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NONLOCAL FRACTIONAL EQUATIONS FROM RANDOM WALKS

CHRISTOPHER KUNZ

ABSTRACT. If a particle is undergoing a continuous random walk, it is of interest to model
the probability of observing said particle at some position and observing it at some time.
Under “normal” circumstances, this probability function satisfies the heat equation. How-
ever, there are natural phenomena where particles get stuck in one spot before moving
again or make jumps of arbitrary length. Such behaviors are examples of anomalous dif-
fusion, and we are interested in modeling this same probability under these scenarios and
how it impacts the heat equation. The fractional left derivative and fractional Laplacian
are developed and utilized in our formulations. Finally, we compare the kernels that are
obtained from experimental observations with kernels that result from the computations
of the discrete left fractional derivative and discrete fractional Laplacian. We show that
the difference between the restriction of the original fractional derivative to the mesh and
the corresponding discrete derivative can be made arbitrarily small. This proves that the
discrete fractional derivative converges to its corresponding continuous fractional derivative,
and it allows us to compute the kernels without relying on experiments. Extra care is taken
in preserving coefficients in computations to show the importance of the gamma function in
these models.
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1. SETTING THE SCENE

Consider a particle of unit mass on the lattice hZ"™ = {hz : x € Z"}, where h > 0, that
is moving step-by-step at random. We call h the space step. Also, we fix 7 > 0 to be the
time step. Without loss of generality, we suppose that the particle starts at the origin. For
every step, the particle moves in one of the 2n possible directions with uniform probability,
and each step is independent of the previous one.

For the duration of the paper, we assume u : R" x R — [0, 1] is Schwartz class to maintain
a sufficient level of smoothness. For € R™ and ¢t € R, we say that u(z,t) is the probability
of observing the particle in position x and observing the particle at time t. If h, 7 are made
arbitrarily small, then we obtain a continuous random walk in time and space. With this,
the goal is to derive a partial differential equation that models the behavior of w.

1.1. Classical random walk.

To illustrate these ideas, we start with the simple case where we require the particle to
move one space step of size h for every time step of size 7, which is called a classical random
walk. In the context of random walks throughout time, we are only able to consider past
and present times. Obviously, we cannot draw on information from the future. When we
talk about a change in some quantity with respect to time, it only makes sense to consider
the infinitesimal change coming from the left. As such, we do not talk about derivatives of
functions but rather left derivatives of functions.

Definition 1.1. Let v : R — R be a function. We say that u is left-differentiable if

Diegru(t) = lim M

T—0F T

exists, and Diegyu is the left derivative of wu.

It is worth mentioning that all left derivatives will be taken with respect to time, so the
components of the spacial variable will be treated as constants. Another tool that will be
used routinely in calculations is the fact that second derivatives can be written as limits of
second-order incremental quotients:

Proposition 1.2. Let u : R™ — R be a twice-differentiable function, and let 1 < k < n.
Then,

. u(x+ heg) + u(x — heg) — 2u(x)
Uzgyxy, (J") = }llli}%) h2 )

where {ex}}_; is the standard orthonormal basis for R™.

Note that the direction of the limit above is inconsequential because of the symmetry of
the first two terms in the numerator and the square in the denominator.

Since there are 2n possible directions for the particle to move, the probability of choosing
one of them is % For each 1 < k < n, the particle moves in the direction of hej or —hey

with equal probability. Finally, we require that taking a time step of size T results in a space
step of size h. With all of these observations, by the law of total probability, we have that

(o, ) :Zu(m+hek,t—7')+u(m—hek,t—7')

(1.1) o

k=1
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Next, by properties of finite sums, we can rearrange and divide both sides by 7:

n

u(x,t) —u(z,t — 1) _Zu(az—l—hek,t—T)+u(:c—hek.,t—7)—2u(:c,t—r)
T

2™
k=1

h? iu(.’L’+h6k,t—T)+’U,(£L‘—h€k,t—7') —2u(x,t —7)

21n h2

k=1
To obtain a continuous random walk, we take the limits as both h,7 — 0%. However, in
order for us to arrive at a meaningful result, we must require that
h? LK
21n 2n
for some K > 0. On the left, we recognize the limit in 7 as the left derivative of w. Inside

the sum on the right, we have the limit in A on the spacial component of the second-order
incremental quotient. Thus, after taking limits, the previous equation is reduced to

n
K
Dleftu = % E uxkxk
k=1

= —Au,
2n

which we know to be the heat equation. We can summarize our results as follows:

(1.2)

Theorem 1.3. A particle undergoes a continuous classical random walk. The probability of
observing the particle at position x € R™ and observing the particle at time t € R s given by
the following PDE:

K
1.3 D =—A
( ) leftU om u
for some K > 0.

1.2. Introduction to waiting times and jumps.

Requiring the particle to move one unit space step for each time interval is rather specific,
so we now consider three more realistic cases. What if the particle gets stuck and has a
probability of waiting some amount of time before moving again? What if the particle makes
a longer jump than just a step of size h? What if both of these events happen? These are
examples of a process called anomalous diffusion. In particular, we can identify what these
cases are:

(1) There is a probability of the particle getting stuck and undergoing a waiting time
while still taking steps of size h.

(2) There is a probability of the particle making a jump of arbitrary size while still moving
for every time step 7.

(3) There is a probability of the particle getting stuck and another probability of making
a jump of arbitrary size.

These considerations will require us to modify (1.1) to fit the situation in question. The task
now is to mathematically describe these modifications.

Experimental results have shown that not all random motion can be modeled by (1.2).
Proteins moving through cell membranes may get stuck, and electrons can get stuck on
semiconductors until they obtain enough potential energy to move again. These processes
with waiting times of the particles are examples of subdiffusion. If this happens, then it
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has been observed that the probability of waiting some time before moving follows a Pareto
power law, resulting in the following definition:

Definition 1.4. Let 1 : (0,00) — [0,1] be defined by () = com~ (11 for 0 < a < 1, where
Co > 0 is chosen such that

> p(m) =1.
m=1

We say that ¢(m) is the probability of waiting m units of time between steps.

Similarly, it is natural that particles in random motion may experience jumps of various
lengths. A particle can move along the surface of a crystal, and due to the symmetry
of the crystal, the restriction to the surface can cause the particle to make unpredicatble
jumps. This type of process is an example of superdiffusion. In this scenario, experimental
observations have shown that the probability of making a jump of some size follows a similar
Pareto power law from before, so we have the following definition:

Definition 1.5. Let ¢ : R™ — [0, 1] be defined by ¢(y) = d; \y|_("+28) for y # 0 and ¢(y) =0
for y = 0, where 0 < s < 1, and where ds > 0 is chosen such that

> olk) =1.

kezn
We say that ¢(k) is the probability of making a jump of size |k|.

Note that ¢ is even, which corresponds to the particle having an equal probability of
moving left or right.

Remark 1.6. Due to the definitions of ¥, ¢, the normalization constants c,,ds respectively
can be written in terms of the Riemann zeta function. While this choice may lead to more
precise calculations of coefficients, we will instead only use c,,ds to retain the physical context
of the problem.

These two probabilities change the model in (1.2) in subtle yet fundamental ways. Now
that we have established what they are, we must find out how they impact the heat equation.
To discuss these changes, we shift our attention to the analytical tools that we will use.

Notes:

The setup of the classical random walk is described in [5]. To derive the heat equation,
we instead use methods similar to those in [6]. The three cases regarding waiting times and
jumps are explored further in Section 3. Additional context for the anomalous processes of
subdiffusion and superdiffusion is given in [6] and [4], and the proposed formulas for 1) and
¢ that describe these phenomena are given in [6] and [8] respectively.
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2. DERIVING THE FRACTIONAL DERIVATIVES

The introduction of waiting times and jumps requires the implementation of fractional
derivatives to model these changes. In this section, we discuss two types of these derivatives
and derive convenient integral expressions for them. It is implied that the main tool behind
the formulation of these fractional derivatives is the gamma function, whose key properties
used here are given in Section A.1.

