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ENSEMBLE DEPENDENCE OF FLUCTUATIONS.
CANONICAL MICROCANONICAL EQUIVALENCE OF ENSEMBLES.

NICOLETTA CANCRINI AND STEFANO OLLA

ABSTRACT. We study the equivalence of microcanonical and canonical ensembles in
continuous systems, in the sense of the convergence of the corresponding Gibbs mea-
sures and the first order corrections. We are particularly interested in extensive observ-
ables, like the total kinetic energy. This result is obtained by proving an Edgeworth
expansion for the local central limit theorem for the energy in the canonical measure,
and a corresponding local large deviations expansion. As an application we prove a
formula due to Lebowitz-Percus-Verlet that express the asymptotic microcanonical vari-
ance of the kinetic energy in terms of the heat capacity.

1. INTRODUCTION

The relation between averages of observables of a physical system with respect to
different phase-space ensembles permits to prove what is called the equivalence of en-
sembles. That is, in the thermodynamic limit (size of the system goes to o), the proba-
bility distribution of a local observable is independent of the ensemble used. Whether
the microcanonical and the canonical ensembles give the same physical predictions was
studied from the beginning of statistical mechanics, starting from Boltzmann introduc-
tion of distributions on phase space [1] and Gibbs formulation of the ensembles in their
modern probabilistic form [2],

There are many different aspects and approaches to determine if the different ensem-
bles give the same predictions. The idea to apply local limit theorems to the problem
of equivalence of ensembles goes back to the book of Khinchin [10]. The equivalence
between canonical and grandcanonical ensembles, using the central limit theorem, was
proved in the seminal article of Dobrushin and Tirozzi [7] in the discrete case. They
consider the equivalence not only in the sense of equality between thermodynamical
functions, but also in the sense of equality between all the correlation functions. Correc-
tions, always in the discrete context for the grandcanonical and canonical ensembles,
has been studied in [4].

For the relation between microcanonical and canonical ensembles in the thermody-
namic limit we mention the seminal article of Lanford [13], and more recently [17].

We are interested here, for a system of finite NV particles, in the difference between
the microcanonical average of an observable A on a given energy shell (microcanonical
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manifold), and the canonical average of A at the corresponding temperature:
An(Au) = (Alu)y = (AN gy (1.1

where Nu is the value of the energy fixed in the microcanonical average, while Sy (u)
is the corresponding inverse temperature determined such that the canonical average
of the energy per particle is u. We will restrict our considerations to situations far from
phase transitions (far from thermodynamic singularities). .

By the law of large numbers we have a concentration of the canonical distribution of
the energy per particle in the canonical distribution around the expected value. Since
the microcanonical average is just a conditional expectation of the canonical average
for a given value of the total energy, if A is uniformly bounded in N, or local, and the
microcanonical expectation (A|u) is enough regular in u, Ay(A,u) — 0, as an easy
consequence of a large deviation principle for the distribution of the energy under the
canonical distribution (see section 4).

But here we are principally interested in extensive observables, like the total kinetic
energy Ky, and their fluctuations in the microcanonical ensemble. In particular the mi-
crocanonical fluctuations of the total kinetic energy is greatly affected, and reduced, by
the global constraint on the total energy and the asymptotic microcanonical variance,
properly normalized, differs from the canonical one. In order to study such difference
we need to compute explicitly the first order of Ay (A, u).

More precisely, let (Kn; Kn|u)y = (K% |u), — (Ky|u)?, the microcanonical vari-
ance of the kinetic energy, that typically has order N. The canonical variance of K
depends only on the Maxwellian distribution on the velocities and is equal to Nn/(23?),
where n is the space dimension. It follows from the results contained in section 5 that

. 1 n n
where the energy u and inverse temperature 3 are connected by the thermodynamic
relation, and C(f) is the heat capacity per particle, defined as C(8) = du(B)/dp~!.
Formula (1.2) was formally derived in [14] without controlling the error terms, and its
rigorous derivation is the main motivation for the present article. Actually we prove
(1.2) under some regularity conditions on the microcanonical expectations, and its
finite IV version, where we also compute explicitly the next order term (see formula
(5.19)). We then provide one explicit example where these regularity conditions are
satisfied, but we expect that they are verified for a large class of systems. Formula
(1.2) is actually a consequence of a more general formula (5.2), also formally deduced
in [14], that gives the explicit first order correction for Ay(A,u). Notice that our
formula (5.17) for the first order correction differs from the one obtained in [14], for
one term, see remark 5.4.

In the proof of (5.2) we use a strong form of the large deviations for the energy
distribution under the canonical measure, i.e. the asymptotic expression (3.11) for the
density of the canonical probability distribution of the energy. This strong local large
deviation expression is proven in section 3, as consequence of an Edgeworth expansion
in the corresponding local central limit theorem. The expansion is obtained in section 2
under the condition of uniform bounds in NV for the first 4 derivatives of the free energy
per particle fx (/) of the canonical measure of the N-system, see (2.3).
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Even though many of the arguments and results in sections 2,3 and 4 are well known
in particular in the probabilistic literature, we decided to present this article as self con-
tained as possible. For example the Edgeworth expansion argument we use in section 2
is essentially the same as used in Feller book [9] for independent variables, but we
could not find a precise reference for this statement for dependent continuous vari-
ables under canonical Gibbs distributions (for the discrete setting see [6], the general
setting for dependent random variables is treated in [11]).

2. THE LOCAL CENTRAL LIMIT THEOREM AND ITS EDGEWORTH EXPANSION

Consider N particles, the momentum and coordinates given by p := (p1, - ,pn),
pi € R"and q := (q1, - ,qn),q € M, where M is a manifold of dimension n. The
phase space is QY = (R" x M)N. Let q; = (q1,- - ,¢-1,¢i+1,--- ,qn) be the coordi-
nates of all the particles except that of the ¢ particle. To simplify the notation we take
n=1.

