Brazilian Journal of Probability and Statistics
2018, Vol. 32, No. 1, 188-199
https://doi.org/10.1214/16-BJPS337

© Brazilian Statistical Association, 2018

Abrupt convergence for a family of
Ornstein—-Uhlenbeck processes
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Abstract. We consider a family of Ornstein—-Uhlenbeck processes. Under
some suitable assumptions on the behaviour of the drift and diffusion coeffi-
cients, we prove profile cut-off phenomenon with respect to the total variation
distance in the sense of the definition given by Barrera and Ycart [ALEA Lat.
Am. J. Probab. Math. Stat. 11 (2014) 445-458]. We compute explicitly the
cut-off time, the window time, and the profile function. Moreover, we prove
that the average process satisfies a profile cut-off phenomenon with respect
to the total variation distance. Also, a sample of N Ornstein—Uhlenbeck pro-
cesses has a window cut-off with respect to the total variation distance in the
sense of the definition given by Barrera and Ycart [ALEA Lat. Am. J. Probab.
Math. Stat. 11 (2014) 445-458]. The cut-off time and the cut-off window for
the average process and for the sampling process are the same.

1 Introduction

The Ornstein—Uhlenbeck process is a well-known stochastic process. It has been
widely studied for the past seventy years. It was introduced into Physics in 1930
by Uhlenbeck and Ornstein (1930). It has been used in financial mathematics to
model prices in markets in Jeanblanc and Rutkowski (2000) and in biology to
model neural activity in Lansky, Sacerdote and Tomassetti (1995).

The cut-off phenomenon has been widely investigated in the past thirty years;
see Diaconis (1996) and Saloff-Coste (2004). The term “cut-off” was introduced
by Aldous and Diaconis (1986) in the early 1980s to describe the phenomenon of
the abrupt convergence of Markov chains introduced as models of shuffling cards.
This phenomenon refers to an asymptotically drastic convergence of a family of
stochastic processes. The term cut-off is naturally associated to switching phe-
nomena, that is, “all/nothing” or “1/0” behaviour. Alternative names are threshold
phenomenon and abrupt convergence. Since the appearance of Aldous and Diaco-
nis (1986), many families of stochastic processes have been shown to have similar
properties. For more details, see Barrera and Ycart (2014) and Diaconis (1996).
Saloff-Coste (2004) gives an extensive list of random walks for which the phe-
nomenon occurs. Now, it is a well-studied feature of Markov processes. Barrera
and Jara (2016) study the cut-off phenomenon in a continuous setting.
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Lachaud (2005) proved that the average process and the sampling process of the
Ornstein—Uhlenbeck process satisfy a window cut-off with the same cut-off time
and window time. This is surprising, since the sample process comprises a large
number of processes.

In the present paper, we consider a family of Ornstein—Uhlenbeck processes.
Under some mild assumptions on the behaviour of the drift and diffusion coef-
ficients, we prove that the family of Ornstein—Uhlenbeck processes has a profile
cut-off in the sense of the definition given by Barrera and Ycart (2014) with an
explicit profile function, cut-off time, and cut-off window. Following the spirit of
Lachaud (2005), we prove that the average process of the Ornstein—Uhlenbeck pro-
cess has a profile cut-off with an explicit profile function, cut-off time and cut-off
window. Moreover, the sampling process of the Ornstein—Uhlenbeck process has
a window cut-off in the sense of the definition given by Barrera and Ycart (2014)
with an explicit cut-off time and cut-off window. We also note that in this case,
the average process and the sampling process have the same cut-off time and the
window time.

Consider a one-parameter family of stochastic processes in continuous time
{xM}yen indexed by N e N, Vo= {X,N}zzo, each one converging to an asymp-
totic distribution v when ¢ goes to infinity. Let us denote by dy (¢) the distance
between the distribution at time ¢ of the N'th process, P(x € -), and its asymp-
totic distribution as ¢t — +o00, vV, where the “distance” can be taken to be the
total variation, separation, Hellinger, relative entropy, Wasserstein, L distances,
etc. Following Barrera and Ycart (2014), the cut-off phenomenon for {x" } ycxy can
be expressed at three increasingly sharp levels. Let us denote by M the diameter of
the metric space of probability measures in which we are working. In general, M
could be infinite. For any Ornstein—Uhlenbeck process, we have explicit formulas
for its mean, its variance, and its distribution. We can also give explicit expressions
for the total variation distance between normal distributions in terms of the cumu-
lative distribution function of the standard normal distribution. In our case, we will
focus on the total variation distance, so throughout this paper, M := 1.

