A weak convergence approach to large deviations for stochastic
approximations

Henrik Hult, Adam Lindhe, Pierre Nyquist, Guo-Jhen Wu

September 21, 2023

Abstract

Large deviations for stochastic approximations is a well-studied field that yields conver-
gence properties for many useful algorithms in statistics, machine learning and statistical
physics. In this article, we prove, under certain assumptions, a large deviation principle for
a stochastic approximation with state-dependent Markovian noise and with decreasing step
size. Common algorithms that satisfy these conditions include stochastic gradient descent,
persistent contrastive divergence and the Wang-Landau algorithm. The proof is based on
the weak convergence approach to the theory of large deviations and uses a representation
formula to rewrite the problem into a stochastic control problem. The resulting rate function
is an action potential over a local rate function that is the Fenchel-Legendre transform of a
limiting Hamiltonian.

1 Introduction

Stochastic approximations with state-dependent noise provide a rich and useful family of stochas-
tic recursive algorithms. It includes many popular learning algorithms in statistics, machine
learning, and statistical physics. Examples include stochastic gradient descent, persistent con-
trastive divergence, reinforcement learning, adaptive Markov Chain Monte-Carlo and extended
ensemble algorithms. The theory of stochastic approximations originates from the work of Rob-
bins and Monro in the 1950s, see [18| and Kiefer-Wolfowitz[15], and has been thoroughly devel-
oped ever since. Monographs covering many of the fundamental results of the theory include
2, 7, 16].

The basic stochastic approximation algorithm with state-dependent noise considers a stochas-
tic process { Xy }ren on a probability space (€2, F, P), with an associated noise sequence {Y% }xen-
The process { X }ren is assumed to satisfy the recursion,

Xit1 = Xk + €19(Xp, Yit1), k>0,

where Xg = 29 € R", Yy = yp € R%, g: R% x R — R%  and {e;} is a sequence of step-sizes.
The noise sequence {Y%}ren is state-dependent in such a way that

P(Yii1 € AlXy, Yi) = px, (Yi, 4), A € B(R™),

with pz(y, ) being a probability measure on the Borel sets of R%, for any z € R® and y € R%.
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In this paper, we study the behaviour of the algorithm close to a point of convergence. The
ODE method is a well-established method for studying convergence of stochastic approximations,
which states that, for large k, the stochastic approximation essentially follows a limit ODE. The
ODE method can be briefly explained as follows. By assuming that, for each € R% the
transition kernel admits a unique invariant distribution 7, we may rewrite the recursion as

X1 — X _ _
— . - 9(Xk) + [9(Xk, Yey1) — 9(Xi)],
where g(z) = [ g(z,y)m;(dy). Under appropriate conditions for small 4, and large k, the effect
of the noise g(Xg, Yr+1) — g(Xg) will be small and the algorithm will approximately follow the
solution to the limit ODE

(t) = g(x(t)).

Consequently, points of convergence for the stochastic approximation may be described as the
forward limit set of the limit ODE. Due to the inherent randomness of the stochastic approx-
imation algorithm, it may, with a small probability, deviate from a neighbourhood of a point
of convergence. Large deviations theory provides insights into the rate at which the algorithm
deviates from such a neighbourhood and characterizes the most likely trajectories along which
such deviations occur.

In popular language, we may say that as the stochastic approximation algorithm approaches
a point of convergence it is learning, while as it starts to deviate from a point of convergence it
is forgetting. The large deviations principle characterizes the rate at which the algorithm forgets
and how the forgetting occurs.

A simple and useful method to exclude the possibility of divergence of a stochastic approx-
imation algorithm, is to project the updates on a compact set C, by considering the projected
recursion

Xk+1 = projc [Xk + 5k9(Xk7Yk+1)] ) k>0,

with proj- denoting the projection onto C'. However, in this paper we primarily study the
behaviour of the algorithm close to a point of convergence and will therefore not be concerned
with projected algorithms.

The existing literature on large deviations for stochastic approximations studies, on the one
hand, the setting with fixed step size, where € = ¢ > 0, does not depend on k, and on the other
hand the setting of decreasing step size, where ¢, — 0 as k — oo. For fixed step size the theory
was first developed by Freidlin, see [12, 13|, for dynamical systems in continuous time with noise
that does not depend on the state. The results were generalized by Iscoe, Ney and Nummelin,
see [14], who consider Markov-additive processes in continuous and discrete time. The most
general results are obtained by Dupuis, see [8], for discrete time systems by providing results for
state-dependent noise. The results rely on the existence of an appropriate limiting Hamiltonian
and the rate function is given by an action functional where the local rate function is the Fenchel-
Legendre transform of the limiting Hamiltonian. See Section 4.1 for additional details on the
development of large deviations principles for stochastic approximations with constant step size.

For stochastic approximations with decreasing step size the first results are obtained by
Kushner [17] who considers step size sequences of the form ¢, = (n+1)77, p € (0, 1], and update
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functions g(z,y) = b(x) + y, with b(-) Lipschitz continuous and {Y,,} a sequence of iid centered
Gaussian variables. Kushner assumes the existence of an appropriate limiting time-dependent
Hamiltonian and identifies the appropriate scaling sequence. A generalization is provided by
Dupuis and Kushner [11] who consider step size sequences where &, > 0, > &, = 00, &, — 0,
update functions of the form g(xz,y) = b(z) + b(z,y), and E[b(z,Y;,)] = 0. They assume further
that the noise sequence satisfies Y;, = (Y;,,Y;,), where {¥,,} and {¥,} are mutually independent,
{V,} is stationary and bounded and {Y;} is stationary centered Gaussian process with summable
correlation function. Moreover, b(x,Y,) = by(z,Yy) + bo(z)Y,, where bi(-,9), by and b are
uniformly (in g, z) Lipschitz and bounded.

In the existing literature, the large deviations principle is obtained by identifying a Hamilto-
nian H(z,a), that sometimes can be interpreted as a limiting log-moment generating function
and defining the local rate function L(z, ) as the convex conjugate of H(x,«). A problem
with this approach is that the Hamiltonian is implicitly defined as a limit and its relation to
the underlying dynamics such as the transition kernel p,(y,dz) can only be established in some
special cases. In this paper, the results of Dupuis and Kushner, see [11], for a decreasing step
size sequence, are generalized to include state-dependent noise and the local rate function is
expressed in terms of the family of transition kernels. In addition, the conditions are somewhat
more general as the update function g need not be bounded in x. We also remark that from a
technical point of view, the setting of fixed step size, is somewhat easier and analogous results
can be obtained with minor modification of the weak-convergence techniques used in this paper.
However, due to space considerations we do not pursue the results for fixed step size in this

paper.

2 Stochastic approximation

In this section, the stochastic approximation algorithm will be introduced and the notation and
assumptions are stated. Some preliminaries on Laplace principles and a heuristic derivation of
the rate function is also be provided.

2.1 Notation

The following notation will be used. Let N = {1,2,...}, Ng = {0,1,2,...} and {eg }ren, = {1/k}
denote the sequence of step-sizes (learning rate) of our stochastic approximation algorithm.
Define the intermediate times to = 0, t, = >.;_, €, and let m(t) = max{n : t, < t} be the
maximum number of iterations that occurs before time ¢t. Note that m(t,) = n. The space
C([0,T] : R%) consists of R%-valued continuous functions defined on [0, 7] and C,([0,T] : R?) is
the subspace of continuous functions starting at z at time 0. The space C ([0, 7] : R%) is equipped
with the sup norm || f|lec = sup, o 1f(s) — f@)| for f € C([0,T7] : R9), where || - || is the
Euclidean norm on R¥. For z,y € R%, their inner product is denoted (x,y). Given a Polish space
X, with Borel o-algebra B(X), the space of probability measures on X is denoted by P(X),
equipped with the topology of weak convergence. For 6 € P(X), the relative entropy R(-||f) is a
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map from P(X) into the extended real numbers, defined by

I (log ‘;%) dy, ~v<80,

400, otherwise

R(x6) = {

We refer to R(y]|0) as the relative entropy of v with respect to 6. Let X and ) be Polish spaces,
o(dy|x) a stochastic kernel on Y given X', and § € P(X'). Then 6 ® o is defined to be the unique
probability measure on (X x Y, B(X x ))) with the property that for A € B(X') and B € B()),

9®0(A><B)i/

AxB

9(d:r)0(dy|x):/AJ(B|$)9(d:L").

The formula is summarized by the notation 6 ® o(dx x dy) = 0(dx) ® o(dy|x). Given a transition
kernel p(z,dy) on X and k € N, let p()(z,dy) = p(x,dy) and, for k > 1, p¥)(z, dy) denote the
k-step transition probability function defined recursively by

) (2, A) = /X ply, Ap® (2, dy), A e BX).

Given p € P(X), let A(u) ={y € P(X x X) : [v]1 = [y]2 = u}, where [7]; and [y]2 denote the
first and second marginals of ~.

2.2 The model

Let (92, F, P) be a probability space. Consider a stochastic approximation algorithm {Xp}nen,
of the Robbins-Munro type, with state-dependent noise sequence {Y, }ren, starting from X, and
satisfying the recursion,

X1 = Xg + p419( Xk, Yer1), k>0,
where g : R% xR — R4 and {Y,, },en, starting from Yy, and, for every k € Ny and A € B(R%)
P(Yiy1 € AlXy, Yi) = px, (Yi, A)

with pz(y, ) € P(R%) for any 2 € R and y € R%,

We are interested in analyzing the asymptotic behavior of the stochastic approximation
{X,}nen for large values of n. Therefore, for each n € N and g € R%, define a process
{X}'}k>n that follows the same recursive iterations but starts from the n-th step recursion. To
be more precise, let X' = z¢ and for k > n

Xie1 = Xi + entir19(Xy Yornr1). (2.1)

We consider a family of continuous interpolations of {X}'}x>y: for each n, X" = {X"™(t) : t €
[0,T]} is given by X" (tpyx —tn) = X}, for K = 0,1,..., and for intermediate time points t,
X"™(t) is defined by a piece-wise linear interpolation. Note that, for each n, X™ € C,,([0,T] :
R,
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2.3 Large deviations

In this section the definition of a Laplace principle is stated, which in the setting of a Polish
space is equivalent to a large deviation principle (LDP) for a general class of random objects,
including those considered in this paper. For general background on large deviation theory and
the connection between the large deviation principle and the Laplace principle, see [4, Chapter
1]. Due to the equivalence of the large deviations principle and the Laplace principle, we will
use the terminology of LDP and Laplace principle interchangeably throughout the paper.

A function I : X — [0, 0] is called a rate function on X if, for each M < oo, the level set
{r € X :I(x) < M} is a compact subset of X.

Definition 2.1 (Laplace principle) Let I be a rate function on X. The sequence {X"} is said
to satisfy the Laplace principle on X with rate function I and scaling sequence {5y} if By, — 00
as n — 0o, and for all bounded continuous functions F : X — R,

lim L log BEe PP (X™) — _inf [F(2) 4+ 1(x)].

n—o0 O, TEX

The term Laplace principle upper bound refers to the validity of

1 n
lim sup — log Be P FX™) < _inf [F () + I(z)],

n—00 n reX
for all bounded continuous functions F, while the term Laplace principle lower bound refers to
the validity of
1 n
liminf — log Be A FX™) > _inf [F(z) + I(z)],

n—oo  [Op TeEX

for all bounded continuous functions F.

Henceforth, when there is no ambiguity, we will refer to these only as upper and lower bounds,
dropping the term “Laplace principle”.

2.4 Assumptions

Recall that {X"} C Cy, ([0, T] : R%) is the family of continuous interpolations of the stochastic
approximation {X}'}1>,. We end this section by listing the assumptions we use in this paper to
establish an LDP for {X"}.

Assumption 2.2

(A.1) The function g is a measurable function, and for any z € R%, x s g(x,2) is Lipschitz
continuous.

(A.2) The transition kernel py(y,dz) is of the form py(y,dz) = n.(y, 2)A(dz), for some reference
measure A € P(R%®). Moreover, x + n,(y, z) is uniformly continuous, in (2,y), and for
any x, (y,z) — n(y, 2) is continuous.
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(A.3) The function
Aa,ay) = log [ expl(a.g(z,2)}paly. ),
is continuous in (z, ), uniformly in y.
(A.4) For every compact set K, there is a constant C(K), such that for all y, z € R%

sup 1:(9,2) < C(K).

zweK T (y, Z)

(A.5) For any x € R™, p,(y,dz) satisfies the Feller property: for any {ynnen C R% andy € R%
such that yn, — Y, pz(yn,dz) converges weakly to p,(y,dz).

(A.6) For any x € R4, there eist positive integers lg and ng such that for all y and w,

o0

1 g =1 .
=00 )
> 5o (yd2) < D oo (w, d2),

1=l Jj=no

where p;(vi) denotes the i-step transition probability.

(A.7) For every o € R,

sup sup <log/ e<“’9(”’z)>pm(y,dz)> < 0.
z€RY ycRd2 Rd2

sup sup <log/Rd el p.(y, dz:)) < 0.
2

zeR¥ yeR92

(A.8) The sequence {ey}ren satisfies € > 0 for each k > 1, limy_yoo e, = 0 and Y, e, = co. Let
{Bn} = {m(t, +T) — n} and suppose that the function h™ : [0,T] — (0,00), given by,

hn(t) = Bn5n+ifly fOT’ te [thrifl —tn, tnyi — tn]a 1€ {L cee aﬁn}a
converges uniformly on [0,T] to some limit h.

Assumption (A.1) is a standard assumption for the existence and uniqueness of a classical so-
lution to an ordinary differential equation; Assumptions (A.2) and (A.5) guarantee the existence
of an invariant probability measure for p,(y,dz); Assumption (A.6) ensures that the invariant
probability measure is unique and the Markov chain with transition probability p.(y,dz) is er-
godic. For each x € R% | we let 7, denote this unique invariant measure for p,. Assumption (A.7)
is used to guarantee that the updates have finite exponential moments. Lastly, (A.8) is needed
to prove convergence of the stochastic approximation algorithm and the limit function h may
be interpreted as an asymptotic time-scale of the process {X"}. For example, with ¢ = 1/k, a
straightforward calculation shows that the limit function is given by h(t) = e~t(e? — 1).
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2.4.1 Form of the rate function

Before stating the Laplace principle for the sequence { X"}, a heuristic calculation that suggests
the correct form of the rate function is provided. The heuristic calculation contains several non-
rigorous approximations and is only intended to give the reader a first suggestion of the form of
the rate function. For simplicity we only consider a specific step-size sequence given by ¢, = 1/k,
kE>1.

Recall first that the empirical measure of an ergodic Markov chain with transition probability
p(y, dz) satisfies a LDP with scaling sequence {n} and rate function given by

Jo(u) = inf R(ln p), (2.2)
yEA(1)

where A(u) is defined in Section 2.1, see, e.g., [9, Ch. 8|. Taking a bounded continuous function
g on R? the contraction principle, applied to the map u — [ g(y)u(dy), implies that the sample
average = >°" | g(Y;) satisfies a LDP with rate function,

n

Lo(9) = nt (o) + [ atwtds) = 5) =it {_ing RGlluop)s [ atwutan) = 5.

