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We consider the annealing diffusion process and investigate conver-
gence rates. Namely, for the diffusion dX, = -VV(X))dt + o(2)dB,,
where (B,), . is the d-dimensional Brownian motion and «(¢) decreases
to zero, we prove a large deviation principle for (V(X,)) and weak conver-
gence of (67 2(¢V(X,) — inf V).

1. Introduction. Let V be a real-valued function defined on R?. Follow-
ing the idea of simulated annealing to search for the global minima of V,
several papers [3, 10. 11, 12, 14, 18, 20, 22] have considered the annealing
diffusion process defined by

(1) dX, = —VV(X,)dt + o() dB,,

where X, is independent of the d-dimensional Brownian motion (B,) and
where ;o %(¢) is the annealing rate (or temperature) which decreases to zero
if t+ = o. Under suitable conditions on V and o(:), these works proved the
convergence in probability of (X,) to the set

(2) ArgminV = {x € R: V(x) = inf V}

with inf V = inf . o« V(¥), and the weak convergence of (X,) to some proba-
bility on ArgminV. In this work we consider the annealing diffusion pro-
cesses on R? and obtain the following results on large deviations from the
global minima and weak convergence rates, whose precise statements will be
given in Section 1.2.

Large deviations. For r > 0 small enough, if E[V(X,)] < =,
(3) lim o?(¢)In P(V(X,) 2 infV +r)= -2r.

f-> =<

Weak convergence. Under some regularity conditions on V in a neighbor-
hood of ArgminV, 40 *(¢)[V(X,) -- inf V] converges weakly to a chi-square
random variable.

Throughout this work we consider a function V satisfying the following
assumptions.

Al (Assumptions about the function V). V:RY -> R is twice continuously
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differentiable and:

(i) V tends to = as ||x|] = o;

(ii) [VV]|* — AV is bounded from below;
(iii) {VV = 0} has a finite number of connected components;
(iv) for positive constants A and B, V < AllVVI|* + B.

REMARK 1. Part (iv) of assumption Al is not necessary for the preliminary
results stated below (where lim V(x) = =« as {[x|]| - = would be sufficient). Its
introduction in [16] was given in order to prove a logarithmic Sobolev
inequality; not surprisingly, it will also be helpful to obtain convergence rates
(namely, for Proposition 1).

Symbols. We adopt the following symbols throughout the rest of the paper:
The symbol ® denotes the product between measures. We will use VV and
AV, respectively, to denote the gradient and Laplacian of the potential V on
R? ||-|lvar is the total variation of a measure and = denotes asymptotic
equivalence. The symbol ¢ stands for a generic strictly positive constant,
whose value might change during a proof. Specifying the initial state X, = x,
X, will sometimes be denoted X"

Before precisely stating our results, we need some preliminaries, given in
Section 1.1. Then, in Section 1.2 we shall state our theorems. The proofs are
given in Sections 2 and 3.

1.1. Previous results.
1.1.1. Large deviation principle for Gibbs distribution. Under assump-
tions Al, for any temperature v > 0, the normalization constant

(4) e(l/7) = fexp( ~V(x)/7) dx

is finite (see [15], page 347). Let (G,) be the Gibbs distribution with density
[c(1/7)] ! exp(—V/7) with respect to the Lebesgue measure. From Bryc’s
inverse Varadhan lemma (see [6]), it follows that the family (G.) satisfies a
large deviation principle with rate function V — inf V when 7 — 0. Conse-
quently, for any r > 0,

(5) lim 7 InG(V - infV>r) = —r.
70

1.1.2. About the homogeneous gradient diffusion process. The homoge-
neous diffusion process defined by (1) taking o(-) = ¢ for a constant o > 0
has been extensively studied. It is a recurrent process and its stationary
distribution is G ,,. The infinitesimal generator

(6) L,(-) = [o2/2]A() = VV- V(")

has a self-adjoint negative extension on L*(Gy . ,2) with discrete spectrum
0=A> Ay > -+ > Ay > --. Large deviation principles for this diffusion for
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small o are linked to a constant A described in several works {14, 15].
Jacquot [15] gives the following characterization of A. For two points x, y in
R9, we denote by I, the set of C' parametric curves joining x and y. Then,

(7) A=2 sup inf {sup{V(y(t))} —V(x)—V(y)+ian}.

x verd Yoy
REMARK 2. It is clear that A = 0. When Argmin V has several connected
components, A > 0.

Based on large deviation properties [1, 9, 24], the following results are
stated in [14].

Large deviations for the spectral gap.
(8) Hm o? In(=AY) = —A.

a0

Convergence rate to the stationary distribution. For all A > A, there exists
a B>0 and a C > 0, such that for all compact sets K and o < o, small
enough, taking T(o) = exp(Ac 2),

(9) sup ”P(er(,r) €)= G2 p,,, < exp(— o ?),
xe K
(10) sup P( sup || X = C) < exp(~B(r'2).
xeK < T

1.1.3. Simulated annealing. Taking the annealing schedule o2%(¢) =
c¢/Int, with ¢ > A, for the critical constant described above, the annealing
diffusion process (X;*) ruled by (1) satisfies,

”P( Xr\ € ) - G(fz(l)/zllvar - 0.

