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Abstract

This dissertation addresses the regularity of solutions for nonlocal diffusion equations over
the space of periodic distributions. The spatial operator for the nonlocal diffusion equation is
given by a nonlocal Laplace operator with a compactly supported integral kernel. We follow
a unified approach based on the Fourier multipliers of the nonlocal Laplace operator, which
allows the study of regular and distributional solutions of the nonlocal diffusion equation,
as well as integrable and singular kernels, in any spatial dimension. In addition, the results
extend beyond operators with singular kernels to nonlocal super-diffusion operators. We
present results on the spatial and temporal regularity of solutions in terms of the regularity
of the initial data or the diffusion source term. Moreover, solutions of the nonlocal diffusion
equation are shown to converge to the solution of the classical diffusion equation for two
types of limits: as the spatial nonlocality vanishes or as the singularity of the integral kernel
approaches a certain critical singularity that depends on the spatial dimension. Furthermore,
we show that, for the case of integrable kernels, discontinuities in the initial data propagate
and persist in the solution of the nonlocal diffusion equation. The magnitude of a jump
discontinuity is shown to decay over time.

In addition, we present a spectral numerical method for nonlocal equations on bounded
domains. These spectral solvers exploit the fact that integration in the nonlocal formulation
transforms into multiplication in Fourier space and that nonlocality is decoupled from the
grid size. Our approach extends the spectral solvers developed in [1] for periodic domains
by incorporating the two-dimensional Fourier Continuation (2D-FC) algorithm introduced
in [2]. We evaluate the performance of the proposed methods on two-dimensional nonlocal
Poisson and nonlocal diffusion equations defined on bounded domains. While the regularity
of solutions to these equations in bounded settings remains an open problem, we conduct

numerical experiments to explore this issue, particularly focusing on studying discontinuities.
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by incorporating the two-dimensional Fourier Continuation (2D-FC) algorithm introduced
in [2]. We evaluate the performance of the proposed methods on two-dimensional nonlocal
Poisson and nonlocal diffusion equations defined on bounded domains. While the regularity
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Chapter 1

Introduction

Nonlocal models are continuum models that involve nonlocal interactions. These models
capture complex phenomena, such as fractures, discontinuities, and long-range interactions
in materials [3]. Nonlocal models have applications across various fields, including materi-
als science [4], engineering [5], financial markets [6], and mechanobiology [7], among others.
Peridynamics is a nonlocal theory for continuum mechanics, which is oriented towards mod-
eling problems involving discontinuities and deformation in complex materials. Particles
interact through nonlocal forces within a fixed finite distance, and evolution is described by
an integro-differential equation whose solution is in general integrable with respect to spatial
variable with no additional regularity [3].

A nonlocal Laplace operator is defined by

£u(z) = / A y)(uly) — u@)dy, & € R" (L.1)

for a symmetric kernel v(x, y) = v(y, ) with compact support. In peridynamics, the compact
set is the ball of radius § centered at x. In this dissertation, we focus on radially symmetric
kernels with compact support of the form

_ 58

1
V(. y) Ty = o] (&5 (),



where X g;(2) is the indicator function of the ball of radius 6 > 0 centered at x, the exponent

satisfies B < n + 2, and the scaling constant ¢*? is given by

5 2(n+2—-B)I(5+1)
W%5n+2—ﬂ ’

Nonlocal integral operators with compact support of the form (1.1) have their roots in
peridynamics [8, 9] and have been introduced in nonlocal vector calculus [10]. These opera-
tors have been used in different applied settings such as dynamic brittle fracture [5], image
processing [11], tumor growth [7], material failure and damage [4], among others. There have
been several mathematical analysis and computational studies involving nonlocal Laplace op-
erators and peridynamic operators, see for example [1, 12-21]. On the mathematical side,
the work in [17] introduces the Fourier multipliers for nonlocal Laplace operators, studies
the asymptotic behavior of these multipliers, and then applies the asymptotic analysis in
the periodic setting to prove regularity results for the nonlocal Poisson equation. In this
dissertation, we apply this Fourier multipliers approach to study the regularity of solutions

to the nonlocal diffusion equation given by

ug(z,t) = LOPu(x,t) + b(z), © €T, t >0,

u(z,0) = f(z),

(1.2)

over the space of periodic distributions H*(T™), with s € R. Here T™ denotes the periodic
torus in R™ and £%° is a nonlocal Laplace operator defined in (1.1).

On the computational side, we propose an efficient and accurate spectral method for
solving nonlocal equations on bounded domains. Spectral methods are accurate and efficient
for solving nonlocal equations because they transform integrals in the nonlocal formulation
into multiplication in Fourier space. For example, the application of the operator £ on
a function w results in multiplication in Fourier space, and this runs at a computational
cost of O(N log N) for an N-point discretization grid. For comparison of the efficiency and

accuracy of spectral methods versus standard numerical methods such as finite differences,



see [1]. Some spectral methods for nonlocal equations have been developed in [1, 22-26].
The work in [23] introduces a boundary-adapted spectral method for peridynamic diffusion
problems with arbitrary boundary conditions. A spectral method for nonlocal equations on
periodic domains has also been developed in [1], which has been shown to be highly accurate.
One difficulty that arises in adapting the spectral method developed in [1] to solve nonlocal
equations on bounded domains is that the solutions are in general nonperiodic, therefore
exhibiting the Gibbs phenomenon as the Fourier coefficients of the solution decay slowly.
One way around this is to use Fourier Continuation. The idea behind Fourier Continuation
is to reduce the impact of slowly decaying Fourier coefficients of a smooth but nonperiodic
function on a given domain by constructing a smooth periodic extension of the function over
a larger domain.

Our approach builds on the Fourier spectral method developed in [1] for periodic do-
mains and incorporate the two-dimensional Fourier Continuation (2D-FC) algorithm from
2] to solve two-dimensional nonlocal equations on bounded domains. We also use this ap-
proach to perform numerical experiments aimed at exploring the regularity of solutions for
nonlocal equations, with particular focus on discontinuities. For integrable kernels, numer-
ical simulations indicate that discontinuities may develop in the solution. In contrast, for
singular kernels with § > n+1 = 3, the solution appear to remain continuous in the interior

of the domain, and no discontinuities are observed.

1.1 Fourier multipliers

In this section, we give a summary of the Fourier multipliers’ results introduced in [17],
which are relevant to the work presented in Chapters 2 and 3. The Fourier multipliers m%”?

of the nonlocal operator £%? are defined through Fourier transform by

Lo8u = m*P4, (1.3)



where m®?(v) is given by the integral representation

cz)—1

Mo (v) = C&ﬂ/ %d% (1.4)
Bjs(0) 2]l

for § < n + 2. These multipliers are used to obtain the eigenvalues of the nonlocal op-

erator £%? in the case of periodic domains by evaluating them on a lattice of points (see

Section 4.1 of [17]). The following theorem gives a representation of these multipliers using

the hypergeometric function, o F3, which is defined by

Zk

> (al)k(CLQ)k
Fy(an, ag; by, by, by, 2) 1= ’
2F3(ar, az; by, by, bs, 2) ;(bl)k(bz)k(b?»)kk!

where (a), = a(a+ 1)(a+2)---(a+ k — 1) is the rising factorial.

Theorem 1.1. Letn > 1, 6 > 0, and § < n + 2. Then the Fourier multipliers can be

written as

(1.5)

9 _ S ntd—8 1
mw(y):_uyu22F3(1,"+ font2ntd-p HyH?d?).

2 T2 2 4

The hypergeometric function 5F3 on the right hand side is well-defined for any [ #
n+4,n+6,---, hence, using (1.5), the definition of the multipliers is extended to the case
when 8 > n +2 with 8 # n +4,n + 6,---. Consequently, the operator £%? is extended
to these larger values of 8 using the Fourier transform. In particular, for the case when
B =n+ 2, and since m®"*2(v) is equal to —||v||?, the extended operator £>? coincides with
the classical Laplace operator A. For the case, n + 2 < f < n + 4, the extended operator
L8 corresponds to a nonlocal super-diffusion operator [1].

The representation (1.5) is used to provide the asymptotic behavior of m®?(v) for large

|v||. This is given by the following result [17].



Theorem 1.2. Letn>1,0>0and B ¢ {n+2,n+4,n+6,...}. Then, as ||v|] — oo,

2n(n+2—5) g\n+2-8 T(M5=2)r(42) .
—wam T2(5) J_Tr(gz”i/ﬂﬁ , ifB#n,

—2 (210g ||| + log (%) +v =1 (%)) , if B=mn,

~—|

—~
—_
D

~—

ma’ﬂ(l/) ~

where v is Buler’s constant and 1 is the digamma function.



Chapter 2

Regularity of solutions for nonlocal

diffusion equations with initial data

In this chapter, we apply the Fourier multipliers approach developed in [17] to study the

regularity of solutions to the nonlocal diffusion equation with initial data given by

ug(z,t) = LOPu(x,t), 2 €T, t >0, 21)

u(x,O) = f(fli)

To study the existence, uniqueness, and regularity of solutions to nonlocal diffusion equations
over the space of periodic distributions, we consider the identification U(t) = u(-,t), with

U :[0,00) — H*(T™).

2.1 Eigenvalues on periodic domains

Let £%# be defined on the periodic torus

T =TJl0,r), i >0, i=1,2,--- ,n.

i=1



Define

, e
T T2 Tn

(27rk1 21k, 27T]€n)
vV = ,
for any k € Z™. Let ¢p(x) = ™. Then,
Lo (x) = m® () i (), (2.2)

which shows that ¢ is an eigenfunction of £%# with eigenvalues m®?(1;,). We will often use
m(v) to denote m®?(v) to simplify the notation.
Consider the nonlocal diffusion equation defined in (2.1). For s € R, let H*(1T™) be the

space of periodic distributions h on 7™ such that

15

Hoirmy = Y (L4 [[E]*)* Ay |* < oo

kezn

2.2 Distributional solutions for nonlocal diffusion equa-
tion

Let f € H*(T™) and define U,V : [0,00) — H(T™) for some ¢q € R, by

Uty = Y fremtiene, (2.3)
k

V() = > fum(p)em e, (2.4)
k

Observe that for any ¢ > 0, U(t) and V (t) are well-defined periodic distributions, since e™¥)*

and m(v;)e™®*)t are both bounded functions in k.

Theorem 2.1. Letn >1, 6 >0 and f <n+4. Let €1 and g9 be such that 0 < g1 < g9 < 1.