We want to consider systems whose Hamiltonian can be written as

N
Hy=> X,
i=1
where
p?
X = EZ + V(g @) i=1,--,N
where V is a regular function. Define for g > 0:
1
IN(B) =+ log/ e PN dpdq.
N QN

Notice that the integration in the p can always be done explicitly and
! -1 1 - NV (gi,a
fN(ﬁ):glOg(27Tﬁ )+N10g/MN€ 621 (q,q)dq‘

Assumption: We assume that there is an interval of values of 5 such that fx(5)
exists, together with its first four derivatives, and that are uniformly bounded in N:

s%p!ffvj)(ﬂ)\ <Cs §=0,1,231 (2.1)

with Cj3 locally bounded in closed bounded intervals not including 5 = 0.
The canonical Gibbs measure associated to Hy and temperature 3! is defined by

vgn(dpdq) = exp{—BHn(p,a) — N fn(B)}dpdq (2.2)
Defining hy := Hy/N, direct calculations give:
fn(B) = —(hn)sn = —un(B),
N(B) = N{(hy —un(B))*) s
N(B) = =N*{(hy —un(8))*)s.n
N'(B) = N*((hx —un(8)))s,n — 3N fR(B)*.

where we indicated < - >3 y the average w.r.t. the canonical measure defined in (2.2).

(2.3)
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Notice that, thanks to the presence of the kinetic energy,

inf £0(68) =0 (8) > 735
Define the centered energy
N
Sy = Z(Xj —un(8))
j=1

and its characteristic function
eaN(t) = (e"N)gy,  teER. (2.4)

By performing explicitly the integration over p, we have

1 N2 e
Spﬁ,N(t): (W) (e”zj( (qJ7qJ)_UN)>Nﬁ

where Nuy = (3_.(V(g;,d;)) n,s- Consequently we have the bound:

$2 _|_52
thus |5 n(t)] < 1 for t # 0 (i.e. is a characteristic function of a non-lattice distri-
bution). Furthermore |pg n(t)| is integrable for N > 3, and by the Fourier inversion

theorem (see chapter XV.3 of [9]) the probability density function of the variable Sy
exists for N > 3. Observe also that

¥sn(0) =0, 9 y(0) = =N X (B), w5 n(0) = —iNfy(B)
P (0) = NI (B) + 3N2f3(8).
In the following we denote the normal gaussian density by
Bla) = —=e "1,

Var
Let {H;(x)};>0 the Hermite polynomials defined by

2 \F
|SDB,N(75)|§< B ) , @5)

(2.6)

dJ ,
——o(x) = (—1)! H;(2)¢(x) 2.7)

dx)

The characteristic property of Hermite polynomials is that the Fourier transform of
Hj(z)¢(x) is given by
+m . - A
Hj(w)p(x)e™ dx = (it)’ ¢(t)

—00

~ 2
where ¢(t) = e~ 7. Recall that Hy = 1, Hy(z) = z, Hs(z) = 23—3z, Hy(z) = 24— 62+3
and Hg(z) = 2% — 152% + 4522 — 15.
We can now state the Local Central Limit Theorem we need in the rest of the article.

Theorem 2.1. Assume that (3 is such that the conditions (2.1) are satisfied. Define

S (X — un(B))

Yy =
N NI%(B)

)
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then the density distribution gz y(x) of Yy for N > 3 exists and as N — oo

(3) oW
ga.n (@) — (Qﬁ’fé ﬁjf”) —o (%) Kn(B)  (2.8)
where
@ \_ _INGB)
Qpn(x) = S (T I (ﬁ)%Hs(:v) (2.9)
2
() N (B) 1 fN(B)
Qﬁ,N(ﬁﬂ) NAGIE Hy(x) + > (3‘]%(5)%) Hg(x) (2.10)

and K (f) is bounded in N, uniformly on bounded closed intervals of § > 0.

Proof. We follow the proof of theorem 2 in chapter XVI.2 of [9] for independent random
variables. By (2.5) and the Fourier inversion theorem the left hand side of (2.8) exists
for N > 3. To simplify the notation we do not write the dependence on 3 of fg n, ¢35.n
t 2
Sn(t) = o () — €

and their derivatives. Consider the function
1+ P i (2.11)
VN M\ VNTL '

where oy (t/\/Nf}) is the Fourier transform of gg n (see (2.4) ) and Py(it) is an
appropriate polynomial in the variable it. We want to show that

Ay = / bt (dt_on) (2.12)

1

Choose 0 > 0 arbitrary but fixed. There exists a number ¢5 < 1 such that (%) 1<

gs for |[t| > 6. The contribution of the intervals |t| > 0./ f}/V to the integral (2.12),
using (2.5), is bounded by

~

dt  (2.13)

3
oo 2 5 .
N-3 s _2 it
Ll O (o Doy e Y
’ ( (t/\/ fNN)? +52> It/>6\/N % N7,
and this tends to zero more rapidly than any power of 1/N.
We now estimate the contribution to Ay from the region [t| < d\/N f{(8). Let us

rewrite
o0 2 t N 11 .
Ay = / e ewN(/ ) _ T L, | (2.14)
o VN Y
where!

Un(t) = log o (1) + SN Fi1?

The function ¢x(t) is four times differentiable and in ¢ = 0 its derivatives are given
by

For a complex number z such that |z| < 1, we define log(1+2) =3 =)t
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/ . ‘P/N(t) " / i
Yn(t) = on (D) + N fnt, Yn(0) =
Vi A (t) (t)Q " 1
N(t):gox(t) (t)g +NfN7 N(O):O
mon _ PN DR (t) 2¢N(t)s0§’v( ) | 26 (1)° " N
VO=on® T en)? A0 ewinr O =T
S ) = PN (1) 3B () 3 ()? A ()P () | B (D) () 6y ()
N on(t) en (1) P (1) en(t)3 en(t)? en(t)?

