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Chapter 1

Ensembles in Continuous
systems

1.1 The Hamiltonian and the equations of motion

In this first part of the book we will deal with a system made by a large
number N of continuous particles enclosed in a box A € R? (we will assume
A to be cube and denote |A| its volume) performing a motion according to the
laws of classical mechanics. “Large number of particles” in physics lingo means
typically N = 1023,

We will restrict our discussion to systems composed of identical particles with
no internal structure, i.e. just ”point” particles with a given mass m. The
position of the " particle in the box A at a given time t is given by a d-
component coordinate vector, denoted by x; = x;(t) respect to some system of
orthogonal axis.

The momentum of the " particle at time ¢ is also given by a d-component
vector denoted by p; = p;(t) which is directly related to the velocity of the
particles, i.e. if m is the mass of the particle, then p; = mddxti.

In principle, the laws of mechanics permit to know the evolution of such a
system in time, i.e. these laws should be able to determine which positions
x; = x(t) and momenta p; = p;(¢) the particles in the system will have in the
future and had in the past, provided one knows the position of the particles
79 = x(tg) and the momenta of p? = p;(ty) at a given time ¢,

As a matter of fact, the time evolution of such system is described by a real
valued function H(pi,...,pn,e1,...,xy) of particle positions and momenta
(hence a function of 2dN real variables) called the Hamiltonian. In the case of
isolated systems, this function H is assumed to have the form

N 2
H(pl,...,pN,xl,...,a?N) = Z%—FU(Z‘l,...xN) (1.1)
=1

2
The term ZN P js called the kinetic energy of the system, while the term

i=1 2m

7
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U(x1,...zN) is the potential energy. Since we are assuming that particles has to
be enclosed in a box A we still have to restrict x; € A foralli =1,2,..., N, while
no restriction is imposed on p;, i.e. the momentum (and hence the velocity) of
particles can be arbitrarily large.

Once the Hamiltonian of the system is given, one could in principle solve
the system of 2dN differential equations

de; _ OH
dt - 8pi
i=1,...,N (1.2)
dp; _ _ OH
dt - 811

where 0/0x; and 0/0p; are d-dimensional gradients.

This is a system of 2dN first order differential equations. The solution are 2d/N
functions z;(t), pi(t), i« = 1,..., N, given the positions z;(tp) and momenta
pi(to) at some initial time ¢ = tp.

It is convenient to introduce a 2d N-dimensional space 'y (A), called the phase
space of the system (with N particles) whose points are determined by the
coordinates (q,p) with ¢ = (z1,...,2y) and p = (p1,...,pn) (g and p are
both dN vectors!) with the further condition that z; € A for alli =1,2,..., N.
A point (g,p) in the phase space of the system is called a microstate of the
system. With this notations the evolution of the system during time can be
interpreted as the evolution of the a point in the “plane” g, p (actually a 2dN
dimension space, the phase space 'y (A)).

We finally want to remark that, by (1.1) (isolated system), the value of the
Hamiltonian H is constant during the time evolution of the system governed
by the Hamilton equations (1.2). Namely H(q(t),p(t)) = H(q(0),p(0)) = E.
To see this, just calculate the total derivative of H respect to the time using
equations (1.2). This constant E of motion is called energy of the system. Thus
the trajectory of the point g, p in the phase space I'y(A) occurs in the surface

H(p,q) = E.

1.2 Gibbsian ensembles

It substantially meaningless to look for the solution of system (1.2).

First, there is a technical reason. Namely the system contains an enormous
number of equation (= 1023) which in general are coupled (depending on the
structure of U), so that it is practically an impossible task to find the solution.
However, even supposing that some very powerful entity would give us the so-
lution, this extremely detailed description (a microscopic description) would
not be useful to describe the macroscopic properties of such a system. Macro-
scopic properties which appear to us as the laws of thermodynamic are due
presumably by some mean effects of such large systems and can in general be
described in terms of very few parameters, e.g. temperature, volume, pressure,
etc.. Hence we have no means and also no desire to know the microscopic state
of the system at every instant (i.e. to know the functions g(t), p(t)). We thus
shall adopt a statistical point of view in order to describe the system.



1.2.  GIBBSIAN ENSEMBLES 9

We know a priori some macroscopic properties of the system, e.g. an isolated
system occupies the volume A, has N particles and has a fixed energy F.

We further know that macroscopic systems, if not perturbated from the exterior,
tends to stay in a situation of macroscopic (or thermodynamic) equilibrium (i.e.
a "static” situation), in which the values of some thermodynamic parameters
(e.g. pressure, temperature, etc.) are well defined and fixed and do not change
in time. Of course, in a system at the thermodynamic equilibrium, the situation
at the microscopic level is desperately far form a static one. Particles in a gas
at the equilibrium do in general complicated and crazy motions all the time,
nevertheless nothing seems to happens as time goes by at the macroscopic level.
So the thermodynamic equilibrium of a system must be the effect os some mean
behavior at the microscopic level. This “static” mean macroscopic behavior of
systems composed by a large number of particles must be produced in some way
by the microscopic interactions between particle and by the law of mechanics.
Adopting the statistical mechanics point of view to describe a macroscopic sys-
tem at equilibrium means that we renounce to understand how and why a sys-
tem reach the thermodynamic equilibrium starting from the microscopic level,
and we just assume that, at the thermodynamic equilibrium (characterized by
some thermodynamic parameters), the system could be find in any microscopic
state within a certain suitable set of microstates compatible with the fixed ther-
modynamic parameters. This is the so called ergodic hypothesis. Namely, all
microstates are equivalent. We will also assume that each of this micro-state
can occur with a given probability. Of course, in order to have some hope that
such a point of view will work, we need to treat really “macroscopic systems”.
So values such N and V must be always though as very large values (i.e. close
to 00).

The statistical description of the macroscopic properties of the system at equi-
librium (and in particular the laws of thermodynamic) is done in two step.

Step 1: fizing the Gibbsian ensemble (or the space of configurations). We
choose the phase space I'c and we assume that the system can be found in
any microstate (q,p) € T'.. This set I'. has to interpreted as the set of all
microstates accessible by the system and it is called the Gibbsian ensemble or
the space of configurations of the system. We will see later that several choices
are also possible for I'.. We will then think not on a single system, but in an

infinite number of mental copies of the same system, one copy for each element
of I'..

Step 2: fizing the Gibbs measure in the Gibbisan ensemble
We choose a function p(p, g) in I, which will represent the probability density
in the Gibbsian ensemble, Namely, p(p, q) is a function such that

/ p(p,q)dpdq =1

Te

and du(p,q) = p(p, q)dpdq represents the probability to find the system in a
microstate (or in the configuration) contained in an infinitesimal volume dpdq
around the point (p,q) € T'. where dp dq is the usual Lebesgue measure in
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R2?N . The measure pu(p,q) defined in T', is called the Gibbs measure of the
system.

Once a Gibbsian ensemble and a Gibbs measure are established, one can begin
to do statistic in order to describe the macroscopic state of the system. When
we look at a macroscopic system described via certain Gibbs ensemble we do not
know in which microstate the system is at a given instant. All we know is that
its microscopic state must be one of the microstates of the space configuration
I'. with probability density given by the Gibbs measure dpu.

For example, suppose that f(p, q) is a measurable function respect to the Gibbs
measure du, such as the energy, the kinetic energy per particle, potential energy
etc. Then we can calculate its mean value in the Gibbsian ensemble that we
have chosen by the formula:

(f) = /f(p,q)p(p,q)dpdq

We also recall the concept of mean relative square fluctuation of f (a.k.a. stan-
dard deviation) denoted by o¢. This quantity measures how spread is the
probability distribution of f(p,q) around its mean value. It is defined as

of = e = (1.3)

1.3 The Micro-Canonical ensemble

There are different possible choices for the ensembles, depending on the differ-
ent macroscopic situation of the system.

We start defining the micro-Canonical ensemble which is used to describe per-
fectly isolated systems. Hence we suppose our system totally isolated from the
outside, the N particles are constrained to stay in the box A, and they do not
exchange energy with the outside, so that the system has a given energy F,
occupies a given volume |A| and has a fixed number of particles N.

Thus, for such a system, we can naturally say that the space of configuration
I'ne is the set of points p, g (with p € R*Y and q € AY) with energy between a
given value F and E + AE (where AE can be interpreted as the experimental
error in the measure of the energy E). We have

e = {(P,q):peRdN, geN and E < H(p,q) < E+ AFE}

We now choose the probability measure in such way that any microstate in the
set of configurations above is equally probable, i.e. there is no reason to assign
different probability to different microstate. This quite drastic hypothesis is
the so-called postulate of equal a priori distribution, which is just a different
formulation of the ergodic hypothesis. Hence

[(WA(E,N)]™" if (q,p) € Tiie
p(p,q) = {

0 otherwise
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where

Up(E,N) = dp dq (1.4)

/E<H(p,q)<E+AE

is the 2d N-dimensional ”volume” in the phase space occupied by the space
of configuration of the micro-canonical ensemble. Wy (FE, N) is generally called
the partition function of the system in the Micro-Canonical ensemble. The link
between the Micro-Canonical ensemble and the thermodynamic is obtained via
the definition of the thermodynamic entropy of the system by

SA(E,N) = kln m‘\IJA(E, N)} (1.5)
where k is the Boltzmann’s constant and |J| is the volume of some elementary
phase cell § in the phase space, so that the pure number |§|" W, (E, N) is the
number of such cells in the configuration space.

It may seem that the value of this constant |§| can be somewhat arbitrary,
since it depends on our measure instruments, and it could be done as small
as we please by improving our measure techniques. But experiments says that
this constant is fixed at the value h%N where h is the Plank constant . So
hereafter we will assume, unless differently specificated, that |d] is set at the
value of the Plank constant. It is important to stress that the presence of this
constant in the definition of the entropy has a very deep physical meaning.
Actually, it is a first clue of the quantum mechanics nature of particle systems:
things go as if the position p, g of a micro-state in the phase space could not
be known exactly and one can just say that the micro-state is in a small cube
dpdq centered at p, g of the space phase with volume A%V, This is actually the
Heisenberg indetermination principle.

The definition (1.5) gives a beautiful probabilistic interpretation of the second
law of thermodynamic. A macroscopic system at the equilibrium will tend to
stay in a state of maximal entropy, namely, by (1.5), in the most probable macro-
scopic state, i.e. a macroscopic state with thermodynamics parameters fixed
in such way that this state corresponds to the largest number of microstates.
Namely, at equilibrium, the quantity ¥, (FE, N) should expect to reach a max-
imum value. Thus the entropy (which by definition is just the logarithm of
the number of micro-states of a macro-state) is also expect to be maximum at
equilibrium. So the second law of thermodynamics stating that the entropy of
an isolated system always increases means in term of statistical mechanics that
the systems tends to evolve to macrostates which are more probable, i.e. those
with maximum number of microstates.

It is also interesting to check that entropy (1.5) is a so called ”extensive” quan-
tity. namely, if the macroscopic system is composed by two macroscopic sub-
systems whose entropies are, respectively S; and Ss, the entropy of the total
system must be S7 + S5.

1.4 The entropy is additive. An euristic discussion

Suppose thus to consider a system made with two subsystems, one living in a
phase space I'y with coordinates p1, g1 occupying the volume Ay and described
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by the Hamiltonian Hy(p1, q1) and the other in a phase space I'y with coordinate
P2, g2, occupying the volume Ay and described by the Hamiltonian Hs(p2, g2).
We also suppose that systems are isolated from each other. Consider first the
micro-canonical ensemble for each subsystem taken alone. The energy of the
first system will stay in a interval say (Ej, Eq + A) while the second system
will have an energy in (FEa, E2 + A). The entropies of the subsystems will
be respectively S(E1) = kInW¥;(E;) and S(E2) = klnWa(Esy), where ¥, (E))
and Wo(Fy) are the volumes occupied by the two ensembles in their respective
phase spaces I'y and I's. Consider now the micro-canonical ensemble of the
total system made by the two subsystems, The composite system lives in a
phase space I'y x I'y with coordinates p1, g1, p2, g2 occupying the volume Vi + V5
and described by the Hamiltonian Hi(p1,q1) + H2(p2, q2) (system are supposed
isolated one from each other). Let the total energy be in the interval say
(E,E + 2A) (A < E). This ensemble contains all the micro-states of the
composite system such that:

a) N; particles with momenta and coordinates pi,q; are in the volume V;

b) Ny particles with momenta and coordinates ps, g2 are in the volume V3

¢) The energy E; and Es of the subsystems have values satisfying the condition

E<FEi+Ey<FE+2A (16)

We want to calculate the partition function W(E) of the composite system.
Clearly Wy (F)WUs(Es?) is the volume in the composite phase space I with coor-
dinate (p1, p2, 1, g2) that corresponds to conditions a) and b) with first system
at energy Fj and second system at energy Eo such that Fy + Ey € (E, E+2A).
Then
Y(E) = Z Uy (E1) P2 (Es)
E<E1EEQE§E+2A

Since F; and Fj are possible values of H(p1,q1) and H(p2,q2) , suppose that
H(p1,q1) and H(p2,q2) are bounded below (as it will be always the case, see
later) and for simplicity let the joint lower bound be equal to 0. Hence F; and
Es5 both varies in the interval [0, E]. Suppose also that F; and Fs take discrete
values E; = 0,A,2A, ... so that in the interval (0, F) there are E/A of such

intervals. Then
E/A

U(E) = ) Uy (E)Uy(E - E)) (1.7)
i=1
The entropy of the total system of N = Nj+ Ny particles, volume A = AjUA5

and energy F is given by

E/A
SA(E,N) = kln|Y U (E)¥y(E - E))
i=1

As subsystems are supposed macroscopic (N7 — oo and Ny — 00) is easy to see
that a single term in the sum (1.7) will dominate. Sum (1.7) is a sum of positive
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terms, let the largest of such terms be W1 (E;)Ws(Fs) with By +Ey = E. Then
we have the obvious inequalities

Uy (By)Us(By) < W(E) < %\I}l(El)%(EQ)

kn [U1(Ey)Ua(Es)] < SA(E,N) < kln[¥(E1)Us(Er)] +kIn(E/A) (1.8)

We expect, as N; — oo and Ny — oo, that ¥y ~ CM and Uy ~ CM2, thus
In¥; « Ny and InZy < Ny. and also B ~ N; + Na. Hence factor In(E/A)
goes like In N and can be neglected. Namely by this discussion (just a counting
argument) we get

SA(E,N) = SAl(El,Nl)—FSAQ(EQ,NQ)—I—O(IDN) (19)

In other words the entropy is extensive, modulo terms of order In N. Note that
(1.9) also means that the two subsystems has a definite values F; and FEs for
the energy. Namely F; and E5 are the values that maximize the number

Uy (E1)Va(Es)

under the condition F; + F» = FE. Using Lagrange multiplier is easy to check
that

Oln \Ifl(El) _ Oln \IIQ(EQ)
0F B = B OF, By = By
or
0S(En) _ 0S(E)
8E1 E = El OEQ Eo = E2
Since thermodynamics tells us that % = %, we conclude that the two

subsystems choose energy F; and E» in such way to have the same temperature.
Thus the temperature in a macroscopic system can be seen as the parameter
governing the equilibrium between one part of the system and the other.

1.5 Entropy of the ideal gas

If one can calculate the partition function of the Micro-canonical ensemble,
then it is possible to derive the thermodynamic properties of the system. The
Micro-Canonical ensemble is difficult to be treated mathematically. As a matter
of fact, a direct calculation of the integral in r.h.s. of (1.4) is generally very
difficult, since involves integration over complicated surfaces in high dimensions.
According to elementary calculus in R™ we can use a volume integral to calculate
the integral (1.4). Volume integrals are easier to deal with than surface integrals.
Let wp(F,N) be the volume of the phase space surrounded by the surface
H(p,q) = E (with of course the further condition that particles are constrained
to stay in A). Then

wA(E,N) = / dp dq (1.10)
H(p,q)<E
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Then, for small AE

dwa(E, N)

\I/A(E7N) = wA(E—FAEvN)_wA(E?N)% OF

AE (1.11)

Let for example calculate the Micro-Canonical partition function of an ideal
gas, i.e. a gas of non interacting particles. with Hamiltonian

H=S 2 (1.12)

We thus calculate w(N, A, E) when H(p,q) is given by (1.12). In this case it
is absolutely elementary to calculate the integral [ A dgq which gives just |A] i.e.
the volume occupied by A, and therefore we get

wa(E,N) = / dp dq = \A\N/ 2 dpi...dpy =
H(p,q)<E S, 35 <E

= AN dpi ...dpN
YL, pi<2mE

the last integral is just the volume of a dINV dimensional sphere of radius v2mkFE.
Let us thus face this geometric problem. The volume of a sphere of given radius
R in a n dimensional space is the integral

Va(R) = / dxy...dx, = C,R"

n 2 P2
i=1 T1<R

In order to find C), consider the following integral

+oo “+o00
/ e_(x%+"'+x%)dx1...dxn = / dacl.../ d:rne_(”%+"'+x%) =

—00 —00

+oo 2 " n
= (/ dre™™ > = w2
—o0

on the other hand, noting that the integrand above depends only on r = (2% +

..x2)1/2 by a transformation to polar coordinates in n dimensions we can
express the volume element dx; ...dx, by spherical shells dV,,(r) = dC,r" =
nCy,r" 1dr. Then integral above can also be calculated as

/ e~@ttte g, dz, = / e dV,(r) = nC, / e dr =
n 0 0

= nC’n/ " e dy (1.13)
2 Jo

Recall now the definition of the gamma function: for any z > 0

I'(z) = / ¥ e % dx
0
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Among properties of the gamma function we recall
I'n) = (n—1)! n positive integer

and
2T(z) = T(z+1) z € RT

So Gamma function is an extension of factorial in the whole positive real axis.
Equation (1.13) thus becomes

ngnf(n/Q) =
and consequently of the volume V,,(R) of a sphere on radius R in n dimensions.
n/2 n/2
T T
Ch, = ———, Va(R) = ——R"
r'(g+1) (R) r(g+1)

Hence we get

3N/2 ay
wA(E,N) = m@m@ =AY
2 2
and, by (1.11)
aWA(E N) N 7T3N/2 3N 3N _
UA(E,N) = 22" AFE = AE |A 2 2p7% 1
AEN) = ST A iy o)

So, recalling definition (1.5), the entropy of an ideal gas is given by

3N/2

s 3N
AE AN F(M)(zm/h%?ﬂv/?m_l
2

SA(E,N) = kln

Since N is a very big number, we may write, for NV > 1,

EZ '~E%, In [r (357” ~ % (In(3N/2) —1), kIn(AE)=0(1) ~0

we used the Stirling approximation for the factorial: n! ~ Z—Z for large n) thus

dmnE 3/2

This equation leads to the correct equation of state for a perfect gas. In fact by
definition, the inverse temperature of the system is the derivative of the entropy
respect to the energy, and the pressure is the derivative of the entropy respect
to the volume V' = |A| times the temperature, i.e.

1:8—S:3Nk or Ezng

SA(E,N) = kN{;Jrln

T OE 2FE
Nk
% — g‘i =5 o PV = NkT (1.15)

Nevertheless (1.14) cannot be the correct expression for the entropy of an ideal
gas. One can just observe that Lh.s. of (1.14) is not a purely extensive quantity,
as the thermodynamic entropy should be. There is some deep mistake in the
calculation of the entropy. This can be very well illustrated by the so called
Gibbs paradox.
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1.6 The Gibbs paradox

We put in ths section V' = |A|. Consider thus the entropy of an ideal gas as
a function of the temperature 7', the volume V and the numer of particles N.

By (1.14) and (1.15) we get
} (1.16)

where, using (1.15), we have posed that E/N = %k:T. Consider now a closed
system consisting initially of two adjacent volumes V4 and Vg separated by a
wall. The volume A contains an ideal gas with N4 particles, and the volume
VB contains another ideal gas with Np particles. The two subsystem are kept
at the same pressure P and at the same temperature 7. The entropy of such
system, according to (1.16) is

v <2m7rk:T> 3/2

3

Stiotal = S(Tv VAa NA) + S(Ta VB, NB)

If we now remove the wall, the two ideal gases will mix, each occupying the
volume V4 + Vp. In the new equilibrium situation the entropy is now

Sf

total

= S(T,V4+Vp,Na)+ S(T,Vs+ Vg, Np)

The entropy difference between the initial state ¢ and the final state f is, ac-
cording to (1.16)
AS = S 8

total ~ “tota

| = NakIn(1+ Vg/Va)+ Ngkln(1+Va/Vg) (1.17)

So far everything seems to be fine, since AS > 0 as one should expect for this
irreversible process (the mixing on two ideal gases). But let us now suppose
that the two ideal gases are actually identical. We could repeat the argument
and again we will find that the variation of the entropy is AS > 0. However this
cannot be correct since, after the removal of the wall, no macroscopic changes
happens at all in the system. We could put back the wall ad we will return
to the initial macroscopic situation. This paradox is clearly related to the fact
that we are assuming the particles of the ideal gas as distinguishable. If particle
are considered as distinguishable, then also the situation in which two identical
perfect gases mixes is a irreversible process. If we put back the wall particles
in the volume 1 are not the same particles of the initial situation. The paradox
was resolved by Gibbs supposing that identical particles are not distinguishable.
With this hypothesis the number of microstates involving N particles should
be reduced by a factor N!, since there are exactly N! ways to enumerate N
identical particles. Hence the correct definition of, e,g. wa(E, N) should be
wA(B,N) = 1/ dp dg (1.18)
N Ju(p.a)<E

Thus, instead of (1.14), the correct entropy of a perfect gas is

ommkT\*/?
Al ( )

3

} — kInN! (1.19)
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First observe that this new definition of the entropy does not affect the equation
of state of the perfect gas, since it differs from (1.14) by a term independent
on E and V, so (1.19) leads to the same equations (1.15). and, for N > 1, by
Stirling’s formula In N! =~ NIn N — N

} (1.20)

Thus entropy defined by (1.20) of a perfect gas is indeed a purely extensive
quantity. Let us also check that (1.20) solve the Gibbs paradox.

Let us star again the argumentation which leads us to the Gibbs paradox
with the new temperature dependent entropy (just using that £ = 3NKT/2)

} (121)
}_

|A| ( 2makT 3/2
N h2

SA(E,N) = k:N{;—i—ln

1A| <2m7rkT>3/2

N h?

SA(E,N) = kN {g +In

The new variation in entropy is now

AS = k(NA+NB){;—|—ln

Vi+Vg ([ 2mrkT\*?
N4+ Np h?

5 Vi /2mmkT\3/2 5 Vg /2mmkTN\3/2
—kNs{ Z+1In| -2 <7) — kNl S +1In| -—= 7) =
A{2+n N, \ 2 } B{2+n NB( h2 }
]‘\;A‘i“XZB ]‘\?A‘FXB
= kN4 In [AJAB +kNpl AVTBB] (1.22)
Na Np

For two different gases this formula gives something similar to (1.17). But if
gas A and gas B are identical, then, since in the initial state and in the final
state temperature and pressure ar unchanged, we must have, by (1.15)

Va _ VB _ Va+Ve _ kP

Ne T Ny, T NatNg ~ T if gas A and gas B are identical (1.23)

(of course also for different gases x—*: = ]‘\% = AL but J‘\;ﬁi}\/fi # 5.
Inserting formula (1.23) in (1.22) we obtain
AS =0 if gas A and gas B are identical

The necessity to divide by the factor N! to escape from the Gibbs paradox is a
new symptom that classical mechanics is not adequate.

1.7 The Canonical Ensemble

The Micro Canonical Ensemble is suited for isolated systems where natural
macroscopic variables are the volume |A[|, the number of particles N and the
energy F. We now define a new ensemble which is appropriate to describe
a system which is not isolated, but it is in thermal equilibrium with a larger
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system (the heat reservoir), e.g. a gas kept in a box made by heat conducting
walls which is fully immersed in a larger box containing some other gas at a
fixed temperature 1. Hence this system is constrained to stay in a box A with
a fixed volume |Al, a fixed number of particles N, at a fixed temperature 7', but
its energy is no longer fixed, since system is now allowed to exchange energy
with the heat reservoir through the walls.

We define the Canonical Ensemble for such a system as follows. The space
of configuration of the Canonical Ensemble is

I, = I'n(A)
The probability measure of the Canonical Ensemble is

L 1 _supqdPle

BN N = (1.24)

duc(p,q) =

where 3 = (kT)~! is a constant proportional to the inverse temperature of the
system (k is again the Boltzmann constant) and the normalization constant

1 _ dpdq
Zn(B,N) = M/e BH(P»‘I)T?)N (1.25)

is the partition function of the system in the canonical ensemble.
Thermodynamics is recovered by the following definition. The thermodynamic
function called free energy of the system is obtained in the canonical ensemble
by the formula

FA(B,N) = —kTInZx(B,N) (1.26)

We now remark that in (1.25) we can perform for free the integration over
momenta.

1 — X xX
ZA(B,N) = NN /dp1.../dp]v /Ad.fm.../Adnge BH(P1,- PN T15TN) —

2
- hSNN|/dp1 /dPN/d$1 /d:cNe (T, gmtU@an)
= h3NN|/ 2mdp1 / ﬁzmde/d(L’l /dflfN(i U(z1,...xN) _

[fj;o €*5$2/2mdl_
- /dxl..-/deefBU(xlv--mN) —
A A

h3N N

2\3/21N
— KQmﬂ/ﬁ}: ) / ] /d:cl.../ dx ye PU@L-oN)
N. A A

1
—BU(Z‘l,...$N)
N!/Ad:nl...//\dm]ve

is called the “configurational” partition function of the system. Generally it is
very difficult to calculate explicitly this function for a real gas. But in case of

The integral
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an ideal gas the situation is again immediate. So we can now give a justification
a posteriori for the definition (1.24) by considering again the case of the ideal

gas. Let us thus calculate the partition function of an ideal gas (i.e. a system

2
whose Hamiltonian is H(p, q) = Zfil 2i) in the canonical ensemble. In this

case calculations are much easier. In fart, by definition

1 _ 8 N _2dpdq VN 1 too 5 o 1
ZA(B7N) = ]\]]/6 ZleZIPZ h,?)N = ﬁh?)iN /oo e 2m dl‘ =

VN <2m7r)3N/2

N\ 125
Hence, recalling that 3! = T and using also Stirling approximation for In !
9 T 3/2
FA(B,N) = —kTlmZ)(8,N) = — kTN {1 4 n % <7rthk> }

From free energy we can calculate all thermodynamic quantities. E.g. (posing
A[=V)

OF  NkT

p= < - 20 PV = NkT
ov % v K

oF 5 V [ 2rmkT\%/?
S = —gp ~ Nk|gFhn N(iﬁ)

E =F+TS = gNkT

Results are identical to the case of Micro Canonical Ensemble!

Note also that the energy E in the canonical ensemble is not fixed and hence
FE has to be interpreted as mean energy. This suggest that it could be also
calculate directly by the formula

dpd d
E = (H(p,q)) = Z;l(B,N)AlU/e—ﬁmm)g(p,q) }qu — —%an,\(ﬁ,N)

Exercise. Show that (H(p,q)) = 3NkT as soon as H(p,q) = SN i

i=1 2m"

1.8 Canonical Ensemble: Energy fluctuations

A system in the Canonical Ensemble can have in principle microstates of all
possible energies. This means that the energy fluctuates around its mean value
E = (H(p,q)). Let us thus check the fluctuations of the energy in the Canonical
Ensemble. The mean energy in the Canonical Ensemble is given by

_ J dpdqH (p,q)e PP
o fdpdqe_BH(pH)

Differentiating both side of (1.27) respect to 5 we get

E = (H(p,q)) (1.27)

oF [ dpdqH?(p, q)e=PH®9) [ dpdge—FH(P.a)
B ([ dpdge—PH(P:a))2

+
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. [ dpdaH(p,q)e """ [ dpdgH (p,q)e "D
([ dpdge=BH(P.))2 -

2
[ dpdgH (p, q)e PHPa) [ dpdgH?(p, q)e~PH(P2)

[ dpdge—FH(P.a) [ dpdge—PH(Pa)

Hence we get the relation, for the standard deviation of E = (H(p, q))

2 (p.0) ~ (Hp.0)? = ~ 55 = K*5]

From thermodynamics g—? = Cy where Cy is the heat capacity. In general
Cy o N as also E o< N (see e.g. the case of the perfect gas where Cy = %Nk
and E = 3NkT). Hence

VITPwd) —Hed?  FTE

(H(p,q)) - B TUN <!

Thus the (relative) fluctuation of the energy around its mean value in the canon-
ical ensemble are “macroscopically” small (in the sense that they are of the order
of 1/v/N with N being a very large number). This means that in the canonical
Ensemble it is highly probable to find the system in microstates with energy
equal or very close to the mean energy E = (H(p,q)). So Canonical Ensem-
ble is “nearly” a micro-canonical Ensemble. The energy is not exactly fixed,
but it can fluctuate around a fixed value with relative fluctuations of order
N-1/2 ~ 10712,

1.9 The Grand Canonical Ensemble

The Micro-Canonical Ensemble applies to isolated systems with fixed N, V
and F, while the Canonical Ensemble describes systems with fixed N, V and
T and energy variable (e.g. systems in heat bath) The Canonical Ensemble
appears more realistic than the Micro Canonical Ensemble. It is very difficult
to construct a perfectly isolated system, as demanded in the Micro Canonical
Ensemble. So systems whose energy is not known exactly (hence not perfectly
isolated) are easier to construct experimentally.

On the other hand, in the canonical ensemble is still demanded a severe “micro-
scopic” condition: the number of particles must fixed, i.e. system confined in A
cannot exchange matter with the outside. This is also a very difficult situation
to create experimentally. We generally deal with systems where, besides the
energy, also the number of particles is not known exactly. We now thus define
the Ensemble suitable to describe systems in thermodynamic equilibrium in
which matter and energy can be exchanged with the exterior. The fixed ther-
modynamics parameters for such a system are the volume V', the temperature
T and the chemical potential .
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Hence the configuration space of the Grand canonical Ensemble is

Tee = |J In(a)
N>0

(by convention I'y represent the single micro-state in which no particle is present
in the volume A). The (restriction to I'y(A) of) probability measure of the
Grand Canonical Ensemble is

1 eNBu

7/8H ’
=(T, A, ) NTR3N © e

duco(p.q) = dp dq (1.28)

Hence dugco(p, q) is the probability to find the system in a micro-state with
exactly N particles, with momenta and positions in the small volume dp dq
centered at (p, q) of the phase space I'y. By convention

1

du(Ty) = ST A, )

is the probability to find the system in the micro-state where no particle in A
is present.
The partition function in the grand canonical ensemble is

2(T, A, p) = /dpl.../de /d:cl.../dee_BH(pl’“"pN’xl’“"”CN)
CRWED S .|

(1.29)
where z = e is called "activity” or ”fugacity” of the system and 8 = 1/kT is
the inverse temperature. The term N = 0 is put conventionally = 1 in the sum
above while for the term N = 1 we have H(p1,z1) = p3/2m. Again remark
that the integration over momenta can be done explicitly and one gets

E(T A p) = Ea(BN) = Y N'/Adxl.../Ade e AUL2N) (1.30)
N=0 "

where 3/2
2mm 1
N = eBu ’ = — 1.31
e ( = ) g = (131)

The parameter \ is called configurational activity (or simply activity when it
will be clear from the contest).
The connection with thermodynamic in the Grand-canonical ensemble is defined
via the formula

BPABN) = 5 InZa(B,) (1.32)

and the function Py (3, A) is identified with the thermodynamical pressure of the
system. Another important relation is the mean density in the Grand Canonical
ensemble. The mean density is obtained by calculating, at fixed volume |A],
temperature 7" and chemical potential @ the mean number of particle in the
system.

