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Abstract

We study the coexistence of phases in a two-species model whose free energy
is given by the scaling limit of a system with long range interactions (Kac
potentials) that are attractive between particles of the same species and repulsive
between different species.

Mathematics Subject Classification: 8§2B24, 80M30

1. Introduction

The rigorous ab initio derivation of the full phase diagram of even the simplest realistic model
of a physical system is still far beyond our mathematical grasp. This is so even when we restrict
ourselves to simple classical one component systems, e.g. point particles with Lennard-Jones
type pair interactions. Only the low-density—high-temperature properties of such a system can
be fully derived from statistical mechanics: here, one can prove the analytic behaviour of the
free energy as a function of the fugacity (or density) and temperature. Beyond that we have
almost no means to prove the commonly observed facts of the phase diagram such as the Gibbs
phase rule, the smoothness of the boundaries between the phases, etc [18].

To overcome this deficiency one can consider even more simplified models such as lattice
systems. Here, thanks to the Pirogov—Sinai [16, 23] theory, some exactly solvable models,
inequalities, etc one has much better control over the low temperature region of the phase
diagram [18,21,8,20]. Alternatively, one can consider, following the pioneering work of
van der Waals [22, 19, 17, 6], mean-field theories (MFT) yielding approximate equations for
state or free energies, which indeed exhibit most of the qualitative and many quantitative
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features of real world phase diagrams. These results were initially obtained in a heuristic
manner and had to be supplemented by additional rules, e.g. the Gibbs double tangent
or Maxwell equal area rule, to make them thermodynamically consistent. Subsequently,
following the work of van Kampen [12], Kac ef al [10] and Lebowitz and Penrose [13]
were able to derive generalized mean field models in a more consistent mathematical way
by considering systems in which part of the interactions were explicitly modelled by Kac
potentials. Kac potentials are simply potentials of the form y?U (yx), which contain a range
parameter ¥ ! [10, 13]. For fixed y > 0 these interactions are essentially finite ranged but
in the limit y — O they become mean field like [13]. Depending on whether y ! is small
or comparable to the macroscopic scale (but always very large compared to the interparticle
distances) one gets either the usual MFT (including the supplemental rules) or a macroscopic
continuum theory (MCT) from which one can also obtain the surface tension associated with
phase transitions caused by these Kac potentials [9, 1]. More recently it has been possible to
prove phase transitions close to the mean field ones for large finite  ~' [14].

The structure of the coexisting phases in the MCT for a one component system has
been extensively investigated in recent years by Presutti et al [7] and references therein.
In multicomponent systems the MCT is rather unexplored. In this paper we study binary
mixtures where the phase diagram has new qualitative features, resulting from the possibility
of segregation of the system into regions rich in one of the species, e.g. oil and water. Such
systems were already considered by van der Waals [22] and by Korteweg [11] using MFT
expressions for the free energy. MFT, however, neglects the spatial structures of the phase
domains, so the starting point of our analysis is a MCT expression for the free energy F
of a binary mixture in a macroscopic domain A, which we shall take for simplicity to be a
d-dimensional torus of side length 2L and volume |A| = (2L)“.

Going back to the statistical mechanical system of particles with Kac potential of
range y ~!, which leads to equation (1.1) (below) when y — 0, we remark that the analysis
carried out in [14], with finite but small y, should become simpler for the binary system with
purely repulsive forces. In the presence of attractive forces, the method of [14] should work
also in the present case.

The free energy functional that we consider satisfies certain rearrangement inequalities,
and we study the consequences of these for the phase diagram. We will later focus on special
cases of physical interest, such as a mixture of van der Waals gases with a repulsive interaction
between the species. However, to make clear the role of the rearrangements, we begin with a
general setting in which these can be applied.

Let p; and p, denote the densities for the two species, and consider a ‘free energy’
functional F that depends on p; and p, through

Fp1, p2) = / F(m(x),pz(X))dX+//V(x—y)m(X)pz(y)dxdy
A AJA

1
—5//U(x—y)[m(x)pl(y)+pz(X)pz(y)]dxdy. (1.1
AJA

The functional F is defined in the domain {(01, p2) € LT(A) x LT(A)|F(p1, p2) < +00}.

The function F represents the free energy density of a system with only short range
interactions. We require that F' be separately convex in p; and p,, and that the set of all
(p1, p2) for which F is finite, which we call the domain of F, is an open convex set. Finally,
we require that

2

F(p1, )20 (1.2)
901002
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for all (p1, p7) in the domain of F. An example of particular interest is given by

1
F(p1, ;) = B [G(p1) + G(p2) + D(p1 + p2) — ph1p1 — p2p2], (1.3)

where f is the inverse temperature, 11 and pu, are chemical potentials, G is a convex function,
and D takes account of short range interactions between the particles, which we have taken
for simplicity to be species independent. Examples to keep in mind are

G(t) = tlog(1), (1.4)
[ —tlog(1 — b1), ifr <b !,
b@) = {+oo, otherwise, (1.5)

for some b > 0, where h~! can be thought of as the close packing density. In this case D is
defined on a bounded interval, and the domain of F is the set 0 < p;, p» < b~!. In particular,
the case b = 1 corresponds to the lattice gas with exclusion rule.

As for the long range interaction terms, we assume that V (x) and U (x) are non-negative
radial non-increasing functions of x € R¢ with compact support and

f Vx)dx = «a, / U(x)dx = o. (1.6)
R4 R4
We further define
= / |x||:lV(x) + lU()c)}d)c, (L.7)
R o o

which characterizes the length scale of the interactions. We remark that it is not essential, but
convenient, to have the same attractive interaction U for the two species.

Notice that F is not required to be jointly convex or affine in p; and p,, although this
is expected on physical grounds, and, in any case, in general F would not be because of the
interaction terms. Convexity of the interaction terms would require positive definiteness of the
2 x 2 matrix valued function

-0 v
v -U)

where the hat denotes the Fourier transform. We do not make such an assumption in this paper.
Instead, we make use in our analysis of the fact, proved later, that the free energy functional that
we consider satisfies certain rearrangement inequalities. These give a certain monotonicity to
the spatial density profile of the two species. We study the consequences of these for the phase
diagram that originates from the competition between the repulsive interaction terms, which
would prefer to have the two species segregated as completely as possible, and the entropy
term, which would prefer to have the densities of the two species uniform over A.

Our aim here is to study the minimizers of this functional either under constraints on the
integrals of p; and p,, or without such constraints. Specifically, let n; and n, be two given
positive numbers. We define the sets D(ny, n,) and D of constrained and unconstrained pairs
of densities: D(ny, ny) and D by

1 1
D(Vlhnz):{(P17P2)€R+XR+I—/01d)€=n1 and —/pzdx:nz},
IA] Ja [A] Ja

(1.8)

D= U D(ny, ny). (1.9)

ny,ny 20
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The canonical (Helmholtz) equilibrium free energy per unit volume or the grand canonical
(Gibbs) equilibrium free energy per unit volume will be obtained by minimizing F(p1, p2)/| Al
under the constraint (1.8), or using the unconstrained form as in (1.9). In the former case the
w; are irrelevant and we shall set them equal to zero.

The two cases will give different equilibrium density profiles p;(x), defined as the
minimizer of F in (1.1), when there is a coexistence of phases, i.e. when the minimizer for
specified chemical potentials is not unique. This may happen when F(p;, p;) is not strictly
convex and the system undergoes a phase transition.

In the case where the diameter of the torus is large compared to ¢, the interactions become
approximately local. In this case, for densities p; and p, that are effectively constant on the
length scale £ over most of A, F(p1, p2) is well approximated by Fy(p1, 02) the MFT free
energy functional where

Folpr, p2) = / F(pi(x), pa(x))dx +a f p1(x)pa(x)dx — % f [pf(x) + p3(x)1dx. (1.10)
A A A

When p;, p; are restricted to be constants, n1, n, respectively, then Fy(n1, ny) is essentially the
function studied by van der Waals [22] and by Korteweg [11]. (Korteweg however considered
the case o« < 0 so the rearrangement inequalities used here would not apply in his case.) There
are interesting questions regarding the constrained minimization of Fg in the case where p;, p>
are not restricted to be constant. Indeed, a detailed knowledge of non-constant minimizers for
Fo provides a good picture of the minimizing profiles for 7 which enables one to draw physical
conclusions. For example, knowledge of the minimizing profiles permits the computation of
the equilibrium internal (interaction) energy at a given temperature under the constraints in
(1.8). An application of this is given in section 6.
We will show in section 2 that

inf _F(p1, p2) and inf _ Fo(p1, p2) (1.1D)

(p1,p2)€D (p1,p2)€D
are both attained, and the same statement holds for the constrained problem. Clearly, by the
scaling invariance of |A|_1]-'o,
= —  inf F , 1.12
fo Ao o(p1, P2) (1.12)

is independent of A. We shall see in section 3 that, using the rearrangement inequalities, we
also have

lim — inf F(py, = 1.13
AT TAT o (o1, 02) = fo (1.13)

and moreover there is a close relation between the minimizers in both infimums in (1.11).