By incorporating a time variable the continuous linear interpolation of %Zyﬂ g(Y;) satisfies a

LDP on Cy([0,T] : R%) with rate function

T
Ii(g) = /O Lo((t))dt.

Consider now the stochastic approximation with fixed step-sizes where g, = 1/n for all
k=1,...,n. Take ¢ in C([0,T] : R?) and consider the probability that the trajectory of X"
resides in a ball of radius ¢ > 0 around . In this case X™ may be approximated over a small
interval [s, s 4+ ¢] of length § > 0 by,

[n(s+4)] [n(s+6)]

> g E S S glels) Vo),

i=|ns| 1=|ns]

X"(s+0)—X"(s) =

S|

where Y; is a Markov chain with transition probability p,)(y,dz). Applying the Laplace prin-
ciple for the sample average the increment X" (s + J) — X™(s) satisfies a Laplace principle with
rate function

SL(e(s), B)-

where
L) =int{_int RONo 005 [ ot utds) | 23)

By pasting together the local approximations over small intervals X" satisfies a Laplace principle
on C([0,T); R?) with rate function

T
To(p) = / L (p(s), (5)) ds.
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Indeed,

- %logP{X"(.) ~ ()|} ~ —%logP {X"(j&) ~ p(jo) forall 1 <j < L?J}

~—Llog P {X"((j F1)8) — X"(j8) = 59(76) for all 0.5 < - 1}
n
1Z)-1
1 . ni - . . n(.
~——log [[ P{XT((+1)8) - X"(39) € 65(j0) | X" (56)}
=0
.
~~Liog [T exp (-ndL (o39) 50N}
=0
1Z)-1
~ 3 SL(0), $9))
=0

Consider now {X"} with decreasing step-size {e,} as defined in Section 2.2. Take as the
scaling sequence in the LDP the sequence {f,,} = {m(t, +T) —n} and define h™(t) as in ((A.8)).

In this case the decreasing step-sizes corresponds to a change of time scale and the rate of
change of X™ over a small interval [s, s + d] of length § > 0 may be approximated by

X" (s+6) — Xn(s) 1 Mo

5 ol > En+i—19((5), Vi)
i=m(tn+s)—n+1
m(tp+s+d)—n ) m(tn+s+d)—n
BN §
T 6 \ m(t, +5+0) —m(t, +s) Z 9((s),Y2)

i=m(tn+s)—n+1
1 m(tp+s+94)—n

~ > gle(s) ) ],

T m(t, +s+0) —m(t, +s) e

for which a LDP holds as in (2.3). Using a similar argument as in the case of fixed step sizes it
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follows that

_ ilogP{XN(-) ~ ()}~ 110gP{Xn(j5) ~ p(j0) forall 1 < j < L?J}
1 ' ' o T
~ —ﬁ—logP {X"((J +1)6) — X" (jo) = 0p(jé) for all 0 < j < 5 1}

1311

~—gtog [ P{FHUEUREE00 g x|

0
n j=0

~
~
/én

i=1

Bn
1 o
N zz; h"(Tin)L(SO(T" ), o(7]"))enti—1

T 1 )
~ /0 gL (el 4(0) s

The above calculation indicates that the appropriate rate function in the LDP for X", the
piecewise linear interpolation of the stochastic approximation, is given by

T
I(p) = /0 h(lww(wa))dt,

where h(t) = (e7 — 1)e~ is the limit of h"™(t).

3 Statement of Main Results

The goal of this paper is to establish the LDP for the sequence of X™ = {X"(¢) : t € [0,T]},
the linear interpolations of {X'}x>, starting from X = xo € R%. To this end, we define the
function I : Cpy ([0, T] : R9%) as,

I(p) = Jo wLle(t),¢@)dt, e Aqxo([o,T] R, .
+00, otherwise,

with the local rate function L as in (2.3). Note that we suppress the dependence on the choice of
starting point x¢ in the notation. The following Laplace princple is the main result of the paper,
where I plays the role of the large deviation rate function.
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Theorem 3.1 (Laplace principle) Let X" = {X"(t) : ¢t € [0,T]} be the continuous interpola-
tions of { X[ }k>n given by (2.1) and take L as in (2.3). Under Assumptions (A.1)-(A.8), I is a
rate function, and { X"} nen satisfies a Laplace principle with scaling sequence B, = m(t,+71)—n
and rate function I.

The proof of Theorem 3.1 relies on the weak convergence approach to large deviations, presented
in the monographs [9, 4]. In particular it is divided into proving the upper bound,

lim imf—i log B [e—ﬁnp(xn)] >inf{F(p)+I1(v)},
n—00 /8 ©

n

and the lower bound,

1 n
limsup —— log B [e‘B"F(X )} <inf{F(p)+I(¢)},

n—o0 5n P
where the infima are over ¢ € AC,,([0,7] : R%) and F is an arbitrary bounded continuous
function. The proofs of the two bounds are given in Sections 6 and 7, respectively, and rely on
the following representation formula that is a straightforward modification of Theorem 4.5 in [4].

Proposition 3.2 Fiz n € N and let {X"(t) : t € [0,T]} be the continuous interpolations of
{X] }e>n given by (2.1), and X]} = x. For any bounded continuous function F : C([0,T] :
R%) — R,

/871, +n

1 n _ _
L log Be B = inf B|F(E) 4 - 30 R@Oloxe, (70| 62)
Bn {m7} Bn il it

where {1} }ic{nt1,.. 8+n} 18 @ collection of random probability measures satisfying the following
two conditions:

1. i is measurable with respect to the o-algebra Fi* , where Fy = {0,Q} and for i € {n +
L....,Bp+n}, Fr=o{Y,....Y};

2. the conditional distribution of Yin, given F* |, 1s il

Moreover, {X*}k>n are defined by (2.1) with {Y)} replaced by {Y;*}, and {X"(t) : t € [0,T]} is
the continuous interpolations of {X}g>n.

Proof. Observe that {X"(t) : t € [0,T]} are determined by {z, X[ ,,... ’X:'Ill(tn—l-T)}’ which de-
pends only on the state-dependent noise {Y,, ..., Ym@,+1)—1} Via the recursive formula. There-
fore, the variational formula in [4, Proposition 2.3| combined with the chain rule for relative
entropy [4, Theorem 2.6|, with 3, = m(¢, + T) — n and base measure

Pn (Y0, dy1)pon (Y1, dya) X - - X ngz_l(yﬁn—l7dy6n)>

gives the claimed result. m
Let us briefly outline the main ideas of the proof. For the upper bound, for any € > 0,
from the representation formula we can choose a sequence of e-optimal controls g" = {ﬂf}gf{"

10
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This sequence in turn defines a controlled process X™ = {X"(t) : t € [0,T]}. To prove the
upper bound, in Lemma 6.2 we show tightness of both the controls and the controlled process,
and identify the limit (X, i) along a convergent subsequence of {(X™, i")}. In particular we
identify the limit ODE for X, the limit of the controlled processes. With these results, the
proof of the upper bound follows from fairly standard arguments involving Fatou’s lemma, lower
semi-continuity of relative entropy and the chain rule; see Section 6 for the complete details.

The difficult part of proving Theorem 3.1 is in proving the lower bound. Whereas for the
upper bound we can use the definition of the infimum in (3.2) to obtain a suitable sequence of
controls, for the lower bound we must explicitly construct a sequence of nearly-optimal controls
vt ={vp fgﬁl. This is carried out in Section 7.1. The first step is to show that for any trajectory
¢ such that I(§) < oo, for any € > 0, there is a piece-wise linear £* such that |[£* — || < €
and I(£*) < I(§) + ¢ (see Lemma 7.3). Such trajectories, along with transition kernels that are
nearly-optimal for the local rate function L—see Lemma 7.2—are used to construct the sequence
of controls 7" for each n. Moreover, in Lemma 7.4 we show tightness of the sequence {7"},,.

With suitable controls ™ identified, we obtain an upper bound of the right-hand side of the
representation formula (3.2). It remains to show, that asymptotically in n, this upper bound
is in turn bounded from above by inf,{F(p) + I(p)}. This is achieved in Section 7 through a
series of approximations. An essential ingredient in the proof of the lower bound is to divide
[0,T] into subintervals, each containing a given number of time points t’j1 associated with the
controlled process arising from the v's. We use (local) ergodicity to show that, as the number
of such time points in each subinterval grows, the controlled process converges and identify the
corresponding limit process (7.9). Next, we show that as the number of intervals grows, this
limit process converges to the trajectory £ of interest. In Section 7 these approximations are
combined to obtain the lower bound.

3.1 Alternative representations of the local rate function

Note that, for each 2 € R?, J, defined as in (2.2) with p(y, dz) replaced by p,(y,dz) is the rate
function associated with the empirical measure of a Markov chain with transition probability
pz(y,dz). An alternative representation of J,(u), due to Donsker and Varadhan [6], is given by

up | log< uly) )n(dy% (33)

u>0 qu(y)

where the supremum is taken over strictly positive continuous functions u and pyu(y) = [ u(2)pz(y, dz).

Another representation of J, is provided by Dinwood and Ney, see [5] Lemma 3.1. For
bounded Lipschitz functions, f, let Tf be the operator, on the space of bounded measurable
functions with the uniform metric, given by

TF (u)(y) = /¥ pyu(y).

With r¢(x) the spectral radius of T} they prove that J;(u) can be represented as

sup {/f(y)u(dy) - Tf(x)} ; (3.4)

11
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where the supremum is taken over bounded Lipschitz functions. Consequently, the local rate
function in (2.3) can be written as,

L, ) = int {wa) o= g(x,zm(dz)} |
where J;(p) is given by any of the expressions (2.2), (3.3) or (3.4).

3.2 The limiting Hamiltonian

Consider the Hamiltonian H given as the Fenchel-Legendre transform of the local rate function
L in (2.3). That is,
H(z,a) = Slgp{a,@ — L(z,B)}.

Next, the Laplace principle for the empirical measure of a Markov chain and standard results
from convex analysis will be used to show that H(z,a) can be interpreted as a limiting log-
moment generating function associated with the transition probability p,(y,dz). We have the
following result.

Proposition 3.3 Suppose (A.5)-(A.7) of Assumption 2.2 holds. Take x € RY, let {Y;} be a
Markov chain with transition kernel py and J, be defined as in (2.2), with p replaced by py.
Then,

., acRL (3.5)

H(z,a) = liﬁn % log E |exp {Z@c,g(%,yé))}

i=1

Proof. By (A.5) and (A.6) in Assumption 2.2 it follows that the empirical measure of {Y;}
satisfies a Laplace principle on P(Rd2) with rate function J,, see [3, Theorem 6.6]. For every
bounded and measurable function f the linear functional p +— [ fdu, defined on P(R®), is
bounded and continuous. For each 2 € R%, by the Laplace principle for the empirical measure
of {Y;}, the map f f[(m, f) given by the limit,

eXp{Zf(Yi)}

- 1
H(z,f)=lim—logE
non

=1

exp{n<f,izzn;5yi>}] ,

is well defined on the set of bounded measurable functions. Moreover, H (z, f) may be identified
as the Fenchel-Legendre transform of J,,

H(z, f) = Sip{<f, 1) — T (1)}

1
= lim —log
non

By Assumption 2.2 (A.7), the function H (x,-) may be extended to the, possibly unbounded, func-
tion (a, g(z,-)). Indeed, the function («, g(z,-)) may be approximated from below by bounded

12
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measurable functions and the dominated convergence theorem can be applied since,

sup—logE exp{Z(a g(z, Y)>}
n—1
- S%p IOgE exp{z « g x, Y >}E[exp{<a,g(m,Yn)>} ‘ Ynflv"'a}/l]
i
= sup logE eXp{Z (a,9(2,Y) >}/exp{<a 9@, yn))} pr(Yn-1,dyn)
i=1

exp {Z(a,g(w%»}

=1

)

where K = sup,cpa, Sup,cx 1og [, el®9(®:2)) p (y.dz). It remains to show that

< sup log (KE

< K < o0,

H(HZ’, a) - H(.Z', <Oé,g(l', )>)7
is the Fenchel-Legendre transform of L, which is proved using a rather standard argument from
convex analysis. Let us show that L(z,3) = sup,{(«, 5) — H(x,(c, g(x,-)))}. Consider the set
Iy ={(r,s) CRxR" :p > Jx(u),/g(:v,y)u(dy) = s, some pu € P(R®)}.

Note that I'; is convex for each x. By taking a normal of the form (1, Ag) to the tangent plane
of I'y at (L(x, ), ) it follows that

<(17)‘5)7 (T7 S) - (L(x7/6)7/6)> > 07 (Tv 5) S P

Moreover, the sup in
sup inf {((1,—a),(r,s) = (L(z,8),5))},

a (rs)ely

is attained at —a = Ag. Therefore, we have on one hand that

sup inf {((1,—a),(r,s) = (L(z,5), 8)))} = inf {{(1,Ap),(r,s) — (L(x,0),5)))} = 0.

a (rs)ely (r,s)er

On the other hand, for all «,

inf {((1, —a), (r,s) = (L(z, 8),5)))} < 0.

(r,s)€ls
Therefore,
swp inf {{(1~). () = (L. B). O} = inf {(LX3).(r:8) = (L(z. 8. )} =0,

13
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which is equivalent to
L(z,8) =sup inf {r—{(a,s—p)}
a (rs)ely
=sup{(e, B) + inf {r—{a,s)}}
e (T,S)Erx

= sup{ {0, 8) + nf{Js ) ~ (o [ gle,w)u(dn)})
= sup{ (0 8) — sup{ [ (o gl 0))n(dy) - L:()})
o p

= Sup{<a7 ﬂ> - H(IIZ‘, <Oé, g(«T, )>)}
This completes the proof. m

Remark 3.4 Using the representation (3.5) of the limiting Hamiltonian, it follows that the time-
dependent limiting Hamiltonian, which is the Fenchel-Legendre transform of the time-dependent

local rate function L(t,z, ) = h(lt)L(x,B) is given by,

Hit.5,0) = sup {{a,m - h(lt)L(:v,B)}

_ hzt) sup {(ah(t), §) — L{z, )}

1
= WH (x,ah(t)) .

3.3 Continuity of the local rate function

In this section we prove that, under Assumption 2.2, the local rate function L in (2.3) is contin-
uous and every point where it is finite.

Lemma 3.5 Suppose (A.1),(A.2),(A.5) and (A.7) hold. For any (x1,51) € R4 x R™ such that
L(z1,B1) < oo, L is continuous at (x1,F1).

Proof. Let H be the limiting Hamiltonian given by (3.5). By Proposition 3.3, L(z, -) is equal to
the Legendre-Fenchel transform of H(z,-). In [14] the authors show that « — H(z, «) is convex
and smooth; see also Section 4.3 in [8]. To prove the continuity of L at (z, ), by the arguments
used in [4, Lemma 4.16 (f)], it suffices to show the continuity of H(z, @) in (z, @).

