Numerical approximations for the variable coefficient fractional
diffusion equations with non-smooth data

February 23, 2019

Abstract

In this article we study the numerical approximation of a variable coefficient fractional dif-
fusion equation. Using a change of variable, the variable coefficient fractional diffusion equation
is transformed into a constant coefficient fractional diffusion equation of the same order. The
transformed equation retains the desirable stability property of being an elliptic equation. A
spectral approximation scheme is proposed and analyzed for the transformed equation, with er-
ror estimates for the approximated solution derived. An approximation to the unknown of the
variable coefficient fractional diffusion equation is then obtained by post processing the com-
puted approximation to the transformed equation. Error estimates are also presented for the
approximation to the unknown of the variable coefficient equation with both smooth and non-
smooth diffusivity coeflicient and right-hand side. Three numerical experiments are given whose
convergence results are in strong agreement with the theoretically derived estimates.
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1 Introduction

It has been shown that fractional partial differential equations (PDEs) can accurately model chal-
lenging phenomena including anomalous transport, long-range time memory and spatial interactions
[1, 14]. Extensive research has been conducted on fractional PDEs in terms of their modeling, analy-
sis, numerical approximations and applications. In a representative piece of work Ervin and Roop [3]
proved the wellposedness of the Galerkin weak formulation of linear elliptic space fractional diffusion
equations (FDEs) of order 1 < a < 2 on the Sobolev space Hoa /2, They also proved optimal-order
error estimates of its finite element approximations in the energy and L? norms, assuming that the
true solution and the solution to the dual problem for an L? right-hand side have full regularity.
However, it was later realized that the smoothness of the coefficients and source term for these
space fractional differential equations cannot ensure the smoothness of their solution [4, 9, 19, 20].
This is in sharp contrast to integer-order linear elliptic PDEs [5, 6]. For this reason, the usual
smoothness assumptions on the true solutions to fractional PDEs in the analysis of the numerical
approximations are inappropriate.
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It turns out that the spectral methods are particularly well suited for the accurate approximation
of FDEs, as they provide a clean expression of the true solution to FDEs for the convenience of
analysis [4, 12], and ordinarily lead to a diagonal stiffness matrices (at least for constant-coefficient
FDEs). This is in contrast to the dense stiffness matrices generated from the finite element, finite
difference, or finite volume approximations. Mao et al. [11] analyzed the regularity of the solution
to a symmetric case of the FDE and developed corresponding spectral methods. The solution
structure to the general case was resolved completely in [4], in which a spectral method utilizing
the weighted Jacobi polynomial was studied and a priori error estimates derived. The two-sided
FDE with constant coefficient and Riemann-Liouville fractional derivative was investigated in [12],
by employing a Petrov-Galerkin projection in a properly weighted Sobolev space using two-sided
Jacobi polyfractonomials as test and trial functions. In [23] and [24], the regularity of the two-sided
fractional reaction-diffusion and advection-diffusion-reaction equations are analyzed in the weighted
Sobolev spaces, based on which the optimal (or sub-optimal) convergence rates of the spectral
Galerkin or Petrov-Galerkin method are proved.

The variable diffusivity K presents another bottleneck of FDEs. It was shown in [18] that the
Galerkin weak formulation may lose its coercivity for a smooth K (z) with positive lower and upper
bounds, which increases the difficulties for the stability and convergence analysis and accurate
simulations. To circumvent this issue, an indirect Legendre spectral Galerkin method was developed
for the FDE in [20], in which the high-order convergence rates of numerical approximations were
proved only under the regularity assumptions of coefficients and right-hand side term. In [10], with
the introduction of an auxiliary variable, a mixed approximation was developed for an FDE and
the corresponding error estimates were proved. In [13], a spectral Galerkin method for a different
variable coefficient FDE was analyzed, in which the outside and inside fractional derivatives are
chosen carefully so that the corresponding Galerkin weak formulation are self-adjoint and coercive.