The equality in (1.13) may look natural, but an example of Gates and Penrose [9] shows
that the analogous statement need not hold for simple one component systems. Specifically,
their one component system free energy functional is given by

1
G(o) = —/ p(x)logp(x)dx+/ / POV — yp(ydedy (114
IB A A JA
and
go<p>=1/ p(x)logp(x)dx+a/ p(r)dx, (1.15)
13 A A

where o and V are related as before. Since o > 0; Gy is strictly convex, and hence is minimized
at the constant density p(x) = n. However, if V (ko) < O for some kg, then, for sufficiently
small € > 0, there is a k close to ky and a § > 0 such that with p.(x) = n + € sin(kx),

1 1
mg(pe) < mgo(n) -4 (1.16)
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for all A sufficiently large. In our model, the rearrangement inequalities prevent oscillations

from lowering the free energy. We do not know by how much the condition of monotonicity

of the interactions can be weakened preserving the essential features of the present picture.
In more detail, observe that

1
F(p1, p2) = Folp1, p2) — 3 Z// & (x, y)Vij(x — y)§;(x, y)dxdy, (1.17)
ij A
where
V11 = V22 =-U and V12 = V21 =V (118)
and
§i(x,y) = pi(x) — pi(¥)- (1.19)

The rearrangement inequalities will ensure that the integral on the right of (1.17) is a surface
term. This will be proved in section 3.

The rearrangement inequalities have other interesting consequences for the phase diagram
of our system. To be concrete, we will investigate these in the case of the van der Waals free
energy functional given by (1.3) and (1.5). Because of (1.13), the rearrangement inequalities
allow us to draw conclusions about the phase diagram of F\ even though rearrangement of p;
and p, may not affect the value of Fy(po1, 02).

We will see from the structure of the minimizers that the system, for appropriate choices
of F, V and U, exhibits two phase transitions: a liquid—vapour transition and a segregation
transition. In the first of these, below a precisely determined critical temperature, the system
separates into two regions, one, a liquid region in which the total bulk density is uniformly
very close to some number p;, and the other, a vapour region in which the total density is very
close to some number p,,. This is similar to a van der Waals type transition in a one component
system. The other transition is a segregation transition. The liquid or vapour homogeneous
phases can split into two sub-regions in which the densities of the two species are very close
to certain preferred concentrations p; and p, for the liquid, and p; and p, for the vapour.
The values of these densities depend on the temperature and the parameters of the system, and
a fairly detailed analysis is required to determine them in any given case. Nonetheless, there
are general conclusions we can draw as a consequence of the rearrangement inequalities; for
example, we will see in broad generality that for our system one always has

pr <p, <pr<pp (1.20)
and never
Py < py < p < pyp- (1.21)

At the end of section 5 a schematic phase diagram will make the above description clearer.
The paper is organized as follows: in section 2, we state precisely the rearrangement
inequalities referred to above, and apply them to prove the existence of minimizers. We also
prove that minimizers necessarily have certain regularity properties. In section 3 we prove a
general theorem showing that as a consequence of the rearrangement inequalities, minimizing
F and minimizing F are essentially the same problem for L much larger than £. The general
theorem requires certain assumptions on F. These assumptions are verified for the physical
model that we study in the next two sections. Section 4 is devoted to the application of convex
analysis methods to deduce general features of the minimizers for our system. We will see that
there are generically one, two, three or four coexisting equilibrium states in this model. The
general convex analysis does, however, permit more bizarre coexistence of phases. In section 5
we impose further restrictions (physically natural) and obtain a detailed phase portrait, ruling
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out these bizarre non-generic types of behaviour. Section 6 gives an application of the results
obtained here to the study of the equilibrium states of an energy conserving kinetic model. In
particular, the results obtained here allow us to determine the equilibrium partition of the total
energy into kinetic and interaction terms. Thus, given the energy, we are able to determine the
equilibrium temperature in such a system.

A more detailed study of the structure of the interface between different phases, including
the effects of the surface tension is under study [4].

2. Existence and regularity of minimizers

In this section we show that minimizing densities exist, and begin the determination of their
nature. Since particles of the same species attract and those of different species repel, one can
expect that the minimizing densities should be ‘well organized’ in some sense, and we use a
rearrangement inequality to prove this.

Introducing coordinates x;,i = 1,...,d with —L < x; < L foreachi =1, ..., d where
L > 0, we make the usual identifications to parametrize our torus A.
We say that a function g on A is symmetric monotone decreasing about the origin0, ..., 0

if it is a symmetric decreasing function of each coordinate x; for —L < x; < L. That is, for
each i

g(xy, X, ooy Xiy o Xg) = (X1, X2, ooy —Xiy o Xg) 2.1
and whenever L > y; > x; > 0, then,

gx, Xxa, o, Vi Xg) < (XL, X2y 1ty Xy Ll Xg). (2.2)

We define symmetric monotone increasing in the analogous way. Finally, we say that a function
is symmetric monotone if it is either symmetric monotone decreasing or increasing.

Given a non-negative integrable function g on A, we say that a non-negative integrable
function g* is a symmetric monotone decreasing rearrangement of g if it is a symmetric
monotone decreasing function such that for all # > 0 {x|g(x) > t} has the same measure as
{x|g*(x) > t}. Analogously, we define a symmetric monotone increasing rearrangement 4,
of a non-negative integrable function h.

We will see below that for an appropriate choice of p} and ps., F(p7, p2.) < F(p1, p2),
with the equality holding only for the case when p; and p, are already symmetric monotone
up to a common translation. The relevance of these definitions lies in the following lemma,
which says that the ‘total variation’, || Vg||;, of a symmetric monotone function g is a ‘surface
term’. (Here and in what follows, || - ||, denotes the L”(A) norm.)

Lemma 2.1. Suppose that g is a bounded and non-negative integrable function on A that is
symmetric monotone. Then, g has an integrable distributional gradient, and the total variation
of g, that is |Vg||1, satisfies

/ IVg()ldx < A1“"P2d| gl . (23)
A

@-1)/d

Note that the right-hand side is proportional to |A]| , which is what makes it a

surface term.

Proof. We suppose first that g is smooth and symmetric monotone decreasing, and derive
the bound (2.3) under this hypothesis. Any such function g has the property that as one goes
around any of the circles where only one coordinate varies, say x;, one proceeds monotonically
from the minimum of g on this circle, to the maximum, and then back down to the minimum.
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Since g > 0, the difference between the maximum and the minimum is no more than || g|| .
Hence, since g is smooth,

g
—ldx < — @2 . 2.4
fA 2 ax < S g (2.4)

Now integrating over the remaining coordinates one obtains (2.3).

For the general case, one may approximate g by applying the heat kernel on the torus
to it. This approximation preserves both the positivity and the property of being symmetric
monotone. Also, the heat evolution is continuous in both the total variation norm and the L
norm, so (2.3) is preserved as the approximation is relaxed. ]

|Al

This lemma will play a crucial role in determining the structure of our minimizers, since,
as we will see below, our minimizers are symmetric monotone, up to translation on the torus,
and thus, they satisfy the bound (2.3) as well as a priori L* bounds.

Lemma 2.2. Let F be a function on R, x R, that satisfies (1.2) everywhere on its domain. Let
U be a non-negative strictly monotone decreasing radial function on R¢. Suppose also that
the diameter of its support is less than the smallest period of A. Then, for all non-negative
functions g and h on A, there is a symmetric monotone decreasing function g* and a symmetric
monotone increasing h, such that

/ /A gV (x — yh(y)drdy > / /A FOUGK - Ph()dedy  (25)
and

/F(g(x),h(X))dX>/F(g*(X),h*(x))dx. (2.6)

A A

Moreover, the equality holds in (2.5) only for the case g = g* and h = h,, up to a common
translation.

These estimates (2.5) could be deduced from related rearrangement inequalities of
Baernstein and Taylor [3] and Luttinger [15]. However, adirect proofis provided in appendix A.
The second inequality is reminiscent of an inequality of Almgren and Lieb [2] with the opposite
ordering for symmetric decreasing rearrangement on R” in which both functions are ‘piled up’
around the same point. The proofs though are different.

We now turn to the existence of minimizers for the variational problem of determining

inf{F(p1, p2) : (p1, p2) € D(n1, n2)}, 2.7
where D(ny, ny) is given by (1.8).

The lemmas collected above enable this to be proved in a wide variety of circumstances.
Theorem 2.3 applies to one of these that is of particular physical interest. Mathematically, it
is a very direct consequence of the lemmas since when D is given by (1.5), there is a trivial
a priori bound on || o ||« and || o2 || co—namely, b~

Without such a term to enforce a priori L> bounds, and without an entropy that prevents a
vacuum, the proof is more involved, but still works. Mathematically, this context is much more
interesting, if less physical. To keep the focus on the main physical case, we prove here the
theorem only in the simple case required to treat the van der Waals gas and show in appendix B
the statement and the proof for the other case.

