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Abstract. Darboux transformation of a second-order linear differential operator is a well-
known technique with many applications in mathematics and physics. We study Darboux
transformation from the point of view of Markov semigroups of diffusion processes. We
construct the Darboux transform of a diffusion process through a combination of Doob’s
h-transform and a version of Siegmund duality. Our main result is a simple formula that
connects transition probability densities of the two processes. We provide several exam-
ples of Darboux transformed diffusion processes related to Brownian motion and Ornstein—
Uhlenbeck process. For these examples, we compute explicitly the transition probability
density and derive its spectral representation.
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1 Introduction

Darboux transformation is a well-known technique for studying second-order linear differential
operators, dating back to the late 19th century [11]. To introduce this transformation, consider
a second-order linear differential operator

L= %85 —c(y), (1.1)

where y € (I,7) € R. We assume that c(y) is continuous on (I,7) and that £ acts on C? functions
on (I,7). Let h be a positive function on (I,r) that satisfies Lh = Ah for some A\ € R. It is
straightforward to check that the operator £ — A can be factorized as a product of two first-order
differential operators

1
where we denoted
h (y) 1 W (y) 1
Dy, := 0y — —= = h(y) 0y ——, D1 =0, + "L = ——
R0 Gy ~ MWy PR 0 gy T Ry MY

We now introduce the Darboux transform of £ as a second-order linear differential operator L
defined by

~ 1
L—X=;DiD;. (1.3)

Thus, the Darboux transform of a second-order linear operator is obtained by factorizing it (or
more precisely, its shift by A) as a product of two first-order differential operators and then
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interchanging the order of the factors. The function h is called the seed function of the Darboux
transformation. It is an easy exercise to verify that £ is given by

L= %aj — &), (1.4)

where

W (y)
h(y)

A key property of the Darboux transformation, which makes it so useful in applications, is the
following intertwining relation

2
) :=c<y>—a§mh<y>=( ) efy) — 2

LDy, = DiL, (1.5)

which follows directly from (1.2) and (1.3). In particular, if f solves Lf = uf then g = Dy f
solves £g = pg. Moreover, since £(1/h) = A(1/h) (a consequence of (1.3)), the Darboux
transformation is invertible: starting from £ and applying the Darboux transformation with
the seed function h(y) = 1/h(y) recovers the original operator £. The Darboux transformation
can also be iterated, leading to the so-called Darboux—Crum transformations (see [10] and [17,
Section 2.4]).

There exists a vast literature on applications of the Darboux transformation in applied
mathematics and physics. For example, it is used to construct exactly solvable potentials for
Schrodinger equation [4] and it plays a crucial role in the theory of exceptional orthogonal
polynomials [14, 15]. Many additional applications in integrable systems are described in [18]
and [24]. However, to the best of our knowledge, the Darboux transformation has not yet been
studied in the context of diffusion processes, which is the focus of the present paper.

Assuming that the functions ¢(y) and é(y) in (1.1) and (1.4) are nonnegative, we can regard
the operators £ and £ as the infinitesimal generators of killed Brownian motion processes Y’
and Y with state space (I,7). When a boundary point [ or r is non-singular for one of these
processes (see Section 3 for a review of Feller’s boundary classification), there are many different
ways to construct a diffusion process with a given infinitesimal generator by specifying different
boundary conditions (reflecting/killing/elastic/etc.). Instead of first fixing the boundary condi-
tions and then studying the resulting processes, we will proceed in the opposite direction: we
begin by setting a goal for the type of process we wish to construct, and then determine the
boundary conditions and other ingredients needed for this construction to succeed.

What follows is an informal description of what we plan to do. Let Y be a killed Brownian
motion on (I,r) with the Markov semigroup {P;};>0 (where we denoted P;f(y) := E,[f(Y:)])
and with the infinitesimal generator £ given by (1.1). Suppose we have another killed Brownian
motion process Y with the Markov semigroup {Pt} >0 and the infinitesimal generator L as
in (1.4). Moreover, assume that the intertwining relationship for generators (1.5) extends to the
semigroups, so that P;Dy, = DpP. Our aim is to use this intertwining relationship to express
the transition operators P, in terms of P;. One way to define operators P, which satisfy such
intertwining relationship is via

Py = DyPLY, (1.6)

where z is some fixed point in (/,) and the integral operator I,(ZZ) is defined by

¥ f(y) = h(y) /y hgzzdw
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Assume that h is a positive A-invariant function for P;, meaning that it satisfies Pih = eMh.
This condition implies £Lh = Ah. Then the operators Pt defined in (1.6) would indeed satisfy
the intertwining relationship P,D, = Dj,P;, since Z th( )= f(y) — f(2)h(y)/h(z) for C*
functions f and DpPth = 0 (due to A-invariance of h) A similar argument shows that the
operators defined in (1.6) would not depend on the choice of z € (I,7). If the semigroups of Y’
and Y do satisfy (1.6), then it is easy to verify that the transition probability densities of Y

and Y should be related by

) 2 50500 |15 [ e ontau). (1.7

(z

We add a question mark to emphasize that the above identity is, at this stage, only a hy-
pothesis. Indeed, the discussion above is non-rigorous, and this construction of Y contains
several gaps. For instance, it is not clear why the operators (1.6) would indeed define a Markov
semigroup, in particular, why the right-hand side of (1.7) should be positive. It is also unclear
whether specific boundary conditions on Y and Y are needed for (1.7) to hold. Nevertheless,
this informal reasoning is essentially correct, as we will show in this paper. Our main result is
the construction of a killed Brownian motion Y such that the transition probabilities of Y and Y
satisfy an analogue of (1.7) (the only modification being the addition of a constant to ¢(y) to
ensure positivity, which introduces an extra exponential factor in (1.7)). We will demonstrate
that Y can be constructed in three steps, starting from a killed Brownian motion Y and a A-
invariant function h: apply Doob’s h-transform, then a version of Siegmund duality [30], followed
by another Doob’s h-transform.

The primary motivation for constructing Darboux-transformed diffusion processes is that this
would greatly expand the number of diffusions for which the transition probability density can be
computed in closed form. There are only a few examples (Brownian motion, Ornstein—Uhlenbeck
process, Bessel process, square-root diffusion process, and several others) for which the transition
probability is known in closed form, and all of these processes are very useful in applications,
particularly in mathematical finance. Expanding the number of such examples is, therefore,
a worthwhile task.

The paper is organized as follows. In Section 2, we recall some basic facts about diffusion pro-
cesses, including Feller’s classification of boundary points for diffusion processes. In Section 3,
we discuss Siegmund duality [7, 30] and present a new version of it (which can be applied to pro-
cesses with reflecting instead of absorbing boundary conditions). Our main result in this section
is Theorem 3.1, which establishes a connection between transition semigroups of the process
and its Siegmund dual (in our new construction). This result could be of independent interest,
as Siegmund duality is an important tool in the study of interacting particle systems [1, 2, 3].
In Section 4, we construct the Darboux transform of a killed Brownian motion and in our sec-
ond main result, Theorem 4.8, we show that identity (1.7) holds (up to an exponential factor).
We also present an example that illustrates the necessity of A-invariance of h: we show that if A
solves Lh = Ah but is not A-invariant for the process Y, then the right-hand side of (1.7) may
be negative. Section 5 provides five examples of the Darboux transformation applied to various
diffusion processes. In the first four examples, we start with the Brownian motion process on
an interval with various boundary conditions, and in the last example we apply the Darboux
transformation to the Brownian motion killed at rate y?/2 (this latter process is closely related
to the Ornstein—Uhlenbeck process). In all examples, we describe the boundary behavior and
derive explicit formulas for the transition probability density of the transformed process. In
four of these examples, we also provide the spectral representation of the transition probability
density. At the end of Section 5, we discuss connections between our results and those obtained
in the physics literature on propagators for the one-dimensional Schrédinger equation.
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2 Preliminaries

