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Large Deviations for V¢ Interface Model
and Derivation of Free Boundary Problems

Tadahisa Funaki and Hironobu Sakagawa

Abstract.

We consider the V¢ interface model with weak self potential
(one-body potential) under general Dirichlet boundary conditions on
a large bounded domain and establish the large deviation principle
for the macroscopically scaled interface height variables. As its ap-
plication the law of large numbers is proved and the limit profile is
characterized by a variational problem which was studied by Alt-
Caffarelli [1], Alt-Caffarelli-Friedman [2] and others. The minimizers
generate free boundaries inside the domain. We also discuss the Vg
interface model with é-pinning potential in one dimension.

§1. Introduction

Interfaces and variational problems.

It is one of the quite general and fundamental principles in physics
that physically realizable phenomena may be characterized by varia-
tional problems. Such principle is expected to hold in the problem
related to the phase coexistence and separation as well. Indeed, un-
der the situation that two distinct pure phases like crystal/vapor co-
exist in space, hypersurfaces called interfaces are formed and separate
these distinct phases at macroscopic level. The shape of the interface in
equilibrium is assumed to minimize the anisotropic total surface energy.
The corresponding solutions may be obtained by the so-called Wulff con-
struction (see [5], [8] and references therein). The underlying variational
problems change depending on the physical situations of interest.

In statistical mechanics, to derive the shape of the macroscopic inter-
face, one need to determine its total surface energy based on statistical

Received January 24, 2003.
Revised May 28, 2003.
The first author is partially supported by JSPS, Grant-in-Aids for Scien-

tific Research 14340029 and for Exploratory Research 13874015.



174 T. Funaki and H. Sakagawa,

ensembles at microscopic level, which are formulated as Gibbs measures.
This procedure can be accomplished by analyzing a proper scaling limit
in the ensembles, which connects microscopic and macroscopic levels.

V¢ interface model.

The basic microscopic model we study in this article is the V¢ in-
terface model, which is a continuous analogue of SOS type model. In
this model, the interface is already considered as a microscopic object
and described by height variables ¢ = {¢(z)}, the vertical distance of
the surface measured from the points = on a fixed reference hyperplane
located in the space (see [18], [19] for example). Assuming interfaces
are formed in d + 1 dimensional space, the variables ¢ are defined on a
large bounded domain Dy in the d-dimensional square lattice Z?. Here
Dy corresponds to the reference hyperplane which is discretized and
N € Z is the scaling parameter representing the ratio of the macro-
scopically typical length to the microscopic one.

Given strictly convex symmetric nearest neighbor interactions V :
R — R and boundary conditions ¢ = {¢(z) € R;z € dtDy}, an
interface energy H}{’,(q&) at microscopic level called Hamiltonian is as-
signed to each interface height variable ¢ = {¢(z) € R;z € Dy} on Dy
as a sum of V(é(z) — #(y)) taken over all pairs of neighboring sites z
and y in the domain Dy. Here Dy = Dy U3t Dy is the closure of
Dy, 0"Dy = {x ¢ Dn;|z —y| = 1 for some y € Dy} is the outer
boundary of Dy and ¢(xz) = (z) for z € "Dy in the sum; note
that z ¢ Dy means = € Z? \ Dy. We shall take Dy = ND N Z? for
a fixed bounded domain D in R? having piecewise Lipschitz boundary
0D, where ND = {N6# € R% 6 € D}; D is the macroscopic reference
hyperplane while Dy is its microscopic correspondence.

Weak self potentials.

We further assume the space is filled by a media changing in the
distances from Dpy. Such situation can be realized by adding self po-
tentials (one-body potentials) U : D X R — R to the Hamiltonian which
has therefore the following form:

L) HYY(@) = > V(x) —¢®) ZU(

z,yEDN,Iav—yl-l €Dy

The first sum here is over all pairs of neighboring sites. Then the statis-
tical ensemble for the height variables ¢ is defined by the finite volume
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Gibbs measure on Dy

12 U9 = e @) [] dete)

€Dy

where Z%Y is a normalization factor; note that %Y € P(RPY), the
family of all probability measures on RP¥. We shall sometimes regard
/J%’U € P(RP~) by considering ¢(z) = 9(z) for z € 8t Dy under M}Z{,’U.
We consider the case that U is represented as U (6, r) = Q(A)W (r), where
the function @ : D — [0, 00) is bounded and the basic assumption on W :
R — R is that the limits o = lim, 4o W(r) and 8 = lim,_,_o, W(r)
exist, and the values of W are always between « and 3; see the conditions
(Q1), (W1) and (W2) in Section 2. The self potential U is called weak
since it is bounded. A typical example of W we have in mind throughout
this paper is a function of the form

(1.3) W(r) = Bly<oy +algr>oy, TER.

This potential describes the situation that the space is filled by two dif-
ferent media above and below the hyperplane Dy. If 8 < «, the negative
values are more favorable than the positive ones for the interface height
variables ¢ under the Gibbs measures. In other words the interface is
weakly attracted to the negative side, namely by the media below the
hyperplane Dy.

Scaling limit and large deviations.

The aim of the present paper is to study the macroscopic behav-
ior of the microscopic height variables ¢ under the Gibbs measures
,u%’U as N — oo. The scaling connecting microscopic and macro-
scopic levels is introduced by associating the macroscopic height vari-
ables hV = {hN(0);0 € D} with ¢ as step functions (or their polilinear
approximations (2.1)) on D, which satisfy

N (z/N) = N_l‘cb(x), z € Dy.

Note that both z- and ¢-axis are rescaled by the same factor 1/N, since
the interface is located in the d 4+ 1 dimensional space. The boundary
conditions 1 should be simultaneously scaled to have macroscopic limits
g(6),0 € 0D, see the conditions (1), (¥2) in Section 2. We shall
prove that the law of large numbers holds for AV distributed under [,L;l\)fU
as N — oo and the limit h = {h(0);0 € D} is characterized as the

minimizer of the macroscopic total surface energy

(1.4) /D S(Vh(6)) df — A /D QO)1(h(6) < 0)d8
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in the class of h having boundary condition g if the minimizer is unique,
see Corollary 2.1. Here 0 = o(u) € R is the so-called surface tension
of the (macroscopic) surface with tilt u € R (see (2.3) or [18]) and we
assume A = o — 3 > 0. When A < 0, the formula (1.4) should be
slightly modified.

We shall actually establish the large deviation principle (LDP) for
RN under /L%’U, see Theorem 2.1. As its application, one can prove
the law of large numbers. The variational problem characterizing the
limit generates free boundaries inside D. Such variational problem was
thoroughly studied by Alt and Caffarelli [1] for non-negative macroscopic
boundary data g with A > 0 and by Alt, Caffarelli and Friedman [2] for
general g especially when o is quadratic: o(u) = |u|?, and by Weiss [26]
for more general o.

Bibliographical notes.

Our results are related to those obtained by Pfister and Velenik [24].
They considered the two dimensional Ising model at low temperature on
a large box with attractive wall set at the bottom line. This line segment
corresponds to our hyperplane Dy, although it has an effect of hard wall
at the same time, since the interfaces separating +-phases can not go
down beyond the bottom line in their setting. One of the motivations
of [24] was to understand the so-called wetting or pinning/depinning
transition.

The problem of the wetting transition is recently discussed for the
Vi interface model as well by several authors. We shortly summarize
the known results. The potential

(1.5) U(O,r) =U(r) = —bly<a}, TER

with a,b > 0 is called of square well type and yields a weak pinning
effect to the interface near Dy, i.e. the level ¢(z) = 0. The limit as
a | 0 keeping s = 2a(e® — 1) constant is called §-pinning. Dunlop et
al. [16] first proved the localization of the ¢-field, namely the uniform

boundedness in N of the expected height variables E“?VU[|¢(1')|] under
0,U

the Gibbs measures pp~ with 0-boundary conditions or the existence
of infinite volume limit of u?\}U as N — oo, if the Hamiltonian contains
arbitrarily weak pinning potentials U when d = 2 for quadratic V. This
should be compared with the case without pinning (i.e. U = 0) in which
the localization occurs only when d > 3 and also compared with the case
of strong pinning (or massive) potentials satisfying lim|,| o, U(r) = +00
for which the localization occurs for all dimensions. The result of [16]
is extended for general convex potential V' by Deuschel and Velenik [15]
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later. In addition to the localization, the mass generation, namely the
exponential decay of the correlations of the ¢-field is shown by Ioffe
and Velenik [20] for d = 2 with é-pinning. Further precise estimates on
the asymptotic behaviors of the mass and the degree of localization by
means of the variances of the field as the pinning effect becomes smaller
were established by Bolthausen and Velenik [9]. The basic assumption
in our paper (W2) on the potential W(r) unfortunately excludes the
potential U of square well type given in (1.5).

