) to denote the (positive-definite) inner product in Eq and assume that €2 is
compact in the topology induced by this inner product. The spins are weighted according
to an a priori Borel probability measure © whose support is €2. An assignment of a spin
value S, to each site x € Z¢ defines a spin configuration; we assume that the a priori
joint distribution of all spins on Z¢ is i.i.d. Abusing the notation slightly, we will use
to denote the joint a priori measure on spin configurations and use (—)¢ to denote the
expectation with respect to x.
The interaction between the spins is described by the (formal) Hamiltonian

J
'BH:_Z Z(SX’Sy)_Z(b’SX)' (L.1)
(x,) x

Here (x, y) denotes a nearest-neighbor pair of Z¢, the quantity b, playing the role of an
external field, is a vector from Eg, and S, the inverse temperature, has been incorporated
into the (normalized) coupling constant J > 0 and the field parameter b.

The interaction Hamiltonian gives rise to the concept of a Gibbs measure which is
defined as follows: Given a finite set A C Z4, a configuration § = (Sx)yea in A and a
boundary condition S’ = (S;)erd\A inZ4\ A, welet BH, (S|S’) be given by (1.1) with
the first sum on the right-hand side of (1.1) restricted to (x, y) such that {x, y}N A # 0,
the second sum restricted to x € A, and S, for x & A replaced by §’.. Then we define
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the measure vf\sl on configurations S in A by the expression
—BHA(SIS)
" €
vy ' (dS) = ———=—nu(dS), 1.2
RS = — @) (1.2)

where Z 4 (S’) is the appropriate normalization constant which is called the partition
function. The measure in (1.2) is the finite-volume Gibbs measure corresponding to the
interaction (1.1).

In statistical mechanics, the measure (1.2) describes the thermodynamic equilibrium
of the spin system in A. To address the question of phase transitions, we have to
study the possible limits of these measures as A expands to fill in Z¢. In accord with
the standard definitions, see [26], we say that the spin model undergoes a first-order
phase transition at parameter values (J, b) if there are at least two distinct infinite-
volume limits of the measure in (1.2) arising from different boundary conditions. We
will call these limiting objects either infinite-volume Gibbs measures or, in accordance
with mathematical-physics nomenclature, Gibbs states. We refer the reader to [26, 52]
for more details on the general properties of Gibbs states and phase transitions.

We remark that, while the entire class of models has been written so as to appear
identical, the physics will be quite different depending on the particulars of 2 and p,
and the inner product. Indeed, the language of magnetic systems has been adapted only
for linguistic and notational convenience. The above framework can easily accommo-
date any number of other physically motivated interacting models such as lattice gases,
ferroelectrics, etc.

1.3. Mean-field formalism. Here we will develop the general formalism needed for stat-
ing the principal mean-field bounds. The first object of interest is the logarithmic moment
generating function of the distribution u,

G(h) = log / w(ds) eSm. (1.3)
Q

Since €2 was assumed compact, G (h) is finite for all & € Eg. Moreover, k — G(h) is
continuous and convex throughout Eg.

Every mean-field theory relies on a finite number of thermodynamic functions of
internal responses. For the systems with interaction (1.1), the object of principal interest
is the magnetization. In general, magnetization is a quantity taking values in the closed,
convex hull of €2, here denoted by Conv($2). If m € Conv(f2), then the mean-field
entropy function is defined via a Legendre transform of G (h),

S@m) = hiergQ{G(h) — (m,h)}. (1.4)

(Strictly speaking, (1.4) makes sense even for m ¢ Conv(£2) for which we simply get
S(m) = —o0.) In general, m — S(m) is concave and we have S(m) < 0 for all
m € Conv(£2). From the perspective of the large-deviation theory (see [16, 19]), the
mean-field entropy function is (the negative of) the rate function for the probability that
the average of many spins is near m.

To characterize the effect of the interaction, we have to introduce energy into the
game. For the quadratic Hamiltonian in (1.1), the (mean-field) energy function is given
simply by
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1
Ejp(m) = —§J|m|2 — (m, b), (1.5)

where |m|? = (m, m). On the basis of physical considerations, a state of thermodynamic
equilibrium corresponds to a balance between the energy and the entropy. The appropri-
ate thermodynamic function characterizing this balance is the free energy. We therefore
define the mean-field free-energy function by setting @y p(m) = Ejp(m) — S(m), i.e.,

1
@y p(m) = —§J|m|2 — (m,b) — S(m). (1.6)

The mean-field (Gibbs) free energy Fmr(J, b) is defined by minimizing & 5(m) over
all m € Conv(£2). Assuming a unique minimizer, this and (1.4—1.5) give us a definition
of the mean-field magnetization, entropy and energy. A more interesting situation occurs
when there is more than one minimizer of @ p. The latter cases are identified as the
points of phase coexistence while the former situation is identified as the uniqueness
region.

For the sake of completeness, it is interesting to observe that every minimizer of
@ p(m) (in fact, every stationary point) in the relative interior of Conv(£2) is a solution
of the equation

m=VG(Jm+b), (1.7)

where V denotes the (canonical) gradient in Eq. This is the mean-field equation for
the magnetization, which describes the self-consistency constraint that we alluded to
in Sect. 1.1. The relation between (1.7) and the stationarity of @ j is seen as follows:
V@& p(m) = 0 implies that Jm + b + VS(mn) = 0. But h = —VS(m) is equivalent to
m = VG (h), and stationarity therefore implies (1.7).

We conclude with a claim that an immediate connection of the above formalism to
some statistical mechanics problem is possible. Indeed, if the Hamiltonian (1.1) is re-
defined for the complete graph on N vertices, then the quantity @ 5 (m) emerges as the
rate function in a large-deviation principle for magnetization and hence Fyg(J, b) is
the free energy in this model. A precise statement and a proof will appear in the last
section (Theorem 5.1 in Sect. 5); special cases of this result have been known since time
immemorable, see e.g. [19].

1.4. Main results. Now we are in a position to state our general results. The basic idea is
simply to watch what happens when the value of the magnetization in an actual system
(governed by (1.1)) is inserted into the associated mean-field free-energy function. We
begin with a general bound which relies only on convexity:

Theorem 1.1. Consider the spin system on 74 with the Hamiltonian (1.1)and let vy p be
an infinite-volume Gibbs measure corresponding to the parameters J > 0 andb € Eq in
(1.1). Suppose that v p is invariant under the group of translations and rotations of Vi
Let (—) j p denote the expectation with respect to vy p and let m, be the magnetization
of the state v p defined by

m, = (S0)7.p, (1.8)
where 0 denotes the origin in Z%. Then
J
@ < inf o ~[((So, S — m,|?], 1.9
spmy) < inf 7.b(m) + 2[(( 058x)) ;5 — Imal] (1.9)

where x denotes a nearest neighbor of the origin.
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Thus, whenever the fluctuations of nearest-neighbor spins have small correlations, the
physical magnetization almost minimizes the mean-field free energy. The bound (1.9)
immediately leads to the following observation, which, to the best of our knowledge,
does not appear in the literature:

Corollary 1.2. Let vy p and (=) j p be as in Theorem 1.1 and let m,, be as in (1.8). Then
<(SX7 S>')>J,b = |m*|2 (1.10)

for any pair of nearest-neighbors x, y € Z2. In particular, for any model with interac-
tion (1.1), the nearest-neighbor spins are positively correlated in any Gibbs state which
is invariant under the translations and rotations of Z¢.

Our next goal is to characterize a class of Gibbs states for which the correlation term
on the right-hand side of (1.9) is demonstrably small. However, our proofs will make
some minimal demands on the Gibbs states themselves and it is therefore conceivable
that we may not be able to access all the extremal magnetizations. To define those val-
ues of magnetization for which our proofs hold, let F(J, b) denote the infinite-volume
free energy per site of the system on Z¢, defined by taking the thermodynamic limit of
—‘)\—I log Z A, see e.g. [50]. (Note that the existence of this limit follows automatically
by the compactness of €2.) The function F (J, b) is concave and, therefore, has all direc-
tional derivatives. Let %, (J, b) be the set of all pairs [e,, m,] such that

F(J+AJ,b+ Ab) — F(J,b) < e,AJ + (m,, Ab) (1.11)

holds for all numbers AJ and all vectors Ab € Egq. By a well-known result (see the
discussion of the properties of subdifferential on page 215 of [51]), %, (J, b) is a convex
set; we let ., (J, b) denote the set of all values m, such that [e,, m,] is an extreme point
of the set %, (J, b) for some value e,.

Our Main Theorem is then as follows:

Main Theorem. Let d > 3 and consider the spin system on 7¢ with the Hamiltonian
(1.1). Let n denote the dimension of Eq. For J > 0 and b € Egq, let m, € #,(J,b).
Then

®ypm,) < inf  Dypm)+ Insly, (1.12)
meConv(£2) 2

where k = maxseq(S, S) and

/ d% 1 — Dk)]?
I; = =
[—m,m]d (zn)d D (k)

(1.13)

with D(k) =1 — % 3°9_, cos(ky).
The bound (1.12) provides us with a powerful method for proving first-order phase

transitions on the basis of a comparison with the associated mean-field theory. The key to
our whole program is that the “error term”, Jn % 1,4, vanishes in the d — oo limit; in fact,

1
1; = ﬁ(l +0(1)) as d— oo, (1.14)
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Fig. 1. The mean-field free energy as a function of a scalar magnetization m(J) for the typical model
undergoing a first-order phase transition. In an interval of values of J, there are two local minima which
switch their order at J = Jyp. If the “barrier” height A(J) always exceeds the error term from (1.12),
there is a forbidden interval of scalar magnetizations and m(J) has to jump as J varies. The actual plot
corresponds to the 3-state Potts model for J taking the values (a) 2.73, (b) 2.76, (c) 2.77 and (d) 2.8. See
Sect. 2.1 for more details

see [12]. For d sufficiently large, the bound (1.12) thus forces the magnetization of the
actual system to be near a value of m that nearly minimizes @ j p (m). Now, recall a typ-
ical situation of the mean-field theory with a first-order phase transition: There is a Jmr
such that, for J near Jyur, the mean-field free-energy function has two nearly degenerate
minima separated by a barrier of height A(J), see Fig. 1. If the barrier A(J) always
exceeds the error term in (1.12), i.e., if A(J) > J n%ld, some intermediate values of
magnetization are forbidden and, as J increases through Jyr, the physical magnetization
undergoes a jump at some J; near Jyp. See also Fig. 2.

The Main Theorem is a direct consequence of Theorem 1.1 and the following lemma:

Key Estimate. Let J > 0 and b € Eq and let m, € #,(J,b). Let n, k and I be as
in the Main Theorem. Then there is an infinite-volume Gibbs state v p for interaction
(1.1) such that

m, = (S0) 75, (1.15)
and

((Sx,8), 5 — Imal® < iy, (1.16)

for any nearest-neighbor pair x,y € Z%. Here (—) J.b denotes the expectation with
respect to Vj p.
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The Key Estimate follows readily under certain conditions; for instance, when the
parameter values J and b are such that there is a unique Gibbs state. Under these circum-
stances, the bound (1.16) is a special case of the infrared bound which can be derived
using reflection positivity (see [18,22—24]) and paying close attention to the “zero mode.”
Unfortunately, at the points of non-uniqueness, the bound in (1.16) is also needed. The
restriction to extreme magnetizations is thus dictated by the need to approximate the
magnetizations (and the states which exhibit them) by states where the standard “RP,
IRB” technology can be employed.

The Key Estimate and Theorem 1.1 constitute a proof of the Main Theorem. Thus,
a first-order phase transition (for d >> 1) can be established in any system of the form
(1.1) by detailed analysis of the full mean-field theory. Although this sounds easy in
principle, in practice there are cases where this can be quite a challenge. But, ultimately,
the Main Theorem reduces the proof of a phase transition to a problem in advanced
calculus where (if desperate) one can employ computers to assist in the analysis.