[e.e]

1 NAY —BU(z1,.-xN)
(N) = = Y Z N Ad:vl... Ade e e = (1.33)
VYN =0 )

—
—
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0

= )\alnuA(ﬁ, A)
Hence calling pp(8,A) = %
0
PA(BA) = WAﬁln%(ﬁ,A) (1.34)

1.10 The ideal gas in the Grand Canonical Ensemble

To conclude this brief introduction let us consider the case of perfect gas in the
Grand Canonical Ensemble. It is very easy to calculate the Grand Canonical
partition function in this case, where U(z1,...,zy) = 0. E.g., by (1.30) we
get

AV — (AIADY
,—zdeal gas _ "N _ — AlA|
BN = 3 [ [ dox = PO

Hence, (1.32) and (1.34) become

ﬂpidealgas Y (1.35)

pideal gas _ (1.36)

In particular (1.36) says that the activity A of a perfect gas coincides with the
its density (N)/|A|. Putting (1.36) in (1.35) we get

BP = p

which is again the equation of state of a perfect gas.
Erercise: Calculate the fluctuation (N?2) — (N)? in the case of the perfect gas
and show that it is of order (V).

1.11 The Thermodynamic limit

The dependence of the density pa (5, A) from the volume A in (1.34) must be a
residual one. In fact we may think to increase the volume A of our system but
keeping fixed the value of the chemical potential 1 and the inverse temperature
5. We expect in this case that the density of the system does not vary in a sen-
sible way. Values of |A| that one can take in thermodynamics are macroscopic,
hence very large. We thus may think that the volume is arbitrarily large (which
is the rigorous formalization of ”macroscopically” large) and define

BP(B,\) = hm WIHHA(B,)\) (1.37)

p(B,A) = lim ‘A‘AailnEA(ﬁ,A) (1.38)

The limit A — oo (where the way in which A goes to infinity has to be specified
in a precise sense) is called the thermodynamic limit of the Grand Canonical
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Ensemble. The exact thermodynamic behavior of the system is recovered at
the thermodynamic limit. This limit can be understood in the physical sense
as “the volume macroscopically large”.

Note that, by (1.38) it is possible to express the activity of the system A as a
function of the density p and of the (inverse) temperature 5. So the pressure
of the system can be expressed in term p and . This is very easy to do in the
case of the ideal gas. When real gases are concerned (i.e. gases for which the
potential energy U is non-zero), the formula giving the pressure of the system
in term of the density is called the virial eqution of state.

Thermodynamic limit can also be done in the Micro Canonical and Canonical
Ensemble. In this case one have to fix a give density p = N/|A| for the
system and then take the limit A — co, N — oo in such way that N/|A| is kept
constant at the value p.

In the Micro Canonical Ensemble, in place of (1.5) one can write

. 1 1
S(p’ E) = A%olol,IAIrlHoo, = Wkln |:h3]\f\IJA(E’ N):| (139)
N/IAL, E/IA| fixed

where S(p, E) is the entropy per unit volume (specific entropy) which is an
intensive quantity. In the Canonical Ensemble one can consider in place of

(1.26)

. 1
F(p,B) = — Aqiu]glﬂoo Wlen ZA(B,N) (1.40)
N/IAl = o

where F'(p, ) is the Gibbs free energy per unit volume.

In principle the three ensembles that we have considered are equivalent only at
the thermodynamic limit, when the effect of the boundary are removed. Thus
equations of the thermodynamics are exactly recovered at the thermodynamic
limit.

Typical mathematical problems in statistical mechanics are thus to show the
existence of limits (1.40), (1.39) and (1.38) and to show that they produce the
same thermodynamic (otherwise something would be seriously wrong in the
picture of the statistical mechanics).

In the following we will focus our attention mainly on the Grand Canonical En-
semble and we will investigate the existence of the limit (1.38) and the property
of this limit as a function of 8 and z.



24

CHAPTER 1. ENSEMBLES IN CONTINUOUS SYSTEMS



Chapter 2

The Grand Canonical
Ensemble

2.1 Conditions on the potential energy

A system of point particles in a volume A in the Grand Canonical Ensemble is
described by a probability measure on Uy (A) where Ty (A) = {(z1,...2n) €
RN : z; € A}. The restriction of this probability measure to 'y (A) is called
the configurational Gibbs measure (we have already integrated over momenta)

1 AN
du(zy, ..., on) = ———ze FUELTN)

:A(,B )\) N dxl...de (2.1)

where 3 = (kT)~! with T absolute temperature and & Boltzmann constant,
while the activity A is given in (1.31). du(x1,...,zyN) is the probability to find
the system in the micro-state in which exactly N particles are present and,
for i = 1,2,...,N, the i’ particle is in the small volume d®z; centered at
the point z; € A. The normalization constant Z(5, A, A) is called the Grand
Canonical partition function of the system and it is given by

EA(BN) = 1+ /dwl.../de e BU@1,2N) 2.2
(B,A) szlN! A A (2.2)

The factor 1 in the sum above correspond to the micro-state in which no particle

is present, which hence can occur with probability Z=1(3, A, A). The potential
energy U(xy,...,zy) is assumed to be a function U : (RN — (R U {+o0}).
We will suppose from now on that U(x1,...,xz,) has the following form

N
U(zi,...,zNn) = Z V(ﬂfi—ﬁj)‘FZ‘I’e(%’)
i=1

1<i<j<N

where V(z) is a function V : RY — RU{+0c0} and ® () is a function &, : R? —
R. We will always assume that V' (z) is such that V(—x) = V(x). We let |z|
to denote the Euclidean norm of x. Physically the assumption above on the
potential energy means that we are restricting to the case of particles interacting

25
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via a translational invariant pair potential V plus an external potential ®.. The
interaction » 0y o; ;<n V(z; — ;) is “internal” in the sense that it depends only
on mutual positions in space of particles (i.e. only from vectors x; — ;). The
interaction Zi\il ®(x;) depends instead on the absolute positions of particles in
space and D (x;) is interpreted as the effect of the world “outside” the boundary
of A on the i*" particle confined in A. For instance, suppose that outside A there
are M particles in fixed positions y1, . .. ya, then ®e(x;) = Z;V‘[: L Vi(xi —yj).

The choice of ®, is somehow arbitrary, in the sense that it will depend on
conditions we are supposing outside A. A given choice of ®, is called generally
a boundary condition. For continuous systems the question of the effect of the
boundary conditions at the thermodynamic limit is rather difficult. The pres-
sure is expected to be independent on the choice of the boundary condition but
other quantities (such as some derivatives of the pressure) may not be indepen-
dent on boundary conditions. In this section we will make the mathematically
simple choice ®, = 0 (i.e. no influence at all on particles inside A from the
world outside) which is called free boundary condition. We will consider in this
chapter just free boundary conditions, hence we will suppose

Uzy,...,an) = Y. Viwi—ay) (2.3)

1<i<j<N

Anyway, we will return later to the question of the independence of the thermo-
dynamic limit from boundary conditions, since it is of fundamental importance
in the theory of phase transitions.

By (2.3), interaction energy between particles is known once we have spec-
ified the two body potential V(x). We immediately see that the function
U(z1,...,xn) defined in (2.3) has the following properties.

i) U is symmetric for the exchange of particles.
Let {o(1),0(2),...,0(N)} be a permutation of the set {1,2,..., N} then

U(xa(l)v"'axo‘(N)) = U(l'lv---,xN) (24)

i1) U is translational invariant.
Namely, if (z1,...,2zn) and (2],...,2/y) are two configurations which differs
only by a translation then

U(zy,...,xn) = Uxy,....2) (2.5)

Some further conditions on the potential V must be imposed. Stability and
temperedness are commonly considered as minimal conditions to guarantee a
good statistical mechanics behavior of the system (see, e.g., [38] and [14]).

Definition 2.1 A pair potential V (x) is said to be stable if there exists C > 0
such that, for all n € N such that n > 2 and all (x1,...,z,) € R

> V(jai—x4)) = —nC (2.6)

1<i<j<n
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Definition 2.2 A pair potential V(z) is said to be tempered if there exists
ro > 0 such that

/|> V(|2])ldz < oo (2.7)

A stable and tempered pair potential V (x) will be also called admissible.

Definition 2.3 Given V(x) admissible, the nonnegative number

B=  sup —% S V(ai— ) (2.8)

1<i<j<n

is called the stability constant of the potential V(x).

Note that temperedness of V(z) implies that B is non-negative and B = 0 if
and only if V(|z|) > 0 (i.e. “repulsive” potential). Stability and temperedness
are actually deeply interconnected and the lack of one of them always produce
non thermodynamic or catastrophic behaviors (see ahead).

The conditions ) and #i) are motivated by physical considerations. They orig-
inates from the observation that most of physical interaction are indeed sym-
metric under exchange of particles and translational invariant.

Stability and temperedness are from the physical point of view more difficult
to understand. Concerning in particular temperedness, it is quite natural to
assume that potential must vanish at large distances since particles far away
are expected to interact in a negligible way. While is not clear why the rate of
decay has to be such that (2.7) is satisfied. We will see that stability condition
is somehow related to the fact that particle are not allowed to be (or pay a high
price to be) at short distance from each other.

We will see below that the grand-canonical partition defined in (1.1) is a holo-
morphic function of A if the potential V'(|z|) is stable. Moreover, under very
mild additional conditions on the potential (upper-continuity) it can be proved
that the converse is also true (see [38]). In other words =4 (3, \) converges if and
only if the potential V is stable. So, in some sense, stability is a condition sine
qua non to construct a consistent statistical mechanics for continuous particle
systems.

Proposition 2.1 Let U(zy,...,zn) be a stable interaction with stability con-
stant B and let X in (2.2) be allowed to vary in C, then series in the r.h.s. of
(2.2) converges absolutely for all X € C, all 3 € R™ and all A Lebesgue mea-
surable set in R, or in other words the function Z(3,A,)), as a function of A
in the complex plane, is holomorphic.

Proof.

|“A(B7 |<1+Z N /d X1 - /d:ENe BU (z1,.- JN)<

e N
— dxl.../dee+ﬁBN
Nz: N! /A A
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bad
AV (x)
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Figure 1. The potential Vi"d(|z|)

= (A )\e
= > WA epiagiares®)
N=0

O

The stability condition is therefore a sufficient condition for the absolute con-
vergence of the Grand Canonical partition function. As mentioned above, it
can be also shown, that the converse also holds, i.e. stability condition is also
a necessary condition (see [38]). But in that case some further conditions on
the function V are needed. We rather prefer here to show how violation of
stability condition and temperness produce non thermodynamic behaviors in
the system.

2.2 Potentials too attractive at short distances

A simple way to violate stability is by choosing a potential V(x) which is neg-
ative in the neighborhood of x = 0. For example, let us consider the potential
VP2d(|z|) as in figure 1: a continuous, not decreasing, compactly supported
function of |z|. This potential is continuous, tempered (i.e. satisfies (2.7)),
bounded (i.e. |VP*(|z|)| < «, for some a > 0), and strictly negative around
the origin + = 0 (i.e. 3§ > 0 and b > 0 such that V?*(|z|) < —b whenever
|z| < 6). This potential V;’2d(|z|) is not stable. Indeed, if we place N particles
in positions z1,...,zn so close one to each other that |z; — x;| < § (for all
i,j = 1,2,...,N), then U(zy,...,zx) < —bN(N —1)/2.

As we said above, it can be shown that the lack of stability destroys the
convergence of the series for Z(5, A, \). Le. it is possible to show that the grand
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canonical partition function with the potential V}"d(|z|) is a divergent series.
Even so, one may argue that the partition function in the canonical ensemble
for the potential V?2d(|z|) is still well defined and calculations could then be
performed in this ensemble.

Let us therefore do these calculations in the Canonical Ensemble with 8 and N
fixed.

First we consider a catastrophic situation in which the N particles collapse in a
small region inside A. Namely, we calculate the probability to find the system
in a micro-state with the IV particles being all located in a small sphere S5 C A
of radius /2 (so that they are all at distance less than §). By (2.1) a lower
bound for such probability is given by

1 )\N
B N) = ————= dzy ... / dx 76—5U(371,~~~@N) >
bad( ) ZA(B7N) L 1 S N N >

L L [m) Y ey
Z BN 6] M

Now consider a configuration “macroscopically correct”, i.e. a micro-state with
N particles in positions x1,...xx uniformly distributed in the box A, with
density equal to the density p = N/|A| fixed by the parameters N and
|A| in the canonical ensemble. If the potential V"4 is tempered then it is
not difficult to see that for such configurations |U(z1,...,zy)| < CNp where
20 = [psdz|V(x)|. As a matter of fact, let us consider the box A as the
disjoint union of small cubes A (with volume |A|) so that each of the particles
x1...,zy belongs to one of these small cubes A (with volume |Al). Hence,
given a configuration x1,...,zy (recall that V;?*d(z) non-positive by assump-
tion)

Z Vbad(\ﬂfj—ﬂle Yoo > VPN a a2

je{1,2,..., ACA ]6{12 ,,,,, N}

J#i ];éz
§ : bad § : 1

ACA ]6{1,2 ,,,,, N}

ijA, J#

where in the last line to get the inequality we have used the assumption that
VP2 is non decreasing and Y Aca Tuns over all small cubes whose disjoint
union is A and ra denotes the (minimal) distance of a point inside the cube
A from the point x;. Now, since we are assuming that particles are uniformly
distributed in A and choosing the dimensions of the small cubes sufficiently
large in order to still consider this cubes macroscopic, so that the particles in a
small cube A are still uniformly distributed with density p or very close to p.
Hence we may assume that there exist € > 0 such that, for each A C A

> 1 <(1+e)pla|
je{1,2,..., N}
xjeA VE
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so that

Z Vbad(|x]—:c,]) > p(lte) Y VPra)A >

je{1,2,..., A
J#

> p 1+5/ VPd(z — ;) dm>p1+5/ VvPd(z)dz  (2.9)

Hence, for such configurations we have

Z bad Z Z bad o 'Tj) >

1<i<j<N =1 j: j#i

Np(1
> Pl +5)/ Vlbad( ydz = — NCp
2 R3

C= (1;5) {—/RJ ybed (g )dx]

positive (again, recall that V" (x) non-positive by assumption). Then an upper
bound for the probability for such configuration to occur is, according with (2.1)

with

1 AN
Piod(N) = ———— L AU@LaN) <
ood (IV) ZAw,N)/Ad“" /AC”‘”VN!e <

_
ZA(BaN)

Hence a lower bound for the ratio between the probability of bad configurations
and good configurations is

N N
‘A’NL +BpCN  _ 1 NN —NL

— p +BCpN

IN

e

N \N N(N-1) N b Ar2
Poaa(N) _ [§p0°]" Rqet™ [ §pd® 17 N
Pgood(N) - NN e-l—ﬁCpN eﬁ(%+cp) NN

and, no matter how small § and/or b are we have that

. Pbad(N)
lim ——% = +x
N—oo Pgood(N)

This means that is far more probable to find the system in a micro-state in
which all particles are all contained within a small sphere of diameter ¢ in some
place of A rather than in a micro-state “macroscopically correct”, i.e. a configu-
ration with particles uniformly distributed in A with a constant (approximately)
density p = N/|A|.
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Figure 2. The potential V24 (|z|)

2.3 Infrared catastrophe

We now show that the lack of stability of the pair potential yields to non-
thermodynamic situations. In the previous example V"4 (|z|) was a non-stable
(but tempered) potential not preventing particles to accumulate in arbitrarily
small regions of the space. So we consider a second case of “bad” potential
which this time does not allow particles to come together at arbitrarily short
distances but it is too attractive at large distances. Let the space dimension be
set at d =3 and let @ > 0, 3 > € > 0 and define,

+o0 if |z] <a
V() = (2.10)
—|x|73%¢  otherwise

It can be proved that this potential, illustrated in figure 2, is neither stable nor
tempered. This is a first example of a so called hard-core type potential (where

the hard core condition is V"2 = 4 oo if |2| < a). It describes a system of

interacting hard spheres of radius a. In fact, since V;P2d(|z|) is 400 whenever
|z| < a, then U(z1,...,2N) = +00 whenever |z; —z;| < a for some i, j, thus the
Gibbs factor for such configuration (i.e where some particles are at distances
less or equal a) is exp{—BU(z1,...,2x)} = 0 and hence it has zero probability
to occur.

This means that such system cannot take densities greater than a certain density
pep called the close-packing density, where particle are as near as possible one
to each other compatiblely with the hard core condition.

Let us again consider the system in the Canonical Ensemble at fixed inverse
temperature 3, fixed volume |A| and fixed number of particles N, hence at fixed
p = N/V. We choose N and |A| in such way that p is much smaller that the
close-packing density pep, i.e. p/pep < 1.
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We now compare the probability to find the system in a micro-state near the
close-packing situation, e.g. the close-packing configuration slightly dilated
of a factor near to one. Namely, we assume that each particle can move in
a small sphere Ss of radius § without violating the close-packing configura-
tion. In this set of configurations the density can vary form the maximum
Pep = % to a minimum pe, = (ffggfg =1+ 2;6)73/%1)- In this case the
system does not fill uniformly all the available volume |A|, it rather occupies a
fraction |Agp| = |A|£ of the available volume and leaves a region (with vol-

ume |A|(pep — p)/pep) empty inside A. Of course such configurations are non
thermodynamics.

In these configurations the potential energy U is strongly negative. An upper
bound for the value of U for such type of configurations is, by a reasoning
similar to that took us to the (2.9).

Indeed, suppose that particles are arranged in a configuration near the close
packing (in the sense specified above). Then

Z Vbad(’xj _ 5177,|) Z Z Vbad(|{13] N x@,)|

jef{1,2,..., ACA je{1,2,...,
j# J#i, @ GA
§ : bad max 2 : 1
ACA j€{1,2,...,n}
J#i, T EA

where this time r{®* represent the maximal distance of a point in the small

cube A from z;. Now we have that

> 1 = el

j€{1,2,...,n}
J#i, T;EA

Moreover there exists surely an € (depending on A) such that

Z bad max |A| < (1 — G)Bg(Acp)
ACA

where A, denotes the region inside A where the N close-packed particles are

situated and
B.(Aep) = / \ac]_?’“d:c
2€Acp, |z[>a
and hence

S vz —ail) € — (1 O)Be(Aep)iep
je{l,.Q;é.:.,N}
J 1

Finally, note that, for some constant C' we have that B.(A¢,) = C \Acp|§ and
thus calling 2C" = (1 — €)C we get

Z Vbad(|$j _ $Z|) < — 2C,ﬁcp‘Acp|%
je{1,2,...,
J#i
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and therefore

20, _

U(xh' . .,.fN) < _Ncl(l + ) 3pCP|ACP‘%

a
This allows to bound from below the probability Pp.q(/N) to find the system
(in the canonical ensemble) in such bad configurations near the close-packing
as follows.

1 AN
Poaa(N) = / da / doy e AUELaN) >
( ) ZA(B?‘]V) Ss ! Ss N!
N \N €
> L éﬂ-53 )\7e‘f'ﬁN(1""25/‘1)730090/‘Acp|g
“ZEN 37 W

As far as good configurations (i.e. those with uniform density p = N/|A|) are
concerned, proceeding similarly one can bound

Uz, ...,an) = —NC'p|A|5

and thus an upper bound for the “good” configurations is

1 )\N
= - _BU(xlu---va) <
Pgood(N) ZA(,B,N) /Adl‘l.../Ad:L‘NN!e <

1 NN anern
< |AN e tANCIA

Hence the ratio between the probability of bad and good configurations is

Poaa(N) [5m63] N ABN(1+26/a) "2 pepC’ |Acp| 3

Pyood(N) — VN +BNC/plA|3

recalling that
Al = N/p [Aepl = N/pep

we get

+BC'NI*TE [(1+26/a)’3p27%—91_%
Pbad(N) S |:471-53p:|N e p

NN

Now observe that factor [(1 + 25)*3pg 3 pl_g} in the exponential is positive

if p is suffciently smaller than p., and ¢ sufficiently small. Hence, calling

4

+,BC{ 1426) 3 pep 5 — 1*%] -1
. (1+26)°pep ° —p Oy = [3%5%]

Ch =

and noting that C; > 1 we get

14+ &
Poaa(N) _ CF 3
Pygooa(N) = CNNN
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Figure 3. The potential V24 (|z|)

It is just a simple exercise to show that this ratio, if C7 > 1 goes to infinity as
N — oo (write e.g. NV = NNy,

It is interesting to stress that gravitational interaction behaves at large distances
exactly as ~ |z|73"¢ with ¢ = 2. Hence we can expect that the matter in the
universe do not obey the laws of thermodynamics and in particular it is not
distributed as a homogeneous low density gas (an indeed it is really the case!).

Consider now a similar case where the pair potential as the same decay as in
(2.10), but now is purely repulsive, i.e. suppose

+oo ifjz| <a
Vpd(z) = (2.11)
m% otherwise
This is indeed a stable potential (since it is postive!) but not tempered. It
will produce with high probability bad configurations in which particles tend to
accumulate at the boundary of A in a close packed configuration hence forming
a layer. By as argument identical to the one of case 2, supposing p << pcp,
one again shows that such configurations are far more probable than “thermo-
dynamic configurations” (with particles uniformly distributed in A). Therefore
particles interacting via a potential of type (2.11) will tend to leave the center
of the container and accumulate in a layer at the boundary of the container.
To simplify the calculations let us suppose that the volume A enclosing the
system is a sphere of radius L and let us estimate the probability of a bad
configuration in which the N particles are in configurations x1,...,zx which
are nearly close-packed (i.e. they can move in little spheres of radius ¢ without
violating the hard-core condition) with minimal density p, = (1 + 2?‘S)_?’pcp
occupying a region (not smaller than) A, which is a layer stick at the boundary
of the box A with thickness AL. Since we are assuming that A is a sphere
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of radius L we have that the volume of the occupied region Acp is [Acp| =
%TI'L?’ — (L — AL)® =~ 4nL?AL for p < pep. Now, since |Acp| = N/rep and
IA| = N/p, we get [Acp|pep = |Alp and thus 47 L>ALpe, = §7L3p and finally

AL=-Lp (2.12)
3Pcp

Now, by the same argument seen above we have that for such configurations
(recall that now the pair potential is everywhere positive) we have

Z Vbad(|$j —1z]) < Bg(Acp)ﬁcp

j€{1,2,...,
J#i

where now (recall that A is now supposed to be a sphere of radius L)

1 L r2 4 . - 1
BE(ACp) = x?’—_da: =A4r = dr = — [LF — (L — AL ~4nL* AL

and thus, recalling also (2.12)

U(l’l,...,(l)]\/‘) S

and hence

Ss

N
1 47”53 NN gy
= ZaBN) N1

On the other hand, for “good” configurations x1, ..., 2y in which the particles
are uniformly distributed in A with density p = N/|A| we have

Z Vbad(!fﬂj—%l) > B:(A)p

je{1,2,...,

J#i
where now
L 2 A7
BE(A)—47T/ —dr = —I[L° — a]
and thus N4
Ulxr,...,2x) > 5 —p[LF — o]
2 €
and so
Pyood(N) ! /da:l doy e e PU@1TN) <
800 ZA(B,N) Ja A N! -
N
1 |A‘NL€—5%‘%0[LE—CLS]
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Therefore the ratio between the probability of bad and good configurations is
now

N _pgNAnm 26— €
Pag(N) _ [370%] 7 e PTROHDTOE 4 53N ganiep[10-g0)- 3020
Pgood(N) N |A|Ne_ 5 2 p[LF—ac] 3 |A]

and recalling that L® = (%|A|)§ = (%)gp_gNg we get

Phaa(N) [4p7r53r BN Sam(2)5p "5 [L-45)-1(1+2)-3]
Piod(N) = | 3 N

which diverges as N — 0o as soon as

1 1 a® 1 §)_3
3 a
is positive, which surely occurs for L sufficiently large and € < 3.

Again physics gives us an example of potential such as (2.11). That is, the
purely repulsive Coulomb potential (for which ¢ = 2) between charged particles
with the same charge. Indeed electrons in excess inside a conductor tend to
accumulate at the boundary of the conductor forming layers.

2.4 The Ruelle example

In Example 1, Vlbad was tempered but not stable. It was a potential strictly
negative at the origin. Therefore a necessary condition for a pair potential V' (x)
to be stable is V' (0) > 0. However the stability condition is in fact more subtle.
Failure of stability can occur also for tempered potential strictly positive in
the neighborhood of the origin. We will now consider a very interesting and
surprising example of a potential in d = 3 dimensions which is strongly positive
near the origin, tempered, that nevertheless is a non stable potential. This
subtle example, originally due to Ruelle, illustrates very well the intuitive fact
that stability condition is there to avoid the collapse of many particles into a
bounded region of R? and it also shows the key role played by the continuum
where we have always the possibility to put an arbitrary number of particles in
a small region of R%.

Let R>0and let 6 >0

11 e <R—6
VPd@) = ¢ -1 ifR-6< |z <R+6 (2.13)

0 otherwise

This is clearly a tempered potential (actually it is a finite range potential:
particles at distances greater than R+¢ do not interact at all). But we will show
that this is a non stable potential by proving that the grand canonical partition
function diverges for such a potential. Fix an integer n and let Z1, ..., Z, be sites
of a face-centered cubic lattice in three dimension with nearest neighborhoods
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Figure 4. A catastrophic potential. The Ruelle potential

at distance R. We recall that a face-centered cubic lattice is a lattice whose
unit cells are cubes, with lattice points at the center of each face of the cube,
as well as at the vertices.

Let B(Z1,...,%n) = {{i,j} : |Z; — ;| = R} the set of nearest neighborhood
bonds in Zi,...,%, and let B, = |B(Z1,...,&y)| the cardinality of this set.
Suppose that Zi,...,Z, are arranged in such way to maximize B, hence in a
“close-packed” configuration. We remind that in the face centered cubic lattice
every site has 12 nearest neighborhoods. If we take Zi,...,Z, to be close-
packed, then if n is sufficiently large, the number of nearest neighborhoods
bond are of the order B,, ~ 6n. In fact each site is the vertex of 12 nearest
neighborhoods bonds, each nearest neighborhood bond is shared between two
sites. If the fixed integer n is chosen sufficiently large then it is surely possible
to find a close-packed configuration Z1,...,Z, in such way that

11

for some € > 0. Suppose thus that n is chosen so large such that the close-
packed face centered configuration Zi,...,Z, is such that (2.14) is satisfied.
Then, by (2.13)

n n
SN VP(E — &) = nVP(0) + 2B, VP*(R) = 1ln— 2B, < —2e <0
i=1 j=1
Consider now the function

n n
QR SR (Y Yns 2 2) Y Y VPl — )
i=1j =1
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We have that ®(z4,..., %y, Z1,...,Ty) < —2e. Moreover, if

- 0 - ) . ) - )
|y1—m1|<§, cel \yn—xn|<§, |zl—$1|<§, v En— @R < =

with 0 being the constant appearing in (2.13), then also

QY1 Yn 2155 20 Z Z VP |y — 2i]) < —2¢ (2.15)

i=1j =1

Let now Si = {x € R®: |z — &;| < §/2} be the open sphere in R® with radius
§/2 and center in #; and define Ay = U?_ | Si (As is of course a subset of
R3).

Let s be a positive integer and define M, as the following subset of R3"

M, = {(z1,...,25,) € R*": |T(i—1)stp — il <6/2, p=1,..,5 i =1,..,n}

Namely, (z1,...,2s,) € Ms means that the sn-uple (x1,...,zs,) is such that
the first s variables x1, ...,z of the sn-uple are all inside the sphere S(}, the
variables zs11,...,22s are all inside the sphere Sg, the variables zos11, ..., T35
are all inside the sphere Sg’, and so on until the last s variables of the sn-uple,
which are z(,_1)s41,- .., Zsn, and are all inside the sphere S3'.

Now, if (z1,...,%sn) € Mg, then,

sn sn
U(Z1y .oy Tsn) = Z VP (|2 —aj)) Z Z VP (|2 — aj)) — snVP4(0) | =
1<i<j<sn i=1j =1

:% Z Z ZZ v (‘xz Ds4p — T(j—1)s+p'|) — snV,24(0)

for fixed p and p’ call T(i—1)s+p = Yiand T(;_1)s1y = z. By definition of Mj
we have that |y; — ;| < §/2 and |z; — ;| < §/2. Hence by (2.15)

Z Z U2 1)stp = TG-1)stp]) Z Z VP lyi — zl) < —2¢

i=1j =1 i=1j =1

hence we conclude that
11
Uz, .. Tsn) < — [ 8%+ 5 sn whenever (z1,...,%s,) € M

Therefore, if Vs denote the volume of the sphere of radius §/2 in R? we have

= /8,A7A = 1+ /dxl/de 6*6U($1,...,x1\7) 2
( ) szlN! X A

/d:):l /d:vsn e BU @1 Ton) >

o
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— (sn)! Ju, B
[e%} Pl n ,8(325+£Sn) 0 [)\‘/56%} sn N 2 0
= ;(sn)!% ° i - Z(sn)!(e ) B ;as

This last series is a series with positive terms whose term s term is given by

[)\Vae%} o (655) s

(sn)!

2
ag —

In this formula recall that n is a fixed value while s is the variable integer. It is
now easy to show that > 2, as diverges. As a matter of fact, by the ratio test
for positive term series, we have that

! 2541
lim & = lim 7(‘9”) [/\Vge%]n <655> ’ >
500 Qg §—00 [(3 —+ l)n)]'
P\ T BETRY e B (e259)°
> lim |—— (e ) = lim —— = +
5—00 (s + 1)n n s—00 (s + 1)n
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4 | .— HxD

Figure 5. A Lennard-Jones potential

2.5 Admissible potentials

Let us start by discussing first three classes of potentials which are both tem-
pered and stable.

1 - “Repulsive” temperate potentials

V>0 and / V(z)dx < 400 for some ro >0

|z|>70

2 - Positive type potentials: absolutely integrable potentials which are the
Fourier Transform of a positive function

V(z) = / V(k)e**dk,  V(k)>0

3 - Lennard-Jones Potentials:

V(z) > for z>a

Z for z <a, |V(x)

= o

The potentials in the class 1, which are automatically stable are called “re-
pulsive” in a somewhat improper manner: a positive pair potential should be
monotonically decreasing in order to be really purely repulsive. We remark that
tempered potentials with hard core (V(z) = 4 oo if || < a) can be included
in case 3 or in case 1.

It is immediate to see that a potential of type 1 is admissible. It is tempered
(i.e. it satisfies (2.7)) by definition and it is stable, since from V' (z) > 0 we get

U(z1,y...,xy) >0 Vn, 1, ...,y
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hence (2.6) is verified. Moreover, since infy, 4, .z, U(z1,...,2,) = 0, we have
that By = 0.

Let us show now that a potential of type 2 is admissible. A positive type
potential V is stable because

U(xi,y...,xn) = Z V(z ZV =

1<i<j<n z#]

va i — xj) 2V(O) = 12/6“"(9“xi)V(k)dB’k—ZV(O) =
/ Zelk v | V(k )d3k——V(0) =

-2/

where last inequality follows from the assumption V (k) > 0.

Hence the stability condition (2.6) is satisfied by choosing B = 3V(0). Po-
tential 2 is tempered since it is supposed to admit Fourier transform, hence it
needs to be absolutely integrable.

§ : elk T;

1 =1

3 n n
— i‘/ > _i‘/

The example 3, the Lennard Jones type potential, is of major interest in ap-
plications, since it is the most popular and used by physicists and chemists to
model the interactions between molecules in real gases.