Assume that f € H*(T") for some s € R. Then for any fized t > 0, U(t) € HP(T") and



V(t) € H"(T"), where

( (
s, if B <n, s, if B <n,
4dnt , _ dnt _
p = s—{—?(l—el), ifB=mn, = S—l—?(l—aﬁ), if B=n, (2.5)
o0, Zfﬁ>n7 o0, Zf/8>n7
( \

with H=(T™) .= () H*(T™).

seR

Proof. We observe that

STO@HEPPIOR = ST @A [EPPE+ ([EP) | e,

0£keZn 0£keZn

Since f € H*(T™), then the result that U(t) € HP(T™) follows by showing that
(1 + Hk”2)pfs€2m(uk)t

is bounded for k # 0. To see this, we consider three cases. For the case f < n, thenp—s =10

and

eQm(Vk)t(l + ||k”2)pfs — eZm(Vk)t’

which is bounded since m(vy) < 0.
For the case when n < 8 < n +4, let ¢ € R be arbitrary. Then,

(1+ [[k[[*)*

2\q—s 2m(vg)t _
(1 -+ ]2 I

which vanishes as ||k|| — oo, and hence boundedness follows. Thus, U(t) € H?(T™) for all ¢

and therefore,

U(t) € (HY(T") = H*(T").

qeR



For the case when 8 = n, then p — s = %(1 —¢£1). From Theorem 1.2, we have

4dn
m(ve) ~ =5 logllwell,
which implies that
_m) (2.6)
lvsll—o0 — 5% log ||v|
Thus, for any €, > 0, there exists N € N such that
an 4dn
—5r (Lt e)log vl = m(u) < =5 (1 —e1) log [l (2.7)
for all ||vg|| > N. Therefore,
e2met < o~ (1—en)loglwl _ H,/k”*%(lfa)_ (2.8)

Since there exists A > 0 such that A||k|| < |||/, then

(L (B F 0 (1 ) #0
ol #0720 (Al 3O

(1+ f2p-semer

IN

which is bounded.
Similarly, to show that V' (t) € H"(T™), we show that

(1 + ||k||2)rfsm(yk>262m(uk)t

is bounded for k£ # 0. For the case when g < n, then r — s = 0 and there exists a constant

C' > 0 such that |m(v;)| < C. Thus,

(1 + ||k||2)7‘—sm(yk)2€2m(l/k)t _ m<l/k)262m(yk)t



is bounded. For the case when n < 8 < n + 4, then for an arbitrary ¢’ € R, we have

m(ve)*(L+ [[6]*)7

2\q'—s 2 2m(vg)t __
(T + [[E[I5)T " m(ve) e = o2tm(e)|

Y

which vanishes as ||k|| — oo, and therefore boundedness follows. Thus, V(t) € HY (T") for
all ¢ € R and hence,
V(t)e (VHY(T") = H>(T").
¢'€R
When 8 = n, then r — s = 2£(1 — &,). From (2.7),

4n

2
mnl < (300 +20)) ol (29)
In addition, there exists Ny € N such that
Ant (cy—eq
log(Jlwll) < [lwell#* ===, (2.10)

for all ||vg]| > No. Moreover, there exists B > 0 such that ||| < B||k||. Hence, by using
(2.8), (2.9), and (2.10), we obtain

— 8nt

(Aflk])y 3 ==
2y (L R # 0
8nt (1 ¢,)
[ 5 (=2

(L4 (1K ]P) m (o) [Pe?mw*

where I
T
A%(l—fl) '
This shows boundedness and therefore completing the proof. n

For any J € H*(T"), s € R, define

LPT =" m(vg) Jue™ . (2.11)

kezn

10



Lemma 2.1. Let U and V be as defined in (2.3) and (2.4) respectively, then LOPU(t) = V (t).

Proof. By (2.11), we have

L) = > mu)Us(t)e™s”

kezZn

_ Z m(yk)fkem(uk)teiyk-x
kezn

= V(.

Proposition 2.1. Let N € NU {0} and define

U(N)(t) _ kam(l/k)Nem(V’“)tewk'x,
k

V(@) = kam(yk)fvﬂem(w)teiw'
k

Then %U(N) (t) = VWN(t), for all t € (0,00). Equivalently,

dN

dt_NU(t) = kam(Vk)N“em(”k)te“’k'x,
k

where the differentiation here is in the sense of Gateaux differentiation.

Remark 2.1. We note that UV (t) = U(t) and VO (t) = V(t). In addition, similar to the
argument in Theorem 2.1, for anyt > 0, both UN)(t) and V) (t) are in H*(T™) when 8 < n
and both are in H®(T™) when n < f < n + 4.

Proof. Let t > 0, we show that 2UM(¢) = VIV(t), where the differentiation is in the

Gateaux sense, which is given by

2

%WWW+M—UWWH—WM@

lim
h—0

Ha(T™)

11



where ¢ = s when 5 < n and ¢ is arbitrary when n < 3 < n+ 4. Equivalently, we show that

. 1 2
: 2\q 2 2N | = (,m(vi)h _ m(vg)t mg)t |
’lllino Z (L4 KI5 fe]*m(ve) z (e 1)e m(vg)e 0. (2.12)
keZm™
This result follows from passing the limit inside the sum, which we justify next by the
dominated convergence theorem.

When 5 < n, then ¢ = s and there exists a constant C}; > 0 such that |m(vg)| < Ci.

Moreover, there exists Cy > 0 such that

em(yk)h — 1
h

‘ < Oy, (2.13)

for all k, and for sufficiently small h. Combining this with the fact that f € H*(T™), it
follows that the summand in the left hand side of (2.12) is uniformly bounded.

For the cases § > n and 5 = n, we note that the summand in (2.12) can be written as

mvi)h _ 1— m(l/k)h
h

2
€ —s
(L + (KISl ( ) 2 (1) (1 + [ [2)7

Since f € H*(T™), then it is left to show that

emh 1 —m(vp)h
h

2
) ™M (v )*N (1 + || k||?)e° (2.14)

is uniformly bounded. By Taylor’s Theorem,

(em@k)h _ 2_ m(uk)h> - m(;ﬁ’ (2.15)

for all h € (0,1). Therefore,

(1 + Hk”Q)Q_Sm(yk)2N+4€2m(yk)t-

N

emh 1 — m(y)h
h

2
) 62m(yk)tm(yk>2N(1+ ||k‘||2)q_s S

12



For = n, then ¢ — s = 0 and since m(v;) — —oc as ||k|| — oo, then

lm(yk)2N+4€2m(Vk)t

—0

as ||k|| = oo, showing that (2.14) is uniformly bounded.

For # > n, then by using Theorem 1.2, we have that

1 2\q—s oN+4_om(m)t _ (L F [K]1%)9*m(vy,)* N+
Z<1 + |1E19) T m(vy,) e = oA — 0

as ||k|| — oo, showing that (2.14) is uniformly bounded and therefore completing proof. []
The following theorem summarizes the results in this section.

Theorem 2.2. Let f € H*(T"), f <n+4, and s € R. Then, there exists a unique solution

U(t) to the nonlocal diffusion equation

it (2.16)

Moreover, U € C*((0,00); H?(T™)), where p is as defined in (2.5).
Remark 2.2. The time regqularity in Theorem 2.2 is in the sense of Gateaux differentiation.

Proof. The existence follows from Lemma 2.1 and Proposition 2.1 by taking N = 0. For the
uniqueness, let Q(¢) be another solution of (2.16). We define W (t) = U(t) — Q(t). Then,
W (t) satisfies

d_W — ﬁ&ﬂw)
dt
W(0) = 0.

Represent W (t) by its Fourier series



Lemma 2.1 implies that

LW () = 3 ml)Wa(t)e™,

kezn
and X
AW dWe
il Dl UL
kezn

From (2.16) and the uniqueness of Fourier coefficients, we have that

AW,

SO = me)Wi (),

for all k. This implies that Wy () = Ae™*)! where A is a constant. Since Wj(0) = 0,
then Wj,(t) = 0, for all k which implies that W (t) = 0. Therefore, U(t) = Q(t). The spatial

regularity follows from Theorem 2.1. O

2.3 Regular functions as solutions of the nonlocal dif-
fusion equation

In this section, we focus on functions f that satisfy > | fk| < 00. The following theorem
kEZn
gives a class of functions that satisfy this condition, see [27].

Theorem 2.3. Let s be a nonnegative integer and let 0 < o < 1. Assume that f is a function
defined on T™ all of whose partial derivatives of order s lie in the space of Holder continuous
functions of order a. Suppose that s+a > n/2. Then f has an absolutely convergent Fourier

series.
Next, we provide results on the temporal regularity of the nonlocal diffusion equation.

Proposition 2.2. Let f € H5(T") such that . |fu| < 0o and let 8 < n+4. Then,
kezr

u(z,-) € C((0,00)), Yo € T".

14



Proof. We use the Leibniz integral rule for the counting measure to differentiate under the

summation. Let gy (t) = fre™“)%e* and consider

Z ’gk(t)‘ = Z ‘fkem(”k)tei%ﬂ

keZm keznr

kezn

< Z | fal.

kezn

Since S |fi| < oo, then g, (t) is summable for any fixed t. Moreover,
kez™

d A .
% _ fkm(yk)em(vk)tewk-m

Y

is continuous for all k. Now fix ¢ > 0, then there exist 7 such that 0 < 7 < t. We define

O = | fullm(v)]€™)™. When 8 < n, then there exists C' > 0 such that |m ()| < C. Thus
O = | fillm(vi)|em ™)™ < C|fil,

showing that 6 is summable. When 3 > n, then e™™)™ — 0 as ||k|| — oo. Thus
Im(vg)|e™@)7 < 1 for sufficiently large ||k||. Hence 0y < |f|, showing that 6, is summable.

Moreover

A9k

Bl = |fullm)lem

< |fllm()|emo

15



Therefore, we can differentiate under the summation,

ou(x,t d

(8t ) _ a7 Z gr(t)
keZn

A9

dt

kezn

_ Z fkm(l/k)em(yk)teiuk-:c'

kGZ"

For higher derivatives, we observe that

dn 5 .