1.5. Direct argument for mean-field equation. We have stated our main results in the
context of the mean-field free energy. However, many practical calculations focus im-
mediately on the mean-field equation for magnetization (1.7). As it turns out, a di-
rect study of the mean-field equation provides us with an alternative (albeit existential)
approach to the results of this paper. The core of this approach is the variance bound
for the magnetization stated as follows:

Lemma 1.3. Let d > 3 and consider the spin system on Z¢ with the Hamiltonian (1.1).
Let n and 1; be as in the Main Theorem. For J > 0 and b € Eq, let m, € .#,(J,b).
Then there is an infinite-volume Gibbs state v;p for the interaction (1.1) such that
m, = (So),p and

2
) <nJ7 'y, (1.17)
J.b

5 X 5:-m

x: |x|=1
where (—) j p denotes the expectation with respect to v p.

Here is how the bound (1.17) can be used to prove that mean-field equations are ac-
curate in sufficiently large dimensions: Conditioning on the spin values at the neighbors
of the origin and recalling the definition of G (h), the expectation (So) s 5 can be written
as

J
<So>,,b=<vc(ﬁ > Sx+b)> . (1.18)

x: |x|=1 J.b

Since the right-hand side of (1.17) tends to zero as d — oo, the (spatial) average of
the spins neighboring the origin — namely ﬁ Doy Ix|=1 Sx — is, with high probability,
very close to m,. Using this in (1.18), we thus find that m, approximately satisfies the
mean-field equation (1.7). Thus, to demonstrate phase coexistence (for d > 1) it is
sufficient to show that, along some curve in the parameter space, the solutions to the
mean-field equations cannot be assembled into a continuous function. In many cases,
this can be done dramatically by perturbative arguments.

While this alternative approach has practical appeal for certain systems, the principal
drawback is that it provides no clue as to the location of the transition temperature.
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Fig. 2. The solutions of the mean-field equation for the scalar order parameter m as a function of J for the
10-state Potts model. The solid lines indicate the local minima, the dashed lines show the other solutions
to the mean-field equation. The portions of these curves in the regions where m is sufficiently close to
zero or one can be (rigorously) controlled using perturbative calculations. These alone prove that the
mean-field theory “does not admit continuous solutions” and, therefore, establish first order transitions

for d > 1. The shaded regions show the set of allowed magnetizations for the system on 74 when
1; < 0.002. In addition to manifestly proving a discontinuous transition, these provide tight numerical
bounds on the transition temperature and reasonable bounds on the size of the jump

Indeed, as mentioned in the paragraph following the Main Theorem, secondary minima
and other irrelevant solutions to the mean-field equations typically develop well below
J = Jmp. Without the guidance of the free energy, there is no way of knowing which
solutions are physically relevant.

2. Results for Specific Models

In this section we adapt the previous general statements to three models: the g-state Potts
model, the r-component cubic model and the O (N )-nematic liquid crystal model. For
appropriate ranges of the parameters ¢, r and N and dimension sufficiently large, we
show that these models undergo a first-order phase transition as J varies. The relevant
results appear as Theorems 2.1, 2.3 and 2.6.

2.1. Potts model. The Potts model, introduced in [49], is usually described as having a
discrete spin space with ¢ states, o, € {1, 2, ..., g}, with the (formal) Hamiltonian

BH =~ 65,0, @.1)

(x.y)

Here d5,4, is the usual Kronecker delta and J = ﬁ. To bring the interaction into the
form of (1.1), we use the so called tetrahedral representation, see [54]. In particular, we
let @ = {91, ..., 9,4}, where ¥, denote the vertices of a (g — 1)-dimensional hypertet-
rahedron, i.e., ¥, € R?~! with

1, ifa =8,

2.2
— qlTl, otherwise. (2.2)

Vg - Vg =
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The inner product is proportional to the usual dot product in R?~!, Explicitly, if S, € Q
corresponds to oy € {1, ..., g}, then we have

~1 1
S Sy =18, .8 =650, — . 2.3)
q ’ q

(The reason for this rescaling the dot product is to maintain coherence with existing
treatments of the mean-field version of this model.) The a priori measure pu gives a
uniform weight to all g states in €2.

Let us summarize some of the existing rigorous results about the g-state Potts model.
The g = 2 model is the Ising model, which in mean-field theory as well as real life has
a continuous transition. It is believed that the Potts model has a discontinuous transition
foralld > 3 and ¢ > 3 (see, e.g., [54]). In any d > 2, it was first proved in [45] that
for g sufficiently large, the energy density has a region of forbidden values over which it
must jump discontinuously as J increases. On the basis of FKG monotonicity properties,
see [4], this easily implies that the magnetization is also discontinuous. Such results have
been refined and improved; for instance in [44,46], Pirogov-Sinai type expansions have
been used to show that there is a single point of discontinuity outside of which all quan-
tities are analytic. However, for d > 3, the values of ¢ for which these techniques work
are “astronomical,” and, moreover, deteriorate exponentially with increasing dimension.

Let m,(J) and e,(J) denote the actual magnetization and energy density, respec-
tively. These quantities can be defined using one-sided derivatives of the physical free
energy:

a d
* =—F ) % * =—F /, , 24
m(J) 55 J,b%1) b0t and e, (J) 57 "0 St (2.4)

or, equivalently, by optimizing the expectations ((V1, Sp)), resp., % ((So, Sx)), where “0”
is the origin and x is its nearest neighbor, over all Gibbs states that are invariant under
the symmetries of Z¢. Recalling the Fortuin-Kasteleyn representation [4,21,27,28], let
P~ (J) be the probability that, in the associated random cluster model with parameters
p=1—e7/%D and g, the origin lies in an infinite cluster. Then m,(J) and Poo(J)
are related by the equation

qg—1
my(J) = TPoo(J)- (2.5)

As a consequence, the magnetization m,(J) is a non-decreasing and right-continuous
function of J. The energy density e, (J) is non-decreasing in J simply by concavity of
the free energy. The availability of the graphical representation allows us to make general
statements about the phase-structure of these systems. In particular, in any d > 2 and
for all ¢ under consideration, there is a J. = J.(¢q, d) € (0, c0) such that m,(J) > 0 for
J > J. while m,(J) = 0 for J < J, see [4,28]. Whenever m,(J;) > 0 (which, by the
aforementioned results [44—46], is known for ¢ > 1), there are at least g + 1 distinct
extremal, translation-invariant Gibbs states at J = J..

The mean-field free energy for the model without external field is best written in
terms of components of m: If (x1, ..., x4) is a probability vector, we express m as

m=x191 4+ x,9. (2.6)
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The interpretation of this relation is immediate: x; corresponds to the proportion of
spins in the k™ spin-state. In terms of the variables in (2.6), the mean-field free-energy
function is (to within a constant) given by

q
®;(m) =Y (—35x7 + xilogxy). 2.7)
k=1

In (2.7) we have for once and all set the external field b to zero and suppressed it from
the notation.

It is well-known (see [41,54] and also Lemma 4.4 of the present paper) that, for each
q > 3, there is a JMr € (2, g) such that @; has a unique global minimizer m = 0 for
J < Jumr, while for J > Jur, there are ¢ global minimizers which are obtained by per-
mutations of single (x1, ..., x4) with x; > x = --- = x4. To keep the correspondence
with m(J), we define the scalar mean-field magnetization myr(J) as the maximal
Euclidean norm of all global minimizers of the mean-field free energy @ (m). (In this
parametrization, the asymmetric global maxima will be given by x; = é + mme(J)

andxy =--- = x4 = L_ q—ilmMF(J).) Then myr(J) is the maximal positive solution

q
to the equation

m= . (2.8)

In particular, J — myp(J) is non-decreasing. We note that the explicit values of the cou-
pling constant Jyr and the magnetization m. = mmp(Jmr) at the mean-field transition
are known:

-1 -2
17 " log(g—1) and me=21"2, (2.9)
q—2 q

JME =2

see e.g. [54]. Thus, the mean-field transition is first-order for all g > 2.
Our main result about the Potts model is then as follows:

Theorem 2.1 (Potts model). Consider the q-state Potts model on 74 and let m,(J) be
its scalar magnetization. For each q > 3, there exists a J; = Ji(q, d) and two numbers
€1 =€1(d,J) > 0and 2 = €3(d) > 0 satisfying €1(d, J) — 0, uniformly on finite
intervals of J, and €3(d) — 0 as d — 00, such that the following holds:

my(J) <e for J<J (2.10)
and
Im.(J) —mmp(N| <€ for J > J. 2.11)
Moreover,
|Jt — Jvr| < €. (2.12)

In particular, both the magnetization m,(J) and the energy density e.(J) undergo a
jump at J = J; whenever d is sufficiently large.
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The jump in the energy density at J; immediately implies the existence of at least
q + 1 distinct extremal Gibbs measures at J = J;. However, the nature of our proofs
does not permit us to conclude that m,(J) = 0 for J < J; nor can we rule out that m, (J)
undergoes further jumps for J > J;. (Nonetheless, the jumps for J > J; would have to
be smaller than 2¢;(d, J).) Unfortunately, we can say nothing about the continuous-¢
variant of the Potts model — the random cluster model — for non-integer ¢. In this work,
the proofs lean too heavily on the spin representation. Furthermore, for non-integer ¢,
the use of our principal tool, reflection positivity, is forbidden; see [8].

We also concede that, despite physical intuition to the contrary, our best bounds
on e€>(d) and €1 (d, J) deteriorate with increasing g. This is an artifact of the occurrence
of the single-spin space dimension on the right-hand side of (1.12). (This sort of thing
seems to plague all existing estimates based on reflection positivity.) In particular, we
cannot yet produce a sufficiently large dimension d for which the phase transition in all
(g > 3)-state Potts models would be provably first order.

2.2. Cubic model. Our second example of interest is the r-component cubic model.
Here the spins S, are the unit vectors in the coordinate directions of R”, i.e., if & are
the standard unit vectors in R”, then

Q={t&:k=1,...,rh. (2.13)

The Hamiltonian is given by (1.1), with the inner product given by the usual dot product
in R" and the a priori measure given by the uniform measure on 2. As in the last sub-
section, we set b = 0 and suppress any b-dependence from the notation. We note that
the r = 1 case is the Ising model while the case r = 2 is equivalent to two uncoupled
Ising models.

The cubic model was introduced (and studied) in [42,43] as a model of the magnetism
in rare-earth compounds with a cubic crystal symmetry. There it was noted that the as-
sociated mean-field theory has a discontinuous transition for » > 4, while the transition
is continuous for » = 1, 2 and 3. The mean field theory is best expressed in terms of
the collection of parameters y = (y1, ..., yr) and & = (@1, ..., Ur), where yj stands
for the fraction of spins that take the values £8&; and uyyx is the magnetization in the
direction &. In this language, the magnetization vector can be written as

m=yj €+ -+ yrur&. (2.14)

To describe the mean-field free-energy function, we define

r

K G i)=Y (velog vk + vk O2ryiai), (2.15)
k=1

where @ () denotes the standard Ising mean-field free energy with bias u; i.e., the
quantity in (2.7) with ¢ = 2, x; = (1 + p) and x = (1 — p). Then @ (m) is found
by minimizing K ' (3, fz) over all allowed pairs (7, fz) such that (2.14) holds.

