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ON THE TRANSITION DENSITIES
FOR REFLECTED DIFFUSIONS

VADIM LINETSKY,* Northwestern University

Abstract

Diffusion models in economics, finance, queueing, mathematical biology, and electrical
engineering often involve reflecting barriers. In this paper, we study the analytical
representation of transition densities for reflected one-dimensional diffusions in terms of
their associated Sturm-Liouville spectral expansions. In particular, we provide explicit
analytical expressions for transition densities of Brownian motion with drift, the Ornstein—
Uhlenbeck process, and affine (square-root) diffusion with one or two reflecting barriers.
The results are easily implementable on a personal computer and should prove useful in
applications.
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1. Introduction

Diffusions with one or two reflecting barriers appear in many applications in economics,
finance, queueing, mathematical biology, and electrical engineering. Among economics and
finance applications, we mention the currency exchange rate target-zone models pioneered by
Krugman (1991) (see also Svensson (1991), Bertolla and Caballero (1992), de Jong (1994), and
Ball and Roma (1998)), in which the currency exchange rate is allowed to float within a target
zone with two barriers enforced by the monetary authority; asset pricing models with price
caps and/or price supports (e.g. price supports for agricultural commodities (see Hanson et al.
(1999)); interest rate models with targeting by the monetary authority (e.g. Farnsworth and Bass
(2003)); interest rate models with reflection at zero interest rate (e.g. Goldstein and Keirstead
(1997) and Gorovoi and Linetsky (2004)); and stochastic volatility models (e.g. Schobel and
Zhu (1999)). References to further applications in economics can be found in Veestraeten
(2004).

In queueing theory, diffusions with reflecting barriers arise as heavy-traffic approximations
of queueing systems. Reflected Brownian motion has long played a key role in queueing models
(Harrison (1985), Abate and Whitt (1987a), (1987b)). More recently, reflected Ornstein—
Uhlenbeck (OU) and reflected affine processes have been studied as approximations of queueing
systems with reneging or balking (Ward and Glynn (2003a), (2003b)) and multiserver loss
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models (Srikant and Whitt (1996)). Applications of reflected Ornstein—Uhlenbeck processes in
mathematical biology were discussed in Ricciardi and Sacerdote (1987).

Explicit knowledge of the transition density of a process is important for the study of its
transient properties and for statistical estimation of the process parameters from empirical
data. The present paper studies the analytical representation of transition densities for reflected
one-dimensional diffusions in terms of their associated Sturm—Liouville spectral expansions.

Applications of spectral theory to diffusions go back to McKean (1956) (see also Itd and
McKean (1974, Section 4.11) and Wong (1964)). Based on the work of Feller on one-
dimensional diffusions, McKean constructed a spectral representation for a general one-dimen-
sional diffusion. At around the same time, Karlin and McGregor (1957) constructed spectral
representations for birth-and-death processes. The spectral expansion provides an analytical
representation of the transition density. Roughly speaking, the spectral expansion may be
interpreted as a large-time expansion in which the first term, corresponding to the zero principal
eigenvalue, gives the steady-state density (if it exists), while the terms corresponding to the
higher eigenvalues provide finite-time corrections to the steady-state density. Thus, we are
able to study how the process converges to the steady state. Moreover, the explicit analytical
knowledge of the transition density facilitates the maximum likelihood estimation of the process
parameters from empirical data. A range of recent applications of spectral expansions to
diffusion models in finance can be found in Lewis (1998), Davydov and Linetsky (2003),
Gorovoi and Linetsky (2004), Linetsky (2004a), (2004b), (2004c), (2004d), (2004e), and
references therein.

The paper is organized as follows. In Section 2, we give spectral representation results for
one-dimensional diffusions with general drift and diffusion parameters and reflection at the
origin. In Section 3, we give the large-n asymptotics for eigenvalues and eigenfunctions for
diffusions on a finite interval, reflected at both ends. In Section 4, we illustrate our results
with examples of Brownian motion with drift on a finite interval, reflected at both ends, and on
[0, 00), reflected at the origin. In Section 5, we provide an analytical treatment of the Ornstein—
Uhlenbeck process on the finite interval, reflected at both ends, and on [0, 00), reflected at the
origin. In Section 6, we provide an analytical treatment of affine (square-root) diffusions on the
finite interval, reflected at both ends, and on [0, 00), reflected at the origin. These results should
be particularly useful for economics, finance, queueing, and mathematical biology, as OU and
affine diffusions are widely used in these areas. In Section 7, we illustrate our results with
numerical examples of reflected OU and affine diffusions computed in MATHEMATICA®,
and show that spectral expansions provide a powerful computational tool to study the transient
behaviour of reflected diffusions. The Bessel processes with drift that appeared in queueing
applications in Coffman et al. (1998) are treated in a companion paper Linetsky (2004e).

2. Spectral representation of reflected diffusions

Consider a one-dimensional regular, time-homogeneous diffusion {X,, ¢ > 0} with state
space I =[0,r]or I = [0, r), r < 0o, and infinitesimal generator

(G.N) @) = 3a° @) ") +b) f'x), x € ©0.1),
acting on functions on / subject to appropriate regularity and boundary conditions.

Assumption 1. We assume that the diffusion coefficient a(x) is continuous and strictly positive
on [0, r) and that the drift coefficient b(x) is continuous on [0, r).
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The infinitesimal generator can be rewritten as

1 <f/(X)

m(x) \ s(x)

(G x) = ) , x € (0,r),

where s(x) and m(x) are the scale and speed densities (see Borodin and Salminen (1996) or
Karlin and Taylor (1981) for details):

- * 2b(y) 2
5(x)_exp<_/ 2(y) dy)’ ") = s

The densities s(x) and m(x) are defined up to a scaling constant, i.e. s(x) — cs(x) and
m(x) — c’lm(x).

Assumption 2. We assume that the origin is a regular instantaneously reflecting boundary
included in the state space and that ( f)(0) := lim, 0($ f)(x). The right-hand boundary
r < 00 is either regular instantaneously reflecting, in which case it is included in the state
space I =10, 7] and (4 f)(r) := limy4,(G f)(x), entrance, or nonattracting natural with

/r m(x)dx < oo.
0

If r is entrance or natural, it is not included in the state space I = [0, r).

Under these assumptions, X has a stationary distribution with density
r
7(x) = c 'mx), ¢ = / m(x) dx. (D
0

We can choose the scaling constant in the definition of s(x) and m(x) so that for mx)dx =1
but, for future convenience, we will not do so.

Let Cy (1) be the Banach space of real-valued, bounded continuous functions on /. Then,
the conditional expectation operators

(P H(x) :=Ex[f(X1)] =/If(y)p(t;x,y) dy

(where E,[-] = E[- | Xo = x]) form a Feller semigroup {#;, t > 0} in Cy,(/). Here, p(¢; x, y)
is the transition density with respect to the Lebesgue measure. The domain of the infinitesimal
generator § of {#,t > 0} in Cyp(1) is

D(4) :={f € Cv(I): §f € Cp(I), boundary conditions at 0 and r}.

The boundary condition at 0 is

f'(0) =0. 2
If r is regular instantaneously reflecting or entrance, then the boundary condition can be written
in the form ,
lim L% — ¢ 3)
xtr 5 (x )

If r is natural, then no boundary condition is needed there.

https://doi.org/10.1239/aap/1118858633 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1118858633

438 V. LINETSKY

Let L?(I, m) be the Hilbert space of real-valued functions on I square integrable on I with
weight m and with inner product

(f. &) = /If(x)g(x)m(x)dx.