This is proved in [3] and [14] for ¢ > 3A /2 and in [22] for ¢ > A. See also [20].
Following [14], there also exists a constant A; < A such that, for ¢ € (A}, A],
the weaker statement applies: the distance of (X;7) to Argmin V converges to
zero in probability.

1.1.4. Time change. (a) For most of our proofs, it will be convenient to
consider the time-changed diffusion process defined as follows: For a = ¢ 2
set A(t) = [l o¥(s)ds and B} = [ " ¢(s)dB,. Then (B}) is a Brownian
motion and Y, = X, ., is a diffusion with slowly increasing drift, driven by

(11) dY, = —a(t)VV(Y,) dt + dB,.

All results claimed for the annealing diffusion process have their translation
for the time changed diffusion processes.

(b) Taking o () = o, if (P} is the transition semigroup associated with
the homogeneous gradient diffusion processes (1), then the semigroup associ-
ated with (Y,) is (IT¢) where 11%(x, dy) = P%, “(x, dy).

1.2. Statement of our results. We make the following assumptions on the
annealing schedule o(-).
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A2 (Assumptions on the “small annealing schedule” o(-)). We have o 2(¢)
=c¢/In(t + a) with ¢ > A and ¢?(0) < 2. Or, more generally, we have the
following:

() o2(¢) = ¢/Int with ¢ > A for ¢ large enough and sup, o 2(¢) < 2;

(1) if t — =, o is a regular and slowly varying function decreasing to zero
from [0, =] to (0, <), that is, o (¢#) decreases to zero and o (#x)/o(¢) tends to 1
for all x > O;

(i) o(ta2(t)/o(t) - 1;
(iv) for large ¢, o ?(¢) is continuously differentiable and convex.

REMARK 3. As pointed out in [14], A is the best constant in the sense that
the weak convergence of the annealing process (X,) to some probability
concentrating on Argmin V fails to hold if ¢ < A. For the convergence rates
investigated in this work, we do not consider the case ¢ € (A, A] mentioned
in Section 1.1.3.

REMARK 4. For slow variation, see [8], pages 268-276. For a = ¢ % and
the function A defined in 1.1.4, we have, if t — x,

A(t)xﬂ, a'(t)=o(a(tt)).

t

Hence, according to part (iii), a( A(¢)) = a(?).
1.2.1. Large deviation principles.

PrOPOSITION 1. Under assumptions Al and A2, the annealing diffusion
process has the following tightness property: there exist real constants R,
C > 0 such that, for any x € R?,

(12) E[V(X ) yixy . ] < Cl1+ V(x)]o?(2).

THEOREM 1 (Large deviations). For any compact set I', and for r >0
small enough,

13) lim sup o?()In P(V(X}) = infV +r) = —2r.
t

(—>* yer
Moreover, for E[V(X,)] < = and r > 0 small enough,
(14) lim ¢2(¢)ln P(V(X,) 2infV+r) = —2r.
t—
1.2.2. Weak convergence rates. Following Hwang [13], some regularity
assumptions on V in a neighborhood of ArgminV ensure the weak conver-

gence of the Gibbs distribution G, when 7 — 0 to a probability G, concentrat-
ing on Argmin V. Let us consider the three frameworks analyzed by Hwang.

A3 (Complementary assumptions on V).
A3.1. The set Argmin V has a strictly positive Lebesgue measure.
Then G, is the uniform distribution on Argmin V.
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A3.2. The function V is three times continuously differentiable and, for all
2z € ArgminV, D?V(z) is positive definite.

Then, as V(x) tends to = as llxl| — *, ArgminV is a finite set and, for all
y € ArgminV,
-1

Go(y) = [det D2V(y)] '"*| ¥ [det D2V(2)] M*

z&€ ArgminV

A3.3. The function V is three times continuously differentiable, Argmin V'
has a finite number of connected compact components and each component is
a smooth manifold. Furthermore, for all points of any of these manifold with
the highest dimension, the “second order partial differential of V with
respect to smooth normal coordinates” is invertible.

Then G, concentrates on the highest dimensional components. We refer to
[13] for a precise statement of assumptions A3.3 based on smooth local
coordinates of V.

We now state some convergence rates under regularity assumptions linked
to those of Hwang, as we will describe in Remark 5.

THEOREM 2. Assuming that, on a neighborhood of ArgminV, |[VV|® >
¢(V —inf V), we have, for any compact set T,

sup sup o Y(t)E[V(X[) —infV] < =.

t xel
Moreover, if E[V(X,)] < =,
sup ¢ *($)E[V(X,) - inf V] < =.

t

We denote = for “converges weakly.”

THEOREM 3. We assume that the function a = c(a) = [« exp(—aV(x)) dx
varies regularly with exponent (—58/2), 8§ € N. Then, if E[V(X,)] < =,

407 2()[V(X,) — inf V] = x*(5),

where x*(0) is the Dirac measure on 0 and, for 6 > 0, x2(8) is a chi-square
random variable with 8 degrees of freedom.

REMARK 5. (a) Under assumption A3.1, the function c(a) tends, as a — =,
to the Lebesgue measure of the set Argmin V. Thus, theorem 3 holds with
5=0.