The role of the rearrangement inequalities is this: since the interaction is not positive
definite, lowering the interaction energy may well favour oscillations in the densities p; and
02, and there is no mechanism to prevent a minimizing sequence from oscillating more and
more rapidly so that some part of the mass vanishes in a weak limit, with the consequence that
the limit no longer belongs to D(ny, n,). This cannot happen here because of lemma 2.2.



1082 E A Carlen et al

Theorem 2.3. Let F be given by (1.3), where, in particular, D has the property that D(t) = 0o
fort > b~ for some b > 0. Then, for all ny and n, and all B,

F(ni,ny, p) = inf — F(p1, p2) 2.8)

(p1,p2)€D(n1,n2)
is achieved for at least at one minimizing pair (p1, p2). Any such pair satisfies the Euler—
Lagrange equations
G'(p1) + D'(p1+ p2) + BV  py — U % p1 = C1, 2.9)
G'(p2) + D'(p1 + p2) + BV * p1 — BU * pr = C. '

Moreover,
max{[|Vpi 1, [Vealli} < |A]“"D/924b7! (2.10)

and if (py1, p2) is any minimizing pair, then p; = p} and py = py, up to a common translation.
Likewise, for any 1, Wy, let

Flr pins f) = inf {f(,ol,,oz)—m/m(X)dx—Mz/ pz(x)dx}. 2.11)
(p1,p2)€D A A

Then, the minimizers do exist and satisfy the above conditions with Cy and C, in (2.9)
replaced by L1, L.

Proof. We first observe that we may assume p, 0 < b~!. These a priori bounds make this
case easier to deal with.
The functional

p1s P2 = F(p1, p2) (2.12)

is jointly continuous in the L' topology by the dominated convergence theorem.

Now let (0;®, p,®) be a minimizing sequence satisfying the constraint (1.8), and such
that (0;®, p,®) is a symmetric monotone pair. Such a sequence exists by lemma 2.2. By the
Helly selection principle and the a priori pointwise bound, this sequence is strongly compact
in L' x L'. Passing to a convergent subsequence, we have our minimizing pair.

The Euler-Lagrange equations now easily follow, and then (2.10) follows from (2.3) and
the a priori sup norm bound provided by D. ]

3. Large volume

In this section we focus on the case in which 2L, the period of the torus A, is large compared
to ¢, the length scale of the interaction defined in (1.7).

Lemma 3.1. Let (p1, p2) be any minimizer for the free energy functional. Then, using * for
convolution,

2 2
Z/A|V*pj —apj|dx+Z/A|U*pj —opj|dx < ClA|“" 3.
j=1 j=1

for some constant C depending only on B and ny, n,. As a consequence,

2 2
/p,-V*pjdx—a/p[,ojdx /,OiU*,OjdX—U/ pipjdx < C|A|@=D/d,
A A A A

2 >

j=1 j=1

3.2)

where again, C depends only on B and ny, n,.
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Proof.

Py # Vx) — ap; (x) = /A V)lo; (x — y) — py(0)]dy

= —fOI/A V(y)Vpj(x —ty)-ydydr. (3.3
Hence

fA |pj * V(x) = ap;(x)| dx < (/A V(y)lyldy> Vol (3.4)
and from lemma 2.1,

/A lpj * V(x) —ap;(x)|dx < C (/A V(y>|y|dy) A (3.5)
The same argument applies to the terms involving U. |

Now fix any € > 0. A simple Chebyshev argument based on the integral bounds of
lemma 3.1 shows that, by choosing A sufficiently large, from a set of ‘surface term size’,
Vxp = ap; £€and U % p; = op; £ €. More precisely, with |A| denoting the Lebesgue
measure of a set A,

[ [V % pi (x) — api(x)| = €} < Ce™ | A=D1, i=12 (3.6)

and likewise for U.
Let G, be the ‘good’ set

2

2
(Ve 11V #0;) = ;)] < e} | N | [V 11U # p;(x) —op;(0)] < e} |- (3.7)
j=1 j=1

Any minimizing pair of densities (p;, p;) for F with n; and n, fixed must satisfy the
Euler-Lagrange equations

oF

— (L) +Vxp—Uxp =Cy,

9p1 (3.8)
oF

— L)+ Vo —Uxp=0C
ap2

for some C; and C».
Likewise, any minimizing pair of densities (o1, p,) for Fy with n; and n, fixed must
satisfy the Euler-Lagrange equations

oF

Ci=——=(p, m) +ap —ap,
901 39
; 9F i (3.9
Cy = —(p1, p2) +ap; — 0 po.
902
Given a minimizing pair (p1, pz) for F, define functions C;(x) and C,(x) through
oF
Ci(x) = a—(pl, p2)+opy —opr,
3‘; (3.10)

Co(x) := 5(,017 p2) +apr —op;.
2

It follows from the definitions that on G,

ICi1(x) = Cil < € and 1C2(x) — Co] <€ (3.1
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Therefore, on the set G, (p1(x), p2(x)) is a solution of (3.10) with C; (x) and C,(x) very close
to C; and C,. We wish to conclude that on G, the values of (p;(x), p2(x)) are essentially
those of a minimizer of Fj.

Towards this end, we make a ‘stability’ assumption on the Euler-Lagrange equations
describing minimizers of F under the constraint of fixed n; and n,. This condition is easy to
verify for many particular choices of F', as we shall see.

Definition (amenable free energy function). We say that the free energy function F (py, p2) +
op1 P2 — 0’(,012 + ,0%) is amenable when for any given constants C; and C», there is at most a
finite number N of pairs of numbers

(. 0y i=1,....N, (3.12)

such that, for any given € > 0, there is a § > 0 depending only on €, C and C, such that the
following is true.
Whenever any pair of numbers (p1, p2) satisfies

oF oF

5(51,52)4‘04,52—0,51 =C and 5(,517,52)+01,51 —opm=0C (3.13)
1 2
for some él and 62 with |C~‘1 —Cq|+ |C~‘2 — G| < 6, it follows that

151 — P +152 — p| < € for some 1 <i < N. (3.14)

Checking this in practice amounts to checking that there is continuous dependence of
solutions to (3.9) from (C;, C;). Just to be concrete, consider the simple case in which
F(p1, p2) = (p1log p1 + p2log p2)/B. Then equation (3.9) become

log p1 + Bapr, = C and log p» + Bap; = Cs. (3.15)
Then, with

he.c,(p) = e exp(—Bae® (exp(—pap))).,
p1 and p; satisfy the fixed point equations

o =hc,c,(p) and o =hc,c (p),

respectively. For each C; and C; there is a number R depending only on C; and C, so that
h¢,.c,(p) is convex for p < R and concave for p > R. One sees that there are always one,
two or three solutions to (3.15) in this case. As C; and C, vary in small intervals, there are
at most three small pairs of intervals required to hold all of the solutions. This is the situation
described in general by the definition.

We will give further physical examples in the next section, and here we focus on the
general consequences of amenability.

The main consequence is that on the ‘good set” G, any minimizers p; and p, of F are
essentially discrete, taking their values in the union of a finite number of short intervals. We
now identify these intervals and relate the minimization of F and Fy.

Theorem 3.2. Suppose that the free energy function is amenable. For any fixed (ny, n,), let
(p1, p2) be a minimizer for F in D(ny, ny). Then, there is a finite set of pairs of numbers

(p?, pi) i=1,...,N (3.16)
such that for all € > 0 and all L sufficiently large, there is a set G C A such that

G

161 < C|AI7VA, (3.17)

|Al
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such that for all x in G,
lo1(x) = 1| + o2 (x) — py| < € (3.18)

for some 1 < i < N depending on x. Moreover, there is a pair (p1, p2) satisfying
o1 — p](')l + |0y — ,0;’)| < € that satisfies the Euler—Lagrange equation (3.9) for a minimizer
of Fo in D(ny, ny) for some ny and ny with |ny — ny| + |ny — na| < €.

Proof. For some « to be determined later, let G = G,.. Then, as a consequence of lemma 3.1,
p1(x) and pp(x) satisfy (3.10) for C;(x) and C,(x) nearly constant on G. Let C; and C,
be the respective average values of C;(x) and C,(x) on A. It follows that on G, p; and p,
have values lying in a finite number of pairs of intervals. As k is decreased, so is the width
of these intervals. Each pair of values in these intervals is a solution of the Euler—Lagrange
equations (3.9) for some values of C 1 and C’z close to C and C3, respectively. By decreasing «,
we can ensure that |6’1 —Cy|+ |C’2 — C,| < 8, where § is related to € as in the definition of
amenability. |

We remark that, in specific cases, it is possible to carry the analysis further, and to show
that the pairs of values (01, 0;) correspond to values of minimizers for F,, and not simply
solutions of the Euler—Lagrange equation. At this level of generality, that is not possible.

In this section we have only considered the constrained problem because in the
unconstrained case the situation is much simpler. In the unconstrained case, surface tension
would discourage partitioning A among different minimizing phases.

4. Local interactions

In this section we consider the case in which V(x) = a§(x) and U (x) = o6(x). This will
enable us to obtain a very complete picture of the minimizers when o is sufficiently small and
a rather clear understanding for arbitrary o, as we show in the next section. Note that this
corresponds exactly to replacing F by F.

