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2 Section 1

i. Introduction.

In this paper we study a class of Markov processes with discrete state space which have the
property that their transition probabilities vary slowly with time as the processes progresses
(we will give a precise meaning to this later). Such processes occur in many applications
and have been studied both in the physical and mathematical literature. For an extensive
discussion, we refer e.g. to van Kampen’s book [vK], Chapter IX. It has been shown by
Kurtz [Ku], under suitable conditions, that these processes can be scaled in such a way that
a law of large numbers holds that states that the rescaled process converges, almost surely,
to the solution of a certain differential equation. He also established a central limit theorem
showing that the deviations from the solution under proper scaling converges to a generalized
Ornstein-Uhlenbeck process [Ku2]. The simplest example of such Markov processes are of
course symmetric random walks (in Z4, say). In this case one the LLN scaling consists in

considering the process (for t € Ry) Z,(t) = 1 ZEZ} X;, and one has the obvious result that
as n tends to infinity, Z,(t) converges to 0, which solves the differential equation is X "ty=~0.
The corresponding central limit theorem is then nothing but Donsker’s invariance principle
[Do] which asserts that /nZ,(t) converges to Brownian motion. In this simple situation,
the LLN and the CLT are accompanied by a large deviation principle, due to Mogulskii [Mo]

that states that the family of laws of the processes Z,(t),t € [0, T} satisfies a large deviation

principle with some rate function of the form S(x) = fOT dtL(£(t)). This LDP is the analog
of Schilder’s theorem for Brownian motion (in which case the function L is just the square).
Generalizations of Mogulskii’s theorem were studied in a series of paper by Wentzell [W1-4].
A partial account of this work is given in Section 5 of the book by Wentzell and Freidlin {WF).
The class of locally infinitely divisible processes studied there include Markov jump processes.
Wentzell proved large deviation principles under some spatial regularity assumptions on the
moment generating functions of the local jump-distributions and its Legendre transforms.
The particular case of pure Markov jump processes is worked out in [SW]. This theory has
been developed considerably in a large number of works principlly by Dupois, Ellis, and
Weiss and co-workers (see e.g. [DEW,DE,DE1,DE2,DR,AD,SW| and references therein).
The main thrust of this line of research was to weaken the spatial regularity hypothesis on
the transition rates to include situations with boundaries and discontinuities. The main
motivation was furnished by applications to queing systems. Given the variety of possibls
situations, is not surprising that there is no complete theory availble, but rather a large set
of examples satisfying particular hypothesis. Among the rare general results is an upper
large deviation bound proven in {DEW] that holds under measurability assumptions only;
the question under which conditions these bounds are sharp remain open in general. The
upper bounds in [DEW) are also stated for discrete time Markov processes. Needless to
say, the bulk of the literature is concerned with the diffusion case, i.e. large deviations for
solutions of stochastic differential equations driven by Wiener processes [WF,Az]. Questions
of discontinuous statistics have been considered in this context in [BDE,CS]. For other related
large deviation principles, see also [Kil Ki2].

In the present case we consider discrete time Markov chains depending on a small pa-
rameter ¢ defined on a state space A, C R? that have transition rates p.(z,y,¢) of the form
pe(z, 7 + €6,1) = exp(fe(z,6,t)), for § € A where A is some finite set and f. is required
to satisfy some regularity conditions to be specified in detail later. The new feature of our
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results are

(i) The functions f, themselves are allowed to depend (in a controlled way) on the small
parameter €.

(ii) Regularity conditions are required in the interiors of the domains, but some singular be-
haviour near the boundary is allowed.

(iii) The transition rates are time-dependent.

Features (i) and (ii) are motivated from applications to stochastic dynamics in disor-
dered mean-field models of statistical mechanics which we will not discuss here. See e.g.
{BEGK,BG]|. Let us mention that the large deviations results obtained in the present pa-
per were needed (in the particular setting of time-homogeneous and reversible processes)
in [BEGK)] to show that a general transition between metastable states proceeds along a
(asymptotically) deterministic sequence of so-called admissible transitions. The necessity to
consider (i} arises mainly from the fact that in such systems, rather strong finite size effect
due to the disorder are present and these effect the transition probabilities. Control of this
dependence requires a certain amount of extra work.

The problem at boundaries (ii) is also intrinsic for most of the systems we are interested
in. While for many application it would be sufficient to have an large deviation estimates for
sets of paths that stay away from the boundary, we feel that it is more satisfactory to have
a full LDP under conditions that are generally met in the systems we are interested in. The
types of singularities we must deal with differ from those treated in the queing motivated
literature cited above.

(iii) is motivated by our interest to study the behaviour of such systems under time de-
pendent external variations of parameters, and in particular to study hysteresis phenomena.
This causes no particular additional technical difficulties.

We have chosen to give complete and elementary proves of our results, even though the
basic ideas are now standard in large deviation theory and any technical lemmata (mainly
from convex analysis) are also served in similar situations in the past. But there are some
subtle points, mainly in the dealing with boundary effects, and we feel that it is easier and
more instructive to follow a complete line of argument using only the minimal amount of
technical tools.

The remainder of the paper is organized as follows. In Section 2 we give precise formulation
of our results. Section 3 states the basic large deviation upper and lower bounds and shows
why they imply our theorems, Section 4 establishes some elementary fact from convex analysis
that will be needed later, and in Section 5 the upper and lower bounds are proven.

Acknowledgements: We thank J.-D. Deuschel and O. Zeitouni for peinting out some
interesting recent references. This paper was written during visits of the authors at the Centre
de Physique Théorique, Marseille, the Weierstrass Institut fiir Angewandte Analysis, Berlin,
the Départment de mathématiques de 'EPFL, Lausanne, and EURANDOM, Eindhoven. We
thank these institutions for their hospitality and financial support.



4 Section 2

2. Statements of results

Let T denote some lattice in R? and let A C R? be a convex set (finite or infinite) that
is complete w.r.t. the Euclidean metric. Define, for ¢ > 0, the rescaled lattice eI’ and its
intersection with the set A, ' = AN (e['). We consider discrete time Markov chains with
state space [,. ¢ will play the réle of a small parameter®. Let A C I' denote a finite subset
of lattice vectors.

The time #-to-(t + 1) transition probabilities, (¢,z,y) € Nx [ x Tc = p.(t,z,3) € [0,1]
are of the form
ge (et, 2,61y —12)) ifel(y-x)€Azel,yel.

pe(t, z,y) = (2.1)
0 otherwise

where the functions {g., € > 0}, g. : RY x R? x A — [-00, 0], are obviously required to meet
the condition

z g(s,2,8) =1, VseRt,vzeA (2.2)
SEA
We will set ; (t.2,6), if gu(t 5 >0
ngelt,r,o0), 1 gL, 2, >
etz 8) = . 2.3
felt:,8) {—oo, if ge(t,z,6) =0 (2:3)

These functions will be assumed to verify a number of additional hypothesis; in order to state
them we need some notation: For any set § in R? the convez hull of S is denoted by convS;
the closure, interior and boundary of S are denoted by c1S, int S and bd S = (clS)\(int S).
For each € > 0 we define the e-interior of S, denoted by int.S, to be:

int S={xecS|V6€A,xz+ebe S} (2.4)

Note that int.S is not necessarily open. The e-boundary of S is then defined by bd.S =
(e18)\ (int.S). For each € > 0 we set:

AC) ={recA|z+ebeA}, €A

(2.5)
A =(recA|Ie>0st.z+eb€A}, 6
Obviously
|JA®9=A and ()AL = intA
s€A s€A (2.6)
U A® =A and n A®) = intA
sen seA

Moreover we have:
Lemma 2.1:

3In applications to dynamics of mean field models & will enter as the the inverse of the system size N,
hence only take discrete values. This will not be important here.
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(i) inteA C int A for all e > e > 0;
(i) int.A C intA for all e > 0;
(i) intA={z € A|3e> 0s.t.z € intA}.

Proof: (i) is immediate. Given z € int.A each of the points z + €d, § € A, belongs to
A. Forming the convex hull of this set of points we have, by convexity of A: conv{x + €6 |
8§ € A} = z +econvA C A. Let B be the closed unit ball in R? centered at the origin.
Since by assumption convA is a d-dimensional set, there exists r = r(diamA) > 0 such that
rB C convA. Hence +erB C A and int.A C {x € A | z+erB C A}, proving (ii). Similarly
we obtain that for any z € ), inteA = {z € A|Je > 05s.t. V5 € A,z +€§ € A} there exists
¢ > 0 such that x + ¢’ B C A, which yields (iii). The lemma is proven. $.

Hypothesis 2.2:* For each € > 0 and each 6 € A,

ge(s,,6) >0, V¥(s,z) € RY x A9

2.7)
ge(8,2,8) =0, ¥Y(s,z) e R¥ x A\ A% (
and
ge(8,2,6) =0, ¥(s,z,6) e RY x (R*\A) x A (2.8)
Moreover,
Vx € intA,3e¢’ > 0 and ¢ > 0 such that V0 < e < €,
g:(s,2,8) > ¢, V¥(5,6)eR* x A (2.9)
Vz € bdA,3e¢" > 0 and ¢ > 0 such that VO < e < ¢,
ge(s,z,8) >¢c, VseRT,V6e {6 en|A®) 57} (2.10)
and )
ge(s,z,6) =0, VseR* V6¢ {6 ¢ A|AY) 5 1) (2.11)
Remark: Hypothesis 2.2 implies in particular that for each ¢ > 0,
fe(s,z,6) > —c0, V(s,z,6) € RT x int,Ax A (2.12)
and
Ve e bd.A,I6 €A st fos,z,8) > —c0 (2.13)

Remark: Lemma 2.1 and Hypothesis 2.2 also imply that for any x € A, 3¢’ > 0 s.t.
Vo<e<¢€
{seaja® 3] ={sea|a® >z} (2.14)

4The statements “for each ¢ > 0” should in fact be replaced by “for each ¢ > 0 sufficiently small”.



6 Section 2

Hypothesis 2.3: There exzist functions, e(o) and fe(l) such that

fe= 5O +ef, (2.15)
satisfying:

(HO) fe(o)(s,a:,é) = —o0 if and only if f(s,z,6) = —oo.

(H1) For any closed bounded subset S C intA there exists a positive constant K = K(8) <o
such that, for each ¢ > 0,

sup  sup Ife(l)(s,:r, 6)| <K, VseRt (2.16)
xES SEA:;
Snate o

(H2) There ezists a constant 0 < 6 < oo such that, for each € > 0,

sup sup |fO(s,z,8) — fO(, 2, 6)| <fls-s|, VseR' Vs eRt. (2.17)
zEA (656?:
A3

(H3) For any closed bounded subset S C intA there ezists a positive constant 9 =9(S) < 00
such that, for each e > 0,

sup sup ©)(s,z,8) — f$s,2',8)| < Flx—2'|, VreSVz'eS (218)
s€R+ SEA:
Snal®93(x,z'}

Hypothesis 2.4: The functions g converge uniformly to a function g on the set RY x Ax A.
Moreover, for any (s,z,8) € RY x A x A,

lim g.(s,2,6) = lim eV (s,:6) (2.19)

Remark: Note that Hypothesis 2.4 together with Hypothesis 2.2 implies that the limits
lim fo(s,2,6) = lim f(s,2,8) = f(s,2,6) (2.20)
exist and are finite at every (s,z, §) in the set defined by:
seRY,zeNs€{f cA|AY) >z} (2.21)

We put f(s,z,6) = —oo on the complement of (2.21).
Remark: For z € intA then {§' € A | AC®) 5z} = A.
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Remark: The limiting function f of course inherits the properties (H2) and (H3) of Hy-
pothesis 2.3 with A(®¢) replaced by A®),

As a consequence of Hypothesis 2.3 and 2.4 we have:
Lemma 2.5:

(i) For each € > 0 and each § € A, the function (s,x) — fc(o)(s,:::,ﬁ) is jointly continuous in
s and z relative to RY x int(int.A).

(i1) For each & € A, the function (s,z) — f(s,x,8) is jointly continuous in s and x relative to
Rt x intA.

Proof: It follows from (H2) of Hypothesis 2.3 that the collection of functions { fe(o) (.,z,6) |
z € intA,6 € A} is equi-Lipshitzian on R*, implying that the function s fe(o)(s,a:,é) is
continuous relative to R* for each z € int.A and § € A. Using Lemma 2.1, (ii), it follows

from (H3) of Hypothesis 2.3 that the collection of functions { fe(o)(s, L8 |seRt e A}is
equi-Lipshitzian on all closed bounded subsets & C int(int.A) and hence, in particular, the

function z fe(o)(s,a:,é) is continuous relative to int{int.A) for each s € R* and § € A.