(b) Under assumption A3.2 in a neighborhood of z;, € ArgminV, V(x) =
%llx — z,-H?‘. Thus Theorem 2 and Theorem 3 apply with 6 = d.

(c) Let v be the highest dimension of the regular components. Following
the proof of Theorem 3.1 of [13], it is easy to check that, under assumption
A3.3, Theorem 2 and Theorem 3 apply with § =d — ».
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THEOREM 4. Under assumption A3.2, if E[V(X,)] < =, then, when t — x,
we have

(15) 40 2(1)[V(X,) —inf V] = x2(8),
(16) (X, o (HOVV(X,))= ¥ Go(z) ® N(0, D2V(2)),

z€ ArgminV
denoting by N(0, D*V(z)) the Gaussian distribution with covariance D*V(z).

Furthermore, the family of processes (X, . ,, o (t + W)WVV(X,, )., con-
verges weakly to Z') = (Z*V, Z*2), where Z{ has the distribution

(17) Y Go(2) ® N(0, D*V(z)),
z€ Argmin V
with Z&" = Z&Y for all t and
(18) dZ{® = —=D*V(Z{")Z{"* + D*V(Z{") dB,,

where (B,), ., is a Brownian motion independent of (Z§").

1.2.3. Comments. Convergence rates for simulated annealing on discrete
spaces have been widely studied, mostly with large deviation methods. A
large deviation principle similar to our Theorem 1 is proved for annealing
diffusions on compact Riemannian manifolds by [11]. In the same framework,
[4] gives bounds for the density of (X,) with respect to G,z ;. As the best
function o(-) available for global optimization (as soon as ArgminV has
several connected components) is o (¢) = (¢/In¢)'’? for ¢ > A, such rates of
weak convergence are, of course, disappointing for a practical simulated
annealing purpose. However, they might be helpful in better understanding
the mathematical structure of such nonstationary diffusions; further studies
should focus on accelerating this optimization process.

A companion paper of Pelletier [21] investigates similar rates of conver-
gence of discrete time annealing algorithms on R

2. Proof of large deviation principles. We first prove Proposition 1 in
Section 2.1. In Section 2.2 we state some upper bounds for Chiang, Hwang
and Sheu’s proof, which leads in Section 2.3 to the proof of Theorem 1 when
o®(t)=c/Int, c > 3A/2. In Section 2.4 we consider the general case ¢ > A
and conclude the proof of Theorem 1, precising upper bounds in Royer’s proof.

2.1. Proof of Proposition 1. Step 1. Let us first prove that
E[V(X}')] < V(x) + 7t
By Itd’s formula and part (ii) of assumptions Al,
—IVV(X)IPdt + (o (1) /2)AV( X)) + o(£){VV(X,),dB,)
w'dt + o(t){VV(X,),dB,),

dv(X;)

I

IN

and the assertion follows.
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StEP 2. By parts (ii) and (iv) of assumptions Al there exist two constants
r >0 D, > 0, such that, for V> r,

V + AV < D,IVV].

Let ¢ be an increasing C? function from R to [0, 1], equal to 0 on (—x, r]
and equal to 1 on [R,*). Since W (¢poV)=(d'-VIVV and Al(p-V) =
(¢"o V)IIVV]|® + (¢'°V)AV are continuous functions with compact support,
they are bounded.

Set ¥ = (¢ o V)V. Then, a short computation shows that

VU = (' V)VVV + (o VIVV
and
AV = (¢o VAV + (¢ o V)(2IVVI® + VAV) + (¢"e V)VIIVV?
=0((¢-V)IVV|? + 1).
By It6’s formula,
d(W( X)) = ~d(V(XONIVV(X)I* de

— V(XX) ' (V(XIWVV(XF)IP de
+102(t)AV(XF) dt + o (t){V¥(X}),dB,).

Set a(t) = E[(V(XNV(XD)]; then, for ¢ > t,, t, large enough, s > 0,

a(t +s) —a(t) < —D/HSa(u) du + ft+s<r2(u) du,

and, by Gronwall’s lemma,
a(t) < a?(t)a(t,).
Finally, combining the inequalities above we get, for all x,
E[V( X Vyxs)» R)] <#[1+ V(a)]o?(¢),
which proves the proposition. O

2.2. Upper bounds in Chiang, Hwang and Sheu’s proof. We return to the
proof given in [3]. The basic idea is to consider, for any 7> 0, the shifted
annealing diffusion X7’ = (X, ), and to check how long it “follows” the
homogeneous diffusion with the same starting point and the constant sched-
ule o = ¢ (7). Until that time o(7), properties of the homogeneous diffusion
can be transferred to the annealing diffusion. As the basic tool is Girsanov’s
theorem, it will be easier to handle the time-changed diffusions described in
Section 1.1.4.

2.2.1. Diffusion processes with an increasing drift. Let h be a bounded
and Lipschitz function from R to RY For a and &, nondecreasing right-
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continuous R*-valued functions with a(0) = 4(0), let us consider the diffusion
processes

dY, = a(t)h(Y,) dt + dB,,
dZ, = a(t)h(Z,) dt + dB,.
We denote as always Y," and Z} if Y, = Z; = x.