The Feller semigroup {5, t > 0} restricted to Cp(1) N L?(I, m) extends uniquely to a self-
adjoint contraction semigroup on L?(I, m) with the infinitesimal generator §, an unbounded
self-adjoint, nonpositive operator in L2 (I, m) (McKean (1956); see also Ité and McKean (1974,
Section 4.11) and Langer and Schenk (1990)). The spectral decomposition of § in L2(I, m)
yields the spectral decomposition of the semigroup J and the spectral representation of the
transition density p(z; x, y):

pt;x,y) = m(X)/ e My (x, DY (y, 2) dp(), 1> 0. “)
[0,00)
In the spectral expansion (4), ¥ (x, A) is the unique solution of the Sturm-Liouville (SL)
equation
—(Gu)(x) = Au(x) )
with the initial conditions
u(0) =1, u'(0) =0, (6)
and p (A) is the (nondecreasing, right-continuous) spectral function of the SL operator A = —§

(i.e. the negative of the infinitesimal generator §). The integral in (4) converges uniformly in x
and y on compact squares in / x I (McKean (1956)).

The problem is thus reduced to determining the spectral function p(X) and the solution
¥ (x, A) of the initial value problem. When r is not a natural boundary, the spectrum of § is
purely discrete (McKean (1956, Theorem 3.1)). When r is a natural boundary, the situation
is more complicated and there may be a nonempty continuous region in the spectrum. The
foregoing discussion of natural boundaries follows Linetsky (2004d). Natural boundaries can
be classified into two further subcategories, based on the oscillation of solutions of the associated
SL equation (5). For a given real X, (5) is said to be oscillatory at an endpoint e if and only if
every solution has infinitely many zeros clustered at e. Otherwise, it is said to be nonoscillatory
at e. These subcategories are mutually exclusive for a fixed real A, but the classification can
vary with A. Generally, if an endpoint is a regular, exit, or entrance boundary for the diffusion
process, then the associated SL equation is nonoscillatory for all real A at that endpoint. In our
case, 0 is regular reflecting and, hence, the SL equation is nonoscillatory at O for all A. If r is
regular reflecting or entrance, then the SL equation is nonoscillatory at r for all A. If r is natural,
there are two alternatives: either (i) (5) is nonoscillatory at r for all real A (correspondingly, r
is called nonoscillatory) or (ii) there exists a real number A > 0 such that (5) is oscillatory at r
for all A > A and nonoscillatory at r for all A < A (correspondingly, r is called oscillatory
with cutoff A). Equation (5) can be either oscillatory or nonoscillatory at » for A = A > 0. It
is always nonoscillatory for A = 0.

Based on this classification of boundaries, the spectrum of the SL operator 4 associated
with the diffusion process X on [0, r), with reflecting boundary at 0 and natural boundary at r,
is classified as follows: (i) if r is nonoscillatory then the spectrum is simple, nonnegative, and
purely discrete, while (ii) if r is oscillatory, with cutoff A > 0, then the spectrum is simple
and nonnegative, the essential spectrum is nonempty, o,(A) C [A, 00), and A is the lowest

https://doi.org/10.1239/aap/1118858633 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1118858633

On the transition densities for reflected diffusions 439

point of the essential spectrum. (A real value A € R is said to be in the essential spectrum of
a self-adjoint differential operator if and only if one or both of the following hold: (a) A is in
the continuous spectrum; (b) A is a limit point of the point spectrum.) Furthermore, if the SL
equation is nonoscillatory at » for A = A > 0, then there is a finite set of simple eigenvalues
in [0, A] (under Assumption 2, the set contains at least the principal eigenvalue A9 = 0). If
the SL equation is oscillatory at r for A = A > 0, then there is an infinite sequence of simple
eigenvalues in [0, A), with the limit point A.

Thus, nonoscillatory natural boundaries are similar to regular, exit, and entrance boundaries
in that they do not generate any continuous spectrum. Suppose that Assumptions 1 and 2 are
satisfied and that r is either a regular instantaneously reflecting, entrance, or nonoscillatory
nonattracting natural boundary. Let Ag = 0 < A1 < A2 < --- be the eigenvalues of the
SL operator 4. (Note that the principal eigenvalue is 19 = 0 since constants satisfy the SL
equation (5) with A = 0 and the boundary conditions at 0 and r.) Then the spectral function
can be written in the form

]

1
p) =) ———— 15, <, @)
,Z; Iy G, a2 =
where 1p,, <) = 1if A, < Aand 1j;,<3) = 0if A, > A, and || - || is the L2(I, m) norm. It

jumps by || (-, A,)|| =2 at an eigenvalue A = A,. The spectral representation (4) thus reduces
to the eigenfunction expansion

Pt x, ) =7 +m®) Y e o )ea(y), >0, ®)

n=1

where the sum converges uniformly in x and y on compact squares in / x I. Here, ¢, are the
normalized eigenfunctions given by (up to an overall sign) ¢, (x) = ¥ (x, L)/, An)]l-
The first term in the expansion, corresponding to the principal eigenvalue A9 = 0, is the
stationary density (1) (note that ¥/ (x, 0) = 1).

Thus, the problem is reduced to determining the eigenvalues A, and eigenfunctions ¢,,.

Proposition 1. ForA € Candx € I, let ¢ (x, 1) be the unique (up to a factor independent of x)
nontrivial solution of the SL equation (5) square integrable with weight m near r, satisfying the
boundary condition (3) at r, and such that ¢ (x, L) and ¢’ (x, ) = 3¢ (x, A)/dx are continuous
inx and ) in I x C and entire in A for each fixed x € 1. Then the eigenvalues {},,n =0, 1, ...}
can be identified with simple nonnegative zeros of ¢'(0, 1), i.e. roots of the equation

¢'(0,4) =0,

and the normalized eigenfunctions can be written in the form

|, [s(0) L [s0)A,
on(x) =% m(ﬁ(x,)»n)—:l: o Y(x, An), 9

d¢'(0. 1)
T da

where

Ay =00, 0), by (10)

A=An
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Proof. The solution ¢ (x, 1) with the required properties exists by Lemma 1 in Linetsky
(2004d). For » € C and x € I, let ¥ (x, A) be the unique solution of the SL equation (5) with
the initial conditions (6). Both ¥ (x, A) and v/ (x, A) are continuous in x and A in I x C and
entire in A for each fixed x € I. Since ¥ (x, A) and ¢ (x, A) are solutions of the SL equation, and
¥ (x, M) satisfies the initial conditions (6), the Wronskian of ¥ (x, 1) and ¢ (x, A) is independent
of x and is entire in A:

@' (x, 1) V' (x, 1)

50 ¢(x,k)—5(x) =: w(A).