In this section, we introduce notation and recall several basic facts about diffusion processes,
which will be useful later. We will mostly follow [6, Chapter II]; other good references are [19, 23].
Let X be a regular diffusion process on an interval (I,7) C R. We assume that the infinitesimal
generator of X has the form Lx = 20%(2)02 + b(2)d, — c(z), where the functions b, ¢ and o are
continuous on (I,7) and o(x) > 0 and ¢(z) > 0 for x € (I,r). The operator Lx is acting on the
class of C? functions on (I,r) with appropriate boundary conditions, which will be described
below. We denote by s(x) the scale function of X and by dm(x) and dk(z) the speed measure
and the killing measure of X. The derivative of s and the densities of measures dm(z) and dk(z)
can be found via

s'(x) = e B@), m'(x) = 20 2(x)eP®), K (x) = c(x)m/(z), (2.1)
where B'(x) := 2072(x)b(z) (see [6, Section I1.9]). We also denote

o) TEER) = @)

= hoo s(x+h)—s(z)’

Let us now recall Feller’s boundary classification (see [6, Section I1.6]). Fix a point z € (I,)
and set

R(z) := (m(z) — m(x) + k(2) = k(x))s'(z),  Qx) = (s(2) — s(2))(m/(z) + ¥'(2)).(2.2)

The left boundary [ is called an exit boundary if R € Li((l,2)) and an entrance boundary
if @ € L1((l,2)). The conditions for the right boundary r are the same, with the obvious change
of the interval (l,z) — (z,7). A boundary point that is neither entrance nor exit is called
natural, while a boundary point that is both entrance and exit is called non-singular. If I (or r)
is a non-singular boundary point for X, we impose one of the following boundary conditions:

(i) elastic boundary condition: f(I+) = aft(I+) fora > 0 (or f(r—) = —8f (r—) for 8 > 0);
(ii) reflecting boundary condition: f*(I4+) =0 (or f~(r—) =0);
(iii) killing boundary condition: f(I+) =0 (or f(r—) =0).

In this paper, we do not consider sticky boundary conditions or traps (in the terminology of [6,
Section I1.7]) — these involve the second derivative at a point and result in a diffusion process
whose distribution has an atom at the boundary.

Let A > 0 and denote by ¥, (x) and ¢y(z) the fundamental solutions to the second-order
ODE Lxf = Af. We recall that the fundamental solutions are unique (up to multiplication
by a constant) positive solutions to Lx f = Af such that v, is increasing and ¢ is decreasing
(see [6, Section I1.10]). Also, if [ is a non-singular boundary point, then v, must satisfy one
of the boundary conditions stated above (and the same applies for ¢, at the right boundary
point r). Their Wronskian is defined as

Wr[px; ha] == oa(@))(z) — o ()a(z),

and it is known that the quantity wy := Wr[px;¥,]/s'(x) is independent of z. We denote
by ¢;X (z,y) the transition probability density of the process X with respect to the speed measure,
that is

P, (X, € A) = /A o (2, y)dm(y),
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for all Borel sets A C (I,7). The function ¢* (x,%) is symmetric in = and y (see [6, Section I1.4]).
The Green’s function of the process X is given in terms of the fundamental solutions ¥y and @) by

—1 .
X (T ax Jwyna(@)ealy) ifx <y,
GX(z,y) = /0 e g @’y)dt‘{w;lw(ym(x) if y <, (23)

as stated in [6, Section II.11]. The transition probability density with respect to Lebesgue
measure will be denoted by pi (z,y) := ¢ (z,y)m/(y).

The above formula (2.3) for the Green’s function provides one possible way of finding the tran-
sition probability density of a diffusion process X with specified boundary behaviour: the Green’s
function is the Laplace transform in the ¢-variable of ¢;X (x,%) and thus uniquely determines the
transition probability density. Conversely, given the transition probability density ¢;*(z,y) of
a diffusion process, we can determine the boundary behaviour of X at each non-singular bound-
ary by first finding the Green’s function, then determining the fundamental solutions ) and
@y from (2.3), and finally studying the boundary behaviour of the fundamental solutions. For
example, if [ is a non-singular boundary and we find that ¢ (I4-) = 0 (1)A(I+) = 0) for all A > 0,
then X has a reflecting (respectively, killing) boundary condition at [.

We also note the following fact: if a process X = {X;};>0 is mapped into a process Y =
{y(X¢) }+>0 via an increasing differentiable function y = y(z), then the scale function and speed
measure are transformed as follows sy (y(z)) = sx(z), mi (y(z)) = m/y(z)/y'(xz). The state
space for the process Y is the interval (y(1),y(r)), and the boundary behavior of Y at points y(1)
and y(r) is the same as the boundary behavior of X at [ and 7.

3 Siegmund duality

Let Z and Z be two Markov processes on [0,00). We say that Zisa Siegmund dual of Z if
Py(Z > x) = Py (Z < y), (3.1)

for all z,y,¢t > 0. This concept was introduced by Siegmund [30] in 1976 and was later studied
in [7, 9, 21]. Diffusion processes satisfying (3.1) were called conjugate diffusions in [32]. The
existence of a dual process Z requires the process Z to be stochastically monotone, see [7, 30].
The latter property can be stated as follows: for any ¢ > 0 and « > 0 the function y — Py (Z; > z)
is non-decreasing.

Siegmund duality is applied when one of the processes has an absorbing boundary. For
example, assuming that Z is conservative and taking the limit of (3.1) as z — 0", we see that
the process Z must have an absorbing boundary at zero. Thus, in this case, the distribution
of Z; will have an atom at zero, and assuming that this distribution has a density on (0, c0),
it must be given by pZ(z,y) = 9,Py(Z; > z), which follows from (3.1) by differentiation with
respect to y.

The following theorem is our main result in this section: we construct a version of Siegmund
duality that applies to processes with reflecting or killing boundary conditions.

Theorem 3.1. Assume that (I,7) C R, b(z) € C((I,7)), o(x) € CY((I,r)) and o(x) > 0
forx € (I,r). Let X be a conservative diffusion process on (l,r) with infinitesimal generator

Lx = %UQ(x)ag + b(2)da,

and reflecting boundary conditions at every non-singular boundary point. Then there exists
a diffusion process X such that

Pz, (Xt < y) =Py, (Xt < y) + IP)y («771 < )N(t < 1‘2), (3.2)
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for allt >0 and x;,y € (I,r) for which 1 < x3. The process X has infinitesimal generator

Lo = %02(9;)65 + (o(2)0’ () — b(z))a (3.3)

and killing boundary condition at every non-singular boundary point.

Proof. We denote b(z) := o(z)o’(x) — b(z) and define the process X as the solution to the
stochastic differential equation (SDE) dX; = B(Xt)dt + cr(Xt)th, which is killed at the first
exit from (I,r). The existence of a unique in law weak solution of this SDE (up to the first exit
from (I,r)) is guaranteed by [20, Theorem 5.15].

Let s(x) and m(z) denote the scale function and the speed measure of X. Using (2.1), we
check that

: (3.4)

thus the speed measure/scale function of X is equal to the scale function/speed measure of X
(see [9, Section 4] for a similar construction in the case of classical Siegmund duality).

The relation (3.4) imposes restrictions on the boundary behavior of X and X. The type
of the boundary behavior depends on the functions R and @ defined via (2.2L and when we
compute their analogues R and @ for the process X we find that Q@ = R and R = @ (because
the killing measure is zero and mx(s) = sg(s) and sx(v) = mg(z)). Let us focus on the left
boundary point [ (the same considerations apply to the right boundary r). Our assumption
that X is conservative implies that [ can not be an exit-not-entrance boundary for X, thus it
can not be an entrance-not-exit boundary for X. From the boundary classification presented on
page 4, it follows that

(i) if I is a non-singular boundary for X, then it is also a non-singular boundary for X , and
in this case we have a reflecting (killing) boundary condition for X (respectively, X);

(ii) if I is a natural boundary for X, then it stays a natural boundary for X ;

(iii) if / is an entrance-not-exit, it becomes an exit-not-entrance boundary for X (consistent
with our definition of X as killed on the first exit from (I,r)).