As in the case of the Potts model, the global minimizer of @ ;(m) will be a permuta-
tion of a highly-symmetric state. However, this time the result is not so well known, so
we state it as a separate proposition:
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Proposition 2.2. Consider the r-component cubic model. For each J > 0, the only local
minima of @y arem = 0orm = myp &, k =1, ..., r, where myr = myr(J) is the
maximal positive solution to the equation

sinh Jm 2.16)
m= —————. .
r—1-+coshJm

Furthermore, there is a Jmp € (0, 00) such that the only global minimizers of @ j(m)
arem = 0for J < Jqpandm = £myp(J)é, k=1, ..., r, (with mmp(J) > 0) for
J > JMF.

For a system on Z<, the scalar magnetization is most conveniently defined as the
norm of (Sp) s, optimized over all translation-invariant Gibbs states for the coupling
constant J. The energy density e, (/) is defined using the same formula as for the Potts
model, see (2.4).

Our main result about the cubic model is then as follows:

Theorem 2.3 (Cubic model). Consider the r-state cubic model on Z¢ and let m,(J)
be its scalar magnetization. Then for every r > 4, there exists a J; = Ji(q, d) and two
numbers €] = €1(d, J) > 0 and €; = €2(d) > 0 satisfying €1(d, J) — 0, uniformly on
finite intervals of J, and €3(d) — 0 as d — oo, such that the following holds:

me(J) <e for J < J; .17
and
Im.(J) —mme(D] =€ for J > J. (2.18)
Moreover,
|/t — vl < e (2.19)

In particular, both the magnetization m,(J) and the energy density e,(J) undergo a
Jjump at J = J; whenever d is sufficiently large.

As in the case of the Potts model, our technique does not allow us to conclude that J;
is the only value of J where the magnetization undergoes a jump. In this case, we do
not even know that the magnetization is a monotone function of J; the conclusions
(2.17-2.18) can be made because we know that the energy density is close to %m,,(] )2
and is (as always) a non-decreasing function of J. Finally, we also cannot prove that,
in the state with large magnetization in the direction €1, there will be no additional
symmetry breaking in the other directions. Further analysis, based perhaps on graphical
representations, is needed.

2.3. Nematic liquid-crystal model. The nematic models are designed to study the be-
havior of liquid crystals, see the monograph [25] for more background on the subject. In
the simplest cases, a liquid crystal may be regarded as a suspension of rod-like molecules
which, for all intents and purposes, are symmetric around their midpoint. For the models
of direct physical relevance, each rod (or a small collection of rods) is described by an
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three-dimensional spin and one considers only interactions that are (globally) O (3)-
invariant and invariant under the (local) reversal of any spin. The simplest latticized
version of such a system is described by the Hamiltonian

J
BH(S) =~ (Z)(sx -5,)% (2.20)
X,y

with s, a unit vector in R? and x € Z¢ with d = 2 or d = 3. We will study the above
Hamiltonian, but we will consider general dimensions d (provided d > 3) and spins that
are unit vectors in any R" (provided N > 3).

The Hamiltonian (2.20) can be rewritten into the form (1.1) as follows [25]: Let Eq
be the space of all traceless N x N matrices with real coefficients and let 2 be the set
of those matrices Q = (Qq,g) € Eq for which there is a unit vector in v = (vy) € RN
such that

1
Qop = vatp = ~bap. @ B=1....N. 2.21)

Writing O, for the matrix arising from the spin s, via (2.21), the interaction term becomes

1
5y - §y)% = Tr(Q:Q,) + ¥ (2.22)

Now Eg, is a finite-dimensional vector space and (Q, Q') = Tr(QQ’) is an inner prod-
uct on Eg, so (2.20) indeed takes the desired form (1.1), up to a constant that has no
relevance for physics.

The a priori measure on 2 is a pull-back of the uniform distribution on the unit
sphere in R". More precisely, if v is uniformly distributed on the unit sphere in R,
then @ € Q is a random variable arising from v via (2.21). As a consequence, the a
priori distribution is invariant under the action of the Lee group O (N, R) given by

0.—g'0.g, g€OW,R). (2.23)

The parameter signaling the phase transition, the so called order parameter, is “tensor”
valued. In particular, it corresponds to the expectation of Qp. The order parameter can
always be diagonalized. The diagonal form is not unique; however, we can find an or-
thogonal transformation that puts the eigenvalues in a decreasing order. Thus the order
parameter is effectively an N-vector A = (A1, ..., Ay) suchthat Ay > Ap > --- > Apn.
We note that, since each Q, is traceless, we have Zk A = 0.

The previous discussion suggests the following definition of the scalar order param-
eter: For / > 0, we let A.(J) be the value of the largest non-negative eigenvalue of
the matrix (Qo) s, optimized over all translation-invariant Gibbs states for the coupling
constant J. As far as rigorous results about the quantity A, (J) are concerned, we know
from [6] that (in d > 3) A,.(J) > 0 once J is sufficiently large. On the other hand,
standard high-temperature techniques (see e.g. [5,7, 17]) show that if J is sufficiently
small then there is a unique Gibbs state. In particular, since this state is then invariant
under the action (2.23) of the full O (N, R) group, this necessitates that A, (J) = 0 for J
small enough. The goal of this section is to show that A, (J) actually undergoes a jump
as J varies.

The mean-field theory of the nematic model is formidable. Indeed, for any partic-
ular N it does not seem possible to obtain a workable expression for @ (L), even if



Phase Transitions and Mean-Field Theory 67

we allow that the components of A have only two distinct values (which is usually as-
sumed without apology in the physics literature). Notwithstanding, this simple form of
the vector minimizer and at least some of the anticipated properties can be established:

Proposition 2.4. Consider the O (N)-nematic model for N > 3. Then every local mini-
mum of @y (L) is an orthogonal transformation of the matrix

A _dlag(x —L_l —ﬁ) (2.24)

where )\ is a non-negative solution to the equation
1 N-3 JNA X2 2 1
dx(l—x) T2 eN-T (x _N)
0

1 N-3 JN)»XZ
dx (1 —x2) "7 eV
0

In particular, there is an increasing and right-continuous function J +— Amp(J) such
that the unique minimizer of ®;(X) is A = 0 for J < Jur, while for any J > JuF, the
function @ j (L) is minimized by the orthogonal transformations of

A= (2.25)

AME(J) _)LMF(J)). (2.26)

A = di (x I, —
iag( Amr(J) N —1 N —1
At the continuity points of \mr : (JMmE, 00) — [0, 1], these are the only global minimizers
Of @j.

Based on the pictorial solution of the problem by physicists, see e.g. [25], we would
expect that J +— Apmp(J) is continuous on its domain and, in fact, corresponds to the
maximal positive solution to (2.25). (This boils down to showing a certain convexity-
concavity property of the function on the right-hand side of (2.25).) While we could not
establish this fact for all N > 3, we were successful at least for N sufficiently large. The
results of the large-N analysis are summarized as follows:

Proposition 2.5. Consider the O (N)-nematic model for N > 3 and let A(N) (J) be the
maximal positive solution to (2.25). Then there exists an Ny > 3 and, for each N > Ny,
a number Jyr = JMr(N) € (0, 00) such that for each N > Ny, the unique minimizer
of Dy(\) is A = 0for J < Jmr, while forany J > Jur, the function @ j (L) is minimized
only by the orthogonal transformations of (2.26), with Amp(J) > 0.

The function J +— )»l(\fIVF) (J) is continuous and strictly increasing on its domain and
has the following large-N asymptotic: For all J > 2,

Jim Al (JN) = (+ 1 —4J72). (2.27)

Moreover, there exists a ]1540;) (with J]f,log) ~ 2.455) such that

IE(N
lim MY _ oo

N—o0

(2.28)
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Now we are ready to state our main theorem concerning O (N)-nematics. As can be
gleaned from a careful reading, our conclusions are not quite as strong as in the previous
cases (due to the intractability of the associated mean-field theory). Nevertheless, a bona
fide first-order transition is established for these systems.

Theorem 2.6 (Nematic model). Consider the O(N)-nematic model with the Hamil-
tonian (2.20) and J > 0. For each N > 3, there exists a non-negative function J
M), a constant J; = Jy(N,d) and two numbers €| = €;(d,J) > 0 and e; =
€2(d) > 0 satisfying €1(d, J) — 0, uniformly on finite intervals of J, and €3(d) — 0
as d — oo, such that the following holds:

e M)

For all J > 0O, the matrix A = diag(Ayp(J), — X1 o — ) is a local
minimum of @ j. Moreover, we have the bounds
M) <e for J < U (2.29)
and
Ae(J) = Ayp(N)] < €1 for J > . (2.30)
Furthermore,
|Je — Jvr| < e2. (2.31)

In particular, \(J) > 3 > O forall J > Jyand all N > 3 and both the order parame-
ter and the energy density e,(J) undergo a jump at J = Ji, provided the dimension is
sufficiently large.

The upshot of the previous theorem is that the high-temperature region with A = 0
and the low-temperature region with A # 0 (whose existence was proved in [6]) are
separated by a first-order transition. However, as with the other models, our techniques
are not sufficient to prove that A is exactly zero for all J < J;, nor, for J > Ji, that all
states are devoid of some other additional breakdown of symmetry. Notwithstanding,
general theorems about Gibbs measures guarantee that, a jump of J — A (J) at J = J;
implies the coexistence of a “high-temperature” state with various symmetry-broken
“low-temperature” states.

3. Proofs of Mean-Field Bounds

3.1. Convexity estimates. In order to prove Theorem 1.1, we need to recall a few stan-
dard notions from convexity theory and prove a simple lemma. Let &7 C R” be a convex
set. Then we define the affine hull of <7 by the formula

affg{:{)nx+(1—)\)y:x,ye£/,AER}. 3.1

(Alternatively, aff <7 is a smallest affine subset of R” containing .<7.) This concept al-
lows us to define the relative interior, i </, of <7 as the set of all x € 7 for which there
exists an € > 0 such that

veaffor & |y—x|<e = yed. 3.2)

It is noted that this definition of relative interior differs from the standard topological
definition. For us it is important that the standard (topological) closure of ri .o/ is simply
the standard closure of 7. We refer to [51] for more details.
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Lemma 3.1. For eachm € ri{m’ € Eq: S(m’) > —oo}, there exists a vector h € Eg
such that VG (h) = m.

Results of this sort are quite well known; e.g., with some effort this can be gleaned
from Lemma 2.2.12 in [16] combined with the fact that the so called exposed points
of S(m) can be realized as VG (h) for some h. For completeness, we provide a full
derivation which exploits the particulars of the setup at hand.

Proof. Let & abbreviate {m’ € Eq: S(m’) > —oo} and let m € 1i €. Let us define the
setV={m —m: m € aff ¢}. It is easy to see that V is in fact the affine hull of the
shifted set 4 — m and, since 0 € V, it is a closed linear subspace of Eq. First we claim
that the infimum in (1.4) can be restricted to A € V. Indeed, if h,a € Egq, then the
convexity of h — G (h) gives

Gh+a)— (h+a,m)>Gh) — (h,m) + (a, VG(h) —m) (3.3)

for any m. This implies that VG (h) has a finite entropy, i.e., VG (h) € € forany h € Eg.
Now let m be as above and @ € V. Then an inspection of the definition of V shows
that the last term in (3.3) identically vanishes. Consequently, for the infimum (1.4), we
will always be better off withh € V.

