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This paper studies two related stochastic processes driven by Brownian motion: the Cox—Ingersoll-Ross (CIR) process
and the Bessel process. We investigate their shared and distinct properties, focusing on time-asymptotic growth rates,
distance between the processes in integral norms, and parameter estimation. The squared Bessel process is shown to
be a phase transition of the CIR process and can be approximated by a sequence of CIR processes. Differences in
stochastic stability are also highlighted, with the Bessel process displaying instability, while the CIR process remains

ergodic and stable.

I. INTRODUCTION
A. Some historical information

Probability theory (stochastics), which deals with the de-
scription and analysis of stochastic objects, is connected with
the most diverse phenomena, manifestations of the surround-
ing reality and with technical phenomena. Stochastics cre-
ates theoretical basis of applied applications, that is, adequate
models of existing phenomena. At the same time, the cre-
ated model should allow a simple but flexible image with the
help of certain mathematical formulas. Once a good model
is created, further development proceeds in two directions:
first, the theory of related and more general models itself be-
gins to develop, and second, the model begins to cover more
and more applications, since approximately the same regulari-
ties are manifested in physics, financial mathematics, biology,
economics, climatology, and even in some social sciences.
Therefore, the same model or any of its variants can be used
in a wide variety of areas. Furthermore, as it is well-known,
Brownian motion (Wiener process) is the best possibility to
involve randomness into the model.

In 1827, the botanist Robert Brown (1773-1858) first ob-
served the phenomenon, which was later called Brownian mo-
tion. A brief description of the observed movement is as fol-
lows: imagine a laboratory dish, something like a cup, in
which there is a liquid, and in the liquid is poured flower
pollen. So, Brown observed the movement of pollen parti-
cles in this cup. The phenomenon so impressed him that he
described it in detail. Namely, according to observations, the
specified movement was chaotic, the trajectories of the par-
ticles constantly changed direction, were broken, in fact, at
no moment in time did any particle have a fixed direction of
movement. Robert Brown could not create a certain simple,
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non-random description of this system, but only noted that the
movement of pollen in a liquid is described by a very chaotic
process. From a modern point of view, he actually observed
a random process that took on a value of a small part of the
plane (the surface of the cup) and that changed in time non-
deterministically. At that time, there were no explanations for
this phenomenon. They appeared much later.

The next step in the development of the theory of Brow-
nian motion was made by outstanding physicists. Namely,
in 1905-1906, the famous works of Albert Einstein (1879—
1955) and Marian Smoluchowski (1872-1917),' and?, were
published independently of each other; then their original Ger-
man papers on the specified topic, in which the phenomenon
of Brownian motion was explained, were combined into a
collection’. English translations of Einstein’s papers were
published in*. Einstein and Smoluchowski explained, in par-
ticular, the random movement of flower pollen in a liquid by
such a phenomenon as the thermal chaotic movement of atoms
and molecules.

According to this theory, liquid or gas molecules are in con-
stant thermal motion, and the impulses of different molecules
are unequal in magnitude and direction. If the surface of
a particle placed in such an environment is small, as is the
case for a Brownian particle, in particular, a particle of flower
pollen, then the shocks felt by the particle from the surround-
ing molecules will not be precisely compensated. Therefore,
as a result of “bombardment” by molecules, the Brownian par-
ticle begins to move randomly, changing the magnitude and
direction of its velocity approximately 10'* times per second.
This is how a seemingly purely biological phenomenon was
explained from a physical point of view.

It also turned out that the random process B; is needed to
describe this thermal motion and to create this kinetic theory,
i.e. Brownian motion is an adequate model for this kinetic the-
ory. Einstein and Smoluchowski not only described this ran-
dom process from the point of view of its growth and from the
point of view of its dependence on cases, but they found the
so-called distribution of process values and formulated a par-
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tial differential equation that is satisfied by the transition den-
sity of the distribution of Brownian motion. It turned out that
Brownian motion has a Markov property. This was written
using so-called transition probabilities, or rather using partial
derivative equations for densities, that is, derivatives of transi-
tion probabilities. These equations showed that Brownian mo-
tion has a Markov property: independence of the future from
the past with a fixed current. This property significantly helps
to simplify at least the formulas related to transition probabil-
ities.

Thus, the theory of Brownian motion found a serious rein-
forcement from physicists and became “overgrown” with in-
teresting properties. However, the real world cannot always
be described by a linear model, it is much more complex.
Therefore, integration over Brownian motion was constructed
first with non-random (N. Wiener), and then with random (K.
It0) integrands, and the theory of stochastic differential equa-
tions driven by the Brownian motion was developed. The ex-
istence, uniqueness and properties of solutions of such equa-
tions, depending on their drift and diffusion coefficients, are
thoroughly described and classified in books>°. One very in-
teresting class of equations are those that have a unique non-
negative solution. Such a solution has a natural physical (or fi-
nancial) meaning. This class includes the Cox—Ingersoll-Ross
and Bessel processes, which are solutions of stochastic dif-
ferential equations with a diffusion coefficient equal to 6/x
and which differ only in the drift coefficient. However, this
drift coefficient, without changing their non-negativity, sig-
nificantly affects their asymptotic properties. These processes
are discussed in more detail in the next sections.

B. Overview of the results presented in the paper

In the present paper we shall consider two closely related
stochastic processes, namely, Cox—Ingersoll-Ross and Bessel
process, both of them being strictly positive solutions of
the respective stochastic differential equations. Strictly pos-
itive values make them convenient to model real processes in
physics, biology, economics. In finances they are used to fore-
cast interest rates and in bond pricing models, see e.g.”"!°.
Similar models are used to simulate changes in the membrane
voltage of a neuron!!. In our research we combine the meth-
ods of stochastic analysis and methods based on the explicit
formulas for probability distributions of CIR and Bessel pro-
cesses.

In a certain sense, the square of the Bessel process can
be considered the result of a phase transition in the Cox—
Ingersoll-Ross process. We underline their common and dis-
tinct properties. More precisely, we begin by presenting sev-
eral results that provide upper and lower bounds for the time-
asymptotic growth rates of both processes. These bounds ex-
hibit notable similarities between the two models.

Next, we explore the approximation of CIR and squared
Bessel processes by a sequence of CIR processes. We prove
the convergence of this sequence in integral norms, assuming
that the corresponding coefficients converge. Additionally, we
establish upper bounds on the rate of convergence. It turns out

that the CIR and squared Bessel processes are closely related,
as the squared Bessel process can be represented as the limit
of a sequence of CIR processes. However, as anticipated, the
upper bounds involve coefficients that depend on the length
of the time interval and tend to infinity as the interval length
increases. In this sense, the processes diverge, or, in other
words, they move apart. Nevertheless, the coefficients can be
sufficiently close such that, over slowly increasing time inter-
vals, the processes remain comparable.