(a) How does (Z)) follow (Y,”) and how long? According to Girsanov’s
theorem and following [3] (see Pages 743-744), we set

(19)

K, = [la(s) - a()]* ds.
0
Then for any bounded Borel function ¢ from RY and R and any A > 0,
(20) [E[6(Y)] — E[¢(Z])]l < ClI$IIK]/? exp(C,K,),
(21)  P(supll¥;i = A) - P(supliZi| = A) < C,K}2 exp(C, K,);

s<t s<t

C, and C, are two positive constants depending only on [|A]| = supllA(-)].
(b) Application to shifted diffusion processes. For > 0, B{" = (B,,, —
B.),. o, the above result holds for the shifted diffusion processes ruled by

dY,”’ = a(t + 7)h(Y,") dt + B",
22
(22) dZ{" = a(t)h(Z{) dt + B{"
with K, replaced by

K = ft[a(s + 1) —a(r)]*ds
0
3

,t
< (a(n)'5

3 a(t) 2y
——O( ; )3, T —™ X,

For a R* = valued function a(7), increasing to infinity, such that r*(7) = K&,
tends to 0 as 7 — =, inequalities (20) and (21) can be written as

’E[¢( <1<T)+T /K:x] —E[¢(Za(7),7)/ZT:x]|

(23)
< Cyllgllr3(r),
P( sup Y., > 2lixl + A/Y = x)
(24) s<alr)

< P( sup 1Z,. 112 AZ, = x) + Cyr*(),

s<alr)

C, only depending on |1All.
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2.2.2. Accompanying the homogeneous gradient diffusion process. Let us
study the diffusion

(25) dY, = —a(t)VV(Y,) dt + dB,.
For a real continuous function ¢ with compact support, taking R large

enough in Proposition 1, there exists a compact set K containing the support
of ¢ and the set {V < R}, such that

(26) P(Y ¢ K) <#(1+V(x))l/a(t).
Let us consider, for each u > 0, a homogeneous diffusion process driven by
(27) dZ!"* = —a( u)VV(Z,‘“"”) dt + B{"),

with Z{**' = x, x € K. Then, the inequalities (9) and (10) of 1.1.2 can be
translated as follows: for A > A and u > u, large enough, if a(u)=
a(u) exp( Aa(u)), there exists a constant 8 > 0 such that

(28) SupHP(Z((rl(lu;” € ) - (;1/211(14)”"31' < exp( —Ba(u))7
x< K
and there exists a constant A such that K < {{| X < A} and
(29) sup P( sup 1Z;* Vi = A) < exp( —Ba(u)).
xekK Vs elu) /

Unfortunately the function VV is not bounded. Therefore we cannot di-
rectly apply the results obtained in Section 2.2.1. However, as we shall see,
for a fairly large amount of time, the diffusion remains bounded on an event
of probability increasing to 1. )

For A, = A + 2sup,. kllxll, let V be a twice continuously differentiable
function, such that the following holds:

1. the restriction of V to the ball of center 0 and radius A, is V;
2. V and its first- and second-order derivatives are bounded.
Then, 2.2.1(b) applies to compare Y“' and Z'* governed by
dY = —a(t ~ u)VV(Y,")dt + B",
dZ\"' = —a(u)VV(Z*') dt + B{"!
with Y&“’ = Z})"’ = x, x € K. For the function r defined in 2.2.1(b) we have
r(u) = o(la(w)]* *a(u) /u) = o([a(u)]*u 'exp(3ha(u)/2)).

As we assumed that a(u) < In u /¢, it follows that

(30)

572

(31) r(u) =of[lnu]™ u 11342,

2.3. Proof of Theorem 1 when ¢ > 3\/2. We take the constant A > A
such that ¢ > 31/2. By (31}, we have

r{u) < ¥ exp( —sa(u))
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for 0 < s < 1 — 3A/2¢c. Thus, we have by 2.2.1(b),
P( sup |Y.2)] >A]) < ( sup |1Z“)] ZA) + & exp( —sa(u))

s<alu) s=alu)

with a constant ¢ independent of x € K.
Hence, if x € K,

P( sup |V, = Y >0/Y, = Y = x) < % exp( —sa(u)),

s<alu)

P( sup |12 ~ Z" > 0/Z, = Zi» = x) < ¥ exp(—sa(u)).

s<alu)

Moreover, we have, by 2.2.1(b),
\E[o(Z40,) /2 = x| - B6(Ya)/v8 = x]|
< ¢lldllexp( —palu)),

with p = infls, 8). Thus, thanks to inequality (9) applied to Z“), we get,
uniformly if x € K,

|E[6( Vi) /98 = 2] = Gy pail $)| < Elidllexp( —pa(u)),

‘E (b( alu)+ u /Yu = .X'] - Gl/'Za(u)(d))! < %”(b”exp( —pa(u))
Hence, by Proposition 1,
]E[d) (\'(ll)*u)] WGl/Z:v(u)((b)l

< “ligl(exp( —pa(u)) + (1 + V(x))1/a(w)).
As a(u + o(u)) < alu), we also have

|E[6(Y,)] = Gy paiu( @]

