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ABSTRACT. This paper explicitly computes the transition densities of a spec-
trally negative stable process with index greater than one, reflected at its
infimum. First we derive the forward equation using the theory of sun-dual
semigroups. The resulting forward equation is a boundary value problem on
the positive half-line that involves a negative Riemann-Liouville fractional de-
rivative in space, and a fractional reflecting boundary condition at the origin.
Then we apply numerical methods to explicitly compute the transition den-
sity of this space-inhomogeneous Markov process, for any starting point, to
any desired degree of accuracy. Finally, we discuss an application to frac-
tional Cauchy problems, which involve a positive Caputo fractional derivative
in time.

1. INTRODUCTION

Consider a spectrally negative (no positive jumps) stable Lévy process Y; with
characteristic function

(11) E[eikYt] _ et(ik;)a

for some 1 < a < 2. If @ = 2, then Y; is a Brownian motion with variance 2t. Now
define

(1.2) Zy =Y, —inf{Y;: 0 < s <t}

The reflected stable process ([L2) is also the recurrent extension of the process Y;
killed at zero, which instantaneously and continuously leaves zero; see Patie and
Simon [42]. Let C(R) denote the Banach space of continuous functions f : R — R
that tend to zero as |z| — oo, with the supremum norm. We say that a time-
homogeneous Markov process X; is a Feller process if the semigroup T;f(xz) =
E[f(Xt1s)|Xs = ] satisfies T3 f € Coo(R) and T3 f — f as t — 0 in the Banach
space (supremum) norm, for all f € Co(R). It is not hard to show (see Theorem
21 in this paper) that Z; is a Feller process, and since Z; > 0 by definition, the
space-inhomogeneous Markov process Z; lives on the state space [0, 00).

If « = 2, then this process is called “reflected Brownian motion” and the govern-
ing differential equation (forward Kolmogorov equation) for the transition density
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228 BORIS BAEUMER ET AL.
p(z,y,t) of Zy1s = y given Z, = x is the diffusion equation d;p(z,y,t) = 8§p(x, Y, 1)
together with the reflecting boundary condition

T p(l’,y-’-h,t) —p(fc,y,t)
(13) ayp(l',y,t) 0+ T h1i>r(r)1+ h

=0 forallt>0,

y=0

(i.e., the normal derivative vanishes); see for example It6 and McKean [25] Eq. 8].
This paper extends to the case of a reflected stable process. The stable process Y;
without reflection is a space-homogeneous Markov process, so its transition density
p(y,t) is independent of the initial state x. This density solves a fractional dif-
fusion equation, 9;p(y,t) = D, p(y,t) that involves a negative Riemann-Liouville
fractional derivative in space; see (24 below for the definition. The fractional
derivative reduces to the usual second derivative in the case o = 2. The forward
equation for the reflected stable process turns out to be the fractional diffusion
equation Oyp(x,y,t) = D2, p(x,y,t) with the fractional reflecting boundary condi-

tion
(1.4)
1 oo
D p(x,y,t) = lim —— w tp(x,y + kh,t) =0 forallt>0,
4 y—o4  h—0+ hoTl kZ:O k -

using the (fractional) binomial coefficients

ap = (-14(7):

When o = 2 we have w§ ' =1, w}™ ' = —1, and wy ™" = 0 for k > 1, so that (T4)
reduces to the classical condition ([L3)), i.e., the one-sided first derivative. In either
case (¢ =2 or 1 < a < 2), the boundary term enforces a no-flux condition at the
point y = 0 in the state space.

The connection between probability and differential equations has profound con-
sequences for mathematics [218L0,36], and for its applications in science and en-
gineering [211[39,40,[47], including a probabilistic method called particle tracking
for solving fractional differential equations, by exploiting the associated Markov
process [T0,541[55]. More details on fractional calculus, and its connection to prob-
ability theory, may be found in the recent book of Meerschaert and Sikorskii [37].
Since fractional derivatives are nonlocal operators, the appropriate specification of
boundary conditions requires a new approach [IL[16] 27,2941, 50]. For example,
one can apply the theory of Volterra integral equations [44] or general nonlocal
operators [I7]. The results in this paper can help clarify the meaning of reflecting
boundary conditions for fractional diffusion.

We believe that this idea will find many useful applications, both inside and
outside mathematics. As a first application, we show in Theorem[Z.I]that a reflected
stable process can be used to solve a fractional Cauchy problem, in which the usual
first time derivative is replaced by a Caputo fractional derivative of order 0 < 8 < 1.

Notation. We write C[0,00) for the Banach space of continuous functions that
vanish at infinity, i.e., lim,_ o u(x) = 0, with the uniform norm

lul = sup fu(z)|.

x€[0,00

Its topological dual is the space of (signed) Radon measures M,[0,00), and by
M0, 00) we mean the absolutely continuous (with respect to Lebesgue measure)
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REFLECTED SPECTRALLY NEGATIVE STABLE PROCESSES 229

elements in M, [0, 00). On M,[0, 00) we use vague (weak-*) convergence; i.e., fi, —
if, and only if, [udu, — [udu for all u € C[0,00). The subscripts ¢, b, ac, oo
stand for ‘compact support’, ‘bounded’, ‘absolutely continuous’ and ‘vanishing at
infinity’. Fractional integrals and derivatives in the Riemann-Liouville sense are
denoted by I* and D® (see (ZI)—(24)) while Caputo derivatives are written as 0%;
see ([2.6]).

Finally, L£g(s) = Llg = [T e % g(t) dt denotes the usual Laplace trans-
form, and L_.g(s) = L, [ ®)](s) = ffo e st g(t)dt is the bilateral Laplace

oo
transform.