To prove that (z,a) — H(x,«) is continuous it is sufficient to show that the family {H, },en

with .
exp {Z<a,g<x, n»}

1
Hy(z,a) = - log E
1=1

, (z,0) e RM x R%L

is equicontinuous.

14
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By Assumption (A.2), for each €1 > 0 there exists §; > 0 such that |z; — z2| < 1 and
|oep — ap| < 61 implies that

—e1 < A(z1, o1,y) — A2, a2, y) < e, y € K.

By exponentiating each expression in the last display and selecting €1 sufficiently small there is,
for each € > 0, a § > 0 such that |z — x2| < § and |a; — a2| < ¢ implies that,

l_e< J exp{{a1,g(x1, 2)) } pay (y, dz)

= Tew{(az g2 ) pm(ydz) — T YER

Repeatedly applying the inequalities in the previous display yields
(1 — g)n / e / e<04279(9027y1)>+'“+<02,9($27yn))pm (yo’ dyl) e pl’g (yn_l’ dyn)
< / . / elon g tHor @)y (g di) - o (g1 dyn)

< (1 + E)n / o / e(az,g(m,y1)>+-..+<a2,g(12,yn))pz2 (y07 dy1) o Dy (Z/n—ly dyn)_

Applying %log and rearranging the inequalities we obtain,
log(1 —¢) < Hy(x1,a1) — Hyp(x2, a2) < log(l +¢).

This proves that {H, },en is equicontinuous and completes the proof. m

4 Related work for constant and decreasing step size

The literature on large deviations for recursive algorithms of the form (2.1) studies, on the
one hand, the setting with constant step size, where ¢, = ¢ > 0, does not depend on n, and
consequently ¢, = en and m(¢) = |ne|. In this setting, large deviations principles for the piece-
wise linearly interpolated process X¢(t) of { X} with interpolation time e, are obtained as € — 0.
The associated rate function takes the form of an action functional,

T
I(p) = /0 L(p(t), $(t))ds,

if ¢ is an absolutely continuous function, and I(p) = oo, otherwise, where L is a local rate
function.

On the other hand, in the setting with decreasing step size, where ¢, — 0 as n — o0,
large deviations principles are obtained for the process { X"} defined in (2.1). In this case, with
Bn = m(tn, + T) — n the limiting time scale is h(t) = lim,, h"(t), where h"(t) = Bpentk—1 for
t € [tntk—1-tn, tnik —tn), k € {1,..., Bn}, and the rate function takes the form

T
I(p) = /0 h(lﬂuso(t),sb(t))ds.
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The main difference between the constant and decreasing step size settings is the inclusion
of the limiting time scale hA(t) in the rate function. Note, however, that for some choices of ¢,
such as e, = (n+1)7%, for a € (0, 1), the limiting time scale h(t) may be constant and equal to
1.

In the existing literature, the large deviations principle is obtained by identifying a Hamilto-
nian H (z,«), that sometimes can be interpreted as a limiting log-moment generating function
and defining the local rate function L(x, 3) as the convex conjugate of H(x,«). A problem with
this approach is that the Hamiltonian is defined as a limit and its relation to the underlying
dynamics such as the transition kernel p,(y, dz) can only be established in some special cases.

4.1 Large deviations for constant step size

The large deviations theory for stochastic approximation with constant step size originates from
the work of Freidlin [12, 13] who studies dynamical systems in continuous time, of the form,

(1) = bat (1), £(tfe),  a7(0) =z, (4.1)

over a finite time interval, [0,7], where the function b is bounded, with bounded derivatives,
{&(t),t > 0} is bounded and ¢ — 0. Freidlin assumes that there is a limiting Hamiltonian
H(z,a) such that for arbitrary step functions ¢ and a from [0,7] to R%, the following limit
exists

tiy<1og 2 fexp {1 T<a<t>,b(so(t),s(t/s)»dtﬂ -/ CHGWat)a (42)

With L as the convex conjugate of H Freidlin proves a large deviations principle on Cf = {¢ €
C([0,T]; R™M), p(0) = 2} for {x°} as € — 0, with rate function given by

if ¢ is absolutely continuous and I(¢) = oo, otherwise. When {£(¢) ¢t > 0} is a finite state Markov
chain, Freidlin identifies the limiting Hamiltonian as the largest eigenvalue of a tilted intensity
matrix.

Iscoe, Ney and Nummelin [14] generalize the results of Freidlin by considering large deviations
principles for Markov-additive processes in both continuous time and discrete time. In the
discrete time setting, which relates more closely to the results of this paper, they consider a
process of the form (Y,,, X,,) where

P((Y,, Xp — Xpno1) € AXT| (Y1, Xn-1) = (y,2)) = P(Y, X, — Xpm1) € AX T | Y1 = 9).

That is, equations of the form (2.1) where g(x,y) = g(y), does not depend on z. They assume that
there exists a probability measure v on E x R% | an integer mg, and real numbers 0 < a < b < oo
such that

av(AxT) < P™(AxT)<bv(AxT),
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forallz € B, Ac & T' € RM. With P(a) = P(y, A4;a) = [ exp{(a,z)}P(y, Axdz) they derive a
large deviations principle, and more detailed asymtotics, for P"(y, AxnF) = P((Y,, X, — Xo) €
A xnF|Yy=y). In particular, it follows from Lemma 3.1 (ii) in [14] that

lim 1 log P"(y, A; a) = log A(a0), a €D.
n—o00 N
Dupuis [8] further develops the large deviations results for discrete systems of the form (2.1)

with constant step size, using a milder conditions on the limiting Hamiltonian. More specifically,
in Section 4.3 of his paper, Dupuis considers the model (2.1) with €, = € and g(z,y) bounded
and uniformly (in y) Lipschitz continuous in x, and measurable in y. He proves a large deviations
principle with rate function I under the following assumptions. The process Y,, is sampled from
a transition kernel px, (y,-) with density nx, (v, ) with respect to a common reference measure
A(dz) such that, for a given compact set F1,

1. There are 0 < a < A < oo such that for all z € Fy, and all y, z, a < n,(y,2) < A, and

2. . (y, z) is Lipschitz continuous in z, uniformly in y, z, for z € F}.

4.2 Large deviations for decreasing step size

Large deviations principles for the case of decreasing step size is not as well developed. The first
results are obtained by Kushner [17] who considers (2.1), with ¢, = (n +1)7?, p € (0,1], and
g(z,y)) = b(z) +y, with b(-) Lipschitz continuous and {Y,,} a sequence of iid centered Gaussian
variables. The discrete time and time-changed analogue of (4.2) is given by

N—1 m(tn+(i+1)A)—
nlggo)\nlogE exp Z <a(zA), Z gj(b(z) +Y;)/ A\ > / H(t,z,at))dt,

=0 j=m(tn+iA)

where T = NA, A > 0, « is constant on intervals [iA, (i + 1)A). Kushner identifies the

appropriate normalising sequence,
m(tn+T)

w3 8
j=n
which can be shown to be asymptotically proportional to 1/8, with 3, as in Assumption 2.2
((A.8)), and proves a large deviations principle with rate function

T
I(p) = /0 L(t, (1), $(1))ds,

where the local rate function L(t, p(t), $(t)) is the convex conjugate of H.

Dupuis and Kushner [11] develop the theory further by considering recursions of the form
(2.1) with g(x,y) = b(x )—I—b(w Y),en >0,> en =00, e, = 0and Eb(x,Y,)] = 0. They assume
further that Y;, = (Yn,Y ), where {V,,} and {Y,,} are mutually independent, {Y;,} is stationary
and bounded and {Y } is stationary centered Gaussian process with summable correlation func-
tion. Moreover, b(z,Y;) = by(x,Yy,) + bo(z)Y;, where by(-,§), by and b are uniformly (in ¢, z)
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Lipschitz and bounded. Note that, in contrast to our setting, in [11] it is not assumed that the
distribution of the noise Y, 1 may depend on the state X,,. It is assumed that there exists a
continuous function h; such that

lim lim Emn(t4d) _
6—0n—o0 En

hl(t)7

Further, the existence of a limiting Hamiltonian is assumed in [11]. That is, there is a continuous
function H(t,z,«) with o — H(t,z,a) continuously differentiable for each ¢,z such that the
following limit exists,

T/5—1 m((i+1)8)—1

T
%1_{% nh%rgo Anlog E' | exp Z <a(i5)€mn(i6)a Z b(¢(16)7}/3>> = /0 H(t,a:, Oz(t))dt.

i=0 j=m(id)

A particular example studied in [11] is when {Y},, —00 < n < 0o} is bounded and stationary and
there is a continuous Hy(+,-) with a — Hy(a, z) continuously differentiable for each x such that

N-1
. 1
Jim log B | exp <a, 2; b(w,Yj>>
J:

1 N-1
= ]\}gnoo N log Ey |exp <a, > b(w,Yj)>
]:

= ﬁO(a7¢)7

where the convergence is uniform in the conditioning data. Note that the limiting Hamiltonian
established in Proposition 3.3 provides an analogous representation in the setting where the
distribution of the noise may be state dependent.

5 Applications

In this section we present applications to learning algorithms in statistics, machine learning and
statistical physics that can be stated as stochastic approximations satisfying Assumption 2.2.
5.1 Stochastic gradients

Consider minimizing a function G(z) = Y- | G,.(z), by stochastic gradient descent (SGD).
Let us assume that x — VG,,(x) is bounded and Lipschitz continuous for all m € {1,...,M}.
Consider a standard SGD algorithm; in the kth iteration an index Yy is selected uniformly at
random on {1,..., M} and updated according to

Xn+1 = Xn - 5n+IVGYn+1 (Xn)

Consequently, {X,,} satisfies the stochastic approximation (2.1) where {Y}} is an iid sequence,
pz(y,-) = p(-) is the uniform distribution on the integers {1,..., M}, and g(z,m) = —VGp,(z).
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Assumption 2.2 is automatically satisfied by the assumptions on VG,,, A as the counting measure
and since p,(y, m) does not depend on x,y.

By Theorem 3.1 the continuous interpolations of {X;'} given by (2.1) satisfies a Laplace
principle with rate function I given by (3.1) where the local rate function L is given by (2.3).
Since, p.(y,m) = p(m) = 1/M does not depend on x,y the local rate function simplifies to

M
L(z, ) = inf {R(ullp) == VGm(:v)u(m)} = sup{(a, B) — H(z,a)},
m=1 o

where

_ 1 M
H(z,a) = log (M Z exp{—(a,VGm(:E))}) :
m=1

A concrete example arises in maximum likelihood estimation of a logistic regression with data
{(&myvm) YM_ | where &, are explanatory variables and v,, labels in {—1,1} and ¢ represents a
feature function. Then the negative log-likelihood to be minimized is given by

M

G(x) = Z — log sigm (UmngzS(ﬁm))

m=1
where sigm(t) = (1 + e~%)~! is the sigmoid function and
VG () = md(Em) (1 — sigm(vmngb({m)) ,

which is bounded and Lipschitz continuous in z, for all m € {1,..., M}. B
More general stochastic gradients appear in the minimization of functions of the form G(x) =
[ G(z,y)v(dy) for some distribution v. With {Y;,} iid with distribution ~ the algorithm

XnJrl — Xn - 5n+1va(Xna YnJrl)a

can be used to minimize G. If V,G(z,y) is bounded and Lipschitz continuous in z, then As-
sumption 2.2 is satisfied and the Laplace principle holds with local rate function

Lo 5) = int {RGl) 6 = = [ V.Gle.putdn) b =supl(a, )~ Ha,0)),

where

(o) =tog ( [ exp {0, V.Gl 2(a) ).

5.2 Persistent contrastive divergence

Consider parametrized a probability density of the form

p(v,hlz) = exp{—E(v,h;z) + F(z)},
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where x denotes the parameters. We assume that v represents observed (visible) variables, h
represents unobserved (hidden) variables, F is referred to as the energy and F' as the free energy,

F(x)=—- log/exp{—E(v, h; )} \(dv, dh).

Given independent observations v, ... o) from p(v = [ p(v, h|z)A(dh) the parameters
x may be estimated by minimizing the negative log—hkehhood which is proportional to:

—log L(x :——Zlogp (m) |x).
A gradient descent algorithm would require knowledge of the gradient

—V.log L(z) =

1§:vxfexp{—E( ™) h;x) + F(z)} A(dh)

m p(vm)|x)

m=1
J (VIE(U("L), h;x) — Vo F(z)) p(v™), h|z)A(dh)
pot™]z)

I
3=
E

3
I

S\H
M=

[ / Vo E@™, h; z)p(h|v™, 2)A(dR) — VwF(a:)}

1

3
I

S\H
M=

[/v E(v ;x)p(h|v(m),x))\(dh)—/VxE(v,h; z)p(v, hlz)X\(dv,dh) |, (5.1)

1

3
I

which may be intractable. Simplifying model assumptions may assist in computing the first term
explicitly as illustrated in some of the examples below. In the general case we may write

p(hl|v,z) =exp{—E(v,h;z) + Fg(v,x)},
where

Fy(v,x) = —log/exp{—E(v,h;:c)})\(dh).
To approximate the gradient in (5.1) we may construct Markov kernels, p;(vm’l)(y(l),dz(l)) and
p(x2)(y(2),dz(2)), where y() = h, y@ = (v,h) and p(m 1)(y(l),dz(l)) has invariant distribu-
tion p(h|v™,z) and ,0( )( (2),d2(?)) has invariant distribution p(v, h|z). We sample Y1 =

(Yn(_l&, Yn(i)l) by drawing an index m at random and drawing Yn( +)1 from p(m 1)(Yn(1),dz(1)) and
(2)

Yn(i)l from PX, (YT@, dz(Q)) independently of each other and updating
Xns1 = X = ens1 (VaBO™, Y15 X,) = Vo B X))

This can be identified as the stochastic recursion (2.1) with
2 (y, dz) Z P (D q2D @) ()| 72y,
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and
9(z,y) = Vo BE(™ yW:2) - vV, E(y®;2).

Example 5.1 In Restricted Boltzmann Machines (RBMs) v and h are binary with x = (W, by, byr)
where W is a matriz and by, by vectors and

E(v, h; W, by, by) = —vTWh —vTby — h by,

which implies that the components of h are conditionally independent given v with success prob-
ability p(hj = 1|v, z) = sigm(vI We; + e;‘-FbH) and the first term in (5.1) reduces to

m=1
M
1
~m Z Z "h sigm(v" We; + ef by)"isigm(—(v" We; + €] byr))
m=1 h
| M
—— > oMsigm(u We; + ] br).