We begin our analysis by looking for the unconstrained spatially homogeneous minimizers
of Fy with additional chemical potentials 1| and i, (grand-canonical ensemble), which will
play the role of Lagrange multipliers later on. Therefore, fixing 1, and u,, we look at the
minimizers of the grand-canonical free energy density on R, x R, given by

o
T (P15 02) = F(p1, p2) +ap1p2 — = (P + p3) — i1 — Uapa. 4.1)
2

Since this model exhibits both condensation—evaporation and segregation transitions the
natural variables are not p; and p, but p and ¢ where

P = @m0 and () = 2D 4.2)
p(x)
Then, the free energy Fy(p1, p2) can be written as
Folpr, p2) = / gun(p(x), d(x)) dx, 4.3)
A

where
gun(p.9) = F (51+9). 501 =9)) + 2021 =61 = Zp2 (148D — o —hpp. (44)

where
_ ML= M2
=—F

m1+ (2
I,L:

, h
2

4.5)
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It turns out that, under our assumptions, minimizers of this functional have a very special
structure. Each of the variables p; and p, can take on at most four values. The region A is
decomposed into at most four sub-regions in which both p; and p, are constant. The four
possible values of the densities result from a possible condensation—evaporation transition,
together with a possible segregation transition.

Let g, » be the convex minorant of g, ;. That is,

Zun(p, @) = iug{ﬁ(p, PP, d) < guan(p. P} (4.6)

where L is the set of all the linear functions £(p, ) = ap + b +c,a, b, c € R. Let B be the
set of p and ¢ for which
g[l.,h(p» ¢) > g/l.,h(lov ¢) (47)

B is the set where there are ‘flat spots’ in the graph of g,, 5, and as is clear and well known,
these are irrelevant to the minimization problem so that

. Folpr,p2) . 1 / .
nf ———— =inf — , dx. 4.8
o A pr TN Agu,h(p(x) ¢(x)) dx (4.8)
Next, define
Vun(p) = inf g, . (p, @) (4.9)
¢e[—1,1]
and
un(p) = inl | Zun(p. 9). (4.10)
Then, tﬁﬂ,h is the convex minorant of ¥, ;. Indeed, the epigraph of g, 5, i.e. the set
{(0,¢,2) 122 gunlp, d)) 4.11)
is convex, and the epigraph of 1/~fu, » 1s simply the projection of the epigraph of g, , onto the
P, z plane.
It is clear that
1 . 1 ~
— / gun(p(x), p(x))dx > — / Vun(p(x))dx (4.12)
AT Ja AL Ja

with the equality holding if and only if for almost every x, ¢ (x) minimizes g, (o (x), ¢)
considered as a function of ¢.
Now, let paye be given by

1
poc = 31 [ P01 (4.13)
A
Then, by Jensen’s inequality,
1 ~ ~
m/ wu,h(p(x)) dx > I////.,h(loave)- (4.14)
A

It is well known that if 12/,3, w1 strictly convex, then the equality holds if and only if
p(x) = pae almost everywhere. However, even if &u,h is not strictly convex, the proof
of Jensen’s inequality has important consequences for our problem.

To explain these, we first recall that if i is any convex function on the positive axis, then
an affine function £(p) = ap + b is a supporting line for i for the case V¥ (p) > £(p) for all p,
and if ¥ (pg) = £(pp) for some py. If £ is any supporting line for i, then the set

{0 :€(p) =¥ (p)} (4.15)
is a closed interval. Such an interval is called a support interval of i. The following is simply
Jensen’s inequality, with the only novel feature being the statement about the cases of equality,
which applies outside the strictly convex case.
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Lemma 4.1. Let (2, S, v) be a probability measure space, W a convex function on the positive
axis, and p a non-negative measurable function. Then,

fw(p)dv z Y </ﬂdV> (4.16)

and the equality holds if and only if, up to a set of measure zero, p takes its values in a single
support interval of .

Proof. This follows from a close examination of the standard proof of Jensen’s inequality,
which turns on the fact that if f and g are two measurable functions,

/max{f, g} dv > max {/ fdy, f g dv} 4.17)

with the equality holding if and only if either f = max{f, g} or g = max{f, g} almost
everywhere. This, applied to

Y(p) = Slzpﬁ(p), (4.18)

where the supremum is taken over all supporting lines of ¥, yields the inequality. By
the above, the equality holds if and only if for any two supporting lines £; and ¢,, either
Ci(p(x)) = max{f;(p(x)), £2(p(x))} or £(p(x)) = max{{;(p(x)), £2(p(x))} for almost
every x. This can only happen if, almost everywhere, p takes on all of its values in a single
supporting interval. |

This has the immediate consequence that for any minimizer of the local interaction
problem, the values of p(x) all lie in a single support interval of v, ,. Now, in most cases that
we will consider,

Vun(p) > Vpn(p) (4.19)

for all p in any support interval, except at the endpoints. In particular, this is the case if ¥, ;
is almost everywhere either strictly convex or strictly concave, and there are no lines that are
tangent at three or more points. Then, a minimizer for our problem cannot have p(x) in the
interior of the support interval because of (4.19). In exceptional cases, there may be physical
values in the interior of a support interval. This occurs when there is a point of triple tangency,
or higher.

Putting aside this exceptional case for the moment, there are only two possibilities for any
minimizer in our problem: either

e the support interval of lﬁu,h that contains p,,. consists of p,. alone. In this case,
p(X) = paye almost everywhere.

e the support interval of 1/7,1,;1 that contains p,y. consists of a closed interval [p,, p,] with
Py < p¢. In this case, A = A, U Ay with p(x) = p, almost everywhere in A, and
p(x) = p¢ almost everywhere in A,.

We say that there is a condensation—evaporation transition in the second case; the region

A, contains the vapour state and A, contains the liquid state. The volumes of these two regions
are given by

|Al|pé + |Av|pv = |A|pave =n;tnj. (420)

Note that the volume fractions of the liquid and vapour states are determined by this relation
alone, before we begin considering any possible segregation in either the vapour or the liquid.
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We note that there is a condensation—evaporation transition exactly where v, ; has an
interval of concavity. Any such interval is contained in an interval [p,, p¢] with

Vi (Pu) = V(0 and V() = V(o) 4.21)

and
Vn(00) =¥, (e
This means that

Pe
v, 4do =0, (4.22)

Pv
which is Maxwell’s equal area rule for determining the values of p, and p,.
Suppose for all t € (0, 1)

V(L =0)py +100) > (1 =)W n(p0) + 19,1 (00)- (4.23)

Suppose also that the infimum in (4.9) is attained exactly at one or two values of ¢ when
p = py, and p = p,;. Then, depending on whether or not p, equals p, and whether there are
one or two minimizers for ¢ in (4.9) there will be one, two, three or four states. To determine
if these hypotheses hold we must examine a particular free energy.

5. van der Waals gas

In this section, we focus on the van der Waals gas for which

1
foman(or: p2) = 2[Go0) + Glo2) + D]+ apipn = %(m2 +022) = tipr — Hap>
5.1)
and hence
1 P P
8P 9) = E[G (5a+o)+c(Sa-a)+ D(p)]
+ 2020 =1 — 202U 4% —pp — h 52
1P ) 4p(+¢>) no —hpo. (5.2)

The function G, defined in R,, is assumed to be smooth and moreover

(1) G and G” strictly convex;
2) G'(x) > —o00, G"(x) > +o0 forx — 0.

The function D is defined in some interval (0, b~') contained in (and possibly coinciding
with) R,, and is smooth and strictly convex. For example, with G(¢) = ¢ log¢ and D given by
(1.5), these conditions are satisfied. This is the usual two component van der Waals gas.

The existence of minimizers follows from the considerations of section 2, which apply
also in the case of local interactions. Note however that we have no symmetric monotonicity
of the minimizers and, in general, no reason to have regularity properties. Moreover, the same
argument that we used in the proof of theorem 2.3 shows that any minimizer satisfies the
Euler-Lagrange equations:

G'(p1) + D'(py + p2) + Baps — Bopy = Ci,
G'(p2) + D'(p1 + p2) + Bapy — Bopr = Ca.

We now turn to the study of the structure of these minimizers. The following theorem
gives a criterion for segregation.

(5.3)
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Theorem 5.1. With g given by (5.2), the infimum in (4.9) is attained at exactly one point
o (p; B, i, h) if h # 0, independently of p, or if h = 0 and B(o + ) < G”(P/Z). Ifh =0
and B(o +a) > G"(p/2), then the infimum is attained at two points ¢+ = +d(p; B, i, 0).