2. THE REFLECTED STABLE PROCESS

Given a real number o > 0 that is not an integer, define the positive Riemann-
Liouville fractional integral

«@ o _ 1 * a—
(1) Iof /fx— m/_Oof<y><sc—y> Ly,

the negative Riemann-Liouville fractional integral

2D 1% = /wa<x+y>y“-1dy— /f (y—2)° dy,

the positive Riemann-Liouville fractional derivative

23) D)= ) = iy e | S0

and the negative Riemann-Liouville fractional derivative

dn 'n
(24) D% f(x):= d(—x)nlﬁ;a () = d;v" / Fly)(y — )"y,
where n — 1 < a <n. If o € (1,2), then n = 2. See [7}B7,45] for more details.

Let Z; be the stochastic process defined in ([I.2]), where Y; is a stable Lévy process
with index 1 < & < 2 and characteristic function (II)). Next we will show that Z,
is a conservative time-homogeneous Markov process whose (backward) semigroup
T.f(x) = E[f(Zt4s)|Zs = x] is strongly continuous (||73f — f|] — 0 as ¢ | 0),
contractive (|7¢f] < ||f]]), and analytic (the mapping ¢ — T'(t)f has an analytic
extension to the sectorial region {re’® € C: 7 > 0,]0| < a} for some a > 0) on the
Banach space X = C[0,00), and give a core for the generator. Recall that a core
C'4 of a closed linear operator A is a subset of its domain D(A) that is dense within
the domain in the graph norm; i.e., for each f € D(A) there exists a sequence
{fn} C Ca such that f, — f and Af, — Af.

Write

Sy = {f € C[0,00) : f" € C(0,00), f"(x) =0(1) as x — oo,

(2.5)
F(2) = 0@ as z — 0, f € Cy(0,00), f(0+) = o}

and denote by 0% the (positive) Caputo fractional derivative of order o > 0, which
can be defined by

20 0fle) = o) = /Oz@—y)"-l—“f(m(y)dy

I'n-—«
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230 BORIS BAEUMER ET AL.

where n — 1 < a < n and f(" is the nth derivative of f. The Caputo fractional
derivative differs from the Riemann-Liouville form (23) because the operations of
differentiation and (fractional) integration do not commute in general. For example,
when 0 < a < 1 we have

(2.7 03 (x) = DEI@) = FO 1 — oy

for suitably nice bounded functions (e.g., see [37, p. 39]).

—Q

Theorem 2.1. Let Z; denote the reflected process (L2) where Y; is a stable Lévy
process with index oo = 1/8 € (1,2) and characteristic function (LI)). Then Z; is a
Feller process, the transition semigroup Tyf(x) = E[f(Z14s)|Zs = x] on Cx]0,00)
is analytic, with generator Af = 0%f for all f € Ca ={f € Sy : 0% f € C[0,00)},
where 0% is the Caputo fractional derivative ([2.0), and C4 is a core of A.

Proof. Define the running infimum I; = inf{Y; : 0 < s < t} and the running
supremum Sy =sup{Ys:0 < s <t}. Let Y; = Y, denote the dual process, and let
It and St denote the running mﬁmum and supremum of Yt, respectively. Since Yt
is also a Lévy process, it follows from [I2] Section VI.1, Proposmon 1] that S, —

is a Feller process, and since St = —1I;, it follows that S, —Y,=—-I,+Y, = Zt
Hence Z; is a Feller process.

It follows from [IT], Proposition 4] that C4 C D(A) and Af = 9% f for all f € C4.
Note that the extension from f” bounded to |f”(z)| = O(z*~2) at x = 0+ is also
mentioned in the proof.

Since A generates a strongly continuous contraction semigroup, the resolvent op-
erators R(\, A) := (A— A)~! exist for all Re A > 0 and they are bounded operators.
We will now show that
Lg(A1/*)

(2.8) R\, A)g(x) = —az® ' E, (A\z®) % g(z) + N i/a

E,(A\x®)

for all g € C]0,00), where Lg is the Laplace transform, = is the convolution
operator, and the Mittag-Leffler function E,(z) = >~ 2" /T(1 + an).
Let Rj 4 denote the right-hand side of (2.8]). Since
Sa_l a—1 7/ «@ 1
X and Llaz® " EL (Az®)](s) = Y
(see e.g. [221[32]), it follows that

B Lg(s) Sa—l Al/aLg(Al/O‘)
(2.9) LRy 4(s) = S 3 .
Using the fact that [f x g]'(z) = [f' * g](x) + f(0)g(z) it follows that Ry 4 is twice
differentiable for any g € C4[0, 00) N C?[0, 0). Equation (Z.6)) implies that for any
f € C?[0,00) we have

L[07 f1(s) = 572 (2L f (s) = s£(0) = f'(0)) = s"Lf (s) — s>~ £(0).
Taking the Laplace transform of ARy ; — 05 Ry 4, we therefore obtain that

LARy g — 00R ] (8) = ALRy 4(s) — s®LRy 4(s) + s* "Ry 4(0)

(2.10) =Lyg(s) — -

L[Ea(Az?)](s) =

S

WLQ(Al/a) + SailR)\,g(O)
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REFLECTED SPECTRALLY NEGATIVE STABLE PROCESSES 231

for any g € Cx[0,00) N C?[0,00), and hence R(\, A)g = Ry ,. By continuous
extension, (2.8) holds for all g € C'[0, 00).
To show that Cj is a core, note that for g € C2 [0, 00) := C?[0, 00) N Cs[0, 00),

OFR(A, A)g = AR(N\, A)g — g € Cx[0,00)

and hence R(\, A)C%[0,00) C C4. Pick f € D(A) and g = \f — Af. Since
C2.[0,00) is dense in Cy[0,0), there exists a sequence {g,} C C2[0,00) with
Gn — g. Thus, f, = R(\, A)g, — f and Af, = Af, — gn — A\f —g = Af. Since
fn € R(N, A)C2[0,00) C Ca, we see that C4 is a core.