Recently the wellposedness of the variable coefficient FDE (2.1) was investigated in [22], in which the
existence and uniqueness of the solution to the proposed model was proven for any f € LZ( Bl f1)
with the space defined by (2.3). A spectral approximation method was then studied and several
error estimates were derived based on the regularity of the right-hand side term. In this paper we
continue to investigate model (2.1) using a different approach than that used in [22]. We prove in
this paper that the model is wellposed for f belonging to a larger space Li(ﬁ«a— 5> Which extends the
wellposedness results in [22]. A spectral approximation scheme is proposed and the error estimates
are proved to be dependent on the weaker norms of f without loss of accuracy. In addition, we follow
the idea of the K-method of interpolation to determine the range of the index of the weighted Sobolev
space that the power function belongs to, which provides the theoretical support for estimating the
convergence rate of the proposed method.

This paper is organized as follows. In Section 2 we present the formulation of the model and
introduce notation and key lemmas used in the analysis. The wellposedness of the model and the
regularity of its solution are studied in Section 3, based on which the spectral approximation method
is formulated and a detailed analysis of its convergence is proved. Three numerical experiments are
presented in Section 4 whose results demonstrate the sharpness of the derived error estimates.
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2 Model problem and preliminaries

In this paper we consider the following homogeneous Dirichlet boundary-value problem of a two-
sided Caputo flux FDE, which is obtained by incorporating a fractional Fick’s law into a conventional
local mass balance law with a variable fractional diffusivity [2, 21]:

—D((T’ o274+ (1 — r)xllz_a) K(z) Du(x)) = f(z), =€l :=(0,1), (2.1)
u(0) =u(l) = 0.

Here 1 < a < 2, D is the first-order differential operator, K (x) is the fractional diffusivity with
0< K, < K(x) < Ky < 00,0 <7 <1 indicates the relative weight of forward versus backward
transition probability and f(x) the source or sink term. The left and right fractional integrals of
order 0 < o < 1 are defined as [15]

1

z 1

where I'(+) is the Gamma function.

We introduce notation and properties used subsequently in our discussion of the approximation
scheme and in its error analysis.

Let €2 be a bounded open interval and w(z) > 0, z € Q be a smooth function. We define the
weighted L? space, L2 (), and L? weighted inner product as

12(Q) = {f(x) I = [ wla) flaf do < oo}, 2o i= [ wlo) fa)glo)do. (23)

In addition, let Ny := NUO0, and w(®?) be a weighting function defined on € and indexed by a and
B. For any m € N, we introduce the following weighted Sobolev spaces [7, 16]

e () 1= {U : ||U|\3n,w<a,ﬁ> = Z ‘U‘j,w(a,m = Z HDJUHw(aﬂ',ﬁﬂ') < OO}-
=0 =0

For t € RT\Np, Hfj(a (0, 1) is defined by the K-method of interpolation, and for t € R, HZ(E »(0,1)
is defined by duality.

The Jacobi polynomials Péa’ﬁ ) (x) are defined by [16, 17]

Ph) () = Zn:pn,k(a; ~ )" e+ ), re(-1,1), pori= 1 (” Z O‘) (” + B). (2.4)

2n n—k
k=0

Let G\ (x) denote the translated and dilated Jacobi polynomials to the interval [0, 1]:
G (z) .= Pl (2 —1), zel0,1], (2.5)

and summarize the properties of G%”H in the following lemma
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Lemma 2.1 For w(®®(z) = (1 — z)*zP, the polynomials G%a”g) have the following orthogonality
and norm properties

1
| @6 @ 6 wdn = s GO @) = =t (20)

where 655, = 1 if j # k and 0 otherwise, and

(@B) )| . 1 FG+a+)TG+B+NY2  (5a)
1G5 |H'_((2j+a+ﬁ+1)1“(j+1)1“(j+a+/3+1)) = M- 27)

