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Abstract

We provide a large deviations analysis of deadlock phenomena occurring in dis-
tributed systems sharing common resources. In our model transition probabilities
of resource allocation and deallocation are time and space dependent. The process
is driven by an ergodic Markov chain and is reflected on the boundary of the d-
dimensional cube. In the large resource limit, we prove Freidlin-Wentzell estimates,
we study the asymptotic of the deadlock time and we show that the quasi-potential
is a viscosity solution of a Hamilton-Jacobi equation with a Neumann boundary
condition. We give a complete analysis of the colliding 2-stacks problem and show
an example where the system has a stable attractor which is a limit cycle.
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1 Introduction

Distributed algorithms are related to resource sharing problems. Colliding stacks prob-
lems and the banker algorithm are among the examples which have attracted large in-
terest over the last decades in the context of deadlock prevention on multiprocessor
systems. Knuth [RJ], Yao [BY], Flajolet [LJ], Louchard, Schott et al. [R€, B3, BY] have
provided combinatorial or probabilistic analysis of these algorithms in the 2-dimensional
case under the assumption that transition probabilities (of allocation or deallocation) are
constant. Maier [29] proposed a large deviations analysis of colliding stacks for the more
difficult case where the transition probabilities are non-trivially state-dependent. More
recently Guillotin-Plantard and Schott [[7, [§] analyzed a model of exhaustion of shared
resources where allocation and deallocation requests are modeled by time-dependent dy-
namic random walks. In [, the present authors provided a probabilistic analysis of
the d-dimensional banker algorithm when transition probabilities evolve, as time goes
by, along the trajectory of an ergodic Markovian environment, whereas the spatial pa-
rameter just acts on long runs. The analysis in [§] relies on techniques from stochastic
homogenization theory. In this paper, we consider a similar dynamics, but in a stable
regime instead of a neutral regime as in our previous paper, and we provide an orig-
inal large deviations analysis in the framework of Freidlin-Wentzell theory. Given the
environment, the process of interest is a Markov process depending on the number m
of available resource, with smaller and more frequent jumps as m — oo, see (B.I)). A
number of monographs and papers have been written on this theory: [[4], [[f] and [I9]
for random environment, [I0], [IZ], [BI] and [2J] for reflected processes, [B], [F] and [B{] for
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homogeneous Markov processes. However, our framework, including both reflections on
the boundary and averaging on the Markovian environment, is not covered by the current
literature, and we establish here the large deviations principle. We prove that the time
of resource exhaustion then grows exponentially with the size of the system — instead of
polynomially in the neutral regime of [f— and has exponential law as limit distribution.
Then, we study the quasi-potential, which solves, according to general wisdom, some
Hamilton-Jacobi equation: in view of the reflection on the hypercube, which boundary
is non-regular, we prove this fact in the framework of viscosity solution, and study the
optimal paths (so-called instantons).

We investigate in details a particular situation introduced in a beautiful paper of Maier
B9], where the motion in each direction depends on the corresponding coordinate only,
with the additional dependence in the Markovian environment. In fact, we discover the
quasi-potential by observing that the discrete process has an invariant measure, for which
we study the large deviations properties. We can then use the characterization in terms
of Hamilton-Jacobi equation to bypass the Hamiltonian mechanics approach of [R9]. For
the deadlock phenomenon, we finally obtain a (even more) complete picture (after an
even shorter work). To the best of our knowledge, this is first such analysis developed
for space-time inhomogeneous distributed algorithms.

The organization of this paper is as follows: we discuss our probabilistic model in
Section 2. In Section 3 we prove a Large Deviations Principle. Deadlock phenomenon
analysis is done rigorously with much details in Section 4. In Section 5 we illustrate with
the two-stacks model. In Section 6 we work out an example where the system has (in
the large scale resource limit m — o00) a stable attractor which is a limit cycle. Some
technical proofs of results stated in Section 4 are deferred to Appendix (Section 7).

2 The Model

The environment is given by a Markov chain (&,),>¢ defined on (2, A, P) with values in
a finite space £, N = |E|. We denote by P its transition matrix, P(k,?) = P(§,11 =
0, = k) for k, 0 € E.

The steps of the walker take place in the set

VY = {617 —€1,...,¢€4q, _ed} )

where (e;)1<;<q denotes the canonical basis of 74, and are reflected along the boundary
of the hypercube [0, m]¢, for a large integer m.

Following [, we first discuss the dynamics of the walk in the non-reflected setting.
The displacement of the walker has then law (p(s/m,i,v);v € V), when located at s and
when the environment is 2. To obtain a stochastic representation — which is, in contrast
to [g], needed here — , we are also given, on (2, A, P), a sequence (U, ),>o of independent
and uniformly distributed random variables on (0, 1), independent of the family (&,),>o0-
Denoting by f: (s,4,v) € R? x E x (0,1) — V the inverse of the cumulative distribution
function of (p(s,7,u)),ey (for an arbitrary order on V), we have

]P){f(saiv UN) = 'U} = p(s,i,v) s
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so that the position of the walker can be defined recursively by

The reflected walk is obtained by symmetry with respect to the faces of the hypercube.
Denoting by Id the identity mapping on R? and by II (resp. I1(™)) the projection on the
hypercube [0,1]? (resp. [0, m]?), we define recursively the position of the walker by

X1 = 21 —1d) (X, + f(Xn/m, &0, Un))
=m(2Il — Id) (X,./m + (1/m) f(Xn/m, &, Uy)).

When X, is on the boundary and X,, + f(X,,/m,&,, U,) is outside the hypercube, X, 4
is the symmetric point of X,, + f(X,, &,, U,) with respect to the face containing X,, and
orthogonal to f(X,/m,&,,Uy,), i.e. X1 = X, — f(Xn/m,&,,U,). The kernel ¢ of the
walk (X,),>1 has the following form. When located at x € (0,m)¢ N Z? and when the
environment is ¢, the jump of the walker has law (q(z/m,i,v) = p(z/m,i,v);v € V). On
the boundary, the reflection rules may be expressed as follows: if x,/m =1 (x, is the (th
coordinate of x), q(xz/m,i,e;) = 0 and q(z/m, i, —e;) = p(x/m,i,ep) + p(ax/m, i, —e,) ; if
e =0, q(x/m,i,—e;) =0 and q(x/m,i,—ep) = p(x/m,i,e;) + p(x/m,i, —ey).

We could choose another reflection rule by setting X, = II™ (X, + f(X,./m, &, Uy)).
Such a choice wouldn’t change anything to the proofs given in the paper, except the proof
of Theorem [L.9 which uses the fact that the steps of (X,),>0 are always non-zero.

Following (B.])), we can write

(2.2)

Xn+1 = Xn +g(Xn/ma§n>Un) ; (23)

where g : (x,4,v) € R¢x Ex (0,1) — V is the inverse of the cumulative distribution func-
tion of (q(z,i,u))uey. Of course, g(z,i,v) = f(x,i,v) for z € (0,1)¢. On the boundary,
x=1= gi(x,i,v) <0and xy =0 = gy(x,i,v) > 0.

The process (&, X»)n>0 is a Markov chain with transition probabilities

P{&1 =k, Xnp1 = v+ X, |F5™ } = P&, k)g(Xn/m, &0, 0),

where F5% = a{&,...,&n, Xo, ..., X,}. In particular, for x € Z? and for a probability
measure v on F, we can write P Jm 1O indicate that the chain starts under the measure
0, ® v. In many cases, we just write IP,/, (resp. P¥): this means that the law of the
environment (resp. of the walker) is arbitrary. And, of course, the notation P means that
both the initial conditions of the walker and of the environment are arbitrary.

2.1 Main Assumptions

In the whole paper, (-,-) and |- | stand for the Euclidean scalar product and the Euclidean
norm in R:. The symbols | - |y and |- |« denote the standard ¢* and (*° norms in RY.

From a purely practical point of view, the values of p(z,i,v) for x outside the hypercube
[0,1]¢ are totally useless. In the sequel, we refer, for pedagogical reasons, to the mon-
reflected walk: in such cases, we need p(x,i,v) to be defined for all z € RY. This is the
reason why the variable x lies in R in the following assumptions.
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In formulas (R.)) and (B.3), the division by m indicates that the dependence of the
transition kernel on the position of the walker takes place at scale m. For large m,
the space dependence is mild, since we will assume all through the paper the following
smoothness property:

Assumption (A.1l). There exists a finite constant K such that |p(z,7,v) — p(y,i,v)| <
Klz—y|, v,y e R i€ E,ve V.

For technical reasons, which are explained in the paper, we impose the following ellip-
ticity condition:

Assumption (A.2). Forallz € RY i € E and v € V, p(x,i,v) > 0. By continuity,
inf{p(z,i,v); x €[0,1]%, i € B, v € V} > 0.

We also assume the environment to be ergodic and to obey the large deviations principle
for Markov chains. We thus impose the following sufficient conditions:

Assumption (A.3). The matrix P is irreducible on E. Its unique invariant probability
measure is denoted by .

In particular, the following vector-valued function is smooth:

fa) =B f(z,6,U) =) vE'p(x,&v), ze€R?; (2.4)

vey

the above expectations are taken over independent variables £, U, where £ has the distri-
bution p and U is uniformly distributed on [0,1].

For the deadlock time analysis, another assumption will be necessary (see (A.4) in
Section []).

2.2 Continuous Counterpart and Skorohod Problem

Because of the reflection phenomenon, we briefly recall what the Skorohod problem is
(we refer to [BJ] for a complete overview of the subject). For each continuous mapping
w:t € [0,+00) — w; € RY with wy € [0, 1]¢, there exists a unique continuous mapping
t €10,400) = (x4, k) € [0,1]¢ x RY, with k of bounded variation on any bounded sets,
such that:

t

t
Vi Z 0 y Wy = T + /{Zt y kt = / nsd\k\s s |/{Z|t = / 1{x568[0,l]d}d|k|s s (25)
0 0

where n, € N(z;), N(x) denoting for z € 9]0, 1]¢ the set of unit outward normals to
0[0,1]% at x, that is

N@)={veR: jo|=1,v=0if 2, € (0,1), v, <0 if 2, =0, v, > 0if z, = 1}.

When z is in the relative interior of a face of the hypercube, N (z) is obviously empty.
It can be proved (see again [R3]) that, for every 7" > 0, the mapping ¥ : (w)o<t<r

(z¢)o<t<r is continuous from Cjg1y4([0, T]; R?) into itself with respect to the supremum

norm (it is even 1/2-Hélder continuous on compact subsets of Cpg ([0, T]; R?)); here



6 COMETS, DELARUE AND SCHOTT

and below, C4([0, T]; R?) denotes the set of continuous functions from [0, 7] to R? with
an initial datum in A. Moreover, if w is absolutely continuous, then x and k are also
absolutely continuous (see 23, Theorem 2.2]).

Equation (P.2) corresponds to a Euler scheme for a Reflected Differential Equation
(RDE in short). An RDE is an ordinary differential equation, but driven by a push-
ing process k as in (B.§). For a given initial condition zy € [0,1]? and a given jointly
measurable and z-Lipschitz continuous mapping b : R, x [0, 1]¢ — R¢, the RDE

t
VT > O, (xt)OStST = [(I‘O +/ b(s,xs)d:s) } s (26)
0 0<t<T

admits a unique solution (see again [23]). This solution satisfies the equation
t
Vt >0, x; = xg +/ b(s,z5)ds — ky ,
0

with %k as in (R.5). In this case, x and k are absolutely continuous.

Reflected equations driven by Lipschitz continuous coefficients are stable. By [23,
Lemma 3.1], we can prove that for every T > 0, there exists a constant Cy > 0, such
that, for any o, yo € [0, 1]¢, the solutions (x)o<i<r and (y;)o<i<r to (Bf) with x4 and yq
as initial conditions satisfy supy<;<p |2: — y¢| < Cr|ro — o).

When b(s, x) = f(x), we denote by (x;°)¢>0 the unique solution to the averaged reflected
differential equation

t
YVt >0, x, =z +/ f(zs)ds — k. (2.7)
0

3 Large Deviations Principle

We now denote the process X by X to indicate the dependence on the parameter m. In
what follows, we investigate an interpolated version of the rescaled process (m='X E:;z | )t>0,
namely

XM= @ = 1d) (m 7 X0 A+ (= m mt ) f(m T X g Uay)) £ 0

[mt

= m X (= m 7 ) g(m T X €y Ul 5 20 (3.1)

[mt mt

We note that the hyperbolic scaling is different from the diffusive scaling in [§. The

process (Xt(m))tzo is continuous and X ,gmn)] =X ,gm) for any integer k£ € N.

3.1 Heuristics for the Non-reflected Walk

We first look, for pedagogical reasons, at the non-reflected case. We thus consider

S = m ST (¢ —m mt]) f (1 S s €ty Uty + €20

(As for X, we indicate the dependence on m in S.) In light of Assumptions (A.1-3),
we expect the global effect of the environment process (&,)n>0 to reduce for large time
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to a deterministic one. More precisely, if the initial position is such that S’Sm) — x as
m — 00, we expect (S(m))mzl to converge in probability, uniformly on compact sets, to
the solution z. of the (averaged) ordinary differential equation

iy = f(v), mo=1, (3.2)
that is lim,, pO,T(S.(m),x.) = 0 for all 7' > 0, where por(¢,v) = up{|¢t Wl t €
(0,77} denotes the distance in supremum norm on the space C([0,T]; R?) of continuous

functions from [0, 7] into R%.

Loosely speaking, the Large Deviations Principle (LDP in short) for (S.(m))mzl follows
from the Freidlin and Wentzell theory [[d, Chapter 7], or at least from a variant of it as
explained below. The idea is the following. The irreducible Markov chain (§,),>¢ with a
finite state space obeys a LDP (see [H, Theorem 3.1.2, Exercise 3.1.4]). In particular, the
function H defined for =, € R¢ by

H(z,a) = lim nlnEl exp (v, Zf (x, &, Uk)) (3.3)
= Jin;onlnEZH Zeav x, &, v) |
k=1 LveV

exists and is independent of the starting point & = i € E. Here, E¢ denotes expectation
over (&, Uy) starting with §, = 4, and the last equality is a direct integration on the i.i.d.
sequence (U,),>1. From assumption (A.1l) and finiteness of F, the limit is uniform in
2, on compact subsets of R? and in i € E.

In fact, H(z,«a) is equal to the logarithm of the Perron-Frobenius eigenvalue (e.g., [H,
Theorem 3.1.1, Exercise 3.1.4]) of the matrix

Q(x,a) = [P(i,j)Eem’f(x’i’U))} (3.4)

(i,j)eEXE"
Since the entries of the above matrix are regular and the leading eigenvalue is simple, H
is continuous in x and infinitely differentiable in «. For z,v € R?, the Legendre transform
of H(x,-)

L(z,v) = sup{(a,v) — H(z,a); o € R%} (3.5)
is non-negative and convex in v. It is even strictly convex, in view of the differentiability
of H(z,-) (see [[@, Chapter 5, (1.8)]). In particular for all z € R?, f(z) = V,H(z,0) is
the unique zero of L(z,-). Since |H(z, )| < |a| for all 2, a € R%, we have (v € R?, |v] >
1) = L(z,v) = +o0.

In some sense, the convergence in (B-J) corresponds to [If, Chapter 7, Lemma 4.3]. By
the regularity of H, we expect [Ld, Chapter 7, Theorem 4.1] to hold in our framework.
For x € R? and for a sequence (Tm)m>1 converging towards x, with mz,, € 7% for all
m > 1, we expect (S.(m))mzl to satisfy a LDP with m as normalizing coefficient and with
the following action functional

T
Inr(9) = / L(¢s, ds)ds if ¢o = x and ¢ is absolutely continuous
0

= oo otherwise.
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3.2 Large Deviations Principle for the Reflected Walk

We now prove the LDP for the reflected walk. Generally speaking, it follows from the
LDP for the process 5™ and from the contraction principle (see e.g. [[}, Theorem 4.2.1,
p. 126]). For this reason, we have first to make rigorous the previous paragraph. In
what follows, we will see that the theory of Freidlin and Wentzell cannot be applied in a
straight way. Indeed, for our own purpose (see the next section for the application to the
deadlock time problem), we are seeking for uniform large deviations bounds with respect
to the starting point. In [[{], the authors obtain uniform bounds for systems driven by a
Lipschitz continuous field f. Since our own f takes its values in a discrete set, it cannot
be continuous.