Finally we show that {T;};>0 is an analytic semigroup. Since R()\, A) is a
bounded operator for all Re A > 0, a general result from the theory of semigroups
[3, Corollary 3.7.12] shows that {7;} is analytic if for some some M > 0 we have

(2.11) [IAR(A, A)gll < M]|g|
for all ReA > 0 and all g € C[0,00). Then the result follows from Lemma [(.2]
and this completes the proof. (|

Remark 2.2. Patie and Simon [42] show that the reflected stable process Z; in
Theorem [2.1] has the backward generator

’ z' e S y
2.12 A = f(0)=/—— —Y)
(212) 1@) = PO 5= + [ 105
They also give the exact domain of the generator [42] Proposition 2.2]. If f € S,
then f/(0) =0, and Af reduces to the Caputo fractional derivative (2.4]).

dy.

In view of Theorem [ZT] T f(z) = E[f(Zt+s)|Zs = z] is a strongly continuous,
analytic semigroup on the Banach space X := C[0, c0) with the supremum norm,
with generator Af(x) = 0%f(x) for f € Sp such that 0% f € X. The dual (or
adjoint) semigroup T} is defined on the dual space X* = M,;[0, c0) of finite signed
Radon measures on [0, o0) equipped with the total variation norm: Given a measure
i € M,p[0,00), use the Jordan decomposition to write y = p™ — p~ uniquely as a
difference of two positive measures, and define |u|| = p*[0,00) + = [0,00). The
dual semigroup satisfies

(2.13) / T, f (x)u(dr) = / J (@) [Ty ) (d)

for all f € Cx[0,00) and all u € M,[0, 00). See [19, Section 2.5] for more details. In
probabilistic terms, since T} f(x) = E[f(Z:1s)|Zs = ] for this time-homogeneous
Markov process, equation (213) implies that

[ Tit@ntan) = [ El5(Zeelz. = slutdo)
= /f(y)Pt(dy,u) = /f(y)[Tt*u](dy)

where Py(y,p) = [Py, t)u(dz) and P(y,z,t) = P[Ziys < y|Zs = 2] is the
transition probability distribution of the Markov process Z;. Hence, if u is the
probability distribution of Z,, then T; u(dy) = Pi(dy, ) is the probability distribu-
tion of Z;;s. The dual semigroup is also called the forward semigroup associated
with the Markov process Z, since it maps the probability distribution forward in
time.

Licensed to Michigan St Univ. Prepared on Fri Nov 27 10:05:49 EST 2015 for download from IP 35.8.11.2.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



232 BORIS BAEUMER ET AL.

Next we will compute the generator A* of the forward semigroup. This is the
adjoint of the generator A of the backward semigroup, in the sense that

/ Af(x)p(de) = / £ (@)[A* ) (d)

for all f € D(A) and p € D(A*). Theorem will show that every measure
i € D(A*) has a Lebesgue density g € L'[0,00), so that u(dy) = g(y) dy, and that
the adjoint A*g := A*pu of the positive fractional Caputo derivative Af(x) = 0% f(x)
in our setting is the negative Riemann-Liouville fractional derivative A*g(y) =
D2, g(y) using (2.4).

The forward semigroup T} of a Markov process is not, in general, strongly con-
tinuous on Mj3[0,00). That is, there exist measures u such that Ty /4 p in the
total variation norm as ¢ | 0. For example, if T} is the forward semigroup asso-
ciated with the diffusion equation d;p = 92p, and p = &y is a point mass at the
origin, then T} 1 is a Gaussian probability measure with mean 0 and variance 2t for
all ¢ > 0, and since u{0} =1 and T;p{0} = 0 for all ¢ > 0, we have | Ty — pf] =1
for all ¢ > 0 in the total variation norm.

To handle this situation, we define the sun-dual space of X := C,[0,00) as

X = {pe X" tm |T7p - ul = 0},

a closed subspace of X* = M[0,00) on which the forward semigroup is strongly
continuous. It follows from basic semigroup theory [19, Section 2.6] that for p €
XO Tfp e XO for all t > 0, and X© = D(A*). The restriction of {7} };>0 to
X© is called the sun-dual semigroup {T,°};>0 with generator A®u = A*y for all
p € D(A®), where

(2.14) D(A®) = {p € D(A*) : A*p € X,

For the reflected stable process, we will show in Theorem 23] that C2 [0, c0) is the
space of absolutely continuous elements of Mj|0, 00),

Mae[0,00) = {n € My[0,00) = p(dy) = g(y) dy for some g € L'[0,00)},

and we will derive the forward equation of the reflected stable process on the sun-
dual space. For a general bounded measure p € M0, 00), we will then prove in
Corollary 8 that T}y can be computed as the vague limit of T,” 1,,, where p1,, —
vaguely, and p, € C2[0,00) for all n.

Theorem 2.3. Let Z; denote the Feller process (L2), whereY; is a stable Lévy pro-
cess with index a« =1/ € (1,2) and characteristic function (1)), with (backward)
semigroup Ty f(x) = E[f(Zi1s)|Zs = x] on Cso[0,00). Then C2[0,00) = M,.[0, 00)
and the generator A®g := A®u of the sun-dual semigroup {T®(t)}1>0 is given by

(2.15) A%(y) = D% g(y)
with domain D(A®) = {g € L*[0,00) : D% g(y) € L'[0,00), D%, g(0) = 0}.

Proof. Suppose A*j = v € My[0, 00) for some p € My[0, 00), so that [ Af(x)u(dz)
= [ f(z)v(dz) for all f € D(A). Set v(z) := v[0,z] for z > 0 and v(z) = 0 for z < 0.
If f €Sy, with 03f € Cx[0,00), then it follows from Theorem 2] that f € D(A)
and Af = 02f. Tt is obvious from the definition ([Z.8]) that 0%~ f'(z) = 02 f(x).
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REFLECTED SPECTRALLY NEGATIVE STABLE PROCESSES 233

Let

T (e a—1
12 = [T )y

denote the positive Riemann-Liouville fractional integral [2I) of order a > 0 for a
function f € C[0,00), and apply the general formula [7, Eq. (1.21)] I&~19971 f/(x)
— f'(x) = £(0) to see that f/(z) = [2-109-1 () = [3-102 f(w) — I3~ LAf(a).
Since f(z) — 0 as z — oo, and v(0) = 0 for x < 0, we can apply the integration by
parts formula [23], Theorem 19.3.13]