In addition, G( o,B) satisfies

DFGEA) () = LT R T QF B L) plokseh) () - < k<,
T(n+a+B+1) 28)
Dk (w(a-i-k,ﬁ-i—k)(:L,)Gglajl-gkﬁ+k)(x)> (( ) 7; 7ﬁ)( )G%a’ﬁ)(l‘), 0<k<n.
Finally, Gﬁf“’ﬁ) have the following norm relation
(a=B,8)y)12 .
1 G; 1
I[[e |z It

Proof. The orthogonality property (2.6) of G, (@) is a direct consequence of the orthogonality relation
(a,8)
of P, [16, 17

1
/ o(P) (x)Pj(a’B) (x)P,Ea’ﬁ) (x)dx = 5J',kHPj(aﬁ)H023<a,ﬁ>v where @@ () := (1 — 2)%(1 + 2)?,
-1

Using HJDJ@”B)\\@(M):( 2etbtD) r<j+a+1>r<j+5+1>>1/2:Hij,a)H

(2j +a+B+1) T(i+1) L(j+at+p+1) o(Be)

and the following relation between G\ and P leads to (2.7).

1 1
/;1 (D(Q"B)(x) Pj(aﬁ) (x)Plgaﬁ) (m)dm _ 2a+,3+1/0 w(a,ﬂ)(x)G§a75) (l‘) G’(Caﬁ) (l‘)dl‘

The two equations in (2.8) are direct consequences of the following equations for pled (x) [11,
equations (2.15) and (2.19)]

Fin+k+a+B+1) (atksik)
2"P(n+a+pB+1) "F

DA (ks kP ) = L e @R )

DF PP (1) =

(),

The norm relation (2.9) is derived in [22]. m

Let Sy denote the space of polynomials of degree < N. We define the weighted L? orthogonal
projection Py qp : Li@,b) (0,1) — Sy by the condition

(v = PNapv s ON) wn = 0, Vén € Sn. (2.10)

4
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Lemma 2.2 [7, Theorem 2.1] For u € Ny and v € Hi(a,b)((), 1), with 0 < p < t, there exists a
constant C, independent of N, o and B such that

p—t

Hv — PN7a’b'U||M7w(a,b) < C (N (N+a+ b))T ‘U’t7w(a,b). (2.11)

Remark: In [7] (2.11) is stated for ¢t € Ng. The result extends to ¢ € R using interpolation.

3 Approximation scheme

3.1 Motivation for the approximation scheme

Introduce D! : L'(I) — H'(I), defined by D~tg(z) := [ g(s) ds.

Rewrite (2.1) as

~D((rol2*+(1—7) I *)DD ' K(z) Du(z)) = f(=).

=w(x)

Consider w(z) = D' K(z) Du(z) = [; K(s)Du(s)ds. Note that w(0) = 0. Then,

Di(x) = K(z) Du(x)
—  u(z) = /Om DK{?S) ds. (3.1)
Now, wu(l) =0 = /01 DK1~‘(’S) ds= 0 (3.2)
Hence if we could determine @(z) such that
£ew(z) == —D((rol2*+ (1 —1)I{"%) Dw(z)) = f(z), z€l,
subject to @(0) = 0 and /0 ’ 1?;(;;) ds =0,

then our solution to (2.1),(2.2) would be given by (3.1). With this in mind, consider the problem:
Determine w(x) satisfying

Liw(z) = f(z), zel, (3-3)

subject to w(0) =w(1) =0. (3.4)

Let 8 € [a—1,1] be determined by (1 —r)sin(73) = rsin(n(a— )). The following theorem ensures
the wellposedness of this problem.