R(0) = @R (0) — 3% (0)2 = NFH.

where we used relations (2.6). Let (it)?yy (it) be the Taylor approximation for ¢y () /N.
Where ~y (it) is a polynomial of degree 2 with yx(0) = 0; it is uniquely determined by
the property

Y (t) — N (it)*yn(it) = No(|t[*) (2.15)
and it is given by
f]/\//! " . 9
wit) = 2+ L)

We choose
2

PG = Y g [V 0 win)]
k=1

then Py (it) is a polynomial in the variable it with real coefficients depending on N and

B. We use the inequality
k 3
_1_5:5 <€7<|Oé ﬁ|—|—|ﬁ|>

with v = max{|al, |3]}. Furthermore we choose § so small that for |t| < ¢

[ (t) = N (i) (it)] < e (fx)* NIE*

+

and .
N < N7 1 /Nt I (@)] < anltl < 7 fiv
provided that ay > 1+ |f}/|. For \t\ < 04/ N f}; the integrand in (2.14) can be bounded

by
3
-1 ﬁ ﬁ 1t
e 1 (6N+ 3l \/N—f]’\’, (2.16)

As e is arbitrary we have that (2.12) is proved. The function ®(¢) defined in (2.11) is
the Fourier transform of

8
9o (@) — d(x) = d(x) > by Hy(x) (2.17)
k=1
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where by are appropriate coefficients depending on N and Hy(z) are the Hermite
polynomials defined in (2.7). If we rearrange the terms of the sum in ascending pow-
ers of 1/v/N we get an expression of the form postulated in the theorem plus terms
involving powers 1/N* with k > 1 that can be dropped and obtain the result. O

The same argument leads to higher order expansions, but the terms cannot be ex-
pressed by simple explicit formulas. We have the following

Theorem 2.2. Assume that fr(8),--- , ](\f)(ﬂ) exist and are uniformly bounded in N.
Define
>in1 (Xi — un(8))

Nfy(B)

then the density distribution gg n(x) of Yy for N > 3 exists and as N — oo

YN =

k; .
g (@) — 9(x) — 6(2) > —¢ Qg{m@:o( ! ) (2.18)

1. 1
o Na_]—l N?k_l

uniformly in x. Here ¢(x) is the standard normal density, Q(B])N is a real polynomial

depending only on f{.(5), -+, ](f)(ﬂ), and whose coefficients are uniformly bounded in

N.

Note that Theorem 2.1 is Theorem 2.2 for & = 4 and taking & > 4 does not improve
our estimates and results.

Remark 2.3. Theorem 2.1 is stated for continuous random variables X;. It can be stated
also for discrete random variables, in the same form once |pg n(t)|, the characteristic
function of Sy, is integrable. In spin systems with finite range interacting potentials, like
the Ising model, this is the case, see [7] and [4] where a Gaussian upper bound on the
characteristic function is proved.

3. LOCAL LARGE DEVIATIONS AND BOLTZMANN FORMULA

In this section we study the energy distribution under the canonical measure. With
reasonable conditions on the interaction potential V, fy () is finite for every g > 0.
We can extend its definition to all § € R denoting fx(5) = +oo for 5 < 0.

We define the Legendre-Fenchel transform of fx(/):

Ins(u) == Stgp {—=Bu— fn(B)} = ;1;15 {—Bu— fn(B)} (3.1

Let Dy, Dy, the corresponding domain of definition. For any u € Dy, there exists
a unique 3 € Dy, such that

u=—fy(8) and B=—fy.(u). (3.2)

Under the canonical measure (2.2) hy can be seen as a normalized sum of random

variables. We denote by Fy g(u) the density of its probability distribution. For any
integrable function F': R — R

F(hy)dvgy = / F(u)Fn p(u)du = / F(u)e NNy (uydu  (3.3)
R

QN R



8 N. CANCRINI AND S. OLLA

where ;
Wy (u) = d_/ dpdq (3.4)
U Jhy<u

Theorem 3.1. Let v € Dy, and v = —f,(u) defined by (3.2) be such that fn(v)
satisfies (2.1). Then, for large N,

1" (4)
Wis(u) = e | H ) <1+Q7’]]\\;(0)+0<Jb> Km)) 3.5)

where Ky () and Q%%}V(O) are defined in (2.8) and (2.10) respectively.

Proof. Letw = (p,q) € QN, X(w) = (X1 (w), - , Xn(w)), and x = (z1,--- ,zy) € RV,
Consider the positive measure o (dx) on RY defined, for any integrable function F' on
RY, by

/ F(X(w)) dw = F (x) ay(dx) (3.6)
QN RN
so that for any + we have
FX(w)vyny(dw) = [ F(x) e 22NN oy (dx) (3.7)
N RN

For any integrable function G : R — R we can write

/ ( ij) (dx) = +OOG(S)WN(s)ds (3.8)

—0o0

Take v € Dy,, and v € Dy, as in the hypotheses of the theorem. For any integrable
function G : R — R we have

i 2 —Nfn()
e (s - ) s

_ / G( S;u )e—st—NfN(v)WN(S)dS
R N('Y)

= [i0) [ 6w e VRGO + wiy.