When U(r) = +oo for r < 0, we say that the hard wall is settled
at the level ¢(z) = 0 or at Dy. The ¢-field can take only non-negative
values. To discuss the wetting transition for the V¢ interface model,
the effects of the hard wall and the pinning near 0-level are introduced
at the same time. Fisher [17] proved the existence of the wetting tran-
sition, namely the qualitative change in the localization/delocalization
of the field depending on which of these two competitive effects dom-
inate the other, when d = 1 for the SOS type discrete model. This
result is extended by Caputo and Velenik [10] for d = 2. The precise
path level behavior is discussed by Isozaki and Yoshida [21] when d = 1.
Bolthausen et al. [7] showed that, contrarily when d > 3, no transition
occurs and the field is always localized, i.e. only the phase of partial
wetting appears. Note that the field on a hard wall is delocalized for all
dimensions d if there is no pinning effect, i.e. U =0 for r > 0. The lat-
ter property is called entropic repulsion. Bolthausen and Ioffe [8] proved
the law of large numbers in the partial wetting phase in 2-dimension
(i.e. d = 2) under the Gibbs measures with 0-boundary conditions, hard
wall, 6-pinning and quadratic V conditioned that the macroscopic total
volume of the interfaces is kept constant. They derived the so-called
Winterbottom shape in the limit and the variational problem charac-
terizing it. The 1-dimensional case with general V' was discussed by De
Coninck et al. [11].

Our model only takes a special class of self potentials, in particular
satisfying the condition (W2), into account and neglects the effect of the
hard wall. Since the field can take negative values and the potential U
has no strong singularity like hard wall, the situation becomes mild in
a sense. On the other hand, this makes us possible to discuss the corre-
sponding dynamics without making much effort, which will be discussed
elsewhere; see also [23] for dynamics with general boundary conditions
when U = 0.

Organization of the paper.

In Section 2, the model is introduced in more precise way and the
main results are stated. The proof of the large deviation principle is
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reduced to the case of U = 0 in Section 3, since the potential U can be
treated as a rather simple perturbation. The large deviation principle
for general boundary conditions without the self potential U is proved in
Sections 4 and 5. The case with 0-boundary conditions without U was
discussed by Deuschel et al. [13]. Our main effort is therefore made for
the treatment of the general boundary conditions. By a simple shift the
problem can be reduced to the O-boundary case, however with bond-
depending interaction potentials. Finally, in Section 6, we prove the
large deviation principle for é-pinning case when d = 1 and Gaussian
potential.

§2. Model and Results

Model and basic assumptions.

Recall that a bounded domain D in R¢ with piecewise Lipschitz
boundary is given and microscopic regions Dy, Dy and 8T Dy, N € Z,
in Z¢ are defined from D. For a configuration ¢ = {¢(z);z € Dy} €
RPN of the random interface on Dy and microscopic boundary condition
P = {¢(z);z € 87Dy} € RO"DN ¢\ 4 represents that on Dy which
coincides with ¢ on Dy and v on 87 Dy. For every A C Z¢, A* denotes
the set of all directed bonds b = (z,y) in A, which are directed from
y to . We write 2, = x, yp = y for b = (z,y). For each b € (Z¢)*
and ¢ = {¢(z);z € Z?}, define Vo(b) = ¢(xp) — ¢(yp). We also define
Vid(z) = d(x +e;) — ¢(z), 1 < j < d for z € Z? where e; € Z? is the
J-th unit vector. V() = {V;¢(x)}1<j<q denotes vector field of height
differences of ¢.

The Hamiltonian on Dy with boundary condition v is defined by

1
Hy(@)=5 > V(V(@V)0), ¢eRP.
beDy~
Note that this coincides with the first term of (1.1). For the interaction
potential V', we assume the following conditions:

(V1) V € C%(R),
(V2) V(n) = V(—n) for every nn € R,
(V3) there exist c_,cy > 0 such that c—- < V'(n) < ¢4 for every n € R.

Next, let U : D xR — R be a self potential which has an effect attracting
the interface ¢ to the negative or positive side. We consider the case
that U is decomposed as U(8,7) = Q(8)W (r), where @ : D — [0, c0),
W : R — R and assume the following conditions:
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(Q1) Q is non-negative, bounded and piecewise continuous,

(W1) W is measurable,

(W2) there exist a, 8 € R such that lim,_, y o W(r) = @, lim,_, _o, W(r)
=fand aAB<W(r) <aVp for every r € R (in particular, W
is bounded).

Then, HY'Y (¢) = HL(¢) + > sepy U(F> ¢()) is the Hamiltonian (1.1)
on Dy with boundary condition 1 and self potential U. The corre-
sponding finite volume Gibbs measure ,u%’U on Dy is defined by (1.2).
We shall denote u%’o by u%. In the Gaussian case i.e. V() = %nQ and
U = 0, we shall denote it by ;ﬂ]/\’,’*.

For g € C*(R?), define H;(D) = {h € H'(D); h — g|,€ H}(D)}.
The function g l op Will be the macroscopic boundary condition. We as-
sume the following conditions for the corresponding microscopic bound-
ary condition ¢ € RO Dn

(1) _mex W@ <CN,
W2) Y |¥(z) — Ng(%)[Po < CN? for some C > 0 and po > 2.

$€a+DN
Remark 2.1.  Since 8D is piecewise Lipschitz and g | »€ C>(D),
by Theorem 8.7 and Theorem 8.9 of [27], there exists a continuous linear
trace operator Ty : H'(D) — H?2(8D) such that Tou = u |8D for every
u € C*(D) and it holds that Hy(D) = {h € H*(D); Toh = g|,p}-

Scaling and polilinear interpolation.

Our scaled random interface {h¥ (6);6 € D} is defined by polilinear
interpolation of the macroscopically scaled height variables i.e. AV () =
Y ¢(z) for 6 = £, 2 € Dy and

d
21 KNe) = Y [H()\i{NHi}
xe{0,1}4d i=1

=200 - (e | Y (AR

for general § € D, where [-] and {-} denote the integral and the fractional
parts, respectively, see (1.17) of [13]. We also define the scaled profile
{rM(0);0 € D} by step function i.e. RN(0) = £¢([N0)]) for § € D.
Similarly, for each scalar lattice field {u(%);z € Dy}, we will define
{u™();6 € D} by u™(0) = u(%) for § = &, x € Dy and by (2.1) for
general € D and {a"(0);0 € D} by aVN (0) = u([NTol) for # € D. Also,
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given a continuous function f(8) of 8 € D, we will define { ™V ();0 € D}
and {f~(8);0 € D} from scalar lattice field {f(&);xz € Dy} as above.
Using Jensen’s inequality and elementary estimates, we can see that for
each p > 1, there exists a constant Cy = Cp(d, p) > 0 such that

(2.2) Colla" ||lr(py < [uN llLe(py < 8N ILe (),
for every scalar lattice field {u(%);z € Dn}.

LDP in the case with weak self potentials.

Now we are in the position to state the main result of this paper.
The (normalized) surface tension with tilt u € R? is defined by

) 1

(2.3) o(u) = — A}gnoo Vi log 70
(A 4 : o ¥0 — _11d

where Z is a partition function for py (= py);) on Ay = [1, N —1]°N

7% and 9, (z) = u-z, z € Ay represents the u-tilted boundary condition

(cf. [13], [18]). For h € H'(D), define surface free energy (integrated
surface tension)

(k) = /D o (Vh(6))do.

Theorem 2.1. The family of random surfaces {h™(#);0 € D}
distributed under u}{’,’U satisfies the large deviation principle (LDP) on
L2(D) with speed N¢ and the rate functional IV(h), that is, for every
closed set C and open set O of L2(D) we have that

- 1 $,U () N e U
. — ’ < -
(2.4) lim sup -5 log py (A7 €C) < — inf I”(h),
.. 1 DU LN . U
(2.5) l}ﬂlgfﬁilogl‘fv (Y € 0) > —ég(fg] (h).

The functional IV (h) is given by

" zU(h)—Hil%)zU it h € HY(D),
IY(h) = ;

+o0 otherwise,
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where Hiﬁf)) U = inf{XY(h);h € H}(D)} and

U (h) = S(h)+a / QO)1(h(0) > 0)db + B / Q(O)1(h(6) < 0)do
D D
+(@ng) /D Q(6)1(h(8) = 0)db.