Theorem 3.1 ([4, 8]) Let f(z) € Li(ﬁ,wm(l)' Then, there exists a unique solution w(zx) €
LZ(,(Q,B%,B) (I) satisfying (3.3),(3.4). In addition, there exists C > 0 such that

lw]ly-a-p,—8) + [[Dwl]|y~a-py41,-s+1) < C| flloes.0-8) (3.5)
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|
From [4] we have that ki(z) := [;(1—s)*"#~1s#~1ds € ker(LY).
Let w(z) = Crki(z) + w(x). (3.6)
We have that LYw(z) = f(z), and w(0) = 0.
The condition (3.2) combined with (3.6) implies
1
1
_ g)a—B-1  B-1 —
/0 K@) (Ci(1—s) st 4+ Duw(s))ds 0,
1 Dw(s) ds
0 K(s)
— Cl = . — (3.7)
j‘ol (1—5) ?S)lsﬁ 1d8
fo <K(s)> ds
(if D(g) € L2 s 5 ) (1— s)o‘ R
fo T R(s) §
Jy w(s) gk ds
= e - (3.8)
o K(s) §
Let
L1 — s)a Bl 4871 L' _Duw(s)
den ::/ ds, ¢ = —=ds. 3.9
o KG) oK) &)
Then Cy = ¢1/den can be bounded by
1
\ / ds| < - / | Dw ds (3.10)
1
- (=(a=B)+1)/2,(=B+1)/2) (&) | D ((a=B-1)/2,(8-1)/2) (gy _—__
den ; w (s) | w(s)}w (s) K@) ds
1
< — —(a— _ —_—
=~ en HDw”w( ( B)+1,—p+1) K(S) w((afﬁfl)y(,gfl))
< C|fllye.a-p (using Theorem 3.1). (3.11)

Combining (3.1),(3.6), (3.7), (3.11) and Theorem 3.1 we have the following.

Theorem 3.2 For f(z) € Li(&a—ﬁ) (I) and there exists a unique solution u(x) € L*(I) to (2.1),(2.2),

given by
B (1—s)>F1s / Dw
w(z) = C /0 e Lds + (3.12)

where w(x) is determined by (3.3),(3.4) and C; by (3.7).

Additionally, for e€1,€e2 > 0 there exists C > 0 such that

[ullzee + [lullycrve 1) < Cllfllue.a-0 - (3.13)

6
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Proof:

It is straightforward to show that u(x) given by (3.12) satisfies (2.1),(2.2). Next we show that there
exists a unique solution to (2.1),(2.2).

Assume that uj(z) and ug(x) are solutions of (2.1),(2.2). Let z1(z) and z2(x) be defined by:

/K ) Duy(s)ds /K ) Duy(s)ds

ie, Dz (r) = K(z)Du(x 21(0) = 0, and Dz(z) = K(z)Duz(z), 22(0) = 0.
(3.14)

Note that £¥(z1 — z2) = 0. Hence, (21 — 22) € ker(L%). Thus from [4], for constants A and B,

(21 — z)(x) = A+ B /096(1—3)6“51 sP1ds.

As (21 — 22)(0) =0 = A= 0.
Then, D(z — z)(z) = B(1 —z)* P 12871

— D(u — us)(z) = B Kip) (1= g1 g1
= (using (u1 — u2)(0) = 0) (w1 — ug)(z)= B /Ox Kts) (1—5)*B1 A1 g

As the integrand is nonnegative, (u; — u2)(1) = 0 = B =0,
= ui(x) = uz(z).

Using (3.10) and (3.11)
B (1= S)O‘_B Ls Dw
@)l = |e [ s+ [0

ds < C | fllue.as - (3.15)

K (8)
Consequently, we obtain
1
”U”imm,ﬂm) _/ u2<x) w(_1+€17—1+52)(x) dx
0

1
<C Hwaua a—p) /0 w1l () dy < C Hf||i<6,a—ﬂ) . (3.16)

Estimate (3.13) then follows from (3.15) and (3.16).

