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Large-Deviation Principle for One-Dimensional
Vector Spin Models with Kac Potentials
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We consider the one-dimensional planar rotator and classical Heisenberg
models with a ferromagnetic Kac potential J(r)=7pJ(yr), J with compact
support. Below the Lebowitz-Penrose critical temperature the limit (mean-field)
theory exhibits a phase transition with a continuum of equilibrium states,
indexed by the magnetization vectors mgs, s any unit vector and my the Curie~
Weiss spontaneous magnetization. We prove a large-deviation principle for the
associated Gibbs measures. Then we study the system in the limit 3|0 below
the above critical temperature. We prove that the norm of the empirical spin
average in blocks of order y~' converges to my, uniformly in intervals of order
y~ P, for any p = 1. We also give a lower bound to the scale on which the change
of phase occurs, by showing that the empirical spin average is approximately
constant on intervals having length of order ;! =% with 1 &(0, 1) small enough.
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1. INTRODUCTION

Mean field models are very important to explain in a simple way the
general phenomenon of phase transitions. However they have some
unphysical properties as the non convexity of the canonical free energy. In
the lattice gas language, this non convexity produces the totally unphysical
effect that in some region of the parameters the pressure is a decreasing
function of the density. Exactly the same problem appears in the famous
van der Waals equation of state that comes front a molecular theory of the
vapor-liquid transition. To avoid this unphysical feature of the van der
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Waals equation of state, Maxwell, in the middle of the last century, inven-
ted his equal area modification of this equation. In term of thermodynamic
potentials this corresponds to take the convex envelope of the mean field
canonical free energy. In the end of the fifties, M. Kac, G. Uhlenbeck,
& P. C. Hemmer,®*2>2% found a microscopic model for the vapor-liquid
transition that explains in a very clear way the Maxwell modification of the
van der Waals theory. More precisely they derived the phase diagram of
the van der Waals theory, comprehensive of the Maxwell rule, from the
thermodynamics of a system with interaction yJ(yr), J(r)=exp[ —|r|], in
the limit y | 0. These results were extended by J. Lebowitz & O. Penrose,
to a larger class of potentials. There is a review by P. Hemmer &
J. Lebowitz,®® appeared in the middle of the seventies, where more com-
plete references can be found.

As well known, mean field theories present some other unsatisfactory
features, e.g. phase transitions occur independently on the dimension in the
space. Then the behavior of a system with long but finite range (i.e., with
y small but positive) can be very different from the one of the corre-
sponding mean field model. Therefore it is natural to wonder what kind of
informations about the system, before the limit y | O is taken, can be extracted
from the mean field theory. Strangely enough such a basic question has not
been investigated for a long time.

Only recently, after an important paper by M. Cassandro, E. Orlandi,
& E. Presutti,!? a new interest for Kac models came. In ref. 12 the authors
give a very complete description of the infinite volume one dimensional
Ising—Kac model: they characterize the typical configurations of the
(unique) Gibbs state and the interface between two phases. Part of these
results were extended by T. Bodineau,”” to a system of bounded con-
tinuous spins, but the canonical free energy of the corresponding mean
field model is still a double well one. Disordered one dimensional Kac
models were studied recently, in particular by A. Bovier, V. Gayrard, &
P. Picco,’®”? for the Kac-Hopfield model, and by T. Bodineau,® for a
disordered ferromagnetic Kac model. After that, the study of Ising-Kac
model in more than one dimension was done by various authors. The
existence of a phase transition for the system before the Kac limit was
proved by M. Cassandro & E. Presutti,'® and A. Bovier & M. Zahradnik.®
Asymptotic from above of the critical temperature and decay of correlation
functions were given by M. Cassandro, R. Marra, & E. Presutti.'") The
surface tension was investigated by G. Alberti, G. Bellettini, M. Cassandro,
& E. Presutti,”) and by O. Benois, T. Bodineau, P. Butta, & E. Presutti,®
while a characterization of the translation invariant states was done by
P. Butta, I. Merola, & E. Presutti."!® The problem of considering the phase
diagram of a perturbation a la Kac of an Ising model was studied by
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T. Bodineau & E. Presutti.”® Dynamical aspects of the Ising-Kac model can
be found in the papers by A. De Masi, E. Orlandi, E. Presutti, & L. Triolo,
see ref. 14 and references therein.

Beside the Ising model, vector spin models with an internal continuous
symmetry are also very important. They exhibit radically different
behaviors. A typical example is given by the classical SO(g) models, and,
among these, the classical XY or “planar rotator” model (¢=2), and
the classical Heisenberg model (¢ =3). In one and two dimensions, if the
interaction range decays at infinity fast enough, there is no breaking of
the internal symmetry, this comes from the Mermin—Wegner argument
and was proved by R. Dobrushin & S. Shlosman,!® C. Pfister,®" and
J. Frohlich & C. Pfister.!”

For the ferromagnetic planar rotator model with short range interac-
tions, the main feature is that there is uniqueness of the Gibbs state in one
and two dimensions, as shown by J. Bricmont, J. Fontaine, & J. Landau,®
and A. Messager, S. Miracle, & C. Pfister.*® However in two dimensions,
at least for the nearest neighbor interaction, there is the famous Berezinskii-
Kosterlitz-Thouless transition,®® where there is no spontaneous magneti-
zation, no breakdown of the internal symmetry but the decay of two points
correlation functions is exponential at high temperature and only polyno-
mial at low temperature. The existence of this transition was proved
rigorously by J. Frohlich & T. Spencer.?®

In three or more dimensions it was proved by J. Frohlich, B. Simon,
& T. Spencer,!? that the ferromagnetic planar rotator and classical
Heisenberg models exhibit spontanecous magnetization and symmetry
breaking at sufficiently low temperature. A complete description of all
extremal, translation invariant equilibrium states was done by J. Frohlich
& C. Pfister,""® where it was also proved that the surface tension vanishes.

From what discussed above it seems quite natural to start an analysis
of the Kac version of the classical XY or more generally classical SO(q)
models, as done for the Ising-Kac one. Moreover, a general picture on the
statistical mechanics of finite range SO(g) models is not well established as
for the Ising model.

For what concern the Kac limit of the thermodynamic potentials for
SO(q) models, C. Thompson & M. Silver,®® proved the Lebowitz—Penrose
theorem for the pressure. An analogous result for the canonical free energy
is missing. The proof of such a result is standard if one has good estimates
for the asymptotics of the corresponding independent (i.e. non interacting)
model. This is contained in our Theorem 2.2 (for ¢ =2, 3) that we did not
find in the literature and we believe interesting in its own.

The first step in the systematic study of Kac models is to consider the
one dimensional case, where we can expect to have a rather complete
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description of typical configurations. That is, to extend to models with an
SO(q)-symmetry the results of ref. 12. In this paper we consider the Kac
version of the ferromagnetic classical XY and Heisenberg models (¢ =2, 3).
We prove a large deviation principle for the associated (infinite volume)
Gibbs states, by giving the explicit form of the large deviation rate func-
tional. By going beyond the large deviation behavior, we deduce also a
lower bound on the scale where the typical configurations are rigid.

2. NOTATION AND RESULTS

2.1. The Model

To each site i of Z is attached a spin variable o, taking values in RY,
¢ =2, 3. The a priori probability distribution v for the g,’s is assumed to be
the normalized surface measure on S9!, the unit sphere in R v(do,) =
|S9=1|~' 8(|o;| — 1) do;. We denote by o the spin configuration {a;; i€ Z}
and, for any region A of Z, g 4 is the restriction of ¢ to A. Finally we call
&, &, the space of all the spin configurations on Z, A respectively.

The energy of the configuration ¢ in a finite region A of Z and with
free boundary conditions is

Hfo)=-% Y Ji—j)o,-q, (2.1)
i jed
i*j
where “-” denotes the Euclidean scalar product in R? J (i), ie Z, ye (0, 1],
is a Kac potential: J.(i)=ypJ(y |i]) with J(s), s=0, non negative and
continuous in [0, 1], strictly positive in (0, 1) and with support in {0, 1].
We assume also that J has bounded derivative in (0, 1) and that it is
normalized so that

j dx J(|x]) =1 (2.2)
R

The typical choice is J(s) =1, 17, the characteristic function of [0, 1]. For
technical convenience, at some point in the paper, we will assume J of this
particular form.

The energy inclusive of the interaction with a boundary condition
O 4 € %y 18 given by

Hyfo,lo)=HyJo,)~ 3 Jli—j)o; o (23)
ied
jeas
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The Gibbs measure at the inverse temperature f> 0, in the finite region A
and with free boundary conditions is the probability distribution on S,
defined as

1
—aexpl —BH (0 ,)] [] vdo;) (24)

By ied

ﬂ;;l, y(dGA) =

where Z7_ is the partition function, ie., the normalization factor that
makes the r.h.s. of (2.4) into a probability measure.

Analogously we define the Gibbs measure in A with boundary condi-
tion o 4. as the probability

exp[ —BH (04| 04)] [] v(da;)  (25)

icd

A
K5 A0 4| T 4) =W
> Y

We denote by pp, the infinite volume Gibbs state, ie, the (unique)
probability distribution on &% that satisfies the DLR equations for the
specifications (2.5):

Pp NdO 4| 0 40) =g (do 4| 04) pp,—as, YAccZ (2.6)

Ugp, , is a shift invariant measure on % and can be obtained as the weak
limit of the free boundary states:

ppy=w—lim gz ., A=[-L L], LeN (2.7)
L— o ’

where jig , AccZ, is the cylinder measure on & defined by setting
g (Ty=pp () if T'is a cylinder in & with basis I'< %,.

2.2. The Lebowitz-Penrose Limit and the Mean Field Theory

We introduce the empirical magnetization in the finite region A of Z
as

1
mylo)=— ) o,
A=A 2,
and, for any me RY, |m| <1, the canonical partition function

Zﬁ:;’“(m)=f [1 v(do)) expl —BH (04| 04)]1 d(my(0)—m)  (28)

ied
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Then the quantity

F(p, m) =/l‘i£nz—ﬁ log Z 74“(m) (2.9)
is well defined, it does not depend on the boundary condition o ,. and it
has to be interpreted as the Gibbs free energy of the macroscopic system,
see, e.g., ref. 21.