2.1. Fractional left derivative.

To begin to define the fractional left derivative, we start by rewriting the left derivative
in terms of the Fourier transform. While it is well established how derivatives and Fourier
transforms relate, it would not hurt to take care when considering left derivatives.

Proposition 2.1. Let w € R. Then,
Diegru(w) = (iw)u(w).

Proof: Applying the Fourier transform to Diesu and integrating by parts gives that

. 1 .
Diegru(w) = e )% /R(DleftU)ff“‘”dr
T
1 .
= T / (Dleft[e_wr])udr.
(2m)2 JR

Note that the exponential is differentiable, so its left derivative would be the familiar regular
derivative, and

m(w) — (;W)l /eiwrudr
mT)2 JR

= (iw)u(w).

Since a single copy of iw was removed from the exponent and placed in front of u, this
suggests that we can also take a copies of iw, so inverting the Fourier transform gives the
following definition:

Definition 2.2 (Fourier). Let 0 < a < 1. The fractional left derivative of order a of w is
defined to be

(Dege)u = F ((iw)*a(w)).

We restrict « to be less than 1 because that is where the “interesting” behavior occurs.
If @ > 1, then we could simply take |« integer order derivatives to reattain the otherwise
typical fractional behavior. Observe that the factor (iw)® is well-defined by (A.7). If we take
that identity and multiply by @(w), then we get that

(w)*u(w) = I‘(ia) /0 (e—iwra(w) _ a(w))%,

and taking the inverse transform of both sides gives

(2.1) (Dregs)“u(t) = F(ia) /0 N (f*l(e*WTa(w))(t) - u(t)> %.
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We pause here to note that these manipulations have allowed us to move from a power of iw
to a power of Dier. We now use the method of semigroups to rewrite the expression above
as the exponential of the left derivative operator.

Proposition 2.3. Let R, : L*(R) — L?(R) be defined such that
Rou(w) = e “i(w)
forweR and r > 0. Then, R, defines a semigroup.

This will show that v :== R,u is a solution to the initial value problem

{'UT = —Diesru 7 # 0

v=u r=20
and provide meaning to v = e "Prefty,
Proof: We first show that R, is bounded on L?(R). By Plancherel’s identity, we have that

Bl oy = || e

L2(R)

zwruHL2

which follows again by Plancherel’s identity. Rearranging gives us that || R, 2g) < 1, so Ry

is bounded on L?(R). Next, we show that Rou = u, but this is true since the inverse Fourier
transform cancels out the Fourier transform. It then remains to show that R, o R, = Ry 4r,.
We have that

(Ryy © Rpy)u = er (F~H (e ™))
—1 (eflwrlj—; fzwrg a))
1(; 1 —zwm zwrga))
— e —iw(r1+re2)
= Ry 4ru.
Thus, R, is a semigroup. |
Now, we can make the following notation:
(2.2) e Pty = F1(em ™ h(w)).

We should not be concerned with any other meaning for this notation. Djeg is unbounded as
an operator, so the matrix exponential given from this linear operator cannot be represented
as an infinite series. Plugging this back into (2.1) gives

T
o | — i)

On the other hand, if we simplify (2.2), by the property of Fourier transforms, we see that
the result is simply the r-translation of u, that is,

(Diest) “u(t) =

(2.3) (Dleft)au( | / - u t - T))Tld%'
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Of course, it is unnatural to consider a function of time that looks arbitrarily into the future,
as illustrated in the bounds of integration. Thus, we make the change of variables s =t — r,

so ds = —dr, and
o -1 T u(t) —u(s
(Drerr)"ult) = |r(— / (1(51 5)1§a)d8

/ t_81+ad5
|/ t_rl—i-adr

Theorem 2.4. Let u: R — R be sufficiently smooth and 0 < o < 1. Then,

Thus, we can summarize with the following:

(24) (Dleft)au( ’ / t— T‘ 1+a dr

This form of the fractional left derivative is also known as the Fourier-Weyl-Marchaud
fractional derivative.

2.2. Fractional Laplacian.

We apply the Fourier transform again here. For this subsection, we are not concerned with
one-sided derivatives, but due to the added level of complexity to the Laplacian compared
to the first derivative, we show the computations here as well. Let £ € R” and 1 < k < n.
Since u is Schwartz, then integration by parts gives that:

ER Ou_in

31’ku(§) ©@2m)z Jge axke da
_ ik —ixg
= (27?)% /n u(x)e dx
= (i&k)u(§).

We can apply integration by parts again to obtain an expression for the second, non-mixed
partial derivative of wu.

2 1 20 .
ey = L [ Dy,
8xk (2m)2 Jrn 8xk
{ ou s,
(2.5) = Bk [ 0u iy,
(27‘() 2 JRn 8xk
= (i&)*u()
—(&)u(e),
and we can take the inverse Fourier transform of both sides to get
0%u

o) =F (= (£)u®) ().

Oxy,
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We now sum over all 1 < k < n. The inverse Fourier transform is linear, so we can move the
sum inside and pull out the negative:

n 2u n
Y 0@ =Y (- (@) @
k=1 """k k=1

- —f—l(i@z)a@) (x)

k=1
= -F (Il a)) ().

On the other hand, the sum of the non-mixed second partial derivatives is defined to be the
Laplacian of u, so

—Au=F([g]* ().
Note that taking two partial derivatives in (2.5) corresponded to taking || to the second
power. This suggests that taking a power of the operator —A would lead to raising |{ ]2

to that same power. Therefore, this motivates the following definition of the fractional
Laplacian:

Definition 2.5. Let 0 < s < 1. The fractional Laplacian of order s of u is defined to be
(=A)%u = FH([¢[*u(g)).

This definition gives great insight in where the fractional Laplacian comes from, but in
order for it to be useful, we must simplify the right side of the above equation. First, we
start by letting A = |¢|* in (A.4):

2
- /OO i
F(—S) 0 t1+5 ’

so multiplying both sides by u(§) gives
[eS) —t\§|2’\ =

I'(—s) tits
and taking the inverse of the Fourier transform on both sides ultimately gives that
1 1 —tEl2~ dt
(2.6) (~AVu(e) = 7 /0 (F (P a0) @) — ulw)) s

In the same way with the fractional left derivative, these manipulations allow us to move
from a power of |£ ]2 to a power of —A. We again describe this connection with semigroups,
and the proof is identical to the argument for R, being a semigroup.

Proposition 2.6. Let S; : L*(R") — L*(R") be defined such that
Swu(§) = e (g
for £ € R™ and t > 0. Then, S; defines a semigroup.

This shows that v := S;u is a solution to

{Ut:Au t#0

v=u t=0
and provides meaning to the following notation:

(2.7) ey = F1(e 1),



RANDOM WALKS 9

We can substitute this expression back into (2.6) to get the following:

(2.9 (A ule) = g [ (€ Bule) = ute) 7

which shows how we can write the fractional power of the Laplacian using semigroups. If we
simplify (2.7), then we see that e!“u is the continuous convolution of the Gaussian Gy and
u, that is,

ePu(z) = (G x u)(x)

_Jz—y?

N /n (4nt)z ulw)dy.

We continue in the calculation of (—A)%u(z). Plugging everything back into (2.8) gives
lz—y|?