‘We then apply this approximation to the problem of param-
eter estimation for the squared Bessel process using the max-
imum likelihood method. To establish the strong consistency
of the constructed drift parameter estimator, we approximate
the squared Bessel process by a sequence of CIR processes,
for which the necessary convergence can be derived from their
ergodic properties. Furthermore, we show how to estimate
the diffusion coefficient of the process based on the realized
quadratic variations.

Finally, we investigate both processes using the concept
of stochastic instability. From this perspective, the proper-
ties of the squared Bessel and CIR processes are fundamen-
tally different. We demonstrate that the squared Bessel pro-
cess exhibits stochastic instability, whereas the CIR process
is ergodic and, in this sense, stochastically stable. In addi-
tion, we consider an alternative sequence of approximations
for the squared Bessel process and show that these approxi-
mating processes are also stochastically unstable. Moreover,
we prove that, when appropriately normalized, this sequence
converges to the (non-squared) Bessel process.

C. Structure of the paper

The remainder of the paper is organized as follows. In Sec-
tion II, we introduce the CIR and squared Bessel processes
as unique solutions to the corresponding stochastic differen-
tial equations. We also provide preliminary information on
their distributional and pathwise properties that are essential
for the subsequent sections. In particular, this section presents
formulas for their densities and the first three moments.

Section III contains several results that describe the growth
rates of the CIR and squared Bessel processes as functions
of time and their coefficients. Section IV focuses on the dis-
tance between the CIR and squared Bessel processes in terms
of integral norms, expressed through their coefficients. We es-
tablish the rate of convergence of CIR processes to either CIR
or squared Bessel processes in integral norms over any fixed
interval, under the condition that the respective coefficients
converge.

Section V addresses the statistical problem of identifying
the Bessel process from continuous-time observations of its
trajectory. Finally, in Section VI, we demonstrate that the
squared Bessel process is stochastically unstable, in contrast
to the CIR process. This section also presents some functional
limit theorems.

For the reader’s convenience, several auxiliary results used
in the proofs are provided in the appendix. Specifically,
we include definitions and properties of special functions, a
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limit theorem for stochastic differential equations with non-
Lipschitz diffusion terms, as well as additional limit theorems
for solutions of stochastic differential equations.

Il.  PRELIMINARIES

Let (Q,.#,P) be a probability space and W = {W,,r >0}
be a Wiener process on it. In this paper we study two stochas-
tic differential equations, namely

it it
X,:xo+/ (abex)dSJrG/ VXaw, ()
0 0
and
1
Yz:y<)+ut+0'/0 VY. dW,, 6)

where xp >0, yo >0,a >0,b>0,and ¢ > 0.

It is well known that both equations (1) and (2) admit
unique non-negative strong solutions, X = {X;,# > 0} and
Y = {Y;,t > 0}, respectively.

The process X = {X;,# > 0} was introduced in'? for the
purpose of interest rates modeling. It is commonly referred
to as the Cox-Ingersoll-Ross (CIR) process. The process
Y = {Y;,t > 0} is the squared Bessel process, see, (-:',.g.,13 or'4
(Chapter XI) for details.

It follows from the comparison theorem'> (Proposition
2.18, p. 293) that if xp < yo, then

P(X, <Y, forallr >0)=1.

In what follows we additionally assume that 2a > 62 In
this case, the trajectories of both processes X and Y with prob-
ability 1 remain strictly positive, while in the case 0 < a <
o? /2, they almost surely hit zero, where the state 0 is instan-
taneously reflecting (see, e.g., classical paper'> and the more
recent ones'®!7 for more details). For the sake of technical
simplicity, we assume throughout the paper that

2a > 6>,

A. Distributional and path-wise properties of CIR process

It is well known'? that X; follows a non-central chi-squared
distribution with the following probability density function:

—bt 2¢ b2 o
X eXP{*Xeroe }Iv ( < xxo> Lo,

c(r) c(r)
where
2
_O (| 2a
c(t)—2h (1 e ) V—(y2 1,

and I is the modified Bessel function of the first kind. For
v > —1 and x € R this function is defined by the following
power series!® (Formula 50:6:1):

oo x/2 2j4v
=y 02
jzoj.r(j+ 1+v)
where I stands for the Gamma function. Obviously, /,(0) =0
for all v > 0, more precisely /,, has the following behavior as
x—0:
(x/2)"

Iv(x)mm.

Using this relation, one can show that, as t — oo,

a 2
(2b/0?)? /e (2a/e?=1,-2bx/a? ¢

F(Za/GZ) x>0 = pw(x) 3)

pe(x) =
Note that the limiting distribution is a Gamma distribution.

Moreover, the CIR process X is ergodic'? (see also!® (Sec-
tion 1.2) and®). Ergodicity implies that for any function
f € L'(R, pe(x)dx), the time average %fOT f(X;)dt converges
a.s. to the space average [ f(X)pe(x)dx, as T — oo. In partic-

ular, fora > %,

1 (Tdt Pes(X) b
2 [ar dx=—"— as., whenT — oo.
Th X /R Pt a0l a.s., when ')
(€}
The first two moments of X; are equal to
EX, = xpe ' + % (1 fe*b') , )

and

EX? — X0<62b+ 2a) (efm _efzm)

a(6?+2a) —pr\? —2bt
+T(1—e )+x%)e )

The formula for higher moments of the CIR processes is
presented in?! (Proposition 1). In particular,

EX} = xje " + <1+7+7>
a
3 3 3x0a?
« (% (l_e—bt) + )2)2“ (e—hr_ze—Zhr+e—3bt>>

T 3xga 1+‘ﬁ (e—2btie—3bt>
b a ’

B. Distributional and path-wise properties of squared Bessel
process

The probability density function of the squared Bessel pro-
cess Y; is given by

1/x vz Z(X yo) 4\/xyo
gi(x)==(— ————— 1 1
(%) ) (yo) exp{ ot } v( o2t ) x>05




AlIP
Publishing

£

CIR and squared Bessel processes

where, as before, v = % — 1 (see, e.g.,'* (Chapter XI, Corol-
lary (1.4))).

Unlike the CIR process X, the squared Bessel process Y is
non-ergodic. For a detailed discussion on the properties of
squared Bessel processes, we refer the reader to'* (Chapter
XI). A comparison of the properties of both ergodic and non-
ergodic processes, X and Y, can be found in22,

Since 1, (0) = 0, we see that

g(x) =0, t—oo. (7)

Therefore, for the squared Bessel process, the limiting distri-
bution does not exist.
The first and second moments of ¥; are equal to:

2
[
EY, =yo+at, EY} =)+ (7 +a> (2yot +ar*) . (8)

Both equalities can be derived directly from the equation (2),
taking into account that the stochastic integral [§/¥;dW; is
a square-integrable martingale with zero mean whose second
moment equals fj EY;ds.

Remark 11.1. We see from (5) and (6) that the first two mo-
ments of the CIR process exist for all . Moreover, they are
totally bounded. Indeed, as it was established in*? (Proposi-
tion 3), sup,>oEX/ < oo for any p > —2a/c>. In contrast,
the first and second moments of the squared Bessel process
exhibit linear and quadratic growth with respect to ¢, respec-
tively.