The Lebowitz—Penrose theorem relates the limit free energy as y | 0 to
the corresponding one predicted by the van der Waals (mean field) theory
of phase transition, comprehensive of the Maxwell rule. In our context:

Theorem 2.1. Let F,(f, m) be as in (2.9). Then
lim F( B, m) = CE( f(m)) (2.10)

y10

where CE(f) denotes the convex envelope of the function f, while fz(m) is
the free energy of the corresponding “mean field” model, i.e.,

2
Splm)= —%+ﬁ”11(rt1) (2.11)

where I(m) denotes the entropy function of the a priori measure v.
The entropy function I{(m) for our model can be computed as follows.
We introduce the moment generating function

qs(h)sjv(du) e’ heR? (2.12)
and we define
Im)=sup {h-m—log ¢(h)}, me R? (2.13)
heRY

By symmetry ¢(#) is a function of |A| only and, by using polar coordinates,
one easily computes

Holilh]) if ¢=

— 2
¢(h)=¢(|h|)={|h|“sinh(lhi) if g=3

(2.14)
where #(-) is the Bessel function of order 0.%® Clearly also the entropy

function (2.13) depends only on the norm of its argument;

I(m) = I(Im|) = sup { |m| —log §(1)} (2.15)

tz0
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We note that ¢(1), 1€ R, is a real smooth, even, strictly convex function
with

$0)=1, lim e 'd(r)=1

t— 4
Moreover log $(t), te R, is a non negative, even, strictly convex function
with
log $(0)=0, lim r~'log ¢(r) =1

t— + o0

Then

h*.m—log p(h*)  if |m|<1

+ 00 it |m|>1 (2.16)

I(m) ={

with A* =h*(m)=(t*/|m|) m, |m| <1 where t* =¢*(|m|) is the (unique)
positive number for which

I(im|) = t* |m| —log §(1*) (2.17)

(clearly h* =0 when m =0). Finally, for any me §9~!, I(m) is finite but the
supremum is not achieved in R?.

The result stated in Theorem 2.1 does not depend on the lattice dimen-
sion (we have considered the case d=1 to simplify notation) and it exhibits
a phase transition of mean field type. In fact there is a positive solution m,
of the equation

Bmg=1T(myp) (2.18)
if

" #(0)

I" 0 = —_—

and any magnetization m on the sphere of radius m, minimizes the free
energy function fz(m). The inverse (mean field) critical temperature is thus
B™ = 4. A more detailed analysis of the mean field equation can be found in
Kesten & Schonmann,?” where the mean field theory for the Heisenberg
model is obtained in the limit of infinite space dimensionality.

To our knowledge there is no proof of Theorem 2.1 in the literature.
Thompson et al,® by working with the grand canonical partition
function, prove the analogous statement for the thermodynamic pressure
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p,(B, h), by showing that it converges to the Legendre transform of the
r.his. of (2.10). As already discussed in the Introduction, to prove the
“canonical” version (2.10) of the Lebowitz—Penrose theorem one needs
estimates on the asymptotics of the empirical average with respect to the
independent model. We did not find such a result in the literatures and also
we will need in the sequel more refined estimates. These are the content of
the following theorem that we will prove in Section 5.

Theorem 2.2. Let 6={0;;ieN} be a sequence of iid. random
variables with values in R? ¢ =2, 3, and probability distribution v(do,) =
|S9=Y =1 §(|a;| — 1) do,. Let vy be the probability distribution in R? of
the empirical average my(o)=N"'3Y o, Then, for any N>2, vy is
absolutely continuous with respect to the Lebesgue measure in R? and its
density is identically 0 for |m| > 1. Moreover, when |m| < 1, the function

1
e, N) =~ Tog D% () + H(m) (2.19)
N m
has the following property. For any re (0, 1) there is ¢(r) > 0 such that

I
e, V)| < e(r) 28

VmeR?: |m|<r (2.20)

Finally, there is a constant b > 0 such that, for any re (0, 1),
vallm|>ry < (b(1 —r)M®? (2.21)

With this result the proof of Theorem 2.1 is quite standard,®® we omit
it to make shorter the paper.

2.3. Block Spins and the Continuum Approximation

The phase transition described above is due to a mean field effect and,
as already noticed, it occurs also in lattice dimension 1 and 2, when the
system has an unique infinite volume state at any y > 0. Here we consider
the one dimensional case and we analyze the typical behavior of the system
in the limit y | 0. Since the relevant scale of the system is the interaction
range y ' that diverges as y |0, to see a non trivial structure we have to
look at the collective behavior of the system. This suggests that the
relevant quantities are appropriate empirical averages of spins. Moreover,
following,'? it is convenient to scale distances by y and to work directly
on the continuum. With this in mind we introduce the following definitions.
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We denote by .# the space of all measurable functions m: R — R such
that |m(x)| <1 for any xe R. .# is equipped with the weak L,-loc topology
with respect to which it is compact and convex. For any J >0 we denote
by #'® the partition of R into intervals [nd, (n+ 1)d), ne Z. The “coarse
graining transformation” m— m® of .# into itself is defined by setting

1 (n+1)d

m(x) =5 j dy m(y) when xe[nd, (n+1)d) (2.22)
né

For each y >0 we define the continuous injective map o+ g, of & into .#

by setting

og(x)=o0; when xe[iy, (i+1)y) (2.23)

Clearly o, is a 2"-measurable function and we call “block spin trans-
formation” of size d >y the map m—»a‘y‘” of & into .#. In the sequel, to
simplify notations, we assume that the Kac parameter y and any coarse
graining parameter § we introduce belong to the set {27 ne N}.

With an abuse of notation, we denote by the same symbol py , the
image of the Gibbs measure x5 , on .# via the map (2.23). That is, for any
measurable set A4 in .#, we shorthand py (A)=u, ({oeY 10, 4}).

2.4. Results

We will restrict ourself to the case > ™ since this is the more
interesting one. When <™ the picture is quite trivial, since one can
prove that for any d >0 the marginal of u, , on the block spins ¢ gives
full measure to the profile m® =0 as y | 0.

Our first result describes the effect of the Lebowitz—Penrose phase
transition in the structure of 4 , for y | 0. Given m e R, |m| < 1, we denote
by vZ the product measure on & such that, for any ieZ, v (do,) =
d(h*)~'exp[h* -o,] v(do;) where h* e RY is chosen such that v, (g,)=m
(see also Section 5, formula (5.5}). Then

Theorem 2.3. Let > f™ =g and m, as in (2.18). Then, for any
6>0, {€(0,mg) and p>0,

lim g ({1 ImP(x)| —mg| < for any |x|<y~?7}) =1 (2.24)
yl0

Moreover

(2.25)

—1li = | v(ds) v
w ylf%‘u/” jv( s) v

mﬁs
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Theorem 2.3 shows that the block spins ¢ are close to the mean field
spontancous magnetizations {mgs; se S€~ '},

In fact we can prove a stronger result where we allow the parameters
0=4d(y)10, {={»)]0, as y]|0 and get a localization in the sphere of

radius my for a length which is exponential in a power of y 1

Theorem 2.4. Let f>p™=¢ and my as in (2.18). Then there
exists an absolute constants ¢ >0 such that if 6" =4"(y) and {" ={"(y)
satisfy 6”(£")* = 3¢y* with 0 <a < (2(6+¢)) ™' <1 then, for all € >0,

~1+a

tp A1 1M (%) —mp| <L for any |x| e U=}y 21—
(2.26)

The next question concerns the distribution of the 6'”’s on the sphere
of radius my, ie., the change of phase along the lattice Z. We prove that
on a macroscopic scale which is diverging when y | 0, typically the profiles
are rigid. This gives a lower bound on the rigidity length.

Theorem 2.5. Let > ™ =g and my as in (2.18). For any given
O0<p<land >0, let

RO, py={me s |mP(x)—mP(p)|<OVx, ye[—L, +L)} (227)
then for any A >0 small enough, for any L <y~*% we have

lim g (#(0, p)) = (228)
Y

Remarks. It follows from the proof of Theorem 2.5 that the
parameter A has to be smaller than (6(6 +¢q))~!. A priori, we can expect
that the rigidity length, which can be defined as the largest L such that
(2.28) is true, is an inverse power of y and has to be a decreasing function
of ¢ since there are more possibilities to be non rigid when ¢ increases. Our
bound has this property but we do not believe that it is optimal. Moreover,
on the heuristic level, that is looking at the large deviation functional
defined in Theorem 2.6 below and ignoring the error terms, for the plane
rotator model, ¢ =2, the cost to make a spin wave on a circle of radius mg,
that is rotating smoothly the angle, say from 0 to L, is of order (460)% (yL)~!
where 40 =60, — f,. Therefore we can expect that the profiles are rigid on
a macroscopic length L=o0(y ') and start making spin waves on a length
L=0(y™"). Analogously, in both cases g=2 and ¢g=3, we can expect a
finite deviation of the modulus of the block spins from the mean field value
my on a length which is exponential in y~' (notice that the proof of
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Theorem 2.3, Section 4, actually implies that the modulus of the block
spins remains close to my on a length e " if ¢ is small enough).

The key ingredient to prove the above theorems is a large deviation
principle for the Gibbs measures {uy ,;y >0} which is the main result of
our paper. To state this we need some definitions.

We introduce the “excess free energy functional” #:.# — [0, ] as

F(m) = [ dxl flm(x)) = flmpg)) + Utm) (2.29)
where
U(m) =ijdx'[dy J()x — y|) |m(x) —m(y)|? (2.30)

and fg(m) is defined in (2.11). In (2.30) and in the rest of the paper we
shorthand fg(mgs) = fs(mp) for any s€S597! (recall that Jplm) depends
only on |m|). We introduce the subset of .#

MO={me M Ixr-s(x)e ST st.m—mgse L(R; RY), U(s) < + ¢}
(2.31)

Then

Theorem 2.6. The functional # is lower semicontinuous on .4
and bounded on .#° Moreover, the family {ug ,;y >0} satisfies the large
deviation principle with rate function §#. That is, for any closed set Fc .#
and any open set A <. %,

limsup ylog py (F}< — inf BF(m) (2.32)
210 mefF

liminfylogu, (A)> — inf BF(m) (2.33)
ylo meA

3. LARGE DEVIATION PRINCIPLE

This section is devoted to the proof of Theorem 2.6. Since we work in
the infinite volume, if we merely perform the continuum approximation
everywhere, we cannot control the errors. Then, as in ref. 12, we “localize
the transition to the continuum” by using the strategy proposed by Ruelle
to study superstable interactions.®>3® we have here new difficulties with
respect to Ref. 12, coming from the vector valued nature of the single spin
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state space. A key ingredient is Theorem 2.2 which allows us to control
the entropy contribution coming from the block spin transformation.
Moreover, because of the continuous symmetry of the system, we need
some extra work when proving the lower semicontinuity property of the
free energy functional #. Also a more attention is required when computing
the cost in % of “non equilibrium” configurations.