1 o e 4 dt

—Asux:/ </ —u d>—ux —_—

( ) ( ) F(—S) 0 [ " (47Tt)5 (y) Y ( ) tl+s

_ == yl

G b L S e )

where this manipulation is justified since the integral of the Gaussian is 1. Make the change
of variables y = x — v, and thus

(2.9)

2
_®

(ayun) = s [ S e ) @)

(2.10) s
K dt
— —y) — dy——.
S e -
Now, make a second change of variables y = —w, so
(—A)u(z) = / / w(z + w) — ulz))dw-2-
47{' ZF n % tl-‘y—S
(2.11)

— — dy——.
T // = (ul ) — o)y

If we add (2.10) and (2.11), then we see that the sum is two times (2.9), or

.n‘_

<—A>Su<x>:§( et / o (e —y) — (o)) dy e
//n 'TQ o) o) )

= <
\ Sis

dt
2T / /n T u(z+y)+ulx—y )—2u(x))dym.

To continue to simplify this expression, we would like to apply Fubini’s theorem to swap
the order of the integrals. We will assume that Fubini’s theorem holds and solve for the
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range of s such that it does. Establishing this range will finish the calculation. Therefore,
swapping integrals gives

() u(a) [T S e ) +ute ) - 2u)
-Au(z) = ————— —— (u(z u(lz —y) — 2u(z)) ——
24m)5T(—s) Jan Jo 13 Y Y s Y
1 e 6_% dt
= u(x + + ulx — — 2u(x / ——dy.
ST o ()t =)~ 20) [ iy
Let r = “j‘—‘:, and dr = —%dt, so dt = —%dr. Substituting and simplifying gives the
following:
(2.12)
n 2
-1 0 [ ar\Er iy
—Asux:n/ u(z +1y) +ulr —y) — 2u(x /er<> Ky
(8)'ue) = s | eyt -y —2uw) [ e (5)

_ 45ts / u(x +y) +ulz —y) — 2u(z) /°° . dr
2(4m)2T(—s) Jan [y[" 0 r
_ 4T (5 +s) / u(x +y) + ulx — y) — 2u(x)
23 (=s) S e
which follows directly from the definition of the gamma function for positive real numbers.

This is the expression we are looking for, but it remains to show that the integral converges
absolutely for some desired range of s. Let

u(@ +y) + ulz —y) — 2u(z)

dy,

Gy) = 5 ,
ly["*?
so we have that
G(y)dy’ = G(y)dy| + G(y)dy
R~ lyl<1 ly[>1
< / G ()| dy + / Gy dy
ly|<1 ly|>1
= A+ B.

In the integrand of A, we have that
u(z +y) +u(z —y) — 2u(z)] = | (u(z +y) —u(@)) + (ulz - y) - u(z))]
= V(&) -y + Vu(n) - (=y)|
for some &, € R™ by the mean value theorem. Now,
u(z +y) + u(z —y) — 2u(z)| = [ (Vu(§) — Vu(n)) - y|
= |D*u(v) (€ ~n) - y]

for some v € R™ by the mean value theorem again. Note that
§=Ar+(1-XN)(z+y)
n=pr+(1—p)(r—y)

(2.13)

for some A\, u € (0,1), so
E—n=X+1-N(z+y) —pr—(1-p)(z—y)
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=Ar+x+y—Ar—Ny) — (ur + 2 —y — pr + py)
=1-Ny+(1-py
=(@2-A=py.

Substituting back into (2.13) gives
u(z +y) — u(z —y) = 2u(@)| = [D*u(r)(2 — X = p)y -y
< 2| D?ul| e o 1917 -

Note that this string of arguments relies on the fact that v has bounded first and second
derivatives, which we have since u is Schwartz. We now substitute back into A:

2 2
AS/ 2||D UHLOO(]R“) Y] dy
lyl<1

|y|n+25
1
_ 2
= 2D /y|<1 e

Apply spherical coordinates to the integral above. Let y = 7, where r € (0,1) and § € S*~ 1,
and so |0] = 1. Thus,

! 1
A <2 HDQUHL"O(R")/O </§n1 de) rn_ldT

1
— 2 D% /0 ( /S d0>r123dr

1

=2 D% oy 87| [t
0

2Pl 157

2—2s

’1“2_28

0
Observe that this difference converges if and only if 2 —2s > 0, i.e. s < 1. Next, we consider
B:

B:/ IU($+y)—U(w+;y)—2U(w)\dy
ly|>1 |y|t2s

— 9
</ IU($+y)\+\U(Zf+28y)!+ \U(x)\dy
lyl>1 [y

1
< 4 [ull oo () /|y>1 Wdy-

Apply spherical coordinates again. Let y = rf, where r € [1,00) and § € S*~!, and so |0| = 1.

Thus,
B < 4||ul| / </ L d@) nlg
|| 7 oo (rn r r
> L>°(Rn) 1 — ’re‘n—l-Zs

=4 [Jull - de \r—=25dr
LOO(]R") 1 Sn—1

— 4 HUHLOO(R") |STL*1| /1 7’7172sd7’
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(e 9]

4l oo gy 8™
N —2s L
and this difference converges if and only if —2s < 0, i.e. s > 0. Therefore, G is integrable for

0 < s < 1, which is the range we started with. Combining this information with (2.12) gives
us the practical formula for the fractional Laplacian:

! | ,r,—25

Theorem 2.7. Let u: R™ — R be sufficiently smooth and 0 < s < 1. Then,

_ 4T (5 +s) / u(z +y) +ulx —y) — 2u(z)
272T(~s) Jrn ly["

(2.14) (—A)Su(z) dy.

Notes:

We follow the derivation of the Fourier-Weyl-Marchaud fractional derivative in [6]. While
not essential to the computations, the semigroup method provides insight and meaning into
taking fractional powers of operators, and it is explained in [7]. We use a similar method
to derive the integral expression for the fractional Laplacian. We make the choice to write
the second-order incremental quotient of u instead of the first-order incremental quotient,
because it is desirable to use the boundedness of the second derivative of u, as described in
8].
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3. ESTABLISHING ANOMALOUS DIFFUSION MODELS

With the language of fractional derivatives established, we can answer the question of how
the probabilities of waiting times and jumps impact the heat equation and create anomalous
diffusion models. The computations in the following three subsections are quite similar in
structure, but the physical differences in the three cases fundamentally change our initial
model from the law of total probability.

3.1. Random walks with waiting times.

We pick up from Section 1.2 with the first case, where there is a probability of the particle
getting stuck but still taking steps of size h. If we implement the probability of waiting
between steps given by 1, we must consider all past times that the particle came from. Since
the size of the step is still bounded to h, we also must take into account the 2n directions
that these steps can be taken in. Putting this all together, by the law of total probability,
we have that

u(x,t) = Z Z¢(m)u(x+ heg,t —™m) + u(x — heg, t — Tm)'

n
2n
m=1 k=1

Recall that both ¥ (m), % both sum to 1 in their respective ranges. Therefore, we can make
the following rearrangement:

Z ®(m) [u(:v, t) —u(x, t — Tm)]
m=1

> u(x + heg,t —mm) + u(x — heg, t —Tm) — 2u(x,t — 7m)
=3 wm) > : o :

Now, substitute in the expression for ¢(m) on the left side and make the following manipu-
lations:

L o |ulz, t) —u(z,t —mm)] 4o
> “Ttalta T
m=1

n

h? & u(z + heg,t — ™m) + u(x — heg, t —Tm) — 2u(x,t — ™m)
=5 vm) ] | ’ |
2n —

h? ’
k=1

and rearranging once more gives

= u(z,t) —ulz,t — Tm)
1+a
— (tm)
IR — " u(x + hep,t — tm) + u(z — hey, t — tm) — 2u(x, t — m)
- 2¢aTN Z v(m) Z h?2 '
m=1 k=1

As before, in order to obtain a continuous random walk, we must take the limits as h, 7 — 0.
We require that

h? K,

2caTN 2cqan
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as h,7 — 0% for some K, > 0. On the left-hand side, the limit as 7 — 07 is a limit of a
Riemann sum, and so after simplifying the right side, we have

rlto }r+0+ h?