The general formula for the moments of the Bessel process
has the following form: for any p > —%

2 Pl"(%‘ﬂ:) .
P _ (ot o _ 20 2a 2a 2y
EY; *( 2) F(%) exp{ o2 1F1<Gz +P752:62,)-,
-

see the proof of Proposition 3 in?2. Here |F; is the conflu-
ent hypergeometric function, see Appendix A. Using formula
(A1) in Appendix, we can derive for p =3

EY,3: (§+3c1220'2 +a3>t3

4 3
+3 (M5 + 294 1 2y0) 24393 (02 +a) 1433 9)

ll. TIME-ASYMPTOTIC GROWTH RATE FOR CIR AND
QUADRATIC BESSEL PROCESSES

Now we establish several results that provide a growth rate
for the solution to equations (2) and (1), as the function of time
and coefficients. As usual, time is included in the constants,
since the time interval is fixed in many situations, but for us it
is the asymptotic behaviour of functionals of solutions that is
most important. We demonstrate what growth rates can be ob-
tained by different methods, and compare the results. The first
result follows from the Gronwall inequality therefore gives an
exponential growth rate. This growth rate is determined by
coefficients a, xo and o and is valid both for solution to (1) or

2).

4

Proposition IIL.1. Let Z = {Z,t > 0} be a unique solution to
(M) or(2)(i.e, Z=X or Z=Y). Then, forallt >0,

2
E (susz) <2 ((xo +at)2 +20'2t) o’ (10)

s<t
Proof. Consider the equation (1), i.e., Z = X. Define
oy =inf{r >0:X, >N}, N>1.
Then
ATy
OSX,MN:onra(I/\TN)fb/ X, du an
0
INTN
+0’/ VX, dW,
0
ATy
§x0+a(t/\rN)+c/ VAW, (12)
Jo

which implies

2
E (SUPXA-/\TN)
s<t

SATN 2
<2 <(x0 +at)2 + GQEsup </ " \/XudWM> > . (13)
0

s<t

Since
ATy 2 t 2
E ( [ \/Zdws> ~E (/0 ﬂsng\/)Tdes>
ot
— [E(teq V) ds <,
0

we see that fé“"’ v/ X;dW; is a square-integrable martingale.
Therefore, by the Doob maximal quadratic inequality,

SATN 2 t
Esup ( / Nio qu> <4E / Xypoy ds
0 0

s<t

1
< 2E/ (1+X2,,)ds
0

1 2
< 2t+2/ E <supXuMN) ds. (14)
0

u<s

Combining (13)—(14), we derive the inequality

2
E (SUPXS/\TN)
s<t

' 2
<2 ((xo +at)? +26% +207 / E (supXWN> ds> .
0

u<s
By the Gronwall inequality,
2 2
E (supmeN) <2 ((xo +ar)2 +2o‘2t) e,
s<t

Letting N — oo concludes the proof for X. The equation (2) is
considered similarly.
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Remark T1.2. Similarly to the above proof, one can establish
that for the solution X = {X;,7 > 0} of the equation (1), the
following inequality holds:

s 2
Esup (X,; +b/ X du) <2 ((xo +ar) + 2(;%) Ao
0

s<t

The disadvantage of these upper bounds is that being expo-
nential, they grow quickly in time #, but their advantage is that
they do not depend on coefficient b.

Now our goal is to obtain the upper bounds for
Esup,, (X, +b 5 X du)2 that will grow not so quickly. We
will not apply the Gronwall inequality that always gives expo-
nential growth, but apply directly the values of the moments
of CIR-process. Oppositely to previous bounds, the next ones
will depend on b and the next goal will be to analyze this de-
pendence when b | 0.

Proposition IIL3. Ler X = {X,,t > 0} be a solution to (1).
Then, for allt > 0,

2
S
Esup (XYer/ Xudu)
s<t 0

8072 802
<2(vo+ar)+ - (x() - g) (1 7e*b’) n T"t. (15)

Proof. Similarly to the proof of Proposition III.1, we get

" 2
Esup (X5+b/ Xudu)
s<t 0

s 2
<2(xp+ar)? +20'2Esup< VX, qu>
0

s<t

'
<2(xp +at)2+80'2/ EX,ds.

0

Integrating (5), we obtain

4 1 a _ a
/OEXsds=;<xo—Z> (1—e ”’)+Et. (16)

Combining these two formulas we conclude the proof. |

Remark IIL.4. 1t follows from (6) and (16) that

s 2 " 2
Esup (xs +b / X, du> >EX’+b°E ( / X, du)
s<t JO Jo

1 2
>EX2 +b* ( / EX, du)
0

_ x0(02b+2‘1) (e—br_e—th) +“(0;7+2 2a) (l_e—br)z

e (o) (1) o)

Comparing this lower bound with the upper bound in (15),
we observe that both the upper and lower bounds for
Esup,, (X, +b [§ Xu,du)? exhibit a quadratic rate of growth,
as t — oo, The upper bound follows the asymptotic behavior
2a*% + 4a(xo + 2%2 )t +O(1), while the lower bound behaves
as a’* +2a(xo — )t + O(1).

Remark 1115. (i) Arguing as in the proof of Proposition I11.3
and using (8) instead of (5), we get the bound

Esup¥? < 2(yo+at)* +402 (2yot +ar?). 17)
s<t

Note that the right-hand side of (17) is a limit, as b | 0, of the
right-hand side of (15). This can be easily seen from the rela-
tion 1 —e ™% = br — # +o(b), b 0. However, if to fix b and
consider the asymptotic behaviour, as t — oo, of the right-hand
sides of (15) and (17), we see that the main part of the right-
hand side of (15) equals 2a%¢> while the main part of the right-
hand side of (17) equals (2a* +4ac?)t>. It means (a bit un-
expectedly) that the difference between asymptotic behaviour
of Esup,, ¥2 and Esup,, X? is very significantly determined
by the diffusion coefficient o as well as (more expected) of the
drift coefficient a. Of course, this difference in some latent
way depends on b because the value % (xo—4) (1—e7")
in the right-hand side of (15) is bounded in ¢ for any b > 0,
however, it is growing as 12 if we come to the limit, as b — 0.

(ii) The second formula in (8) implies the following lower
bound:

2
(o)
EsupY? > EY? = (yo+ar)? + > (2yot +ar®).  (18)

s<t

It can be observed that, compared to the upper bound in (17),
this lower bound contains the same terms, but with smaller
coefficients. Therefore, we conclude that Esup,., ¥? grows
quadratically as a function of 7. B

(iii) Let us compare two upper bounds for the squared
Bessel process, specifically (10) and (17). On the one hand,
the bound given by (17) is clearly more advantageous for large
values of t. On the other hand, when ¢ is near zero, the bound
(10) may provide greater accuracy. More precisely, the bound
(10) is superior to (17) if and only if o’ < 2xp+at. If
xo > 1/2, this condition is satisfied for sufficiently small val-
ues of 7.