The cut-off phenomenon refers to the abrupt convergence to an asymptotic prob-
ability measure (asymptotic distribution). When the distance is the total variation
distance, this asymptotic distribution can be interpreted as the survival function
of a certain positive “random variable” concentrated around the cut-off time. This
“random variable” could be viewed as the instant at which the family of processes
reaches the equilibrium.

Definition 1.1 (Cut-off). The family {x"}ycy of stochastic processes has a cut-
off at {ty}yen if

M if0<c<1,

lim dy(cty) =
w I A Cen) {0 ife> 1.
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Definition 1.2 (Window cut-off). The family {x"}yen of stochastic processes
has a window cut-off at {(¢ty, wy)}nen if ty = 400, wy = o(ty) as N — +oo
and

lim liminfdy(ty +cwy) =M, lim limsupdy (ty +cwy) =0.
c—>—00 N—>~+00 C>+ON 100

Definition 1.3 (Profile cut-off). The family {x"} yecn of stochastic processes has a
profile cut-off at {(¢y, wy)}nen With profile function G if ty — 400, wy = o(tn)
as N — +o0,

G(c):= lim dy(y + cwy)
N—+o0

exists for all c € R and

lim G(c)=M, lim G(c)=0.
c——00 c—>—+00

This material is organized as follows. In Section 2, we describe the model, state
the main result as well as establish the basic notation, and give the proof of the
main result. In Section 3, we prove that the average process of a sampling of the
Ornstein—Uhlenbeck process has a profile cut-off and the sampling process of the
Ornstein—Uhlenbeck process has a window cut-off. In Section 4, we draw some
conclusions about the results obtained within Section 2 and Section 3. In the Ap-
pendix, we give some basic results that we use throughout Section 2 and Section 3,
in order to improve the readability.

2 Main result

We will establish some basic notation. Take © € R and let 02 €10, +00[ be fixed
numbers. We denote by N (u, %) the normal distribution with mean & and vari-
ance o2. Given two probability measures P and Q that are defined on the same
measurable space (€2, F), we define the total variation distance between [P and Q
by

IP — QllTv := sup [P(A) — Q(A)|.
AeF

Theorem 2.1 (Main theorem). Let {ky}yen and {by}nen be sequences of non-
negative numbers and let {cN}nen be a sequence of real numbers. Let us consider
the family of processes indexed by N € N, xVN = {xtN }i>0 that are given by the
solution of the following linear non-homogeneous stochastic differential equation:

dxN = —kyxNdt + ey f(t)dt +bydW,,  t>0,
(2.1)
xév = X0,
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where xq is a non-zero deterministic initial condition, f : [0, +oo[— R is a con-
tinuous function, and {W;};>¢ is a standard one dimensional Brownian motion. We
assume that

t
fy = lim <e’<N’ / ks f(s)ds) eR, (2.2)
t——+00 0
. kn
lim — =+4o0, (2.3)
N—+oo by
1 /2x2k
lim —ln< 0 N) = 400, 2.4)
N—+oo ky by
and
kyc su |?
i ven Pr>o | SN (D] _o, 25)
N—>+00 bn
where fy(t) := e kNt fé ekNS £ (s)ds for every N e Nand t > 0. For every N € N
and t > 0, we define dN @) := ||IP’(xtN €-) — IP’(xéVo € )Ty, where xé\’o represents

the asymptotic distribution of xtN as t — +oo Then the family {x"}yen has a pro-
file cut-off in the sense of Definition 1.3 with respect to the total variation distance
when N — +-00. The profile function G : R — [0, 1] is given by

Jim_ ¥y + bwy) = Gb) = INE™,1) =NO, D] qy.  (26)

The cut-off time tn and the window time wy are given by

2
ty = % 1n(2)2’15N ) 2.7)
and
1
wy = E (2.8)

for every N large enough.