The joint continuity of fe(n)(s,x, 5) in s and z simply results from the fact that R* and
int(intcA) are locally compact topological space. This proves (i). In view of the remark
following Hypothesis 2.4, the proof of (ii) is identical to that of (i). The lemma is proven.$

Each of the following functions are mapping Rt x R? x R? into [—oc, +00):

L(t,u,v) = log E w8+ s (tu.8) (2.22)
[1-F4%
L*(t,u,v*) = sup {(v,v*) — L(,u,v)} (2.23)
vER4
L.(t,u,v) =log Z e(vE)+S(tu.8) (2.24)
s€A
Li(t,u,v*) = sup {(v,v") — L(t, u,v)} (2.25)
veRd
We set
LOr @ u,v*) =  inf inf  LX(#,u',v*), r>0 (2.26)

t: |t‘—s|<r u':ju’—u|Lr

Finally, we set

LO*(tu,v*) = inf inf  L*(t,u,v*), >0 (2.27)

thtr —s|<r uli|u —u|<r
and .
L(tu,v")= liﬁ)l LUt u,v*) (2.28)

The main function spaces appearing in the text are listed hereafter. All of them are spaces
of R?-valued functions on some finite interval {0,T). By C([0,T]) we denote the space of
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continuous functions equipped with the supremum norm: ||¢(.)||¢c = maxp<i<T [$(2)], Where
|.| denotes the Euclidean norm on R? (ie. |2} = v/(=,%)). L?([0,T]), 1 < p < 00, is the
familiar space of Lebesgue measurable functions for which fOT |¢(¢)|Pdt is finite and is equipped

1/
with the norm [|¢(.)|l, = ( foT |¢(t)|"dt) " W ([0,T]) denotes the Banach space of absolutely

continuous functions and can be equipped, e.g., with the norm, |[¢(.)lw = [¢(0)] + EI8]
Recall that

k k
W ([0, T)) = {¢ € C([O,T])|Ve >036> 088 3 |t —timal <= 3 |6(t) — $ti-1)| < e}

=1 =1
(2.29)
or, equivalently,

w((o,T)) = {¢ e C(lo, TH|ve € (0,71, Ve € [¢, T, 4(t) - #(¢) = f d(s)ds, § € L‘(IO,T])}

(2.30)
As a rule all spaces above are metrized with the norm-induced metric and are considered in
the metric topology (i.e., the topology of uniform convergence).

We need to introduce some subsets of this space. Recall that the effective domain of a
an extended-real-valued function g on X is the set domg = {x € X | g(z) < oo}. For each
(t,u) € R* x A define the extended-real-valued function 3:,11 through:

F,.0") =L (t,4,v") (2.31)

Setting
D, = dom®,,, D= convA (2.32)

we define,

D([0,T]) = {¢ € W([O,T])|¢(t) € Aand $(t) € Dy for Lebesgue a.e. t € [O,T]} (2.33)
D°([0,T]) = {¢ e W([O,T])|¢(t) € intA and ¢(t) € D for Lebesgue a.e. t € [O,T]} (2.34)

Our prime interest will be in the large deviation behaviour of a family of continuous time
processes constructed from the Markov chains {X,,e > 0} by linear interpolation on the
coordinate variables and rescaling of the time. More precisely, let [0, 7] be an arbitrary but
finite interval and define the process Y, on sample path space (C([0,T]), B(C([0,T]))) by
setting, for each ¢ € [0, T,

Yot) = Xe ([8) + (¢ - [ (X ([ + 1) = X ([E]) (2.35)

Let 56,% = P, 4, © Y."! denote it’s law. We are now in a position to state our main result.

Theorem 2.6: Assume that the Hypothesis 2.2, 2.3, 2.4 are satisfied. If moreover
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(H4) For any convez set A C W([0,T])
. T—* . . T_,. .
[ Tesodoas, [T 600008 @30

—

then the family of measures {'Pc‘%,e > 0} on {C([0,T)), B(C([0,T)))) obeys a full large
deviation principle with good rate function I : C{[0,T]) — R* given by

T . —
[o (6, 4(2), $()dt if () € D(O,T]) and $(0) = do

Z{¢(.)) = (2.37)
+00 otherwise
Proposition 2.7: Condition (H4) is satisfied if the following two conditions hold:
(i) At each (t,u,v*) € R* x A x R4
lim £ (t,ui,v*) < T (¢, u,v*) (2.38)
=0

for every sequence uy,us,... in intA converging to u € A.

(ii) For some function g : RY — R* satisfying limajo ag(a@) = 0, for all (s,u,v*) € BT x
intA x D,
L (s,u,v*) < g (dist(u, A)) (2.39)

Remark: Since £ < L£*, it is of course enough to verify (2.39) for the more explicitly given
function £*. This condition is realized in most examples of interest. Condition (H4) is of
course always realized in situations where the process cannot reach the boundary of A in
finite time, and in particular if A = R?,

Proposition 2.7 will be proven in Section 4.
For later reference the properties of 7 are given explicitly in the proposition below.
Proposition 2.8: The function T defined in (2.37) verifies:
(i) 0 < I(¢{.)) < co and domZ = D([0,T])
(it) T($(.)) is lower semi continuous.
(iii) For each | < oo, the set {¢(.) | Z(¢(.)) <} is compact in C([0,T)).

Proof: The proof of this proposition is in fact a more or less identical rerun of the proof
given Section 9.1 of Ioffe and Tihomirov [IT] and we will not repeat it here.

By definition (i) and (ii) are the standard properties of a rate function while goodness is
imparted to it by property (#iz).
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Remark: The LDP of Theorem 2.6 can easily be extended beyond the continuous setting
arising from the definition of ¥ in that, instead of Y., we could consider the process Z,
defined by,

Z(t) = X, ([¢]), foreachte€[0,T] (2.40)

Naturally the path space of Z, is now the space D([0, T']) of functions that are right continuous
and have left limits which, equipped with the Skorohod topology, S, is rendered Polish
(we refer to the beautiful book by [Bi] for questions related to this space). It can then

be shown that the family of measures {ﬁmo,e > 0} on (D([0,T]),S) obeys a full large

deviation principle with good rate function Z’ where I’ = T on C([0,T]) and I' = o0 on
D([0, T])\ C([0,T]). The basic step needed to extend the LDP of Theorem 2.6 to the present
case is to establish that the measures P, 4, and P, 4, both defined on (D([0,T]),S), are
exponentially equivalent. As will become clear in the next chapter (see Lemma 3.1}, this
property is very easily seen to hold.

Let us finally make some remarks on the large deviation principle we ha.ve obtained. The
rate function (2.37) has the form of a classical action functional with A" (t,z,v) being a (in
general time dependent) Lagrangian. Note however that in contrast to the setting of classical
mechanics, the function space is one of absolutely continuous function, rather than functions
with absolutely continuous derivatives. Therefore the minimizers in the LDP need not be
solutions of the corresponding Euler-Lagrange equations everywhere, but jumps between
solutions can occur. A particular feature, that is due to the discrete-time nature of the
process is the presence of a maximal velocity (i.e. a “speed of light”), due to the fact that
the Lagrangian is infinite for v ¢ D. In that respect one can consider the rate function as
the action of a relativistic classical mechanics.
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3. The basic large deviation estimates.

The aim of this short chapter is to bring into focus the basic large deviation estimates
on which the proof of Theorem 2.6 relies. These estimates are established in a subset of
the continuous paths space, chosen in such a way as to retain the underlying geometrical
properties of the paths of Y. Assuming these estimates we then proceed to give the proof of
Theorem 2.6.

More precisely set:

£(10,T)) = {¢ € C([0,T)) ¢(t1 ¢( ) e Dvte|0,T], vt' € [0,T),t # t’} (3.1)

Lemma 3.1: P, ,4,(£([0,T])) =1 for all ¢ > 0.

Proof: Assume that t >t and set t = (i + )¢, ¥ = (§j +9')e where i,j € N, 7,4 € [0,1).
By (2.24),
Y()-Y(t) _ X&) -X(@)+9XGE+1) - X@] - ~[XG+1) - X))
t—-t [G+7) -G +7)e
Using that all sample paths of X have increments of the form X (k + 1) — X (k) = €d41 with
b, € A, (3.2) yields

(3.2)

biva ifeg=7
Y(t)-Y(t)
= , . 3.3)
t—t (1—~ )‘5j+1 + (Zk=j+2 5k][{i>j+1}) + ¥6iy1 (
A-y)+(GE-j-1+

The last line in the r.h.s. of (3.3) is a convex combination of elements of A. Thus, remem-
bering that D = convA, the lemma is proven. {

ifi>j+1

Being a subset of a metric space, £([0,T]) is itself a metric space with metric given
by the supremum norm-derived metric, and thus, can be considered a topological space
in it’s own right in the metric topology. In addition, it inherits the topology induced
by C([0,T]). But those two topologies are easily seen to coincide, ie., B(£([0,T])) =
{ANE([0,T)) : A€ B(C([0,T))} From this and Lemma (3.1) it follows that

(8([0,T]), B(£([0, T])),ﬁ,q{,o) is a measure space.

Let B,(¢) € £([0,T]) denote the open ball of radius p around ¢ and let B,(#) be it’s
closure. Qur first result will be a pair of upper and lower bounds that hold under much
weaker hypothesis than those of Theorem 2.6.

Proposition 3.2: Assume that Hypothesis 2.2, 2.8 and 2.4 hold. Letl {ﬁ,d,o,e > O} be
defined on (£([0,TY)), B(E([0,T)))). Then, for any p > 0 and ¢ € £([0,T}),

~ - T, .
limsup €log Pe,go (B,(#)) < = inf ] &L (¢, w(1), 9 (1)) (3.4)
=0 w—:é,&g)n:%[o.r])z 0
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limipf elog Pe,g0 (Bo(9)) 2 ~ " (4, 0(t), 9(0) (3.5)

inf
YEBL(HND([0,T)):
w{0)=4¢q

In Section 4 we will prove the following lemma:

Lemma 3.3: Under the same hypothesis as Proposition 3.2, for all € D°([0,T)),

T . T — .
/0 G (8, 9(E), (D) = /0 AT (8, 9(8), B(2) (3.6)

This lemma together with hypothesis (H4) will in fact imply the stronger

Proposition 3.4: If in addition to the assumptions of Proposition 3.2 condition (Hj) is
satisfied. Then, for any p > 0 and ¢ € £([0,T)),

lim sup ¢ log Pe g, (Bo(¢)) < — inf TJ(4) (3.7)
e—0 Bp(¢)
lizrﬂélf ¢log ’ﬁe.t‘bo (By(¢)) = — %15(‘#) T() (3.8)

where J : £([0,T]) 2 ¢ — J(¥) = I(¥) is the restriction of I to £([0,T)).

Proof: We prove the proposition assuming Proposition 3.2 and Lemma 3.3. Using first (H4)
and then (ii} of Lemma 3.3, we get

T
inf f AL (¢, 9(1), ¥ (2)) =

»eB,(4)ND([0,T])

_ /dtﬁ*(t VO,9() > inf fdtﬁ*(t,@b(t),tﬁ(t))

weBp(é)nW([o ) $eB,(¢)ND([0,T]) Jo

$€B, (d>)rm°([0 T])f S (3.9)

which implies (3.7).

On the other hand, using first (i) of Lemma 3.3, then (H4), and finally the fact that, since
for any r,e > 0, L (t,u,v%) < £2(t,u,v*), we have L(t,u,v") < L*(¢,,v"), we also get

T
] dtL (t, $(2), %(2))

inf
YEB($)ND°([0,TT) Jo

f 4L (1, 9(8), (1)) =

¢€Bp(¢)ﬂv°([0 T])

T
- f fdtf*(t,w(t),¢(t))s in [dtz*(t,w(t)nb(t))

$E€B,(4)ND([0,T)) Jo vEB,($)ND([0,T)) Jo

(3.10)

which implies (3.8). ¢
The proof of Theorem 2.6, assuming Proposition 3.4 and Proposition 2.8, is now classical.

Proof of Theorem 2.6: Assume Proposition 3.2 and Proposition 2.3 to hold. Then, on the
one hand, since C([0, 7)) is Polish, goodness of the rate function entails exponential tightness
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of the family {‘i’;,%,e > 0}, which implies that the full LDP obtains whenever it’s weak
version obtains. On the other hand, since £([0,T]) is compact, it follows from Proposition
3.2 that the family {§G,¢°,E > 0} on £([0,T)) obeys a weak LDP with rate function J. The
connection between these LDP’s is made in through:

Lemma 3.5: ([DZ], Lemma 4.1.5) Let S be a regular topological space and {fe,€ 2> 0} a

family of probability measures on S. Let S be a measurable subset of S such that 1e(8) =1
for all e > 0. Assume S equipped with the topology induced by S.

(i) if § is a closed subset of S and {u.} satisfies the LDP in S with rate function J, then
{1sc} satisfies the LDP in S with rate functionT =7 on S and T =co0 on §\ 8.

(i) If {1.} satisfies the LDP in S with rate function T and domZ C S, then the same LDP
holds in S.

Remark: Lemma 3.5 holds for the weak as well as the full LDP.

Theorem 2.6 now follows from Lemma 3.5 together with Lemma 3.1 and the fact that
being compact, £([0,T]) is closed in C([0,T]) &



14 Section 4

4. Convexity related results

This rather lengthy chapter establishes most of the basic analytic properties of the loga-
rithmic moment generating functions and their Legendre transforms that will be needed to
prove the upper and lower large deviation estimates in Section 5. We begin by fixing some
notations.

