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Traditional Boltzmann-Gibbs statistical mechanics does not apply to systems with unstable interactions,
because for such systems the conventional thermodynamic limit does not exist. In unstable systems the ground
state energy does not have an additive lower bound, i.e., no lower bound linearly proportional to the number
N of particles or degrees of freedom. In this article unstable systems are studied whose ground state energy
is bounded below by a regularly varying function of N with index ¢ > 1. The index o > 1 of regular variation
introduces a classification with respect to stability. Stable interactions correspond to o = 1. A simple example for
an unstable system with o = 2 is an ideal gas with a nonvanishing constant two-body potential. The foundations
of statistical physics are revisited, and generalized ensembles are introduced for unstable interactions in such
a way that the thermodynamic limit exists. The extended ensembles are derived by identifying and postulating
three basic properties as extended foundations for statistical mechanics: first, extensivity of thermodynamic
systems, second, divisibility of equilibrium states, and third, statistical independence of isolated systems. The
traditional Boltzmann-Gibbs postulate, resp. the hypothesis of equal a priori probabilities, is identified as a
special case of the extended ensembles. Systems with unstable interactions are found to be thermodynamically
normal and extensive. The formalism is applied to ideal gases with constant many-body potentials. The results
show that, contrary to claims in the literature, stability of the interaction is not a necessary condition for the
existence of a thermodynamic limit. As a second example the formalism is applied to the Curie-Weiss-Ising
model with strong coupling. This model has index of stability o = 2. Its thermodynamic potentials [originally
obtained in R. Hilfer, Physica A 320, 429 (2003)] are confirmed up to a trivial energy shift. The strong coupling
model shows a thermodynamic phase transition of order 1 representing a novel mean-field universality class.
The disordered high temperature phase collapses into the ground state of the system. The metastable extension
of the high temperature free energy to low temperatures ends at absolute zero in a phase transition of order 1/2.

Between absolute zero and the critical temperature of the first order transition all fluctuations are absent.

DOI: 10.1103/PhysRevE.105.024142

I. INTRODUCTION AND OBJECTIVE

A central fenet of equilibrium statistical mechanics holds,
that stability of interaction potentials is a conditio sine qua
non for normal thermodynamic behavior (see, e.g., Refs. [1],
p- 378; [2], p. 265; and [3], p. 632). Despite its widespread
acceptance this central dogma disagrees with the general
practice to assign temperature (i.e., a quantity from normal
thermodynamics) to unstable systems such as stars (i.e., to
systems outside of normal thermodynamics).

Mathematical models with unstable interactions appear
frequently in theoretical physics [4]. A prominent example
is given by classical point particles with purely attractive
forces (such as gravitation) [5]. It seems less appreciated,
that the Curie-Weiss-Ising model without rescaling of the
spin-spin coupling strength is a model with unstable inter-
actions [6,7]. One objective in this paper is to provide the
derivation of the free energy of the Curie-Weiss-Ising model
with unstable interactions (in Ref. [6], p. 430, Eq. (3)) and
its entropy (Ref. [7], p. 309, Eq. (4.1)) from first principles.
Rigorous discussion of these results is clearly impossible
without first revisiting and then extending the foundations
of statistical mechanics and thermodynamics. Ensembles for
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unstable interactions will be introduced in this paper based
on fundamental principles, such as extensivity. Model calcu-
lations with these extended ensembles are carried out for two
examples to demonstrate and exemplify their applicability.

Despite the nonextensivity of unstable systems and the
key role played by a certain fractional exponent, called «
in this paper, the theory presented here has nothing in com-
mon with “nonextensive thermodynamics” [8]. Extensivity
remains valid throughout this work and the fractional expo-
nent « in this work is not a free parameter, but determined
by the Hamiltonian through Eq. (72) below. In “nonextenstive
thermodynamics” [8] extensivity and the zeroth law do not
hold, and the fractional exponent g is a free parameter.

Given that stability of interactions and extensivity are
fundamental for statistical mechanics, a general theory for
unstable interactions necessitates a new perspective on the
Boltzmann-Gibbs ensemble hypothesis. Let me emphasize
that this modified perspective is implicit, but not explicit, in
earlier work [9—18] on the ensemble limit, as witnessed by the
results in [6,7]. One can show that the basic formulae (77) and
(89) of the present paper are related to Eq. (3.3) in Ref. [15]
(p. 68). Rather than to postulate Egs. (77) and (89) and justify
them by their consequences, the objective in this paper is to
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obtain these formulae from basic and accepted laws of statis-
tical mechanics. In fact, it will be shown here that the basic
principles of equilibrium statistical mechanics follow from
three physically natural hypotheses, namely extensivity of
the macroscopic energy, divisibility of equilibrium states, and
independence of noninteracting systems. Accordingly, these
three hypotheses are postulated as three fundamental laws of
statistical mechanics. Macroscopic extensivity and existence
of thermodynamic potentials are closely related to existence
of the thermodynamic limit and stability of interactions [1].

To exhibit the stability problem in an example consider the
ideal gas. The Hamilton function for a D-dimensional ideal
gas of N point particles of mass m in a region G C R? with
volume (Lebesgue measure) V = |G| is generally assumed to
be (Refs. [19], p. 46; [20], Eq. (6.42))

N 2
P;

2m’
i1

H@(ph'-"pNarl"-"rN): (1)

where r; € G are the positions and p; € RP the momenta
of the particles. Here it has been assumed that the particles
are free in the sense that the potential energy vanishes. In
particular, the (two-body) interaction potential ®® = 0 has
been assumed to vanish.

Existence of the thermodynamic limit requires that the
region G = G(N) grows with N — oo in such a way that the
volume |G| =V — oo diverges and the particle density

p 2

= lim ——
NS00 G|

exists in the limit. For finite N the textbook result (Ref. [19],

p. 47) for the Helmholtz free energy computed from the

canonical ensemble is

N! hPN

VN QamksT)s
Fo(T,V,N) = —ksT log [M} 3)

where T is the temperature of the ideal gas. It is readily seen
that the thermodynamic limit exists, and that it yields the
thermodynamic potentials of the ideal gas.

The thermodynamic limit does not always exist, if the
particles are understood to be free in the sense that they do
not exert forces on each other, because a constant nonzero in-
teraction potential ®@)(r;, r;) = CDBZ) # 0 is compatible with
this understanding. Repeating the computations gives in this
case

(2)
F(T,V,N) = TON(N — 1)+ Fo(T,V,N) 4

for the free energy. Now, the free energyzg)er particle F/N

diverges to 400 in the limit N — oo for <I>6 > (0 and to —co

for CDf)z) < 0. Compared to the case dJ(()Z) = 0 the physical sit-
uation is unchanged, because the particles do not exert forces
on each other. Especially when CI>E)2) ~ 0 one would expect
the ideal gas laws to remain unchanged. It may come as a
surprise to some readers that conventional Boltzmann-Gibbs
statistical mechanics does not exist for CD(()Z) # 0, because the
thermodynamic limit and hence the thermodynamic potentials
do not exist.

As stated in its title the main objective and result
of this paper is to introduce a modification of the con-

ventional Boltzmann-Gibbs theory that allows to include
unstable interactions into statistical mechanics without vio-
lation of extensivity or existence of the thermodynamic limit.
Clearly, such an endeavor is tantamount to reestablishing the
foundations of Boltzmann-Gibbs statistical mechanics and
thermodynamics.

Reestablishing foundations of a physical theory requires
to revisit its basic concepts, such as system or state. In ther-
modynamics the basic concept of a thermodynamic system
is described vaguely as some “piece of the world” (Ref. [21],
p- 17) or as a “macroscopic system in a static state” (Ref. [22],
p- 6). The basic concept of a thermodynamic variable is
vaguely defined as a “measurable macroscopic quantity which
characterizes a system” (Ref. [23], p. 1). In statistical mechan-
ics the basic concept of an ensemble is usually introduced as a
“collection of identical systems” (Ref. [20], p. 63) or as “very
many gases at one instant in time” (Ref. [24], p. 21). Under-
standing, exploring, or defining the limits of applicability of
thermodynamics and statistical mechanics is hardly possible
without reformulating these vague ideas more precisely, i.e.,
more mathematically.

In this paper, ensembles are defined as probability mea-
sures on the microscopic phase space, which is 107
dimensional or so. Macroscopic conditions such as constant
temperature, pressure, or energy specify submanifolds hav-
ing practically the same dimensionality (if they are again
manifolds), but vanishing volume (Lebesgue measure). This
circumstance alone requires a clear and systematic use of
probability measures and spaces. This need is exacerbated in
the thermodynamic limit in which the phase space becomes
infinite dimensional. A brief definition of measure spaces is
given in Appendix A.

The thermodynamic limit entails also the necessity to spec-
ify domains and their limits mathematically (Refs. [1], Sec. 6,
and [25], pp. 13, 46). The vague concept of a thermodynamic
system becomes insufficient. Here, a thermodynamic system
is defined as a certain type of macroscopic region filled with
a substance. More precisely, thermodynamic systems are re-
stricted to finite unions of convex and compact subsets of R3.
The basic definitions are given in Appendix B.

The paper is organized as follows: In Sec. II the importance
of extensivity for thermodynamics is discussed. In Sec. III the
foundations of statistical mechanics are revisited and reformu-
lated. In the approach introduced here statistical mechanics
is based on three fundamental laws formulated in Sec. IITE:
divisibility of equilibrium states, extensivity of energy, and
independence of isolated systems. Section I'V formulates clas-
sical lattice spins and classical point particles as examples of
the approach. It also defines stability of interactions. In Sec. V
it is shown that the laws of statistical mechanics formulated
in Sec. IIIE severely restrict the functional form of equilib-
rium energy distributions. Based on the functional forms of
equilibrium energy distributions the generalized equilibrium
ensembles are introduced in Sec. VI. The generalized micro-
canonical ensemble for unstable interactions with instability
index 1/« is given in Eq. (76) and its partition sum in Eq. (77),
while the canonical ensemble and its partition sum are given
in Eqgs. (88) and (89). These are the main results of this paper.
They reduce to the conventional Boltzmann-Gibbs ensembles
in the special case o = 1.
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Finally, in Secs. VII and VIII the generalized ensembles
are applied to unstable ideal gases and unstable lattice spin
systems. In Sec. VII the new ensembles are applied to the
ideal gases with constant K-body interaction. In Sec. VIII the
generalized microcanonical and canonical ensembles are ap-
plied to the Curie-Weiss-Ising model with strong interactions.
Strong interactions means that the coupling constant is not
rescaled to zero with the number of spins. In conventional
Boltzmann-Gibbs theory the coupling constant is rescaled
to ensure existence of the thermodynamic limit (Ref. [26],
Eq. (6.52)). The Curie-Weiss-Ising model without rescaling
is a textbook example of a system with unstable interactions.