In order to apply theorem 2.1 we identify

NI S () e INVINOIW (4] F (7)Y + u) = VNG, v (VNY)

so that for y = 0

)
N s (u) (V) Wh(u) = \/Ng%N(O) = \/g (1 + Q%]]\\;(O) +o <%> KN('Y))

Since f1(v) = 1/fr,(u), (3.5) follows directly. O
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We can resume the above result more explicitly, by using the bounds and the explicit

form of the polynomial ny‘f}v(o) =Tfv (),

2 C 1
W (w)eN =) Wﬂ(u) —1|< % +o <N> Kn(7). (3.10)

Theorem 3.1 allows to write the probability density function in (3.3) as

—NIy,p(u) N o Qg:l()u),N(o) 1
Fnplu) =e "N o N (W) [ 1+ —— 7+ o & | En(v(1)) (3.11)

where v(u) = — f},(v) and
Ing(u) = Bu+ fN(B) + fne(u) = B(u—un(B)) = fn(un(B)) + [na(u).  (3.12)

As = —f).(un(5)), we can thus rewrite

Ing(u) = fae(u) = fas(un(8)) = fre(un(8))(u — un(B)). (3.13)
The functional Iy g(u) is convex, derivable and has a minimum in uy(3) where
un(B) == (hn)g,N
Iy s(un(B) =0,
and
INg(un(B) = fa.(un(B8)) = 1/fx(B).
Equation (3.11) says that the sequence hy satisfies a local large deviation principle,
also called Large Deviation Principle in the Strong Form, see [6] where the principle

is defined for discrete random variables with assumptions that are generally stronger
than (2.1).

4. MICROCANONICAL DISTRIBUTION AND EQUIVALENCE OF ENSEMBLES.

We here define the equivalence of ensembles. Given an observable A on 2y, we
define the microcanonical average (A|u)y as a conditional expectation by the classic
formula:

(AF (s = (A F ) s = [ Pla)(Aly Fupludu, @)

for any measurable function F'(u) on R. It is an easy exercise to see that these con-
ditional expectations do not depend on . Of course (4.1) defines the conditional
expectation only a.s. with respect to the Lebesgue measure. But under the regularity
assumptions on the interaction potential V', the microcanonical surface

Yn(u) ={(p.q) € Oy : hy = u} (4.2)

is regular enough such that the change of variables (co-area formulas cf. [12]) can be
applied and give the existence of a regular conditional distribution on ¥y (u), defined
for every value of u. We will assume in the following various conditions on the function
u —< Alu >y, that have to be verified in the various applications.

By equivalence of ensembles we mean here the convergence of

(A)g.n — (Alun(B8)) N s 0, (4.3)
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for a certain class of functions. We are in particular interested in the rate of convergence
in (4.3).

For the case when A is a bounded function such that < A|u >y is continuous around
u = uy(f) uniformly in N, this is a quite straightforward consequence of the upper
bound on large deviations. By the uniform continuity of < A|u >y, for any e > 0, there
exists o > 0 such that [(A|u)ny — (Alun(B8))n| < €if |u —un(B)] < d.. Then

(A — (Alun(B)x] < 20| Ao / Fuvplu)du + ¢

lu—un(B)|=0e

Let us split the large deviation term:

/ ]:Nﬁ(u)du :/ ]—"Nﬁ(u)du%—/ ]:Nﬁ(u)du.
lu—un (B8)>6e u>un (B)+de u<upn (B8)—de

We estimate the first term of the RHS of the above expression.. By the exponential
Chebychef inequality, for any A > 0:

/ Fug(w)du < e NN B 60~ (BN +1n(B)]
u>u

Notice that, using (3.1) and (3.12),

Inp(u) = ;21; (A — fn(B—=N)+ fn(B) u=un(f)+ e 4.4

Consequently optimizing the estimate over 5 — A > 0, A > 0 we have
/ Fnplu)du < e Ninp(a)
u>u

Analogously applying exponential Chebichef inequality on the second term we have

Ing(u) = S (M= fn(B+N) + fn(B)  u=un(B)— o

and a similar estimate can be obtained.
Condition (2.1) on f]’\’[(ﬁ) implies the strong convexity of Iy g(#) in an interval
around uy (), uniform in N. For any $ > 0 there exist 6 > 0 such that

2

> — RS
= 30, (4.5)

Inp(un(B) £6)

It follows that

/ Fg(u)du < 2 N0/2Cs (4.6)
Ju—un (8)|>6c

that converges exponentially to 0 for any € > 0. Taking ¢ — 0 concludes the argument.
In the next section we will analyze closer this convergence, allowing observables A that
are extensive.
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5. LEBOWITZ-PERCUS-VERLET FORMULAS FOR FLUCTUATIONS

In this section A is a function on y, eventually extensive. We define || A||, 3~ the
LP-norm of A with respect to the canonical measure v y.

We assume that for every § > 0 in the same interval of (2.1) and bg > 0, the
observable A satisfies the following relations:

(i) There exists a positive constant C'z and a small number ¢ > 0 such that
[All4,8,8 < Cpl|All2,8,8 < +00
[(Alun (B))n| < Cal|All2,p,n,
d
LAl ( < C3NV2||A :
St | < O Al

d2
5 (A |

< Oy N Alls.g v
uN(m‘ < Os N Allzv

(ii) If On := bgy/ IOJgVN there exists a positive constant C'z such that

Cov/N
log N

3

Al <

By = sup
lu—un (B)|<on

| All2,8,n - (5.1)

Theorem 5.1. Assume conditions (i)-(ii) above. Then, for N large enough, the following
formula holds

(Aluy (8))x = ! d[ L _d

1
A - —— —(A — A . .
W = 5735 | Ty a5 Do | o (F ) Mlasn. 62
Proof. In the proof C3 will be a generic constant depending on /. Since expression
(5.2) is homogeneous in A, we can divide by ||A||> 3,5 and consider functions A such

that ||A|2 v = 1. We write the difference between the canonical and microcanonical
expectations as

Wy~ (A (@) = [ Fualw) (Aluby =~ (g )nldu (53)
Denote
Guv(u) = (Alu) — (Alun (B))x — Jo{Alwn], (= un(8))
L2 " (5.4)
—5 gz Al un(B) (u—un(B))
Obviously G (un(B)) = Gy (un(B)) = G (un(8)) = 0. We want to prove that
/ Fnp(u) Gy(u) du ~ o <%> . (5.5)

Under conditions (z) above and using (2.1), the properties of the norm and Schwarz
inequality, we have that [|Gn|[3 5 v < Cj-