To overcome the lack of regularity of f, we follow the approach of Dupuis [[[T]. The idea
is to use a “uniform” version of the Géartner-Ellis theorem to obtain uniform bounds (see
[, Theorem 2.3.6] for the original version of the Gértner-Ellis theorem). More precisely,
we follow Section 5 in [[LI]]. In this framework, we emphasize that (Xt(m))tzo is 1-Lipschitz

continuous (in time) and adapted to the filtration (gt(m) = (&, Uk, k < [tm]))iz0. We
consider the non-projected and projected versions

Y™ = Y (= k) F(XA0 €, Us)

Z{"™ =127 + (t — k/m) F(X{ &, Ur)) |

with Y™ = Z{™ = X\™_ They are also 1-Lipschitz continuous in time and adapted to
(gt(m))tzo. We let the reader check that, for all ¢ > 0, |Zt(m) — )_(t(m)|oo < 1/m. Moreover,
fort € [k/m, (k+1)/m),

Zt(m) —_ Z(m) + Y;(m) _ Y(m) [Kt(m) _ K(m) ]’

K™ = K = (Zn + Y™ =Y (20, + Y™ = v,

with K™ = 0. Summing over k, we have Z™ = Y, — K™ The process K™ is of

bounded variation on compact sets. If ZISZZL € (0,1)4, K™ — K,gr/”% =0 for k/m <t <

(k4 1)/m. Otherwise, Z,S}ln)l € 9[0,1]¢ and K™ — K,g%)l € RJFN(Z,%)I) = R N(2™).
We deduce that Z(™ is nothing but ¥(Y (™)) (¥ being the Skorohod mapping). Since
Z™ and X are close, it is sufficient to establish the LDP for Y™ and to conclude by
the contraction principle,.

The LDP for Y™ follows from [T, Theorem 3.2] (up to a slight modification of the
proof). Indeed, we can write

Y =V 4 (8= kfm) f (U )+ 6 Ur) o B/m <t < (k+1)/m, (3.6)

with |5,(§7731|00 < 1/m. This form is the analogue of the writing obtained in [, p. 1532]

for X2, In (B.9), we can choose an arbitrary initial condition y € [0,1]¢ for Y™ (it is
not necessary to assume that my € Z%). Similarly, we choose an arbitrary starting point
i € E for £&. To establish the LDP, we have to check Assumptions Al and A3 in [[1]. In
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our framework, Al is clearly satisfied. We investigate A3. We first prove that H is z-
Lipschitz continuous, uniformly in « (so that L is also x-Lipschitz continuous, uniformly
inv). Forx € RY, o € R and j € E, we set

Ho(w,a5) = In(3 exp({a, 0) p(a, 1, v)-

veVY

By (A.1) and (A.2), Hy is x-Lipschitz continuous (uniformly in o and j). The Lipschitz
constant is denoted by K’. By (B.J), we obtain for x,y in R? and a € R?

H(z,a) — H(y, )

n

= lim l{lnEj [exp(z Hoy(z, a fk))} —InE’ [exp(z Ho(y, a; fk))]} < K'|lx —y|.

n—4oo N,
k=1 k=1

It remains to estimate the conditional law of the increments of Y™ given the past.
For a given ¢t > 0, we consider a 1-Lipschitz continuous function ¢ € C([0,t];RY),
with ¢o € [0,1]%. From Subsection .3, we know that ¥ is 1/2-Holder continuous on
compact subsets of C[071}d([0,t];Rd), so that we can find a constant v > 0 such that
o (W (Y ™), W (¢)) < ypy 2 (Y™, ). For a € R%, §,A > 0 and A € G, with P(A) # 0
and A C {po(Y ™, ¢) <} (so that A C {po(U(Y™), ¥(p)) < v6/2}), we have

B exp (m(a, Y23 - V) 4]

T lera)m) )
< e2lelg! exp( Z <Oé7f<Xlgr/nTzL’£k’Uk>>)|A:|
L k=|tm]+1
- [(tA)m) -1
=g fexp( 32 (o AR €0 U)o (XL 05 ) 4]
L k=|tm]+1
[(t+A)m]| -1
§€2|aexp(K/A)Ezlexp( 3 <a,f(X§m),§k,Uk)>)eXp(Ho(Xfm)ﬂ;fL(t+A>mJ>)|A]
k=|tm]+1

By iterating the procedure, we obtain

E' [exp (m{e, Y;(J:nA) - Y;e(m)» |A]
L(t+A)m]
< g2l exp(K’AQm)Ei {exp( HO(Xt(m)v Q; fk)) |A}
k=[tm]+1
L(t+A)m]
< el exp(K'A(A*m + 1))E [GXP( Y Ho(Z™ fk))|A]
k=[tm]+1
L(t+A)m]
< el exp(K'A(A + 782 + 1 /m)m)E’ {exp( Y. Ho(¥(¢) fk))lA]
k=[tm]+1
|Am]
< el exp(K'A(A 4+ ~v6Y2 +1/m)m) sup B/ {GXP( Z (o, (¥ (@)1, & Uk)>)] :

jeE k=0
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We deduce that, uniformly in the starting points y and ¢, uniformly in a on compact
subsets and uniformly in (A, ¢) satisfying A C {po(Y ™, ¢) < 6}

limsup 1/(mA) InE’ [exp (m{c, Y;(J:nA) — Y;(m)>) |A] < H(U(¢)s, @) + 2K (A +73'?).

m— 00

Similarly, we can prove a lower bound for the liminf. Even if written in a different manner
(because of the Skorohod mapping ¥ and because of the conditioning — we give a precise
sense to the right-hand side in [[1], A3, (3.6), (3.7)] — ), these two bounds correspond to
those required in Assumption A3 in [[[I] (see the discussion on this point in [[[T], Section
5]).

We deduce that the sequence (™), satisfies on C,([0, T];R%) (T > 0) a LDP with
the normalizing factor m and with the action functional I§, : ¢ fOT L(U(})y, ¢y)dt if
¢o = y and ¢ is absolutely continuous and oo otherwise. We let the reader check that this
action functional is lower semicontinuous on Cpy 1)a([0, T];RY) and that its level sets are
compact for the supremum norm topology. By the “robust” version of the Gartner-Ellis
proved in [[[1], the LDP is uniform in y € [0, 1]¢.

The uniformity of the LDP with respect to the initial condition is crucial. By the
regularity of L in x (it is Lipschitz continuous, uniformly in «), it is plain to deduce
that for any x € [0, 1]%, for any closed subset F' € Cjg1ja([0, T]; R?) and any open subset
G € C ([0, T]; RY)

lim sup limsupm 'InP{Y ¥ ¢ Fl < — inf J?
5\0\y—x\p<5 mﬂﬂ? { } =" er 0,T(¢)

61{%\113\@7}1%3;07” i { GG} = (;1520 or(®),

(3.7)

where the notation Y™ indicates that Y™ starts from y (i.e. Y™ = y).

By the contraction principle (see e.g. [, Theorem 4.2.1, p. 126]), for any y € [0, 1]¢,
(U (Y™))),,>1 satisfies on C, ([0, T]; R?) a LDP with m as normalizing factor and with the
following action functional

T T
grto) =int{ [ 1w)das, viw) = o =int] [ L6, das viw) = o
’ ’ (3.8
if 9 = y and there is an absolutely continuous path ¢ such that ¥(¢)) = ¢, and JJ (¢) =
oo otherwise. ’

Let us mention at this point that an alternative, more explicit expression of Jg’T will
be given below. Again, the action functional Jé’,T is lower semicontinuous on the set
Cpo,2([0,T7; [0,1]%). The proof is rather standard and is left to the reader. We can also
prove that the level sets 7, r(a) = {¢ € C,([0,T];R?) : J§1(¢) < a}, for y € [0,1]7, are
compact in the supremum norm topology. Moreover, (B-4) yields for any z € [0, 1]¢

fimy sup_lim supm I P{W(Y™Y) € F} < — inf J5r(9),

lim inf liminfm 'InP{U (Y (™Y > _inf J*
fp ol fmnf ™ InPLR(T) € G 2 = B i)

(3.9)
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Now, we can come back to the sequence (X™),,~;. For a sequence (z,,)m>1 of initial
conditions in [0, 1)¢, with ma,, € Z¢ and z,,, — x, we have | X™""" =0 (Y;"™"™)|. < 1/m
for all £. By (B:9), we deduce

Theorem 3.1 Assume that (A.1-3) are in force and consider T > 0, z € [0,1]? and a
sequence (Tp,)m>1 converging towards x, with mz,, € [0,m]*NZ% for all m > 1. Then,
the sequence (X™)) satisfies on C([0,T);[0,1]%) a LDP with m as normalizing factor and
Jor as action functional.

Following the proof of [f, Corollary 5.6.15], we deduce from (B.9) the following “robust”
version (the word “robust” indicates that the bounds are uniform with respect to the
initial condition)

Proposition 3.2 Assume that (A.1-3) are in force and consider T > 0 and K a com-
pact subset of [0,1]¢. Then, for any closed subset F of C([0,T],[0,1]%) and any open
subset G of C([0,T], 0, 1]%),

lim sup [m’l In sup ]P’x{X(m) € F}] < — inf inf J§; (o),

m—-+00 €K ,mx€Z reK ¢eF
liminf[m*In  inf P {X"™ € G}] > —sup inf J* )
m—>+oo{ 2€K,maeZd 3 H - J:EIE(bGG 0r(?)

3.3 Law of Large Numbers for the Reflected Walk

We discuss now the zeros of the action functional. We first consider the solution (x;°):>o,
zo € [0,1]%, to (B7]). Setting

t
Vt Z 07 Yt = Zo +/ fT(Xio)dsu
0

we have, for T > 0, (x{*)o<t<t = Y((yt)o<t<T). Since the path ¢t € Ry — y; is absolutely
continuous, we deduce

T
T < [ Lo Fu))ds =0,
0
so that x™ is a zero of Jj%. In fact, this is the only possible zero for the given initial

condition zy. Consider indeed another path ¢ with values in [0, 1], such that J5%(¢) = 0.
The set of absolutely continuous functions v such that ¥y = xg,

/T L(¢sths)ds <1 and  W(4) = ¢,
0

is compact. Since the functional ¥ — fOT L(¢s, @Z}S)ds is lower semicontinuous, it attains
its infimum on this compact set. Hence, there exists an absolutely continuous function 1
such that ¥y = ¢ and

T
/0 L(ps,¥hs)ds =0 and T(¢) = ¢.



12 COMETS, DELARUE AND SCHOTT
It is clear that ¢, = f(¢;). Since W(1)) = ¢, there exists a process k as in (277) such that

vVt € [0,T], ¢ ::L’O—l—/o f(ps)ds — k.

This proves that ¢ = x™ up to time T
A direct consequence is the following

Corollary 3.3 Assume that (A.1-3) are in force and consider a sequence (T, )m>1 in
0, 1]¢, with max,, € Z2 for allm > 1, such that x,, — x as m — +oo. Then, the sequence
of random paths (X™),>1, with Xém) = x for all m > 1, converges, in probability,
uniformly on compact time intervals to the solution (x7)i>o of the (averaged) reflected
differential equation (R.7), with x& = z.

3.4 A Different Expression for the Action Functional

Following [L0], we write the action functional Jy 7 in a different way. We recall that N (z)
denotes the set of unit outward normals to [0, 1]¢ at a point = on the boundary. We
define the function L' by L' (z,-) = L(x,-) for x € (0,1)%, and for x € 9]0, 1]¢,

+00 if In e N(z): (v,n) >0
L (z,0) = { L(z,v) if Yn € N(z): {(v,n) <0 (3.10)
inf L(z,v+ fn)  otherwise

B>0,neN (z),nlv
The last case occurs when (v,n) <0 Vn € N(z) and In’ € N(x) : (v,n') = 0. Then, the
motion takes place on the boundary, in the sense that, for ¢ > 0 small enough, = + ev
remains in the face orthogonal to n/. Observe that, in contrast to L(z,-), the function
L™ (z, ) may be non convex and discontinuous for z € 9|0, 1]¢.

Theorem 3.4 Assume that (A.1-3) are in force. If ¢ is absolutely continuous it holds

T .
Jo(9) = / L (¢, dr)dL.

0
If ¢ is not absolutely continuous, then J&‘}((b) = 0.

[0 By Theorem 2.2 in 23], we know that W(¢)) is absolutely continuous if 1) is abso-
lutely continuous. In particular, if ¢ is not absolutely continuous, there cannot exist an
absolutely continuous 1 such that W(¢) = ¢.

Assume now that ¢ is absolutely continuous. Then, there exists at least one absolutely
continuous path v such that U(y)) = ¢, namely ¢ itself with £ = 0. We thus denote by
1 an absolutely continuous path such that ¢ = U(y)) and set k = 1) — ¢. Then k is also
absolutely continuous and k, = S, with 3, = d|k|,/dt > 0 (= 0 if ¢, & 9[0,1]%) and
ne € N(¢y) if ¢, € 9]0, 1]¢. Moreover, for a.e. ¢, forall £ € {1,...,d}, ((ﬁt)gl{(¢t)ee{071}} =0
so that ét L l%t. Hence

T ) T )
/ L(¢t7 wt)dt Z / Lref(gbt, th)dt
0

0
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This proves that
T
Jor(p) 2 / L™ (¢y, ¢y)dt.
0

We investigate the converse inequality. If the right-hand side is infinite, the proof is over.
Thus, we can assume that it is finite, in particular Lref(gbt,gﬁt) < oo for almost every
t € [0,7)]. It is enough to construct some v with W(¢)) = ¢ and L(¢y, ;) = L* (¢, ¢y)
a.e.. For times t’s when ¢, € 9[0,1]% and L™ (¢, ¢;) < oo is given by the last line of
(B.10), the infimum is achieved at some pair 3; > 0,n; € N(¢;) (this pair is unique by
the strict convexity of L). Since H(z,«) is bounded by |af, |v| > 1 = L(z,v) = +o0.
We deduce that |gz5t + Biny| < 1, so that |G <1+ |gz5t| For other times ¢, set G, = 0, n;
arbitrary. The mapping ¢ € [0,T] — [, is clearly measurable and integrable. Hence, we
can define 1/'& = ét + Bing, Yo = ¢o and Y, = g + fot ¢Sds. The function ¢ meets all our
requirements. ]

4 Analysis of the Deadlock Phenomenon

We now investigate the deadlock time of the algorithm. Fixing a real number ¢ € (0, d),
we define

G={rec0,1]%: |z[y <}, and 0G ={xc[0,1]?: |z, = £} (4.11)

its boundary relative to [0,1]?. We also define the discrete counterparts at scale m,
G ={z e (m'Z2Yn[0,1]?: |z, <m Y ml]}, G™ ={z € (m'Z)N[0,1]?: |z|; <
m~tml]|} and OG™ = G\ G™ = {z € (mZY)N[0,1]?: |z[y = m | ml]}. The
deadlock time for the process is

1. . & (m m
T(m)Ialnf{nZOI | X1 = [ml]} =inf{¢t>0: Xt( ) € 06! )}.

We consider the following simple situation:

Assumption (A.4). The point 0 is the unique equilibrium point of the RDE (B.7). It
is stable and attracts the closure G = G'U dG, that is, for all 7y € G and t > 0, x7° € G
and lim; . x;° = 0.

Example (5.5§) given below satisfies the previous assumption provided that gy, g, are
(strictly) positive on (0, 1].

Quasi-potential. The function
V(z,y) = inf{J5(¢); po =, ¢ =y, T > 0}

is called the quasi-potential. It describes the cost for the random path X starting
from x to reach the point y € G at some time scaling with m as m becomes large.
(We emphasize that, here and below, the notation J§(¢) implicitly assumes that ¢ is a
function from [0,77] to [0, 1]%.)

13
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Proposition 4.1 Under Assumptions (A.1-3), there ezists a constant C' > 0, such that,
for all x,y € [0,1]¢, with X = |z — y|y, > 0, the function ¢ : t € [0,\] — = +t(y — )/
satisfies Yo =z, Px =y and Jg5 () < CA. In particular, V(z,y) < Clzr — y1.