Let £, and £ be the functions, mapping Rt x R? x R? into R, defined by:

Le(s,u,v) =log Z WO (s u.8) (4.1)
sea
L:(s,u,v") = sup {(v,v") — Lc(s,4,9)} (42)
veR<

It plainly follows from Hypothesis 2.2 and (HO) of Hypothesis 2.3 that on Rt x (R%\ A) x R?,
Le = —00, LI = +00, L = —00 , and L* = +oco. We will thus limit our attention to the
behaviour of these functions on Bt x A x k%,

Let M(A) denote the set of all probability measures on A. The support of a measure
v € M(A), denoted suppv, is defined by suppr = {§ € A | v(6) > 0}. For any fixed
(s,u) € RY x A and any v € R? let v?, , be the probability measure on M(A) that assigns

to 6 € A the density
e(v,6)+f£0)(s,u,ﬁ)

- 2sea e(2,8)+ 5% (s,u,6)

Vers,u(9) (4.3)

Similarly »?, € M(A) is defined by (4.3) with f£* (s, u,8) replaced by f(s,u,4).

Observe that if © € A then either u € int.A or u € bd.A and, according to the remark
following Hypothesis 2.2,

supp vf’s,u =A, V(s,u) € Rt x int.A (4.4)
whereas
0 # suppry,, CA, V(s,u) € RY x bd.A (4.5)
Moreover, for x a random variable with law v, .,
Le(s,u,v) =Eyo, ue(””‘) + log z <V (eu6) (4.6)
L1FaN

where E,» _ denotes the expectation w.r.t. v/, ,. Thus, up to a small term (which goes to
zero as € | 0) L is the logarithmic moment generating function of v, ,, £; being termed
it’s conjugate.

With £ and £* given by (2.22) and (2.23), for fixed (s,u) € R* x A, we further define the
functions, mapping R? into R:
O su(v) = Le(s,u,v)
D75 u(v7) = Li(5,,07)
®, .(v) = L(s,u,v)
@ . (v) = L*(s,u,v™)

(4.7)



Sample path LDP 15

This chapter is divided into five subchapters. In the first subchapter we establish the
properties of the functions ®, ®, and their conjugates ®;, &*. Although most of them are
well know folklore of the theory of convex analysis, it is more convenient to state them at
once rather then laboriously recall them from the literature when we need to put them in use.
The proofs are merely compilations of references, chiefly taken from the books by Rockafellar
[Ro] and Ellis (E]. In the second subchapter we go back to the functions L, £*, and their
limits, and establish their topological properties. The third subchapter establishes some basic
properties of semi-continuous regularisations of our functions, and in particular provides an
important result on the uniform convergence of the regularised functions as € | 0. In the
forth subsection we present a result, based on these topological properties, which shall be
crucial in establishing the large deviation bounds, while the last subsection is devoted to the
proof of Proposition 2.7.

Most of the results of this section will be established simultaneously for either the function
L. or L? at fixed ¢, and (what we shall see are their limits) £ or £*. We stress here once for
all that, according to the remark following Hypothesis 2.4, all results for £, or L7 directly
infered from Hypothesis 2.2 and 2.3 obviously carry through to the limiting functions. As
a rule we systematically skip the proofs of results for £ or £* whenever they are simple
repetitions of those for £, or L}.

4.1. The functions ®., ®, and their conjugates.

We begin with a short reminder of terminology and a few definitions. Recall that domg =
{z € X | g¢(z) < 0o}. All through this chapter we shall adopt the usual convention that con-
sists in identifying a convex function g on domg with the convex function defined throughout
B¢ by setting g(z) = +o0 for z ¢ domg. A real valued function g on a convex set C is said
to be strictly convex on C if

gl(L=Nz+xy) <{(1-Ng(z)+rg(y), 0<A<1 (4.8)

for any two different points x and y in C. It is called proper if g(x) < co for at least one
and g{z) > —oo for every z. The closure of a convex function g is defined to be the lower
semi-continuous hull of g if ¢ nowhere has value —oco, whereas the closure of g is defined to
be the convex function —oo if ¢ is an improper convex function such that g(x) = —oo for
some z. Either way the closure of ¢ is another convex function and is denoted clg. A convex
function is said to be closed if g = clg. For a proper convex function closedness is thus
the same as lower semi-continuity. A function g on R is said to be continuous relative to a
subset S of R? if the restriction of d to S is a continuous function.

For any set C in R? we denote by clC, int C and by bd C = (c1C)\ (int C) the closure,
interior and boundary of C. If C is convex, we denote by riC and rbdC = (¢l C) \ (riC)
it’s relative interior and relative boundary.

Definition 4.1: A proper convez function g on R? is called essentially smooth if it satisfies
the following three conditions for C = int(domg):

(a) C is non empty;
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(b) g is differentiable throughout C;

(c) lim;_o |[Vg(x;)| = +00 whenever ©1,%2,..., is a sequence in C converging to a boundary
point x of C.

Note that a smooth convez function on R? is in particular essentially smooth (since (c)
holds vacuously).

Definition 4.2: The conjugate ¢* of an arbitrary function g on R? is defined by
g*(z") = sup {(z,2") — g(x)} (4.9)
zeR?

Note that both ®,, & and ®, ®* are pairs of conjugate functions.

Lemma 4.3: ([Ro], Theorem 12.2) Let g be a convez function. The conjugate function g*
is then a closed convex function, proper if and only if g is proper. Moreover (clg)* = g* and
g** = clg.

Finally, for g an extended-real-valued function on R? which is is finite and twice differen-
tiable throughout R?, we denote by Vg(z) = (a—i%(:c), cieh %:(a:)), Vig(x) = (ng—ﬁ(:r))

and Ag(z) = 2f=1 a%ij;(m), respectively, the gradient, the Hessian, and the Laplacian of g
at x.

i,7=1.....d

In order to unburden formulas the indices s and u in (4.7) and (4.3) will systematically be
dropped in the sequel. We start by listing some of the properties of . and ®.

Lemma 4.4: For all € > 0 the following conclusions hold. For any fized (s,u) € R* X A,
(i) |®(v)] < oo for all v € RY.
(1) ®. is a closed, convez, and continuous function on Re.

(iii) ®. has mized partial derivatives of all order which can be calculated by differentiation under
the sum sign. In particular, for all v € R?, if x = (x1,...,Xxd) denotes e random vector
with law v, ,,

V() = B = (Ber )i, o (4.10)
V20 (v) = (Buy xiXs — Buy XiBoy X—f)i,j=1,...,d (4.11)
d
Ad (v) = Ev;' Ix — ]Ev:X|2 = ZE"? Ix: — Eug X:’|2 (4.12)
i=1

Moreover, for any fized (s,u) € R* x int,A, &, is a strictly convez function on R?.
All assertions above hold with ®, replaced by © and v? replaced by v*.
Proof: If u € A then, by Hypothesis 2.2,
108 Y sea S| < oo (4.13)
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Assertion (i) is then a consequence of (4.6). Given assertion (i), assertions (ii) and (iii) are
proven, e.g., in [E] (see pp230 for the former and Theorem VIL5.1 for the latter); formulae
(4.10), (4.11) and (4.12) may be found in [BG]. Finally, a necessary and sufficient condltlon
for ®. to be strictly convex (see e.g. [E], Proposition VIIL.4.2) is that the affine hull of supp »?
coincides with R¥; but by Hypothesis 2.1 this condition is fulfilled whenever u € intA. The
lemma is proven. ¢

We next turn to the functions ®? and ®*. We first state an important relationship between
the support of 2 and the effective their effective domains.

Lemma 4.5: Letd > 1, € > 0 and (s,u) € RY x A. Then,
dom®? = conv{supp#?) (4.14)
In particular, if (s,u) € R* x int A,
dom®; = conv A (4.15)
The same holds with ®, replaced by @ and int A replaced by intA.

Remark: Since supp y?‘s,u = {6 €A | fe(o)(s, u,8) > —oo}, we have by the second remark
following Hypothesis 2.2 and (HO) that 3¢’ = ¢’(u) > 0s.t. VO < e < ¢

suppv?, ., = {6 €A |A(6) 3 u} (4.16)

and therefore
dom®; , , = dom®; , (4.17)

Proof: Obviously, if v0 is the unit mass at §*, ®}(v*) =0if v* = 6* whereas &} (v*) = +o0
if v* # 6*, so that (4.14) and (4.15) hold true. Assume now that v? is non degenerate. The
starting point to prove the lemma under this assumption is a theorem by Ellis ([E], Theorem
VIIL4.3) which, rephrased in our setting and putting S = conv(supp#?), states that,

dom®: C S and int(dom®;)= intS (4.18)

From this (4.14) automatically follows if we can show that ®}(v*) < co for v* € bdS. The
proof is built upon the fact that, since suppr? C A, the set S is a polytope and hence is
closed. Let {ay,...,a.} be the subset of A generating S that is, the smallest subset of A
such that conv({al, .,a.}) = 8. Set x = |supp?|. By assumption 0 is non degenerate
so that & > 1. All points v of bd S can then be expressed in the form v* = }__; Aia; where
Y%, A =1, A; 20, the number of non zero coefficients A; being at most x — 1.

We now introduce a representation of & due to Donsker and Varadhan ([DV], p. 425).
For pr € M(A) define the relative entropy of g with respect to ¥ by

Iw) = -, 1(®)log (4) (4.19)

SEA
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Then
&%) = inf {T()|1e € M(A), Syenbu(®) = 0"} ~log Tpen eV (4:20)

First, observe that for v=a € {a;,...,a,} the set {u € M(A), ¥ ;c261(6) = a} reduces to
the unit mass at a, and, by (4.20) and (4.13),

I(s) = — log(v2(a)) — log Tsen /" 8 < 00 (a.21)

Next, by Lemma 4.3, ®} is convex so that
o* (Z A,-a.l-) <Y M®r(as) < o0 (4.22)
i=1 i=1
proving that bd S C dom®?. The lemma is proven. {
We now list some of the properties of ®; and ®*.
Lemma 4.6: For all € > 0 the following conclusions hold. For any fized (s,u) € R™ x A,
(i) ®* is a closed convex function on R%.

(i) ®: has compact level sets.

141} Let v = ]E,,vx v=0- Then fOT any v* € Rd, @"‘('v“' > 0 and (I)*('U*) =10 if and only if
0 e € €
vt = 'UE.

(iv) For d =1, @} is strictly convez and for d > 2, % is strictly conver on ri(dom 7).
(v) ®F is continuous relative to dom®;.

Moreover, for any (s,u) € R x int A, ®} is essentially smooth.

All assertions above hold with @, replaced by ® and v! replaced by v*.

Proof: Assertions (i) to (iv) are taken from [E], Theorem VIL5.5. Since by Lemma 4.6
®? is closed, and since by Lemma 4.5 dom®} is a polytope, then (v) is a special case of
[Ro], Theorem 10.2. Finally, the essential smoothness of ®; follows from the fact that, by
Lemma 4.4 , ®, is strictly convex for (s,u) € Rt x int.A together with Theorem 26.3 of [Ro],
implying that the conjugate of a proper and strictly convex function having effective domain
R? is essentially smooth. ¢

The following lemma finally relates the functions ®, and ® to their conjugates.

Lemma 4.7: Let (s,u) € R* x A, ¢ > 0. For any v € R?, the following three conditions
on v* are equivalent to each other:

(i) v* = V&(v);

(i1) (v',v*} — ®(v') achieves it’s supremum in v’ at v/ = v;
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(ii1) (v,v*) — ®(v) = D7 (v*).
If (s,u) € Rt x int.A, two more conditions can be added to this list;
(iv) v=VIv");
(v) (v,v') — ®2(v') achieves it’s supremum in v' at v’ = v™.
The same holds when @, and @ are replaced by @ and @*.

Proof: By lemma 4.4 and the definition of essential smoothness, ®, and & are closed, proper,
convex, essentially smooth functions and are differentiable throughout R?. By Lemma 4.5
and Lemma 4.6, for each (s,u) € R* x int A, &% and ®* are closed, proper, convex, essentially
smooth functions with effective domain convA; hence they are differentiable on int( convA).
Since for a closed, proper, convex, and essentially smooth function g on R?, the subgradient
of g at x, denoted by dg(z), reduces to the gradient mapping Vg(z)® (see [Ro], Theorem
26.1), then Lemma 4.5 is a special case of Theorem 23.5 of [Ro]. ¢

4.2. Topological properties of the functions L., £}, and their limits.

We have so far gathered information on the collections of convex functions v — L.(s,u,v),
v — L(s,u,v*), and their limits for s € R* and u in either A, int.A or intA. We saw in
particular that £, (respectively £) is continuous in v throughout R? and that if » € int.A
(respectively w € intA) then £} (respectively £*) is continuous in v* relative to convA. In
order to complete this picture we shall devote this subchapter to establishing the continuity
properties of these functions in the variables { and u.