3.2 Approximation scheme

To compute an approximation to u(x), uy(x), we firstly compute an approximation to w(z), wy(x),
satisfying (3.3),(3.4), and then use wy(z) in place of w(x) in (3.7) and (3.12) to obtain uy(z).
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3.2.1 Approximation of w(z) satisfying (3.3),(3.4)

00 fi G(ﬁya*ﬁ) (x)’

Proceeding as in [4], f(z) € Li(ﬁ,a—ﬁ) (I) may be expressed as f(z) = > 72, e G

where f; is given by

fi = /01 W= (2) f(2) G (@) da (3.17)

With f; defined in (3.17), let

fy(z) = fgm G () and wy(z) = w@F0(z) f%c G PPy, (3.18)
where \; = — — sin(ra) - L + 1+a) and ¢; = ! fi (3.19)
sin(m(a — f)) + sin(wfB) T(i+1) A \HGEﬁ’a_B)’HZ
Using Stirling’s formula we have that
lim Lo+ p) =1, for p € R. Thus \; ~ (i + 1)“. (3.20)

n—00 F(n) nt

Theorem 3.3 ([4, 8]) Let f(z) € Li(ﬁ’oﬁﬁ)(l) and wy(x) be as defined in (3.18). Then, w(x) :=
limy oo wy(z) = w@BH)(x) > 5206 Gg-a_ﬁ’ﬁ) (7) € L2 (_(ap),— (1) and satisfies (3.3),(3.4).

Theorem 3.4 For f(z) € H! 5 . 45 (I), t >0, and wy(z) given by (3.18), there exists C > 0 such

that
lw = wn [l - < C(N+2)"*(N(N +a) "2 [|fll, y.a-m, and  (3.21)
ID(w — wn)[ly-@-sr41.-a+1y < C (N +2) VNN +) 72| f]l; yi5.0-9- (3:22)
Proof: Using the definition of the || - || ,(~(a-5),—5 norm,

lw — wN 2 sy, -5) = /lw((aﬁ)’ﬂ)(@ (W(aﬁ’ﬂ)(ﬁ) i GSO‘_(Z:)_(/B:?) fi)zdw
0 i=v 1 A lIG112)

>~ _max 5 #
VAN [l

i/ i=N+1

oo (8,a-B) 2
_ 1 /1 w(B0B) () ( Z G, (z) fz) du

2 a—
M1 Jo N NG 2

1 Vg
— o | @@ (@) - Ppansf @) da

N+1 JO
< C(N+2)2 |f = Pyga-pfPs.ams»  (using [Ayy1| ~ (N +2)%)

< C(N+2)24NN + ) IfI7 o a-p, (using (2.11)).
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Similarly, using (2.8)

| D(w — wN)”i(—(a—ﬁm,—ﬁH)

1 o0 G(a—ﬁ,ﬁ)(x) 2
:/ w(T @A) F1=A+1) (4 <D<w(a—5,5)(l«) Z i G fz>) dx
0 =N NG )

1 o0 11 G(a—,@’—l,,@—l) 2
_/ w(—(a—ﬁ)-i—l,—,@—i—l)(x)<w(a—6—1,,8—1)($) 3 (i+1) Z+(; — (x) f¢> i
0 i=vr1 QG P)

S DS ) R
N lee e

i=N+1 i

20 (i+1)2 (z’—i—a)2 12 .
= Z 3 ‘ - (using (2.9) and (2.7)). (3.23)
S M N el

Using (3.20),
(i + @)’
A2

Combining (3.23) and (3.24),

~ (i) (i+1)72 ~ (1)) (3.24)

C e 12
[1D(w — wN)”Z;(f(afB)Jrl,—ﬁJrl) S AT Z —t
(N +2)2=h) . 4= a2

e |, QU Y  pi i
= w\P TP (g L fi| dx
(N +2)2e=1) J; |HG2(5704—,3)‘H2

1=N+1

C 1
= g ) 4 U6~ Pgasf @) de

= CN+2)2O D f = Pygasflle.am

< C(N+2)2C DN +a) I yo.am-

3.2.2 Approximation of u(z) satisfying (3.12)

The approximation uy(z) of u(z) is obtained by substituting wy(z) in place of w(x) in (3.7) and
(3.12). With den defined in (3.9), let

1
-D
C1,N ;—/0 I;U(];[)(S)ds and Cl,N = CLN/deTL.