The section is divided into four subsections. In the first one we prove
a preliminary lemma on the block spin approximation. The second one
is devoted to the proof of the required properties of the free energy func-
tional & . Finally, in the third and fourth subsections we prove the upper
and the lower bounds (2.32) and (2.33).

3.1. Block Spin Approximation

We start with some definitions. Let T=1{t,, t,] be a finite interval of
R. For any me .# we denote by my its restriction on 7. A cylinder set in
4 with basis in T is any subset I' of .# with the following property: for
any me " and e #, my(x)=Hmp(x) almost surely (in T), implies me .
Therefore the set {g:0,el"} is a cylinder in & with basis in 4=
{ieZ: [y~ '1;1<i<[y ',]}. For any finite subset 4 of Z containing 4,
and any spin configuration o, € %, we define

Zgo() = [ T] wdo,) expl —pH (041 04)) 1(a)  (31)

ied

where we shorthand with [, the characteristic function of the set
{ce¥ :(0,)r=m as. for some mel'}. We introduce the continuum
version of the Hamiltonian (2.3),

Emy|mr) =~} | dx | dyJ(ix—y))mx)-m(y)

— [ ax[_dyaiix—p1ymex)-miy) (32)
T Te

Recalling the definition (2.11) and using the normalization assumption
(2.2) one easily checks that

E(mz| mzd) + B! dex Itm(x))

=Fr(mp)+ Welmp| mpe) + Ure(mye) + fglmg) | T| (33)
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where
Frlmp)= | dx fy(m(x)) = fo(my)
4 e[ dydx— ) Imx) —my)F (34)
Wrlmrimr)=}[ dx| dyJx=y)imx0-my®  (35)
and

Urdmz) = —4 [ dx [ dyJ(lx—yl) Im(y)P (3.6)

Notice that, since J is supported on [0,1], Wi (-|my) and Uz c(myo)
depend only on m(y) for ye T° such that dist(y, T) < 1.

Lemma 3.1. Let T=[t,,1,], 1;,6,eZ, Ad={ieZ:1,<iy<t,}.
Then
(i) There are constants b;, b, >0 such that for any vy, d*e

{27" ne N}, y <d* any measurable cylinder set I with basis 7" and any
boundary condition g4 € e,

Zyoa(ry<(1 + 4n(6*y~1)22)\TVB* exp[ Bb, 6*y ' |T|]
x exp[ =y~ (Urc((687) e} + fo(mp) | T1)]

xexp[ —fy~" inf {Fr(mE™)+ Wr(m§" | (a}?")7)} ]

(i) For any me.# such that |mgl| o<1, pe(0,1—|mrls)
0*e {27" ne N} define

Ve o rim)={me . : |mE" —m@7 |, < p} (3.8)

Then, for any ye{2 " neN}, y<d* and any boundary condition
Cqc € %Yo,
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ZG 74 (Vs, , 7(m))

3 1T/6*
> (ML vy tmmte o ) expl = o, 5% 171

x exp[ =By~ (Urd(a™) re) + fo(mp) 1T])]
xexp[ —py~"  sup  AFp(WPO)+ WD | (071} ]

e Vs, plm)
et (3.9)

where b, is the same constant as in (3.7) while ¢(.) is the function that
appears in (2.20).

Proof. For any o6*e{2 " neN} we introduce the set A =
{nelZ:t <d5*n<t,}. By exploiting the smoothness properties of the inter-
action J one easily gets, for any g e (S771)Z,

E(00)r| (60t 3 84 pln 1) 5(n6%) - 50 0'5%)
né*, n'é*eT

+ Y sdn,n') aPV(nd*) - o (n'6%)| < by 6% | T (3.10)
né*eT
n'oé*eT*

and, for y <d*,

Hioslo0+577" % 8% slnn') ol (ns*) . al0(n'6*)
né*, n'é*eT

970 T Ol 1) 0E(nd%) OO ()| <bYS* 4] (311)
né*eT
né*eT*

where b} and b{ are suitable positive numbers depending only on J. Calling

b, =b\ +b] and observing that |4/ =y~ |T| we get, for any measurable
set I'in A4,

exp[ —fb, o*y ' [T(1 Z ('Y< Z5J44(T")

<expl fby 3%y~ T Z A1) (3.12)
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where

Z.A1) = [ T] Wday) expl =By~ B0 )r | (@) 0T (o) (313)

ied
If I' is 2°"-measurable, the integrand in the r.h.s. of (3.13) depends only
on the block spins ¢’”(nd*), ne 4. Then we cant integrate first on the
spin configurations in each block 4,={ied:nd*<iy<(n+1)4d*} for
fixed value of 6{?(né*) =14, 7' X, 4, a;. We obtain so

Zm(F)=f [T vou-1(de,) expl =By~ EECV | (0) 71 10(8)  (3.14)

neAN

where v;.,-1, as in Theorem 2.2, is the law of the empirical average of
d*y~!iid. variables with distribution v, £©": T— R? is defined by setting
EON(xy=¢&, if xe[nd*, (n+1)5*). Now we prove separately (3.7) and
(3.9).

(i) By (3.12) we need an upper bound for Z ,(I"). We can assume
that I' is 9 )-measurable. In fact, if this is not the case, we get an upper
bound by replacing I" with the bigger 2*)-measurable set

I ={!mem: Imel such that M) =m"}

and the r.h.s. of (3.7) does not change.

Since the integration in (3.14) is over all the possible values of &=
{&,; ne A}, we insert a partition to apply separately (2.19), (2.20) and the
estimate (2.21). Let re(0, 1) be a parameter to be fixed later. We expand

Z A=Y ZYPr) (3.15)
XN
where the sum is over all the subsets of A",

ZPI) = [ T vampi(dE,) expl =By~ BE@D | (097)7]

neAN

x1r(8) Vep(€) Tpp(<S) (3.16)

and

CY={¢&|&,|>r for any ne X}

(3.17)
By ={¢& &, | <rforany ne /" \X}
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By (2.19)

ZQY = T1 vory(de) T] 2, 80(E) 1p(€) 1)

neX ne A \X
X exp [ =By BT (07) ) — 6%y

x Y (&) +e(,, 0*7h) (3.18)

neN\X

by (2.20), for any ¢ e BY,

*p~t Y el&, 8*p T < c(r) log(d*y ) [A\X| (3.19)

ne A \X

on the other hand, f(|m|), see (2.15), is an increasing and continuous func-
tion for {m|e[0, 1], so that, since vs,-1 is supported on the unit closed
ball in RY,

&) <H1) vy —as. (3.20)
From (3.18), (3.19) and (3.20) we get

Z () <exple(r) log(d*y™") |4 \X| + /(1) o*y =" |1 X]|]

X[ 1 vor-(de) TT a8, 10(8) 1pl&) 1a(C)

neX ne N \X

cexp |~y (BE9 (o )+ 4 [ dx e )|
T

and then

Z(I) <exple(r) log(d*y~") |4 \X| +1(1) 6%y~ |X1]

cexp| =y~ int B¢ (08704 | dx im0 |
me T

[ A\X|
X<'[dfl ﬂlf.lsr) (Vsty-1(|51|>r))lxl (3.21)

We notice that, for =2, 3 and any re(0, 1), {d¢, 1, <, <4nm, while by
(2.21), vgu,-1(]&| > 1) <exp[ —|log(bl —r)) |6* ~1/12]. We fix then r SO
close to 1 that f(1) < |log(h(1 —r))|/12. Observing that |A4"| =(5*)""|T]
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and recalling (3.3) we obtain (3.7) with b, =¢(r) from (3.12), (3.15) and
(3.21).

(i) By (3.12) we need a lower bound for Z ,(I') with I'=
Vs, p, v(m). Since Ve , r(m) is 2" )_measurable, Z _,( Ve, ,, (m)) can be
written as in (3.14) with, see (3.8),

1 Vs, . T("')(é) = 1—[ 1 [€,—mB* N nd*)| < p (322)

ne AN

But from the hypothesis on m and p, if {€ Vs , r(m) then |&,|<
Imeplle+p <1 for any ne 4", so that we can apply (2.19) and (2.20)
getting

Z (Vs r(m)) Zexpl —c(Imrll , + p) log(6*y ") |A4]]

XJ [T 4, TT Tie,—morrnsmi<p

neA neN

<exp| " (B 1 @)1
+pt | dxnieena )|
T
and then

Z./V( V(S', P, T(m)) ?Cxp[ -C( HmT“oo +p)

1A
XlOg(é*y—l) |,/V|] <Jd€1 l]|fl|</’)

X exp { —py~'  sup {E(ﬁt‘r"" (@) ge) + 57!

me V(;" » rim)
xj dx I(rh“")(x))” (3.23)
T

By noticing that, for ¢ =2, 3, jd{, 1]|¢l|<,,>47rp2/3 and recalling (3.3), we
get (3.9) from (3.12) and (3.23). |

3.2. Analysis of the Free Energy Functional

In this subsection we prove the properties of the free energy functional
stated in Theorem 2.6. Let &, U be as in (2.29), (2.30) respectively and
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define, for any set Q<R and any measurable function f:Q — R,
g=1,2,3,

Ifla=[] dxlf? (3.24)

where |-| denotes the Euclidean norm in R? Also we shorthand
I/le= /1. Then

Lemma 3.2. There is ¢ >0 depending only on f and J so that the
following holds.