Remark 2.2. By the proof of Theorem 2.1 (see (3.8) below), if U
is given by U(8,7) = QW (r) for some constant Q > 0 and W (r) satisfies
the condition (W2) with (a, 3) = (0,—A) or (—A,0) for some A >0 so
that —A < W (r) <0 for every r € R, then it holds that

0,U
AN
zR,’

) 1

where the right hand side represents the difference of the free energies
of the interface in the case with self potential and in the case without
self potential. In this sense, £V (h) above represents macroscopic total
surface energy of the profile h; see also Remark 3.1 below.

As a corollary of the upper bound (2.4) in Theorem 2.1, we obtain
the following law of large numbers for {A"V(6);8 € D} under ,u'f\’,’U.

Corollary 2.1. If XU has a unique minimizer h in Hg1 (D), then
U

the law of large numbers holds under py;~ , namely,
Jim i (IWN — hlLao) > 6) =0,

for every 6 > 0.

Remark 2.3. (Free boundary problems) Ifo = o(u) is smooth
enough (i.e. 0 € C*Y(R%),y > 0) and if the free boundary 8{h >
0} of the minimizer h of XV is locally C?, then h satisfies the Eu-
ler equation div{Veo(Vh)} = 0 in D\ 8{h > 0} and the condition
U(Vht) — ¥(Vh™) = AQ on the free boundary D N d{h > 0}, where
U(u) =u-Vo(u) —o(u) and A= (aV ) — (aAB). The Lipschitz con-
tinuity of the minimizer h and the regularity of its free boundary were
studied by [1], [2], [26] and others. In our case, for the regularity of the
surface tension, o € CH(R?) is only known in general, see [18].

LDP for §-pinning in one dimension.

The Gibbs measure with §-pinning corresponds to the weak limit
of the square-well pinning measure ,uf,/(,’w with W(r) = —blyjr<q) as
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a | 0,b — oo by keeping 2a(e® — 1) = e’ for J € R and has the following
representation:

N7 (do) = —55 exp{—Hy(¢)} [] (e’80(dd(2)) + do(x)).

z€DN

We regard ,u}f,’J € P(RP~) by considering ¢(z) = () for x € 8+ Dy
as before.

We study the large deviation principle for {h"(6);0 € D} under
,u}f,’J when d = 1 and with Gaussian potential i.e. V() = 3n%. Let D =
(0,1), Dy = [1,N — 1] N Z and take the boundary condition ¢(0) = aN
and ¢(N) = bN, a, beR. We shall denote u%7, Z%7, u¥% and Z% as

u'}vb o Zx,b J, ,uN and Zy N , respectively. Define

Was(D) = {h € C([0,1];R); h(0) = a, h(1) = b},
H_ (D) = {h € W, (D); h is absolutely continuous and k' € L?(D)}.

The space W, (D) is endowed with the topology determined by the
sup-norm || - |leo. Then, we have the following LDP.
Theorem 2.2. Assume that d = 1 and V(n) = 3n®. Then the

family of random surfaces {h™ (6);6 € D} distributed under p Nb 7 sat-
isfies the large deviation principle on W, (D) (i.e. the upper and lower
bounds for closed and open subsets of W, (D), respectively) with speed
N and the rate functional given by

2/(h)~ inf T’ if he HL,(D),

I’(h) = H (D)
400 otherwise,
where
1t
£Ih) = 5 [ W)+ 7(DI{6 € Di(6) =0},
0
and
1 70,07
(2.7) T(J)=— lgnoo — log —ZI—%’—O—’
N
note that | - | stands for the Lebesgue measure.

Remark 2.4. The function 7(J) is the so-called pinning free en-
ergy. By the proof of Theorem 2.2 and Remark 6.1 below, one can see
that the limit exists and 7(J) < 0 for every J € R.
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§3. Proof of Theorem 2.1: LDP with Self Potentials

LDP without self potentials.

This section reduces the proof of Theorem 2.1 to the LDP for ,u}f,(z
u%’o), i.e. the Gibbs measure without self potential. The case where the
boundary condition ¢ = 0 was studied in [13].

Proposition 3.1.  The family of random surfaces {h" (6);0 € D}
distributed under ,u}{’, satisfies the large deviation principle on1L2(D) with
speed N¢ and the rate functional given by

Y(h) — inf ¥ if he HY{(D),
= [E0 =, D)
400 otherwise.

Treatment of boundary conditions.

One of the key observations for the proof of Proposition 3.1 is the
following trivial identity:

3.1) V(¢ V)(b) = V((¢ - &) VO)(b) + V(EV P)(b),

for every £ = {£(z);z € Dn} and b € Dn". Now take £ as &(z) =
Ng(&) for z € Dy (and for z € Dy; recall g € C*(R?)) and define

~ 1
Hy@) =5 Y. V(V(6V0)®) +V(E VD)
beDn
Consider the finite volume Gibbs measure with Hamiltonian H }{’, (¢) and
0-boundary condition:

% (d9) = = exp{-HS(6)} [] do(e).

ZN rzEDN

Then the following LDP holds for ﬂ}f,.

Proposition 3.2. The family of random surfaces {h™ (0);8 € D}
distributed under iy satisfies the large deviation principle on L2(D) with
speed N and the rate functional given by

N Y(h) — inf & if he HY(D),
= 50 3(D)
+00 otherwise,
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where
S(h) = /D o(Vh(6) + Vg(6))db.

We shall prove this proposition in Sections 4 and 5.

Proof of Proposition 8.1. Consider the continuous map @, : L?(D)
— L2(D) given by ®,(h) = h +g. It is easy to see that

I(h) = inf{I(h); h € L2(D), ®4(h) = h}.

Then by definitions of uzf\’,, [f]/{, and (3.1), Proposition 3.1 follows from
the contraction principle (cf. [25], [14] and [12, Theorem 4.2.1]) and
Proposition 3.2. Q.E.D.

Deduction of Theorem 2.1 from Proposition 3.1.

We shall prove Theorem 2.1 assuming that Proposition 3.2 and
therefore Proposition 3.1 are shown. We only consider the case where
a > 3. The case where o < § can be proved completely in an analogous
manner or by turning the interfaces upside down by the map ¢ — —¢
and ¢ — —i. The pinning potential U(4,r) = Q(Q)W(r) which sat-
isfies the conditions (W1) and (W2) with a > 3 can be rewritten as
Ug,ry=Qa+ Q(G)W(r) and W(T) satisfies conditions (W1) and

(W2)’ there exists A > 0 such that lim,_, 400 W(r) =0, lim,_,_ o, W(r)
=—A and —A < W(r) <0 for every r € R,

with A = o — (. Since the contribution of the first term Q(6)a in
exp{—H}(’,’U(cb)} of ,u}/(,’U cancels with the normalization factor, we only
have to consider the case that W satisfies the conditions (W1) and (W2)'.

The following lemma allows us to replace the self potential part
of the Hamiltonian by the integration of —AQ on the domain where
g € L2(D) is non-positive when the macroscopically scaled profile h™
is close enough to g. Note that g here represents a general function in
L?(D) and not the macroscopic boundary condition.

Lemma 3.1. Assume the conditions (Q1), (W1) and (W2)' on
U@,r) = QO)W(r). Let g € L*(D) and 0 < 6 < 1 be fized. If KV €
Bs(g,6) = {h € L?(D); ||h—g|lL2(p) < 6} for N large enough, then there
exists some constant C > 0 such that

gp‘; U(—j%, $(x)) + N¢A /D Q(0)1(g(h) < —67)do < CN9,

for every N large enough.
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Proof. There exists an approximating sequence {gx}r>1 C C(D) of
g € L?(D) such that ||gx — gllL2(p) — 0 as k — co. Recall that one can
define g (polilinear functions) and g} (step functions) for g, € C(D).
Now, by (2.2), it holds that

IRY = gllL2py < ClIBY = gllLa(py + anks

for every k > 1, where

ank = (C+ 1)llg — grllL2oy + Cllgk — 98 2oy + lgr — G2 llL2(p)»
which goes to 0 as N — oo and & — oo. Hence,
(3.2) IRY — gllL2(p) < C8 + an ks

if AN € By(g,6). The positive constants C in the estimates may change
from line to line in the paper.
Now, for v > 0, we rewrite

> U6l + N4 [ QO)(0(6) < -

z€DN

=N [ (WOVR(9) + A10(6) < —)@(6)ds

+ {ZGXD:N QIFIWWNRY(5)) - N /D W(Nﬁ”(e))Q(e)da}

=51+ 5,.