O Proof. By (A.2) and (B3), for all z € [0,1]¢ and o € R, H(z, ) > In(cexp(|als)) =
In(c) + ||, with ¢ = inf{p(z,i,v); 2 € [0,1]¢, i € E, v € V} > 0. Hence, for all v € R%,
L(z,v) <sup,{{a,v) —|a|e} —In(c) < sup,{|a|e(|v)1 —1)} —In(c) < —In(c) if |v|; < 1.
The proof is easily completed. ]

4.1 Deadlock Time and Exit Points
We define the minimum value of the quasi-potential V' (0, ) on the boundary of G by

V = mf{J&T(Gb)v gbO = 07 |¢T|1 = Ea T > 0}

and the set of minimizers

M={yedG: V(0,y)=V} (4.12)
By Proposition 1], V is finite. A consequence of Theorem B-1] and Proposition [ is

Theorem 4.2 Assume that (A.1-4) are in force and consider a sequence (Tp,)m>1 in
G, with mx,, € Z% for all m > 1, such that x,, — x € G. Then,

E,.[r"™] = exp[m(V + o(1))] (4.13)

as m — o0o. Moreover, for all positive ¢,

lim P, {expm(V —68)] < 7™ < expm(V +6)]} = L. (4.14)

m—0o0

Finally, for all € > 0, it holds

me{d()?gzl)),/\/l) <ep—1 asm— o0, (4.15)

where d()_(i?f,z),/\/l) denotes the distance from Xi?f,?) to the set M.

(] Proof. The proof follows the standard theory of Markov perturbations of dynamical
systems in [If, Chapter 6]. For the sake of completeness, we provide the main steps
according to the very detailed scheme in [0, Section 5.7] (Section 5.7 is devoted to large
deviations for stochastic differential equations with a small noise).

We define, for v € G, V(2,0G) = inf{J§;(9); ¢o = =, [¢pr|1 = ¢, T > 0}, so that
V(0,0G) = V. We also define the ball Bém)’Jr in the lattice orthant of mesh 1/m,

B ={z e (m2Y)Nn[0,1)": |2 <m " mp)}.

In the whole proof, we assume that 0 < 2p < /.
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Lemma 4.3 For any n > 0 and for any p > 0 small enough, there exists Ty < 400, such
that B
liminfm 'ln  inf P {r™ < Ty} > -V —1.

m——+oo J:EB(m) +

O Proof. We first fix a small > 0. By the definition of V', we can find Sy > 0 and
¢° € C([0, 5], [0,1]%), with ¢) = 0, such that J§g (¢°) < V 41 and ¢g, € 0G. By
Proposition [£.] and by the additive form of J, see Theorem B.4, we can extend ¢ after
Sy to leave G at low cost, and assume that ¢([0, Sy]) N OG # 0 and 6 = d(¢s,, G) > 0.

For z € [0,1]%, |z|; < 2p, we can find by Proposition ] a path ¢ € C([0,2p]; [0, 1]%)
such that (o = x, (5, = 0 and J({Qp(g“) < Cp. By concatenating ¢ and ¢, we obtain a path
¢®. For p <n/C, it satisfies

Jory (0) <V + 21,

with Ty = Sy + 2p. Now, the set

v= J {vec(o,T)0,1%: por (¥, ¢%) < 5/2},

x€[0,1]2, |z|1<2p
is an open subset of C([0, Ty]; [0, 1]¢). By Proposition B3,

liminf m™' inf InP,{r™ < Ty} > liminfm™' inf WP {X"™ ¢ ¥}
, +

m——+o00 JCEB,(,m) + m—+00 zeB,"
> — sup inf J§ 5 (¥)
2el0.1)0, fafi<pVEY T
2> = sup Jor,(07) =2 =V —2n.
:L'G[O,l}d, |1'|1§P
This completes the proof. [ ]

Lemma 4.4 Let 0, =inf{t > 0: xm e B TUOG™Y. Then,

lim limsup[m™"'In sup P,{o, > t}] = —oc.

t——+o0 m—-—+oo J:EG(m)

(] Proof. For x € Bém)’Jr, there is nothing to prove. Now, as in the proof of [g, Lemma
5. 7 19], we can define for ¢ > 0 the closed set U, = {¢ € C([0,¢];]0, ] )t s € G\
p/z, Vs € [0,t]}, where BﬂL2 is the ball in the orthant, B ={z€0,1]%: |2|; < p/2}.

For Xo(m € G and m large, 0, > t implies (X§ ))Ogsgt E \Ilt. By Proposition B.2,

limsup[m ™" In sup P.{c, > t}]

m—+00 zeGm\ BT
< limsup[m~'1n su P{X™ e ¥,}] < — inf inf J = — inf J¥
< m_}ﬂf[ xec;(m)\%,gmH { t}} = aca\BY, v 0.(¥) Pl 0t (¥).

Using the stability of the solutions to (B.7) (see Subsection P.7) and the additivity of the
action functional (see Theorem B.4), we can complete as in [[]. |

15
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Lemma 4.5 Let N be a closed subset, included in OG. Then, for everye > 0,

limlimsup[m ™ 'In sup P,{dist(X} ) ,N) <e}] <- injg V(0, z) + 4,
ze

P=0 m—too yES(m) o+

with lim._o 6. = 0. Here, ST = {z € m™'Z¢N[0,1]*: |z|; = m ' |pm]} is the sphere
in the lattice orthant with mesh 1/m.

OO0 Proof. The proof is the same as in [d, Lemma 5.7.21], except the application of
Corollary 5.6.15. For T' > 0, we can define, as in [f], ® = {¢ € C([0,T];[0,1]¢) : 3t €
0,7], ¢ € N}. If 0, < T and dist(XéT),N) < g, then pyr(X™ ®) < e. So that,
Proposition B.9 yields

limsup[m'In sup P,{o, <T, dlSt(X(m) N) < ¢e}]

m——4oo yGS(m) +

< - f = —inf{ J$5(¢); 7)< D) <
< oM Sn(9) = —in {%r(0); d(do, S3,) < e, d(¢, ®) <},

with S = {z € [0,1] : |z]y = p} is the sphere in the lattice orthant. Using the
semicontinuity of J, the reader can check that (see [J, Lemma 4.1.6])

lim inf inf  J% — inf inf J%
£=0d(¢o,55,)<e d($,®)<e 0r(9) doesy, bt or(9)-

The end of the proof is the same. [ ]

Lemma 4.6 Let K be a compact subset of [0,1] included in G™ for m large. Then,

lim inf P, {X Bém)’Jr}: L.

m—4+o00 rmEK

[0 Proof. The proof is the same as in [JJ, Lemma 5.7.22], up to the infimum over the
compact set K. By (A.4) and by the regularity of the flow (¢,z) € R, x [0,1]¢

X7, the hitting time 7" = inf{t > 0 : Vz € [0,1]%, |xf]1 < p/2} is finite. Moreover,
infyco,r,ecx d(x7, 0G) > 0. Using Corollary B.3, it is plain to conclude. [ |

Finally, we have the following obvious result

Lemma 4.7 sup P,{sup |X[™ —z| > 2p} = 0.
veGim  0<t<p

It now remains to follow the proof of [f, Theorem 5.7.11]. The crucial point to note
is the following: 7™ and o, take their values in m™'N and are stopping times for the
filtration (F&%

Lmt]
For example, for 2 € G™) and s,¢ in N* (and thus in m™'N*),

)i>0. In particular, the Markov property (for (£, X)) applies quite easily.

P.{o, <t, X" € By * 7" <t 4 5}

> Pofo, <t Xj) € B/()m)7+}y€B(rinI)l,f:F 'EE]P)Z (" < s,
o )
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so that
P {r™ <t+s}
>P.{o, <t, )_((E,T) € Bém)*, M < ¢4+ s} +P{o, <t, Xg;”) € 8G(m)}
>P{o, <t} inf P{r" < s}
yeB™ T icE

This shows that (5.7.24) in [f] holds. Similarly, for ¢ € N* and k € N,
P {7 > (k+ 1)t} <P {7 > kt}  sup IP’Z{T(m) >t}

yeGMm) icE

Now, the upper bounds in (£.13) and (f.14) can be derived as in [J].
Turn to the lower bounds. Following [{], we introduce the following notations (pay
attention to that m in [ refers to a complete different parameter than in our case):

0y =0, 7, = inf{t >0, : X" € B+ UIG™}, 0,41 = inf{t > 7, : X" €SPV,
(4.16)

0 |

Figure 1: The path X™) up to the deadlock time 7™ (d = 2,¢ = 1.7). Spheres S, Ss,
are indicated by dashed lines. The seven large dots on the path are the locations at times
Oy =10 = 0,01, 71,0, 72,05, 73 = 7™ . The last part of the curve is the terminal segment
Terseg defined in the proof of Theorem [.§.

with 6,,, = +o0 if Xﬁ;ﬂ ) € OG™ . These stopping times are indicated in Figure [[. It is
plain to obtain (5.7.26) of [[] (with the Markov property and Lemma [L.5, with N = 0G
and ¢ as small as necessary) as well as (5.7.27) (with Lemma [.7). The end of the proof
of the lower bound just follows the strategy in [[].

Turn to the second statement in Theorem [l.2. This is a particular case of b) in [[]. Set
N =9GN {x € [0,1]? : dist(z, M) > e}. It is a closed set. Then, for & > 0, we can
focus on

sup IP’y{dist()_((gT),N) < &'}

yesé;”)d'

17
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Setting Viy = inf,en V(0,y), we deduce from Lemma [.5 that for p,e’ > 0 small enough
and for m large enough

sup Py{dist()_((gT), N) < &'} <exp[-m(Vy — )],

yesé;”),-F

with n < (Vy — V)/3 < 0. Then, we can follow the proof in [J] and prove that for
Tm € GM x. — 1z e,
lim P, {dist(X"") N) <&} =o0.

m—-+o00o r(m)?

Since dist()_(i?f,?),ﬁG) < C/m, we complete the proof. u

4.2 Generic Behavior Leading to Deadlock

From (f.15) we observe that when M reduces to a single point y*, the location of the
process X (™ when exiting G converges to y*. We can extend this observation from the
exit point to the path itself before it exits G. To do so, we first need to extend the action
functional to any interval of R, which can be done in a trivial way thanks to Theorem B.4:
for any continuous path (¢):<o, with lim_., 1) = 0, we denote by J_ 0(¢’) the integral
of L (), Q/Jt) from —oo to 0. Since 0 is a fixed point for the limit RDE by Assumption
(A.4), we have L™(0,0) = 0, and then

nf{Jg7(¢); ¢o =0, o7 =y, T > 0} = inf{J_oco(y); lim ¢ = 0, vy =y},

for y € G. Indeed, for all T, ¢ as in the left-hand side, the path ¢ given by ¥y = ¢pir
for t € [-T,0] and ¢, = 0 for t < —T is such that J_.o(¢) = Jor(¢). This proves
that the left-hand side is greater than the right-hand side. Conversely, for a path ¢ with
lim_,, ¢ = 0 and ¥y = y, we can find, for every § > 0, T" < 0 such that |¢7| < 4. By
Proposition [, we can find a path 6 from [0, 6] into [0,1]¢, with y = 0 and 05 = 1,
such that J& s(0) < C4. Concatenating this path to the restriction of the path ¢ to [T, 0]
(up to a trivial change of time in 1)), we obtain a new path ¢. It is defined on [0,7 + J]
and satisfies ¢ = 0, ¢r1s = y and J§ (@) < C6 + J_so0(1). This proves that the two
infimums are equal.
Now, we can state the convergence result of the exit path.

Theorem 4.8 Under Assumptions (A.1-4), assume uniqueness of the optimal path to
exit G from 0, i.e., assume that M = {y*} and that there is a unique o : (—00,0] — G,
©((—00,0)) C G, minimizing J_o0(p) subject to o = y* limy_._ @ = 0 (in such a
case,  is also the unique minimizing path with values in [0,1]% — and not only in G — ).
Let K be a compact set, included in G, and containing a neighborhood of the origin. We
denote by aﬁ’;“’ the last exit time before ™ of X™) from K N (m~'Z%). Then, for any
sequence (Tp,)m>1, Tm € G and x,, — x € G, and any € > 0

lim P, {3t €l 7] |X — ¢ om| >} =0.

m—-+00
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O Proof. Our proof is inspired by [J, Section 2, Chapter 4]. We keep the notations
introduced in the proof of Theorem .3, In addition, we define v = max{n >1: 6, <
7L If 7™ = 75, we set v = 0. We denote by Terseg(X (™)) the terminal “segment” of
the path X(™ | that is, the restriction of X(™ to the interval [0,,7(™ = 7,], but shifted
in time to the interval [0, 7, — 6,]. More precisely, if we denote by ©; the shift operator,
i.e. ©(s) = (s +t), then Terseg(X ™) is defined as the restriction of Oy, (X ™) to
0,7, —6,].
(m

Fix € > 0. For y € B, " and L € N*, we have 75 = 0 and

Py{pO,Tufeu (Terseg(X(m))7 @eu*Tu()O) Z 8}

L
<P ™ >} 4 Z]Py{T(m) = Th, pop.m (X™,0_, ) > ¢}
k=1 (4.17)

L
<P AT >} + ) PAXI € 0G™ py, - (X, O 0) > e}
k=1

Focus on the second term. The Markov property yields

L
S P XL € 0G, py, o (X, 6 ,,0) > )
P a ) (4.18)
<L sup IP”Z{X((TT) € 9G™, P00, (X, O_s,p) > c}.

zeSy T ieE
For T' > 0, we can bound the last quantity as follows

P.{X{™ € 0G™, py o, (X", 0_5,0) > €}

_ _ 4.19
< PZ{UP > T} +PZ{X§T) € 8G(m),0p <T, poﬂp(X(m), O_s,p) > 5}. ( )

Now set, for T, r > 0, Tp(r) = {¢ € C([0,T); [0, 1]%) : ([0, T))NOG # 0, p_10(Or, p) >
r}. We then recall the following result in [J] (see Lemma 2.8, p. 105, the proof relies on
the uniqueness of ¢ and is exactly the same in our setting, except (4), p. 106, which has
to be read liminfy_ 4 d_7, 0(O1, 9", ¢) > 0):

Vr >0, da >0, VT > 0, inf Jor(¢) >V +a.
YElr(r),1ho=0
We now consider 7,7 > 0 and ¢ € I'p(r) with |¢)g] < 2p. We then prove that the
above lower bound still holds for p small enough. Indeed, we can consider a path @Z;,
with ¢y = 0, g = 1 and 1/~)H5 = 4y for t € [0,T]. Using Proposition [I.], we can
assume that S < Cp and that Jorrs(®) < Cp+ Jor(1). We choose Cp < a/2. Since
po.r+s(¥, ©_(rys)p) > r, we have Jyrys(¥) >V + a. Finally, Jor(¢) >V + a/2.

We now choose r = /2. For the corresponding o > 0, we choose Cp < a/2 as above.
Then, by means of Lemma .4, we can pick T" large enough so that for m large enough

sup P.{o, >T} <exp(—m(V +1)). (4.20)

zeSé:)n)’+
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Now, for 0 <&’ <¢g/2,

sup P, {X(m) e 9G™ o, < T, poo, (XM o_ ap P >€}
zES(m)Jr

< sup P{pOT ™, Ar(e/2,2p)) <5}

zeS(m) o+

where Ar(g/2,2p) stands for the set of continuous functions from [0, 7 into [0, 1]¢, with
|| < 2p, for which we can find ¢ € [0, 7] such that the restriction of ¢ to [0,¢] belongs
to I'4(¢/2). This is a closed set. Hence, Proposition B.9 yields for &’ small enough and m
large enough

sup P, {X(m € 0G™ o , < T, Po,ap(X(m)a@—o—pSO) > 5}

zeS(m)+

< —m( inf inf J? — /12

< exp[=m (zé%;pd(qs,AT(leI/l2,2p)>sa 0r(6) = a/12)]

< - inf JO () — a/12)] < — inf  J?(6) — /6
< exp[—m( dotn 2 < or(@) — a/12)] < exp[—m( I or(@) —a/6)],

(4.21)

the last inequality following from [, Lemma 4.1.6]. For all ¢ € Ar(e/2,2p), there exists
t € [0,T] such that the restriction of ¢ to [0,] belongs to T';(¢/2). We deduce that
JEn(®) > JE2(6) > V + a/2. Finally, by (IT7), (I19), (EI9), (E20) and (E20),

Py{por o, (Terseg(X ™), 04, . ) > e} <P {r™ > 71} + 2L exp(—m(V + a/3)).

We can conclude as in the proof of [d, Theorem 5.7.11, (b)]. We can find a constant C'
such that

sup P, {po,r, -, (Terseg(X™), 0, ) > €}
yEB(m) T
< OL Yexp(m(V + a/6)) + 2Lexp(—m(V + a/3)).
We then choose L = |exp(m(V + «/4))]. For an arbitrary initial condition in G, we

conclude as in the proof of [d, Theorem 5.7.11, (b)] by means of Lemma [.§ (and the
Markov property). ]

4.3 Exponential Limit Law for Deadlock Time

Since the exponential law is the generic distribution for rare events, it appears naturally
in the following refinement of Theorem (see e.g. [B0, Theorem 5.21]).