Lemma 4.8: For alle > 0,
(i) There exists a constant 0 < § < oo such that:

sup |Le(s,u,v) — L(s',u,v)| < B|s — 5], VseRY Vs eR" (4.23)
u€A

veR®

(ii) For any closed bounded subset S C int A, there exists a positive constant ¥ = 9(S) < o0
such that:

sup [Le(s,u,v) — L(s,u', v} < F|lu—1'|, VueS,VueS (4.24)
eR*
:GR‘
(ii) The function L(s,u,v) is jointly continuous in s, u and v relative to R* x int(int A) x R?.
Assertions (i)-(iit) hold with L, replaced by £ and int A replaced by intA.
In addition:

5that is, 8g(z) consists of the vector Vg(x) alone when z € int(domg), while 8g(z) = @ when = ¢
int(dom g).
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(iv) For any u € A, s € R, the function L.(s,u,-) converges uniformly to L(s,u,") on R4,
(v) For any closed bounded S C intA, L. converges uniformiy to L on Rt x & x RY,

Proof: By Lemma 4.4, both £, and £ are finite on R x A x R?¢. Using Hypothesis 2.2 and
(H2) of Hypothesis 2.3 we may write, for any s € RY, s’ € R*, and any (u,v) € A X R4,
1Cc(s,u,9) — Le(s',u,0)| < sup  |FO(s,u,8) — fiO',0,0)| < 8]s - &| (4.25)
Af‘s‘?a:u
This proves (i). Assertions (ii) and (iv) are likewise deduced from (H3) of Hypothesis 2.3 and

Hypothesis 2.4. Knowing (i), (i), and (ii) of Lemma 4.4, the proof of assertion (iii) is similar
to that of Lemma 2.5. Assertion (iv) is an immediate consequence of Hypothesis (H4).

To prove (iv), by the second remark following Hypothesis 2.2, for any (s,u) € Rt x A,
there exists ¢’ = ¢/(u) > 0 such that for all ¢ < ¢ such that

L(s,u,v) =log z g0+ (3,06 (4.26)
Y WILEY
This implies that
|Le(s,u,0) = L(s,w,v)| < sup  |f{O(s,u,8) — f(s,u,8)| (4.27)
seA:AS)Du

where the right hand side is independent of v and, by Hypothesis 2.4, converges to zero. This
yields (iv).

Finally, the prove of (v) is almost identical to that of (iv). We only need to observe that
the ¢(u) can be chosen uniform for u € S if S is a compact subset of the interior of A,
and that as indicated in the remark following Hypothesis 2.4, the right hand side of (4.27)
converges to zero uniformly on R* x 8. {

Lemma 4.9: For alle > 0,
(i) There exists a constant 0 < 6 < co such that:

sup  |L¥(s,u,v*) — Li(s',u,0")| < Ojs — /|, VseRt Vs eRY (4.28)
uEA

v* € conv A

(i) For any closed bounded subset S C int.A, there exists a positive constant § = HS) < o0
such that:

sup  |L(s,u,v") — Li(s,u/,v") < Flu—!|, VueS, VW ES (4.29)
s +
v'E%oanA

(iii) The function L(s,u,v*) is jointly continuous in s, u and v* relative to Rt x int(int.A) x
convA.
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Morveover (i)-(iit) hold with L} replaced by L* and int A replaced by intA.
In addition:

(iv) For each (s,u,v*) € Rt x A X conv A,

lin%. Li(s,u,v") =L (s,u,v") (4.30)

exists and is finite for ell (s,u,v*) such that s € RY, u € A, v* € dom®; ,,.
(v) For every closed bounded set S C intA, L} converges uniformly to L* on RY xS x conv A,

Proof: By Lemma 4.5, both £ and £* are finite on Rt x intA x conv A. To prove (i) we
write that for any s € R*, s’ € RY, and any (u,v*) € A X convA,

Li(s,u,v*) = sup {(v,v*) — L', u,v) + (Lc(s',u,v) — L(s,u,v))}
vERY

L {(v,v*) e e e v))l} (4.31)
vERE vERY

= LI(s',u,v™) + sup [L(s',u,v) — L(s,u,v))]
vER4

and by (4.23) of Lemma 4.8,

Li(s,u,v*) — Li(s',u,v*) < s — ¢ (4.32)
Similarly we can show that

L(s,u,v*) — Li(s',u,v") > —0s — §| (4.33)
Thus (i) is proven. Assertions (ii) is obtained in the same way on the basis of assertion (ii)
of Lemma 4.8. whereas (iii) is deduced from Lemma 4.8, (iii), together with Lemma 4.6, (v).

To prove (iv), note that using the remark following Lemma 4.5, there exists ¢ = ¢/(u) > 0
such that for € < €'(u), for any v* € dom®; ,

|L5(s,u,v*) — L*(s,u,v")| < sup |L(s,u,v) — L(s,u,)| (4.34)
veRd

and the right hand side converges to zero by Lemma 4.8 (iv). Note that the convergence is
even uniform in v*. (v) now follows by the same arguments that were used in the proof of
{v) of Lemma 4.8. The proof is done. {

4.3. Some properties of semi-continuous regularisations.

The results established in the previous sub-section will be mainly used for the lower bounds.

For these the use of the functions L., £}, defined in terms of the functions fc(o) will be
convenient. The upper bounds will rely on the use of (upper-, resp. lower) semi-continuous
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regularisations of the functions L., resp. L;. Let us first note that all results of in 4.2 that
did not rely to the Lipshitz continuity of f* are also valid for L, and L}.

For 7 > 0 we define:

L) (s, u,v) = sup sup Le(s',u',v) (4.35)

g :js—s!|<r u'tlu~u'|<r

Set A(r) = {u € R?| dist(u, A) < r}. The following lemma establishes some simple properties
of £{™ we will need later.

Lemma 4.10:
(i) On R x (RAA()) x BY, £87) = —oo.

(i) For all (s,v) € RY x R4, and all e > 0,7 > 0 the function u — Eg')(s,u,v) is upper
semi-continuous (u.s.c.) at each u € A(r).

(iii) For all (s,u) € R* x A(r), the function &), is conves and dom®{), = R,
Proof: The proof is trivial and is left to the reader.{

The next Lemma relates the function £ to the function £ defined in (2.26).

Lemma 4.11: For any (s,u,v*) € Rt x R x R¢,

(ﬁE‘"’)* (5,u,0%) = LI (5,u,9%) (4.36)

Proof: We first prove that (EET)) (5,u,v") 2 £8(s,u,v*). For any ¥ € RY,

(£0) (8u0) 2 @0") = £0(s,0,9)

= inf inf  {(@,v*) — L(s', 2/, 0)} (4:37)
st:|s=g'|<r u’tju—u!|<r ! e
Now we choose for ¥ the value s.t.
sup {(v,v*) — L(s',u',v)} = (¥,v*) — L(s', %', 9) (4.38)
vERY
With this choice (4.37) becomes indeed
(L',E")) {s,u,v*) > inf inf  L*(s,w,v*) = LI (s,u,v") (4.39)
s:s—s' |<r ulu—u!|<r

Next we show the converse inequality. Note that for any 3,4 s.t. [s —3] <7, ju—| <7, and
any v € R¢,
sup sup L.(s',v',v) > L.(3,u,v) (4.40)

s':|s—s'|<r w'i|u—u'|<r
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Hence

(Eg"))‘ (S,'U.,'U*) = sup {(‘U, 'U*) - sup sup Le(sfy U’yv)}

vER? sti|s—s'|<r whtJu—u!|<r (4_41)
< sup {(v,v*) — L(3,%,v)} = LI(5,%,v*)
vERE
Since (4.41) holds for all 5, % in the given sets, it follows that
(5@) (5,u,0°) < _ inf _ inf  L(58,v*) = L*(s,u,0") (4.42)
Fi|F—s|Lr U:|T—u|<Lr

we obtain the desired inequality. The two inequalities imply (4.36). ¢

The previous Lemma allows to deduce the following analog of Lemma 4.10:
Lemma 4.12:
(i) On R* x (RI\A(r)) x B¢, £ = +o0.

(i) For all (s,v*) € Rt x R?, and all e > 0,7 > 0 the function u — L% (s,u,v*) is lower
semi-continuous (l.s.c.) at each u € A(r).

(iii) For all (s,u) € R* x A(r), the function &), is convez and for (s,u) € R* x intA(r),
dom®{")% = convA.

Finally we come to the central result of this sub-section.

Lemma 4.13: For any r > 0 and for any closed bounded S C intA(r) the following holds:
(i) £ converges uniformly to L) on R* x & x B2,
(ii) i converges uniformly to £)* on RT x 8 x convA.

Proof: Since (ii) follows from (i} in the same way as Lemma 4.9 follows from Lemma 4.8,
we concentrate on the proof of (i). Fix r > 0. Define the sets

A= {(s" ") € RY x A(r) x R | 3(s,u) s |s — ™| <y lu—u*| <7
LE(S*)H*: 'U) = sup sup LE(SI,'U-',’U)} (4.43)

s':|s—g'|<r utlu—u’|<r

and put
Af = UOS&'SeAe‘ (444)
Define
£ (s,u,v) = lim sup L(s'v,v) (4.45)
i €l0 s'la—af|<ruliju—u' | <7
(s u’ ,v)EA
Write

Eg")(s,u,'u) - E(')(s,'u,v)|
(4.46)
£8) (s,%,9)L7 (s,%,v)

€,€0

<

€,€0

Eg")(s,u,v) - L) (s,u,v)l +
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By definition of the set A¢, for ¢ > ¢,
£0(5,,0) — £6)

€,€0

(s,u,v)| =0 (4.47)

On the other hand, for (s*,u*,v) € A%, 3¢’ < ¢o and (s,u) with |s — s*| < r,|u ~u*| < 7,
such that for all (s, w') with |s — '] <1 Ju —o/| < 7,

La(s*,u*,v) > La(s', v/, v) (4.48)
Recalling the definition of L./, (4.48) implies that for any ¥ > 0,

S eWga(stut )+ Y éVga(su0)

sea . €A .
gor(o8%,u* 82y g (0% u® 5}y
( E : 5 por ‘ } : F ' (4.49)
2 e( ,‘u)ge’ (S y Uy 6) =+ 6( ,u)gd(s » U 16)
sea SEA
g (s u® 82y ggr(a*,u" 6) <y

The important point is now that since S C intA(r), no matter what u* € S, there exists a
g = dist(S, A(r)¢) > 0, such that for some v’ with ju’ — u| < r. By Hypothesis 2.2, and the
continuity assumptions of Hypothesis 2.3, one has that there exists a constant ¢; >.0 such
that for all these points, and for all § € A, g (s’,u’,8) > ¢4. Choosing such v’ and s = s”,
(4.49) implies that

(Cq —_ 7) E e(ﬁ,‘v) S E 8(6'1’)95‘ (s*’ u*,é) (4.50)
SEA SEA 3
gor{e®,u 8)<y g r{a* w82y

By Hypothesis 2.4, g. converges uniformly. Therefore, for any 7 > 0, there exists g > 0,
such that for all €, ¢’ < €g, and all (s*,u*,8) € Rt x (SNA) x R?,
|ger(s*, 6™, 8) — g (™, 07, 8)| <7 (4.51)
Given 7, let now € be such that (4.51) holds. Then (4.50) implies that for all € < ¢,
=7 > < N (g (s, un,8) + 1)

( JSA) { s
gela™,u*,8)<y—m gelo® u*,8)Z2v—7
] € (4.52)

<1+ E) z el g (s*,u",6)
v sea
gels® ,u* )27+

Therefore, for all € < ¢y, and (s*,u*,v) € A%,
££(s*)u*?‘v)

seA 6(6’”)95(3*,11.*,5)

>
=1 (8,v) * o, * 1 gels* ,u”,5) <
n E ePg (5%, u*,8) | 1+ ea  e@Wg (s*,u",0)

gg(--fsf,s)gq ge(a® ,u*,8) 2y
= ln E : e(é,’v)ge(s*, 'L!.*, “5) (4.53)
sca

ge(o™ u™ 8)>y

€A e('s"’)gc(s*, ’H.', 5)

z (2% u* )<y
+Infl+ ==
sca elv)g (s*, u*, 6§
ge(s* u* 6) 2 ge(s*,u*,0)
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The last term in (4.53) is bounded by

ln(1+ i )s 4 (4.54)
a=1—1) " cq=1-1

which will be made small by choosing v small enough. On the other hand,

ln Z e®? g (s*,u*,8) — In Z el g(s*,u*,8)| < i (4.55)
L1=Y-% S€A 7
ge(s® u* . 5) 2 g =52

Therefore, choosing y = ,/c,7, we see that for all € < €,

£6),(5,4,0) = LO(s,u,)| < 3y/n/eq (4.56)

Combining both observations, we see that with € = ¢y, we get in fact that

L',E;)(s,u,v) - £(’)(s, u, v)| < 3/1cq (4.57)

which implies the desired uniform convergence and proves (i). (ii) follows easily in the same
way as the convergence result in Lemma 4.9 (v) follows from Lemma 4.8 (v).$

Proof of Lemma 3.3: By definition, for any (s,u,v*) € R* x A x convA,

L (s,u,v*) = lim inf £*(s', «', v*) (4.58)

u'—u

But by Lemma 4.11, the function £*(s, u, v*) is jointly continuous in the variables s, u at any
(s,u,v*) € R* x intA X convA so that on this set the right hand side of (4.58) coincides
with £*(s,u,v*). This proves Lemma 3.3.$

4.4. A continuity derived result.

We shall here be interested in the case u € intA only. As seen in Lemma 4.7 the conjugacy
correspondence between & and ®* is closely connected to their differentiability properties.
To this we may add:

Lemma 4.14: Let (s,u) € Rt x intA. Then V®*(v*) is bounded if and only if v* €
ri{domA).