I fulm(o)|¥ementeine,
Define 1, = |fx]|m(v)|Ne™ )7, Then 1), is summable by following similar arguments as
above. Furthermore,

dN 5

—F| = [fellmONer e

< fallm () Yem e

= U

This implies that u(z, ) is N-times continuously differentiable and

Oule,t) - d* 5~

otN N
kezn
_ av g,
N dtN
kezn
= 3 fidm)|Nertereer,
kezn
Since N is arbitrary, it follows that u(zx,-) € C*((0, 00)). )

From Theorem 2.1 and Proposition 2.2 we obtain the following regularity result.

Theorem 2.4. Letn > 1, § >0, >0 and f < n+ 4. Assume that f € H*(T™) and its

16



Fourier coefficients are summable. Then,
1. uwe C*((0,00); H*(T™)) for p < mn,
2. ue(C™® ((O, 00); HS+%(1_E)(T”)> for B =n,
3. ue C®((0,00); H*(T™)) for p > n.

The following lemma will be used to prove Theorem 2.5 on the convergence of solutions

of the nonlocal diffusion equation as 6 — 07.

Lemma 2.2. Letn < <n—+2 and d < 1. Then, there exist c; > 0 and ¢y > 0 such that
m® (1) < max{—ci||v||* ™", —ca||v||?}, Vv € R™

Proof. From Theorem 1.2, we have

where

This is equivalent to

mb?(v)

lsee [~

which implies that there is ¢; > 0 and N > 0 such that for all ||v|| > N
m"?(v) < —c|v]|P (2.17)

On the other hand, from [17], we have

mbP(v)

li=o0 —|[v|[f=

17



Thus, there exists co > 0 such that for all ||| < N,
mbP (1) < —cy||v||2 (2.18)
Combining (2.17) and (2.18), we have
m"?(v) < max{—al|[v]|"™", —es[lv[*}, (2.19)

for all v € R™. Using (2.19) and the fact that m*°(v) = ;m"?(6v), which follows from
(1.5), we obtain

1
m*(v) = Zm"P(ov) < ﬁmax{—01||5V|lﬁ_”,—Cz||5V||2}

max{—c, [v||"77 ", —cy|v*}.

Since § < 1, then —§%~("*2) < —1 and hence
m®P(v) < max{—c |v[|”", —ca||v[|*}.

]

Convergence of solutions of the nonlocal diffusion equation (2.1) to the solution of the

corresponding classical diffusion equation is given next in Theorem 2.5 and Theorem 2.6.

Theorem 2.5. Let n > 1,s € R and let f € H*(T™). Suppose u is the solution of the
classical diffusion equation u; = Au with initial condition ul—q = f. For any 6 > 0, let u®?

be the solution of the nonlocal diffusion equation in (2.1). Then, fort >0 and § < n,

lim w*?(-,t) = u(-,t), in H*(T"),

5—0t

18



and forn < B <n+ 2,

lim u®? (- 1) = u(-,t), in H®(T™).

6—0t

Proof. The Fourier coefficients satisfy ﬂi’ﬁ = frem)t and 4y, = fre "t When 8 < n,

then

5 |6, ~
[Pt = O ey = D (L RIP)° 18" — )
0£kezn
= > (L [[EP) [t — eIl A,
0£kezn

To pass the limit § — 0T inside the sum, it is sufficient to show that |e™ ) — e*||"’€”2t|2 as a

function of k is uniformly bounded. Using (1.4), it is straightforward to see that m(v) <0
for v € R". Thus,

et _ ol |* < (emOt 4 -IelPty2 < 4.
Since, lim m(vy) = —||vx||?, then
6—0t
lim u®?(-,t) = u(-,t), in H*(T™).
Jim w7 () = u(, 1), in H3(T™)

For the case 8 > n, fix an arbitrary p € R. Then,

.5, .
[u®P () = uC )Gy = > (L4 [P — el
0£kezn
s —s | m(v, —lvell? £
= > (LRI (4 k)PP femtnt — el £,
0£keZn

Since (1 + ||k|[2)*|fx|? is summable, then to pass the limit inside the above sum, we show

19



that the following function in k that is given by
(1 + 2ol — el
is uniformly bounded. First, we rewrite the above expression as
(1 4+ |[K|[2)P=s]emit — o=lmlPt2 — (1 4 ||g|2)P—s e2mbat (1 _ e—(m(uk>+||uk||2>t)2

Then, we observe that

n+2-F n+2n+4-F 1

m® ) + lvl* = —||uk||22F3(17 Lt int ot ;—g||uk||262)+uuku2
n+2-6 _ n+2n+4-5 1

= ol (128 (17220, 2 D, L)),

Since o Fj (1, "Jrg*ﬁ; 2,22 %76; z) <1 for all z <0, then m®® + [|v||* > 0. Therefore,

1 — e~ me) Il 1

Using this fact, we have

(14 [|K|[2)P= |em@e)t — =l — (1 4 [|k|[2)P—s €201 — e~ (mOm)+lvelty2

< (1 KRy e
Lemma 2.2 implies that there exist ¢; > 0 and ¢y > 0 such that
M)t < max{e_clHVkHﬁin t’ e—CQHVk”Qt}'

Consequently,

) L gy
1+ |k 2\p—s 62m(uk)t < : ( )
(L + (&%) min{exp(2c||vg]|# t), exp(2eca||ve|2t)}

20



which is bounded for sufficiently large k for all § € [0, 1]. O

Theorem 2.6. Let n > 1,s € R and let f € H*(T™). Suppose u is the solution of the
classical diffusion equation u, = Au, with u|—y = f, and for any B < n + 4, let u>® be the
solution of the nonlocal diffusion equation (2.1), then fort > 0,

: 3,8¢. — . . oo n
i w5 0) = (), in (T,

Proof. Let g € R be arbitrary. Consider

2
—s | ,m(y A s|| £
”ué,ﬁ(,’t) — U(-,t)quq(Tn) — Z(l + HkH2)q et _ o= llvel®t (1+ HkHQ) ka”2
kezn
We observe that for 8 near n + 2, m(v) — —oo as ||k|| — oco. Thus, we can pass the limit

in 3 inside the sum above, since f € H*(T™) and the expression
(1+ HkH2)qfs et _ o—llvel®t ?

is uniformly bounded. Since ﬁlim 2m(uk) = —||lvk||?, then the result follows. O
—n+

2.4 Propagation of discontinuities for the nonlocal dif-

fusion equation

In this section, we study the propagation of discontinuities for the nonlocal diffusion equation
n (2.1). We emphasize that Theorem 2.4 implies that the nonlocal diffusion equation satisfies
an instantaneous smoothing effect when the integral kernel is singular with § > n and
a gradual (over time) smoothing effect for when 5 = n. However, for integrable kernels
(8 < n), the nonlocal diffusion equation is non-smoothing. In this section, we investigate
this latter case further by studying the propagation of discontinuities. To this end, given a
discontinuous initial data f € L?(T™). Then, we show that for certain conditions on f and

B, discontinuities persist and propagate. In particular, we show that in one-dimension, if f

21



is piecewise continuous, then the solution w is piecewise continuous and both f and u share
the same locations of jumps.
To study the propagation of discontinuities, we look for a decomposition of u, the solution

of (2.1), of the form

u(l‘at) = U(:L’,t) + g(t)f(l’),

for some function v(x,t), which is continuous in x and satisfies v(x,0) = 0, and some
function g satisfying g(0) = 1. This would imply that any discontinuity in f will persist to
be a discontinuity in u for all ¢ > 0. We show that the magnitude of a jump discontinuity
decays as t increases.

We observe that v satisfies the following

vy = u—g'(t)f(r)

Since § < n, we observe that

s = [ IO ) - ap)

Bs(z) ly — x|

where

P
h(z) = c‘w/B Ly)dy = (WXBN))(-)) x f(x), (2.20)

s ly =77\l

and « is a constant given by

1 n(n+2— f)
a= c‘m/ - gy =0T e A 2.21
oo Ty =P P (n—5) (2:21)
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Therefore,

v = L%+ g(t)h(z) — ag(t)f(z) — ¢ (t) f(z)
= L%v+ g(t)h(z) — f(z) (ag(t) — ¢'(1)) .

Since ¢(t) is unknown and we are looking for v(z,t), a continuous function in = which is

independent of f(z), we set ag(t) — ¢'(t) = 0. Thus g(t) = e~* and v solves

v, = L%y + e h(z), z €T t >0,

(2.22)
v(z,0) =0,
and therefore,
u(r,t) = v(x,t) + e > f(z). (2.23)
Hence,
Up = Uy — efatfk
_ fkem(uk)t _ e—atfk
= fk (1 _ e—(m(l/k)Jra)t) Mt (2.24)

It remains to find conditions on f and [ to guarantee the continuity of v. Towards this end,
we make use of the following lemma, whose proof is similar to the proof of Theorem 3.2 in

[17]. We note that the constant « appears in the asymptotics formula (1.6).

Lemma 2.3. Let v € R" and let 5 < n. Suppose « is as defined in (2.21). Then

(

n n+2—_3 _n
4(n+2—5)F(%+1)62F(2)FF< ) (‘5””)6 L ifrt < B<n,
m(v) + o ~

\4(n +2—-0) (2+1) (52T




In addition, we make use of the following lemma.

Lemma 2.4. Let « be as defined in (2.21). Then,

(
C’lte_“‘t o1
W, if 75 < B <n,
(1 _ e*(m(vkﬂa)t) emwE)t 4
Cgte_at
if B < n=1
i U=

for some positive constants Cy and Cs.

Proof. When "7_1 < [ < n, then by using Lemma 2.3 and the definition of 14, there exists
C > 0 such that
lim (m(v) + a)||k||"™? = Cy,

[l =00

which implies that for any € > 0,

Cl(l — 8)
[[K||"=#

01(1 + 6)
< m(l/k) +a< ——7",
[

for sufficiently large ||k||. Thus

C1(1+e)t

_C1(—e)t —
= (1= ) < s (1 ey < g (1 BEE),

and consequently,

Ci(1—e)t < lim [k|"? (1 — e mtRF) < O (1 + &)t

([l =00

Since ¢ is arbitrary, we obtain

Hm k)" (1 — e tmtelt) = ¢y,

[kl =00

and thus,
Clte_at

1 — e~ (Mmr)+a)ty om(vi)t '
( ) [
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The proof is similar for the case § < "T_l O]

Conditions on f and [ to guarantee the continuity of v, the solution of (2.22), are given

in the following result.

Theorem 2.7. Let v(x,t) be as in (2.23) and assume that fi satisfies

f ||kH16+‘ea if —"51 < B <n,
k Y
IIkHQﬂ’ R

for e, > 0. Then, v(z,t) is continuous.