Let oy = bg IOJgVN be the sequence of assumption (ii) above. Due to the strong
convexity of Iy 3(u), by (4.6), we have Iy g(u) > 5]2\,/(2(]5) for N large enough. We
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choose bg such that b% /(2C3) > 4. This last condition will be clear at the end of the

proof.
Consider the bounded function

Gy (u) = GN (W) [jy—uy (B)<sn]-

We can split the integral and, using Schwarz inequality, obtain

1/2
Vs ( / Fn,6(w) 1[|uuN<5>|zaN1dU>
+ ‘/ Fn ()G sy (u) du

By (4.5) and the above choice of ¢,y the integral of the first term can be bounded by

' [ Fxatw) G tuyau <

b2

/ FN () Lju—up (8)|255] U < 2N 2%, (5.6)

As b%/(?(]g) > 4, the first term on the RHS is of order o(1/N).
For the second term, by Jensen’s inequality and (3.11), for any « > 0 we have

1
‘/ Fnp(u)Gn sy (u) du| < W10g/€aNGNv“N(“)fN,B(u)du

2
b8

= ilo / e~ N(Inp(w)—aCn sy (u)) N () (1+...) du+2N >
aN llu—un (8)|<dn] 2

Since, by Taylor formula and condition (i) above, |Gy 5, (v)| < By g |u—un(8)[3, and
Ing(u) > ag(u —un(B))? as ju — un(B)| < §n, we have that

Ing(u) — oGy (u) > (u—un(B))* (a3 — aByg lu — un(B)])
> (u—un(B))* (a3 — By goN)

Choose now a sequence oy — 00, for N — oo, and such that ay By gdn < 1/(2C3).
We have consequently that

IN,g(u) — OCNGN,(;N(U) >0, if ]u — uN(B)\ < ON.

Then we have:

N / Fuvs()Gsy () du

1
< —log 25]\”/ sup I (u) (1—|—...)—|—2N_a5b%
an T Ju—un(B)| <N

= —log [ng/logN\/> sup I (1—|—...)—|—2N_a5b%] .

(5.7)

|u uN(ﬁ ‘<5N

We choose oy growing faster than loglog N and this last term will go to 0. Since
By gon < C__ it is enough to choose ay := ¢y/log N for ¢ small enough to have

log
anBy gon < 1/(2C3) satisfied.

\J



ENSEMBLE DEPENDENCE OF FLUCTUATIONS 13

We can thus rewrite equation (5.3) as

f// ﬂ d2 1
Wa = vy + D] o). 68
Note that for any differentiable function g(u)
d 1 d
%g(u) wmun(8) “ ) a8 g(un(B)) (5.9
N d[ 1 d
N(ﬁ)w g(u) w—un(®)  dB [m% 9(“1\/(5))} : (5.10)
By (5.10) we can write (5.8) as
1 d 1 d 1
(Alun (B))N = (A)g.n — IN 5 [ 7(3) d5< lun (B)) v } +O<N> . (5.11)

By lemma 5.2 below and condition (ii) above:

a5 [r a5 (s = lan@)| ~ o (5)
and (5.2) follows. O

Lemma 5.2. Under the conditions of Theorem 5.1 the following relations hold

d " d2
(= A8 ) = B A5+ on (1) Al
(5.12)
d2 " d2
s (s — Al (@) = B ], g5+ o (1) Al

where on (1) — 0as N — oc.

Proof. As in the previous proof, we can assume that ||Al|> 3 5 = 1. Note that by (5.3)

d
L (A — (Alun(8)
dﬁ( o ! N) (5.13)

- N / (Alupy — (Alun(B))n) (4 — un(8)) Fon (w)du — @ww(mm

and, the definition (5.4) of G (u) and (5.5), this is equal to

n 2
= —/n(8 )d (AR o 5) dﬁww( )+ 2z(vﬁ) dd2< Ny (9
N / G () (u — u (8)) Fo (1)l
///(ﬂ) d2

=N du Q(A\U>N‘UZUN(B) — N/GN(u) (u —un(B)) Fs.n(u)du.
In order to estimate the last term on the right hand side of the above relation, define

Gy (1) == NGy (u) (u = un(B8)) Lju-uy (9] <on]



14 N. CANCRINI AND S. OLLA

Then dividing the integral we have
N [ Gy ) (u = un(8)) Fpwlwdu = [ G o () Fp v ()i
(lu—un(B)|<6n]

+ N Gn(u) (u—un(B)) Fg,n(u)du.
[[u—un(B)|>dnN]

The first term can be easily estimated by condition (5.1) and Taylor formula as
537 o B log N .
v]og N p VN

For the second integral we use Schwarz inequality so that

|Gy (w)] < NCy

N Gy (u) (u—un(B)) Fpn(u)du

[lu—un(8)|>0n]

1/2
< N|Gn 2,55 </ (u—un(B))? f@N(“W“)
[lu—un(B)|>0N]

1/4 1/4
< N||Gnll2,8n </ (u— uN(ﬁ))4.7:57N(u)du> </ .Fg,N(u)du>
[lu—un(B)|>0n] [lu—un(8)|>0n]

2
agbi 4
T a +§’

< —agb3/4 _
CﬁNN1 N

where we used (2.1), (2.3), (5.6). The condition ag b% > 4 assures the convergence to

0 as N — oo. This proves the first of (5.12).
For the second one, deriving (5.13) once more in 5 and using (2.3), we obtain

2
- (05 — Al (9))
= 8 [ (Al — Ay (@) ) (0= un(B) Faladu  (5.14)
2
- N7E) (A — (Alun (D) = 5 (Al (8)

Using again definition (5.4) of G (u) we have that (5.14) is equal to
d
N2 (AN ] o 5) /(u —un ()’ Fa.v(u)du
TR A|u>N|u:uN(B) [ = un(8)* Fantwiu
1 d2 A " 2 2 A