Let h; € V be a minimizing sequence for S(m); i.e., G(hy) — (hy,m) — S(m) as
k — oco. We claim that kj, contains a subsequence tending to a finite limit. Indeed, if
on the contrary hy = |hy| — oo we let Ty be defined by h; = hji Ty and suppose that
T, — 7 (atleast along a subsequence), where |[t| = 1. Now sincem € ri% andt € V,
we have m + et € aff ¢ for all € and, by (3.2), m + €t € % for some € > 0 sufficiently
small. But we also have

G(hy) — (hy,m+ et) = G(hy) — (g, m) — ehg (T, T), (3.4)

which tends to the negative infinity because (t, T) — 1 and Ay — oo. But then
S(m + et) = —o0, which contradicts that m + et € €. Thus hj contains a converging
subsequence, hx; — h. Using that k is an actual minimizer of G (k) — (h, m), it follows
that VG(h) =m. 0O

Now we are ready to prove our principal convexity bound:

Proof of Theorem 1.1. Recall that Fip(J, b) denotes the infimum of @ ;(m) over all
m € Conv(£2). As a first step, we will prove that there is a constant C < oo such that

1f)or ar(lly finite A C Z? and any boundary condition S, - the partition function obeys the
oun

ZA(S/BA) > e—|A|FMF(-]7b)—C|3A\’ (3.5)

where | A| denotes the number of sites in A and |3 A| denotes the number of bonds of Z¢
with one end in A and the other in Z¢ \ A. (This is an explicit form of the well known
fact that the free energy is always lower than the associated mean-field free energy,
see [19,52].)

To prove (3.5), let M5 denote the total magnetization in A,

Mp=)"S,. (3.6)

xXeA



70 M. Biskup, L. Chayes

and let (—)(()Ah) be the a priori state in A tilted with a uniform magnetic field 4, i.e., for
any measurable function f of the configurations in A,

<f>é,A;2 = ¢ IMGH) (£ (B Mu)y 3.7)

Fix an h € Eg and let my, = VG (h). By inspection, VG (h) = (Sx)(()Ah) for all x € A.
Then ’

ZA(Sh,) = e'AlG(h)<e7(h‘MA)f’3HA(SA|S£’A)>(()j’\h), (3.8)
which using Jensen’s inequality gives
Za () = exp|IAI(GH) = thomi) = (BHSAIS; )y ) (3.9)

To estimate the expectation of SH (S A|Sf(, A)» we first discard (through a bound) the
boundary terms and then evaluate the contribution of the interior bonds. Since the num-
ber of interior bonds in A is more than d|A| — |0 A|, this gets us

, J
~(BH(SAIS) )}y = =5 Imul® = CloA]. (3.10)

Now G (h)— (h, my) > S(my,), sowe have Z 5 (SgA) > ¢~ |AP1pm)=CIOAl Byt Lemma
3.1 guarantees that each m with S(m) > —oo can be approximated by a sequence of my,
with h € Eq, so the bound (3.5) follows by optimizing over h € Eq.

Next, let vy p be an infinite volume Gibbs state and let (—); p denote expectation
with respect to v . Then we claim that

MG (e(h»MA)+/3HA(SA|SBA)ZA(SaA)> (3.11)

J.b*
(Here S, resp. Sy denote the part of the same configuration S inside, resp., outside A.
Note that the relation looks trivial for & = 0.) Indeed, the conditional distributionin v p

given that the configuration outside A equals S’ is v/(;q’), as defined in (1.2). But then
(1.2) tells us that

/e<”*MA>+ﬂHA<5A'S’>zA(s’) v (ds,) = /e(h*MA)u(dSA) = MG (3.12)

The expectation over the boundary condition S’ then becomes irrelevant and (3.11) is
proved.

Now suppose that vy 5 is the Z4-translation and rotation invariant Gibbs measure in
question and recall that m, = (So) s », where (—) s p denotes the expectation with respect
to vy 5. To prove our desired estimate, we use (3.5) on the right-hand side of (3.11) and
apply Jensen’s inequality to get

eAIGH) > exp{((h,MA) + ﬂHA>Jb]e_lAlFMF(J’b)_ClaA‘. (3.13)

Using the invariance of the state v, with respect to the translations and rotations of 74,
we have

(. Mp)), , = Al m,) (3.14)
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while
J
(BHA) s b > —|A|E<(So, Sx))“, — |A|(b,m,) — C'|3A], (3.15)

where C’ is a constant that bounds the worst-case boundary term and where x stands for
any neighbor of the origin. By plugging these bounds back into (3.13) and passing to
the thermodynamic limit, we conclude that

J
—GW) + (h—b,m.) = ={(S0, 1)), < Fur(J, b). (3.16)

Now optimizing the left-hand side over & € Eg allows us to replace —G (k) + (h, m,)
by —S(m.). Then the bound (1.9) follows by adding and subtracting the term %|m,,|2
on the left-hand side. O

3.2. Infrared bound. Our proof of the Key Estimate (and hence the Main Theorem)
requires the use of the infrared bounds, which in turn are derived from reflection posi-
tivity. The connection between infrared bounds and reflection positivity dates back (at
least) to [18,22-24]. However, the present formulation (essentially already contained
in [12,24,41]) emphasizes more explicitly the role of the “k = 0” Fourier mode of the
two-point correlation function by subtracting the square of the background average.

Reflection positivity is greatly facilitated by first considering finite systems with pe-
riodic boundary conditions. If it happens that there is a unigue Gibbs state for parameter
values J and b then the proof of the Key Estimate is straightforward — there is no dif-
ficulty with putting the system on a torus and taking the limit. In particular, the Key
Estimate amounts (more or less) to Corollary 2.5 in [24]. But when there are several
infinite-volume Gibbs states, we can anticipate trouble with the naive limits of the finite-
volume torus states. Fortunately, Gibbsian uniqueness is not essential to our arguments.
Below we list two properties of Gibbs states which allow a straightforward proof of the
desired infrared bound. Then we show that in general we can obtain the infrared bound
for states of interest by an approximation argument.

Property 1. An infinite-volume Gibbs measure v;p (not necessarily extremal) for the
interaction (1.1) is called a torus state if it can be obtained by a (possibly subsequential)
weak limit as L — o0 of the Gibbs states in volume [—L, L]d Nz, for the interaction
(1.1) with periodic boundary conditions.

Given J and b, we let .# (J, b) denote the subset of Conv(£2) containing all magneti-
zations achieved by infinite-volume translation-invariant Gibbs states for the interaction
(1.1). Next, recall the notation M, from (3.6) for the average magnetizationin A C 74,

Property 2. An infinite-volume Gibbs measure v, p (not necessarily extremal) for the
interaction (1.1) is said to have block-average magnetization m if

M
im —2 —m, vy p-almost surely. (3.17)
2N

Here the convergence A /' 7% is along the net of all the finite boxes A C 74 with
partial order induced by set inclusion. (See [26] for more details.)
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Our first goal is to show that every torus state with a deterministic block-average mag-
netization satisfies the infrared bound. Suppose d > 3 and let D~! denote the Fourier
transform of the inverse lattice Laplacian with Dirichlet boundary condition. In lattice
coordinates, D! has the representation

Dl (x, y) =f dd—k;el‘k("—” x,yez? (3.18)
’ (=% (277)[] D(k) ’ ’ ’

where D k)y=1- 5 Z?:l cos(k;). Note that the integral converges by our assumption
thatd > 3.

Lemma 3.2. Let d > 3 and suppose that v; p is a Gibbs state for interaction (1.1) sat-
isfying Properties 1 and 2. Let (—) ; p denote the expectation with respect to v p and
let m denote the value of magnetization in vy p. Then for all (vy),czq such that v, € R
and ) cza lvx| < 00,

Z vxvy((Sx—m,S ) <nJ ! Z vyvy D _l(x,y). (3.19)
X,yEZd X, yEZd

Here n denotes the dimension of Eq.

Proof. Let Ap = [—L, L1 N 74 and let vSLb) be the finite-volume Gibbs state in A ;, for
the interaction (1.1) W1th periodic boundary conditions. Let

At {( 2m 2m ) L< <L} (3.20)
={(——ny,...,——ng): —L<n; < .
N AUV NI L T ’

denote the reciprocal lattice. Let (wy)xea, be a collection of vectors from Eg, satisfying

that w, # 0O for only a finite number of x € 7% and erAL wy = 0. Let (—)(JL; denote

the expectation with respect to v&Lb). Then we have the infrared bound [22-24],

L _ _
3 (0 SOy 8) ) <IN YT waowy) DI ), (3.21)
X, yEAL x,yEAL
where
1 1 .
D (x,y) = = Z e (3.22)
1ALl ke A% ~(0}) D)
Now, letéq, ..., &, be an orthogonal basis in Eq and choose w, = w,&,, where (wy) 74
is such that w, % 0 only for a finite number of x € Z¢ and
> we=0. (3.23)
xeZd

Passing to the limit L — oo in such a way that v(J b) converges to the state vy p, and then

summing over £ = 1, ..., n gets us the bound

D wawy ((Sy, Sy),, <nd 7Y wewy, DTN, ). (3.24)

x,yeZd x,yeZd
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So far we have (3.24) only for (w, ) with a finite support. But, using that fact that both
quantities D~ '(x, y)and ((S,, S y))J.p are uniformly bounded, (3.24) is easily extended
to all absolutely-summable (wy), 7z« (i.e., those satisfying )" .74 [wx| < oo) which
obey the constraint (3.23).

Let (vy) be as specified in the statement of the lemma and leta = ), .74 vy. Fix K,

let A g be as above and define (wXK)) by

a
w =y, — T |1{x€AK} (3.25)

Clearly, these (w)(CK)) obey the constraint (3.23). Our goal is to recover (3.19) from (3.24)
in the K — oo limit. Indeed, plugging this particular (w'X’) into (3.24), the left hand
side opens into four terms. The first of these is the sum of v, vy ((Sx, Sy)) s, Which is
part of what we want in (3.19). The second and the third terms are of the same form and
both amount to

1
avaxeAK}((Sx,Sy))H, =a<z Uy (Sx, el > Sy>> . (3.26)

X,y X yeAk J.b

By our assumption of a sharp block-average magnetization in vy p, the average of the
spins in A g can be replaced, in the K — oo limit, by m. Similarly, we claim that

o ;
dm s 2 (58y),, = mP, (3.27)
x,yeAk

so, recalling the definition of a, the left-hand side is in a good shape.

As for the right-hand side of (3.24) with (w,) = (u),(CK)), here we invoke the fact that
(ford > 3)

|AK| Z D7 '(x,y) =0, (3.28)

K—)oo

uniformly in y € Z¢. The claim therefore follows. 0O

Next we show that for any parameters J and b, and any m, € .#,(J,b), we can
always find a state with magnetization m, that is a limit of states satisfying Properties 1
and 2.

Lemma 3.3. Forall J > 0, all b € Eq and all m, € #,(J,b), there are sequences
(Jx), (by) and (my) with J, — J, by — b, my — m, and .# (Ji.,br) = {my;}. In
particular, there is a sequence (vy, p,) of infinite-volume Gibbs measures satisfying
Properties 1 and 2, which weakly converge (possibly along a subsequence) to a measure
Vb With magnetization m,.

Proof. The proof uses a little more of the convexity theory, let us recapitulate the nec-
essary background. Let f: R" — (—o0, 00) be a convex and continuous function. Let
(v, -) denote the inner product in R”. For each x € R”, let S(x) be the set of all possible
limits of the gradients V f(x;) for sequences x; € R” such that x; — x as k — oo.
Then Theorem 25.6 of [51] says that the set of all subgradients df (x) of f at x,

0f ) = [a € R": f(3) = f() = (y —x,a), y € R"}, (3.29)
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can be written as
af (x) = Conv(S(x)), (3.30)

where Conv(S(x)) is the closed, convex hull of S(x). (Here we noted that since the
domain of f is all of R", the so-called normal cone is empty at all x € R".) But S(x) is
closed and thus Conv(S(x)) is simply the convex hull of S(x). Now, by Corollary 18.3.1
of [51], we also know that if § C R” is a bounded set of points and C is its convex hull
(no closure), then every extreme point of C is a point from S. Thus, we conclude: every
extreme point of f (x) lies in S(x).