Proof: We know from Lemma 4.5 and Lemma 4.6 that for each (s,u) € R* x intA, @* is
a proper, closed, and strictly convex function having effective domain convA. Moreover, we
saw in the proof of lemma 4.5 that the subgradient of ®* reduces to the gradient mapping.
Finally, invoking Theorem 23.4 of [Ro], the subgradient of ®* at v* is a non empty and
bounded set if and only if v* € ri(domA). The lemma is proven. ¢
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Now boundedness of V®* turns out to be an essential ingredient of the proof of the large
deviations estimates of Chapter 5. The particular place where it is needed appears in the
context of the minimisation problem of Lemma 4.15 below. There, we shall see that the
continuity property of ®*, which in contrast with it’s differentiability properties hold up to
rbd(domA), enables us to restrict ourselves to situations where V@ is bounded.

Lemma 4.15: Let 7 C D°([0,T)) be a conver subset of D°([0,T]) and set
G={ve .?"|1,b(t) € ri(convA), 0 < t < T} (4.59)

Then, r ' r '
Jaf. _/0 dtL* (¢, ¥(t), v (1) = nis fo dtL*(t,¥(2), ¥(1)) (4.60)

Proof: With D°({0,T)) defined in (2.34) recall that ®*¢,¢(t}(-) = L*(t,%(t),-). As seen in
the proof of Lemma 4.14, for ¥ € D°([0,T]), t.4(t) 1S & proper, closed, strictly convex, and
positive function having effective domain convA. This in particular ensures that both sides
of (4.60) are finite. Since F 2 G,

T , T .
inf. fo AL (6 (0), () < nf fo deL* (¢, 9(£), (1)) (4.61)

and we only have to prove the reverse inequality. To do so we will use that for any ¥, € G
and any ¥ € F the path a3 + (1 — @)y belongs to G for each 0 < a < 1: obviously, by
the convexity assumption on F, ayy + (1 — a)i2 € F; but since foreach{ <0 < 1 ¥ (t)
is a point in ri(convA) and ;(t) a point in convA, the point o (£) + (1 — ey (t) lies in
ri( convA) for each 0 < o < 1 (see [Ro|, Theorem 6.1) so that o + (1 — a)if2 lies in G.
Thus, given ¥, € G and 32 € F we have, foreach 0 < a <1,

/ " aee 900, 9
inf [ dtL*(t, w(D),4(t))
vesJo (4.62)

T
< fo dLL* (8,2 (t) + i (t) — ¥a(t)], Y2 () + a1 () — Yo (t)])

where the integrand in the last line is positive and bounded for each 0 < o < 1. Thus, taking
the limit o | 0, we may write, using Lebesgue’s dominated convergence Theorem,

. T M
it [ aeer e wio, o)
T
<tim [ L (692(0) + afa(9) = Yalt), $a(®) + alia () — )
o (4.63)
= fo dtlim £ (2,98 + alta(8) ~ $2(0)],$2(®) + alis(¢) = va(8) |

T
_ fo dtL* (1, ¥a(8), ¥2 (1))
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where in the last line we used that £*(s,u,v*) is jointly continuous in the variables s, , and

v* relative to D°([0,T]) (see Lemma 4.9, last line and assertion (iii}). Finally, since (4.63) is
true for any 1, € F,

e . T .
ing ]0 G 69D, O Sl [o 4L (8, 9(8), $(1)) (4.64)

which concludes the proof of the lemma.{
4.5. Proof of Proposition 2.7.

The proof of Proposition 2.7 goes along the same lines as that of Lemma 4.14.

Let #, be any path in AN D°([0,T]) and let ¥, be any path in AND({0,TY)). It follows
from the convexity of A together with the definitions of D°([0,T]) and D([0,T]) that the
path a1 (¢) + (1 — a)2(2) lies in AND°([0,T]) for each 0 < o < 1. Hence, for each such o,

T .
fo (4, 9(t), $(0))dt

¢C.Ani1131£([0,7'])
T_* 5 5
< ]0 L' (¢, ata () + (1 — a)gha(2), o (8) + (1 — e (t))dt
T
< j ' (6, oy (£) + (1 — aba (), G () dt (4.65)
0 - |
+of [Tt awi)+ (- aa), ()t
0
T
- [ T eono + 0 - et da)er)
Now condition (i) implies that
4 —_— H e —% 9
lim f T (t, a1 () + (1 — a)a(t), ha(1))dt < f L (t, Yolt), da(8))dt (4.66)
o 0 0

while condition (ii) guarantees that

T_, i
lim{ f L' (t, a1 () + (1 — a)a(t), (1)) dt
e (4.67)

T
= [ T oo+ (1 - e, daenar} = 0

Since this is true for all ¥, € AND([0, T]), we have

T--* . T—* .
]ﬂc Y@, P < inf ]Oc(t,w(t),w(t))dt (4.68)

inf
PCAND([0,T]) YC.AND({[0,T])

As the reverse inequality trivially holds, the proposition is proven. {
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5. Proof of Proposition 3.2

We are now ready to prove the main estimates of the paper. Basically, the idea of the
proof is simple and consist of exploiting the “almost-independence” of consecutive jumps over
length scales large compared to 1 but small compared to 1/¢, as in Wentzell's work. The
source of this almost independence are of course the regularity properties of the transition
probabilities. On the basis of this independence, we bring to bear classical Cramér type-
techniques. The main difficulties arise from the non-uniformity of our regularity assumptions
near the boundaries.

The chapter is divided in three subchapters. We will first get equipped with some prepara-
tory tools. Armed with these, the basic upper and lower bounds are next derived. Lastly,
using results from Chapter 4, the proof is brought to a close. From now on the letter ¢ will
be used exclusively for time parameters taking value in [0, T (that is, on ‘macroscopic scale’
1) while & will be reserved for discrete time parameters {on ‘microscopic scale’ e1).

5.1: Preparatory steps.

Lemma, 5.1 below provides a covering of the ball B,(¢) into basic ‘tubes’.
A° denotes the complement of A in R, For z € R? and A C R?, dist(z, A) = inf,eq |l —y|.
Recall that given p > 0 and ¢ € £(10, 7)), B,(6) = {# € £(10,T)) | maxoge<r 14(t) - 6(8)| < p}.

Lemma 5.1: Let 0 =ty <t < :+- < t, =T be any partition of [0,T] into n intervals and
set
P L € tigr — 1l (5.1)

For 1 > 0 and o € £([0,T)) define,
Ant) = { o € 0.1 | guzx (6 - wie)l < 20 (52)
and for v > 0 define,

B, (9) = {?/}f € B,(¢) | odnf . dist(y'(2), A%) 2 'Y} _

3 — I i . 0 7 c
B,(¢) = {10 € B,(¢) | oértlé'r dist(v'(t),A%) > 7}
the restrictions of B,(x) and its closure to the y-interior of A.

(i) For any v > 0 and > 0 such that p > 27, there exists a subset R, (@) of £([0,T]) such

that: )
Romn(®) CBon(®yC | Ay(¥) (5.4)

"‘,’GR‘PJI »’Y(¢)

IR ()] < edﬂ(log(ﬁ)ﬂ), Vy20 (5.5)
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(i) For any > 0 and n > 0 such that p > 2(n + er diamA),

U Ay(¥) C By(9) (5.6)

1pGBp_2(q+¢r diamﬁ)ﬂ'(¢)

Proof: The proof of (5.4) relies on the following construction. Given n > 0 let W, be the
Cartesian lattice in R? with spacing 7. Fory € R? set W, ,(y) = Wyn{y' € R? | |[y'—y| < p}
and for ¢ € £([0,T]), V() = XToW,.n($(2:)). Next, for z = (xo,...,%n) € Vp,n(9), define

Apnq(z) = {‘»b’ € B, () X |9 (t:) — x| <, } (5.7)

Thus A, -(z) is the set of paths in B, ,(¢) which at time ¢; are within a distance 7 of the
lattice point z;. Obviously, the collection of all (not necessarily disjoint and possibly empty
sets) A, n.(z) form a covering of B, ,(¢):

B_P,1'(¢) = U Apniy (2) (5.8)

£EVp {4}

In each of those sets A, ,,{(z) that are non empty pick one element arbitrarily and label
it ¢¥z. Clearly ¥, € B,,(¢). Moreover for all ¥/ € A, (x), W' (t:) — ¥=(t:)| < 27 for
all i = 0,...,n, and hence 4, ,(z) C Ay(¥z). Putting these information together with
(5.8) and taking R, (@) = {¥z | T € Von(4)} yields (5.4). Finally (5.5) follows from the
bound [R5 ()] < [Vor(#)] < (max; [W, ,(¢(£:))])" together with the estimate | W, ,(y)| <

exp {d (log (f;) + 2) }, y € R?, whose (simple) proof can be found e.g. in [BGS).

We now prove (5.6). Set p = p — 2(n + er diamA). Let ¢ € Uyen, (4) A(). Then
¥ € A,(3) for some 3 € B; ,(¢). Hence,

max [9(t) — ¢(t)] < max (|9'(£) — $()] + |[&(2) — ¢(B)])

0St<T 0<t<T
< Jnax (1) — ()l + 7
<gax max ((t) =¥t + /() - )l + () - ¥ +2
S tig‘g{fﬂﬂﬂb'(ﬂ — P+ () - pE) + 20+ P
(5.9)
Thus, using that for ¢ € £([0,T}),
oré]fén tisr?saﬁ“ 9" () - ¥ (t:)] < Org%xn |t;+1 — ti] diamA < er diamA (5.10)

(5.9) entails ¢’ € Bjya(n+er diama)(®), proving (5.6). Lemma 5.1 is proven.$

Remark: Note that in general B, o(z) # B,(z). However, due to Lemma 3.1, it is true that

Pergo (Bo($)) = Pesgo (Bon(9)) (5.11)



30 Section 5

and the same holds true for the closed balls. Thus it will suffice to get upper and lower
bounds for the set B, ., for all ¥ > 0. Therefore the following Lemma will be a sufficient
starting point.

Lemma 5.1 allows us to control the probabilities in path space by the probabilities of some
discrete time observations of the chain. This is the content of the next lemma.

Lemma 5.2: With the notation of Lemma 5.1, the following holds for any 0 = {9 < t; <
o<ty =T, t; e R, neN.

(i) For any v > 0 and n > 0 such that p > 27,

108 Pegu Bar(#)) S s0p _ loE e (ma.x | X([5]) - ple [4])] < 20+ 2¢ diama)
€8,,+ Si=n

o ()

(i) For any v > 0, any 7 such that n > ediamA and p > 2(n + erdiamA), and any ¢ €
Bp—2(17+5‘r diamA),y (¢):

(5.12)

1og P, (B, () > log Pe,g, (012% | X([4]) — vle [2])] < 2n—2¢ diamA) (5.13)

Proof: We first prove assertion {i). Assume that n,p and v satisfy the conditions of Lemma
5.1, (i). Then, by (5.4),

ﬁe.qb.;(lgpnr(f;b))S|73,n.m(<f>)lemf’{ sup logﬁe,qso(An(d)))}

YER .y

(5.14)
< [Rpm(d)] exp { sup log Peso (A,,(?/}))}
$EB,,1(9)
Now
PooAn() =Py (s 1260 - wit)] < 20)
T (5.15)

<Poss (g XD - e [4])] < 21+ ¢ dinmar
where we used that, (for Z € £([0,T])),
12(2) = ()] 2 |Z(e [£]) ~ ple [D] = |2() - Z(e [¢D)] - Jw®) - (e [E])]
> |X([£]) ~ v(t)] - 2|t - € [£]| diamar (5.16)
> |X({4]) — ¥(t}| — 2¢ diamA

Inserting (5.5) and (5.15) in (5.14) gives (5.12). Similarly we derive assertion (ii) of Lemma 5.2
from assertion (ii) of Lemma 5.1, writing first that by (5.6), for any ¥ € Bp_a(n+er diama) v (9),

log P g0 (Bo(8)) > log Pe g (An(¥)) (5.17)
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and using next that, since Z € £([0,T)]), analogous to (5.16),
|Z(t) — ()] < 2 diamA + | X([£]) — w(e [¢])] (5.18)
so that
Pe.go (A (¥)) 2 Pee ( max [X([—t]) —ple[4])| < 2n - edlamA) (5.19)

This concludes the proof of Lemma 5.2. $

Remark: We could arrange to use Lemma 5.2 with ¢; that are multiples of € only, except
that ¢, = T has to be allowed to be what it wants to be. Thus we prefer to write the more
homogeneous form above.

In view of Lemma 5.2 the problem is reduced to estimating the probability that the chain
X(t) be pinned in a small neighbourhood of a prescribed point #(t;) at each time t;. As
explained earlier we will do this by comparing the chain in each time interval [t;_;,¢;) with
a random walk whose steps, on microscopic time scale, take value in A and are distributed
according to pe([ti—1/€],¥(ti-1),-)- Let Pex = (pe(k,z,¥))yer. zcr, denote the transition

matrix of the chain at time &k and, for £ > 1, let P(i’k""” = (P(';'k“)(m,y)) denote
. - y€le,z€el,

the matrix product

P+ = HP FH-1 (5.20)
Set k; = [%]. By the Markov property, for { > 0,

Pe,s0 (oxgaéx | X ([&]) —o()] < C)

= Y Teso@ k) Iero)-pioli<) I Lstkn-sieiscr P (@(ko), 2(k1)) ...

z(ko)eT. z(k )T,
Y Tjaem-viearicr Pornsy ™ (@(ka-1), 2(kn))
2(kn)€T,
(5.21)
The following lemma provides estimates for terms of the form e(i“"l = )(a;(k,_l),x(k ).