For Si, we divide the integration on D into the sum of those on three
domains {g > —v}(= {6 € D;g(8) > —}), {g < -7} NC{, and
{9 < -7}NCn,, where Oy, = {|A —g| < v/2} and C§,, = D\ Cn 5.
The integration on {g > —v} is non-positive, because @ > 0, W < 0
and Al(g(#) < —v) = 0 on this domain. Next, since (3.2) implies
|C% | < 22(C6 + an,x)?, we obtain

- K
/ | WVEY (6)) + AL(g(6) < 0) | d8 < (C8 +an)?,
{gg-7InC%, v
where K = 4(||W|loo + A). On {g < —v} N Cn,, we have A (9) <

—v/2. By this fact and the assumption (W2)', | W(NRY (6))+A1(g(6) <
—) |§ 6 holds for N large enough and we see that

oo IWONE @)+ A1(6(0) < =) 0 < 1D,
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Therefore, we obtain
d K 2
S1<N HQ”oo(;g(C‘S +ank)? +6|D|),

for N large enough, every k > 1 and v > 0. For S5, we have

V6]

18] < NUW oo / Q) — Q)| do + OV,

where O(N91) is the boundary term. Finally, taking v = § z and N k
large enough, we complete the proof. Q.E.D.

Under the condition (W2)', the rate functional U (k) has the form
(3.3) xY(h) =2(h) - / Q(0)1(h(0) < 0)do

which coincides with (1.4), and enjoys the following properties.

Lemma 3.2. (1) The functional £Y (k) is lower semi-continuous
on L2(D).
(2) Let Y (R) be the functional defined by (3.3) with 1(h(6) < 0) replaced
by 1(h() < 0). Then, for every open set O of L2(D), we have that
. Uy — s U
i () = jgp =)

Proof. (1) Decomposing D into two domains C, = {|h — g| < v}
and C7, in a similar way to the proof of Lemma 3.1, one can prove that

[ @10 <0yt < [ @@1(506) <78 + 1@l
D D v

for every v > 0 if h € By(g,6). By this inequality and the property
(strict convexity) of the surface tension (cf. [13, Lemma 3.6]):

(3-4) %C—lv —uf? <o(v) —o(u) — (v~ u) - (Vo)(u) < %C+|v —uf?,

for every u,v € R?, it is easy to see the lower semi-continuity of TV (k)
on L2(D).

(2) Since XV (h) < ZY(h) is obvious for every h € L2(D), the conclusion
follows once we can show that

3.5 inf ©Y (k) > inf TY(R).
(3.5) jnf 37 (h) 2 jnf T (h)
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To this end, for every € > 0, take h € O such that XY (h) < infp 2V +¢.
We approximate such h by a sequence {h"},>1 defined by h"(6) =
h(6) — f™(0), where f™ € C§°(D) are functions such that f™(9) = 1
on D, = {0 € D;dist (,0D) > 1} and |Vf™(9)] < C with C > 0.
Note that h™ satisfy the same boundary condition as h. Then, since
lim,, o £(h"™) = X(h) (recall h € H;(D)) and

—A/Q 1(h™(6) < 0)d8 < A/ Q(O)1( ()<%)d0
<-4 /D Q(6)1(h(6) < 0)df + A|[Qlo| D\ Dy,

we obtain limsup,,_,., LY (h") < XY (h). However, O is an open set of
L?(D), so that h® € O for n large enough and thus (3.5) is shown.
QE.D.

Proof of Theorem 2.1. Stepl (lower bound). Let g € L?(D) and
6 > 0. Then, by Lemma 3.1 and the LDP lower bound for ,u}/\’, (Propo-
sition 3.1), we have

P, U

Z
hnllglof Nd log ZN¢ u%’U(hN € Bz(g,9))
N

>— inf I(h)+A 0)1(g(6) < —62)d0 — Cé
it 1 +4 [ Q)1060) < o)

>—{1(0) - 4 [ QO)1(6(0) < 810}~ s

Take now an arbitrary open set O of L?(D). Then,

¢’
hnilglof Nd log ZZN ¥, U(hN €0)

> —{I(h) —A/ Q(6)1(h(8) < —6%)d8} — C&
D
for every h € O and § > 0 such that By(h,8) C O. Letting 6 | 0, since
h € O is arbitrary, we have
U

Z
(3.6) hmmf jéd log Llpp'lf,’U(hN €0)
N—oo ZN

>~ inf {I(h) - A /D QO)1(h(6) < 0)do}.
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However, by Lemma 3.2-(2), one can replace 1(h(8) < 0) with 1(h(6) <
0) in the right hand side of (3.6).
Step2 (upper bound). Let g € L2(D) and § > 0 be fixed. We define

LE = N{0 € D; g(6) > 63} nZ%,
Ly =N{6 € D;g(8) < —62}nZ4,
In = N{6 € D;|g(0)| < 83} N Z*.
By the assumption (W2)" on W, for every & > 0 there exists K = K. > 0

such that W(r) > —(A — ¢)1,<k} — € for every r € R. Therefore, we
have

exp{— Z U(%,(f) x

z€DN

<exp{(4—9) 3 QPRI <K)+e Y Q5

z€DN r€DN

= exp{e Z Q(%)} Z H(e(A~a)Q(%) —~1)1(¢(z) < K).

z€DN ACDpy z€A

Now, if ¢(z) < K for z € LY, then L(z) — g(&) < —16% for N large
enough. Thus, if ¢(z) < K for every z € A C L}; on {h" € Ba(g,6)},
since [|AY — gV|lL2(py < Clo(é + lg — 9V ll2(p)), we have for N large
enough

1Al8
Nd :LD: N)) Z AND’
z€DN

namely, |A| < 8C; 6 N9, where Cy > 0 is the constant appeared in (2.2).
Combining these facts

exp{ € Z Q ’U(hN € Ba(g,9))
z€Dpn
< Z H (A )Q(F) _ 1) Z H (e(A—e)Q(—f%) — 1)
ACLf, =€A A'CINULy TEN
|A|<86‘0’16Nd

1
X 70 / 1(h"N € Ba(g,6))1(é(x) < K for every z € A UA)
N

x exp{—HY(4)} [[ do(=)

Z‘GDN
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< (e4-alQlle _ 1)800‘16Nd 1{A C L+, IA| < 8C; 16N |
x exp{(A —¢) Z Q(= },uN(hN € Bs(g,9)).
zelyULy
By using Stirling’s formula, we see that
(CNd)sco—laNd
(8C; 6 N4)!

< SN 4 o(1))

)
as N — oo, for some constant C' > 0 independent of N and §. Hence, by
the LDP upper bound for the measure pff\’, (Proposition 3.1), we obtain

[{A c LE; 1Al < 8C5 16N} | <

1 i
lim sup —— log ZZN 1/”U(hN € By(g,9))

Nooo NV
A—c¢ /Q9)1 )

— inf I(h)+C(8) +e / Q(6)d8

heBa(g,6)

where C(6) is a constant independent of N and goes to 0 as § — 0. Then,
by using the lower semi-continuity of I(h) and the right-continuity of
JpQ(O)1(g(8) < §2)df in 6, we see that for every g € L2(D) and & > 0,
there exists § > 0 small enough such that

&,U

lim sup — ZZN w’U(hN € Bsy(g,9))

N—oo

< —{I(g) /Q g(0) <0)do} +e.

Nd log

Therefore, the standard argument in the theory of LDP yields

Zy" v
(3.7) limsup — Iog ui (B €0)

~ g {I(h) - A /D Q(6)1(h(6) < 0)d8},

for every compact set C of L.2(D). Since U is bounded, exponential
tightness for p,%’U can be proved in a similar way to those for u}fj which
will be proved in Section 4 (see Remark 4.1 below). Thus, (3.7) holds
for every closed set C of L?(D).
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Finally, taking O = C = L2(D) in (3.6) (recall the remark subse-
quent to the estimate) and (3.7), we see that

1 Z1/)7U
(3.8) lim —log = = — inf vV + inf 3,
N—oo N VA H1(D) H1(D)
and this concludes the proof. Q.E.D.

Remark 3.1. As we mentioned in Remark 2.2, if U is given by
U0,7) = QW (r) for some constant Q > 0 and W (r) (or W(—r)) satis-
fying the condition (W2)', then (3.8) with Dy = Ay yields the difference
of the free energies of the interface in the case with and without self po-
tentials, see (2.6). This can also be proved in the following way under
the condition (W2)': for every e € (0, A) there exists K = K. > 0 such
that W(r) < —(A — e)1{,<_k} for every r € R. Therefore, we have

0,U

A 0
Zi\‘i—'z — EMy [exp{—ng\:N W(qb(a:))}]
> E¥An [exp{(A —)Q > 1Ue(z) < -K)}]
TEAN .
— EMAn [ Z (e(A—a)Q — 1)|F|1(¢>(ac) < —K for every x € F)]

FCAN,E
> ANl R ((z) < —K for every @ € Ane),

where Ay = {& € An;dist(z,A§) > eN}. However, [6, Proposition
2.1] shows that the probability in the last line is bounded below by

exp{—CN%?log N(1+ o(1))},

as N — oo for some constant C' > 0 independent of N. This implies

1 0,U
o A
I}ﬂl&f Ni log ZX,A\,, > AQ.