Setting x = 0 and using the initial condition (6), we have for the Wronskian

90,1
50

V(x, A)

w(2) (1D

The eigenfunction ¢, satisfies the boundary condition (2) at 0; hence, it must be equal
to ¥ (x, A,) up to a nonzero constant multiple. However, ¢, (x) also satisfies the boundary
condition at » and, hence, it must also be equal to ¢ (x, A,;) up to a nonzero constant multiple.
Thus, for A = Ay, ¥ (x, A,) and ¢ (x, A,) are linearly dependent, ¢ (x, A,) = A, ¥ (x, A,), and,
hence, their Wronskian must vanish for A = A,,. Setting x = 0 and using the initial condition
at 0, we find that A, = ¢(0, A,,). Thus, from (11), the eigenvalues can be identified with the
zeros of ¢'(0, o). Conversely, let A, be a zero of ¢'(0, 1). Then v (x, A,) and ¢(x, A, are
linearly dependent and, hence, v (x, A,) is a solution of the SL equation that is square integrable
with weight m on I and satisfies the required boundary conditions at O and r, i.e. ¥ (x, Ay) is
a (nonnormalized) eigenfunction corresponding to the eigenvalue 1. Finally, up to an overall
sign, the normalized eigenfunctions can be written in the form

W(xa)”n) ::b (p(xs)"n)
¥ G Al G, 2l
where the norms can be calculated analytically (see Lemma 2 in Linetsky (2004d), with

w'(Ay) = (dw(r)/dA)|r=s,), giving

w/()\n) _ O
Ay s(0)A, ’

¢n(x) = £

Apdp
5(0)

1 ¢ An)lI* = I, 2> = w' (M)A, =

where §,, and A,, are as defined in (10).

Thus, when r is nonoscillatory, the problem is reduced to determining the zeros A, of
¢’ (0, A). We now study the case in which r is an oscillatory natural boundary with cutoff A > 0.
Sufficient conditions for the oscillatory/nonoscillatory classification of natural boundaries can
be formulated directly in terms of the behaviour of @ (x) and b(x) near the boundary » (Linetsky
(2004d)). We first transform the SL equation (5) to the Liouville normal form. The following
smoothness assumptions are sufficient to be able to perform the Liouville transformation.

Assumption 3. The functions a’(x), a” (x), and b’ (x) exist and are continuous on [0, r).

We transform the independent and dependent variables as follows, where x = x(y) is the
inverse of the Liouville transformation y = y(x):

* dz 214 (x(y))
= =ﬁ/ - = ) 12
y=y&) b a0 "V Zaeonsaon (12)
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The function v(y) then satisfies the SL equation in the Liouville normal form (in which the
coefficient in front of the second derivative is constant and equal to negative one and the first-
derivative term is absent; the SL equation in the Liouville normal form has the form of the
one-dimensional Schrédinger equation):

—v" 4+ Q(y)v = v, y € (0, R), R :=y(r). (13)

Here, the potential function Q(y) is given by

0@y =Vx(y), (14)
where 2 )
=Ly P L bedw
V(x) = 8(a () — a(X)a )+ ——= 220x ) b( ) i)

and is continuous on [0, 7).

The oscillatory/nonoscillatory classification remains invariant under the Liouville transfor-
mation, i.e. (5) is nonoscillatory at r for a particular A if and only if (5) is nonoscillatory at R
for that A. The oscillatory/nonoscillatory classification of (5) depends on the behaviour of the
potential function Q near R. To formulate the classification result, we make the following
additional assumption.

Assumption 4. Let r be a natural boundary. We assume that the limit lim,y, 'V (x) exists (it is
allowed to be infinite).

Under this assumption, we have the following two alternatives. (i) Suppose that r is trans-
formed into a finite endpoint by the Liouville transformation, i.e. R < oo; then r is nonoscil-
latory. (ii) Suppose that r is transformed into R = oo by the Liouville transformation. If

lim V(x) =
xtr

then 7 is nonoscillatory. If, for some finite A,

11?1 V(x) = A, (15)

then r is oscillatory with cutoff A. Since the SL operator 4 is nonnegative, it follows that A > 0.
If A =0, r is always nonoscillatory for A = A = 0. To determine whether r is oscillatory or
nonoscillatory for A = A > 0, we have the following criterion. If

lim y2(Q(y) — A) > —1, (16)
YR
then r is nonoscillatory for A = A > 0, while if

)
ilTHIley (Q(y) —A) <—3

then r is oscillatory for A = A > 0.

When r is an oscillatory natural boundary with cutoff A > 0, there is some nonempty
essential spectrum above A. In general, the essential spectrum may have a complicated
structure. In particular, if the potential function oscillates towards an infinite boundary, it may
consist of an infinite sequence of disjoint intervals separated by gaps. Furthermore, eigenvalues
may be present in the gaps or embedded in the continuous spectrum. The following assumption
simplifies the structure of the essential spectrum.
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Assumption 5. If r is an oscillatory natural boundary with cutoff A, we assume that the
function V(x) has bounded variation on [0, r).

With this assumption, the essential spectrum of A is o.(A) = [A, 00). Moreover, the
spectrum above A is purely absolutely continuous (see Linetsky (2004d)), and the spectral
function p(A) can be written in the form

Py =3 —— 1y ) o) Tazy (17)
TZOEN]E

n>0

Here, p,c()) is the absolutely continuous part and {1, } are the eigenvalues in [0, A]. If 7 is
nonoscillatory for A = A then this set is finite and contains at least the principal eigenvalue
Ao = 0. If r is oscillatory for A = A then the set is infinite; there is an infinite sequence of
eigenvalues starting with Ay = 0 and increasing towards A — the limit point of this sequence.
In both cases, the spectral expansion for the density reduces to

plt:x.y) =7 () +m) Y e 6 (X)en(x) + m(y) fA MY (e MY (. 1) dpac ().
n>1

(18)

Remark 1. The spectral function (17) can be obtained as follows. Pick some ¢ € (0, r) and
consider a diffusion process X ®) reflected at &. The right-hand endpoint ¢ is regular reflecting
and the spectral function 0@ (1) has the form (7). Then take the limit as ¢ — r. The limit
limgy, ,0(3) (A) = p(X) produces the spectral function of the original problem on [0, r) with
natural boundary . This is the standard approach of approximating a singular SL problem with
a regular problem by placing a regular boundary just before the singular boundary (Levinson
(1951), Levitan (1950), McKean (1956), Levitan and Sargsjan (1975)). The regularized problem
has a purely discrete spectrum. The singular problem is recovered in the limit of taking the
regular boundary towards the singular one. Roughly speaking, the discrete spectrum above A
of the regular problem on [0, €] merges into the continuous spectrum of the singular problem
on [0, r) in the limit as € 1 r. (As ¢ increases towards r, the eigenvalues are distributed more
and more densely and, in the limit, merge to form the continuous spectrum.)

Remark 2. Equations (8) and (18) give the spectral representation of the transition density. Itis
straightforward to show that the cumulative distribution function has the spectral representation

ot ‘Pn(x)‘p;, 62)

Pi(X, <y) =P "(Xoo<y)— ) e Ans(y)

n=1

, t>0,xel, 19)

when r is nonoscillatory, and

St P (D, () /“ et VDY, 1)

Pi(X: =y) =P (X Sy)_ze Ans(y) A As(y)

n>1

dpac(A),

when r is oscillatory with cutoff A > 0. Here, P" (X < y) = foy m(x)dx.

Remark 3. In this section we have made a number of assumptions on the drift and diffusion
coefficients of the process and its boundary behaviour (Assumptions 1-5). Here we comment
on each of the assumptions in turn. Continuity of a(x) and b(x) (Assumption 1) is not necessary
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in order to develop the general form of the spectral representation for transition density. In fact,
McKean’s (1956) spectral representation is valid in the general case of diffusion defined by
scale and speed measures that are not required to be absolutely continuous with respect to the
Lebesgue measure (e.g. Borodin and Salminen (1996, pp. 16—17)). Moreover, the spectral
representation generalizes to gap diffusions (e.g. Langer and Schenk (1990)). We made the
simplifying assumption of continuous coefficients in order to be able to apply standard results
from Sturm-Liouville theory that require continuity of coefficients.