Proof. When there is no ambiguity, we omit the subscripts 8, w, h from gg , ». For fixed
values of 8, i and i we look for the minimizers of g. To do this, we first fix p and look at the
solutions of the equation

dg

—(p,9)=0 54

20 (P, 9) (5.4)
fpr fixed p. Let ¢3 = qAb(,o; B, u, h) be one of the solutions to (5.4). Explicitly, for fixed p > 0,
¢ solves the equation

H,($) = Bla +0)pd +2h (5.5)

with
—c (2 ¢ (La-

Hy9):= G (Sa+0)-c (5a-9). (5.6)
The following properties of the function H, will be relevant below. Assume p > 0:

Hy(—¢) = —H,(¢), H,(0) =0, (5.7

H;(¢) > 0, Vo € (—1,1), (5.8)

H,(¢) — %00, H;(d)) — +00 for ¢ — *£1, (5.9)

qu/;’(qb) >0 for ¢ # 0, H;,’(O) =0. (5.10)

(Note that if G(t) = tlogt then H,(¢) = 2tanh~'(¢).) In particular, (5.10) implies that

. / . B (P , n(P .
it @ =00 =p6"(5)  ad H@) 06" (3) HE s

The above relations are immediate consequences of the assumptions on G: in fact (5.7) just
follows from (5.6); (5.8) follows from

Hy @) = 56" (Sa+p)+6" (5a-0) (5.12)

and the fact that G is strictly convex. Equation (5.9) follows from condition (2) on G and
finally, (5.10) follows from

" _ p2 " 10 " p
H)(@¢)=76" (Sa+9)-6" (50 -9) (5.13)
and the strict monotonicity of G”.
We have
6%g P (o P> (e (P
G929 =5 (H)@) — @+ 0)pp) > 5 (6 (5) ~ @ro)p). (5.14)
Therefore, if
Bla+o) < G” (g) (5.15)

the right-hand side of (5.14) is positive, the function g(p, ¢), for p fixed is a strictly convex
function of ¢ and hence it has aunique minimizer ¢ (p; 8, i, k) solving (5.5), because condition
(2) on G permits it to be excluded as a corner solution. On the other hand, if

Bla+0)>G" <§> (5.16)
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by (5.10), there is an interval (—¢y, ¢5) where the function g(p, ¢), for p fixed, is concave,
while in the complement, it is convex. The value ¢, is determined by the condition

H(¢5) = (a+0)Bp. (5.17)
Therefore, it is possible to get more than one stationary point satisfying (5.5).

We assume that (5.16) is verified and look at the stationary points. We distinguish two
cases: h =0and h # 0.

We assume first 2 = 0. Then, clearly, ¢ = 0solves (5.5). The condition (5.16) ensures that
g, ®) is concave in ¢ = 0 and hence ¢ = 0 i is not a minimizer. Moreover, by symmetry, if
¢(p B, i, 0) solves (5.5) the same is true for —d)(p B, i, 0). Equations (5.8) and (5.10) show
that there is exactly one positive value ¢(,0 B, 1, 0) € (¢, 1) solving (5.5). Consequently,
we have the two stationary points

¢+ = x¢(p; B, u, 0). (5.18)
Now we take & # 0. One immediately realizes that there is /(o) such that, if & ¢
[—h(p), h(p)], then there is only one solution to (5.5), for h = +h(p) there are two solutions,
one of them in (—¢y, ¢), the other being the minimizer. Finally, if &7 € (—h(p), h(p))
there are three solutions, one in (—¢y, ¢5) and the others in the complement, corresponding
to local minimizers; moreover, they have different signs. Let ¢31 (p; B, u, h) > 0 and
432(,0; B, u, h) < 0 denote the two local minimizers. We show that g(p, qgl(p; B, u, h)) #
g(p, qu (p; B, i, h)) and hence there is only one absolute minimizer. To show this, we compare
with the case h = 0, where qu (p; B, 0, 0) = —&1 (p; B, 1, 0) and the corresponding values of
g are equal. We define

Ti(h) = gp.un(p. $i (3 B, 1. b)), i=12. (5.19)
Since ¢3,- are stationary points for g, we have
T R 60 0803 G 10, )
_ M( . A
= ps ®i(p; B, i, h)) = —pdi(p; B, 1, h). (5.20)
Therefore, for h > 0
Ji(h) < J1(0) = 2(0) < Ja(h) (5.21)
and vice versa for & < 0. |

Next we give a criterion for the condensation—evaporation transition. Such a transition
occurs exactly for those values of «, o, 8, i, h for which the function g, 4 (p) fails to be
strictly convex. Our first result pertaining to this is the following.

Lemma 5.2. Let qg(,o) be any minimizer of g(p, ) in (5.2) with respect to ¢, so that

Y(p) = g(p, ¢ (p)). Then, ¥"(p) is strictly positive if the point (p, $(p)) is in the regions
where the Hessian of g, D*g, is positive definite.

Proof. We have

r_ a_g 8g 2
V'=3,%3 ¢¢> (5.22)
" o__ 82g G 2 N
Vi=gn 8¢a¢ a¢2("’) ¢¢
= ((1, ¢, D*g(1, $")) + %4 (5.23)

¢
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D?g being the Hessian matrix of g and (-, -) the usual scalar product in R
When ¢(p) is a minimizer, the above relation reduces to

¥ = ((1,¢), D*g(1,¢"). (5.24)
Therefore, ¥"(p) is strictly positive if the point (p, dA)(,o)) is in the regions where ng is
positive definite. ]

The above result can bei re-stated in terms of the function f. Since qAﬁ(,o) solves (5.5), itis
plain that ¥ (p) = (7 (1, ¢'), D> fj" (1, ¢")), where

ap  dp
.| 901 90
Jj= 9 90 (5.25)
apr 9
Therefore, we study the positivity properties of D? f. It is given by
G" — Bo + D" D"(p) + Ba
pryo (G0 () Depa ) 526
D™ (p) + pa G (p2) = Bo + D (p)

As a consequence of lemma 5.1, when the Hessian of f is positive definite, there is
no condensation—evaporation transition. However, if o is sufficiently large, the diagonal
terms may become negative, while for « sufficiently large the off-diagonal terms may make
det(sz) < 0.

We now consider explicitly some examples for the case G(¢) =t log¢.

(1) 0 =0and D = 0 (ideal gas). Then, D? f is positive definite in the region P defined by

P ={(p1, p) | p1p2 < @272} (5.27)
To check this, first suppose aBp > 2. With our choice of G, (5.5) reduces to

¢ = tanh (@) . (5.28)
With § = afip/2 it becomes

¢ = tanh(£¢). (5.29)
For all strictly positive values of £¢,

sinh(é¢) > &¢. (5.30)

By (5.29) we can divide the left-hand side by tanh(£ ¢) and the right-hand side by ¢ without
affecting the inequality. It follows thatcosh(£¢) > &, and hence that (1 — tanh?(&¢))1£2.
By (5.29), this means that

app\’
(1—¢H'> (T) (5.31)
whenever afp > 2. Of course if @Bp < 2, then, by theorem 5.1 ¢ = 0, and so (5.31)
holds in all cases, and there is equality if and only if ®8p = 2. Since
1

o? ,32 ’

by (5.31), the condition in (5.27) is fulfilled for all values of the parameters except for
aBp = 2. In this case, however, ¢ = 0 and by (5.23) " = 2/p > 0. Hence ¥ (p) is

strictly convex and there is no condensation—evaporation transition for any value of the
parameters.

pz
prpr="(1 = P < (5.32)
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(2) D(p) is given by (1.5) and o = 0. Then, the strict convexity of G and D ensures that the
diagonal terms are positive and we only need to check det(D? f) > 0. Hence, in this case
D? f is positive definite in

Q = {(p1, p2)| det(D* ) > 0} (5.33)
and its boundary,
3Q = {(p1, p2) | det(D*f) = 0},

separates it from the region where D? f is not positive definite. Explicitly, the condition
det(D? f) > 0 can be written

1 2022 . L1
— —aB+D'(p)| —+— —2a8) > 0. (5.34)
P12 P1 P2
Note that the set Q contains the set
1 202
P=(p1,p2)|— —a"'p">0;. (5.35)
P1P2

because the arithmetic mean of two positive numbers is not less than the geometric mean.
Since the equation for ¢ is unaffected by the presence of D, ¥ (p) is strictly convex and
we get the same conclusion as before.

(3) If o > 0, the set P is replaced by

1 1 y s
Py = {(p1, p2)I (— - ﬂo) (— - ﬂo) —a’B” > 0}. (5.36)
L1 P2

Therefore, as o increases the set P, shrinks thus encouraging the condensation—
evaporation transition.

Korteweg [11] has also discussed a situation with segregation and four phases in
equilibrium in a mixture of two van der Waals gases. Korteweg’s paper concerns the @ < 0 case
where there is attraction between different species too, and to which rearrangement arguments
do not apply, though segregation is still possible because it is controlled by o + «.

Up to now we just gave general conditions for the absence of the condensation—evaporation
transition. We now derive a formula for the pressure that allows us to draw conclusions about
the non-strict convexity of the function ¥. Introducing the specific volume v = p~! and
defining the function

q() = vy, (5.37)
which has the same convexity properties of ¥ at the corresponding points, a simple calculation
shows that,

q(v) = —log(v —b) — %(:_1)) +y(@@™) (5.38)
with

y($)=%log(1—4¢2>+§log<lli¢i>—hd;—u (5.39)
and

5(@) =0 —a+¢*( +a). (5.40)
Now, by (5.5), we have

o +y' =0. (5.41)

4v
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Hence, the pressure p as a function of the specific volume is given by

A CICRD))
—b 4
This expression is similar to that for the one component van der Waals gas, but for the
dependence of ¢ on v through .