Let us show that Lennard-Jones type potential is admissible. Such a potential is
indeed tempered by definition, thus we have just to show that it is also stable. In
a given configuration w1, ..., z,, denote with the number ry;, = min;; |z; —
x| the minimum distance between particles.

We distinguish two cases: 1) ryin < a/2; and 2) ryin > a/2.

Case 1) rmin < a/2. Suppose without loss of generality that |z1 — 22| = rmin
and all other distances are at distances greater or equal than r,;,. We have

U(zi,...,xn) = V(ry —x2) + ZV$1—1‘J)+U($2,..., n) >
j =3
C
50z T Z V(zr —zj) + U(xo,...,xn)
min jeq{3,...,n}
|z1—zj]>a

Note that the second sum of last inequality above is over those particle with
index j € {2,3,...,n} at distance greater or equal to a. The inequality follows
from the fact that V(zq —z;) > 0 if |21 — 25| < a.
We will now get a lower bound for the term > ces 1. lo1—ay|>a V(X1 — 7).
First note that, since in this sum |21 — z;| > a for all j, we can bound

Co
T veemre ¥l
I n}:
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We then proceed as follows. Draw around each x; a cube Q; with side rmin/ V12
(in such way that its maximal diagonal is rmin/2) with z; being the vertex
farthest away from x;. Since any two points among z3,...,x, are at mutual
distances > rpmin the cubes so constructed do not overlap. Moreover if we
consider the open sphere §; = {z € R®: |z — 1| < %} and denote by Sf its
complementar in R3, then by construction (recall that rpi, < a/2) all cubes
Q; C S¢, i.e. they lay outside the open sphere with center x; and radius a/2.

Furthermore we have
1 12)3 1
< (\ﬁ) / dz
Q; |z

|.1‘1 _ xj|3+6 — Tl?;nn _ $|3+s

recall in fact that the cube @); is chosen in such way that |z — x| < |21 — @
for all z € @;. Therefore

r

- (Vi2)P 1 3. _
Z V(.%'l — :L'j) > —0237 Zn}' j md T =

je{3,...,n}: min  je{s3,...,
|z1—xj|>a |z1—=j|>a
V12)3 1 V12)3 1
= —02( 3 ) / 73%6[336 Z —02(3)/ 73%6[336 =
Tmin  JU;Q; ’371 - IIJ‘ "min |z—z1|>a/2 ’H? o .’IJ1‘
(V12)3 1 4 CoK,(e)
= —C 53— sedy =——3
T min ly|>a/2 ’y| T min
where A2
_ 32T
K,(e) = (V12) g
50 O CoKo(e)
€
U(z,...,2n) > 3i€— 23a +U(z2,...,2n)
Trin "min
TLe.
U(zi,...,xn) > —C+U(z2,...,2,)
for a suitable C; positive, e.g. —C. is the minimum of the function F(z) = %—
Kal(e)

o5~ for x > 0. Therefore, iterating this formula we get

U(z1,...,2n) > —Cen

Case 2) ryin > a/2. In this case we write

U(x1,...,xpn) = %Z Z V(z; — )

=1 je{1,2,....n}: j#i

and we will get an estimate }_;cr15 oy j2; V(@i — ;). First note that, since
all particles are at distances > a/2 we can bound

C
Z V(w; —x5) > — Z 7|1’i_;j|3+5

jE{l,.Q,..‘.,n} jE{l,.Q,.“.,n}
J#i JFi
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We then proceed analogously as before. This time, for fixed ¢, we can draw
around each z; a cube Q; with side a/+/48 (such that the maximal diagonal of
Qj is a/4) with x; being the vertex farthest away from z;. Since any two points
among 1, ..., &, are at mutual distances > a/2 the cubes so constructed do not
overlap. Moreover if we consider the open sphere S; = {z € R®: [z —z;| < §}
and denote by S¢ its complementar in R3, then by construction U;j£Qj C S5
In other words all cubes (); lay outside the open sphere with center x; and
radius a/4. Furthermore we have

1 (V/48)3 / 1
Q

d3
2 — 2, = 4 zi —aPre z

recall in fact that the cube @ is chosen in such way that |z — ;| < |2; — 2
for all z € Q.
Therefore

(Va8)* L
2, Vlwi—m) 2 —Ormg— 3 }/jm—w“:

je{1,2,..., n} je{1,2,..., n
j#i J#i
V48)3 1
= —02( 3) / 73+6d3x >
a Uj i@ |x; — x|
V48)3 1 _
= _CQ( 3) / dex 2 —KQ(E)
a |z—xi|>a/4 |xl - $|
where ,
_ 48 1
Ka(f-:) = CQ (\/;) / 734_6[3113
a o—ay|>a/a |Ti — z[3FE
Hence B
> V(mi—=z) > —Kale) (2.16)
je{1,2,..., n}
j#i
and

U(xl,...,xn) > -

2.5.1 Basuev Criteria

We now present two very efficient criteria for stability of tempered potentials
first proposed by Basuev [1].

Theorem 2.1 Let V(|x|) be a pair potential, and let a > 0 such that V(a) > 0,
V(|z|) > V(a) for all |z| < a and

V(a) > p(a) (2.17)

where

pla) = sup Z V= (Jail) (2.18)
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with
V= (Ja]) = max{=V(|z|), 0}.
Then the potential V (|x|) is stable with stability constant By such that
By < p(a)

Proof. Let us first consider the case in all particles are mutually at distance
greater than a. We have that

1 1
sSup _7U<m17"'7xn) - sup . Z V(‘xk_xsn =
neN, (.rl,.“,.rn)E]Rdn n neN, (xq,..., zn ) €RAN n 1<k<s<n
\zifzj|>a \zifzj\>a - -
1 — 1 & o ula
wp S S V(e < S vy = A
nel, (z1,....mn) R k=1 s#k k=1 (11,.4.6ia:§!)6Rd5 Jj=1

We can therefore limit ourselves to configurations in which there are particles
at distance a or smaller than a. Consider thus a configuration (z1,...,x,) such
that there exists {4, j} C [n] such that |z; — z;| < a. Thus there is a particle,
(which, without loss of generality, we can assume to be the particle indexed
by 1 at position x; = 0), which has the maximum number of particles among
Ts,..., Ty, at distance less than or equal a. We have to estimate

U(xla"wxn) :E1+U(x27"'7xn)

where

By =Y V()
j=2

Say that the number of this particles close to x; less or equal to a is [ (clearly
[ > 1 by assumption). The energy E; of the particle at position 1 is thus

By >1V(a)— > V(|

ke[n]
[z >a

To control the sum ), V'~ (|zx|) observe that we are supposing that each par-
ticle has at most [ other particles at distance less or equal than a. Thus take
the k such that V= (|zg|) is maximum. Again, without loss of generality we can
suppose k = 2. In the sphere with center x2 and radius a there are at most [+ 1
particles (the particle at position z, for which the value V, (|z2|) is maximum
plus at most [ other particles) Hence

D V() < DV (|aal) + > V™ (k)
k€[n] ke[n]
lzg|>a |zg|>a, |z —xo[>a

Iterating we get, recalling definition (2.18)

Do Vilm) <+ Yo V(o)) < (1+ Dula)
k€[n] ke[n]

|zg|>a |z;—j|>a



2.5. ADMISSIBLE POTENTIALS 45

Therefore we have that

Ey > V(a) = (I + Dp(a) = UV (a) = p(a)) = pla) = —p(a)

So we have obtained

Iterating we get

O

Example. Let us consider the potential

A ifjz| <R
V(z) = { -1 ifR<|z| <R+ (2.19)

0 otherwise

Let us prove that V(x) is stable if A > 12 and ¢ sufficiently small.

It is known that the maximum number of points that can be put on the surface
of the sphere S(R) of radius R in such way that the distance between any
pair of such points is greater or equal R is 12. Let us now show that if § is
sufficiently small 12 is also the maximum number of points that can be fitted
in the layer S5(R) = {z € R3: R < |z| < R+ 6}. Indeed, suppose by absurd
that for any § > 0 one can find 13 points on S5 such that the distance between
any pair of these points is greater or equal than R. Then by choosing § = %,
for n € N one can construct 13 sequences x.,..., 213 all contained in Ss such
that, for any n and for any 4,5 € {1,2,...,13} it holds that |z — 27| > R
since S is compact and lim, . S5(R) = S(R), for each of the sequences !,
there exists a subsequence convergent to some point 3* € S(R) such that for
any pair |y — 3’| > R. So we have found 13 points of the sphere S(R) of
radius R all at distance from one to another greater that R, contradicting the
statement that the maximal number of such points is 12. This means that
the maximum number of points we can put on the layer S5 in such way that
the distance between any pair of such points is greater or equal R is 12 and
therefore the potential of Figure 4 with 11 is replaced by any number A > 12
and ¢ is sufficiently small satisfies the hypothesis of Theorem 2.1 and hence is
stable.

Theorem 2.2 Let V(|z|) be a tempered potential, such that there exists a > 0
such that

V(|z]) > V(a) >0 for all |z| <a (2.20)

and
V(a) > 2pu(a) (2.21)
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with p(a) defined in (2.18). Then the potential V(|x|) is stable with stability
constant By < %u(a). Moreover the representation

V([z]) = Va(lz]) + Ka(|z])

with
Via) if|z] <a
Va(lz|) = (2.22)
V(=) if lz|>a
and
V(|z]) = Via) if|z] <a
Ka(lz]) = (2.23)
0 if |z] > a

is such that the potential V,(|x|) defined in (2.22) is also stable and it has the
same stability constant By of the full potential V (|z|) and the potential K, (|z|)
is positive and supported in [0, a].

Proof. The thesis is trivial if V7~ (|z|) = 0 (i.e. if V(|z|) is purely repulsive).
So we may assume that V~(]z|) # 0. For any (z1,...,2,) € R™ and any
i € [n], let
Bi(z1,.. ) = Y V(i — )
J€ln): j#i

so that U(xy,...,z,) = %Zie[n] Ei(x1,...,1,). Let now (21,...,2,) € R™ be
a configuration such that there is a particle in position say x; (without loss of
generality) such that Eyj(xy,...,2,) > 0. Then

U(xi,...,xn) = E1(x1,...,20) + U(xg, ..., 2p)
and, since we are assuming Ej(x1,...,2,) > 0, we have
U(z1,...,2n) > U(z2,...,25)

ie.
—U(z1,...,2n) < =Ul(x2,...,25)

i.e., since % < L

n—17
1 1
—EU(xl, cey ) < fmU(ajz, ceyTp)
Thus the configuration (x, ..., z,) produces a value —ﬁU(xg, ..., xy) which
is nearer to By than —U(z1, ..., x,)/n. Whence we can look for minimal energy
configurations (x1,...,x,) limiting ourselves to those configurations in which
the energy per particle E;(z1,...,x,) is negative for all i € [n].

Now let us consider the system of particles interacting via the pair potential
Va(|z|) defined in (2.22) and let us assume that conditions (2.20) and (2.21)
holds. Note first that, due to condition (2.20), V, (|z|) = max{0, —V,(|z])} =
V= (|z]). Consider then a configuration (z1,...,z,) such that there exists
{i,7} C [n] such that |r; — x;| < a thus there is at least a particle, (which,
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without loss of generality, we can assume to be the particle indexed by 1 at
position z1), which has the maximum number of particles among o, ..., z, at
distance less than or equal than a. Say that the number of these particles close
to x1 less or equal to a is [ (clearly | > 1 by assumption). The energy F; of the
particle at position z1 can thus be estimated as follows.

Bi(z1,..,an) 2V (a)— Y V™ (|laxl)
k€[n]

|z —x1|>a

To control the sum

= D> V(D)
kel

|z —x1|>a

observe that we are supposing that each particle has at most [ other particles
at distance less or equal than a. Thus take the k£ € [n] such that V= (|zy|) is
maximum. Again, without loss of generality we can suppose k = 2. In the
sphere with center xo and radius a there are at most [+ 1 particles (the particle
at position x, for which the value V™ (|z2|) is maximum plus at most | other
particles). Hence

ST Ve (akl) < U+ DV () + > V= (|zl)
ke[n]

ke(n]
|:L‘kle\>a |zk711\>a,|zk712\>a

Now we have to control the sum

> Vo (Jkl)

keln]
\zk711|>a,\zk712|>a

Note that in this sum all particles are at distance greater than a for the particle
in z1 and also from particle at position x9 moreover each of the particle in the
sum has at most [ particles at distance less or equal than a. Suppose without
loss of generality that the particle at position x3 is such that

V7o(z3) = max V™ (k)
|z —a1[>a,|z—z2|>a

and this particle at x3 has at most [ particles at distance less or equal than a.
Therefore

> V7= (le]) < (+1)V (Jaes)+ > V= (lk])

ke[n] ke[n]
|z —xq|>a,|z,—z9|>a g —x1|>a,|z, —z9|>a, |z —x3][>a

Iterating we get

Yo Villmh <+ Yo V() (2.24)
ke(n]

ke[n]
|z —21|>a |z;—xj|>a
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where now in the sum in the r.h.s of (2.24) all pairs of particles are at distance
greater than a to each other. Therefore, recalling definition (2.18) we have that

Y V(lzal) < pla)
keln)

\zi—zj|>a

and hence
El('xla s o 7$n) > lV(a) - (l + 1)/1(&)
I.e. we have that E; > 0 whenever

Via)> " uta)

Using now assumption (2.21) and since ”Tl < 2 we get

El(:cl,...,xn) >0

The conclusion is that if a configuration (x1, ..., z,) is such that some particles
are at distance less or equal than a then there is at least a particle whose
energy is positive. Hence the minimal energy configurations for V,(|z|) must
be searched among those configurations in which all particles are at distance
greater than a from each other. But for these configurations V,(|z|) = V (|z|)
which implies that V, and V, if stable, have the same stability constant B
(and hence also the same B). It is now easy to see that V,(|z|) is stable.
Indeed observe that, for any configuration (z1,...,x,) for which particles are
at distance greater than a from each other we have

1 1
Ualans - va) = 3 3 3 Vit = 23]) 2 ~gnpta)
i=1 j€[n]
i
which implies that V,(]z|) is stable with stability constant B < @ O

We have shown above that a Lennard-Jones type potential V(|z|) is stable.
Here below we prove that a Lennard-Jones type potential is also Basuev.

Theorem 2.3 Let V(|z|) be a pair potential on R? such that there exist con-
stants w,r1,r9 > 0, with r1 < ro, and non-negative monotonic decreasing func-
tions £(|x|), n(|z|) such that

> &(lz) izl <
V(jz)){ > —w if ri <|z| <mro (2.25)

> —n(lzl) i 2| = ry

with
lim &(a)a? = +o00 (2.26)
a—0
and
/ n(z])dz < 400 (2.27)
|z|>72

Then V (|z|) satisfies Theorem 2.2.
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Proof. By Theorem 2.2 we just need to show that there exists a such that
(2.20) and (2.21) are satisfied. Fix a € (0,r1), let @ = max{w,n(r2)}

n(z]) if [z >

n(]z]) =
w if || < 7o

Then, by construction 7(|x|) is monotonic decreasing and such that [pq 7(|z|) <
oo. Moreover by conditions (2.25) we have that

V= (Jz]) < a(lzl)

Hence, recalling (2.18) and considering also that, since we took a € (0,71), by
hypothesis V'~ (|z|) = 0 for all |z| < a, we have

n
p(a) < sup > i)
neN, (ml,.“,xn)GRd" i=1
|zifa:j|>a, |z;|>a

To estimate from above > ; 7j(|z;|), having in mind that all particles are at
mutual distances greater than a and are at distance greater than a from the
origin, we proceed as follows. We draw for each x; a hypercube @); with side
a/2V/d (such that the maximal diagonal of Q; is a/2) in such a way that ; is
a vertex of the cube @); and at the same time is the point z € ); which is the
farthest away from the origin 0. Since any two points among z1,...,x, are at
mutual distances > a the cubes so constructed do not overlap. Furthermore,
using the fact that 7(|z|) is monotonic decreasing, we have

[SIIoH

o | el

J

n(lz;]) <

recall in fact that the cube @Q; is chosen in such way that |z| < |z;| for all
x € Q. Therefore

[S]ISW

d
2

O L Ry G (7L B
Soalel) < S5 [ ateir = S [ atiear <

=1

[SI[cH

(4d) _ Cq
< B0 [ eiyae —

where Cy = (4d)g Jga 7(|z])dz. Hence we get

C,
na) < 5

Now, in view of condition (2.26), we can always choose a such that £(a)a > 2C.
Thus we get

Cq
e

f(a)a? >2C; = £(a) > 2 = V(a) > 2% = V(a) > 2u(a)



50 CHAPTER 2. THE GRAND CANONICAL ENSEMBLE

O

Exercise: prove that a Lennard-Jones pair potential satisfies Theorem 2.3 and
hence Theorem 2.2 (thus a Lennard-Jones potential can be written as the sum
of a positive potential plus an absolutely integrable and stable potential with
stability constant By equal to the one of the full potential).

2.6 The infinite volume limit

We will now start to consider the problem of the existence of the thermodynamic
limit for the pressure of a system of particles in the grand canonical ensemble
interacting via a pair potential stable and tempered. The mathematical problem
is to show the existence of the infinite volume pressure defined as

Bp(B,N) = lim — InZx(8,\) (2.28)
A—o0 |A|

where we recall that |A| denotes the volume of A.
First of all we need to give a mathematical meaning to the notation A — oo
in (2.28). We know that A is a finite region of R? and it can tend to infinity
(namely its volume tends to infinity) in various way. For instance A could be a
cylinder of fixed base A and height h and we could let h — oo. Le. like a cigar
with increasing length. It is obvious that such a system (particularly if A is
very small) is not expected to have a thermodynamic behavior even if h — co.
Thus A — oo cannot simply be |[A|] — oo, since we want to exclude cases
like “the cigar” which is not a scandalous if they do not yield thermodynamic
behavior. We need thus that A — oo roughly in such way that A is big in every
direction, e.g. a sphere of increasing radius, a cube of increasing size etc. We
will review the following definitions

Definition 2.4 A is said to go to infinity in the sense of Van Hove if the
following occurs.

Cover A with small cubes of size a and let N4 (A, a) the number of cubes with
non void intersection with A and N_(A,a) the number of cubes strictly included
in A. Then A — oo in the sense of Van Hove if

N_(A,a)

N_(A —_—
(A,a) — oo, and N (A

—1 Ya

See figure 7.

As an example, it is easy to show that if A — oo as in the case of the “cigar”
seen before, then A is not tending to infinity in the sense of Van Hove. Consider
thus, for sake of simplicity in the plane, a rectangle R with sizes [ fixed and
t variable and going to infinity. Let consider squares of size a to cover the
rectangle. Then

N.(Ra) = L1 Numa) = Llgolio!

aa aa a a
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Figure 6. A box A going to infinity in a “non-thermodynamic” way

L] —~
4 N

/

[
\
AN p

T

\
\
/

/

A

Figure 7. A set A with Ny = 44 and N_ = 20

thus N_(R.a) l
_(R,a
li L = 1
00 Ni(R,a) I+ 2a 7

On the other hand, let us check that a rectangle of sizes (v/£,t) and tends to
infinity, as t — oo, in the sense of Van Hove. As a matter of fact

it tt ot t
N_(R,a) = if, Ni(R,a) = VEE ot oV
a a a a a a
thus
lim N=(F:0) It 1

———2 = lim =
oo Ny (Rya) 900 v/ + at + v

We now give a second and more stringent definition of A — oco. For a given A
let Ay, denotes the set of points at distance less or equal to A from the boundary
of A and let |Ay| denotes its volume. Let finally d(A) denote the diameter of A

(ie. d(A) = supyyer{lz —yl}) -

Definition 2.5 We say that A tends to infinity in the sense of Fischer if |A| —
oo and it exists a positive function (o) such that limy—om(a) = 0 and for «
sufficiently small and for all A

|Aad(A) |
A

<m(a)

A rectangle R of sizes f(t),t such that lims_,oo @

in the sense of Fischer. As a matter of fact

d(R) = [+ ()"

= 0 does not go to infinity
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Aaarr)] = 2alt® + F2@)2[t = 2a[t* + f2O) + f(D)]

Ao 2a[t* + f2O1[t — 2]t + 2] + f(1)]
. tf(t)

20t2\/1+ L1 — 20 /1+ L0 4 L0
tf(t)
For any fixed a the quantity above can be make large at will, as ¢t — oco. Thus
it is not possible to find any m(a) such that Vogp)(R)/V(R) < 7(a) for all R
(i.e. for all t).
On the other hand, the square S of size (t,t) goes to infinity in the sense of
Fischer

d(S) = v, Aad(s)] = 4av/2t[t — av/2t]

A —

| Tgis)‘ = 40[\/515[32 o2 = 4aV2[1 — aV2] < 4aV2
Hence one can choose 7(a) = 4av/2.

2.7 Example: finite range potentials

We will prove in this section the existence of the thermodynamic limit for
the function Sp(8,\) defined in (2.28), but we will not treat the general case,
namely particles interacting via a pair potential stable and tempered and A
going to infinity as e.g. Van Hove. We will rather give our proof in a simpler
case. Namely, we will put ourselves in d = 3 dimensions and we will assume
that particles interact through a stable and tempered pair potential V (x) with
the further property that it exists # > 0 such that V(z) <0 if |x| > 7, i.e. the
potential is negative for distances greater than 7.

In order to make things even simpler we will also suppose that A is a cube of
size L and A - oo & L — oo. We now choose two particular sequences
A1, Agy ... Ay, ... and Ay, Ao, ..., A, ... of cubes. Let A; be a cube of size L;
with volume V; while ]\1 is a new cube of size I~/1 = L1 +7 which consists of Ay
plus a frame of thickness g We denote V; it volume (of course Vi > V1) Ag is
a cube of size Ly = 2L + 7, thus in Ay we can arrange 22 = 8 cubes A; with
frames of thickness 7/2 in such way that any point in a given cube A; inside
As is at distance greater that 7 from any point in any other cube A inside As.
Of course Ay is a cube of size 2L, i.e. is the cube Ay plus a frame of thickness
7/2. See Figure 8.

In general Ayn41 is a cube of size L,y1 = 2L, + 7 and An+1 is a cube of size
L1 = 2Ln = 2L, + 27. Note that [A,; 1] > 8|A,| and |A,, 1| = 8|A,| and
im0 [An|/|An] = 1.

We will now show that the sequence of functions

Pu(B.) = ‘Al‘ln%m, \) (2.29)
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T T
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
N b e
AN A,
_________________ . ]
o
P
] —
W v :
i 1
P
! 1
N 1
7
— 2
AI‘I An

Figure 8. The cubes A1, /~\n+1 and the cubes A, A,

tends to a limit. Define the sequence

~ 1
P, = ——InE (8, (2.30)
Ayl
We will first show that this sequence converges to a limit. Consider the sequence
En = Za, (8, ). We have

ZEnt1 = - deefﬁU(xl"”’xN)
AN

n+1

We now think A, 11 as the union of 8 cubes A, (j=1,2,...,8) plus the (inter-
nal) frames. Obviously if we calculate E,; eliminating the configurations in
which particles can stay in the frames we are underestimating =,,+1. Le.

00 )\N
En+1 > Z ]V'/ ] d.’El . dl‘Ne_/BU(xl""’xN)
N=o0 . UjAgﬂ

Thus the N particles are arranged in such way that Nj are in the box AL, Ny
are in the box A2..., and Ng are in the box A%. Thus we can rename coordinates
T1,..., TN aS Tq,... x}vl, ... ,.I?, .. a:?\,s. The interaction between particles in
different boxes is surely non positive (since they are at distances greater or

equal to 7) then

Uz1,....2n) = Uag,...2x,, ..., 28, st)S
<U(zy,...2n,) + ... + U@f...2%,)

and hence
e_ﬁU(a:l"“’mN) > 6—5[(](1‘%,..%}\/1) + .+ U(x?x?vs)]
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The number of ways in which such arrangement can occur is

N\ /N-N; N—Ny —Ny—...— N7\ _ N!
N, Ny Ng ~ Nil...DNg!
Hence
_ )\N1+...+Ng N| 1 1
S > ) N Nll...NS!/A1dwl"'/Aldel'”
Ni,...,Ng n n

— 1 1 _ 2 2 _ 8 8
.. / dx§ . ./ dx?vse IBU(x17"'7IN1)€ BU(xla"'sz2) ..e ﬁU(mlv"'vﬁNS) —
A8 A8

= (En)s
So we have shown that
En—i—l > (En)S

Hence, since f(x) = Inzx is a monotonic increasing function, we also get
InZ,41 > 8In(E,)

and 1 8 1

——InZ,41 > =———In(E,) = =——hE,

V(An-i—l) V(An+1) V(An)
So the sequence P, is monotonic increasing with n. On the other hand by
stability we have that.

0

—_ )\N 3 3 —BU(x1,....,xN)

Sn = g N!/ANd.lel...d.’L'Ne etNT
=0 n

< Z N!/AN By .. Brye™PBN = exp{AV, P}

therefore,
InZ, < AV,eP
and

5 1 1
P, = —In%, < —\V,e?B < \PB

n n

This means that the sequence P, is monotonic increasing and bounded above.

Hence lim,,_yoo P, = P exists. But now
1. _ Vi =
P, = ann:n = 7ZPn
whence _ N
lim P, = lim &15” ~ fim 22 Jim P, =P
n—oo n—oo n—oo n—oo

n n
Therefore we show the existence of the thermodynamic limit for a class of

systems interacting via a potential which, beyond being tempered and stable,
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has the further property to be non positive for |z| > 7, when A goes to infinity
along the sequence of cubes A,,. It is not difficult from here to show that the
existence of such limit implies also that the limits exists if A is a cube which
goes at infinity in sense homothetic (i.e. the size A — o0).

Actually, the existence of limits can be proved for much more general cases, see
e.g. Theorem 3.3.12 in [38§]

2.8 Properties the pressure

Let us now show some general properties of the limit for the pressure Sp(5, \)
in (2.28). The pressure p(/3,A) is a function of two variables A and 8 which are
the two independent thermodynamic parameters describing the macroscopic
equilibrium state in the Grand canonical ensamble.

We are interested to study the function Sp(3, A) only for the “physically” admis-
sible values of A and 3. These physical values are: A real number in the interval
(0,4+00) and S real number in the interval (0,+o00) (recall definition (1.31)).
The Grand canonical partition function Z(3, A, \) defined in (2.2) where we are
supposing of course that U(z1,...,zy) is derived from a stable and tempered
pair potential has the following structure

E’A(Bv)‘) = 1+ZI<A7B))‘+ZQ<A7B))‘2+Z3(A7B)A3+ -

n=0

Le. is a power series in A with convergence radius R = oo (this is true for any A
such that V(A) < 00), i.e., Zx(5, A) is analytic as a function of A in the whole
complex plane. Hence a fortiori Z5 (5, \) is analytic for all A € (0,+00). This
is true for all A such that V(A) < oo.

The coefficients Z, (A, 3) are explicitly given by

1
Zn(A,B) = — /A dzy ... /A dzx,, e PU@LTn) (2.31)

They are clearly all positive numbers and due to stability (recall proposition 1)
they admit the upper bound Z, (A, 8) < [V(A)]" ™8 /nl. Moreover as func-
tions of 5 the coefficients Z,, (A, ) are analytic in /3 in the whole complex plane
and hence a fortiori for all 3 € (0, 00).

So, EA (S, N), for all A such that |A] < oo, and for all A € (0, 400) is also analytic
as a function of 8 in the whole complex plane. Hence a fortiori E5(5,\) is
analytic for all 8 € (0, +00).

Now the function InZ4 (5, \) has no reason to continue analytic in A and £ in
the whole complex plane, but it is indeed analytic in A for any A € (0, +00) and
it is analytic in 8 for all 8 € (0,400). This is due to the fact that coefficients
Zn(A, B) are positive numbers. Hence Z5 (5, A) has no zeroes in the intervals
A € (0,4+00) and S € (0,400). This means that its logarithm is analytic for
such intervals.
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In conclusion we can state that the function

Bpa(B.0) = IENAY) = a8 (2:32)
is analytic in A for all A € (0, 4+00) and it is also analytic in 3 for all 5 € (0, +00),
whenever on choose a box A such that |A\| < oo.

This fact of course does not imply that also in the limit A — oo the function
Bp(B,A) will stay analytic in the whole physical intervals A € (0,+0o0) and
B € (0,400).

Let us now list some properties of the function fa(5,\) defined by (2.32).

Property Oa. fa(83,\) defined in (2.32) is continuous as a function of A and all
its derivatives are continue as functions of \ in the whole interval A € (0, 400)
and for all B € (0,400) and for all A such that V(A) < oc.

Property Ob. fA (8, ) defined in (2.32) is continuous as a function of B and all
its derivatives are continue as functions of B in the whole interval 5 € (0, 400)
and for all X € (0,+00) and for all A such that V(A) < oo.

This properties follow trivially from the fact that Spa (8, A) is analytic in A and
B when they vary in the interval (0, +00).

Property 1. fo(8, ) defined in (2.32) is monotonic increasing as a function
of A in the interval A € (0,400), for all B € (0,+00) and for all A such that
V(A) < 00

In order to show the property 1 it is sufficient to show that W > 0. But

8fA(ﬁv>‘) _ 1 BEA(ﬁvA)/a)‘ _ pA(/BuA)
O V(A EAB,N) A

(2.33)

where pp(8,\) = (N)/V(A) is the density and (N)x (8, A) is the mean number
of particles in the grand canonical ensemble at fixed values of A, § and A.
Explicitly (N)A(5,\) is given by

YR AVNZN(A, B)
(N)A(B,A) = S N—o AW Zn (A, B)

Hence, since (N), is surely a positive number for A > 0, we get

9fa(B, )
—= >0
o
Property 2. fo(8,\) defined in (2.32) is convez as a function of In X in the
interval A € (0,400), for all B € (0,+00) and for all A such that V(A) < oo.
Moreover the finite volume density pa(5,\) = %‘f/\(ﬁ, A) is a monotonic
increasing function of In \.

As a matter of fact

0

) AN = A(%fA(ﬂ,A) = pa(8,N)



2.8. PROPERTIES THE PRESSURE o7

Last line follows by (2.33). Moreover

o 9 A0
mf/\(ﬁw\) = A8 = W5<N>A _
_ A9 S AVNZN (A, B) ! -
= NN S W Zy(a )| A (a s VR) =
N <(ZV_|§\])V|>A)2>A (2.34)

where
<N2>A _ Z]OVO:O ANNQZN(Av /8)
Z?VOZO ANZN(Aa /B)

thus, since the factor ((N — (N)A)?)4 is always positive we get

82
mfA(ﬁa)\) -

0
Sty A (BN > 0

This prove that fa(8,A) is convex in the variable In A and that pa(8,\) is
monotonic increasing in In A.

Property 3. fa(8,)\) defined in (2.32) is convex as a function of B in the
interval € (0,400), for all A € (0,400) and for all A such that V(A) < oco.
As a matter of fact

o

10 |
8,8fA(67)\> - 771HH(A767A) -

V(A) 9B

1 o0

)\N
<—U> = m Z N'/Ada:1.../Ade[—U(xl,...,xN)]e'BU(“““’IN)
— ) ) N:O *

Deriving one more time respect to 3

(U?) —(U)?

62

where

Yy = 1 i )\N/dxl.../de[U(:cl a2 e B @ an)
2N BA) =, N a A Y

and since (U?) — (U)? = ((U — (U))?) > 0 we obtain

82
T@fA(ﬁ’”\) >0

and fa(B, ) is a convex function of § for all A such that V' (A) is finite.
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Property 4. Bp(ﬁa )‘) = f(ﬁa )‘) = limp oo ﬁp/\(ﬁ7 >‘) = limp 00 fA(ﬁaA)
is convexr and hence continuous as a function of B and In X in the interval
B, € (0,400).