II. FOUNDATIONS OF THERMODYNAMICS

A. Systems and subsystems

Extensivity is fundamental for equilibrium thermodynam-
ics [22,27-29]. Unstable systems are believed to violate
extensivity [3]. It is therefore necessary to recall some aspects
of the foundations of thermodynamics.

Let G C RP denote a subset of R?, where usually D = 3.
A thermodynamic system is defined to be a region G filled
with a substance (e.g. a fluid). The substance may be a pure
substance or a mixture. The amount of substance contained
in G is measured in moles and denoted as N(G). The mole
is a basic unit in the SI system of units. Because arbitrary
subsets G can be very pathological (fractal sets, non-Borel
sets, nonmeasurable sets etc.), it is necessary to restrict them.
In this paper, the region G C RP is defined to be an element
of the convex ring %, defined as the set of finite unions of
convex bodies in Eq. (B1) in Appendix B. Readers who prefer
less formal presentations may think of the convex ring as a
device to ensure that subsequent statements involving G do
not become invalid due to set-theoretic pathologies.

Two thermodynamic systems G, G, are called isolated
Jfrom each other if the interaction between them is negligible.
Isolation of a thermodynamic system requires walls. Walls are
a basic concept of thermodynamics (Refs. [23], p. 28, and
[21], p. 21, footnote 4).

Basic Postulate (Existence of macroscopic walls). Thermo-
dynamic systems can be isolated experimentally from each
other to any desired degree of accuracy by means of (macro-
scopic) walls.

A thermodynamic system G is called isolated if the inter-
action between the substance in G and substances in the
complement R? \ G is negligible.

B. States and observables

The states of a thermodynamic system can be described
by macroscopic thermodynamic quantities (such as volume,
energy, entropy, etc.). A macroscopic thermodynamic quantity
or observable A is defined as a continuous, Euclidean in-
variant functional A : % — R on the convex ring. Continuity
refers to the topology induced by the Hausdorff metric defined
in Eq. (B2). A functional A is called Euclidean invariant if
A(gG) = A(G)holdsforall G € Z and g € R x SOp. Here
g is an element from the group R? x SOp of D-dimensional
translations and rotations, and gG denotes the translated and
rotated system G.

Extensive quantities are defined as continuous, Euclidean
invariant and additive functionals on %. A given functional
A : Z — R is called additive if

AW =0 (5a)
AGLUGy) =AG) +AG) —AGI NGy) (5b)

holds for all G, G, € #Z. Examples of extensive thermody-
namic observables are the amount of substance N(G) or the
molar volume. The molar volume v(G) is defined such that

v(G)N(G):V(G)=|G|=/ dDr=/ X (0)dPr (6)
RD

G
is the volume where

1, for
Xe (@) = {0, for

is the indicator function of the set G C RP.

Thermodynamic equilibrium states are defined as those
states, that an isolated thermodynamic system approaches by
itself, and that remain invariant under time evolution for a
sufficiently long time. Note that equilibrium states may or
may not exist for a given system, and that it depends on the
system and its evolution how long is “sufficiently long.” If
there is time scale separation [30], microscopically “long”
could be “short” macroscopically. Note also that, although
time scales enter at this fundamental level into the definition
of thermodynamic equilibrium states, time does not appear
explicitly in the mathematical formalism of equilibrium ther-
modynamics.

reG
ré¢G (7N

C. Laws of thermodynamics

Extensivity is postulated in this paper as a fundamental law
of equilibrium thermodynamics. Because of its importance it
is proposed to call extensivity the “minus-first law” of ther-
modynamics. Its formulation is as follows.

Minus-First Law (Extensivity of equilibrium). Every equi-
librium state of a thermodynamic system can be completely
characterized by the values of a finite number of extensive
quantities.

Extensivity is important for the thermodynamic limit, i.e., a
scaling limit in which N(G) — oo and V(G) — oo such that
the molar volume V(G) = V/N and other molar quantities are
constant.

Thermodynamic equilibrium states of a system G will be
denoted as X (G). Let A = (Jg{X(G)} denote the set of all
equilibrium states of all thermodynamic systems. Note that
two arbitrary equilibrium states X;, X, € 2( need not be in
equilibrium with each other. The notation X; ~ X, is intro-
duced to indicate the special case that X; is in (complete)
equilibrium with X,. Transitivity of this relation is the zeroth
law of thermodynamics.

Zeroth Law (Transitivity of equilibrium). For any two
equilibrium states Xy, X, € U there exists an experimental pro-

cedure to decide whether X; £ X, holds, or not. The relation

¢ . . .
Xy ~ X, is an equivalence relation for X;, X, € 2.
The zeroth law postulates that the set

E={(X,X2) e AxA: X, < Xy} (8)
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can be determined experimentally (Ref. [31], p. 2), and obeys
the properties

X, X)e¢ VXe (9a)
X1, X)) e € = (X0, X1)e € VX,Xe (9b)
X, X)) e A (X, X3)e &= (X1,X3) € €,

VX,X, X5 (%9¢)

characterizing an equivalence relation. In complete (ther-
mal, mechanical, etc.) equilibrium the equivalence classes
are isotherms. Any mapping ® : 2l — R, that is constant on
isotherms, is called an empirical temperature.

The remaining laws of thermodynamics and their conse-
quences are well known and can be found in [21,22,31]. They
need not be discussed or repeated here.

III. FOUNDATIONS OF STATISTICAL MECHANICS

A. Systems and subsystems

Statistical mechanical systems are systems composed of
a large (ideally infinite) number of microscopic subsystems
or degrees of freedom. Kubo [31] (p. 31) writes, “Systems
composed of only a small number of degrees of freedom
are not the object of thermodynamics.” Ruelle emphasizes in
point (b) on page 1 of [25], “The number of subsystems (of a
statistical mechanical system) is large” and on page 1 of [32]
even more clearly, “The formalism of equilibrium statistical
mechanics—which we shall call thermodynamic formalism—
has been developed since G.W. Gibbs to describe the properties
of certain physical systems. These are systems consisting of a
large number of subunits (typically 10%7) like the molecules of
one liter of air or water.”!

Consider a thermodynamic system G € % containing
N(G) moles of a substance with molar volume V(G ). Suppose
that it is decomposable as

G =[JG; (10)

into a large number N 3> 1 of similar or identical elementary
constituents, parts, or subsystems G; € %. The decomposi-
tion is largely arbitrary. It may even be time dependent. It is
subject to the condition that the amount of substance N(G;) in
subsystem G; obeys

N(G) ~ N(G;) ~ 0 (11)

for all pairs i, j € g = {1, ..., N}. This hypothesis of com-
parable importance will be formalized in Sec. III E as the
principle of infinite divisibility. In physical chemistry N(G;) ~
1/Ny is of the order of the inverse Avogadro constant.

If the subsystems G; are chosen such that their mutual
overlap volume is small compared to their volume, then

'This view is currently being less emphasized. Contemporary
works on the foundations of nonequilibrium statistical mechanics or
thermodynamics often consider systems with few degrees of freedom
“but still in contact with a heat bath” with many degrees of freedom,
that “provides the source of stochastic dynamics” (see, e.g., [33]).

Eq. (11) implies N(G) ~ NN(G;) = N/N, for all i.> Ho-
mogeneity of the substance requires that the molar volume
V(G;) = v(G) is the same for all i. Equations (10) and (11)
imply scale separation. The linear extension of a system is
defined as L(G) := V(G)'/P. Then the ratio of microscopic
to macroscopic length scales (i.e., the scale separation factor)
obeys

L(G) D
Gy N

for all i. For chemical systems in D = 3 with N(G) ~ 10 one
has N ~ 10?* and the length scale separation is eight decades,
L(G) ~ 103L(G)).

Subsystems correspond to subsets H C G. Admissible sub-
systems are defined as subsets H C G that obey

V(G; "H) 1

V(G) 2

for all i € g. This condition ensures that every elementary
subsystem can be assigned unambiguously. Only admissible

subsystems are considered from here on. To each H C G
corresponds a subset ) C g of indices defined as

{_ V(G; N H) 1}
h=jieg: ———— > —t.

12)

13)

14

V(Gy) 2 14
Two admissible subsystems H, H' are called index equivalent
whenever ) = h’. From here on only equivalence classes of
index equivalent admissible subsystems will be considered.
They will simply be referred to as subsystems.

B. States and observables

The set of states of an elementary subsystem G; is denoted
as Q2(G;) = ;. Itis generally assumed throughout that a field
FF of numbers (F = R or F = C) operates on the set of states
from the left and from the right; i.e., it is assumed that there
exist appropriate maps ' x Q; — Q;and Q; x F — ; com-
patible with the additive and multiplicative group structure of
the number field [F.

To cover as many systems as possible (classical, quantum,
continuous, discrete, particle, spin, etc.) the set of microstates
has to be defined in as general a way as possible. The state
space, configuration space, or set of microstates Qg, or briefly
Q, of a statistical mechanical system G is defined as the set of
all mappings (see, e.g., Ref. [34], p. 59)

wG g — UQ,- (15)
ieg
with wg (i) € Q; foralli € g = {1, ..., N}. The notation as a
product space
N
Qe =[]@=9 x - xQ (16)

i=1

will also be used. The state space of a subsystem is defined as
Qp = Hieh $2;.

2An exact formula for N(G) can be derived from Eq. (5), and is
given in Eq. (A3) in Appendix A.
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The projection ngl/ from a subsystem H € G to a subsys-
tem H' € H € G with nonempty index subset h’ C h C g is
defined as the mapping

JTIEII, Qg — Qur
wi - o = wilh’ a7

that assigns to every map wy in Qp its restriction to the

nonempty subset fy’. The abbreviations = nﬁ s Jr,-H = Jrg,
G

and m; = 7r;” are useful in the following. The projections obey

T = T, o Ty (18)

forh” Cc by’ Ch.

The microstates wg, € 2; or w, € 2, are often not
directly observable or measurable without uncertainty. A
probabilistic framework is needed. It is provided by a o-
algebra .o of subsets of €2; for each elementary part G;. For
the full system the product o -algebra

A =dyg=QA =A@ @y (19
ieg
is defined as the smallest o -algebra with respect to which all
projections 7; are (7, <f;)-measurable (see [34, p. 60]).