Several cases are possible, depending on « and o. Consider, for example, the case
o > o. Then, in the absence of segregation, the pressure is a strictly decreasing function
of v. Since the pressure must be equal in the liquid and vapour phases, this precludes a
condensation—evaporation transition in the absence of segregation. (This is quite different
from the usual van der Waals case, or the case considered by Korteweg.) The segregation
permits a condensation—evaporation transition, and lowers the pressure in the liquid phase
from what it would be without segregation. As the temperature is lowered further, the vapour
phase may also undergo segregation. In this situation, the volume fractions are not determined.
Howeyver, at the end of this section we shall see that because the local interaction model is
the large volume limit of a model in which the minimizers must be symmetric decreasing, we
can say more about this case. Thus, when o > o, we have three critical inverse temperatures
B1 < Ba < B3. The first corresponds to a segregation transition. At the second there is a
condensation—evaporation transition at which a segregated liquid phase is produced, and an
unsegregated vapour phase. At the third, the vapour phase also segregates. As a consequence
of the above formula for the pressure, we prove the following theorem.

Bp(v) == —q'(v) = . (5.42)

Theorem 5.3. Suppose that « < o. Then, there is a critical inverse temperature . such
that for B > B. a condensation—evaporation transition occurs, with or without segregation,
depending on the values of B, h and ., according to theorem 5.1. On the other hand, ifa > o,
then either there is a unique minimizer or the condensation—evaporation happens at a lower
temperature than segregation.

The statement of theorem 5.3 is illustrated by the schematic phase diagrams in figure 1.
The first is a qualitative plot of p versus v as given by (5.42). Here the plot corresponding
to B1 < B. shows the absence of a liquid—vapour transition, while for 8, < . there is a
liquid—vapour transition and the vapour and liquid specific volumes are determined according
to Maxwell’s rule (4.22). The second diagram is in the plane (p;, p2) and we plot the values
of p; and p, when p runs between 0 and b~! at fixed temperature. The straight lines represent

1HP=Pe

Prrp=m

vl ™ U =

Figure 1. Illustration of the statement of theorem 5.3.
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the values of p; and p; such that p; + o, = p; or p; + p» = p,. By changing the values of the
parameters one can immediately realize that the number of possible intersections is between
1 and 4.

Proof. First we consider the case o < o. We differentiate (5.42) and get

=~ hia—1 n 27 (ay—1
I po@e™)) Bolo+a)¢ ™)

Prv) == 203 20

(5.43)

Since ¢ is non-decreasing, the last two terms are both positive and at least linearly increasing
with 8. Hence, for any fixed v and sufficiently large B they dominate the first term. On the
other hand, for any fixed 8 and v sufficiently close to b, the first term dominates. Therefore,
the pressure is not monotone.

Let us now consider the case « > o. In the absence of segregation, the pressure is a
strictly decreasing function of v and this precludes a condensation—evaporation transition in
the absence of segregation. (This is quite different from the usual van der Waals case, or the
case considered by Korteweg.) The segregation permits a condensation—evaporation transition,
and lowers the pressure in the liquid phase from what it would be without segregation. As the
temperature is lowered further, the vapour phase may also undergo segregation. ]

In conclusion we may have at most four phases, characterized by the following values of
the density:

+ l :l: ¢(10U) + l :i: ¢(p1)

L pif =

We now return to the search for the constrained minimizers, which are density profiles
p1(x), p2(x) such that

/dxm(x) — mIAlL /dxpz(x>=nz|A|. (5.45)
A A

(5.44)

Clearly if min{n, n,} < p; ormax{n;, no} > p;" the only possible solutions are p; = n;
and p, = n,. Otherwise, non-homogeneous minimizers are possible. Because of theorem 3.2
it is clear that p; and p, can only take the above values in four regions A, B, C and D whose
volumes are the only relevant properties because we are dealing with the local interaction case.
The minimizer (o}, p3) is given by

pr ifx €A, o ifx €A,
R p; ifxeB, . p/ ifx e B,
- - 4
PID =1+ trec, P2 pr ifxeC, (5.46)
p, ifxeD, ey ifx eD.

or vice versa. Leta, b, ¢ and d denote the ratios of the above volumes with |A|. The constraints
are then

ap; +bp; +cpy +dp; =ny, ap; +bp/ +cp, +dpy = na, (5.47)
which, together with the relation
a+b+c+d=1 (5.48)

do not suffice to determine the fractions occupied by each phase. Note that, in the case
Bs(p1) < B < Bs(py) we have p; = p,” and the relations available are sufficient to determine
the volume fractions occupied by the three phases.

In the finite volume case the rearrangement inequalities take over and ensure regularity of
the minimizers. In fact because the minimizers must be symmetric monotone, not all of the
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Figure 2. Phase boundaries for a two-dimensional torus.

phases can be in contact, and there are constraints on the ordering of the densities. Suppose,
for example, that we have

Py > Pp > Py > Py (5.49)

We shall show that this is impossible.
Pick numbers a, b and ¢ separating these density values so that

p,>a>p, >b>pr>c>p, . (5.50)
Define

A={x:pi(x) >a}, B={x:az=px)>b}

C={x:b>p1(x)>c} D={x:c>px)}

By the rearrangement inequalities, we see that p, must take its minimum in A, but we know
from (5.46) that p, must take the value p, in A. So we must have instead that

Pl > py > py > P, (5.51)
It is not evident how to deduce this in such generality by direct consideration of the local
interaction model. The above regions are disjoint. To further determine the structure we need
to consider the surface tension across their boundaries. In a later paper [4] we will rigorously
investigate the surface tension. Here we proceed on the assumption that because of it the phase
boundaries will be arranged so as to have minimum surface area. Then, for a two-dimensional
torus, these regions would be arranged in the manner indicated in figure 2.

Note that on a torus, the solutions of the isoperimetric problem are either discs, or bands
depending on the size of the area to be enclosed.

Now we see that the liquid state rich in species one can only be in contact with the vapour
state rich in species one, which in turn can only be in contact with the species one rich liquid
state and the species two poor vapour state. In the case that all four phases are present, it
is the surface tension of the domain boundaries that fixes the volume fractions in the finite
range case.

6. The microcanonical minimization problem

In the previous sections we have considered a minimization problem related to a model in
thermal contact with a reservoir. In this section we extend our results to a kinetic model
preserving energy, but, for the sake of simplicity, we confine ourselves to the ideal gas case
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with repulsion between different species and no attractive part. For example, consider the
Boltzmann—Vlasov equations in [5], for the position and velocity distributions f;(x, v, t). The
results on the minimization problem we have considered in the previous sections can be applied
to determine the equilibrium solutions of these equations.

The equilibrium solutions of such a model are the minimizers of the entropy with energy
and mass constraint. Therefore, the variational problem we want to deal with is the following:
find the minimizers of

S(f) :/dv/l\dxifilogfi 6.1)
i=1
in the set
Do = £ = Chosoiar [av [ ax =i =12 £ =], (62)
where f; and f, are probability densities in the phase space A x R? and

2
E(f) = |A|’1 |:[dv/ dx%(f1+f2)+f dx,of]V*pfzi|, or, :/dvf,-. (6.3)
A A

This is equivalent to minimizing without constraints the functional

2
6(f) =S+ BEG) = Y [ o /A dv f (6.4)
i=1
on
D={f = (fi, I € LI(A x B} 6.5)

with B, u; Lagrange multipliers to be determined by the constraints.

As is well known, the Euler—Lagrange equations for this functional force the v-dependence
of f; tobe aMaxwellian atinverse temperature § > 0 and hence we get the following variational
principle:

2
f(pl,pz)zfdXZpi[logpi—/liHﬂ[/ deV*Pz,} (6.6)
A i=1 A

on

D = {(p1, p)llp;i € LT(A)}, 6.7)

with B > 0, t; Lagrange multipliers to be determined by the constraints

_ 3
E(p1, p2) = |A]™! U dxzﬁ*%pl +p2>+f dx o1V *pz} =e,
A A

(6.8)
IAI7Y [ dx p; = n;.
A
Here, fi; = u; +log(y/2mB~1)3. This is equivalent to minimizing
2
Storp =Y [axpitogp, (©9)
i=1 7%

on the set

Demymy = {(m,pz) | IAlflf dxpi =ni, i =1,2; E(f) = e}- (6.10)
A
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The discussion in previous sections obviously extends to the study of the minimizers of
the functional (6.6). Therefore, we now only deal with the solvability of the conditions on
the Lagrange multipliers. This relies essentially on the local interaction case, because the
arguments of section 3 apply.