© u(z,t) —u(z, t — u(z + heg, t) + u(x — heg, t) — 2u(x, t)
/0 ") gy = 2% z::@b .

The remaining limit in the sum is the limit of the second-order incremental quotient, which
is the second derivative in the k-th coordinate. On the left-hand side, we know that this
integral can be manipulated such that the bounds are —oo and ¢t. Thus,

Eou(t) — ulr "
[ = S S w3

= 2canAu mz::l P(m

K,
2com

Finally, by directly applying (2.4), we conclude with the following result:

Theorem 3.1. A particle undergoes a continuous random walk with unit space step and
arbitrary waiting times between steps. The probability of observing the particle at position
x € R™ and observing the particle at time t € R is given by the following PDE:

Kq

2con |T'(—a)| Au

(3.1) (Diegt)u =

for some K, > 0, where 0 < a < 1.

3.2. Random walks with jumps.

Next, we investigate the second case listed in Section 1.2, where the particle has a prob-
ability of making a jump of arbitrary size while still moving for every time step 7. Due to
this requirement in the time coordinate, we lose the consideration of the whole past, but we
now allow for the possibility of the particle coming from any point in space. By the law of
total probability, we have the following;:

t)= > é(k)ulx — hk,t — 7).
kezn
Since the sum of qb(k) over all k is 1, we can make the following rearrangement:
qu [u(z,t) + u(z + hk,t — 7) — 2u(z,t — 7)]
keZn
= > ok [u(z — hk,t — 7) + u(z + hk,t — ) = 2u(z,t — 7)].
kezn

Substituting in the expression for ¢(k) on the right side and making necessary adjustments
gives that

Z‘Z) u(z,t) +u(x + hk,t — 7) — 2u(z,t — 1)

T
kezn

dsh? u(z — hk,t —7) +u(z + hk,t —7) — 2u(z,t — 1)

h".
‘hk‘n+25

kezZm
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We now must take the limits as h, 7 — 0% on both sides. Once again, we make the assumption
that the quantity

dsh2s

— ds K

for some K > 0. In the sum on the left-hand side, taking the limit as 7 — 0T gives the left
derivative of u. In the sum on the right side, taking the limits as h,7 — 07 is the limit of a
Riemann sum, leaving

Z (z)(k)Dleftu = dsKs

kezn

% !

R

The remaining sum on the left side is 1. Finally, by direct comparison with (2.14), we arrive
at the following theorem:

Theorem 3.2. A particle undergoes a continuous random walk with jumps of arbitrary size
between steps and no waiting time between steps. The probability of observing the particle at
position x € R™ and observing the particle at time t € R is given by the following PDE:

2d, K2 T(—s) s
sT(n (_ ) u
45T(5 + )

(3.2) D]Oft'u =

for some Kg > 0, where 0 < s < 1.

3.3. Random walks with waiting times and jumps.

We conclude the modeling of these continuous random walks with the third case from
Section 1.2, where there is a probability of the particle getting stuck for some time and
another probability of making a jump of arbitrary size. It is interesting to note that given the
previous two models, the resulting PDE is exactly what one might expect, as it implements
both fractional derivatives and resulting constants. Now, the particle can come from any
point in space and any time from the past, and we must implement both probabilities 1), ¢.
By the law of total probability, we have

=3 w(m)e(k)ule — hk,t —Tm).

m=1 keZ"

In a similar fashion from the previous subsections, we make the following rearrangement:

ZZ¢ u(z,t) +u(z + hk,t —™m) — 2u(x,t — ™m)

m=1keZ"

h?s & u(x — hk,t — tm) + u(z + hk,t — tm) — 2u(x,t —™m)
- ZZwmw)( Jrula bt ) Bt T,
m=1 keZ" ’ ’

If we substitute the expression for 1)(m) on the left and the expression for ¢(k) on the right,

we get

ZZ¢ u(z,t) +u(z + hk,t —™m) — 2u(x,t — ™m)

(Tm)1+e

.
m=1kezZn

h".

ths = — hk,t —mm) +u(x + hk,t —™m) — 2u(x,t — ™m
D IPIRUCD)

2
m=1 kezZn ‘thH_ ’
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As h,7 — 0%, we once more assume that
dsh*s , d5Kas

Cot® Co,

for some K, s > 0. On the left side, we recognize the limit of a Riemann sum as h,7 — 07:

o0

u(z,t) +u(z + hk,t —mm) — 2u(z,t — Tm) /°° u(z, t) — u(z,t —r)
A4 — .

On the right side, we also have the limit of another Riemann sum as h,7 — 07:

u(z — hk,t — ™m) + u(x + hk,t —tm) — 2u(x,t —™m)
Z |hk|n+2s h
(35) kezn™
. / u(r +y,t) +u(x J:Qy, t) — 2u(z,t) dy.
n [y|res
Substituting in all these limits to (3.3) gives that
©u(x,t) —u(x,t —r)
Z ¢(k)/ r1+€1 dr
= 0
> ds Ko s u(x +y,t) +ulx —y,t) — 2u(x,t
- Z (m) c / ( : |:,n+25 ) ( )dy’
m=1 « "

and since both of the remaining sums are equal to 1,

©u(z,t) —u(z,t —1) dsKq s u(z +y,t) +ulx —y,t) — 2u(x,t)
T dr = : dy.
; ita o S g

Up to respective constants, the integral on the left is the fractional left derivative of order «
of u, and the integral on the right is the fractional Laplacian of order s of u, so by (2.4) and
(2.14),

dKys 2120 (—5)
I'(— Diest)“u = :
| ( O[)|( left) u Co 451—1(% + 3)

(—A)u.

Rearranging gives us the desired theorem:

Theorem 3.3. A particle undergoes a continuous random walk with jumps of arbitrary size

between steps and arbitrary waiting times between steps. The probability of observing the

particle at position x € R™ and observing the particle at time t € R s given by the following

PDE:

B 27r%d3Ka,3I‘(—s)
Feal (3 +5) T(—a)

for some Ko s > 0, where 0 < o, s < 1.

(3.6) (Diegt)“u

(=A)%u

Notes:

The computations in the first case are drawn from [6], but using ideas in [5], we are able
to extend this formula for any spacial dimension n > 1. For the second case, we reference the
ideas of [8] but instead use the formulation involving the second-order incremental quotient.
Additionally, we take greater care in keeping track of constants so that there is no confusion
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with negative signs. Finally, the third case is a combination of the previous two, and the
resulting PDE was developed independently.
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4. FINDING THE KERNELS VIA DISCRETE DERIVATIVES

In the previous section, the process of taking the limits as h,7 — 0" could not have
worked better for us. In particular, up to respective constants, it was very nice that the
limits of the sums in (3.4) and (3.5) gave us the specific Riemann integrals that define the
fractional left derivative and fractional Laplacian. The reason why this convergence was
allowed was because of our choices of ¥ and ¢ being reciprocal power functions. These
definitions were motivated by experimental observations, but how could we have derived our
anomalous diffusion models without knowing these beforehand? Can we solve the problem
purely mathematically without having to guess what the probability kernels are?

In this final section, we explore the answer to this question by using discrete calculus. We
will find that if we derive the fractional derivatives in a discrete sense and wait to take the
limit in the derivatives until the very end, we can arrive at the formulas without having to
guess the probability kernels that were ¢ and ¢.

Let Zp = {hj : j € Z}, and we still let u be Schwartz class. We say that the restriction of
u to the mesh at j € Z is rpuj = u(hj).