The opposite inequality is obvious, since W(r) > —A.

§4. Proof of Proposition 3.2: LDP without Self Potentials

Convergence of average profiles.

In this section, the proof of Proposition 3.2 will be given assuming
the convergence of average profiles (Lemma 4.1). We shall follow the
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strategy of [13]. The only difference is that the Dirichlet boundary data
g | sp 18 given from g € C*(R?) in our case, while [13] treated the case
of g =0. For f € C§°(D), set

Y ((8) = HY(9) — 3 Y0 F(3)(a),

z€DN

B ()= FE6) - 3 S(5)9(@)

z€DN

and consider the following two Gibbs probability measures:

,5(d0) = ——exp{—Hy ((8)} [ do(o),
Nf z€DN
i ;(dg) = ~;5fe"p{ —HY ;(4)} ID[ d(z),

having the different boundary conditions ¢(z) = ¢(z) and ¢(z) = 0 for
x € 0% Dy, respectively; recall that ¢ and g satisfy the conditions (1),
(1/)2) We write the averages of the profile h"V defined by (2.1) under

ub ; and i% ; as Ry () = E*Ns[RN(0)] and B ;(6) = EP.s [N (9)],
respectively. For f € L2(D), hs denotes the unique weak solution h =
h(6) in H(D) of the following elliptic partial differential equation:

div{(Vo)(Vh(8) + Vg(8))} = —f(6), 6 € D.

The crucial step in the proof of Proposition 3.2 is the following lemma.

Lemma 4.1.
71,}/\’,7f — hy in Hy(D) as N — oo.

We shall prove this lemma, in Section 5. Next, define

Al -
E%,f = —Zﬁd’i EFN [exp{— Z fl )qS(x)}]
N z€DN

Then, in a similar way to the proof of Theorem 1.1 of [13] , by calculating
the functional derivative of $(h) and using the differentiation-integration
trick (i.e. computing d% log Z}(’,t 7 and integrating it in ¢ € [0,1]), Lemma
4.1 yields the following lemma. The proof is omitted.
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Lemma 4.2. The limit A(f) = Nlim ﬁlogE}bvf exists and it
— 00 ’

holds that
/ / hes (6)£(6)dtdd,

= sup {(h,f)—Z(h)}+ inf 5,
heHA(D) Hj(D)

(hy, f) — (hf)+ mf)Z

A(f)

Il

where (h, ) = [, h(0)f(0)

Exponential tightness.

For the proof of the LDP upper bound in Proposition 3.2, we prepare
the following lemma.

Lemma 4.3. There exists € > 0 such that

sup Nd logE“Nf {GXP{E Z (th( )+ |VNhN(N)| )}} < 0,
z€DN

where for a scalar lattice field {u(&);x € Dy}, VVu(E) =
{VVu(%)}1<j<a denotes a discrete gradient of u defined by VNu(&) =
N{u (m+e’) —u(Fhl<j<d

Proof. Since D is bounded, by discrete Poincaré’s inequality and
the definition of h"V, we only have to prove that there exists € > 0 such
that

1 oY
(4.1) Jsvuzpl ~a log EVn.s [exp{ab:%j—* IVqS(b)IZ}] < oo.

However, this is shown by a simple direct computation. Indeed, by the
strict convexity of V, it is easy to see that
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where HY*(¢) = 13 (Vv 0)(b))2. Therefore, the expectation in
bEDN*

(4.1) is bounded above by

exp{(T+5) X IVEVHOP)

beDN"
Jexp{(4e = F)HY (D) + 5% X f(F)o@)} TI
% T€DN ZGDN
Jew{—2¢, HY' (9)+ 5 X f()d@)} I dé(z)
z€DN zEDN

A simple Gaussian calculation yields

[exo{-attt @)+ 5 3 f(58@) ] dsto)

z€Dn wEDN
= (277) 2 \/det( Apy)exp{=—=Vns},
p D) ¥XP1oy N2 Vs

for every a > 0, where Ap, is a discrete Laplacian on Dy with 0-
boundary condition,

Vi = (f(5): (A0 () by = Varge (Y 1(5)9()

z€DN

and ( -, - )py denotes [?(Dy)-scalar product. Therefore, for every
O<e< %c_, we obtain

logE’Tﬁ’vf [exp{€ Z |V¢’(b)|2}]
bem*
<C|DN|+C’ sV +C D [VEVY)O)P,
beDN"

for some C = C. > 0 independent of N. However, Viy j = O(N¢*2)
(cf. [13, Lemma 2.8]) and

> VeV B
beDn "
<2 ) [vEBP+2 Y | )]’ = O(N?),
beDN " “’€8+DN

as N — oo by recalling the assumption on ¢ and that £(z) = Ng(5) for
x € Dy with g |D€ C®°(D). This concludes the proof of (4.1). Q.E.D.
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Proof of Proposition 3.2.

Proof of Proposition 3.2; upper bound. For every f € C$°(D) and
measurable set £ of L2(D), Chebyshev’s inequality shows

(42)  EK(AY € &) < exp{-N" int (h, f)} % [exp{NdmN, f) }].
Noting that
NN ) < 3D FR)8) + 151V e 3 16(2)]

z€Dyn z€Dyn

and using Holder’s inequality, the expectation in the right hand side of
(4.2) is bounded above by

5% exp{Z Y 12160} 7 [exp{ 1910 3 I}

- z€Dn €Dy
— N N
=1 x I,

for > 1 satisfying L + l = 1. However, Lemmas 4.2 and 4.3 imply
p:q .

R Nd log IY = A(pf),

and

hmsupN logIN <0,

N—o00

respectively. Hence, we have

1
lim sup — logpN(hN €&)<— ég%(h,f) + EA(pf).

N—o0 N
Now, by (3.4), we can prove the continuity of k¢ in H}(D) with respect
to f € L2(D) (cf. [13, Section 3.5]). Therefore, by taking the limit p | 1
and infimum with respect to f € C§°(D), we obtain

limsup — log i RN e &)< — sup inf (h, .
Neroo N N( ) feC“’(D)heg{ f (f)}

Then by using Lemma 4.2, mini-max theorem (cf. {22, Appendix 2
Lemma 3.2]) and duality lemma (cf. [12, Lemma 4.5.8]), the standard
argument yields the LDP upper bound for every compact set of L2(D).

This can be generalized for every closed set, since the exponential tight-
ness of [fﬁ,, 7 follows from Lemma 4.3. Q.E.D.
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Remark 4.1. Since the potential U is bounded, by recalling (3.1)
and the assumption on 1, we see that the estimate in Lemma 4.3 holds
for u%’U in place of jl}l\’,’f for some g9 > 0, which might be smaller than

that in Lemma 4.3. In particular, the exponential tightness holds for
¢?U
KN -

Proof of Proposition 3.2; lower bound. By Lemmas 4.1 and 4.2, it
is easy to see that

hm W (ﬂ}b\r,fm’fv) = I(hy),

Nf

where H(ii% f|uN) — Efvs [ log ] is the relative entropy of ﬁ}z\’h P

with respect to ;fﬁ,, see (5.4) in [13]. On the other hand, by Lemma

4.1, Brascamp-Lieb inequality (cf. [13, Lemma 2.8]) and the definition
- . "

of h’ﬁ,’f, one can prove that 1\}11_{1(1” EFNs[||AN — hf”iz(D)] =0 (cf. (1.39)

n [13]), and this implies Nlim ﬁ}p\, f(hN € O) = 1 for every open set
—00 ’

O C L%*(D) satisfying hy € O. Combining these two facts with the
entropy inequality (cf. [14, Lemma 5.4.21]), we obtain

hmlnf N - log i YN e 0)> - feci'ig(D) I(hy).
s.t. hy€O

However, we can prove by (3.4) that if hy, — h in H}(D) as n — oo
for {fn} C C§°(D) then I(hs,) — I(h) as n — oo. This fact and
the continuity of hs in H}(D) with respect to f € L?(D) yield that
feci'lg)}"f(D)I(hf) = ;322 I(h) for every open set O C L2?(D), which com-
s.t. hyeO

pletes the proof of the LDP lower bound. Q.E.D.

§5. Proof of Lemma 4.1: Convergence of Average Profiles

Reduction to two lemmas (Lemmas 5.2 and 5.3).

