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Abstract We investigate random walks on the integer lattice perturbed at the origin which
maximize the entropy along the path or equivalently the entropy rate. Compared to usual sim-
ple random walks which maximize the entropy locally, those are a complete paradigm shift. For
finite graph, they have been introduced as such by Physicists in [BDLW09] and they enjoy strong
localization properties in heterogeneous environments. We first give an extended definition of
such random walks when the graph is infinite. They are not always uniquely defined contrary
to the finite situation. Then we introduce our model and we show there is a phase transition
phenomenon according with the magnitude of the perturbation. We obtain either Bessel-like
or asymmetric random walks and we study there scaling limits. In the subcritical situation,
we get the classical three-dimensional Bessel process whereas in the supercritical one we get a
recurrent reflected drifted Brownian motion. We produce a unify proof relying on the equiva-
lence between submartingale problems and reflected stochastic differential equations obtained
in [KR17]. Finally, we remark that applying our results to a couple of particles subject to the
famous Pauli exclusion principle, we can recover the electrostatic force assuming only the max-
imal entropy principle. Also, we briefly explain how to retrieve those results in the macroscopic
situation without go through the microscopic one by using the Kullback—Leibler divergence and
the Girsanov theorem.
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1 Introduction

The most popular way to randomly explore a given locally finite graph G, without any further
information, is to assume that the walker sitting at a node of out degree k jumps onto any
neighboring node with uniform probability 1/k, and that independently at every time .This
Markov process is called a Generic Random Walk (GRW) and this choice among all the random
walks we can consider is that maximizing the entropy production at each step.

The concept of entropy introduced by Ludwig Boltzmann 1870s is fundamental in the fields
of Statistical Physics and Thermodynamics but also in the field of Information Theory developed
by Claude Shannon in the 1940s. We refer to their groundbreaking papers [SM15,Sha48|. Here,
all we need to known is that the entropy of a distribution p on a countable set E is defined by

H(p) = = 3 () In(u(x)) € [0, o0]. (L1)

zel

When X is a random variable on F, the quantity H(X) has to be understood as the entropy of
the distribution of X. Besides, if N = card(F) is finite, the maximum of H(u) is achieved when
 is the uniform probability measure on F and it is equal to In(/V). Regarding the Markov chain
theory on a countable state space E, a quantity of particular interest is the entropy rate

h= tim 20 Xn)

n—00 n

= tim 3 jin(e) nan(e), (12)
ceCp

where p,, denotes the distribution of the Markov chain trajectory (Xo,---,X,) € C,. When the
latter is irreducible and positive recurrent, h does not depend on the distribution of Xy and it
can be written from its invariant probability measure 7 and its transition kernel (p(z,y))zyecE
as

h=—= > m(@)plx,y) n(p(z,y)). (1.3)

r,yelE

When the stochastic process is stationary, that is when X is distributed as =, it has to be
noted that the sequence in the right-hand-side of (1.2) is constant. Concerning Markov chain
and entropy we refer to [Khi57, EC93] for instance. Besides, since for an irreducible GRW on a
finite lattice, the probability of finding the particle at node x is proportional to the outer degree
d(x) in the stationary state, it comes

o~ Sacp dla) Infd(x)
E:erfum)

The Maximum Entropy Random Walks (MERWs) are somehow a paradigm shift, from local
to global. Roughly speaking, we are looking for irreducible random walks on a graph maximizing

(1.4)



the path entropy or, equivalently, the entropy rate. This formulation has been introduced
recently in [Dud12, BDLW10, BDLW09|. Among others results, the authors highlight strong
localization phenomenon of MERWs for slightly disordered environments, which is particularly
relevant in Quantum Mechanics when we study the phenomenon of Anderson localization. We
refer for instance to [K16| for a mathematical survey. Also, this notion of MERW is very close
to that of Parry measure for sub-shifts of finite type defined in [Par64]. Also, it has a hand with
the iteration of matrices, it appears between the lines in [Het84, AGD94|, and it could be useful
to study complex networks as in [SGGnL*11,DL11, DMO05|.

Indeed, when the graph is finite and irreducible, the Perron-Frobenius theorem insures that
such random walk exists and is unique. Its Markov kernel and invariant probability measure is
given by
U(y)
py(x)

where A is the adjacency matrix of G, p its spectral radius and v the associated £2(G)-normalized
positive eigenfunction. In that case the entropy rate is nothing but hyprw = In(p). Surpris-
ingly, or not, all the trajectories of length n between two given points x and y are of the
probability given by v (y)/p™(x). Even if the path distributions are not uniform, conditionally
on the their length and the extreme stated they are. Hence we can glimpse all the combinatorial
features that can result from MERWs. Besides, the kernel in (1.5) reminds the well-known Doob
h-transform appearing in particular when stochastic processes are conditioned to stay in a given
domain. We can refer to [Doo01] and [KS10].