—|—N2/GN(u)(u—uN(ﬁ))Z]:@N(u)du—i—N/GN(u)]:ﬁ,N(u)du

(5.15)
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The first 4 therms of (5.15) are equal to

" d 1 " 3 " d2
~ O A+ (GO + 5RO Gt s

1 5 d? A A
- 5( ~(B)) Tu — (Aju)n |, _ —un(B) d—BQ< lun (B)) N
n d2

d 1 "
=—fn(B )d—< >N|u:uN(B) ton/NBgs <A‘U>N|u:u1\7(ﬁ)
2

2
PO L A )~ oy (A (B)

u=un(f)
,/,(5) d " d
= Py 5 A BN + S IR B) g (AN
2
+ I446) 5 iy d Alun 4 >>N—j—52<A|uN<ﬁ>>N
_ L d? A
= S I B) T (Al s

where we used (5.9), (5.10). We consider now the last two terms of (5.15). To estimate
the first one define

Gron (1) == N2Gn(w) (u — un(B)) Uju—un (8)| <bn]-
Then, by (5.1) we have that |Gy s, (u)| < C5 N26%, and

log N)3

‘/G’N,éN(U)fg,N(u)du < O3 N6, = CB(

While using Schwarz inequality twice we get

/ N2Gix () (u — une(B))? Fo ()
[lu—un(B)|>dn]

u—un (8)[>dnN]

1/4
< N*|Gnllasnllu —un(B)1 s n (/“ fﬁ,N(U)dU>

coni Lo n-a

= A NNaBb N

that is of ox (1) since aﬁb% > 4. By (5.5) the last term in (5.15) is ox(1). This proves
the second of (5.12).

O

Let A and B two functions such that they and their product satisfies the assumptions
of Theorem (5.1). Applying formula (5.2) to AB we obtain

1 d 1 d(AB 1
Bl () = (4B = 5545 | 7o | +o (5 ) 1Bl
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while

MWM@M@WM@M:MMMEMw~L<m> d[l meﬂ+

oN \"NPap | 1i(B) dB
d 1 d{A)np
Oy | ar ) + O

11 d<A>N7Bd<B>Nﬁ_Li{ 1 d((A)n,s(B)nNgs)
N fx(B8) dB s 2N dB [ fx(B) g

where C'y contains all term of smaller order and is bounded by

:|+CN

1
O] < o( ) IlkeanlBlsn

Then defining the correlations
(4; Blun (8))x := {ABlux(8))x — (Alux (8))n (Blun (8)).
(A;B)g.n = (AB)g N — (A)gn(B)s.N,
we get the formula for the equivalence of the correlations:

X o . 1 1 d<A>N75 d<B>N75 1 d 1 d(A;B>N75

1
+o(§ ) (14Blan + ALzl Blaam).

(5.16)

(5.17)

Remark 5.3. This formula is different than the one of reference [14]. The term with the
derivative of the canonical correlation is in general smaller than the others. It can be even
smaller than the error term as we will see evaluating the fluctuations of the kinetic energy
below.

Remark 5.4. For extensive variables, like A = S | p?, typically we have || Al|s 5 x ~ N,
that implies that the error in (5.17) is of order o(N). But in these cases the other terms
are of order N.

5.1. Fluctuations of kinetic energy. Consider the kinetic energy

N 2
Kp) =) -
(p) Z :
7j=1
Then, if n is the space dimension,

Nn N(N + 2)n? Nn?
K)ng === Mng=——— (KiK)Ng= s
< >N76 25 Y < >N76 4ﬁ2 < ) >N76 2ﬁ2

and
d(K)ng  Nn  d(K;K)ng Nn?

ap - 2p% dp 33
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applying equation (5.17) we obtain

n?N 1d [ n?
<K7K|UN(ﬁ)>N_<K7K>Nﬁ__m+§% (W)

) (5.18)
+o(5) (K% + 1K1 )

Observe that as ||[K|j25n ~ N/B and ||K?||23n ~ N?/3? the second term in the r.h.s
of (5.18) is smaller than the error term. Dividing by IV, we obtain for the variances of

K/V/N:

1 2
S Klun(8)) v = % - m +on(1) = % (1 - ﬁ(ﬁ)) +on(1) (5.19)

The quantity Cn(8) = B2f%(83) is called heat capacity (per particle). This is in fact
equal to dﬁ%u ~(5). Notice that (5.19) coincide, up to terms of lower order in N, to
formula (3.7) in [14].

In particular the asymptotic canonical and microcanonical variances of ﬁK N are
different. Denoting by V' the total potential energy, since K + V is constant under the
microcanonical measure, we have that (K; K|un(5))ny = (V;V|un(8))n, so the same
formula is valid for (V; V]un(5))n-

It remains to prove the conditions of theorem 5.1 are satisfied by (K ; Kn|u)n, but
this in general depends on the model considered, i.e. on the interaction between the
particles.

In section 3 we have defined

WN(U) = %QN(U)
where
() = [ dp [ a0 (N hy(p.a)

where the Heaviside unit step function 6(z) is defined by #(z) = 0 for + < 0 and
0(x) = 1 for z > 0. Using the N-spherical coordinates on the momentum variables, this
can be written as

00 2
QO (u) = Sy_1 /RN dq/0 A (Nu - % - V(q)> dp

:SN—l/ dq@(Nu—V(q))/ pN " ldp
RN 0

oN/2 N
=Sny_1—— dq (Nu—V(q))?2

N o 0 (Nu—V(a))

where Sy_; = 27V/2/T'(N/2) is the surface of the N — 1 dimensional unit sphere.
Consequently

(2m)N2N

T fo ANe=V@)2 T 0 (Nu—V(@)  (5.20)

WN (u) =



18 N. CANCRINI AND S. OLLA

This formula goes back to Gibbs ([2], chapter 8, (308)), and one can prove that Wy (u)
is at least [% — 1] times differentiable see [8].