Remark 2.2. By the hypothesis (2.4), we can take No := Ny (xg) € N large enough
in order that the cut-off time 7y given by the relation (2.7) satisfies t > 0 for every
N > Njy. Also, by the hypothesis (2.3) we have that the window time wy given by
the relation (2.8) satisfies wy = o(ty) as N — +o00. Now, by Lemma A.1, we
have that the function G defined by the relation (2.6) satisfies

lim G(b) =1, lim G(b) =0.
b— —o0 b—~+00

Theorem 2.1 provides computable assumptions to verify in order to obtain a profile
cut-off.



192 G. Barrera

Remark 2.3. By the Fundamental Theorem of Calculus, we have
G(b)

lim —— =1
b=oo (£=)
Nez3
Using the Mill ratio, we obtain
te- 2, _e*;b +b
= <G S ———
V21 (4 4 e~ 2b) V2
for every b € R. Therefore,
Gob) -1
b— —o0 —e =
()
Nez3

Proof of the Main Theorem 2.1. Fix N € N and ¢ > 0. Using the It6 isometry,
we have that x¥ has normal distribution with mean

t
M?] = xpe kNt +cNekat/ VS £ (s) ds
0

and variance 2 M_(1 — e~2kN?) Then by hypothesis (2.2), we have that the asymp-
totic probablhty measure associated to the transition kernel of the linear non-
homogeneous stochastic dlfferentlal equation (2.1) is a normal distribution with
mean cy fy and variance 2 . Define

Nipy . N by _—2’”>— ( >H
d (ﬂ.-HN(;L,,sz(I e” TN NCNfN’sz v

DY ()= N (\/7 (i —enfu)1) =N OD|

RN (1) := |N(0, 1 — e V) = N(0, 1) -

By the triangle inequality, we have
bN _ b N
Wt gga =) = 557
bN by
UGS R CElE )
My 2kn NfN 2kn
Using the translation invariance property of the total variation dlstance, we obtain

LA _—2th)_ ( b_N>‘
N(o —e ) = N0 )|

G- ) 022

and

dV (1) <

+

dV (1) <
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Using the scaling invariance property of the total variation distance, we get

dV () < [N(0, 1 — e V) — N0, D)y

+ HN(\/%(M?/ —cNIN), 1) — N, I)HW~ (2.9)

By the inequality (2.9), we have

dV ()< DNy + RN (1). (2.10)
Using the same ideas, we can obtain

DNty <dN @)+ RN (). (2.11)
Therefore, using the inequality (2.10) and the inequality (2.11), we get

|d™ () — DV (1) < RN (2).
Using Lemma A.3 and the hypothesis (2.3), we obtain

NETOO|dN(tN+wa) — DNty +bwy)| =0 (2.12)

for every b € R. We can note that

2k
DN (ty +bwy) = HN(sgn(xo)eb + b—NCN(fN(t) — In), 1) — N(0, 1)HW
N
for every b € R, where sgn(xg) denotes the sign of xg and fy (¢) = e~ knt fot ekvs x
f(s)ds. Using hypotheses (2.2), (2.5) and Lemma A.2, we obtain

lim DN (ty + bwy) = [N (sgn(xo)e ™, 1) = N0, 1) |y

for every b € R. Using the relation (2.12) and the scaling invariance property of
the total variation distance, we get

NErEOOdN(tN +bwy) = [N, 1) = N©O, )| py = Gb)

for every b € R. 0

3 The profile cut-off phenomenon for the average process and window
cut-off for the sampling process

In this section, we consider two natural stochastic processes associated to the
stochastic differential equation defined by (2.1). Roughly speaking, these pro-
cesses could be used to model the average and the sampling of a population. As a
corollary of Theorem 2.1, we have a statement for the average process that it will
define by the relation (3.1).
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Corollary 3.1 (Average process). Let {(xtN A, xtN N )}i>0 be a sample of N in-
dependent stochastic processes governed by the linear non-homogeneous stochas-
tic differential equation (2.1). Fix N € N. Define the uniform average process

{StN}tzO by
N 1Y N,i
=— E o+ t>0. 3.1
St N i:1xt - G-

We assume that

fy = lim (e_th [t VS £ () a’s) eR,
0

t——+00

Nk
lim SN +00,
N—+oco by

1 2x2Nk
lim —1n<M>
N—+oo ky by

. Nkncg sup,—g | fn ()]
llm =

N—+o00 bn

where fy(t) := e Nt f(g NS £(s)ds for every N € Nand t > 0. For every N € N
and t > 0, define dN @) := ||IP’(stN €-) — P(sévo € )|y, where sé\’o represents the
asymptotic distribution of slN as t — +o00. Then, the family {s" = {slN }i>0}NeN
has a profile cut-off in the sense of Definition 1.3 with respect to the total variation
distance when N — +o00. The profile function G : R — [0, 1] is given by

NEdeNaN +bwy) =G D) = |N(e™?, 1) = N, D py-

= +00,

0,

The cut-off time ty and the window time wy are given by
1 <2ngk N ) 1
Iy = In s :
2kn by
for every N large enough.