The second term is given by the expectation E[V;H;] under the joint distribution p(v,h|x). Let
pz((vo, ho), (v1,h1)) denote a stochastic kernel with p(v,h|z) as its invariant distribution and
approzimate E[V;H;] by its expectation under py((vo, ho),-), where py((vo, ho),-) may be taken
as the block-Gibbs sampler

pﬂv((v()? hO)’ (Ula hl)) = p(h1 |’U(], .iU)p(’U1|h17 1‘)
= [T siem(d We; + cFon) sigm(— (o We; + eFba)) "

dy
x [T sigm(el Why + el by) " sigm(—(e] Why + el by))' =,
i=1
The persistent contrastive divergence algorithm for estimating the parameters is then given
by (2.1) where Yni1 = (Un+1, hp+1) is sampled from px, (Yn,-) and

glz,y) = Uv E(™) hy2)p(h|o™, £)A(dh) — V. E(y; z)| .
It is straightforward to Uerzfy Assumption 2.2, since sigm is bounded and continuous and the
state space {0,1}% x {0,1}4# is finite.

Example 5.2 Consider an exponential family with E(v, h; ) = E(v;x) = 27 ¢(v)—logc(v), that
does not depend on hidden variables and is linear in the parameters x. Then Vo E(v™);z) =
p(v™) whereas V,F(x) = E[¢(V)] where the expectation is taken under p(v|z) and may be
intractable. Thus, g(x,y) becomes

M
%Z (™) ~ / d(v)p(v|z)A(dv).

m=1
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5.3 The Wang-Landau Algorithm

The Wang-Landau algorithm for general state spaces includes many popular multicanonical
Monte Carlo methods, such as simulated tempering. Let {(yi,Bi,)\i)}flzl be measure spaces
with A; being o-finite for each i. Let Y = uglzlyi x {i}, be the union space equipped with the
o-field B generated by the sets {(A4;,4) : i € {1,...,d}, A; € B;} and define the measure \ on
B by AMA,i) = N(A)I{A € B;}. Given non-negative integrable functions f;, i = 1...,d, let
x(i) = [y, fi(y)Ni(dy)/Z, where Z = S Jy, fi(y)Ai(dy). Assuming that z(i) > 0 for each

i=1,...,d, the aim is to sample from 7 on B given by

fi(y)

and to estimate the normalizing constants x(i). Let pz((y, i), (dz,j)) be a Markov kernel with
invariant density w. The original algorithm considers the case where 7 is uniform in ¢, whereas
the general case considered here is due to [1]. The basic for of the Wang-Landau algorithm
initiates (Yp, Ip) € Y, ¢o € (0,00)? and xg = ¢o/ 2?21 ¢o(i). At each k > 0, given (Yy, Ii), ¢
and xy, sample (Y11, Ix+1) from pg, ((Yi, Ix), -) and update

m(dy,i) o Iy € Vit Ai(dy),

Or41(0) = o (D) (1 + el {Ix+1 =14}), i=1,...,d,
Pry1(4) '
Zle Dr+1(4)

The Wang-Landau algorithm is a stochastic approximation with update function g(¢, (z,7)) =
¢ + ¢(j)ej, where e; is the unit-vector in the jth coordinate.

Tpr1(i) =

Example 5.3 (Multicanonical Monte Carlo) Let ¥ be a finite state space, e.g. {—1,1},
and E : ¥ — R an energy function and consider the Gibbs distribution with density ™ proportional
to exp{—FE(0)}. A collection of energy levels —oo < Ey < --- < Eg < oo induces a partition
YVi={o€eX:E_1 < E(o)<E;}. Withx(i) =7(Y:), fi(ly) = E(y) and \; = X\ samples from

the measure m(dy,i) may be obtained to estimate x(7).

Example 5.4 (Estimation of free energy differences) Let ¥ be a finite state space, e.g.
{—1,1}V, and E : £ xQ — R an energy function parametrized by a finite set Q (for example tem-
peratures) and consider the Gibbs distribution with density px, o proportional to exp{—FE(o,w)}.
The conditional density of the state given the parameter w is given by pyjo(olw) = exp{—E(0,w)+
F(w)}, where F(w) = —log)_ exp{—F(o,w)} is the free energy. Consider the problem of es-
timating free energy differences. That is, fix w1 € Q and consider estimating F(w) — F(wy) for
w € Q. By enumerating ) = {wi}le, letting YV; = X x Q, \; be counting measure on % X £ and
filo,w) = exp{—E(o,w;) H{w = w;} it follows that

—log(z(i)/x(1)) =log Y _exp{—E(c,wi)} —log Y _exp{—E(0,w;)} = F(w;) — F(w).

Since, —log(z(i)/z(1)) may be estimated by —log(¢r(i)/Px(1)) where ¢y is generated by the
Wang-Landau algorithm, the free energy differences may be estimated accordingly.
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6 Laplace upper bound

In this section we take the first step towards proving Theorem 3.1, by proving the Laplace
principle upper bound.

Theorem 6.1 Assume (A.1)-(A.8). With I defined as in (3.1), for any bounded, continuous
function F : C([0,T] : R4) — R,

lim inf _Bl log E [efﬂn”X")] > inf (F(p) + 1(9)), (6.1)

n—00 " )
where the infimum is over ¢ € ACy,([0,T] : R%).

From the representation formula (3.2), for fixed n and arbitrary (fixed) € > 0, it is possible
to choose a sequence of controls {i"} such that

Bn4n

F(X") 4+ = > R C)llpxn (Y. - (6.2)

1 n
——log E [e‘ﬁ"F(X )} +e>FE
B B S

n

We augment the controls to also keep track of the time dependence of the ji}'s: for a Borel set A
and t € [ty,t, + T, define g"(Alt) by

p"(Alt) = @it (A), for i such that ¢t € 7", 7% ),
where 7" = t,,1; — t,. The controlled measures i can now be defined as

A 0) = [

where
h" (t) = Bngn—l-i—l ,

with 7 € {n +1,..., B, +n} such that ¢t € [7]*,7]% ;). Lastly, we define a collection of sequences
of measures, involving the controlled process X™, the controlled noise Y and the noise distri-
bution p, that will play a role in the convergence analysis of the controlled process X™ and the
corresponding controls fi": for A, B C R%,C C [0,T] Borel sets,

1
AN'(Ax BxC)= / A"(A x Blt)dt, N'(A x Blt) = dyn (A)p(B),
c h”(t) i—1
1 _
Y'(Ax BxC)= / ——7"(A x B|t)dt, y"(A x B|t) =dyn (A)pgn (Y"1, B).
c hn(t> i—1 i—1

In each definition, 7 is such that ¢ € [, 7] ;). From the definitions of " and A", we have that
i"(A x C) = A"(R% x A x C). The following lemma establishes the necessary tightness and
characterises the limits of subsequences of the sequences of measures defined above.
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Lemma 6.2 Assume (A.1)-(A.8) hold. Then {X"}, {a"}, {\"} and {y"} are tight sequences,
and for every subsequence of {X™, i} there exists a further subsequence that converges to (X, fi),
which satisfies the following relations:

(A x C) = /C h(l),u(A|t)dt, (6.3)

—:L‘+/ / fi(dyls)ds (6.4)

Furthermore, any limit point X and v of a convergent subsequence of {\"} and {y"}, respectively,
will have the following properties,

)\(AxBxC):/Ch(t))\(AxB]t)
xx0) = [ o ([ oxofeBiatasio)

for some stochastic kernel A(dy x dz|t), and
AMA x R x ) = \(R% xAxC):ﬂ(AxC):/
C

Before giving the proof of Lemma 6.2, we show how the result allows us to prove the upper
bound (6.1).

Proof of Theorem 6.1. As a first step, we use the chain rule to decompose the relative
entropy term on the right-hand side of (6.2),

R Ollpxn , (V4,)) = R(yn, OlIdya () + R Ollogn (T4, -)
(Syn (dy) i} (d2) |50 (dy)pxn (. d2))
(N (dy x dz|t)|Iy" (dy x dz]t)). (6.5)

R
R
By tightness, we can pick a subsequence, also labelled by n for notational convenience, along

which all the measures involved converge. Along this subsequence we also have the following
lower bound:

Brntn—1
ligiogf—iE [e*ﬁnF(X")} +e> linnigéfE F(X™) + 5171 Zzn R(/j?(.)HpX?(f/i"’ )
= IinrgioréfE [F(X™) + R(\"(dy x dz x dt)||[y"(dy x dz x dt))]
(6.6)
> E [F(X)+ R(\(dz x dy x dt)||y(dz x dy x dt))] . (6.7)

In the first step in the last display, the equality (6.6), we use the decomposition (6.5) combined
with the definition of A" and the fact that the measures A\"(-|t),~"(:|t) are constant over the
intervals [7]*, 7/ ;). In the second step, the inequality (6.7), we combine Lemma 6.2 with Fatou’s
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lemma and the lower semi-continuity of relative entropy (see, e.g., [9, 4]). Next, we use the chain
rule once more combined with the structure of the measures A and -,

E [F(X') + R(A(dy x dz x dt)||y(dy x dz x dt))]

_ T 1 -
_E [F(X) + [ EOy dzt>uu<dmt>px<ﬂ<y,dzrt»dt] |

The relative entropy term on the right-hand side can be bounded from below by the local rate
function L in (2.3):

T
BP0+ [t ROy @)l - d-10)
T 1
o h(t)
T
> f{P(e)+ [ Lol el

>E [F(X) + [ —L(X@),X(t)dt

where the infiumum is over ¢ € AC,,([0,7] : R%). The integral on the right-hand side is
precisely how the rate function I was defined in Theorem 3.1 and combining the inequalities
leads to the
1 X
liminf ——F [e_ﬁnF(X )} +e>inf{F(p)+1(p)}.
n—00 n ©
Since € was chosen arbitrarily, this shows how the upper bound (6.1) for the subsequence used.

A standard argument by contradiction extends the upper bound to hold for the full sequence,
which shows how the Laplace principle upper bound follows from Lemma 6.2. =

Proof of Lemma 6.2. Because we can always choose the controls {f]'} such that the expecta-
tion of the sum of the relative entropies, appearing in (3.2), tightness of { X"} and {i"} follows
from Theorem 7.8, which also gives the characterisation of the limit points as in (6.4)-(6.3). From
the definition of the controlled process, tightness of {f"},, implies tightness of {6yn}zﬁ " as a
sequence in n. This in turn gives tightness of {A\"}. The tightness of {7y"} is obtained by the
tightness of {X"} and {oyn }B”Jr" together with the uniform continuity of p(y,dz).

To characterise limit points A of subsequences of {\"}, by Lemma 3.3.1 in [9] and the uniform
convergence of h™ we have the decomposition \(dy x dz x dt) = (h(t)) "' A(dy x dz|t)dt, for some
stochastic kernel \(dy x dz|t). Moreover, note that \"(R% x A x C') = i"(A x C) implies that
AR% x Ax C) = ji(Ax C). For the marginal obtained when integrating out the second variable,
we use arguments similar to those used in proving Lemma 6.12 in [4]. Take {f,,} as a countable
collection of bounded continuous functions that is also a separating class on R%. We will prove
that, forany€>0andallt€[0 T], as n — oo,

< hn " (dys)d / / ie) (X (dy x R |s)ds

Suppose this limit holds. Because the collection of sets of the form [0,¢], for ¢ € [0,7], is a
separating class of [0, T, (6.8) combined with Fatou’s lemma ensures that w.p. 1 the limit of A"
will satisfy A(A x R% x C) = (A x C).

> 5> —0. (6.8)
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To prove (6.8), define K,,, = || fmllco- Suppose n is such that g, > 4K, /e-since 3, — oo
as n — 00, this is possible. Using the definitions of g™ and A", and an application of Markov’s
inequality we have

> )

]

h"l( fm(y)E" (dy|s) //h” (1) A" (dy x R%|s)ds

m(tn+t) 1 tn—i—t) 1
=P ||l > /fm "(dy) — Z (Y| > e
Bn 1 Bn
m(ty+t) m(t,+t) -
<P ™) —
< nz/fm )~ 5 > || >
i=n+1 i=n+1
Sn E
tn—f—t)
1 n €
SE </fm DAL — (7)) | > 5
™ i=n+1
m(tn+t)
— AT
<S5P |z D Anibhg|
€ 5” i,j=n+1

where we have defined

A= [ fnlo)ai ) = F (T
The term P (H (Fn(F i) = Fm )| > 5) = 0 since = (fu(Fg, 1) = Fm(V)) <

1 2lfmll = 5. The sequence {A7, ;} is a martingale difference sequence with respect to the

filtration 7' = o ((X';-L, 571") 1 J< z) Therefore, the off-diagonal terms in the sum have expected
value 0: for ¢ > j,

E [Arnn,iArnn,j} =FE [E [A?n,iA?n,ﬂfin—lH =E [E [A?n,i“/?in—l] Anm,j] =0.

Combined with the previous inequalities this leads to the upper bound
> 5)

(| hn ials)ds — [ [ s )Xy < L)

(tn +t)

e[ LS g
€ _ﬁn i=n+1
.
S%E 12 (2Km)2]
€ N j=n+1
16K2,
e2Bn
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We can make this arbitrarily small by choosing n large enough, which proves (6.8).

In order to show the claimed form for v we use a strategy similar to the one used for A. Take
{fm} to now be a countable separating class on R% x R?% of bounded continuous functions. We
define a sequence of measures {n"} by

(A X B x C) = /C h(lt)n”(A x Blt)dt, n"(A x Blt) = /A pxn (v, B (dy).

From the convergence of ™ and the continuity of p, n™ converges to . To finish the proof we
therefore show that 4™ must have the same limit as n™, by proving that, for arbitrary € > 0,

P(|[[[ ] | s sttt tonts— [* [ [ s st st o)

Similar to before, take K, = || fm||oo- Then,

P(///hn o (dy x dzs) ///hn 2 (dy x dz|s)ds >5)

m(t,+t) m(tn+t
=P /8 Z //fm Y,z pX" (y?d'z)/’% 1 dy B Z /fm —15% an ( ﬁl,dz) > ¢
" j=n+1 " i=n+1
tn“rt)
=P (//fm Y,z pX" (yvdz :U'z 1dy /fm _1,% an ( Z’Zl,dz)> > €
n i=n-+1
1 1 m(t,+t)—1
<SSE|z o Y ALAL
c On i,j=n
where

//fm Y, 2)pxn (y, dz) i (dy) — /fm ,2)pgn (Y, dz).

Similar to the convergence analysis for A", {A%Z} forms a martingale difference sequence with
respect to the filtration F7'. The off-diagonal terms thus disappear from the sum,

1 m(ty,+t)—1 m(ty+t)—1

ar S AnAnLl=E 612 3 (Agﬂ.)Q,

i,j=n n i=n
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and we obtain the upper bound

e(|f gl | [ty x detss = [ [ o < delsyis
1

m(tp+t)—1
<

3E | 2 (An)

=n

>¢)

IN

1 [ At
SE|m D 2Ka)
€ _Bn i=n

4K2,
€26,
We can choose n large enough to make this as small as desired. Since ¢ was taking arbitrarily,

this proves the claimed convergence. Having already established that n"™ — +, this also shows
that y* = ~v. =

7 Laplace lower bound

In this section we prove the Laplace principle lower bound, which amounts to the following.