Note that |C7 — C1 n| = |e1 — ¢1,5]/den. Hence the rate of convergence as N — oo of |C1 — C1 ]|
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is equal to the rate of convergence of |c; — ¢ n|. Now,

ds‘ /‘Dw W) )th)d (3.25)

et — e n| = ’/Dw wn)(

1
< / w((—(a—ﬁm)/z<—ﬁ+1>/2>($) D(w — wy)(s)| w@B-D/2. -0/ g) L g
0

K(s)
1
< ||D(w_wN)Hw(—(&—ﬁ)+l,—ﬁ+l) I
w((a=B=1),(B-1))
<C(N+2) NN +a) ™2 fll; we.an (using (3.22)). (3.26)

In case D(%) € Li(afﬁyﬁ)(I) )

1
1
cp — ¢ = w—wy)(s)D 3.27
o= el = | [ w=wn)() D) (3.27)
1
_ / W B2 =B) () (u — wyy)(s) @ B/2:8/2) () D(~ 1) d|
0 K(s)
1
< w—w —(a— — D i
e ) .
< C(N+2) (NN + )2 || fll; ois.a-s) (using (3.21)). (3.28)

We have the following error estimates for u — uy.

Theorem 3.5 For f € HZJ(B’O‘,B)(I), t >0, then for e1,€e3 > 0 there exists C > 0 (independent of N
and «) such that

lu = unllzee + [l = unllyrte . —1ee) € C (N +2)7 NN + )72 flly o0, (3:29)
and, if D(3) € L2(a O

lu —unlly-@--n < C(N+2)"*(N(N +a))” (3.30)
Proof: From (3.12), we have using (3.25) and (3.26)
T (1 g)a— B— 1 :BD _

u(z) — un(z) = (C1 — CLN)/ (1=s) ds + (w wN (s )ds, (3.31)

0 K(s) 0

1

= Jlu — un||pe < C’\Cl—ClN| + / }D N)(S)‘K()ds,

< C(N +2)" NN + )™ 2|l w500 - (3.32)

Then, from (3.32) and

1
= a2 rre = [ @I T @) (0 — ) () d
@ 0

1
< flu - un e / W1 TR (4) i < O [ — uy 2oe
0

10



Spectral approximations for fractional diffusion equations

we obtain (3.29).

For D(4) € Li(a,&m (I), we apply integration by parts to (3.31) to obtain
)04—6—156—1
K(s)

u() — uy(x) = (C1 — Coy) /0 T=s

w(e) —wxla) [T K
R () )

Therefore,
lw—un|Z—op-p < I + I +1I3, where (3.33)
1 1 1— a—B-1_,6-1
L= 3(Cy — CLN)Q/ w(_(o‘_ﬁ)’_ﬁ)(w)(/ ( S)K(s) 5 ds)zdx
0 0
<C(C; — CLN)Q, (3.34)
1
I, = 3K72 lw — WN 1 aprms) » (3.35)
1 1 _ o /
=3 [ WD D@ [Cul T D) () — wn(s) T D) o ds) e
0 0 K2(s)
3 1 1 1 KI(S)
< 3 (~(a=B),—8) / (—(a=B),—B) N / (a—B.8)
S K2 /0 w (a:)( ; w (s) (w(s) wN(s))ds)( ; w (s) K2(s) ds) dz
< Cllw = wnl2 s - (3.36)

Combining (3.33)-(3.36) with (3.28) and (3.21) we obtain (3.30).