/f f@WW%@M@—/vamM

with a < 0, and then let b — oo, to see that

/wﬂmwmnz—/wf@weMx

Thus, for all f € S, with 0% f € C , a Fubini argument yields

| twwian = [ t/' B A 0) dyotn)
(2.16) :—/0 /y %v(ff)d:vflf(y) dy
= /0 N Af(y) u(dy)

Next we will show that S := {Af : f € S, with 9% f € Cx[0,00)} is dense in
C[0,00), and then it will follow that any measure p € D(A*) has a Lebesgue
density

(o — a—2
(2.17) o) == [ G e de = -1 )

where A*p = v and v(z) = v[0,z]. Let C°[0,00) denote the space of smooth
functions with compact support, i.e., such that h(z) = 0 for all > M, for some
M > 0. It is not hard to check that the space Q = {h € C°[0,0) fh =0} is

dense in C[0,00). Then we certainly have
M _ Ja—1 a—1
lim I%h(z) = lim (=) L h(s)ds =0,
T—>00 z—o0 [ I(«)

and therefore, the function f(z) = I2h(x) is an element of C'[0, 00) for any h € Q.
Elementary estimates suffice to check that f € .S, as well. Since the positive Caputo
derivative is a left inverse of the positive Riemann-Liouville integral [7, Eq. (1.21)],
we also have 02 f(z) = 0%I%h(x) = h(x) € Cx[0,00). Hence h = Af € S for all
h € @, and thus Q C S. Now for any f € C,[0,00) there exists a sequence f,, — f
in the supremum norm, with fn € S for all n. Then some simple estimates can be

used to verify that [ f(y)u(dy) = [ f(y)g(y) dy, and it follows that the measure
1 has the Lebesgue density g. Hence we can identify D(A*) with a subspace of
L0, 00).

Next we will show that this subspace is dense in L'[0, 00). Define

a—1
(@) =ty (7 = 2)" Lpaym(2),
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234 BORIS BAEUMER ET AL.

and note that D, ¢, (z) = 1 for € (0,1/n) by a straightforward computation.
Note that the set U := {g(z) — [D*,g(0)]¢n : g € C°[0,00),n € N} is dense in
L'[0,00), and that D% g(x) € L[0,00) for all g € U. Furthermore, U is a subset
of

G={geL'0,00) : D*,g € L'[0,00), D*,'g(0) = 0}.

For any g € G and f € S, with 9%f € C4[0,00), we have D*,'g(0) = 0 and
f'(0) = 0. Then Theorem [Z1] a Fubini argument, and integration by parts (twice)
using equation (2.4) yields

> _ > Y (y_x)l_a "
/O Af(y)9(y) dy—/o /0 mf (z) dz g(y) dy

_/0‘” /OO %g(w dy f" () dx

(2.18) :/OO Ig;o‘g(x)f”(x) dx

0

~[" o) o
:/OO f(z) D* g(z) dx.
0

Furthermore, as {f € S, : Af € Co[0,00)} is a core, for all f € D(A) there exists
a sequence f, in the core such that f, — f and Af, — Af. Hence (ZI8) holds
for all f € D(A) and therefore g € D(A*) and A*g = D _g for any g € G. Since
U is dense in L'[0,00), and U C G C D(A*), it follows that D(A*) is dense in
L1[0,00). Since C2 [0, 00) is the smallest closed set containing D(A*) by definition,
and since L]0, 00) is a closed subspace of M[0, c0), we have shown that L1[0, c0) =
C210,00).

Equation (2I4) implies that v = A*y is an element of C2[0,00) for any u €
D(A®), and therefore, we have v(dr) = h(x)dz for some h € L[0,00), as well
as u(dy) = g(y) dy for some g € L'[0,00). Since v(x) = v[0,z], it follows that
h(z) = v'(x). Since Df;l is a left inverse of If;l in general, it follows from (2.17)
that v(y) = —Df;lg(y). Then we have

(2.19) h@) = v/() = = [-D*1g(a)] = D,g(x) = A%g(a)

for all g € D(A®), which proves the generator formula ([2I5). Equation (ZI9)
also shows that D g(z) € L'[0,00) for all g € D(A®), and since v is continuous
with v(0) = 0, it follows that D%, 'g(0) = v(0) = 0 for all ¢ € D(A®). This
proves that D(A®) C G. Since D(A®) is defined as the set of g € D(A*) such
that A*g € L0, 00), it follows from (2IJ) that g € D(A®) for all g € G, so that
G C D(A®) as well, which completes the proof. a

Theorem 2.3 establishes the forward equation of the reflected stable process Z;,
for certain initial conditions. It shows that, for any initial condition po(dzx) =
g(z)dz where g € L[0,00), s := T®p solves the Cauchy problem

App(t) = Au(t);  p(0) = po
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REFLECTED SPECTRALLY NEGATIVE STABLE PROCESSES 235

on the sun-dual space. This implies that, for any probability density po(z) such
that po(x) = 0 for z < 0, the function p(z,t) = T®pg(z) solves the forward equation

(2.20) Op(x,t) = D, p(x,t); p(x,0) =po(x), D 'plx,t)| =0.

The next two results will allow us to compute the transition probability density
y — p(x,y,t) of the time-homogeneous Markov process y = Z;1, for any initial
state z = Z,, by applying Theorem [Z.3] to a sequence of initial conditions u, € X©
such that p,, — ;. The first result shows that the transition density exists.

Corollary 2.4. The semigroup T," is a strongly continuous bounded analytic semi-
group on L'(R) and the transition probability distributions T} 8, have smooth den-
sities y — p(x,y,t) for allt >0 and all x > 0.