Furthermore, we restricted ourselves to processes with the right-hand boundary r being
reflecting, entrance, or nonattracting natural (Assumption 2). Under this assumption, the
process has a stationary density. This is a case often encountered in applications of reflected
diffusions. However, all results in this paper can be directly modified to extend to the cases in
which r is either killing (e.g. an OU process reflected at O and killed at » < oo; see Linetsky
(2004a) for details on the killed OU process) or attracting natural (e.g. Brownian motion on
[0, 00), reflected at 0, with positive drift). In the former case, the boundary condition (3) at r
changes to f () = 0 (in the latter case, no boundary condition at r is necessary). In these cases,
the process does not have a stationary distribution and zero is no longer the principal eigenvalue
(the lower bound of the spectrum is strictly positive). See Linetsky (2004d) for more details.

Assumption 3, of further continuity of a(x) and b(x), is only needed in order to be able to
perform the Liouville transformation to the Schrodinger form (13), and Assumptions 4 and 5,
of the existence of the limit and the bounded variation of V(x), are only needed in order to
formulate a simple and explicit classification of the spectrum. These assumptions are satisfied
in most applications (e.g. OU and affine processes). However, in general, these assumptions
are not required in order to be able to construct the spectral representation. In fact, an example
of a process with constant diffusion coefficient, drift m(x) = —pup for 0 < x < px and
m(x) = —pu(x + B) for x < 0, discontinuous first derivative, and a reflecting boundary
condition at pk appears in Whitt (2004, Theorem 2.1) and Whitt (2005, Theorem 2.1) in
queueing applications (u and 8 are constant parameters). In this case, we cannot reduce the
Sturm-Liouville equation to the Schrodinger form (13) with continuous potential, but we can
still either work with the original SL equation (5) directly, or with the Schrédinger equation
with discontinuous potential, to construct the corresponding spectral expansion.

3. Large-n eigenvalue and eigenfunction asymptotics
for diffusions reflected at both boundaries

Consider a diffusion on [0, r] with both 0 and r regular instantaneously reflecting boundaries
and suppose that Assumptions 1 and 2 hold on [0, r]. Large-n eigenvalue and eigenfunction
asymptotics for regular SL operators are available in the Sturm—Liouville literature. The
following results follow from the results in Fulton and Pruess (1994).

Consider the SL equation (5) with the boundary conditions u’(0) = 0 and u/(r) = 0. The
Liouville transformation (12) transforms (5) to the Liouville normal form (13). The boundary
conditions are transformed into the boundary conditions

v'(0) — y1v(0) =0, v'(R) — y2v(R) =0, (20)

where the coefficients y; and y», are given by

1 (@ B a’(x)

y(x) = ﬁ a() > ) y1:=y(0), 2=y ().
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Let Q(y) be the potential function (14) (in this section we assume that Q’(y) exists on [0, R]).
We introduce the notation

R R
C = /0 o dy,  Cri= /0 0%(»)dy.
y(x)
A(x) := [ 0(z)dz, x €[0,r],
0

where

y(x) = 21/2/ a(z)"'dz.
0

We have the following large-n asymptotics for the eigenvalues and normalized eigenfunctions:

n’m?

1
dop = tag+ =2 +0(— ). 1)
R2 n2m2 n4

1
ap = E(Zyl — 2y + Cy),

ay = R(C2+ Q'(R) — Q'(0)) + R(1Q(0) — 2Q(R)) — 3R} — v3)
— (i —rn+ic)%

_ 1/4 a(x)s(x)
op(x) = £2 VTR

R 1
X {cos(nﬂﬁ(x» + E(%A(x) +y1 — 3a0y(x)) Sin<nn2(x))} + 0(—2>.

n

(22)

These estimates are useful in applications. The large-n asymptotics of the eigenvalues
facilitate the numerical work of finding accurate eigenvalues as zeros of the Wronskian w(}).
We can use the estimates as a starting point of some numerical search procedure to find the
accurate values of A,,. Often, even for moderate values of n, the estimates approximate the exact
eigenvalues and eigenfunctions sufficiently closely. Here we have given the large-n eigenvalue
estimates with an error of the order 1/n*. Additional terms in the 1/n expansions can be
obtained by following the procedure in Fulton and Pruess (1994).

4. Reflected Brownian motion with drift

4.1. Brownian motion with drift on [0, r], reflected at 0 and r

Consider Brownian motion with constant drift 4 € R on [0, r], reflected at both O and r.
The scale, speed, and stationary densities are

2/162“)6

_ a—2ux _ 2ux —
s(x) =e 1, m(x) = 2e™, TX) =1

respectively. The associated SL equation has constant coefficients:

Ju” + '+ au = 0. (23)
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For A € C and x € [0, r], the solutions ¢(x, ) and ¥ (x, A), with the initial conditions
¢(r,2) =1and ¢'(r, 1) =0, and ¥ (0, 1) = 1 and /' (0, 1) = 0, and their Wronskian are

Bx, 1) = e“<’x){cosh(v(k)(r —x)— % sinh(v(A) (r — x))},

Yx, ) = e {cosh(u(,\)x) + sinh(v(x)x)},
v(A)

w(r) = eM” 2 sinh(v(A)r), where V(L) = /2 — 2A.
v(d)

The Wronskian zeros/eigenvalues are
2
7
)L() = O, )\,n = 7 + —
Substituting A, into ¢ (x, 1) gives ¢ (x, Ag) = 1,

O(x, Ap) = (—1)"e“(’x){cos(ﬂ> + £ sin<ﬂ>}, n=12,...,
r mn r

and
Ag =1, A, =¢0,20,)=(D" ", n=1,2,....

The Wronskian derivative evaluated at A,, is

2.2
O = w/()“n) = (_1)neurr(l + M2r2>'
TN
The normalized eigenfunctions (9) can be written in the form

. e HX xmn pro . (xmn
enlx) = i\/r(l + (u2r2/m2n?)) {COS< r ) * n s1n< r )} 9

Substituting this result into (8) and (19), we obtain the density and the cumulative distribution
function as follows:

2puehx 2 2
tx,y) = Z e y=x)—ut/2
p(t;x,y) 2 15

Xi ef(rr2n2/2r2)t HCOS XTH © sin XTH
,udz~|—7'r2nz/r2 r r H r

n=1
X {H Cos<yjt_n) + MSIH(E)} (25)
r r r

and
ey 1 2 ,
Py(X; <y) = m + ;eM(Y—x)—u t)2
3 e_(ﬂ2n2/2r2)t n XxXmn . (Xx7mTn . (ynn
* ,; ,u2+n—2nz/r2{7005<7> + MSIH( . )} sm(T>. (26)
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For = 0, (25) and (26) reduce to the familiar expressions for driftless Brownian motion on
[0, ], reflected at O and r (e.g. Borodin and Salminen (1996)).

The Liouville transformation (12), i.e. y = 2!/2x and v(y) = 21/4 exp(2_1/2/Ly)u(2_1/2y),
reduces (23) to the Schrodinger equation (with constant potential)
'+ -Qu=0, Q=34 xe(OR), R=V2 27)

subject to the boundary conditions
v'(0) — yv(0) =0, v'(R) — yu(R) =0, y = u/V2.