Proof. For ”T_l < B < n with fk ~ = then by using Lemma 2.4, we have

%Il

; Cte—t

’[/)k. = fk‘ 1 — ef(m(yk)‘i’a)t em(yk)t ~ )

( ) [ e|mte

imi < 1=l with fi ~ ——
Similarly, for g < *5= with fj T hen

; Cte—™

/ﬁk — fk ]_ — 6_(m(l/k)+a)t em(yk)t ~ )

( ) [ |mt¢

By Proposition 3.3.12 in [27], we conclude that for ¢ > 0, v(-,¢) is continuous in both

cases. L]

The following theorem summarizes the results in this section.

Theorem 2.8. Let f < n and let u be as given in (2.23) and assume that

1 e n—1
A ”kW3+57 Zf 2 < 6 < n,
k Y
1 ; n—1
e TP

for some €, > 0. Then, if f is discontinuous at x then u is discontinuous at x.
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Figure 2.1: The slow decay of a discontinuity in the nonlocal diffusion equation with 5 < n.

Corollary 2.1. If f € L*(T) is piecewise continuous, then u is piecewise continuous and f
and u share the same locations of jumps. Furthermore, the magnitude of a jump decays as t

mcreases.

This is an immediate consequence of Theorem 2.8, since for a piecewise continuous func-
tion f € L2(T), we have f; ~ %, for some C' > 0.

A one-dimensional example for the propagation of a discontinuity in the nonlocal diffusion
equation is described below. Figure 2.1 shows the results of a numerical solution to the
periodic nonlocal diffusion problem u; = £>%u on the interval (=10, 10) with § = 1, 3 = 1/3,

and initial condition )

r+1 if —1<x<0,
u(z,0) =<z -1 if0<a<l,

0 otherwise.

\

In Figure 2.1, function values for x < 0 were plotted separately from those for x > 0
so that the jump is apparent. The dashed lines indicate the values de~, showing the

theoretical extremes of the jump.
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Chapter 3

Regularity of solutions for nonlocal
diffusion equation with a diffusion

source

In this chapter, we focus on the following nonlocal diffusion equation with a diffusion source

and zero initial data

ug(z,t) = L2Pu(x,t) + b(z), 2 €T", t >0, 51)
3.1

u(z,0) = 0.

To study the existence, uniqueness, and regularity of solutions to nonlocal diffusion equations
over the space of periodic distributions, we consider the identification U(t) = u(-,t), with
U:[0,00) = H5(T™).

Let b € H*(T") and define U,V : [0,00) — H9(T™) for some q € R, by

em(uk)t — 1.

U(t) = bot T 3.2
" 0 +07§Zn mlve) 32
V() = ) emtipemer (3.3)

27



Observe that for any ¢ > 0, U(t) and V(t) are well-defined periodic distributions, since

()t _ . .
% and ™)t are bounded functions in k.

Theorem 3.1. Letn > 1, 6 >0, and f < n+4. Assume that e, >0 and b € H*(T") for
some s € R. Then for any fized t > 0, U(t) € H?(T™) and V (t) € H"(T"), where

s, if B <mn,
s, if f<n
) ) 4
P = and 1= s—i—(sizt(l—el), if B=n, (3.4)
s+ p—mn, if B >n,
oo, if B> n.
\
Proof. We observe that
U @#) = botlzrogry = D (L4 [KI1P)PI0:(0)?
0#£kezn
(LRI~ e 5|3
> W<e W) — 121+ ||k[I*)*[be]*-
0A£keZn k

Since b € H*(T") and e™¥*)* is bounded because m(v;) < 0, then the result follows by

showing that
(L+ [Ik[?)P—

m(v)?

Y

is bounded for £ # 0. When 8 < n, then p — s = 0 and by using Theorem 1.2, there exist

C1 > 0 and r; > 0 such that |m(v;)| > C4, for all ||k|| > 1. Thus,

(L4 kPP _ 1

< —.
m(u)l* T CF

When 8 > n, then p — s =  — n, and by using Theorem 1.2, there exist Cy > 0 and ry > 0

such that |m(vy)| > Co||k||°~, for all ||k|| > ro. This implies that

L+ [k _ 1 <1+H/€H2)5_”

m(m)P = C3 Ik

which is bounded. The proof of V(t) € H"(T™) is similar to the proof of Theorem 2.1. [
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Lemma 3.1. Let U and V be as defined in (3.2) and (3.3), respectively. Then
V(t) = LYPU(t) +b.
Proof. By using (2.11), for any = € T™ and t > 0, we have

LU ) = LPbot)+ Y m)T(t)e™s*

0£keZn
m(vg)t _ 1. .
S
0£keZn m(vy)
_ Z l;kem(uk)teiuk-x_ Z Bkeiukw
0£kezn 0£kezn

= V{)(z) - ba).

[
Proposition 3.1. Let U(t) and V(t) be as defined in (3.2) and (3.3), respectively. Then,

du
o V(t).

Moreover, for N > 1,

d"U 7 N—1_m(vp)t vy -z
O
kezZm

for all t € (0,00), where the differentiation here is in the sense of Gateaux differentiation.

Proof. We show that

Lweem-ver-vo| o

Ha(T™)

lim
h—0

where ¢ = s when 8 < n and ¢ is arbitrary when § > n. Equivalently, we show that

m(vg)t

2
N 1
fig 3 (14 [P [ (et 1) S emenn) o, 3.5)

0#kezn m(vy)
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This result follows from passing the limit inside the sum, which we justify next by the
dominated convergence theorem.

When g < n, then ¢ = s and similar to (2.13), there exists a constant Cy > 0 such that

em(l’k)h — 1
h

‘<027

for all k, and for sufficiently small h. Moreover, €™+t and m, for k # 0, are bounded.
Combining this with the fact that b € H*(T™), it follows that the summand in the left hand
side of (3.5) is uniformly bounded.

For the cases f > n and § = n, we first note that the summand in (3.5) can be written

as

(L (1 01%)* B (1 + (1] %)~

2wt [ emk) 1 — m(u)h ’
m(vy)? < h ) |

Since b € H*(T™), then it is left to show that

2m(vg)t em(’/k) -1 - m(l/k)h ?
1+ ||k||2)rs '
(1 + [I1%]]7) m(vg)? ( h > (30

is uniformly bounded. Using (2.15), we have

1 -5 m(v
< 1(1 + ||E[[2)7 m(y, ) e2m et

2m(vg)t em(’/k) -1 - m(l/k)h ?
1+ ||k||2)rs
(1 + [[&]I%) m(vg)? ( h >

When 5 = n, then ¢ — s = 0 and since m(vy) — —o0 as ||k|| — oo, then

1
Zm(yk)zeQm(”k)t —0

as ||k|| — oo showing that (3.6) is uniformly bounded.

When 8 > n, then by using Theorem 1.2, we have that

(14 [[&[1*)4=*m(v)?
4e2lm(vi)lt

1
S IR Pemen — +0
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as ||k|| — oo, showing that (3.6) is uniformly bounded and therefore completing the proof
of the first part.
The second part of this proposition follows from arguments similar to those in the proof

of Proposition 2.1. |
The following regularity theorem summarizes the results of this subsection.

Theorem 3.2. Let b € H*(T") with s € R. Then there exists a unique solution U to the

nonlocal diffusion equation

o _ LPU(t) + b,
dt (3.7)
U(0) = 0.

Moreover, U € C*((0,00); HP(T™)), where p is as defined in (3.4).
Remark 3.1. The temporal reqularity is in the sense of Gateauz differentiation.

Proof. The existence follows from Lemma 3.1 and Proposition 3.1. For the uniqueness, the
proof is similar to the proof of uniqueness in Theorem 2.2. The spatial regularity follows

from Theorem 3.1 and the temporal regularity follows from Proposition 3.1. O

3.1 Regular functions as solutions of nonlocal diffusion

equation with diffusion source

In this section, we focus on functions b with absolutely summable Fourier coefficients,

S Jbi| < 0.

keZn

Proposition 3.2. Let b € H*(T") such that 3" |by| < 0o and let 8 < n+4. Then
kEZ”

u(z,-) € C%((0,00)),

for all x € T".
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em(l’k)tfli) W T
(&
m() K

Proof. We use the Leibniz rule to differentiate under the sum. Let gx(t) =

and consider

Yo lal = >

0#£kezn 0#£keZn

where in the last inequality, we used the fact that m(v;) < 0. Since —*+—, k # 0, is bounded

Im (i)l

and 3" |by| < 0o, then gx(t) is summable for any fixed . Moreover,
kezn

dgk Bkem(uk)teiukm’

dt

is continuous for all k. Now fix t > 0, then there exists 7 such that 0 < 7 < t. We define

0, = |IA)k|em(”’€)T. Since m(vy) < 0, for all k, then
0, = ‘[}k‘em(Vk)T < |Bk|,

showing that 6, is summable. Moreover,

dg

| = |bi|em R < by |em )T = 6.

Therefore,

ou(x,t A d

ot 0£keZn

R dgk
= b -~
o+ Z dt
0£keZn

§ Bkem(uk)teiuk-m.

keZn
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This shows that wu is differentiable with respect to t. For higher derivatives, let N > 2 be an

integer, we observe that

ngk’ _ [;k: (m(l/k))N_lem(yk)teiyk'z.

atN
Define 0 = |by||m(1,)|N ™)™ When 3 < n, then there exists C' > 0 such that |m(1)| <
C. Thus,

O = |be||m(vg)|N e < OV Dy,

showing that @) is summable. When # > n, then ¢™™)7 — 0 as ||k|| — oo. Thus,
Im(vg)[NLem@)T <1 for sufficiently large ||k||. Hence 6, < |bg|, showing that 6 is
summable. Furthermore,

ngk
dtN

— Bl lm ()Y e < (bl fm(u) [V = g,

This implies that u(zx,-) is N-times continuously differentiable and

Oule,t) - d* 5~

otN dty
=
_ d gy,
B dtN
kezn
_ Z Bk|m<yk)‘Nflem(z/k)teizxk-x.
keZn
Since N is arbitrary, it follows that u(zx,-) € C*°((0, 00)). O

From Theorem 3.1 and Proposition 3.2 we obtain the following regularity result.