Lemma 5.8: Let § be any closed bounded subset of intA. Let &' be an open subset of S
and, for £ an integer, assume that the following condition is setisfied: for each £ > 1 and
€ > 0 small enough,

iélgr dist(z, 8°) > efdiamA (5.22)
For r > 0 set
glt,r) = e--(B + 9(S) diamA) + {(r + 2¢K(S)) (5.23)
with 8, 3(S) and K(S) as in Hypothesis 2.3. Then, for anyx € S’ and any z € &',
(k k+8) do(t,|z—z (0 (ek,z,
PUHO(a,y) 5 ekaltle=h S L. S H IR 2N (o5, smic)

5(1)€A  s(e-1)eAl=1
(5.24)
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. e kk+E
Proof: First note that if y is such that PE(’,c + )(:r y} =0 then B m1(ysy=5to2 s0m)ea) = =0
for all sequences (6(1),...,8(¢ —1)) € xfZ1A, and hence (5.24) holds true. Assume that y is
such that Pe(,i'kﬂ)(x,y) #0 and set z(k) =z, z(k+{) =y, and

8(0)=0

£-1
5.25)
6(8) = € Ya(k + 0) — z(k)) — Z &(m) (

m=1

(We slightly abuse the notation in that 6(0) and 8(¢) do not necessarily belong to A). By
(5.20),

PEAO k), 2(k + £))

£
= 3 o Y Jlpdk+i-1,ak+1-1),2(+1)

z{k+1)El z(k+£— I)EF I=1

Z Z Hpe (k +1-1,z(k) +e Z s(m), z(k) + ¢ E 5(m)) L sceyea}

s(1)ea  s(e-1)eal=1 m=0
(5.26)
Note that since .
esup | Z §(m)| € eldiamA (5.27)
m=1
it follows from (5.22) that
inf, dist(z, 5°) > esup| Z 5(m)j (5.28)

m=1

so that the chain starting at z(k) € &' at time k cannot reach the boundary of S by time k+£.
This in particular implies that for each x(k) € &', each sequence (6(1),...,8(£—1)) € xfZ1A,
andeachl=1,...,/ -1,

i
z(k)+e ) 6(m) € int.S C intA (5.29)

m=1

Thus by (2.1) and Hypothesis 2.2 (see e.g. (2.12}), each of the probabilities in the last line
of (5.26) is strictly positive. In addition, under our assumption on z, by (H0) of Hypothesis

2.3, f¥(ek.2.5) 5 0. We may thus write

PAMO@m),zk+0)= Y - > HR:'He’ Dkt ypeay  (5:30)

s)ea  se-Deal=1 1=1
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where

-1 !
R, =p. (k +1-1,z(k) +¢ Z §(m),z(k) + ¢ Z 6(m)) e"ﬁo)(""z"s(’)), vi=1,...,¢

m=0 m=1
(5.31)
Setting ¥’ =k +1—1 and o' = z(k) + EZ:;.—EO 5(m) and using (2.1) and (2.15), we have

llog Ry| =

folek', ', 6(1)) ~ £ ek, 2,80)| (5:32)

< e|fOek!, 2, 8)| + [fON ek, 2', 6) — F V) (ek, 2, 8(
l € € €

where by (H1) of Hypothesis 2.3,
Hypothesis 2.3,

£1)(ek',x',5(z))| < K(S) and by (H2) and (H3) of

TR, ', 6(1)) — £ ek, 2,50))|
O ek, o/, 5(1)) = £ ek, o', 6(D)| +
<edlk — k'| + 9(S)|z — 2|

O (ek, o', 6(1)) — fO(ek, z,6(1)) (5.33)

Thus
llog Ri| < €8l + 9(S) |(z(k) — 2) + €071 6(m)| + eK(S) (5.34)

and for 6(f) € A, we have
=1 (535)

£
log (H R;)
=1
< 01 4 e9(S) diamA LD 4 9(S)elz(k) — 2| + LK (S)

Inserting the bound (5.35) in (5.30) yields (5.24). This concludes the proof of the lemma. {

£
<3 (814 9(8) | @(k) - 2) + €Tt 8(m)| + ek (S))

5.2: Basic upper and lower large deviation estimates.

We define the following sets:
Apy(@)={z €A | € B, (9),3te[0,T] s.t. ¥(t) ==z} (5.36)
S,r(9) = cl({z € A| dist(x,A,,(¢)) <r}), r>0 (5.37)
Observe that for r <, §, () is a closed bounded subset of intA.

T(do) = o+ [—(T + eVd)diamA, (T + V/4d) diamA] ‘ (5.38)

(this definition has to do with the fact that the initial condition . 4, of the chain has support
in {z € T, | |z — ¢o| < evd}). Finally,

Sy2(¢o) = cl({z € A | dist (z, (T(¢o) N A)°) 2 7/2}) (5.39)



34 Section 5

The upper bound we will prove is analogous to that of [DEW].

Lemma 5.4: Let 0 =ty < t; < --+ < t, = €[L] be such that for all0 < i < n -1,
t,=¢ [3&] = ek;, k; € N. Assume that the conditions of Lemma 5.2, (i), are verified and set

€

¢ = 29 + 2¢ diamA. For any fized r > 0 assume that 7, € and 7 are such that
r > 20 + er diamA (5.40)
Then the following conclusions hold for any v in B, o(¢).

(i) If |¥(to) — do| < ¢+ eV/d then,

elog Pe g, (olélg-(xn |X (&) —9(t:)] < C_)

n (5.41)
< sup ) (— PRl (R = ‘if:;’:_f‘*"))
YV o [ (8 ) — (8] <C i=1
(i) If [¥(to) — do| > ¢ + evd then,
clog Pa ( pas 1X(4) — 98] < ) = —oc (5.42)

Proof: The proof starts from equation (5.21), replacing ¢ by {. We follow the procedure
used by Varadhan [Va] for the multidimensional Cramér theorem® and write

n
n 3 '
Tk —wieo<ey < . inf sup 32c=1(’h‘-$(k-‘)—¢ (t))
g {Ix( l) 1!9(:5)'_(} Al,.",AnERd V‘p;("l)'."",’,(!n)
ANA TR ERTEN 144

x H Lo —w(ta)i<E)

=0

= inf su 1 (ki) i

M, An ERE w'(u)....l.)w(nn) il:lt; {l=(ki}—p(e:)]<C}

il () -v (e s T

X e ?:1 ((E?:. )-\J) :(m(ki)"‘?)(ki—l)—‘!IJ'(fi)""IJ'(tg_l))) (5.43)
% e((z.?:l Xi)!m(ko)_d’(to))
S inf sup I 2(k)— ) -

A],...,AnERd (g )y ' (tn) g {I (k‘) 'f’(h)lSC}

AANS T ES JCHTEAS
% e2eimz (Aisz(ki)=z (ki D= (2" (8:)=9" (ti1))}

 ePra(kr)—2(ko)) = (M,9"(t1)—¥(to)+20—%(t0))

SThis allows us to avoid Wentzell’'s assumptions of boundedness of the derivatives of the Lagrangian
function £* with respect to the velocities.
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We now insert (5.43) into (5.21). Relaxing all constraints on the endpoints of summations
(this is reasonable since we already assume that )(t) remains in A) we obtain, using (5.26),

Pes o 1X(15D) - 90| < )

< D0 Teo (@) Lotk - pito)<E)
3(k0)erg

X in
A1,y An €RY Gre)), 9 (tn)

Vo197 (1) () € V=2

™
sup H (e_(Aia\b’(t")_d’,(ti—l))
£
X sup H efe(t.'-1+t—1.z(k<_1 Y+e Tho) 8(k),6(D) e("‘"“(’)))
2(k)ET lalki=1)=$(t:-2)ISC (1), - 6(e0) 121

¢

x| e~ (A1 (t1)—2(ko)) Z 1‘1 . fe(toHi—1,z(ko)+e T, 8(k),6(1)) plerr,6(1))
5(1),...,6(8 ) I=1

(5.44)

where ¢; = k; ;1 — k;. Taking into account the constraints on the suprema over the z(k;} and

the ¥(t;), we see that all terms z(k;) + ¢ Ef;_ll 8(k) appearing satisfy |z(k;) + ¢ S 6(k) -
P(t;)] < 2¢ + er diamA. Therefore, for r > 2¢ + er diamA,

sup efe(ticate(t=1),z(kio1 e )7 6(k).6(1D) o(eXi,8(1))
(ke )ET e |o(hi1) =9 (ti-a NS 5y

< sup sup 3 eIl SO eds)
t‘:lt‘—ti_:llsr u:|u—1b(ti_1)|$r 5(1)

(5.45)

to bound all the summations over the §(I) successively. This leads with the above notation
to the bound

Pe.d‘!o (Olélza‘s}% |X(£EL) - ¢(tz)| < C)

< Y Teso(@ko) L (ja(re)-vitoll<?)
(ko )€T. {5.46)

7

in sup e~ (A (80— (4o 1))+ 4LV (Gim1 9 (-1 )oeX0)
Mo An€RY pie)), L9l (ta)

vilw (4) -t €8

x e—(-\1 (1) =z (ko) )+ £{7 (Lo ¥ (t0),eM1)

X

i=2

Using that for | — ¢'| < (, SUP,,.ju—y|<r Le(ts Uy ¥) < SUDy|yyr|<rtd L.(t,u,v), we can

replace ¥(¢;—1) by ¥’(¢;-1) in the second argument of £ at the expense of increasing r by {
(which will lead to the condition 7 > 2¢ + 7 diamA). The argument in the inf sup is convex
in the variables A; and concave (since linear) in the 9'(#;) and verifies the assumptions of the
minimax theorem (see [Ro], Section 37 Corollary 37.3.1.) so that we may interchange the
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order in which they are taken. Thus we obtain

Peso (o‘?&"nlx (4) - wlta)] < C_) < D Teso(@ kN (fatro)-vita)i<d)
=T :(kD)Ers

n (5.47)
X sup exp (—6—1 St — i) Ll (ti—l, Y (ti-1), ﬂﬂt—_’—l))

ti—ti—
(g 0 (En) T

Vil (25— (e €€ =1

The first factor in the last line is always less than one which implies (i) and is zero if |¥(to) —
#(0)] > ¢ + ev/d. This implies (ii).¢

We now turn to the lower bound. Recall from (4.7) that ¢, _, wt._1)(*) = Le(ti-1,¥(Ein1), - )-

Lemma 5.5: The nototion is the same as in Lemma 5.4. Assume that the conditions of
Lemma 5.8, (%), are verified and set { = 27 — 2ediamA. Define the set

t—t*

£°((0,7)) = { € £(l0,T)) | LU= € ri(convar) vt € [0,T), V4" € [0,7], ¢ # t’} (5.48)

Then, for any ¥ in
Bp—2(ﬂ+€1’ diamA),-y(‘»t’) n EO(IO:T]) (5-49)

there exist positive constants co = co{%¥) < oo such that, if 9, €, and 7 are such that
1> (¢ +erdiamA and V2eT diamA + evd < ¢, (5.50)
the following holds:
elog Pe ¢, (orél?;é, | X (%) — (k)] < C)

™

=3t = te1)E (ot Pltimr), LI Y — Q(5,02(8),C,c0) i [9(to) — ol < eV

ti=ti—y
z i=1

—00 otherwise
(5.51)

where

Q(S,¢, o) = 3n(er)*(8 +9(S) diamA) + 3T (¢ + 26K (S)) + 4n{co + €log(8d” +4) (5.52)
Proof: Obviously, for any ¢ £ ¢,

P (23 IX(8) - 900] £€) 2 Pege (I -0l <0) 659

As will turn out, the generic term for which we shall want a lower bound is of the form:

n
—_ ki—1,k
T = Legreo)-vtontised D [ Miteto-veoransisarPormy - (@(ki-1), (ki)
2(k:)€T, 3=i
(5.54)
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where, for each j =1,...,n, a; ; € R? is independent of {z(k;)}i<;j<n. We shall however only
treat the term
kio1.ki
T = Lpateion)-wiiisel 2 Tiatko-sinraigarPory  @(kic)2(k) - (5.55)
z(k‘-)eP(

for a € R? an arbitrary constant, the extension of the resulting bound to 7”; being straightfor-
ward. Naturally our bound on 7; will be derived by means of Lemma 5.3. Let G denote the set
(5.49). Since 4 belongs to G it belongs in particular to B,_j(;)4er diama),y @nd hence to B—p,.,.
Thus, under the assumptions (5.50), we may apply Lemma 5.3 with £ =7,85=38,,, /2(9),
&' =8, (¢), and, in each time interval (k;_1, k;}, choose z = 4(¢;—1) in (5.24).