In this case, the estimate (21) for the eigenvalues is exact with a, = 0, n > 2. We can verify the
large-n estimate (22) for the normalized eigenfunctions by expanding (24) in powers of n~!.

Remark 4. The density (25) of Brownian motion with drift between two reflecting barriers
has apparently remained unpublished until recently, while the driftless version of this formula
is classic. The density (25) appeared recently in the currency exchange rate target-zone model
in a preliminary version of Svensson (1991) (corrected in de Jong (1994)). Using Poisson’s
summation formula, it can alternatively be expressed as a series of terms involving Gaussian
densities and cumulative distribution functions (Veestraeten (2004)).

4.2. Brownian motion with drift on [0, 00), reflected at 0

Now suppose that © < 0. Infinity is a nonattracting natural boundary and fooo m(x)dx =

1/|u|. The stationary density is exponential:
7 (x) = 2|ule 2Hx,

The Liouville transformation reduces the SL equation to the Schrédinger equation (27) with
constant potential Q = % ;1,2, x € (0, 00), and the boundary condition v'(0) — yv(0) = 0,
¥ = u/2'/2. From (15), infinity is an oscillatory natural boundary with cutoff A = % w?, while,
from (16), the SL equation is nonoscillatory for . = A. The SL operator has an absolutely
continuous spectrum in [%/,Lz, 00) plus a single eigenvalue 1o = O in [0, %uz]. We shall obtain
the spectral representation of Brownian motion on [0, 00), reflected at 0, by explicitly taking
the limit as » 1 oo in (25). Introduce As := w/r and s, :=nAs,n = 1,2, ..., and write (25)
as follows:

2#62’” 2 N
p(r)(t; X,y) = ezl“——l + ;eu(y xX)—pt/2
O o= (57 /21

X {5, cos(spx) + e sin(s,x)Hs, cos(s,y) + usin(s,y)}As.

2 2
)
n=1 " Tu

(28)

Taking the limit as » 1 oo is equivalent to taking the limit as As | 0. The series in (28) has the
form of a Riemannian sum and, in the limit, we obtain the following integral:

pt;x,y) = 2|M|e—2luly + zeu()’—X)—uzt/Z
b4

) e—(szt/2)
X / T2 e {s cos(sx) + wsin(sx)}{s cos(sy) + wsin(sy)}ds.
0
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For the cumulative distribution function, we similarly obtain

Pi(X; <y)=1- e 2luly | Eeu(y—x)—uzz/z
- T

00 .—s5%t)2
X / ——{s cos(sx) + psin(sx)} sin(sy) ds. 29)
o st+u?

The integral in (29) can be expressed in terms of the standard normal cumulative distribution
function & (x):

2 (it 2 00 efszl/Z ‘ '
—et # 5 5 {5 cos(sx) + wsin(sx)} sin(sy) ds
T 0o S°tu

=XV D((x + y + ut) /1) — D((x — y + put) V7). (30)

(The proof of this integral identity is available from the author upon request.) Substituting (30)
into (29) yields the following well-known result for Brownian motion reflected at the origin
(e.g. Harrison (1985, p. 49) and Abate and Whitt (1987a), (1987b)):

P (X, <y) = D((y — x — ut) /1) — 2D ((—y — x — ut) /7).

5. Reflected Ornstein—Uhlenbeck process
5.1. OU process on [0, ], reflected at 0 and r

Consider an Ornstein—Uhlenbeck process with infinitesimal diffusion and drift parameters
a(x) = o and b(x) = k(6 — x) on [0, r], reflected at 0 and r. Here 6 € (0, r) is the long-run
level, k > 0 is the rate of mean reversion towards the long-run level, and o > 0 is the constant
diffusion parameter (volatility). The scale and speed densities are

_ k(0=x)*/c? _ 2 k-0?/0?
s(x)=¢ , m(x) = 026 .

The stationary density (1) is

() = Vi $@) ’ 31)
D(B) — P(a)
where 7z € [«, B] is a standardized variable with
z:= m(x —0), o= —me, B = \/ﬂ(r —0), (32)
o o o

and ¢(x) and ®(x) are the standard normal density and cumulative distribution function,
respectively.
The associated SL equation is
L S L (33)
-0 —= — - = VU.
27 w2 T T g T
We introduce the standardized variable z := (2x)1/2(x — ) /o and look for solutions of the
formu(x) = exp(;l‘zz) w(z). Substituting this functional form into (33), we arrive at the Weber—
Hermite equation for w (Erdelyi (1953, p. 116) and Buchholz (1969, p. 39)):

d2 1 1 A
d_;;_i_ <§+v— ZZ2>U) =0, wherev:= -
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For any A € C, the pair of hnearly 1ndependent solutions are provided by the Weber—Hermite
parabolic cylinder functions EQ M (z) and E ({1 )(z) (Buchholz (1969, pp. 40—43)). These functions
are related by (Buchholz (1969, p. 40))

EO @) =v2e M (=t b 1), EM@) =20 R vy 3 42)

to the Kummer confluent hypergeometric function | F| (a; b; x), which is defined for all z € C,
a € C,and b € C\{0, —1, =2, ...} by the series

1 Fi(as by x) = Z EZi i - (34)

where (a)o = 1, (@), := a(a+ 1) ---(a + n — 1) are the Pochhammer symbols. (The
Kummer confluent hypergeometric function | F(a; b; x) is available as a built-in function in
both the MATHEMATICA and MAPLE® software packages (Hypergeometric1F1[a, b, z] in
MATHEMATICA). To efficiently compute the function, depending on the values of a, b, and
z, these software packages use several integral representations and asymptotic expansions in
addition to the series (34) (see Slater (1960) and Buchholz (1969)).)

The Weber—Hermite parabolic cylinder functions have the differential properties

d d
S EP@ =2 e ED . e ED @) =22 ED ) (39)
and have a Wronskian independent of z (Buchholz (1969, p. 43)):

E<°><z> {E“)(z)} E“’(z) {E“”(z)} =220EDDED ) +2EQ ) ED ()
=201)/2, (36)
‘We furthermore introduce the function
T x,y) :=vEPOED 0) +2EQ 0 E?, (v). (37)

From (36), Y (v; x, x) = 2"/2+2,
Using (35)-(37), we obtain solutions ¢ (x, A) and v (x, 1), with the initial conditions

¢(r, ) =1 and ¢'(r,A)=0, and ¥(O0,A)=1 and ¢'(0,A) =0,
given by
B, 1) =272 2@ (2 By, (e, a) = 2722 A (7 ),
The Wronskian (11) is
wd) = 27(”3)/2/(1/207]ef(“2+’32)/4vA(v; a, B),

where
AW, B) = EQ @ED, B) — EV (@ EY,(B). (38)

Recalling that v = A /«, the Wronskian zeros/eigenvalues are

rp =0, Ap=kvy, n=172...,
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where {v,,n =1, 2, ...} are positive roots of the equation
AW;a, B) =0. (39

The normalized eigenfunctions (9) are given by

po(x) = +c71/2, c =277k 2[@(B) — D ()],
21/4 Z2/4T |z, dA(v;
o (x) = Ke (vns z ,3)’ A, ;:M , n=1,2,.... (40)
NAn AT (Vs B) v V=,

To evaluate the derivative (40) of the function (38) with respect to v, we recall the derivative of the
Kummer function with respect to its first index (this derivative is available in MATHEMATICA
with the call Hypergeometric1F1(-0-9[q, b, 7]), where ¥ (z) = I"(z)/I'(z) is the digamma
function (Abramowitz and Stegun (1972)):

Z (@Y (a+k) &

O)k! — Y (a)1Fi(a; b; 2). 41

0
a_{lFl (a;b;2)} =
a k=0

Finally, substituting the eigenvalues and eigenfunctions into (8), we obtain the spectral repre-
sentation for the reflected OU density.