Proof of the Corollary 3.1. Fix N € N. The average process {s,N }s=0 satisfies the
following stochastic differential equation,

by -
dsVN = —kysN dt + tdt + . — dw,, t>0,
St NS; cn f (1) N t > (3.2)

¥ =x,

where x( is a non-zero deterministic initial condition and {Wt}IZO is a standard
one dimensional Brownian motion. The proof follows from the relation (3.2) and
Theorem 2.1. O
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The next proposition does not follow directly from Theorem 2.1, as did Corol-
lary 3.1. Nevertheless, with some slight modifications in the proof of Theorem 2.1,
we can prove that there is a window cut-off for the sampling process associated to
the linear non-homogeneous stochastic differential equation (2.1). In the sampling
process, the dimension of the sampling vector goes to infinity and this fact does not
permit giving a profile. For this reason, we introduce the Hellinger (A.2) distance
because it is computable for product measures of normal distributions.

Proposition 3.2 (Sampling process). Let {ntN = (x,N ’1,...,x,N ’N)},zo be a
sample of N independent stochastic processes governed by the linear non-
homogeneous stochastic differential equation (2.1). We assume that

t
fn = lim e_th/ ekNSf(S)dS eR, (3.3)
t— 400 0
tim Ny (3.4)
N—1>1’-1;-100 bN = 100, .
N—+oo ky by ’ N—+o00 by ’

where fy(t) := e *N? f’ estf(s)ds for every N eNandt=>0. F0r every N e N
and t > 0, define d™ (t) := ||IP’(71, €:)— P(n € )Ty, where 71 represents the
asymptotic distribution of nlN as t — +oo Then, the family {7 {nt }i>0}lNeN
has a window cut-off in the sense of Definition 1.2 with respect to the total variation
distance when N — 400, i.e.,

lim liminf ANty +bwy) =1, lim limsup AN (ty +bwy) =0

b——00 N—+o00 b—+00 N 100
for every b € R, where the cut-off time ty and the window time wy are given by
1 2x3 Nk 1
ln< oNkn ) .
2k by
for every N large enough.

Iy =

Proof of Theorem 3.2. Fix N € N and ¢ > 0. The distribution of 7 is given
by /\/'(;Lﬁv, Dy (1 e 2kNT)EN where ulN 1= xge AN 4 cye kN I kNS £ (s) ds.
Using the hypothes1s (3 3), we have that the asymptotic distribution as t — 400 is
given by N (cy fn, & T SN )®N Define

Ny o N b_N _ ,—2kpnt )®N ( bN) H
V(@) = HN(Mt T (1—e ) N CNfN’sz v’

AN@) = H/\/(\/m(ut —cenfn)s 1 )®N — N, D&V

El

TV
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and
PN (0) i= [N(0, (1 — e ¥ ) EN _ A0, DOV -

Then

18V @) — AN )| <N (). (3.5)
Using the inequality (A.1) in Remark A.4 and the hypothesis (3.4), we get

NEIEOOrNUNMwN) =0 (3.6)
for every b € R. Therefore,

NEIEOO|5N(zN+wa) — AN (ty +bwy)| =0 (3.7)

for every b € R. We can note that

AN (ty + bwy)

_ sgn(xo)e_b
=V (* 5

2k N
5 e+ bun) = fi). 1) _ N, BN

for every b € R, where sgn(x() denotes the sign of xo and fy (r) = e *N’ f(; kNS x
f(s)ds. Using Lemma A.7, item (i), item (ii) and item (iii), we have

TV

lim liminf ANty + bwy) =1,
b——00 N—+00

N (3.8)
lim limsup A™ (ty +bwy) =0
b—=~400 N 400

for every b € R. Now the relations (3.6), (3.7) and (3.8) imply the statement.  []