Theorem 4.9 In addition to (A.1-4), assume that the matriz P? is irreducible and that
there exists a constant k > 0 such that for all z,y € [0,1]*> and i € E

Z ‘p(xalau ?/a%u ‘ + Z "L‘)Zau y,i,u))sgn((x - y7u>) S —K,|l’ - y|1

ueNula—y ueA

(4.22)
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(As usual, sgn(-) denotes the sign function, with sgn(u) = u/|u| for u # 0 and sgn(0) =
0.). Define Ti, = min{t > 0: Pi(r™ > t) < e '} fori € E and m > 1. Then, for any
sequence of starting points (Tp)m>1 in G, with ©,, — € G as m — 400,

the law of 7™ /T? under P weakly converges to an exponential law of mean 1.

In what follows, we will prove that, for any 7,7 € E, T',/T? — 1 as m tends to +oc.
In particular, the image law (7(™) /T3)(P. ) weakly converges to an exponential law of
mean 1 for any ¢, € E.

Condition (f.23) is not empty : Example (5.5§) given below fulfills (£:22) if g1, g2 are
strictly increasing with g1, g5 > £’ a.e. for some ' > 0.

O Proof. The following result is the analogue of [B0, Lemma 5.22]. Its proof is deferred
to Section [T,

Lemma 4.10 There exists 6 > 0, such that, for alli € E and S > 0,

lim sup sup |]P’;/m{7'(m) > tm?} — ]P)Z/m{T(m) > tm?}| = 0.

M0 4|y |y|y <om,|z—yl1 €2N £>5

With this lemma at hand, we can prove

Lemma 4.11 For alln >0 and S > 0, we can find a sequence (€,,)m>1 of positive reals,
tending to 0 as m — 400, such that for alli,j € F,

vt > S, Pi{r™ > tm?} <P > tm? —gm) + e,

O Proof of Lemma [ET]. For i € E, we set ¥; = inf{k € 2N : X} = i}. Since P? is
assumed to be irreducible, it is a finite stopping time. For § as in Lemma and n < 6,
PL{r™ > tm?} < P70 > tm? 0, < nm} + P {9; > nm}

< sup IP’i/m{T(m) > tm? — nm} + Py{d; > nm}.
{le1 <ém,|z|1 €2N}

It is clear that lim,,_, o Pi{0; > nm} = 0. By Lemma [L.10, the proof is easily completed.
]

We now complete the proof of Theorem [1.J. We keep the notations introduced in the
proof of Theorem 3. Following [BU, Lemma 5.23], we can set for i € E

vt >0, FMit) =P {0 > T} = PL{r™ > = mt T2 |}

By Theorem [L.Z, for every 6 > 0, we have lim,, 4 Ti exp[—m(V — §)] = +oo and
lim,,, . 100 T exp[—m(V + 8)] = 0. Moreover, by the Markov property, for j € E, p < £
and t > 0,

sup IP’ZCm{T(m) >mH mtTl | o, <m T}

$meG’(m)
< sup B, {o,<m 'Tp]}  sup  Py{r"™ >m7H(|mtT ] - (T}
T €G(M) yeB™ T keE

< sup IP’Z{T("L) >mH(|mtTh | — [TE D}
yEB,(,m)’+,keE
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In the above supremum, we aim at applying Lemma to the starting points 0 and y (p
being small enough). There is no difficulty if |y|; € 2m™'N. If |y|; € (2m'N+m™!), the
Markov property yields PE{r(™ > m=(|mtT? | — [T}, 1)} < supp,_y,—1jmpep PE {70 >
m~(|mtT: | — |T:] — 1)}, so that we can still apply Lemma [.I0. By Lemma [4,
we deduce that we can choose p small enough and find some sequence (6,,)m>1 with
lim,,, .40 0, = 0 such that
sup P2 {70 > o7t TE |} < sup PE{T™ > m N (mt T | — | T — 1)} + 0
Tm€G™) keE
< P {r"™ > m N (|mtT;, ] = 2|T; 1)} + 0w,
(4.23)

the second line following from Lemma [.11. The Markov property yields for ¢, s > 0,
P > m ™ m(t + s)TE |}
<P > m7Y(m(t+ s)TE | — [mtTE )} sup Pim{T(m) >m T mtT! |}
rm€G(™ jEE
< Po{r™ >m (It + 5)T,, ) — [mt T, YRR {7™ > m~ (|mt T, | — 2( 1))}
+ O
(4.24)

We can prove the converse inequality in a similar way. For any compact subset K C G,
we deduce from Lemmas [£.4], [.0, and that, for tm > 1, (up to a modification
from line to line of the sequence (6,,)m>1 — which may depend on K — )

inf )IPg;m{T(m) >m~H mtTh |}

TmEKNG(M
> inf  PI {70 s mitTE | o, < mTH T | XU € BT
zmeEKNGm) ™ o p

> inf P {o,<m T} ], XM e B

zm EKNG(™M) (425)
< imf PEE) s e )
yEB,(,m)’+,kEE
> (1= ) [BYr™ > m (T | + [ T))} — ]
> B {r™ > i (mtTh ] + T3 )} — 6
Now, for ¢, s > 0, (£27) yields
P > w2 |m(t + )T}
> Po{r™ > m~(Im(t + )T}, ] — LmtTgJ%Xy(nwi)l(\_m(t—f—s)T;ﬁj—\_mtTﬁLJ) € K}
% inf IP)J (m) > -1 tTZ
xmeKr?Gl(m),jeE xm{T m miT ) (4.26)
> PY{r > m ([t + )T, — [mtT5 ), X0 sz e ) € K}

X Pé{T(m) >m (| mtTE |+ [T )} — 6.

By (A.4), for any starting point g € G, x{° € G for t > 0. In particular, d(x{°, dG) > 0.
By the stability property for RDEs driven by Lipschitz continuous coefficients, we have



DISTRIBUTED ALGORITHMS 23

inf, cq d(x1°, 0G) > 0. In other words, we can find a compact subset Ko C G such that
X1’ € Ky for any xy € G. We denote by € = d(Ky, 0G) > 0 the distance from K, to 0G.
By Corollary B.3,

lim  sup  PL {d(X™,0G) <e/2} = 0. (4.27)

Mm=to0 . eGm) jeE

By the Markov property,

P {7 > m~Y(|\m(t + s)T7 ) — [mtT? ), d(X\™),
=Py {r" > m (Im(t + $)T},) — [mtT}, )}

— P > m 7 ([t + $)T5) — [mtTh ), d(X0, sz | e 10 OG) < £/2}
> P > m 7 (| mt+ 8)Tn) — [mtT,))} —  sup  PL {d(X™,0G) < /2}.

zm€G(M) jeE

0G) = £/2}

(Im(t+s)Th, | = [mt Ty, ])?

We canplug K = {z € G : d(z,0G) > ¢/2} in (£.2G). By (f.27) and the above inequality,
Py {r™ > m ™ m(t + s)T;, [} = Po{r"™ >m™ ! (lm(t + s)T, | — [mtT,])}
x P > m Y (|mtTE | + [T )} — 6.

By (£29) and ([.29),

FOi (5 4 8, ) FU (4 68,,) — 0y < F™(t 4 5) < FUA(t— 6,)F™ (s — 6,) + 6,

(4.28)

so that limsup,,_,, o, Fm)i(k+e) <e*for k€ Nand e > 0. In particular, the sequence
7(m) JT¢ is tight. Up to a subsequence, it converges in law. The limit distribution function
is denoted by F. Up to a countable subset of (0, +00), F™"(t) converges to F(t). Hence,
we can pass to the limit in the above inequality. For all n > 0,

Flt+nF(s+n) <F{t+s)<F({t—nF(s—n).

It is plain to deduce that the limit distribution is the exponential law with mean one.
By (E23) and ([£.2F), this is true for any starting point. Moreover, for all j € FE,
(70m) /T ) (P)) weakly converges to the exponential law with mean one. Since (7™ /T3 )(P))
weakly converges to the same distribution, we deduce that T /T% — 1 as m — +co. =

4.4 Hamilton-Jacobi Equation for the Quasi-Potential

In practice, it is important to compute the quasi-potential V' (0, z) as well as the optimal
paths. (In what follows, we write, for the sake of simplicity, V' (z) = V(0,x).)

In [Ld, Chapter 5, Theorem 4.3] and [[l, Exercise 5.7.36], it is shown that the quasi-
potential is characterized through a Hamilton-Jacobi equation of the form

H(z,VV(z)) =0.
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Loosely speaking, the equation for the quasi-potential has the same structure in our
setting. However, due to the reflection phenomenon, it satisfies some specific boundary
condition.

Form of the Equation. Here, we specify both the equation and the boundary con-
dition in the viscosity sense, the notion of viscosity solutions being, in a general way,
particularly well adapted to optimal control problems. (See for example [ or [f] for a
review on this connection.) Indeed, the quasi-potential is nothing but the value function
of some optimal control problem. In the formula (B.§), L(¢s, %) may be interpreted as
some instantaneous cost at time s when the trajectory ¢ is driven by the control . The
controlled dynamical system obeys the rule: V¢ > 0, ¢; = 1y — ky, with k as in (R.5).

Proposition 4.12 We assume that (A.1-3) are in force. Then, for every x € (0,1)
and every continuously differentiable function 6 on a neighborhood U C (0,1)¢ of x,

H(z,Vl(z)) <0if V — 6 has a local maximum at z,

. . (4.29)
H(z,Vl(z)) =0 if V — 6 has a local minimum at z.

Moreover, for every x € 9[0,1]% and every continuously differentiable function 6 on U N
0,1]4, U being a neighborhood of x,

Vn € N(zx), (Vl(x),n) >0,

V — 6 has a local minimum at  on U N [0, 1]%,

Vn € N(zx), (Vl(z),n) <0,

V — 6 has a local minimum at x on U N [0, 1]%.

H(z,V0(x)) >0 if {
(4.30)
H(z,V0(x)) <0 if {

The asymmetry between the two conditions in ([l.29) is standard in the theory of

optimal control. The first line says that V is a viscosity subsolution of the Hamilton-
Jacobi equation in (0, 1)?, the second one that V is a bilateral supersolution. Generally
speaking, V is also a bilateral subsolution at = € (0,1)%, i.e. H(x,VO(z)) =0if V —0
has a local maximum at x, if there exists an optimal path reaching x. We refer the reader
to [H, §2.3, Chapter III] for more details.

The boundary condition (f.30) is a boundary condition of Neumann type. This Neu-
mann condition expresses the reflected structure of the controlled dynamical system. The
viscosity formulation of the Neumann boundary condition has been introduced in [4].
In what follows, we will explain the link between this weak formulation and the standard
Neumann condition.

[ Proof. The proof is standard. We first give a suitable version of the Bellman dynamic
programming principle for the quasi-potential V. Then, we will deduce Proposition .12

Lemma 4.13 For all x € [0,1]¢, for all t > 0,

V(z) =inf{V(y) +/0 L($s,hs)ds; (y.0,0) i do=y, =, ¢="V(¥)}.  (4.31)
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(In the above formula, we can assume that |¢),| < 1 for a.e. s € [0,1] since L(z,v) = +o0
for |v| > 1. In particular, we can assume that |¢,| < 1 and |¢, — ¢, < 1 for a.e. s € [0,1].
Indeed, [1hs]? = |¢s|? + |ths — ¢4|? for ae. s € [0,1].)

The proof of Lemma is left to the reader. Details may be found in [[], Proposition
2.5, Chapter III].

With the Bellman dynamic programming principle at hand, it is standard to prove that
V is both a subsolution and a supersolution at x € (0,1)%, i.e. H(z,VO(z)) <0if V —6
has a local maximum at z and H(x,VO(z)) > 0 if V — 0 has a local minimum at z. (See
for example the proof of [{, Proposition 2.8, Chapter II1].)

We now investigate the first boundary condition.

For a given z € 9[0,1]¢, we assume that there exists a continuously differentiable
function § on U N [0,1]9, U being a neighborhood of x, such that V — @ has a local
minimum at z on U N[0, 1]%. Without loss of generality, we can assume that 0(z) = V(z)
and that the minimum is global on UN|0, 1]¢ so that V (y) —6(y) > 0 for all y € UNJ0, 1]%.
We also assume (VO(x),n) > 0 for all n € N (z).

For t small, we can assume that y € U in the dynamic programming principle. We
deduce that, for all ¢ small,

6(x) > inf{0(y) + / L(6s, )ds ).

the infimum being taken over the same triples as above. Developing 6(x) — 6(y), we can
write

0 (4.32)
po=y, b=, d=V()} >0

Having in mind that Uy — s € R,y N (¢,) (with Ry N (¢,) = {0} if ¢ € (0,1)9) and
[t — ¢s| < 1 for a.e. s € [0,t], we deduce

sup / (V0(6.), ) ds / (V0(65), s — b,)ds — / ' L(6w, d)ds:

sup{/o sup max (0, —(VO(¢,),n)) +/0 H(¢s, VO(9s))ds;

neN (¢s)
¢ :[0,t] — [0,1]%, ¢ = =, |¢>S| <1 for a.e. s} >0,

Despite the lack of regularity of the boundary of [0,1]¢, we can prove that, for |z — z|
small enough, NV (z) C N (z). Since VO and H are continuous, we deduce

sup max (0, —(VO(x),n)) + H (z, VO(x)) + &, > 0,
neN (z)

with ¢ — 0 as t tends to 0. By assumption, the first term in the above left-hand side is
zero. This completes the proof.

We now prove that V is a bilateral supersolution in (0,1)? and satisfies the second
boundary condition. The idea follows from [, §2.3, Chapter III] and consists in reversing
the dynamic programming principle. This permits to write x as the initial condition of
the controlled trajectory ¢.
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We let the reader check that for all z € [0, 1]¢ and for all ¢ > 0,

V(x) > sup{V(y) —/0 L(¢s, ¥s)ds; (y,0,0) o=, pe =y, ¢=V(¥)}. (4.33)

(Pay attention: there is no equality in (£.33) at this stage of the paper. Equality holds
if there exists an optimal path from 0 to z. This is the reason why we are not able to
prove that V' is a bilateral subsolution of the Hamilton-Jacobi equation.)

Following [, Proposition 2.8], this shows that V is a bilateral supersolution of the
Hamilton-Jacobi equation in (0, 1)<.

We now prove the second boundary condition. As above, we assume that there exists
a continuously differentiable function # on U N [0,1]¢, U being a neighborhood of =z,
such that 8(z) = V(z) and V(y) — 0(y) > 0 for all y € U N [0,1]%2. We also assume
(VO(z),n) <0 for all n € N(z).

We choose a control ¥ with a constant speed. For o« € R?, we choose s = = + as for
all s € [0,t]. We then define ¢ = ¥(¢)). By (B.), we can write ¢, = x + as — k,, with
ks € RyN(¢). For t small enough, ¢, is in U and (f£33) yields

0(x) > 0(6n) — /O L(6s.a)ds.

Developing 0(¢;) — 6(z) as in (f.33), we obtain

t

/0 (VO(ps),a)ds — |a sup max(0,(VO(¢s),n))ds — /0 L(gbs, a)ds <0.

0 neN(¢s)

As above, we obtain

(VO(z),a) — L(z,a)) — || sup max(0,(VH(z),n)) <O0.
neN ()

By assumption, sup,,cp(,) max(0, (VO(z),n)) = 0. We deduce H (x, VO(z)) < 0. n

We now explain the form of the equation when the quasi-potential is continuously
differentiable on [0, 1]¢\ {0}. (We exclude 0 from the set of differentiable points because
there is a boundary condition of Dirichlet type in 0: V(0) = 0. Anyhow, as seen in the
next section, there are specific examples in which V' is continuously differentiable on the
whole [0, 1]¢.) To this end, we introduce a modification of the gradient at the boundary.
Assuming that VV exists at = € 9[0,1]?\ {0}, we set

[0V /0] (2) if 0 < z; <1,
Vie{l,....d}, (ViV(x)), = min([{@V/@:ci} (2),0) if z; =0,
max ([0V/0z;](x),0) if z; = 1.

Similar modifications of the gradient of the quasi-potential appear in [P4, Section IIJ.
Following the notations introduced there in, we give another writing for V.V (z). We
denote by V1V (z) the tangential part of VV'(z), i.e.