The positive eigenfunction ¢ is well-known when we classify the influence of nodes in complex
networks, it is used in the eigenvector centrality (see [ASGD| for instance). For the Physicists,
it can be viewed as a wave function and, more precisely, it is the ground state of a discrete
Schrodinger equation whose potential V' is given by the opposite of the degree, that is

p(z,y) = Az,y) and 7 (z) = ¢*(x), (1.5)

— AY(x) + V(z)y(z) = —pip(), (1.6)

where A is the discrete Laplacian on the graph and V(z) = =3 ; A(z,y). One can easily
generalized such construction replacing the adjacency matrix by a weighted one and we can
even add some energetic constrains as it is explained in [Dix15]. However, the mathematical
framework of MERW has to be inquired further and a lot remains to be done.

To begin with, there is stil few solvable models in which the spectral radius and the associated
wave function are explicit. We allude to [OB12| dealing with Cayley trees for instance. Of
course, when the graph size is small enough, one can compute them numerically in order to
make computer simulations of the MERW but it is not always the case. Furthermore, and it
is the main topic of this paper, in the case of infinite lattices, there is no consistent results as
far as our knowledge. An infinite periodic lattice is mentioned in [BDLW10| and some diffusion
coefficient is compute but many questions had not been raised yet.

e What could be the right definition of the MERW in an infinite lattice 7
e Is there existence and uniqueness of such MERW ?

e What can be said about scaling limits of MERWSs compared with those for GRWs ?

One of our purpose is to show that many classical continuous-time processes can be reinter-
preted as scaling limits of some MERW. The scaling limits archetype are the famous Donsker’s
results, initiated in [Don51|, which gave rise to a fruitful literature helping us to understand how
we go from some microscopic states to macroscopic ones. Originally, Donsker’s Theorem states



under suitable assumptions that scaling limits of GRWs lead to Brownian motions.

Outline of the article In this paper we define MERWSs on some general infinite lattice
in section 2.1. Then we consider our model in section 2.2 : the natural number lattice Ng =
{0,1,2,-- -} perturbed at the origin with some weight v > 0. We refer to Figure 1. We highlight
a phase transition phenomenon on the spectral radius and we show in 2.3 when v = 0 that
the MERW can be viewed as a the usual random walk conditioned to stay positive. In section
2.4 we state the functional scaling limits we obtain. When v = 1 the limit stochastic process
is the standard reflected Brownian motion whereas when 0 < ~ < 1 it is the celebrated three-
dimensional Bessel process (2.25). It can be viewed as a Brownian motion conditioned to stay
positive and it can be obtain by a Doob h-transform of the Brownian motion. We can allude
to [Wil74, Pit75] and to [Lam62, Alel1] regarding Bessel-like random walks. Those Markov
processes are transient and thus we say that the origin is repulsive in the subcritical case. In
the supercritical situation, when v = 1+ A/y/n, we obtain the ergodic reflected diffusion (2.26).
As an application, we study a pair of particle in subject to the Pauli exclusion principle and the
maximal entropy principle. We can interpret the electrostatic repulsion as an entropic force as
in [Wan10]. We point out that such questions are raised in [Dud12]. Furthermore, we explain
in the much more tedious situation of continuous-time stochastic processes how it is possible to
directly interpret the latter diffusions as those which maximize some pathwise entropy. Finally,
we prove the functional scaling limits in section 3.

y
@ 1 1 1
0 1 n N,
Figure 1: The model
2 Results

2.1 General framework

In order to introduced the MERWSs we investigate, we begin with defined the spectral radius
analogue to the finite situation. We refer to [VJ67| for more details about infinite positive matrix
and especially to Theorem B, p. 364.

Definition 2.1 (Combinatorial spectral radius). Let A be the weighted adjacency matriz of
a (possibly infinite) irreducible weighted graph G such that V(z) = . cq A(z,y) is uniformly
bounded. Let x,y be any state in G. The combinatorial spectral radius p is the inverse of the
positive radius of convergence of the resolvent Y > A"(x,y) 2™ It does not depend on x,y.

Roughly speaking, the combinatorial spectral radius p means that the leading asymptotic of
the weighted-number of n-step trajectories from x to y is of order p™.

Definition 2.2 (MERW). Let G be a graph satisfying the assumptions of Definition 2.1 with

the same notations. A MERW on G is any random walk whose transition probabilities can be

write as
Y(y)
pib(z)’

p(z,y) = Az, y) (2.7)



where 1 a positive eigenvector of A associated with p. There exists at least one MERW.

We have to note that contrary to the finite situation, there exist a unique or an infinity of
MERWSs. A simple example can be explained when G = Z with the usual nearest neighbors
relations A(z,x £ 1) = 1 for every z € Z and the loops A(z,z) = 1 excepted when z = 0. In
that case it can showned that p = 3 and ¥4 (z) = 1 + 21,50y and ¥_(z) = Y4 (—7) are two
positive eigenfunctions. As a matter of facts, any positive eigenfunction with ¢(0) = 1 can be
written as a convex combination A4 + (1 — A\)Y_ with 0 < XA < 1. The eigenfunctions 11 are
extremal. This is close to the theory of positive harmonic functions and the Martin or Poisson
boundary. See for instance [Doo01]|. However, one a sufficient criterion for the uniqueness which
can be found again in [VJ67].

Proposition 2.1 (R-recurrence). With the same assumptions on G as in the latter definitions,
if A is R-recurrent, that is when ) o A™(x,y)p™" = oo for any or some x,y € G, then there
exists a unique MERW. In this case, it is positive-recurrent.