4 Conclusions

In the Main Theorem 2.1, in order that there be a profile cut-off phenomenon, we
need to assume the relations (2.2), (2.3), (2.4) and (2.5). Those relations guarantee
the abrupt convergence to the equilibrium measure for the process given by (2.1).
From this fact, we can obtain immediately a profile cut-off in the following cases:

o Constant drift coefficient, zero in-homogeneous coefficient and noise coefficient
going to vanish. In the stochastic differential equation (2.1), put ky =k €
10, +o00[, cy = 0 for N large enough and by = o(1) as N — +o0o. Then, by
the Main Theorem 2.1, we obtain a profile cut-off.
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e [ bounded: In the stochastic differential equation (2.1), assume the conditions
2
(2.2), (2.3) and (2.4). Then (2.5) will be fulfilled if limy - +o0 b;—’};N = 0. Conse-
quently, we obtain a profile cut-off.
o f€ L([0, +o00[): In the stochastic differential equation (2.1), assume the con-
ditions (2.2), (2.3) and (2.4). Then, using the Cauchy—Schwarz inequality, the

condition (2.5) will be fulfilled if limy— 400 b kN = 0. Therefore, we obtain a
profile cut-off.

Therefore, we can build several examples of sequences {ky}nen, {ON}NeN,
{cnN}nen and a function f such that the assumptions of Theorem 2.1 are fulfilled.
Consequently, by the Main Theorem 2.1, we can obtain immediately a profile cut-
off.

Asin Theorem 2.1, we have several examples in which the average process has a
profile cut-off and the sampling process has a window cut-off with the same cut-off
time and window time. We also obtain immediately the results of Lachaud (2005)
taking the sequences {ky}yen, constants {by}nen, and cy = 0 for any N € N.
Moreover, we obtain an explicit profile function.

Appendix: Some properties of the total variation distance

Lemma A.1. Fix u € R. Then

Il

7 2 |l
[N (. 1) = N O, D)y = J_/ ¥ dx <

Vo

Lemma A.2. Let {un}nen CR be a sequence such that limy_, ;oo uy = 1 € R.
Then

Jim N ey, D) = N O, Dy = N (2, 1) = N O, Dy
Lemma A.3. Suppose {O’I%/}NGN C]0,+oo[ is a sequence such that
limy_, 4 o0 o*]%, =02 ¢€]0, +00[. Then

NI_I)TOO”N(O UN) N(0, UZ)”W =0.

Remark A.4. Suppose that 2 €0, 1[. Then

XO'2 x
IN(0,62) = N©, D)y = o L 27 _ %) i
vV = \/—
LY=o

2

(A1)

T o
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where x(02) := ”zlzni"lz) . The relation (A.1) now follows from a straightforward
calculation.

Lemma A.S5. Let N € N and take 1, 3, ..., un € R and 012,02,...,0,%, €
10, +o0[. Then

IV (11.07) ® -+ N (un. o) = N (fi1.67) ® -+ @ N (in. 53) |1y
N
< >IN (ks 07) = N (k. 57) |-
i=1

Definition A.6 (Hellinger distance). Let P, Q and A be probability measures
defined on the measurable space (€2, F). Suppose that P << A and Q <« A. Then
we define the Hellinger distance between P and Q by

weo=(L[(JE- 92 0)" o
dP

where 7+ and % are the Radon—-Nikodym derivatives of P and Q with respect
to A, respectively.

Lemma A.7 (The relation between the Hellinger distance and total variation
distance). Let P and Q be two probability measures defined in the measurable
space (2, F). Then

1)
dy (P, Q) < [P - Qllry < v2dy (P, Q).
11 N — “ o N — IS -
(ii) Suppose PY =PQ®--- QP and Q Q® ---®Q are two product prob

N-times N-times
ability measures. Then

dy (PN, QM) =1-(1-d%®,Q)".

(iii) Suppose (11, u2 € R and 012, 022 €10, +o0l[. Then

| 20102 G wo)?
diy (N (1, 07), N (2, 03)) =1 = o 2¢ e
op T0;

Proof. For the item (i), see Proposition 2.2 of Barrera, Lachaud and Ycart (2006).
For the item (ii), see Proposition 2.3 of Barrera, Lachaud and Ycart (2006). For
the item (iii), see relation (5) of Lachaud (2005). O
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