We conclude this section with an error bound for D(u — uy).
Lemma 3.1 For f € Hﬁ}(ﬁ’a_m (I), t > 0, then there exists C > 0 (independent of N and o) such
that

1D (w = un) | y—tomsrer, —en < CN +2)" NN + )™ 2|l 5,00 - (3.37)

Proof: From (3.31) it follows that

1

D(u — uy) = ((o1 —Cin) (1= 2)* P 1P 1 4 D(w — wN)) .
Thus,

1 g _
| D(u — un) ||y~ a-py1, —s+1) < K(\Cl — Oyn] |1 = z)(@=B-1/2 4 (B-1)/2)
m
+ ||D(w - U)N)Hw(—m—ﬂ)ﬂ,—ﬁﬂ))

< C(N +2)" NN + )™ 2| f g s 00 »

where in the last step we have used (3.26) and (3.22)), and the fact that (¢—/5—1) and (—1) > —1.
|

11
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4 Numerical experiments

In this section we present three numerical experiments to demonstrate our approximation scheme,
and to compare the experimental rate of convergence of the approximation with the theoretically
predicated rate.

Numerical example. Let K(z) =1/(1+ 27) and

xl—a (1 o x)l—a

flz) = —rm +(1-r) (4.1)

Then the solution u(z) is given by (3.12) where
w(;r) =T — C.ﬁUﬁQFl(—(Oé - 6 - 1)7ﬁ76 + 1>$)7 C= 2F1(_(Oé - 5 - 1))57/8 + 17 1)_1 ’

and 2F(a,b; c,x) denotes the Gaussian three parameter hypergeometric function.

In order to determine the theoretical rate of convergence for ||[u — un||,—a-8).-5), [[u — un|| L~ and
| D(u — un)||(~(a—p+1.-p4+1) from (3.29), (3.30), and (3.37), respectively, we need to determine the
largest value for ¢ such that f(x) € HL(E,a—ﬁ) (I). The most singular terms for f(z) in (4.1) are
717 and (1 — x)'~®. Using Lemma A.1 (in the Appendix) we have that 2!~ € H! 5 . (1), for
t<3—a—f,and (1-2)"*cH , (), fort< 3—a—(a-p).

Then, for Experiment 1 (o = 1.60, 8 = 0.80) f(z) € H! ;5 . 4 (I) fort < 3—a—max{a—j,8} =
0.90, which leads to theoretical asymptotic convergence rates of |[u — un|| -@-g.,-s ~ N~220
(using (3.30)), |lu — un|lpe ~ N7120 (using (3.29)) and ||D(u — un) || —@=p+1,-g41) ~ N2
(using (3.37)).

Assuming that || —&nl[z, ~ N 7", the experimental convergence rate is calculated using

jo log([1§ — &y I, /1€ — Ensliz,)
log(N2/N1) '

Experiment 1. In this experiment we select o = 1.60, r = 0.50, § = 0.80 and ~ = 0.80, which
leads to f(x) € H 5 .4 (I) for t < 0.60.

Table 4.1: Convergence properties of Experiment 1.

N Ju—unlly@-p.-5 K DU —un)ly-@-p+1-s41 K [[u—un|peqm K
16 4.87TE-04 1.15E-02 4.41E-04
20 3.09E-04 2.15 8.93E-03 1.18 2.95E-04 1.89
24 2.12E-04 2.16 7.26E-03 1.18 2.00E-04 2.23
28 1.54E-04 2.16 6.09E-03 1.19 1.54E-04 1.78
32 1.16E-04 2.16 5.22E-03 1.19 1.21E-04 1.86
36 9.08E-05 2.16 4.56E-03 1.19 9.46E-05 2.14
Pred. 2.20 1.20 1.20
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Figure 4.1: The plots of (left) u(x) and (right) u(z) — un(x)

Experiment 2. In this experiment, we take a« = 1.30, r = 0.63, § = 0.50 and v = 0.80.
The above analysis gives that f(x) € Hf)(ﬂ,a_ﬁ) (I) for t < 0.90. The corresponding theoreti-
cal asymptotic convergence rates are |[u — uy||-@-p.-5 ~ N"220 ||lu — un| e ~ N7120 and
1D (u = un) |y a-s+1, —g41y ~ N 7120,

Table 4.2: Convergence properties of Experiment 2.