2.2 The model

Let v > 0 be and consider the nearest neighborhood weighted lattice on Ny given by the weighted
adjacency matrix A defined by Agog =, Ap1 =1 and A, ,+1 =1 for every n > 1. When vy =1
the graph is regular since every vertex is of degree 2. Otherwise, the degree of the origin is
less or greater than 2. The latter can be called repulsive or attractive as we shall explain in
the sequel. We first note there is a phase transition phenomenon regarding the combinatorial
spectral radius.

Proposition 2.2. The combinatorial spectral radius satisfies

2, if v <1
”_{wi, if v>1 (28)

Proof. First assume that 0 < v < 1. One has C, < A%Z}) < 4™ where C,, is the n-th Catalan

number. Note that Af, as soon as n is an odd number. Since Cj, ~ 71/2n73/24"  we obtain
that p = 2. Finally, assume that v > 1. Set a, = Af, and thereafter

G(z) = ianz" and S(z)= ianM = ﬂ (2.9)

222
Let R = 1/p be the radius of convergence of G Following the powerful methods of algebraic-
combinatorics, illustrated in particular in [Fla80,Ban01, BF02| for instance, one has

1
11—z —228(2)’

G(2) (2.10)

for any |z| < R. One can see that these two terms are equal as formal power series to

Z Z <n nkn >7"1 (ﬁﬂ) Ao m(i+2) (2.11)
—1, 700, 101, " " * =0

keN n_1,ng.mny-
> ni=k

Indeed, it follows directly from the power series expansion of (1 — X)~! and the multinomial
theorem that the right-hand-side of (2.10) is equal to (2.11). Concerning the left-hand-side,
we can describe any trajectory from 0 to 0 with some numbers ng,ni,--- of trajectories into



{1,2,---}, whose respective length are 0,1, - - -, starting and ending to 1, after the walker moves
from 0 to 1 and followed by a return to 0. To complete the description, we also need to count
the number n_; of times the edge (0,0) is taken. The length of the trajectory is nothing but
than n_y + > ,~qni(i + 2) whereas k = n_; +ng + ny + --- is the number of sub-trajectories
in the decomposition which can rearrange as many times as the multinomial coefficient in the
later expression does.

In particular, since all the coefficients involved are non-negative, the power series (2.11) is
absolutely convergent on [0, R[ as G but also, as the right-hand side of (2.10), on [0, z.[ where
7, is the maximal positive number for which 0 < vz + 22S(x) < 1. One can easily check that
Te = (v + 1/7)71. It is then straightforward to see that R = z, and thus p = v+ 1/7. O

Proposition 2.3. Given v > 0 there exists a unique MERW on the non-negative integer. Let
P be its probability transitions.

1. If v <1 then

12—9+ (1 =7)n Iy+(1—7)n

P = - =
T I (= T T 214 (1= )m

and Pyg = % (2.12)

Here n,n+1,n—1 belong to No. Besides, the MERW is transient and m, = (1+ (1—7)n)?
s an invariant measure for this Markov chain.

2. If v = 1 then the transition probabilities are still given by (2.12) and thus Pppi1 = 1/2
and Pp -1 = 1/2 for every n > 1 and Py = 1/2. It is null-recurrent and its invariant
measure s up to some multiplicative constant the counting measure on Ny.

3. Ify > 1 then

1 2 2

Y g
— Pop1=— d Pypog=-—. 2.13
1_{_72’ n,n—1 1_{_72 an 0,0 1_'_72 ( )

Pn,nJrl =
Furthermore, the MERW is positive recurrent and its invariant probability measure is given
by the geometric distribution on No of parameter 1 — 1/~2, that is

T = = (1 - 12> | (2.14)

Y Y

Remark 2.1. When 0 < v <1 the MERW 1is a particular case Bessel-like random walk as they
are defined in [Alel1].

Proof. We are looking for solutions 1 : Ny — (0, 00) of

Vg1 + Y1 = ptPn, n > 0.
{ P1 + o = po. (2.15)

It follows from the boundary conditions that 1y being fixed, say for instance g = 1, 11 is
uniquely defined as all the 1, n € Ng. This proves the uniqueness of the associated MERW.
If v < 1, it suffices to solved the characteristic polynomial X2 — pX +1 = 0 and to used the
boundary condition to get the latter expressions. When + > 1, the same method applies but it
is more tedious. Solving the characteristic polynomial X2 — (y+1/7)X +1 = 0 we get that any
solution takes the form

1
n:m"ﬂl%. (2.16)



Since 91 = (1/7)o it comes that A = 0 and this leads to (2.13).
Regarding the recurrence or transience properties, we begin with v = 0. Recall that Aa’é =
C), is the n-th Catalan number. It follows that the corresponding MERW is transient since

Cn
SRy => T <o (2.17)

n>0 n>0

More generally, when < 1, we use the generating function G in (2.9). As previously, one can
check that G satisfies (2.10) on [0,1/2]. Since AFl > C, the radius of convergence R of G is
equal to 1/2 and we obtain

2
G(1/2) =) Py = = < (2.18)
n>0

Similarly, when v = 1, G(1/2) = oo and we deduce the recurrence of the MERW. The latter is
null recurrent since the invariant measure is 17 = (1 +4)%. When ~ > 1 one has 97 = v~ and
this completes the proof. ]

2.3 A random walk conditioned to stay positive

Proposition 2.4. Let {S,}n>0 be the simple symmetric random walk on Z. Then the distribu-
tion of S conditioned to stay in Ng is the MERW when v = 0.