This property which is a very important property about the pressure in the
thermodynamic limit follows trivially by the fact that the limit of a converging
sequence of convex functions is also a convex function and that any convex
function defined in an open set is continuous in the same open set.

Property 5. It is possible to express, for any A finite, the pressure pp as a
function of pp and S, i.e.

pa = galpa,B)

moreover the function ga(pa, B) is monotonic increasing as a function of px.
The finite volume density is

pr = pa(B,A) = pa(e™,8) = Fa(ln),pB)

Since, by property 3 the function Fj(x, () is strictly increasing as a function
of x for any A finite and any § € (0,4+00), then it admit, as function of x, an
inverse, say * = Gp(pa,3). Hence

In\ = Ga(pa, ), A = GalpasB)

Thus the function ga(pa,3) can be indeed constructed and is given explicitly
by

pa = galpa,B) = ;fA(ffG"(pA”B),ﬁ)

It is now easy to check that this function is monotonic increasing. As a matter

of fact
0 0 19(lnX) 0

J— 1 J—
%pA = B%(BPA) = E dpx O(In )
1 opr 170 1 )\3/)/\ N
= lany] [

recalling now that pp = (N)/V(A) and (2.34) we obtain

d 1 [A%pﬂl 1 (N

v - - = -7 2.35

ot B B (N%) —(N)? (239
Formula (2.35) shows that (0/dpa)pa is always positive. Actually (2.35) tells
us also that the value of (3/py)pa is (N)/B({N?) — (N)2). Thus if we are able
to prove that (N)({N?) — (N)2)~! stay bounded away from +oo for any A we

can conclude that p(p, ) = limp_o0 pa(pa, 3) is continuous a function of the
density p = limp_o0 PA-
Property 6. p = g(p,[3) is monotonic increasing as a function of p (hence

monotonic decreasing as a function of p~!)
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The monotonicity follows trivially from that fact that ps(pa, ) is monotonic
increasing for any A.
Note now that

) 1 (N)

ol = B e~ 20 0

Cy is a constant in general depending on A.

2.9 Continuity of the pressure

Experimentally the thermodynamic pressure (i.e. the infinite volume limit of
the finite volume pressure py ) is not only increasing as a function of the density
p but it appears furthermore to have no (jump) discontinuities. A general proof
of this fact is still lacking. It has been proven that under suitable conditions on
the potential (super-stability) the pressure is indeed continuous as a function
of the density (see e.g. Ruelle Comm. Math. Phys. vol. 18, 127-159 (1970)).
We prove here this fact in a much simpler case, namely we assume that the pair
potential is either hard core, or non negative (i.e. purely repulsive). Our strat-
egy will consist in proving that the constant C in equation (2.36) is bounded
uniformly in A. This will allow us to conclude that pa(pa,3) has a bounded
derivative in pp uniformly in A, so the limit p(p,5) = lima_ oo pa(pA,B),
cannot have vertical jumps as a function of p, i.e. p(p,3) is continuous as a
function of the density.
Let us thus prove that
(N)

m <C (2.37)
assuming that the pair potential between particles is hard core or purely repul-
sive.

Theorem 2.4 Let V' be a tempered and stable pair potential. If V is either
positive (V- >0) or such that 3a: V(z) = + oo whenever |z| < a (i.e. hard
core), then

N
<N2><_><N>2§(1+D)\)

where D is uniform in A.

Proof. We will use the following short notations

XN = T1y..-.,TN, dXN = da;l...de,
N
UXy) = Uz,...,2N), Wz, Xy) = > Vi —z)
Jj=1

N = /dazl.../dwNeﬁU(m""’xN) - / dX y e PUEN)
A A AN
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The partition function Z(\, A, 3) (denoted shortly by =) is thus rewritten

o

)\N
= ) NN (2.38)
N =0

[1]

With these definitions we have,

2
7%, = [ /A Xy e /A dxe—ﬂW(z,XN)] _

2
— [/ dXNe—gU(XN)/dwe—gU(XN)e—BW(%XN)] —
AN

A
2
= | [ axreonei)|
AN
where
F(Xy) = @‘%U(XN) G(Xy) = /dxe_gU(XN) o—BW (2,XN)
A

Using Schwartz inequality we get

[/AN v F(XN)G(XN)] 2 = /AN dXw F*(Xn) /AN dXn G*(XN)
thus

ZJQV—H < /NdXN e_ﬁU(XN)/NdXN 2d$dye_:6U(XN) e AW (2. XN) o =BW (y,XN) _
A A A

= Zn / dX N / dx / dyePUXn.zy) (e+ﬁV<$—y> —1+1) =
AN A A

= ZNZNi2+ 2N / dXn / dx / dyePUXnzy) <e+ﬁv<x—y> —1) =
AN A A

N ZN/ dXy / dpe—PU(Xn ) / dye= PN (1 V)
AN A A

Now, since we are assuming V(x) hard core or positive we have

1 if V>0
e PWENY) < K(B) = {

ePB if V has an hard core a

where B is a constant oc a3 (see equation (2.16)).
Thus

Z]2\7+1 <ZNZNy2 + K(,B)ZN/AN dXn /AdxeﬁU(XN“r)/Ady (1 _ e*ﬁv(ﬂﬂfy)> <

< ZnZnso + K(B)ZNZnar / dy ‘1 _ e*BV(mfy)‘
A
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Note now that in the case in which V is positive or have hard core, and also
recalling that V' must also be tempered, we have

/Ady ‘1 —e_ﬂv($_y)‘ < /R3 dz|l — e V@] < 0(B) < 40

and calling D(8) = K(B)C(B) we get finally

Z2
Z3i1 S ZN Zny2+ D(B)ZNZNs1 g;l <Zn+2+ Zn+1D(B) (2.39)
Now consider

2
((N)[1+ AD(B)])* = ( ?VN,NZ_N[HADW) -
N=0

2
NN Zy [ANH Zn
= TN SR L NAD =
(S 2 [ wo0)

N R A PYATE!
N N! = Zn

2
+ NAD( B)] )
N=0
where in the second line we have used
/\N o0 /\N+1
—NZy = ———ZN+1

N! N!
N=0 N=0

and by definition (2.38)

ANV Zy .
2 Wiz -
N=0
Now
© AN Zy [AZnsi ’ 0 ’
AN 2N _ Fy -
( NI = [ Zy +NAD(@]> (Z N GN)
N=0 N=0
where
AN Z3\ V2 AN Zo\N Y2 TN Zwan
_ (M2~ _ (A 4y NAD
Fn <N! E> G (N! E> [ Zy VA (B)]

using thus again Schwartz inequality we get

oo 2 o o
(ZFN-GN) <O GR) =
N=0 N=0 N=0

2
= 1x Z (ﬁZ:N)[ Z]ZV;1+N/\D(5)] =

72
A2 g ;1 +2NX2D(B)Zns1 + ZNN2)\2D2(,8)]
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hence using also (2.39)

+ Zns1D(B) 4+ 2ND(B)Zn11 + ZyN2D?(B)

Now observe that

thus

IA
=
=2
|
=
+
>~
S
=
=
+
[\]
S
=
>
=
2
|
C
+
<,
=
%
<
Il

= (N?) = (N) + AD(B)(N) + 2D(B)A((N?) = (N)) + D*(B)N*(N?) =

= (N?)(L+D(B)N)? = (N) (L +AD(8))
Thus we are arrived at the inequality

(N’[1+AD(B)]* < (N*)(1+ D(B)A)* — (N)(1+ AD(B))

(N) < ((N?) = (N)*)(1 + AD(8))

which is as to say

- 5120

and the proof is completed.[]
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2.10 Analiticity of the pressure

We have seen by property Oa that the pressure at finite volume pp (5, A) is
analytic as a function of its parameters 5 and A in the whole physical domain
A >0, 8 >0. We can now ask if the infinite volume pressure p(f, A) is also
analytic in its parameters. If this were the case then we would be really in
trouble and we should conclude that statistical mechanics is not sufficient to
describe the macroscopic behaviour of a system with a large number of particles.
As a matter of fact experiments tells us that the physical pressure can indeed
be non analytic. For example the graphic of the pressure versus the density at
constant temperature (if the temperature is not too high, i.e. not above the
critical point) for a real gas is drawn below.

When p reaches the values pg the gas starts to condensate to its liquid phase
and during the whole interval [pg, p1] the gas performs a phase transitions. i.e.
from its gas phase to its liquid phase, at the same pressure pg. Above p; the
system is totally in its liquid phase. The change occurs abruptly and is usually
characterized by singular behaviour in thermodynamic functions.

Hence, in spite of the fact that pressure is continuous even in the limit, its
derivatives may be not continuous in the infinite volume limit. Note that this
fact substantially justifies the necessity to take the thermodynamic limit. Until
we stay at finite volume, all thermodynamic functions are analytic, hence in or-
der to describe a phenomenon like phase transition we are forced to consider the
infinite volume limit. We can thus give the following mathematical definition
for phase transition

Definition 2.6 Any non analytic point of the grand canonical pressure defined
in (2.28) occurring for real positive 3 or X\ is called a phase transition point.

People believe in general that the pressure p(/3, A) is a piecewise analytic func-
tion of its parameters in the physical interval A > 0 8 > 0.

Hence it is very important to see which are the values of parameter A and
for which the pressure is analytic. Guided by the physical intuition, for low
values of A and 3 one expects that the pressure is indeed analytic. In fact A low
means that the system is at low density, while 8 low means that the system is
at high temperature (e.g. above the critical point thus so high that the system
is always a gas and never condensates). For such values the system is indeed a
gas and in general very near to a perfect gas. l.e. for temperature sufficiently
high and/or density sufficiently low the system is in the gas phase and no phase
transition occurs.

Hence it should exist a theorem stating that the pressure p(/3,\) is analytic
for 8 and/or A sufficiently small. We would see later the such a theorem can
effectively be proved.

We may ask the following question. We know that p(3, p) is continuous while
e.g. g—i may be not. But if g—p is not continuous in some point it means that at
that point pg the function can take two values. So what is the thermodynamic
limit when p = po? Or, in other words which of the possible values of g—ﬁ the
system chooses at the thermodynamic limit?
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AP

Figure 9. Pressure versus density for a physical gas. The gas-liquid phase
transition

The answer to this question resides in the concept of boundary conditions. Up
to now boundary conditions where “open”, i.e. we were studying a system of
particles enclosed in a box A supposing that outside A there was nothing, just
empty space.

But of course we could also have done things in a different way, or in more
proper words we could have put a different boundary condition . For instance
we can put n particles outside the box A at fixed point y1, ..., Yn.

In this case the grand canonical partition function looks as

o0
)\N
E:"/J\(IB’ A) = ]_ + Z ﬁ /dxl . '/de e*ﬁU(l‘l,...,fEN)e*,BW(xl,...,xN,yl,.--,yn)
N=1 - JA A

(2.40)
where

N n
W(z1, .. N YLy ey Yn) = sz(l’i—yj)

i=1 j=1

Hence the function =, (5, A) may depend also from boundary conditions. This
means that also pp the pressure at finite volume depends on boundary condi-
tions.

Does the infinite volume pressure depend on boundary conditions?

The answer to this question must be no (always guided by physical intuition), at
least for not too strange systems and/or not too strange boundary conditions.
It is possible to show this quite easily for a finite range ( with range 7) hard
core (with hard core a) potential. I.e., particles must stay at distances a or
higher and they do not interact if the distance is greater than 7.

In this case particles outside A than give contribution to the partition function
(2.40) are just in a frame of radius 7 outside A. Supposing that A is a cube of
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Figure 10.

size L, the volume of this frame is of the order L?7. Any particle inside A can
interact just with particles inside a sphere of radius 7 centers at the particles
position, and due to the hard core condition in this sphere one can arrange at
most of the order of (#/a)®. This means that a particle inside can interact at
most with (7/a)? particles outside A.

On the other hand particles inside A that can interact with particles outside A
are also contained in a (internal) frame of size 7, and the maximum number of
particles inside A(hence contributing to W in (2.40)) is of the order

L2
ad

=3I

With this observations it is not difficult to see that

L7 73
‘W(‘le -y TN Y1, .- 7yn)| S COHSt. T a (7)
a® \a

Thus
1 1. 1 L%F /7\3
(A, B,0) = 25 1nZopen(B, A, N) £+ —Const. — (1)

and the factor
1 L% (7\3
ﬁConst. 3 (5)

goes to zero as L. — oo. l.e. the pressure does not depend on boundary
conditions.

But now in general the derivative of the pressure may depend on boundary con-
dition. This happens precisely when the derivative are not continuous. In such
points different boundary condition may force different values of derivatives.
Changing boundary condition one can thus change the value on a derivative in

a discontinuity point. This can be interpreted as an alternative definition of
phase transition.
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Definition 2.7 A phase transition point is a point in which the value of some
derivative of the infinite volume pressure depends on boundary conditions even
at the thermodynamic limit.

Thus when the system is sensible to change of boundary conditions even in the
infinite volume limit we say that there is a phase transition.

By this rough discussion we see that lack of analiticity of the pressure or sensitiv-
ity of the system to change in boundary conditions are two ways to characterize
a phase transition.



Chapter 3

High temperature low density
expansion

3.1 The Mayer series

3.1.1 Some Notations about graphs

We first give some definitions about abstract graphs which will be useful below.
Let A be any finite set, we denote by |A| the number of elements of A. We
denote by P(A) the power set of A (i.e. the set of all subsets of A). We denote
by P¥(A) = {U c A :|U| = k} (ie. the set of all subsets of A with
cardinality k). If A = {1,2,...,n}, we shortly put P({1,2,...,n}) = P, and
P*({1,2,...,n}) = Pk.

Definition 3.1 A graph g is a pair g = (Vg, Ey) where V, is a countable set
and E, C P2(Vg). The set Vy is called the vertex set of g and the elements of
Vy are called vertices of the graph g, while E4 is called the edge set of g and the
elements of E, are called called edges of the graph g.

Given two graphs g = (Vg, Ey) and f = (V}, Ey) wesay that f C gif Vy C V
and Ey C E,.

Definition 3.2 A graph g = (V,, Ey) is said to be connected if for any pair
B, C of subsets of Vy such that BUC = V, and BNC = 0, there is ae € E,
such that eN B # 0 and e N C # (.

We denote Gy the set of all graphs with vertex set V' and by Gy the set of all
connected graphs with vertex set V. We will shortly denote Gy, the set Gyy 5 )
of all graphs with vertex set {1,2,...,n} and by G, the set G5,y of all
connected graphs with vertex set {1,2,...,n}. We will also denote shortly

] ={1,2,...,n} (3.1)

E, = {{i,j} C [n]} (3.2)

In particular E,, is the set of all unordered pairs {i,;j} in the set [n].

67
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Definition 3.3 A graph 7 € Gy such that |[E;| = |V|—1 is called a tree
graph.

We denote Ty, the set of all tree graphs with vertex set V. Note that Ty, C Gy.
The set of all the tree graph over [n] will be denoted by T,.

Definition 3.4 Let g = (V,, Ey) be a graph and let x € V. Then the degree
(or number of incidence) dy of the vertex x € Vy in g is the number of edges
e € By such that x € e.

Observe that in a tree 7 € T,, the numbers of incidence dy,...,d, at vertices
1,...,n satisfies the identity

di+dy+...+d, = 2n—2 (3.3)

This identity is because any tree 7 has n—1 edges and each edge has two vertices.
Moreover we have clearly the following bound for the number of incidence d; in
a vertex of tree 7.

1<d;<n-1 (3.4)

This is again because any tree 7 has n — 1 edges.
The number of trees in T;, is explicitly computable using the Cayley formulas.
These formulas can be presented by the the following lemma.

Lemma 3.1 The number of trees in T, with numbers of incidence in vertices
1,2,...,n fized at the values dyi,do, ..., d, is given by

n—2)!
TEZT; o H?( 1(di)_ 1)! (3.5)

dy,do,...,dp, fixed

Moreover

Tl = Y 1 =n"? (3.6)

TETn

Proof. We first show (3.5) by induction. Formula (3.5) is trivially true if
n = 2. We suppose now that (3.5) is true for all tree with n vertices and with
any incidence numbers dy, ..., d, and we will prove that (3.5) holds also for all
tree with n 4+ 1 vertices and with any incidence numbers dy, ..., d,, dp+1.

Take a tree 7 with n+1 vertices and numbers of incidence in vertices fixed at the
values dy, ..., dp+1. Such tree has at least two vertices with number of incidence
equal to 1. Without lost in generality let us suppose that d,+1 = 1 (otherwise
we can always rename the vertices of 7). Now if d,,;1 = 1, then there is an edge
in 7 which links the vertex n 4+ 1 with some vertex j € {1,...,n}. This vertex
j has surely d; > 2, i.e. there is at least another edge staring from j which
ends in some other vertex k € {1,...,n}, since 7 is connected. So we can count
trees with n 4 1 vertices and fixed number of incidence proceeding as follows.
For each time we fix the edge joining n + 1 to some vertex j € {1,...,n},
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we count all trees in {1,...,n} with number of incidence fixed at the values
di,...,dj_1,d; —1,djq1,...d,, by using the induction hypothesis. Namely,

_ (n —2)! _
- 2 (=Dt (djmy = DUdj = 2)Ndjn — D (dn — 1)1

~ (n—2)!(d; — 1)
2 A D (d - TP ]

I ) L~
H?Hl(di—l)!jgl( =1

where in the second line we just rewrite

1 (dj — 1)

(@ —2! = (dj— Dlldus1 — 1!

using the assumption that d,+1 = 1 and hence (d,+1 —1)! = 0! = 1. Now
using again that d,,+1 — 1 = 0 and by (3.3) with n + 1 in place of n, we get

n n+1 n+1

D (di-1)= > (dj—-1) = > dj—(n+1) = 2(n+1)=2—(n+1) = n—1

Jj= j=1 j=1

hence

_ =t oy (DU
feTZn:H L H?if(di—l)!( b= T (ds — 1)

dy,do,..., dn+1 fixed

and (3.5) is proved. Now (3.6) is an easy consequence of (3.5). As a matter of
fact, just observe, using (3.3), (3.4), and (3.5), that

B (n—2)! B (n—2)! o
DRI 1 s A DI 1 v Bl

- 18!
€T, di,e.rdn: 1<d;<n—1 $150ey8m: 0<s;<n—2 +1i=1°1
di+...+dp=2n-2 s1+...4spn = n—2

O

3.1.2 Mayer Series: definition

We now come back to the affirmation that a system of particles, interacting
via a reasonable potential energy (e.g. defined via a stable and tempered pair
potential) should look as a gas at sufficiently low density and/or sufficiently
high temperature, hence the pressure of such system should be analytic in the
thermodynamic parameters in this region. Since we are considering just the
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Grand Canonical ensemble, the region of high temperature and low density will
be in the case the region of A small and S small.
Let us thus consider again the grand Canonical partition function

[e.e] )\n
2(8,A,0) = 1+§j/dx .../dxne_'gU(“ ~~~~~ Zn) 3.7
( ) 2 f e (3.7)

with
Uzy,...,en) = Y V- 1)) (3.8)
1<i<j<n
where V() is a stable and tempered pair potential. We denote shortly x,
the set of coordinates z1,...,x, and if I C [n] then z; will denote the set of
coordinates z; with ¢ € I. Hence for I C [n]

U(CL‘[) = Z V(.Z'Z - a:j)
{i,j}cI
We now look for an expansion of the log of such function valid for A small. This

is clearly possible, due to the structure of Z(5, A, A). In fact, as a power series
of A the partition function has the form

EB,AN) = T+ar+aX +aX’+... = 1+0())

and In(1+4 O(X)) can indeed be expanded also in power series of A. Let us show
that there exists a formal expansion of InZ= in powers of A called the Mayer
series of the pressure. We thus prove now the following theorem.

Theorem 3.1 Let Z(8, A, \) be defined as in (3.7) and (3.8). Then

1
A REGAN) = D Cu(B, M)A (3.9)
n=1
where L1
Cn(B,A) = n!w/Ad:rl.. AdxntID (X1,...,2p) (3.10)
with ® (x1,...,x,) given by the following expressions:
A)
> I1 [ef,BV(a:ij) _ 1} ifn>2
T (xy,...,m,) = { 9€Gn {ij}eB, (3.11)

1 ifn =1
where recall that G, is the set of all connected graphs in {1,2,...,n} and
if g € Gy, then its edge set is denoted by Ej.

B)

O (z1,.. . z,) = Y (DR -1r Y e P Tan V)
k=1 (11,12, Iy Y€l
(3.12)
where II,, is the set of all partitions of [n], I = {i1,...,ix} C [n] and
xr = (i, ..., ) with U(xp) =Ul(ziy, ..., 2).
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The series in the r.h.s. of (3.9) is called the Mayer series and the coefficient
Cn(B,A) (n > 1) is called Mayer (or Ursell) coeffcient of order n. For the
moment this series is merely a formal series, since theorem does not say if the
series converges or not.

Proof of A.
> _ V(s s
E(B,AN) = 1+ /dx1.../dxne Blagicjzn Vi@ —
(B,4,) nzln! A A

= 1—1—2 /dx1 /da:n e AVmi—z;) —

1<i<j<n

= 1+Z /dxl /dxn [(e*ﬁw’“*%‘) —1) +1] —

1<i<j<n

Develop now the product in the factor

I [

1<i<j<n

Then it is not difficult to see that it can be rewritten as

I1 [(6—BV(%—%),> ] S I [—BV%—%)fl

1<i<j<n 9€Gn {i,j}€Ey

where recall that G, is the set of all graphs (connected or not connected) in the
set {1,2...,n}. In G, we also include the empty graph, i.e the graph g such
that E;, = (), and its contribution is the factor 1 in the development of the
product.

We now reorganize the sum over graphs in G,.

For 1 <k <mn,let {I1,Is,...,I;} denote a partition of the set [n]. Namely, for
any i,7 = 1,2...,k we have that I; # 0, ;N I; = () and UJ _11; = [n]. We
denote by x I the set of coordinates z; with ¢ € I;. We also denote with II,, the
set of all partitions of the set [n].

Then it is not difficult to see that

n k
S 11 [e—ﬁv(xﬁmj)_l] - ¥ 3 [[7(,)  (313)

9EGn {i,j}EE, PO U e
where
I1 [e*ﬁV(xzfa:s) — 1] if |Ij’ > 2
ol (zy) = ( 9501 {s}ely

Note now that > runs over all connected graphs in the set I;.

9€Gi,
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Hence

2(8,A0) = 1+ Z /d:ﬁl /d:vn Z > H o7 (zp,)

k = 1{I1,I>,.. I }€ll, j = 1

Now observe that each ®7 (x 1;) depends only on the set of coordinates x; with

i € Ij and since Iy, ...} is a partition of {1,...,n} we can write
/dxl.../dxn: / dwll.../ dxy,
A A A1l Akl
where of course dx;, = Hie I dx;. Hence

2(B,A,0) = 1+Z Z > H/“dm@ (1,)

n= 1 C k= 1{[1,]2, ,Ik}EHn] =1

Observe now that the factor

T
/A|Ij dzy, @ (z1;)

depends only on |I;| and not anymore from z; (since space coordinates are
integrated) and not even on I; since ¢ € I; is just an index attached to a mute
variable. I.e.

/Alld:r:[‘ﬁ /dﬂ?l /alfU|1|<I> z1,...2) = o(|1))

Note that the numbers |I;| are positive integers subjected to the condition
Z§:1 |I;| = n. Hence

00 k
(BN = 1430 [T )

Now observe that

S ICUEE TS > H¢>m]=

{11,]’2,.4.7116}61_[” 7j=1 miy,..., mp: m;>1 Iq,..., Iy:
itetmp=n |Iy|=mq,..., \Ik\—mk

k
"D | DR DR
= — ma
k! J
my,..., mp: m,LZl]::[ I1,..., Ip:
mitetmg =n [T1|=mq,. [T |=my,

Le.

k

{I1,I2,...I } €I, j=1 my,...mp: m;>1 j=1
m1+ mp=n
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Indeed, n!/(mq!...my!) is the number of partitions of [n] in k subsets Iy, ..., I
such that the numbers |I1], ..., |Ix| are fixed at the values myq,...,my respec-
tively. We have also to divide by k! because the same partition I3, ... I} of [n]
appears exactly k! times in the sum

2. 2

MY yeens mp:m;>1 Iy,..., Ip:
mitomp=n [Iy|=my,. [ Igl=my

Hence we can write

S N | n k
EA(B, ) = 1+4) T2 > mn¢(mj) -
n=1 k=1 MY ,eeny mk:m2>1 ]:1
m1+“‘+mk:”
0o n k
1 )\ml .. )\mk
= 1+Z Ixl Z my!.. mk'H¢(mJ) =
n=1 k=1 miy,..., my:m;>1 ]71

i.e we have found

o (o) k o0
1 A" A"
EA(B,N) = 1+Zk,lzn,¢<n>] = exp{lzn,mm”
k=1 Lln=1 " n=1
Hence
_ x A & AP
InZa(8,\) = ;nﬁb(”) _ Z:lnl/Adxl 5,07 (@1, ) =

Z /dx1 /dxnz 11 [fﬁv%x])_l

9€Gn {i,j}€E,

which concludes the proof of part A) of the theorem.[]

Proof of B). We start by writing

Ly = / dry .. / dz,, e—,BU(x[n])
A A

and in general, if I C [n],

Z[:/ dxg eiﬂU(m):Zm
ALl

so that

(e 9] n

- A
EA(BN) = 14} 7

n=1
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Hence, formally

X 1\k—1 > A" X 1\k—1 k )\mZm
IHHA(ﬁa)\):Z(lk)[Z |Z” :Z( 1> Z H 7;.!] -
k=1 n=1 k=1 T =1 J
X (D & £ n!
- Z L Zﬁ Z (HZm])ml, my!
k=1 n==k mlwujﬁlk m;>1 j=1

| k
> (Hij>m:k! > 1%y =

M 5enes mp: miZI 7j=1 {[17[27.”7116}6]'[” 7=1

—k:'/dxl /d:cn e~ Xa=1PU(1,)

{11712» 7II<;}€HTL

Thus we get
InEx (8, A) :Z Z /dml /dzn LDy 4 CI)
k=1 {11712 Ik}EHn

Finally, exchanging the sum over k£ with the sum over n we get

=5 (3, \) :Z;\z'Adml...Adan(—l)k_l(k—1)! T e AT UEm)
n=1 " k=1

{Ilv---71k}EHn

whence (3.12) follows. O

3.1.3 The combinatorial problem

The very structure of the Mayer series for In = hides a very hard combinatorial
problem. To understand this problem let us find a bound uniform in A for the
coefficient of order n of the Mayer series, as given by formula (3.10), i.e

Cn(B,A) = n'A]/dxl /dxn (X1, ) =

= = |A|/da:1 /da;n SOOI [ - (3.15)

QGG {LJ}GEg

Note that C,(8,A) is a function of 5 and A. The simplest way to bound
|Cn(B8,A)]| is as follows

104 (B, '|A|/dx1 /dxn Z H [fBszxj)_l} <

geGn {Z,]}GE(J
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< w 2 /d””1 Jpten TL Jeres) 1

{i,j}€E,

Now observe that, if V(x) is stable then necessarily it is bounded below by 2B,
ie.

V(x; —z;) > —2B

which is simply the stability condition U(x1,...,2,) > —Bn for the case in
which n = 2. Thus factor

eV @i=2i) 1| < max{1,e*P —1} <1 (3.16)

for § sufficiently small.

Now observe that any connected graph g € G, contains at least one tree 7 € T,,.
Let us thus choose for each g a tree 7 such that 7 C g. It is allowed to choose
the same tree for different g¢’s.

So, by (3.16) we have

I1 ’efﬁv(zﬁxj)_l’g 11 ’ef,awxmj)_l

{ivj}EEQ {iaj}EET

We now prove the following

Proposition 3.1 For any 7 € T}, it holds the following inequality

n—1
/dx1 /dxn [T |e#ver= -] < ja [ / \e—ﬁww_udx}
]R3

(i j}eE
(3.17)

Proof. Let to fix ideas B = {i1,J1},..-{in-1,Jn-1}, so that

/dml /dwn H e PV (zi— ";])—1‘ =

{i,j}€E-

n—1
= dry ... /dwn ‘6_5V(xik_xjk) — 1‘
fyon feo 11

Define a change of variables in the integral as follows

Yy = 21

The Jacobian of this transformation is clearly 1, then

n—1
Jazro [ao, T [e#Venm -] <
A A E=1

da / dy .../dyn ‘6—5V<yj>—1‘
/A g R? j]‘;[2
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= |A| [/ le V@) _1|da
R3

n—1

O

It is now a simple exercise to see that stability and temperness imply that

e V@) _1lde = C(B) < >0
RS
Actually, it is not even neccessary for the potential to be stable. A sufficient
condition for the finiteness of C'(f) is, if S(a) is a sphere of radius a and center
inz = 0, V(z) integrable in R*\S(a) and non negative for |z| < a.
So we get

R

n!
g€Gn

where B,, is the number of connected graphs in the set {1,2,...,n}. Hence
|C (B, A)| has as upper bound a quantity uniform in A, which is good, hence
the coefficents for the Mayer series of the pressure indeed admit a bound uniform
in Al

Thus looking for the absolute convergence of the Mayer series for the finite
volume pressure we get

AN < 3 G < S COI g

n=1 n =1

If we could now get a good bound for B, the number of connected graphs in
a finite set of n elements, e.g. a bound at worst such as n!B™, we would have
the proof that the infinite volume pressure is analytic in the region

INC(B)B < 1

with the further restriction (3.16) on S. But it is not the case since it is easy
to show that for all n > 2

(n—1)(n—2)
2

B,>2 (3.18)
Indeed, first observe that the number of graphs, denoted with B,,, (connected
or not connected) in the set {1,2,...,n} is
B, = Y 1 =230 (3.19)
gEQn

As a matter of fact, we can construct a one-to-one correspondence between
the set of graphs in G, and the set ), of sequences {0y; j} }{ij}c{1,..,n} With
oqy = 0,1, with the rule that, o 5 = 1if {i,j} € E, and oy ;1 = 0 if
{i,j} ¢ E4. Hence a graph g € G, can be viewed as a ordered sequence of
n(n — 1)/2 numbers which can be either 0 or 1. Thus the total number of
graphs equals the total number of such sequences which is clearly 27("—1/2,
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It is now simple to get a bound for B, = |G,|. Consider the subset of
Q, C Q, formed by sequences {o1iit i,y such that o 0y = 1,0793y =
L,...,0{n-1n} = 1, hence n — 1 links are fixed while n(n —1)/2 — (n — 1) =
(n —1)(n — 2)/2 are arbitrary. Clearly any graphs corresponding to a se-
quence in Q, is connected by construction, since it contains the tree 7 =

{{1,2},{2,3}..., {n — 1,n}} and |Q,| = 20*~D(=2/2 Thuys

B, > 2122

Such a bound shows that we have no hope to control the (absolute) convergence
of the Mayer series if we don’t exploit cancellations hidden in the factor

Z H [e—BV(fvi—xj)_l]

gE€GH {i,j}€E,

One may think to use the alternative expression (3.12) for the Ursell coefficients
®7(z1,...,x,) which looks more well behaved as a function of n and also looks
more suitable to take advantage of stability. The problem is that the expression
(3.12), if bounded naively, behaves badly in the volume |A|. Using naively (3.12)
we get the following bound for the absolute value of C, (5, A).