In this section we shall prove Lemma 4.1. The following lemma
follows from (3.4) (cf. [13, Lemma 3.7}).
Lemma 5.1. Let {hn}n>1 be a sequence of H3(D) and define
Zfih) B B
= 3X(h) — (h, f). If lim X¢(h,) = Hilzf)Ef’ then h, — hy in H§(D)
n—00 é D

as n — o0.
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Also by (3.4), we have
S1(g) — SR ;)
> /D (Va(0) — VEY, ,(0)) - (Vo) (T, ,(6) + Vg(6))do

- /D (a(0) = K%, ,(6)) £(6)do,

for every ¢ € C§°(D). Once we can prove that the right hand side

goes to 0 as N — oo for every ¢ € C§°(D), we have hm Ef(hN 5=
111%f ) ) ¢- This combined with Lemma 5.1 completes the proof of Lemma

HX(D

4.1. Hence, all we have to prove are the following two lemmas.

Lemma 5.2. For every g € C§°(D),
Jim_ [ Va(o) - (Vo) (VR (0 + Va(@)ds = [ a(0)1(0)as.

Lemma 5.3.

lim { / ViY 1 (0) - (Vo) (VRS () + Vg(6))do

- /D R +(0) f(o)de} —0.
For the proof of Lemmas 5.2 and 5.3, we prepare several lemmas.
A priori bounds.
Lemma 5.4. There exists some p € (2,po) such that
sup VA, fllurp) <00 and  sup VAR llLe(p) < oo,
N>1 N>1

where py > 2 is the constant appearing in the condition (12).

Proof. We first prove the uniform IL? estimate for Viz’]/i, 5 It is easy
to see that

(5.1)
V! (V56(z) + V(6 V ¥) ()
—V'(V;6(z) — B™%r [V;0(2)] + V(€ V ) (2))
= BF% [V ()]

. /0 V" (Vé(x) — (1 — ) B*0 [V ()] + V(6 V ) () dt



Large deviations for Vi interface model 197

for every 1 < j < d and « € Dy. For ¢ € Dy, define Ay(z) =
{Anii(®)}h1<ij<a and an(z) = {an ;(z)}h1<j<a by

Ans @) = B [ [V (950(0) - (1= 9B7(9,9(0)]
+ Vi€V $)())dt],

AN’,L',J'("E) =0 if 4 ;éj,
ang(@) = BFs [V/(V (@) — B2 [V,0(2)] + V5(€ vV 9)(@)],

respectively. Then, taking div N{E‘Tﬁﬂf[ -1} of the both sides of (5.1),
we have

leN{AN V h%f(;)}

— —dIVN{aN } + dlvN{ENN 7 [V’(V¢(w) +V(EVY)(z ))]}

where divya is defined by divya(z) = N Z}i:l(aj (z) —aj(x—e;)) for a
P
vector lattice field a(z) = {a;(z)}1<j<d, = € Z¢. By calculating %&’5’—

and taking its expectation under “11{)17 s as in the proof of (1.55) of [13],
we obtain

(5.2) divy { E*%r [V (Vo(2))]} = — f(=
for every z € Dy. By (3.1), the change of variable yields

divy {EF%s [V!(Vo(z) + V(EV 9)(@)]} = —F(5)-
Therefore, {ﬁ% 7(%)} satisfies the following discrete elliptic equation:

divy {An(z) VNh}f,f( )} = —divy {an(z)} - f

for every x € Dy. However, by the assumption on V, Ay(z) satisfies
the uniform ellipticity condition ¢_I < Ax(z) < ¢4 I for every € Dy.
Hence, by the proof of Lemma 3.4 of [13], we know that there exist some
p > 2 and C < oo such that

IV tlrpy < Clanllieoy + I fllLe(ny),

uniformly in N. Note that ﬂ}/\’,’ f is endowed with 0-boundary condition.
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Now, since V" is linearly growing, using the change of variable again,
we have that

law j(z)| < C(B*Ns [|V;(x) — B*Nr[V6()]l] + V(6 V $)()]),

for some C > 0. Then, >° p lan(z)[P° = O(N9) as N — oo follows
from the Brascamp-Lieb inequality and the assumptions on % as in the
proof of Lemma 4.3. This proves the uniform P estimate for Vh;(’,y 5
The uniform P estimate for Vl_z}/\’,’ f follows from that for Viz}f,’ Iz
the change of variable and the assumptions on . Q.E.D.

Lemma 5.5. For every e € Z% with |e| = 1, we have

. 1 ~ x+e ~ T
(5.3) m > VYRR ( N )‘VNhf/,f(ﬁ) =0,
ze€Dy
. 1 = T+e - T
(5.4) Jim o D[ VVRY () - VYRR () ’=o0.
z€Dpn

Proof. We first prove (5.4) by following the argument for the proof
of Lemma 3.1 of [13]. Define Iy = {z € Dy;dist(z,Z%\ Dy) > 2}, then
the sum 3 . p, in (5.4) can be divided into }_ ;. and >, cp 1y
The boundary term } ,cp 7, 18 o(N%) as N — co by Lemma 5.4 and
Hélder’s inequality. For the interior term ) eI, the entropy argument
(cf. [13, Proposition 2.10 and Lemma 3.2]) yields the desired result. Note
that the variance of the field ¢(z) does not depend on the boundary
condition ¢ under the Gaussian measure ,u}/\’,’*.

Next, we shall prove (5.3). The boundary term 3, .\, is o(V )
as before. For the interior term, by (3.1), the change of variable yields

) + V(€ V¥)(z),

Niv (LY _gNip (%
(5.5) Vit (§) = Vitki s (5
for every 1 < j < d and x € Dy. The contribution from the first term
is o(N%) by (5.4), while that coming from the second term: 3 . In
| VE(z +e) — VE(z) [2 is also o(N?). This is because £(z) = Ng(%) and
we have V;é(z 4 ¢) — V;€é(z) = VY VY g(%) for every 1 < j < d and
z € Dy. Q.E.D.
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Local equilibria.

Next, let
X = {ne R(Zd)*;n = V¢ for some ¢ € RZd},
X, = {nex; > nb)Pe ™l < oo}, r>0,
be(zZ4)*

and define Qy € M (D x X) and Viy € M, (R? x X) by

Qn (dfdn) = Z 85 (dO)p 2 (dn),
zGDN
1 _
Viv(dvdn) = 577 3 Sonny, g (MR o7 (),
z€DN

where M (€) stands for the class of all non-negative measures on &,
;L}{}’;Z(d’r]) is the distribution of n = V¢ on X’ under ,u}f,’ sandm : X > X
denotes the shift on Z¢ defined by (7,7)(b) = n(b — z) for b € (Z3)*.
We regard /,c}f, 5 € P(de) by considering ¢(z) = ¥(x)(= g(F)) for
z € Z¢\ Dy. We denote by uY V(dn),v= (vi)i<i<d € R? the unique V-
Gibbs measure on X which is translation invariant, ergodic and satisfies
E* [n(b)?] < oo for every b € (Z4)* and E* [n(e;)] = v; for every
1 <4 < d (cf. [18, Section 3)).

In a similar way to the proof of Lemma 4.3 of [13], we can prove the
following lemma. Note again that the variance does not depend on the
boundary condition ¥ under the Gaussian measure u'}(,’*. The proof is
omitted.

Lemma 5.6. For each r > 0 both the families of measures {Qn}
on Dx X, and {Vx} on R x X, are tight. Moreover, for every limit point
Q of {Qn}, there ezists vg € My (D x R?) such that Q is represented
as

QUdtn) = [ vo(dbdu)uY (dn).

Similarly, for each limit point V of {Vn}, there ezists vy € M, (R¢xR?)
such that V s represented as

V(dvdn) = ./Rd vy (dvdu)pY (dn).
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Now by Lemma 5.4, along some subsequence, {Vﬁ% (@)} N gener-
ates the family of Young measures #(6,dv) € P(R?) i.e. it holds that

(5.6)  lim Dq(G)G(Vﬁ}f,’f(a))dH: /D ., 40G@)0, do)ds.

for every ¢ € L>°(D) and G € Co(R?) (cf. [13, Section 4.3], [3]). Then,
the following lemma holds.