Statistical mechanical states or mesostates are probability
measures [, on the measurable space (2., /g ). This idea
seems to go back to Boltzmann [35].

Often a natural a priori measure, denoted as p; = ug,, is
given on the elementary subsystems (€2;, ). If it is finite,
then it becomes an elementary mesostate when normalized.
Given such elementary a priori measures ;, the state space
becomes a measure space (2, , 2/, i, ) Where

P = U1 Q@+ @ UN = UG, B - ® UG, (20)

is the product measure.

Statistical mechanical observables A are real valued and
measurable functions A : Q. — R. As such they are random
variables on the probability space (2, %G, i), once a
mesostate (i, is given. The most important example is the
energy H defined below.

The image measure A(u.) of u. under the map A:
(R, GG, hg) — (R, %) defines the probability distribution
Wa(x) of the random variable A. Here % denotes the o-
algebra of Borel-sets in R. Explicitly,

Wa) = oA <) = e (fo € Q1 A@) < x)) - 21)

is the probability distribution function of random variable A.
For A = H_, the probability distribution function Wh, of the
energy will be called the energy distribution in the mesostate
i . The energy distribution is very important, because it
permits one to focus attention on the “mesoscopic” probability
space (R, &, WHG) instead of the more complicated micro-
scopic probability space (2, G, e )-

Given any set of elementary mesostates p;, there exists a
family of independent random variables A; and a probability
space such that for every i the probability distribution of A; is
i (Ref. [34], p. 66).

Let h C g={l,...,N} be an index subset correspond-
ing to a subsystem (H, Qp, @4). If the system G is in
the mesostate . then the subsystem H is in the projected

mesostate i = TH (L, ). Here mp(u,, ) denotes the image
measure of the measure w under the projection my. Then
transitivity of image measures implies for A : Qg — R

Waory () = pg ({og € Q4 1 A(ma(wg)) < x})
= (mu () on € Qn : Alog) <x}. (22)

The well known transformation formula (Ref. [36], p. 125)

Qg

LA(WH)d[”H(Mg)](wH):/ A(ra(@)) dug (@) (23)

for integration with respect to an image measure guarantees
the consistency condition

(A) g = Ao, = (A0 TH), (24)

for the expectation values of observables A : Qg — R of the
subsystems. Equation (24) states that the expectation values
of subsystem observables A with respect to the projected
mesostate pyy are the same as those of the “uplifted” observ-
ables A o g of the supersystem with respect to (. .

The thermodynamic (macro)states introduced above are
obtained from a mesostate by calculating the expectation val-
ues (A)(G), ..., (Ax)(G) where

W@ = [ Ao @) (5)
Q(G
with i=1,...,k <oo. In this way the thermodynamic

macrostates are functionals on the convex ring & in agree-
ment with Sec. II on thermodynamics. Note also that every
statistical mechanical observable gives rise to a stochastic
process indexed by the sets G € Z.

C. Microscopic energy

Energy plays a special role and it is an essential part of
the definition of a statistical mechanical system. It will be as-
sumed throughout this paper that energy is the only conserved
quantity of the underlying microscopic system.

A statistical mechanical system with N elementary
parts (G;, Q2;, o%), i =1,...,N, is defined as a quadruple
(G, Q,, 9g,H,) where G, Q_, o/ were defined above,
and

H, :Q,—>R
wg — H (wg;N) (26)

is a measurable function that assigns to every state wg its
energy H_ (wg; N). Infinite energies H_, = d-oo are allowed.?

3For classical systems examples are given in Sec. IV. For quan-
tum systems with N quantum particles the microstate wg is the
many-particle wave function subject to the condition that it vanishes
whenever one of its arguments is not in G. The set Q, is the many-
particle Hilbert space with scalar product (-, - ), typically a Sobolev
space such as H'(RP") for nonrelativistic particles and H'/?(RPV)
in the relativistic case. The energy function H, is specified initially
as a quadratic form on Q. If H, (wG;N) 2 C(wg, wg ) holds for
all wg, there is a standard method (Ref. [37], p. 177, the Friedrichs
extension) of defining the corresponding Hamilton operator Iflg (N)
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Generally, the energy function has the form

H([,,(wG’N) :H(];(wls ...,CUN)

u< <k

with k-body energies H(k.)n i 02 X oo x Q. — R.Here the
notation wg, = w; was used for convenience. Given H_,, the
energy of a subsystem H whose elementary parts are labeled

by h C g is defined as Hyy : Qg — R with
Hy(wm; [0]) = Hu (ma(og ); [0 (28)

bl

P DRI CTE

k=1 \ i1eh ireh
i) <<y

where the functions H(k) D€ X - x Q; — R are pre-
cisely the same as in the definition of H_ [see Eq. (27)]. Here
|| is the number of elementary parts of H.

Consider two disjoint subsystems H;, H, with
H, NH, = @, labeled by disjoint index sets b, h, C g,
hyNhy =0@. The union H = H; UH, is the compound
system composed of the two subsystems. The energy

Huy, u,(wn) = Hy, 1, (7H(06))
= Hu(mu(wg)) — Hy, (TH, (0g)) — Hy, (71, (0g))
= Hyu(on) — Hu, (0w, ) — Hu, (o0m,) (29)

is called the interaction energy between the two subsystems.
Two subsystems are called isolated if their interaction energy
is zero.

D. Stability
The lowest energy, defined as

0 R .
H_(N)= wquelg(j H (0g:N), (30)

is called the ground state energy. Often there exist states with
H_ (wg;N) = —oo0. In such cases a regularization procedure
is needed. Therefore, the condition

H)(N) > —o0 31

is assumed to hold for all N. The inequality (31) is known as
stability of the first kind [38].
Stability of the second kind demands

H’(N) > —BN (32)

for all N, where B is a constant independent of N. The second
condition of stability excludes, for example, all mathematical
models with gravitation [4].

such that H, (vG;N) = (0G, FI(\; (N)wg ). In the following only
classical systems will be discussed.

Equilibrium statistical mechanics is currently restricted to
interactions that obey Eq. (32). In this paper interactions that
violate (32) will be admitted. Thereby statistical mechan-
ics becomes generalized and applicable to hitherto excluded
classes of unstable interactions.

Assuming that the ground state energy Hg (N) is a measur-
able function of N it can be bounded for sufficiently large N
by a regularly varying function. To see this, let

log [—H? (N)]
log N

denote the (upper) order of the negative ground state energy
(Ref. [39], p. 73). The number

o =max(l,o") (34)

co* = lim sup
N—oo

(33)

characterizing the scaling of the ground state behavior of the
model will be called its stability index (or index of regular
variation) for the following reason. If it is finite, o < oo, there
exists a slowly varying function A(N) such that

HJ(N) > =N"A(N) (35)

by virtue of Theorem 2.3.11 in Ref. [39] (p. 81). The ground
state energy is in general always bounded by a regularly
varying function and the special case 0 = 1 and A(N) =
discussed traditionally corresponds to stability of the second
kind [Eq. (32)]. The inequality (35) introduces a classification
of stability criteria. It will be called fractional stability of
order (o, A) or fractional stability of order o whenever A
is a constant.

Examples for fractional stability of order o > 1 occur
frequently for mathematical models of real matter. Classical
point particles with gravitation have o = 2, nonrelativistic
bosons with Coulomb interactions have o = 5/3, and nonrel-
ativistic bosons or fermions with gravitation have o = 3. For
more examples see Ref. [4].

E. Laws of statistical mechanics

This section introduces a subclass of mesostates called
equilibrium states for macroscopic systems. A system is
called macroscopic if L(G)/L(G;) ~ N'/P >» 1 and if G can
be decomposed into subsystems each of which again contains
a macroscopically large number of elementary subsystems.

Equilibrium states are defined as those mesostates that
fulfill three fundamental postulates formulated below. These
postulates are introduced here as fundamental laws of statisti-
cal mechanics.

The three laws formalize the experimental fact that it
is possible to divide a macroscopic equilibrium system
into macroscopic equilibrium subsystems without disturbing
thermal equilibrium. This experimental procedure is called
equilibrium preserving insertion or removal of macroscopic
constraints or walls. As an example consider the slow adia-
batic insertion of a planar wall into a gas container in a way
that does not perturb the pressure and temperature of the gas.

First Law of Statistical Mechanics (Divisibility of equi-
librium states). Consider a macroscopic subsystem (H, Qp,
oy, Hy), H C G, obtained by equilibrium preserving iso-
lation using macroscopic walls from a macroscopic system
(G, @, g, H,). Here Hy is related to H , through Eq. (28),
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and the interaction energy Hy x = 0, defined in Eq. (29),
vanishes for all subsystems K suchthat K "H = @. If u, is an
equilibrium state of (G, Q,, /g, H.), then, for every choice
of macroscopic wall, the projected mesostate py = (i)
is an equilibrium state for the subsystem (H, Qu, </, Hy ).

Note that this law excludes Maxwell’s demon, because it
excludes subsystems defined by microscopic conditions. Mi-
croscopic walls are excluded because they would permit the
construction of nonequilibrium states from equilibrium states
by equilibrium preserving insertion or removal, which would
be self-contradictory. (An example would be microscopic
walls that separate the subset of particles with velocities in
a given interval from the rest.)

Second Law of Statistical Mechanics (Extensivity of
energy). Consider an isolated subsystem as in the first law
of statistical mechanics. Then, for every choice of isolating
macroscopic wall, there exists a positive number a > 0 such
that

aHyg £ H, (36)

holds; i.e., the equilibrium energy distributions are of the same
type.

The notation X < Y is used for equality in distribution of
the two random variables X, Y. It stands for Py (x) = Py(x)
at all points of continuity of the two (cumulative) probabil-
ity distribution functions Py, Py. Thus, Eq. (36) means that
Wa (E) = Why, (E/a) where

WHG (E) = /J/G{CL)G € QG : H@(wG) < E}a (37)
Way (E) = pefog € Qg : Hu(ta(wg)) < E}

= pum{on € Qy : Hu(on) < E} (38)

are the equilibrium energy distributions. The mapping Sg :
Z — R, assigns to each subsystem H C G its scale factor
from Eq. (36). It will be called the scale factor functional.

Basic Postulate (Existence of walls). The scale factor

functional Sg is surjective.
This assumption plays a similar role as the basic postulate
of walls in thermodynamics. Physically this mathematical
assumption means that the systems and subsystems have to be
macroscopic, so that for every a > 0 there exist macroscopic
walls that allow to isolate a macroscopic subsystem with scale
factor a in Eq. (36).