For any observable A, the microcanonical mean can be written as

i dpdab(Nu— H(p,q))A(p, q)
Wi (u)

Using the N dimensional spherical momentum coordinates as above, one can write the

microcanonical mean of the kinetic energy as

B _ (27T)N/2N N
(K |uyy =Wy (u)™! (P(T/Q) - dq(Nu—V(q))z0(Nu— V(Q)))

(Alu)n = (5.21)

_ N2Ox(w) __Jgw da(Nu— V(@) 26(Nu— V()
2Wn(w) - fox da(Nu—V(a)* 0(Nu—V(a))

Of course we have the trivial bound (K |u)ny < Nu. Furthermore, since the micro-
canonical distribution is symmetric in the {p;,j = 1,..., N}, we have

2 [ dg (Nu—V(q)20(Nu—V
%(p?luhv _ 2 ey da(Nu (q))ﬁ_l( u—V(a)) (5.22)
N [pn da(Nu—V(a))2 '0(Nu—V(q))
An analogous calculation brings to
2 _ J+1 _
(2 )y = Jar da(Nu—V(q) 2" 6(Nu—V(q)) (5.23)

Jen da (Nu —V(a) =~ '0(Nu — V(q))

We can rewrite these expression by using the microcanonical potential energy weight:

Wi (v) := d% /R O(Nv = V(a))da. (5.24)
then
2[5 (u— v)%WN(v)dv
(K |u)y = N—2 =
T w0 F W )
and

22 [y (u— ”)%HWN(UW”
Jo (w =)= "W (v)d
The formulas above imply that these microcanonical averages are at least [IV/2] times

differentiable in v and the derivatives can be explicitly computed.

Starting from expression (5.23) we give a qualitative argument to understand why
conditions (i)-(iii) in section 5 should be satisfied for extensive observables. We then
present an example where most calculations can be made exactly. From (5.23) one
can see that dimensionally the microcanonical mean of K? behaves as N2u? and that
the derivatives with respect to u are well defined till the order N/2 — 1. The third
derivative of (K?|u)y behaves dimensionally as N?/u. Thus, as the canonical norm
||KH§6N = N(N+2)/(45) and un () does not grow in N, the required conditions are,

(K% |u)y = 4N (5.25)
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at least dimensionally, satisfied. The same reasoning can be extended to any extensive
or intensive quantity looking directly expression (5.21).

5.2. Exactly solvable one dimensional model. We here introduce the one dimen-
sional model system studied in [8] where conditions (5.1) can be explicitly satisfied.

Consider N identical point particles confined by a one dimensional box of size L.
The Hamiltonian is

N o2
p.
H — 2y =F 5.26
(p,q) ;:1 5 T V(a) (5.26)
The potential energy V' = Viy + Viox is determined by the interaction potential

1
Vvint(q) = 5 Z Vpair(|Qi - Qj|)

ij=1

i#]
and the box potential
0 e o, L]V
Voox(a) = {+oo ((jthe[rwis]e.
The pair potential is given by
o0 T < dp
Vpair(r) = ¢ =Up dpe <7 < dpe +10
0 r > dpe + 7o

where dj. > 0 is the hard core diameter of a particle with respect to pair interactions.
The pair potential above can be viewed as a simplified Lennard-Jones potential. The
depth of the potential well is determined by the binding energy parameter U, > 0 and
the interaction range by the parameter r(. It is assumed

O<T’0§dhc

the latter condition ensures that particles may interact with their nearest neighbors
only. In order to have the volume sufficiently large for realizing the completely disso-
ciated state, corresponding to V =0 it is L > Ly, = (N — 1)(dpe + 70)- The energy E
of the system can take values between the ground state energy Ey = —(N — 1)Up and
infinity. Following the calculations of [8] expression (5.23) for this model becomes

SN (N4 kUG) 2 P O(Nu + k)
SV W (Nu + kUG) 2~ 10(Nu + kUp)

where wy, are positive coefficient depending on N and L see [8] for more details. Fur-
thermore the canonical mean energy per particle
N-1 _
1 Uy Yoy kwye PO

un(8) = = — 20 ,
( ) 25 N Zé\[:_ol W e*ﬁka

(K?|u)y (5.27)

so that .
— — Uy < un(B)

53 (5.28)

1
<
=23
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Expression (5.27) shows that (K?|u)y does not vanish iff at least u + %UO >0
this implies u + Uy > 0. Expression (5.27) is explicit but complicate. To verify that
(K?|u) N satisfies conditions (i)-(iii) we consider the particular case of —(N — 2)/N <
u < —(N —3)/N. As only the last two terms are present in the sums, expression (5.27)
becomes

N/2+1
1 U
WN-1+WN_2 < - Wu+((}o>

L U >N/2—1

(K| u)y =
WN-1+WN-2 < — Nutlp

N2(u + U0)2

where we use to simplify the formulas v + %Uo ~ u+ Uy for N large. Calculating the
derivatives of (5.27) (we omit the boring calculation) one can show that there exists a
positive constant A such that

(K?|u)ny < N*(u+ Up)?

d
%(KQ lu)n| < AN?(u+ Up)
d? Uy U2 (5.29)
—(K* < AN? g
S (K uv| < <u+UO+(u+U0)2>
du? - (u+Up)?  (u+Up)3  (u+Up)*
Remembering that
N(N +2)
(K*)np = i

by (5.28) and (5.29) conditions (i)-(iii) of theorem 5.1 are satisfied.

6. THERMODYNAMIC LIMIT

All the statements in the previous sections are for finite V. We here recall the classi-
cal Lanford results in the thermodynamic limit [13], under the assumption that fx ()
is bounded in N along with the first four derivatives.