< llgli(exp( —pa(u)) + (1 + V(x))1/a(u)).
The constant % is uniform over all continuous functions whose supports are
included in the same compact. For 0 < r; < r < R, R large enough such that
Proposition 1 holds, let us take the function ¢ in the last result such that

(32)

(33)

ovintvevem @< 1 vintvevesny
Then, from (33), we obtain
P(V(Y}) >infV+r) <E[6(Y7)] +Z(1+ V(x))1l/a(u
and
P(V(Y}) 2infV +r;) > E[d)(Yu")],
which implies
P(V(Y ) zinf V+r) <G4, (Vzr +infV)
+# (exp( —pa(u)) + (1 + V(x))1/a(u)),
P(V(Y ) 2inf V+r)) = G, (V=r +inf V)

—7'(exp( —pa(u)) + (1 + V(x))1/a(u)).
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Hence, by the large deviation principle in Section 1.1.1, for 2r < p,

lim sup
t=>x yar @ )

By part (iii) of assumptions A2, a( A(#))/a(¢) — 1, hence (13) follows, taking
Xr =Y, with A(2) = i als) ds. For E[V(X,)] < = we find (14) by the same
arguments. O

In P(V(Y/) 2 inf V+r) = —2r

REMARK 6. For A < ¢ < 3A/2, the previous proof tells us that, until the
time a(u) = O(u"), v < 2/3, the annealing diffusion follows the homoge-
neous diffusion, with r(u) = o(u* ). Unfortunately, this time is not suffi-
ciently long to guarantee the convergence to the Gibbs measure. However, we
still have

(34) sup P( sup IV“>A,/Y, = x| < ¥ exp(—pa(u)).

xeK t<alu)

The aim of the next section is to prove Theorem 1 for ¢ > A.

2.4. Proof of Theorem 1 for ¢ > A.

2.4.1. Accompanying the stepwise diffusion process. For 0 < a < 1/3, de-
fine t, =X |k *=(1/(1 —aNn' *, and a stepwise function a(¢) = a(¢,)
on the interval [¢,,¢, ;). We return to the framework of Section 2.2.1.

How does (Y) follow (Y,) and how long? Let A be a function from N to N
increasing to infinity with A(N) = o(N). Let us consider the shifted diffusion
processes (Y,,, ) and (Y, , ). For ¢y | <u <ty, we set alu) =ty on) —
ty.q then

Kd(u) = _/\/N‘AM”[CI(S) - d(s)]z dS

’V+A(V)

o )

N+A(]\r\

( hr ln]] Z"Z(Y)
omnNWN‘ﬂ (N+AWN)) ")

‘o (lnN) ‘N Z‘“A(N))
If we take A(N) =N" with a < 7 < a + 2(1 - «)/3, then

A 1 Tyl 1 «
mmxl_auN+N) -N' “}
XNT"H
Ao(ut,— a) ] (y))

with (r— a)/(1 — a) < 2/3. Hence, K,,,,=o((In N)2N 2 «te- A1-a/3)

alu)
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Then, if we take up the notations of Section 2.3, we obtain by (34),

(35) sup P sup 1Y) > A, /¥, = x| < & exp( —pa(u)).

xeK vstsu+élu) :

Thus, an easy adaptation of the proof in Section 2.3 gives, for A, = A; +
2sup, . gllxll,

(36) P( sup |IYl>A,/Y, =x) < % exp( —pa(u)),

ust<u+alu)
|E[6(Y, . a)/ Y, = 5] = B[6(Ys. a0) /P = 2]
< ¢l dllexp( —pa(u)).

(37)

The constant % depends only on the support of ¢. In Section 2.4.3 we shall
prove that, uniformly for x € K, for ¢, |, < u <ty,

(38) |E[6(Ys. a)/ Y = 2] = Grrnary. il @) < Fltllexp( —pa(u)).

Then the end of the proof in Section 2.3 remains valid and we again obtain
(32) with « replaced by &, thus (33) and Theorem 1 hold with ¢ > A.

2.4.2. Convergence rates for stepwise annealing diffusion process. We now
consider the diffusion process ruled by

(39) dy, = —a(¢)VV(Y,) dt + dB,.

Let us state Royer’s results [22], precising some upper bounds. In this section
we assume that V(x) = ||x||* for large || x|l (super normal case).

(a) Hypercontractivity in “the supernormal case.” Based on Log-Sobolev
inequalities for the Schrodinger operators [2], [5], Royer [22] obtains the
following hypercontractive estimates for the transition semigroup (P,”) of the
homogeneous gradient diffusion process (1).

For all 8 > 0 if ¢ = 8 In(2), then, for f € L*(G,. ),

(40) WP ()i, < elfliiza, s
with
A1 o1 ) ) dlné o?
=¢(1+a ?) - o

The above result could be er'iEten for the transition of the time-changed

diffusion (Y;), II{(x, dy) = P72, (x,dy), as

(42) ”H?(t)”L“(G,,Z,,; = eM”fHLZ(G,/Q,,)
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with

4 d [t (In 2)°
(43) 2M =&(1 +a) — Zln( ) —In(ln2) + a.

a 412
(b) Hypercontractivity for stepwise transition semigroup. The bound (42)
gives a constant M, such that

(44) IR (O, 4,0 < @1 Fllzag, b0
and
(45) 2M, < v¥n**Inn.