11
(B A)] < = o dwn T 2| <
Cu(B. ) < i [ [ da o7 (o) <

n

1 1 k
< — N (k-1) > — [ dxy... | daepePla=m1 V)
< kb n!/A o /A n€

k=1 {11,12,...,Ik}€1_[n

and using then stability we get

1O 1
‘Cn(/@aA” < WZ(ZC - 1)! Z m/j\d-xl "-/Adxne—i_ﬁZZI Bl <

k=1 {117[27~~~,Ik}€Hn
1_BB — k! B Byn—1 — k!
< AP ] Z 1= e™PP(|Ale?P)" ZES(n,k)
k=1 """ {Iy,Is,.., I} }€ll, k=1

where the terms S(n, k) are the Stirling numbers of the second kind!. Tt holds

S(n, k) < <Z> fnF

Therefore we obtain

Ry A N 1 kTE
CaB )] < PAP T3 B ()i k = eyt -
k=1 " ’

18(n, k) is the number of ways to partition a set of n objects into k non-empty subsets.
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n—1 (TL . S)S n—1 ns
= eyt Y B ey 1 <
s=0 ’ s=0

X s
< 6BB<‘A‘653)TL*1 Z % _ ’A|n71(6+5B+1)n
s=0 '

This bound |Cy, (8, A)| for has a well combinatioral behavior in n, but it grows
as |A|™ in the volume A and hence the (lower) bound on the convergence radius
of the Mayer series obtained from this bound shrinks to zero as A — oo.

3.2 Convergence of the Mayer series

The best rigorous upper bound on |Cp(5,A)| until recently (and hence the
best lower bound on the convergence radius of the Mayer series) for stable
and tempered pair potentials was that obtained by Penrose and Ruelle in 1963
[28, 39].

Theorem 3.2 (Penrose-Ruelle) Let V' be a stable and tempered pair poten-
tial with stability constant B. Then the n-order Mayer coefficient Cp (5, A)
defined in (8.15) is bounded by

n—1
ICn(B, )] < e”B("”n”Q[C(i)!] (3.20)
where
0(5)2/ de |e V@) 1 (3.21)
Rd

Therefore the Mayer series (3.9) converges absolutely, uniformly in A, for any

complex \ inside the disk
1

Le. the convergence radius of the Mayer series (3.9) admits the following lower
bound

I\ < (3.22)

1
Ry > e2PBH1C(B)

(3.23)
The estimate (3.20) leading to the lower bound (3.23) was obtained by attacking
the problem with a rather indirect approach. Namely Penrose and Ruelle looked
at an infinite class of functions of the systems, the so called correlation functions,
and showed that they can be expressed via an absolute convergent expansion.
The next section is entirely devoted to the proof of Theorem 3.2.

3.2.1 Kirkwood-Salsburg equations: the original proof of The-
orem 3.2 (according to Penrose)

We are considering a system of particles enclosed in a box A and interacting via
a pair potential V' (z — y) stable and tempered. We thus define the correlation
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functions of the system as follows. For any n > 1

) — 1 o~ A —BU(Z15-,Tn Y150 Ym
pn(xl,...xn,)\)—EA(ﬂ’A)mz:o - /Adyl.../Adyme ( )
(3.24)
with the convention that
U(x1) =0 (3.25)
and forn =0
po(0; ) = 1 (3.26)

The numbers p,(z1,...2y; A) represent the probability density of finding in
the system n particles at positions x1,...x, irrespective of where the other
particle are. It is important to observe that the functions p,(z1,...x,;\) are

by construction symmetric under permutation of positions xi,...x,. Le. if
o:4{1,2,....,n} = {1,2,...,n} : i — o(i) is one-to-one (i.e. a permutation)
then

Pn(T1, o T3 A) = pulTo(1)s -+ To(n)i A) (3.27)

Observe also that, due to stability, the numerator and the denominator of
(3.24) are holomorphic functions of A (see proposition 2.1), hence p,, (21, ... Tn; A)
is a meromorphic function of A. The series expansion p(x1,...x,;A) in powers
of A around A = 0 has convergence radius at least equal to the convergence
radius of log ZA (83, A) (i.e. where in the region where the denominator =5 (3, \)
in L.h.s of (3.24) is free of zeros). Let us write this series expansion as

(X1, Ty N) = an’g (:cl,...,mn))\"M (3.28)
/=0

Observe that if we consider the one-point correlation function p;(x1), it is easy
to see that the coefficients pj ¢(x1) of its series expansion in power of A, inte-
grated over the volume A, are related with the Ursell coefficient of the Mayer
expansion for logZx (5, ). As a matter of fact, since

0 )\1+m

1
pi(e1;A) = Zn(B,\) Z_O ]

/ dy; .. / Ay € PU@LYLym) (3.29)
A A

it is easy to check that

AP1($1;A)dx1 =\ d(log:d/\)\(ﬁ,)\))
Thus
1 1 1 )
|A/AP1,Z—1(x1)dx1 = MW/Adxlm/Adwq) (21,...,20) = LCy(B,A)

(3.30)

One can now calculate easily the first term in the expansion (3.28) by division

in (3.24). As a matter of fact, since (3, A) = 1+ O(\), then also Z;(8,\) =

14 O()\) and the first term of (3.24) is thus the first term of the numerator.
Therefore

P (L1, ... xy) = e AUELT0) (3.31)
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Moreover observe that, by the convention (3.26), we also have

po.e () = doe (3.32)

where ¢;; is the Kronecker symbol, i.e 6;; = 1 if ¢ = j and ¢;; = 0 if i # j. Let
us now find recurrence relations for the higher coefficients p, ¢ (x1,...2zy) for
n > 1. It is easy to see that the functions p,(x1,...z,; \) satisfies a set of in-
tegral functions named the Kirkwood-Salsburg equations. These equations are
obtained first by decomposing the energy U(zx1,...,%n,Y1,...,Ym) appearing
in Lh.s. of (3.24) as

U(l’l,. ey Ty Y1, - 7y’m) - W(xl;ZUQ, .. '7:1:n)+
—|—ZV(:1;1—yj)+U(x2,...,xn,y1,...,ym) (3.33)

where

Wi(xi;z2,...,2pn) = ZV(ml — ;)

Putting (3.33) into (3.24) one gets

e~ BW (z1;22,....2n) X /\n 1+m
pn(Z1, .. Ty A) = / dy .. / dym
—'A(Ba )

676(2?:1 V(zl7yj)+U(x2:--~7xn7y17~~~:ym)) —

Ae—,@W(xl;xQ,...,xn) & )\n—l—‘rm/ /
= — dyy ... | dym
SINCRY) mz_: ml - J Y

I1 [(B—BV(II—%‘) _ 1) i 1} e~ BU(@2,esn y1,eesym)

j=1

)\e—,BW(xl;xg,...,xn) o )\n—1+m/ /
= — dyr ... | dym
SINCEIR) mzz: ml Y

m S
Z § H(e—ﬂv(wl—yjk) _ 1)6—5U($27---7$my1,---7ym)
S= j15---J =1

1<j1<jg<...<js<m

Here above the term with s = 0 correspond to 1. Since the variables y are
dummy indices, for any term of the sum over indices ji,...js we can relabel
the variables y1,...¥ym in such way that y;, = y1,...,y;, = ys and keeping in

account that
\s/)  sl(m—s)!

J1s---Js
1<j1<g2<...<js<m
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and the fact that U(z1, ... 2p) is symmetric under permutations of its variables,
we obtain
Ae AW (@1522,70) 2
Pn(T1, .. T A) = =ENGRY Z/\" 1+m/dy1.../Adym
m 1 S
P _IBV(Il_yk) _ —BU(12,~-@n,yl7-~~7ym)
Z sl(m — s)! H(e Le
s=0 k=1

We can interchange the sum over m and s by observing that
oo m o0 [e.e]
m=0 s=0 s=0 m=s

and calling ¢ = m — s. Hence we get, after a suitable renomination of the
dummy indices y

Ae AW (z15z2,.2n) 2

pn(T1, . T A) = NER Zs‘/dyl /dy H =BV (x1-yk) —1)

0 An—14s+t , ,

Z t' /dyin_/dyte—ﬁU(xz,---yxmyl7---7y57y1,---,yt)
: A A

t=0

i.e.

. =1 s
pr(@1, i A) = AeT AW mizaem) T2 / dys - / dys [[ (e Vw1
s=0 A A k=1

Pn—1+s($2w-~55nvyla--~7ys§)\) (334)

The latter are the Kirkwood-Salsburg equations. Substituting now (3.28) into
(3.34) we get

o) 00 s

. 1
E Pk (_’Bl’ .. xn))\k — 6_6W($17$27---71’n) § = / dyl . / dys I | (e_ﬁv(zl_yk)_l)
k=0 s=0 % /A A g

Z Pn—1+s,r (x27 s Ty Yty - 7y5>)\5+r

and equating coefficients with the same power, say k, of A

k s
. 1
P (@1, - ) :e—ﬁW(xl,xz,...,xn)Z‘/ dyl---/dys [ (e 5V ew 1)
s=0 /A A =

Pn—1+s,k—s (1"27 s Ty YLy e >?/s) (335)

Recalling (3.32), this equation holds for all integers n > 1 and k£ > 0. Note that
for n =1 the formula (3.35) degenerates into

k
1 o
p1k (1) ZS/ dy .. /dys e AV@1—ur) _ L)psk—s (Y1,---1Ys)
(3.36)
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In order to estimate the convergence radius of the correlation functions py, (x1, ... zn; \)
and hence of the logZ4 (3, A), we have to calculate efficient upper bounds on

the coefficients py, ;, (1,...2,) of the expansion of the correlations.

Looking to the structure of the equation (3.35) one can observe the following.
Given a pair of indices (n,k), let M = n + k, then (3.35) says that p, is a
function of the p; ; such that i + j = M — 1. Therefore it is absolutely natural

to look for a bound on p,, ;. by induction on n + k. Namely we look for

|onv—n (T15 .- Tn)| < Ky vi—n (n=1,2,...,M) (3.37)
and make the induction on the integer M. By (3.31) and (3.25)
Kig=1 (3.38)

Therefore inequality (3.37) is satisfied for M = 1 with |p1(z1)| < K10 = 1.
Now, for M > 1, we proceed by induction on M. Assume that (3.37) is true
M —1 and for all n =1,..., M — 1, then, by (3.35)

|pn,M—n (1'1» cee

where

C(8) = / eBV(@) _ 1‘ dz (3.40)
R2

In order to bound the factor exp{—pW (z1;x2,...,z,)} in (3.39), we explicitly
make use of the symmetry of the function py, apr—p (21, . .. z5) under permutation
of x1,...,xpn.

Let i € {1,2,...,n} and let 01; be a permutation in {1,2,...,n} such that
0131‘(1) = i, 0'1:1'(7;) =1 and Jlgi(k}) =k for all k 7é l,i (i.e. 0154 exchange
only ¢ with 1). Then, by stability for at least one j € {1,2,...,n}, it holds

W (z, Ty () > —2B (3.41)

155 (1) Tor55(2) - -

Indeed, by stability we have that
Z W(a:al:i(l);:cm:i@), ey xal:i(n)) = 2U(l’1, ceey :L’n) > —2nB
i=1

and this immediately implies (3.41) for at least one j. Thus, choosing j € [n]
such that the permutation o< satisfies (3.41), we have

|pn,M7n (ajl? e $n)| = |pn,an (xo'y:,j(l)7 M xa’y:,](n)” S

M—n
1
< 6253 Z *‘[C(/B)]SKn—l-I—s,M—n—s (3'42)
— s
Hence (3.37) holds also for M provided that, forn =1,..., M
M—n 1
Kn,M—n > 2B Z E[C(ﬁ)]sK’n—l—i—s,M—n—s (343)

s=0
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In conclusion we have proved by induction that (3.37) holds for all M > 1 if
(3.38) holds and (3.43) for M > 1. To find the best value for K, ps_, let us
solve the set of equations

—-n
Kn,M—n = 6253 Z l'[C'(B)]S‘Kvn—l—i—s,M—n—s (344)
— sl
This equations are recursive. ILe., for a fixed integer M all coefficients K, pr—r
with n =1,..., M are functions of coefficients K, pr—1—p withn =1,... M —1.
So the initial condition (3.38) plus the equations (3.44) determines uniquely all
coefficients K, pr—p. It is worth to check that its solution is

L

In conclusion we have that the coefficients of the power series in A given by
(3.28) can be bounded as

_ Lemt
one (21, ... )| < XPBOHDp (g 4 pyf-1 [ (ﬁ)] (3.46)

This implies that (3.28) has convergence radius at least

1
"= o)

As a matter of fact, the n-point correalation |p,(z1,...x,)|, see (3.28) and
(3.46) is less or equal to

’pn(xl, ey Tpg )\)| S Z 6253(7’L+£—1) ( + g)ﬁ 1 [C(IB>] )\n-‘rf
=0 4

o ¢
Z 2B8B(n+£—1) n 4+ E)Z [C(E?)] )\n—i-é —
/=0

_ e2ﬁB(n_1))\n§: (1 N %)Z ¢ [62630(5)4@ .

¢!
(=0

< 62,33(71—1))\71 i e ef [62EBC(B)/\] ¢ <
/=0

< 28B+Dnyn i [ewBHC(,B))\r
=0
It is also interesting to calculate the the bound we obtain for the Ursell coeffi-
cients of the Mayer series. Observe first that in place of (3.39) we have, recalling
the special case n =1 (3.36),

M—
PR EDS %[O(ﬁ)]SKS,M_l_S (3.47)

s=0

@
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(i.e.the factor e AW (@1:22,.2n) i not present in the n = 1 case). So, using (3.44)
and (3.45) we get

_ . _ C Y4
lpre(z1)| < e 2BK = 25D (1 4 p)t 1 [ (f)]

Hence, recalling the definitions (3.9) and (3.10) and using (3.30), we get

n|Cn(B,A)| <

A" 1
2 day. .. | de, (2, an)| =
e e e e

n—2[C(8)""

1 28B(n—2)
= |— _ <
’| ‘/Apl,n 1(x1)dx1‘ < e (n) 1)

Le. we obtain the bound (3.20)

‘Cn(,B,A)’ < e2BB(n—2) ,n—2 [C(i)']n_l (3.48)

which completes the proof of Theorem 3.2.

We stress once again that this bound is valid for any stable pair potential V' (z)
such that C(B) defined in (3.40) is finite. The bound is very efficient, but it
is indeed obtained in a rather involved and indirect way. We will now show
an alternative way to get the same bound (3.48) in a much more direct way,
i.e. obtaining directly a bound for the absolute values of the Ursell coefficients
|Cn (B, A)| starting from their explicit expression (3.10).

3.3 The Penrose Tree graph Identity

The tree-graph identity that we present was proposed by Penrose [29] in 1967
and it was based on the existence of a map from the set T}, of the trees with
vertex set [n] to the set G,, of the connected graphs with vertex set [n] inducing
a so-called partition scheme in G,. This tree graph identity permits to rewrite
the Ursell coefficient defined in (3.11), whose expression we recall

S S | [e*ﬁ"@f%‘)—l (3.49)

QEGn {i,j}eEg
in terms of a sum over trees rather than over connected graphs.

Definition 3.5 A map M : T,, — G, is called a partition scheme in the set of
the connected graphs Gy, if, for all T € T,,, 7 C M(7) and Gy, = |, [, M(7)]
where | means disjoint union and [, M(7)] ={g € G : 7 C g C M(7)} is a
boolean interval (with respect to the set-inclusion).

Once a partition scheme in G,, has been given, we have the following identity
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Theorem 3.3 (General Penrose identity) LetV(x) be a pair potential. Let
n > 2. Let M : T, — G, be a partition scheme in G,. Then, for any
(x1,...,2,) € R the following identity holds

-8 > V(zi—z;)

(I)T(:Ul, . 733”) = Z e {67} Eop(+)\ Br H <6_BV($i_$j) _ 1)

TETY {’i7j}€E7—
(3.50)

Proof. Let us pose shortly Vi; = BV (x; — ;). Since G,, is the disjoint union
Gn =W, cp, [7,M(7)] we can write

NS IICEETIED DD S | (ORI

g€Gn {i,j}e€E, €Ty g€lr,M(7)] {m}GEg
STy Y I -
T€T, {i,j}€Er g€[r.M(7)] {i,j}EEG\Er
“Y ey 2 I e -
7€Ty {i,j}€E, 9EGn {i.dyeEg\Ex

BErCEgC By (r)

I vy X Il et -

T€Tn {i,j}€E; ECEm)\Er {z,j}GE
= > Il (%-19 I [™-1n+1] =
T7€Ty {i,j}€E, {i,5Y€Em(r)\Er

=X I ety I e

7€ {i,j}€E~, {Z,j}GEmN.,.)\E-r

which concludes the proof. [J

In general it is not so simple to check whether a given map 9 : T, — G, is a
partition scheme. The proposition below can be useful.

Proposition 3.2 Assume we have two maps
G,—T,

such that Y1) ={9 € Gn: 7 C g C M(7)} for every 7 € T,,. Then M is a
partition scheme in G,.

Proof. Since g € T-1(%(g)), we have T(g) C g for all g € Gy,. In particular,
for every tree 7 we have T(7) C 7 which implies (7) = 7 because both are
trees. The relation 7 € T~1(7) implies 7 C 9M(7), i.e., T is a surjective and
thus the boolean intervals T—!(7) are nonempty and G,, is the disjoint union
of the boolean interval Gy, = U,cp, T H7) = U, ep, [T, M(7)]. Hence in view
of definition 3.5 we conclude that 9 is a partition scheme in G,,. O
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3.3.1 The original Penrose map

The original partition scheme proposed by Penrose was exclusively based on
labels 1,...,n (rather than x1,...,z,) and it involves two explicit maps, say
t: G, — T, and m : T, — G, satisfying Proposition 3.2. Let us first construct
the map t : G, — T,. To define this map we have first of all to choose a
root among vertices 1,2,...,n. So we identify for example a vertex among
{1,2,...,n} as the root, e.g., to fix the ideas, let the root be the vertex 1 (as in
the original paper of Penrose). Once the root 1 has been chosen, let us denote,
for any g € Gy, by d4(i) the graph distance of the vertex ¢ from the root 1 in
g. Given thus g € G,,, we construct the tree t(g) as follows.

1) We first delete all edges {3, j} in E4 with dgy(i) = dg(j).

After this operation we are left with a connected graph ¢’ such that dy (i) =
dg(i) for all vertices ¢ = 1,...,n. Moreover each edge {i,j} of ¢’ is such that

|dg/ (i) — dgr ()] = 1.
2) For any ¢ # 1 let now delete from the graph ¢’ all edges {i,7} in Ey such
that dy (j) = dy (i) — 1 except the one with j minimal.

The resulting graph ¢” = t(g) is by construction a connected graph in G, i.e.
t(g) € Gy, which is a subgraph of g, i.e. t(g) C g, and which has no cycles,
i.e. t(g) € T;,. Observe that the map t is a surjection from G,, to 1), (because
t(r) =7 for all 7 € T,,).

We now define the map m : T, — G,,.

First, observe that if 7 € T,, is thought as rooted in 1, then vertices of 7 € T,
may be thought as partially ordered so that each vertex i of 7 has a unique
parent, which we denote by i/, and s; children, denoted by i',...,i%. The
number s; is also called the branching factor of ¢. Of course, the root has no
parent. For any 7 € T,, we also denote by d,(i) the tree distance of the vertex
i from the root 1 (d- (i) is also called the generation number of the vertex i in
7). If i is a vertex of 7 such that s; = 0 (i.e. i has no children) then i is called

a leaf (or end-point) of 7.

Definition 3.6 (Penrose partition scheme) The Penrose partition scheme
s the map m : T, — G,, such that to each tree T € T,, associates the graph
m(7) € G,, formed by adding to T all edges {i,j} such that either:

(p1) d-(i) =d;(j) (edges between vertices of the same generation), or

(p2) d-(j) = d-(i) =1 and j > ' (edges between vertices with generations
differing by one).

It is clear, by construction, that, for any 7 € T}, we have t(m(7)) = 7 and if
g € Gy, such that t(g) = 7 then g € [7,m(7)]. In other words the maps m and
t satisfy Proposition 3.2 and the map m is a partition scheme.

The original Penrose identity [29], involving the explicit map m, is the following
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Theorem 3.4 Let V' be a pair potential and let m be the map described in
Definition 8.6. Then the following identity holds.

T (z1,...,2,) = Z ¢ P Ly \Br Y (@im25) H <675V(ZB¢*IJ‘) _ 1)
T€In {i,j}eEr
(3.51)

The problem with this identity is that, supposing stability of the potential V' (z),
it is in general very hard (if not impossible) to efficiently estimate the factor
— Z{i,j}eEm(T)\ET V (x; — x;) using stability. In other words, let us consider the
following conjecture

Conjecture 3.1 Let m be the map described in Definition 3.6. Let V(z) be a
stable pair potential with stability constant B. Then there exists a constant B
such that for any n > 2, for any T € Ty, and for any (z1,...,x,) € R™ it holds

Z V(z; —x;) > —Bn

{ivj}eEm(‘r) \ET

If the conjecture above is true, then we would immediately get from (3.51) the
inequality

LR C S D DR | I G U |

7€l {i,j}eT

and thus, recalling (3.15), the Mayer coefficients would be bounded as follows

1 6IBBn ,BV (zi—x5)
CnlB,) STA Al Z dovees | dn H Y ’ <
{’L,j}EET
—BV(z) _ n—1,n—2
< [/Rddx‘e 1” Z 1 < n! cB)" " n

T€Ty

The latter estimates yield a lower bound for the convergence radius Ry of the
Mayer series as
>
eBBH1C(B)

which would have been better than the Penrose-Ruelle bound (3.23) provided
B < 2B.

Unfortunately, Conjecture 3.1, as far as the map m of Definition 3.6 is con-
cerned, has never been proven to be true. We will see later that using a partition
scheme different from m, it is possible to prove the Conjecture 3.1.

Let us conclude this section by showing a first consequence of the tree graph
identity (3.51). We show that when the potential is positive the Mayer series of
the pressure has the remarkable property to be an alternate series. Using the
tree graph identity (3.51), it is very easy to see the following.
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Proposition 3.3 If V(z) > 0 then
O (zy,...,x,) = (=) YO (21,...,2,)|

and therefore the Mayer series of the finite volume pressure is, for any A, an
alternate series, 1i.e.

()" Cn(B,4) 2 0

Proof. We have

o (zq, .. Z H [—ﬁm i) _ }

9€Gn {Z,]}eEg

and, using the tree graph identity (3.51), with, for any fixed x4, ..., z,, we can
write

T (z,... Z H ( AVimimes) 1) e’ 2 igyeBm B V(@) _

7€y {i,j}€E;

= n 1 Z H ( —,BV €xT;— w])) e_ﬁz{i>j}eEm(7—)\E-r V(Z’i—$j)

TeTy {Z7J}EE
= (-1)"! ‘@T(xl, .. ,a;n)‘

O

An interesting consequence of such proposition is that for positive potential the
Mayer series with convergence radius R has surely a singularity at the point
A = — R. This fact is quite unpleasant, since the singularity occurs in a non
physical region.

3.4 The hard-sphere gas via Penrose identity

The original Penrose identity (3.51), although it has not been proven useful to
deal with general stable potentials, has been proven to be extremely powerful
for purely hard-core pair potentials. Namely for those potentials of the form

+oo if |z] <a
Vire. () = { (3.52)

0 otherwise

where a > 0. We remind that particles interacting via the pair potential
Vi¢. (Jz|) are in fact a system of free hard spheres of diameter a > 0.

Observe that the potential V}?_ is stable with stability constant B = 0 (since
Vil is non-negative) and tempered (since [ _ Vi’ (|7|)dz = 0). We can there-
fore apply Theorem 3.2 which gives us the following lower bound the conver-
gence radius of the Mayer series for such a system

1

a > —— .
Rig, > o (3.53)
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where

Sq(a) = |e—6vh?c,<|x>_1|dm:/ Lde

R¢ |z|<a
is the volume of the d-dimensional sphere of radius a.
Let us now use the Penrose tree graph identity (3.51) to bound directly the
Mayer coefficients of a system of free hard spheres of diameter a (i.e particles
interacting via the potential (3.52)).
Given (z1,...,2,) € R, let us use the short notation i ~ j when |z; —z;| > a
and i ~ j when |z; — 25| < a.

Definition 3.7 Let V|’ (x) be a purely hard core pair potential as in formula
(3.52). Then, for any n > 2 and any (x1,...,2,) € R™ we define the set
of Penrose trees P,(x1,...,x,) C Ty as follows. A tree 7 € T, belongs to
P,(x1,...,2y) if the following conditions are satisfied

(t0) if {i,j} € Er then i j (ie. |x;— x| <a)
(t1) if two vertices i and j are cousins in T (i.e. such that d,(i) = d.(j)), then
i~ (le |zi—xj| >a);
(t2) if two vertices i and j are such that d;(j) = d.(i) — 1 and j > i, then
i~ g (ie |z — x5 >a);
Then we have the following

Theorem 3.5 For any purely hard core pair potential Vi, for any n > 2, for
any (x1,...,2,) € R™ and for any B € (0,400) it holds the identity

SOOI (e —1) = (0T Uper, () (354)

QEG {l,j}EEg TeT,

where
1 if 1€ Py(x1,...,xn)
ﬂ-{Pa(zl,...,zn)}(T) = {

0 otherwise

Proof. Observe that, by definition (3.52) we have that V2 () = V}¢. (z), for
any (3 € (0,400) and any x € R%. Using now (3.51) we have

S I (et o1) = XL (1) = S el

9€Gn {i,j}EE, 9€Gn {i,j}EE, T€ET,
where, for any

T e g e (@)
Wr (21, ..., 20) =€ (0.3} € By (r)\Er H <€—Vh<c.(xi—:cj) _ 1)
{Zvj}eET

We have

H (e—thfc.(ﬂfi—Ij) — 1) —

{ (=1)"tif [a; — 2] < a for all {i, j} € E;
{i,j}€E-

0 otherwise
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and

e {iaj}EEm(T)\ET _

- > Vite (wi—z;) { 1 if |2y — x5] > a for all {4,5} € Ep)\Er

0 otherwise
Therefore

(_1)n71 if |z;—x;|<a for all {i,j}€E,
z;—xj|>a for all {{,j}€E E
wT(xh”'7xn): ‘ i ]l { ]} m(T)\ T

0 otherwise

Now, recalling the Definition 3.6 of the map m, we have

{i,j} € By \ B = either d.(i) = d;(j) or d-(j) = d-(i) — 1 and j > i

whence
. |z;—x;|<a for all {i,j}eE,
n_1 1 if le;—aj|>a for all {i,5} s.t. dr(i)=dr(5)
wq—(x17 [ 7‘TTL) = (_].) and for all {i,5} s.t. dr (j)=dr(i)—1 andj>i’

0 otherwise

ILe., recalling Definition 3.7,

w7($1, ce. axn) = (—1)n_1]]'{Pa(l‘1,...,xn)}(T) (355)

O

We now derive a useful inequality from (3.54). To do this we need one more
definition.

Definition 3.8 Let V|’ (x) be a purely hard core pair potential as in formula
(8.52). Then, for any n > 2 and any (x1,...,1,) € R™, we define the set of
weakly Penrose trees PY(x1,...,x,) C Ty, as follows. A tree 7 € T,, belongs to
P¥(x1,...,xy) if the following conditions are satisfied

(t0) if {i,j} € E; theni~j (i.e. |z;—xj| <a);

(t1) if two vertices i and j are siblings (i.e. d(i) = d;(j) and moreover they
have the same parent i’ = j'), then i ~ j (i.e. |x; —xj| > a);

Then we have the following

Theorem 3.6 For any purely hard core pair potential V. it holds the inequal-

1y
DI (e—Vﬁc.<wi—%>—1)| < Y wi@r...w) (3.56)

9€Gn {ij}EE, €T,
with

wi(ml, e ,:L'n) = H{Pg(m,--.,l‘n)}(7>
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Proof. The inequality follows immediately from Theorem 3.5 by noting that
P;(I‘l, e ,.’L‘n) D) Pa(ml, e ,l’n). O

Observe now that

1 lf \xi—:c]-|§a for all {i,j}GET
|z;—x;|>a for all 4,5 siblings in 7

wi(xy, ..., Tp) = c (3.57)
0 otherwise

Therefore n-order Mayer coeflicient for a system interacting via the potential
Vi, is bounded by

G, M) < - 37 S (7) (3.58)

’ TeTn

1
Sa(T) :‘A/Adﬂil.u/Adl‘nwi(a}l,...,xn)

y (3.57) we have

with

Sa(7) < galdr) [ ga(di — 1) (3.59)
=2

where d; is the degree of the vertex ¢ in 7,
k) = dry...dry = a™ dyy ...d
9a(k) / jal<a LTG0k = / i<t YL Gk
le;—z;|>a lyi—y;1>1

for k positive integer, and g4(0) = 1 by definition. Recalling that Sg(a) denotes
the volume of the d-dimensional sphere of radius a, it is convenient to write

ga(k) = [Sa(a)]* Ga(k) (3.60)
with .
ga(k) = [Sd(l)}k/yy_iji dyi ... dyg (3.61)

for k positive integer and g4(0) = 1. We observe that g4(k) < 1 for all values
of k. From (3.59)—(3.61) we conclude that

n

Sa(r) < [Sa(@)™ Ga(dr) [ [1Sa ga(di — 1)
=2

= [Sy(a dv) [ ] Ga(di — 1)

=2

The last identity follows from the fact that for every tree of n vertices, di +
-+ 4+ d, = 2n — 2. The 7-dependence of this last bound is only through the
degree of the vertices, hence it leads, upon insertion in (3.58), to the inequality

s < PG 2, Hgdd i
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Sa(a)"! Ga(dr) 1y Galdi —
S[d(n)] Z gd(.)Hgd('z )
Ay seesdn: d;>1 =2
where we recall that the quantity (n —2)!/[[]",(d; — 1)!] in the first line of
inequality above is precisely the number of trees with n vertices and fixed
degrees di, ..., dy, according to Cayley formula and in the second line we have
used the bound d; <n — 1.

At this point, following [33], we multiply and divide by x"~! where > 0 is a
parameter to be chosen in an optimal way. This leads us to the inequality

—_

1 dq (d; —1)!

< L [[Sdlia)]rl (SZO ﬁd(;);ﬁ)n

Therefore the convergence radius of the Mayer series of the of the gas of free
hard spheres of diameter a admit the following lower bound

3

Ca(B.A)] < [[Sd%“ 5 §d<d1>!ud1ﬁ’gvd<di—1>udi—l
1=2

—

3

1 Iz
Rya > ma
e = Sy(a) o0 Ca(yr)

where

Calp) = ) gds(!s) p
s>0
(attention! This is a polynomial in p). Let us show that for d = 2 the quanti-
tative improvement given by this condition with respect to the classical bound
(3.53) can be substantial. In the d = 2 case (i. e. the two-dimensional hard
sphere gas)

where, by definition, g2(0) = g2(1) = 1. The factor g2(2) can be explicitly
evaluated in terms of straightforward integrals and we get

~ 1
92(2) = 2/ d2:1:/ d?2'O(|lx —2'| > 1)
™ Jle<1 j#/|<1

where ©(|x — 2’| > 1) = 1 if |x — 2’| > 1 and zero otherwise. Using polar
coordinates

1
92(2) = f:;/o Alp)pdp

where A(p) is the area of the region Sp\S, with Sp = {(z,y) € R? : 2% +y* < 1}
and S, = {(z,y) € R? : (z — p)® +y*> < 1}. We get

0/2 p/2 p/2
A(p) =2 V1 — 22de — 1—(z—p2de| =4 [ V1-22de=
1 0

—1+p
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2
= 2 |arcsin(p/2) + g 1- '1]
Hence
_ 2 1 4 1 2
92(2) = 7T/O A(p)pdp = F/O [arcsin(p/Q) + g\/ 1— Z] pdp =
16 1/2
= — [u arcsin(u) + u?v/1 — UQ} du
T Jo
But, since
1
/u arcsin(u)du = 1 [2u2 arcsin(u) — arcsin(u) + uy/1 — u2}
and )
/uQ\/ 1—u?= 3 [arcsin(u) +uy1—u?(l-— 2u2)}
We obtain

92(2) = 327/?