The roots v, have to be found numerically. The large-n estimates are given by (21). The
Liouville transformation y = 2'/2x /o, u(x) = 2714612 exp(k (6 —x)* /202)v(y(x)) reduces
the SL equation (33) to the Schrédinger equation with quadratic potential

2
\‘/XE> —g, y €, R), R:“/;r, (42)

subject to the boundary conditions (20) with y; = k0/02'/? and y» = «(0 — r)/o2!/2.
Specializing (21) to our case, we obtain

2y

2
& 2+[?» Qv =0, o0y = (y+

o27?n? 1 K 5
Ay = 2 +ap+ O ) ao—z P 2(r —3r0 + 36°). (43)

The estimate (22) for the eigenfunctions gives the following estimate for the eigenfunctions (40):

1
on(x) = :tar_l/zezz/“{cos(m—x) + r 2f(x) sin<@>} + 0(—2),
r nwo r n
2 2
0
fx)= K—x3 — K—x2 + (£<g - l) —ao)x + «6.
o o

5.2. OU process on [0, c0), reflected at 0

Consider the OU process on [0, c0), reflected at 0. Infinity is a nonattracting natural
boundary. The stationary density is

\/_/c 9@
m(x) == o (44)

(z and « are defined in (32)). The potential function in (42) has the limit limy4o, Q(y) = 00
Hence, infinity is nonoscillatory and the spectrum is purely discrete.
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The unique (up to a multiple independent of x) solution ¢ (x, A) that is square integrable
with weight m(x) for each A € C, i.e. fooo |¢(x, M)|*m(x)dx < oo, and entire in A for each
x € [0, 00) can be written in the form

(x,)) = Hy(2~?7), v =AJK

(recall that z = (2k)'/?(x — 0) /o), where H, (z) is the Hermite function, defined by (Lebedev
(1972, p. 285))

FAi(3vi32) ) 1RGa - v %;z%} 45)

I — ¢ 1
(1 —v) ['(=3v)

(The Hermite function is available in MATHEMATICA with the call HermiteH[v, z].) The
solution ¢ (x, A) has the following asymptotic properties:

; B g
im ¢(x,A) =0, lim =0
x100 xtoo  5(x)

H,(z) = 2”\/5{

Using the differential property

d
e {Hy(2)} = 2vH,1(z),
z

the Wronskian is )
w) =2x0 Ve 2 H,_ (271 a).

The eigenvalues are
A0 =0, An=kvy,, n=1,2,..., (46)

where v, are roots of the equation
Hy_127"%a) = 0. (47)

The normalized eigenfunctions are given by

@o(x) = 12, c =212 1121 — B ()],
3/4 .1/2 oz2/4H 2—1/2 oH.,_ 2—1/2

(pn(x)zi/c ol/2e va ( z), An::M ’ n= 1.2
V20 A Hy, 27 12a) v v=u,

To calculate the derivative of the Hermite function with respect to its index, recall (45) and (41)
(this derivative is available in MATHEMATICA with the call HermiteH-9 [, z]).

To determine the eigenvalues A, n > 1, we must find the roots of (47) numerically. A useful
estimate for the eigenvalues can be obtained as follows. The Hermite function can be expressed
in terms of the Tricomi confluent hypergeometric function U (a, b, z) (Lebedev (1972, p. 293)):

H,(x) =2"U(=1v, 5, x%).

Using an estimate of the function U (a, b, z) for a — —oo (Slater (1960, p. 69, Equa-
tion (4.4.18))),

Ula, b, z) = 2"251/4=b12e 2 k=1 4e & cos 0/kz —mk+ 1) {1+ O™V}, k= Lb—a,
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we have an estimate of the Hermite function for v — oo:
H,(x) = QVH1/2x% /2 k=1/4 =k cos(2x\/z—nk—i-%n){l—i-O(k_l/z)}, k= %v—i—z—ll. (48)

From (48), (46), and (47), for large n the eigenvalues A, can be estimated as follows:

2ca?  232q 1 «?

Ay ~ 2 —.
" e+ 7?2 + i 4 272

(49)

Note that, for the process on the infinite interval [0, co), the eigenvalues A, grow linearly with
n, in contrast with the n? growth, in (43), for the process on the finite interval. We also note
that, the larger the mean-reversion parameter «, the faster the eigenvalue growth.

Remark 5. The Laplace transform of the transition density for the reflected OU process on
[0, 0co) was previously obtained in Ricciardi and Sacerdote (1987) in the context of applications
in mathematical biology. The spectral expansion obtained in this section can be regarded
as the Laplace inversion of their transform (A, are the poles of the Laplace transform and
m(y)en (x)@, () are the corresponding residues). An analytical approximation of the transition
density for small ¥ was recently obtained in Ward and Glynn (2003b), in the context of queueing
applications.

6. Reflected affine diffusion
6.1. Affine diffusion on [0, r], reflected at 0 and r

Consider an affine diffusion with infinitesimal parameters a(x) = o (x — E)l/ 2 and b(x) =
k(@ — x) on [0, r], reflected at 0 and . Here, 8 € (0, r) is the long-run level, « > 0 is
the rate of mean reversion towards the long-run level, o > 0 is the volatility, and ¢ < O is
the shift parameter. This process is a shifted square-root diffusion of Feller (1951) restricted
to the interval [0, r], with reflection at the boundaries (see also Shiga and Watanabe (1973),
Pitman and Yor (1982), and Go6ing-Jaeschke and Yor (2003) for more details on square-root
processes; this process is known as a Cox—Ingersoll-Ross model (Cox ef al. (1985)) in the
finance literature). The scale and speed densities are

2
5(.x) — (x _ E)—beb{(x—f)/tfz’ m(x) — _2(x _ e)b—le—ZK(X—Z)/GZ’ (50)
o
where 200 —
b= < 2_ ) > 0.
o
The stationary density is
0.2
r(0) =TT =y, f) — v (b)), (51)
K
where 7z € [«, B] is a standardized variable,
 2k(x—0) ) 2kl 2@ =0
= T, o = —?, = T, (52)

and y (b, x) = fox zP~le~%dx is the incomplete gamma function (see Abramowitz and Stegun
(1972)).
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The associated SL equation is

d?u d

1
—2a =0 k-0 s =0,  xel0r]. (53)
2 dx? X

d
Let z = z(x) be the standardized variable defined in (52). Substituting u(x) = w(z(x))
into (53), we arrive at the confluent hypergeometric equation for w = w(z) (Slater (1960,
p-2)),
d*w

4z
where b is as defined in (50) and « and S are as defined in (52). Forany a € C, the pair of linearly
independent solutions are provided by U (a, b, z) ande*U (b—a, b, —z), where U (a, b, z) is the
Tricomi confluent hypergeometric function defined foralla, z € Candb € C\{0, =1, 2, ...}
by (Slater (1960, p. 5))

Ua,b,x) = F(Fl(jr—af)b) \Fi(a; b; x) + %x‘*b \Fi(l4+a—b;2 —b; x).
(For b € 7Z, U(a,b, x) is defined as the limit lim,_,o U (a, b + ¢, x); see Slater (1960).
The Tricomi confluent hypergeometric function is available in MATHEMATICA with the call
HypergeometricUJa, b, z].)