Proof. Tt is well known that the spectra of A and A* coincide, and R(\, A*) =
R(A, A)* for all A in the resolvent set of A (and A*). Therefore, since A is a
sectorial operator, being the generator of a bounded analytic semigroup, it follows
that A* is a sectorial operator as well, and hence A* generates a bounded analytic
semigroup (not necessarily strongly continuous at 0) on C* [0, 00) = M,[0,00) by
[3L Theorem 3.7.1] which coincides with 7}* for all ¢ > 0 by the uniqueness of the
Laplace transform. Therefore, the restriction of A* to D(A*) = L'[0,00) (i.e., the
operator A®) generates a strongly continuous bounded analytic semigroup 7, on
L'[0,00) by [3, Remark 3.7.13]. Furthermore, [3, Remark 3.7.20] shows that for
all n € N and ¢t > 0 we have that T;*u € D((A*)™) for all € Mp[0,00) and that
TP f € D((A®)™) for all f € L'[0,00). Since D(A*) C L'[0,00), it follows that
T:p € L'0,00) for all s > 0 and p € M[0,00). Therefore for all ¢ > 0 and
i € Mp[0, 00) we have

Tipn=TiTiu=T T D((A®)"™)
2 2 2 2

for all n € N. Thus by taking u = 4§, it follows that 7y0, € D((A®)™) for
all n. Using Theorem 23] we have that D(A®) = {g € L'[0,00) : D* g(y) €
L'0,00), D%, g(0) = 0}, and then it follows that (D%,)" T;"6, € L[0,00) for all
n. In particular, the transition probability distribution 730, has a density function
y — p(x,y,t) for all t > 0 and all > 0. To see that this function is smooth
note that any positive integer m can be written in the form m = na — 8 for some
integer n > 1 and some positive real number § < «a. A straightforward calcula-
tion shows that for f € D((A®)™) we have (D% )nf = D f and 1° JDOIGf =
D™ A e L'0,00) for all B < a and n > 1. Since D™ = (=1)™(d/dy)" f, we
have (d/dy)™p(z,y,t) € L'[0,00) for all m. O

Corollary 2.5. Let {{1,} C C2[0,00) = Mq[0,00) such that p, — p vaguely as
n — oo for some pu € My[0,00); then T pn, — Ty vaguely as n — oc.

Proof. Since T\ i, = T} i, for all n > 1, for all ¢ € Coo[0, 00) we have
[ @ mn) / S|} ) () = / (136](2)p1n )z
(2.21)
and the result follows. O
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In Section Bl we will apply Corollary to compute the transition densities of
the reflected stable process to any desired degree of accuracy, by solving the forward
equation numerically. For any initial state Z; = x, we will approximate the initial
condition py = J, in the numerical method by a sequence of measures y,, with L!-
densities, and then Corollary guarantees that the resulting solutions converge
to the transition density in the supremum norm as n — oo.

Remark 2.6. Using integration by parts, one can write the backward generator in
the form of an integro-differential operator (e.g., see Jacob [26])

(2.22) Af(z) = b(x)f'(z) + / [f(@+y) = f(@) —yf' (2)] é(x, dy),

with coeflicients

xl—oz

oy T L
O, dy) = o™ L a0 W)+ [y ()

The jump intensity ¢(z,dy) describes the behavior of the process Z;, which trun-
cates jumps of the stable process Y; starting at the point x > 0 in the state space,
so that a jump (they are all negative) of size |y| > x is changed to a jump of size z.
This keeps the sample paths of Z; inside the half-line [0, 00). Since the drift b(x)
is unbounded, the existence of a Markov process Z; with generator (2:22) would
not follow from general theory (e.g., see [20], Section 4.5] or [48, Section 3]). Hence
the reflected stable process Z; is an interesting example of a Markov process with
unbounded drift coefficient.

3. TRANSITION DENSITY OF THE REFLECTED STABLE PROCESS

To the best of our knowledge, there is no known analytical formula for the
transition density y — p(z;t,y) of the reflected stable process y = Z;4 started at
x = Zs > 0. In this section, we compute and plot this transition density, by numeri-
cally solving the associated forward equation ([2Z220]). The existence and smoothness
of these transition densities is guaranteed by Corollary 2241 Corollary shows
that T°g, (y)dy — T;6.(dy) in the supremum norm as n — oo for any sequence
of functions g, € L'[0,00) such that g,(y)dy — 6.(y)dy (vague convergence). We
take gn(y) = n L[zoq1/n)(y). Then the solutions T g, provide estimates of the
transition density to any desired degree of accuracy. Theorem 2.3 shows that 7,°g,,
solves the forward equation (2220)). Hence, we can compute the transition densities
of the stable process by solving the forward equation numerically, with this initial
condition.

In order to compute the probability density p(x,y,t) numerically, we consider
the fractional boundary value problem

(3.1) du(y,t) = D u(y,t);  u(y,0) =d,(y); D, u(0,t) =0.

We develop forward-stepping numerical solutions wy,(y;, t) that estimate u(y;,t) at
locations y; = ih for ¢ = 0,1,..., N over an interval [0, ymax] in the state space,
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where ymax is chosen large enough and h is chosen small enough so that enlarging
the domain further, or making the step size smaller, has no appreciable effect on the
computed solutions (e.g., the resulting graph does not visibly change). We approx-
imate the delta function initial condition u(y,0) = §,(y) by setting up(y;,0) = 1/h
for y; = z and up(y;,0) = 0 otherwise, a numerical representation of the initial
condition g, (y) =n Lz z41/n)(y) With h = 1/n.