The other terms of the sum can be numerically evaluated (e.g. using Mathe-
matica), obtaining

G2(3) = 10,0589  g2(4) =0,0013  G2(5) < 0,0001

1/2
Choosing p1 = [%} (a value for which cﬁu) is close to its maximum) we
get
0.5107

a >
RVhL = Sala)

This should be compared with the bound Ry« > ST/(Z) obtained through the

classical condition (3.53).

3.5 Stable and tempered potentials

We explain in this section how to get an improvement on the lower bound
(3.23) for the convergence radius of the Mayer series of a system of particles
interacting via stable and tempered potential using a modified version of the
Penrose identity. Such a new bound was given in [36].

Given a pair interaction V in R% and given (T1,...,2p) € R for every con-
nected graph g € G,, there is at least a tree 7 C g, among the trees 7 C g,
which minimizes the value of } ¢, ¢ B V(x; —x;). We call such a tree a min-

imum spanning tree. If V and (z1,...,z,) € R¥ are such that for any g € G,
this minimum spanning tree is unique then we have a map T : G,, — T, and
it is possible to show that this map is a partition scheme in G,,. Of course
the problem is that in general a pair potential V' does not have such property

/

for any fixed (21,...,2,) € R and for some particular (z},...,2,) € R
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multiple minimal spanning trees are possible for a given graph g. In order to
avoid such (possible) multiple minima, our strategy will be to add coordinates
associated to the labels of the edges.

We recall that a totally ordered abelian monoid is a structure (K, 4,0, >) such
that (K,+,0) is an abelian (i.e. commutative) monoid, (K,>) is a totally
ordered set (a chain) and for all z,y, z € K we have that > y implies  + z >
y+ z. We also recall that E,, denotes the set of all unordered pairs {i,j} in [n].

Definition 3.9 Let f : E, — K where K is a totally ordered abelian monoid.
We say that f is admissible if Y cp_ f(e) is different for different trees T €
T,. Then, for every g € G, there is a unique spanning tree T C g for which
> e, f(e) is minimum. We define the map Ty : Gy, — Ty, such that Ty(g) is
this unique minimum spanning tree of g.

Definition 3.10 Let K be a totally ordered abelian monoid. Let f : E, — K be
an admissible function and let Ty : Gy, — T;, the minimum spanning tree map
associated to f. We define the map My : T,, — Gy, such that My(T) is the graph
with vertex-set [n] and whose edges are the {i,j} such that f({i,j}) > f(e) for
every edge e € E. belonging to the path from i to j through 7.

Thus we have constructed
Ty
G,—T,
My
Observe that 7 C My(7) and Ty(g) C g. The following lemma shows that the
maps My and Ty satisfy the hypothesis of the Proposition 3.2.

Lemma 3.2 Let f: E, — K be an admissible function and let T € T,,. Then
Tf_l(T) ={9e€G,: T7CgC M)}

Proof. Let g € Tf_l(T). We have 7 = Ty(g) C g. Now take {i,j} € E4, and
let d € E; be any edge belonging to the path from i to j in 7. Consider 7/ the
graph obtained from 7 after replacing d by {i,j}. Clearly 7’ is connected and
has n—1 edges, so it is a tree. By minimality of 7 we must have f(d) < f({i,j}),
whence {7, j} € Epg,(r). Therefore g C My (7).

Conversely, let 7 C g C My(7). We must show T(g) = 7. By cardinality, it
suffices to show T't(g) C 7. Proceeding by contradiction, take {i,j} € Ex,(g) \
E;. Consider the path in 7 joining ¢ with j. Since T¢(g9) C My(7), f({3,7})
is greater than the corresponding value for any edge in the path. If we remove
{i,7} from T%(g), the tree splits into two trees. Necessarily, at least one of the
edges in the path joins a vertex of one tree with a vertex of the other. Thus,
by adding this edge we obtain a connected graph with n — 1 edges, a new tree,
which contradicts the minimality of T¢(g). O.

Remark 3.1 Let Ng = NU{0} denote the set of whole numbers and let m € N
a positive integer. Then the set R x Ni* has a canonical structure of abelian
monoid. This set is also endowed with a natural total order. Indeed, N{' is
totally ordered lexicographically, according to the usual order of Ng and then we
consider the lexicographical order on R x N{*, prioritizing the first coordinate.



3.5. STABLE AND TEMPERED POTENTIALS 95

We will regard E,, as a totally ordered set according to some previously chosen
order. E.g., we can choose the following order in E,,. Given a pair e = {i,5}
and ¢ = {¢,j'} we say that e < ¢ if i < i ori =14 and j < j’ so that {1,2}
is the first edge, {1,3} is the second edge and so on until {n — 1,n} which is
the last edge. We also denote NOE" the set N‘OE”‘ such that the m™ entry (with

1 <m < |E,|) of an element z € N(|)E”| corresponds to the m'" edge in the order
chosen in E,. Of course R x NE" is a totally ordered abelian monoid.

Definition 3.11 Given a pair potential V : R — R and given (z1,...,x,) €
R we define the function fy : E, — R x NIOE” i gy = Vi — x5) X 15
where 1y; jy denotes the element of NEE’” with all entries zero except the one at
the position corresponding to the edge {i,j} which is equal to one. Observe that
fv is, for every pair potential V', admissible according to Definition 3.9.

In the following the symbol E denotes the set of edges of the tree T with
positive energy. That is,

Ef = {{i,j} € Er: V(w; — ;) 20}

We sometimes refer to Ef and Eng,(r) simply by 77 and M (7) respectively
to ease the notation.

Lemma 3.3 Let V : R* = R be a stable pair potential with stability constant
B. Then, for every T € T,, and for any (x1,...,x,) € R™

> V(z; —x;) > —Bn (3.62)
{i.j}e My, (\ 7+

Proof. In the following, V;; denotes V (x; — x;), and we will make implicit use
of the following trivial fact:

(z,0) > (2',0') = x> 2" for (z,0),(z/,0") € R x NJ»

Now we proceed to show that the inequality (3.62) holds true. The set of edges
E.\ E,+ is the forest {71,...,7x}. Let us denote V,, the vertex set of the tree
7, of the forest. Assume i € V;,, j € V,, . If a # b, the path from i to j
through 7 involves an edge e in 7F. Thus, if in addition {¢,j} € My, (1), we
have V;; > V. > 0. If a = b, the path from i to j through 7 is contained in 7,.
Thus, if in addition {7, j} ¢ My, (1), we must have V;; < V. <0 for some edge
e in that path. This allows to bound:

k k
Yo Vu=) Y Vy=) —VnlB>-nB
s=1

{ivj}erV (/7—)\7-+ s=1 {ihj}CVTS
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Theorem 3.7 Let V' be a stable pair potential with stability constant B. Then
for any n € N such that n > 2 and any (x1,...,2,) € R™ the following
inequality holds.

SOOI e | <t ST [ (- e Vel (3.63)

geG" {Z,]}EEg T€Ty {Z,]}EE

Proof. Again using the short notation V;; for SV (x; — x;), by Lemma 3.2 we
have that

SRS | [RGUERIED Ol | (NGB | B

geG” {i,j}eEg T€Tn {sz}eET {7‘7j}€E]\va (T)\ET

where fy is the admissible function given in Definition 3.11 and My, is the
map given in Definition 3.10. Using now the trick proposed in [32] we observe
that, for any 7 € T,

H le™Vii —1] = { H (1— e*IVz‘jI)] ¢ Lpigyennet Vi

{i.j}ebr {i,j}€E,
so that
DI G ED DR | B S | G
9€Gn {i,j}EE, T€T, {i,j}€E- {z',j}eEMfV(T)\ET
Z H (1 — e 1Vl H e Vi <
7€l {i,j}EEr {i.0YeEn () \BF

<P S T (- e

7€, {i,j}€E,

where in the last line we have used Lemma 3.3. [J

From Theorem 3.7 we have immediately the following Theorem.

Theorem 3.8 Let V' be a stable and tempered pair potential with stability con-
stant B. Then the n-order Mayer coefficient Cy(B,A) defined in (3.15) is
bounded by

Co(, )] < B2 [CEOT (3.64)

n!
where

C(B) = /Rd dz e PV@I _ 1 (3.65)

Therefore the Mayer series (3.9) converges absolutely, uniformly in A, for any

complex X\ inside the disk

1
A < GG (3.66)

Le. the convergence radius of the Mayer series (3.9) admits the following lower
bound 1

) (3.67)

Ry >
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Proof. From Theorem 3.7 we have that

Bn L vl g Y-
< e o {1 e } dx 1=
. Rd

T€TH
n—2

_ 6Bnn ~ n—1
- n! [C(ﬂ)}
This concludes the proof of Theorem 3.8. [.

The improvement on the lower bound of the convergence radius of the Mayer
series for stable and tempered potentials given by Theorem 3.7 with respect
to Theorem 3.2 is twofold. First, the factor e’8+! in (3.67) replaces the fac-
tor e20B+1 in (3.23). Second, the factor C(8) in (3.67) replaces the factor
C(B) in (3.23) and clearly, recalling their definitions (3.65) and (3.21) re-
spectively, we have C'(8) < C(B) where the equality only holds if V is non-
negative (purely repulsive). Moreover observe that while C(3) grows at most
linearly in (3, the factor C'(f) grows exponentially with 8. So, if we denote
by Rpr = [e?#BH1C(B)]7! the Penrose-Ruelle lower bound for the conver-
gence radius given in Theorem 3.2 and by R* = [e?PH1C(B)]~! the lower
bound given by Theorem 3.8 for the same convergence radius we get that
R*/Rpr = e?B[C(B)/C(B B)]. This ratio, always greater than one, is the product
of two factors, e#B and [C(B)/C(5)], both growing exponentially fast with .
To give an idea, for a gas of particles interacting via the classical Lennard-Jones
potential

2
(| |) ’.1“12 - W
at inverse temperature S = 1, using the value Brjy = 8.61 for its stability

constant (see [20]), the lower bound (3.67) is at least 8.5 x 10 larger than the
Penrose-Ruelle lower bound, while for 8 = 10 is at least 7.26 x 10*3 larger than
the Penrose-Ruelle lower bound.
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Chapter 4

The Abstract Polymer gas

4.1 Setting

The abstract polymer gas is a discrete model which plays a very important
role in many physical situations, such as spin systems on the lattice at low or
high temperature, or continuous or discrete field theories. The polymer gas was
first introduced by Gruber and Kunz [18] in 1970. In the original Gruber and
Kunz paper polymer were finite subsets of Z¢ (the unit cubic lattice). Later,
Kotecyy and Preiss proposed the abstract model in which polymers were ab-
stract objects belonging to some set P, the polymer set, whose unique structure
was given by mean of a symmetric and reflexive relation in P, that they called
the incompatibility relation. As we will see, this is equivalent to assume that
the interaction between polymers occurs via a hard core pair potential. In the
present chapter we revisit the abstract polymer gas.

We first specify a countable set P whose elements are all possible polymers
(i.e. P is the single particle state space). We then associate to each polymer
v € P a complex number z, (a positive number in physical situations) which is
interpreted as the activity of the polymer . We will denote z = {z,},ep and
for any A C P, zpA = {2y }yea-

In the general situation polymers interact through a pair potential. Namely,

the energy E of a configuration 1, ...,y, of n polymers is given by
E(v,-- )= >, V() (4.1)
1<i<j<n

where pair potential V(v,7) is a symmetric function in P x P taking values
in RU {+oc0}. We will make the assumption that the pair interaction V(v,v’)
is purely hard-core. Namely V' (v,7) takes values in the set {0, +oc0}. Observe
that an hard-core pair potential V(v,4') in P induces a relation Ry in P x P
(i.e. Ry is a subset of P x P). Namely, we say that a pair (7,7’) belongs to Ry
if and only if V(v,7') = +00. Clearly Ry is symmetric because by assumption
V is symmetric. When (v,7') € Ry (i.e. V(v,7') = +00), we write v # " and
say that v and +/ are incompatible. Conversely, if (v,7') ¢ Ry we say that the
polymers v and v are compatible and we write v ~ 7/. Note that if V is such
that Ry is reflexive, then v «¢ + for all v € P. The relation Ry induced by the
pair potential V is called the incompatibility relation.

101
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Fix now a finite set A C P (the ”"volume” of the gas). Then, for z, > 0, the
probability to see the configuration (y1,...,7,) € A" is given by
Prob(y ) = iiz 2 5 e~ 2a<i<i<n V(i)
Lye-en'in Za n! MAY2 PN
where the normalization constant =, is the grand-canonical partition function
in the volume A and is given by

1 _ o
Ea(za) =1+ Z n! Z By Ryg s By € Zagi<jzn V(06%) (4.2)
n>1 " (y1,..,70)EAT

Note that configurations =i, ...,7, for which there exists some incompatible
pair 7;,7;, i.e. such that V(v;,v;) = +o0o have zero probability to occur, i.e.
are forbidden.

Remark. The fact that V(y,4’) > 0 immediately implies that =, is convergent
and

n
- 1 N
|\:A(ZA)’ S 1 + E E [ E |Z'y|] S eXp{ E ’Z’Y’} S gleaj{{e"z“rn |

n>1 YCA YEA

Actually, V(v4') > 0 implies that Z5(z) is analytic in the whole CIA (|A] is
the cardinality of A).

The “pressure” of this gas is defined via the formula

Pp(zp) = |/1X|log Ea(za) (4.3)
While the partition function Z5(za) diverges as A — P, the pressure Pp(zp)
is supposed to have a finite limit at least when z varies in some finite polydisc
|2y] < py with p = {p;},ep being some positive function p: P — R' : v — p,
defined on P independent on A. So that in principle it should be possible to
give an upper bound for |Py(z)| which is uniform in A.
The pressure (4.3) can be written as a formal series using the Mayer trick
in the partition function (4.2) by writing the Gibbs factor as

e i<ici<n V(i) H |:(€—V(’Yia’Yj) —1)+ 1}
1<i<j<n

Proceeding exactly as in section 3.1.2 with the only difference if that now
V(7i,7;) is in place of V(z; — ;) and 7. .\ is in place of [ dz; we obtain

o0

_ 1

log Za(z0) = ) ] > o TR B (4.4)
n=1 """ (y1,...,yn)EA"

with
1 ifn=1

T (. m) = (4.5)

SOOI (Vi) —1) ifn>2
9€Gn {i,j}€E,
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where > is the sum over all connected graphs between [n].
Observe that, since V(v,~') > 0, by Proposition 3.3 it holds

¢T(717-"a7n) - (_l)n_1|¢T(’y17"'77’ﬂ)’ (46)

The equation (4.4) makes sense only for those z € C? such that the formal
series in the r.h.s. of (4.4) converge absolutely. To study absolute convergence,
we will consider, for any A, the positive term series

| log Z[a(pA) Z Z |¢T('Ylv-~-77n)’071 Py (4.7)

(71 eI ) EA™

for p € (0,00)”. Note that

[log Zx(za)| < [log Z[a(pA)

for all z € CH in the poly-disc {l2y] < py}~en, so that if we are able to prove
that the series (4.7) converges, for all A, at some value p = {p,},ep € (0,00)7,
then we have also proved that the series (4.4) converges absolutely, for all A,
whenever z is in the poly-disk {|zy] < py}yep. We also observe that, since

V(v,79") >0, by (4.6)

| log E[a(pa) = —log Ex(—pa) (4.8)

To study the convergence of the pressure (4.3) it is convenient to consider the
quantity

oo

1
’H"70<p) = Z - Z WT(VOa’Yh s 7’771)’ Py Py (49)

n!
n=0 " (y1,72,...,Yn)EP™

Note that in (4.9) the sum over each polymer ~; is not anymore restricted to
the finite “volume” A and it runs over the full polymer space P.
If we are able to show that |II|,,(p) converges for some (bounded) positive
function p € [0,00)7, then also the pressure Py(zx) converges absolutely, for
all A, whenever z is in the poly-disk {|z,| < p,},ep and in this poly-disk it
uniformly in A. Indeed in the poly-disk {|z,| < py},ep We have

1
|PA(2zA)| = A |\10g~A(ZA)| A ||10g~|A(pA) =

|A‘Znu Z 16T (V15 -+ s V)| s - P =
(

Y15 :’Yn eAn

= 2 S S el s =

YoEA =1 " (1 n—1)EANTT

]A| > P Z m ) I T s | Py .

YoEA m= (Y15e-yYn) EA™

IN
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|A| Z Po Z Z 167 (Y0, 71, V)P Py =

wen w20 ™ G Sean

= 57 2 rollhu(e) < sup g My () < 5 pry 1y ()
YoEA 0€P

In short, for all z in the polydisk {|zy| < p,}yep, it holds

[Pa(za)] < SUD - o [T} () (4.10)
Y0

So in the next sections we will focus our attention on the formal series |II|, (p)
defined in equation (4.9). Indeed, when one is able to prove that the series (4.9)
then, by (4.10) he has also proved the absolute convergence of the pressure of
the polymer gas uniformly in the volume A.

4.2 Convergence of the abstract polymer gas

As explained in the previous section, to study absolute convergence of the pres-
sure we will just need to prove that the positive term series defined in (4.9)

[e.o]

1 T
‘H|’Yo Zil Z |¢ (’Yo,’yl,...,fyn)| Pri P

= (V1,725 Yn ) EP™

is convergent for some p € (0, +00)”.

Since the interaction V (v, ') is purely hard core, we can use the original Penrose
identity to bound the factor Ursell factor [¢” (79, Y1, - - -, n)|. We define the map
m : TO — G2 as in Definition 3.6. By rooting trees in T in 0, given 7 € T2,
d(i) denotes the depth of the vertex i (i.e. its edge distance from 0) and that ¢/
denotes the parent of i. The map m : T — GY is therefore the map such that
to each tree 7 € T associates the graph m(7) € GO formed by adding to 7 all
edges {i,7} such that either:

(pl) d-(i) = d-(j) (edges between vertices of the same generation), or

(p2) dr(j) = d,(i) — 1 and j > i’ (edges between vertices with generations
differing by one).

As shown previously the map m is a partition scheme and therefore by Theorem
3.4 we have that

¢T(’707717"'a7n Z H —Vlvi) 1) = Z wT(’YO’}/lv"' 7771)

geGY {i,j}€E, TETY

with

-5 V(vi,7s e
wT(,YO M, afYn) —e Z{'L,]}EEm(T)\ET (viv5) H (6 Vviry) 1)
{i.jrer
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As shown in Section 3.4 (see there Theorem 3.5 and formula (3.55)) we have

wT('YO Y1y- - a’}/n) = (71)71]]‘13('70:’717--41'%) (T)

where P(70,71,---,7n) is the set of Penrose trees and 1,.¢p
characteristic function of the set P(y0,71,...,7,) in T2, i.e.

1 ifTEP(’YOlea---y’Yn)
’Yn)(T) =

Y01 rerym) 1S the

0 otherwise
We remind its definition below.

Definition 4.1 Given (70,71, -.,7) € P11, the set of Penrose trees P(7o,71, - - -

is formed by the trees T € TY such that
(t0) if {i,5} € E; then ; =~ ~;
) if two vertices i and j siblings then ~; ~ v;;
(t2) if two vertices i and j are not siblings but d-(i) = d.(j), then v; ~ v;;

) if two vertices i and j are s. t. d;(j) = d.(i)—1 and j > i, then ~; ~ ;.
Therefore we get

T (0,715 ) = (D™ D L) (T) (4.11)
TETY

Using (4.11) we can now rewrite the formal series (4.9) as

o0

1
|H”YO (p) = Z ﬁ Z Z ]]"PG('YO,’Yl;-~~7’Yn)(T) Pyi-e Py =

n=0 " (y1,72,---,7n)EP™ T€T]

1
- Z nl Z Z Lpg (o) (T) P e+ Py =

1
= ZE D (1) (4.12)
n=0 """ reT?
where
b (T) = Z ﬂPc:(’Yom,...;yn)(T) Pvi -+ Py (4-13)

(71,72, Yn)EP™
The structure of (4.12) is crucial. This equation shows that the formal series
1T}, (p) can be reaorganized as a sum over terms associated to labelled trees.
We stress that here the factor ¢.,(7) depends on the labelled tree T because of
the Penrose condition (t3) which indeed depends on the labelling of the tree.
We will see below that efficient bounds on the factor ¢,,(7) defined in (4.13)
above can be obtained by choosing a family of trees ]5(70, Y1, --,7n) Such that
P(%0:71,---»7) € P(0,71,---+7n). Below we will consider three possible
choice of ]5(70,71, ...,¥n) which are the choices which yield the three known
criteria for the convergence of cluster expansion of the abstract polymer gas.

Vn)s
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Definition 4.2 Given (Y0,71,...,vn) € P"T, the set of weakly the Penrose
trees, which we denote by is defined as P*(Yo,Y1,---,%n), s formed by all trees
T with vertex set {0,1,...,n} and edge set E; such that

(t0) if {i,5} € Er then v o 7;
(t1)* ifi and j are siblings then v; ~ ;;

Definition 4.3 Given (70,71, ..,7) € P"L, the set of the Dobrushin trees,
which we denote by is defined as PP°(yo, 1, ...,vn), is the set the trees T with
vertex set {0,1,...,n} and edge set E. such that

(t0) if {i,j} € E- then v; # v,
(t1)P if i and j are siblings then ~y; # Yjs

Definition 4.4 Given (y0,71,...,vn) € P" L, the set of Koteckyj-Preiss trees,
which we denote by PXY (yo,7v1,...,7m) is formed by all trees T with vertex set
{0,1,...,n} and edge set E; such that

(t0) if {i,j} € Er then v £ 7;

Note that we have, by definition, that

P(’YO,’Yla-‘-v’Yn) C P*(707717"'7’yn) C PDOb(’YO7’Yl7"‘77n) C PKP(’)’Oa’Yla"‘

(4.14)
So that, by (3.51), we have the bounds

’¢T(707717 v 77n)| < ’P*<707’717 v 7771)’ = Z ]lP*('yO,'yl,...,’yn)(T) < (415)
TETY

< |PD0b(’703717- c )| = Z ﬂPDOb('yO,'yl,...,'yn)(T) < (4.16)
TETY

< ‘PKP(’YOv'Yla cs )] = Z ]lPKP('yo,’yl,...,'yn)(T) (4.17)
T€TY

The latter (4.17), i.e. the worst among the three bound proposed, is known
as the Rota bound. This was the bound which was used by Cammarota [8],
Brydges [6] and Simon [43] to obtain a direct proof of the absolute convergence
of the pressure of a Polymer gas by directly estimating the Ursell coefficent.
Hence, we can bound the positive term series |II|,,(p) defined in (4.9), using
of course the estimate (4.15) which is the best among the three (4.15)-(4.17)
proposed, as

[e.9]

1
|H|,Yo(p) = ZE Z |¢T(’707’71,---,’Yn)|071---,0% <
n=0 " (y1,72,:.yyn)EP"

(e}

1
= ZH > Y Lperomn) D oo P =

n=0 " (y1,72,...,7n)EP™ T7€TY

7’771)



4.2. CONVERGENCE OF THE ABSTRACT POLYMER GAS 107

- Z n! Z Z ﬂP*(Wom,---,vn)(T)P'yl <o Py

n=0 """ 7€T2 (y1,72,--,7n)EP"

So we get
[y (p) < I3 (p) (4.18)
where
Z > ¢h(mp) (4.19)
n=0 """ reTQ
with
¢:0 (1,p) = Z IlP*('yO,'yl,‘..,’yn)(T) Pvy1 - Pyn (4.20)

(’71 7’727"'77")67)11

Analogously, using the bounds (4.16) and (4.17) we can define two more series
which also majorize the series |II|,,(p). Namely

2(p) = Z =3 b, (4.21)

n=0 TETY
and
R S 3 (a2
n=0 TETY
with
DOb(T p) = Z H-PDOb('yo;yl,...,'yn)(T) Py1 - Py (4.23)
(Y1725 ) EPT
and

¢ (r,p) = Z L pKP (40 41,y (T) P = P (4.24)
(Y1,725---y¥n)EP™

Here it is important to stress that, differently form the factor ¢, (7) defined in
(4.13), the three factors ¢%;° KP( ) do not depend on the labels of the tree T,
but only on its topological structure. This means that the terms in the series
I3 (p) can further be grouped together in terms of non unlabelled rooted trees.
We will make this concept precise in the next section. We conclude this section
by remarking that inequalities (4.15)-(4.17) immediately imply

1]y, (p) < I (p) < IDP(p) < 1EF(p) (4.25)

4.2.1 Reorganization of the series II’ (p)

We now reorganize the sum over rooted labelled trees appearing in formula
(4.19) in terms of the plane rooted trees. Such reorganization is motivated by
the observation that the factor (4.20) does not depend on the labels assigned
to the vertices of 7 but only its topological structure. As a matter of fact, to
each labelled ordered rooted tree 7 € T we can associate a drawning in the
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plane known as the “plane rooted tree” associated to 7. The drawing of 7 is
obtained by putting parents at the left of their children which are ordered in
the top-to-bottom order consistently with the order of their labels. For example
the plane rooted trees with n + 1 = 5 vertices associated to the trees a with
edge set {0,3},{1,3},{2,3},{1,4}, b with edge set {0,2},{0,3}, {1,2},{2,4}
and ¢ with edge set {0,2},{0,4},{4,3},{1,4} are drawn below

a o) C
Figure

Observe that b and c¢ are different plane rooted tree (because of the rule of the
ordering of the children from top-to-bottom).

In this way we have defined a map m : 7 — m(7) which associate to each
labelled tree 7 € T a unique drawing ¢t = m(7) in the plane, called the planar
rooted tree associated to 7. We denote by 7710 = the set of all planar rooted trees
with n + 1 vertices and by 7% the set of planar rooted trees with maximal
generation number k; let also 7° = Unzo’TnO = UkZOTovk be the set of all planar
rooted trees. An element ¢ € 7,0 can also be viewed as an equivalence class of
elements 7 € T), 11 with the equivalence relation being that two elements 7 and
7/ are equivalent if the produce the same planar rooted tree. So when we write
7 €t with t € T, we mean that 7 is an element of the set of all labelled trees
in T\ that produce the same plane ordered rooted tree.

We will use the following notations. Given a vertex v # 0 in a rooted tree (with
root 0), we denote by v’ is parent, we denote by s, the number of its children
and we denoted by v!, ..., v% the children of v. If s, = 0 we say that v is an
end-point or a leaf of 7.

Note that the set of vertices of a labeled rooted tree 7 € T (a plane rooted
tree t € 7,%) can be endowed with a total order < in a natural way in such way
that for any v the father v’ of v is such that v’ < v and children of any vertex
v of a labeled tree 7 € T (a plane rooted tree t € 7,%) are ordered following
the order of their labels (from high to low); namely, the ordering of v!,... v%
is such that v! < v? < --- < v,

Clearly the map 7 — m(7) = t is many-to-one and the cardinality of the
pre-image of a planar rooted tree ¢ (=number of ways of labelling the n non-
root vertices of the tree with n distinct labels consistently with the rule “from
high to low”) is given by

(4.26)
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As a matter of fact, it is very easy to count how many labeled trees 7 € T be-
long to the same equivalent class ¢, i.e. are associated to the same plane rooted
tree. One have just to count all permutations o of {0,1,2,...,n} which leaves
the root unchanged and which respect the order of the children in any vertex.
Let 7 € TY and let t = [7] the plane root tree associated to 7 characterized by
the sequence {s,}y=0 then we have

n!
=5
[Tos0 50!
Indeed, n! is the number of all permutations in the set {1,2,...,n}, while for

each vertex v, s,! are the permutation of the children. So n!/ ][ ., 5! is the
number of permutations of the vertices of 7 different from the root which do
not change the order of the children in every vertex.

Now observe that the factor (4.20) depend actually only on the plane rooted
tree associated to 7. We have indeed

(ﬁfyo <T7 p) - (251‘;0([7'], p) - (ﬁ;o <t7 p) - H Z Py,1 -+ Pryse (427)

v=0 L (v 15007y80)EPSY
Vot PV Vi Vi

Note that, since in each vertex v the sum over polymers v,,, ..., V,, associated
to children of v depends on the polymer ~, associated to v, in the expression
above the order of the product is relevant and it is organized in such way that
products corresponding to ancestors are at the left of products corresponding
to descendants. In (4.27) it also adopted the convention that the product in
brackets is equal to 1 for a vertex v such that s, = 0.

We now ready to reorganize the sum in the the r.h.s. of (4.19)

AP EDSED SENCIIS) SED ) SN

n>0 " reT? n>0 " teT0 TEL
1 1
=2 2 Bt =) o ) Sl =
n>0 " teTP TEL n>0" te7P
17, 1
=IO I ER RS B DN | | D DRSS
nZOtG'TT? v>=0 v n>0 t€7;LO v=0 v (V,Ul """ Vs )EPSY

Vi BV Vi MYy

In conclusion we have obtained

I (p) =
1 a
= Z H {Sl Z Hﬂ{mwv} H Ly im, 3P, "'p’wv}
170020 L7V (3,1, ygon )EPov i=1 1<i<j<s,

(4.28)
In a completely analogous way we also can obtain

mho(p) =
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1 Y
- Z H {Svl Z H Mgy e} H Ly iy, 1P --°P%sU}

(’YU17---7’Y1;51))E775U i=1 1§i<.j§5v
(4.29)
and

HIW{OP(P) = Z H {Slvl Z H H{Vvio«’yv}p%l co Pryyse } (4.30)
(

teT0 v=0 VLo Yosv JEPSv i=1

4.2.2 Trees and convergence

We start by defining a proper domain in the space of function (0,00)”, i.e. the
space of the functions p : P — (0,00) : v — p,. We are agree that given two
functions p and v in (0,00)%, we say that p < v if and only if pry < v, for all
vyeP.

Let us consider, for all n» € N and for all (yo,71,...,v) € P""!, numbers

bn (Y0571, - - - » Yn) Such that b, (v0;71, - - -, ¥) = 0. Once numbers b, (Y0571, - - -, Yn)
are given, we can define a function

¢’ 1 (0,00)" = (0,00]” 1w ¢(u)
with entries

@l = @) = 1+ 3 b )ty o, (431)
n>1 (v, ) EP™

We define the set
Db = {u € (0,00)7 : gofy(u) < +oo, Vy € 77}
Then the restriction of ¢ to DP is a function in (0, 00)7, i.e.
gog(u) < 00, ¥y €P,  whenever u € D’

Note also that, if w € D and 4’ < w then also u’ € DP.
Let now p : P — (0,00) be a function in the set D C (0,00)" and let r €
(0,00)% be defined such that its entries T, as 7y varies in P, are given by
Hy
ry = (4.32)
T (m)

Note that 7 € DP because r < p by construction, since gpz(u) > 1forall y € P.
Morevover the assumption p € (0, oo)P is equivalent to say

fry >0 for all v € P (4.33)
while assumption g € D? means that

gog(u) < +o00 for all vy € P (4.34)
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Assumptions (4.33) and (4.34) guarantee that » € (0,00)”, i.e.
Ty >0 for all v € P
Let us now consider, for any p € DP, the map T° = pe?. TP is the map
T? : (0,00)7 = (0,00]" : w = TP (u)
with entries
(TP ()], = T2(u) = o () veP

From (4.32) we get
w=T" () (4.35)
Le. p is fixed point for the map T". So, by (4.35) we have that, for all 49 € P

pro = Tho (1) =

=Tyy + To Z bl(yo;'yl),u71 + Ty Z 52(70;’71,72)%1#72 + ..
Y1EP (71,72)€EP?