(c) Spectral gap. By (8), for A < A <c¢ and n = N, N large enough, it
follows from result (8) in Section 1.1.2, for f € LXG\ 54, ), [ fdG; 544, = 0

I, (W E206 e,

(tn+l - tn)
< exp ——a(TeXpH)\a(tn)) £l 2a0e,n
cn A
< exp| - mexp(‘ S —ejln n) A6 g

by the asymptotic behavior of ¢,. Hence,
{ T NG
= sup

Al Lz y2ace,n

;[fdGl/Za(1n> = O}

[ cn (A ) ) )

_exp( (1fa)lnneXp( c( a)lnn
_Cnfum()\/r‘)(l"-a/)
=eXp( (1-a)nn )

(d) Variations of Gibbs distributions. Set v, = c; exp(— V) the density of
G;. On {V(x) = n**}, the following inequalities are proved in [22], for n large
enough:

Voait,, ,)( x) < V2a(t,,)(x)
and
Vth,,)(x) - VZ(;(I".])(x) < d)n(x)y2a(tn;1)(x)

for a function ¢, defined by

d)n(x) = (VZa(I”)(x)/V‘Zn(f,,,,)(x) - 1)1(V(x)2 ndey

satisfying
1/2

1n([ B2 () Vo \(X) dx =< —a(t,)n".
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Hence, for all o < 1,
( eZM"”(bn“L‘J("Zml ) )
In -

= —a(t,)n".

r,

On the other hand, for V(x) < n®* and for n large enough, [22] obtains

|V2a(t,,-1)(x) - V2a(t,,)(x)| = ynVZa(t")(x)
with
n?*lInt

—t———n) =o(n 1"3*1n n).

n

Yo = n3a(a(tn+ 1) - a’(tn)) =0

(e) Convergence rates for the stepwise annealing diffusion. Following the
proof of Lemma 2.1 in [22], we pointed out that, for n > N, if Y, admits a
density gy with respect to G, then, for n > N, Y, admits also a
density g, with respect to G, 5, , and

Yn = /[1 - gn]2 dG1/2a(t,,)

satisfies
yn+1 < anyn + bn’
where
2 M
an(l - Yn) = (1 - rn) + e? "||¢n||L2(G1/2au,,>)
and

2M
bn(l — 'yn) = ’yn + e "H(bn“LZ(Gl/Za(t,,))'

Then, for 0 <k <2, n = N, N large enough, we have r, <1/2 and R, =
ry + - tr,,

a,<1—kr, and b, <r,R;*
with s > 0. Hence,

Yni1 < (1 —kr,)y, +r, R

Thus (see, e.g., [7], Lemma 4.1.1) we obtain

v, < sup{exp( —kR,)yy, R},
that is,

(46) 1Py, — Giza oar < suplexp( —kR,) yy, #R,").

2.4.3. Proof of formula (39).

SteEP 1. By (36), it is enough to prove, for ¢,,_; < u <ty and x € K,

‘E[‘b(Yuﬂﬂw)llsupw ceuraal ¥l < ag/ Yy =%| — G1/2a<tN4A<N,>(¢)|
< % exp(—pal(u)).

(47)
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For any Borel set I' of R?, set
Fy(x,T) = P([Y,N er] m[ sup |7, sAZ]/Y'u =x).
u<s<iy

Define Vﬂas in Section 2.3, with vbounded derivatives of order 1 or 2 and with
V(y) = V(y) for |lyll < A,. Set Y, = x, and for ¢ > 0,

dY, = —a(u)VV(Y,) dt + dB,.

Applying Lemma 1.1 of [23] (see also [17]), the transition density (5*) of (l}t)
satisfies the inequality

Pi(x,y) < (27'rt)"d/2 exp([—llx —yl?/2t + & td(u)]).

Thus, Fy(x,-) has a density fy(x, ) with respect to the Lebesgue measure
which satisfies

fu(x, ) S EN 2y g0
and, with respect to G, ,,,,,, the normalized distribution Fy(x, - )/Fy(x, R%)

has a density gy(x,-) satisfying

gn(x,y) <EN“21, 4 exp(2d(u) sup V(y)) = #NP#,
lyll<A,

with B positive constant.

Thus, in order to prove (38), it is sufficient to prove that, if Y, has a
distribution with a density respect to G, ,5,,,, bounded above by %N B
.E[ t\’ A(}V) (‘*Uplh SIN . A(,\,”Y\-”SAQ}] - GI/Za(tNrA(N))((b)

<@ exp(—pa(tN)).

(48)

StEP 2. In order to prove (48), we may modify V and take V(y) = || y||4 for
lyll = 2A,. Thus, applying again the inequality (36), it is sufficient to prove,
in the supernormal case,

49) | E[¢(Y0. )] — Crrvaty. (@) < # exp( = paltx)).