IV. DISTANCE BETWEEN CIR AND SQUARED BESSEL
PROCESSES IN INTEGRAL NORMS

In this section, we establish the rate of convergence of a se-
quence of CIR processes to a limiting CIR process in two in-
tegral norms, L ([0, T],P) and L, ([0, T],P), over any fixed in-
terval [0, 7], under the assumption that the corresponding co-
efficients converge. Additionally, we analyze the rate of con-
vergence of the CIR processes to a squared Bessel process in
both norms, demonstrating a close relationship between these
two classes of processes in this context.

However, as expected, the upper bounds of the distance be-
tween them contain coefficients depending on the length of
the interval and tending to oo, as the length tends to co. In this
sense, the processes disperse, or, in other words, move away.
Despite this fact, the coefficients can be so close that, under
slow growth of time interval, the processes can be still close.
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So, consider the following sequence of stochastic differen-
tial equations:

X, (1) :xo+/0t(a,, — buXy(s))ds+ 0 /Ot SXn(s)dW,, (19)

n >0, where xo >0, a, >0, b, >0, and 6, > 0 forall n > 0.
Assume that

a, = ap, b, —>by, ©,—0p, asn—»oco.

Note that the equations in (19) satisfy conditions (Y1,)—
(Y4,) from Section 4 of?3, see Appendix B. According to
Theorem B.1, we have that for any 7 > 0

sup E[X, (1) —Xo(t)] = 0, asn—co.
te[0,7]

In the following theorem, we establish an upper bound for rate
of convergence.

Theorem IV.1. (i) Let by > 0. Then for any T > 0, the
Sfollowing upper bound holds:

sup E[X, (1) —Xo(r)|

t€[0,7]
< " (law—ao| T+ by~ bol A3(T) + |63 — 0ol Ao(T) ).
(20)
where
1 apn _ ap
AT = — (x-2 (1— boT) O 21
)= (- 2) (1=t 4 0 e

(if) Let bg = 0. Then for any T > 0, the following upper
bound holds:

sup E|X, (1) — Xo(r)|
t€(0,7]

< (\an —ao| T+ baB3(T) + |G — 00 BO(T)), 22
where
BA(T) =xoT + %OT?

Remark IV.2. The function A(z)(T), defined by (21), is positive,
since A3(T) = fOT EXy(s)ds, according to (16). Moreover, it
exhibits linear growth and satisfies the following bounds:

min {xo, %} T SA%(T) < max {xo,?} T.
0 0

To verify these inequalities, we consider two cases. -
Case 1: xo — Zf“ > 0. Using the inequality 0 < 1 —e~27 <
0
boT, we obtain that
ap 2 1 apn agp
—T <ANT) < — —— | boT + —T =x0T. (23
b = o ),bo (Xo bo) o+ T=% (23)
Case 2: xp — ng < 0. In this case, both inequalities in (23)
are reversed.

Proof of Theorem IV.1. (i) Define an auxiliary process

X (1) :onr/Ot(an —b,Xo(s))ds+ o, /(: v Xo(s)dW;.

Then using the Cauchy—Schwarz inequality and the It6 isom-
etry, we get

E

~ t
Xl1) = X0(0) =, — ot + by o] | EXo(s)ds
1
+|cn700|E‘/0 V() dW,

t
< lay—aolt-+[b, ~ bol [ EXo(s)ds
0

1
t 2
416, — 0ol < /0 EXo(s) ds) . 24
Note that, by (16),
't T
/ EXo(s)ds < / EXo(s)ds =AX(T), (25
0 0
therefore, (24) becomes

E

%lt) ~ Xo(0)|
< |an—ao| T + by — bo| AJ(T) + |0 — 00| Ao(T).  (26)

Now let us follow the Yamada method from?*. Define

am=exp{—W}, m>0.

It follows that 1 = o9 > ot} > 0p > --- > 0 and

Om—1 |
/ —dx=m, m>1.
o X

Thus, for every m > 1, there exists a continuous function
Wt R — R with compact support in (0, ¢4,—1) such that

2 o
0 < Y(x) < —, x € (O, O4y—1), and / Yin(x)dx = 1.
mx 0

Next, we define

x|y
on) = [ [ wm(wduay, xer
The function ¢, satisfies the following properties:
0<on(x) <l and @, (x)|<1,

and it is twice continuously differentiable since @ (x) =
Yo (J¢[).-

Moreover, by the Lebesgue dominated convergence theo-
rem, 1imy, e @ (x) = |x], since limy e [§ Yo (1) du = 1.

By applying the It6 formula, we obtain

Egn (X,() - %(1)
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— b, /O "E [(Xa(5) — Xo(s)) @)y (Xa(s) — Xo(s))] ds
2 ot
<% B[ (VR - VED) 0006 ~Xa(5) | as
< bn/(:E\Xn(s) ~ Xo(s)|ds

ol [ 2 :
+% [ [|x,,<s> X _XO(S)‘] d
ot

!
:b"/o E|[X,(s) — Xo(s)| ds+
Here, we have used the facts that |¢@),(x)| < 1, @i(x) =
in([2l) < 7. and [y/x— /3] < /]x = y]. By taking the limit,

as m — oo, and applying Fatou’s lemma, we obtain

E[X, ()~ %,(0)] gbn/U'E\Xn(s) — Xo(s)|ds.

Then
sup E[X,(f) —Xo(1)]
1€(0,7)
< sup E[%,(0)~Xo()| + sup E|X,(0)~%,(1)]
1€[0,7] t€[0,7]
< sup B %)~ Xo()|
t€[0,7]

T
+b, / sup E|X, () — Xo(u)|ds.
0 uel0,s]

Applying the Gronwall inequality yields

sup E|X,(1) —Xo(t)| < e”T sup E|X,(1)—Xo(t)].
1€[0,7] 1€(0,7)

Finally, utilizing the bound from (26), we arrive at (20).
(iF) The proof of (22) follows similar steps as the proof of
(20). In this case, instead of (25), we have

T _ a0 72 _
EXo(s)ds =xoT + > T =By(T),
0

which is derived from (8). O

Remark IV.3. Note that, as T — oo,
AT ~ L1, BTy~ D72,
bo 2

Hence, as T — oo, the right-hand sides of (20) and (22) are
asymptotically equivalent to

1 1
—(bo |an —ao| +ao |b, —b0|)Teh”T and  =agb,T?e™”
bo 2

respectively.

If, in the above theorem, we take a, = a, 6, = 0, by =0,
the resulting bound simplifies significantly. Specifically, we
obtain the following result concerning the approximation of
the squared Bessel process by a sequence of CIR processes.