By definition fy(3) is analytical in 5. Assume now that fy(3) converges to z(3)
which is analytical in 5. Then all the derivatives of fy () converge to the derivatives
of z(3) and conditions (2.1) are satisfied. We thus have

fn(B) = 2 (B) = —u(B), N (B) = 2"(B) = x(B)

Usual thermodynamic notations denote F(371) = —3~12(p) the free energy, x() heat
capacity, and s(u) = —z*(u) = —limy_,o fn«(u) the thermodynamic entropy. It follows
the Boltzmann formula:

s(u) = A}gnoo % log Wi (u) (6.1)
Also we denote
I3(u) = A}gnoo Is n(u) = Bu — s(u) + z(B) (6.2)

that is the rate function for the large deviations of hy in the infinite Gibbs state defined
by DLR equations.

In absence of phase transition, i.e. I3(u) = 0 only for u = 2/(3), then the equivalence
on ensembles follows from (5.3). Differentiability of the limit of fx(3) depends on the
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system we are considering. In next section we give examples where analyticity of z(3)
is assured at least for  small enough.

7. EXAMPLES

7.1. Independent case. Consider a system of NV noninteracting particles in a potential.
This is the case V(¢;,@;) = V(¢;). The Hamiltonian can be written as the sum of N
identical terms

N
Hy(p,a) = Y _ h(pi, ¢i)- (7.1)
=1

Consequently fn(3) does not depend on N and is a smooth function of g if V' is a nice
reasonable potential.

7.1.1. Independent harmonic oscillators. Consider a system of N harmonic oscillators
in dimension d. The Hamiltonian is given by

Y g

To simplify notations take n = 1. Explicitely we have

F(B) = log(2m5™")

and 2/(3) = -1, 2”(B) = B2, so that the heat capacity here is 2 (3)5% = 1.
If we calculate the expected value of the kinetic energy K with respect to the canon-
ical measure at inverse temperature [ we obtain

(K)g = % (7.3)
The fluctuations (the variance) of K are given by
(K; K)p = 2—];; (7.4)
The expected value of K with respect to the microcanonical measure is given by
(Klu)y = % (7.5)
and N 4o
(K?u)y = N L) (Nu)?. (7.6)
This imply that the microcanonical variance is given by
(63 Ky = (%) — (il = 7t 7.7)
Since (hn)g = un(f) = %, we have
(3 Klu () = (K Khwa = 1 — o =~ (14 g )+ 09)

that coincide with the general formula (5.18).
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7.2. Mean Field. We consider the Hamiltonian

1 1,j=1
where V is a symmetric reasonable potential such that [ e ?Vdg dga < +oo for any
£ > 0. One can check by direct computation, using the symmetry of the potential that

f ](j )( B) are uniformly bounded in N.

7.3. One dimensional chain of oscillators. A very common model is an unpinned
chain of anharmonic oscillators of Fermi-Pasta-Ulam type, whose hamiltonian is given
by

Hy = 21: [EZ + V(g — qi-1) (7.10)
with various boundary conditions. Defining r; = ¢; — ¢;_1, we are back to the indepen-
dent case.

7.4. Real Gas. Consider a system of N particles interacting with a stable and tempered
pair potential V: R? — R U {0}, i.e., there exists B > 0 such that:

Z V(g¢i —q;) > —BN

1<i<j<N

for all N and all ¢1, - - - , ¢y and the integral

C(8) = / e BV@ 1
Rd

is convergent for some 5 > 0 (and hence for all 5 > 0. In [16] it has been proved the
validity of cluster expansion for the canonical partition function in the high temperature
- low density regime. This implies that the thermodynamic free energy is analytic in 3
if 8 and the density are small enough. Conditions (2.1) are thus satisfied.

7.5. Unbounded spin systems with finite range potential. We consider here the un-
bounded spin systems studied in [3]. For any domain A of Z¢, with [A| = N, we
consider the following ferromagnetic Hamiltonian on the phase space R* defined as

follows
N

N
Hy(q) =Y |olg) + > Vigg) | =D X,
i=1 i~j j=1
where i ~ j means that the sum is over the sites that are at distance R > 0 from j. Here
¢ is a one particle phase on R with at least quadratic increase at infinity, V' is a convex
function on R with bounded second derivative, i.e. |V"(¢)| < C. As the kinetic energy
term is not present to use Theorem 2.2 we need to prove that the characteristic function
©n(t) of the centered energy has modulus |pn(¢)| < 1 and |pxn(t)] is integrable. We
have to prove an analogous of (2.5) which assures that the probability density function
of the variable Sy exists. The finite range of the potential is sufficient to prove both
properties. Definea A C A

Ar={ieA: d(i,j) > 2R},
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and
Vi = éar) + 2 V(g ar)-
ink
We can write the Hamiltonian as

Hy(q) = Y Y+ Hya,,
k‘EAR

where H)y\ 5, depends only on the variables in A \ Ag. For any A C 74, et vg 5 be the
canonical measure defined by the Hamiltonian defined above and indicate by Ej3 , the
expected value w.r.t. vg 5. Then

N (t) = By (e Zrenn WHHINARY — By (eM00n B (7 20ern )
_ [AR| ‘
= Egp(¢"0r T Ba(e™)),
k=1
where in the last equality we used independence of the {Y}} variables due to the finite
range potential. We thus have

|Ar AR
o ()] < Esa(] ] 1Bs (™)) = Esa(] ] ler @)D
k=1 k=1

The variables {Y}} have finite probability density. This implies that their characteristic
functions {¢x(¢)} have modulus strictly less than one for ¢ # 0 (see [9]). Furthermore
such density is in L? so that, by Plancherel equality, | (¢)|? is integrable (see [9]).
These two properties of ¢y (¢) assure that the modulus of ¢ () is strictly less than one
for t # 0 and integrable for |A ;| large enough so that, by the Fourier inversion theorem,
the probability density function of the centered energy exists.

In [3] exponential decay of correlations is proven for 5 small enough which implies
analyticity of the free energy in the thermodynamic limit.
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