Theorem 7.1 Assume (A.1)-(A.8). With I defined as in (3.1), for any bounded, continuous
function F: C([0,T] : R%) = R,

lim sup —; log E {e*B”F(Xn)} <inf (F(¢)+ I(9)), (7.1)

n—00 n P
where the infimum is over ¢ € ACy,([0,T] : R%).

Together with the upper bound (6.1), this proves the limit in Theorem 3.1. The proof of the
upper bound, given in Section 6, is aided by the fact that by definition of the infimum, we can
choose a sequence of controls satisfying (6.2). Proving the lower bound (7.1) is considerably
more involved as we must now explicitly construct a sequence of nearly optimal controls.

7.1 Construction and tightness of nearly-optimal controls

In this section we construct, for each n, a sequence of nearly-optimal controls to be used in
proving the lower bound. As a first step, we show that the local rate function L defined in (2.3),
is continuous (Lemma 3.5), and that for any (z,8) such that L(z,3) < oo, there exists nearly-
optimal transition kernels with respect to the infimum in the definition of L(z, ) (Lemma 7.2).
Next, in Lemma 7.3 we show that for any function ¢ € C([0,1] : R?) such that I(¢) < oo, for
any € > 0 we can find a piece-wise linear function, with a finite number of pieces, that is e-close
to ¢ both in sup-norm and in evaluating I.

Recall that 7, is the unique invariant measure of p,. The following result is a direct conse-
quence of the definition of L and results in [4].
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Lemma 7.2 Suppose (A.2), (A.5) and (A.6) hold. For any (z,8) € R™ x RN such that
L(z,8) < oo and € > 0, there exists a probability measure v*P(dy) such that

inf  R(y|[v"” @ pa(-,-)) < Lz, B) + € and § = /g(wvy)vx’ﬁ(dy)
yEA(v®:H)

Moreover, for any § > 0, define a probability measure pu®5° = (1 —§/2)v>8 +(§/2)7,. There ex-

ists a transition kernel ¢®P (y,dz) such that u*B0 s the unique invariant measure of g*5° (y,dz)

and the associated Markov chain is ergodic. In addition,

R @ ()i © pa(y ) < inf | RO @ pa) < L@, f) +e.

Proof. Under (A.1)-(A.7), the existence of v*# follows from the definition of L(x,3) in terms
of an infimum. The existence of %29 and ¢*#° follow from Lemma 6.17 in [4]. =
In proving the lower bound Theorem 7.1, we may assume inf,{ F'(¢)+1(p)} < 00, as otherwise
the bound is trivially true. By the definition of the infimum, for any ¢ > 0, there is { €
C([0,1]; R%) such that
F(Q) + 1(¢) < inf{F(p) + ()} + e

Recall that F' is bounded and I is of the form

T
1 )
I = ——L(((t t))dt.
©= [ e co)
We can therefore assume that L({(t), ((t)) < oo for all t € [0, T]. Moreover, the following lemma
states that we can focus on ( that are piece-wise linear with finitely many pieces.

Lemma 7.3 Assume (A.2),(A.5),(A.6) and (A.7). For ¢ € C([0,1];R%) satisfying 1(¢) < oo,
for any e > 0, there exists a ¢* € C([0,1] : R%) that is piece-wise linear with finitely many pieces,
such that ||¢* — (|lec < € and

* T 1 * ~x T 1
16 = [ e OO < [ L.+ = 10) +=
Proof. The proof relies on parts of several different results from [4]. First, since (z, 8) — L(z, /3)
is continuous by Lemma 3.5, it suffices—see the argument used for Part (e) of Lemma 4.21 in
[4]—to show that, for the given & > 0, there is a ¢} € C([0,T] : R™) such that {¢;(t) : t € [0,T]
is bounded, ||¢ — (}|loc < €, and

¢ < IO + e

The existence of such an ( is the topic of Lemma 4.17 in [4]. The same arguments as used in the
proof of that result applies also in the setting considered here, if we can show that L is uniformly
superlinear in 3 (see Section 2.1). Recall that H is the Lengendre-Fenchel transform of L. The
uniform superlinearity of L then holds if,

sup sup H(z,a) < o0, (7.2)
z€RM a€R%4:||al|l=M
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for every M < oo; see [4, Lemma 4.14(c)| for why this bound ensures the superlinearity of L.
Combining these arguments, to prove the existence of ¢ with the properties described above, it
is enough to prove (7.2).

To show (7.2), we recall the alternative representation from Proposition 3.3,

H(.’E, O[) = hm l 10g </ v / 6<avg($»yl)>+"’+<avg($»yn)>px(y()’ dy].) e px(yn—].’ dyn)> .

n—oo N

Moreover, Assumption (A.7) ensures that, for every o € R%,

C, = supsup <log/ e<a’g(x’z)>pw(y, dz)) < 00.
R42

Ty
Combining the two, we have that, for any a € R%,
H(z,a) < C, < oo.

In addition, for any x,y, the function

arslog [ 0o, y,dz)
Rd2

is convex. Because the supremum of a collection of convex functions is also convex, it holds that
a — Cy is a convex function, with finite values for all @ € R%. Therefore, C,, is continuous in
a, due to it being convex and finite-valued for any «, and we have

sup sup H(z,a) < sup log(Cy) < 0,
z€RM a€R4:||al|l=M a€R%:||al|=M

for every M < oo.

This shows (7.2), which ensures the uniform superlinearity of L, and in turn the existence of
an ¢¢ € C([0,T] : R%) such that {¢F(t) : t € [0, T]} is bounded, ||¢ — (|| < e, and (¢}) < I(¢)+e¢.
Using the continuity of L, a function ¢* with the claimed properties can then be obtained as a
piece-wise linear approximation of (y. m

With Lemmas 3.5, 7.2 and 7.3 established, we are now ready to construct the (nearly-optimal)
controls that will play a central role in the proof of the lower bound Theorem 7.1. A crucial part
of the construction of the controls is to split up the interval {n,n+1,...,n+f8,} into £ segments.
Let £, m € N where for any £ < (,, m is the largest integer such that ¢m < 3,. The idea is that,
for fixed ¢, we can freeze the state dependence of the noise sequence and therefore be able to use

an ergodic argument in the convergence. Furthermore define the times T,f ,k=0,1,...,7 as
In+%8,]
T,f = lim i,
n—oo 4
=n

the corresponding times for the £ intervals. From the definition we have 7§ = 0 and 7§ = T.
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The controls will be defined in terms of the transition probabilities obtained in Lemma 7.2.
Set X" = g, Y, = yo, and recall that ((0) = zg. Given § > 0, for j = n,...,n+m — 1, we

define 1/] as

A ',dz)  §<n+l,
;L(dz): )(*30 ) J . 0
GO0V ) 2+,
where [y is the constant in the transitivity condition (A.6). The v}'s define a controlled sequence
{Y]" }; in that the conditional distribution of Y" given F7' 4 is 7. These controlled measures are

such that for the first Iy variables Y,", ... ,YJ‘H _q, the condltlonal distribution is the same as the

noise distribution with fixed z-argument, and for the remaining variables, Y" o I AL 1

the conditional distribution is the transition kernel of Lemma 7.2 associated with the triplet

(¢(0),€(0), ).
Next, with m and [ fixed according to the above, for each K € N, 1 < k < [, for j =
n+km+1,...,n+ km+ m, we define

n(dz) = Tﬁ)(Y]n—lvdZ) j<n+km+ly+1,
J (Tlg)’g*(Tﬁ)’é(an_l, dz)7 j>n+km+lg+1,

where the conditional distribution of each 57]” given F;' ; is again 7, and we use the notation
17 =tj —ty. Lastly, for j =n+{fm+1,...,n+ By, we set

7(d2) = pga (V1.d2),
where the controlled process X" is defined as
X]n = Xjn_l + ejg(X'?_l, ij”), j=n,...,n+ By

To make sure that the controlled process X! is not too far away from path (*(t) we define the
stopping index ¢" as

—inf (i < |XP — CED] > 1} A (B +n),

and the stopping time S™ as
Z'n
Y
i=n
Observe that since X" = ((0) = z, we have that " >n and S > 0. Now we define the controls
" as A
o ﬁ?(dz)_ Jj<i®,
’ pX}l_l(Y}n—ladZ)'

This defines the controls, that is the conditional distributions {D;L}j for the noise, and the
corresponding controlled process X" = {X]"}J To have a control in continuous time instead, we
define 7" (Alt) = 7(A) for t € [t;_1 — t;,t; — t,] and the measure 7" € P(R% x [0,T) by

(A x B) = /B hnl(t) 7 (Alt)dt
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Note that throughout the paper, unless where there is a need to emphasise it, we suppress the
dependence on § in the control sequence {'} in the notation.
As a step towards proving the lower bound, we prove tightness of the control sequence {#"},,.

Lemma 7.4 Under (A.1)-(A.7), the control sequence {U"}y, is tight.

Proof. The proof will be the same as Lemma 4.11 in [4] and proposition 5.3.2 in [10]. We require
that
Bn+n*1

Y B Ollpxn, (V)

< 00,
i+1

sup F | —
np ﬁn

which we prove in Lemma 7.7. It is sufficient to prove that v™ satisfies the uniform integrability

property
// / 27"y x dt)| =o.
R J||z||>C

The proof uses the inequality ab < €7+ L (blog(b) —b+1) with a = [|¢|| and b = @L((?')n). For
xn i\t

i=n

hm lim sup E

t € [0,T], and fixed C and n, we have,

[ lelanaz)
lI=l>C

avi*(z —
= [ el ()
I=1>C ;

1 n 7 7 _
w1 WiE) g (D) ) W) ) de)
o Jjz=c \ dpxn (Y, 2) dpxn(Y",2) ) dpgn(Y]", 2) '
1 _
< [ el (T de) + CREOllpsp (T )
ll=I>C g

_ 1 U Y
< e 7% sup Sup/e%lzllpx(y,dz) + ;R(V’n(')”pxﬁ ("),

z oy
where in the last step we have used Assumption (A.7) to guarantee that the first term is finite.
Moreover, (7.5) ensures that the second term is bounded in n. Using this bound yields

/// =l (dy x db)
Ré2 J||z||>C

Bn+77» 1
1
> [ e swmsup [ (g d) 4 s ROl (77 ))de
tistisn hn( Ty hn(t) o
1 n+LBn—1 ~
—< e~°C supsup / Wy, d) + 2B 2= 30 REOllogy (77)
Ty " i=n '

The first term does not depend on n and the second is by Lemma 7.7 bounded. Now sending
C — 0o and then o — oo yields the uniform integrability and also the tightness. m
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7.2 Convergence of controls and controlled processes

A key step in the weak convergence approach is to show convergence of the controls and associated
controlled processes, and to identify the limit objects and their properties. In this section we
carry out such an analysis for the pairs (7", X™).

Take ¢ > 0 and for the function ¢* from Lemma 7.3, consider the associated measures
¢ 0.1 ¢ ¢ [0,T]} from Lemma 7.2; throughout the section we suppress the dependence on
€. The following theorem is the main result of the section.

Theorem 7.5 Fiz ¢ > 0 and (* according to the above. Under (A.1)-(A.8), for every subse-
quence of {(™, X™)}, there exists a further subsequence that converges weakly to (v,(*), where
U satisfies

1
v(Ax B :/yAtdt
( ) o (Alt)
and D(AJt) = 1S OO

The proof relies on showing that the limit X of X" satisfies

Xt =o+ [ [ o)l

and that, by construction of the I/C*(t)’é*(t)—measures, (* satisfies the ODE

/ / VL) (dy)ds.

That this ODE has a unique solution is shown in Lemma A.2 in the Appendix.

We begin with an ancillary result, which will be used to prove tightness of the controlled
processes X™ for generic controlled measures with bounded relative entropy with respect to p
along the controlled process (Theorem 7.8). The proof of the following result is the same as for
Lemma 6.16(b) in [4]; we omit the details.

Lemma 7.6 Let ly be the constant in the transitivity condition (A.6). If a Borel set A has the
property that po(y, A) > 0 for some x,y, then m(A) > 0.

Using Lemma 7.6, we now prove that the expected running cost associated with the controlled
measures {7"},, is bounded.

Lemma 7.7 Under (A.2), (A.4), (A.5), (A.6) and (A.7), with o™ = {Dy}]ﬂijﬁl defined as in
Section 7.1,

Bn +n—1

Y RO Ollpgn, (V)| < oo,

=n

SupE ﬁ
n
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Proof. First observe that for ¢ > i" we have that
R (lpgn (Y, -) = 0.

The proof below is carried out for indices j < ™. For each n, with £ and m as in Section 7.1,

from the definition of the 17]7-‘5 we have

Bn“l‘nl /—1 m

> R (72 Oy, (7729) = -
"=

R( n+km+]( )HanJrkarj I(Yn—&-km-‘r] 1")) :
0j5=1

Using the definition of relative entropy, for each k£ and j in the relevant ranges, we can re-write
the relative entropy-term on the right-hand side of the last display as

R (Ot Ollpsn, - Fhmeio1s))

= R (s Ol Ty 109) + [

R

log dpc( 4)(Y77+km+j—17y) on (dy)
_ " .
dg de]?er (Y7?+km+j*1’ y) ok

(7.3)

frntj— 10 )) =0 for j <.
Take § > 0. For any k € {1,..., ¢}, consider the integral

Note also that R (VnJrkm_H L )HpC(Tk (Y,

o\~ 2\ AL
/ R (qm”“””(y, Mot s -)) pe T (dy).
R%2

We will show that, as m — oo, which corresponds to the limit n — oo, this integral approximates

1 S ’TZ ‘Te T VL)
— 3 RO egagy Vi)
Jj=lo+1

that is the first part in the alternative representation of the running cost (7.3). To show this, we
use arguments similar to those used in the proof of Proposition 6.15 in [4]. First, from Lemma
7.2,

Z R (<0080 Moty Vi j1s0))
J =lo+1

= / R( ()0 (y, )Hf"c oy, )) MC(T£)7C(7—£)’5(dy)
Re2

and from the properties of (* this is finite. From this, the non-negativity of the relative entropy,
and the properties of the ¢’ (T)¢* (7). -measures, and associated Markov chains, the L'-ergodic
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theorem implies the convergence

. 1 - *(74),C5 (7
lim F o Z R(qC(k)’C( K0 (Ykmﬂ 17')HPC* (Ykarj 17'))

m—0o0
j=lo+1
s (LN (A *(0) x (12
—/R (" Dy, gy, ) ) € < k)"s(dy)H =0.