Remark 2.2. [t is well-known that a Brownian conditioned to stay positve is nothing but a three-
dimensional Bessel process (see [Pit75]) for instance). Furthermore, functional scaling limits of
random walks conditioned to stay positive have also been investigated since [Igl74, Bol76] and lead
to the same limit under suitable assumptions. Even if Proposition (2.4) must be well-known, we
do not find any reference and we present an elementary proof.

Proof. Let us introduce 7 = inf({n > 0: S, = —1}). One has

1
Pu(r = n) = ““Tt Po(S, = 2 + 1). (2.19)

Indeed, we first write

]P’x(S1 >—1,--,S8,_o>-1,5,.1=0,5, = —1) =
IP’O(Sn_l:x)—IP’O(Sn_lzx,EIOSkSn—l Sk:$+1)

2.20
: (2.20)
Then applying the reflexion principle, we get
Po(Sh-1 =2) — Po(Sn—1 = 2
]P)x(T:n) = 0( n—1 x) 20( n—l1 x_{— ) (221)
Besides, one can check that
1 n 1
o(Sn =4) = g <";y> nSoo (222)

when n+y € 2Z and 0 < n + y < 2n. Furthermore, we deduce from the latter asymptotic that

2(zx+1)
v

Py(7 >mn) ~ (2.23)



Finally, given any path © — 1 — --- — x1_1 — y into Ny, one can write

P, (S1 =21, -, Sk—1 = xk—1,Sk = y|T > n)
Py(r >n—k)
=P, (Si=z1, - ,S1=2xk_1,5, = AN YA
2(S1 =21 -1 = Zk—1,5% = V) Py(r > n)
1ly+1
WD i 1 (2.24)
O

2.4 Functional scaling limits

Before introduce our main result, we need to introduce some continuous-time stochastic processes
involved in the scaling limits and we briefly recall some elementary settings about functional
convergence in distribution.

In the sequel, let € [0,00[ be fixed and denote by {B:};>0 a one dimensional standard
Brownian motion. Also, we introduce a three-dimensional Bessel process {Y; };>¢ starting at x.
We recall that Y takes its values in [0, co[ and satisfies the stochastic differential equation

1
dY, = dB; + -dt, Yo =u. (2.25)
t

For these two stochastic processes and much more we refer to [RY99]. Note that Y is transient
and has for invariant measure m(dz) = x2dx on [0,00[. Also, we consider Wy = |z + By| the
reflecting Brownian motion starting from z. Finally, let A > 0 fixed and let {(Z;, L) }+>0 be the
solution of the following reflected stochastic differential equation

dZ, = dBy — \dt + dLy,
Zo=ua (2.26)
Z,>0

Here L; is a By-measurable non-decreasing stochastic process such that Ly = 0 and

/ Liz0ydLe =0 as.. (2.27)
0

It is classical that such solution exists and is unique, one can refer to [Tan79] or [C98| for
a more general setting. Besides, one can check that Z is a strong Markov process which is
positive recurrent and whose invariant probability distribution is the exponential distribution of
parameter 2.

Finally, we endowed the space D of cadlag real function on [0, c0) with the topology of uniform
convergence on compact sets. In the sequel, we denote by = the convergence in distribution
of stochastic processes in D with the associated Borel o-field. We refer to [Bil99] or [Whi02] for
a more extensive survey on functional convergences in distribution.

Theorem 2.1. Let {Xy}r>0 be the MERW given in (2.3). Assume Xo = xf} is deterministic

and depends on n in such way
n
N (2.28)

\/ﬁ n—00

Then, one has the following functional scaling limits.

1. If v < 1 then

{X\%J }t>0 — {Yi}io0. (2.29)



2. If vy =1 then

X\n
{L”} —— (Wi} (2.30)
4D >0 "0 =
3 Ify:= 1—1—% then
Xin
{“J} —— {Z}io. (2.31)
NLD >0 "0 =

Remark 2.3. Since the increments of { Xy }i>0 are bounded, the same results hold replacing the
stepwise constant stochastic processes by there continuous-times interpolations.

Remark 2.4. When 0 < v < 1 this result can be obtained by using [Lam62]. However, we
choose to present a more modern proof which relies on submartingale problems and which can be
naturally extended to the critical situations when v =1 or vy =1+ A/y/n.

2.5 Application to some exclusion process

Let us consider the following two-bodies problem. We consider two particles on the integers
we can only jump to the right or the left but which can not occupy the same site. This is the
lattice structure of the usual exclusion process on the integers with only two particles. We refer
to [Der98, Sch01] for reviews on this subject.