(1) For any me.# such that F(m) < + oo there is a measurable
map R2 x+—s(x)e S9! such that

lm —mys|>+ U(s) < cF (m) (3.25)

(2) For any me.# and any measurable map R3 x> s(x)e S9!,
F(m) < Hm—mﬁs||2+ U(s)) (3.26)

Proof. Since fy(m)— f4(mg), as a function of |m|, has an absolute
quadratic minima at |m| =my, there is ¢, > 0 such that, for any me .4,

CHlm| = mp) |2+ Um) S F(m) < e l(Im| —mg)|1>+ Ulm)  (3.27)
Then
(1Y Let me#, F(m)< + co. Define the set
X={xeR:|[m(x)| —mg|>mp/2} (3.28)
and let x> s(x)eSY’"! be any measurable map such that s(x)=

|m(x)] " m(x) for any x € X°. By (3.27) ||(|m] —mp)|* < ¢, F(m) < + 0 so
that X has finite Lebesgue measure. Moreover, from the definition of X,

Hm—m,,sllfYS(l+m,,)2<(1+mﬁ)2|X|<4<1+ )H(Iml — )|

On the other hand, from the definition of s(x),

lm —mpsiie= I1(Im| —mp)| %
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so that

2
Im—mgs|?<e, <1 +<M> >f(m) (3.29)
’nﬂ

Finally, recalling (2.2) and using the convexity of |-|?,
Us) < 2 im —mps||? + 37 (m) (3.30)

From (3.29) and (3.30) the bound (3.25) for a suitable ¢ >0 follows.

(2) Let m, se #, |s(x)]=1 for any xeR. By (3.27) and arguing
analogously as to get (3.30), we have

F(m)< ey [(Iml=mg)|? + 3 m —mpgs|)® +3U(s) (3.31)

Observing that ||(|m| —mg)|| < |lm —mpgs|, (3.26) follows from (3.31). |

Clearly Lemma 3.2 implies that % (m) is finite iff me . #°, see defini-
tion (2.31). We are left with the proof of the lower semicontinuity of #.
We have to show that, if {m,} is a sequence in .# converging in the weak
L,-loc topology to some me.#, then

lim inf # (m,,) = F (m) (3.32)

n— + o
clearly if lim, _, , o, #(m,)= + 00 (3.32) holds, so we can assume

liminf #(m,)=a< + {3.33)

n— +aoo

Then there is a subsequence {m;,} such that #(m))<a+1 for any neN.
By item (1) of Lemma 3.2, there is a sequence {s,} of measurable maps
x> 5,{x)e S9! such that

im), —mgs, >+ Uls,) <cla+1) (3.34)

Since the bounded sets in L,(R; R?) are compact in the weak topology, we
can extract a subsequence {m, —mygs,} converging in the weak L, topology
to some element f e L,(R; R?). Since m, — m weakly in L,-loc, we conclude
that the subsequence {s,} converges in the weak L,-loc topology to =
mﬁT‘(m — fYe.#. We point out that in general m(x)¢S?"' although
s(x)e S9! for any neN. But using the bound (3.34) for U(s,) we will
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prove that there is x> s(x)eS7™! such that mi—se L,(R; R7™"). We
introduce the functionals on #:

UN(m)zéjl_VNdx(lm(x)ﬁ—m(x)-J* m{x)) (3.35)

USY(m) =§ij dx(1 —m(x) - J % m(x)) (3.36)

where Ne N and “*” denotes the convolution. By the assumptions on the
interaction J, for any compact set K of R, the map i, L,(K;R?)—
C(K; RY): i,(m)=J+m is compact. Then U, is lower semicontinuous
(notice that |-|? is a convex function) while U is positive and continuous.
Moreover, for any x> s(x)e SS9, UP(s) = Upls) < Uls), so that, from
(3.34), since s, — m,

Up(i) <cla+1),  UPGn)<cla+1) YNeN (3.37)

Observing that |J* m(x)| <1 for any xe R, from (3.37) we get, for any
NeN,

N N
de(at1)= [ del )2 = () +] dx(1 4 ()

—N -
= (1= 1mDI{_w, a1

so that 1 — || e L,(R). Moreover, by the monotone convergence theorem,

N
V)= sup [ dix [ dy J(1x = y1) Itee) = ()2

NeN

and, by (2.2), since |m(x)| <1,

N
Unti) =4 [ dx [ dy J(lx = y1) Iix) =t )| <1

so that U(#) <1+ c(a+ 1)< +oo. Arguing analogously to the proof of
item (1) of Lemma 3.2, there is x — s(x) e S~ ! such that m — s € L,(R; R?)
and U(s) < +oo. Recalling that m—mgim = fe L(R; R?), we get also
m—mpfs e Ly(R; R?), and then #(m) < + 0.
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Now the proof goes on very similar to the analogous one in ref. 12,
but we report it for the sake of completeness. For any finite interval T
of R, we decompose

F(m) = Fyelmpe) + Fom) +%jrdx Jr« dy J(x — ) Im()? (3.38)
where
FY(my=Emyp|mp)+ ! L dx I(m(x)) — famp) | T (3.39)
(see (3.2), (3.4) for notation). Since I(-) is a convex function and E(-|-) is
continuous, the functional 4 is lower semicontinuous.

Let ¢>0. Since |m, —mps,|><c(a+1) for any neN (see (3.34)),
there are a subsequence {n,; ke N} and an interval 7T, such that

" " 2 &
iy, —mps,, 7 < 3m, VkeN (3.40)
Since [|m —mys||? < + oo and F(m) < + oo there is also T, such that

um—mﬂsﬁs\g’;— and  Fpe(mpe) < (3.41)

8 &

W ™

Let T=T,u T,; from (3.38) for F(m;, ) and the lower semicontinuity of
F 7(m), recalling (3.33), we get

a>y<;(m)+1iminf§f dxj dy Jx—yD I (nI>  (342)
T Te

k— +oo

Using (3.38) and the second inequality in (3.41), from (3.42) we have

a>Fm) =33 |_de | dyx—y)im)

k— +cw

: : l _ " 2
+ lim inf 2 Jde L—r dy J(|x — y]) [mp (¥ (3.43)
But, by (2.2) and convexity,

L ax [ dy dx—y1) Im()?
T T

<3 L dx jrr dy J(1x — y|) my+mpy |lm—mgs| 7 (3.44)
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and analogously
L - — " 2
e ] v dx =y )
S%f dxf dy J(|x — yl) mg+my lm;, —mps, 17 (3.45)
T T

Collecting together (3.43), (3.44), (3.45), using (3.40) and the first
inequality in (3.41) we finally get a = .7 (m) —¢ and then by the arbitrarity
of &, a = F(m). That is F is lower semicontinuous.

3.3. Upper Bound

Following ref. 12 we prove a crucial estimate for the probability of
cylinder sets in .# with basis a finite interval Proposition 3.3 below, from
which the upper bound follows by using the properties of #. The basic
idea is to perform the block spin transformation in the (random) interval
T containing the origin and defined by the condition: the right and the left
unit intervals adjacent to T are the first ones where the spin configuration
is at “local equilibrium”, in a suitable sense to be precised. Then the system
in 7 looks finite and, on the other hand, we can prove that the probability
of having local equilibrium not far away from the origin is large enough.

First of all we give a precise notion of local equilibrium. It is reasonable
to consider a spin configuration at equilibrium in a given (macroscopic)
interval I and with some accuracy { >0 if all the block spins on I are in
a {-neighbor of an equilibrium magnetization. With respect to the case of
Ising systems we have here a continuum of possible equilibrium magnetiza-
tions, indexed by the vectors mys, se 89 —1. Therefore it is necessary to dis-
cretize the number of possible magnetizations. But we cannot introduce
simply a partition of S~! and define the local equilibrium accordingly. In
fact, due again to the continuum of the equilibrium states, the energy cost
of some non equilibrium configurations can be very small, independently
on the accuracy {. Then the probability of finding local equilibrium is not
large and the strategy of the proof cannot be applied. To overcome this
problem we introduce a weaker definition of equilibrium, obtained by
introducing a finer discretization of S77!, so that the ¢-neighbors of two
close magnetizations are overlapping.

For any (>0 we choose #*eN and s, .., s,.€S?! such that, for
any seS7-" there is s, with |s—s,|<(14+m)~"' (/4 (the precise value
(1 +mpB)~*/4 comes out for technical reasons, see the proof of Lemma 3.4
below). Notice that we can assume /* ~ ' =% Given &, {>0 we say that
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in an interval [k, k+1)e 2V there is equilibrium with accuracy ¢ and
coarse grain 4 if, for any x e [k, k + 1), |6$7(x) —mys,| <{ for some s,. To
summarize this we introduce the variable 7, (-, ): Z x4 — {0, 1, .., /*}
defined as follows. Consider the random subsets of {1, ..., 7*},

Lik,my={/: Im®(x) —mpys,| <{ for any xe [k, k+1)}  (3.46)
Then

min L(k, m) if Lk,m)#Q

. 347
0 otherwise ( )

”6,((k9 m)={

so that 7, ((k, 0,) #0 means that there is equilibrium in [k, k +1) in the
sense stated above. When useful we will consider #; .(-,-) a function on
Z x ¥ by setting, with an abuse of notation, 7, .(k, o) =15 .(k, 0,).