Numerical methods for fractional differential equations are an active area of
research. One important finding [34,[35] is that a shifted version of the Griinwald
finite difference formula () for the fractional derivative is required to obtain a
stable, convergent method. Hence we approximate

N+1-i
1 o}
(3.2) D% u(yi,t) ~ s E wiup(Yirk—1,t) where wj = (_1)k(k>
k=0

for i > 2. Note that this approximation of D%, u(y;,t) does not depend on the
value of uy, at the boundary yo = 0. We enforce the boundary condition at yp = 0
at each step; i.e., we set

N
un(yo,t) = — ng_luh(ykvt)
k=1

so that
N

D Mulyo, ) = > wi  un(yx,t) =0
k=0

since w(‘f*l = 1. Finally, for ¢ = 1 we approximate

N
(03 1 «
D2 u(yr, 1) o E wiup(Y14+k-1,1)

k=0
A N
k=1 k=1
| X
—1
== ng_l un (Yx,t)
k=1
using an elementary identity for fractional binomial coefficients w§ — wj™' =
a—1
TWg—1-

This leads to the following linear system of ordinary differential equations:

uh(ylv t) -1 =1 ... ... —w%ill ’u’h(ylv t)
: 1 —a  wg WY _q :
d , 1 o
un (Y, ) 0 e 0 L= S N (yws t)

whose solution can be approximated using any numerical ODE solver (indeed, this

is a linear system of the form u’ = Au, so it has a solution u(t) = e!“u(0) for any
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FIGURE 1. The transition densities of p(z,y,t) with « = 1.2, 2 =
0,1,2,4 (left to right) at times ¢t = 0.5 (left panel), t = 1 (middle
panel), and ¢ = 2 (right panel).

0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4

ANELN ﬁ\&

0 — 0 0
0 5 0 5 0 5

FIGURE 2. The transition densities of p(x,y,t) with « = 1.8, x =
0,1,2,4 (left to right) at times ¢t = 0.5 (left panel), t = 1 (middle
panel), and ¢ = 2 (right panel).

initial condition). The resulting numerical solutions with ymax = 12, h = 0.01,
starting points x = 0,1,2,4, and o = 1.2,1.8 are depicted in Figures [Il and 2]
where each frame represents a snapshot at times t = 0.5, 1 and 2 respectively. The
L-error of the numerical solutions for z = 0 decays linearly with h. For h = 0.01
the L'-error is less than 0.05 for o = 1.2, and less than 0.004 for o = 1.8, for every
case plotted. A short MATLAB code to compute the numerical solution is included
in the Appendix.

Remark 3.1. Tt is interesting to note that the matrix in (3.4) is essentially the rate
matrix of a discrete state Markov process in continuous time. Extending the state
space to N = 0o, we obtain a Markov process Z' on the state space {ih : i > 0}
that approximates the reflected stable process, with uy(z;,t) = P(Z! = ih). The
transition rate from state ¢h to state jh for¢ > j > 11is

wi i~ ala—1)(i—5)" T2 - a),
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the jump intensity of the stable process Y;, in view of [37, Eq. (2.5)]. The transition
rate from state ih for i > 1 to state jh for j = 1, in the first row of the rate
matrix, is w§ ' &~ i7%/T(1 — a), the rate at which the process Y; would jump
into the negative half-line. This can be computed as ¢(—oo, —ih) where ¢(dy) =
ala —1)|y|~t72dy/T'(2 — ) is the Lévy measure of the process Y;, e.g., see [37,
Proposition 3.12].

Remark 3.2. As noted in the introduction, the fractional boundary condition in
(1) is a natural extension of the boundary condition (3] for Brownian motion
on the half-line. The fractional boundary condition in (B can be written in
Griinwald finite difference form using [37, Proposition 2.1] to arrive at (L4).

Remark 3.3. Bernyk, Dalang and Peskir [I1, Appendix] computed the backward
generator of a general reflected stable Lévy process. Caballero and Chaumont
[I4, Theorem 3] compute the backward generator of a killed stable Lévy process. It
may be possible to develop the forward equation and compute the transition density
for those processes, using the methods of this paper. This would be interesting for
applications to fractional diffusion, since it could elucidate the relevant fractional
boundary conditions.

4. FRACTIONAL CAUCHY PROBLEMS

In this section, we show that the reflected stable process ([2)) with index 1 <
a < 2 can be used as a time change to solve the fractional Cauchy problem

(4.1) o7 p(a,t) = Lp(x,t);  p(x,0) = f(z)

of order § = 1/a, when L generates a Feller process. The time-fractional Caputo
derivative in (1) is defined by

(4.2) 97 f(t) = ﬁ /O T o= rytar,

a special case of (26). Fractional Cauchy problems are useful in a wide variety of
practical applications [2TL[391[40,47], and the next result allows a Markovian particle
tracking solution for such problems [10,54]55].

Theorem 4.1. For any 8 € [1/2,1), let Z; be given by ([(L2), where Yy is an a-stable
Lévy process with characteristic function (L)) for o = 1/5. If X; is an independent
Markov process such that Ty f (x) = E*[f(X})] forms a uniformly bounded, strongly
continuous semigroup with generator L on some Banach space B of real valued
functions, then p(x,t) = E*[f(Xz,)] solves the fractional Cauchy problem @Il) for
any f € D(L), the domain of the generator.

Proof. Theorem 3.1 in [4] states that if u(x, t) solves the Cauchy problem dyu(x,t) =
Lu(z,t); u(z,0) = f(z) on B for some f € Dom(L), then the solution to the
associated fractional Cauchy problem ([1]) on B is given by

(4.3) p(z,t) = /000 u(z,r)h(r,t)dr

(4.4) h(r,t) = %r—l—l/ﬂ gs(tr=1/5)
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and gg(t) is the stable probability density function with Laplace transform

I

tole) = [ e tgatyde =
0

for some 0 < B < 1. Since Y; has no positive jumps, the first passage time D; :=
inf{r > 0 :Y, > t} is a stable subordinator with E[e~5Pt] = exp(—ts'/®), and
the supremum process S; = sup{Y, : 0 < r < t} is also the first passage time
E; = inf{u > 0 : D, > t} of D;; see Bingham [I3]. Note that P(Dg, > t) =1
[12, Theorem II1.4]. Apply [33], Corollary 3.1] (or Exercises 29.7 and 29.18 in
Sato [46]) to see that (£4) is also the probability density of E;. It follows from
[12, Section VI.1, Prop. 3| that

(4.5) P(S; > x)=P(Z; > x) forallt>0andall z>0.