Now we can apply the above general facts to our situation. Let F'(J, b) be the infinite-
volume free energy of the model in (1.1). Noting that F(J, b) is defined for all J € R
and all b € Eq, the domain of F is R x Eq. By well known arguments, F is continuous
and concave. Moreover, a comparison of (1.11) and (3.30) shows that %, (J, b) is — up
to a sign change — the subdifferential of F at (J, b). As a consequence of the previous
paragraph, every extreme point [e,, m,] € % (J, b) is given by a limit limy_, oo [ex, M1,
where [ey, my] are such that 7, (Ji, br) = {[ex, my]} for some J; — J and by, — b.
But m, € .#,(J, b) implies that [e,, m,] is an extreme point of %, (J, b) for some e,,
so the first part of the claim follows.

To prove the second part, note that any infinite-volume limit of the finite-volume
Gibbs state with periodic boundary condition and parameters J; and by must necessarily
have energy density e; and magnetization my. By compactness of the set of all Gibbs
states (which is ensured by compactness of €2), there is at least one (subsequential) limit
(—)J.p of the torus states as Jy — J and by — b, which is then a translation-invariant
Gibbs state with parameters J and b such that

Cx = ((Sxa Sy)>]’b and m, = <SX)J,b7 (331)

where x and y is any pair of nearest neighbors of Z?. However, the block-average values
of both quantities must be constant almost-surely, because otherwise (—) s 5 could have
been decomposed into at least two ergodic states with distinct values of energy-density
/magnetization pair, which would in turn contradict that [e,, m,] is an extreme point of
i (J,b). O

We note that the limiting measure is automatically Z¢-translation and rotation in-
variant and, in addition, satisfies the block-average property. But, in the cases that are

of specific interest to the present work (i.e., when ., (J, b) contains several elements),
there is little hope that such a state is a torus state. Nevertheless, we can prove:

Corollary 3.4. Let J > 0 and b € Eq. Then for any m, € #,(J,b), there exists a
state vy p with (block-average) magnetization m, for which the infrared bound (3.19)
holds. Moreover, the state vy p is 74 -translation and rotation invariant.

Proof. For J = 0 we have a unique Gibbs state and the claim trivially holds. Otherwise,
all of this follows from the weak convergence of the vy, p, discussed above. O

3.3. Proof of Main Theorem. Now we have all the ingredients ready to prove
Lemma 1.3:
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Proof of Lemma 1.3. Fix m, € #,(J,b) and let vy be the state described in Corol-
lary 3.4. To prove our claim, it just remains to choose (v, ) as follows:

1 .
575 if [x[ =1,
v =1% (3.32)

0, otherwise,
and recall the definition of I; from (1.13). O

Having established Lemma 1.3, we are ready to give the proof of the Key Estimate:

Proof of Key Estimate. Let J > 0 and b € Eq. Letm, € .#,(J, b) and let (—) ;  be the
state satisfying (1.15) and (1.17). Our goal is to prove the bound (1.16). To that end, let
mo = m(S) denote the spatially averaged magnetization of the neighbors of the origin.
The rotation symmetry of the state (—) 7 5 then implies

((Sx,S0)), , = ((mo, S0)), - (3.33)

Next, conditioning on the spin configuration in the neighborhood of the origin, we use
the DLR condition for the state (—) 7 5 which results in

{Gmo, S0)), , = ((mo, VG (Jmg +b))), . (3.34)

Finally, a simple calculation, which uses the fact that m, = (So);p = (mo)sp =
(VG(Jmo + b)) 7 p, allows us to conclude that

(mo, VG (Jmg + b)), , — Im.|?

= ((mo —m.. VG(Imo +b) - VG (Im, + b)) (3.35)

Jb

To proceed with our estimates, we need to understand the structure of the double
gradient of function G (k). Recall the notation (—)o  for the single-spin state tilted
by the external field k. Explicitly, for each measurable function f on €2, we have
(fSon = e~ G (f (S)e(h's))o. Then the components of the double gradient corres-
pond to the components of the covariance matrix of the vector-valued random variable
S. In formal vector notation, for any @ € Egq,

@ V)’Gh) = (@S — (S}, (3.36)

Pick hg, h| € Eg. Then we can write

1
(hl—ho,VG(hl)—VG(ho))=/0 dx ((hl—ho,S—(S)o,hA)2>0h, (3.37)

I

where k) = (1 — A)ho + Ahj. But the inner product on the right-hand side can be
bounded using the Cauchy-Schwarz inequality, and since

2
(IS = ($)o.n ")y 5, = max(s,s) =« (3.38)
we easily derive that

(h1 — ho, VG(h1) — VG(ho)) < k|hy —ho|*. (3.39)

This estimate shows that the right-hand side of (3.35) can by bounded by « J(|mo —
m*|2)1,1,. But for this we have the bound from Lemma 1.3: (jmg — m*|2)“, <nJ7 Iy
Putting all the previous arguments together, (1.16) follows. O

Proof of Main Theorem. This now follows directly by plugging (1.16) into (1.9). O
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4. Proofs of Results for Specific Models

By and large, this section is devoted to the specifics of the three models described in
Sect. 2. Throughout the entire section, we will assume that 5 = 0 and henceforth omit b
from the notation. We begin with some elementary observations which will be needed
in all three cases of interest but which are also of some general applicability.

4.1. General considerations.

4.1.1. Uniform closeness to global minima. We start by showing that, for the systems
under study, the magnetization is uniformly close to a mean-field magnetization. Let
vk (J) denote the set of all local minima of @ ;. Obviously, if we know that the actual
magnetization comes close to minimizing the mean-field free energy, it must be close to
a minimum or a “near-minimum” of this function. A useful measure of this closeness is
the following: For J € [0, oo] and ¥ > 0, we let

D, (9) = sup{dist(m, .451e())) | m € Conv(@), @, m) < Fyr(D) + 9}, @4.1)

where Fyr(J) denotes the absolute minimum of @ ;. However, to control the “close-
ness” we will have to make some assumptions about the behavior of the (local) minima
of @ ;. An important property ensuring the desired uniformity in all three models under
study is as follows:

Uniformity Property. If J > 0 and if m € Conv(2) is a global minimum of ®, then
there is an € > 0 and a continuous function mt: [J —e, J + €] — Conv(2) such that
limy_, ym*(J') = m and m*(J') is a local minimum of ® j forall J' € [J — €, J + €.

In simple terms, the Uniformity Property states that every global minimum can be ex-
tended into a one-parameter family of local minima. Based on the Uniformity Property,
we can state a lemma concerning the limit of D (¢) as 9 | O:

Lemma 4.1. Suppose that @ satisfies the above Uniformity Property. Then for all
Jo >0,

lim sup Djy(w) =0. 4.2)
’”0051210 ! (

Proof. This is essentially an undergraduate exercise in compactness. Indeed, if the above
fails, then for some € > 0, we could produce a sequence ¥ | 0 and J; € [0, Jo]
such that

D, (V) = 6e. 4.3)
This, in turn, implies the existence of m; € Conv(£2) such that
dist(mk, ///MF(Jk)) > 3¢ while @y, (my) < Fmr(Jx) + V. 4.4)

Let us use J and m to denote the (subsequential) limits of the above sequences. Using
the continuity of @;(m), to the right of the while we would have @;(m) = Fyr(J)
and m is thus a global minimum of @ ;. By our hypothesis, for each k sufficiently large,
there is a local minimum m*(J) of @, with m*(J;) converging to m as k — oo. Since
my is also converging to m, the sequences m; and m”(J;) will eventually be arbitrary
close. But that contradicts the bound to the left of the while. O
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4.1.2. Monotonicity of mean-field magnetization. For spin systems with an internal sym-
metry (which, arguably, receive an inordinate share of attention), the magnetization
usually serves as an order parameter. In the context of mean-field theory, what would
typically be observed is an interval [0, Jyr], where m = 0 is the global minimizer of @,
while for J > JuF, the function @ is minimized by a non-zero m. This is the case for
all three models under consideration. (It turns out that whenever (S)o = 0, the unique
global minimum of @; for J sufficiently small is m = 0.)

In order to prove the existence of a symmetry-breaking transition, we need to prove
that the models under consideration have a unique point where the local minimumm = 0
ceases the status of a global minimum. This amounts to showing that, once the mini-
mizer of @; has been different from zero, it will never jump back to m = 0. In the
mean-field theory with interaction (1.1), this can be proved using the monotonicity of
the energy density; an analogous argument can be used to achieve the same goal for the
corresponding systems on Z¢.

Lemma 4.2. Let J1 < J and let my be a global minimizer of ® j, and my a global min-
imizer of @ j,. Then |m1| < |m2|. Moreover, if J — m(J) is a differentiable trajectory
of local minima, then

d 1
57 ®(m(D) = —Eym(J)yz. (4.5)

Proof. The identity (4.5) is a simple consequence of the fact that, if m is a local minimum
of @y, then V@, (m) = 0. To prove the first part of the claim, let J, J* > 0 and let m be
a minimizer of @ ;. Let Fyr(J) be the mean-field free energy. First we claim that

/

Fur(J) — Fup(J') > — im|?. (4.6)

Indeed, since Fr(J) = @ (m), we have from the definition of @ that

7/

J—-J
Fvp(J) = — im|* + &y (m). (4.7)

Then the above follows using that @ (m) > Fyg(J'). Let J; < Jo and my and m; be
as stated. Then (4.6) for the choice J = Jp, J' = J; and m = m; gives

Fvr(J2) — Fmr(J1) 1
> ——|my?, (4.8)
Jr—Ji 2
while (4.6) for the choice J = Ji, J' = J, and m = m gives
Fvr(J1) — Fmr(J2) 1
< —=m”. 4.9)

J1— ) - 2

Combining these two bounds, we have |m| < |m;| as stated. O
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4.1.3. One-component mean-field problems. Often enough, the presence of symmetry
brings along a convenient property that the multicomponent mean-field equation (1.7)
can be reduced to a one-component problem. Since this holds for all cases under consid-
eration and we certainly intend to use this fact, let us spend a few minutes formalizing
the situation.

Suppose that there is a non-zero vector @ € Eq such that VG (hw) is colinear with @
(and not-identically zero) for all /. As it turns out, then also VS (mw) is colinear with w,
provided me@ € Conv(£2). Under these conditions, let us restrict both & and m to scalar
multiples of @ and introduce the functions

¢(h) = |@| 2G(hw) and s(m) = |@| >S(mw). (4.10)

The normalization by || —2 ensures that s (m) is given by the Legendre transform of g (/)
via the formula (1.4). Moreover, the mean-field free-energy function @;(mw) equals
the |w|?>-multiple of the function

ds(m) = —%sz — s(m). 4.11)

The mean-field equation (1.7) in turn reads
m=g'(Jm). (4.12)

In this one-dimensional setting, we can easily decide about whether a solution to (4.12)
is a local minimum of ¢; or not just by looking at the stability of the solutions under
iterations of (4.12):

Lemma 4.3. Let m be a solution to (4.12) and suppose ¢ is twice continuously differ-
entiable in a neighborhood of m. If

Jg" (Im) < 1, 4.13)

then m is a local minimum of ¢ j. Informally, only “dynamically stable” solutions to the
(on-axis) mean-field equation can be local minima of ¢ .

We remark that the term “dynamically stable” stems from the attempt to find solutions
to (4.12) by running the iterative scheme my11 = g’ (Jmy).