For any pair of unit vectors s, s'SY~! we define the function

Mps if x=0

mgs' if x<0 (3:48)

X.vs’(x) = {

and, for any finite interval / < R we introduce the subset of . #,

myp={me H:3,,(_e{l, ., (*}

such that m(x)—y,,, (x)=0 when xe ¢} (3.49)

where we shorthand x,, ,, =x, . . We also write .4, for .4 _, ,;, reR.
Then: v

Proposition 3.3. For any interval /= —a,a] with aeN, any
cylinder set F with basis I, any (>0, any J, 0*e{27", ne N} and any
integer R > q,

limsupylogus (F)< — inf BF(m°")+c Ro*
ylo meFrmg
+ e +0)+ 3L 0, R—a) (3.50)

where ¢,, ¢, and 3({, J, R) are positive and independent on / and F, and
3,5, R)—>0as R— +oc for any { and J.
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Proof. Fix {, §>0 and R>a. Let 7,: #/ >NuU{+o} be the
functions

{r+(m)=inf{keN:k>a,;7(,-,c(k,m);é0} (351)

1_(m)y=inf{keN:k>a,n; (—k—1,m)#0}

(t4(m)=+co if the infimum is not achieved. For any k,,k_>a and
., f_=1,..,/* we introduce the set

GO ={memity=ky, sk my=¢y, 05 (—k_1,m)=¢_}
(3.52)
and we partition .# as the union of
R R I o
= (6.0
p= U U 6o, (3.53)
k,=a k_=a ¢, =1¢_=1

and its complementary set D°. Recalling (2.7) we introduce the set A=
{ieZ:|i|<L}, L an integer greater than y 'R that will go to + oo, and
we look for an upper bound of Z jg‘, [ F), defined as in (3.1) with free bound-
ary conditions. We estimate

Z3(F)S(R—aP (") max Z4 (FAGES, )+ 24 (D) (354)
and we bound first Z5 (Fn Gg;nf),i) and then Z7 (D°).
Fix k., 7, and decompose A1 =4, udu4_ with

Ad={ie?: —k_<iy<k,}, A, =(MN\A)NZ .,

(3.55)
A_=(AN\A)NZ
Then
ZaAlnGe s mas Ziy ) 2550~k 1) =0)
7+
X Zas(a ok, )=10,) (3.56)

We notice that JEG;ci”(}i implies |o$°(x) =y, , (x)|<{ for any xe
[—k_1, —k_)ulk,,k,+1). Then, calling T=[—k_, k], for some

b3 >0 depending only on J and for any me .4,
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|Urc((a)?")7e) + Wr(m“D | (a777) 7o)

- UT”((X(+(_)T‘) - Wr(m(ré‘) |(X(+l_)T‘)| HGGG?;(')’i(o)

<by({+9) (3.57)

Now we apply Lemma 3.1 to bound Z;;;,’AC(F). From (3.7) and (3.57) we
obtain:

max Zg74(F)

(6,9
GEG"i‘/t

<exp[ By~ (b,6* |T| + b5({+0)) 11 +4n(d*y ~1)o)ITVe*
xexp[ — By X UTC((X/JTL )re) + falmg) | T1)]
xexpl —By " inf {F(m)+ Wrlm§ (s, )rd}] (358)
We are left with the bound on the product of the partition functions
in (3.56) coming from the integration over the spin configurations a,,_and
o, . Asin ref. 12 we follow Ruelle’s strategy,®>** and we reconstruct the

full partition function on 4. First of all we use the symmetry of the inter-
action with respect to global spin rotations to claim that

Zgs s (=k_1,)=C0_)=Zg+(ns (—k_1,.)={,) (3.59)
Let now V. T(m,,s,+) be as in (3.8). From the explicit form of the func-
tional, see also the proof of Lemma 3.4, one easily checks that, for some

constant b, >0,

0< sup {Fr(mED) + Wr(mP" I(mﬂS(+)T‘)} <byp*|T)
me V(;o_ o T(mﬁs,+)
(3.60)

We choose p so small that b,p? < b,6*. Then from (3.9), (3.57) and (3.60),
for any o such that n; .(—k_1,0)=ns(k,,0)=¢,, we get

4,0 -1 * 47[[)3 %, —1y—clmg+ p) et
Zipgtszexpl =By~ (2b, 0% |T| +by({+d)] (== (8%~ 7m™e

xexp[ — By~ UT‘((mﬂsl+)T‘) +f[3(mﬁ) IT))] (3.61)

Now we come back to the r.h.s. of (3.56). We first use (3.59) and then
(3.61) to reinsert the integration over the o,’s in order to reconstruct
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Zg (s (=k_1,-)=ns k., )=¢,) that can be bounded with the full
partition function. From (3.58), recalling the definitions (3.4), (3.5), (3.6),
(3.49) and that | 7| < 2R, we finally obtain

Zj (FGE, ) <expl fy!(6by 6% R +2b5({+9))]

3 —2R/6*
x (——3 (O*y—Lyclmp+o) (] 4 471((5*})")12’))
4np

xexp[—fy~! inf {Fm)}1Z5, (3.62)

melNompg

To bound Z§ (D) we need a lower bound for the cost in free energy
of a run of non equilibrium configurations which is the content of the
following lemma.

Lemma 3.4. Let T=[t,,1,],¢,,1,€Z For any de {2 " neN},
¢e(0,my), let 75 ((+,-) be as in (3.47) and define the cylinder set

r*9={med :ns (k,m)y=0 for any k=1t,,..t,—1}  (3.63)

Then there are positive functions p(d, {) and p*(d, {) such that, for any
o*e{2 " neN}, 6*< p*(4, (),

inf Fr(mG7) > p(d, () IT| (3.64)

me @0

where F7 is defined in (3.4).

We postpone the proof of the above lemma at the end of the subsec-
tion and we complete the proof of Proposition 3.3. As before we take T'=
[—k_,k,] with now k, =min{R; r, }. Since there is not equilibrium at
the border of 7, an estimate as (3.57) is not still true. We then use that the
interactions W, and Uy. can be uniformly bounded by some constant
C>0 and we simply estimate

Zj (D°)<exp[ By~ '(6b, 0*R+2C)]

3 2R/5*
" <4nps (&%=l + o (1 +4n(5*y-‘)’;)>

xexpl —py~" inl {Fr(m@™)}127, (3.65)
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But, from the definition (3.53), min{k_;k_ } =R, therefore D° is con-
tained into a set I"*9 as defined in (3.63) with t,—¢, > (R —a). From
(3.54), (3.62), (3.65) and using Lemma 3.4 we finally get, uniformly in A,

1 F) <(R—a)* (£*)* exp[ By ~'(6b, 0* R +2b4({+6))]

3 s 2R/5*
—1ye(m —
X <47rp3 (6*y =)l +P) (1 4 dm(S5*y 1)2)>

xmax{exp[ —fy~! inf {FmN}];

meFnomp

exp[ —fy~'(p(d, OI(R—a)—2C)]} (3.66)

from which the Proposition follows immediately. J

With Proposition 3.3 and the lower semicontinuity of the functional #,
the proof of (2.32) is exactly the same as in ref. 12, then we omit the proof.

Proof of Lemma 3.4. Let
M={neZ:k<nd<k+1}, V=) &

From the definition (3.47),

-1 ¢*

2
reo—n n U rep (3.67)
k=t ¢=1 neAy
where, for any 6e {27 neN}, {e(0,mp), neZ, /=1,.,/*,
r'ep={mem:\mndé)—mgs,|>{} (3.68)
Now let 6* € {27" ne N}, d* <4, and define, for any ne 4",
Uy={ueZ:nd<us*<(n+1)38}, U= ) %
ne AN

Given me . #, let B, [m)={ue,: |m®(ud*)—mys,|>(/2}. Clearly,
for any me I'%0),

o* .
{<ImO(n8) —mps,| <= T, Im(ud*) —mps,|
ue#,

o* o*
<22 1B, )+ 55

0
5 <F" |Bn,((m)l> (3.69)
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so that |B, ,m)|>{5/(46*). Then

repe Y () rese (3.70)
Ucu, uelU
1U| > {5/(46*)
Let {'=(14+my)~" /2 and {" =m,{'/8. For any ue % define
mC (uo*) .
Im@Ouo*)|

B u)={me M : ||m®D(ué*)| —my| <"}

AP O(u) = {m e M = mPI(ud*) #0,

o)

By triangular inequality and since { e (0, m;) we have
AL u) N BN w) e (K9P, )¢ (3.71)

Then, setting

RO"O(ky= | U N B u)e

neN; Ucsu, uelU
Ul >{8/(46™)

f‘
[’5(6*, O(k) — m U U ﬂ A(;s" C')(u)cﬂ B(,s*, C")(u)
£=1neAN; U, uelU
|UI > {6/(46%)
from (3.67) and (3.71) we obtain

H—1
reoc () RO-O(k)u B Ok) (3.72)

k=1

Let now m e D®"9(k). Then there are n, € 4, and US %, , |U| > (5/(46%),
such that

me () B Y(u) (3.73)

uel

In particular the unit vectors m® (u §*)/|m®(u §*)| #0 are well defined
for any u e U. But from the definition of {s,; ¢ = 1,.., /*}, for any se $97*,
there is s, such that |s—s,| <{'/2. Then we can apply the “pigeon holes
principle” to conclude that there must be at least an index 7, and a set
U, € U such that |U,| > d/(4/* 6*) and

me () AZ"P{u) B ) (3.74)

uel,
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Since me D" O(k) it follows also that there are n, €4, and U, S%,,
|U,| > ¢ 6/(46*) such that

me () A(,‘f"")(u)‘mB“’"c"’(u) (3.75)

uel,

From (3.74) and (3.75), for any u, € U, and u, € U,,

mw,6%)  mCuyd*) |, UL
lm(é‘)(ula*)l—im(é*)(uza*)l >C -~ = (3.76)

Since m e B®*¢)(u) for any ue U, u U,, see (3.74) and (3.75), from (3.76)
and recalling that (" —mg('/8, we get

’

Mm@ (s, 0%) — m@* (1, 6%)] > mﬂ%_ 2" =20

So we found

D O(k) c D" C)(k)

= U U U N C"Nuy,uy)  (3.77)

ny, Ny € N v, U=, u el
10\ > {8/(ac*8*) |Uz| >(5/(46*) wpe U
where

CO"Nuy, uy)={me M: |m®(u,6%) —m®u,6%)| > 20"} (3.78)

From (3.72) and (3.77) we finally obtain

t,—1
re~oc () RO“Ok) L D™ O(k) (379)

k=1t

Now it is easy to get a lower bound for #(m”) on the set in the r.hs;
of (3.79) (and so also in I'>9, Recalling (3.4),
5-1
Fr(imp)z Y (FPm)+F P (m)) (3.80)

k=1t

where

FRm) = 3 Y S fmCO(ud*)) — fomp))

neA, ued,
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and
FPmEN =4 T Y S, ug) [, 6%) = mCud%) 2
npmeNy w e,
uze%,,z

Using the fact that m, is a quadratic absolute minima of f; and assuming
J =10, 17, for a suitable positive constants ¢’.

inf  FRm) > 803, inf  FP(mM)y> 623
me R O(k) me DY k)
(3.81)

(for the second one we used also that £* ~{~7+!), In the general case,
since J>0 in (0, 1), the term ¢ 6%7** is replaced by some function
2,(0,8) which is strictly positive for J,{>0. The lemma follows
immediately. |

3. Lower Bound

As in ref. 12 we introduce the basis of neighborhoods { Vs ; z;d>0,
(>0, ReN}, me ., for the weak L,-loc topology where V; . x(m) is
defined as in (3.8) when T=[ — R, R] and (3%, p) = (9, {). First we prove
a probability estimate, Proposition 3.5 below, for neighborhoods of me .#
such that |m|, < 1. Next, by exploiting the properties of the free energy
functional # and of the set .#° see (2.31), we deduce (2.33).