T Y b0 ) By e (4.36)
(7177777«)673’”

Equation (4.36), recalling the definition (4.31) of cpﬁ’/(u) can be visualized in the
diagrammatic form

@
- — T - PP
= o %W>%+%—m+%im+
70

where

and, for any n > 1

= T > b (Y05 Y15 -+ > V) By + - - Moy
(V15570 ) EP™

The iteration [T7]?(u) = T"(T" (1)) corresponds to replacing each of the bullets
by each one of the diagrams of the expansion for 7.

This leads to plane rooted trees of up to two generations, with open circles at
first-generation vertices and bullets at second-generation ones. The k-th itera-
tion of T" involves all possible plane rooted trees previously seen with generation
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up to k. In each tree of the expansion, vertices of the last generation are oc-
cupied by bullets and all the others by open circles. Let us recall that 79
denotes the set of trees with maximal depth (or maximal generation number)
equal to k. A straightforward inductive argument shows that

T (1) = 7 [Z@ )+ RY) (r, ) (4.37)

with

<I>(Z Z H { Z by (Vo3 Yors -+ s Yosv) Ty g = Ty }
(V1>

te70:L v>=0 ey YpSv )EPSY
(4.38)
while
] { Do b i) XX }
teT0k v=0 \ (v,1, Y050 )EPSY
(4.39)
where

ry, if di(v) <k
X5, = (4.40)
pry, i di(v) =k

with, we recall, d;(v) indicating the depth (distance from the root) of v in ¢.

In other words R%) (r,p) has an expression similar to @%ﬁ)(r) but with the
activities of the vertex of the k-th generation weighted by pu. Here we agree
that if v is such that s, = 0 then byg(7,) = 1. Now, by (4.36) we have

[T, (1) = 115

which implies immediately, via (4.37),
T > PP (r) < pyg for all k € N (4.41)

Equation (4.41) immediately implies the following proposition.

Proposition 4.1 Let p be a function pu € (0,00)7 and, for any v € P let
gog(u) be function defined in (4.31) supposed to satisfy (4.34). Let r € (0,00)7
be defined by (4.32). Then, for all p <

i) The series

Z H { Z bsv (’Yv? Yolsy .- 7'71)5“) Py,1 v Pryse }
(

teTO0 vZ0 \ (v,1,07p50 )EPSY
(4.42)
converges for each vy € P and admits, for each vy € P, the bound

o (p) < @ (r) < b (1) (4.43)
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ii)
pro @, (p) = lim [T¥]" (p) (4.44)

n—oo

and p, @go(p) is solution of the equation (4.36), i.e. is fized point of the
map TP, i.e.

P10 ®, (p) = T2 (9,5 (p)) (4.45)

This proposition can be viewed as a generalization of the Lagrange inversion
formula for series depending on infinite (countable) variables.

Proof.
i). By (4.37) we get

o 3 00() < [T () YneN
/=0

but, by definition (4.36) we have, for any k¥ € N that [T’"],’jo (1) = pyy. So we
obtain

T Z @gﬁ) (r) < fiy, for all n

i.e., by (4.32),
Z q)%) (r) < gogo(u) for all n
which implies
b b
o, (r) < 5, (1)
Therefore, by monotonicity, for any p < r
b b b
ab (p) < @, (r) < &, ()

ii) By (4.37) we have that

fe—
75, (p) = po | @) (0) + B (0. 1)l ump (4.46)

—_

~

But, recalling definition (4.40)

RW(p, )| u—p =

¥ H{ S bsvm;w,...,%snpm...pw} - o)
= (

Vol s Vosv )EPSY

k

7715 (p) = pro _ 2 (p)
=0
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Hence, for any p < r

k—o0

k
lim [T7]% (p) = lim py, > @ (p) = psy @3, (p)
/=0
Finally, for any p <r

P ®(p) = lim [T755(p) = lim T2 (IT7]1,(p)) = pyy lim &%, (IT713,(p)) =

n—oo n—oo

= ,070@3( lim [T"}%(p)) = Proh, (p»yo@%(p)) =78 (pvoﬂb%o(p))

n—

O

4.2.3 Convergence criteria

Ferndandez-Procacci _criterion.
Let us now choose

b (V05715 - -5 V) = b (Y0371, -+ 5 Yn) = o H]l{méfm} H Liyin;)
Ti=1 1<i<j<n
(4.47)
and thus

x 1
b —_
() = 1+ E o E Py« By = Ep, (1) (4.48)
n>1 T (1 m)EPT
Vi?V0s Vi~V

Then, proposition 4.1 tells us that the series

Po(p) = Z H { Z sil H]l{%wé%} H Ly imm,5} P "'Pwv}
( i=1

t€T0 w20 L (7,1, 7050 )EPSY Isi<j<so
(4.49)
converges as soon as p < r* with
* M’Y
rr=— (4.50)
T Ep,(p)

comparing (4.28) with (4.49) we immediately see that
I, (p) = 5 (p)

So we immediately get, by Proposition 4.1, the following criterion for the con-
vergence of cluster expansions.

Theorem 4.1 Choose p € D*° C (0,00)” and let 7* € (0,00)7 s.t.

Hyo

rho= = (4.51)
" Ep, (k)
Let p such that
py <1, VyeP (4.52)
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Then the series |I1],,(p) defined in (4.9) is finite for each vo € P and

T, (p) < Ep,, (1) (4.53)
and hence

P05 (P) < 11y (4.54)
for each vy € P.

Proof. By proposition 4.1 we have immediately that the series II% (p) defined

in (4.19) is finite for each vy € P and for all p such that p, < 75, where 77 is
defined in (4.52). Moreover

I (p) < Ep,, (1)

for each 79 € P. Now recalling (4.18) we obtain that the same is true also for
the series |II|,(p). O

Dobrushin criterion.
If we now choose

e
bn (703715 -+ Yn) = bBOb('Yoé ViseewsYn) = ! H L H Uity
Ti=1

1<i<j<n
(4.55)
and thus
Dob 1
oy ) = 14D = D g = [[04m] (456)

n>1 (Y1 5+ Y ) EPT Y0
YO*Vi > ViFEj

Then again proposition 4.1 tells us that the series

o 1 &
(IDI;E b(p) - Z H { Z ST}I H ﬂhmfﬁ%} H ]1{%1757“} Py,1 v Pyyso }
(v i=1

teT0 v>-0 Lo Yo )EPSY 1<i<g<sy
(4.57)
converges as soon as p < rP°P with
pDob— __Fv (4.58)

! vavo [1 + “’Y]

Comparing (4.29) with (4.57) we get

pDob

5P (p) = 4" (p)

So Proposition 4.1 also yields the following (weaker) criterion for the conver-
gence of cluster expansions.

Corollary 4.1 (Dobrushin) Choose pn € D'°°" and let r°° € (0,00)" s.t.

Dob My
T = = 4.59
T ey [+ 23] (4.59)
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Let p € [0,00)% such that

< gbob — _ Fv VyeP 4.60
Py = Ty H%WUJFM] v ( )

Then the series |I1|,,(p) defined in (4.9) is finite for each v € P and

m],(p) < [T+ p4] (4.61)
oy
Py 1y (p) < piy (4.62)

for each v € P.

For the benefit of the readers we stress that in the literature the Dobrushin
condition is generally written in a different (but equivalent) form. In particular,
in the Dobrushin paper [10] and also in [26] the condition (4.60) is written as
follows.

py < r,]?‘)b = (efr —1)e” L5ep: o P Vy e P (4.63)

This is clearly the same condition (4.60) by defining

fiy = log[1 + 1] (4.64)

Koptecky-Preiss criterion.
Finally, if we now choose

14
b (Y0315 - -+ 5 Yn) = bET (905715 -+ -y Yn) = EHH{%%W@}
Ti=1

and

SOI;OP(M) = 1—1-2 % Z Poyg -+ Py, = exp{z N'y} (4.65)

n>1 (15 n)EP Y0
Y07y » 1<i<n

Then once again proposition 4.1 tells us that the series
Sv
pKP 1
@0 = 31 { > s oo } (1.66)
t€T0 070 U (y,1,.yps0 )EPSw 7 i=1
converges as soon as p < %P with

o o (4.67)
€xp [Zﬁo@’y :u:)’:|

Comparing (4.30) with (4.66) we get
KP
57 (p) = % (p)

So we get the criterion of Kotecky and Preiss. Namely,



4.2. CONVERGENCE OF THE ABSTRACT POLYMER GAS 117

Corollary 4.2 (Kotecky-Preiss) Choose p € D and let 7P € (0,00)7
8.1.

rKP — Fro (4.68)
€xp |:Z'yowyo /’L'y:|
Let p € [0,00)7 such that
py < rffp = #, VyeP (4.69)
exXp [Zﬁ/o«’y :U’:Yi|

Then the series |I1],(p) defined in (4.9) is finite for each vo € P and

[y () < exp[z uy] (4.70)

Y*Y0

or
P'yo |H|'Yo (p> S /“L’Yo

for each vy € P.

Remark. Again for the benefit of the readers we stress that in the literature
the Kotecky-Preiss condition is generally written in a different (but equivalent)
form. Namely in the original Kotecky-Preiss paper convergence is guaranteed
by choosing p such that there is a function a, such that

Zpﬁea‘/ < ay VyeP (4.71)
Fy

This is clearly the same condition (4.68) by setting

fy = pre™ (4.72)

Summing up, available convergence conditions are of the form

pr < 1= o (4.73)
with
exp [Z%w u:,] (Kotecky-Preiss)
ey(p) = [I5.,(1+p5)  (Dobrushin) (4.74)
Ep, (1) (Ferndndez-Procacci)

Each condition is strictly weaker than the preceding one. Namely, since, for
fixed p € (0,00)%,

Zp, (1) < [0+ ps] < exp| D s

Ay Y0



118 CHAPTER 4. THE POLYMER GAS

we get,
Dob KP
>Ty 2Ty

So the criterion given by the Corollary 4.2 (i.e. Kotecky-Preiss condition) yields
the worst estimate for convergence radius for the cluster expansion; the Dobr-
ishin Criterion of Corollary 4.1 gives an estimate which is better (i.e. larger)
than that given by the Kotecky-Preiss criterion for the same radius and finally
the criterion 4.1 give the best estimate for convergence radius for the cluster
expansion among the three proposed.

4.2.4 Elementary Examples

In this section we give some elementary in order to illustrate how the criterion
(4.52) represents a sensible improvement on previous criteria in applications.

Example 1. The Domino model on Z2.

This model has also been considered by Dobrushin in [10]. The elements of the
polymer space P are in this case nearest neighbor bonds of the bidimensional
cubic lattice. For any v € P we put p, = ¢, where € > 0 (all polymers have
the same activity). Two polymers are incompatible if and only if they have non
empty intersection. We can choose by symmetry that the function p., appearing
in the Kotecky-Preiss, Dobrushin and Ferndndez-Procacci criteria are constant
at the value p.

The Kotecky-Preiss criterion (4.69) for the domino model then reads as

Py < HnE e 13 — €< Meint

which yelds at best

e < ~ 0.0525

1
Te
On the other hand the Dobrushin condition (4.60) reads
Hy < H

pr< =T = <
77 Tl 14 15 (1+p)7

which yelds at best
1
e < ﬁ ~ 0.0566
Finally, the condition (4.52) gives

Hry M
I~ — e —F—7
77 Ep, () L+ Tp+ 9u?

which yields at best

1
< —=0.
5_13 0.0769
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Ezxzample 2. The lattice gas on a bounded degree graph G = (V,E) with hard
core self repulsion and hard core pair interaction and the triangular lattice on
then plane

Let G = (V,E) be a bounded degree infinite graph with vertex set V and edge
set E, and maximum degree A. A polymer system is obtained by choosing
P = V and by defininig the incompatibility relation ~ by saying that two
polymers v and 4 (i.e. two vertices of G) are incompatible if and only if either
v =7+"or {7,7'} € E. This polymer gas realization is called the self repulsive
hard core lattice gas on G. In this case the polymers are the vertices of G
and two polymers {z,y} C V are incompatible if either y = x (self repulsion)
or {z,y} € E (hard core pair interaction). In general, since polymers have no
structure (they are just vertices in a graph) one can suppose that the activity
of a polymer z € P is a constant, i.e. p, = p for all x € V. Of course expect
that the convergence radius depends strongly on the topological structure of G.
We first consider the worst case i.e. when the graph G is such that the nearest
neighbors of any vertex are pairwise compatible. This happens e.g. if G is a
tree or if it is the cubic lattice Z%. The Kotecky-Preiss condition for this model
then reads as

Pz < ppe” Dypa by ey p < Iuje*(A+1)H

which yields at best

< - 4.75
p= (A+1)e (4.75)
On the other hand the Dobrushin condition reads
Uz 1
Pr S = 7 = PSS AT
¢ Hyr%ax[l + My] (1 + M)A+1
which yields at best
1 A
~ A 1 1
4 (4.76)

p S = =
(1+ )AL (A4+1)A+ - A+1(1+ LA
Finally, the condition (4.52) gives

LA+ Dt S, (uk - nt (T ws

which yields at best

1
AT 1 1
—1 = (4.77)

A —
A T A 1 —
1 <1+ﬁ) 1+(A—A1ﬁ A(l+ x5)2 1 +1

p<
AT T

To illustrate that Theorem 4.1 permits to improve this last bound (4.77) if we
know more about the topological structure of G, we now consider a case of
the triangular lattice in d = 2 (a regular graph with degree A = 6, where our
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bound turns to be more efficient than the Dobrushin bound and the Shearer-
Sokal bound (4.75). For the triangular lattice the tree bound (4.77) gives

55
e < @%0,067

while our bound gives

c c
< —

CSE (0 147c+92+ 28

The maximum occurs when 4¢® + 9¢2 — 1 = 0, which is somewhere between

1/3 and 3/10. For example choosing ¢ = 1/3 (which is not the best choice) we

obtain

e< = =
T E(0) 1+

~ 0,075
1+

[SUEN]
+ W=
S

4.3 Gas of non overlapping finite subsets

In this section we will study a particular realization of the polymer gas which
appears in the most part of the examples in statistical mechanics.
We will suppose that it is given an infinite countable set V, and we define the
space of polymers as

Py={RCV:|R| < oo}

and the incompatibility relation in Py is defined as

YAY = yNF#£D

Note that now polymers have a cardinality, so that we can speak about big
polymers and small polymers. Of course, as before, to a polymer -y is associated
an activity (). We assume in general that (() € C as far as v € Py and we
set

<V = p(v) (4.78)

Note that here we allow the value ((y) = 0 for some ~ in order to stay more
general. For example in the polymer expansion of high temperature spin sys-
tems, the polymer space is always Py for some suitable V but it happens that
¢(y) = 0 whenever |y| = 1.

In most of the physics realizations V is the vertex set of an infinite graph
G = (V,E) with edge set E. For example V = Z% and E is the set of nearest
neighbor in Z¢ When V is the vertex set of a graph G thenV has a natural
metric structure induced by the graph distance in G. This metric structure
on V allow us to talk about how spread is a polymers (a polymer is spread
if its points are far apart) and we can say now if two polymers v and + are
close or far apart. So, from the abstract context we can pass to more concrete
realizations which have richer structures. Namely, if one suppose that polymers
are finite subsets of an underlying countable set V with 4= N, the any polymer
has an activity and a cardinality, so we an distinguish between big and small
polymers. If we further suppose that the underlying set V is the vertex set of
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some graph G we also can talk about distance between polymers and spread
polymers. In any case, in the whole section below we will not suppose any
graph structure for the set V. Our abstract polymer space is just the set of all
finite subsets of a countable set with the incompatibility relation being the the
non void intersection.

Let now A be a finite set of V. A configuration of polymer gas in A is
given once we specify the set of polymers which are present in A. Of course this
polymers must be pairwise compatible, i.e. a configuration in A is an unordered
n-ple {y1,...,9n} such that v;Ny; =0 forall¢,j = 1,...,n. The “probability” !
to see the configuration {v1,...,7,} in the box A is defined as

Probe (v, 9m) = Zx" [ [ ¢(w) (4.79)

i=1
where =, is the partition function defined as

EAO)=1+>. > <m)--Clm) (4.80)

n>1 {v1,-»vn}: v CA
YN =0

4.3.1 Convergence via the abstract polymer criteria

We compare the three conditions for this model. Starting with the Kotecky-
Preiss condition, choosing () = p(7)e®! (recall: |¢(7)| = p(v)), the condition
(4.69) becomes the well known inequality

Yo e < aly|,  WyeP (4.81)
FePy
by
Now using that 4 % v means for the present model 4 N~ # () we have that
3 p(3)e < ylsup Y pla)ect
Ay v€V 55z
Hence (4.81) becomes the well known condition

sup Z p(y) e < @ (4.82)

zeV ~ePy
Yoz

On the other hand the Dobrushin condition (4.60) can be written as

c(v)
LRSS ) S— )]

choosing again ¢(v) = |p(7)|e?"! the condition above becomes

[T @+ p@)ehy <etl, vyep
yEPy
Ay

1(4.79) is a real probability only if ¢(v) € [0, +00)
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ie.
> log(l+p()e™) <aly|  WyeP (4.83)
YEPy
F4y
ie.
sup Z log(1 + p(7)e®) < a (4.84)
zeVv WE;V
Yoz

which is slightly better than (4.82).
Finally, the condition (4.52), putting again ¢(y) = p(7)e®?!, becomes

Ep,(c) < el (4.85)
where Py = {7 € Py : v/ N~ # 0} and

11

@135 X laen

n (115 1m)EPY i=1
Vi Vi~

We again use the fact that v; % v; <= v Ny #Vand v ~ v <= v Ny =0

to estimate the factor
> e

(V13- )EPY =1
ViFV Vi~V
Note that this factor is zero whenever n > ||, since there is no way to choose n
subsets «; of V such that they are all pairwise compatible (i.e. non intersecting)
and all incompatible (i.e. intersecting) with a fixed subset 7 of V with a number
of elements equal to |y|. On the other hand, when the sum above is not zero,
i.e. for n < ||, it can be bounded at least by (a very rough bound)

> Hp )l < (] = 1) - (Jy] —n + 1)

n
sup Z “’Y] =

(V15000 n)EPT =1 eV YEPy
Vi PV Vi~ zEY
2l '
Y
( sup 3 ply)eh
eV ~ePy
TEY

Thus

vl | Il
Ep,(0) <1+ Z (7 > [sup Z “"”] 1+ sup Z av]

zeV YEPy 'yEPV
TEY ey

Thus (4.85) can be written as

o7
1+ sup Z alvl] < eahl

zev ~ePy
TEY
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ie.
sup Z p(y)e? < e —1 (4.86)

eV ~ePy

TEY

Note that by (4.53) we also get the upper bound
IL,(p) < el
We have therefore proved the following theorem

Theorem 4.2 Let V be a countable set and let Py = {y C V : |y| < oo} be the
polymer set with incompatibility relation: v £ v < N~ # 0 and (complex)
activity ((y). Assume that there is a positive number a > 0, such that, for all
eV

S KMl e <er —1 (4.87)

YEPyY
TEY

then, for all finite A C 'V, we have that |—[1\| In =4 (€), where Z25(C) is the partition

function define in (4.80), can be written as an absolutely convergent series
uniformly in A.
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Chapter 5

Two systems in the cubic
lattice

To show the utility of the polymer expansion in the study os discrete systems,
we will consider in this chapter two systems on the d-dimensional cubic lattice
z.

5.1 Self repuslive Lattice gas

A lattice gas in Z¢ is a simple case of a polymer system. Namely, a lattice is a
polymers gas in which the polymer space P are “particles” which can occupy
the vertices x of the unit cubic lattice Z%. In a lattice gas the activity of a
particle occupying the site z is assumed to be constant A, i.e. z, = A for all
x € Z4. Finally, the pair potential of a lattice gas is assumed to be symmetric
V(z,y) = V(y,x) and self repulsive, i.e. only one particle can occupy a site
x € Z%. Namely:

V(z,z) = +oco  for all z € Z¢ (5.1)

We will also assume that the pair potential is summable in the following sense

sup Z |V(z,y)| =C < o0 (5.2)

d
TEL yezd

y#T

The assumptions (5.1) and (5.2) automatically guarantee that the pair potential
is stable, i.e. for any n € N and (a1,...,2,) € (Z9)",

1<i<j<n
5.1.1 Covergence by direct Mayer expansion

We can obtain the convergent condition for the high tempretaure/low activity
phase of such lattice gas by directly perform a Mayer expansion of the grand
canonical partition function. Let us sketch how. The Grand Canonical partition

125
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function is
o )\n
= Z - Z e B Li<icicn V(@ia;)
n!
n=0 (Jflw-win)EA“

where of course we are assuming in that V(x,z) = 400. By Mayer expansion
on the factor e #2i<i V(%) we find, as usual

InZp(B,\) = Z% Z Z H =BV (zi,z;)) —1)
n=1 " (@1,...,z,)EA" gEGn {i,j}E€E,

Then, by Theorem 3.7 and tree graph inequality (3.63), we have, using stability
also condition (5.3),

| Z H =BV (ziyx;) _ ‘ < eﬁnc Z H 1 _ e—ﬁIV xul’ﬂ)‘)

9€Gn {i,j}EE, T€T, {i,j}€E-
hence
(o]
110 Zx (6, ) Z S e [ (- e Vel <
= (21 yeeeyTn ) EA™ T€T, {i,j}€E-
— A"
oBC _ o BIV(@izj)]
S DR D DD DR | U )
n=1 T7€T (21,....2n)EA™ {i,j}EE-

but similarly to what we saw in Proposition 3.1, formula (3.17) it is not difficult
to show that

n—1
> [ (e Vel < a] fsup 3 (1— e fIVEv)
(z1,.sxn)EA™ {0, }EE x€Zd yezd
note that the sum over y after the sup includes also y = x where V(z,z) = oo.
Therefore defining
C(B) = sup Z (1-— efﬂ\V(w,y)\)
zEeZ4 yezd
y#T
we get
> I a-eeEeh <A@
(@150 ) EA™ {i,j}EE,
and therefore
A"
mZp(B N < 30 Fm AL @)t
n =1
thus in this case the condition for the convergence is
N[O+ C(B)] < 1 (5.4)

This condition is quite unsatisfactory since it says that, for any temperature,
even very high (i.e even for  very small when C() is very small), one needs
to set the activity smaller than 1/e to ensure convergence!
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5.1.2 Convergence via polymer expansion

We now obtain the convergence condition for the same In Z) (3, \) performing
a first example of high temperature polymer expansion. We will get a much
satisfactory bound and this will illustrate quite well how convenient can be to
perform polymer expansion in discrete systems when possible!

The Grand canonical partition function of the same lattice gas enclosed in A C
74, with activity ), inverse temperature 3, interacting via a pair potential
V(z,y) (z and y sites in A) such that V(z,z) = oo (a site  can be occupied
can be written as follows

o

A" o
ZA(B,)\) = E F E e*ﬂ2i<jv(muzj)

n=0 ' (wlv---ﬂ»‘n)EA"
Zw A T B Viwis)
_ ici V(zix
- n! ¢ - ’

n=0 (T1,e0y T ) EAT

zi#zj
|A]

g Z )\n Z 676 Zi<j V(I“I]) —
n=0 {z1,....,en}CA
— Z )\\S\ 6_6 Pfzyrcs V(@y)
SCA

Define then for x € A the variable n, taking values in the set {0,1} (n, can
be interpreted as the occupation number of the site x: n, = 0 means that
the site is empty and n, = 1 means that the site is occupied). We denote
by na a possible configuration of occupied numbers in A and by N the set
of all possible configurations n, (and in general, if R C Z% we denote by
np a possible configuration of occupied numbers in R and by Npg the set of
all possible configurations ng). Clearly there is a one to one correspondence
between ny € Ny and S C A by defining S(np) = {z € A : ny = 1}. Therefore
we can write

ZA(B7)\) = Z )\‘S‘ e_ﬁz{z,y}cs V($7y) —
SCA

= Z )\ZIGA na:e_ﬁZ{z,y}CA nznyV(x,y) (55)
LINSAUN

Expand now the exponential in (5.5)

6_'8 Z{g,y}c/\ nanyV(z,y) — H [efﬁnznyv(x:y) — 1+ 1] —
{zyycA

Al

= > > p(R)-p(Ry)

s=1{Ry,...,Rs}em(A)
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where m(A) = set of all partitions of A (so that {Ry,..., Rs} is a partition of
A), and

1 if |R| = 1

o0 = 35 I e 1) iz
9€GR {z,y}cEy

where G is the set of connected graph with vertex set R.
Thus (5.5) can be written as,

Al

ZA(BA) = D Axeea™ X" N p(Ri)---p(Ry) =

nAENp s=1 Ry,...,Rs€m(A)

- |§A|: > { . p(RnAZreRl”z]--.

s=1 Ri,....,Rsem(A) nR, ENRl

> p(Rg)AZeens ”]

Define now

Since, for any g € Gg,
H [e—ﬁnmnyV(r,y) —1]#£0
{a:,y}EEg

if ny =1 for all x € R, then

14+ A if |R| = 1
SR —
PLR) ANECSS T e fVew) — 1] if |R| > 2
9€GR {z,y}€E,
Define now
1 if |R| = 1
((R) = IR] AV(s . (5.6)
w1 [e?ey -] i R| > 2
9€GR {z,y}€E,
and obtain
|A]
ZaB,N) =+ YT (R C(R)

s=1 Ry,...,Rsem(A)

= @+ N (R C(R)

s>0 A{Rqy,..., Rs}CA
IR;|>2, R;NR;=0
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where the term s = 0 in the last sum is equal to 1 and corresponds to the
partition of A in |A| subsets each of cardinality 1. Clearly

)= Y (R C(R) =

s>0 {Rqp,....Rs}CA
IR;1>2, R;NR;=0

Le. Zp(5, \) is the grand canonical partition function of a polymer gas in which
polymers are finite subsets of R C Z% such that |R| > 2 and with activity ¢(Ry).
We finally have

Za(B, ) = (1+ NMEx(8,N)

and hence
In Zo(B,\) = |[A|In(1 + X)) +InZEx (B, A)

Hence the pressure of the lattice gas ﬁ log Zx (B, A) converges absolutely uni-
formly in A if \A\ log =7 (8, A) does.
Le., by (4.86) conditions if,

Semsup 3 KR <et 1

n>2 zezs RCzA:
z€R, |R|=n

or a little bit “roughly” (i.e choosing a = In2 which is not an optimal choice)

D 2"sup o Y [C(R)] <1 (5.7)

n>2 zeZd Rczd:
zER, |R|=n
Recalling definition (5.6) of the activity ¢(R) and setting A = ﬁ we have

T n
sup Y [C(R)] = A" sup Y
zeZ4 Rczd: zeZ? RCzd:
zER, |R|=n z€ER, |R|=n

> L e

9€GR {z,y}EE,

Now note that

1
Z - (n—1)! Z

Rczd: (21,.0ern ) €EZIAT

z€ER, |R|=n z1=w, z;Fz; for i#j

Hence
A"

_ V(zi,x
D SINCCIEE T TV D DI D DI | ()
T€LT  pegd. TEELS (o anyezdn | g€Gy {ij}ER,

zER, |R|=n w1 =, z;F#x; for i#j

(5.8)
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Once again, by Theorem 3.7, tree graph inequality (3.63) and using stability
condition (5.3) we have the estimate

Z H =BV (z4,25) _ ]_ ‘ < eB”C Z H 1 _ G—B‘V :rl,x])|)

9€Gn {i,j}€E, 7€Tn {i,j}€E,

Now observe that, for any 7 € T),

3 [[ a-eVely < |sup 31— Ve _

L d
(x1,-s zp)€ZIN {Z7J}EET z€L yezd
z=x, xi;ém]- for i#j y#x

= [cE)!
Therefore, recalling also Cayley formula (3.6), we get

n—2 ~ - ~ n—
s GRS S CEIT IO < N[N e
CCEZd RCZd: (n 1)
zER, |R|=n

Hence the condition for convergence is by (5.7)

216" Y [23e5 o))" < 1 (5.9)

n>2

Le., after some calculus

- C / 4
(6) 14+,/1+ C(B)

This is a much better condition than (5.4). Indeed, recalling that A = A/(14)),
observe that for § < . where (. is the solution of the equation

(5.10)

eBC+HL 1 1
CB 14+ 1+

4
eC(B)

the pressure of the lattice gas is an absolute convergent expansion for all A real.
The temperature . is a first example of critical temperature: below (. the
lattice gas is in a pure phase for any activity A > 0.

5.2 Ising model

The Ising model is a lattice system enclosed in a box A C Z?. The box A is
a finite set, generally a square of size L which contains [A| = L sites of the
lattice Z®. In each site € A there is a random variable o, which can take one
of the two possible value o, = =4 1. A configuration o of the system is given
when one declares the value of the spin o, for each site z € A. Hence op is a
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set oA = (0uy,.--,0z,) of |A] numbers +1. Equivalently one can say that
a configuration o, of the system is a function op : A — {+1,—-1} :  — oy
Observe that the total number of configurations of the system in A is 2141, We
denote by 24 the set of all possible spin configurations in A.

Given a configurations o of the system in A, the energy of such configura-
tion is

Hy(op) = —J Y 0w0y—hY 0.+ B(oa) (5.11)
|z—y|=1 TEA
{z,y}CA

where h is an “external magnetic field”, J > 0 is a positive constant and B(oy)
represent the interaction of the spins inside the box A with the world outside.
Of course B(oy) is rather arbitrary. We will list in a moment some typical
boundary conditions. Let us just remark here that B(c,) has to be in any case

a “surface term”, i.e.
lim 2o Bl (5.12)
A—oo ‘A’
The statistical mechanics is obtained by assigning to any configuration op a
probability to occur P(oy). This probability is given by

e~ BHA(on)

P(UA) - ZA(ﬁv h)

(5.13)

where

Za(Bh) = D e

oAEQN

is the partition function in the grand canonical ensemble. If f(oy) is a function
depending on the configuration of the system, its mean value in the grand
canonical ensemble is

(floa)a = Y Ploa)floa) = Y

UAGQA O‘AEQA

e BHAN) f(gp)
ZA(B, h)

The function 1
fA (/Ba h) = Al
Al
is called finite volume free energy. Note that this function is analytic in 8 for
all 8> 0 and in h for all h € (—o0, +00).
Thermodynamic is recovered evaluating the following limit

In Zx (8, h) (5.14)

FBh) = lim ——1InZx(8, h) (5.15)
A—o0 |A|
The function f(f3,h) is called the free energy of the system. It is easy to show
that the limit exists, but in general is not expected to be analytic in the whole
physical region. It is also worth to stress that (5.12) ensures that the limit
above in independent on the boundary conditions B. As a matter of fact, let
B(op) and B'(op) two different boundary conditions and let us denote

HYU (o) = —J Z UmUy—hZO'z

|z—y|=1 €A
{z,y}CA
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then we have

~BHY™ (04) g~ B(o)
ZnB(Bh) 2y €T e PIBENBIB ()]

Zap(Bh) Y, e PHRM O BB on) T Ton

ie
ZaBB 1) gmaxe, (Blo) +18 (00))
ZA,B’(ﬁ? h) N

analogously one can get

o—Bmaxa, (1B +B @) < Za8(5,h)

= Zap(B,h)
whence
|i|y In Zy (8, h) — In Zn g (5, h)] < |A1‘6 max(|B(on)| + B (o)) (5.16)

and taking the limit A — oo and using (5.12) we get the result.
We list below some typical boundary conditions.
1) Open (or free) boundary conditions. This is the case

Byo(op) = 0

2) Periodic boundary conditions. This is the case in which A is a Torus, i.e.
spins of opposite faces interact via the constant —J, as if they were nearest
neighbors. Clearly this can be obtained by a suitable choice of B,(os)

3) + boundary conditions. This is the following case. Let A = {z € Z*\A :
|t—y| =1 for some y € A} be the “external boundary” of A and put o, = +1

for all x € OA. Then
By(op) = —JZ Z oy

TEIAN  vEA
lz—y[=1

Physically this means to fix the spins outside A (those who can interact with
spin inside!) to the value o, = +1.