Proof. Let h and m be such that g’(h) = m, which is equivalent to & = s'(m). An easy
calculation then shows that g”(h) = —(s” (m))~". Suppose now that m is a solution to
(4.12) such that (4.13) holds. Then &~ = Jm and from (4.13) we have

s"(m) = —(g"(Im)) " < —J. (4.14)
But that implies
¢m)=—J —s"(m)>—J+1 =0, (4.15)

and, using the second derivative test, we conclude that m is a local minimum of ¢;. O

With Lemmas 4.1, 4.2 and 4.3 established, our account of the general properties is
concluded and we can start discussing particular models. What follows in the next three
subsections are the three respective models laid out in order of increasing difficulty.
Our repeated — and not particularly elegant — strategy will be to pound at the various
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models using internal symmetry as the mallet. The upshot is inevitably that at most one
component becomes dominant while all other components act, among themselves, like
a system at high temperature. Thus all subdominant components are equivalent and the
full problem has been reduced to an effective scalar model. In short, there are some
parallels between the various treatments. However, somewhat to our disappointment,
we have not been able to find a unified derivation covering “all models of this sort.”

4.2. Potts model. In order to prove Theorem 2.1, we need to establish (rigorously) a few
detailed properties of the mean-field free-energy function (2.7). In view of (2.6) we will
interchangeably use the notations m and (x1, ..., x4) to denote the same value of the
magnetization.

Lemma 4.4. Consider the q-state Potts model with g > 3. Let @ be the mean-field
free-energy function as defined in (2.7). I[f m € Conv(2) is a local minimum of @ then
the corresponding (x1, . .., X4) is a permutation of the probability vector (xj, ..., x;)
such that

(4.16)

X =xy ==y

Moreover, when x7 > x3, we also have
Jx7 > 1> Jx3. “4.17)

A complete proof of the claims in Lemma 4.4 was, to our best knowledge, first pro-
vided in [41]. (Strictly speaking, in [41] it was only shown that the global minima of @
take the above form; however, the proof in [41] can be adapted to also accommodate
local minima.) We will present a nearly identical proof but with a different interpretation
of the various steps. The advantage of our reinterpretation is that it is easily applied to
the other models of interest in this paper.

Proof of Lemma 4.4. If m corresponds to the vector (x, ..., x4), we let ¢§q) (X1, ..., x9)
be the quantity @ (m). Suppose that (x1, ..., x4) is a local minimum. It is easy to verify
that (x1, ..., x4) cannot lie on the boundary of Conv(£2), soxx > Oforallk =1, ..., 4.

Pick any two coordinates — for simplicity we assume that our choice is x| and x, — and
lety=1—(x3+ - +x4),21 =x1/yand 220 = x»/y. (Note that y = x| + x2 and, in
particular, y > 0.) Then we have

dbﬁq)(xl, cees Xg)

1
= =51y’ +2) + y(iloga + 2 logza) + RW(x3,...,x,), (4.18)

where R(Jq)(xg, ..., Xg) is independent of z; and z;. Examining the form of the free
energy, we find that the first two terms are proportional to the mean-field free-energy
function of the Ising (¢ = 2) system with reduced coupling Jy:

(1, xg) =y 0P (a1, 20) + R (s xg). (4.19)

Since the only z-dependence is in the first term, the pair (z1, z2) must be a local
minimum of @52; regardless of what x3, .. ., x; look like. But this reduces the problem
to the Ising model, about which much is known and yet more can easily be derived. The
properties of <D§2) (z1, z2) we will need are:
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(i) Jo = 2 is the critical coupling. For J < J, the free-energy function <1532) (z1,22)

is lowest when z1 = z», while for J > J., the free-energy function @52) (z1,22)
is lowest when p = |z7 — z»]| is the maximal (non-negative) solution to p =
tanh(%J 0).

(ii)) Whenever J > J., the maximal solutionto p = tanh(%Jp) satisfies J (1 —pz) <2,
which implies that either Jz; > 1 and Jz, < 1 or vice versa.

(iii) For all J and z; > z3, the mean-field free-energy function @32) (z1, z2) monotoni-
cally decreases as p = z1 — z2 moves towards the non-negative global minimum.

All three claims are straightforward to derive, except perhaps (ii), which is established
by noting that, whenever p > 0 satisfies the (Ising) mean-field equation, we have

J Jp

= <1 (4.20)
2cosh(5Jp)?  sinh(Jp)

1 2
—J(1—p% =
2( )

Hence, if J > J; and z; > z, then Jz3 = %J(l —p) < %J(l — p?) < 1 and thus
Jz1 > lbecause J(z1 +z22) =J > J. =2.

Based on (i—iii), we can draw the following conclusions for any pair of distinct in-
dices x; and x;: If J(x; + x) < 2, then x; = xi, because the (k, j)th Ising pair is
subcritical, while if J(x; + x;) > 2 then, using our observation (ii), either Jx; > 1
and Jx; < 1 or vice versa. But then we cannot have Jx; > 1 for more than one index
k, because if Jx; > 1 and Jx; > 1, we would have J(x; + x;) > 2 and the (k, j)"
Ising pair would not be at a local minimum. All the other indices must then be equal
because the associated two-component Ising systems are subcritical. Consequently, only
one index from (xi, ..., x4) can take a larger value; the other indices are equal. O

Proposition 4.5. Consider the q-state Potts model with ¢ > 3. Let @ j be the mean-field
free-energy function as defined in (2.7). Then there exist J1 and J» = q with J1 < J»
such that

(1) m = 0 is a local minimum of ®; provided J < J5.

(2)m=xi91+-- -+x;\71 Withx} > x5 =--- = x; is a local minimum of ® j provided
that J > Jy and x| = L4 m, where m is the maximal positive solution to Eq. (2.8).

(3) For all J > 0, there are no local minima except as specified in (1) and (2).

Moreover, if Jmr is as in (2.9), then the unique global minimum of @y is as in (1)
for J < Juvr while for J > Jur the function @ has q distinct global minimizers as
described in (2) .

Proof of Proposition 4.5. Again, most of the above stated was proved in [41] but without
the leeway for local minima. (Of course, the formulas (2.8) and (2.9) date to an ear-
lier epoch, see e.g. [54].) What is not either easily derivable or already proved in [41]
amounts to showing that if m is a “dynamically stable” solution to (2.8), the correspond-
ingm = x{91+---+ x:]‘\A/] as described in (2) is a local minimum for the full @ (m).
The rest of this proof is spent proving the latter claim.

We first observe that for the set
Ux)={m=(x,x2,....x): Jxx <1, k=2,...,q] (4.21)
the unique (strict) global minimum of @; occurs at

m(x) = (x, ;—Tx j];_*f). (4.22)
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Indeed, otherwise we could further lower the value of @ by bringing one of the (j, k)"

that m satisfying (2.8) is “dynamically stable” in the sense of Lemma 4.3. By (4.17) we
have that the corresponding x} = % + m satisfies Jx} > 1 while the common value

of x; fork =2, ..., g is such that Jx;; < 1. Suppose that the corresponding m is not
a local minimum of the full @,. Then there exists a sequence (my) tending to m such
that @ ; (my) < @ ;(m).Butthen thereis also a sequence m;{ suchthat @ (m;c) < ®;(m),
where each m}c now takes the form (4.22). This contradicts that the restriction of @ to
the “diagonal,” namely the function ¢ (m), has a local minimum atm. O

Now we are ready to prove our main result about the g-state Potts model.

Proof of Theorem 2.1. By well known facts from the FK representation of the Potts
model, the quantities e,(J) and m,(J) arise from the pair [e}’, m}'] corresponding to
the state with constant boundary conditions (the wired state). Therefore, [e}’, m}'] is an
extreme point of the convex set %, (J) and m} € .#,(J) for all J. In particular, the
bound (1.12) for m} can be used without apology.

Let §4 be the part of the error bound in (1.12) which does not depend on J. Explicitly,
we have §; = ﬁ(q —1)21,, because k = (g—1)/ganddim Eg =g —1.Since I; — 0
as d — oo, we have 64 — 0 as d — oo. Let us define

€1 =¢€1(d,J)= sup Dy(Jéa), (4.23)
0<J'<J

where Dy is as in (4.1). It is easy to check that the Uniformity Property holds. Lemma
4.1 then guarantees that every (extremal) physical magnetization m, € .#,(J) has to
lie within €; from a local minimum @;. Since the asymmetric minima exist only for
J > J1 > Owhilem = 0is alocal minimum only for J < J» = g, wehavem,(J) < €]
for J < Jy, while |m,(J) — mmr(J)| < €1 for J > J>. But from the FKG properties of
the random cluster representation we know that J — m,(J) is non-decreasing so there
must be a point, J; € (J1, J2], such that (2.10-2.11) hold.

It remains to show that |J; — Jurp| tends to zero as d — oo. For J € (Ji, J2), let
os(J), resp., pa(J) denote the value of @; at the symmetric, resp., asymmetric local
minima. The magnetization corresponding to the asymmetric local minimum exceeds
some » > 0 throughout (Ji, J2). Integrating (4.5) with respect to J and using that
¢s(IMF) = oa(Jmr) then gives us the bound

1
o5 () = @a(D] = 2517 = e, (4.24)
However, in the €1-neighborhood Us(¢1) of the symmetric minimum, we will have
|@,(m) — ps())| < e1K, (4.25)

where K is a uniform bound on the derivative of @ ; (m) form € Us(e1) and J € (J1, J2).
Since the asymmetric minima are well separated from the boundary of Conv(£2) for
J € (J1, J2), a similar bound holds for the €;-neighborhood of the asymmetric mini-
mum. Comparing (4.24-4.25) and (1.12), we find that if

1
§%2|J — Jup| — 261K > J8g4, (4.26)
no value of magnetization in the €j-neighborhood of the local minima with a larger

value of @ is allowed. In particular, |J; — JMp| < €2, where €3 = €3(d) tends to zero
asd — oo0. 0O
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4.3. Cubic model. Our first goal is to prove Proposition 2.2. We will begin by showing

that the local minima of @ and K y) are in one-to-one correspondence. Let us introduce
the notation

,
X={G =1y 20,3y =1 (4.27)
j=1

and let X (;m) denote the subspace of X, where m = yj 1 + - - - + yr-lr.

Lemma 4.6. Let m € Conv(2) be a local minimum of @ j. Then there exists a (y, jL) €
X (m) which is a local minimum of K;r) (as defined in (2.15)).

Proof. Let m be a local minimum of @ . Since X (m) is compact and K y) is continuous
on X, the infimum

o;m)= inf KV@G, 0 (4.28)
/ Gexm T

is attained at some (y, 1) € X (m). We claim that this (y, ft) is a local minimum of K y) .
Indeed, if the opposite is true, there is a sequence (yk, fix) € X converging to (y, i)
such that

KV G, i) < K93, 1) = @5 (m). (4.29)

Now, (¥, i) was an absolute minimum of KY) on X (m), so (Y, ix) € X (m) and the
magnetization my, corresponding to (y, ftx) is different from m for all k. Noting that

@y m) < K G fu) (4.30)
and combining (4.29-4.30), we thus have @ j(m;) < @;(m) for all k. But m; tends
to m in Conv(£2), which contradicts the fact that m is a local minimum of @;. 0O

Lemma 4.6 allows us to analyze the local minima in a bigger, simpler space:

Lemma 4.7. Let K}”(y, L) be the quantity in (2.15). Then each local minimum of

Ky) (y, 1) is an index-permutation of a state (y, L) with y1 > y» = -+ = y, and
o =--- = ur = 0. Moreover, if y1 > ya, then 1 # 0.