Proposition 3.5. Let me ., |m|, <l. Suppose there are Re N
and two unit vectors s, ,s_ €S77! so that m(x) —Xs,.s (X)=01f [x[ >R,
see definition (3.48). Then, for any ¢>0 there are {>0 and Je
{2=" ne N} such that

limlinfylog,uﬂ,y( Vs e rlm)) = —BF(m)—e¢ (3.82)
710

Proof. As in the proof of Proposition 3.3, we use (2.7) and we work
in finite volume. Let Le N larger than y~'R and A= {ieZ: |i|<L}. For
any ke Z we define the events

GO Oky={me M: |mO(x)—mgs, | <{Vxe[k k+1)} (383)
G(‘s'O:G(ﬁ’C)(R)uG‘f‘o(—R— 1) .
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and we introduce the sets 4, A, as in (3.55) with here K, = R. Then we
bound

Z;;.y( Vé,(,R(m))ZZA (Vs.c, r(mM) NG9
> min ZA, A(VJCR( ))ZA (G(J()( 1)

o, eGHO

x ZA-(GSO(—R—1)) (3.84)

Now we can apply item (ii) of Lemma 3.1 to Z j,{’;’A‘( Vs ¢ rlm)) with
T=[—R, R] and (6%, p)= (4, {). Using the smoothness properties of the
functions J(-) and /(-) and since o4 € G'*9, for some constant b > 0.

| sup {Fr(m) + WP | (Uﬁ,&))rf)} + UTC((U;(S))TC)

me VJ‘ » T(m)

—fr(m(ﬁ)) Wrlm (5)|’an)_UT‘(mT‘i bs({+3)|T|  (3.85)

(we used that mP)=myp.=(x, ,_)r<). We need to replace the coarse grain
m$ with my. This can be done in the energy terms E(-|-) and Wp(-|-)
w1th an error of order d. Conversely, we have not such an estimate for the
(local) entropy term in % because the difference m(x)—m'®?(x) is not
small in general. But, since the entropy is a convex function,

(n+1)6
ol(m'¥(x)) ;f dy Ilm(y)) Vxe[nd, (n+1)5) (3.86)

ndé

From (3.85), (3.86) and item ii) of Lemma 3.1, there is a constant b >0
such that, for any ¢ small enough,

3 2R/5
min ZA A(V()(R( ))2(%(5y—l)~6(llmrllm+()>

04e G
xexp[ —pbs(d+¢) 7y 'R]
xexp[ —fy " (F (m)+2Rf4(mp)]  (3.87)

(we used that Fr.(mq.)=0).

Next, analogously to what done when proving Proposition 3.3,
we reconstruct the full partition function to bound the other terms in
the rhs. of (3.84). First we use the rational symmetry to replace
Z3(GPO(—R—-1)) by Z35(G?9(—R—1)). Then we use item (i) of
Lemma 3 with I'=V, R(mﬂs,+) and 0,4 € GPO(R) NGEO(—R—1) to
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reintroduce the sum over the g ’s. After some simple estimates we get, for
some constant b, > 0.

Z3(GEOR) Z5(GEO(—~R—1))

> (1 +4n(6y1)%) =% exp[ — fb,(3+) 7 ~'R]

R
xexp[,By"ZRfﬂ(mﬂ)]Z/’{y< N G‘f’C)(k)> (3.88)

k=—R—1

From (3.87) and (3.88), taking first the limit L — + oo and after y | 0,
lim inf'y log 5, ,( Vs, ¢, a(m))
2 —pF(m)—P(bs+b;)(d+{)R+ lir;x'lui)nfy log ug <k= ﬁ_l G "(k))
(3.89)

We are going to prove that the liminf in the r.h.s. of (3.89) is 0, so the
Proposition is proved. For any se S77! let

G,={mewm: |mD(x)—mps| <{Vxe[ —R—1, R)} (3.90)
Clearly G,, is the set in the r.h.s. of (3.89) and, by symmetry, u,4 (G,) does
not depend on s. Fix n=n({) unit vectors uniformly distributed on S9!

such that the balls B, ={ve R |v—mys,;| <{} are disjoint and dist(m,s,
U B,) <{ for any s€ S7~". Then,

nluﬂ,y(Gs)=:“ﬂ,r< U GS,->= 1 _ruﬂ,r< ﬂ G;) (391)
i=1 i=1

With an appropriate rotation of the s,’s we can find » new vectors s; such
that, for any seS77!, dist(mygs, ﬂiBﬁl nB§;)>cC for a suitable constant
¢ >0 depending only on ¢ and f. Since

ﬂﬂ.y( ﬂ Gz,-)snﬂﬂ,y(Gs)""”ﬂ,v( n G':i mGj’E)
i=1 i=1

from (3.91) we get

1 1 "
,uﬂ,y(Gs)>2_n_E/“ﬂ,y< N Gi,."‘Gg;) (3.92)
i=1
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Recalling the definition (3.90), from the construction of the vectors s; and
s;, one checks that there is ¢’ > 0 such that the set in the r.h.s. of (3.92) is
contained in the union of the events: {Ixe[ —R—1, R): | [mD(x)| —my,|
>c'(} and {3x, ye [ ~R—1, R): [mP(x) —m®)(y)| > c'¢}. The latter one
is clearly contained in the bigger one: {3xe[—R—1, R): |m“¥(x)—
m®(x + 6)| > ¢'6{/(2R)}. We can use then the same arguments that lead to
Lemma 3.4 to prove that the infimum of % _g gy(m®") over the above
union of events is bounded from below by c¢(d, 8(/R) for some ¢(-,-)>0
and any d*e{27" neN}. Then, from Proposition 3.3 (with parameters
(6,{) smaller than the above one’s!), we obtain liminfylogus (G,)
=0. |

To use the above result to prove (2.33) we need a preliminary lemma.
Lemma 3.6. Let me.#° so that there exists a map x> s(x)e

S9! st |lm—mpgs|| < + 00 and U(s) < +co. Then there is Nye N such
that, for any ze Z, |z| = N,, the unit vector

z+1 =1 z41
s, = j dx s(x) j dx s(x) (3.93)
is well defined and
| |1in}r lm—mgs,|l(z,417=0 (3.94)

(recall definition (3.24)).

Proof. We first observe that, since |s{x)| =1 and J is positive and
satisfies the normalization condition (2.2),

- Srﬂdx(l—s(x)-.]*s(x)) (3.95)

z

rH dx s(x)

z

and the integral in the rhs. of (3.95) goes to 0 as |z] » + o0 since
U(s) < +oo. Then s, is well defined for |z| large. Now we bound

2 2
Im—mgs |7, .1y <2 Im—mgsl}, .1y +2mplIs—s.E, .01y (3.96)

The first norm in the r.hs. of (3.96) goes to 0 as |z} » + 00 since
lm—mgs|| < + oo, while

z+1
]Is-—s,||%z,z+,]=2<l— '[ dx s(x)

z

goes to 0 as |z| = + oo because of (3.95). }
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Now we prove (2.33). Let 4 be an open set in 4. If An.#°=,
(2.33) holds trivially, therefore we assume A N .#°# . Let me A MO,
then there is x - s(x) e S9~ " such that |lm —mjs| < + oo and U(s) < + 0.
Let pe(0,1 —my), NeN, N2 Nyand sy, s_y_ €S (Ny, 2z, as in
Lemma 3.6). We define the set

X,={xeR:|m(x)|>1-p}
Clearly |X,| < +00 and X, = X, if p < p'. Moreover, recalling the proof of

Lemma 3.2, we can assume s(x) = [m(x)| ~! m(x) for any x€X,. Setting
Ty=[—N, N] we define

m(x) if xETN\Xp
_ (1 =p)s(x) if xeTynX,
My, (%) = MpSy if x>N (3.97)
MgS _n_ 1 if x<-N

By the dominated convergence theorem, m, , converges to m weakly in
L,-loc as p|0 and N — +co. Then, since 4 is an open set, m, 5 € A for
any p sufficiently small and N large enough. Recalling the definitions (3.4)
and (3.5) one gets

F(m)—F(m, ) =Fr,(mg,) — Fr, (M, N)1,) + Freirg)
+ WTN(mTN [ mpg) — WTN((mp, N)TN | (m,, N)va)

Since fz(m), as a function of |m|, is left continuous in |m| =1, using the
definition of m, y in Ty, one easily checks that the difference Zr, (mr,) —
?TN((m ».n)1,) =0 as p |0 uniformly in N. On the other hand, using (2.2)
and the support properties of J, after some simple computation one easily
gets,

| WTN(mTN | mTﬁ,) - WTN((mp,N)TN | (mp, ~) va)l

<[ del im0l —lm, P +3 [ dyl m(nP -
N

Tye\Ty
N N+1
[ dx [ dy Jx— pl) Im(x) - m(p) = mpm,, w(x) - sn|
N-1 N

—N+1 -N
F e[y x—pl) I m(p) = mgmg (30 |
(3.99)
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The first integral in the last line of (3.99) is bounded by p |X,| -0 as p | 0.
The second one is bounded by ||m —mgs| 75, = 0 as N - + co. The last two
integrals can be estimate in a same way, let us consider the first one. By
adding and subtracting m, y(x)-m(y) one checks that it is bounded by

N
Lv 1 dx |m(xy—m, y(X)| + Im—mgsyllin ve1g

that goes to 0 as p |0 and N— + oo (recall (3.94)). We conclude that for
any ¢>0 we can choose p, and N, such that m,, N,€ 4 and

F(m) = F(m,, N,,)—% (3.100)

Since m,, , N, € A there are J,, {, and R, such that V;,{,, R,(m,, N, < 4.
Since we can always assume R, > N,, by applying Proposition 3.5, for any
d, { small enough,

liminfylogug (Vs r(m,,N))ZF(m, y)—= (3.101)
ylo & 3 2

£
<2
Choosing 6 <4, and { <(,, from (3.100) and (3.101) we find

lim infylog ug (A) = F(m)—¢
y10

from which (2.33) follows by the arbitrarily of .