From this convergence, it follows that, for any y,

1 m N
Ey, . Z R(qC (D)5 (Yimgj 17')HP<* Ykm+J 1"))
Jj=lo+1

- / R (DD, g ) (0, ) u<*<7f>»<'*<fﬁ>75<dy>u !

converges in probability to 0, as m — oo. This is turn ensures that, for any k € {1,...,¢},
there is a further subsequence of {m}—we abuse notation and denote this subsequence by {m}
as well-—and a Borel set ®;, such that MC*(T@’O(%) (®;) = 1, and for any Y ekl = Yk € Pk,

Tt T,
lim E?Jk m Z R (qC ( k)c ( k) (Ykm—l-j 1 )Hpg (Ykm—l-j 1 ))

m—o0
j=lo+1

- [ R (Dl g 30) ) | -

We now show that Y7?+km+lg

puC (e R )€ (87,,):6 , it holds that WC*(T@(CD ) = 0. Lemma 7.6 then implies that pC*( Z)(y, o7) =0.

This, combined with the fact that we only consider a finite number ¢ terms, gives the convergence

€ &, w.p. 1. Because MC*(Tﬁ)vC‘*(Tﬁ)ﬁ((I)k) = 1 and 7oy <<

m—
fim | max | Z (" DD Mg (o Vo)

m—oo ke{l,..

—/R (qc*(nf),é(ﬂf),é(y’ .)||p<*(7£(y,.)) MC*(Tﬁ)VC'*(Tﬁ)(dy)H =0.

It follows that

m—1

R( e (rh) ¢ rk)é(ykmﬂ’. )oge (st (Ykmﬂ,.)) < 0.
7=0

S\H

sup
m

Next, we consider the second term in (7.3),

dpg*(ff) (Y77+km+ 1Y)
/ logd -k 7n : Uny g kem+ (4Y)- (7.4)
Ré2 sz?erj( n+km+j_1ay)
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Since km + j < ™ and by the continuity of ¢*, there exists a compact set K such that

% *(r Z)(y Z)
¢*(rh), X,?mﬂ € K. By Assumption (A.4), there exists a C' such that logm < C,

for all n. This ensures that (7.4) is bounded.

|

In the process of proving Theorem 7.5, we will work with a generic sequence of control
measures {7}, and associated controlled processes X", That is, we have a sequence of measures
7" € P(R%) and define the corresponding controlled process {X]'}x>n as before: X = 2 and

Xiy = XE +eng(XE, Y0,

where 77 is the conditional distribution for f”k” given o (17,{‘, ey ffiﬁl). Similar to before, we

take X™ € C([0,7] : R%) as the linear interpolation with breakpoints X™(t, 1z — t,) = X'. We
also abuse notation a bit and define 7 € P(R% x [0,T]) as

(A x B) = /B hnl(t) P (Alt)dt

where 7"(Alt) = U(A) when t € [tyyim1 — tn, tnti — tn).
The assumption we will make on the 7/'s is that they satisfy the condition of bounded expected
running cost,
Bn“rn*l
Y. BEOlpgs(Y"-)

i=n

sup B < 0. (7.5)

n

Because of Lemma 7.7, we know that results that hold under this condition will also apply to
our specific choice of controlled measures ", defined in Section 7.1.

The main step towards proving Theorem 7.5 is to prove a version of it with such a generic
sequence of controls.

Theorem 7.8 Under (A.1)-(A.8), for every subsequence of {(D”,X”)} where {V"} satisfies
(7.5), there exists a further subsequence that converges weakly to (v, X). Furthermore, there
exists a stochastic kernel v(dy|t) such that

(A x B) = /Bﬁ(A]t)h(lt)dt,

T / L, o X () mpntayls)ds (7.6)

Note that the form of the limit measure 7 is a direct consequence of Lemma 3.3.1 in 9] and the
uniform convergence h' — h, ensured by (A.8). We also have that since S™ takes values in the
compact set [0,T], there is a subsequence that converges to S e [0,T]. The proof of Theorem
7.8 is presented in Section 8. Theorem 7.5 follows from this result if we can show that the limit
point for the appropriate subsequences of the specific choice of control measures in Section 7.1
have the claimed form. We will prove this in two steps, the strategy being to first send m to

and X satisfies
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infinity, and find the corresponding limit point Z¢ of X™. Recall that from how we chose m and
£, for fix ¢, taking n to infinity also means taking m to infinity, and vice versa. Moreover, note
that we here suppress the dependence on § and . Next, we send /¢ to infinity and ¢ to 0, and
show that the corresponding limit for the z¢ is ¢, as claimed. That is, we show the following
convergence results:

xn m—o00 jg 0—0, £—o0

Lemma 7.9 Lemma 7.10

We start with the first part: using Theorem 7.8 we characterise the limit point zZ¢ and prove that
X" — z% in probability as m — oo.

Lemma 7.9 Under (A.1)-(A.8), for any 6§ > 0, £ € N, {X"},, is tight. Moreover, the convergent
subsequences of {X™} converge to T in probability, as m — oo, where T* satisfies

k—1 ¢

— Tit1 — * T? & -,-,4

mf(t) =z + E /(Z /Rd2 g(xf(s),y)uc (75,6 ( Jﬁ(dy)ds
i=0YTi

t * (LY Fx ped
[ 0@ .0 D ),
Tk

forte [T]f,T]g_,’_l) and t < S™.
Proof.

Forj € {n+km+1,....,n+(k+1)m}and k € {0,...,£—1}, consider t € [t]_;,17). Because

we will consider the limit as m — oo, to emphasise the dependence on m in the o}'s, we define

) = () — {pc*(ﬂg; ,6dz:); n+km+1<; §@+km+l0,
’ (Y ,,dz), n+km+l+1<j<n+(k+1)m-—1.
Moreover, for j € {n+¢m+1,...,n+ B}, ie, whent € [t} T)ort> S™. we set
V(d2lt) = pso | (V. d2).
For notational brevity and clarity, we also define

kB = [ ane

and
¥(Ax B) = / Y(Al)dt, Y(Alt) = ¢RI (4) ¢ < G,
B

where ¢ and k are as above. For t > S we set y(At) = limym_oe Y™ (At). Note that v™ and
4™ (-|t) are playing the roles of #™ and v"(-|t). Combining Lemma 7.7 and Theorem 7.8, with
these definitions of 4™ and =, it is enough to show that v converges weakly to v w. p. 1.

To prove the convergence of 4™, consider any bounded and uniformly continuous function
f:R% x [0,T] — R. By the Portmanteau theorem, it is enough to prove that

/ Fly, ™ (dydt),
R%2 x[0,T)

37



September 21, 2023

converges, as m — 0o, to

/ F(y. ty(dyd).
R%2 x[0,T

Since y™(dy|t) — ~(dylt) by definition for ¢ > S the only interesting case is for the interval [0, S].
Below the proof is constructed with S =T. The case with S < T would be the same but over a
shorter time interval. From the definition of 4™ we have

(—1 n+(k+1)m

Junp 0I5 3 / S 0 e

k=0 j=n+km+1

/ 03" dyle)de
As a first step, for each k € {0,1,...,¢ — 1}, we now consider the difference
n+(k+1)m
3 / ool — | P,y (dyde). &
j=ntkmt1? -1 JRE R2x[r(7( 1)

In preparation for studying (7.7) in the limit m — oo, we make the following definitions.

n+km-+lg
chmy= Y. / FlaDpxo (V. da),
j=n+km+1 7 R%2
n+(k+1)m
Chm= Y / o) DS DT daya
j=n+km+lo+1 Re2
n—+( k+1 tn
_ / / £ 1) ¢ TOE DSyt
j= n+km+lo+1 Re2
n+(k+1)m
Chm) = S & [ ) e OCEDIT )
j=n+km+lo+1 R72
n+(k+1)m
- Y / Fa 7 )g TE DIy )T 5 gy,
j=n+km+lo+1 R2 JR?2
n+(k+1)m
Chm) = X e [ St DIy

j=n+km-+lo+1

/ Lt ¢ T0C (gt
[Tk7Tk+1]
With these definitions, we now rewrite ;ﬁnlf,jy)ﬁl j;n fRd? Yy, t)y™(dy|t)dt in terms of C¥(m),

i=1,...,4, and fRd2><[t

terms accordmg to lo:

) S (y,t)y (dydt) First, we split the sum over j into two

hmobn (ke 1)m
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n+(k+1)m

> / F ™ gl
j=n+km+1 R®2

nt(k+1)m

pus Sk 7_[ n
> / [ Fu g DS EDNT gy -+ O m)
j=n+km+lp+1

Next, for each interval [t" ,,t

7 1,t}), we freeze the time-variable ¢ inside f(y,?) at ¢}
n+(k+1)m

Z / Rd2 f(y,t)q ¢ (T’“)d(yn 1, dy)dt + CT(m)
j=n+km+lo+1

n+(k+1)m

tn
S i) o DS EE dt+ )+ O
j=n+km+lo+1

n+(k+1)m

S e [ f b)) DEDITR dy) 4 Clm) + CEm),
j=n+km+lo+1 Rz

where in the second step we have used that there is integral over the time variable now amounts
" L

toth — 1" | = ;. As a next step, by averaging over the controlled variable Y 1, We can write
the last display as

n+(k+1)m

S e [, Ht) o DD dy) + Clm) + Chm)
j=n+km+Ilp+1
n+ k+1

S [, £ e DDy, dayy¢ DS Dy
Jj= n+km+lo+l R?2 JR%2
+ C¥(m) + C5(m) + C¥(m).

Because p¢” (1067 (78 s invariant for ¢¢ 7 ¢ (7). , we have

/]Rd2 LA ) TOC Dy ) TDC DD () = / Fly, t5_ e T2 (dy)

Moreover, from the definition of C¥(m), we have

n+(k+1)m

Z 5]/ fy7]1

- Tt (L) (* (7L
"D () = / » Fly, 5 s T (dy)dt + CF (m)
j=n+km+lo+1 Tk

Combining the steps above, and the definition of 7, we can express the difference (7.7)
n+(k+1)m

3 / R dy|tdt—//
j=n+km-+1 7 R2

v(dydt) = Z CF(m
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We now consider the CF(m)-terms, for a fixed k € {0,1,...,¢— 1}, as we let m go to infinity.
For C¥(m), because f is bounded, the sum only contains a finite number of terms, and

n n
tn+km+l0 - tn+k:m+1 — 07 m — 00,

we have that CF(m) — 0.
For C§(m), we can write this term as

n+(k+1 tn o ,
Ch(m) = [ foy G000 = 1) o OB oy

Jj= n+km+lo+1

Using the uniform continuity of f, these terms can be made arbitrarily small.
Next, for Cé“ (m), we use an argument similar to what is used in the proof of Lemma 7.7.
For C¥(m), we utilise Riemann integrability of the function f : [0, 7] — R defined by

N s (0N Fx (L
te f(t) = g Fy, t)ps TS0 (dy).
2

: n l n l
Noting that ot (bt Dy~ Thel and €7 ooy = T

n+(k+1)m

2 & / O N C)

j=n+km+lo+1

is a Riemann sum and converges to ’““ f(t)dt as m — oo. Thus CF(m) — 0 as m — co.
k

We have established that, for each k& € {0,...,¢ — 1}, Z?:l CF(m) — 0, as m — oo. It
follows that

~

—1
ZCZk(m) — 0, m— .
0i=1

>
Il

By extension, as m — o0,

(1 nt(k+1)m

> > / W) dy'thZO/rk Tyl

k=0 j=n+km+1

= / [y, )y (dydt).
0 JR42

It remains to consider the term

/ £, Y™ (dylt)t, (7.8)
tn Rd2

n+fm

in the limit as m — co. Since f is bounded, v™(:|¢) is a probability measure for each t € [0, 77,
and ', — 7/ =T as m — oo, we have that (7.8) vanishes in this limit. Thus, we have shown
that, w. p. 1, for arbitrary bounded and uniformly continuous f : R% x [0, 7] — R,

/ F (O™ (dydt) — £y, O1(dydt), m — .
R72 x[0,7 R72 x[0,T]
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That is, w. p. 1 we have the weak convergence v — ~, as m — oo. This completes the proof.
|

The next step is to prove the convergence of Z¢ when taking 6 — 0 and ¢ — oo, in that order.
We have the following result.

Lemma 7.10 Assume (A.1)-(A.8) hold and let {z"} be the process defined in Lemma 7.9. Then,
{z%} converges to C*, on the time interval [0,5], in the limit as 6 — 0 and £ — occ.

Before proving Lemma 7.10, we show the integrability of g(z,-) with respect to 7, for each
x € R™ | which is used in the proof.

Lemma 7.11 Under (A.1)-(A.8), for any x € R4, the function y — g(x,vy) is integrable with
respect to my.

Proof. Since 1 + 2 < e® for all z € R, from (A.7) we have that for all z, € R% and y € R%,

1 +/ (o, 9(x,2))pe(y,dz) < Sup/ el9@2) p (y,dz) < occ.
Rd2 y JR92

By taking « as the unit vectors e;, for every ¢ = 1,...,d1, in the last display, the upper bound
implies the finiteness of every component of

swp [ gla,2)euly,do)
y JRd2

Moreover, since 7, p, = T, we have,

/Rd2 g(x, z)my(dz) = /Rd2 </Rd2 g(:L‘,z)px(y,dz)) o (dy).

Therefore, every component of the left integral is finite, which proves the claim. =
Before the proof of Lemma 7.10 we prove that if the process Z' converges to ¢* on [0, S], then
it also converges to ¢* on [0, 7]

Corollary 7.12 Assume that &' converges to ¢* on [0, 5‘], then S =T.

Proof. Assume that S < T. By the convergence of Z! we have that ||Z¢(S) — ¢*(S)|| can be
made arbitrarily small for small enough ¢ and large enough £ . ¢* is continuous by definition and
by Theroem 7.8 z‘ is continuous on the whole interval [0,7]. From the definition of S we have
that

lim [¢°(t) = ¢*(1)]| > 1.
t—S+
But this contradicts the continuity of ¢* and ¢ and we conclude that S=T. m
We now move to the proof of Lemma 7.10. The proof uses arguments similar to those used in
Section 8 to prove Theorem 7.8. Specifically, we employ arguments similar to those used in the
proof of Lemma 8.4. For simplicity the proof is done with S = T, the proof in the case S < T is
the same but on on a smaller interval.
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Proof of Lemma 7.10. As already noted, by construction of the v¢* <" (®)_measures, for all
t € [0,T], ¢* satisfies

—m0+/ / AR C*()(dy)ds,
Rdz

and Lemma A.2 ensures that the solution is unique.