Proof. Let (y, 1) be a local minimum of Ky) suchthat y; > yp > --- > y, and fixa k
between 1 and r. We abbreviate y = y; + yk+1 and introduce the variables z1 = y¢/y,
22 = Yk+1/Y, V1 = ik and v2 = pgy1. Then

K$' 3,0 =y K$) G 9) + R, 4.31)
where K 52; (z, v) is the mean-field free energy of an r = 2 cubic model with coupling

constant Jy, and R is a quantity independent of (z, v). As was mentioned previously,
the r = 2 cubic model is equivalent to two decoupled Ising models. Thus,

K%)(Za D) = Osy(p1) + Oyy(p2), (4.32)
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where p; and p; are related to zy, z2, v1 and v, via the equations

2= 3+ pip2),  zivi = 2(o1 + p2),

N , (4.33)

22 = 5(1 = p1p2), 22v2 = 5(p1 — p2).
Now, the local minima of ®; (p) occurat p = +p(J), where p(J) is the largest non-neg-
ative solution to the equation p = tanh( %J p). Moreover, by the properties (i-iii) from

the proof of Lemma 4.4 we know that p(J) = 0 for J < 2 while %J(l —p(?H) <1
once J > 2. From these observations we learn that if yy = yx4+1, then Jy < 2 and
Wk = Uk+1 = 0.Ontheotherhand, if yy > yxy1,thenJy > 2,y = %y(H—p(Jy)z) and
Vi+l = %y(l — p(Jy)?) so, in particular, Jy; > 1 > Jy41. However, that forces that
k = 1,because otherwise we would alsohave Jy,_1 > 1and J (yx—1+yr) > 2,implying
that (y, @) is not a local minimum of K y) inthe (k—1, k)th sector. Hence, y, = - -+ = y,
and up = --- = u, = 0, while if y; > y», then we have u; = £p(J)/z1 #0. O

The proof of Lemma 4.7 gives us the following useful observation:

Corollary 4.8. Let m = (my, ma, ..., m,) be contained in Conv(R2) and suppose that
m1, my % 0. Then one of the four vectors

(ml:l:m27oa m3""7m7’)5 (Oa mzim19m3a""mr) (434)

corresponds to a magnetization m’ € Conv(2) with @ ;(m’) < @ ;(m).

Proof. Since m is in the interior of Conv(£2), there exists (y, i), where the infimum
(4.28) is achieved. Let z1, z2, v1 and v, be related to yy, ¥, 1 and uy asin (4.31-4.33).
Now by (4.32) the free energy of the corresponding sector of (y, it) equals the sum of
the free energies of two decoupled Ising models with biases p; and p;. Without loss
of generality, suppose that p; > p> > 0. Recalling the property (iii) from the proof of
Lemma 4.4, p — ©®;(p) decreases when p > 0 gets closer to the non-negative local
minimum. Thus, if p; is nearer to the local minimum of @, than p;, by increasing o>
we lower the free energy by a non-trivial amount. Similarly, if p; is the one that is closer,
we decrease p1.

By inspection of (4.33), the former operation produces a new quadruple z}, 25, v}
and v}, with v, = 0 and zjv] = p;. But that corresponds to the magnetization vector
(m', my, m3, ..., m,), where

my=piy=mi+my and m5=0, (4.35)

which is what we stated above. The other situations are handled analogously. O

Now we are finally ready to establish the claim about local/global minima of @ :
Proof of Proposition 2.2. By Lemma 4.6, every local minimum of @; corresponds to a

local minimum of K y). Thus, using Lemma 4.7 we know that all local minima m of @
will have at most one non-zero component. Writing @ = (1,0,...,0), h = ho and
m = me, we can use the formalism from Sect. 4.1. In particular, the on-axis moment
generating function g(h) is given by

g(h) = —log(2r) + log(r — 1 + cosh h). (4.36)



84 M. Biskup, L. Chayes

Differentiating this expression, (4.12) shows that every local minimum m has to satisfy
Eq. (2.16). Now, for r > 2, a little work shows that & +— g’(h) is convex for

r—1?>=@—=1coshh+2>0 (4.37)

and concave otherwise. In particular, for » > 3, Eq. (2.16) has either one non-negative
solution m = 0 or three non-negative solutions, m = 0, m = m_(J) and m = my(J),
where 0 < m_(J) < m4(J). However, m4(J) is “dynamically stable” and, using
Lemma 4.3, m_(J) never corresponds to a local minimum.

To finish the proof we need to show thatm = (m(J), 0, ..., 0) is a local minimum
of the full @;. If the contrary were true, we would have a sequence my, tending to m
such that @;(my) < @j(m). Then an (r — 1)-fold use of Corollary 4.8 combined with
the symmetry of @, implies the existence of a sequence m) = (my, 0, ..., 0) tending
to m and satisfying ®J(m;{) < @j(my) for all k. But that contradicts that m (J) is a
local minimum of the on-axis mean-field free energy function. So m was a local min-
imum of @ after all. The existence of a unique mean-field transition point Jy is a
consequence of Lemma 4.2 and the fact that m = 0 ceases to be a local minimum for
J>r. O

Proof of Theorem 2.3. The proof is basically identical to that of Theorem 2.1, so we
will be rather sketchy. First we note that m,(J) is achieved at some extremal transla-
tion-invariant state whose magnetization m, is an element of .Z,(J). Let 64 = %rld
and define €; as in (4.23). Then m, has to be within ¢; from a local minimum of @;.
While this time we cannot proclaim that J +— m,(J) is non-decreasing, all the benefits
of monotonicity can be achieved by using the monotonicity of the energy density e, (J).
Indeed, J — e,(J) is non-decreasing and, by Corollary 1.2 and the Key Estimate, we
have

1 J
e (J) — 5m*(J)2 < Erld =J&,. (4.38)

But then e, (J) must undergo a unique large jump at some J; from values e, (J) < 2J3,4
to values near %mMp(J)2 by less than 2J84. So m,(J) has to jump at J = J; as well, in
order to obey (4.38). The width of the “transition region” is controlled exactly as in the
case of the Potts model. O

4.4. Nematic model. The nematic models present us with the difficulty that an explicit
formula for @ (m) seems impossible to derive. However, the situation improves in the
dual Legendre variables. Indeed, examining (1.4—1.6), it is seen that the stationary points
of @;(m) are in one-to-one correspondence with the stationary points of the (Gibbs)
free-energy function

1
v, (h) = §|h|2 — G(h), (4.39)

via the relation # = Jm. (In the case at hand, h takes values in Eq; which was defined
as the space of all N x N traceless matrices.) Moreover, if m = VG (h), then we have

1
Uy(h) — ®;(m) = E|h — Jm|? (4.40)
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so the values ¥, (m) and @ (h) at the corresponding stationary points are the same.
Furthermore, some juggling with Legendre transforms shows that if m is a local mini-
mum of @, then h = Jm is a local minimum of ¥;. Similarly for local maxima and
saddle points of @ ;.

Lemma 4.9. Each stationary point of Wj(h) on Eq is a traceless N x N matrix h with
eigenvalues that can be reordered to the form hy > hy = --- = hy.

Proof. The claim is trivial for N = 2 so let N > 3. Without loss of generality, we can
restrict ourselves to diagonal, traceless matrices h. Let k = diag(hy, ..., hy) be such
that Za hqe = 0 and let vy, with @ = 1, ..., N, be the components of a unit vector
in RV, Let (—)o be the expectation with respect to the a priori measure 1 on §2 and let
(—)n be the state on < tilted by k. Explicitly, we have

N
(=0 [ @) rorexpl Y- har2) @)
a=1

for any measurable function f on the unit sphere in RV .

As in the case of the Potts and cubic models, the proof will be reduced to the two-
component problem. Let & be a stationary point of W; and let o and § be two distinct
indices between 1 and N. The relevant properties of (—)j, are then as follows:

(i) If J (v + v§)n > 3, then hy # hyp.

(i) If hy > hg, then J (v3); > 3 > J(vg)n-

The proof of these facts involves a non-trivial adventure with modified Bessel functions,
I,,(x), where n is any non-negative integer and I,,(x) = %fon d6 e*<os? cos(nb). To
keep the computations succinct, we introduce the polar coordinates, v, = r cosé and

vg = rsiné, where 8 € [0,27) and r > 0. Let (—)q g denote the expectation with
respect to the r-marginal of the state (—); where ' = diag(h}, ..., h)) is related to

h via hj, = Iy = J(ho + hg), while h, = h,, fory # a, B. Explicity, if 7(r,6)
corresponds to f (vy, vg) via the above change of coordinates, then

( 0271 do erZAcos(ZG) f(r’9)>
op (4.42)

(f (o vp)), = -
do er?Acos(20)
<'[0 ¢ >aﬂ

where A = % (hg — hp).
We begin by deriving several identities involving modified Bessel functions. First, a
straightforward calculation shows that

(V2 — V3 = Aap(A) (11 (rzA)>aﬁ, (4.43)
where AO{ﬁ(A)_1 = (Io(rzA))aﬁ. Similarly we get
(vavghn = Aap(D) (37 (oG A) — Iz(rzA)))aﬂ. (4.44)

But Iy(x) — I (x) = (2/x)I1(x), whereby we have the identity
2(he — hp)(VaVE)n = (Vg — V3)n. (4.45)

v =
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A similar calculation using trigonometric formulas shows that
(= Aap(D) (r* G 1?2 + 112 A) + %12(;"2A)))aﬂ, (4.46)
Whn = Aap(A) (r* (310 A) — S1 (P A) + %12(r2A)))aﬂ. (4.47)
In particular, since /p(0) = 1 while 71(0) = I5(0) = 0, we have
he=hg = (3= (Wi =320} (4.48)

The identities (4.44-4.48) will now allow us to prove (i—ii).

First we note that the fact that & was a stationary point of ¥, implies that 2, — h,» =
J(v]% — v)z/,)h for all y,y’ = 1,..., N. Using this in (4.45), we have the following
dichotomy:

either hy =hg or 2J(vgvp)n = 1. (4.49)

To establish (i), suppose that J(vﬁ + vg)h > 3 but hy = hg. Then (4.48) gives us

2J (vg vé)h > 1, in contradiction with (4.49). Hence, (i) must hold. To prove (ii), as-
sume that 7, > hg and note that then A > 0. Applying that 71 (x) > O and Ir(x) > 0
for x > 0 in (4.46), we easily show using (4.46) that (v )h > 3(v Uﬁ)h~ Similarly, the

bound /1 (x) > I(x) for x > 0, applied in (4.47), shows that (v )h < 3(v§v§)h. From
here (ii) follows by invoking (4.49).

Now we are ready to prove the desired claim. Let & be a stationary point. First let us
prove that there are no three components of & such that h, > hg > h, . Indeed, if that
would be the case, (i—ii) leads to a contradiction, because h, > hg would require that
J(vg)h < 3/2 while hg > h,, would stipulate that J(vg)h > 3/2! Thus, any stationary

point & of ¥; can only have two values for (vé) n- However, if (say) both (v‘f)h and (v§> n
take on the larger value (implying that 7} = h»), then J (v‘l‘ + v§ Yn > 3 and h cannot be
a stationary point. From here the claim follows. O

The symmetry of the problem at hand allows us to restrict ourselves to the on-axis
formalism from Sect. 4.1. In particular, we let @ = diag(1, N#, .. N_ 1).h=ho
and A = Aw and define the functions g(k), s(A) and ¢; (1) as in (4. 10 4 11). Lemma 4.9
in turn guarantees that all local minimizers of @; appear within the domain of ¢;.
What remains to be proved is the converse. This can be done using some of the items
established above.

Lemma 4.10. Suppose that X is a stationary point of the scalar free energy ¢; which
satisfies Jg"(JA) < 1. Then A = Ao, with ® = diag(l, — x5, ..., —5). is a local
minimizer of @ .

Proof. To simplify the exposition, we will exploit the O (N)-symmetry of the problem:
Ifg e O(N,R)isany N x N orthogonal matrix, then

Qy(m)=®;(g 'mg), (4.50)

with similar considerations applying to ¥, (k). Thus, for all intents and purposes, we
may assume that the arguments of these functions are already in the diagonal form and
regard the diagonal as an N-component vector. (Indeed, we will transfer back and forth
between the vector and matrix language without further ado.)
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Again we are forced to work with the dual variables. To that end, let v; (k) be the
quantity 0|2 (hw). Clearly, the relation between ¥; and ¢ is as for ¥; and ;.
First, let us demonstrate that every stationary point of the scalar free energy v; repre-
sents a stationary point of the full ¥;. Indeed, let K be the orthogonal complement of
vector @ in RY. As a simple computation shows, any k € K has a zero first component.
Ifk = (0, ks, ..., ky) € Kissmall, then

G = ( Z) 2 .