Vu L N(x), (VoV(z),u) = (VV(z),u), VneN(z), (VrV(z),n)=0.
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We also denote by e(x) the set N'(x) NV, so that e(z) is an orthonormal basis of the
cone generated by N (z). (It satisfies (e,n) > 0 for all e € e(z) and n € N (z).) Then,
VV (x) may be expressed as

VV(x)=VrV(z)+ > (VV(z),e)e+ Y (VV(2)ee, (4.34)

ecey () ece_(x)

with e, (z) = {e € e(x), (VV(x),e) > 0} and e_(z) = {e € e, (VV(x),e) < 0}. (In
what follows, we will also make use of ep(z) = {e € e(z), (VV(x),e) = 0}.) With these
notations at hand, we have

ViV(z)=VrV(z)+ Y (VV(z),e)e. (4.35)

e€ey (z)
The above expression justifies the notation V,V(x). We are now ready to state:

Proposition 4.14 Assume (A.1-3). If the quasi-potential V' is continuously differen-
tiable on [0,1]%\ {0}, then it satisfies

vz € (0,1)%, H(z,VV(z)) =0, (4.36)
with the boundary condition
vz € 90,1)"\ {0}, H(z, V.V (z)) = 0. (4.37)

By continuity of VV, we notice that (£3G) holds for all z € [0,1]¢\ {0}. Moreover,
we emphasize that ([.37) is a boundary condition of Neumann type. If VV satisfies
the standard Neumann condition, i.e. (VV(z),n) = 0 for all n € N (z), at some = €
0[0,1]%\ {0}, then V.V (z) and VV (z) are equal. In this case, (=37) follows from ([£38).

As explained in [P4], Section II], Hamilton-Jacobi equations under the standard Neu-
mann condition, i.e. (VV(z),n) = 0 for all n € N(z) and x € 9[0,1]¢ \ {0}, may not
be well-posed. This explains why a weaker formulation of the boundary condition may
be necessary. Anyhow, ([.37) is slightly different from the Neumann condition given in
[B4, Section I1] since the original formulations in terms of viscosity solutions are different.
(The optimal control problems are a bit different.) Moreover, the existence of “angles”
along the hypercube [0, 1]¢ induces additional difficulties in our framework. (In compar-
ison, the boundary is assumed to be smooth in [24, Section II].)

[0 Proof. The proof is obvious inside the domain. (Choose # = V' in the statement.)

To prove the boundary condition, we characterize the continuously differentiable func-
tions § such that V — 6 has a local minimum at = € 9[0,1]¢ \ {0}. Following the proof
of [, Lemma 1.7, Chapter II], for a given p € RY, there exists a continuously differ-
entiable function € (on a neighborhood of ) such that V' — 6 has a local minimum at
x and VO(z) = p if and only if the tangential part py of p is equal to V,V(z) and
(p,n) > (VV(x),n) for all n € N(z).

In what follows, the typical value of p is p = V.V (x). Indeed, (V. V(x))r = V1V (2)
and (V,V(z),n) > (VV(x),n) for all n € N(x).

27
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If (VV(z),n) <0 for all n € N(zx), then (V,V(x),n) = 0 for all n € N(z). (See
(E:39).) Hence, we can apply both conditions in ([£.30). We deduce that

H(z,V4V(z)) =0. (4.38)

On the contrary, if (VV(z),n) > 0 for all n € N (x), the result is obvious. Indeed,
V.V(z) = VV(x) in this case. Since VV is continuous, the Hamilton-Jacobi equation

(B.37) is true up to the boundary.
The intermediate cases may be treated by a similar argument of continuity. With the

expressions ([:34) and (E35) at hand, we set n.(v) = 3 o (s)uey() € a0d, for € > 0,
ye = x —eny(z). For e small enough, we have N'(y.) = e_(x) (if e_(z) is empty then
y. € (0,1)¢ and N (y.) is also empty) and, by continuity of VV, (VV (y.),e) < 0 for all

e e (z). By (E39),
H(yaa v-l—v(ya)) =0.

As e tends 0, V, V (y.) tends to V.V (x). Indeed, by (£.34) and ([.37),

ViV(y) =VV(y) = D (VV(g),e)e=VV(y) = Y (VV(y)e)e

ece_(ye) ece_(z)
— VV(z) - > (VV(2),e)e =V V(x).
ece_(x)
This completes the proof. [ ]

The boundary conditions are not formulated in a complete way in Proposition .14,
As stated below, (£.30) implies additional conditions on the derivatives V,H (z, VV (z))
and V,H(xz, V.V (x)). In [P4, Section II], these additional conditions are formulated in a
different way: the formulation used there in is about the signs of H(x, VV (x) + An) and
H(z,V,V(x)+ M) for A € R and n € N(z). We let the reader see how to pass from
one formulation to another. Our formulation will be more convenient for the sequel of
the paper.

Proposition 4.15 Under the assumptions of Proposition [[.14, for all z € 9]0, 1]¢\ {0},

Ve € ey (z) Ueg(z), (VoH (z,VV(2)),e) >0 and (Vo H(z, ViV (2)),e) >0, (4.39)
and,
Ve € e_(z), (VoH (2, VV(z)),e) <0 and (Vo H(z,ViV(x)),e) > 0. (4.40)

O Proof. We fix # € 9[0,1]¢\ {0}. We start by proving that (V,H(z,V, V(x)),e) >0
for all e € e(z).

We know that p = VV(z) satisfies pr = VrV(z), (p,n) > (VV(2z),n) and (p,n) >0
for all n € N(z). For e € e(x) and A\ > 0, the same is true when replacing V_ .V (z)
by V,V(x) + Xe. (Indeed, (e,n) > 0.) According to the discussion led in the proof
of Proposition [l.14, we can find an admissible 6 such that VO(z) = V, V(z) + e in
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(B:30). We deduce that H(z, ViV (x) 4+ Xe) > 0. Since H(xz,VV(x)) = 0, we obtain
(Vo H(x,ViV(z)),e) > 0.

As a by-product, the first inequality in (f.39) is true when (VV(x),n) > 0 for all
n € N(x), i.e. when e_(z) is empty. In this case, VV (z) = V, V(z).

We now prove the first inequality in (f.40) when (VV(x),n) < 0 for all n € N (z), i.e.
e (r) = ep(x) = 0. Then, for e € e (z) and 0 < A < [(VV(z),e)|, p = VV(x) + de
satisfies (VV (z),n) < (p,n) < 0 for all n € N(z). By ([30), we deduce H(z,VV(z) +
Ae) < 0. Since H(z, VV(z)) =0, we obtain (V,H (z, VV(z)),e) < 0.

We finally prove the first inequalities in ([.:39) and (f40) without the assumptions
e_(v)=0orei(z) =ey(z) =0. Fore € e(z) and e > 0, we set Yo = T —€ > cory) orc €
For € > 0 small enough, N (y.) = e. Ife € e_(x), then (VV(y.), e) < 0 for & small enough.
By the above analysis, (V,H (y., VV (y:)),e) < 0. Letting € tend to zero, we deduce
that (Vo H (2, VV(x)),e) < 0. If e € ey(x) U epg(x), we know, by the above analysis,
that (VoH (ye, ViV (ye)),e) > 0. As € tends to 0, V,V(y.) — VV(x). (To prove it,
it is sufficient to check that (V, V(y.),e) — (VV(z),e) = 0. Since (V V(y.),e) =
(VV (e), €)1yvv(y.),e)>0}, this is true.) In the limit, we obtain (V,H (z,VV(x)),e) > 0.
]

Uniqueness of the Solution. The above results provide the typical form, both in
the viscosity and in the classical senses, of the Hamilton-Jacobi equation satisfied by
the quasi-potential. A practical question is to identify the quasi-potential with a known
solution of the Hamilton-Jacobi equation.

Generally speaking, we are not able to prove that there is a unique continuous viscosity
solution u satisfying both «(0) = 0 and ({.29) and (f.30). By adapting the techniques
exposed in [[], we can only prove, under additional assumptions on H, that there exists at
most one bilateral subsolution u to the Hamilton-Jacobi equation inside (0, 1)? satisfying
at the same time u(0) = 0, (£29) and ([E30). (Recall that u is a bilateral subsolution
at x € (0,1)%if H(z,VO(z)) = 0 for any continuously differentiable @ such that u — 6
has a local maximum at x.) We won’t perform the proof in the paper since we do not
whether the quasi-potential is a bilateral subsolution of the Hamilton-Jacobi equation
inside (0, 1)<.

Indeed, as already explained, the only thing we know is: if there exists an optimal path
from 0 to x € (0,1)4, then the quasi-potential is a bilateral subsolution of the Hamilton-
Jacobi equation. Proving the existence of optimal paths for general quasi-potentials may
be very difficult. (See e.g. [, §2.5, Chapter I11I].)

Anyhow, if the quasi-potential is assumed to continuously differentiable, finding optimal
paths may be easier. (See e.g. [L] for a general result concerning the non-reflected case.)
For this reason, we feel simpler to provide a uniqueness result to the Hamilton-Jacobi
equation, but just for classical solutions. More specifically, we provide below a uniqueness
result in which we both identify the quasi-potential with a known classical solution of the
Hamilton-Jacobi equation and build optimal paths as solutions of a suitable backward
reflected differential equation.

We start with the necessary form of the optimal paths, if exist. To this end, we extend

V.V to the whole [0,1]?\ {0} by setting V V (y) = VV (y) if y € (0,1)%

29
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Proposition 4.16 Under (A.1-3), assume that the quasi-potential V is continuously
differentiable on [0,1]%\ {0}. Let z € [0,1]%\ {0} and (p;)i<0 be a path satisfying oo = x
and lim;—, o ¢r = 0 and achieving the infimum in the definition of V(z). Then, (t)i<o
15 absolutely continuous and verifies the backward reflected differential equation

Oy = VQH(%, V+V(<pt)) — k; a.e. on the set {t <0: ¢ #0}, (4.41)

k being as in (), i.e. k€ N(pp) if o € 9[0,1]% and ky = 0 otherwise, and satisfying
the compatibility condition

(k, V4V (1)) = 0 a.e. on the set {t < 0: ¢ # 0} (4.42)

(We emphasize that {t < 0 : ¢, # 0} is an interval. Indeed, if o = 0 for some t < 0,
then @, =0 for s <t.)

[ Proof. We admit for the moment the following

Lemma 4.17 For every compact subset k C [0,1]%\ {0}, there exists a constant ¢, > 0
such that for ally € k and v € R?, |v| < 1,

L(y,v) > (v, ViV (y)) + c|VoH (y, ViV (y)) — v’Z. (4.43)

We then consider a path (¢;)i<o with ¢g = # 0, lim; ., ¢; = 0 and J_ o(¢) < +00
(so that, without loss of generality, |¢:] < 1 for a.e. t < 0). By (B:I0), we can find a
measurable mapping ¢t € (—oo, 0] — (5, n:) € Ry X N (¢) such that for a.e. t <0

Lref(ﬁbta ¢t) = L(¢x, Qgt + Bing). (4.44)

(In the above formula, 8; = 0 if ¢, € (0,1)% or ¢, € 9[0,1]¢ and (¢, n) < 0 for all
n € N(¢;). We refer to the proof of Theorem B4 for the measurability property. We also
note that |<;5t + fBiny| < 1 for a.e. t <0 since L(¢y, by + Bing) < +00.)

For a given compact subset k C [0,1]?\ {0} containing z, we set T, = inf{T > 0 :
o_7 € k}. Lemma and ({.49) yield for a.e. t € [T}, 0]

L (¢, ¢t> > <<Z5t + Biny, V+V(¢t)> + CH‘VQH(@, V+V(¢t)) - (<Z5t + 6tnt>‘2-

We let the reader check that, for i € {1,---,d}, the Lebesgue measure of the set {t <
0: (¢1)i €{0,1}, (@) # 0} is zero. (Indeed, the path ¢ is a.e. differentiable.) Hence,
(P, ViV (pr)) = [d/dt](V(¢y)) for a.e. t < 0. We deduce that for a.e. t € [Ty, 0]

L (¢, <Z5t) > [d/dt] (V(<Z5t)) + <ﬁtnt, V+V(¢t)> + Cn}vaH(@, V+V(¢t)) — (<Z5t + ﬁtnt)}z-

We deduce that ¢ satisfies

0

Toweo(d) > V(oor) + / L (G b0

0

> V(o) + / (B, VoV (60))dt (4.45)

—T,

0 .
+ox / |V (60 V(00) = (60 -+ Bt
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Noting that (Bn;, V.V (¢;)) > 0 for all ¢ < 0, we complete the proof. [ |
[0 Proof of Lemma f17. For y € k, v € R, || <1, and € € (—1,1),
L(y7 U) Z <Ua V+V(y) — & [VaH(f% V+V(y)) - U}>
— H(y ViV(y) = e[VaH (3, ViV (y)) — v}).

By Proposition .14, we know that H(y, ViV (y)) = 0. Applying Taylor’s formula, in
zero, to the function

e€(-1,1)— H(y, ViV(y) — 5[VQH(y, V+V(y)) — v}),
we obtain

L(y,v) = (v, V4 V(y) — e[VaH (y, V4V () —v])
+(VoH (y, ViV (). e[VaH (v, V4V (y)) — v])
—(C/2)e*|VaH (y, V4V (y)) — |

)

with C' = sup{|V2 H(z, VV(2) =n[VH (2, ViV (2))—v])l; z €k, v €RY, || <1, n €
[—1,1]}. By the regularity of H and VV', the constant C' is finite. Hence,

L{y,v) = (v, V4V (9)) + (e = (C/2)€”)[VaH (3, V1 V () — o],

Without loss of generality, we can assume that C' > 1 and choose ¢ = 1/C' in the above
formula. This completes the proof. [ ]

In light of Proposition [.16, we understand that the boundary conditions in Proposition
f.13 describe the shape of the optimal paths (if exist) at the boundary.

In what follows, we explain more specifically what happens in dimension two. For
example, we consider x on the boundary with 1 = 0 and 3 € (0,1). In this case
e(x) = {—ei}.

If [0V/0z1](x) > 0, then (VV(x),—e;) < 0 and —e; € e_(x). By Proposition .17,
we know that (V,H(x,VV(x)),—e1) < 0, ie. (Vo H(z,VV(z)),e1) > 0. Assume to
simplify that (V,H(z,VV(x)),e;) > 0. By continuity, (V,H(y,VV(y)),e;) > 0 for
y in a neighborhood of x. If there exists an optimal path (¢;)i<o reaching = at ¢t =
0, we understand from ([.4]]) that (¢:)i<o has to hit the boundary before reaching z.
(Otherwise, there exists € > 0 such that (¢;); > 0 for ¢t € [—¢,0), so that (¢;); =
(VoH (01, VV (¢1)),e1) > 0, and, the path cannot reach x.) This is illustrated by Figure
below.

Similarly, if [0V /0zi](x) < 0, i.e. —e; € e (z), we know from Proposition §.13
that (Vo H(z,VV(x)),e;) < 0. We assume to simplify that (V,H(z, VV (z)),e1) < 0.
For y in a neighborhood of z, (V,H(y,VV(y)),e1) < 0. Since [0V/0x](z) < 0,
we also have [0V/0x](y) < 0 and thus V V(y) = VV(y) for y close to z. Thus,
(VoH(y, ViV (y)),e1) < 0 for y in a neighborhood of z. Then, the first coordinate
of ¢y, i.e. (@)1, is non-increasing as ¢t grows up to 0. In particular, if ¢_. = 0 for
some small ¢ > 0, the path remains on the boundary from time —e to time 0. In
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X

Figure 2: Typical optimal path: [0V/0z1](x) > 0 and (V,H(z, VV(x)),e1) > 0

such a case, ky = (VoH (o1, VV (1)), e1)ey for ae. t € [—¢,0] so that (V V(g,), k) =
[0V /0x1](0) (Vo H (1, VV (1)), 1) > 0. This violates the compatibility condition (f.42).
We deduce that the optimal path cannot hit the boundary in a small neighborhood of z
before reaching x. This is illustrated by Figure |J below.

Figure 3: Typical optimal path: [0V/0z1](x) < 0 and (V,H(z, VV(x)),e1) <0

The case where [0V /0z1](x) = 0 leads to too many different possibilities to make a
general comment. (Anyhow, an example is provided in the next section.)

Proposition shows that, if optimal paths exist, the reflected differential equation
(E7) is solvable. We emphasize that (f-4]]) is not a reflected differential equation of
standard type since the boundary condition is given by the terminal value of the tra-
jectory. In particular, solving ([l.41)) is more intricate than solving a standard Skorohod
problem. As shown below, the boundary conditions (f.39) and (£.40) play a crucial role
in the solvability of the equation ({.41).

Proposition 4.18 Assume (A.1-3) and that there exists a function W € C([0,1]%,R)
continuously differentiable on [0,1]%\{0}, such that, for allz € (0,1)¢, H(z, VW (x)) =0
forallx € 8]0, 1]\{0}, H(z, V. W(z)) =0, and, for alle € e(x), (Vo H(z,V W(z)),e)
0.