Consider first the local interaction case, with unconstrained energy. For § sufficiently
small (e¢fin < 2) there is only a homogeneous solution. The energy as a function of  is
given by

E(B) =3B 'n+an’|Al, (6.11)
i.e. the usual linear behaviour in 8~ = T. For sufficiently large 8 («fn > 2) the solution is
of the form:
O+ x €A, o, x €A,
= = 12
p1(x) {p, YeA—A p2(x) {,o+, feA_A 6.12)

with p1 = p(1 £ ¢(B))/2, ¢(B) the unique positive solution to

tanh ™! ¢ (8) = “’%qs(ﬁ) (6.13)

and A a suitable subset of |A|, whose volume is determined to fulfil the mass constraints.
Of course, in the present situation, p = n = n; + ny and hence the energy is given by

o|A|n? 2
T(l —¢(B)).

(6.14)

3 3 3
EpB)==B"n +af dx pipy = =B 'n+alAlpsp- = =p 7 'n+
2 A 2 2

This is obviously continuous because ¢ (8) — 0as 8 — 2/n«. Moreover, by using arguments
similar to those of section 5 one can show that ¢ (8) is increasing for 8 > 2/n«. Therefore,
E(B) is monotone decreasing, as a sum of two decreasing functions, and hence invertible.

The function B(e) is well defined and, with this definition, the phase space densities for
the two species are given by

e POV /2

fi(x,v) = Pi(x)W’

(6.15)
where p; are the minimizers of the free energy at temperature S (e).

These densities give us the minimizers of the entropy S( f) under the constraints E( ) = e.
Note that the determination of the function S(e) in (6.15) requires knowledge of the partition
of e into its kinetic and interaction parts. This is provided by the results in the previous sections.
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Appendix A.
Here we prove the rearrangement inequalities used in the paper.

Proof of lemma 2.2. We shall apply a sequence of symmetrization operations, and show that
unless the minimizer is symmetric monotone, then one of these operations would strictly lower
the integrals in (2.5) and (2.6).

These symmetrization operations are ‘transplants’ to the torus of the following
symmetrization operation on the circle S! = {(x1,2) |x? + x = 1} in the x;, x; plane. Fix
any unit vector # on S', and define the reflection R, on S' given by

Ryx=x—-2u-x)u, (A.1)

where x = (x, y), and the dot denotes the usual inner product. It is also convenient to define
R,0 for —m < 6 < 7w by

R, (cos(8), sin(#)) = (cos(R,0), sin(R,0)). (A.2)
Next, define an operator, denoted R}, on measurable functions on & ! by

max{g(x), g§(Rux)}, ifx-uy >0,

min{g(x), g(R,x)}, ifx-ug <0, (A-3)

Ryg(x) = {
where u denotes (0, 1). Thatis, the line through the origin perpendicular to u divides the circle
in two, and the two halves are identified by the reflection fixing this line. The symmetrization
operation swaps values at reflected pairs of points, if necessary, so that the large value is
always on the side containing the ‘north pole’, (0, 1). We also define an operator R, in the
same manner, except that we put the small values on the side with the ‘north pole’. In other
words, we interchange the minimum and maximum in (A.3).

We now state the lemma for which these definitions were made.

Lemma A.1. Let F be a symmetric function on R, x R, that satisfies (1.2) everywhere on
its domain. Let K be any strictly decreasing non-negative function on R,. Then, for any two
bounded non-negative measurable functions g and h on S' identified with [—, 1),

/ / gO)K (10 — ¢h(¢) do d¢p 2/ f RigO)K(0 — pDR, h(¢)dodp  (A4)

and

b4

M2
f F(g(0), h(9)) do > / F(R?g(0), Ry h(6))d6. (AS)
-7 -7

Moreover, the equality holds in (A.4) if and only if for some fixed 6y, R;g(0 — 6y) = g(0) and
R, h(0 — 6y) = h(B) for almost all 6.

Lemma A.1 will be proved after using it to prove lemma 2.2. The argument is adapted
from [3], which however does not consider cases of equality.

Consider first (2.5). Fix any index i, and fix values of x; and y; for j # i. Determine a
sequence of unit vectors {u;} inductively as follows. Suppose that the #; have been determined
fori < j. Fori < j, define g; and h; inductively by

gi =Ry g1 go=2¢g and hi = R, hi-1, ho = h. (A.6)
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Now choose u; such that

|| Rigm©Kdo - o0R,hy10) 00 09

—/ / gj-1O)K (0 — p)hj—1(¢)d6 do

1

<ysu {(/n /ﬂ Ry g@O)K (10 — pDR, h(¢) do dgp

—/ / gj—l(@)K(lf)—¢|)hj_1(¢)d9d¢>}-

That is, we choose the direction u; to get an effect that is at least half of the largest possible
effect at that stage.

The operations Ruif preserve the modulus of continuity, so if g and % are continuous, the
sequences {g;} and {h;} are strongly compact. Passing to a subsequence along which limits
exist, define

g = lim g; and h, = lim h;. (A7)

j—o00 Jj—00

It follows from the choice of the sequence that for every u,

//R;jg*(Q)K(IQ—¢|)R,;jh,,(¢)d9d¢

- / / ¢ O)VK (10 — . () d6 dg. AS)

By lemma A.1, this is only possible if g* is symmetric monotone about the ‘north pole’, and #,
is symmetric monotone about the south pole, —uy. Thus, since the {g;} are equimeasurable, as
are the {h;}, g* and h, are the symmetric monotone rearrangements of g and /, respectively.
Since

//RZ,gj—l(O)K(IG—¢I)R.Zjhj_1(¢)d9d¢

—/ / gj-10)K (0 — pDhj-1(¢)dodp <0 (A.9)

for each j, it follows that

/ f g*<9>1<<|9—¢|>h*(¢>ded¢</ / (@)K (19 — pDh() o dp. (A.10)

The requirement of continuity is easily removed by a density argument, exactly as in [3]. This
proves the inequality in general. Now, for the equality to hold, we must have

//RZ,g(G)K(IQ—¢>|)Ru_,h(¢)d9d¢>=/ / g@)K (|0 — ph(¢)do do
(A.11)

for all u. But, according to lemma 5.3, this is only possible if, up to a common rotation, g = g*
and h = h,. Now repeat the argument for each of the coordinates. A similar argument applies
to (2.6). ]

Proof of lemma A.1. Given a unit vector u, let S, denote the set of points x in S ! such that

(e u)(u - up) >0, (A.12)
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where as before, ug is the ‘north pole’ (0, 1). Let S_ be the complement of S,. That is, the
line fixed by R, slices S !'in two, and S, is the half containing the north pole. Then, since R,
is a measure preserving transformation,

f f 2O K0~ oD@ asdp = [ [ k0 - shh)asag
o[ [ s@kao—obn@ravass [ [ w@ka0 - oph s ag
« [ [ 5@k - oph@ s as
= [ [ a0~ omer s ag
o [ [ aRark o - 6pirig) a0 06
o[ [ s ROKRS - 99 a0 00

+/ f gO)K (|6 — Rup|)h(Ryp) d6 dop. (A.13)

The desired inequality is then a consequence of the following inequality for pairs of real
numbers: let a; and a, and b, and b, be any positive real numbers. Rearrange a; and a; to
decrease, and by and b, to increase; i.e. let a} = max{a;, a>} and let @} = min{a;, a}, and let
b} = min{by, by} and let b5 = max{b,, b,}. Then,

a?bf + a;b; < a1b1 + azbz, (A14)

and the equality holds if and only if a; = a] and b; = b} or a] = as, b} = bs.
We now apply this with

ay = g(0), ar = g(Rub), by = h(¢) and by = h(Ru9). (A.15)
Then,
aj=Rig®).,  a>=Rig(RG).  b=R;h@)  and b5 =R, h(Rud).
(A.16)
Since
K(l6 — Ru¢|) = K(IRu0 — @) < K(10 — ) (A17)

almost everywhere, we have that
8K (10 — pDh(9) + g(RuO)K (10 — ¢ (Rudp) + g(O) K (|RuO — $)h ()
+8(RuO)K (IRt — @) R, h(Ru9)
> R;g@)K(10 — pDR, h(¢) + Ryg(RuO)K (10 — SR, h(Rudp)
+R,8(O)K (IR0 — )R, h(¢9)

+R,g(RuO) K (IRuO — $D R, h(Rug) (A.18)
for almost every 6 and ¢ in S,, with the equality holding if and only if
8(Ru0) < g(0) and h(Ru) = g(¢) (A.19)

or
8(Ru0) = g(0) and h(Ru9) < g(¢) (A.20)
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for almost every 6 and ¢ in S,. Now unless g is constant, we can find a 6 and u such that
either g(R,0) < g(0) or g(R,0) > g(0). Suppose it is the first case. Then (A.19) holds, and
for almost every ¢, we must have h(R,¢) > g(¢). Making a similar argument for &, we see
that one of (A.19) or (A.20) must hold for almost every 6 and ¢. The only way that this can
happen is if g and & are symmetric monotone.

The key here is the following pointwise inequality. If a > b and ¢ > d, then

F(a,d)+ F(b,c) < F(a,c)+ F(b,d). (A.21)
To see this, letk =c —d and h = a — b. Then,

1 pl a2
a°F
(F(a,d)+ F(b,c)) — (F(a,c)+ F(b,d)) = —hk/ f (b +sh,d+tk)ds dt.
o Jo 9p19p2
(A.22)
The second inequality of lemma A.1 follows directly from this. |

Remark. As can be seen from the proof, the decrease upon rearrangement can be estimated
quantitatively if we strengthen (1.2) so that the positive lower bound is uniform. This could
be used to relax the conditions on the interactions.