Following the classical pattern of Cramer’s type techniques, the lower bound will come
from ‘centering the variables’ (i.e. introducing a Radon-Nikodym factor). For a given ¢ € G

let AF = A} (ﬂt—‘ﬂ";‘l), 1 < i < n, be defined through:

ti—tio1

(e/\f, ﬂt—;:uf’_t;‘—‘)) = Le(tio1, Y1), €4]) = L (ts-h P(tim1), ﬂ%}:—;‘:‘_ﬂ—"—’) (5.56)
Obviously the conditions in (5.50) imply that ¥(¢;) € int(int;A) for all 1 < ¢ < n. The
point is that from this, Corollary 4.10, and the equivalence (i¢) < (iv) of Lemma 4.7 we can
conclude that there exists a positive constant ¢y = ¢o(1) < oo such that:

112% |AT] < co (5.57)
We then rewrite 7; as
T =T\ T (5.58)

where

T )= : ki—1,k
Tin = Ujo(rin )= w(tio1)|<0) Z AT z(k:) 1i!’(f--))j:)e(,k_,_‘l D(w(kio1), 2(k:)) (5.59)
:c(k.)el".

Ti2 = Ljothiy)-w(tior)l<e}

be i )— ki ,k.‘
(AT iz (ki) 1!4(:«))P€(’k‘_11 )(m(ki_l),a:(k,-))11{|(,,-(k,.)_¢(¢,.))+a|59} o~ AT 2k = (2:))

X
» Y R kiy1,k;
2(ke)eTs Zz(k.-)en ReMEILY) 1;\’!(&))}::(":‘_11 )(E(ki—l),x(ki))

(5.60)
We first prove a lower bound for the term

T3 =M |ohi o1 )—w(tim1)I <o}

X Y Aa)-vealsa e EIIEPLR ok, 0), a(k)) (56
x(ki)ert
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Setting £; = k; — k;—1 and using (5.24),

Tig e~ talaio)vtOD L0 0 v ica
1 (k) —v(t:
X Z ]I{|(-'v(ka)—xb(t.—))+a|sg}e()“ (ki)—¥(t:))

z(k;)eT,
O} (t;m1,9(ti—1),5(1))
* Z . Z Hef (b1 )8 g, )EA}][{x(k.)_x(k‘ )= TH; 6m)}
s(l)eA  &(E—1eal=1 (5.52)
5.62

We have,
A:, ki)—(t;
11{|z(ki-1)—wb(t.--l)ISe}ﬂ{m(ki)_m(ki_l)mgg:l.s(m)}e( HE=vt)
—elAl (Al TH L 8(m))=(AT (k) —v(tie
>]I{|,,(k‘ )= (i 1);<Q}I[{x(k‘)_z(k‘ !)_Ezm_lﬁ(m)}e elAT [+ (er] =y 6(m))—( (t:)—¥(ti-1))
(5.63)

Consequently,

Tip 2e” 900N 0 mwtoniged

£
x Sy He(eA:.6(!))ef£°’(ts_1,w(t.-_l),su)) (5.64)

S(DEA  (tHEAl=1
X ]I{|e>:f,i=1 §(m )= ($(t)=(tim1 +(@(ki1)—${ti-1 )+a|<e}
The same arguments applied to 7;,) give

Tin Ze—q“i’g)_gl)‘i I]I{lx(ki-l)"#’(fi—l)lﬁe}
£
xe“("-’ﬂ”(‘f)—'»"(‘i—l))l_[ Z LM B(1) £ (tim1 ¥ (2i-1),6(1))

I=148(€eA
- Sttl—'p!t‘ 1 L: t t Am
* Ad e\ bi—-1, i—1)y €A}
=e_qu"’e)_ep‘ll[{!m(ka_l)—w(ti_l)|gg}6 {( ti—ti1 ) (ti—1, ¥(tiz1) )}
(5.65)

and, by definition of AJ,

ti—ti—1

—gq(£i0)—e|A] —e Hti—t )[’* t'—law(ti—l)r $lta)-¥ltia)
Tia2e Sy QlAiIn{ix(ki-l)—tf’(te-lﬂﬁg}e Ve ( ' )
(5.66)

which is precisely the form of the bound we need.
We now turn to the term 7; 5 and first write
e-9|'\.7|

Ti2 2Wgja(hins)—(ti-1)I<e}
2 (koer, €70 "b(t'))P(k"l’k Naw(kiz1), (k) Ltk )—p(ea))+al<e}

Sackorer, €OTEISEN PGE gk, _y), 2(ks)

(5.67)




Sample path LDP 39

(5.64) allows to bound the numerator in (5.67) from above. Virtually the same arguments
allow to bound the denominator from above:

z e(A;'x(k‘)_¢(t‘))Pf’,;c‘i:ll’ki)(aﬁ(ki_]_),w(ki))
z{ki)el,
& (5.68)
< elea+e T 3 (AT SO (tim1 9 (ti-1),8(1)

i=14(l)eA
Combining these yields

T 2~ (203X 0 <)

(eAT BD)HFE (tim1 (t-1),5(1))

£
x > 20 11 ; Oy (5.69)
G(I)EA 6(2.‘)6& I=1 EE(I)EQ e(e“\i ,5(!))4—)’, (tt—l !'b(t\—l)“s(l))

X Desti, sm)- i)t )+ (ki) 9t +a| <o}

At this point (5.69) may be recast in the following form: let {Xm,};<n<e, P€ @ family of
ii.d. r.v.’s taking values in A with law, v;, defined through (see (4.3)) -

5 a 5 A )+ (tim1 $(ti-1),6) v e A
Vi( ) = eyti—lﬁb(ti—l)( )= ZEEA e(CA;,6)+f‘(o)(ti—1,¢(ti_l),5)’ € (5'70)

Set,
Xom i = Xomyi — =2zt (5.71)
£;
Si = Z Ym,i (572)
m=1

and let Ey,, ) denote the expectation w.r.t. {Xm,:}. Then (5.69) reads,

T 2e e bt Bl Liesit(e(hio)—witio)+al<ey  (5-73)
Collecting (5.58), (5.66) and (5.73) we thus obtain

ei—e= Vi —t; * 1. . Plta)—b(ti—1)
'I;: >e si—e Mt t.—1)£¢ (t1—1:¢(t1—1)a ti—tiq ) (574)

X Mg jairimn )= iticr )1 <o} Efws (e 4 (@lhic1)—9(tim1))+al <o}

where
& = 3q(6:, 0) + 407} (5.75)

We are now in a position to deal with the r.h.s. of (5.21). Applying (5.74) to T, gives rise to
a term of the form 77,1 (see definition (5.54)) with a,_1,-1 =0 and @,_1» = €S,. The
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second iteration step thus yields

kpn—o,kEn—
]I{lt(kn—z)—#’(tn_:)lﬁe} Z: ]I{|£(kn—1)'—'1’(tn—1)ISQ}Pc(,kn_zz l)(-"B('Icv?.--&):5""("7“—1))
z(kn-1)€ET,
kn—1,k

X Z ﬂ{lz(kn)-w(tnnsgpf,k,, X (2 (kn-1), 2(kn))
xz(kn)eT,

>e—(<n+cn-x)—€" o (ti—ti-1) L} (ti—-l: P(ti-1), LICHICEY)

i=n=1 ti—ti—1

)n{|3(kn-z)—¢(tn—2)|59}
X B3 X {(eSnos 4@ kn2)=$(tnm2 D SoHE{vn Y T[S m 1 450 )+ (2 (kn-2)—¥(tn-2))| <0}

(5.76)
and gradually, setting

0 ifj=1
i = 5.77
ai; {e(Sj+1+"'+Sn) ifi+1<jij<n ( )

in (5.54) at step ¢, we obtain,

Pes g 1K) - vt < o)

0<isn

> e—%é—%2?=1(ti“ti-l)£: (ti—lﬂb(ti-—l)a ? t;?:f:(_t;-l )

X > e (@(k0))L{jz(ko)-w(to)I<e} (5.78)
2(to)EP¢

X By 1 L{1es; + (2 ko)~ w0 <o} - - - Blvn FL{le(S1 4+ 8n)+(z (ko) (to)) < 0}

-t T -t L (t,-_l,qp(t,-_l), B(td—vltion) "‘-1))

ti—ti—1

=Re

where

Q=e zn:q (5.79)

i=1
R= D Tego(@(ho)Lijatko)-witolice) B} Lte(si+-+5u) +(alho) (i} (5:80)
-‘E(to)Ere

and E(,) denotes the expectation w.r.t. the joint law of {S;}1<icn- We are left to estimate
R. Assume that ¢ > ev/d. Then

R2 Z ﬂ€’¢°(x(ko))]I{!x(ko)-’&b(fl)Nﬁf\/a}]E{”}][{I.S'1+-"+Sn|$e"(e—e\/¢_i)}
’—‘(to)ere

— 1
= (=€l |lz—dol<eVa}| Z L e tro)-(to)lcevay Edv) ]I{Isl+v--+sn|5e-‘(e—e\/3)}
z(to):|x(ko)—do|Levd

1
2 4d¥ 41 H{Iw(ko)-¢(fo)lse\/3}E{V} I[{IS1+---+S,.ISe"1(g—eﬂ)}
(5.81)
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for any (ko) € {z € T | |z — ¢o| < eV/d}. Since

U {y e R ||y —a(ko)| < eVd} D {y € R | |y — ¢o| < &Vd}  (5.82)
2(ko)E{z€T ||z~ do|Sevd}
then .
B L{js, 4t alge-t(emev) 1 [P(t0) — S0l < €Vd
R > (5.83)
0 otherwise

and it remains to estimate the expectation. But this is immediate once observed that, re-
calling (5.56) and combining Lemma 4.4, (iii), together with the equivalence (i) « (ii1) of
Lemma 4.7 we have, for all 1 <m < {;,

Ey, Xmi = Vetiy p(tes)(0)lumery = HIl=t) (5.84)
and
]EV.' Ym,z' =0
2 (5.85)
IEV.' IXmﬂ',I = AQé,ti_l,if)(ti_])(U)|1J'=€A:
Defining
ol = (ﬂ({gb(ﬁ)}, (M)} = Tfél{a&xn A(Ds,t;_1.¢(t;-1)(v)|"-’=€)\: (5.86)
Moreover,
o? < T(diamA)? (5.87)

Hence, by independence and Chebyshev’s inequality

B ]I{|s,+---+s,,|ge-1(g-e\/z)} =1-Epy ]I{|S1+---+S,.|>c‘1(9—e\ﬂi_)}
2
>1- (do—eV/d)™) Egy(S1+--+50)°

2 7
21- (E(g B E\/E)—l) ZE"A(I’e,t.-q,¢(ti-1)(v)|v=eA;
= (5.88)

>1—c¢ (g - eﬂ) - 2({v(t)}, (A

-2
> 1 — eT(diamA)? (Q — e\/c_i)
1

-2

whenever p > v2¢T diamA + ev/d. For such a p, inserting (5.88) in (5.83) and combining
with (5.78) proves Lemma 5.5 since @ < Q (8, /2(¢), ¢, maxi<i<n |€A}]) and since by (5.57),

sup Q (Sp,wz(qﬁ),c ) Bax Ifx\,’r'l) < Q(S,4/2(4),¢, c0) (5.89)
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(see definitions (5.1), (5.23), and (5.57) as well as (5.75) and (5.79) for the first of the last
two inequalities). ¢

5.3: Proof of Proposition 3.2 (concluded);

To conclude the proofs of the upper and lower bounds, we need the following two lemmata
that will permit to replace the sums over ¢; by integrals.

Lemma 5.6: Recall that D = convA and define the sets

k(o 7)) = {w € W((0,T)) | () € D, for Lebesque a.e. t € [o,T]}

. (5.90)

Ke(lo, 7)) = {'z/} e W([o,T]) l ¢(t) € riD, for Lebesgue a.e. t € [O,T]}

With £([0,T)) and £°([0,T)) defined respectively tn (3.1} and (5.48) we have:
K([o,T]) = £([0,T]) (5.91)

K2([0,T7) € €°([0,T1)

Proof: The proof is elementary. Recall that by assumption D is a bounded closed and
convex subset of R?. For any bounded convex subset A in R? and any ¢ € C([0,T]) consider
the following three conditions:

(i) ¥ € L1(0,T]) and 4(t) € A for Lebesgue a.e. t € [0,T].
(i§) ¥ € LX([0,T)) and & [} dsi(s) € AVt € [0,T], Vt' € [0,T}, t # ¢'.

(i15) YO=¥E) ¢ 4 vt e[0,T), V¢ € [0,T}, t # ¢'.