In addition, assume that, for all x € 0[0,1]% \ {0} and for all e € e} (x) = {e €
e(z), (Vo H(z,V W(x)),e) = 0}, there exists a neighborhood U of x such that the sign
of (VW,e) is constant on the intersection of U with the face orthogonal to e, i.e. either

)
)
>

Yy € UN 0,14, e € N(y) = (VIW(y),e) <0, (4.46)
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or,

Yy € UN 0,14, e € N(y) = (VIW(y),e) > 0. (4.47)

Then, for any = € [0,1]¢\ {0}, there exist an absolutely continuous path (¢i)i<o and a
real i(¢) € (0,400] such that ¢ =0 for all t < —i(p) if i(p) < +00, Yo =z and

e = VoH (91, VAW (1)) — ky, for ae. t € (—i(p),0], (4.48)

k being as in (), i.e. k€ N(py) if o € 0[0,1)% and ky = 0 otherwise, and satisfying
the compatibility condition

(ky, VW () =0 for ae. t € (—i(e),0]. (4.49)
(Above, V. W (z) = VW (z) for z € (0,1)4.)

The additional conditions ([.4G) and (f.47) permit to avoid degenerate situations in
which the sign of (VW e) changes at x for some e € N (y). Having in mind Figures
and B, this permits to determine, a priori, the shape of the optimal paths reaching .

We emphasize that no assumption is necessary on the sign of (V,H(z, VW (x)),e),
e € e(x). (In fact, using the convexity of H, we could prove that all the inequalities in

(E339) and (F-40) hold for W under the assumptions of Proposition [I.1§.)

O Proof. Tt is sufficient to prove that, for all x € [0,1]?\ {0}, there exist a real € > 0 and
an absolutely continuous path (¢;)_.<t<o such that ¢y = = and (£.48) and (£.49) hold
on [—¢,0]. (By concatenating the local solutions, we obtain a global solution. When the
resulting path hits the origin, the concatenation procedure stops. In this case, i(y) is
finite. If the path doesn’t hit the origin, i(¢) is infinite. In the next theorem, we will
prove under additional assumptions on W that the path tends to 0 as ¢ tends to —oo if
i(p) = +o0.)

If z € (0,1)% the proof is trivial. (It is sufficient to solve, locally, the backward
differential equation

¢ = VoH (01, VIV (1)), t <0,

with the boundary condition ¢y = z. Since V,H is bounded by 1 and VW is continuous,
this is possible.)

If z € 9[0,1]%\ {0}, the idea still consists in solving a backward differential equation,
without reflection, but along a face of the hypercube.

We first specify the choice of the face. By ([44) and (f.47), there exists a neighborhood
U of x such that, for all e € "' (z), the sign of (VIV, e) is constant on the intersection
of U with the face orthogonal to e. (If e € e(z) \ e}/ (), this is trivial by continuity of
VW. If e € e}/ (z), this follows from (f£40) and (47).) We then consider the (largest)
face f containing x and orthogonal to ef(x), with

ef(z) = {e€e(x) : Yy e UNI0,1)%, e € N(y) = (VW(y),e) < 0}.

We denote by ¢ the dimension of f. We can find a subset F' C {1,...,d}, the cardinal of
F being equal to 0, such that the family (e;);er is a basis of the plane generated by f.
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We then consider the system of differential equations

(Y1) = <VaH(<Pt7V+W(90t))7€j>a t<0, j€eF,
(gbt)jzo, t<0,7€{l,...,d}\F,

with the boundary condition ¢y = x.

A priori, this problem isn’t well-posed, even in a small time duration. Indeed, ¢,
may leave the hypercube in a zero time so that V,H (¢, VoW (p;)) may not be defined.
(Recall that z; may be 0 or 1 for some i € F.) To obtain a well-posed problem, we
consider the following version

(@1); = (Vo (HUle], VAW (I[pd]))  €5), t <0, j € F,
(), =0, t<0, je{l,...,d}\ F,

with the same boundary condition as above, where II denotes the projection on the
hypercube. In the above system, either e; or —e; belongs to ef(x) for j € {1,...,d}\ F.
(That is x; = 0 or 1.) Since (¢;); = 0 for such j’s, ef(x) C N (II[¢]). For ¢ close to zero,
II[p:] € U, so that (VW (Il[iy]),e) < 0 for e € ef(z). As a by-product, (VW (II[¢4]), €;)
is equal to 0 for j € F. For j € F, either (II[ey]); € (0,1) or (IT[e]); € {0,1}. In the
first case, (VoW (Il[py]), ;) is equal to (VW (II[¢4]), e;). In the second case, either e; or
—e; is a normal vector at II[¢,] and belongs to e(x) \ ef(x), so that (VoW (Il[yy]), ;)
is still equal to (VW (II[py]),e;). We deduce that VW (II[¢:]) may be expressed as
> ier{ VW (Up]), e5)e; in the above system. Thus, the coefficients of the system are
continuous in the neighborhood of the boundary condition, so that the problem admits
a solution on some interval [—&, 0], ¢ > 0.

We now show that we can get rid of II, at least for £ small enough. To do so, it
is enough to prove that ¢; belongs to [0,1], or, equivalently, that (¢;); € [0,1] for
Jj €A{l,....d}. For j ¢ F, this is obvious since (¢;); = 0. We thus assume j € F. If
(IT[e]); > 0, then (¢); = (H[w]); > 0. If (II[]); = 0, then —e; is a normal vector
to the hypercube at Il[¢;]. By the boundary conditions satisfied by W, this implies
(VoH (], VLW ([pr])), —e;) > 0. In this case, (¢1); < 0. As ¢ decreases on [—¢, 0],
(¢¢); cannot go below 0. Similarly, it cannot go beyond 1. We deduce that, for € small
enough, ([£.50) holds true.

We finally prove that (f.48) holds on [—¢, 0]. We can always write

o1 = VoH (01, Vi W (1)) — | Z (VaH (01, ViW (1)), €5)¢;

(4.50)

(4.51)

= VoH (¢, VW (1)) — Jer,
with
ko= Y (VaH(pr, ViW (), e5)e; = Y (VaH (01, ViW(01)), €)e.
FE{L e nd]\F ecey(x)

Since ef(x) C N(¢r), (VaH (o1, VW (p1)),€) > 0 for all e € ef(x). We deduce that
(kt)_c<t<o (with ko = 0) satisfies (B.H). The compatibility condition is obviously true. m

We are now in position to state an identification property for the quasi-potential.
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Theorem 4.19 In addition to (A.1-4), assume that, for all z € [0,1]7\ {0}, (z, f(x)) <
0. Assume also that there exists a function W satisfying the conditions of Proposition
[[-1§ such that W(0) = 0. Then W is equal to the quasi-potential and the infimum in
the quasi-potential is attained at (¢y)i<o given by Proposition [[.18. (We show below that
such a path satisfies lim;_, o, @y =0).

In the proof, we use the following lemma (the proof is given in Appendix, see Subsection

2.

Lemma 4.20 Under (A.1-3), for any x € [0,1]%, the mapping o € R? — H(x, ) is

.....

O Proof of Theorem [EIJ. We first prove that V' > W. For a given x € [0,1]¢\ {0},
we can consider a path (¢4)i<o from 0 to z, i.e. lim;, ot = 0 and ¢y = x, such that
J—000(?0) < V(z)+ 9 for some § > 0. Then, ¢ is absolutely continuous. For a.e. t <0
such that ¢, € (0,1)%, we have

L (W, ) = Lty thy) > (b, VW (1hy)) — H (o, VWV () = [d/dt](W (¢r)),  (4.52)

since W satisfies the Hamilton-Jacobi equation. The same holds for ¢ satisfying vy €
910,1]4\ {0} and (¢, n) < 0 for all n € N(¢y). For t satisfying ¢, € 9[0,1]*\ {0} and
In € N (1) such that (¢, n) =0, we claim

L (4, ) = inf Lz, 0y + Bn)

ﬁ>0,n6N(<pt),niqbt

> inf (VW (), 6+ Bn) — H (v, VoW (1))
B>0,neN (Yt),nLi

= inf . [<V+W(¢t)> ¢t + ﬁnﬂ,
B>0,neN (Yi),n L

by the boundary condition of the Hamilton-Jacobi equation. By definition of V W we
have (VW (¢),n) > 0 for all n. € N (). Hence, for t satisfying 1, € 9[0,1]%\ {0} and
In € N (¢;) such that (¢, n) =0, we have

L (e, he) = (VW (1), 4)r). (4.53)

For every i € {1,...,d}, the Lebesgue measure of the set {t <0: (¢y); € {0,1}, ()i #
0} is zero. Hence, we can replace (VW (i), ¢;) by (VW (¢y), ) = [d/dt](W(¢y)) in
the above inequality. By ({.53) and (f.53), we have

L 4y, ay) > [d/dt](W (1)) for a.e. t such that ¢, # 0.

Setting i(¢)) = inf{T" > 0, ¥»_7 = 0} and integrating from —i(1)) to 0 (i(¢)) being possibly
equal to +00), we deduce that V(z) +0 > W(x). Letting ¢ tend to 0, we deduce that
V(z) > W(x).

We now prove that V' < W. We consider consider the path (¢:):<o given by Proposition
B.18. Recall from [I@, Chapter 5, (1.5)] that L(y, Vo H (y,v)) = (v, Vo H (y,v)) — H(y,v)

35
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for all (y,v) € [0,1]¢ x R%. By the Hamilton-Jacobi equation satisfied by W and by the
compatibility condition (f.49), we obtain, for a.e. —i(p) <t <0,

L(pt, or + ift) = (Vi W(pr), oe + k’t> - H(%, V+W(S0t))
= (ViW(pr), 1) = [d/dt] (W(%)),
the last equality following from the same observation as above: for every i € {1,...,d},

the Lebesgue measure of the set {t < 0: (¢:); € {0,1}, (¥r); # 0} is zero. Hence, for
any T >0, T > i(p)

(4.54)

0 0
V(pori) < / L (r, o)t < / Lign ¢u + k)dt < W) — W(p_q).

=T =T

If i(p) < 400, the proof is over by choosing T' = i(y). Otherwise, we have to prove that
0 is an accumulation point of the path (¢)<o.

Assume for a while that there exists ¢ > 0 such that, for all ¢ < 0, |¢:] > e.
(In particular, i(p) = +00.) By assumption, we know that, for all z € [0,1]¢\ {0},
(2, VoH(z,0)) = (2, f(2)) <0. (Recall that f(z) = V,H(z,0).) By continuity of V,H,
we can find a real n > 0 such that

inf{(z, Vo H(z,v)); 2 € [0,1]%, |2| > &, v € R, |v| <} <0. (4.55)
Moreover, it is plain to see that for a.e. t <0

[d/dtm%|2] = 2(pt, VaH(SOu V+W(80t))> — 2{¢ps, /ft>
< 2(p1, Vo H (1, VAW (21)))-

(Indeed, if (¢;); < 1, then (¢;);(k); = 0, and, if (¢;); = 1, then (k;); > 0.) By ([EB]), we
deduce that there exists a constant ¢ € (0, 1) such that

—[d/dt][l:?] > Agv wienicn — ¢ Lgvaweolsm- (4.56)
By (£54), for a.e. t <0,
[d/dt][W (e1)] = L(er, VaH (01, VAW (1))

By the strict convexity of L, for all z € [0,1]4\ {0}, L(z, Vo H(2, VLW (2))) = 0 if and
only if VoH(2z, Vi W(2)) = f(z) = VoH(2,0). By the strict convexity of H(z,-) at 0,
this is equivalent to V W (z) = 0. We deduce that

inf{L(z, Vo H(z, Vi W (2))); z € [0,1]%, |2| > &, [VoW(2)| > n} >0,

if not empty (i.e. 3z € [0,1]%, |2| > &, |V4W(2)| > 7). Up to a modification of ¢, we
have
[d/dt][W (¢i)] = g, w(ensn}- (4.57)

We deduce that [{t < 0: |V W ()| > n}| < 4+oo. Hence, |[{t <0: [V W(p)| <n}| =
+00. By ([50), there is a contradiction. We deduce that 0 is an accumulation point of
(1)i<0. Hence, W(x) > V(z) so that W (z) = V(x).
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Actually, we can prove that lim;, o ¢ = 0. Indeed, by (.54), (W (p4))i<o is nonde-
creasing (and bounded). We deduce that lim; . ., W (¢;) = 0 since 0 is an accumulation
point of the sequence (¢¢)i<o. Hence, every accumulation point a of the sequence (¢¢):<o
satisfies W(a) = 0. Assume that there exists another accumulation point a # 0. Since
0 is an accumulation point, we can find two decreasing sequences (t,),>0 and (S, )n>o0,
converging to —oo, such that t,11 < s,41 < t, < s, for all n > 0, |, | = |a]/2 for all
n >0, |¢.] > |al/2 for all 7 € [t,, sp] and n > 0, and |¢s, —a] — 0. By (56) and (57,
we can find some constant C' > 0 (depending on a) such that ¢ — —|p;|*+CW ;) is non-
decreasing on each [t,, s,], n > 0. Hence, —|a|*/4+CW(py,) < —|a— @s,|> + CW (ps,)-

Letting n tend to 400, we obtain a contradiction. [ ]

5 Two-Stacks Model

In this section, we consider a special case. It is a generalization of an interesting example
introduced by Maier R9]. With d =2, £ = {1,2} and = = (z1, z2), let

N

oy ) Al g(x)] V= —e

PEtv) =3 20 31— golw)], v=es (5.58)
Ha =)+ ga(@)], v=—e

with some \; € (0,1) for all i € E, and some Lipschitz continuous functions g1, g» :
0,1] — [0,1), g;(z) > 0 for z > 0.

When ¢; = go and \; = 1/2,i € E, this example reduces to that of Maier (see (4) in
BY]). Here, the random environment £ governs the probability for each coordinate to
jump, but not the jump distribution itself. Our treatment below is quite different from
[B9], being more direct and leading to more general results.

From (.4) we compute

r _ )\g1<371) _ me)
== By )+ A= T

el

In this example, all the assumptions (A.1-4) are satisfied. The assumption of Theorem
g holds if P? is irreducible and g, g4 > &’ for some constant s’ > 0.

If both g;(0) and go(0) are equal to zero, then f(0) = 0 and the reflected differential
equation (P-7) is simply the ordinary differential equation inside G. In this case, the
hitting time of the stable equilibrium 0 is infinite. If, on contrary, g;(0) > 0 for some
j € {1,2}, then the solution to the RDE (R.7) feels the reflection when hitting the j-th
axis. After hitting the boundary, it moves towards the origin along the j-th axis.

The function H can be expressed in terms of

Hj(z;, ;) = In [cosha; — gj(z;)sinha;] , j=1,2.
From (B.4), H(x,«) is the logarithm of the largest eigenvalue of the matrix

Q(z,a) = [P(i, j){ e @0 4 (1 — \)ef 2] (5.59)

1,JEE "’
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Recall that F = {1,2}. By solving the characteristic equation, we find, with shorthand

notations P(i,j) = P,

1
H(z,a) =In 5 (P11A1 + Py Ag + \/(PllAl — P22A2)2 + 4P12P21A1A2)

. Al(l‘, a) — )\16H1(:v1,a1) + (1 _ )\1)6H2({L'2,a2) ’
with Hi( ) i :
AQ(xa O[) = )\26 1rnLe) (]. — )\2)6 2\T2,22)

5.1 Identification of the Quasi-potential

Although its expression does not look very explicit, the quasi-potential is quite simple. It
can be guessed by observing that the discrete walk X, has an invariant measure, which
obeys a large deviations principle: in view of [[G, Chapter 4, Theorem 4.3], the rate
function — which is explicit here — should be the quasi-potential.

In Maier’s paper, the quasi-potential was identified by a Lagrangian approach and using
the special structure of the separable Hamiltonian [29, p.397]. Our approach here is an
alternative yielding to a much shorter route for more general Hamiltonians.

We start to look for the invariant measure. The Markov chain on {0,1/m, ..., 1} with
nearest neighbor transitions (1/2)[1 F ¢1(x1)] from z; to x; = 1/m (pay attention to
the change of sign between F and +) with reflection at 0 and 1 has an invariant (even
reversible) measure given for z = k/m by

k—l 1
(m) gl E
m(k/m) = 1+g1 2! T o(l) , 0 <k <m,
and 7™ (0) = (1—¢1(0))/[2(1+¢:(0))] and 7™ (m) = (1/2) [T75 (1= 01 (L)) /(1+g1(L)).