To show the claimed convergence, we
consider the difference between z¢ and ¢*:

17° = ¢*loo = Sup 1Z°(t) — ¢* ()]

~ sup / / L DL D (g d5+// "D DS (dy)ds
t€[0,T]
/ / YOS (dy)ds
< s / / LD gy d5+// D Db () ds
t€[0,T]
-1
/z+1/g )C* é) dy ds—/ / C (Tk)C (Tk)(dy)d
1 .
+ sup Z/ / D (dy ds—i—/ / V<D ED (dy)ds
te(0,7] ||;=9 e

/ / *(5),6*(s) (dy)ds

We now treat the two suprema in the upper bound separately, and start by considering a fixed

but arbitrary ¢ € [0,7]. For the terms inside the first supremum, for any i € {0,1,...,k — 1},
we have the upper bound

‘ §S e S (dy) ds—/ /g C*(s e ) (dy)ds

s (LY Fx i+1 * *(rt & Tt
pC T (G ds — / e / 9(¢* (), ) T (dy)ds

* *(14),¢* (7
= g(¢*(5), ) ) €D )i

= g(¢*(s), ) v D (ay)ds
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Similarly, for the term involving integrals from T,f to t,

JCTDE DS () ds — / / V< EDC ) (dy)ds

< / / ) "L (dy)ds
%

< / / ) "L TS (dy)ds

From the definitions of ,uC*(TiZ)’é ()6 and 1< (T)¢* (70,6 , we have that

T Y

/' /@@W#»w e @ds—/ [ o(C e DD s

£

H/ )Tt (dy) = /Q(C*(Tf%y)VC*(Ti')’é*(Tf)(dy)H
= [t 12 /g@%#>m er oty () — C°(20)

The integral inside the norm is finite by Lemma 7.11.
Next, by the uniform Lipschitz property for g, we have

/jﬂ / (Q(C*(rf% y) — g(¢*(s), y)) pe rOE D (dy)ds

<z, [ 1e 6 - chlas

i

In precisely the same way we have

‘/T:lﬂ / (9(@(#)#) —Q(C*(S),y)> 8T OC ) (dy)ds

Terl * *( L
<z, 7 1e e -l
Combining these inequalities yields the upper bound,
Tf+1 " ¢ 0y
/ /g(C*(S),y)MC (<7 (dy) ds / / p¢ D (dy) ds
Tt

b =03 | [ oo et - *2%/;1 I°(5) = ¢ s
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We can use the same arguments as above once more to obtain an upper bound for the term

involving integrals from T,f to t:
) (dy)d / / DD (dy)ds

<@-h? H / o(C* (71). ey ) — ()| + 2L, / 16" (5) = ¢ ()l

Combining the upper bounds yields

/ / GRS O (dy ds+/ / yile ()8 (dy)ds
_ / / &) (dy ds_// VD EED () ds
k—1 Tz'e+1
< suw {Z( o H / Doty ) — £ \ +or, / 0 —<*<Tf>uds>
tef0, 1] | ;=1 !
t
2L, [ 1) - c*m@uds} ,
T
where the value for & depends on t.

To deal with the supremum over ¢, we note that increasing ¢ will only add more non-negative
terms, and the terms corresponding to time-differences will be maximal for ¢ = T'. This results
in k =1 and we have

/Hl/ )67 (), 3 (dy) ds+/ / ¢ () ()0 (dy)ds
—Z/ / .8 gy ds_/ / CDE D (dy)ds

-1 T
<) <<Tf+1—rf>§H / 96" 1), ) — (D) + 21, /_@ ||<*<s>—<*<Tf>uds>,

=1

sup
t€[0,T]

=1y | [ o€ ah e gy e

sup
t€[0,T

where we have also used that Tf =T.
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For the second supremum, we split it according to

/ / D (dy)ds + / / V& DD (dy)ds

/ / *(),6* (s )(dy)ds

/ / DT (dy)ds — Z/ /g ¢ (r D (dy)ds

/ / el ) (dy) ds—/ / *(Tﬁ)ﬁ'*(rﬁ)(dy)ds

pS" D (dy)ds + / e / g(¢*(rh), s € 0D (dy)ds
Tk

i=0"T:
-/ t [ o @ O D apas }
0

Similar to before, we start by treating the terms inside the supremum to obtain suitable upper
bounds. In this direction the second norm-term is the easiest to treat. From the definitions of
the 1" (7)< () _measures and the properties of (*,

sup
t€[0,T

=~ sup
te[o T]

. t .
SO (Tf)(dy)d8+/é/g(c*(ﬁf)’y)yc L (dy)ds
Tk

/ / (.6°) (dy)ds

Z( Ti = TG + (= )¢ (1) = ¢H(2)

1=0

This term will converge to 0 uniformly in ¢ as [ grows, due to the properties of (* (see Lemma
7.3).
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For the other term inside the supremum, we have the upper bound
.8 (g dS_Z/ / 1A D () ds

+/ /g(C*(s% )T () ds—/ / p$ T (dy)ds
}j/’ ot @ = 9(¢ @) [ 7O D ayyas
+/>/Hmcwxw—g&%¢me DD (dy)as

k— T‘ve t
TN (s) = CEDlds + Ly [ 119(CF(s)) — 9(¢ () | ds.
X; L% [ﬁg o

Similar to before, we see that the supremum is achieved at t = T, and thus k& = £. Together with
the preceding calculations this yields the upper bound

17° = ¢*lloo = sup [IZ°(t) — ¢* (1))

te[0,T
-1

§j< . H/‘ ey (dy) — E(71)

+ﬂ@/flM%$—CW¥m%>-

k3

Note that for any ¢, by sending § to 0, we have

-1

S (vt = w3 | [ o€ e o) = ¢l

=1

— 0.

Next, by the uniform continuity of ¢*, for £ large enough, we have that for any § > 0,

max == sup 1€ (s) = ¢ ()| < 6.

ZE{OZ 1} SG[ Th 1T ]

Using this we get

-1 o -1
;uﬁ;mw>< ds < 32 33L,(rf 1) = 3L,

which can be made arbitrarily small. m
We can now show that the second term in Equation 7.3 is negligible.
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Lemma 7.13 Under (A.1)-(A.7), we have the following convergence

1 (Zlm-l dﬂg(#)(ffk%ﬂ,') 0V () .5 /S
lim sup lim sup lim sup £ *Z / log k o qC(Tk),C(Tk), (Yk%ﬂ’dy) =0.
t—oo =0 m—oo ni=0 =0 dPXgmH(Ykmﬂv )

Proof. Recall that p,(y,dz) = n.(y, 2)A\(dz) where n,(y, z) is continuous in x, uniformly in y, z,
this implies that

d . .
log pa(ys-) _ log 12 (Y, -)
dpw(y,-) (Y, )
It suffice to prove that {X}* } and converges to C(T,f). This is true by Lemmas 7.9 and 7.10. m
With the continuity of F', the above lemma and Lemma 7.9, we find that for any €, > 0.

—0asz — w.

1 n
lim sup —B— log Ee P F(X)

m—ro0 n

<limsupE | F(X") +

18 py R (Vlrclm+j+1(')||p)?gm+j (?k%ﬂ’ ')>
m oo

<limsup E | F(X") +
m—00 m

78),C(r¢ va o vV
7 R (QC( )t k)’6(Yn+km+j7 ')Hpg(r,f (Ykarja ))
k=0 j=lo

/-1
TZ : Té TZ : TZ
/R (@D, oy (9, -) ) TR k)’5(dy)] :

o1
<E|F(XY+ 7
k=

0

Notice that from Lemma 7.2,
4 ) 4 TZ - TZ
B [ / R (45D D (g, )l pygrey 1, )) S k>,a(dy)}

70 E(+E 70 E(rL 2y ¢+
[R (Ma D28 @ gL ()| g oy, ))}

E
< B |L(¢th).h)] +=.

Thus,
1 148 .
limsup —— log Ee X" < B IF(XH+ >N L (C(T;f), C(ﬁf)) +e.
This we will now rewrite as a Riemann sum
1 /—1 ] /-1 1 )
S LS L)) = =L (S0, () ) (Thn — 7).
¢ k=0 < ) ;o E(Tlirl -7 ( )
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I s
The term e = is bounded from above by Rt
In+5H 5, ] [t 25280 Y
, o PR i
g(Tk“Fl — Tk) = nh—>I20 Z el = nh—>n<;10 Z €iBn B
i=|n+%6,] i=[n+ 6]

> lim 5Ln+%5nﬁn = h(Tlf-i—l)‘

n—oo

Lastly, since ¢ is arbitrary, F' is continuous,  is piecewise linear with finitely many pieces (Lemma
7.3) and the use of Lemma 7.10, we find

1 n
lim sup lim sup —— log Ee BnF(X™)
{—o00 m—00 n

{—1 1
lim sup F(X*) +

T
<F(O)+ /0 h(lt)ucu),c'(t))dm

= F(Q) +1(0) < inf(F(p) + I(¢)) + 2.

<limsup F L (C(T;f), C(ﬁf)) (Tlchrl - Tlﬁ) te

£—00

Sending ¢ — 0, we get

1 n
lim sup lim sup — = log Ee X" < inf(F(p) + I(¢)).

{—00 M—00 n »

8 Proof of Theorem 7.8

In this section we carry out the proof of Theorem 7.8, the convergence result for (7, X™) when
{P"} is a generic sequence of control measures satisfying bounded expected running cost.
The first step towards proving Theorem 7.8 is the following uniform integrability property.

Lemma 8.1 Under (A.1)-(A.8), if {U™} has bounded running cost, i.e.

Bn“rn*l

swpB | Y0 ROl (7 )| <. )

n

=n

then it satisfies the uniform integrability property,

T
/ / ) g(X™(t), 2)||7™(dz x dt)] =0. (8.2)
0 Jlg(Xn(8),2)[I>C

Proof. The proof uses the inequality ab < @ + 2 (blog(b) — b+ 1) with a = lg(X™(t), z)|| and

lim sup

C—o00 pn
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()

- W' For t € [0,T7], and fixed C' and n, we have,

[ el :)
llg(X™(2),2)[|>C

a7 (2)
dpfql (}/;n’ Z)

X"(t),2)] pxn (Y, d2)

I
lg(X™(),2)|>C

<

/ ¢ IO p e (V7 d2)
lg(Xn(0),2)|>C :

1 dv? do? do? ~
s | ( 7) 1og( aG) )_ 7) +1>pﬂ<yin,dz>
7 Jigxrt).2)1>c \ dpgn (Y, 2) dpn(Yi",2) ) dpgn (Y], 2) Z

¢n . 1 5
s IO g (87, d2) R Oy (77, )
lg(X™(t),2)[|>C : o i

1 ~
< Csupsup [ 1N (3, d2) + R Cogy (77,9)
T Y o v

Assumption (A.7) to guarantee that the first term is finite. Using this bound yields

T
// Hg(X”(t),z)HzJ"(dzxdt)]
0 Jg(Xm@®).2)I>C

Bn+n—1 1 o el 1 1
—0o 20|z ~1 e
g e sup su e Py, dz) + Rz ()|lpen (Y™, -))dt

T Yy

E

<E

=n it N
Y RECpgs (¥ )

i=n

1
Bn

1
=< e 7“sup sup/eQ"”pr(y, dz)+ —F
T Y g

Equation (7.5) ensures that the second term is bounded in n. Therefore, since the first term no
longer depends on n, taking C' — oo, followed by ¢ — oo yields the claimed convergence. m

The proof Theorem 7.8 contains many steps and the idea follows closely from [9, Section 5.3|.
We first prove the tightness of the controls {7} which assures the existence of a convergent
subsequence. We also show an important property of {#"} called "uniform integrability" (see
Lemma 8.1). After that we consider a stochastic process S™ which is defined as

sh) =at [ [ (X)) Al

where X"(t) is the picewise constant function that takes the values X "tk — tn) = Xp. With
this intermediate process S™, we can then bridge the gap between X, and X. To be more precise,
we will show that there exists a subsequence of {S™} (also denote it by the same notation) such

that S™ 2 X and

P < sup || X" (t) — S™(t)|| > €> =0 for any € > 0
te[0,7]
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to complete the proof. We begin with proving uniform integrability and tightness of the control
sequences {P"}.
Before we show the convergence of {S™}, we prove that {S™} is tight in the following lemma.

Lemma 8.2 Define the modulus of continuity of S™ as

w™(8) = sup [[S"(t) = 5" (s)]l-

|s—t|<d
for any 6 > 0. Then
(a) for alle >0 and n > 0 there exists a 6 > 0 such that P(w"(d) > ¢) < n for all n.
(b) S™ is tight.

Proof. For part (a), given any € > 0 and 7 > 0, from (8.2) we can choose C' > 0 such that

T ) e
I (X" (1)) ay )| <
0 Jlg(sm@®).y)l>C e

Then setting 0 = ¢/(2C), using Markov’s inequality yields

sup K

P(w" =P | sup [[S"(t) —S"(s)| > E)

|s—t|<d

1=
P(:lglgé [ [l )||’7"(dy|7“)d7“>z-:)

(581;26// (Xn(r).9)|>C lg(X"(r). )17 (dylr)dr

e [ A e > >
(:1;115/5 /Hg(f(n(r)w)'bc lg(X™(r), )| ZZE:;'?”(dyIT)dr +C0 > g)
P(fiﬂia/ / oo IE I <dyxdr>>2T>
(/ [ (Xn()y)|”7n(dy><dr)>2;,>

/ / ||g<X”<>y>||ﬂ“(dyxdr>]<n.
X” r),y)||>C

As for part (b), since we have part (a) and we also know that S™(0) = z for all n, the tightness
of {S"} follows from Theorem A.3.22 in [9]. m We next show that X™ and S™ are close. To be
more precise, we prove the following lemma.

<P

<P

<P

el
<—E
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Lemma 8.3 Let S™ and X™ be defined as before, then for any e >0

as n — Q.

P ( sup [|S™(t) — X" ()| > 5> -0,
t€[0,T]

Proof. We will use the notation t7 = ¢; — ¢,. We first use the fact that X" is the piecewise
linear interpolation of the random vector {Xf} ={X "(t])} to find

sup |8"(#) = X"(1)] < max

tel0,7

where J = {n,...,m

sup
te[ty b, ]

<nn ntn_Xntn,
< (o) + max |S"(17) - X" (27)]

niy\ _ wYn < n(.n NN\ _ YR (4N
I87(t) — X" (2)]| < maxw" (<) + max | S"(17) - X"(23)]

(T +t,)}. Lemma 8.2 implies that w"(e,) 2 0. Hence it suffices to show

that maxge s || S™(t7) — X™(t9)|| 20. For any & > 0, we use Markov’s inequality to get

- 1 -
M 4N\ _ YN (4T < Z Y — X (E L
P (max 157(6) — (6Dl > ) < 18 [maxlls™() - X

It remains to show the expectation converges to 0. Given 6 > 0, we introduce a variable A}"‘

defined by

Observe that A7 is a truncation of €jg(X;L,}7J”),

_[Xpa-Xp o if ||):(}‘1+1 - ):(Jn|| <0
0 if | X7, — X7 >0

since X', = X' +¢;9(X7, V") With this

notation and by the definitions of S” and X™, and #"(dy|s) = U7 (dy) for s € [t},t7, ), we find

that

El mn/4n
5”2

< F |max

keJ

max
keJ

+ F |max

keJ

+ F |max

keJ

-2l

(8.3)

K </Rd2 I WL e, g7 m <o 77 () = /R ., 97 ,y)ﬂ?(dy)>

(8.4)
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Therefore, it suffices to show that the last three terms on the right side of the inequality converge
to 0 as n — oo.