Hence (@) is also the probability density of Z;, and the theorem follows. O

Remark 4.2. An alternate proof of Theorem [Tl uses the reflection principle for
spectrally negative stable Lévy processes. Extending the usual argument for re-
flected Brownian motion, let 7, = inf{u > 0 : Y, > z}. Since Y} is self-similar,
we have P(Y; > 0) = 1/a for every ¢ > 0 (e.g., see [6l Theorem 4.1 (i)]). Defining
Y?:=Y,_ . —axfort> 1, we have

IP’(Y >$)+P(ng\ YF < )
and since P(7, < t,Y* <0) = (1 —a 1)P(S; > ) it follows that

(4.6) P(S;zz)=aP(Y;>z)=P(Y; >2|Y; >0) forallt>0andallz>O0.
An application of Zolotarev duality for stable densities [6, Theorem 4.1 (ii)] implies
(4.7 P(E, >2)=P(Y; >z|Y; > 0) forallt>0andall x>0.

Then the theorem follows using ([H), [4, Theorem 3.1] and [33, Corollary 3.1].

Remark 4.3. Theorem [Tl confirms a conjecture in the paper [0, Remark 5.2]. There
we set Z; = Y, ;) where o(t) = inf{u > 0: H, > t} and H, = [}’ ly,50ds. In
essence, the negative excursions are cut away, and the positive excursions are joined
together without any gaps in time. Since Y; has no positive jumps, any up-crossing
at the origin is a renewal point, so this process has the same distribution as ([2l).

5. RESOLVENT ESTIMATES

In this section, we develop bounds on the norm of the resolvent used in Theorem
211 Note that both terms in the formula ([2.8]) for the resolvent R(\, A) diverge
as x — oo. For example, it follows directly from [22] Eq. (6.4)] that E,(Ax®) ~
a~1er"® as 2 — oco. Hence it is useful to begin by establishing an alternative
representation. Recall that Y; is a negatively skewed stable process with index
1 < o < 2 and characteristic function (). Let g, (z) denote the probability
density function of —Y7, a totally positively skewed stable law taking values on the
entire real line.
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Lemma 5.1. For any g € C[0,00) and any Re A > 0 we have

// tl/a (%)g(é)dtdg

LgA\Vey [~ . «x x
+ N-1/a /0 € a+tjade (tl/a) dt,

where L£g is the usual Laplace transform.

(5.1)

Proof. First we will show that the right-hand side of (&) vanishes for any = < 0.
Recall that g,(z) is a standard positively skewed stable density with index 1 <
a < 2 and characteristic function exp((—ik)®), and hence g,(—z) is a standard
negatively skewed stable density with index 1 < o < 2 and characteristic function
exp((ik)®), i.e., the density of Y7 in (II). For 0 < 8 < 1, let gg(x) denote the stan-
dard positively skewed stable density with characteristic function exp(—(—ik)?).
Since this density is supported on the positive real line, we can also write

(5.2) Lgs(s) = exp(—s”) for all Res >0

(e.g., see [66, Lemma 2.2.1]). Apply the Zolotarev Duality Theorem for stable
densities [56, Theorem 2.3.1] to see that when 8 = 1/« we have

(5.3) Jo(—2) =277 %gg(2~*) for all z > 0.
Then for z < 0, the first term in (5)) is

/ / tl/a (ﬂ%) g(x —w)dtdu
/ / tl/a _tlia)_l_agl/a ((_t:ja)_a) g(x — u)dt du
/ / e ] _u§1+a 91/a <#> dt g(x —u) du

1 t
= —\t B
Using (B.2) we have

ooe_’\t 1 t = exp(—[A(—u)]?) = exp(ur/®
B[ e (s ) de= o)) = explun)

and then the first term in (5] equals
/gC 14 [e“)‘l/a] glx —u)du :l)\l/a_l /OO e(w_y)’\l/ag(y) dy
wdA o 0

é)\l/(y—le;ckl/o‘zg(/\l/a)

I ‘
=——— — — | dt
al\l—1/a A ¢ (_1.)(191/0‘ (_x)oc
_LgWe) 2 (=)
T T -1/a /0 € gitijade (tl/a> dt
where we have used (B4]) again in the next-to-last line. Since the last line above is

the negative of the second term in (5.J), it follows that the sum of these two terms
vanishes for all < 0.
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Since the positively skewed stable density g¢,(x) tends to zero at a super-

exponential rate as x — —oo (e.g., see |56, Theorem 2.5.2]), its bilateral Laplace
transform £_.[g4](s) is well defined for all s > 0, and in fact we can write

o 1 T o
(5.5) / e_sxmga (m> dr =e'  forallt >0 and all s > 0.
—o0

Then it follows that

1
At
/ / tl/a (tl/a> dz dt = P for all s > 0 and all Re A > 0.

Then for any g € C[0, 00) the convolution property of the bilateral Laplace trans-
form implies that the first term in (B.I]) satisfies

(5.7) / / / tl/aga (%) g(€) dt de dx = Aé_(sza

for all s > 0 and all Re A > 0.
As for the second term, in view of the fact that the complex contour integral

/Ooi 1 du—aS(kl
v ds [u—s@ A —s@

(integrate along {\ +r: 7 > 0}) it follows using (5.6]) that

a—1
/\S— sa a/,\ {/ _ut/ tl/a (tl/a) dxdt] du
/ / ( > tl/ag“ (tia) [/:0 e dU] dt dz

/ / _M t1+11/a9a (tl/a) dt dzx.

Then it follows immediately that the bilateral Laplace transform of the second term
in (BJ)) equals the second term in ([2:9). Since the right-hand side of (B]) vanishes
for x < 0, its bilateral Laplace transform equals its ordinary Laplace transform.
(Note however that neither term on the right-hand side of (5.1) vanishes for x < 0,
only their sum.) But then (&) has the same Laplace transform as R(\, A)g(z), and
since both are continuous in view of (Z§]), the result follows using the uniqueness
of the Laplace transform. O

Lemma 5.2. Under the assumptions of Theorem 2.1, we have for every 1 < a < 2
that (ZII0) holds for all ReX > 0 and all g € Coo[0,00), with M = M, + 1+
sec(n/(2)) for some M, depending only on a.