When the function ¢y is Lipschitz continuous, we obtain for large m and z€(0,1),

= exp {—Qm ) tanh ™' (g1 (y))dy + o(m)} (5.60)

since tanh ™' (t) = (1/2)In[(1 +¢)/(1 —t)]. We define 7{™ similarly, with g5 instead of g;.
The second observation is that the measure

v (i) = 7™ (@t )my™ () (i) (5.61)

is invariant for our Markov chain (X,(Lm) /m, & )n>0. Indeed, invariance of 7™ for the
corresponding transition implies

vy € [0,1]* N (m™'2%), Z 7T§m) ($1)C]((9€1,y2)a i (y1 — $1)61) = )\z‘ﬂm) (y1).

z1€{0,1/m,...,1}
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Hence, for all j € E and y € [0, 1> N (m™'Z?),
oo Y A ) my™ (w2)u(i) P, )q(x, iy — )

i€E z€{0,1/m,...,1}?

=Y. > @) ms™ (@) (@) P, fa, iy — )
i€E |z1—y1|=1,x20=y2 or|lra—y2|=1z1=11
= Pl Du@)+ (1= 2))m™ )™ (1)
ek
_ (m (m) :
=y (YT (y2)pu())
As a by product, the first marginal I/ém) of 1™ i.e. l/ém)(y) = ﬂ%m) (yl)ﬁém)(yg), is itself
invariant for (Xr(Lm) /m), (which is not a Markov chain). From the relation (5.60) it is
clear that this new measure satisfies a large deviations principle, with rate function

W(x) = 2/:1 ta“h_l(gl(y))d?ﬁQ/Om tanh ™ (g2 (y))dy (5.62)

By [16, Chapter 4, Theorem 4.3], we then expect W to be the quasi-potential. By
Proposition [[.19, we prove that this equality indeed holds.

Theorem 5.1 The function W coincides with the quasi-potential. Moreover, for any
point x € [0,1]%\ {0}, there is one and only one optimal path (p;)i<o from 0 to x. The
time reversed path (w_¢)i>o S the unique solution to the reflected differential equation
given by the law of large numbers (see Corollary[3.3), i.e. @i = x*, for all t < 0.

[0 Proof. We check that all the assumptions of Proposition .19 are fulfilled.
First Step. Hamilton-Jacobi Equation. The function W is clearly smooth. The gradient
is given by

~—

VW (z) = 2(tanh ™" (g1 (1)), tanh ™" (ga(2))) (5.63
On the boundary, VW (x) = 2(0, tanh™*(go(15))) for 2; = 0 and z, € (0,1], V. W (z) =
2(tanh (g1 (1)), 0) for z; € (0,1] and 23 = 0, VoW (z) = VW (x) for 2, = 1 an
x9 € (0,1] and for z; € (0,1] and x5 = 1. For x = 0, we have V, W (x) = 0.

We recall the hyperbolic trigonometric identities

o

2 2
tanha = ?gf , sinha = 1_7‘22 for a = 2tanh™'(g)
For j = 1,2, the quantity exp(H;(z;,a;)) = cosh(a;) — gj(z;)sinh(cy;) is equal to 1 iff
a; = 0 or aj = 2tanh™! g;(;). From (559), we deduce that Q(z, V. W (z)) = P for
every x € [0,1]2. (With VW (z) = VW () for z € (0,1)?.) Hence, the largest eigenvalue
of Q(z,V W (x)) is 1. We deduce that W satisfies the Hamilton-Jacobi equation ([.36)
~(E37).
Second Step. Identification of W. We first compute the gradient of H, with respect to
o, in (z, V,W(z)), z € [0,1]% Since, for all j € {1,2},
%(m 0) = sinh(a;) — g;(z;) cosh(ay)
Oa; 777 cosh(ay) — g4(x;) sinh(ay)
9;(;) for a;; = [OW/j](x)
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we have
%ﬁ(w,VW(x)) = [P(i, )Nigi(x1)]; jep » %fi(x, VW (z)) = [P(i,7)(1 = Xi)g2(22)]; jep -

(5.64)
By simplicity of the top eigenvalue we know that H(x,-) is differentiable. For the same
reason, the associated eigenvector v(x,«) is smooth in «. We thus differentiate the
equation Q(z,a)v(z,a) = exp(H (z, a))v(z, ) at « = VW (z). At such a point, Q) = P,
H=0andv=1=(1,...,1)" so that

0Q v OH v
G VW (@)1 4 P (a, VW (@) = 25 (o, VW (@)1 + 5o (e, VW (). (5.65)

From (5.64) we have [0Q /04 ](z, VW (2))1 = g1 (21)X with X = (\;)icx, and by multiply-
ing (p.69) by the invariant measure p on the left, we get [0H /0o ](z, VIV (z)) = Ag1(x1).
With a similar computation for the partial derivative with respect to as, we finally obtain

) =—f X
R (5.66)

( __1(0)) ) , for xy =0, x5 € (0,1],

Vol (2, V W(z)) = ( fQE“ (5.67)

))’ for'rle(oal]a x2:0-

It is plain to check that the assumptions of Proposition are fulfilled. Therefore, W
is the quasi-potential.

Third Step. Optimal Paths. For a terminal value z € [0,1]? \ {0}, we have to prove
that the time reversed path (x?,):<o satisfies ([.4]) as well as (.49). It is sufficient to
prove it locally: we prove that, for any z, (x*,)_c<i<o satisfies both (£.48) and (f.49) on
a small interval [—&, 0] for some ¢ > 0. By (p.60), this is easily checked if the terminal
point x belongs to (0,1)%. If the terminal point = belongs to the boundary, several cases
are to be considered.

If z; = 0 and z5 € (0, 1], the path (x¥);>¢ remains on {0} x [0, 1], so that (x¥); =0
for ¢t > 0. For some ¢ > 0, we have (x7)2 € (0,1] for ¢t € [0,¢]. By (B:67), the second
coordinate satisfies (X7)s = — (Vo H (XY, VAW (x})),e2) for t € [0,¢]. Setting ¢ = x*,
for all t € [—¢, 0], we have

= VoH (¢, ViW(gr)) — fi(0)er,

so that (¢y)e<i<o satisfies (.48). Since (V W (0,y),e1) =0 for all y € [0, 1], the compat-
ibility condition is fulfilled. The same holds if x5 = 0 and z; € (0, 1].

If ;1 =1 and x; € (O 1] then the path (x7):>0 leaves the boundary immediately: for
t > 0 (and ¢ small), x¥ € (0,1)2. Reversing the path, we conclude as above. The same
holds if x5 = 1 and z; E (0, 1].
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Fourth Step. Uniqueness of the Optimal Path. It remains to verify that the solutions
to (H.4§) are unique. Again, it is sufficient to prove that uniqueness holds locally for
any starting point in [0,1]? \ {0}. If the starting point is in (0,1)?, this is obvious by
time reversal. If ; = 0 and z, € (0,1], we have (V H(z, VW (x)),e;) = —f,(0) > 0.
Assume for the moment that —f;(0) > 0. Then, by Figure [, any solution (¢;)¢>o to
(.48) touches the boundary before reaching x. Hence, there exists & > 0 such that
()1 = 0 and (¢r)2 = —fa((pr)2) for all ¢ € [—¢,0]. Local uniqueness easily follows.
Assume now that f1(0) = 0. Then, for all y in the neighborhood of z, with y; > 0,
(Vo H(y, VW (y)),e1) = —fi(y1) > 0. Again, any solution (¢;);>0 to (E48) has to touch
the boundary before reaching x (otherwise, it cannot reach the boundary) and we can
repeat the argument. The same holds for x5 = 0 and z; € (0,1]. The case where 21 = 1
and z5 € (0, 1) corresponds (up to a symmetry) to Figure f and local uniqueness is proved
in a similar way. The cases where 3 = 1 and z; € (0,1) and where (x1,25) = (1,1) are
similar. |

5.2 Deadlock Phenomenon for the Two-Stacks Model

We discuss the deadlock phenomenon for the two-stacks model, that is for the domain G
from ({.11)) with ¢ = 1. Our results should be compared to Section 5 in [29). In view of
Theorems and p.J, the set of exit points M relates to the simple, one-dimensional,
variational problem

V =min{W(z,1-2); 2 € [0,1]}.

Then, x € M if and only if z = (2,1 — 2) with z minimizing the above problem.
Observing that [d/dz](W(z,1 — z)) = 2(tanh™*(g,(2)) — tanh™*(ga(1 — 2))) has the same
sign as g1(z) — g2(1 — 2), we distinguish a few remarkable different regimes (some of them
being discussed in [R9]) for the set M of deadlock configurations and for the shape of the
optimal paths (which describe the typical course of a deadlock).

Qualitative shape of optimal paths. For x = (7,7;) € (0,1)?, we discuss the
optimal path (¢;)i<o from 0 to x. By Theorem B.1, ¢, = x*, for all £ < 0. As long as
the k-th coordinate (k = 1,2) of ¢, is positive, it satisfies (¢¢)r = — fx((¢¢)r). Hence, the
time needed to make the k-th coordinate move from 0 to zy, is

Tk dr

t, = tk<l’k) = — ; m € (0,00]

Note that ¢4 is finite if the continuous function fr (or equivalently g.) is non zero at 0,
but ¢, is infinite if f(0) = 0 (since fy is Lipschitz continuous, |fx(r)] < Cr for r > 0 in
this case). In general, the duration of the instanton ¢ from 0 to z is equal to max{¢;,t>}.

1. (Case A). g1(0) = ¢2(0) = 0. Then ¢ has an infinite duration. It never hits the
boundary and does not feel the reflection. When ¢; = go, 21 = 29 and A = 1/2, the
optimal path is the line segment [x,0]. But in general, the optimal path is not a
line.
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2. (Case B). ¢1(0) > 0,92(0) > 0. Then, the optimal path has a finite duration.

There is a smooth curve of points z’s such that the reversed path from x to 0 does
not hit the axis (strictly) before 0: the curve is in fact defined by t;(x1) = ta(x2).
For z’s such that t;(x;) < to(z2), x* hits the vertical axis (strictly) above 0, and
later on, moves down towards 0 along this axis.

. (Case C). g1(0) > 0,92(0) = 0. For all z € (0,1)?, ¢ hits the vertical axis in a

finite time, and later on, moves down towards 0 along this axis reaching it in infinite
time.

Some optimal paths are shown in Figures [] and ] below.

22 A

(Ag1(z"), (1=N)g2(1-2"))

/

optimal path - (zf,1=2%)

A

7

Figure 4: Optimal deadlock point and path, Case 1 with A < 1/2, ¢1(0) = g2(0) =0

Some specific cases for the set M.

1. (Case 1). Assume that g; and g are strictly increasing on [0, 1]. Then x; € [0, 1] —

W(zy,1 — 24) is a strictly convex function so that M reduces to a single point. If
91(0) > go(1), then the function is increasing and the minimum is attained at z; = 0,
so that M = {(0,1)}. If g1(1) < ¢2(0), the function is decreasing and the minimum
is attained at x; = 1, so that M = {(1,0)}. If g1(0) < ¢2(1) and ¢2(0) < g1(1),
then the slope is negative at 0 and positive at 1, so that M = {(z*,1 — 2*)}, with
z* € (0,1), the unique solution of g;(z*) = g2(1 — z*). This case is illustrated by
Figures [ and [j.

. (Case 2) Assume g1(z) = go(1 — 2) for all z € [a,b] (0 < a < b < 1), and ¢y

[resp. go] strictly increasing on [0, a] J[b, 1] [resp. on [0,1 — b] J[1 — a,1]]. Then,
g1(2)—g2(1—2) —as well as [d/dz](W (z,1—z)) — is increasing [resp. zero, increasing]
on the interval [0, a] [resp., [a, b], [b, 1]]. Now, the set of minimizers is the interval,

M = segment [(a, 1—a),(b1— b)]

as indicated in Figure [j.
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optimal path (z*,1—2%)

_‘

Figure 5: Optimal deadlock point and path, Case 1 with g1(0) > 0,¢2(0) > 0, and the
exit point (z*,1 — z*) in the general situation

3. (Case 3) Assume g1(z) — go(1 — 2) is negative on [0, a), positive on (a, ¢), negative
on (¢, b) and positive on (b,1] (0 < a < ¢ < b < 0). Then, W(z,1 —2) is a
double-wells, and the set of minimizers is a pair,

M={(a,1—-a),(b,1—-10)}
see Figure [1.

By Theorem p.J], there is a one-to-one correspondence between elements of M and
optimal path (so-called instantons) to exit GG. Therefore, there is a unique optimal path
for the deadlock in Case 1, uncountably many in Case 2, and exactly two in Case 3.

6 Limit Cycle

In this section we work out an example where the system has, in the large scale limit
m — 00, a stable attractor, which is a limit cycle. Denote by 1 the vector (1,1)*, and
consider the differential system in R,

Iy = h(xy)

with
h(z) = ( (1) _01 ) (:1: - 31) +%[1 64 x|z — i1|2} (g; - 31) , (6.68)

whose phase portrait is given in Figure §. The circle C centered at 1/4 with radius 1/8 is
a stable limit set: trajectories spiral into it as time approaches infinity. More precisely,

43
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a b 1 21

a b 1 21

Figure 7: Optimal deadlock points, Case 3

it can be checked that any point in [0, 1]? is attracted by C. Moreover, the vector field
on the axis is pointing inside the first quadrant, and, for ¢ € [1, 2], the vector field on the
sloping side |z|; = ¢ is pointing inside the domain G.

Obviously, the reason for the existence of the limit cycle is that the vector field is the

—arotation around the center (1/4)1 which preserves the norm of the vector (z—(1/4)1)-,
and of

ho(z) = %[1 64X |z — i1|2] (a; - i1) (6.70)

— whose effect is moving the system on the radius issued at the center towards the
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Figure 8: An ordinary differential equation with a limit cycle

intersection of the radius and the circle C— . It is plain to check that the components of
hi, hy are bounded on [0, 1] by a constant strictly smaller than 32. Let E = {1,2}, and
assume that g is the Bernoulli law p(1) = u(2) = 1/2. With A", h® the components of
h € R?, define the transition by

(1) —
(@i v) = i(l:tg%hiz (z)) for v =+e; P19 (6.71)
T i(lig%hg '(2)) forv=e, ’

Since p is Bernoulli, the limit ordinary differential equation (B.9) is given here by

() = —3hi)

with h from (6.6§). Assumptions (A.1-3) are fulfilled, as well as the counterpart to
(A.4) — with the attractor C replacing the stable fixed point 0. Most of the results
of Section f] can be generalized to this case, with the quasi-potential computed as the
minimal action over all paths from C to the current point. For instance, (f.I3) becomes

~

E [T(m)] = exp [m(V + 0(1))}

Tm

for any sequence x,, — x € G, with
V = inf{Jo,T(gZ)); qbo - C, |¢T|1 = f, T > O} .

We cannot compute the exact value of the quasi-potential in this example, but it could
be estimated numerically from above. Following 16, Chapter 5, Theorem 4.3], we could
also provide a suitable version of Proposition [[.19.

7 Appendix A

7.1 Proof of Lemmma @.10: successful coupling

The proof relies on a tricky coupling argument. In [B{], the authors investigate the large
deviations for stochastic differential equations with a small noise: the coupling argument
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then follows from standard arguments for the Brownian motion. In our own setting, the
standard stochastic analysis tools are useless and we need to construct a coupling for our
purpose.
Coupling. For an initial condition x € Z¢, |x|; < dm, the position of the walker is
given by
X1 = (20 —1d) (X, + f(Xn/m, &0, Un)),

with Xy = x. Here, f(z,14,-) denotes a function from (0,1) to V such that f(z,7,U) has
p(z,1,-) as distribution (typically, f(z,4,-) is an inverse of the cumulative distribution
function of p(z,i,-)). For another initial condition y € Z4, |y|; < dm, the position of
the walker can be defined in a similar way. The realizations (U,),>o may be the same.
Nevertheless, the position may be defined with a different sample of uniform law. It may
be also defined with the same sample but with a different function f.

In what follows, we are seeking for a copy (Xn)nzo of the walk, starting from g, such
that X and X join up in a finite time. For this purpose, we assume |z — y|; € 2N
(otherwise, it is impossible). We will use the same sample of uniform law but a different
function f. We thus write

X1 = (20" —1d) (X, + fu(Us)),

where fn is some random function from (0, 1) into V, depending on X, X, and &, such
that the conditional law of fn(Un) with respect to (X, X, &n) is exactly p(Xn, &ny ). The
explicit form of fn has to be determined.