These solutions have the differential properties (Slater (1960, p. 16))

dw A
+b—-27)— —aw =0, a:=——, z € [a, B], (54)
dz K

%{U(a,b,z)}=—aU(a+l,b+1,z), (55)
%{eZU(b—a,b, —)}=¢eUb—a,b+1,—2), (56)
and the Wronskian (Slater (1960, p. 18))
Ua,b, Z)%{GZU(b —a,b,—z)}—e*U(—a,b, —z)diZ{U(a, b, z)} = e @D 7bed (57)
We introduce the following notation:

E(a, b;x,y):=eUa,b,x)Ub—a,b+1,—y)e™t=
+ae’U@+1,b+1,)Ub —a,b, —x)e™b=D, (58)

From (55)—(57), E(a, b; z,z) = z ?e?. Using (55)—(58), we obtain solutions ¢ (x, 1) and
¥(x, A), with the initial conditions ¢(r,A) = 1 and ¢'(r,A) = 0, and ¥(0,A) = 1 and
¥’ (0, 1) = 0, given by

p(x,0) =Bl PEB. b;z. B),  Y(x,r) =abe ™ E(a, b;z, ).
The Wronskian (11) is

2\ —a—p
wd) = a<—2) (xp)’e A(a, b; a, B),
o
where

Ala,b;a,B)=e*U@+1,b+1,HUDb —a,b+ 1, —a)e™?~
—fU@+1,b+1,0)0Ub—a,b+1,—B)e™~9, (59)
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Recalling that a = —A/k, the Wronskian zeros/eigenvalues are
Ao =0, A= —ka,, n=1,2 ...,

where 0 > a; > ap > - - - are negative roots of the equation

Aa,b;a,8) =0 (60)
(for fixed b, o, and B). The normalized eigenfunctions (9) are given by
eo(x) = £c~'/2 (c is as defined in (51)),
2c\"? 26 8(an, b: z, dA(a, b; a,
oo =#(2) Dy SRRy,
o) 2hAwabe=E(ay, b; o, B) da a=an
(61)

To compute the derivative with respect to a, recall (59) and the derivative of U (a, b, z) with
respect to its first index a (this derivative is available in MATHEMATICA with the call
HypergeometricU-00[q, b, 7]):

_ 1-b . _ i
i{U(d,b,z)}z roe-—-1)z Va—b+k+1)(a—b+ 1)z
o @) k=0 k!'(2 = b)k
ra-on i Y(a+ k)(a)kzk
Fla—b+1) = k! (D)

—{Y(@+vy@—-b+DiU(a,b,2).
The eigenvalues A, have to be found numerically by finding the roots a,, of (60). The large-n
estimates are given by (21). The Liouville transformation
23/2
Y= (W=l —= V=0, ulx) =246 2 (x — ) PR 0/ (1))
o
reduces the SL equation (54) to the Schrodinger equation

d?v
dy?

with potential

+[A =0 =0, y e (0,R), R=2c"1(/r=t—=0),

3
7+bb—-2) 1 1
4 2 2 3/2 _—1
kb4 — +a), =2 V=t 62
O ta)y 7« + 16K (y+a) a o (62)

and boundary conditions (20) with

_ \/? k6 1 [k (k@ —=r) 1
"=ya\e2 " 2) V2= B o2 2)
Specializing (21) to our case, we obtain

A o?n’n? Fao+ 0(—1 ) 63)
n — a, s
8(Vr—l——02 " \n?

1 1 K 1 K6 5 K2r
a0=EK(,B-I-Oé-i-\/@)—EKb-Fﬁ(Zb(b—z)ﬁ-;—E)+m~

Equation (22) gives the estimates for the eigenfunctions.

Q) =
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6.2. Affine diffusion on [0, 00), reflected at 0

Consider an affine diffusion process on [0, 00), reflected at 0. Infinity is a nonattracting
natural boundary. The stationary density is

2
rx) =c 1P ler, o= ;—K[F(b) — b, a)l, (64)

where I'(b) is the standard gamma function. The potential function in (62) has the limit
limy400 O(y) = 0o. Hence, infinity is nonoscillatory and the spectrum is purely discrete.

The unique (up to a multiple independent of x) solution ¢ (x, A) that is square integrable
with weight m(x) for each A € C, i.e. fooo |o(x, K)|2m(x) dx < oo, and entire in A for each
x € [0, oo) can be written in the form

¢(x,2) =U(a,b,z)

(recall that z = 2k (x — £) /o). This solution has the following asymptotic properties:

/
A
lim g2y =0, lim 2 g
xto0 xtoo  §(x)

Using the differential property (57), the Wronskian is

wA) = —a (§>l_habe_“U(a +1,b+1,a).
The eigenvalues are
Ao =0, A = —ka,, n=1,2 ...,
where a, are the negative roots of the equation
U@+1,b+1,a) =0. (65)
The normalized eigenfunctions are given by
po(x) = +c 12 (c is as defined in (64)),

ou(x) = i(z—K)m K!2oUan, b 2)
" V20 Anabe=U (an, b, @)

o2

, n>1.

a=ay

0
Ay =——{U@+1,b+1,a)}
da

To determine the eigenvalues, we need to find the roots of (65) numerically. Recalling the
estimate (48), we obtain a useful estimate for the eigenvalues:

1 1 2« 2K 1 a?

Note that, for the process on the infinite interval [0, co), the eigenvalues A, grow linearly with

n, in contrast with the n2 growth in (63) for the process on the finite interval. We also note that,
the larger the mean-reversion parameter «, the faster the eigenvalue growth.
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7. Numerical examples

7.1. OU process

Consider an OU process on [0, 2] with parameters 0 = 1,k = 1, and 8 = 1, reflected at 0
and 2, and starting at the origin, x = 0. To determine the eigenvalues A, with n > 1, we use
the root finding function FindRoot in MATHEMATICA to determine the roots v, of (39) (for
fixed o and B). (The author used MATHEMATICA 4.0 running on a Pentium® III personal
computer for all calculations in this paper.) For each n > 1, we use the estimate (43) as a
starting point for the FindRoot function. Table 1 gives the eigenvalues A,,, n = 1,2, ..., 10,
as well as the estimates (43). MATHEMATICA allows us to compute the eigenvalues to any
desired accuracy. Table 1 shows that the estimates are accurate even for the lower eigenvalues,
and that the accuracy of the estimates rapidly increases with n.