By symmetry, ¥(z,y) = 1+ (y —z) is clearly a positive eigenfunction of the exclusion lattice
associated with the combinatorial spectral radius p = 4. Here x denotes the position of the first
particle and y the position of the second one and we suppose x < y. Such ¥ is not necessarily
unique, as the example below Definition 2.2 shows, but if we assume only jumps in one direction
(the totally asymmetric situation) the latter is unique and it is then associated to the spectral
radius p = 2. Anyway, we get in the scaling limit

dt

dlY; — Xy) =dB
Yz t) t+Yt*Xt’

(2.32)
where X; < Y; denote the position of the particles at time t. Here the interesting point is we
make appeared the usual electrostatic force assuming only the maximal entropy constrain.

2.6 Continuous-time counterpart of MERW

In the light of these scaling limits, we can ask whether the three-dimensional Bessel process,
the reflected Brownian motion or the reflected drifted Brownian motion can be interpreted as
maximal entropy stochastic processes without the intermediate of MERWs.

To go further, the distribution =, of the first n-steps of the MERW when v = 1 is uni-
form since the latter is nothing but than a simple random walk on a regular graph. As a
product, maximize the entropy in the right-hand side of (1.2) is equivalent to minimize the
Kullback—Leibler divergence (also known as the relative entropy) Dkt (pn||vn). We recall that
given two probability measures u,y such that u is absolutely continuous with respect to -,

D) = [ () du (2.33)

where dyu/dy denotes the Radon-Nikodym derivative.

We still denote by W the reflected Brownian motion on [0,00). It is well-known it can be
written as Wy = By + L; where B is a standard brownian motion and L; is an increasing process
which is o(By)-measurable and such that Ly = 0 and the Stieltjes random mesure dL is carried



by {t > 0: W; = 0}. In addition, we denote by P, the distribution of W when Wy = z. Thisis a
distribution on the canonical space C([0, oo[, R) endowed with the standard o-field F generated
by cylinder sets. To go further, we denote by F; the standard filtration generated by the cylinder
set up to the time ¢. Then, let ¢ be an absolutely continuous non-negative function on [0, 00)
such that U = {¢ > 0} is an open set of [0,00). Introduce 7 = inf{s > 0: W, € U} and set for

every t > 0,
t 1 t / 2
¢ (Ws) 1/ <¢(Ws))
M; = dBs — = ds | Dgperr. 2.34
e </o W) T2 Jo Npwyy) ) T 259

Note that 7 = 0o as soon as ¢ is positive. By using the results in [FOT11, Chap. 6.3] one can
see that {M;};>0 is an Fi-martingale under P, for all z € U. Let Q, be the distribution on
C([0,00),R) defined by

dQW = M, dPD, (2.35)

where ng) and IP’S;t) stand for the restriction of Q, and P, to F;. The law of W under Q, is a
©?(z)dz-symmetric Markov process that never reaches U when = € U. Furthermore, by using
the Girsanov theorem, which can be found in [RY99| for instance, it comes that

s [P0
By =B, /(HO(WS)CZ, (2.36)

defined a Brownian motion under Q, and the stochastic process W satisfies the refected stochas-
tic differential equation

L
_ ~ W -
iy = aB, + £ gy 4 i, (2.37)
o(Wy)

where Wg =z and L is distributed as L under Q.. We deduce that

t s 2
Dk, (Q(;)Hng)) =E, / (%) ds| . (2.38)
0 s

However, when ¢?(z)dz is not a finite measure, it can happen that

1
Jim ~Dia, (Qg)Hng)) ~ . (2.39)

Therefore, we are not able to retrieve the three-dimensional Bessel process only by minimizing
the right-hand side of (2.38). On the contrary, we can state the following result whose proof is
straighforward.

Lemma 2.1. Assume that n(dx) = @?(x)dz is a probability measure on U. Then for every
x € U and s > 0 the relative rate entropy h is equal to

o 1 1 S S
Jim i (Q0)20) = [ (#@)de = i (@ 4). (2.40)

Hence, if we assume that ¢(z) > 0 on ]0, L[ and ¢(z) = 0 otherwise for some L > 0, and if
we are looking for such function which minimizes (2.40), we obtain easily that

h = (%)2 and (x) = \/Esin (%x) . (2.41)

10



Thereafter, we retrieve the three-dimensional Bessel process by letting L goes to infinity since
for all z > 0,
o(z) Looo '

Regarding the case when v =1+ ﬁ, we need to add constraints on . We still assume that
¢%(z)dx is a probability distribution on [0, 00) but we require that

/000 zp?(z)dr = % (2.43)

Let ¢ be such minimizer and let § be a compactly supported smooth function with 6(0) = 0 and
fooo d(z)dz = 0. Then by considering ¢ + €6 for sufficiently small € > 0 and looking at the first
and second order terms in front of € and €2, we obtain necessarily

— ¢"(x) + 2Be(z) = —ap(z) (2.44)

and

> / 2 o 2 o 2
/O (5'(x)) d:n—i—ﬂ/o 2(5()) dx—i—oz/o (6(2))2dz > 0. (2.45)

Here a, 8 are some Lagrange multiplier and the latter ordinary differential equation as to be
understand in a weak sense when ¢ is not twice differentiable. Equation (2.44) is nothing but
a Schrodinger equation in a linear (triangular if we symmetrise it) potential. When S # 0,
solutions can be written as A Ai(z) + BBi(z) with z = —37/3(z + a) and A, B € R where Ai
and Bi are the Airy functions of first and second kinds. This can be proved by power series
expansions or Fourier transform for instance. However, (2.45) implies that «, 8 > 0 since § is an
arbitrary perturbation. It turns out that Ai(z) and Bi(z) are oscillating around zero when z goes
to —oo in such way that no non-negative solutions exist when 8 > 0. One has 8 = 0 and then the
unique non-negative normalized square integrable solution satisfying (2.43) is ¢(x) = v/2 e
and we can check that

AN (2.46)

We retrieve the reflected diffusion (2.26).