To simplify, we will just denote (when possible) fn(Un) by f,. Similarly, we will denote
f(Xn/m, &, Uy) by fn (or fr(U,) when necessary).

Before providing an explicit form for fn, we investigate the L!-distance A,, = | X =X nl1-
Loosely speaking, we want it to decrease with n. We thus compute A, in terms of A,,.
For this purpose, it is crucial to note that A, is always even (because of the particular
choice for the initial conditions and for the reflection). We also recall the formula

Va,b € R, |a+ b| = |a| + |b] — 2(|a| A |b])1ap<0}-

If X,, and Xn are not on the boundary, we deduce

d
[Antle = Al fu = falt =23 1A A L) = Gl anigmimtio<oy (7D
i=1

If one of the two processes is on the boundary at time n, the difference |A, 1|1 — |Au|1
has the form |A, + g, — gul1 — |An|1 With g, and g, as in (B.3). We can check that it is
always bounded by |A, + f, — fn|1 —|A, 1. In other words, we can forget the reflection.
To prove this assertion, it is sufficient to focus on each coordinate. If (X,,); = 0 and
(X,); > 2, the proof is obvious. If (X,); = 0 and (X,,); = 1, the proof is the same except
for (Xn+1)i =0 and (X,,);+1 = 1. In this case, the processes switch. However, the result
is still true. Other cases are treated in a similar way. Hence, in any case, ([-]]) is true

with < instead of =.
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Turn back to (T). Again, | f, — fa|1 is always equal to 2, except for f, = f,. To handle
the last term, we introduce the following notations

Ef(resp. E;, resp. EY) ={ue€V: (A,,u) >0 (resp. <0, resp. = 0)}.

If f, = —f, € E,, the sum is equal to min(|(A,, fu)[,2). If f, = foor fo=—f. €
E;zr U Ega the sum is zero. If fn 1 flu |(fn)z - (fn)z| is 0 or 1 and (|(An)z| N |(fn)z -
(f")i‘)1{(An)i((fn)¢—(fn)¢)<0} = [(fn)i— <fn)i‘1{(An)¢((fn)¢f(fn)a)<0} is also 0 or 1: it is equal to

1 if and only if f,, € E, and i is the coordinate of f, or f, € E and 1 is the coordinate
of f,,. Hence,

[Dnalt S Anli+2 =21 50 =21 50 (Mg emry + Yfoenty)
= 2[[{An, fu)| A 2]1{fn:—fn,fneE;}'

Noting that {f, L fn} is the complementary of {f, = fn} u{f.= —fn}, we have

[Aniils < A1 +2 =210 20 = 2(1; cpmy + Lfenty)

+2(Lpemny + genty) Qpmiy + Leiy)

We have {f, = fu} ={fu= fo € EXYU{fo = fo € E-YU{fs = fn € E°}. Moreover
{fn=—fa€E,}={fn=—/fu € El}. Hence,

[Apiih S [Auli +2 =210, ¢ cpoy = 2(Lipemry T Lijuerty)
+ 41{fn:*fnvfn€Erj} - 2[|<An’ fn>| A 2]1{fn:*fn7fn€Eg}'

Finally,

+21 g emmy LA fl=1)-

We claim that, for n < o = inf{k > 0 : |Az]; = 0} Ainf{k > 0 : |Agl; > 2|md'/?|}
(6 small enough), we can choose f, such that {f, = —fu. fo € E . [(An, f)| = 1} is
empty and such that P{f, € Eroufn # fn‘ [ Fn} < EueEg[p<Xm€mu) - p(Xn,fn,u)]+,
with F, = F&5X,

The idea is the following. We define the random sets (i.e. they may depend on &,,
X, and X,,): Ap(u) = {r € (0,1) : fo(r) = u} and A,(u) = {r € (0,1) : fu(r) = u}
for u € V. The Lebesgue measures of these sets are known: |A,(u)| = p(X,,&,, u) and
|A,(w)] = p(X,, &, u). In the sequel, we just write p,(u) and p,(u) for these quantities.

For each v € V, A,(u) is an interval (because of the construction by inversion of
the cumulative distribution function). However, the geometry of A, (u) is free: we will
perform the coupling by choosing the form of each A, (u) in a suitable way. Without loss

of generality, we can assume that U,cpoA,(u) is an interval with 0 as left bound (see
Figure f).
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For u € EJ), we can find a subinterval of A,(u) of length p,(u) A pn(u), with the same
left bound as A, (u), and set for r in this interval f,(r) = u. Hence, P{f, = u, f, #
u|fn} < (pn(u> _ﬁn<u))+7 so that

P{fn € Eg, fu # [alFu} < D [p(Xns &nyw) = (X, &ny )] (7.3)

u€E?

This is exactly what we were seeking for.

It remains to choose f, such that {f, = —fn, fn € E;, |(An, f2)| = 1} is empty. For
n <o, A, #0and E cannot be empty. Since |A,|; is always even, E* cannot count one
single vector such that [(A,,, u)| is odd. Hence, the set {u € V : [(A,, u)| € 2N+1} counts
either zero element or more than two. If M = |Ef| = 1, the set {u € V : [(A,,u)| €
2N + 1} is empty and there is nothing to do. If M > 2, we can index E; under the form
Ef =A{vy,...,op} with p,(v1) > pp(ve) > -+ > p,(va). Then, we can assume that the
partition related to f,, is ordered as follows:

Vu € B, An(u) < Ap(—v1) < Ap(v1) < An(—12) < Ap(va) - < Ap(—var) < An(var),

where B; < By means V(x,y) € By X By, ¥ <y, B; and B, being two subsets of [0, 1]?
(see Figure ).
| Ey oy v, e s, B
| | | | | | | |
0 1

Figure 9: Order for f,,, M = 3.

For f,, we already know that An(u) intersects, for u € E°, A,(u) on an interval of
length p,,(u) Apn(u). Then, we can complete A, (u), if necessary, that is if p,(u) > pn(u),
so that U,epo Ay (u) is an interval with zero as lower bound (see Figure [[0). In particular,
we have

Vue E°, Yo E°, A,(u) < A,(v).

Then, we can complete the partition associated to fn as follows

~

An<U2) =< An(—U2> =< An<U3) =< An(—U3> e fln(vM) < An(—vM) =< fln(—vl) < Ap(vy),
see Figure [[0]

Eg Vg —Ug Vs —7Vs3 —U1, U1
| | | | | | | |
| | | | | | | 1

0 1

Figure 10: Order for f,, M = 3.

We now prove that, for § small enough and u € Ej, the sets A,(u) and A, (—u) are

A

disjoint. For 2 < i < M, the right boundary of A, (v;) is given by p,(E2) + pn(ve) +
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5) + -+ pn(v;) and the left boundary of A, (—v;) is given by p,(E°) + pp(—v1) +

Pn(—v
po(v1)+- -+ pn( ;1) +pn(vi-1). By the Lipschitz property of p, the difference between
po(u) and p,(u) is bounded by (C/m)|X, — X,|i < 206Y2 for every u € V. Since
pn(v1) > pa(v;), we have

(

Pr(EY) + pu(—=v1) + po(v1) + -+ + Pul(—vi1) + pu(vi1)
> Pr(Eg) + Po(—v2) + Pn(v2) + -+ 4 Pn(—vim1) + Pu(vim1) + Pn(0;) + pu(—v1) — 4CdS"?
> Pu(By) + Pu(—v2) + Pu(v2) + -+ Pu(—vic1) + Pu(vie1) + Pu(v;) + ¢ — 4Cd5"?,

with ¢ = inf{p(z,i,v); z € [0,1]%,4 € E, v € V} > 0 (see Assumption (A.2)). For §

~

small enough, we obtain A, (v;) N A,(—v;) = 0. It remains to prove the same thing for
i = 1. The right boundary of Ap(—v1) 18 given by pn(Eg) +pn(—v1) and the left boundary
Pu(EY) + pp(—v1) + 2¢ — 4C'd51/2 This Completes the construction of fn for M > 2

Hitting Time. Recall that F, = F&XX for all n > 0. By () and (73), we have for
d small enough (say 6 < py for some py > 0) and n < o

E[|An+1|1|}—n} - |An|1 S 2(pn ) (EO) + 2pn(E ) - 2pn(E )v (7'4)

where (pn(-) —Pn(-))T(A) = > ca(Pn(u) —pn(u))™ for any subset A of V (the same holds
for p,(A) and p,(A)). By (f:23) in Theorem [L.9, we have
2(pn — ﬁn)+(E2) + 2pn(E7—l_) - 2ﬁn(Er—l_)
= 2(pn — pn)+(E2> +pu(Ey) = pa(Ey)
+ (1 - pn<E2) - pn(Er:)) - (1 - pn(Eg) - ﬁn<E;))

=2<pn—A>+<E°>—< — ) (ED) + (b —A><E:>—<pn—pn><E;>
— Y Il = ]+ X a0 — s (A1)
(/)| A

By ([(4), we can write |A,11|1 = |An|1 + 26541, with g, € {—1,0,1} and E(2¢,,41|F,) <
—(k/m)|A, |1 for n < 0. Hence, E(|A,111|Fn) < (1 — k/m)|A,|; for n < o, so that
(1 = K/m)"" | Apne|1)n>0 18 & supermartingale. We deduce that, for all n > 1,

2P{o > n}(1 —r/m)™" < E[(1 - r/m) """ Aspnl1] < 20m.

We obtain
E(o) < om Z(l — k/m)" < C'om?, (7.5)
n>0
for some constant C’ > 0.
We now investigate P{|A,|; > 2|mé*/2|}. Since ((1 — x/m) ™™ | Apro|1)ns0 is a super-
martingale, we have for all n > m?/?2,

(1= w/m) "™ E[1psmsroy | Donnh] < E[(1 = 5/m) """ Agrnli] < 20m.
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Letting n tend to +oo, we deduce (changing if necessary the value of C”)
(1= r/m)"™""P{o > m??,|A, |, > 2[md'?|} < C". (7.6)

It remains to see what happens for o < m32. We set ¢ = P{e, = 1|F,} and ¢, =
P{e, = —1|F,}. Conditionally to the past, the process (|Ag|1)r>0 doesn’t move at time
n with probability 1 — (¢ + ¢, ). Conditionally to moving, it jumps with probabilities
a4y /(4 + ¢,) and g, /(¢; + ¢, ). Since E(e,41]F,) < 0, we have q; /(¢y +¢,) < 1/2.
Hence, the time needed by the chain (|A,]1),>0 to reach 2 Lmé 1/2] is (stochastically) larger
than the time needed by the simple random walk to hit 2| md'/2| — 2|md] when starting
from zero. Hence,

Plo <m®? |8,]1 > 2[mé"? |} < P{rys1/2)apms) < m**},

where 7;, denotes the hitting time, by the simple random walk, of a given integer L. It is
well known (see e.g. [B1], Chapter 10]) that P{r;, < m?®?} < exp(—aL+m??In(cosh(a)))
for any a > 0. Choosing @ = m™*, we have P{r, < m3?} < exp(—Lm™>/* +
m3/2In(cosh(m=%4))). If L = nm, for some n > 0, P{7,,, < m3?} < C"exp(—nm!/*).
Hence (changing C” if necessary),

P{o <m?? |A, |1 > 2[md"/?]} < C"exp(—2(6* — §)m'/*). (7.7)
We can complete the proof of Lemma [£.10. We have, for all ¢ > S,
P 7™ > m?t} — P {r™ > m?t}| < 2P{o > m>®S or |A,| # 0}.

By (3), P{o > m*S} < C'6S~'m™". By (.8) and (T2), P{|A,| # 0} < C"[exp(—2(6"/*~
§)m'/*) + exp(—xm'/?)]. This completes the proof.

7.2 Proof of Lemma @.20

For a given = € [0,1]?, we have to prove that the bilinear form V2 H : A € R? —
> i Aid[0°H /Dai0a](2,0) is positive definite. We first note that the bilinear form
Sf PAER Zg,jzl ZkeE M<k>)‘2)‘]<E[<fsz)(x7 k, U)] - E[fl<l’, k, U)]E[f]<l’, k, U)]) in-
duced by the averaged covariance matrix of the random vectors f(x, k,U) (U following
the uniform distribution on (0, 1)) is nondegenerate. Indeed, for all A € R? Jensen’s
inequality yields

ZZM INE(fE .k, U)) = > (k) Z E(fi(z, k,U)))°

i=1 keE keE =1

= ZZAQ p(x, k, +e;) Zu Z p(z, k, e;) —p(at:,k,—ei)])2
i=1 kel keE =1

> A2 k, %e; p(a, b, e:) = p(x. k, —e))]”
;%ZE p(z €) ;%ZE p(z, k, +e;)

k,ei)p(z, k,—e;)
— )\2 {L‘ 5 vy )
ZZ (:Ea k:v :tez) g 0’

i=1 keFE
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with p(z, k, £e;) = p(x,k,e;) + p(z, k,—e;). In what follows, we provide an explicit
expression for ViaH and then compare it to £¢. We know that the leading eigenvalue of
the matrix Q(z, «) (see (B:4)) is simple and equal to exp(H (x,«)). As a by-product, the
coordinates of the corresponding eigenvector v(z, «) (i.e. of the ! normalized eigenvector
with positive entries) are infinitely differentiable with respect to . In particular, we can
differentiate twice the relationship Q(z, @)v(z, a) = exp(H (x, «))v(x, o) with respect to
a;, ;. We obtain

0 OH v

[GQ }( )_[(aa +a )exp(H)}(x’a)
0°Q 3@ v 9Q dv 0%

[8041'()ng 80@ a—% a—% 80@ + QM] (SU, Oé)

[( 0*°H ot OH oOv n o0H 8HU n 0%v 81} 8H) o (H)] (z, )
pu— e —— X *
o0 O 0o Oay; Doy 0,0y, 8(1@ O P ’

For a = 0, we know that Q(z,0) = P (so that v(z,0) =1 = (1,...,1)") and [0Q /0] (z,0) =
(PewE[fi(z,k,U)])kwer. Hence, forevery k € E, E[f;(x, k,U)|+>" 1 c i P [0vw /0c;](2,0) =
[0H /0] (z,0) + [Ovg /Oa;](x,0). Integrating with respect to the invariant measure p, we
deduce that [0H /0] (z,0) = Y, u(k)E[fi(z, k,U)] = fi(z) . Finally,

S (1~ Pl 9 (2, 0) = Elfi(e, b, U)] ~ Fia). (7.9

Applying the same method for the second order derivatives, we obtain for every k € E:

8 V!
E[(fzfj)(xv ka U)] + %Pk,k’ 60@80@» (ZL‘, 0)
k/eE ) J (7.9)
k/eE ‘
0*H S 0?
= o, @0+ [Fil@) + Mggj (2,0).
By ([(.§), we have
Ovy
>~ k) [Elfila, b UN P = Fi@)ia] 5 (2,0)
kkc€E J
_ Ovrr
= > ) [Elfie, k. U)] - fi(@)] P 5 (2,0)
kk'eE J
. 8vk~ 6vk/
— kk;@ pw(k)(Ad — P)jpr——— o (2,0) Py = Do (,0)
_ ((1d—P) ov Ov

aai (SL’,O), P@<I’O>>“’
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where (-, -),, denotes the scalar product on L?*(u) and Id the identity matrix on E. We
now integrate ([.9) with respect to the invariant measure, we deduce

aia% = wRE[(fif;) (2, k, U)] = [fif)(x)
+ ((Id - P)ga (z,0), P%(x,o»u (7.10)

+ ((Id — P)%(m, 0), P%(x, 0))u-

Using (F.§), we deduce

> ulREfi(z, k, U)ELf; (2, k, U)] = [ff;](2)
hel (7.11)

= (1= P2 (2,0), (0 - P) (fa] (5,0

Plugging ([-17]) into ([/-I0), we obtain

6(85804 = uR)E[(fif;) (@ k,U)] = Y p(k)ELfi(x, k, U)E[f; (2, k, U)]
i keE keE
ov ov
+{((1d — P)=— B (x,0),(I1d — P)=— e (z,0)),
v ov v v
+((Id - P)ﬁal (:c,O),P@(x,ON + ((Id - P)a% (z,0), i (,0))u

For all (\;)1<i<a € R? and k € E, we set u*(k) = 320, \i[dvg /] (z,0). Then,

Ve H(A) = Er(N) +
=&r(N) +
_'_

=&\ /E dpa(k)EF [(u(1))?] — /E dp(k) [EF ()] > &),

((Id — P)u*, (I — P)u™), + 2((1d — P)u*, Pu?),.
<u , U > - <Pu)‘,Pu/\>u

This completes the proof.
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