In Figure 1, we plot transition densities with t = %, % 1, 2, as well as the stationary density
(31) (it was produced with the Plot function in MATHEMATICA). The stationary density is

TaBLE 1: Eigenvalues of the OU process on [0, 2], reflected at 0 and 2. The eigenvalues A, are obtained
by numerical root finding, and the estimates are obtained using (43). The OU process parameters are
c=k=0=1andr =2.

n  Eigenvalue A, Estimate

1 1.798 46 1.90037
2 5.57558 5.60147
3 11.758 8 11.7700
4 20.3997 20.4059
5 31.5053 31.5092
6 45.0772 45.0799
7 61.1160 61.1180
8 79.6220 79.623 5
9 100.595 100.596
10 124.036 124.037

1.2
1.0
0.8
0.6
04
0.2

0.0
0.0 0.5 1.0 1.5 2.0

y

FIGURE 1: Transition densities p(¢; 0, y), with t = %, %, 1, 2, and the stationary density 7 (y) for the OU
process on [0, 2], reflected at 0 and 2. The OU process parameters are ¢ = k = 6 = 1 and r = 2, starting
at the origin.

https://doi.org/10.1239/aap/1118858633 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1118858633

456 V. LINETSKY

TaBLE 2: Eigenvalues of the OU process on [0, co), reflected at 0. The eigenvalues X, are obtained
by numerical root finding and the estimates are computed using (49). The OU process parameters are
oc=k=0=1andr =2.

n  Eigenvalue A, Estimate
1 1.23423 1.23050
2 2.69746 2.67287
3 428019 425531
4 5.92981 5.906 58
5 7.622 44 7.600 88
6 9.34549 9.32538
7 11.0915 11.0726
8 12.8555 12.8376
9 14.6342 14.6172
10 164251 16.4090

1.2
1.0
0.8
0.6
0.4
0.2

0.0
00 05 1.0 1.5 20 25 3.0

Y

FIGURE 2: Transition densities p(¢; 0, y), with t = %, %, 1, 2, and the stationary density 7 (y) for the OU
process on [0, 00), reflected at 0. The OU process parameters are ¢ = k = 6 = 1, starting at the origin.

the first term in the spectral expansion, corresponding to the principal eigenvalue Ay = 0. The
terms in the series corresponding to the higher eigenvalues A, are suppressed by the factors
e *!. As t increases, the transition density approaches the stationary density. The t = 2
density is already very close to the stationary density. The spectral expansion method produces
the transition density in a form especially convenient when studying how the system approaches
its steady state.

Next consider the OU process on [0, 00), reflected at O (the parameters are the same as before
and the process starts at the origin). To determine A,, n > 1, we use the FindRoot function
to determine the roots v, of (47) (for fixed «). For each n > 1, we use the estimate (49) as a
starting point for the FindRoot function. Table 2 gives the eigenvalues A,,n = 1,2, ..., 10, as
well as the estimates (49). In Figure 2, we plot transition densities with t = %, %, 1,2, as well as
the stationary density (44). To further illustrate the convergence of eigenfunction expansions,
in Table 3 we compute the mean E[X; | Xo = 0] and second moment E[ X % | Xo = 0] of the
OU process on [0, c0), reflected at 0. The expectations are computed by integrating against
the transition density (using the NIntegrate function in MATHEMATICA) and truncating the
eigenfunction expansion after the nth term (the row with n = 0 gives the steady-state values).
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TABLE 3: Mean E[X| | X¢ = 0] and second moment E[Xl2 | Xo = 0], at time ¢ = 1, of the OU process

on [0, 0o), reflected at 0. The row with n = O gives the steady-state values. The row with n = 1 gives

the values computed by truncating the eigenfunction expansion after the term with n = 1, and similarly
for the other rows. The OU process parameters are 0 = k = 6 = 1, starting at the origin.

n BIXi| Xo=0] E[X]]|Xo=0]
0 1.112 64 1.612 64
1 0.89196 1.03627
2 0.88515 1.05579
3 0.88449 1.056 37
4 0.88442 1.05641
5 0.88441 1.05641
6 0.884 41 1.05641
A’)l

Generally, owing to the presence of the factors e ', the larger the time ¢, the faster the

eigenfunction expansion converges.

7.2. Affine process

Consider an affine process on [0, 2] with parameters 0 = 1,k = 1,60 = 1, and £ = —1,
reflected at 0 and 2 and starting at the origin, x = 0. To determine the eigenvalues A,,, n > 1,
we use the FindRoot function in MATHEMATICA to determine the roots v, of (60) (for fixed
b, o, and B). For each n > 1, we use the estimate (63) as a starting point for the FindRoot
function. Table 4 gives A,, n = 1,2, ..., 10, as well as the estimates (63). MATHEMATICA
allows us to compute the eigenvalues to any desired accuracy. Table 4 shows that the estimates
are quite accurate even for the lower eigenvalues, and that the accuracy of the estimates rapidly
increases with n. In Figure 3, we plot transition densities with ¢ = }T, %, 1, as well as the
stationary density (51). As ¢ increases, the density approaches the stationary density; for = 1,
the density is already quite close to the stationary density.

Next consider an affine process on [0, co), reflected at O (the parameters are the same as
before and the process starts at the origin). To determine A,, n > 1, we use the FindRoot

TaBLE 4: Eigenvalues of the affine process on [0, 2], reflected at O and 2. The eigenvalues A, are obtained
by numerical root finding, and the estimates are obtained using (63). The affine process parameters are
o=k=0=1,{=—1,andr = 2.

n  Eigenvalue A, Estimate

1 2.82953 2.82195
2 9.78285 9.728 30
3 21.3032 21.2389
4 374214 37.3537
5 58.1421 58.0727
6 83.4662 83.3960
7 113.394 113.324

8 147.926 147.855

9 187.063 186.991
10 230.803 230.731
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FIGURE 3: Transition densities p(z; 0, y), with t = %, %, 1, and the stationary density 7 (y) for the affine
process on [0, 2], reflected at 0 and 2. The affine process parameters are 0 = x =60 = 1, { = —1, and
r = 2, starting at the origin.

TaBLE 5: Eigenvalues of the affine process on [0, c0), reflected at 0. The eigenvalues X, are obtained
by numerical root finding, and the estimates are obtained using (66). The affine process parameters are
oc=k=0=1and ¥l =—1.

n  Eigenvalue A, Estimate
1 1.21224 0.53402
2 2.43540 1.91336
3 3.64208 3.20232
4 4.83223 4.44523
5 6.00842 5.65890
6 7.17303 6.85188
7 8.32793 8.02923
8 9.47459 9.19422
9 10.6142 103491
10 11.7476 11.4956
100 107.737 107.656

function to determine the roots a, of (65) (for fixed b and «). Table 5 gives the eigenvalues
Msn = 1,2,...,10, as well as the estimates (66). In Figure 4, we plot transition densities
witht = 4—1“ %, 1, 2, as well as the stationary density (64). To further illustrate the convergence
of eigenfunction expansions, in Table 6 we compute the mean E[X| | Xo = 0] and second
moment E[ X % | Xo = 0] of the affine diffusion on [0, c0), reflected at 0. The expectations
are computed by integrating against the transition density (using the NIntegrate function in
MATHEMATICA) and truncating the eigenfunction expansion after the X, term (the row with
n = 0 gives the steady-state values).
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FIGURE 4: Transition densities p(¢; 0, y), with 1 = %, %, 1, 2, and the stationary density 7 (y) for the
affine process on [0, 00), reflected at 0. The affine process parameters arec =k =6 =l and £ = —1,
starting at the origin.

TABLE 6: Mean E[X| | Xo = 0] and second moment E[X% | Xo = 0], attime r = 1, of the affine process
on [0, oo) reflected at 0. The row with n = 0 gives the steady-state values. The row with n = 1 gives the
values computed by truncating the eigenfunction expansion after the term with n = 1, and similarly for

the other rows. The affine process parameters are 0 = k = 0 = 1 and £ = —1, starting at the origin.
n E[X1|Xo=0] E[X]|Xo=0]
0 1.21053 231579
1 0.96237 1.37075
2 0.95354 1.43163
3 0.95231 1.43388
4 0.95208 1.43412
5 0.95203 1.43415
6 0.95202 1.434 16
7 0.95202 1.434 16
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