Proof. Denote by BUC(R) the Banach space of bounded, uniformly continuous
functions with the supremum norm. Given g € Cy[0,00), define g € BUC(R)
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by setting g(x ) g(x) for z > 0 and g(z) = ¢g(0) for x < 0. Use (&I to write
R\, A)g(x) =1 — Iy + I3 where

L= // N (%)ﬁ(f)dfdt,
6 b= [ ot (5 s aea

- Lg()\l/o{) o] e T
I3 = A-1/a /0 ¢ at1+1/aga (tl/a) dt.

The formula

1) = [ e () S©)

:/_ e (g%) Hle—&)dg 1:/ 9l f(x—€)ds,  f€BUC(R),

— 00

defines a strongly continuous convolution semigroup on BUC(R). Indeed, T2 f =
f * gt.a, f € L1(R), defines a strongly continuous semigroup on L;(R); see, e.g.,
[24, Theorem 21.4.3], noting that the Fourier transform of g; , is €/(**)". The latter
follows from (B8] which also holds for s = ik, as g, is absolutely integrable. Then,
T2 is a subordinate semigroup (where the right-translation group on BUC(R),
which is strongly continuous [I9] Chapter I, Section 4.15], is subordinated against
T,.:) which is strongly continuous by [5, Theorem 4.1].

Next we show that T is a bounded analytic semigroup on BUC(R), by showing
that | LT f|| = AT fI| < Mt=||f|| for some M > 0; see [3, Theorem 3.7.19].
Here, the operator A, denotes the generator of T;*. We have that

H—T"f dr | £

’ OO

d
’dtgt a( )

Recall Carlson’s inequality (see [I5[18])

/_Z h(z)| dz < C </_Z \F[h) (k)2 dk>1/4 </_Z %&"[h}(k) : dk) -

where F[h](k) = [e *h(x)dx denotes the Fourier transform of h. Note that
FlLgr.al(k) = (ik)*etF)” . 1t is easy to check, using the formula for the gamma
probability density, that

© 2
/ ‘(ik)aet(ik)“
—o0

for some c,,C, > 0, and that

“|d o ? o )
/ ’E ((—ik‘)aet(—zk) )‘ dk<2/ (|k|2(a—1)+t2|k|2(2a—1)) o 2catlkl™ g1,

— 00
_ 1
<Ot 2Fa,

(oo}
dk < / k|2 e 2tealbl® g < Cpt 2w
— 0o
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Hence [|[A.T2f|| < Kot Y f|l, and so T is a bounded analytic semigroup on
BUC(R). Therefore, by [3l Corollary 3.7.12],

”””ZHA / e-“TﬁgdtH=||AR<A,Aa>g||<Ma||g||=Ma||g||, ReA > 0,
0

Next write

(5.9)

IAL| <[Ag(0)

z—=¢§
tl/a ( tl/«a ) dfdtH

<Allgl / e / y) dy di
1/
e—)\t
gl |- [ o3 [ e ()
1/

A substitution t = (x/u)* leads to

> -\t z _ > XNz /u)™
(510) /O (& Wga (tl/a> dt = /O e (x/u) Ja (’LL) du,

and then it follows that

BVAP ||g||H/ >dyH<|g|

for all Re A > 0 and all g € C[0, 00).

Another application of (5I0) shows that |A3| < [AY/*Lg(AY®)|. If A = re? for
some 7 > 0 and || < 7/2, then A\Y/® = pl/@e®/ has real part r'/* cos(f/a) >
/% cos(m/(2a)). Hence [N/ = r1/* < Re[AY?]/ cos(m/(2c)) for all Re A > 0. Tt
is not hard to check that Re[A|[Lg(A)|] < ||g]| for all Re A > 0 and all g € C[0, c0).
Then we have

)\l/a|

M| < Ao ooy = |7R AV gg(a\l/e <

‘ 3| | g( )| Re[)\l/o‘] e[ | g( )” COS(TF/(QO&))”g”

for all Re A > 0 and all g € C',[0,00), and the result follows. a

Remark 5.3. Following a slightly different path using Fourier transforms, it is pos-
sible to show that

AR(A, A)g(z) = AR(A, D7)g(w) = AR(A, D3)g(0) 1 (—o0,0) ()
+ Ca()\R()\, Dg) — I) 1 (—00,0) (J,‘)

where g(z) = g(z) for x > 0, g(z) = g(0) for 2 < 0, cu = A/*Lg(A/), T1is
the identity operator, and 1(_,0)(z) is the indicator function. This form clarifies
that the resolvent of the Caputo fractional derivative A = 05 is a modification of
the resolvent of the Riemann-Liouville fractional derivative DS to account for the
boundary term, which is natural in view of ([Z7). The same resolvent bound in
Lemma can also be obtained using this form.
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APPENDIX

The following Matlab code computes the transition density p(z,y,t) in the case
x = 2 for the reflected stable process Z; defined by (Z), where Y; is a stable Lévy
process with characteristic function (1)) and index 1 < « < 2. This code was used
to generate the plots in Figures [I] and 21

%%k Matlab script to compute p(x,y,t)
%% enter variables
alpha=1.2; ymax=12; N=1200; t=[0,.5,1,2]; x=2;
%% initialise parameters
h=ymax/N; y=(h:h:ymax)’;
u0=zeros(N,1) ;u0(floor(x/h)+1)=1/h; % initial condition
%% Make Grunwald matrix
w=ones (1,N+1);
for k=1:N
w(k+1)=w(k)*(k-alpha-1) /k;
end
w=w/h"alpha;
M=spdiags(repmat(w,N,1),-1:1:N-1,N,N); Y%enter w’s along diagonals
M(1,:)=-cumsum(w(1:N))’; Ychange first row for BC
%% Solve ODE system
[,pl=0de113(@(t,u) M*u,t,ul);
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