3 Proof of Theorem 2.1

We prove this theorem following the usual scheme : to begin with, we prove the tightness, then
we identify the limit by showing that it satisfies a martingale problem for which uniqueness
holds. When v < 1 we choose to work with square of X to remove the singularity in 1/x
appearing in the drift of the three-dimensional Bessel process.

3.1 Tightness

1. Case 0 < v < 1. We shall apply |[EK86, Theorem 8.6 & Remark 8.7, pp. 136-137 |. We
assume more generally that X, € L* and

X2 Lo
20 1Ly, (3.47)
n n—oo

for some random variable Yy. For the sake of readability, we omit the dependence on n. First,
by using the discrete-time version of the Ito’s formula which can be found in [Brfrm-e0, p. 180]
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or [Nor98, p. 132] for instance, we write

|nt]—1

> (P = Dg(Xy) + My, (3.48)
k=0

2
Ko _ X§ 1
n n n

Where I is the identity operator, g(x) = 2% and {M,, },>0 is some square integrable martingale
with My = 0. Besides, ones can check by using (2.12) that

m + 1) Laso+ (1= 5) Lomo € [0,3). (3.49)

Set F, = 0(Xo, -, X,,). We obtain for any ¢t > 0 and n > 1,

2
E [X [mt)

(P gt = (

n

X2
f0] < 70 + 3t. (3.50)

This implies the tightness of {XLQntJ /n} N for any ¢ > 0. To go further, let 0 < ¢t < T and
n>1
0<u<dwithT,§ > 0. To go further, we shall bound

2 2 2
. (X ()] X Lnu>

. b1
" p Flnt| (3.51)

To this end, by using (3.48) note that the square in the latter expression can be bounded by

| Lnw)i-1 2

2
2 o Z (P—1)g(Xg) + 2 (MLn(t+u)J — M[ntJ)Q =: 51+ So. (3.52)
k=|nt]

Then, as previously, we easily obtain

5 +1)°
E [81|Fl] < 18 <L”i+> . (3.53)
In order to bound the second term, we use again (3.48) and we remark that

E[(Mys1 — M) = V(XE,, — XPF) < (4XF +1). (3.54)

Here we use that X;1 — X € {£1}. It follows from the orthogonality of the increments of a
square integrable martingale that

[n(t+u)|—1 2
Z E Xnk/n
n

k=|nt]

E[S2| Fnt)] <

S|

n? '

ﬂm] L ntrw)] = |nt) (3.55)

Therefore, by using (3.50) and the Markov property, we get that (3.51) is bounded by

2
1 (Lol 1N 4(lno) +1) sup ol (6lnd] + D)((nd] +1) (3.56)
n n o<t<T N n2 ’ .
which implies for all n sufficiently large
X2 xz \? X2
E ( [n(ttu)] LntJ> Fluy| < K( sup — 4 1) 5(1+6), (3.57)
n n o<t<T TN
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for some constant K. Applying the latter inequalities for ¢ = 0 and the Doob’s martingale
inequality, we get similarly

2

X\ X3\ X
E|[ sup —=| | <2E <0> +2K <1+E[ODT(1+T). (3.58)
o<t<T M n n
By setting
X? X2 \?
m(6) = sup sup E ( ()] L””) Fint| (3.59)
0<t<T 0<u<s n n
we deduce that )
X2 X2
n(t+u nt
E ( L(n 5 - ;J> Fint) | < E [l Fpne] 5 (3.60)
with
lim lim sup E[v,,(d)] = 0. (3.61)
=0 p>1

Hence [EK86, Theorem 8.6 & Remark 8.7, pp. 136-137 | apply and we obtain the tightness of
the sequence {X|,¢|/v/n}i>0 when 0 <y < 1.

2. Case vy =1+ A\/y/n. We keep the main notations of the case when 0 <~ < 1. We shall
prove the tightness by a submarginal argument which can be found in [SV06, Chapter 1.4.]. As
a matter of facts, this method applies to continuous stochastic processes in [SV06] but it can be
directly extended to cadlag ones.