Third Law of Statistical Mechanics (Independence of
isolated systems). Isolated systems are stochastically inde-
pendent. In particular, their energies are independent random
variables.

IV. CLASSICAL MODEL SYSTEMS

Before exploring the consequences of the three general
laws in Sec. IIIE it is useful to recall two standard model
systems to which the formalism will later be applied.

A. Classical point particles

The most important application of the statistical formal-
ism is classical Newtonian mechanics of point particles. The
elementary subsystems G;(¢) in Newtonian mechanics are
called particles and they change with time ¢ € R. The regions

Gi(t) € Z can be chosen arbitrarily subject to the restriction
that their volumes are equal:

1G]
Gil ~ — 39
IGil ~ = (39)

[cf. Eq. (11)]. For point particles one imagines that the mass
m; is concentrated at position r;(¢) € G;(t). The positions r;(t)
and momenta p;(¢) are solutions of Hamilton’s equations. If

the momenta are denoted with p;(¢),then i =1, ..., N)
wi(t) = (pi(®), r;(t)), (40a)
Q; = RP? x RP = R??, (40b)
o = B @ B, (40c¢)
D dpy dry dpidr;
dps = [ 25 % = 20 (40d)

e 6 T D
k=1 pi T hc

where %P is the Borel o-algebra in D dimensions. The mea-
sure du; is the Liouville measure on the one-particle phase
space ; nondimensionalized with the units of length r© and
momentum p°. The dimensional constant defined as

1

N
({1 )
i=1

has dimensions of action. A general N-body energy function
for N classical point particles of mass m; can be written as

H_ (w;N) = Z Z ZH(k) (@i, ... o)
k=1 ieg ireg
i) <--<ip
=H,(P1,.--PN:T1, ..., TN)
S SLEE LS 3 SRS
i=1 ;>lz
N N N
1535 LI
=SS
+ oM, .. 1y)
N 2
=Y B o), 42)
= 2mi

where ®®)(r;, ..., r;) is the hierarchy of k-body potentials.
The last equality defines ®*'(ry, ..., ry), the total potential
energy. The special case with ®®(r;, ..., 1) =0 for all
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k>3,
H, (p1,....pyN,T1,...,TN)
N p? N N N
— X M (p. O (p. 1.
‘;sz;q’ )+ Y Y oPaur),  43)

i=1 j=1
j>i
and ®@(r;, r;) = ®@(r; — r;) is in practice most important.
Apparently, many basic interactions in physics are two-body
interactions of this type.

B. Classical lattice spin systems

In modern statistical mechanics classical lattice spin sys-
tems (and lattice gases) have acquired a central position due to
the Heisenberg model [40] and its importance for critical phe-
nomena, solid state physics, and Euclidean field theories [41].
For classical lattice spin systems the elementary subsystems
G; may be taken as the unit cells of a D-dimensional lattice.
The state of each subsystem G; is an n-component classical
“spin” vector representing, e.g., the order parameter in critical
phenomena. One has

w; = (a)gl), ces a)f")), 44)
Q; =R", (45)
o = B, (46)

where 2" is the Borel o-algebra in R". The a priori measure
du; is defined as a spherically symmetric finite measure

dui(w;) = g(w7)do;, (47)

N2 . .
where a)iz =wi-w=Yy. a)i(] )? is the scalar product and dw; is
the Lebesgue measure on R”. The most important example is
the so called ¢* model given by

g@?) =exp| — ot — 8242 (48)
4 2

with g4 > 0. It includes many important special cases. The

exactly solvable Gaussian model is the special case g4 = 0.

The n-vector model given by

g(w?) = 8(w* — 1) (49)

is obtained in the limit g4 — oo with g, = —g4. Special cases
of the n-vector model are the D-dimensional Ising model with
n = 1, the XY model with n = 2, and the Heisenberg model
with n = 3. The energy function for all these models is usually
defined as

N N N
H, (w) =— Z-’iwi - Z Z-Iijwi Wy, (50
i=1

i=1 j=1
j>i

where J; € R" and J;; > 0 are one- and two-spin coupling
parameters. On a D-dimensional lattice the coupling constants
Jij = 0 vanish whenever i and j are not nearest neighbors.

V. EQUILIBRIUM ENERGY DISTRIBUTIONS

This section shows that the three basic laws of statistical
mechanics introduced above determine the equilibrium energy

distributions of statistical mechanical systems up to location
and scale factors. The abbreviation

H,=H,—H" (51)

denotes energies shifted by the ground state energy.

A. Stability

Consider two macroscopic subsystems (H;, Qp,,
., Hp,) with i =1,2 both obtained by equilibrium
preserving isolation from the same macroscopic system
(G,Q,, 9g,H,). Let H; UH, = H C G. Then (H, Qp,
</, Hy) is a third macroscopic subsystem. Its shifted energy
function Hy = Hyg — H]?H is

Hy = Hy, + Hy, (52)

because H; and H, are, by construction, isolated from each
other, and H]gI = H]?H] + H]?]IZ' Let the system G be in some
equilibrium state denoted as i, to indicate its dependence
on H.. By the First Law of Statistical Mechanics the im-
age measures are again equilibrium measures. Equation (52)
contains three random variables on three different probability
spaces. Using the projections 7y, 7y, it becomes

Hy oy = Hy, 0wy, + Hy, o 7w, (53)

an equation for random variables on the same probability
space (. . i, ).

Let aj,a; > 0 be two given positive numbers. Because
the scale factor functional Sr is surjective there exist two
subsystems Hl;, H, isolated by macroscopic walls such that
relation (36) holds for each of them. Using (36) and (52) there
exists a positive number a > 0 such that

‘g g i vmy —m il (54)
a, €T g e T H, H, = H_az@
holds. In other words, for any two positive numbers a;, a, > 0
there exists a third number a > 0 such that
1 l ~ 41~

—H_.+ —H_. =-H_
a €T g e T ge

(55a)

holds. The systems H, H, are isolated and, hence, by the
Third Law of Statistical Mechanics the random variables
Hy,, Hy, are independent. Thus, for any a;, a; > O there
exists a constant a > 0 such that

Wi (@E) * Wi (a:E) = W= (aE) (55b)

holds for the distribution function W;,g (E) of the random

variable FFI;. Here * denotes the convolution of distribution
functions. A distribution function Wy obeying Eq. (55a) or
Eq. (55b) is called strictly stable or stable in the strict sense
[42]. As a consequence of Egs. (55) the following theorem
holds true.

Theorem V.1. There exists a number o with 0 < a <2
such that the constant a in Egs. (55) is related through

a=(a*+ay) " (56)
to the constants ay, ay in Egs. (55).

The proof follows immediately from Ref. [42] (p. 172,
Theorem 3). The number « is called the characteristic expo-

nent or index of stability.

024142-8



FOUNDATIONS OF STATISTICAL MECHANICS ...

PHYSICAL REVIEW E 105, 024142 (2022)

B. Functional form

Equations (55) determine not only the constant a but also
the functional form of Wj-. To see this note that the random

variables in Egs. (55) are a(fl non-negative, because the ground
state energy was subtracted. Hence, the distribution WFIE (E)
is concentrated on the interval [0, oo] and vanishes for x < 0.
Let

o0

w(u) = (exp(—uH,)) = / exp(—uE) dWg= (E)

= /‘<’° exp(—uE)w(E) dE (57)
0

denote the Laplace-transformed energy distribution, where
w(E) = dW,;,g (E)/dE is the density function, if it exists.
Laplace transformation of Eq. (55b) gives the functional equa-

tion
w(—)w(—) = w(—u> (58)
ay ay a

to be satisfied by w(E). Introducing by = af and b, = af and
using Eq. (56) this becomes

w(uby ) w(ub; ) = w(uby + by) ™). (59)

Defining the function f(x) = log[w(ux~!/%)] shows that f(x)
satisfies the Cauchy functional equation

J)+fO) = flx+y). (60)

The only measurable solution of this equation is the linear
map f(x) = B”x with constant B”. From this solution one
obtains by inverting the transformations the result

w(u) = exp(B'u®), 61)

where B’ is a new constant involving B”. The function w(u)
has to be the Laplace transform of a probability distribution,
and this restricts its parameters via the following well known
theorem (see [42]).

Theorem V.2. A function w(u) on [0, 00] is the Laplace
transform of a probability distribution W (E) on [0, oo] if and
only if w(0) = 1 and it has derivatives of all orders obeying

dn
1= >0 (62)
du”

foralln and u > 0.
Functions obeying Eq. (62) are called completely monotone
[42]. The function w(u) in Eq. (61) is completely monotone if
and only if 0 < o < 1 and B’ < 0, as may be verified by cal-
culating its derivatives. Therefore, introducing B = —B’ > 0,
the Laplace transform of the equilibrium energy distribution
has the form
00 k pk, ak
w(u) = exp(—Bu®) = Z %

k=0

(63)

where B > 0 and 0 < o < 1. Inverting the Laplace transform
shows that in the sense of distributions

00 \kpk
w(Eia,B)=) # 8RO (E) (64)
k=0 .

holds, where 8§ denotes the fractional derivative of order «
of the Dirac §-function [43]. The distribution 8 (E) is de-
fined as 8(E) = E~*"!/T'(—a) for E > 0 and §(E) =0
for E < 0. This gives the series expansion

o (-1 )kBkEfakfl

valid for E > 0. The important scaling relation
w(E;a,B) = B V*w(EB Y a, 1) (66)

follows immediately. It shows that the parameter B determines
the energy scale and should therefore have dimensions of
[Energy]*. The same result can be obtained using Mellin
transforms as is shown in Appendix C. The derivation above
results in the following theorem.

Theorem V.3. Consider a macroscopic statistical mechan-
ical system (G, , og,H.) with stable or fractionally
stable energy function H, . If the system is in an equilibrium
state iy, then the probability density of shifted energies of
the system itself and all its subsystems has the form

. L o BY]0, 1)
w(E;a,B) = H <— 0, l/oz))
(_ 1 )kBkE—txk—l

o "\ E
o0
- ; Tk 4+ DI (—ak)’
where 0 < o < 1 and B > 0. This is a one-sided stable density
with characteristic exponent o.
To simplify notation the one-sided stable densities of index
o will be abbreviated as

_ Lo 1|0, 1)
hy(x) = EH%I (;‘(0’ 1/0[))

B i (_l)kxfutkfl 68)
- — T(k + DI (—ak)

(67)

so that w(E; «, 1) = h,(E) in Eq. (66). Note that this function
appears also in the kernel of fractional time evolution opera-
tors [12,30,44,45]. The (cumulative) probability distribution
is the primitive function

Ho = [ oy =S (= 69
a(x)—/ a(y)y—kz:;r(k+1)r(—ak+1)' )

The characteristic exponent o and the energy scale parameter
B are determined by the energy function of the system. This
will be seen in the next section.