-t

Then the following conclusions hold:

(i) If A= D orif A = 1i D then (i) & (iii)
(v) If A= D orif A= riD then (i) = (i)
(vi) If A= D then (it) < (i)

We first prove (¢v): that (i3) = (4i7) is immediate whereas since A is bounded ¥ is Lipshitz
and, in particular, absolutely continuous, yielding (iit) = (#). Whenever A is a closed or
opened set, the implication (i) = (i) results from it’s convexity and the integrability of ¥
this proves (v). If in addition A is closed then, by a standard result of real analysis, (i) = (%)
(see e.g. [Ru], Theorem 1.40); this together with (v) yields (vi). Now (iv) together with (v7)
jmplies the first relation in (5.91) while (iv) together with (v) implies the second. The proof
is done.$

Lemma 5.7: Let S be any closed bounded subset of int(int.A), and let t;,i=1,...,n be
as in Lemma 5.4.
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(i) If ¥ is in
{weeqom|we) es, e} (5.92)
then, for each eo > 0 there corresponds £1 > 0 such that if eT <ey,

n T .
St — tan)2 (tios, Bltinn), Lidmillm)) [o ALy (¢, (0), 9(2)

=1

(5.93)
<eoT + (8 + 9(S) diamﬁ.)ng%Lz
(i) Let t;, i = 0,...,n, n,  and r be given as in Lemma 5.4. Assume that ¥'(t;) € B¢ are

such that
[ (£:) — ' (fiza)| < |8 — ti}C, Vi=1,...,n (5.94)

for some constant 0 < C' < o0 and
dist (3'(t:),A) < ¢ (5.95)

Let P(t), t € [0,T) be the linear interpolation of the points ¥'(t:). Then, for each eg > 0
there exists €, > 0 (depending on v and C) such that, if er < £,

hid ' T +
3ot — )Ll (ti—-hw'(ti-ﬂ, ﬂt}?%;(‘:_‘__l)) - j{: dLO* (8,9 (), 9 (8)) 2 —3e0T
=1
(5.96)

Proof: We first prove (i). Recall that Q:,te_1,¢(te_1)(') = L2t;-1,¥(tic1),’) and 7 =
maXogi<n € *|tip1 — ti] as defined in (4.7) and (5.1). Let us write:

(& — ti1)C (ti-mb(t,-_l), 'P(ts)—d’gti-a))

- :i dsL2(s,%(5), 9(s))
+ ['/:-‘: ds (q):,ti-l.'l’(ti—l) (ﬁ? t?-1 ds'q'b(s')) ~ Tetp-) (11)(8)))] (5.97)
+ { [ as (€2 (o vt 09) — £ (s,w(s)’%b(s)))}

=fti dsL2(s,%(s), ¥(s)) + L]+ { i}

i=1

where the last line defines the terms I; and J;. In order to bound J; we use the decomposition
£7 (81,9 (ti2), 9(9)) = £ (5, 9051, ()

= [z (im0, $(ti-1),$6)) = £2 (90820, 606) )] (5.98)
ez (s 9(ti-2), 99)) = £7 (5,9(),9(9))
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and, applying Lemma 4.9, obtain

£2 (o, 9t 1),9(5)) = £7 (5,9(5), 9(5) )| <6l — tia] + 0l0(s) = ¥(ti1)]
<(6 + 9 diamA}|s — £;_4|

(5.99)

where 9 = ¥(S). Thus,
ti
1| € (8+9diamA) [ ds|s—t;_y| = (0+9 diamA) E=t=1 < (649 diamA) &2 (5.100)
ti—1
We now bound I;. By Lemma 4.6, (i), ‘I):.te_;.wb(t;_z) is convex and lower semi-continuous.
Convexity implies I; < 0. For an upper bound note first that by Lebesgue’s Theorem: to
each €5 > 0 there corresponds £, > 0 such that, for Lebesgue almost every s € [t/, ],

i
f ds'i(s") — ()| < ealt’ — 1] (5.101)
tl

for all [t',t] C [0,T] verifying s € {t/,#] and |t — #/| < £,7. Next, by definition of lower semi-
continuity, for any z € R? we have: to each g¢ > 0 there corresponds ez > 0 such that if
|z — y| < ez, then @7, 1,¢(t.-_1)($) = @7, 1wt —€o. Thus, for each g0 > 0, if € is
sufficiently small so that e < £; we have, on the Lebesgue set of ¢:

* t ; * ;
Pt p(tion) (:.-—1.-_1 e ds’¢(s’)) 2 Qb1 (tica) (¢(3)) = o (5.102)

and
I > —(ti — ti-1)eo (5.103)

Inserting our bounds on I; and J; in (5.97) and adding up yields

ti—ti-1

Z(ti —t-1)Le (ti-h'lll(ti-l), ﬂt)—_w-(‘h;’)) - foe[T] L, p(t), ¥(t))

(5.104)

i=1

<eoT + (6 + 9(S) diamA)n -

But ] J. T?] dtLe(t, (), 1[1(t))i < econst(S) so that (5.93) obtains upon minor modification of
£0-

To prove (ii) we note that since '&; is linear between the points £;, in the analogue of (5.97)
the term corresponding to [I;] is absent, i.e. we have

(: — tig LU (ti-hd}'(ti-l), L )

ti—ti-1

[ dsL{ (s, B(s), B(s)) (5.105)

+ /t t_ ds (£ (tiﬂl,J(t;_l),i.bv(s)) - 22 (5,9(),9(9))

Tthe set of s’s for which (5.99) holds is usually called the Lebesgue set of v.
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To bound the second term in (5.105) we use the same decomposition as in (5.98). However,
instead of the Lipshitz bounds (5.99) we use the lower semi-continuity property of o

(see Lemma 4.12) together with the fact that ¥ is Lipshitz by (5.94), it follows from the
decomposition (5.98) that: for each o there corresponds €7 > 0 such that if er < £},

e (ti—ly"»b(ti—l)ﬂi’(s)) — (s,zﬂ(s),zﬁ(s)) > —2¢ (5.106)
The lemma is proven. {

Proof of the lower bound (3.5): : Given any v > 0 we may choose { and 7 depending on
¢ in such a way that firstly, both ¢ | 0 and et | O as ¢ | 0 (hence 7 | 0 as € | 0), and secondly,
that the conditions (5.50) of Lemma 5.5 as well as those of Lemma 5.2, (ii), are satisfied. It
then easily follows from the first relation of Lemma 5.6 that

U U Bo-2(ter diamayr($) = Bo(4) N D°((0, T1) (5.107)

¥>0e>0
Setting _
g = BP(¢') N Do([O:T]) n 60([0,2«])

(5.108)
G = B,(¢) nD°([0, 7)) n K°([0, T)

and using now the second relation of Lemma 5.6, we moreover have G C G. Let ¢ be
any path in G. Then obviously, 3yp > 0 st. V0 < v < 7 30 < €0 8.t. Ve < €, ¥ €
B, g(nter diama),y(#) NE°([0,T]). Thus, given ¥ < 7o and € < ¢ we may combine the bound
(5.51) of Lemma 5.5 and Lemma 5.7, (i), to write, under the assumptions of Lemma 5.7, (i),
and choosing & = 8, ,/2(¢) therein,

T - P -
EIOgPG,QSo (U%I‘ag% |X(%) - Tp(tz)l S C) 2 —/0. dtﬁ:(t:¢(t))¢(t)) - Q (EOaSp,7/2(¢)$ C)CO)

(5.109)
where

Q (20, 87/2(8):¢,00) = Q (Sp0/2(9), ¢, €0) + 0T + (0 +9(S, 1/2(9)) dia-mﬂ)ng%ﬁ (5.110)
Making use of Lemma 5.2, (ii), (5.109) entails

r— T . - =
ElOgPe'%(BP((ﬁ)) 2 "[) dtf':(t1 TP(t), "»b(t)) - Q (EO:Sp,'r/2(¢)) Cv CO) (5'111)

The next step consists in taking the limit as € | 0. This will be done with the help of the
following two observations. On the one hand, by Lemma 4.5, L} is positive and bounded on
Rt x int.A x (convA). Since, for all ¢ sufficiently small, () is contained forall0 < ¢t < T'in
a compact subset of int(int,A), we have, by Lemma 4.9 (v) that L:(t,'c/;(t),ql}(t)) converges
uniformly in ¢ € [0,T]. Hence, (for each 0 <y < 7) ,

T . T . T .
tiy [ a0, 9000 = [ aelim 26 90,900 = [ @ @vw,i0) 612
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On the other hand, for any ¢ € G and any v < 7o, ¢ = a1(¥) < oo and ¥(S,,4/2(¢)) < 0.

Thus, given our choice of the parameters ¢ and 7, Q (eo, 0.1/2($), € ,co) converges to zero
when taking the limit € | 0 first and the limit 9 | 0 next.

Combining the previous two observations and passing to the limit ¢ | 0 in (5.111) we
obtain that

T
- ]0 dEL* (8, (1), 9())  if Y(to) = do

liminf ¢ log Pe.so(Bo(8)) > (5.113)
—00 otherwise
and since this is true for any 9 € g,
S~ T -
limipf clog Pon (B,(#) 2 — it [ dtL(6,9(0,5(0)
e—0 ¢(1fe)g:¢ 0
0)=%0
r ‘ (5.114)
>—- i y
2= gt [ e, ve)
¥(to)=%0

where we used that G C G in the last line and where the infimum is +oo vacuously. But by
Lemma 4.15, taking F = B,(¢) N D°([0,T]) therein,

T -
it f a6, 900, 9 = jnf, /U GL P, 9()  (5.115)

(*o) 4’0 P(to)=do
and so
lim inf € log P. 4. (B > - dtL*(t, ¥(t), ¥ (¢ 5.116
P B 2y B [ acwsndey e
to)=%0

The lower bound is proven. {

Proof of the upper bound (3.4): To prove the upper bound we first combine Lemmata
5.2 and 5.4. to get (with the notation of Lemma 5.4)

elog Pe 4, (Bo(9))
< - inf inf Z(t _ ta-—l)ﬁ(r)* ( - 1,,¢ (tz—l), gte!—d»‘!t.-_x))

VeBpoer POVl - B(e)|SE S Htio
[#(tg)— ol <{+ev/d

(5.117)
Next we want to use Lemma 5.7 (ii) to replace sum in the right hand side by an integral.
Before doing this, we observe, however, that the second infimum in (5.117) will always be

realized for +'(;)’s for which 9’—&;_:%:"—‘) € D (otherwise the infimum takes the value
+00). Thus not only can we use Lemma 5.7 (ii) with C = diamA, but we actually have that
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VeE ([0, T)). Therefore we may first use (5.96) and then replace the infimum over the values
¥(t;) by an infimum over functions ¥(t) € £([0,T]) that are piecewise linear (p.l.) between
the times ¢; , i.e. if er < £y,

¢log ﬁe,éo (Bp((b))
T ~ A
<- inf inf f atLir (t,¢(t),¢(¢)) — 3eoT (5.118)
0

- VEB, 0(#): F(EE(0,TI)p 1.
(o)~ dol SC+evE W 1800} —9(2)1SE
Finally (using convexity arguments), the two infima can be combined to a single infimum
over a slightly enlarged set:

—~ - T i
elog Pe g, (Bo(9)) < — fo > (t,u:(t),w(t)) =30T (5119

in
PE Bp-’-f(?):
l¥(tp)—#pl<l+evd
Vt€[0,T), dist(P(t),A)<(

To conclude the proof of the upper bound what is left to do is to pass to the limits € | 0,
g0 1 0,and r | 0in (5.119). Note that by Lemma 4.12, for all » > 0, the function i (t,u,v*)
is uniformly bounded for all ¢t € R*,v* € D, and u such that dist{u,A) < r/2. Moreover, on
the same set it converges uniformly to £{*(t,u,v*). Thus we can use that

’ {r) j T ) ;
i dt L\ > i dtLc'\*
i, [ (o) > e [ (590,90)
[#(to)—dolS{+evd (o) —dolS{+evd
YLE[O,T], dist(w(L),A)<E YiLE[Q,T], dint(¥(1),A)<E
T

- s [Ca[etr (Lew.em) - £ (L. 9o)]

veB,  s(on 0

14 (tg)—dgl<i+<Vd
veE[0,T], dist(¢(t),A)<{

(5.120)
But
T
dt | £0* (8,98, 9(1) ) = L (¢, 9(t), ¥(t
N ]0 [0 (wi),90) (v, 9®))
[¥(tg)—dp|<i+evd
v1E(0,T], dist(#(2),A)<E (5.121)
fT O (4,00, 90) - £ (190, 90))
< dt | L (¢, ) =L\ |, )
- "'Eﬂfilzg(¢)= 0 t[ )

V(0 T (P Ar< /2
By Lemma 4.13 and dominated convergence, the last integral in {5.121) converges to zero as
¢ | 0 uniformly for any ¢ € B,4,/2(¢), and so (5.121) converges to zero. Recall from the
proof of the lower bound that 5 and 7 were chosen such that bother |0 andn [ Oase | 0.
Hence ¢ | 0 as ¢ | 0. Taking the limit ¢ | 0 first and ¢ { 0 in (5.119) yields that, for any
r >0,

veB(e)
¥{tg)=+¢p
vee[o, T, (t)ea

P~ p— T -
limsupelog P, g, (Bo(4)) < —  inf f L (t, b(t), ¢(t)) (5.122)
€l 1]
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Finally we must pass to the limit as r | 0. Here the argument is identical to the one given in
[DEW]. It basically relies on Theorem 3.3 in [WF] which states that if Z is a rate function
with compact level sets K(s) = {# : Z(¥) < s}, than an upper bound of the form (5.122)
with rate function 7 is equivalent to the statement that for any ¢,¢’ > 0, there is ¢g > 0 such
that for all € < €y,

P go (dist(1, K (s)) < e+ (=) (5.123)

Therefore, it is enough to show that with K(M(y) = foT dtLr)* (t,zp(t),@b(t)), and K(¢) =
for dtl* (t,'qb(t),':,iv(t)), for any s,¢,¢ > 0, there exists r > 0 such that
KM (s —¢) C {¢: dist(¥,K(s)) < '} (5.124)

which is established in Proposition 2.10 of [DEW]. This gives the upper bound of Proposition
3.2.0
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