4.1. Discrete fractional left derivative.

After we restrict u to the mesh, we can no longer consider the continuous left derivative,
so we introduce the discrete left derivative:

Definition 4.1. The discrete left derivative of u is defined to be
ThUj — TpUj—1
h

As motivated by previous sections, we know we can raise this operator acting on r,u; to
the 0 < a < 1 power, so we have the discrete fractional left derivative of order o of w:
(4.1) (Oteft) *TRU; = b /oo(e_”sle“rhu' — rhu-)i.
I(—a) Jo ! Tplta
In Section 2, we found that the operator exponential acting on u results in the continuous
convolution of u and some other function. In this case, we assume that the result will be
the discrete convolution between rpu; some function. Furthermore, we can show that this
function is a discrete semigroup:

OleftThU; =

Proposition 4.2. Define v : Z, — R such that
= r
rpvi(r) = e_”s‘e“rhuj = Z Gm<ﬁ>rhuj,m,
m=0

where Gy (r) = e "2, Then, Gp(5) sums to 1, and {v;,.} is a discrete semigroup.

Proof: First, we have the following:

o0

> n(f) = e

m=0
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Now, to show that {v;, } is a discrete semigroup, it suffices to show that v; is the solution to

OrThvj = —OleThV; T # 0
rpv; =rpu; 1T =10

We perform the following differentiation. Note that the derivative and sum can be inter-
changed because the series is absolutely convergent:

s 1 r (%)m > m r (% m—1
= ZeTn . T w )
Orrpv; Z € o Thj—m + Z € T ThUi—m
m=0 m=1
1 o0 , (%)m o0 . ;"L m—1
=__ % — %
! ( > e F = 3 ek 1),rhuj_m)
m=0 m=1
[e’e] r oo T
- (el > et i
= e TR T hUj— (m+1)
1 oo m oo r\m
=—= R A P “hahl g
-7y ;- ThlUj—m ] RU(j—1)—m
m=0 m=0
. _’I”h’Uj — rhvj,l
h
= —OleftTHYj -
Also, at » = 0, we have that
o0
_o Q™
rpv;(0) = Z e hmrhuj_m
m=0
o0 Om
=rpu; + Z m?“huj‘_m
m=1
= ThUy.
|
Therefore, we can substitute this expression back into (4.1):
6 o ]. o0 e _r (;)m d’l"
R h . _ P [
(Oeft) “Thuj = T—a) /, Ze il Thti=m = Tty ) s
m=0
T' m
h) o | dr
/ p (rpj—m rhu])—rl+a.

Fubini’s theorem applies to swap the integral and sum since the integrand is absolutely
convergent, so

(s = s D T [

m=0

g 3 T [ (1) ()

)m dr

r
E rl—i—a
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Make the change of variables 7 = 7, so dr = hdr, and thus
i ThUj—m — Thj /Oo - 1 hdr
hol(—a) 4 I'(m+1) 0 T hr

1

(-

1 > Thlj—m — THUj /OO o dT
~ her(— a)z Tm+1) J, © 7 71

1

(—

(Otefe) TR, =

o0

_ Lm—a) .
e mzo r(m n 1) (rnttjm = ;)

g (rpu; — rptj—m).
ho‘ ‘P ‘ J J
This serves as a suitable expression, so we summarize below:

Theorem 4.3. Let u : R — R be a sufficiently smooth function restricted to the mesh and
0 < a < 1. Then, the discrete fractional left derivative of order a of u s given by

(4.2) (81eft)*ruj = o \F ‘ Z rhuj — TRUj—m)-
4.2. Convergence of the discrete to continuous fractional left derivative.

Now that we have an expression for the discrete fractional left derivative of u, one would
hope that taking the limit as h — 0" would give us the Riemann integral in (2.3). However,
this is not immediately apparent, because the kernel in (4.2) does not even lead the way to
a Riemann sum, unlike the kernel in the sum of (3.4). Since the limit cannot be calculated
directly despite knowing what it should be, we will instead compare (4.2) to the restriction
of (2.3) to the mesh. If we can show that the size of their difference can be controlled by
h'=%, then taking the limit as h — 0% will prove that they are indeed equal.

Theorem 4.4. Let 0 < a < 1, and let u : R — R be sufficiently smooth. Then,
Koh'™ || Diegyu]| oo g
T(—a)]

’Th((Dleft)au)j - (5left)a7"huj’ <
for some Ko > 0. Moreover, it follows that
}}E%"ﬂ ‘rh((Dlef‘n)aU)j — (O1efe)*rpuj| = 0.

Proof: Since j € Z simply results in translation, then without loss of generality, we may let
j = 0. First, note that (2.3) restricted to Zj, is given by

(m+1)h u(—r)
7 ((Dieg)*u), = a)] 2 Z /m Wdr

1 e (m+Dh
— |1“(—oz)! [u(O) — u(—mh)] /mh T dr
m+1)h — ul—r
/ Ti—f—a ( )dT
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We also have that

o .- F
(Onett)“rau0 = 73 |F o] Z:O T+ 1 u(0) — u(—mh)]
=C.

We start by bounding |A — C|:

1 o0
[A=C] < T(=a)| mzz:o |u(0) = u(—=mh)]

In the integral, start by letting » = h7, so dr = hdr, and

1 e m+1 h T'(m — «
|A-C| < m Z [u(0) — u(—=mh)| '/m (hr)l+a dr — haé(m + 1)'

m+1 1 I'(m—«)
ha\I‘ ‘Z\u mh\’ Tl+0‘dT_ Tt

/(m+1)h 1 B F(m—a)
mh e heT'(m+1)|°

Since u is left-differentiable on (0, mh), it follows that |u(0) — u(—mh)| < (mh) || Dieteu|| 0 g)
SO

|A—C| < ||D1eftuHLoo(R ’/m—f—l P(m—a)

IT(=a) Lm+1) |

Note that the expression cancels out When m = O, so we instead sum over all m > 1. In the
case when m = 1, we see that

21 I'(l-a)
/1 7.1+0sz_ r'(2)

1 279 a’T(1-a)
— + 5

(67 « —

‘ 1 a’I'(~a)
<|z—+—"
2

B
2a «a
We now consider m > 2. Since the length of the integral is 1, we may make the following

manipulation:
e - /m+1 1 dT_F(m—a) /m+1 11 dr 4 1 I(m-a)
— m l+a I‘(m + 1) m l+a m1+a mlta I‘(m + 1) '

By applying the mean value theorem again, we have that
1 1 < d [ 1 }
—_— = — su
rita mlte = m<r<Ir)n+1 dr Lrite

S

m=2

1
=(-1-oa sup [—}
( )m<T<m+1 T2t

-1 -«

- m2ta

and therefore,

> mtl F(m—a)| _ < mtl 1~ 1 I'(m — a)
——d < -
m‘/m a7 T(m+1) ‘ Zm‘/ +m1+°‘ F'(m+1)
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1—a 1 I'(m—«
—Zm I(m-a)

m2ta T ptra T(m+1)

:Z ‘14—04 1 T(m-—a)

m m2to o mlta mr(m)

“|1+a 1 T(m—a)

<
— ml-‘roc me F(m)

m=2

00 00
1+«

S m1+a + Z

m=2 m=2

The first sum is a p-series that converges to some C, > 0 since a > 0. In the second sum,
we make the shift of k = m — 1, so

= mtl g I'(m —
dr —
_m‘/m Tl I‘(m+1

By our corollary to Gautschi’s inequality (A.S), we have that

> ml g I'(m —
dr — -
- m‘/m e F<m+1 = Ca +Z(ka /<:+ 1)e >

This remaining sum is a telescoping series that converges to 1, so
> mtlq I'im-—«
m’/ ATl F((m+1))

— m

P || D] oo ) (L D(—a)|
I'(—a)| 20

For |B|, we begin by applying the mean value theorem once again:

(k+1-a) 1
T(k+1)  (k+1)°

<Ca+1,

and ultimately,

A-cl<

+Ca+1).