Theorem 3.3. Letn > 1, 6 > 0 and f < n+4. Assume that b € H*(T") and its Fourier

coefficients are summable. Then,
1. uw € C%((0,00); H*(T™)), for B < n,
2. ue C* ((0,00); HF="(T™)), for 8> n.

Convergence of solutions of the nonlocal diffusion equation (3.1) to the solution of the

corresponding classical diffusion equation is given next in Theorem 3.4 and Theorem 3.5.
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Theorem 3.4. Let n > 1 and b € H*(T™), with s € R. Suppose u is the solution of the
classical diffusion equation uy = Au + b with initial condition ul—o = 0. For any 6 > 0, let

u®P be the solution of the nonlocal diffusion equation

up”(x,1) = L% (2, ) + b(z), x € T", >0,
(3.8)

uP(z,0) =0, z € T

Then, fort >0 and B < n,

lim u®?(-,t) = u(-,t), in H(T™),

6—0t

and forn < f <n+ 2,

lim w®P (-, t) = u(-,t), in HP7(T™).

§—0+

m(v ~ —||lv 2 ~
Proof. The Fourier coefficients satisfy ﬂi’ﬁ = %bk and 1y = %bk, for k #£ 0.

For 8 < n, then

s | ~0, ~
[ Ct) = ul Oy = D (L4 [[RIP)® @y —
0£kezn
2
m(ve)t _ q =lwll*t _ 1 .
= 3 ey D D
P () Tl
m(v — ||V 2
To pass the limit § — 0% inside the sum, it is sufficient to show that | ;5}:; D _ L L'i”t;l)

is uniformly bounded. Using (1.4), m(v) < 0 for v € R", and thus,

Lo,
m (vl [lvel*

(em)t — 1) (e_||Vk||2t —1)
m(vy) — [l ll?

(empt_1) (e~ lklPt_q)
m(vk) —llwkll?

Since ——, k # 0, and m, k # 0, are bounded, then

m(vg)’ is uniformly
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bounded. For the case 8 > n, consider

Y N
[P 8) = u( ) oo nmy = >, (L KPP a7 —
0£keZr
s —n (em(uk)t _ 1)
- Z (LRI (1 + [|&]%)? Tmn)
0A£keZn k
(et — i ”
A e
— [l

Since (1 + ||k||2)*|bg/? is summable, then to pass the limit inside the above sum, we show

that the following function in &k that is given by
(et _ 1) (eIl _ 1|

L+ ||k|?)P —
(14 (117 - EPATE

is uniformly bounded. Since m(v) <0 for all v € R”, then

< QIR (s )

m(e)| - lvell?

(et _ 1) (e—Iml? _ 1|
m(vg) —lvxl?

(1 + [[E][*)""

By using Theorem 1.2, there exists constant C' > 0 such that |m(v)| > C||k||®~™. Further-
more, using the fact that A|k| < [|v|| < B||k|| for positive constants A and B and since

B —mn <2, then ||vg]|? > A?||k|/®~". Therefore,

<1+||k||2>ﬂ-”( ! ! ) < <1+||k||2>ﬁ-“( L, )
mo e S e+ 2w

e (LY (LAY
=, — ) (=
R VAN ’

showing uniform boundedness. Whether 5 < n orn < § < n + 2, we have 6lim+ m(vy) =
—0

+

IN

—||lvi]|?, which implies that

lim ||u675('7 t) - u<'7 t)|

6—0t

Hs(Tn) = O, or 61_i>1’(1)1+||u6ﬂ('7 t) _ U(,t>| Hs+B—n(Tn) = 07
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respectively, and therefore completing the proof. O]

A proof of the following lemma on the monotonicity of the multipliers can be found in

[17].
Lemma 3.2. Let 3 < 3 < n+2. Then, for all v # 0, m®3(v) < m®% (v).

Theorem 3.5. Let n > 1,5 € R and let b € H*(T™). Suppose u is the solution of the
classical diffusion equation u, = Au + b, with u|—q = 0, and for any B < n + 2, let u®” be

the solution of the nonlocal diffusion equation (3.8). Then, fort > 0,6 >0, and 0 < e < 2,

lim (- 1) = u(-t), in HT275(T™).
B+(n+2)-

Proof. For 0 < € < 2, define f/ =n+ 2 —e. For any 8 > [/, we have from Theorem 3.1
that u>? € H**A="(T") c H**?*=¢(T™). Furthermore, u € H***(T") C H**?*=¢(T™). Thus

the limit makes sense. Consider

em‘s’ﬁ(uk)t -1

[u™P(-,t) — u(-,t)] T )

Hovae(pny = Z (L+ IR

0£keZn

2
el q

_||Vk||2 <1+ HkHQ)SHBk”Q

Since b € H*(T™), in order to pass the limit in 3 inside the sum, we show that the expression

2
em&ﬁ(yk)t —1 e_Hl’kH2t —1

1+ ||k||?)** —
S L TP R Pk

is uniformly bounded for k # 0 and € [§’,n + 2). Applying Lemma 3.2,

2
eméﬁ(yk)t — 1 67HVkH2t — 1

m*o() [l

(1+[Ik]%)*

IN

1 1 \?
1+ ||k 2—5( + )
IO\ s T T

1 1 \?2
S 1_|_ k 2 2—8( / + ) ]
IO\ em ol * Tl?

From Theorem 1.2, there exists C' > 0 such that [m®? ()| > C||k|>~¢. Furthermore, there
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exists A > 0 such that ||vg|| > Al|k||. Thus,

1 k 2\2—¢ 1 1 ? < 1 ]{7 2\2—e 1 1 ?
WD emo T e) = CHIMD™ A G 2

1 1 2
<1+uku2>“( _ ) |
TP+ 2R

which is uniformly bounded. Since ; l(im : m(vg) = —||ve?, then the result follows. O
—(n+2)~

IN
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Chapter 4

Two dimensional Fourier continuation

In this chapter, we provide a description of the two-dimensional Fourier continuation (2D-
FC) following the algorithm presented in [2]. The 2D-FC method is used for constructing a
periodic extension of a smooth nonperiodic 2D function defined on a smooth two-dimensional
domain. This algorithm executes at a computational cost of O(Nlog N) for an N-point

discretization grid and converges with a specified dth order of convergence.

4.1 1D blending-to-zero algorithm

In the description given in [28], the 1D blending-to-zero algorithm starts by smoothly ex-
tending the vector f = (f1, fo, ..., fn) € RN of values of a complex-valued function f over

the set of uniformly spaced nodes D = {z1,z,...,2y} where for a given step size h > 0,

rj=x1+ (j — 1)h.

Without loss of generality, we assume that xr1 = 0 and xy = 1. The extension, which
relies on some number d of near-boundary function values {fi, fo,..., f4} near z = 0 and
{fN—a+1, [N—dro,---, fn} near x = 1, produces a sequence {fj 72 _ with the property that

fj=fjfor j=1,2,...,N. The extended vector f is then blended to zero on either end by

multiplying with a suitable windowing function. This algorithm is depicted in Figure 4.1d
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and is briefly summarized below:

Let p; and p, be the unique, lowest degree polynomials such that p; interpolates {(x;, fj)}?zl

and p, interpolates {(z;, f;)}}_n_4y1- Define the extension {f;} as follows

4

\

pi(zy),
fj7

pT(‘Tj>7

if 7 <1,

if1<j <N,

if 7 > N.

For convenience, we can represent this operation in a matrix form using the following two

Vandermonde matrices

-1
1z, 22 !
di—1
1 xy 22 Tyl
A=
2 dl—l
L zg xy, Zg,

and B; =

2 di—1
I Y Ti-m
2 d;—1

1 ooy x5y, Ty
-1

1z x3 Ty’

Then for any vector v € R%, Al_lv contains the coefficients of the polynomial interpolant

of the points {(z;,v;)}%, in order of increasing degree, and B;A; 'v contains the values of

the same interpolating polynomial at the points {z;}?_, ,, ( for the leftward extension).

Let A; = R, be the QR factorization of A; and define E; = BlRfl. Then, we have that

BlAl_1 = F;QT. We can do the same operation at the right endpoint to produce matrices E,

and Q,. If we then write f = (f, f1, f1)T, where f; € R%, f, € RN-4=4 and f, € R%,

then the extension of f can be expressed as

EQT 0
I 0
f=1 o 1
0 0
0 0
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1-fn 1-f

1.5 ] o Q)

1

— fiD)
5 —— f(Dy)
‘\‘ -—- Rightward blending

0.0 0.2 0.4 0.6 0.8 10

(d)

12

Figure 4.1: In (a), a smooth and symmetric windowing function. In (b), a smooth step
function transitioning between the values 0 and 1 at « and 1 — (3, respectively. In (c), the
sampling of the step at 25 equispaced nodes in the interval (a, 1— ). In (d), a demonstration
of 1D blending to zero on a smooth but nonperiodic function f(x) = sin(15x)e” on [0,1].

Finally, we blend the extended function f to zero on either end by multiplying by a windowing

function which is smooth and symmetric on both sides. The smooth window, as shown in

Figure 4.1a, is determined by the smooth step-up in the transition region [—d, 0] or [1, 1+ 4].

Let ¢ € C*°([0,1]) as shown in Figure 4.1b, with 0 <1 <1, and

¥(z) =0, for z in a neighborhood of [0, a]

(x) =1, for z in a neighborhood of [1 — 3, 1]

Then, such ¢ generates a smooth step-up function on [0, 1] defined by

S(x) = ¢la(l —2) + (1 = B)a).
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The window function is then defined by

0, x € (—o0,—0) U (1+4,00),
: x € [0,1],
SA+35), we€(=60),

S(1— =1y, ze(1,1+90).

We need M values of ¢ sampled in the transition region («, 1 — /3) in order to apply W (z;J)

to f . These samples are

l—a-p

) j=1,2,3,...,M wheren=
dlatni) j=123,....M wheren = ——,

(4.1)

and are shown in Figure 4.1c. After scaling and translation, the interval (o, 1—f) corresponds
to the interval (—4,0) in Figure 4.1a and the step size 1 corresponds to the grid step size h.
Therefore, the samples in (4.1) are the required samples of W (x;¢) in the transition region
(—6,0). By multiplying these samples with the columns of E; and E, element-wise, we have

the following discrete windowed extension operator

EQT 0 0

I 0 0 f
fw=| 0o 1 o0 fo |

0 0 I f,

0 0 EQT

where El and Er are the counterparts of £, and E, respectively, blended to zero by . A

demonstration of the 1D blending to zero is shown in Figure 4.1d.
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Figure 4.2: Geometric constructions of the 2D-FC procedure. The interior strip V'~ and the
exterior strip V' are defined in Section 4.2.1.