Corollary IV.4. Let Y be a solution to (2). Consider a se-
quence of the stochastic differential equations:

Ya(t) :yo+/0t(a7bnY,,(s))ds+0'/ol\/Y,,(s)dWS, w1,

where by, |0, n — oo. Then, for any T > 0, the following bound
holds:

sup E|Y,(t) =Y ()| < e"Tb,T (xo+ aT).
t€0,T]

Corollary IV.5. Let b, | 0, n — oo, and let the sequence
{Ty,n > 1} satisfy

T, — oo, €"Tib,T> =0, asn—soo. 27)
Then

sup E|Y,(t) =Y ()| =0, n—soco.
1€[0,7;]

Remark IV.6. For example, the condition (27) is fulfilled for
b, =1/n, T, =log(logn), n > 2.

Remark TV.7. Note that the technique used in the proof of
Theorem IV.1 does not allow us to establish an upper bound
for the second moment E(X,(t)—Xo(r))>. The proof of
Theorem IV.1 consists of two main steps: deriving inequal-
ity (24) and applying the Yamada method. While an in-
equality of the form (24) can be established for the second
moment E(X,(t) — Xo(t))?, the Yamada method is more in-
volved and provides only an upper bound for the first moment
E|X,(t) — Xo(r)|. Nevertheless, as stated in the next result, it
is possible to derive an upper bound for E (X,,(t) — Xo(1))* as
well.

Theorem IV.8. (i) Let b, > 0 for all n > 0. Then for any
T > 0, the following upper bound holds:

by

£

s[tépT]E(Xn(t) —Xo())® <2(Ra(T) +Ro(T))7 e

=

% (law—ao| T + b — bolA3(T) + |0 = 0| Ao(T)) ', (28)
where Ay(T) is defined in Theorem 1V.1 and

362 o
R(T)=x3+ (1 LA .
2 (T) x0+< +2an +2a§)

3 3 3 2 2
a —b,T Xod —b,T
X(;g(l—e )+ b2n<1_e ))

n
N 3xgan (1 +°‘i) (1 7e—b,,T>_
b, a,

(if) Let bo = 0 and b, > 0 for n > 1. Then for any T > 0,
the following upper bound holds:

sup E (X, (1) — Xo(1))* <2 (R"(T)m’o(n)%e%i
te[0,7]
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1

2
% (Jan = ao| T+ bBY(T) + |02 — 00| Bo(T))

where By(T) is defined in Theorem IV.1 and
~ apog  3aiot 3
Ry(T) = - + ) + a() T

4
X0 Oy 3a0x00'0
3 ———— 9
+ ( 2 T2

+ ()Xo) T%+3x3 (GU +ao) T +x3.
Proof. (i) By the Cauchy—Schwarz inequality,

E (X, (1) = X0(0))” < EIX,(1) = Xo(1) * [Xa(0) =Xo (1)

< (B[Xa() — Xo())* (EIX (1)~ Xo(r) )

2(E[X, (1) = Xo(0)])? (EX; (1) +EXG (1 ))§

1
2

where the elementary inequality (x-+y)> <4(x>+y?) has been
used.
Further, for any n > 0 and any ¢ € [0,7],

3G 2 4
Bx3(0) = e P (14524 )

(OB (=)
n

n

3x} c?
" Xodn (1 + 7;1) e—zhy,x (1 _e—h,,l) SR,,(T).
dp

bn

Then using the bound (20), we obtain

sup E (X, (1) = Xo(1))?
te[0,7]

1/2
< 2(Ry(T)+Ro(T))? < s{gg]mxno)—xo(zn)
2(Ru(T) + Ro(T))? /2

x (lau— a0l T+ |6, — bo| A3(T) + |0 — vl Ao(T))

The statement (if) is derived from the second statement of
Theorem IV.1 in a similar manner, taking into account that
SUPse(o,7] EX; < R(T) for by = 0, according to the formula
(9) for the third moment of the squared Bessel process. O

Now we can establish the upper bound for the same value,
supyejo,r) E(Xa(7) —Xo(1))?, as in the previous theorem, but
using not knowledge of probability distributions, but methods
of stochastic analysis.

Theorem IV.9. (i) Let b, > 0 for all n > 0. Then for any
T > 0, the following upper bound holds:
sup E(X, (1) = Xo(1))?
te[0,7]
< el t0T (2 )a, — ag| + 63 +200 |64 — 00)
x (Jau — ao| T + |by — bo| AF(T) + |6, — 00| Ag(T)) T

+€P72eM0T |b, — bo| T (DX(T) + Dy (T)Do(T))
+e"7 |6, — oo|2A2(T), (29)

/ EX,(
_ ay b r) an
= (=) (1—etoT) 4 Ip
bn <x" b,,) ( ¢ e,

242

Dy(r) = 2] (1 poor)
n

a(o? +2ay) o\ 2

'}T(l—e ) +x;5.

where

(ii) Let bo = 0 and b, > 0 for n > 1. Then for any T > 0,
the following upper bound holds:

sup E(X,(t) — Xo(t))?

t€[0,T]
< (2]ay —ao| + 05 +200 |6, — 00])
% (lan — ao| T +buB3(T ) + |05 — 00| Bo(T)) Te""
+2b,T (D(T) +Du(T)Eo(T)) + |0, — 6o A3(T).

where By(T) is defined in Theorem IV.1 and
62
Eg(T) = x% + <70 + a0> (2X()T +a0T2) .

Proof. (i) Let us apply the It6 formula to the function F (x) =
x? and the process

Xo(6) = Xo(t) = (an — ao)t + (ba — bo) / X, ()ds
b [[ (%)= Xo(s)) ds+ (02— 0) [ VEalSTaW,
+60/0r<\/)(,,7(s)—\/m> aw,.
We get that
(Xa(t) = Xo(1))? / ~Xo(s))d(X, (5) ~ Xo(s))
+<70/0 (\/Xi(s)f\/Xoi(s)) ds+(0',,760)2/01X,,(s)ds
+260(0',1700)/0t\/xni(s)(\/x,,7(s)7\/)Ws))ds. 30)

Taking expectation, which is zero for stochastic integrals, we
obtain from (30) that

E(X, (1)~ Xo(1))* = 2(ay ao/E ~Xo(s))ds
+2(by o). /0 "E[(X,(5) — Xo(s)) X, (s)] ds
+ by /(:E(X,,(s) ~ Xo(s))?ds
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t 2
+o? / E (V) — VXls)) ds
Jo

13
c,,—co)z/ EX,(s)ds
0

+200(00—a0) [ E[VEG) (VD) — Vo) s

(€2))

The expectations in the right-hand side of (31) can be bounded
as follows:

E| (X (s) — Xo(5))Xa ()| < EX7 () + EXo(5)X,(s)

<EX2(s) +/EX3(s)EX2(s),
(\/ —/Xo(s) ) <E|X,(s) — Xo(s)|,

and

E[VX ) (V) — V() ) | < ElXls) = Xo(s)

where we have used inequalities
[Va—5 \ Vix=yl,
VE|VE- 5l =

\[+\[\x ¥l < x—yl.

Hence, (31) implies
E(X, (1) = Xo(1))?