In Section 2.4.1 we have taken A(N)=N" with a<7<a+ 2(1 — a)/3.
Then for any 6§ < @ + M1 — @)/c and N large enough, we get by (46) for

Byiamy=rnt+ " +ryianwy

N +A(N)
-5
Ry.amny = X J
i=N

> #((N +A(N)) * = N'~?)
>¥N" % ifr<é.
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Thus, taking « < 7 < @ + (1 — @)inf[2/3, A /c],

lE[ ¢(l}tmmm)] o Gl/Za(tN*A(N))( ¢) ‘2

<% Sup{NZB exp( _kRN+ a(N))’ R;IS«#G(N)}
and (49) is proved. This completes the proof of Theorem 1. O

3. Proof of weak convergence rates. For simplicity, let us set inf V =
0 throughout this section.

3.1. Proof of Theorem 2.
StEP 1. Large deviation principles for the shifted diffusion process.
It follows from the assumptions A2 that

lim sup
U=>* t<T

Hence, Freidlin and Wentzell’s results concerning the homogeneous diffusion
process with small perturbations can be transcribed to the family of diffusion
processes X = (X, ,)o.,<r (see [19, 24] for more details).

/taz(u +s)ds —to?(u)|=0.
0

StEP 2. Let W be a neighborhood of ArgminV where vv|? < #V: for
r > 0 small enough, {V < 2r} ¢ W and {V < 2r} is a region of attraction for
the ordinary differential equation 2(¢) = —VV{(z(¢)). Thus, by Step 1, for any
T>0,

limsup o*(u) In P(sup V(X,.,) > 2r/V(X,) <r) <0.
T

u—x

StEP 3. Applying Theorem 1 and Proposition 1 with » > 0 defined in Step
2 and R > r, we get, for u large enough, 0 < ¢ < T and constant p > 0,

E[V(X: )] < E[V(XF ) lwxi, <n] + exp(—p/a?(u))
= rP(V(Xu") >r)+ E[V(thJru)l(V(X,’f)sr)]

+ exp(—p/o*(u)).
By Itd’ formula and part (ii) of assumption Al, we have for all u,

E[V( th+u)1{V(X,f)s r)]
<rP(V(X;)<r)

= [E[(IWV(Xz )P + V(X2 0(s + 0) Ly < ] ds
Lt o .
+ sﬂjo o?(s +u)ds

<E[V(X])] + exp(—p/c*(u)) + &

j(')ta2(s+u)ds]

_ %’[fotE[V(Xﬁ,u)l(V(xl;,s,)] ds]_



1134 D. MARQUEZ
Hence

t+u

E[V(X;.,)] <E[V(X))] - ¢ [B[V(X5,)] ds + €0 (u).
0
By Gronwall’s inequality we obtain
B[V(XF. )] < (E[V(XD)] + #o*(w))exp(—#T)
and, for k£ large enough,
]
Y. exp(—i#T)o?((k —i)T)

i=1
< V(x)exp(—k#T) + #exp(—(k/2)¢T) + o((K/2)T)
< %o ?(kT),

and, for t = kT + h, h < k and k large enough,

E[V(Xir)] < V(x)exp(—k&T) + ¢

E[V(X7)] < E[V(Xf7r)] + o%(kT) — %’ffE[V(Xm)] ds

< #o?(kt) < Fa?(t).
This completes the proof of Theorem 2. O

3.2. Proof of Theorem 3.

STEP 1. For c(a) = [z« exp(—aV(x)) dx, with a = 1/7, and U, a random
variable with distribution G,,,,, the Laplace transform of 4aV(U,) is the
function A — c(2a(2A + 1))/c(2a), which converges, as a — =, to the func-
tion defined by (2A + 1) 7°/2, that is, to the Laplace transform of the distribu-
tion x2(8). Hence, for any r > 0,

Gy /9.(4aV 2 1) = x2(8)((r,*)).

StEP 2. For any r > 0, let us take R > r satisfying Proposition 1 and
r, € (0, r). For any ¢ > 0, we apply (33) to a continuous function ¢,, such that
1, jsanrsvery < & < 1 ssarcve2ny-

Then
P(4a(t)V(Y/) = r) < E[¢,(¥)] + €(1 + V(2))1/a(t)
and
P(4a(t)V(Y7) = ry) = E[¢(Y/)],
which implies, for any r, <r,
P(4a(t)V(Y") 2 1) < Gy jgau(4a(t)V 2 1y)
+ #'(exp(—pa(t)) + (1 + V(x))1/a(t)),
P(4a()V(Y") = 11) 2 Gy 4. (4a(2)V 2 1)
— & (exp(—pa(t)) + (1 + V(x))1/a(t)),
and Theorem 3 follows from Step 1. O
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3.3. Proof of Theorem 4. Set Z ={Z,},., = (X,,W,) where W, =
o Y(t)VV(X,) and, for u = 0, let us define the family of shifted diffusion
processes, Z\"' = Z, ., = (X", W),

t+u

Step 1. For all function ¢: RY X RY - R continuous and bounded with
compact support, we have to prove, denoting »* = N(0,(1/2)D?*V(2)),

E[¢(X, W)l > L Gy(2)[e(z,y)dvi(y)
ze ArgminV
or, equivalently,
E[e(Y, [a)]"VV(Y))] = ¥ Go(2)[elz,y) dvily).
ze Argmin 'V

Thanks to formula (34), this is equivalent to showing

E[¢(Y,. s [a(t + (D] *VV(Y, 00)]]
> L Gyl2) [elz,y)dvi(y)
z& Argmin V

or
E[@(Yr+ a(ty [Cl(f + &(t))]] ZVV’(YY’M!))I[Y,FK,sup,,:\,,-(-,miiY_\»Hi A]])]
> L Goz)fe(z,y) dvi(y).
zeArgmin V

Consequently, in the proof of the above formula, we may modify V for large
llxll and, for technical reasons, we shall, in addition to assumption Al, assume
that

IVVIIE <&V

outside a suitable compact as I" and that the partial derivatives of order 2
and 3 of V are bounded. Thus,

E[o 2()IVV(X)?] < o 2 E[V(X,)] + v 2(¢1)P(X, & T)
with the right-hand side bounded, thanks to Theorem 2 and Proposition 1.