(e () — (1)
1B| < Z /m Y
ot i /(m“)h (r = mh) [ Diegu| oo gy 0
S TCal 2= | o [T
Dieitt| oo h De Ull oo gy S [ _
< [ Dieteve]| oo () / T [ Diet HL Z (m+1)h —mh dr
| TCal | e = o (mh)TFe
(4.3 "
Diegrtt|| 7 o hq De s o plm+Dh 4
< [ Dieteve]| oo () / d’ [ et ”L (R) Z/ Lar
TCal o = el 22 ) e
W Dieget| oo ) HDleftUHLOO(R) Z
(1—a) (=) he | (= m”o‘
W Diet]l oy (1 — 1
N IT(—a)| 1—« mlite

m=1
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and this sum also converges to some D, > 0 for o > 0. Finally, we have the following:

IN

hl*aHDleftu”Loo(R) 1 |T(=a) 1
N RN

2 « —«
- Koh'= || Diegyt| oo ()
B T'(—a)| ’

and taking the limit as h — 0" implies that

|7 ((Diege) ) g — (Srete) “rhuol

hli%lJr ‘rh((Dleft)au)o - (519&)&7%“0‘ =0.

4.3. Discrete fractional Laplacian.

We now prove similar results for the discrete fractional Laplacian. Due to the mathematical
complexity that will follow, we shall only work in the spatial dimension n = 1. Additionally,
we will use the formulation of the fractional Laplacian in terms of the first-order incremental
quotient. The construction of the discrete fractional Laplacian also relies on properties of
the modified Bessel function of the first kind, and these can be found in Section A.2.

Definition 4.5. The discrete second derivative of u is
ThU 41 + TRU -1 — 2TRU;
_h2 :
Note that since the spacial dimension is n = 1, this discrete second derivative of w is the

discrete Laplacian of u. Once more, we can raise this object to the 0 < s < 1 power, giving
us a discrete fractional Laplacian of order s of wu:

i 1 s dt
(4'4) (_Ah) TRl = F(—S) /0 (etAhrhuj — Thuj')m-

—Aprpu; =

To determine the meaning of etAhrhuj, we choose a particular definition for it and show that
it is a discrete semigroup.

Proposition 4.6. Define v; : Z, — R such that
t
rnoj(t) = €rrpuy =) Gy (ﬁ)rh“jfka
keZ
where Gi(t) = e 2 1;(2t), and Iy, is the modified Bessel function of the first kind. Then,
rpv;(t) is well-defined, and {v;,} is a discrete semigroup.
Proof: Since u is bounded, we immediately have that
2t 2t
vy (O] < lull gy > I (55)
keZ
= l[ull oo () »

since the leftover sum is equal to 1 by (A.11). Next, we make the following differentiation,
which is allowed due to the absolute convergence of the series.

Orpvj = Z gt [eiélk(ig)] ThUj—k

k€EZ
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2t 2t 2t
R Z [Ikﬂ(h?) e () - m(mﬂrh“ﬂ‘—k
_ 2t 2t _2t
h226 h21k<h2>7“hu]+1 hZZe hQIk( )T’hU(J 1)—k
h2z 21’“( )’"h“J g

_ TRUj+1 + TRUj—1 — 2TpUy
= e

= Aprpvj,
where the second line is due to (A.10). Also, r,v;(0) = rju; by direct substitution. [

Therefore, we have shown that v; is a solution to

{atrhvj = Aprpv; T #0

)
rpv; =rpu; 1T =0

and so we can substitute back into (4.4):

i 1 dt
(—Ah) Thuj = 1_‘(_8)/0 (ZGk<h2>7’h’u,J k — rhu]> tl—i—s

kEZ
1 o0 t dt
" T(-s) /0 ZG’“(?)““J”“ ~ ThU) T
keZ
since the sum in the integrand is equal to 1. Fubini applies once again to give us

1 * t dt
T T(—s) k%(rh“j—’“ - ’“’l“f)/o Gi(72) 7=

1 2 2t\ dt
= g e =) [ ()i

keZ

_ AT+ CED |
= AT () é (k| + 14 5) =k~ Tht):

where the last line follows from the integral identity (A.12). We can pause here and summa-
rize:

Theorem 4.7. Let u : R — R be a sufficiently smooth function restricted to the mesh and
0 < s < 1. Then, the discrete fmctional Laplacian of order s of u is given by
45F

4. —Ap)’rpu; - Y
(4.5) (—Ap)°rpu; = h23\ff E I‘ |/<:] N )(rhu] k— TRU;)

4.4. Convergence of the discrete to continuous fractional Laplacian.

Again, if we take the limit as h — 0T, this does not give us a Riemann integral on the
right-hand side. However, if we restrict the original fractional Laplacian to Zj; and compare
it with the discrete fractional Laplacian above, we can see that the difference between the
two is controlled by some positive power of A. Due to the form of the discrete fractional
Laplacian that we just derived, we have two cases for this final result:
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Theorem 4.8. Let u: R — R be sufficiently smooth. If 0 < s < %, then,
(L + )b~ | Du o e
VT [I(=s)|

rn((=2)%) = (=80 (ra)| <

for some K¢ > 0. If% < s <1, then
4T (5 + 8)Ksh?> 7> || Dul| oo )

(=AY ), = (~An)* ()| < AT
for some Ks > 0. Moreover,
Jim, ra((=A)%u); = (=Ap)*(rau;)| = 0.

Proof: We only prove the case for 0 < s < %, and we will find that the some of the following
calculations are similar or identical to those of the corresponding proof for the fractional left
derivative. By the same reasoning as before, without loss of generality, let j = 0. If we use
the formulation of the fractional Laplacian using just the first-order incremental quotient,
then we lose the factor of 3 in (2.14) and instead have

ey~ FTG ) [ ule—y) — u@)
-8y = A [ ey

and restricting this to the mesh gives us

sT(L 4+ ¢ (k 1)hu ) —u
rh((—A)Su)O:M /k " Md

VAT (=s) 22 Ju !y\”zs
457(L 4 hoo(_ (k+1)h 0
= SR {/ l 1+23 +Z/ 1+23( *)dy
Val(=s) L/ Iyl Y]
— [T u(—y) — u(0)
+ / 5 dy]
; ~ernn Jy'
= Sp + 57 + 5.
Note that we can decompose (—Ap,)*rpug in a similar way:
LT(5+58) [ Dk—s)
C AR rRug = 2 —hk) —
( h) TrUQ hQS\/,TTl—x(_s) [; F(k’+ 1+ S) [u( ) U(O)]
2 T'(k—s)
" ; e 1+s) 00~ u(O)]}
= C1 4 Cs.