Lemma 5.7. If the subsequence {N} is commonly taken, the lim-
its vg and vy which appear in Lemma 5.6 can be represented as

(5.7) vo(dbdv) = (8, dv — Vg(6))ds,

and

(5.8) vy (dvdu) = 6, (du) / 5(8, dv — Vg(6))do.
D

Proof. By following the argument in the proof of Lemma 4.4 of
[13], we shall only prove (5.7). The second equality (5.8) can be proved
in a similar manner. For (5.7), it is enough to show that

(5.9) 2(60)G(v) v (d8dv) = / 2(6)G (v + Vg(6))5(8, dv)de
DxR4 DxR4
for every ¢ € C§°(D) and G € C}(R?). In fact, since the ergodicity of
pY implies
G(v) = lim E* [G(Avim)),
where Avin = (—27_%)—3 2 zep, M) € Re, By = [~1, 1] N Z4, we have by
Lemma 5.6,

/ 9(6)G(v)ve (dbdv)
DxR4

hm lim Nd Z q( VEHN Nyers [G(Avn)].

l—o00 N—oo
x€DpN

If one can replace ErRTo [G(Avn)] with G(VNE%J(%) +VNg(£)),
then the right hand side is equal to

. 1 T Niv T N /T
1\}1—I>noom EED: Q(N)G(v hN,f(N)+v g(ﬁ))
T N

— [ 0G0+ Vo(0)i(0,d)do,
DxRd4
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which implies (5.9). The last equality follows from Proposition 4.2 of
[13], Lemma 5.5 and the fact that the equation (5.6) holds for G =
G(v + Vg(8)) instead of G = G(v) by p.213 remark 3 of [3].

For the replacement above, we have

1 e
7 2 a() BRI (GlAv)]

i 3 ARGV (5) + VVe(5) |

€D N
<8+ 82 + 83,
where
1 s -1 , 1
1= z7 O a(ZHEF =" (G(avim)] - GBS [Avm]) } |,
z€DN
1 T BV 1 - T
2 =| 7 EXD: a(GHG(E = [Avi]) = G(VVRY ¢ ()} |
z€Dy
1 x — x
S| 7 3 a(EHG(TVRL (2))
zeDyn

—G(VVRY £ () + VVa(F))} |-

In a similar way to the proof of Lemma 4.4 of [13], we can prove that
51,82 = 0as N — oo, | — oo. Also by (5.5),

Ss = | % > (DGR 4 (5) + V(EV Y)(@)

z€D N

~G(VVE (2 + Vew)} |

Y. ol VGl V(€ V¥)(e) — VE)),

€S~ Dy

1

S’]W

where 0~ Dy = {z € Dy;dist(z,Z% \ Dy) = 1}. This goes to 0 as
N — oo by the assumptions on . Q.E.D.

Proof of Lemmas 5.2 and 5.3.

We are now in the position to prove Lemmas 5.2 and 5.3.
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Proof of Lemma 5.2. For every g € C§°(D), by (5.2) and summa-
tion by parts, we have

/| a®5(@d0 = im 'Nd > (D))

z€DN
— N
- Jim 2V BN [V (Vo(@)))-

Now by the definition of @y, Lemmas 5.6, 5.7 and the property of the
surface tension gf;(v) = EM [V/(V;(0))] for every 1 < i < d (cf. [18,
Theorem 3.4 (iii)]), we obtain

[ aos@a= [ va©) BT (T40)o(dsa)
D Dxx
= / Vq(8) - (Vo)(v+ Vg(8))i(8, dv)do
DxR4
= Jm_ [ Va(6): (Vo) (VR ,(6) + Vg(6))ds,
—oo Jp ?
Note that we can apply (5.6) for G = G(v,0) = (Vo)(v+ Vg(0)) instead
of G = G(v) by p.213 remark 3 of [3] and the property of the surface

tension |(Vo)(u)| < ¢(1 + |u|) (cf. [18, Theorem 3.4 (v)]).
QE.D.

Proof of Lemma 5.8. By (5. 2), summation by parts and (5.5), we
have

Jim / RS L (0)£(6)do

= Jim < > vNﬁ%,f(%)-E“%vf[V'(vm»]

N—oo Nd
z€DN
= Jim ZD: VVER 5 () - BN V/(V6(2))
- Jim, 3} VeV W)e) BV (T6(0)
= Sl - Sg.

Now, by the assumptions on V and 1, it is easy to see that

2= Jim, v 3 Val) - RV (Te)
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since {(x) = Ng(5). Hence, by the proof of Lemma 5.2, we obtain

S, = lim / Vg(6) - (Vo) (VhY ;(6) + Vg(6))ds
N—oo ’

Also, by Lemmas 5.6, 5.7 and the property of the surface tension o, in

a similar way to the proof of Lemma 5.2 we can prove that

S; = lim (Vh% £(O)+ Vg(0)) - (Vo) (VRY ;(6) + Vg(6))do

N—00 .

Therefore, the proof is completed. Q.E.D.

§6. Proof of Theorem 2.2: LDP for §-Pinning

Schilder’s theorem.

Throughout this section, we assume that d = 1 and V(n) = %nz. We
first notice that the large deviation principle holds for {h"(0);0 € D}
under u‘;\}b on W, (D). Recall that the space W, (D) is endowed with
the topology determined by the sup-norm.

Lemma 6.1. For the family of distributions on the space Wo (D)
under p,}l\}b of {hN(6); 0 € D}, the large deviation principle holds with a
rate functional I*°(h) := $(h) — 2 (b—a)? where T(h) = } fol(h')2(9)d6.

Proof. Let w = {w(z);z € [0, N]} be the one-dimensional standard
Brownian motion starting at 0 and set A™ (9) := w(N6)/N,6 € [0,1].
Then, by Schilder’s theorem (see, e.g., Theorem 5.1 of [25]), the large
deviation principle holds for {A¥}y on Wy = {h € C([0, 1];R); h(0) = 0}
with the rate function X(h). Define ¢ = {¢(x);z € [0, N]} from w as
¢(x) = w(z) —zw(N)/N + (N — z)a+zb. Then, {¢(z);z € Dy} is u%’-
distributed. Set RN () = ¢(N)/N,6 € [0,1], and consider a mapping
®:heWy— heW,u(D) defined by

&(R)(9) = h(0) — OR(1) + (1 — O)a + 6b.

Then, ® is continuous and A = ®(h") holds. Therefore, by the con-
traction principle, the large deviation principle holds for {hN }n with the

rate functional £(h) =  inf  %(h), which coincides with I%?(h).
heEWy:®(h)=

The proof of lemma, is completed by showing a super exponential esti-

mate for the difference between A" and h¥ as in p.17 of [25]: For every
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6 >0,

252

P (I = ¥ 2 8) = exp [ -2 o)

as N — oo. Q.E.D.
Proof of Theorem 2.2.

Proof of Theorem 2.2. Stepl (lower bound). Let § > 0 and g €
We (D) which satisfies the condition:

{6 € D; g(#) = 0}| > 0 and there exist disjoint intervals
. K .
(6.1) {I"hgjcx, K < oo such that |{6 € D;g(6) =0} =) ||
J:
and g(9) =01if 0 € U
be fixed. Then, one can decompose D \ UK = U;i’;l L7 with dis-

joint intervals {L'}i1<j<k+1. We define I’ = NI'nZ, Lfv = NL'n

Z,In = U]K:1 IJ{, and Ly = UJKJEI L%. By expanding the product

[Lep, (¢760(dd(x)) + dé(x)), we have

a,b,J
ZN a,b,J

= uy " (WY € Bu(9,9))
ZN
. Z‘”’
— Z eJ|A| ab(hNEB ( 5))
ACDy
. Z“’b
> Y TMIZAY (BN € Bo(g,6))
LNCACDy ZN’

zZr a,
= 3 il LNUAHLzuA(hNeBoo(g,é)),
ACIn N

where By (g,6) = {h € W, s(D);]|h — glloo < 6} and uf\’b is defined by

©(do) = exp{—— S V(Y6 Vb))

beA*

x H dé(z) H 6.z (dd()),

TEA z€DN\A
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and ¥(z) = ¢(z) if z € 8T Dy = {0, N} (1 e. $(0) = aN,$(N) = bN),
¢(x) = 0if z € Dy \ A. The constant Z is for normalization.

Now, write Iy \ A = {1, %2, - a:k} 1<z <z < <21 <
N-1 and define Iy = [l,z1 —1NZ, o =[z1 + L,z — 1NZ, -+, Iy =
[2h-1+1, 2k —1NZ, l41 = [zx+1, N —1]NZ. Then, Ui} |, = LyUA
and by the Markov property of the ¢-field, we have

1 T 1
a,b N a,b
sy vua(hY € Boo(9,6)) = 1Ty sl :%Si(l |“]\7¢($) - !J(N)| < 55)

k+1

g G (max |5 9(2) — 9(5)] < 36),

for N large enough, where a; = a if j = 1, a; = 0 otherwise, b; = b
if j =k+1, b; =0 otherwise. WedefineI'={1<j<k+1 D
Li forsome 1 <i< K+1}and I°={1<j<k+1}\I. Ifj € T°,
since g() = 0 for each z € [;, we have

iy (x| 3 8(2) = ()] < 36) = w2 (max| (@) < 39)
>1- 3 8°(6(@) > 26N).
z€l;
However, it is easy to see that
(36N)?