We first establish this result in the special case b(z) = 0. In this case, the process X is
in natural scale, i.e., sx(z) = x. Let A > 0 and let ¢, and ¢, be the fundamental solutions
to Lx f = Af. We claim that the fundamental solutions to Lz f = Af are given by

ha(@) =¥i(x),  @alx) = —¢h(2). (3.5)

To prove this, we note first that if f is solves Lx f = Af, then f = f’ solves £)~(f = Af, due to
the intertwining relation

d d
ds(a:)ﬁX =Lz ds(z)’

which follows immediately from (3.4). It is clear that 1y and ¢ are positive on (I,7) (since 1)y
is increasing and ) is decreasing). Next, since A > 0 and ) is a positive solution to
s02(2) f"(xz) = Af(z), we have ¥{(z) > 0, so Py = 1 is increasing. The same argument
shows that ¢ is decreasing. According to [6, Section II.10], in each case (natural, entrance-
not-exit, non-singular reflecting boundary) we have ¢’'(I+) = 0, which implies the correct killing
boundary condition &A(H—) = 0. The same considerations apply to the boundary condition @y
at the right boundary r. This ends the proof of (3.5).
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Next, we check that if wy = Wr[px;¥,], then

Wil ] =~ @)U (0) + P (@)vA(e) = oo

where in the second step we used the fact that ¢, and ¢, are solutions to so2(2) f"(z) = Mf ().
Using (2.3) and (3.6) we can write the Green’s function of the process X as

¥ (e.y) {—(Am)—w;(x)w;(y) itz <y,

Wrlihy; oa] = Awas'y (2), (3.6)

—(wn) M (W)h () ify <. (3.7)

Now we have all the ingredients to complete the proof of (3.2). We rewrite (3.2) in the form

) i T2
/ pg((:nl,u)du:/ th(xg,u)du—l—/ th(y,v)dv. (3.8)
l l T

1
We need to prove that (3.8) holds for all £ > 0 and x1, 9, y in (I, 7) with 21 < z5. We take X > 0,
multiply both sides of (3.8) by exp(—At) and integrate in ¢ over (0, 00). After applying Fubini’s
theorem, we obtain

Yy Yy T2 ~
2/ GX (1, u)o 2 (u)du = 2/ GX (z9,u)o ™2 (u)du + / GX (y, v)dv. (3.9)
l l 1

By the uniqueness of the Laplace transform, to prove (3.8), it is enough to show that (3.9) holds
for all A > 0 and z1, 22,y € (I,r) such that x1 < x9. Identity (3.9) is true if

Yy ~
20, / GX (2, u)o2(u)du + G (2,y) = 0, (3.10)
l

for z,y € (I,r). We first prove that (3.10) holds when | < x < y. Using (2.3) and (3.7), we
rewrite (3.10) in the form

Y

*3 {%\ / Ya(u u)du + ¥y (z )/ pa(u)o?(u)du

xT

—A—@b&(x)tp&(y) =0. (3.11)
wx

Since 9y solves 10%(z)f"(z) = Af(z), we have

2 [ oo / YA () = L4 (2),

where in the last step we used ¢ (I4-) = 0 established above. Similarly,

2 [ extwo ?(u)du = 5 (W) - #A @)

With the help of the above two equations, (3.11) becomes

(@) (y) =0,

and this identity is true since Wr[p); 9] = wy does not depend on z. Thus, we have proved (3.10)
when [ < < y. The proof that (3.10) holds when [ < y < x is done in the same way, and the
details are omitted.

This ends the proof of (3.2) in the driftless case b(z) = 0. The general case follows by
considering the driftless process Y = {s(X¢)}:>0, constructing the transformed process Y, and
defining X =s" ( )N The fact that identity (3.2) holds for processes Y and Y implies that it
also holds for X and X. We leave it as an exercise to check that the process X thus constructed
has the infinitesimal generator as in (3.3). [

)\i»\ax (Wrlipns ] +9a (@)@ (1) — m
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Identity (3.2) is equivalent to saying that for any fixed ¢t > 0 and y € (I,r) the function
z e Pu(X, < y) — Py (X > ) (3.12)

is constant (i.e., does not depend on x). Note that this is very similar to classical Siegmund du-
ality (3.1), where this constant is equal to zero. Taking derivatives in z of (3.12) and relabelling
variables x <> y, we obtain the following result.

Corollary 3.2. The transition probability densities of X and X satisfy
~ T
P (z,y) = OyPy (X > ) = 8y/ P (y, u)du, (3.13)
xT

fort>0 and x,y € (I,r).

4 Darboux transform of killed Brownian motion

We start with a diffusion process Y on the interval (I,7) C R, which is a Brownian motion killed
at rate c(y), where c(y) is a nonnegative continuous function for y € (,7). The infinitesimal gen-
erator is Ly = %ag—c(y). We take the speed measure to be the Lebesgue measure dm(x) = dz, in
this case the scale function becomes s(z) = 2z (see (2.1)). If | = —oo, then [ is a natural bound-
ary. If [ is finite, then the boundary classification conditions R € L1((l,2)) and @ € L1((l, 2))
from page 4 are equivalent to

Reli((l2) & /l W)y —Ddy<oo and Qe Li((l2) & /l c(y)dy < .

Thus, if a boundary is an entrance, it must also be an exit, and we have the following three
possibilities for boundary behavior of the process Y: natural, exit-not-entrance and non-singular
(entrance-not-exit boundary is not possible for a killed Brownian motion). We will only consider
killed Brownian motion processes that have one of elastic/reflecting/killing boundary conditions
at each non-singular boundary point (see the discussion on page 4).

Next, we assume that for some A € R we have found a function h: (I,7) — (0,00) that is
A-invariant for the process Y, that is

E.[h(Yy)] = eMh(z),  xe(l,r), t>0. (4.1)
This A-invariant function A must satisfy the following properties:

(i) h is a solution to Ly h = Ah on (I,r);

(ii) h satisfies appropriate boundary conditions at each non-singular boundary point.

The first property follows from the fact that the process exp(—At)h(Y;) is a martingale. To
check the second property, we take p > max(0, \), multiply both sides of (4.1) by e #!, integrate
in ¢t € (0,00) and obtain

(- [ "G (2, y)h(y)dy = h(z), (4.2)

where GZ(x, y) is the Green’s function of the process Y. Thus, if h is bounded on (I,r) (which
happens, for example, if both boundaries are non-singular), it must be in the domain of the
infinitesimal generator Ly (because it lies in the image of the resolvent operator). Therefore,
h must satisfy the appropriate boundary conditions at each non-singular boundary (see [6,
Section II.7]). The proof of (ii) in the general case, when h can be unbounded, is given in
Appendix B.

In what follows, we will require the following.
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Assumption 4.1. The constant

— awn ety (P
e ye(zl,jr) [ ) (h(y)> ] (13)

is finite.

Remark 4.2. Note that my, is finite when ¢(y) is bounded on (/,r). In all our examples in
Section 5, we actually have m; = 0, though it is easy to construct examples with m; equal to
any positive number (for instance, one could take Brownian motion on R killed at a positive
constant rate and a A-invariant function h(y) = cosh(y), see Section 5.1). It may be true that my,
is always finite, but we could not prove this or find a counterexample.

As the first step of constructing the Darboux transform of Y, we introduce a new Markov
process X via Doob’s h-transform

oMt
P.(X; € A) = —
The process X is a conservative Markov process, since h is A-invariant for Y. Moreover, it is
a diffusion process on (I, r) with infinitesimal generator

1 1 R (y
EX:&W—A:2%+-()@. (4.5)

h h(y)

The derivatives of the scale function and the speed measure of the process X are s'(z) = 2h~2(x)
and m’(z) = h?(x) (this follows from (2.1)), thus the functions R and @Q in (2.2) are given by

Ex[1gy,eayh(Y2)]. (4.4)

z

Ry(z) = 20%z) [ TRy, Qu(x) = 20%(a) JEO (4.6)

The functions Rx and QQx can be used to find the type of the boundary points [ and r for the
process X (see Section 2).
To proceed, we will require the following.

Assumption 4.3. The process X has reflecting boundary condition at each non-singular bound-
ary point.