C. Parameter identification

The previous sections have shown that postulating three
general laws of statistical mechanics in Sec. III E implies the
functional form for the equilibrium energy distribution given
in Eq. (67). Combining Egs. (21), (67), and (69) gives the
scaling law

WHG(E;(Y,B) :M@({w € Q((_; H(),(a)) gE})

E E
= /700 w(x;a, B)dx = HO,(W), (70)
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where the value of the two real parameters o, B depends on
the Hamilton function H_. These numerical parameters are
restricted by the inequalities 0 <« < 1 and B > 0. To find
the relations @ = «(H ) and B = B(H_, ) of these parameters
with H,, observe that the argument x = E /B'* of H,(x) in
Eq. (70) must be dimensionless so that B'/¢ > 0 must have
dimensions of energy. This suggests to identify the energy
B'/% with the suitably shifted and rescaled microscopic energy

B/ «— aH[HG (a,w) — H(g] = aHI:I; (ap,w) =20, (71)

where ay, a,, > 0 are rescaling factors and A <— B means
that quantity A is to be identified with B. The rescaling factors
depend on N, «, and D. Extensivity of energy, understood as
linearity in the mole number N, then requires o = 1 or

a=— (72)
o
as the central result. Equations (70)—(72) provide the fun-
damental connection between statistical mechanics and the
underlying microscopic dynamics governed by H.;.

The rescaling a,w of the microstates reflects scale sep-
aration between microscopic (mechanical) and macroscopic
(thermodynamical) descriptions. The thermodynamic limit
N — oo is a scaling limit. The precise meaning of a,w and
the choice of rescaling factors depends on the decomposition
of the system, on the nature of the microstates, on the under-
lying mechanics (dynamics), and on the type of scaling limit.

For the purposes of this paper a rescaling of energy is not
needed, and ay = 1 is assumed throughout. In general energy
rescaling might be unavoidable. The subtraction of H(g in
Eq. (71) is crucial for the identification. In stable systems the
ground state energy is just an additive constant which does
not influence the thermodynamic behavior. In the following
the dependence of the energy function H, on the stability
parameter « (or o) will be indicated as Hg ,, by an additional
index when needed.

VI. EQUILIBRIUM ENSEMBLES
A. Equilibrium measure and density of states

The basic result (70) for equilibrium energy distributions
on (R, %) combined with the parameter identifications (71)
and (72) suggests the identification of equilibrium measures
on (2, /). The measure given by H, on (R, %) is abso-
lutely continuous with respect to Lebesgue measure and its
density function h,(x) is non-negative. For fixed N the shift
H(g;’a(N ) and the rescaling parameters a,(N) are also fixed.
These quantities may in general depend also on «, D and other
parameters of the system. Combining Egs. (70), (71), and (69)
implies that

E
O<H)| ———
HG,a(awa);N)

E x dx
= hy| = — <1l (73
—00 Hg o (ayw;N) | Hg o(a,w;N)

holds true for every microstate w € Q.. The integral is
the probability that a statistical mechanical system with
microscopic energy function Hg , is macroscopically in equi-

librium and has macroscopic energy less than or equal to E,
if it is in a given microstate . This probability, given
by Eq. (73), suggests to use the measure w(E;«, B)dE in
Eq. (70) as guidance to identify the equilibrium measure of
a statistical mechanical system with macroscopic energy E.
The idea is to replace B in w(E;«, B)dE with Eq. (71) and
dE with du, (@) to obtain w(E; a, Hy(w))d i, (). This then
suggests to define the equilibrium measure ug, (-3 E, G, N)
of a statistical mechanical system G with microscopic energy
function Hg ,, macroscopic energy E, volume V = |G|, and
number of subsystems N on the measurable space (2, %G )
of microstates by

e, (GEG.N) = [ Jouetr a0
X

1
hg
H,(w) [HO( (w)
for all sets X € o/, where the abbreviated notation*
Hy(0) = Hg o (a,»; N)
= Hg olao(N)w: N1 — Hg, ,(N) (75)

has been used. Equation (74) defines a measure on (2, , </ ),
because the integrand is a non-negative measurable function
(Ref. [36], p. 109). In general, the given a priori measure
i does not have to be a probability measure, but is here
always assumed to be a o-finite measure. Then the Radon-
Nikodym theorem implies that the equilibrium measure M,
is absolutely continuous with respect to the a priori measure
e (Ref. [36], p. 116). For X = Q. the measure of the full
space pgg (2 E, G, N) is the density of states.

B. Microcanonical ensemble
For ppg ,(R2.:E,G,N) < oo the generalized micro-
canonical ensemble (or generalized microcanonical meso-

state) for stable (¢ = 1) as well as unstable (0 < a < 1)
systems is defined as the probability measure

Mg, (X3 E, G, N)

ps(X;E,G,N;Hg o) =
/’LHGJ,(QG;Ev G,N)

(76)

for all X € /g on the measurable space (2, , %/ ) of micro-
scopic states. It gives the probability to find the system G
in equilibrium in a microstate w € X C 2, with energy E.
The generalized microcanonical partition sum is defined as
the (indefinite) integral (primitive function)

ZS(EﬂGvN9HG,0():/\/’LHGQ(QG’EthN) dE (77)

1 E
- //% Ha<w)h"‘[Ha<w>}d“ o (WE

of the density of states, so that

d
/"LHGQ(QG;EvG5N)= EZS(E’GvN;HG,O[) (78)

holds. This allows to calculate microcanonical expectation
values as

a
(A@))a = AE—

A(w)dps(w;E, G,N;Hg o), (79)
OF Jo :

“Note that H,, in Eq. (75) differs from H, in Eqgs. (69) and (73).
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where AE is the thickness of the energy shell. Under appro-
priate conditions this yields the extended equipartition law

oH
<wi & (@)
Ba)j

d -1
> =5ij{Elog[ZS(EG,N;HG,a)]} (80)

of energy, provided the generalized virial is well defined.

The argument G in the function Zg stands for the depen-
dence on volume V = |G| and other macroscopic geometric
parameters. The dependence on H, stands for extensive pa-
rameters appearing in the Hamilton function. For general
systems other parameters such as electric and magnetic polar-
izations, displacements, etc., might appear in the microscopic
energy function.

For « — 1 Eq. (63) gives h;(x) = §(x — 1) and the result
in Eq. (70) becomes

Zs(E,G,N;H;)

:/ 8(E — Hy (apw) + HY) dug (@) (81)

G

for systems with stable interactions (o = 1). Except for a fac-
tor N! Eq. (81) resembles the usual microcanonical ensemble
1
ZS(E.G.N:H) = o f S(E — H, () dpig (@) (82)
“Ja

G

if a,, = 1, which is generally accepted for o = 1.

Most authors [19,20,27,46,47] assume extensivity (i.e., the
Minus-First Law) for entropy itself (instead of for entropy
differences as stressed in [48]) and postulate S = kg log Zg for
finite systems. In this work the connection between statistical
mechanics and equilibrium thermodynamics is formulated as

. E
u=~N, lim —

EN—oco N’ (83a)

log Zs(E, G, N: Hg o
S(UVia) = kg, lim 2828 Ga)

, (83b
E,|G|,N—>oc0 N ( )

in the thermodynamic limit E, |G|, N — oo with finite E /N,
|G|/N and suitable restrictions on the shape of G. Here s
is molar entropy, U is molar internal energy, and Vv is mo-
lar volume. Equations (83) hold for all 0 < o < 1, the case
o = 1 covering stable interactions. The thermodynamic limit
is needed, if one wants the different ensembles to yield the
same result.

C. Canonical ensemble

The microcanonical ensemble applies to isolated systems,
the canonical ensemble to systems G in contact with a
heat reservoir Gt at reservoir temperature T. Treating the
combined system G U Gt microcanonically with Hamilton
function Hgug, .« the energy Hg , of the (now sub)system G
becomes a random variable. Integration over all states Qg
of the reservoir or Laplace transformation of Eq. (74)
yields

i, (X: T, G N) = / P e (X:E.G.N)dE, (84)
0

B=——= (85)

for every set X € .2/g. To evaluate Eq. (84) in applications the
formula

OO —ux _ OO 7uxi 10 1(0,1)
/0 e h(,,()c)dx_/0 e otxH”(x (O,l/a))dx

= exp(—u®) (86)

is useful. It is readily obtained either from Eq. (61) or from the
series expansions. Inserting Eq. (74) into Eq. (84) and using
this formula gives

e, 6T CN) = [ exp (SIBHL @ M @) 87
X
for all sets X € /. The generalized canonical ensemble (or
generalized canonical mesostate) for stable (o = 1) as well
as unstable (0 < o < 1) systems is defined as the probability
measure

MHG , (X’ T’ Gv N)
/-’LH(;,_O( (Q(; 5 T, G7 N)

prX;T,G,N:Hg o) = (88)

for all X € /g on the measurable space (L2, %/ ) of micro-
scopic states. The normalization factor

ZF(Ta Ga N; HG,O() = /’LHG'L!(QG;T’ G’ N) (89)

_ / expl—(BHG o (a0))* 111, (@)

QG
is the generalized canonical partition sum. For stable interac-
tions with « = 1 and a,, = 1 this becomes

26T G Nst) = [ expl—piT. @)ldu (@), (90
QG

the canonical Boltzmann-Gibbs measure apart from a prefac-

tor due to the energy shift. The connection with thermody-

namics is now given as

log Ze (T H.
(T.vie) = —ksyT _lim 02 ZF(T, G, NiHg.a) g,

|,N—o00 N

in the thermodynamic limit |G|, N — oo with |G|/N fixed
and suitable restrictions on the shape of G. Here f is the molar
Helmholtz free energy and Vv is the molar volume.