4. TYPICAL BEHAVIOR
In this section we prove Theorems 2.3, 2.4 and 2.5

Proof of Theorem 2.3. Since ug , is shift invariant, recalling the
definitions (2.22) and (3.47), we can bound

g A 1mP(x)| —mg| < for any |x| <y~?})
21271 up (15 .(0,-)=0) (4.1)

Using Proposition 3.3 (with parameters (J, {) much smaller than the above
one’s) and Lemma 3.4, there is ¢ >0, depending on J and {, such that
g 15 ¢(0,-)=0)<exp[ —cy~'] for any y small enough. Therefore (2.24)
follows from (4.1).



136 Butta and Picco

Now we prove (2.25). By standard density arguments it is sufficient to
prove the convergence of the distribution of the spins in a finite interval
A< Z that we can assume centered in the origin. By the DLR equations,
the Radon-Nikodym derivative of u, ,(do ) with respect to the a priori
product measure on % is

2540 = [ i Ao ) e

xexp[ _BH(G)+B Y hy(i|odc)-a,} (42)

ied

where h,(i|04:) =% ;. 4 J(i— j) 0;. Since 4 is fixed independent on y and

o] =1 for any ke Z,

limsup H(o,)=0, limmaxsup |h(i|o4)—h(0]|c?) =0
Y10 oy, yl0 ied ay

so that

9p,04(0.)=1im [ 1y, (d40) [1 4 Bhf0.)) ™" expLBh(oae)- 01 (43)
ed
where we shorthand 4,(0 | o 4) = h,(04) and ¢(-) is defined in (2.12). By

using the symmetry of the Gibbs measure with respect to global rotations,
(4.3) gives

35.04(0) =lim [ (as) [ g (do ) TT 908 (o 0)1s)
xexpl f lhy(a.4)l s3] (44)
But from (2.2) and (4.1), for any {>0,
lim 5, {11 (0.2)| = mg| <C}) =1 (45)

By (4.4), (4.5) and the arbitrarity of { we finally get
25,0+(0.0) = [ ds) T] #(Bmys)™" expl s -] (46)
ied

that proves (2.25) since. from the mean field equation (2.18), pmgs =
t*(mg) s =h*(mgs). |
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Proof of the Theorem 2.4. Using the translation invariance of the
system, we have

tp ({1 1M (x)| —mg| ={" for some |x| < e 1)}y
<20") ™ ey ({1 ImU0) —myl 2 ¢} (47)
To estimate_this le}§t probability, we can use the estimate (3.66) with
parameters 0" and (" much smaller than the parameters ¢” and {". Using

the first inequality in (3.81) to bound the infimum of the rate functional,
after some easy estimates we get that, for some constant ¢ >0,

Ha {1 1m(0) | —mp| 2("})
SR ML) expl — By H(c'"(L")* = &(8" + ")
—CR"(0* +9(0*) ' log(d*y~")))]
+expl —fy (¢ R(F 7 (E')P+e—2cC
—R"(6+p(6*) " log(d*y~))] (4.8)

Note that we have taken the worst term for the estimates of p(8”, {"), see
(3.81). The next step is just to make an appropriate choice of all the
parameters. Let us first remark that in order that the last exponential goes
to zero, we need

9

R'z2——F—F—
(") (L")

(4.9)

for some constant ¢, >2C/c', and also, to compensate the entropy term,
(82 ()0 cof6% +9(0%) ~ log(d*y ™) xy P log y T2 (410)

for some positive constant ¢, > ¢. In the last step we have used that the
minimum of the term in the middle is reached by choosing &%=
(% log y ~'/2). Looking at the second exponential in the formula (4.8), we
want to take the smallest possible 3" +7". Given that (4.10) has to be
satisfied, it is a simple minimization problem with a constraint, the solution
is 8" = ¢, for some positive constant ¢, and this implies that we have to
satisfy, for some ¢, >0,

T'> cqly P log y~ 1)+ (4.11)

We choose " =¥ with d” <(2(5+¢))~". In which case (4.9) is satisfied
with R” = ¢,y 6G+99"/c2,
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Now, in order that the first exponential in (4.8) goes to zero, we need
at least for suitable cs, ¢ >0,

F(L") > sy =60 log y =2 4 gy (4.12)

Taking d” <1—(5+¢q)d" that is d” <(2(6 +¢)) ™' the condition we get is
Just

9"(L")* > (es+e6) " (4.13)

Clearly the Theorem 2.4 follows with any ¢>cs+c¢o. |

Proof of the Theorem 2.5. 1t is sufficient to prove that

lim 1, #(6), p)) =0 (4.14)
¥y

Using the formula (3.66), for some ¢ > 0,

Hp, y('%L( 0, p)°)
SRY*OPexpl—py~'[ inf  F(m)

RO, p¥ My
—e(L+ R)(0* +p(6*) " og(d*y~1) —c({ +)]]
+exp[ — By '[cR(c'P 967 — (0% + p(6*) " log(d*y~1))) —2C] ]
(4.15)

The next step is to estimate the previous infimum. Note that we have
F(m) 2 F_, ., (mP), moreover

Fr—t, 2 1a(m) 2 Ugm'®) (4.16)
where
. L L
Umy=4 [ dx [ dysx—y) Imx)—m)F (@417)
—L ~L
Therefore
inf F(mCP N>  inf U (m) (4.18)

meR (O, p) My meR; (0, p)
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Now we have

R (O, p) < {me// tdxe[—L, +L),

2]
|m"’)(x)—m"”—(x+p)|>2—Z}E@L(@,p)” (4.19)
For any xe[ —L, +L) let n=n(x)e Z be such that np <x<(1+1)p,
U, ={ueZ n<ud*<(n+1)*} (4.20)
and
'Vx E%x+p/(s* (421)

By triangular inequality,

5* 2 » -
ImP(x) —m®(x + p)| S(;) Y ImCO(us*) —mPvé*)|  (4.22)
ue%x
vEV,

and, by similar arguments as in (3.69), if we denote by

B .(m)= {(u, VYEU XV, Im N ud*) — mP@I(vé*)| >%} (4.23)

then, for any me %.(0, p)°, we have

Op(p\
1B.m)| > 7 (%) (424)

from which we get

: . Op\*Op [ p\* _c(6,p)
N> (%) ) Z£ (L) = > ]
el Udm=0) 2 (0%) <4L> 8L <5*> L’ (4.25)

We insert (4.25) in (4.15) and we find

Up, (O, p)°)
S RYIX(O)Y exp[ — Py~ '[c(O, p) L7
— (L + R)(6* +y0* ' log d*y~ ) — c((+6)]]

+exp[ — By TI[cR('PPH9 62— (6% +p(6%) ' log(d*y 1)) — 2C1]
(4.26)



140 Butta and Picco

It remains to choose the parameters R, §, {, 6* in such a way that the
right hand side of (4.26) goes to zero. Making similar arguments as after
(4.9), one can check that the choice § =¢ = y2E+D ™ R= ¢ y=C+D2A6+a)
¢, a positive constant, and §* ~ y?log y ~'/ implies that, if L <y~* with
A< (6(6+¢g))~" then the right hand side of (4.26) goes to zero, and this
ends the proof of the Theorem 2.5. |

5. ESTIMATES FOR THE INDEPENDENT MODEL

In this section we prove Theorem 2.2.
It is possible to compute an explicit expression for the density of v,.
By using the integral representation of the d-function on R? we have

N
dvy

X (m) = [ T1 w(do) o(mal) = m)

i=1

(5 e ()

We recall now the following integral representation of the Bessel functions
(ref. 36, p. 47). For any p e C such that Re(p) > —1/2,

@y
“T(p+12)I(12)

2(2) f: 46 e 0sin?), zeC  (52)

From the spherical symmetry of the problem, by using polar coordinates
and recalling that |S7~!| = 2792/I"(g/2), it is not difficult to obtain

dv NiI(g/2) = IN |m|\%? I (DN
= i, 4737 oo (55 )
(5.3)

We point out that PN |m|)=N~9dvy/dm)(m) is the well known for-
mula of the density of the probability distribution for the Pearson’s walk
(ref. 36, p. 419). The integral in the r.h.s. of (5.3) is absolutely convergent
for N2=2 and identically 0 for {m|> 1. So the density is well defined for
N 22 and identically 0 for |m| > 1.

Now we prove (2.20). Let re(0, 1) and denote by B, the closed ball
in R? of radius r and center in the origin. Fix me B, and let 2* = h*(m) be
as in (2.16). Then

dvy y
T (m)=N9exp[ —NI(m)] j H v,.(do,)d < 'Zl G, — Nm> (5.4)

i=1
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having introduced the measure
vo(dv) = g(h*) 71 e vu(dv) (5.5)

Calling
¢m(k)=e""""[v,,,(dv)ei"'", ke R (5.6)

and using again the integral representation of the J-function, we get

dn

= Nii Ny’ dk @ (k)N 5.7
T () =expl ~N1om)] (37 [ de gtk (s7)

so that

1 N\? N
e(m, N)—Nlog[<—2—n—> jdk @, (k) } (5.8)
Next we will prove the following lemma.

Lemma 5.1. Fix re(0, 1) and let ¢,,(k) be as in (5.6) with me B,.
Then k+— ¢, (k) is a smooth complex function such that:

(i) |@m(k)| <@,(0)=1 for any k e R?.
(i1) In a neighbor of the origin we have the expansion

where Q,,(-) is a quadratic form, uniformly positive for me B,, and (,,(k)
a smooth function satisfying |{,,(k)| < c,(r) |k|® for some ¢,(r) > 0.

(ii1) There are positive constants c,(r) and x(r) such that

cyr)
e

lom(k)] < Vk € R |k| > x(r) (5.10)

(iv) |@a.(k)| reaches its maximum value only for k=0 which is a
strict maximum for this function.