SteEP 2 (Tightness). By Proposition 1, (Z{*’) is tight. Hence, from Itd’s
formula,

d(o '(t)VV(X,)) = —a'(t)o *(t)VV(X,) dt — o '(t)D*V(X,)VV(X,) dt

+ i(-zi)—A[VV](X,) dt + D®V(X,) dB,,
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where A[ VV'] denotes the vector of Laplacians of the components of VV. Thus

Z = (X, W) is a solution of the stochastic differential system
(50) dX, = —VV(X,)dt + o(¢t) dB,,
dW,= —D*V(X,)W,dt + R, dt + D*V(X,) dB,,

where

R, - ——QZ—)A[VV](X) ~o'(t)o (t)B,.

By Kolmogorov’s inequality, we get

< /-T+u(72(r) dr < 2To*(u).

i

t+u 2
f o(r)dB,

tsT

Elsup

Hence, the family of processes {[/!"* o(r)dB,},,, converges weakly to the
process identical to zero. On the other hand, by Step 1,

VV(X..,)dr
/

r+u
s+ u

]<(t-s)/ E[IVV(X )P dr < #(t - 5)

therefore, the family of processes (X“) is tight.
Similarly, by Step 1,

E[
< E(t — 3)2,
and the family of processes {j*~ ' D*V(X )W, ds}, . , is also tight.

Furthermore, the family of processes { /] R, , ds},. , converges weakly to
the process identical to zero when u — . This results from

t+u

D2V(X,)W, dr

2
] < (t=s) [ E[ID*V(X)W,I?] dr

stu

s+u

I+u

R, ds

t=T u

E[sup ] < f““ AX )E[HA [VV](X,)I] dt

+fT+u a'(t)o 2 () E[IVV(X,)] dt

T+u o !
S%fu o(t)dt + ¢ U(u+T)—U(u))

with the last expression decreasing to zero as u — =.
Finally, by Burkholder’s inequality,

5 [ vt |

thus, the family of processes {/ "' DQV(X )dBs}, , , is tight.
Hence the families of processes ( X¥), (W“”) and (Z™) are tight.

< %K

f”“D V(X,)dB,

s+u

<?”(t—s)f E[||D V(x| dr < e (s - 9)%
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StEP 3 (Convergence). As we proved the convergence to the process
identical to zero of ([/"* o(r)dB,),. , and (/| R, , ds),. , when u — =, any
closure point of (Z'*’) is a solution of the stochastic differential system

dZ{"" = —VV(Z V) dt,

51
(51 dZ? = —D*V(Z{")Z{*? + D?V(ZV) dB,.

Since (X,) converges weakly to G,, Z{*'"' has the distribution G,. Moreover,
the first equation is an ordinary differential equation whose initial value is a
stable point for the gradient, hence Z*!' = Z{*? for all ¢ and

dZ{"2 = —D2V(Z{ ") Z + D*V(Z§ ") dB,,

where {B,}, . , is a Brownian motion independent of (Z{*V, Z§*#)).
For H = D*V(Z{"), we have

Z™? = exp( —Ht)(Zg’"Z) + f’exp(Hs) dBS).
0
Thus, given a function ¢ Lipschitz and bounded, we obtain

Blo(z 0, 20)]

—fGO(dz)<p(z,exp(—D2V(z)t)fotexp(~D2V(z)s)st)'

< ldllexp( —A¢),

with A = inf, . prgminv Amin D*V(2).

Let u be a probability on R2¢, closure point of (X,,W,) for the weak
convergence. The first marginal law of u is G, and, by Step 1, the second
marginal law has a second-order moment bounded above by sup, E[{|W, 1121 < .

Let us consider now a sequence {u(n)}, , , increasing to infinity such that
(Xy(ny Wyny) converges weakly to w. By the tightness of the process
(X® W), for all ¢ > 0, there exists a subsequence of {u(n)},  ,, denoted by
{v(n)}, . o, such that (X@~D W0y converges weakly to the process
Z™, solution of (51).

Hence, for v? = N(0,(1/2)D*V(z)),

lE[<p(Z:"v“,Z;°‘~2‘)]— T Go(2) [e(z,y) dvi(y)

z€ ArgminV

< #lldllexp( —At),

and for all £ > O,

< #lipllexp( —At),

‘fd’d,U«“ [ ez, y)dvi(y)



1138 D. MARQUEZ
thus

M= Z GO(Z)(SZ®VZ

z€ Argmin V

and Theorem 4 is established. O
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