D. Grandcanonical ensemble

Grandcanonically the system G is coupled to a heat reser-
voir Gt at temperature T and an N-reservoir G, at chemical
potential «. The combined system G U Gt U G, is discussed
in the canonical ensemble. The grandcanonical partition sum
becomes

Zs(T.G, w;He.o) = ) "V Ze(T,G,N;Hg o) (92)
N=1

and the thermodynamic limit has to be taken as an infinite
volume limit |G| — oo. With suitable restrictions on G it
yields the pressure

logZE(Ts G’ M;HG.OC)

T, n;a) =kgT 1 93
P(T, ;) = kp |G|1Too G| (93)

as function of temperature T and chemical potential .
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E. T-p ensemble

In the T-p ensemble the system is coupled to a vol-
ume reservoir. The partition function of the T-p ensemble is
computed as the Laplace transform with respect to volume
vV =IG]

%ﬂnw%@=/eﬁwﬁawmmmhm®
0

(94)

of the canonical partition function. The molar Gibbs potential

log ZG(T, p, N; HG,D()
N

9(T. piar) = —kpNy T lim 95)

is then obtained in the thermodynamic limit.

VII. APPLICATION TO IDEAL GASES

Ideal gases and their thermodynamic limit are fundamental
for statistical mechanics, because heat reservoirs are infinite
ideal gases. The relationship between statistical mechanics
and thermodynamics given in Egs. (83) or (91) is usually
established for the Hamilton function of the ideal gas, and then
extrapolated to other cases.

A. Microscopic states and energies

In thermodynamics the monatomic ideal gas is defined by
the ideal gas laws

PV = kpNaT,
u= %kBNAT,

(96a)
(96b)

where p is pressure, V is molar volume, T is temperature, Ny
is Avogadro’s constant, and kp is Boltzmann’s constant.

In statistical mechanics the ideal gas is defined as a system
of N > 1 noninteracting point particles (subsystems). It is
fundamental to derive the ideal gas laws from this model.
Point particles are called noninteracting when there are no
forces between them. Noninteracting does not imply that all
potential energies vanish, but only that potential gradients
vanish. The generalized ideal gas models are defined by

) q)gc) o
LI )=
' Xe (ril) o Xe (rik)

in Eq. (42), where d>(k), k=1,...,N are constants. The indi-
cator function y, (r) of the set G C RP restricts the particles
to the region G by means of an infinite potential energy
penalty.

For simplicity only the special case where ng‘) =0 for
all k except k = K with K < [N/2] is considered. Here [x]
denotes the largest integer smaller than x. The choice @ék) =0
for 0 < k < K is made, mainly because it simplifies subse-
quent expressions. The final result remains unchanged in the
more general case. The energy function of K-body ideal gases

O¥(r, . ..

is then the sum of the total kinetic and potential energy

N 2
Hg x(P1,---»PN-T15 ..., TN) = Z%+¢‘Ot(r1,.,.,r,\,)
i=1 !

l N N N CDSK)

) ot _ . (98)
ZZ ,KZ_]: X(V(rll)x(x(rll()

ir>1] Ik >1K—1

and reduces to the standard ideal gas for CID(()K ) = 0. It defines
a system of particles that do not exert forces on each other.

The ground state has p;, =0 and r; € G for all i. The
ground state energy

)
=%N(N— DIN=2)---(N=K+1) (99

implies 0 = K from Eq. (34).

B. Rescaling factors

To compute the partition sums a rescaling of states as
in Eq. (71) is needed for correct Boltzmann counting and
extensivity in the thermodynamic limit. The rescaling of po-
sitions and momenta with the number N of elementary parts
reflects separation of scales (change of resolution) between
the underlying microscopic system and the macroscopic ther-
modynamic system. If CD(()K) < 01is negative, then the potential
energy diverges as ~ — N? to —oo in the limit N — oo. If
the total energy is fixed, this implies that the kinetic energy
diverges as ~N?, and hence the velocities |v;| scale as ~N*
with x = (0 — 1)/2. The state rescaling in Eq. (71) is

a,w; = (ayp;, a,r;) (100)

with a,, = a, (N, a, D), where the rescaling factors for posi-
tion a, and momentum a,, are chosen as

a, = [C(N + 1)]% ~ No, (101a)
1
F(LZ)—N-Fl)W (e=1)
=2z ~N 72 . 101b
’ [F(%Jrl)] (1010

The rescaling of position ensures correct Boltzmann counting,
while the rescaling of momentum ensures existence of the
thermodynamic limit.

C. Microcanonical partition sum

The microcanonical partition sum in Eq. (77), or the den-
sity of states ppg ,(R2,;E, G, N), for the generalized ideal
gas models defined in Eq. (98) have to be computed from en-
sembles with stability index @ = 1/K with K € N. Inserting
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Eq. (98) gives

1 E
(Ru.:E.G,N) = ha o
Mt (g ) /szG [Hg k(a,0) — H | ([HG,K(%CU)_H«?,]) el

1 E dpl e dedl'l - -dry
= o o bk 0 DN
RP re Hg x(app1, ..., a,ry) _H(; Hg k(a,p1, ...,arl’N)—HG hi
N
1 E dp;---d
= H(zmi)D/Z/ .. / - hl/K . P1 ll;x
iy RP r> Hg x(P1, ..., TN) —HG Hg x(P1,...,TN) —HG (apa,hc)
G N My /
= hy/k dp; - - -dpw, (102)
(apa,h )DN RP RD llvpl2 / N pl2
where Eqgs. (72), (100), and (99) were used. In the last equality the integrations over all r; were performed by noting that
hi/xk(0) =0and H,(py,...,ry) =ocoforanyr; ¢ G. With My = ]_[f.vzl(Zm,-)D/2 and Eq. (68) the integrations over p; become
KIG[" My f /°° o Zim 3]0, 1)
Q. E,G,N ’ dxy - - - dx
. (e )= Gk E|(0,K) )Ty

@ KIGI"My DNzPV? /‘” (Y201 ) oy
T E@ahP T2 +1) Sy NE0.K))T T

|GI"My ~ KDNzmPNZ oo o Y10, 1D (DN/2)-14
A E|0.K) )" Y

" E(apasho PN 20 (2 +1)
@) |G["My KDN(mE)PN? T (X0X)
"~ E(gahoPN 2r(2+1) ()

N N DN/2 (2N 4 q
— 1_[ /mlD|G| (27[E) (Za + ) l (103)
i=1

(heapa, PN T(2X + 1) (BY) E’

where |G| = V(G) is the volume of G. Here Eqgs. (F2) and (F3) have been used as indicated. The abbreviation My was
resubstituted in the last step. For a monatomic ideal gas with m; = m the exact final result is obtained by integration with
respect to E as

IGIY  QrmE?T(5) +1)

(araph )PV T(BX +1) T(Z +1)
Inserting the rescaling factors from Eq. (101) and identifying 4. = h with Planck’s constant reproduces the ideal gas result

IGI¥ (2mmE)PN/?
WOVNT T (2 1 1)
independent of the index of stability « = 1/K for all K € N. Inserting the result Zg into Eq. (83) gives the molar entropy of the
ideal gas [19] and by differentiation the ideal gas laws (96).

(104)

Zs(E, G, N:Hg o) = / it (i E. G, N) dE =

Z3(E,G,N:Hg o) = (105)

D. Canonical partition sum

The canonical partition function is computed from Eq. (89) with ¢ = 1/K as

e dpr---d
ZF(T»G’N§HG,1/OJ):/RD'"-/RDCXP{_[IB(HGJ/&(“PPI’""a’rN)_H&,l/a)] }%

__len / / exp | —| 2 ZN:I)2 "‘ dp; - --dpy
(a,a,,h )DN RP RP mi:l !

GIY 2= / B 2\, on-1
= —t t dr
(arayh)PN F(%) 0 cxp 2m
I IGPY  (2mmkgT) * T2
L T (; ), (106)
o (rPa)P \ appot | T (%)
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where the integrals (F1) and (F2) have been used, and Eq. (41)
in the last step. Inserting the rescaling factors from Eq. (101)
and identifying h. = r®p® = h with Planck’s constant gives

G (2mmksT\ %
ZF(T7G5N;HG.]/0():W e ) (107)

the canonical partition sum of the ideal gas independent of K.
The thermodynamic potentials follow from Eq. (91).

VIII. APPLICATION TO SPIN SYSTEMS
A. Infinite range Ising model

A textbook example for unstable interactions in lattice spin
systems is the infinite range Ising model with strong coupling.
It arises from Eq. (50) by setting

n= 1, ],'jZJS, and J,=h (108)

for all i,j=1,...,N € N. The double summation in
Eq. (50) extends over all N(N — 1)/2 pairs of spins. The
energy function is then

N N N
Ho (@)= -1 Y ww;—h) o, (109)
i=1

i=1 J=l
J>1
where every Ising spin w; = %1 interacts with all other spins
with a coupling constant J; > 0. In addition an external field
h € R acts on every spin.

The weak coupling variant of Eq. (109), the so called
Curie-Weiss-Ising model, is an exactly soluble textbook
paradigm for the mean-field universality class. It is obtained
by replacing J; with J,,/N in Eq. (109) so that the first term
increases as N instead of as N2. The Gibbs free energy per
spin of the weak coupling model reads

1 5 1—m\ ™
o(T, h) = kBT[log <¥) + log <Tm> }

Ju
— 2m? — hm, (110)
2
where the solution of the celebrated mean-field equation
Jom+h
= tanh ( ——— 111
m = tan ( T ) (111)

gives m = m(T, h) (see Refs. [26,41]). Mean-field critical
behavior is expected to apply above the upper critical dimen-
sion of realistic models with short range interactions. This is
consistent with the observation that interactions with infinite
range are related to the D — oo limit [26,41] of short range
models.

The state space 2. will here be denoted as Qy, because it
is discrete and G plays no role. In fact

Qv={w=(0,...,08) 0;i==%1,i=1,...,N} (112)

is the set of 2V corners of the N-dimensional hypercube. Let
N_(w) and N, (w) denote the number of negative and positive
spins in state @ with

N = Ny(w) + N_(o) (113)

forallw € Qy,andlet M : Qy — {—N, ..., N}

N
M(w) = Z w; = Ny (®) — N_()

(114)
i=1
denote the total magnetization of the state . Then
M+ N =2N,, (115a)
M —N=-2N_, (115b)
and the observation
N 2 N N
M(w)* = (Za)) =N+2) ) wo; (116)
i=1 =t =1
allows to express the energy from Eq. (109),
N N N
HN(C()) = —JS Z Za)ia)j —h Za),'
i=1 j= i=1
j>li
Iy
= Hy(M(w)) = _E(M —N) —hM, (117)
as a function of total magnetization M = —N, ..., N. The
ratio
M 2N_ 2N
m=—=1-"==="F_ (118)
N N N

is the magnetization per spin. Here and below, the notation Hy
is used instead of H, because all spins couple to all spins, and
the domain plays no role.