W2 (19(@)] > 36N) < exp{ - } < exp{-ce*N},

Vax, 50 (6(@))
for some C > 0 and we obtain

aj 1 x 1 2
3,03 - — — — >1— - .
Jlelu (max | 56(2) — ()] < 38) 21 = Nexp{-C8*N}

Next, for every closed interval F' = [zp,yr] C [0,1], define
Boo(g,68; F) = {h € C(F;R);sup |h(0) — g(0)| < 6},
gcF

Wap(F) = {h € C(F;R); h(zr) = a, h(yr) = b},
H, (F) = {h € Wa(F); h is absolutely continuous, b’ € L*(F)}.
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We also define l~j = ZN’ C [0,1] for j € T. Then, by the LDP lower bound
for p%" (Lemma 6.1), we know that

Tt (amax | 9(@) - 9(50)] < 50)

jer
Zexp{—N(Z inf ;j’bj(h)+6)}

jer heBco(g’%é;lj)

> exp{—N(E(g) - %(;—ﬂ + |l~:+1|) + e)},

for every € > 0 and N large enough; where

400 otherwise,

_(b=a)® . 1
150(h) {zp(h) - if he HY,(F),

and Sp(h) = 1 [(h))?(6)df for closed interval F C [0,1]. Recall that
Yo,11(h) comc1des with ¥(h). Therefore, we obtain

uiwua(h" € Boo(g,6))
2 b2

> exp (g) — —(“ +
{ 20 |l

) +s)}(1 — Ne~CN&%,

Note that this estimate holds for every choice of A C Iy and for every
N large enough, since [I'| < K + 1 is independent of N. Also, simple
calculation yields that

N a2 b2
ZLNUA Z?,NUA P{—_ —+~—)}7

2] el
ZX,’b: JOVOeXp{——— —a)?}.
Hence we obtain
ZabJ 5
(6.2) “-uy " (BN € Boo(g,6))
ZN
70,0
> ) el Laoa eXp{ N(I**(g) +2¢)},
ACIN ZN

for every € > 0 and N large enough.
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Now, we can exactly calculate that Zg,’o = @?—t and this shows
70,0
(6.3) 1< bl <etw,
ZryZA

for every A C Iy, where ay = o(IN). Note that Ly consists of finite
number of disjoint intervals of size O(N). By using (6.3), it is easy to
see that

0,0,J 700 70,0,
(6 4) IN e ON < J]IN\A' LyUA < In eoN
. E 700 = 00 :
IN ACIn N In

The sub-additivity argument (cf. [8, Section 4.3], [18, Appendix II]) and
the fact that l—IT\,N—l — |{6 € D;g(6) = 0}| as N — oo yield that the limit
7(J) in (2.7) exists and it holds that

OOJ

(6.5) Jim_ ]lvlog — —r(J){6 € D; 9(8) = 0}I.
IN

Combining (6.4), (6.5) with (6.2), we obtain

a b,J
(6.6) liminf log b ZN__ 5P (RN € Boo(g,6))

> —I*"(g) = 7(J)|{6 € D; g(6) = 0}|
= —Ia’b;J(g%

for every g € W, (D) satisfying the condition (6.1) and § > 0. In the
case that |{0 € D;g(6) = 0}| = 0, we have only to take the sum A = Iy
in (6.2) and the same inequality as above is obtained.

However, for every open set O of W, (D), we have that

B a,b;J I a,b;J
(6.7) oot ) (9) = jnf I*"(h),
where (6.1)" means the condition (6.1) or |{# € D;g(f) = 0} =
Indeed, since the left hand side of (6.7) is larger than or equal to the
right hand side, we may prove the reverse inequality only. To this end,
for every € > 0, take h € O such that 1%/ (h) < info I%%7 + ¢; note
that h € H 1b(D) Since O is open, one can find § > 0 such that
Boo(h,6) C O. Taking n > 1 such that |§; — 6| < 1/n implies |h(6;) —
h(62)| < 6, divide the interval [0,1] = U}_, Tk, Jx = [(k—1)/n,k/n] and
set J = UgJk, the union of J;’s on which h(f) # 0. We now define
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a function g = g(), first on J, by g(8) = k(). On J°, starting at
points in 87, g(f) = h(6) up to &’s such that h(f) = 0, and set g = 0
otherwise. Then, g € Boo(h,8) C O, I*%7(g) < I*%7(h) and g satisfies
the condition (6.1)". This proves (6.7). Therefore, from (6.6) and (6.7),
we have
1 a,b,J b
. s it N a,0, N > a,b;J
(6.8) 1}\1}11}1215 i log g (B € O) > }:Ielgf (h),

a,b

for every open set O of W, (D).
Step2 (upper bound). Let § > 0 and g € W, (D) which satisfies the
condition:

for every v > 0 small enough, there exist disjoint

(6.9) intervals {I’(v)}1<j<x, K < oo such that
0eD;lgO) <=|) I
{oeDslg@ <vp=J_ P,

be fixed. Then, one can write {6 € D;|g()| > v} = UJK:ll L7 (v) for
disjoint intervals {L7(y)}i<j<x+1. We define I3, = NI (§) N Z, LY =
NS NZ,Iy = UJK:1 I}, and Ly = U;Sil L%. Since (AN €

By (g,8)) = 0 for A C Dy such that A 3 Ly, we have

a,b,J
IN"" abJ

b MN (Y € Boo(g,6))
Zy

. Za,b b
= Y MIEALLP (Y € Boo(g,6))

LNCACDN ZIVJ
Za,b
JIIN\A|ZLNUA  a,b
= 30 AITLEA L (WY € Bue(0,5)).
ACIn N
Now,let IN\A = {z1,22, - ;24 }, 1< <22 <  <zp S N1
and define Iy,ls,- - ,lx,lx+1 and T in the same way as in the proof of

lower bound. Then, by the Markov property of the ¢-field and the LDP
a,b
upper bound for uy’° (Lemma 6.1), we have

HEwoa(h" € Boo(9,6)) < pyua( max | 56(2) —g(55)| < 6)
. ze Ul
j=1

aibs 1
< Hﬂzj’b’ (I&%X|N¢(x) —g(%)l < 6)
jer ’
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Sexp{—N(Z _inf I;_j’bj(h)—a)}
SoT heBuo(9,250;)

a

(IZ 1 |lk+1|) _6)}

< exp{—N( _inf X(h) — 1
h€Boo(g,26) 2
h(0)=a,h(1)=b

for every € > 0 and N large enough. Then, in a similar way to the proof
of lower bound, we can prove that

a,b,J

1
(6.10) lim sup — log —&— usP? (BN € By (g, 6))
<— inf  I%*%(g) —7(J)|{6 € D;|g(0)| < 8},
<= Gf L I1g) — ()6 € Difo(0)] < 6}

for every g € Wy (D) satisfying the condition (6.9) and 6§ > 0. Note
that Iy is defined by N{8 € D;|g(6)| < 6} NZ in this case.

By using (6.10), the right-continuity of |[{# € D;|g(#)| < é}| in §
and the fact that the set of g € W, (D) satisfying the condition (6.9) is
dense in W, (D), the similar argument to the proof of the upper bound
of Theorem 2.1 yields that for every g € W, (D) and € > 0, there exists
some ¢ > 0 such that

1 Z‘””J .
lim sup — log N ,u?\}b"](hN € Boo(g,6)) < —I*%7(g) +e.
Since @57 can be Written as the superposition of ,u;l\’b, A C Dy, expo-

nential tightness for ua’ 7 follows from the similar argument as before

and the standard argument yields

a,b,J

: 1 N a,b,J 3 N : a,b;J
. [l < — )03
(6 11) llj{Jnsup N log ab HN (h S C) }{ggl (h),

for every closed set C of W, (D). The lower and upper bounds (6.8)
and (6.11) conclude the proof. Q.E.D.

Remark 6.1. By the proof above and [8, Lemma 2.3.1 (a)] (note
that the argument given there can be extended to all d > 1), we know
that

0,0,J
Zy J|AC|ZA JIA®| —C|A°] _ J—C\|Dnl
= Z > Z e e =(14e'7%)

Z’_

ZO,O
N ACDy ACDyN

for some constant C > 0. Therefore, 7(J) < 0 for every J € R.
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