The next proposition shows that the above assumption is satisfied whenever Y has a non-
singular boundary with a reflecting or elastic boundary condition. This result will be useful for
our examples in Section 5.

Proposition 4.4. Ifl is a non-singular boundary point of Y with a reflecting or elastic boundary
condition, then h(l+) > 0 and [l is also non-singular for X with a reflecting boundary condition.
The same statement applies to the right boundary point r.

Proof. Assume that [ is a non-singular boundary point for Y with reflecting or elastic boundary
condition, which can be written as ¢'(I4+) = vg(I+) for some v > 0 (here we used the fact that Y’
is in the natural scale, so that g% (y) = ¢/(y)). The function h, being A-invariant for Y, must
satisfy the equation Lyh = Ah and the boundary condition h'(I4) = vh(I+). Since [ is a non-
singular boundary point with reflecting or elastic boundary condition, it is possible to start the
process X at [ (see [6, Section I1.6]). Then condition (4.1) also holds in the limit as x — I+,
so that h(l+) = e ME;[h(X;)] > 0 (since h is positive on (I,7)). Next, we use the facts that h
is continuous and positive on (I,7) and satisfies h(l4+) > 0 and check that both functions Rx
and Qx defined in (4.6) lie in L1((l, z)). This implies that [ is a non-singular boundary for X.
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Denote n = max(0, —\) and define the process Z as equal to X killed a constant rate n (Z
and X are identical when 7 = 0). From (4.4), we see that for all t > 0 and =,y € (I,7)

e—(n—i—)\)t
P (z,y) = e "pf (z,y) = @y P (z,y)h(y)- (4.7)

The left boundary [ is clearly non-singular for Z and the boundary behaviour of Z and X is
identical (a function f € C?((l,7)) is in the domain of the infinitesimal generator £ if and only
if it is in the domain of the infinitesimal generator Lx = Lz + 7). The Green’s function of Z
(with respect to the speed measure dm(z) = h%(z)dx) is given by

G/{-‘m(xv y)
h(z)h(y)

where p > 0, z,y € (I,r) and we denoted k := 7+ A = max(0, A). This follows from (4.7), by
multiplying both sides by exp(—ut) and integrating in ¢t € (0,00). Comparing (2.3) and (4.8),
we see that the fundamental increasing and decreasing solutions wf and cpﬁ for the operator Lz
must be given by

Gl y) = (4.8)

wz( ) w,u—i-n( ) Z(.le) _ @Z—i—n(x)

h@) o h@) w>0, xe((r).

As we discussed in Section 2, the boundary condition of Z at [ can be deduced from the
boundary behaviour of the increasing fundamental solution 1[}5 (x) at = [+. We know from [6,
Section I1.10] that for all 1 > 0 the function g(y) := w;};m(m) must satisfy the elastic or reflecting
boundary condition ¢’'(I4+) = vg(I+) (the same one as satisfied by the M-invariant function h).
Denote f(x) := 1y (z) = g(x)/h(x). Then

A fﬁi’? 3 Jim W) @) = 5 lim [h@)g/(@) 9@ @] =0

fr+) =

since W' (I4+) = vh(l+) and ¢'(I4+) = yg(I+). Thus the increasing fundamental solution f(z) =
¢5 (x) satisfies fT(I4) = 0 (for all x > 0), which is a reflecting boundary condition. Therefore,
the process Z (and hence the process X) has a reflecting boundary at [.

When r is a non-singular boundary point for Y, the proof proceeds along the same lines,
except that now we focus on the boundary behavior at r of the decreasing fundamental solu-
tion gpl)f (z). [

Remark 4.5. It is likely that Assumption 4.3 is always true. The intuitive argument for the
validity of Assumption 4.3 is the following: the process X is conservative by construction, thus
it cannot have elastic or killing boundary conditions at non-singular boundary (as this would
imply P,(X: € (I,r)) < 1). It can not have sticky boundaries or traps, as then the distribution
of X; would have an atom at that boundary (which is impossible since the law of Y; has no atoms).
Thus, the only possible boundary conditions are reflecting or non-local boundary conditions
(see [23, Theorem 2, p. 39]). The latter can be ruled out if we could show that X has continuous
paths, but we did not pursue this further, as Proposition 4.4 was sufficient for our examples in
Section 5.

We proceed with the next step in our construction. The process X, constructed via Doob’s
h-transform (4.4), is a conservative diffusion process, and we assumed that it has reflecting
boundary condition at every non-singular boundary point. We construct its Siegmund trans-
form X via Theorem 3.1. According to (3.3) and (4.5), the infinitesimal generator of X is

o Lo Ny
Ls= §ay — h) Oy.
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Now we want to turn it into a killed Brownian motion by “removing the drift term”. We achieve
this through another Doob’s h-transform. First we establish that the function h is v-excessive
for the process X with v = my, + .

Proposition 4.6. For x € (I,7) and t > 0 we have E, [h()N(t)] < emntNip (7).

Proof. The process X is a diffusion process solving the SDE

(X))
X, = ———dt+dW,, t<(,

h(X:)

where ( is the first time the process reaches the boundary of (I,7). When both boundaries are
natural, we have ( = 400, and if one of the boundaries is exit-not-entrance or non-singular
killing boundary, then the process is killed when it hits that boundary (in other words, the

process at time ( is sent to a cemetery state )?C = A).
Applying Ito’s formula to In h(Xt) gives

In h(X;) zlnh(x)+/0 };((;S))d)?ﬁ;/o v(X5)ds,  t<, (4.9)

where
d? Wx) (K@) W)\
= —=1Inh =2 A) —
o) = gzt = ) - (55) =200+ - (55)
In the last step, we used the fact that A is a solution to Ly h = Ah.
Let us denote

_ (&)
(X

t
. Z :—/ U dW,,  t<C.
0

After rearranging the terms in (4.9) and using the fact that h()?t) = h(A) =0 for t > (, we
obtain

(X)) < h(z) x eZne3 Dtz Jy" S (0(Xo)~UD)ds (4.10)

which holds for all ¢ > 0.

Next, we observe the following two facts. First, the process exp(Zia¢c — (1/2)(Z)ia¢) is a posi-
tive local martingale; thus, it is a supermartingale, and its expected value is at most one. Second,
we have the bound

tAC _ tAC _ 1Y 2
ey - [ ey o (T o<

h(X)

which follows from (4.3). Using these two facts and taking expectations in (4.10) gives the
desired result. [}

Now that we established the fact that h is v-excessive for the process X, (with v = my + A),
we can define a new process Y via Doob’s h-transform

~ ef(mh+)‘)t ~
Py(Yr € A) = ) [1%,eah (X0)]-
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process Y process Y
Ly = 505 = cly) Ly =02~ (y)
AM-invariant function h(y) é(y) = my, + (2((5)))2 —c(y)
! T
Doob’s h-transform of Y Doob’s h-transform of X
! T
process X —  Siegmund dual of X — process X
hl hl
Lx = %85 + %@, (see Theorem 3.1) Lg= %85 — h((;/)) Oy

Table 1. The three steps in constructing Darboux transform of killed Brownian motion process Y.

The infinitesimal generator of Y is

Ly = T Lgh—(my +0) = L02 — ély).
where
/ 2
(y) = + (’,;fj))) ~ e(y). (4.11)

Note that ¢(y) is a nonnegative continuous function on (,7). This is due to the way we defined my,
in (4.3) and due to Assumption 4.1. Thus we can identify Y as a Brownian motion killed at
rate ¢(y).

Definition 4.7. We call the process Y constructed above the Darbouz transform of the killed
Brownian motion process Y. The positive A-invariant function h used in this construction is
called the seed function.

We summarize the steps in our construction of the Darboux transformed process Y in Table 1.
We want to emphasize that this construction depends on the positive A-invariant function A and
requires Assumptions 4.1 and 4.3. In practical applications, we find a A-invariant function h
by solving the equation Lyh = Ah with appropriate boundary conditions at each non-singular
boundary. These two conditions alone do not guarantee that h is A-invariant (see [12, 25]);
thus, to verify that this candidate function h is indeed A-invariant, we check that (4.1) holds by
actually computing the left-hand side (an alternative way is to apply [12, Theorem 2.7] or [25,
Corollary 2.2]). The condition mj, < oo of Assumption 4.1 is easy to verify directly (once we
have expressions for ¢(z) and h(x)). Assumption 4.3 is covered by Proposition 4.4 in most cases
of interest.