1
< (2]an—ao| + 63 +264 |6, — o)) /0 E|X, (s) — Xo(s)| ds

+21|by — bol /0' <EX,,2(s) +4 /Exg(s)EX,,Z(s)) ds

13 1
+b0/0 E(X, (s) 7X0(s))2ds+|6n760\2/0 EX, (s)ds
(32)
Now, the expectation E |X,,(s) — Xo(s)| is the first term in the
right-hand side of (32) can be bounded with the help of The-
orem IV.1, the expectations EX?(s), EXZ(s) and EX,(s) can

be computed by explicit formulas (5) and (6). Thus taking
supremum over all € [0, 7] and denoting

FAT) = /O ! (Ex,f(s) +/EX2(s)EX2 (s)> ds,

we arrive at
sup E(X, (1) — Xo(1))*
1€[0,7]
< (2]an —ao| + 63 + 200 |6, — 0y )
X (|an — ao| T + by — bo| AG(T) + |64 — Go| Ao(T)) Te"”
+ 2|y — bo| Fu(T) + |0, — 60> A2(T)
T
+b0/ sup E(X,(u) — Xo(u))?ds. (33)
Jo

u€l0,s]

Finally, the Gronwall inequality yields

sup E(X, (1) —Xo(1))?
t€[0,T)

< et (2)a, — ag| + 63 +200| 6, — 0o)
X (‘an —ao|T + by —bolA(z)(T) + ‘Grl - GO‘A()(T)) T
+ T (2]by = bol Fu(T) + |0 — 6o AZ(T))

It remains to note that (6) implies

242
sup EX,(s)> < %o(0y +2an) (1 ,e*fﬂ')
te[0,7] by

a(o? +2a,)

2
—bT 2 _n2
2 (lfe )+x070n(T),

+

consequently,
Fy(T) < T(D3(T) +Du(T)Do(T)).

The proof of claim (ii) follows in a manner similar to that of
claim (7). However, in this case, the last term in (33) vanishes,
which simplifies the final steps of the proof, as the application
of the Gronwall inequality is no longer required. O

Remark 1V.10. Let us now discuss and compare the upper
bounds established in Theorems IV.1, IV.8, and IV.9.

1. A key advantage of all three theorems is that they provide
explicit rates of convergence in terms of the coefficients of
the corresponding equations. This makes them particularly
valuable for practical analysis.

2. Theorems IV.8 and IV.9 present upper bounds for the
second moments, which are often crucial for practical appli-
cations. These bounds cannot be directly obtained from the re-
sults for the first moments, such as those provided by Theorem
IV.1. Furthermore, it is worth noting that, in a similar manner,
one can derive upper bounds for sup;c (o r) E(X, () — Xo (1))*
forany p > 1.

3. For a fixed T > 0, the convergence rates established in
Theorems IV.1, IV.8, and IV.9 can be compared as follows.
Assume that

|dn*a0\§5m Ibn*bo‘gém |Gn*50|§5n

for some sequence &, | 0 as n — o. Then for the quantity
supyefo,r) E[Xa () — Xo(t)| Theorems IV.1, V.8, and IV.9 yield

rates of convergence of orders O(8,), 0(5,3/4) and 0(81/2)
respectively. Hence, from the perspective of convergence
rates, Theorem IV.1 offers the fastest rate. Similarly, Theorem
IV.9 demonstrates a superior rate of convergence compared to
Theorem IV.8.

4. We can also compare Theorems IV.8 and IV.9 in the
asymptotic case as T — oo. Note that the functions R,,(T) are
bounded, while A(T') grows linearly with 7. Consequently,
the right-hand side of (28) behaves as O(T/2e"7/2) as T —
oo, In contrast, the right-hand side of (29) grows significantly
faster, at a rate of O(T2e(®+%0)T)_ From this comparison, for
large T, Theorem IV.8 provides a tighter bound than Theorem
Iv.9.
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V. PARAMETER ESTIMATION

We now address the problem of identifying the squared
Bessel process, i.e., the estimation of its parameters. Sup-
pose we have continuous-time observations of a trajectory
{Y;,t € [0,T]} of the squared Bessel process (2) over some
interval [0,7]. Note that these parameters are also defining
for the CIR process, and the corresponding estimates can be
easily modified for it. Moreover, we can assume that the pa-
rameter o is known and focus on estimating the parameter a.
For continuous-time observations, this assumption is natural,
because o can be determined almost surely from the obser-
vations on any fixed interval, as explained in the following
remark.

Remark V.1. (Estimation of ¢) Let T > 0 be fixed, 6 = %,
and 1, = k8, for 0 < k < n. Then

n T
2

Y (%, -%._,) —>62/ Yyds as.,asn— oo,

k=1 0

Indeed, as it is clear, quadratic variation of the linear function
tends to zero with the diameter of the partition of the interval.
This implies that the parameter ¢ can be evaluated using the
following identity:

2

v (Y Y,

o® — lim Zk—l(rfkifu) as.
n—ye Jo Yeds

To estimate the parameter a, we apply the maximum likeli-
hood method, see, e.g4,25 (Section 10.7). First, we transform
equation (2) using the It6 formula as follows:

1 /1 1 |
Y = +7/ ——dY,— ~c? ds
VY =y 2 w8

a (ds o© 1 2/' 1
=/ — | —=+=W—= —d.
yo+2/0 Ys+2 t 80' o Y; S
\f+2/ - ds+2w,

It follows from the Girsanov theorem that the likelihood
function is then given by

ap [071]

2 2
@4 T 1/ —a T4
=exp{ aw,— - | = /—S
(e} 0 Y, 2 o o Y

We aim to find the value of a that maximizes this likelihood
function.
To proceed, we set

4 o

and minimize the likelihood function with respect to 6, re-
placing
1 T ds

26
o » / ——aVT+0* [ S
0 VY VY 0o Y

10
Letting Z, = \/Y;, the expression simplifies to minimizing the
following:

20 [Tdz 1, (T ds
oo Zg 2 Jo ZZ

This minimization leads to the following maximum likelihood
estimator:

T dZ

s 27
T = T ds *
oly %

Proposition V.2. Let 2a > 62. Then Oy is a strongly consis-
tent estimator of 0, i.e.,

Or — 60 a.s., when T — oo.
Proof. Using tAhe equation dZ; = ‘TZLZ"“ + $dW,, we represent
the estimator 67 in the following form

Td‘%

My
br=0+2 2 _gp T
fOT;]i (M)r

where My = foT dg‘ is a locally square-integrable martingale
with the quadratic variation (M) = OT g;‘ According to the
strong law of large numbers for martmgalcs26 (Ch 2, §6,
Thm. 10, Cor. 1), if (M)7 — o0 a.s., as T — oo, thenWﬁO
a.s., as T — oo. Thus, to establish strong consistency, we need
to show that

T ds
A ?—Wx' a.s.,as T — oo, (34)

Return to the equation
2 2 !
Z; =17 +at+o‘/ ZsdW;.
0

We divide both sides by [ Z2ds:

75 L Gf(jZSdWS
foZ2ds — [yz2ds [y Z2ds fo72ds

(35)

Letb, |0, as n — oo, and consider the approximating CIR
processes { byl 2 > 0}, n > 1, which solve the equations

t
,b” yo+/ a— bZ a’erO'/Zx,b”dW,v7 n>1.
0

It follows from (4) that for any n > 1 and any € > 0 there exists
T, > O such that forall T > T,,,

l/T ds by
T Jo Z.ihn “*672

<< as.