Next, we break up S; as we did in the previous corresponding proof:
sl o (k+1)h 0 (k+Dh o (0N 0
S — 4\;(&;5)) [; [u(—hk) — u(0)] /kh \ylll“s dy + ; /kh u y‘)y’&(s ),
= A + By.
Make the change of variables of negating y for S to get
45F(% +8) = (M wu(y) — u(0)
VL (=s) el /(k+1)h |y\1+28 ’

Sy =—
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_AT(5+ ) — /(k“)kh u(y) — u(0)
Vrl(—s) kh ylt2s v

and we can do the same decomposition for Ss:
sl o0 (k+1)h 00 (k+1)h B
5=t [; ) @] [y + > [,
=: Ay + Bs.
Therefore, we have that
[rn((—A)°u)y — (=An)*(rpuo)| = [So + A1 + B1 + Az + By — C1 — Cy
< |So| 4+ |A1 — C1| + |A2 — Co| + |B1| + | Be| -

If we can show that this sum is controlled above by the factor h'=2%, then we are done. For
So, by the mean value theorem, we quickly see that

3+5) (M Ju(=y) —u(0)
d
‘SO| = f’l—‘ |/ ‘y|1+2s Y

4T (5 + s) [ Dul| foo (m) —2s
AN / v
_2(45)F( + s) \DUHLOO (R) —2s
N Jj v

204NT(L + ) HDu||Loo<R) P12
VEID(=9)[ (1 - 25)

For both |Bj|,|Ba|, the computation to bound these is the exact same process as in (4.3), so
we immediately have that

2(4°) | Dul| poo gy T(5 + 8)R' 72 1 1 > 1
|Bi| + | Ba| < Lo 2 +3 s )
N ED] [-2s | e hI

and the series converges to some Dg > 0 since s > 0. Furthermore, bounding |4; — C}| is
very similar as well, but there is a slight difference towards the end the process due to a
different ratio of gamma functions. To begin, we have that

L+ (k+Dh Tk —s)
hk — dy —
41 ‘—mr |Z' wOI [ e g
4% || Dul| oo gy T (3 + 8)h &

< k
VAb(-s) &
Let y = hz in the integral, so

4% | Dul| ooy T(5 + 8)R1 28 &
>k

/(k-i-l)h 1 g F(k‘ o S)
N A SV ES D

FL ] I'(k—s)
Al — < dz —
A1 = Cil = /k A2 I'k+1+5)

Vv L(=s)] 2
Dl ey (S + )R
VT (—s)]
ad k1 q 1 1 (k-
O D1l A (S PR S A |
P Z1+25 kl+2s k1+25 F(k+1+3>




RANDOM WALKS 27

As before, by applying the mean value theorem to the integrand and evaluating the integral,
we get

4% || Dul| oo gy T'(5 + $)RT2 220 |21 — 25 1 Tk —s
[A1 = Cif < 2 Zk o5 T 7it2s ( )
/7 T (=s)] 2 F T TR T Tk 1)
_ DUl ey T3 + P S 1+ 25 +§: T(k—s) 1
= J7ID(=9)] Ji 125 T(k+1+s) kit2s|

k=1 k=1
Applying (A.9) on the rightmost summand gives us
4 | Dull poomy T(5 +8)h' ™2 S 1425 N kE,

+
_ 112 242
vV [L(=s)| i

A1 —Ch| <

A Dl ooy T(5 + 8)' % &1 425 + E,
- V(=) 2T
and this sum converges to some Fs; > 0 since s > 0, giving us an upper bound for our

penultimate object. However, we are done, because finding the upper bound for |As — Cy] is
an identical calculation. Finally, we compile our information:

2(45)h1—2s HDUHLW(R)F(% + ) 92
V7 [L(=s)| 1—2s
_ ASFC B 128 | Dul| e () I'(3+s)
- VT [L(=s)]
Therefore, taking the limit as h — 07 yields
li —A)°u); — (—=Ap)° )| = 0.
Jim [y ((=8)%u); = (=An)* ()|

rn((—A)*u), — (—An)* (rauo)| < VD1 F

Notes:

There are a few open problems in this last subsection. It would be desirable to compare the
discrete fractional Laplacian using a second-order incremental quotient with the restriction
of (2.14) to the mesh, because this could possibly eliminate the need for cases in the last
theorem. Additionally, it may allow for the case of s = %, which we do not currently have.
Extending the spacial dimension to any n > 1 would be a challenging problem, because it
would likely involve multidimensional modified Bessel functions of the first kind.

The development of the discrete fractional left derivative and its convergence to the con-
tinuous fractional left derivative is given in [1], but the argument utilizing the corollary of
Gautschi’s inequality was constructed independently. Likewise, [3] gives the derivation for
the discrete fractional Laplacian. However, for the discrete to continuous convergence, we
constructed the restriction of the continuous fractional Laplacian to the mesh in such a way
that would mimic the same proof for the fractional left derivative. The proof of convergence
in the second case of the last theorem is also given in [3].
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5. FUTURE WORK

In this paper, we discussed the probability of locating a particle at some location and some
time that is undergoing a continuous random walk in Euclidean space. We derived various
PDEs that model the probability while considering different types of anomalous diffusion.
With these models, some initial condition may be implemented, allowing one to investigate
the existence, uniqueness, and regularity of solutions. [6] makes an effort to find a solution
of the problem where the particle might get stuck but still move with unit space step while
assuming a Dirac delta initial condition.

It may also be of interest to add boundaries on the random walk, because it is reasonable
to expect that such a particle is contained in some way. The particle might under go a drift
force, which would result in a non-symmetric random walk, and the probability of moving
left or right would not be equal.

One final scenario we may consider is for a particle to undergo a random walk in non-
Euclidean space, such as in a sphere or on its surface. This example would likely require the
use of spherical coordinates, so one would be finding the probability of observing the particle
at some radius, angle, and time.
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APPENDIX A. SOME SPECIAL FUNCTIONS

A.1. Gamma function.

The importance of the content in the following section cannot be understated. The gamma
function is the key to defining our fractional derivative operators. Also, the fractional left
derivative revolves around the fact that we can define unique fractional powers of complex
numbers. The aim of this section is to establish important definitions and relevant properties.

Definition A.1. Define I' : (0,00) — R by:

(A.1) ['(s):= /OOO e*tﬁ%

We call I" the gamma function at s > 0.

Note that this function is always positive. It is well known that the gamma function
interpolates integer factorials to the real numbers, so it maintains the property that the
factorial of some number is equal to that number multiplied by the factorial of one less than
it, i.e.

I'(s+1) = sI'(s).
As given above, the gamma function is defined only for positive real numbers, so suppose we
would like to extend this definition to some subset of negative numbers. In particular, the
goal is to find I'(—s). If we were to substitute in —s in place of s in (A.1), we would have
> —t4—5 dt
I'(—s) = et —,
0 t
but this is not integrable near 0, so it is not well-defined. Despite this, we still have the
recursive formula above, so

-
(A.2) T(—s) = L =s)
—s
Here, it must be that 0 < s < 1 so I'(—s) is well-defined. Also, since I'(1 — s) > 0, it follows
that I'(—s) < 0. Now, we present the formula for I'(—s). While the following reads as a
theorem, since we are technically considering a different domain, this should also be thought

of as a definition:

Theorem A.2. Let 0 < s < 1. Then,
[oe) eft -1

Proof: From the relation above, applying (A.1) gives that

o0

1
I'(—s) = =/ ettty

1 [>d

== / —[e ]t dt
S Jo dt
1 [>*d

= / —[e7t —1]t*dt.
S Jo dt

Integration by parts gives that

e t—1
st

I'(—s) =

0 S
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et -1 et © et 1
= lim — lim + —dt.
t—oo st t—0  sts o  tits

The first limit clearly goes to 0. For the second one, we apply L’Hopital’s rule:

et -1 . —et
lim = lim ="
t—0 st t—0 s<t5~
_tl—s
= lim 5
t—0 s2el
= 07

since s < 1. Therefore,

o] eft -1

Remark A.3. For any positive integer n and n < s < n + 1, a formula can be found for
I'(—s) by repeatedly using the recursive formula (A.2) n times. This has its uses, but it is

not focused on in this paper.

From here, it does not take much effort to derive a formula for fractional powers of positive

real numbers from (A.3).