We first note that the drift of X satisfies by using Proposition 2.3 the asymptotic

A 1
d(a:) = E[Xk—i-l — Xk|Xk = .73] ~ _%]].x>0 + 5]13320. (362)

n —oo

Let f be a compactly supported non-negative smooth function on the real line. Set

- (25) (55
and A2f(z) = f <“’+1> _of <$> tf (x_ 1) . (3.63)

vn vn Vn
Note that oll "
Af) < 20 g a2 < T (3.64)
To go further, one can check by using by the discrete-time version of Ito’s formula
[nt]—1
X nt X ns 1
Pk = (T D (800 + A0 Lo
1
e card({{ns] < b < Lt X = 00A) (£ (=) = F0)) 4 Miag = Mgy, (369

where M is some square integrable martingale. Thereafter, one can see that there exists C
depending only on || f/||ecl, ||f”|lcc and A such that for all integers z,n > 1,

5 (A77(2) + d@)A () Tso| < ©

<= (3.66)
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Fix ¢ > 0 and assume that f(z) = 0 outside | — €,¢[ and f(z) = 1 on [—¢/2,¢/2]. In the
following, for any a > 0 we set fq(z) = f(z — a). Then by using (3.66), (3.65) and the Markov
property, we deduce that for all @ > 0 and all n > 1 such that 1/\/n < ¢e/2,

E {fa (X%J) —fa <X§;§J> ‘ﬂnsﬂ > —C(t—s) - % (3.67)

Here we use d(0) > 0 and f,(1/v/n) — f,(0) > 0. Then, by slightly adapting the proof of [SV06,
Theorem 1.4.11, p. 41] — in particular Lemmas 1.4.4 and 1.4.10 — we deduce the tightness. As
a matter of facts, it implies the tightness of the sequence of linear piecewise interpolation of
t— Xine/ v/n. However, it is well-known that in the space of cadlag functions the Skorohod
convergence is equivalent to the local-uniform one when the limit point is continuous, so both
of the two-latter sequences of stochastic processes are tight or neither.

3.2 Limit process

We shall prove that any limit process is a solution to a submartingale problem in the spirit
of [SV06, p. 144]. Submartingale arise naturally when we deal with reflected diffusions. As
a matter of facts, we apply [KR17] to come down to a classical reflected stochastic differential
equation for which existence and uniqueness is well known. The key point here is to show that
the time spent at the boundary x = 0 is 0 for any limit process. For that we will use the following
lemma whose proof is postponed to the end of this paper.

Lemma 3.1. Let {Xj}i>0 be the MERW given in (2.3). Let u,v,n > 0 be. There exists a
positive constant C, x such that

< Xy < 2 1—e 2
lim sup Eq card({0 < k < |nu] : Xi < n\/ﬁ})] < Mu+wv)(l—e ) (3.68)
n—00 n Cfu,)\
Besides, one can choose
v
=P —— 2\ v < .
Co <U+2)\ﬁ+ ﬁ_o), (3.69)

with U ~ N(0,1) and V ~ E(1) two independent random variables.

Let us introduce, at least informally, the infinitesimal generators associated with the Markov
processes Y, W and Z involved in Theorem 2.1 and respectively given by

1

Lyf@) =3 f'@) + 2 @), Lwf@) =3 f'@) and Lzf() = 3f"(x) = Af'(@). (370)

In each of these three cases, we shall prove that any limit point is a solution of a martingale
or submartingale problem associated with the corresponding generator. To be more precise, we
deal with the generator of the square of Y given by

Lyaf(z) = %41: F(2) + 3f (@). (3.71)

1. Case 0 < vy < 1. Let f be some sufficiently smooth and bounded function. Similarly to
(3.48) we begin with writing

[nt]—1

X2 X2 1 X2
[nt] . 0 = k
f (n ) =f (n ) + > Lnf <n > + M) (3.72)

k=0
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where M is some square integrable martingale and

2
Lof(x) = n(P — Dga(y/nw), with ga(x) = f (n) | (3.73)
First, we shall prove that

uniformly on compact subset of (0,00) when f is continuously twice differentiable with bounded
derivatives. Note that

Lyg(Vr) = Ly f(). (3.75)
As for (3.62) one can compute the drift of the corresponding MERW which is given by
1—7) gl
d@) = s+ (1= 2) Lo, 3.76
(x) T 0=z >1+ 5 0 (3.76)

Then, one can check for every x € {1/n,2%/n,3%/n,---} that L, f(x) = A, f(x) + B, f(x) with

_1f<a:+%+2 %)+f(x+%—2%)—2f(:c)

fFle+t+22) —f(arl-2¥2
and By f(z) = 2V ( )1 7) . (3.77)
2 1/n
Besides, simple asymptotic expansion leads to
Anf(z) = ghaf"(@) + [x) + O (379)
n 2 \/ﬁ I .

the constant in the O being chosen uniformly when x belong to a given compact subset of [0, o).
Regarding the second term, we use

1 1 1
d(+/ =—(1-———4+ 0| — 3.79
(vVnz) Vnx ( (1 —~)y/nx + (ns)) ’ ( )
as soon as x > € > 0 with a uniform constant in the O. It follows that
1
Bufe) =27') +0 (- ). (3.80)

the O being uniformly bounded when x belongs to a compact subset of (0, 00). As a consequence,
we get (3.74) from (3.78) and (3.80).
Thereafter, we shall prove that

, 1
Luf(0) = Lya(a) + ) £0) +0 (). (351
where k() > 0, uniformly on any compact subset of RT. First note that
Lof(0) = (1 - %) f(l/"l)/;f(o) - (1 - %) F0)+0 <711) . (3.82)
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The asymptotic (3.78) still holds when 0 < x < € whereas we need to be more sharp for B, f(x).