4.2 2D-FC algorithm

Let f: Q — C be given, where the domain  C R? has a smooth boundary I' = Q \ Q. We
assume that the values of f are known on the uniform Cartesian grids within  and on the
grid points on the boundary. The algorithm first produces 1D blending to zero values for f
along directions normals to the boundary I', to produce continuation values that vanish on
a certain 2D tangential-normal curvilinear grid around I' as depicted in Figure 4.2. These
continuation values are then interpolated onto Cartesian grid points inside the region V' to
produce a 2D blending to zero continuation of f. Once all the interpolated values have been
obtained at all Cartesian grid points around I', the 2D-FC function is then obtained via a

2D Fast Fourier Transform (FFT) given by

N./2  N,/2

Fea= Y Y faew (T

_ N, N.
k==r+11==1 41

> exp (Qzly> , (4.2)

where L, and L, are the periods in x and y directions respectively.
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4.2.1 Curvilinear grids along a 2D tangential-normal

The curvilinear grids are introduced within the interior and exterior strips V'~ and V™'

respectively, as shown in Figure 4.2. These strips are given by

Ve = {q0) —n@)y:0<0<2rand 0 <y < (d— 1)k}

VT = {q0)+n@)y:0<0<2rand 0 < < Cky},

where ¢(6) = (x(0),y(0)) is the parametrization of I', n(6) = (n,(0),n,(¢)) is the unit nor-
mal to the boundary at ¢(), and d, C, k; represent the number of matching points near the
boundary, the number of continuation points, and the step size along the normals respec-

tively. Consider the following uniform discretization of the interval [0, 27]
Op ={0, =pks: 0<p < B, ky =271/B}. (4.3)

Then for each 0, € ©p, the curvilinear grid along the corresponding normal within V'~ and
V' are respectively given as

Voo = {rpe=0a0,) +n(0,)(¢—d+ 1k, 0<g<d—1}

P

Vil = {spg = a(0,) + n(0,)gk1/nr, 0< g < Cpl,

where C,. = Cn, for some integer refinement factor n, (Remark 4.1). Let R = [ag, a1] X [bo, b1]
be the smallest closed rectangle which contains Q U V' as shown in Figure 4.2, and define
the following Cartesian grid ‘H on R with step size h, where the continuation function values

will be computed.
H ={z; = (2i,y;) : xi = ag +ih; y; =by+ jh,0 <i < N, and 0 < j < N,}.

Remark 4.1. The refinement factor n, helps to prevent accuracy loss by making the normal-

direction grids at the exterior finer than the grids inherent by the blending-to-zero process.
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Figure 4.3: Interpolation procedure for evaluating values of f on the set V9; for the case
n2(0p)] = [ny(y)]. The black solid circles indicate the points that define the set V. The
known values of f at the D open circles are used to interpolate the function values at the
red stars (intersection points of the normal and the vertical grid lines). The values of f at
the red points are then used to obtain the values of f at the black points.

A

4.2.2 Computing continuation values on ng

For a given 6, € ©p, a continuation of f on Vej is obtained via the blending-to-zero algorithm
described in Section 4.1. We first obtain the approximations of f on the set Vg, » which are
indicated by black solid circles in Figure 4.3, and then using these approximations to obtain
a continuation of f via the 1D blending-to-zero procedure along the corresponding normal
direction. The values of f on ‘/9; are obtained by a two-step polynomial interpolation scheme,
using polynomials of degree D — 1. This is briefly described as follows:

Consider the case where |n,(6,)| > |n,(6,)|. We first estimate the values of f at each
red point, which is the intersection of the normal line and the vertical Cartesian grid lines
as shown in Figure 4.3, by interpolating vertically the function values at the selected D
Cartesian points, shown as open circles, onto the red points. Then we interpolate the values
of f at the D red points onto the black solid circles, using a polynomial of degree D — 1.

The case where |n,(6,)| < |n,(6,)| is handled in a similar way by replacing the interpo-
lation along vertical Cartesian grid lines with interpolation along horizontal Cartesian grid
lines to obtain the function values at the red points, and then interpolating the function

values at the red points onto the black solid points.
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4.2.3 Computing continuation values on the Cartesian grid

Once all the continuation values have been obtained on VgB = {Vei,ﬁp € Op}, we then
obtain the continuation of f on the Cartesian grid points within V* using a two-step 1D
polynomial interpolation scheme. The 2D-FC algorithm is then completed by evaluating cor-
responding FCs in (4.2) by means of 2D FFT. The description of the two-step 1D polynomial
interpolation scheme is presented below.

For an arbitrary Cartesian point @@ € H N V™', we first obtain the nearest boundary
parameter value, 6,, around () using a proximity map. This proximity map can be obtained
by associating with each curvilinear discretization point s, , the nearest Cartesian point using
round operator (which rounds z and y coordinates of () to the nearest integer), resulting
inaset Ph C (HNVT) x VJB of pairs of points. The set I is then modified by removing
multiple associations for a given Cartesian point, and, by adding a next nearest curvilinear
neighbor to the Cartesian points that are unassociated.

The algorithm then uses the D-nearest boundary parameter values

S9p = {eprla 6p7K1+17 s 79;07 eerl) s 76p+Kr}7

around 6, (where K;+ K, +1 = D) to obtain the continuation of f at (). Parameter values
0, with negative values of k are interpreted by periodicity: 0y = 0.

For each parameter value 0;, p — K; < 7 < p + K,, we find the signed perpendicular
distance from point () to the normal vector n(6;), denoted by 7; in Figure 4.4a. Let b; be
the perpendicular projection of () onto the normal vector n(6;), denoted as the blue points
in Figure 4.4. Define

T(r) = fbj), p— Ki<j<p+K,

where f¢(b;) is the continuation of f at b; obtained via a 1D polynomial interpolation on D
blending to zero points along n(6;) (see Figure 4.4b). Clearly, 7(0) = f¢(Q). It then follows
that a 1D polynomial interpolation procedure on the function 7 (7), using polynomial of

degree D — 1, can be used to obtain the desired continuation of f at Cartesian point Q).
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Figure 4.4: Interpolation procedure for obtaining continuation values of f on XNV ™. In (a),
the blue-star interpolation points are the perpendicular projections of the Cartesian point ¢
onto the normal vectors, and the 7’s are the perpendicular distances from () to each normal
vector. In (b), the interpolation of continuation values from the curvilinear grids to a point
(@ on the Cartesian grids.

Finally, by applying a 2D FFT to the continuation function values computed above, we

obtain the desired Fourier series expression in (4.2) for the continuation function.

4.2.4 Parameter description and selection

Here, we briefly describe the parameters used in the 2D-FC algorithm. Additionally, we

select some specific values for these parameters to get the best result.

e d: number of near-boundary points used to blend f to zero along each normal.

C': number of continuation points (subsection 4.1).

k1: normal step size (subsection 4.2.1).

ko: boundary step size (subsection 4.2.1).

h: step size used to construct Cartesian grid H (subsection 4.2.1).
e n,: refinement factor used to obtain the curvilinear grids along each normal vector.

e N = N, x N,: number of points in the uniform Cartesian grid (subsection 4.2.1).

B: number of boundary discretization points (subsection 4.2.1)
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e D — 1: the degree of the interpolating polynomial (subsections 4.2.2 and 4.2.3).

For a given step size h used to construct the Cartesian grid H, we choose normal step
size k1 and boundary step size ky to coincide with h. The parameters C' = 25, M = 25,
W =29 a = = 0.15, and n, = 6 were used in the 1D blending to zero procedure
described in Section 4.1. Finally, we set the interpolating polynomial degree (D — 1) = d
for all matching point numbers d considered except the interpolation-degree experiments
presented in Example 1.

In the following example, we demonstrate the performance of the 2D-FC method using

three interpolation degrees: D —1 =d, d+ 1, and d+ 2 for a given matching point number d.

Example 1. We consider the FC approrimation of the function f : Q — R given by

f(z,y) = —(2° + 4°) sin(87x) sin(87y) (4.4)

on the unit disk Q = {(z,y) : *> + y* < 1} with three different values of d: d =4, 5, and 8;
and three different values of D: D =d+ 1, d+ 2, and d + 3.

Figure 4.5 displays the relative L? errors as functions of the number of spatial discretiza-
tion, Nip (N, = Ny = Nip + 2C), in one direction within 2. The errors are computed on
a Cartesian grid of step size h/2 within 2. The approximations of f on the finer grid are
obtained by means of zero padding [29]. For the case D = d 4 1 (Figure 4.5a), we observe
fifth, sixth, and ninth orders of convergence for d = 4, 5, and 8 respectively, showing con-
vergence of order d + 1. However, for the case D = d + 2 (Figure 4.5b), we observe order
d + 2 convergence for d = 5 and 8, and order d + 1 convergence for d = 4. For the case
D = d + 3 (Figure 4.5¢), we observe order d + 1 convergence for d = 4 and 5, and order
d + 2 convergence for d = 8. The case D = d+ 1, which gives a similar order of convergence
(d+ 1) for the three values of d considered, will be used in all of the numerical experiments
presented in this work.

In the next example, we demonstrate the 2D-FC expansion of a two-dimensional non-

periodic function defined on a two-dimensional domain contained within the curve given
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Figure 4.5: Convergence study for the 2D-FC approximation of the function f in (4.4) with
three choices of matching point numbers d: d = 4, 5, and 8; and three choices of D: D = d+1,
d+2, and d+ 3. The integer N;p is the number of spatial grid points in one spatial direction
within €.

by
z(0) = r(0) cos(8); y(0) = r(0)sin(0), (4.5)

where 7(0) = 5+ cos(76) /2 + sin(46) /3 and 0 < 0 < 27.

Example 2. We choose d =4, D =5, h = 0.01, and employ the 2D-FC method to extend

g(x,y) =6+ 0.5y — 0.2(x + 1)* + 0.6 sin(4.1y/22 + y2) cos(3.8(z — v)),

over the domain defined in (4.5). Figure 4.6 displays both the original function and its

extension.