Next, we present our main result in this section, which connects transition probability den-
sities of the process Y and its Darboux transform Y.

Theorem 4.8. Let Y be a killed Brownian motion on (I,1) that has one of elastic/reflecting/kil-
ling boundary conditions at each non-singular boundary point. Assume thal h is a positive \-
invariant function for Y and that both Assumptions 4.1 and 4.3 are satisfied. Let Y be the
Darboux transform of Y, constructed with the seed function h. Then fort > 0, x,y € (I,7) we
have

pf(fb’,y) — e_(mh+2>\)t286x [h(lx) /y?’ pY (@, u)h(u)du| . (4.12)

If'Y has a non-singular boundary point with a reflecting or elastic boundary condition, then this
point is also non-singular for Y with a killing boundary condition.
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Proof. Since X (respectively, }7) is the Doob’s h-transform of Y’ (respectively, X ), their tran-
sition probability densities satisfy

x B et v ) v B e~ (mp+A)t - ,
i (v,y) = MoK (z,9)h(y),  pi(z,y) = “h) P (z,y)h(y).

The transition probability densities of X and X are related via (3.13). Combining these identities
and using the symmetry of p; (z,y) with respect to z and y, we obtain (4.12).

Assume that [ is a non-singular boundary points for Y with a reflecting or elastic boundary
condition. According to Proposition 4.4, we have h(l+) > 0 and this boundary point is also
non-singular for X with a reflecting boundary condition. Then its Siegmund dual X has a killing
boundary condition (seeNTheorem 3.1), which is preserved when we construct the process Y via
Doob’s h-transform of X. The last statement uses the fact that h(l+) > 0 and can be proved
by exactly the same argument as was used in the proof of Proposition 4.4. |

Theorem 4.8 states exact conditions under which our informal construction presented in Sec-
tion 1 yields a correct (up to an exponential factor) transition probability density of a diffusion
process. That informal construction relied on the intertwining relation between the genera-
tors (1.5), and we hypothesised that it can be extended to an intertwining relation on the
corresponding Markov semigroups (1.6). We would like to point out the references [5, 13, 26],
where intertwining was applied to semigroups of diffusion processes. It would be interesting to
see if a more direct proof of Theorem 4.8 could be given, where the intertwining relation between
semigroups would play a prominent role. We leave this question to future work.

Importance of A-invariance of h. As we discussed in the introduction, to define the
Darboux transform of operator £ we need a positive function h that satisfies Lh = Ah. If h is
M-invariant for the process Y, then h necessarily satisfies £Lyh = Ah. However, the converse is
not true: a function satisfying £yh = Ah may fail to satisfy the boundary conditions and thus
would not be a A-invariant function. The A-invariance condition on h is very important for our
construction of Darboux transformed process and in general it can not be relaxed.

As an example, consider a process Y, which is a Brownian motion on (0, co) reflected at zero.
The transition probability of Y (with respect to Lebesgue measure) is

1 1 2 1 2
Y — —— (e~ zly—m) — 57 (y+z)
Pt (ﬂf,y) - (e 2 +e 2 )7 t,l",?/>0~
vV 2mt
The infinitesimal generator is Ly = %85 The point [ = 0 is a non-singular boundary and

we have a boundary condition f’(0+) = 0. Consider a function h(y) = y. This function is
a solution to Ly h = 0, but it is not an invariant function for Y, since h does not satisfy the
reflecting boundary condition at zero. If we take the above expression for pz/ (z,y) and compute
the expression in the right-hand side of (4.12) (with h(y) = y), we would obtain

w0 [ [ ol

_ ! [e—;(y—w>2 (1 _ t) bt <1 n t>] '
27t Ty Ty

The expression in the right-hand side is negative for small values of y, thus it can not be
a transition probability density. This example confirms that A-invariance of h is a condition
that can not be relaxed.

A connection with Krein dual strings. The second step in our construction of the
Darboux transformed process (see Table 1) is closely related to the concept of Krein dual strings,
see [8, 22]. To demonstrate this connection, we introduce two increasing functions u(z) and v(x)
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via u/(z) = h%(z) and v'(z) = 2h~2(x) and define diffusion processes V; = v(X;) and U; = u()é)
These are processes in natural scale (the functions v and wu are scale functions for X and X),
and their infinitesimal generators can be written as follows:

44, da
~ dM (u) du’ V' dm(v) dv’

Ly

where M and m are speed measures of U and V' (see (2.1))

aM

dm 1 4 4
_— = — —_— = 2 .
T W), S = o a(w)
Here x(u) and z(v) are the inverse functions of u(z) and v(z). One can check that %%—T =1,

which means that m(v) is the inverse function of M (u). This shows that m is the Krein dual
string of M, in the terminology of [8, 22].

5 Examples

In this section, we present five examples of Darboux transformed processes. In the first four
examples, we take the process Y to be the Brownian motion on an interval (I,r) with various
boundary conditions, and our last example is related to the Ornstein—Uhlenbeck process. For
all killed Brownian motion processes in this section, we take the speed measure dm(x) = dz, so
that the transition probability density and the Green’s function for each process are given with
respect to the Lebesgue measure.

Our goal in this section is to compute the transition probability density of the transformed
process Y and (in most cases) to provide its spectral expansion. Computing p; (z,y) via (4.12)
is very time-consuming if done by hand. Instead, we obtained all expressions for p} (z,%) in this
section using symbolic computations, and then we verified numerically that our formulas were
correct. The MATLAB programs for verifying these formulas via symbolic computations can be
found at kuznetsovmath.ca.

Some computations in this section will require the following simple result (which is probably
well known, but we could not find it in the literature in this exact form).

Lemma 5.1. Consider a second-order linear differential operator £ = %8; — c(y), where ¢ is
a continuous function of y € (I,7). Assume that h, f and g are C? functions on (I,r) such that

(1) h is positive and satisfies Lh = \h for y € (I,7);
(ii) g satisfies Lg = pg fory € (I,r).
Denote f = Dyf and § = Dyg. Then

/f(y)f}(y)dy =fW)g(y) +2(A —p) / FW)g(y)dy. (5.1)
If f also satisfies Lf = pf fory € (I,r), then
Wr[f,3] = 2(A — ) Wr[f, g]. (5.2)

The proof of (5.2) is obtained by calculating Wr| 1, g] and using the fact that ¢” = 2(c+ p)g
and h” = 2(c+ A)h. Formula (5.1) is derived in a similar way, first by taking derivative in y of
both sides and then simplifying the result using the above identities for ¢” and h”.

We also record here the following useful fact (which follows from the intertwining relation (1.5)

and our construction of Darboux transformed process Y)

Lyf=p+wm,+2N)f = Ly(Dnf) = pu(Drnf). (5.3)


https://kuznetsovmath.ca/
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5.1 Brownian motion on R

We take Y to be a standard Brownian motion on R. In this case, we have [ = —oo, r = +00,
both boundaries are natural and the transition probability density of Y is

1
P (z,y) = e*%(y*“)z, t>0, z,y€R.

V2t

The infinitesimal generator is Ly = 285, thus the killing term ¢(x) is zero. We set A = 1/2 and
take h(z) = cosh(z). Note that h solves the equation £yh = Ah. To check that h is indeed

A-invariant for Y, we verify that

/, Y (@ y)h(y)dy = Mh(z). (5.4)

The integral in the left-hand side can be easily computed explicitly. We also provide the MATLAB
code for symbolic verification of this result. Another way to prove that h is A-invariant is via [12,
Theorem 2.7] or [25, Corollary 2.2].