Choose ny > 0 such that for n > ng
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Then for all T > T,

1 (T ds
?/0 7 <€ as. (36)

$,bngy

By the comparison theorem'® (Proposition 2.18, p. 293), we
have

P(Z,Zb gz,zforauzzo):l.
Dy

Hence, (36) implies that for all T > T;,,

L ["ds <€ as
T Jo Z%
Consequently,
1 (Td
T Z—; — 0, as.,asT — oo, 37)

This implies that
1 /7T
7/ Zfds—wo, a.s.,ast — oo,
T Jo
since
1 T T ds
— sz/ —=>1
TZ/O s 4 b 22 -

by the Cauchy—Schwarz inequality.
Thus, we obtain

t
t Z dW,
————0 and P—m as., ast — oo,
I Zids fonzdS
From (35), it follows that
72
——— =0 as.,asf—roo,
JoZ2ds
or
o
Z:ds
Joisz — o0 as.,ast—oo.
ZI

Therefore, for almost all @ and for all C > 0 there exists 7y
such that for all ¢ > 1,

1 C
52 T
Zr ~ [y Z2ds
which implies that
/°° ds < ds
w 23T foZidu’

Letting C — oo, we obtain

— =oo as.
fo Zs2

Thus, condition (34) is satisfied, and we conclude that strong
consistency holds. O

11

Corollary V.3. Let 2a > o2, The maximum likelihood esti-
mator of the parameter a of the squared Bessel process (2) is
given by

T dyY,
o 2 e
r=obr+ ="y Ty
JO Yy

and it is strongly consistent, as T — oo.

VI. INSTABILITY AND SOME FUNCTIONAL LIMIT
THEOREMS FOR THE SQUARED BESSEL PROCESS

As we have already mentioned, the process X is ergodic,
while Y is non-ergodic. Now our goal is to establish how
these properties reflect in the notion of stochastic instabil-
ity. There are several approaches to stochastic instability of
the processes. We shall consider the following definition, see
book?”.

Definition VI.1. A stochastic process & is called stochasti-

cally unstable if for any constant N > 0

l !
lim - [ P{|&| <N}ds=0.
0

t—+oo I
Proposition VL.2. Let N > 0 be an arbitrary constant.

(i) The CIR process X has the following property:

1t Y(z% ZLQI)
lim - | P{X,<N}ds=—-2_°7
1=+eo t Jo r(%)
O

where y(a,x) = [fu*"le™"du is the lower incomplete
Gamma function.

(if) The squared Bessel process Y is stochastically unstable,
ie.,

!t
lim 7/ P{Y, <N}ds=0.
0
Proof. (i) Using the convergence (3), we obtain

P <My = [ pds o [ paan

a/c?
_ (217(/62/)22/; /Nx2a/6271672bx/0'2 dx
I'(2a/oc 0

) 2a 2bN>
_ 1 /ZbN/O' uza/"z’le’”du _ 'J’(o-za o2
['(2a/0?) Jo 1-(24)
o2

t — +oo. Taking into account continuity of the integrand and
applying the I’Hopital’s rule, we get

027 o2

| 7,(2,1 2bN>
lim 7/ P{X, <N}ds= lim P{X, <N} =~ %/
t—+eo t Jo t—too 1—(2%)

O
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(ii) The proof is similar to that of the statement (i). How-
ever, we get zero limit, since the probability density g;(x)
of the process Y converges to zero, as t — oo, according to
. O

Remark V1.3. Proposition V1.2 justifies why we say that we
have phase transition when coefficient 5 of CIR process tends
to zero and we get squared Bessel process. Indeed, squared
Bessel process is stochastically unstable while, oppositely,
CIR process is ergodic, and in this sense, stochastically sta-
ble. Therefore, we use here the term “phase transition” in
order to describe principally different long-term behaviour of
the respective dynamical system. In more detail the differ-
ence of the asymptotic behaviour is described for example in
the paper®® where the authors analyze the transition from an
ergodic model to a non-ergodic one, for which standard an-
alytical and statistical methods are insufficient for fitting the
data, necessitating the development and application of alter-
native tools.

Now, note that in some sense, we were lucky because
knowledge of the distribution allowed us to establish instabil-
ity of the squared Bessel process directly, without application
of the tools of stochastic analysis. However, we can establish
instability for the approximations of the squared Bessel pro-
cess whose distribution is unknown. So, again, consider the
squared Bessel process determined as the unique solution of
the equation (2). Let for simplicity o = 2. General condition
a> %2 leads in our case to a > 2. So, we assume that a > 2,
then the trajectories of the solution are strictly positive with
probability 1. Therefore, we can consider function F (x) = \/x
and apply Itd formula to Y;, obtaining equation

a

L —%2 o
ﬁ:m+5/0 N A

1 [fa—1
=VWot+= | —=ds+W,
}()+2/0 A s+ W
or, that is the same,

1 ffa—1
Vi=W+= ds+W,
t 0+2/0 A s+ W,

where V, = /Y;, Vo = +/Yy. Note that a—1 > 1. Now our
goal is to consider a smooth version of Bessel process, i.e., a
solution of the stochastic differential equation

(38)

4 cds
Ve = / — W,
T veree

where € #0,¢ >0, V¢ = VYo > 0. The coefficient —5— is

Vx2+e?
Lipschitz because it has a bounded derivative:
‘ ( ¢ >/ B clx|
/X2t g2 (x2+£2)3/2
|ox] 1 ¢
<

I L
*c(xz+£2)1/2 X242~ g2

12

Also it is bounded, therefore, due the standard existence-
uniqueness theorem for stochastic differential equations,
equation (38) has a unique strong solution.

‘We want to achieve three goals. First, we establish the con-
vergence of V¢ to the (non-squared) Bessel process V = /Y,
as € — 0, that is more or less the expected result.

Proposition VL4, Letc = %(a —1), € —0. Then foranyt >0
VeV as.

Proof. Consider the difference

(39)

VE_V, =c¢ /tL_/tﬁ
co 0 (VE2+er Jo Vi)

According to the comparison theorem, VZ <V,, 1 >0, € > 0,
a.s. Therefore, (39) implies that

't ds tds
— < —, t>0,e€>0, as.
0 /(VE)?+e2 T Jo Vs
Moreover, V? increases in € when € decreases, therefore
1 ds : L
—=2— also increases and has a limit.
Jo VvE)+e?
Since

ase 0,

/' ds S /’ ds 4 /’ ds
Jo J(vEZ+e2 o VZxer Jo Vs
we get from the double inequality

tds

! ds /’ ds /
< < —,
/O V Vv2+£2 o V (VSE)2+82 o VS’

that

a.s.,as €0,

/’ ds H/t ds
o JVEE+e2 o Vi’
whence

V; W, —V;, as.,aselO0,

E=Vo+ / f_cds +
Jo \/(VE)?2+ €2

fort > 0. |

Second, we wish to establish stochastic instability of V¢.
Proposition VL5. Ler ¢ > 0. Then the processes V¢ are
stochastically unstable for any € # 0, i.e.,

lim 1 tP{Vf <N}ds=0
t—+e t Jo

for any constant N > 0.