(b)

Figure 4.6: Demonstration of the 2D-FC expansion of a nonperiodic function defined on a
2D domain in the settings of Example 2. (a) the original nonperiodic function g. The green
curve indicates the boundary of the domain. (b) the 2D-FC expansion of the function g.
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Chapter 5

Fourier spectral method for nonlocal

equations on bounded domains

In this chapter, we present a spectral numerical method for solving two-dimensional nonlo-
cal equations on bounded domains. In particular, we solve nonlocal Poisson and nonlocal
diffusion equations within bounded domains. Spectral methods are accurate and efficient for
solving nonlocal equations because they transform the integral in the nonlocal formulation
to multiplication in Fourier space. For example, the application of the nonlocal operator £%°
on a function u results in multiplication in Fourier space, as shown in (1.3), and this runs
at a computational cost of O(Nlog N) for an N-point discretization grid. For comparison
of the efficiency and accuracy of spectral methods versus standard numerical methods such
as finite differences, see [1]. A spectral method for nonlocal equations on periodic domains
has been developed in [1] with high accuracy, but one difficulty that arises in adapting this
spectral method to solve nonlocal equations on bounded domains is that the solutions are in
general nonperiodic, therefore exhibiting the Gibbs phenomenon as the Fourier coefficients of
the solution decay slowly. One way around this is to use Fourier continuation. The idea be-
hind Fourier continuation is to reduce the impact of slowly decaying Fourier coefficients of a
smooth but nonperiodic function on a given domain by constructing a smooth periodic exten-

sion of the function over a larger domain. Our proposed solvers build on the Fourier spectral
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method developed in [1] for the periodic case and the two-dimensional Fourier continuation
(2D-FC) method presented in Chapter 4 to solve two-dimensional nonlocal equations within
a bounded domain §2 and with Dirichlet conditions on the collar region. The collar region is

the extension of €2 by ¢ and it is defined by
Q={yeR*\Q:[x—y| <9, for some x € Q}.

A description of our proposed method is given in the following sections.

5.1 Nonlocal Poisson equation

Consider the following two-dimensional nonlocal Poisson equation with Dirichlet conditions

on the collar region

LYPu(z,y) = f(z,y), (z,y)€Q
. (5.1)

u(x,y) = b(‘xvy)? (l’,y) €

Our approach for solving (5.1) builds on the spectral method for nonlocal Poisson equation
on periodic domains by constructing a periodic extension of the problem using the Fourier
continuation algorithm. We then solve the extended problem using the iterative linear alge-
bra solver GMRES [30] to obtain the solution within a specified tolerance. This process is
detailed below.

We first transform (5.1) into the following linear system
Au=g, A= , g= , (5.2)

where L and B are respectively the associated matrices of the nonlocal operator £ and

the boundary operator B given by the Dirichlet conditions on the collar region. To apply
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GMRES to this system, we do not need to compute A and store it in memory. Instead, it is
sufficient to express the forward operator v — Av as a function. The action of the operator
B is a restriction of the values of v to the collar region. We derive the forward operator

function using the properties of £>? as follows:
U = Uext — Uext — Lttext = M TUeyy — Loy — Lu, (5.3)

where ey is the extension of u obtained by the 2D-FC method, ey is the Fourier transform
of ey Obtained by means of the fast Fourier transform (FFT), Lucy is the inverse Fourier
transform of L/ue\xt, and Lu is the restriction of Ly to the domain €2. We then obtain the

solution of (5.1) by applying GMRES to the system (5.2) within a specified tolerance.

5.2 Nonlocal diffusion equation

Consider the following 2D nonlocal diffusion equation with Dirichlet conditions on the collar

region and with initial condition

(

w(z,y,t) = Lou(z,y,t) + s(z,y,t), (x,y,t) € Qx(0,T),

§ u(z,y,0) = ug(z,y), (x,y) € Q, (5.4)

U(.ﬁlﬁ,y,t) :b($7y)7 (x,y) € Q.

\

Similar to the nonlocal Poisson solver, we first construct the periodic extension of (5.4)
using the 2D-FC algorithm. We then solve the extended problem using the fourth-order
Adams-Bashforth method. The process is detailed below.

First, consider the semi-discrete form of (5.4), where we replace u by a time dependent

vector @ as follows

i = LU+ 5:= f(i). (5.5)
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For a given final time T > 0 and a time step-size 7, we first obtain the vectors w7y, 1y, and
3, using the fourth-order Runge-Kutta method. Then, for k =4,5,..., K, where K = T'/T,

we obtain uy by using the fourth-order Adams-Bashforth method given by

. . 55 59 37 ., 9
Ukt+4 = Ugy3 + T (ﬂf(uk—%) - ﬂf(ukw) + ﬂf(ukﬂ) - ﬂf(uk)) .

To obtain f(uy), k =0,1,..., K, we apply the 2D-FC method to extend @ in (5.5), as follows

—_ — —
—

e = (@)ext = (Uk) g = (LOPUk) e = M () oy — (LOPUk)exe — LUy + 5, = f (i),

ext

where (u)ex is the extension of ) obtained by the 2D-FC method, (/ﬁ\k)ext is the Fourier
transform of (i;)ex Obtained by means of FFT, (£%%@})ey is the inverse Fourier transform

of (L%51y,),.,, and L>P1y, is the restriction of (L% )ex; to the domain Q.

5.3 Numerical results

This section demonstrates the accuracy and performance of our proposed method for solving
nonlocal equations on bounded domains. In particular, we present the convergence study
for the spectral solvers described in Sections 5.1 and 5.2 for the 2D nonlocal Poisson and
nonlocal diffusion equations, respectively. Additionally, we study the discontinuities in the

solutions of these equations. The 2D-FC parameters are as chosen in Section 4.2.4.

5.3.1 Convergence test for nonlocal Poisson equation

Here, we construct a manufactured solution to study the accuracy and convergence of the

nonlocal Poisson equation (5.1). To this end, let

u(z,y) = sin(27rix) sin(27ry)
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B=1.2 p=2.0 p=2.5
o m®# m®# 88
0.4 —82.87098585883194 —180.5053934013443 —387.0397711705603

Table 5.1: The multipliers of the nonlocal operator £># applied on u = sin(27rx) sin(27ryy),
where 1 = 10.6418 and r, = 12.6418, with a fixed = 0.4 and three different values of /3.

be the solution of (5.1), where r; = 10.6418 and r, = 12.6418. Clearly, u(z,y) is a highly
oscillatory nonperiodic function. To obtain the right hand side function, f(z,y), we apply
the operator £># on u, using the property of £ given in (1.3), with fixed § = 0.4 and three
different values of g : 1.2, 2.0, and 2.5. These values of [ represents § < n, § = n, and
B > n. A direct computation of the multipliers m®? is provided in Table 5.1. We compute
these multipliers using the implementation of the 5 F3 hypergeometric function provided by
mpmath [31], as detailed in [17]. We then use these manufactured solutions to compute the

errors as shown in the following example.

Example 3 (Convergence test for the nonlocal Poisson equation). We employ our pro-
posed spectral method to solve the nonlocal Poisson equation (5.1) over the unit disk and
study the error convergence using eight numbers of spatial discretizations N, = N, =
300, 400, 500, 600, 700, 800, 900, and 1000. We fir 6 = 0.4, and choose three different val-
ues of f: 1.2, 2.0, 2.5. We set the boundary function b(z,y) = sin(27riz) sin(27rey) and

the right-hand side function

f(z,y) = L%b(x,y) = m>Pb(x,y),

where r1 = 10.6418, ry = 12.6418, and the multipliers m*® are as given in Table 5.1.

A convergence study for this test case is shown in Figure 5.1 for d = 4 and d = 5,
with fixed D = d + 1. We use the manufactured solution described above to compute the
L? errors reported. We observe seventh and eighth orders of convergence for d = 4 and
d = 5, respectively, showing convergence of order d + 3 for the three cases of S considered.

Moreover, we observe no significant difference in the errors reported for d = 4 and d = 5
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Figure 5.1: Convergence of the 2D-FC based solution of the nonlocal Poisson equation (5.1)
in the settings of Example 3 with fixed § = 0.4, fixed D = d + 1, and two values of d.

for these numbers of spatial discretizations. Thus, for the rest of this work, we will use d = 4

for all numerical computations of nonlocal Poisson equations.

5.3.2 Convergence test for nonlocal diffusion equation

Similarly, we construct a manufactured solution to study the accuracy and convergence for

the nonlocal diffusion equation (5.4). Let

—272kt

u(z,y,t) =e sin(27r ) sin(27r2y)

be the solution of (5.4), where k = 0.1, 1, = 7y = 15.6455. Clearly, u(z,y) is highly
oscillatory and nonperiodic. To obtain the heat source, s(z,y,t), we apply operator £%# on
u, using the property of £># given in (1.3), with fixed 6 = 0.2 and three values of 3 : 1.0,
2.0, and 2.5. Thus,

S(LL’, Y, t) = Uy — E&Bu = (_271_2/1 — mé,ﬁ) u. (56)

A direct computation of the multipliers m®” is provided in Table 5.2. We compute these mul-
tipliers using the implementation of the 5 F35 hypergeometric function provided by mpmath

[31], as detailed in [17].

Example 4 (Convergence test for nonlocal diffusion equation). We employ our proposed
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B=1.0 p=2.0 p=2.5
) mdB mdh 2
0.3 —130.16228859689554 —321.3202730766787 —689.8419741563309

Table 5.2: The multipliers of the nonlocal operator £># applied on u = sin(27r;x) sin(27wryy),
where 1 = ry = 15.6455, with a fixed 6 = 0.3 and three different values of .

method to study the error convergence of the nonlocal diffusion problem (5.4) over the kite-

shaped domain contained within the curve given by

x(0) = cos(f) + 0.35cos(f) — 0.35; y(0) = 0.7sin(f) for 0 <6 < 2w (5.7)

using step sizes h = 0.02/2F k = 0,1,2,3,4 and time step size T = 5.0 - 1077, We fiz
0 = 0.3, and choose three values of B : 1.0, 2.0, and 2.5, and we set the boundary function
—2m2 kit

b(x,y) = e sin(2mrix) sin(27rey), where k = 0.1, 11 = ry = 15.6455, and the heat

source, s(x,y,t), is as given in (5.6).

A convergence study for this test case is shown in Table 5.3 for d = 4 and d = 5, with
fixed D = d + 1. We use the manufactured solution described above to compute the L?
errors reported. We observe sixth and seventh orders of convergence for d = 4 and d = 5,
respectively, showing convergence of order d + 2 for the three cases of 3 considered.