Next, we verify that Assumption 4.1 holds with m; = 0 and Assumption 4.3 is also satisfied
since both boundaries are natural for the process X with the generator given in (4.5). Thus,
we can construct the Darboux transformed process Y and identify it as a Brownian motion
on R killed at rate ¢(y) = tanh(y)* (this latter expression follows from (4.11)). The transition
probability density of Y is given by

~ 1

Y
z,y) =
pi (z,9) ot

* 2cosh(i?)écosh(y) [@ (y _5; t) - (y_jg_tﬂ , (5.5)

where ®(x) is the CDF of standard normal distribution. Formula (5.5) was obtained from (4.12)
by symbolic computation (and then verified numerically).

Now we turn our attention to the Green’s function of Y. The fundamental increasing /decreas-
ing solutions of Ly f = uf (with p > 0) are w};(y) = exp(v/2py) and go}f(y) = exp(—v2py).
Let us denote F(z,y) = Dpe®¥ = e*¥(z — tanh(y)). The functions

ot % (=)’

W () = F(V2(T+).y), @b (y):=F(—vV2(1+ n),y)

are the increasing/decreasing fundamental solutions to Ly f = pf (this follows from (5.3)). With
the help of (5.2) we compute Wr [gpu ; T,Z)Y] =-2(1+ 2,u) 2(1+ p) and using (2.3) we find the
Green’s function of Y in the form

1

2(1+ p) (1 + 2p)

X{FEW 2)F(—2(0+p)y) ifz<y, (5.:6)
F

GZ(x7y) = =

204 p),z)F(v2(1 +p),y) ify<ua.

We claim that the transition probability density of Y can be written in the following spectral
representation form

dz
14227

[SIES

\% _ e i _(1+£)tF . F(—i
Yz (x,y) 2COSh(.Z‘) cosh(y) + 7 /Re 2 (IZ,.I) ( 1Zay)

(5.7)
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There are three ways how one can obtain this result. The first method is to use general Sturm—
Liouville theory (see [31, Section 2.2]). The second is to write the transition probability density
as the inverse Laplace transform of the Green’s function in (5.6)

- 1 -
pi (z,y) = o ) GZ(@’, y)ertdpy, c>0,

and transform the contour of integration to a Hankel-type contour, which goes around the
interval (—oo, —1] in the counterclockwise direction (starting at —oo). While transforming this
contour of integration we will collect a residue at yu = —1/2, which will give us the first term
in (5.7), and the integral over Hankel’s contour will give the integral term in (5.7). The third
method is probably the simplest (though the least enlightening): we compute the integral in the
right-hand side of (5.7) and transform the resulting expression into the form (5.5). More details
on this last method are provided in Appendix A.

The formula (5.7) shows that the effect of Darboux transformation on the spectral repre-
sentation of the transition semigroup of the diffusion process Y is that we have shifted the
spectrum by —1 and inserted a new eigenvalue at —1/2 (with the corresponding eigenfunc-
tion 1/h(z) = 1/ cosh(z)).

5.2 Brownian motion on (0, c0), killed at 0

Now we take Y to be a Brownian motion on (0,00), killed at the first time it hits 0. The
transition probability density is given by

1

V2t
t>0, z,y >0,

1 2 1 2 2 & 22
(e—i(y_z) — e 2 (Wte) ) = / e” 2 'sin(zz) sin(zy)dz,
T Jo

pi (2,y) =

see [6, p. 120]. The infinitesimal generator is Ly = %85, the killing term c(z) is zero. The
point [ = 0 is a non-singular boundary for Y and we have a killing boundary condition f(0+) = 0.
We set A = 1/2 and find a function h(x) = sinh(x) by solving equation Lyh = Ah with the
boundary condition h(0+) = 0 and then we verify that (5.4) holds with A = 1/2 (and | = 0,
r = 400) (or we apply [12, Theorem 2.7] or [25, Corollary 2.2]). Thus h is A-invariant for Y.
We check that Assumption 4.1 holds with mj = 0 and that Assumption 4.3 is also satisfied,
since both boundaries are natural for the process X with the generator given in (4.5). The
process Y (the Darboux transform of Y) is a killed Brownian motion on (0, 0c) with the killing
rate &(y) = coth®(y). Both boundaries 0 and +oo are natural for Y. The transition probability

density of Y is

ot o—t/2

v _ —5 (=2 | o~z te)’
pi (7,y) \/ﬁ(e . e )+ 2sinh(x) sinh(y)

Je () e () 2 () = ()]

The fundamental increasing/decreasing solutions to Ly f = pf are

% 1

z4 —

l (z cosh(zx) — sinh(zx) coth(x)), gog(x) = e “*(z + coth(z)),

where we denoted z = /2(pu + 1). The Green’s function for the process Y is

v 2 e
G#($7y)_ 2(M+1)X{~
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The spectral representation for ﬁf (z,y) is given by

o0 22 d
pf(ﬂzy)Zi/ e H D f (2 ) f (2, ) ——

; 112 (5-8)

where we denoted f(z,y) := z cos(zx)—sin(zz) coth(x). In this case, the Darboux transformation
has resulted in shifting the spectrum by —1, but no new eigenvalues are created. Intuitively
this can be explained by noting that the function 1/h(z) = 1/sinh(xz) (which would be the
candidate eigenfunction with the eigenvalue —1/2 for the transition semigroup of }7) is not
in L2((0,00),dz).

5.3 Brownian motion on (0, c0), killed elastically at 0

Next, we consider the example when Y is a Brownian motion on (0,00) killed elastically at
zero, see [6, p. 125]. In this case, the infinitesimal generator is Ly = %85, the killing term c(z)
is zero. The point [ = 0 is a non-singular boundary for Y and we have an elastic boundary

condition f/(0) = v f(0+), where 7 > 0. The transition probability is

1 A (2 1 2 42 T4y + 7t>
v = (y—2) (+2)*] _ 9~er(@ty)+2 rt+y+t
x, = e 2t + e 2t 2ve 7 & )
We set A = 1/2 and solving the equation Lyh = Ah with the boundary condition h/(0") =
~vf(0+) we find a solution

h(y) = e’ + Be™?, (5.9)

where 8 := (1 —v)/(1 + ) and then we check that h is indeed A-invariant for Y by verifying
that (5.4) holds.

Assumption 4.1 holds with m; = 0 and Assumption 4.3 is also satisfied (here we use Proposi-
tion 4.4 for the left boundary). The Darboux transform of Y is a process Y, which is a Brownian
motion on (0, 00) killed at rate &(y) = (h'(y)/h(y))?. The left boundary [ = 0 is a non-singular
boundary for Y, and we have a killing boundary condition at this point. In order to simplify
the expression for ¢, we introduce a positive parameter « such that || = exp(—2a) and with
the help of this parameter we can express h in the following form: h(y) = 2e~“cosh(y + «)
if v € (0,1), h(y) = exp(y) if v =1 and h(y) = 2e"*sinh(y + a) if v > 1. Thus, the killing rate
of Y is given by

tanh?(y + ) if v € (0,1),
ély) =<1 if y=1,
coth?(y +a) ify > 1.

The transition probability density of Y is

_ —t ’
v = ) _ 2] _ 8B sty r(E
pi (,y) Vort [e ¢ ] h(l‘)h(y)e
t
. . y+x+’yt> 2Be” 2 [ <y+f—t>
x sinh(z) sinh(y)® | — +
wame (-7 + Vi

W) () (e

where h is given by (5.9). Note that when v = 1, we obtain the following result: Dar-
boux transform of Brownian motion on (0,00) killed elastically at zero with boundary con-
dition f/(04) = f(0+) is the Brownian motion on (0, c0) killed at rate one and killed at the first
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time it hits zero. The simplicity of this result suggests that it may have a pathwise explanation,
but we were not able to find it.

For the process Y in this section, we did not derive the spectral representation of the semi-
group, as the resulting expressions were rather complicated.

The results obtained in this section lead to the following.

Corollary 5.2. Let W be a standard Brownian motion, v € (0,00) \ {1}, 8= (1—~)/(1+~)
and |B] = exp(—2a). Then fort >0 and x,y > «

y—a
E. |:e_ lo H(WS)dsl{Wt<y7 min Ws>a}:| = / Pty(ﬂﬁ — a,u)du, (5.11)
—To< 0

s<t

where

(2) = tanh?(z) if v € (0,1),
= coth?(z) if v > 1,

and pf(z,y) is given by (5.10).