The fact that the free energy is independent from boundary conditions does
not mean that the system is stable respect to boundary conditions. Precisely
the instability of the system respect to boundary conditions is an evidence for
phase transition. Even if the free energy is independent of boundary conditions
it still can occur a discontinuity of some derivative of the free energy at some
point in the (3, h) region of the physical parameters. We will show below that
this indeed happens.

We will consider ahead the magnetization of the system, which measures if
spin are mostly oriented up or down, is the partial derivative of the free energy
respect to the magnetic field.

MR (B, h) = LZWMJS’ = p7

TEA

0

%f/\(67 h’)

We will see that the magnetization in the thermodynamic limit can take differ-
ent values according to different boundary conditions.
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5.2.1 High temperature expansion

We now develop a (high temperature) polymer expansion for the partition func-
tion of the two dimensional Ising model with zero magnetic field (i.e. we set
h =0 in (5.11)). We suppose from now on that A is a square of size L which
thus contains L? lattice sites. We also choose free boundary conditions (i.e.
we set B(op) = 0 in (5.11)). The Hamiltonian of the zero field, free boundary
conditions Ising model is thus

Hpy(opn) = —J Z Oz0y = —J Z O

|z—y|=1 beB(A)
{z,y}CA

where B(A) is the set of all pairs b = {z,y} C A such that [z —y| = 1 (nearest
neighbor pairs) and for b = {z,y} we put &, = 0,0,. Recall that, since A is a
L x L box in Z2, then |B(A)| = 2L(L —1)

The partition function of the Ising model at zero magnetic field is thus

ZrB) = ) H et

oAEQA bEB

We want to prove that the free energy

fa(B) = W In Zx(B) (5.17)

is an analytic function of § is /3 is sufficiently small (i.e. in the high temperature
regime). Observe that 6, = =1, hence

e™P7% = cosh(B.J5,) + sinh(8.J5) = cosh(BJ) + &, sinh(BJ) =

= cosh(8J)[1 4 &3 tanh(5J)]

hence

Zx(B) = [cosh(BJ)PHED N TT [1+ &, tanh(B.J)]

TAEQA bEB(A)

Developing the product HbeB(A)[l + op tanh(8.J)] we get terms of the type

[tanh(ﬁJ)]k(fbl ce 6bk
which has a clear geometric interpretation. The set of bonds by, ..., b; form a
graph (connected or not) in A whose links are nearest neighbors.

When one perform the sum over oy we get that

> "G, ...,
OA

is zero whenever there is a not paired spin. See Figures 11 and 12.
The only graphs which yield a non vanishing contribution to the partition func-
tion are those whose vertices have incidence number two or four (Figure 11),
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Figure 11. A non vanishing graph with seven connected components

while all other graphs are zero once the sum over configurations o has been
bone (Figure 12). If the graph &y, ..., is non vanishing then

~ ~ 1.2
ZUIH SO, = 2
oA

We can naturally split a non vanishing graph in non intersecting connected com-
ponents which we will call lattice animals. For example in figure 11 it is drawn a
non vanishing graph formed by seven non intersecting lattice animals. A lattice
animal v is thus nothing but a graph g with edge set £, = {b1,...,b;} C B(A)
formed by nearest neighbor links b = {x,y} and with vertex set V, = U¥_ b; C
A which is a connected graph in V, (in usual sense). The allowed lattice animals
are only those v with incidence number at the vertices equal to two or four.
Let us denote by £ the set of possible lattice animals in Z% and by £, the set
of all possible lattice animals in A.

Two lattice animals v and ' are non overlapping (i.e. compatible), and we
write v ~ ' if and only if V,NV), = 0. We will denote shortly |y| = |E,|
(i.e. |v| is the number of nearest neighbor bonds which constitute =, i.e. if
v = {b1,...,b;} then |y| = k. Note that only such lattice animals (i.e. just
those with incidence number at the vertices equal to 2 or to 4) survive because
we are using free boundary conditions. Note also that lattice animal ¢ € £ with
incidence number equal to 2 in anyone of its vertices is a simple cycle. For a
cycle ¢ we have that |V.| = |¢|, while for a lattice lattice animal v which is not
a cycle we have |V,| < |v].

In conclusion we can write

ZA(B) = [cosh(BJ)]2FE-D2l” 5, () (5.18)

where

EAB) = 14) D &m)E(m) (5.19)

n>1 {71, m}CLA
[vil =4, v~y

where 7 denote a allowed lattice animal (whence the condition |y| > 4) with
activity
£(7) = [tann(8)]" (5:20)
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IJ_L

Figure 12. A vanishing graph.

Thus the partition function of the Ising model (5.18) can be written, modulo a
constant (the factor [cosh(5J )]2L(L*1)2L2), as the partition function of a hard
core polymer gas, i.e the term (5.19). In this case polymers are lattice animals,
i.e. elements of £ with the incompatibility relation v »~ +" if and only if V,, N
Vo # 0.

Let us apply to this polymer gas the convergence criterion (4.52) of Theorem
4.1 to the polymers system with partition function =5 () given by (5.19) above.
Namely we need to find numbers p(7y) € (0, 4+00) such that

£(v) < w0 (5.21)

with £, ={y € L:+ =~}
As we did previoulsy we set u(v) = £(7)e?! so that condition becomes

Ec, () < el (5.22)
where

ef]

_1+Z — Z H‘g |ea|%

(Y1500 Yn EE’.’\;‘ =1
Yi~j

Consider now the factor

> H € (i) el (5.23)

We have thus to choose n lattice animals 7y, . .. 7, all incompatible with a given
lattice animal v and all pairwise compatible. We recall that two lattice animals
are incompatible of they share a vertex os Z2. The factor (5.23) is zero whenever
n > |V4|, 7 » v since v has |V, | vertices and thus we can arrange at most |V/|
lattice animals pairwise compatible each one sharing a different vertex of V.
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Therefore, when the factor above is not zero, i.e. for n < |V, |, it can be bounded
at least by (again a very rough bound)

S L0 < (V1) (V] -nt1)

n
e
(Y15--yn) €LY i=1 z€Z? o1

Vi™Yj zEY

n
= <| "/‘) sup Z’é |€a|’Y|
JIEZ ~yEL
TEY
Thus
‘V'y ‘ ’ IV’Y|
=0 <1+Z< v)[sup Sl yeaM] Vs Y e \eav]
€z? YEL YEL
TEY zEY

Thus (5.22) can be written as

\d
1+ sup » |§('y)|e“|'7|] < eahl (5.24)

2
TEL ~NEL
xTey

and since, |V, | < |y| for any v € £ (the equality holding only if ~ is a cycle) we
have that (5.24) is surely satisfied if

sup Z l€(y) et < et —1 (5.25)
ZL‘GZ ~NEL
TEY

Observe finally that, due to the symmetry of the problem the function

= lEm)le

yEL
TEY

is constant as x varies in Z2. Therefore (5.25) is equivalent to the condition

D lEMm)len < e —1 (5.26)

yeEL
oey

where 0 is the origin in Z2.
The condition (5.26) is a (high temperature) convergence condition for the
analyticity of the free energy of the Ising model at zero magnetic field and free

boundary conditions. Now recalling (5.20) and due to the symmetry of the
problem

> ftanh(B)]Me?nl = “[tanh(80)]"e Y 1= [tanh(B])]"e""C,,

vEL n>4 veL n>4
o€y 0€7, |vl=n
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with

~YEL
0€7, |yvl=n

being the number of lattice animals in £ made by n nearest neighbor bonds
containing the origin. I.e. we need to count all lattice animals v with a given
cardinality |y| = n that pass through the origin. To do this just observe that
the nearest neighbor bonds of a lattice animal form a graph with degree 2 or
4, i.e. a graph with even degree vertices. It is long known that any graph with
even degree at its vertices admits an Eulerian cycle (i.e. a graph cycle that
crosses each edge exactly once). Therefore all lattice animals containing the
origin can be formed by performing a cycle starting at the origin. To form a
cycle starting at the origin in Z? we can take each time 3 directions (also at the
beginning since the cycle can be traveled in two direction) This immediately

implies that
Co= ) 1<3

yeEL
0€v, |v|=n

Therefore condition (5.26) is surely satisfied if

D [Btanh(BJ)]"e™ < e — 1
n>4

i.e. posing x = |[3tanh(8.J)| as soon as
'3 tanh(BJ)])* + (€2 — e¥)[3tan(BJ)] — (¢ —1) <0
which yields (for a = 0.21)
3tanh(8J) < 0.4577

Hence convergence of the free energy, uniformly in the volume A occurs as soon

as
0.151

1
B < By = — tanh™1(0.1525) ~ .

== (5.27)

5.2.2 Low temperature expansion

We consider now the zero magnetic field Ising model with 4+ boundary condi-
tions in a box A which is assumed to be a L x L square with L? sites. Thus,
given a configuration o, of the spins inside A, the Hamiltonian is

HX(O’A): —J Z Uny—JZ Z O

{z,y}CA yEOA  wEA,

lz—y| = 1 le—y| =1
Another way to write the Hamiltonian of the zero field + boundary condition
Ising model is as follows is

Hi(op) = —J Z O30y

{z,y}NA#£D
lz—yl =1
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+++++ F+F++ A+ 4

+[- =+ =]+[=]+ + + + +[- =]+ +
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Figure 13. The grey square is A*. The outer spins are those fixed by the
boundary conditions.

recalling that o, = + 1 whenever y € OA.

We now rewrite the partition function ZIJ{ (B) via a contour gas in the follow-
ing way. For a fixed configuration op draw a unit segment perpendicular to the
center of each bond b of nearest neighbors having opposite spins at its extremes
(in three dimensions this segment becomes a unite square surface). Such unit
segments have extremities which are in a lattice shifted respect to the original
lattice by a factor 1/2 along both x and y axis. This lattice is called the dual
lattice and denoted by Z*2. Hence this set of unit segments forms a graph of
nearest neighbor links in A* € Z*2 where A* is a (L +1) x (L + 1) square in the
dual lattice. With the particular choice of + boundary conditions such graphs
are exactly the same of Figure 11, with the only difference that now they live
in A* i.e. in a square with (L+1) x (L+1) sites in the dual lattice. See Figure
13.

To any configuration op in A we can thus associate a graph I' in the dual
lattice made by nearest neighbor links with incidence number equal either 2 or
4. The graph I splits into its connected components in the usual manner. Hence
I'={v,72,..., %} with v;N~; = 0. In this case (low temperature expansion),
such connected components 7 are called contours and || is now called perimeter
of the contour. Note that now a contour configuration correspond to a spin
configuration. L.e., given the spin configuration o, in A we can recover the
contour configuration I' = {~1,72,...,7} and conversely, given the contour
configuration I' = {v1,72,...,7} we can recover the spin configuration o
which originated it.

Le. there is a one to one correspondence op — {v1,...,7x}. We can express
the Hamiltonian, which is a function of oy, as a function of the contour con-
figuration T' = {7y1,72,...,7} uniquely determined by o,. This is done very
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easily, just observing that, for a fixed configuration o we have

Hi(on) = —=J Y o0w0y, = —J[B"—B]
{z,y}NAAD
lz—y] =1
where
Bt = 4 of nearest neighbor pairs oz0y With 0, = oy
B~ = { of nearest neighbor pairs 0,0, with 0, = -0,
If now {71,...,7} is the contour configurations corresponding to o5 we have

that the number of nearest neighbor pairs with opposite signal is by construction
equal to Zle |vi|, where recall that |7;| is the perimeter of ~y

k
B~ = > |l
i=1

Denoting with
By, = 2L(L—1)+4L = 2L(L+1)

the number of nearest neighbor pairs with non void intersection with A, we also
have
BT = By- B~

hence

k
H{(op) = Ha-(1,...om) = —JBa+2J)_ |l
i=1
Hence the partition function of the Ising model with A~ = 0 and with +boundary
conditions can be written as

ZHB) = B 14y N WL (5.28)
n>1 {71 }CL g
[vil=4, v~y
the factor 1 inside the bracket correspond to the situation in which no contour
is present or equivalently when all spin are +1. As usual ; ~ ; means that
V,, NV, = 0 where recall that V,, and V,, are subsets of A*.
The expression in square bracket in (5.28) it is the grand canonical partition
function of a hard core lattice polymer gas in which the polymers are as before
contours 7; but now with activity exp[—28J|vy|], i.e.

EA*(B) — 1_1_2 Z e—QBJZ?:1 vl —

n>1 {v1,-yn}CLpx
lvil=4, v~

1+Z% > pln) .- plm)

n>1 " (1) €LY
[vil24, i~



140 CHAPTER 5. TWO SYSTEMS IN THE CUBIC LATTICE

where now the activity of contours is
p(y) = e PN (5.29)

Note that the activity of a contour goes to zero if the perimeter |y| of the
contour increases, so that big contours are depressed, but also the activity of a
contour goes to zero when [ goes to infinity, i.e all contours tend to be depressed
when the temperature is lower and lower. Hence at very low temperature one
is expected to see a sea of + with very small and very few contours which
surround islands of -. This means that the in Ising model at zero magnetic field
and very low temperature spins are predominantly oriented +, and this fact
occurs independently on the size A where the system is confined. This give a
quite clear a detailed picture of the low temperature phase of the Ising model
with 4+ boundary condition and h = 0.

We can now formulate a condition for the analyticity of the free energy of the
Ising model at A = 0 with +boundary conditions in a completely analogous
way as we did for the case of high temperature. The only thing that changes
is that now the activity of contours (which in the high temperature case where
called lattice animals, but they are the same objects) is defined by (5.29). Again
we have to check a formula identical to (5.26) where now in place of () we
have to put p(7y) defined in (5.29). Hence we reduce ourselves to check for which
(B the following inequality holds

Z[Sea efQ,BJ]n <et—1
n>4

which is satisfied, for a = 0.21, if

3e~287 < 0.4577

i.e.

B>p =

1 [ 3 }N0.94

| ~ .
27 04577 J (5.30)

we have that the finite volume free energy fa () is analytic in 5 for all > 81 =
0'—34 uniformly in A. Note that in this case f (/) is calculated with + boundary
condition, but the limit f(5) = limpa— oo fa(8) which is also analytic in g for
all 8 > 1, does not depend on boundary conditions.

In conclusion we have proved the following theorem

Theorem. The free energy of the Ising model at zero magnetic field

) 1
is analytic in g for all 8 € (0, Bo]U[B1, +00) where [y is defined in (5.27) and (4

is defined in (5.30). We now show that there is at least a point in the interval
(Bo, 1) where f(B,h = 0) is non analytic.
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5.2.3 Existence of phase transitions

First recall the definition of the magnetization of the system as

MA(B) = =) (oz)A (5.31)

The quantity M () measures the mean orientation of spins of the finite system
confined in A. If Mx(5) > 0 then it means that spin + are predominant while if
My (B) < 0 this means that spin - are predominant. It is just a simple calculus
to show the identity

_ 41 9fa(B.h)
My(B) = B oh |, _,

which tells us that the (finite volume) magnetization is, modulo a factor 371,
the first derivative respect to h of the finite volume free energy of the system.

By a Theorem called “Lee Yang theorem” is possible to show that f(53,h)
is analytic for all 8 > 0 when h # 0 hence the only singularity of this function
can occur when h = 0.

Hence in order to show existence of transition phase, our strategy will be to
show that, depending on boundary condition the infinite volume magnetization
M(B) = limpa—oo Ma(B) is not stable for variations of the boundary conditions.

Thus we will show first that the magnetization M, (8) of the Ising model
with + boundary conditions (the superscript “4” remember us that we are
using + boundary conditions) is a number arbitrarily near 1 for 8 sufficiently
big. The result will also immediately imply that the magnetization M (/) of
the Ising model with - boundary conditions is a number arbitrarily near -1 for
B sufficiently big.

Let us denote ()} the mean values when the Hamiltonian is taken with
h = 0 and with + boundary condition. It is easy to see that, for any z € A

(o)L = 1—2[Probl (o, = —1)] (5.32)

where ProbX (0, = —1) denotes the probability that the spin o, at the site z
is equal to —1 for the Ising model with zero magnetic field and 4+ boundary
conditions. As a matter of fact, by definition

(o)x = (+1) [PTObX(Ux :—i-l)} + (-1) [ProbX(aw = —1)} =

— 1 2[Prob{o, = -1)|

Thus in order to evaluate (o,)} it is sufficient to evaluate Probj (o, = —1).

We have seen before that the Ising model with 4+ boundary condition and zero
magnetic field can be mapped in a contour gas, and that there is a one to
one correspondence between spin configurations o, and contour configurations
Y1, ...7- Now a op such that the spin at x is —1 is such that the site x is the
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“interior” of at least one contour associated to oy, i.e. x is surrounded at least
by a contour (actually by an odd number of contours). Hence, if we denote
Prob} (37 ® x) the probability that at least one contour surrounds x, we have
surely

Prob} (o, = —1)<Probj(Iyoz)

But now

_ n .
Z{’Yl ,,,,, yn}:3v;0z € 289 3 iz bl

[vil=4, v~
6725‘] Z?:l |'7’L‘

Prob{(Iyoz) =
{v1:-» Yn}
[vi|=4, v~
where the denominator is the grand canonical partition function of the contour
gas and in the sum in the denominator is also included the empty graph which
contribute with the factor 1. Now we can write

-2 oy
Zhll,.lu,waw e=2B7 iy il
>4, v~
Prob{(Iyox) = i i~ _
A — i
{71,--»7n} € 2BJ 320 1l

[vil=24, vi~vy

-2 J -2 J 7
Y on BIN S vy € 287 Xz il

[vil=4, v~

Q_Q/BJ 2oica il

{71}
[vil=4, v~

< Z 6*25‘]\’7‘

YOz

I.e. in conclusion we get

Probi(3yox) < Ze_QﬁJM < Ze 25‘]”21

YOz n>4 YOz

It is now easy to bound Zv@az with n3". As a matter of fact, let us denote with
2’ the point of intersection of a contour « (such that |y| = n)which surrounds
x with the horizontal axis passing through x. Let us ask ourselves how many
possible ' we can get. Obviously not more than n. Now the possible contours
with fixed perimeter |y| = n which pass through a fixed 2’ are at most 3", so
Z,@x 1 < n3". Hence

Probf(Iyoz) < Y e ?/m3r = C(B)
n>4

Note that the sum in Lh.s. converges to if 3¢~/ < 1 i.e. if

1 0.55
:71 ~ —
B> B 57 n3 T

Note that C(f3) defined above goes to zero as 8 — co. Thus when 3 > 55 1n3
we have that
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and recalling (5.31)

MA(8,h=0) > 1-20(8) = M(8,h=0) = lim My(,h =0) > 1-2C(3)

Note that (0,) % tends to 1 as 8 — oo and this estimate is uniform in A.
On the other side, if we bound (o), (i.e. the mean value of the spin at a site
x with - boundary conditions) we have

(ox)y = (+1) [Probx(ox =+1)} (1) [Probg(ax _ _1)} _

=2 [Prob;(am :+1)] 1

but now we have obviously that Proby (o, = +1) = Prob}(c, = —1) and
hence

(oz)y < 20(B) -1

In this case (o), tends to -1 as § — oo.
In conclusion the system show spontaneous magnetization for 8 sufficiently high
uniformly in the volume A. I.e. we have shown that e.g.

A1520<"’”>X7é0 if /B>%ln3
In other words the system is not stable even at the infinite volume limit to
boundary conditions.
As a last computation we show that when [ is small there is no such instability.
As a matter of fact, we can express (0,)% in term of high temperature lattice
animals. Recall that the Hamiltonian on the Ising model with + boundary
conditions and zero magnetic field is

Hi(op) = —J Z O30y

{z,y}NA#£D
lz—y| =1

with o, = + 1 whenever y € OA. And the partition function is

+/8‘]Z {z,y}NA#£D Ox0y

Z/‘\"(ﬁ) = Ze oyl = 1 - Z H otBIozoy

opn {z,y}NA#D
le—y| =1

= YOI e
OA b
bNAH£D

where now the nearest neighbor pair b are those strictly contained in A plus
the nearest neighbor pairs {z,y} for which € A and y € 9A. In this last case,
since we are using + boundary conditions, ¢, = 0,0, = +0,. As before we can
write

Zi(B) = Z H cosh 8J [1 + &3 tanh B.J]

b
bNAZD
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Figure 14. A non vanishing configuration of lattice animals in Zj\' (8).

and supposing as usual that A is a square of size L we have that the number of
b such that bN A # (0 is 2L(L — 1) + 4L = 2L(L + 1), hence

Zi(p) = [cosh,BJ]QL(LH)Z H [1 4 &3 tanh 5.J]

b
bNAH#D

As before the development of the product

I1 1+ 6ytanh 1] (5.33)
bmk#@

gives rise to terms of the form
(tanh B.J)*G ... 6y,

which can be associated to graphs in AUOA. It is important to stress that when
b C A then we call b internal bond, i.e. b = {z,y} with x € A and y € A and
Gy, = 0,0, where both 0, and o, are summed in the summation ) oy OVEr spin
configurations. On the other hand when b N AA # (), then we call b boundary
bond i.e. b = {z,y} with x € A and y € OA and 6, = 0,0, where only o, is
summed in the summation ) , while o, = 1

So this time graphs which will not vanish after the sum over spin configura-
tion are not only closed polygons type lattice animals as before. There are also
new type of lattice animals. New non vanishing lattice animals are also those
which start in a site y € JA and end in another site ¢y € 9A. See Figure 14
below. Any non vanish factor (tanh 3)*.J&; ...y, independently of the nature
of the bonds b (i.e. internal bonds or boundary bonds) becomes (tanh 8)*.J2L°.
Note that all non vanishing factors (tanh 3)*.J; ...} are all positive even if
we were imposing — boundary conditions (so that now for a boundary bond
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b = {z,y} with y € OA we should have o, = — 1), because any new type
(connected) lattice animals has always an even number of paths ending at the
boundary so that it has only an even number of such points where o, = 1. So
that negative values of spins at the boundary cancels. In conclusion we have
again

Z{(B) = [cosh(B)2HE~D2M 2F () (5.34)

where

B =1+>, D, fn)Elm) (5.35)

n>1 {71, n}: [v;1>4
Vi~
where again 7 denote a allowed lattice animal (just recall that there are in
this case more new lattice animals allowed respect to the case of free boundary
conditions) with activity

&(y) = [tanh(.7)]""

Let us now express the mean value (0,)% (where z € A) in terms of lattice
animals. By definition we have

+BJ 3" (2,y}nA£D T=0y

lo ) le—y| = 1
(o) = 2o (5.36)

Z5(B)

The numerator of the expression above can be easily rewritten in term of lattice
animals as

+BJ 3 (2,y}nAa%D T20y

E Oz€ l[z—y| =1 =
OA

= [eosh(8N)HED2 YT T Em).-Em) (5.37)

n>1 {71, n}:
Yi~Yg I

where now in ) the notation 37, means that among lattice animals 71, ...,
at least one of them starts at x and end at a boundary site, see Figure 15 for
such kind of lattice animals (actually are also allowed lattice animals which
have incidence number 3 in z). Let as indicate with £, the set os all this lattice
animals
Note also that the factor 1 (i.e that corresponding to the empty lattice animal)
is no more present in the numerator (5.37).
Thus we can write

Z {'Ylv“’Yn}; 5(71) s §(7n)

+ Vi~V 3
<Uz>A 1+ Z{yl,“;yz}ﬂ;.|»yi|24 E(y1) .- &)
; £(v) th’v'gﬁ};!l’f,}l En)---&(m)
VyMOALD A B
< 1+ Z{’Ylw-"/n}5 lvil=4 f(")/l) R f(’yn) - Z §<7)

s oy YELy
i~y VyNOAL£D
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Figure 15. A non vanishing configuration of lattice animals in the numerator
of (o).

In conclusion we have that

ek <) W) (5.38)

YEL:
VyNOA£D

Observe now that if £. denotes the set of paths starting at = (i.e. lattice animals
having degree 1 at z) we can reorganize the sum above as follows

2

Yoo D i+ D

€Ly 1 = 1
V’YWHBA#@ vjmeaﬁzx@m vgnez;i\z;&w
If we denote by d(x,A) the minimum distance (in nearest neighbor bonds)
between x and the boundary dA, we have clearly that a - in the sum must have
at leat |y| = d(z,0A) bonds. So

4
S ot < Y Gamayt Y 1< Y @ty
yecl n>d(z,00) vecLl: |y|=n n>d(z,0\)
VyNOAD VyNOAD

where we have estimated

vELE: |yl=n
VyNOAF#D

The series Y, g, on) (3 tanh 3J)" converges for 3tanh 8J < 1 i.e for

1 0.34
B < Bh= jtanh*1(1/3) N (5.39)
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and in conclusion

4 (3tanh B.J)4@:04)
>, o) <3 1 — 3tanh 3.7

veLk
VyNOAF£D

Therfore we get finally, for  as small as in condition (5.39)

2
d(z,00) d(z,00)
(o) < 4 (3tanh 8J) " (4(3tanh,6’J) ) <

3 1—3tanhgJ 3 1—3tanhgJ

100 (3 tanh B.J)4(®:04)

— 3 (1-3tanhpJ)3

where in the las line we have used that 3 tanh 5J < 1. Hence the magnetization
at zero magnetic field and at finite volume is bounded by

1 100 1 f
MEBh=0) = 5= (oa)5 < — > [3tanh gJ]4=0N <
B =0) =y 200l < 5y gy ] 2 B e AT S
zeA zeEA
100 1 &2 300 tanh 8.7 |9A|
< — ¥ [3tanh BJ]" 1<
= 3(1 - 3tanh AJ)° |Anz::1[ anh £J] ; = 3(1 - 3tanh BJ)1 |A]
d(z,0A)=n

hence we get, for § < 5(’)
lim My (8,h=0) = 0
Al A (B, )

Note also, for any A
lim My (8,h = =
61 . A (B 0) 0

Thus when the temperature is sufficiently high the magnetization of the system,
even with + boundary conditions, tends to be zero in the thermodynamic limit.
This in contrast with the result that we have shown for low temperature, where
M} (8,h = 0) is definitely away from zero and is near to one.

This result say to us that the Ising model does not present the phenomenon of
the spontaneous magnetization when the temperature is sufficiently high, or in
other words the bulk system is not sensible to change of boundary conditions
in the thermodynamic limit. On the contrary, when the temperature is very
low, the system shows indeed spontaneous magnetization and its bulk becomes
sensible to boundary conditions even in the thermodynamic limit.

The interpretation of this fact is that the Ising model has a phase transition
at zero magnetic field and at some critical value 5. of the inverse temperature.
Below 5. the system behaves like in the high temperature regime and above .
the system behave like the low temperature regime.

Note also that limg_, MX(/B,h = 0) and limg_,o M, (8,h = 0) has different
values, the first near 1 and the second near -1, and therefore the thermodynamic
limit M (,h = 0) of the magnetization (i.e. the derivative of the free energy
f(B,h)) does not have a definite value. This is an evidence that f(8,h) has



148 CHAPTER 5. TWO SYSTEMS IN THE CUBIC LATTICE

discontinous derivative respect to h at A = 0 when the inverse temperature is
greater than 3 > 1. On the other hand we have seen that limg_,o M;{ (B,h =
0) = limg_,o M, (8, h = 0) = 0 when 8 < 3, therefore there is a value S such
that for 8 < [, the infinite volume magnetization is zero and for § > (. the
magnetization is different from zero. It can be shown that the free energy is
non analytic in 8 = . as a function of .

5.2.4 The critical temperature

As a very last exercise we show that if there is a unique non analytic point of
the free energy f(5) at h = 0 in the interval (0,00) then this point can stay
only on a well defined ..

Consider the low temperature expansion of the partition function of the zero
magnetic field, + boundary conditions Ising model in a box A which is a square
of size L — 1 where L is an integer. Then contours live in the square A* of size
L and the partition function is

+ _ 4BJ2L(L-1 —28.J |y
2y (B) = et He oI (5.40)
YLreInt Vi~V j=1
v; €LXL

On the other hand, via high temperature expansion, the partition function of
the zero magnetic field, free boundary conditions Ising model in a box of size
L can be written as

Zz;;eil(ﬁ) — COSh(IBJ)QL(L_l)2L2 Z H tanh 6J |’Yz (541)
V1w I Vi~ =1
~YELXL

Compare now (5.40) and (5.41) and note that the sums on closed polymers in
both equations are identical.
Let thus pose §* = p*(/) the function of 8 defined by the equation

e 27" = tanhBJ
i.e.

_ In[tanh 8]

Fr = 2.

Then we can write, by (5.40) and (5.41)

(5.42)

Zh B Zp1(B)
25 IEDE=2)  cosh(BJ)2LE-1)2L2

and taking the logarithm on both sides
In Z(+L—1)><(L—1)(/8*)_25*J(L —1)(L-2) =

= InZP(B) — 2L(L — 1) Incosh(BJ) — L*In2
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Dividing by L? and taking the limit L — oo

lim {(L ~ D -1) L InZ; —

L—00 L? (L—-1)(L-1) (L71)><(L71)(/8*)

_25*J<f:—1><L—2>} _

L2

, 1 ooen OL(L —1
= Lh—Igo {LQIHZprL(ﬁ) - (B)lncosh(ﬁj) — ln2}
i.e., since free energy f(8) = limp_oInZ3(5) does not depend on boundary
conditions

f(B*)—=28*J = f(B) —In[2 coshQ(BJ)]
hence we get

f(8) = f(B) +[2cosh?(8J)] — 25"J
i.e.

f(B) = f(B*) +In[2cosh?(8.J)] + In[tanh 3.J] (5.43)

We now suppose that f(5) can have at most one singularity, and we conclude
via (5.43) that this singularity, if exists, can occur only for 5 = *.

Note that g* = B*(5) (see (5.42)) is analytic as a function of g for all g €
(0,00). Now, by (5.43), f(B) — f(5*(8)) is analytic for all 8 € (0,00). Let now
B" € (0,00) such that 5/ # *, then by (5.43) f(f) is analyticin § = (. In fact
suppose, by absurd, that f(3) is non analytic in 8 = ', then f(5*(8’)) must
also be non analytic, since only in this way f(8') — f(8*(8")) = In2cosh(f'J) +
21In[tanh 8’ J] can be non singular. But if 5’ # §* then f(8*(58")) = f(B") with
B" # B'. Hence f(B) would have two singularities which is in contradiction with
the hypothesis. This equation is saying that if f(5) has a singularity point in
the domain 5 € (0,00), this point can occur only when 8 = *, i.e. when

e 287 = tanhBJ

which is the correct value calculated via the Onsager solution.
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