For the second term, we observe that with respect to the sigma algebra ]j"]” = O'(X X;LL o\ ])
the sequence {M'} defined by

My = Aj — & /R 9XG W g(xp ) 1<0y 75 ()
is a martingale difference sequence. Indeed, by the definition of 7'

- Fn
71 X?H<9|]:]}

=¢;E [Q(X? Y e 00x vy <0y TS }

BIASNF] = B (X - X1
=¢j /Rd2 9(X7,y)1 {lle;g(X7y)]1<0}” vjt (dy)-

Therefore, {(Z?Zn M]’-T,]?l?fl)} is a martingale and for any i # j, E [<M1",Mj”>} =0. In

addition, the second term becomes

k—1 -1
n a0 n
Bmay Z (AJ T /ﬂw I 07 )1<0) 77 dy E | max Z i1
Jj=n j=n
We can then bound the second term by
24y 1/2 oo\ 1/2
max ZMJ"H < max ZMJ”H <2| E Z M}y ,

keJ keJ

where the first inequality comes from Cauchy-Schwarz inequality and the second one holds since
Doob’s submartingale inequality. Furthermore, because

Bn+n 2 Bn+n ~ 2
ENY Ml | =) E ’A? — < /Rd2 I D ey 07 i1 <0) 77 () ]
j=n j=n

Bn4n Bn4n

SZ [11A71%] Z [IA71]

b / [ la(x ,ymﬁ”(dyrt)dt]

sez

<9E[// la(X2.) rh”<>"<dyxdt>],

where the first inequality comes from the fact that

E1771 =< /RdQ 9XG D ey o(7 1<y 7 (W)
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and the second inequality holds due to [[A%]| < 6.

The expectation in the last display is bounded by a constant (which is independent of n) due
to the uniform integrability property, so by sending 6 — 0 this term disappears.

Now for the first and the third term, we need to consider ¢"(#) which is defined as

T
c”(e);EUO /M 9CKF ) g1 5401507 )|

Notice that as n — 00, c™(f) — 0 because of the uniform integrability property and e; — 0.
Thus, we will complete the proof by bounding the first and the third term with ¢"(€), and then
we send n — oo followed by sending 6 — 0.

For the first term, we write X "(ty) — x as a telescoping sum to find

[ m(T+t,)
E |max x+ZA” X" <E| D IX(#0) - X7(t)) — A
j=n
_Bn‘f'n 5 _
<E Z €ng(X]n,1@”)\|1{H5jg()2;lyjn)uze}
| j=n
ﬁn‘f’n
£ |3 / VSR DL 5512005 ()
< c”(ﬁ).
As for the third term
k-1 i i
E | max ;Ea‘ </Rd 9GS D ey o7 w1 <0y V7 () = /MQ(XJ’WJ' (dy)>
[ (T+t,)
<FE Z 5]/ lg(X j >?J)||1{||5Jg X."’y)H>0} v (dy)
6n+n 5
=E Z /t /}Rd2 l9(X5 s DL (e 9052 9120y 7" (dylt)dt
<c (0)

The proof is complete. ®

Now we know that there is a convergent subsequence of {S™} according to Prohorov’s theo-
rem, and if we denote its limit as S, then it remains to show that with probability one (w.p.1)
S equals X, where X is defined in (7.6).

Lemma 8.4 Let S™ and X be defined as before, then for any e > 0

P ( sup ||S™(t) — X ()| > 5) — 0,

te[0,7]

as n — 00.
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Proof. For any € > 0, we first use Markov’s inequality to find

P( sup [|5"(8) — X ()] >a) <18| sw ||s"<t>—fc<t>||].
te[0,7) te[0,7]

™ | =

It remains to show the expectation converges to 0. To show this, we notice that

E | sup HS”(t)—X(t)H]
t€[0,T)
sup / / (X™(s),y)do" (y|s ds—/ / (X(s),y)di(y|s)ds ]
te[0,T Rdz Rdz
sup // X” y)do"™ (y|s ds—// " y)do(y|s)ds ]
te[0,T Rdz Rdz
sup// — 9(X().)| d(us)d ]
t€[0,T] Rd2
<5 | swp [ gl Gs) - ns dxds]
te[0,T] JR%2
+ E | sup / g(X™, y)h(s)0"™ (dy x ds) / Y )h(s)o(dy x ds) ]
t€[0,T] ||/ R%2 x[0,t] d2 x Ot
t
+ E | sup / KHX”(S)—X(s)||d17(y|s)ds]
tef0,7]Jo JRd2
< E | sup / lg(X™, )[1R" (s) = h(s)[|P"(dy x dS)] (8.5)
te[0,T] JRI2
+E | sup / g(X", y)h(s)0" (dy x ds) — / g(X",y)h(s)i(dy x ds) ] (8.6)
| t€[0,7] || /R2x[0,¢] R%2 % [0,¢]
[ t
+ E | sup / K||X"(s) — S"(S)Hdﬁ(y\s)ds] (8.7)
| te[0, 7] Jo JR42
[ t
+ E | sup / K||S"(s) —)_((s)||dﬁ(y|s)d5] .
| tefo,7]Jo JRe

By Gronwald’s inequality we now get that

sup ||S™(t) — X(@®)||| < E [((8.5) + (8.6) + (8.7))e" ] .

t€[0,T]
All that is left is to prove that (8.5), (8.6) and (8.7) converges to zero. For (8.5), due to (8.2),
we know that there exists some C' > 0 such that

T
/ / A \|g<x,y>|rﬁ"<dyxdt>]s1.
0 Jlg(Xn(t),y)|>C

o4

E

sup £
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With this C' > 0, we can find that

E | sup / lg(X™(s), w)IIIA" (s) — h(s)[|Z"(dy x dS)]
R%2 x [0,t]

te[0,T]
T % ~MN
= / /HQ(XH(SMKCHg(X (), 9)lIA"(5) = h(s) |7 <dyxds)]
T
E XTLS7 hns—hs ﬁnd ds
: /0 /g<)‘<n<s>,y>>oug( (), 9)IIlIR" () = h(s)[[" (dy > )]

< (CT+1) sup ||h"(t) — h(t)].
te[0,7)

Thus, (8.5) converges to 0 due to the uniform converge of {h"} to h as n — co.
As for (8.6), it requires more analysis. Notice that for any C' > 0 and ng > 0,

E | sup / g(X"(s), y)h(s)P"(dy x ds) —/ 9(X"(s),9)h(s)p(dy x ds) ]
te[0, 7] ||/ R x[0,¢] R42 x[0,t]

<B|sup | [ g h(s) iy x ds) — [ g(X™ (). g)h()n(dy  d ]
te[0,7] || /R x[0,t] R%2 x [0, t]

+ E | sup / g(X™(s),y)h(s)0"™(dy x ds) / g(X™(s),y)h(s)i"(dy x ds) ]
t€[0,T] ||/ R%2 x[0,t] R42 x|0, t]

+ E | sup / g(X™(s),y)h(s)i(dy x ds) / "(s),y)h(s)(dy x ds) ]
te[0,77] ||/ R x[0,1] d2 ><[0t

< E | sup / g(X7(s), y)h(s)0" (dy x ds) — / g(X™ (s),y)h(s)o(dy x ds) ]
t€[0,T] ||/ R%2 x[0,t] R%2 x[0,t]

+ E | sup / | X7 (s) — X7 (s)||h(s)7"™ (dy X ds)]
t€[0,T] JR42 x[0,t]

+ E | sup / | X70(s) — X" (s)||h(s)o(dy x ds)]
t€[0,T] JR42 x[0,t]

The last two terms can be made arbitrarily small by choosing large enough n and ngy due to X™
and X" converging to the same process. For the first term we split it up into two parts, one
that is bounded where we can use the weak convergence of 7" and one part that can be made
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arbitrarily small due to uniform integrability property.

E up /Rd?x[o t]g(X"O(S),y)h(s)D”(dy x ds) —/RdQX[Ot]g(XnO(s),y)h( 8)i(dy x ds) ]
=ELEh /R@X[O,t] (K™ )90 gm0 i<y
”m {llg(X0(s), y>>0}> h(s)7"™(dy x ds)
B /Rdz <04 (e ORVINME e,
Cm {llg(X"0(s), y>>0}> h(s)p(dy x ds) ]
il P /Rd2><[0,t] ( (xm(s)9) = C”igzz(g ;H) {lg(Xo (o)) >y ()7 (dy x ds)

] |

T 87 )
_/]Rdzx[o { (g(X ) C||g (8):y )||> (oo o) h ey x )

For the new first term, we define notations
po(z) = zlg<cy + CH jH>c)

and
(t) = / pc(g(X™(s),y)h(s)o" (dy x ds) —/ ec(9(X™(s),y)h(s)o(dy x ds).
R%2 x[0,t] R%2 x[0,t]

Then the new first term can then be expressed as E[sup;cjo,r) [[€"(t)|]. Now given any ¢ € [0, 77,
since (R% x {t}) = 0, ™ converges weakly to # w.p.1, and notice that ¢ is bounded and
continuous, this implies that ¢"(¢) — 0 w.p.1 as n — oco. Without loss of generality, we assume
"(t,w) — 0 for all w € Q and ¢ € [0,7]. Now for any fixed w € €, it is not hard to see that
{"(t,w) : t € [0,T]}nen is equicontinuous and uniformly bounded by 2C. Thus, by Arzela-
Ascoli theorem and since ¢"(t,w) — 0, also the fact that if every subsequence has a further
subsequence which converges uniformly to the same limit, then the whole sequence converges
uniformly to the same limit, we can conclude that supycp py [|€"(t,w)|| — 0 for that given w.
Since w is arbitrary, this means that sup,cjo 17 [[€"(¢)|| — 0 w.p.1. Moreover, due to the fact that
supyeqo,r] [€"(t)[] < 2C < oo, we use the Lebesgue dominated convergence theorem to find that
the new first term, i.e. E[sup;co r [[€"(¢)|l], converges to 0.

As for the new second term, we can use that h(s) < el and

X
z— CMH Yjali>cy < (2l + ONyei>0y < 20zl1e)>0y

o6
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for all z and (8.2) to bound it from above by

T
- ot )7y x )|
0 Jg(Xmo@®))lI>C

which converges to 0 by sending C' — oo.

Finally we have the term (8.7) that converges to zero due to Lemma 8.3. m

Now the proof of Theorem 7.8 is complete. The tightness of {#"} follows from Lemma 8.1,
the tightness of {X"} follows from Lemma 8.2 and Lemma 8.3 and finally the limit (7.6) follows
from Lemma 8.4 and 8.3.

4el sup E
n

A Appendix

A.1 Proof ] is a rate function

Lemma A.1 Under Conditions 2.2, The function I : C[0,T] — [0, 00| defined by

T
I(p) = / h(le(so(tm@»dt,

where

v = o, { nf (ROl oty i5= [

g@wM@ﬁ,

2

and
h(t) = (el —1)e™,

is a rate function, i.e., I has compact level sets.

Proof. We need to show that for any sequence of continuous functions {¢’} such that I(¢’') < K
have a convergent subsequence where the corresponding limit ¢ fulfills I(¢) < K. For any ¢,
there exist a probability measure u?(dy x dt) = p? (dy|t)dt and a transition kernel ¢/ (y, dz|t) such
that

T 1 ‘ | |
/0 h(t) /Rd2 R(¢ (y, 1)1 ey (s ) (dylt)dt < I(¢7) + ¢
/Rd2 g(& (t), ) (dylt) = ¢ ()

g =

Now we prove that {u/ }; is uniformly integrable. It is sufficient to prove that

T
limlimsup/ / / 12l (y, de ) (dy x dt) = 0
m n 0 JR% J|z||>M
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We use the inequality ab < e”® + < (blog(b) — b+ 1)

T . .
/ / / 2llaf (9, de)pd (dy x dt)
0 JR% J|z||>M

T . 1 [T . . .
<[] e gyl [ R el (o)l ) Ayl
0 JR:2 J|z||>M g Jo
T 1
S/ sup/ €U||2Hp¢j(t)(y,d2')dt+ —(K +¢)
|z||>M o

T
1
S/ e M supsup/ el oo (y, dz)dt + = (K + ¢).
0 z oy J|z|>M o

Now as in Lemma7.4 and Lemma 8.1, sending n — oo, M — oo and then ¢ — oo yields the
desired limit. This proves that ;7 is tight. Now for a convergent subsequence of p/ with limit .
We define ¢ as the solution to the following ODE

o(t) = w0 + /0 9(6(s, 9))u(dy|s)ds

We need to prove that this ODE has a unique solution.

=z + / / <) (dy)ds,

Proof. Let ¢! and ¢? be solutions to the ODE

0 = 20+ / / WL (dy) s,
—360+/ / (6%(s) <) (dy)ds,

and let A be such that AK < 1, where K is the Lipschitz constant to g. Then we will prove
that for t € [0, A], ¢(t) = ¢*(t).

sup 1164(0) = 4011 = swp | / / WD (dy)ds — / / JED O (dy)ds|
te[0,A te[0,A]

/ / sup [[9(8"(£), ) — g(¢2(t). o) [ O<O (dy)ds

t€[0,A]

< /0 K sup [|61(2) — 62()|[SC<C) dy)ds = KA sup (|6} (1) — 62(2)].

te[0,A] t€[0,4A]

Lemma A.2 The ODE

has a unique solution.
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This is a contraction and the same procedure can be iterated arbitrary number of times leading
to

sup [[¢"(t) — ¢*(1)|| < (KA)Y sup [|g'(t) = ¢*(1)|| = 0, N — oo.
te[0,A] t€[0,A]

Now we need to extend this to ¢ € [0,T]. For t € [0,2A] we can use the above argument to get

sup (o' (1) — ¢*(t)|| = sup |6 () — ¢'(A) = (¢°(t) — 6*(Q))|

te[0,24] te(0,24]
= sup [|¢'(t) — ¢'(A) — (¢*(t) — ¢*(A))]]
te[A2A]
<AK sup [|¢'(t) — ¢*(1)]| < AK sup |6 () — ¢*(1)]]
te[A24A] te[0,24]

The same argument as above can now be applied to show that ¢'(t) = ¢2(t) for t € [0,2A].
Repeating this procedure yields the result for t € [0,7]. =

A contradiction argument with different ¢ proves that ¢ is independent of €. This proves
that there exists a subsequence of ¢/ that converges and therefore is precompact. The proof is
finished if we can show I(¢) < K.

T
K > limin 1(¢7) > liint [ RO 9. delo)s @)1 0 =) dyie) e — =
0

T
> /O Riq(y, d=18)u(dy[0)] | poce) (. d=)u(dyl))dts > 1(6) — <,

where the second inequality uses Fatou’s lemma, the lower semi-continuity of the relative entropy
and the feller property of p. Since € is arbitrary we have I(¢) < K and therefore I has compact
level sets and is a rate function. m
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