For h > 0 the ground state is o® = (+1,...,+1), for
h<0itisw® =(—1,...,—1)[49]. For h = 0 there are two
states w” = (%1, ..., +1) of lowest energy. The ground state
magnetizations are My(w°) = £N. The ground state energy
is

Jy
H) = —E‘(NZ—N)—hsgn(h)N (119)
for all J; > 0,h € R, N € N. Equation (34) shows that the
index of stabilityiso = 1/a = 2.

B. Rescaling factors

Contrary to the case of the ideal gas, the system is discrete
and has only a finite number of states at fixed N. Therefore,
no rescaling is needed and

(120)

a, =1

is used for the rescaling factors. It will be seen that the gener-
alized ensembles lead to existence of the thermodynamic limit
and extensive thermodynamic potentials, although the energy
diverges as N2. In conventional Boltzmann-Gibbs theory exis-
tence of the thermodynamic limit N — oo requires rescaling
the strength J/N of the coupling constant [26,41].

C. Microcanonical partition sum

The natural variables in Eq. (117) are the magnetization
M and the magnetic field 4 (see [26]). While M is extensive,
h is intensive. The microcanonical partition sum in Eq. (77)
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becomes with o = 1/2

Zs(E,h,N;Hy) = Zs(E, h,N) 21

1 E
=2 Hy(w) — HY hl”(HN(w—Hﬁ)’

wEQN

where the summation runs over all 2V spin configurations. The
result

x 32 1/(4
hijax) = —==e” /0

TT

(122)
is obtained from Eq. (68). With this Eq. (121) becomes

Hy(w) — HY)

Zs(E.h,N) = oo

weNN

( (Hy(w) —H°)>

B i <N) |Hy(N,) — HY
- 3
No=1 N+ 47TE

(Hn(Ny) — HyY)
X exp (—T> (123)

when the summation over the 2V spin configurations is written
as a summation over the possible values for the number of
positive spins. Because of Hy(N, = 0) = H° the term for
N, = 0 vanishes and the summation starts at N, = 1.

The energy shifted by Hy) becomes

Hy = Hy — HY)

Js Js
= _E‘(M2 —N)—hM + 3‘(N2 —N)+hN

= —Nz‘g(nf— 1)—hN(mF 1), (124)

where the upper sign applies for & > 0, the lower for 4 < 0.
Inserting this into Eq. (123) leads to

Y (N
Zs(E,h,N)= Y <N+)

No=1

N2 s, | h |

NZ? (], ) h
X exp [E<5(m —1)+N(m:|:1))},

where m = (2N;/N) — 1. For N, E — oo one finds using the
approximations from Appendix D

(125)

N

1+m 1+m
ZS(E,h,N)NZexp{—N[( 5 >log< > )(126)

Ny=I

1—m 1—m Js )
+< 2 >1°g< 2 )+§(1_’")“’

where e = E/N is the energy per spin. This finding suggests
that the thermodynamic limit exists. For large N the sum is

dominated by the term for which

(5o (557) + (557 (57)

Is 2
+ @(1 —m") (127)
is smallest. The saddle point condition reads
artanh(m) — 2™ = 0 (1282)
4e
or
Jsm
m = tanh ( 10 ), (128b)

where Appendix E has been used. The second derivative of

the expression (127), given as
1 Js
—— - — >0, 129
I—m  de (129

is positive because

1
—artanh(m) < (130)
m 1

2
—m
holds for —1 < m < 1, m # 0. Thus the solution of Eq. (128)
determines the value N, = N(m + 1)/2 that dominates the
summation in Eq. (126).

D. Microcanonical entropy per spin

The thermodynamic limit N — oo, E — oo is taken such
that the energy per spin E /N = e exists. Using Eq. (D4) the
entropy per spin becomes in this limit

1
s(e, h) =kp ,lvim NlogZS(E,h,N) (131)

E—o0
E/N=e

1+m 1+m
- (57) = (57)
1—m 1—m Js 2
(5o (52) ¢ Lt

with m = m(e, h) = m(e) given by the solution of Egs. (128).
For e > J;/4 the solution of Egs. (128) is m = 0 and the
entropy is concave. One finds

kgJ
s(e, h) = kglog2 — ‘
(e, h) =kplog %0

(132)

for e > J;/4 and all h. At e = J;/4 the solution m becomes
unstable and at this point one has

k
S(e, Mo—y s = kplog2 — ?B (133a)

as(e, h) 1 _ 2kp

9€  le—y/a T

(133b)

For e < J;/4 the entropy is convex and the specific heat is
negative.
The concave hull is given by the straight line

kg2(log2)?
B(Og)e

s(e, h) = 7

(134)
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connecting the point (S, €)=(0, 0) to the point (S, €)=(S,, €.)
where

Js
€ = ——, (135a)
4log2
log2
= kgt (135b)
2
The slope
1 S¢ kg )
— = — = —2(log?2 136
T =5 =7 202 (136)

of the flat section determines the critical temperature T, of a
first order phase transition. The latent heat per spin given by

s

AQ=T.s. = ~ 0.36J, 137
Q 4log?2 ' (137
is significant. Summarizing
kglog2 —%&  fore > e, heR
s@m =1 ", o (138)
e TR fore < e.,heR

is the entropy per spin in equilibrium.

E. Gibbs free energy per spin

The microcanonical temperature is defined by the relation

as| 1 (139)
del, T
which leads to

1 0 kgJsm 0

— = —kp artanh(m)—m Bl om

T oe |, 4e oe|,

kgJ (1 — m?
4 kel —m) (140)

8e?

The first two terms on the right hand side cancel by virtue of
Eq. (128a). The resulting relation

kgTJ,(1 — m?) = 8e° (141)

is solved for e and inserted into Eqs. (128) to give the condi-

tion
BJs
2(1 — m?)

that the equation of state m(T, k) has to fulfill.

Equation (142) has up to five solutions. The number of
solutions is controlled by the slope at m = 0 of the argument
inside tanh(x). For

m = tanh (m (142)

d BJym?
dm\ 2(1 — m?)

BJ;
= > 1,
2

(143)

m=l

i.e., for kT < J;/2 there exist only two solutions m = +£1.
For kgT > J;/2 there exist five solutions, two of which are
unstable. The three stable solutions are

+1 forallT >0

m(T. k) = {o forall T > J,/(dkg). 7Y

Solving Eq. (142) gives m = m(T, h) and

S(T,h):—k3|:<1—;m>log<l—;m>
1—m 1—m @ o
+ (—2 )log (—2 )+,/ A (I—m )]

0 forT < T,

- [,
kplog?2 — kg ShpT forT > T,

where in the last equation it was used that m =0 for
T > T.and m = 1 for T < T, are the only stable solutions
of Eq. (142).

The heat capacity per spin is

(145)

cn(T,h) =T g—_?_ .
0 forT <T,,heR
= % ZIj;T forT > T., heR. (146)
At T, this gives
cn(Te, h) = %log 2. 147)
Relation (141) shows
0 forT < T,
o, = \/@ forT > T.. (149
Now the thermodynamic definition
g(M,h)=e(T,h)—Ts(T,h) (149)
gives
0 forT < T,
(150)

g(T hy=1 [J,
EkBT —kgTlog2 forT > T..

F. Canonical partition sum

To check the consistency of the general formalism it is im-
portant to rederive the same results directly from the canonical
ensemble. For 0 = 1/« = 2 the canonical partition sum in
Eq. (89) is written as

Ze(T i Ny = Y e V@t

WweNy
N
N
_ Z( )em (151)
No=1 N+
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a sum over V.. Then

NN
Ze(T RNy =) (N )
+

Ny=1

X exp{—\/Nzﬂ (—g(m2 —1) — %(m:;: 1))}

(152)

is the analog of Eq. (125) in the microcanonical computation.
For N — oo one finds

N
Ze(T,h,N) ~ Z exp{ — N|:<1+Tm> log <1—|—Tm>

Ny=1
1-— 1-— Js
+< 2m>10g( 2m>+ %(1—m2)i|}
(153)

and the largest summand is determined from the saddle point
condition

BIsm/2

s =
VB —m?))2

which is the same as Eq. (142). The thermodynamic limit
N — oo exists and the Gibbs free energy becomes

artanh(m) — (154)

. 1
gT, h)=— kBTNh—EI;o N log Ze(T, h, N)
14+m 14+m
:kBT( > )log( > )
1—m 1—m
(15 (5)

kgTJs

(1 — m?), (155)
where m = m(T, h) is the solution of Eq. (142). Inserting
the stable solutions m = 0, £1 from Eq. (144) recovers the
specific Gibbs free energy from Eq. (150).

G. Discussion

In conventional Boltzmann-Gibbs theory the thermody-
namic limit for the strong coupling model (109) does not exist.
Although the energy in Eq. (109) increases as N2, the calcu-
lations above establish existence of the thermodynamic limit.
This result demonstrates that the generalized microcanonical
and canonical ensembles are suitable to include systems with
unstable interactions into the realm of applicability of equilib-
rium thermodynamics and statistical mechanics.

Physically, in the strong coupling mean-field theory (109)
the exchange interaction energy varies as ~NZ, while the
contribution from the external field varies only as ~N. In the
thermodynamic limit the field 2 becomes irrelevant for the
thermodynamic behavior of the strong coupling model. As a
result the magnetization per spin m = m(e, h) = m(e) given
by the solution of Eqgs. (128) does not depend on 4, and hence
also the entropy per spin S = S(e, h) = s(e) in Egs. (138)
does not depend on the field 4. The thermodynamic behavior
is dominated purely by the exchange coupling.

The N? dominance of the exchange interaction energy over
the field energy gives rise to a novel type of first order col-
lapse transition into the ground state [7]. Its most remarkable
feature is the absence of thermodynamic fluctuations in the
low energy resp. low temperature phase. Below the critical
temperature

U
“7 2(log2)?

the equilibrium state of the system is its ground state. The
equilibrium enthalpy per spin, the equilibrium entropy per
spin, the equilibrium Gibbs free energy per spin, and the
equilibrium heat capacity per spin all vanish below T.. The
set of equilibrium spin configurations below T, consists only
of the ground state, a most unusual result.