Moreover, as observed in the case of nonlocal Poisson equation, we observe no significant
difference in the errors reported for d = 4 and d = 5. Thus, for the rest of this work, we will

use d = 4 for all numerical computations of nonlocal diffusion equations.

5.3.3 Study of discontinuities for the nonlocal Poisson equation

In this section, we study the behavior of the discontinuities in the numerical solutions of
nonlocal Poisson equations on bounded domains. For the case of integrable kernels (8 < 2),
we emphasize that if f is discontinuous, then the solution of the nonlocal Poisson equation
is also discontinuous and will share the same location of jumps with f. However, for the

case of singular kernels with § > 3, we form a conjecture that even if f is discontinuous, the
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d h B?;‘O Order ﬁ?i'o Order 6?35 Order
4 2.00- 1072 1.13-107% —_— 5.33-1079 — 2.48-107% —
1.00- 1072 1.51-107°7 6.2 9.45.107°7 5.8 6.81-1079 5.2
5.00-107% | 2.07-107% 6.2 1.48 10798 6.0 1.45-10797 5.6
2.50-1073 1.87-10~1 6.8 9.21-10~1" 7.3 1.22-107% 6.9
1.25-1073 2.43-10713 6.3 1.29 - 10712 6.2 2.29 .10~ 5.7

5 | 200-1072 | 7.87-107% | — | 410-107* | — | 1.93.107% | —
1.00-1072 8.84-107Y7 6.5 5.86 - 107% 6.1 4.16-107% 9.5
5.00-1073 5.53-107% 7.3 3.30-107% 7.5 3.23-107Y7 7.0
2.50-1073 | 2.99-10"" | 75 | 1.87-107° | 7.5 | 249-107% | 7.0
1.25-107% | 3.49-107 | 64 | 1.27-1072 | 72 | 215-107" | 6.9

Table 5.3: Convergence of the 2D-FC based solution of the nonlocal diffusion equation (5.4)
in the settings of Example 4 with fixed § = 0.3, fixed D = d + 1, two different values of d: 4
and 5, and three choices of 3: 1.0, 2.0, and 2.5.

solution will be continuous.

Example 5. Let 2 be the kite-shaped domain contained within the curve defined in (5.7).
We solve the nonlocal Poisson equation (5.1) over Q using h = 0.0025 with 6 = 0.4, and
three different values of 8 : 1.0, 2.0, and 3.0, and we set f(x,y) =4 and b(z,y) = * + y*.

In Figure 5.2, we observe that the solutions are continuous everywhere and are the same
for the three cases of 8 considered. This continuity arises from the fact that the nonlocal
Laplace operator behaves like the classical Laplace operator when applied on any polynomial
of degree < 2 for any value of 5 or d. Since the boundary function b(z,y) is a polynomial of
degree 2, and f(x,y) = 4, then the solution u(z,y) must also be a polynomial of degree 2,

which is continuous everywhere.

Example 6. Let Q be the unit disk. We solve the nonlocal Poisson equation (5.1) over
Q with h = 0.0025. We choose 6 = 0.2, three values of § : 1.5, 2.2, 3.1, and we set

f(x,y) = |sin(rx) sin(ry)| and b(z,y) = —z>.

Figure 5.3 presents the numerical solution for the three choices of § considered. We
observe that the solution is discontinuous at 0f2, and the magnitude of the jump decreases

as [ increases. Specifically, we observe that for § > 3, the magnitude of the jump is small.
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(a) B =10 (b) B =2.0 (c) B =30

Figure 5.2: Simulation results in Example 5 with a fixed § = 0.4 and three choices of .

The maximum and the minimum magnitudes of the jumps at 02 for all the values of

considered are provided in Table 5.4, and they are computed using the following formula:

magnitude of the jump = |u(zg, ys) — b(zg,vs)|,

where wu is the extension of u from the interior of Q) to the boundary 02, xy and yy are the

x and y coordinates of the boundary 02 at § € ©p, and b is the given boundary function.

B=15 B =22 f=31
min magnitude 0.0538468 0.0187264 6.24 - 1079
max magnitude 0.0646947 0.0372901 0.0097378

Table 5.4: The minimum and the maximum magnitudes of the jumps at 0f2 in the simulations
results presented in Figure 5.3. We observe that the magnitudes of the jumps decrease as 3
increases.

The following example considers the case where f(z,y) is discontinuous. As in the peri-

odic case, we expect the solution to be discontinuous at the location where f is discontinuous.

Example 7. Let (2 be the kite-shaped domain contained within the curve defined in (5.7). We
solve the nonlocal Poisson equation (5.1) over  with h = 0.0025. We choose 6 = 0.5, four
different values of 8 : 1.2, 2.0, 2.5, 3.1, and we set the boundary function b(x,y) = z* + y*

and

80, if 2% +4y® < 0.2
flz,y) = :
4, otherwise
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(a) =15 (b) B = 2.2 (c) B =31

Figure 5.3: Simulation results in Example 6 with a fixed 6 = 0.2 and three different values

of 5. We observe that the magnitude of the jump at the 92 decreases as [ increases (see
Table 5.4).

In Figure 5.4, we present the numerical solutions for four different values of 3: 1.2, 2.0,
2.5, and 3.1. We observe that as f increases, the magnitudes of the jump discontinuity inside
the domain  and at its boundary 0f2 decrease. Furthermore, these discontinuities occur at
the exact location where f is discontinuous. Specifically, the maximum and the minimum
magnitudes of the jumps in the interior of the domain for all the values of 5 considered are

given in Table 5.5, and they are computed using the following formula:

magnitude of the jump = |Uin (29, Yo) — Uext(To, Ya)| ,

where u;,,; is the extension of u from the interior of the ellipse to the boundary of the ellipse,
Ueyxt 1s the extension of u from the exterior of the ellipse to the boundary of the ellipse, and

xg and yy are the x and y coordinates of the boundary of the ellipse at 6 € Op.

B=12 B =20 B =25 B=31
min magnitude 1.3589861 0.3237825 0.0363031 1.75-107%
max magnitude 1.3681906 0.4040726 0.0856388 0.0067363

Table 5.5: The minimum and the maximum magnitudes of the jumps in the interior of €2
in the simulations results presented in Figure 5.4. We observe that the magnitudes of the
jumps decrease as  increases..
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(a) B =12 (b) B = 2.0 (c) B=25 (d) B =3.1

Figure 5.4: Simulation results in Example 7 with a fixed § = 0.5 and four choices of 3.

To make a connection between the numerical results in this work, in particular Exam-
ple 7, and previous mathematical analysis in this area, we note that regularity results for
the nonlocal Poisson equation on periodic domains have been developed in [17]. However,
regularity of solutions for the nonlocal equation on bounded domains is still an open problem.

For the periodic case, Theorem 4.1 in [17] implies that if f € L%, then u € H*™. In
particular, in the case when when n = 2 and 3 < 3 < 4, then u € H”~2, which implies that u
is continuous using the embedding theorem. Using intuition from the periodic case combined
with the numerical observations in Example 7, we expect that this smoothing behavior as 3

increases would be true in the case of bounded domains as stated in the following conjecture.

Conjecture 1. Let u be the solution of (5.1) and assume that f € L*(Q2). Then, if 3 < 3 <
4, then u € C(Q).

5.3.4 Evolution of discontinuities for nonlocal diffusion equation

In this section, we study the propagation of discontinuity in the solution of nonlocal diffusion
equation (5.4). We emphasize that the nonlocal diffusion equation with nonlocal boundary
conditions also satisfies an instantaneous smoothing effect when 3 > n, a gradual smoothing

effect when 8 = n, and non-smoothing when 8 < n.

Example 8. Let Q) be the domain contained within the curve given by



where r(0) = 1.1 + cos(7t) /20 + sin(4¢) /30, and 0 < 0 < 27. We solve the nonlocal diffusion
equation (5.4) over Q at four different time instances: 0.02, 0.03, 0.04, and 0.05 with time
step size T = 2.5-1077 and spatial step size h = 0.005. We set the initial condition ug(x,y) =
sin(2mx) cos(2my), the boundary function b(z,y) = —(1 + 2% + y?), and the heat source
s(x,y,t) =0.

In this case, the corresponding classical heat equation is given by

4

Ut(l’,y,t) :Au<x7y7t)7 ($7y,t) € ) x (O,T),

u(z,y,0) = sin(2mz) cos(2my),  (x,y) € 2, (5.9)
u(r,y) = —(1+ 2%+ y?), (z,y) € O9.

\

The first row of Figure 5.5 demonstrates the numerical solution to the classical diffusion
problem (5.9) at different times ¢t = 0.02, 0.03, 0.04, and 0.05. The second row of Figure 5.5,
demonstrates the numerical solution for the nonlocal diffusion problem in Example 8 with
fixed 0 = 0.2 and § = 1.5 for the same corresponding times ¢ = 0.02, 0.03, 0.04, and 0.05.
For classical diffusion, we observe an instantaneous smoothing effect at 02, in particular,
the solution is continuous at the boundary. In contrast, the solution to the nonlocal problem
is discontinuous at 0f2, however, the magnitude of the jump decreases as time increases.
We further observe that for both local and nonlocal diffusion, oscillations in the initial data

smooth out as time increases.

Example 9. We solve the nonlocal diffusion equation (5.1) over the domain contained within
the curve given in (5.7) with spatial step size h = 0.005 and time step size T =2.5-107" at
four different time instances: t = 0.001, 0.005, 0.01, and 0.03. We set b(z,y) = 0, the heat

source s(x,y,t) =0, and the initial condition

2, if 12 +y? < 0.3,

e ,  otherwise.
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) t = 0.02 (b) t = 0.03 ) t =0.04 (d) t = 0.05

Figure 5.5: Simulation results in Example 8 with fixed 6 = 0.2 and two different values of 5:
4.0 (first row) and 1.5 (second row) at four different time instances.

In Figure 5.6, we present the numerical solutions for a fixed 6 = 0.2 and two values of 3:
4.0 and 1.0 at different final time. For the case § = 4.0, which corresponds to the classical

heat equation, we observe an instantaneous smoothing effect at 92 compared to the nonlocal

counterpart where g = 1.0.

(a) t = 0.001 (b) ¢ = 0.005 (c) t =0.01 (d) t = 0.03

Figure 5.6: Simulation results in Example 9 with fixed § = 0.2 and two different values of j:
4.0 (first row) and 1.0 (second row) at four different time instances.
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