Note that 1

Buf(x) =2f"(z) + 2 (W - 1) f'(z) + O <\/ﬁ> . (3.83)
Since 0 < z < ¢ and nx > 1 one can write f'(x) = f/(0) + zf"(0) + O(z?) and

1 €
2| ——————-1] =0 — . 3.84
v (1 +1/y/nx > < n > (3:84)
Finally, we deduce (3.81) with

o () = [1 +2 (1“1/\/ﬁ - 1)} Lo+ (1- 2) Lo (3.85)

We have to recall that since x € {1/n,22/n,3%/n,---} one has nz > 1 and thus &, (z) > 0.
To conclude, standard arguments as in [SV06, p. 144| apply and we obtain for arbitrary
limit point {w(t)}+>0 that

{rwm- | t Lyaf (@) Loy} (3.86)

>0

is a submartingale as soon as f’(0) > 0. In order to apply [KR17] it remains to show that

t
P < / ]l{w(s)zo}ds = 0) =1. (3.87)
0

To this end, by the Lemma 3.1 when 0 <~ < 1, we have that

t
limsup E {/0 Lix,,. <nvm) dt} = 0O(n), (3.88)

n—o0

as 7 goes to zero. But for any n > 0,

t t X|_ j
E / Lyp(s)= ds} g/ limianP’< i <n> ds, 3.89
[0 {w(s)=0} | NG (3.89)

which implies the desired result by using the Fatou’s lemma and (3.88). Therefore, we can omit
the indicator function in (3.86). Then by using [KR17| and [Tan79] we can say that any limit
point is a squared Bessel process.

2. Case v = 1. Regarding the situation when ~ = 0, the proof is more classical. It can be
done with the same arguments, better, we do not have to consider the square of the process, as
in the last situation.

3. Case v =1+ A/+y/n. The proof is very similar. Let us focus on the few differences with
the situation when v < 1. First, similarly to (3.72) we write

[nt]—1

()  E () e o

k=0

where M square integrable martingale and L, f(x) = n(P — I)g,(xz/n) with g,(z) = f (%)
One can compute the drift of the corresponding MERW which is given by

_ A2

) = — LA, +

1,—0. 3.91

1+~2
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Then for every z € {1/y/n,2/v/n,3/y/n,---} one has L, f(z) = A, f(z) + B, f(z) with

At =5 (£ (o4 =)+ 1 (2= 0 ) ~26@)
and an(x):”(”;\/ﬁ)<f<x+\/lﬁ>—f<x—;ﬁ>>. (3.92)

Simple asymptotic expansion leads to

1

Anf(z) = 5f”(:c) +0 < (3.93)

5)

uniformly when x belong to a given compact subset of [0, 00). Besides, one has uniformly

d(zv/n) = fﬂ{xe{l/\f Tyt I]I{I 0y +0 (%) (3.94)
It follows that X
Buf(xz) = =\f'(z) + O (\/ﬁ> , (3.95)
uniformly when z € {1/y/n, - -- } belong to a given compact subset of [0,00). One can see that
Lnf(0) = 1+17 (1/{7\)/% 10 _ %f’(0)+0 (%) (3.96)
We deduce that
Lof(2) = £2f() + 511y £1(0) + O (%) , (3.97)

on any compact subset of [0,00). To conclude, same arguments as in the previous case apply,
we obtain for arbitrary limit point {w(t)}+>0 that

{ / ﬁzf ]l{w(u >0}du} N (3.98)

t>0

is a submartingale as soon as f/(0) > 0. We can omit the indicator function in (3.98) by using
Lemma 3.1 when v = 14 A\/y/n. Then thanks to [KR17]| and [Tan79], we can say that any limit
point is distributed as Z which completes the proof.

Proof of Lemma 3.1. Let us start by proving the lemma for the case v = 1 + A/y/n. Let
N be a random variable distributed as a geometric random variable on Ny with parameter
1 —1/4% ~ 2)\/\/n as n goes to infinity. Denote by 7 this distribution and note it is the
invariant probability measure of the MERW. It comes

Er [card({0 < k < |[n(u+v)] : X < nvn})] ~n(u+v)(1 - e~ 2y, (3.99)

Furthermore, let us introduce 7' = inf{k > 0 : X3 = 0}. One can write by using the strong
Markov property that

[n(utv)|—1 [|n(utv)|—1—
Exr| Y. Ligowm| = D BT=0DE| > ligoym| (3:100)
k=0 i>0 i k=0
[ nu)—1
> Po(T < [no))Eo | > Lix,<pum | - (3.101)
k=0
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Let (&)k>1 be a sequence of i.i.d. Rademacher random variables with parameter 1/(1 + ~?)
independent on N. Note that E[¢x] ~ —A\/y/n. By comparison, one can easily see that

[nv|—1
Po(T < [no]) >Ip><\/m (nvfk \/ﬁ) < Vo (:ﬁ%)) (3.102)

Besides, by using the characteristic function, one can check the Central Limit Theorem

[nv|—1
k=0 gk; A
== =" 4 1). 1
vnv( o + \/ﬁ> — N(0,1) (3.103)
In addition, one has
— == £(2)\). (3.104)

\/> n—oo

This ends the proof. Finally, by a standard coupling argument, the result still holds when
0<~< 1. O
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