Proof. Using the representation of ¥ as a Brownian motion on (0,00), killed at rate &(z) =
k(z + «) and also killed at the first time it reaches zero, we can write

Yy—«o - ¢
/ pz/(x —a,u)du =Py (Yt <y—a)=E;_q|e” o H(Bs+a)dsl{BtSy—a’or<ni2tBS>O} ’
0 <s<

where B is the standard Brownian motion process. To obtain (5.11), we denote W; = B; + «
and use translation invariance of Brownian motion. |

Taking derivatives with respect to y and « allows us to obtain the joint probability density
function of the Brownian motion killed at rate x(z) and of its running minimum. This extends
the results of Sections 5.1 and 5.2 by providing information on the running minimum of the
process Y constructed in those sections.

Remark 5.3. As discussed in the introduction, the Darboux transformation of second-order
linear differential operators is invertible. Starting with an operator £ and a positive formal
eigenfunction h such that Lh = Ah, we obtain Darboux transformed operator E, for which 1/h is
also a formal eigenfunction. Applying Darboux transformation to £ with the seed function 1 /h,
we recover the original operator £. However, this inversion does not work on the level of
transition semigroups of diffusion processes. Consider the process Y from this section and the
function h given by (5.9). The function f = 1/h is positive and satisfies the equation Ly f = Af
(with A = 1/2), but it is not a A-invariant function for Y, since it does not satisfy the boundary
condition at 0 (recall that the process Y has a killing boundary condition at zero).

5.4 Brownian motion on (0, 1), killed at 0 or 1

Let Y be a Brownian motion on (0, 1) killed at both boundaries, see [6, p. 122]. The transition
probability density is

Y (z,y) =2 Z o2t sin(mnx) sin(mny).
n>1

The above formula can be seen as a spectral representation of the transition density of Y
in Ly((0,1),dz). Using orthogonality of {sin(nmy)},>1 on the interval (0, 1), it is easy to check
that h(y) = sin(ry) is M-invariant function for Y with A = —72/2. We check that Assumption 4.1
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holds with m; = 0 and that Assumption 4.3 is also satisfied, since both boundaries are natural
for the process X with the generator given in (4.5). The Darboux transformed process Y is
a Brownian motion on (0, 1), killed at rate é(z) = w2 cot?(rx). Both boundaries are natural
for Y. The transition probability density is obtained using (4.12) and has the form

—77r2(n2—2)t

o () =23 S fal@) fuly), (5.12)

n>2

where we denoted
1
fn(x) := =Dy sin(nmx) = ncos(mnz) — sin(mnx) cot(mwx).
T

The functions { fy,}n>0 are orthogonal in Ly((0,1), dx)

1
/ Fu() fun (2)da =
0

This result follows by applying (5.1) with f = sin(n7z) and g = sin(mmz). Thus formula (5.12)
gives a spectral representation of the transition probability density of ¥ in Ly((0,1),dz). In
this case, the Darboux transformation removes the first eigenvalue from the spectrum of Ly and
shifts all eigenvalues by —2A\.

Now we can repeat this construction. We note that fo(z) = —2 sin?(rx), thus hi(y) =
—f2(y) = 2sin?(7y) is a positive Ad-invariant function for Y, with A = —m2. Applying Darboux
transformation to Y with this A-invariant function h we obtain a new diffusion process, which we
denote by Y (2. This process is a Brownian motion on (0, 1) killed at rate ¢® (z) = 372 cot?(rx)
and having transition probability density

(n — 1)(5n,m, n,m > 2.

l\D\H

——Tr 2(n2-6)t

(w9) =23 0 @ W), (5.13)

n>3

where

2 (z) = thlfn( ) = —(2 + n?) sin(rnzx) + 3sin(mnz) csc?(mx) — 3n cos(rnz) cot(nz).

The formula (5.13) again gives us a spectral representation of the transition probability density
of the process Y in Ly((0,1),dz).

This process can be repeated indefinitely. The first eigenfunction of the transition semigroup
must have a constant sign on (0, 1), thus we can take A-invariant function h to equal to this first
eigenfunction or its negative. After performing Darboux transform m times, we will obtain a pro-
cess Y (™) which is a Brownian motion on (0, 1), killed at rate ¢®(z) = Lm(m + 1)7% cot?(7z).
The transition probability can be written in the following form:

(m A yy £m)
ey =2 Y © £ (@) 1™ (), (5.14)
n>m+1 H ( 2 _ j2)

where the functions f,(Lm) can be given explicitly in terms of Gegenbauer polynomials and also
in terms of certain Wronskian determinants. The proof of (5.14) will appear in the forthcoming
paper [33].
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5.5 Brownian motion on R killed at rate y?/2

Let Y be a Brownian motion on R killed at rate c¢(y) = 32/2. It is known that its transition
probability density function is given by Mehler’s kernel

1 1 Ty >
Y 2 2
x, = —— ¢ —— COth t)(x + + N
P (2,y) 27 sinh(l) Xp( 9 ( )( Y ) sinh(t)
1 1,2,.2 ef(n+%)t
— —3(z?+y?)
ﬁe 2 E S H,(z)Hn(y).

n>0

Here H,(z) denote Hermite polynomials. The process Y is closely related to the Ornstein—
Uhlenbeck process Z, which has infinitesimal generator £z = £9? — 20,. It is known (and easy
to check) that Y is Doob’s h-transform of Z

P.(Y; € A) = e 527K, [e2%7 15, ).

Next, we will discuss how to find a A-invariant function for the process Y. It is known
(see [17, Example 2.3]) that the functions f,(y) = e ¥"/2H,,(y) and g,(y) = i"e¥’/2H, (iy) are
formal eigenfunctions of the operator £ = %(83 — y2). Hermite polynomials H,,(y) have real
zeros if n > 1 and the functions Hy,(iy) have a zero at y = 0 when n is odd, so these are not good
candidates for a positive A-invariant function and we should take h as a multiple of fy or gop.
Taking h(y) = exp(iy2/2) does not lead to a new process, as ¢(y) given by (4.11) is equal
to ¢(y) up to a constant. Thus, the first non-trivial example can be obtained when we take h as
a multiple of go(y). We set h(y) = e¥’/2 (2y% + 1) and check (by computing the integral in (5.4)
symbolically or by applying [12, Theorem 2.7] or [25, Corollary 2.2]) that h is A-invariant for Y’
with A = 5/2. Now we can construct the Darboux transformed process Y, which is a Brownian
motion on R killed at rate

_ y* 8y (24 +3)
dy) =%+ )
(2y%2+ 1)

The transition probability density of ¥ (computed via (4.12)) has a surprisingly simple form

aut 4 sinh(t) (e! — 2zy)
(202 4+1) (202 +1) |

oy (2,y) = p) (2,y) x e (5.15)

Next, we present the spectral expansion of the transition probability density. The oper-
ator Ly = %(85 — y2) has a complete set of orthogonal eigenfunctions f,(y) = e_y2/2Hn(y)
in Ly(R,dz). We know that 1/h(y) is a formal eigenfunction of Y. We can expect that
fu(y) = Dpfn(y) to be the eigenfunctions of Ly in Ly(R,dx). We compute

W (y) Qn(y)
h(y) h(y) ’

where @, (y) is the following polynomial
Qu(y) = Wrilh, fo] = 2n(2y* + 1) Hoa(y) — (49° + 6y) Ha(y),  n > 0.

Note that @), are polynomials of degree n + 3.

Faly) = Difaly) = fi(y) — faly) =

Proposition 5.4. The set of polynomials {1} U {Qn}n>0 is a complete orthogonal set in the
space Lo(R,v(dy)), where
(dy) := h~2(y)d S
v(dy) :=h*(y)dy = ————dy.
(22 +1)
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The transition probability density of}7 has spectral representation

> ]_ e % (£E2er2)

Y _ -3¢ —(n+11/2)t Qn(2)Qn(y)
Py (x7y)—ﬁ(2$2+1)(2y2+1)x 2e72l ) e (M2 _ERIIENT (5.16)

2ntlnl(n + 3)

n>0

Proof. Let S ={0,3,4,5,6,...} be the set of non-negative integers that is missing {1, 2} and
let us define polynomials H,gl)(y) via

HY(y) = Wr[Hy, Ho, Hy)(y) = 16H,(y) — 162 H], (y) + 4(22% + 1) H (y).