(ho + k) = G(hw) + (> _kp v} Lt O(Ik%), (4.51)
B

where (—)p is as in (4.41). Now (v%)hw is the same for all 8 = 2, ..., N, and in the

view of the fact that p kg = 0, the expectation vanishes. Hence, V¥, (h®) has all
components corresponding to the subspace K equal to zero. Now if 4 is a stationary
point of vr;, we know that (w, V¥, (hw)) = 0 and thus V¥, (hw) = 0 as claimed.

To prove the desired claim, it now suffices to show that the Hessian of ¥ is positive
definite at b = h*w when h* satisfies Jg”(h*) < 1. (Recall that the corresponding
stationary points of {; and ¢; are related by 4 = JX.) This in turn amounts to showing
that VV G (hw) is dominated by the J~!'-multiple of the unit matrix. Although we must
confine ourselves to Eq, it is convenient to consider the Hessian of G (k) in a larger
space which contains the constant vector and restrict our directional probes to vectors
from [Eq. In general, the entries of the Hessian are given in terms of truncated correlation
functions:

(Hess(G)) 5 = (vaughn — () {v3)n- (4.52)

For the problem at hand, there are only four distinct entries:

AB... ... B
BC D D
Hess(G)=| :p . . 1 ]. (4.53)
S . CcoD
BD... D C

Clearly, w itself is an eigenvector of Hess(G) with the eigenvalue A — B. On the other
hand, if k € K, then the first row and column of Hess(G) are irrelevant. Writing the
remaining (N — 1) x (N — 1) block in the form (C — D)1 4+ CS, where S is the matrix
with all entries equal to one, it follows easily that all of K is an eigenspace of Hess(G)
with eigenvalue C — D.

It remains to show that these eigenvalues are strictly smaller than J~!. The first one,
namely, A — B is less than J~! by our assumption that Jg”(h*) < 1. As to the other
eigenvalue, C — D, we note that

C—D= (i — (Wivin. a@>p>L (4.54)

Now, Eq. (4.48) tells us that, under our conditions, (vg v%)h equals %(vi)h. So we need

that %(vi)h is less than J. But since h; = h* > h,, that is exactly the condition (ii)
derived in the proof of Lemma 4.9. O

Now we are ready to establish our claims concerning the local minima of @:
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Proof of Proposition 2.4. Let  be as above and note that |@|2> = N/(N — 1). Then the
on-axis moment generating function from (4.10) becomes

N —1
gh) =

log / 7y (dv) NPT (4.55)

where 7y is the uniform probability measure on the unit sphere in R and vy is the first
component of v. An argument involving the N-dimensional spherical coordinates then
shows that

an oy € dx) = C(N) (1 — x2) T dx, (4.56)

where C(N) is the ratio of the surfaces of the unit spheres in RV ~! and RV . By substi-
tuting this into (4.55) and applying (4.12), we easily find that, in order for A = A® to be
a local minimum of @, the scalar X has to satisfy Eq. (2.25).

A simple analysis of (2.25) shows that for J « 1, the only solution to (2.25) is
A = 0, while for J > N2, the solution A = 0 is no longer perturbatively stable. Since
Lemma 4.2 guarantees that the norm of all global minimizers increases with J, there
must be a unique Jyr € (0, 0o) and a non-decreasing function J +— Ayp(J) such that
AME(J) solves (2.25) and that every global minimizer of @; at any J > Jyp which
is a continuity point of J +— Amp(J) corresponds to A = Amp(J). (At any possible
point of discontinuity of J — Amp(J), the A corresponding to any global minimizer is
sandwiched between lim ;74 ; Amp(J”) and lim /4 ; AMp(J’).) The claim is proved. O

In order to prove the large- N part of our statements concerning the mean-field theory
of the nematic model, we will need to establish the following scaling property:

Lemma 4.11. Let CD§N) denote the free-energy function of the O (N )-nematic Hamilto-

nian. Introduce the matrix ® = diag(1, —ﬁ, e, —ﬁ) and define the normalized
mean-field free-energy function

1
™M (1) = N|w|—2q>§7v>(xw), A<l (4.57)

Then, as N — 00, the function ). +— ¢§N)(A) converges, along with all of its derivatives,

to the function

(00) J 5, 1 1
A)=——A —log ——. 4.58
97 (1) = =532+ 5 log —— (4.58)

Proof. The proof is a straightforward application of Laplace’s method to the measure on
the right-hand side of (2.25). Indeed, for any & > 0, consider the measure p;, x on [0, 1]
defined by

N-3 2
1- XZ)Teth

pn.y (dx) = dx. (4.59)

N-3
) doe (1 —x2)"5 ehNa?
. . 1,2 . .
Noting that the function x — (1 — x2)2¢"*” has a unique maximum at x = xj, where

57 =max]0,1 - %} (4.60)
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we easily conclude that
lim pp N (-) = 8y, (), (4.61)
N—o0

where §,(-) denotes the Dirac point mass at x = a. Here the limit is taken in the sense
of weak convergence on the space of all bounded continuous functions on [0, 1]. The
proof of this amounts to standard estimates for the Laplace method; we leave the details
to the reader.

Let gn (k) denote the function g(hN), where g is as in (4.55). Since any derivative of
gn (h) can be expressed as a truncated correlation function of measure pj n, we easily
conclude that & +— gy (h) converges, along with all of its derivatives, to the function

. 1 1
goolh) = lim g (h) = max[0.h — 5 — log(2h) . (4.62)

for all & > 0. Now, the function sy (1) = % |a)|_zS(kw) — where S(-) is the entropy of
the O (N)-nematic model — is the Legendre transform of gy, so we also get

1

. 1
Soo(A) = Nll_r)noo sy(A) = —3 log T (4.63)

(Again, the convergence extends to all derivatives, provided A < 1.) From here the claim
follows by noting that d)(JN) A) =— %)\2 — sy (A), which tends to ¢§°°) (A) in the desired

sense. 0O

Proof of Proposition 2.5. By Lemma 4.11, the scaled mean-field free-energy func-

tion ¢>§N) is, along with any finite number of its derivatives, uniformly close to ¢§oo)

on compact subsets of [0, 1), provided N is sufficiently large. Now the local minima

of ¢§°°) will again satisfy a mean-field equation, this time involving the function g
from (4.62). Since

1— 4 ifh > 1,
g'(h) = 2h z (4.64)
0, otherwise,

there are at most two perturbatively stable solutions to the mean-field equation: One at
A = 0 and the other at

A= %(1 +V1—-4J72). (4.65)

Moreover, these local minima interchange the role of the global minimum at some finite
and non-zero Jl\(,f;) , which is a solution of a particular transcendental equation. For J
near Jl\(,log), the second derivative of 4)500) is uniformly positive around both local minima.

The convergence stated in Lemma 4.11 ensures that all of the previously listed facts
will be (at least qualitatively) satisfied by ¢(jN) for N large as well. Thus, ¢>(jN) has at
most one positive local minimum, which immediately implies that J +— Al(\f[vF) (J) is
continuous whenever it is defined. Moreover, since the local minima of ¢SN) converge
to those of ¢>§°°), we also easily recover the asymptotic statements (2.27-2.28). This
finishes the proof. O
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Proof of Theorem 2.6. The proof is similar to that of the Potts and cubic models; the
only extra impediment is that now we cannot take for granted that there is only one
non-zero local minimum. As before, most of the difficulties will be resolved by invo-
king the monotonicity of the energy density e, (J), which is defined e.g. by optimizing
%((Qo, Q,))y over all Gibbs states invariant under the lattice translations and rotations.

In the present case, x and n in the Main Theorem are given by «k = (N — 1)/N and
n= %N(N — 1). Thus, letting §; = }‘(N — )21y, the quantity J§, is the correspond-
ing error term on the right-hand side of (1.12). Define €; by the formula (4.23). Then
Lemma 4.9 guarantees that the diagonal form A of (Q¢); for any Gibbs state is an index
permutation of a vector of the type

A A
A ,—— e, ——— ) 4.66
(+a1 v_1t® N T (4.66)
where ) ", a; =0,); al.z < e% and A corresponds to a local minimum of @ . If A is the
physical magnetization giving rise to A, (J), we let A;z(J) be a value of A, correspond-
ing to a local minimum of @, for which A takes the form (4.66). Then Corollary 1.2
and the Key Estimate give

J) LN A (J)2 <2J§ 4.67)
e* 2 N — 1 MF = d - .
Now for J < Jp < 1, we know the only local minimum is for A{;z(J) = 0, while for
J>=NIZN 2 the zero vector is no longer a local minimum and hence Ay (J) exceeds
some » > 0. But J — e,(J) is non-decreasing so there must be a J; € [Jy, J1],
where e, (J) jumps by at least >’ — 2Ji84, which is positive once d is sufficiently large.
The fact that J; must be close to Jyr for large enough d is proved exactly as for the Potts
and cubic models. O

5. Mean-Field Theory and Complete-Graph Models

Here we will show that the mean-field formalism developed in Sect. 1.2 has a very natural
interpretation for the model on a complete graph. An important reason for the complete
graph picture is to provide a tangible physical system to motivate some of the physical
arguments. The forthcoming derivation is a rather standard exercise in large-deviation
theory [16, 19], so we will keep it rather brief.

We will begin by a precise definition of the problem. Let G be a complete graph on N
vertices and consider a spin system on G with single-spin space €2 and the Hamiltonian

N
J
BHNS) = =5 ). (8085 =) B, 5. (5.1)

I<x<y<N x=1

(Recall that €2 is a compact subset of a finite-dimensional vector space Eq with inner
product denoted as in the previous formula.) Let u denote the a priori spin measure and
let (—)o denote the corresponding expectation. For each configuration S, introduce the
empirical magnetization by the formula

1 N
my(S) = 5 st. (5.2)
x=1
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If m € Conv(R2) and € > 0, let U (m) denote the e-neighborhood of m in Conv(£2) in
the metric induced by the inner product on Eg. Then we have:

Theorem 5.1. For each m € Conv(S2),

1
lim lim — I < —BHN ()4 ) = — &y 4(m), 5.3
lm Jim 7 logle my(S)eUem) ) J.b(m) (5.3)
where @ jp(m) is as defined in Sect. 1.2. Moreover; if vy denotes the Gibbs measure
obtained by normalizing e PANS) and if Fyp(J,b) denotes the infimum of D p(m)
over m € Conv(S2), then

Nlim v (Prpmy(S)) = Fup(J,b) +€) =0 (5.4
—00
for every e > Q.

Proof. By our assumption, Eg, is a finite-dimensional vector space. Moreover, 2 is com-
pact and thus the logarithmic generating function G (k) defined in (1.3) exists for all
h € Eq. As a consequence of Cramér’s Theorem for i.i.d. random variables on R", see
Theorem 2.2.30 in [16], the measures

un () = p(my(S) € ) (5.5)

satisfy a large-deviation principle on R¢ with rate function (1.4). In particular,

L. 1
161% ngnoo I log un (Z/{e (m)) = S(m), m € Conv(L2). (5.6)

Now B Hy can be written as follows:

J
BHN = NE;p(my(S) — 1 > (Sx. S). (5.7)

x=1

Since the second term is bounded by a non-random constant almost surely and since
m — Ejp(m) isuniformly continuous throughout Conv(£2), (5.3) follows by inspecting
the definition of @;p(m). O
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