At T = oo the system is in a state with m = 0. If energy
is extracted to reach e, or the system is cooled down to T,
then its equilibrium magnetization per spin m(e., h) = 0 as
well as m(T,, h) = 0 still vanish at the critical point. The
barrier to the low temperature phase is huge. The metastable
extension of the high temperature phase with m = 0 into the
low energy phase becomes unstable only ate = J;/4 < e, (in
the microcanonical calculation) resp. at T = J;/(4kg) < T,
(in the canonical calculation). At this point the system must
collapse into the ground state by jumping over a temperature
resp. an energy gap. At a temperature T defined by

kg ~ 1.04J, (156)

Jy
Blog2p 020
the metastable extension of the entropy per spin becomes
zero, and it is negative for T < Tg. At this same temperature
the metastable extension of the high temperature branch of
the Gibbs potential G in Eq. (150) has a maximum. The
metastable branch of the Gibbs potential for T < T, ends at
T = 0. Its end point is a critical point representing an unusual
T = 0 phase transition. The phase transition has generalized
Ehrenfest order 1/2 in the generalized Ehrenfest classification
[10,18]. Such transitions were called anequilibrium transitions
in [12].

The ground state with m = 1 and without any fluctua-
tions is very stable. This is seen from the fact that it remains a
metastable solution of Eq. (142) for all temperatures T > T..

The phase transition in the strong coupling model differs
significantly from the result (110) for the weak coupling
model [26,41]. In conventional Boltzmann-Gibbs theory the
existence of the thermodynamic limit requires to replace J,
in Eq. (109) with J, = J;/N (Ref. [26], Eq. (6.52)). The
exchange coupling strength then tends to zero in the N — oo
limit, so that the interaction energy is of the same order ~N as
the field energy. The thermodynamic potentials for the strong
coupling model were compared to the weak coupling model
in [6,7]. The results above are identical up to a trivial energy
shift of J;/2 to those in [6,7].

In the strong coupling model the (T, h)-phase diagram
shows a line of first order phase transitions given by the
equation T = T.. This line extends from 2 = —oco to h = 400
without ending in any critical point. This resembles the coex-
istence line of fluid-solid transitions and supports the view that
the transition belongs to another hitherto unknown mean-field
universality class.

kpTs = (157)
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IX. SUMMARY

Extensivity and existence of the thermodynamic limit in
equilibrium statistical mechanics have for a long time re-
stricted its applicability to systems with stable interactions.
The extension to unstable interactions introduced in this work
lifts this classic restriction.

Traditional statistical mechanics rests on the fundamen-
tal Boltzmann-Gibbs postulate. “The fundamental postulate
of statistical mechanics asserts that systems with a large
number of particles in thermodynamical equilibrium are de-
scribed by Gibbs distributions. The question of distinguishing
the class of Gibbs distributions by means of some a priori
physically natural conditions is extremely important for the
mathematical foundations of statistical mechanics” (Ref. [50],
p. 405).

This paper has identified three a priori physically natural
conditions that distinguish the class of Gibbs distributions.
These conditions are (1) divisibility of equilibrium states,
(2) extensivity of energy, and (3) independence of isolated
systems. These conditions were identified from considering
extensivity and stability to be important pillars in the founda-
tions of statistical physics.

The class of distributions distinguished by these three con-
ditions is a one parameter family of distributions characterized
by an index of stability o. The classical Gibbs distributions for
stable and tempered interactions are contained as the special
case 0 = 1. In addition the extended class contains distribu-
tions for unstable interactions where o # 1.

The one parameter family of distributions leads to a one
parameter family of generalized ensembles for stable and
unstable systems. These were introduced in Sec. VI. The
generalized ensembles were subsequently tested in two cases:
first, for ideal gases with constant K-body potentials where
the stability index is 0 = K, and second, for the infinite range
Ising model (Curie-Weiss-Ising model) with strong coupling
where the stability index is o = 2. The results confirm the
applicability of the generalized ensembles to unstable interac-
tions.

For ideal gases, the generalized unstable ensembles repro-
duce the thermodynamic potentials of the ideal gas for all
values of 0 = K € N. While this result was to be expected
on physical grounds, the result is unexpected insofar as the
thermodynamic limit now depends on the value of o. The ther-
modynamic limit is treated as a scaling limit in which position
and momentum are rescaled in the Hamilton function.

In the case of the mean-field Ising model with strong
coupling, the thermodynamic potentials differ markedly from
the weak coupling universality class. An unusual first order
collapse transition into a fluctuation free ground state is found
indicating the existence of another mean-field universality
class. While this result had been obtained earlier [6] based
on the author’s theory of phase transitions and the ensemble
limit [15], the result was doubted [51], because it had not been
derived directly from the fundamental postulate of statistical
mechanics. Section VIII now closes this gap and provides
such a derivation. The results also exhibit a phase transition
of generalized Ehrenfest order 1/2 albeit in the metastable
high temperature branch of the Gibbs potential in Eq. (150).
It is a critical point at zero temperature. Phase transitions of

order less than unity were predicted and named anequilibrium
transitions in [12].

In summary, the results of this work enlarge the foun-
dations of statistical mechanics. These extended foundations
permit the calculation of thermodynamic potentials for stable
as well as unstable systems in a thermodynamic scaling limit.
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APPENDIX A: PROBABILITY MEASURES

A probability measure assigns a probability to a (random)
event. More precisely, let 2 be a nonempty set interpreted
as the set of elementary observations or elementary events.
A general nonelementary event is then a subset of 2. Let
P (2) denote the set of all subsets of Q (the power set of Q).
Probabilities of general events can be defined in a consistent
way only on certain classes .7 of subsets of 2. Such classes
are specified by the following three conditions:

(i) Qe

(i1) With every set in 7, also its complement is in .7

(iii) The countable union of sets in .27 is in 7.

A class o of subsets of © fulfilling these three con-
ditions is called a o-algebra. Let o C Z2(2) and let
u: o/ — [0,00] be a set function with w(¥) = 0. The set
function p is called o -additive if

u(UA,) = uA)
i=1

i=1

(AL)

holds for any choice of countably many disjoint sets A; € <7
with | ;2| A; € 7. A o-additive set function is called a mea-
sure. A measure is called a probability measure if u(2) = 1.

A pair (€2, o7) consisting of a nonempty set 2 and a o-
algebra of C P (R2) is called a measurable space. A triple
(2, o7, ) consisting of a nonempty set 2, a o-algebra &/ C
P(Q), and a measure u is called a measure space. If u is a
probability measure it is called a probability space.

An additive set function u [see Eq. (5)] is called a content
on .«/. Examples for a content are the volume |G| = V(G) and
the amount of substance N(G) of a thermodynamic system
G C RP.In that case Q = RP. A content on ¢ is called finite
if w(A) < oo for every A € &7. A content on < is called o-

finite if there exists a sequence of sets Ay, A, ... € ./ such
that
o0
Q= UAi (A2)

and w(A;) < oo for all i € N. For every content u Eq. (5)
implies the inclusion-exclusion formula [52]. It is written here
in the notation of Sec. III for the amount of substance as

NG)= Y  (-n~ N(ﬂG[), (A3)

he 2 (N) ieh
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where & (N) is shorthand for ({1, ...,
cardinality of h € Z(N).

N}) and ] is the

APPENDIX B: CONVEX RING

The convex ring is defined as the set of finite unions of
convex and compact sets [53]

%:{G CR”:G = | JK;withn < coand
i=1

K; ¢ R” convex and compact}. B1)

Note that G, G,eZ implies G|UG,eZ and G1NGLeZ.
The convex ring % contains also nonconvex sets. In fact, Z is
a dense subset of the metric space € of all compact subsets of
RP [53]. The distance between two sets in ¢ is defined by

d(Gy, Gy) = max { sup inf |x —y|, sup inf |x —y|} (B2)
xeG| yeG, x€G, yeG,

for G, G, € €\ {¥} and by d(¥,0) =0 and d(G,?) =

d(®, G) = oo for the empty set and G € € \ {0}. It defines

the (Hausdorff) metric on &

APPENDIX C: FUNCTIONAL FORM
OF ENERGY DISTRIBUTION
Another method to identify w(E) as a special function is

based on the relation

ML -
s = 2 {Jliz)}_(u:)}( 5)

between the Laplace transform and the Mellin transform

(ChH

AAFON) = / ¢ (@) d ()
0
of a function f(x). Using the Mellin transform [54]
By _ I(s/a)
M PN (s) = B (C3)
valid for ¢ > 0 and Res > 0 it follows that
M, BY)(s) = —— LU =9/ oy

aBU=9/c (1 —ys)

The general relation . {x~' f(x " )}(s) = A {f(x)}(1 — )

then implies

1 1 F(s/a)
MNAE w(E sa, B)}(s) = B F(s) (C5)
which leads to
—1 -1 _ | 1 (0, 1)
E"wE ;a,B)= ;H“(B E‘(O, 1/a)> (Co6)

by identification with H functions [45]. Using the series ex-
pansion (Ref. [45], p. 125, Eq. (180))

0,1) ) x (=DF
Hi?(x'(O, l/a)) - a}; K T(—ak) €7

and noting that the first term in this series vanishes reproduces
the result of Eq. (65).

APPENDIX D: STIRLING’S FORMULA
Stirling’s formula from Ref. [55] (p. 78, formula 6.1.37) is
1
T ~e 7 202m)2 1+ — — .. D1
(2) ~ e 772 (2m) ( + 120t e ) (D1)
I'n+1) =nl'(n)

for z - ooin |argz| < m, or with n! =

n! ~e"'n"'V2mn (D2)

forn — oo. Forn — 0o, k — oo with k/n — ¢ = const

(n _ n!

k) kl(n—k)
~y an(: ~5 A =
)2
N 2nrn \n n

1 k —n(t+1) k —n(1-44+4)
- X . D3
v2nn<n) < ”) B9

follows from Stirling’s formula (D2). Thus

log <Z> ~ —n[clogc+ (1 — ¢)log(1 — ¢)] (D4)
forn - oo, k — oo with k/n — ¢ = const.

APPENDIX E: AUXILIARY CALCULATION
0 1+m ) 1+m n 1—m ) 1—m
am|\ "2 ) B\ 2 2 )%\

()5

1 14+m
=—log <—) = artanh(m). (El)
2 1—m
APPENDIX F: SOME INTEGRALS
/ e dx = C W“F(’g) (F1)
o
f /f x4 +x2)dx1 - dx,
n/2 .
= ”—}—l / f(@rr"dr, F2)
* agof .| O _ TG/
_/o X lHlll (cx 0. l/ot)) dx=c rGo (F3)
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