Note that HT(LU # 0 if and only if n € S. The polynomials { HT(LU }n cg are the exceptional Hermite
polynomials corresponding to the partition 2 = 1+1, see [15, Definition 5.1]. It is known (see [15,
Propositions 5.7 and 5.8]) that {Hél)}nes form a complete orthogonal set in La(R,v(dz)) with
the squared norm

/ HW ()%v(dy) = V72" 0nl(n — 1)(n — 2). (5.17)
R
Using [16, Theorem 3.1}, we can write

HM(y) = —16(n+1)(n+2)Qu(y),  n >0, (5.18)

and clearly HT(LI)(y) = 16. Thus the polynomials {H’(ll)}nes and {1} U{Qn}n>0 are identical, up
to a multiplicative constant. This implies that the functions {1/h}U{Qy/h},>0 form a complete
orthogonal set of eigenfunctions of Ly in L3(R,dr) with eigenvalues —5/2 and —(n + 11/2),
n > 0. The Lo-norm of these functions can be found via (5.17) and (5.18) (though one could
find the norms of @,,/h more directly via Lemma 5.1

1 =v —ﬁ Qn(y)* _ 2, — /7ol (n
/Rh(y)zdy_ (R) = 2’ /R h(y)2 dy_/RQn(y) (dy) = V/m2 (n + 3).

One can now write down the transition probability density of ¥ in the form (5.16). n

In conclusion, we would like to discuss the connection of our results with the existing literature
on Darboux transformation and propagators of for the one-dimensional Schrodinger equation.
Our formula (4.12) has an analogue in [28, Theorem 2]. The example in Section 5.1 should be
compared with the results of [27] and the example in Section 5.4 with [28, Example 5.1]. Our
example in this section is closely related to the propagators of rational extensions of harmonic
oscillator considered in [29]. Moreover, the results in [29] imply that if the potential

2, a(y)
u(y) =y~ + o)
is a rational extension of harmonic oscillator (as defined in [15]) then the process Y, which is
the Brownian motion on R killed at rate ¢(y) = u(y)/2, will have transition probability density
of the form similar to (5.15)

a1 @(z,y,¢")

Y Y
p x? - p m? X e )
t ( Y) t ( y) R(a?,y)

where ¢ is a constant and Q(z,y, z) and R(x,y) are certain polynomials that can be computed
explicitly. Thus, there exists a hierarchy of diffusion processes on R, which could be called
rational extensions of Ornstein—Uhlenbeck process, for which the transition probability density
can be computed in a fairly simple form. We plan to investigate this family of diffusion processes
in future work.
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A Proof of identities (5.7) and (5.8)

We begin with the following result

2
w —tZ-+izw ¢
(§ 2 dZ:@é(ﬁ <Uj\/%> s t>0, wER, (A].)

which can be established by taking the derivative in w of both sides and computing the integral
in the left-hand side. From (A.1), we obtain the following pair of Fourier transform identities:

2
1 ot Hew 170 ¢ w+t ¢ w—1
- dz = = |eztwep [ - 212 TR [ ——— A2
o [T e g e (H ) e ()] a2

2
i et Hew 17 & wt : w—t
— = sdr= et —— ) —er R [ —— ). A.
or |t =g e () e () =

e
21 Jp iz +1

We write
F(iz,z)F(—iz,y) = (V) [(1 4 2%) + iz(tanh(z) — tanh(y)) + (tanh(z) tanh(y) — 1)]
and now we can compute the integral in (5.7)

dz
1422

1

22
— / e~ T IR (iz, 2) F(—iz, y)
2w R

1 1
= 7e—t—2%(w—y)2 + i(tanh(x) — tanh(y))
«[orbremg (UE0) Cobng (22020)

\/z -
(tanh(z) tanh(y) — 1)
o4+ ) y—l’—t> (@) <x—y—t>
X 2 [0)) + 5 o
== .

Plugging the above expression into the right-hand side of (5.7) and simplifying the result will
give us p} (z,y).

The proof of (5.8) is very similar. We write the integral in the right-hand side of (5.8) as
a sum of five integrals

dz

00 2
—(1+5)t 0
| e e

o0 22 o0 22 i
:/ e~ T cos(z2) cos(zy)dz — coth(x)/ e*(H?)t%SH;(ZI)
0 0 142

— coth(y) /°° e_(1+§)t—cos(zx) Sin(zy)zdz
0

14 22
o0 z2 . .
+ coth(z) coth(y) /0 e—<1+2>tSdll(ﬂS;r21(21/>dz
- [Fesinentnesta),,
0 1+ 22

Each of these integrals can be computed by using product-to-sum identities for the trigonometric
functions and applying Fourier transform identities (A.2) and (A.3). The resulting expression,
when plugged into the right-hand side of (5.8), after some long and tedious simplifications, will

give us p} (z,7).
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B Proof of (ii)

We present the proof in the case when [ is a non-singular boundary for the process Y from
Section 4. The proof for the case when r is non-singular is identical. We recall that Ly =
%65 — ¢(y) (where ¢ is a positive continuous function on (I,7)) and that the boundary [ is
non-singular for Y if and only if [ is finite and

/lz c(y)dy < oo, (B.1)

for some z € (I,7). Let A be a real number and h be a A-invariant function for Y.

First, let us establish the following result: any positive solution to Ly f = Af must be
bounded on (I,z). This result is undoubtedly known in Sturm-Liouville theory, but we were
unable to find a reference, so we will include a short proof here. We denote g(y) = f'(y)/f(y)
and check that g satisfies the Riccati equation ¢'(y) = 2(c(y) + \) — g(y)?, v € (I,7), which
implies (by integrating over y € (w, 2))

z

9(2) — g(w) <2\ (z —w) + 2/ c(y)dy, l<w<z<r.

w

Therefore, —g(w) is bounded from above on the interval (I, z) (due to (B.1)), and since

) = F) e - / ), <<

we conclude that f is also bounded on (I, z).

Now we are ready to prove that h satisfies the appropriate boundary condition at I. We denote
by 1, and ¢, the fundamental increasing/decreasing solutions to Ly f = pf. We will show that h
satisfies the same boundary condition at [ as ¢,,. The starting point is the identity (4.2), which,
coupled with the representation (2.3) for the Green’s function of the process Y, gives us

W) = (- A) [m:r) [ utomtian+ o, [ w(y)h(y)dy] .

The above holds for © > max(0,\) and x € ({,r). As we established above, both functions ¢,
and h are bounded (thus, integrable) on (I, z), thus we can rewrite the above identity in the
form

h(x) = (1 — Aibp(a) /l " pu()h(y)dy + (1 — Nep(z) /l () — (@) h(y)da
~ (= Nola) [ *(ouly) — oula))h(y)d.

Since 1, ¢, and h are bounded on (I, z), the above identity implies that as z — I+ we have
h(z) = Cibu(x) + Ol — 1), (B2)
W (z) = C(2) + ¢, (2)O(x — 1) + 4, (2)O(z — 1), (B.3)

where we denoted
C = CluN) = (u =) [ euhi)d

If we have a killing boundary condition for Y at point [, that is f(I+) = 0, then (B.2) im-
plies h(l+) = ¢, (l4) = 0. If we have a reflecting boundary condition at I, then ¢/ (I+) = 0
and (B.3) implies h'(I+) = 0. Here we also need the fact that 1 (x) and ) (x) are bounded
near point [ (the first one is bounded near I since 1, (z) is convex and increasing and the sec-
ond one is bounded because the Wronskian Wr[py; ] is a non-zero constant). In the case
when we have an elastic boundary condition for Y at point [/, that is f(I+) = vf’(I+), we can
obtain h(l+) = vh'(I4) using the same argument.
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