We fix d €(1/3, 1/2) and decompose

3
[k @i0)" = % Gi(N, 0)
i=1
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with
G(N,o)=]  dk k)"
|l <N—9
G,(N, 5):f dk @, (k)N (5.11)
N 3<|kl<N

GiN.0)=[  dk k)"

|kl >N

We estimate the three terms separately. By changing variables and using
Lemma 5.1, item (ii),

1

k N
N2 Lkl <N12-d &t <ﬁ>

I ! k
N7 ) g XD {Nk’g <l T <ﬁ>>]

1

1 . [k
T N2 Lk|<1vuz-a dke exp [ 2 Q’”(k)} (1+NC, <ﬁ>>

1
:W

G(N,d)=

i

n q/2
<CTe—t——Q—> [1+0O(N-G°~D)] (5.12)

where ¢, (k) is a smooth function with the same properties of {,,(k) so that
the rest O(N ~9—1) is uniformly bounded when me B,. From items (i),
(iii) and (iv) of Lemma 5.1, there is C,(r)> 0 such that for any N large
enough |¢, (k)| <1— Cy(r) N* when |k| >N ~° Then

Cy(r)\
IGo(N, ) <N7IS*! sup |, (k)| <N7|ST] (1— 2,,>
(k| > N2 N
so that, for some C,(r) >0,
|G(N, 3)l <exp[ —Cy(r) N' =] (5.13)

Finally, by using item (iv) of Lemma 5.1,

N N
IG4(N, 8)| < |k|>Ndk<lck2|(:/)2> <NY|S9| <j\2/(;2)> (5.14)
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From (5.8), (5.12), (5.13) and (5.14) the bound (2.20) for some c(r)>0
follows.

We are left with the proof of (2.21). Denoting by P the probability
distribution of o, we have

vnllm|>r)=P(4,) (5.15)
where A, is the cylinder set defined by
N
A,={o: y 0,-~aj>r2N2} (5.16)
=1
Consider now the sets
QV={oi0,-0,>r" +r—1}, ihj=1,..N

and define the stochastic variable

o n(a)= #{(i, j):0eQV)

Clearly, for any a,

N
Y, 0,0, <(N*—n(o)(rP+r—1)+n(a)
Lhj=1

so that, for any re (0, 1),

. . 2 (r’4r—1 1
A, {o:n(a)> f(r) N?}, f(r)=rl_((:2:”’_1))=2+r (5.17)

Since f([0,1])=[1/3,1/2], from (5.17) we conclude that, for any
re(0, 1),

A,cG,, G, ={o: n(c) > N?/3} (5.18)

Then we need an estimate of the probability of G,. For any subset [ of
{1,.., N} let

QY = {o: there are |/| indexes j€ {1, .., N}\I such that g€ Q{)}
We claim that

Ge U ev (5.19)

I || = N/6
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In fact, it is possible to extract at least N/6 disjoint pairs (i, j) from a set
of pairs whose cardinality is bigger than N?/3. Now, since the ¢’s are i.id.,
for any I,

1
A@P) =P ( () 0% ) =P (520)
i=1
On the other hand, by using polar coordinates,
arccos(r*+r—1)
.4

PQYY) = [ Wdoy) [ (do2) 8 (gy.0pm 1m0y < (5.21)

Collecting together (5.18), (5.19),(5.20), (5.21) and observing that

2+r—1 6(1 —
<arccos(r +r )< ( r)
i n

, forany re(0,1)

we finally get

/61 — P\ N/6
P(4,)<N (]\]I\/’6> P(Q(l’,)z)’\’/6 < Nexp[ NI, (1/6)] (—y) (5.22)

where Iy (-) is the Bernoulli entropy. Clearly (5.22) gives (2.21) for a
suitable choice of b > 0. Theorem 2.2 is proved. ||

Proof of Lemma 5.1. Since v,, is compactly supported, the smooth-
ness of ¢,,(k) comes from direct inspection. Now we prove properties

(i)—(iv).
(i) It holds trivially.
(ii) From the definition of A*,

jv,,,(du)u=¢(h*)—l j Wdv) e v =(V,log $)(h*)=m  (523)
Then, by expanding ¢,, in k=0, we get (5.9) with

0(k) = [ vuldn)Te- (v =m)T%, Lplk) = | vd) i k- (v —m)]?
(5.24)

where #,,(v) is a suitable number in the interval [0 A k-(v—m),
0 v k-(v—m)]. Recalling the definition (5.5) of v,, and (2.16) of A* it is
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easy to check that Q,(k) and {,(k) have the desired properties stated in
the lemma. We omit the details.

(iii) We analyze separately the cases ¢ =2 and ¢ =3:

(¢=2) Calling « the angle between the vectors k and m and using
polar coordinates, we have, for any |k| >0,

e—i |kl |m| cos o

2z
|/ R — do t* cos 6+ i |k| cos(8 —a) 5.25
Onl) = ™) L ¢ (5.25)

where we used (2.14) and that |A*| =r*, see (2.16) and (2.17). Now we
recall the following integral representation of Bessel functions of integer
order n (ref. 36, p. 19),

|

v%(z)=£

2n i .
J 4o e:zsm[i-—me, zeC (526)

0
which gives the Fourier expansion

. . +© .
e7sind — Y S(2) €™, zeC, ¢eR
n=—o

so that
—ilk| jm|lcosa +co

) l 2r .
Z *fn”kl) em(n/Z—a)gJ‘ do e** <8 0+ oné (5'27)
0

H= —0

e

O mlk) :W

Using again (5.26) we get

1 2 t* cos 8+ in(8+ m/2) 1 2n 1* sin 8 — inf 1ok
2—7[[ 4 ! cos 0+ im0+ =£L dde —J3it*)  (5.28)
0

and so

+ o0

1 .
I%(MKW X 1ZUKD] A% (5.29)

n= —oo

In ref. 36, p. 205-206 it is proven that, for any x and p positive,

J’il,(x)z\/g—c[cos (xip—zn—g> Q.,(x, p)—sin (x-_!—l;—n—g> Q_(x, p)}
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where
—uyp—112 i \P 12 ( _E‘.)p 1/2}
Ol p)= 2F(p+l/2),[ due™ur” [<1+2> £(1-
(5.31)
Now
1Q.(x,0) <1 (5.32)

and, for any integer n=>1,

1 o i u \2\"2—1/4
0.l <], e (1 (5) )

«—1
Tn+1/2)

2n/2 —1/4

2x
[21./2—1/4[ due— =12
0

*© —u, 2n—1
+—(2x)1—1/2 Lx due "y ]

<21 [ 1+ i }

2x)"" "2 T'(n+1)2)

{5.33)

=27(/2—[/4 [1 +2n——1/21"(n)}

\/;ixn—l/z

where in the last equality we used the “Legendre’s duplication formula”
2%-Ir(z) Iz + 4=/ (2z), zeC

In ref. 36, p. 49 it is proven also that for any real order p> —1,

IZI/Z)”
I'(p+1)

|£(2)] < exp[Im(z)], zeC (5.34)

We use (5.30), (5.32) and (5.33) to bound |.%,(|k|)| and, since £_,(z)=
(—1)" 4,(z) for any integer n, we can use (5.34) to bound |.%,(—it*)| for
any ne Z. From (5.29) we get
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2 48-—1' tE\" 21/2—1/4 2n—l/21-v(n)
k)| < 1 — 1
oul < 7| %(z‘z*)ngl(z) el +ﬁ{k|"—‘/2>]
2 4 2 2e " 2 %)
e LR
mlkl L A(Y) T A3 S Sn k|2
2 4 de" J2 1%\
< 1 .
\/nlk|< *%(iz*))J“m(it*)E,( ] ) (5:33)

Since #* is an increasing function of |m|, by choosing x(r) > \/5 t*(r), from
(5.35) we get (5.10) for g =2 with ¢,(r) a suitable function of t*(r).

(g =3) As before, calling « the angle between the vectors k& and m, by
introducing polar coordinates and recalling (2.14), we have, for any |k| >0,

t*e—ilkl |micosa .

PmlkK) = () L, 4

2n
* ;i . . - .
XJ‘ dl// et cos0+t|k|cosacosoe1|k|smasm&coswSln0
0

t*e—”kl Im|cosa .n . .
=Th(z*)_[() da el cos @+i|k| cosacosé).ﬂo(lkl sincxsin 0) sin 0
(5.36)

By Fourier-Legendre expansion of exp[¢* cos 8], (5.36) becomes
t*e—i |k| |m] cos o

P mlk) = T smh() Y. cl1*)

nz0

N r df e' Ikl cosacosb g (k| sin o sin 8) P,(cos ) sin 0 (5.37)

0
where P,(x), xe[ —1, 1], is the Legendre polynomial of order n and

c,,(t*)=2n+1

j” df e** °**°P (cos 6) sin (5.38)
0

By applying the Gegenbauer’s formulae (ref. 36, p. 50, 379),

i . 2
J df e **°P (cos 0) sin 0 =i" -zf.ﬁi,H/z(z), zeC
V]
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and

j” df e 5058 g (7 sin o sin 6) sin OP,(cos 6)
0

p
- /—"z Fy 4 10(2) Polcosa),  zeC

to (5.38) and (5.37) respectively, we finally obtain the estimate

n
e @n+ 1) Lol =i [ F 412k D)
sinh(7%) ngo n+1/2 n+1/2

@k <
where we used also that |P,(x)| <1 for any xe[—1,1] and ne N. Now
we proceed analogously to the case ¢g=2. We uses (5.34) to bound
|# 4+ 12(—it*)| and the integral representation (5.30) to get a bound for
I , +1,2(1k])| with the gain of a factor |k| ~'/? (observe that, by reasoning as

n (5.33), for any n>0 and x>0, |Q . (x,n+1/2)|<2"[1+T(2n+1)/
((2x)” I'(n+1))]). We omit the details.

(iv) From (i) and (ii), k=0 is a strict absolute maximum. From
(5.25) and (5.36) when ¢=2 and ¢g=73 respectively, |@, (k)| =D |k])|
where, for any ae[0, 7], @, {¢), 1€ R, is the characteristic function of a
suitable real random variable £,. By standard results on characteristic
functions (ref, 16, p. 501, Lemma 4), if for some « there is 4> 0 such that
|®,(A)] =1, then |@,(¢)| is a periodic function of period A. But this implies

lim sup |o,,(|k])| =

|k| = + 0

which contradicts property (iii). §
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