Appendix B.

In this appendix we prove the following theorem which extends theorem 2.3 to the case where
no a priori bound on the densities is assumed, or the entropy term does not necessarily prevent
vacuum, or both.

Theorem B.1. Assume

(i) G and D strictly convex functions
(ii) lim, o F(r)/r =00,
(iii) G and D satisfy the following doubling condition: there exists a constant K such that for
allr,

GQ2r) < KG(r) and D(2r) < KD(r). (B.1)

(iv) there is an L > —oo such that for all r > 0,

G@r)=L and D(r) > L. (B.2)

Then, under the same assumptions on the interactions of theorem 2.3, the conclusions of
theorem 2.3 are still true.

Proof. We first observe that for any fixed, admissible p,?, the functional G(p,) defined by

G(o) = F(p\”, p2) (B.3)

is strictly convex on the set of densities satisfying the mean density constraint. By Fatou’s
lemma, it is also lower semicontinuous in the L' topology.

Now, since we seek minimizers of F, we may assume that ,01(0) is symmetric monotone
about the point on the torus that is antipodal to the origin, and then we may restrict our
consideration of p» — F(01?, p,) to densities that are symmetric monotone about the
origin.

Now, for any fixed constant M, the set of densities p, such that p,(x) < M for all x and
0 is symmetric monotone is strongly compact in L'(A) by the Helly selection principle. It
therefore follows that there is a unique minimizer g, of p; > F (,01(0), 02) in this class. By
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lemma 2.2, this is also the unique minimizer of G(p,) in the class of densities satisfying:

@) [, p2dx = ny.
(i1) pp is symmetric monotone with its maximum at the point antipodal to the origin.

(i) [[p2lloo < M.

We now show that for M large enough, this minimizer ceases to depend on M, so that the
condition (iii) becomes superfluous.
Consider a variation p, + h of p;. Clearly, we must have 2 < 0 on

Ay = {x | p2(x) = M} (B.4)
and 7 > O on
Az ={x| p2(x) =0}.

We must also have
/ h(x)dx =0 (B.5)
A

in order to preserve the condition that ( ,ofo), 02 +h) belongs to D(ny, ny). The Euler—Lagrange

condition then is

f <F’(,52) +D' (0™ + 5y) + U x pl“”) hdx > 0. (B.6)
A

Let B denote (Ay U Az)°. We first show that for M sufficiently large, |B| # 0. Indeed,
if [B| = 0, then p, = M1,,,. Since fA 02(x)dx = ny|Al, |Az| then equals n;|A|/M and,
consequently,

GG > L)
M

Since F(M)/M tends to infinity with M, and since G(p,) < G(n,/|A|) whenever M > ny/|A|
so that p, = ny/|A| is an admissible trial density, we obtain a contradiction. Henceforth, we
take M large enough to ensure that |B| ## 0. Note that on B, the Euler—Lagrange equation

F'(3)+D'(p” + ) + U x p{” = C (B.8)

naAl. (B.7)

holds for some value of C, since on this set, if / is an admissible variation, so is —#.
We have the Chebyshev estimate

na| Al

Azl < T (B.9)
Further increasing M, we may assume that |Az| < |A|/3. It then follows that either
|A| |A|
|B| > 3 or |Az| > 3 (B.10)

Our next goal is to obtain an a priori bound on C. We will obtain two such bounds: one that is
valid when | B| is not too small and one that is valid when |A | is not too small. By the above,
at least one of these two must hold.

To obtain a bound that will be useful if | B| is not too small, integrate the Euler—Lagrange
equation over B, and obtain

/F’(ﬁg)dx+/ D’(p§°>+,52)dx+/ U p® dx = C|B. (B.11)
B B B

Now, by convexity, for any a,
2a +2
2

F'(a)< Fla+1)— F(a) < Fla+1)=F ( ) < %F(Za) + %F(Z). (B.12)
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Making use of the doubling condition, we finally have
, K 1
F'(a) < ?F(a) + EF(Z)'

Replacing a by p, and integrating over B,

[ Fomar< s [ P LFQI. (B.13)
B 2 Ja 2
In the same way, we obtain
O, = K o, = 1
[ 060+ max < 5 [ D0+ pdx+ sDQML (B.14)
B A
Finally,
/U*p{‘” dx < a|Aln;. (B.15)
B
Combining estimates we have
<L (Eg (2) +1(F(2)+D(2))+om||A|>, (B.16)
|B| \ 2 [A| 2
so that under the first alternative above, we have the a priori bound
< i (Eg <2> +1(F(2)+D(2))+0m1|A|) . B.17)
Al \ 2 [A] 2

Next, we obtain an estimate that will be useful if |A | is not too small. First, if |Az| # 0,
we can consider a variation of the following type: let & satisfy (B.5) with k. supported by A,
and & _ supported in B. Then, if we leta = f A B+ dx, we have from (B.6) that

1
F'(0) + —/ (D'(01 ) + U x p1 ) hudx > C. (B.18)
a Ja
By this variational inequality,
1
C<FO+— [ (D) +U % p\”)dx. (B.19)
[Az] Ja,

The same convexity arguments employed above now yield

C<F 0+ L (EQ (ﬂ) + lD(2) +an1|A|> , (B.20)
Az \ 27 \IAl) 2
which, under the second alternative above, becomes
C < F/(0)+% (gg <ﬁ\—2|)+%D(2)+an1|A|). (B.21)
Now, notice thatin the case F(t) = tlogt, F'(0) = —oo, sointhis case, |Az| > 0is precluded.
We therefore have the a priori estimate
C < max{F'(0), 0} + i <£g <2> + l (F(2) + D(2)) +an |A|) . (B.22)
AT\ 27 \|A] 2

To apply this, we suppose |Ay| > 0, and consider a variation of the following type: let
h satisfy (B.5) with & _, the negative part of &, supported by A, and with A, supported in B.
Then, if we leta = [, h, dx, we have from (B.6) that

—/ (F'(52) + D' (01 + 2) + U % py @) h_dx + Ca > 0. (B.23)
A
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This means that
1
- / (F'(5)+D'(52) + U+ o) h_dx < C, (B.24)
a Ja

which in turn, since D’ is an increasing function, means that

F'(M)<C. (B.25)
Let G be the inverse function to F’, i.e.

G@) =inf{r > 0| F'(r) > 1t}. (B.26)
Then, we have the a priori bound

M < G(C),

which, when combined with our a priori bound on C implies that for sufficiently large M,
[Ap| =0.
Therefore, our minimizer p, satisfies
ns

3 (K 1
ﬁz<G<muuwm¢n+Dq<?g<pq>+§(Famem)+mmA0). (B.27)

Moreover, we see that wherever p, # 0, it satisfies the Euler-Lagrange equation.
Now, fix this minimizer 0o, and consider the functional

Gi(p1) = F(p1, p2). (B.28)

Exactly the same argument shows that this has a minimizer p; in the class of densities that are
symmetric monotone with a maximum at the origin, and with f A p1dx = [Aln;. Moreover,
we obtain in this way the a priori bound

5 < G Fono s — (Xe(™ Vs ro)+ D02 A B.29
o1 < <max{ 0), }+m<5 (m>+§( (2) + D(2)) + any| |>> (B.29)

Now, consider a minimizing sequence (,ol(k), pék)) in D(ny, ny) for F. By the argument

above, we can replace each pair (pfk) , pék)) by another pair (,6%1(), ﬁék)) in D(ny, ny) such that

ﬁfk) and ﬁ;k) are symmetric monotone about the origin and its antipodal point, respectively,

and such that ﬁfk) and ,551() satisfy the a priori L* bounds above, and last but not the least,

such that

F@EP. 5 < FpP, o). (B.30)
Now by the Helly selection principle, again, we have that, for a subsequence,
p1 = lim g% (B.31)
n—00
and
5 — i ~ (k)
P2 = lim p5 (B.32)
n—o00

exist almost everywhere. By the a priori L bounds, and the dominated convergence theorem,
these limits also hold in L', and hence (p1, p2) € D(ny,ny). Moreover, by the lower
semicontinuity of F discussed at the outset,
F(pr, p2) < liminf F(3{"), 5"y = inf  F(py, po). (B.33)
n—0o0 (p1,p2)€D(n1,n2)
This proves the existence of our minimizers.
We now drop the tilde, and examine their properties. By the argument above, we
clearly have

p1(x) = G (C1 — U * pa(x) — D'(p1(x) + p2(x))) (B.34)
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on the set where p;(x) # 0, and likewise

p2(x) = G (C2 — U * p1(x) — D'(p1(x) + p2(x))) (B.35)

on the set where p,(x) # 0, and we have the asserted L* bounds. Finally, since p, and p; are
monotone symmetric, these L> bounds imply L' bounds for the gradients of p; and p,. W
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