Proposition A.4. Let A >0 and 0 < s < 1. Then,

1 e M1
Ad s_ 1 [T -1
(A.4) ¥ /0 et

Proof: From the integral on the right-hand side, we make the substitution » = At, so dt = %,

and we have

1 /Ooe—”—1dt_ 1 /Ooe—r—mr
P(=s)Jo % 7 T(=s) Jo (5 A

_ S /oo e T — 1d

T Sy e
)\S

o I‘(—s)r(_s)

=A%

Given this integral formula above, one might ask if A can take a value from a different
domain. To answer this question, we must go back to (A.3). In this definition, it turns out
that we can actually choose any ray in the first quadrant of the complex plane whose initial
point is the origin as the path of integration. It is interesting to note that we still retain the

value of I'(—s) for 0 < s < 1. This gives us the following result:

Theorem A.5. Let 2 € C, 0 < s <1, and let ray oy C C for 0 < g < 5. Then,

e -1
(A.5) D(—s) = / ¢
ray o 2t
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—z

1
€ . For t € R, observe that

Proof: To start, let F/(2) = ——
z

/O F(tdt = limy [~ PO

F' is holomorphic on the positive real axis but has a singularity at the origin. Let € > 0 and
~ be a contour given by

1 1,
yzz{tlagtgf}U{fe”]OStﬁgpo}u{tewo\5<t< }U{Ee”|0<t<<p0}
9 9

and call each curve 71, y2, 73, 74 respectively. Let U C C be open such that U D yand 0 ¢ U.
F' is holomorphic in all of U, so by Cauchy’s integral theorem,

§£ F(z)dz=0.
U
On the other hand,

0= / F(z)dz+/2 F(z)dz—i—/t F(z)dz—l—/4 F(2)dz.

As we take the limit as € — 0, note that the integral along v; is I'(—s) and the integral along
~3 is the opposite of the integral along ray ¢g. That is,

(A.6) 0= (—s)— / L FC)E ( REEYS F(z)dz).

e—0

We investigate the convergence of these two remaining integrals. For s,

IREZET R S
zlaz
Y2 0 (%eit) s €

it

© S —%e -1
i/“é‘@,)dt
0

ezst
¥o
S/ g’
0
®o 1
[ el
0
©
_/‘ Oé_S(‘e—%cos(t)‘_i_l)dt_
0

This last line follows since |e?| = ™). Since t < ¢ < 5, then cos(t) > 0, and so

e—%cos(t) < 6_%(0) = 1. Thus,
¥o
| P < [T
72 0

= 2@068
—0

O —eett _ )
1t
/ n s zse dt
©o 86

e~z _ 1’ dt

+ l)dt

as € — 0. For 4, we have

e
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it

Yo o—ee” _q
. e
—1 ——dt
0 Esezst

$o
< / e’
0
Consider the exponential inside the absolute value as a function G(g). Here, note that
‘6*56“ — 1’ = |G(e) — G(0)|. G is continuous on [0, ¢] and differentiable on (0,¢), so by the
mean value theorem, there exists some ¢ € (0, ¢) such that

|G(e) = G(0)| = (£ = 0) |G'(Q)]

it
:zs’—e”e ce

e _ 1) dt.

_Ceit

e
—¢ ’efgcos(t)‘
<eg,

which follows from the reasoning in the previous integral. Thus,

»0
/F(z)dz S/ elsdt
Y4 0

_ §081_s

—0

as € — 0. Plugging back into (A.6) gives

0=T(-s)— / F(2)dz,
ray o
and the result follows. [ |

While this result is interesting in its own right, we can use it to obtain a quick result that
is essential in defining the fractional left derivative. In particular, if we integrate the ray
along the angle g = 7, (A.4) can be extended to include fractional powers of imaginary
numbers with positive imaginary part.

Corollary A.6. Let w > 0, and let 0 < s < 1. Then,

1 00 e—z‘wt -1
AT w)® = dt.
(A7) W =50 |

Proof: In (A.5), use the parameterization z(t) = iwt for t > 0. Differentiating gives dz =
iwdt, and proper substitution gives that

o] efiwt _
I'(—s) = —————twdt
=) /0 (ot 7

B 1 /oo e—iwt _ 1dt
- (iw)s 0 tl+s ’

so rearranging gives the result. |

It is worth pausing here to discuss the implications of this result. First, if we compare
(A.4) and (A.7), we notice that the only difference is that we substitute an imaginary number
with positive imaginary part iw in place of a positive real number A. This begs the question
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of if we could just make this substitution without working through the complex analysis, and
the answer is no. Recall that in order to define I'(—s), we could not simply substitute —s in
place of s in (A.1), because it would no longer be well-defined. We had to use properties of
the gamma function to derive a different expression for I'(—s). This is why we have to check
what happens when we extend the domain in (A.4).

This brings us to the second observation. Powers of complex numbers are multi-valued,
so we might ask which value of (iw)® are we taking. By considering the ray along (g, we are
taking the branch that corresponds to the angle ¢g. Thus, (iw)® is given by the unique value
of the integral given in (A.7). Therefore, the previous corollary is as much of a result as it is
a definition.

Finally, we can extend the idea of raising numbers to fractional powers to raising operators
to fractional powers. If L is a differential operator, then the previous work suggests that we

can say that
1 oo ,—Lt 1
= / © L,
F(—S) 0 tl+s

provided we can deduce a meaning for e~%*. We can do this via semigroups, which is explored
in Section 2.

This process can be replicated to include fractional powers of negative operators, which is
useful for deriving expressions for the continuous and discrete fractional Laplacian.

The gamma function is the unique function that interpolates integer factorials to real
numbers that is also logarithmically convex. A consequence of this property, known as
Gautschi’s inequality, gives lower and upper bounds for a quotient of gamma functions.

Theorem A.7 (Gautschi’s inequality). For any x >0 and 0 < s < 1,

1-s < P(‘T + 1)

Tts) < (z+ 1)

It is beneficial for us to instead consider an alternate form of Gautschi’s inequality, so we
have the following corollary:

Corollary A.8. Foranyx >0 and 0 < a <1,

1 MNz+1—a) 1
(A.8) i~ Tatl) o

Proof: Let s =1 — « in Gautschi’s inequality. Since 0 < 1 — a < 1, we have that

I'(z+1)
(03 106
x <7F(x—|—1—a) <(x+1)%,

and taking reciprocals on all three sides gives the result. |

We also have another estimate when considering quotients of gamma functions that may
be applicable when Gautschi’s inequality is not:

Proposition A.9. For any x > 0 and 0 < s < 1, then there exists some Es > 0 such that

Iz —s) 1 < E;

(A.9) D(z+1+s) alt2s| = g242s°
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A.2. Modified Bessel function of the first kind.

The construction of the discrete fractional Laplacian requires the use of the modified Bessel
function of the first kind. In this subsection, we list without proof a few of its properties.

Definition A.10. Let v € Z. The modified Bessel function of the first kind I, : R — R is
defined by

I (t) B i (%)Qerz/
v _mZOF(m+1)F(m+V+1)'

From the definition, it is clear that I,(¢) > 0. For the boundary values, we see that
I,(0) =0 for v > 1, and we take Ip(0) = 1. It is proven that this function is even in v, that
is, I, = I_,,. This function also satisfies the relation

0 _ _
(A.10) 5 [e72' 1, (2t)] = e [I,41(2t) — 21, (2t) + L,_1(2t)].
We can view {I,} as a sequence of functions and thus can be described via generating
functions. In particular, a Laurent series generating function for I, leads the way to the

following property:

Proposition A.11. For allt € R,
(A.11) Y L) =€
VEZ

Finally, an important integral identity that contains the modified Bessel function of the
first kind is given below:

Proposition A.12. If ¢ > 0 and —% < s <v, then
[e¢) s 1
/ et (ct) dt (4¢)°T'(5 + s)L'(v — s)
0

tits —  /rT(v+ 1+ s)

(A.12)

Notes:

The results concerning the gamma function evaluation at negative entries, including the
integration along a ray on the complex plane, are found in [2]. Gautschi’s inequality is a
generally known result, but its slightly modified form was developed independently. The
final inequality regarding the quotient of gamma functions and all the properties of the
modified Bessel function of the first kind are found in [3].
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