Remark V1.6. Stochastic instability of V¢ does not follow
from Proposition VI.2 because V& < V. Oppositely, stochastic
instability of V follows from Proposition V1.5. However, hav-
ing explicit formulas for the distributions of X and ¥ = (V)?,
we preferred to give the direct proof to Proposition VI.2.
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Proof. We shall apply Theorem 3.1, item 2. from?’, see The-
orem C.1 in Appendix. So, in terms of Section 3.1 from?’, the
process V¢ is the unique solution of the equation

avf =a(VE)dt+dW,, t>0, V>0,

with the drift a(x) = \/)(;Jriez Applying the I’'Hopital’s rule,
let us check the value of the limit

1 X
lim 7/ a(v)dv= lim |x|a(x) =c¢>0,
x|+ log |x| Jo x—roo

and the proof immediately follows from Theorem C.1 (co =
c>0,2¢c>—1). O

And finally, we establish a bit unexpected statement: if
& # 0 is fixed, then the properly normalised procesess V&
weakly converge to the (non-squared) Bessel process as time
tends to infinity. The definition of weak convergence is given
in Appendix, Definition C.2.

€
Theorem VL.7. Normalised stochastic process Zg(t) = Y’—\/’T
converges weakly, as T — oo, to the Bessel process Y that is

the solution of the equation
t
Y= 3z+2/ YedW;, 1>0. (40)
0

Proof. We shall apply Theorem C.4 from Appendix. In our
case

1 1, X — +o0,

Cvacyav=1 [~ _a
— [ vag(v)dv=—- | —=dv—
x/o e(v) x/o V2 +e? -1, x—=—o,

for any € > 0. Therefore we have that ¢; = 1,¢; = —1 in
Theorem C.4 and

2c1=2>1 and 2c,=-2<1.

. Y5
Then the stochastic process ’—; weakly converges, as T — oo,
to the Bessel process satisfying equation (40). O
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Appendix A: Special functions

In this subsection we provide definitions and selected prop-
erties of special functions, used in the paper. We refer to the
handbooks and? (Chapter 13) or'® (Chapter 47) for more de-
tails.

The confluent hypergeometric function (F; (Kummer’s
function) is defined by the series:

(a); x/
4 (c)j JY

™

1Fi(a,c,x) =

J

where (a), =a(a+1)...(a+n—1), (a)p=1. Whenais a
negative integer, say a = —n, this function becomes a polyno-
mial of order n. Specifically, it is expressed via the generalized

Laguerre polynomial LE,‘;I):

\Fi(—n,c,x) = n! L,(,"l)(x) _ i <n) (7x)j.

(")n j=0 \J (C)j

The following identity is known as Kummer’s transformation:

1Fi(a,c,—x) = e *|Fi(c—a,c,x).

Therefore, combining two above formulas, we derive that for
neN,

- R B v (n X/
e 1R (ctn,cx) =1F(-nc,—x)=Y | ) .
j=o0 \J (c)j

In particular,

Rt Lex) =147,
c
2

2x X
I 2,c,x) =14+ — s
eFi(et2,0%) + c +c(c+l)’
3x 3x2 X
U Fi(e+3,e,0) = 1+ .
ehiled3 o) =1+t S T e e D)

(A1)

Appendix B: A limit theorem for equations with
nonhomogeneous coefficients and non-Lipschitz diffusion

Here we present a limit theorem from??. Consider the fol-
lowing sequence of stochastic differential equations:

X, (1) = X, (0) + '/0' by (5, X, (5))ds + /0' G (5. X, (5)) dW (s),

n > 0, where the initial conditions X,,(0) are nonrandom. As-
sume that the coefficients of these equations satisfy the fol-
lowing conditions:

(Y1,) b, and o, are continuous with respect to all arguments;
(Y2,) linear growth:

|0 (8,2)| + [ba(t, )| S L1+ 1), 120, x€R;
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(Y3,) Lipschitz condition for b,,:
ba(t,%) = ba(t,y)| <Llx—y|, 120, xy€R;

(Y4,) there exists an increasing function p,: R™ — R™ such
that fy, p2(u)du = and

lou(t,x) = ou(t,9)] < pu(lx—y]), =0, xyeR.
Additionally, assume that as n — oo, the following conver-
gences hold:

X(0) = Xo(0),  bu(t,x) = bo(t,x), Ou(t,x) — 0o(t,x)
B
fort > 0and x € R.

Theorem B.1 (3 (Theorem 4.1)). If conditions (Y1,)-(Y4,)
and (B1) hold, then

E[X,(t) —Xo(t)]] = 0, n— oo,

uniformly in any finite interval.

Appendix C: Functional and other limit theorems for the
solutions of stochastic differential equations

Let us consider an equation of the form
d& = a(&)dt+dW,, >0, & =x, (CH

with real measurable drift coefficient satisfying additional as-
sumption: |xa(x)| < M for a certain constant M and for all
x € R. We use the following notation:

X
1
y(x,c) = mo/u(v)dvfc.

Theorem C.1 (¥’ (Theorem 3.1, item 2.)). Let & be a solution
to equation (C1) and let

lim y(x,co) =0.

[x|—+oo
Then for 2co > —1 the solution & is stochastically unstable.

For investigating the behavior when 7T — +-oo of the distri-
bution of the normalized random process &r(f) = % >0,
where T is parameter, we study the weak convergence to some
limit process ¢ in the following sense.

Definition C.2. A family & = {&r(r),t > 0} of stochastic
processes is said to converge weakly, as T — oo, to a process
§={&(r),t >0} if, for any L > 0, the measures ur[0,L], gen-
erated by the processes &r(-) on the interval [0,L] converge
weakly to the measure 1L]0,L] generated by the process §(-).

Remark C.3. Since the processes &7 are continuous with prob-
ability 1 as the solutions to Itd’s stochastic differential equa-
tions, Definition C.2 is a definition of the weak convergence
of the processes &r to the continuous process ¢ in a uniform
topology of the space of continuous functions.

14

Theorem C.4 (*’ (Theorem 3.3(2))). Let & be a solution to
equation (C1), and let there exist the constants ¢\ and ¢ such
that

c1, x>0,

lim l/xva(V)dV*?(X) =0, ¢(x)= { 2 x<0.

[x[=teo | X
0

. 1

If2ci > 1 and 2¢; < 1, then the stochastic process || T2

converges weakly, as T — oo, to the process Y, which is the
solution of It6’s stochastic differential equation

t
1/,2:(2c+1)z+2/ndm
0

forc=cy.
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