N

[u —unlly@-5.-5 & [[Du—un)|y@p-st0 Kk u—un|req K

16 4.57TE-04 1.07E-02 4.41E-04

20 2.88E-04 2.20 8.29E-03 1.21 2.95E-04 1.90

24 1.96E-04 2.19 6.71E-03 1.21 2.00E-04 2.24

28 1.42E-04 2.19 5.61E-03 1.21 1.53E-04 1.78

32 1.07E-04 2.19 4.80E-03 1.21 1.20E-04 1.87

36 8.33E-05 2.19 4.18E-03 1.21 9.42E-05 2.15
Pred. 2.20 1.20 1.20

Experiment 3. In this experiment we select o = 1.30, r = 0.63, § = 0.50 and ~ = 0.10, which
leads to f(z) € Hﬁ,(ﬁ,a_ﬁ) (I) for t < 0.90. However, in this case, D(4) ¢ Lfﬂ&—ﬁwﬁ) (I) due to the
relatively strong singularity of K (z) at x = 0, which means that (3.28) is not applicable. Hence we
can only apply the bound (3.26) of ¢; — ¢ n, which leads to the estimate (3.29) of u — uy instead
of (3.30), and consequently an estimate for the convergence rate of ||[u — un||,—(@-s).-5 of 1.20 by
(3.29), instead of 2.20 if using (3.30).

13
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Table 4.3: Convergence properties of Experiment 3.

N u—unllycw@—s,-5n K  [[Dw—un)|ly-w@-sr1-st) & |lu—un|poeq &

16 4.99E-04 1.14E-02 5.73E-04

20 3.11E-04 2.24 8.74E-03 1.25 3.71E-04 2.05

24 2.10E-04 2.24 7.03E-03 1.24 2.63E-04 1.98

28 1.51E-04 2.23 5.85E-03 1.24 1.88E-04 2.25

32 1.13E-04 2.22 4.99E-03 1.24 1.35E-04 2.59

36 8.80E-05 2.22 4.33E-03 1.23 1.07E-04 2.01

Pred. 1.20 1.20 1.20

The experimental convergence rates for |u — uNHLi(—(a—ﬁ),—B) and || D(u — UN)HLi(—(a—ﬁ)—Q—l,—fH—l)
are in strong agreement with the theoretically predicted rates for the first two experiments. For
Experiment 3, we note that the numerical convergence rate of ||u — UNHLZ(_(Q_[})’_[;) is 2.20, which

corresponds to the case for D(4) € Li(a—ﬁ s (I) (even though this is not the case in this experiment).
Additionally, we remark that the error in the L* norm is difficult to measure accurately due to the
oscillatory nature of the error function caused by the polynomial approximation, as illustrated by
Figure 1.

A Appendix

In this section we investigate which H? , ; (I) space u(z) = z* lies in. For brevity of notation, in
wla,
S

this section we use H, g () = H’ s (D).

Lemma A.1 Let u(x) = x*. Then, u € Hfa 5)(1) for s > 0 satisfying s < 2u+ 8+ 1.

Proof: Let x(z) € C*°[0,00) denote the cutoff function satisfying

(2) = 1 for 0<z<1/4
X o 0 for z>3/4 ’

and let xs5(x) := x(%), for § > 0. Note that

< dam
1 for 0<x<d/4 (:U):{O for 0<x<d/4 for meN.

Xo(@) = { 0 for x>35/4 , and dem X 0 for = >35/4
For § to be determined, let v = v + w where v(z) = xs(z)u(z) and w(z) = (1 — x5(z)) u(z).
We have that
< C Z(V(m*j) "7 and is zero for = > 35/4.
j=0

‘ d™v(z)

dzxz™

14
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Thus,

m 2 35/4 ™
/ (1 —z)etmgftm ’d d“(x) de < C / M S gt gz g
I xm

J=0

m

< C 25*2(’”*]') S22 +AtmAL hrovided 24 — 25 + B+ m > —1,
j=0

< 0(52u+,3+1—m7

which implies that, for m < 2u + 5+1, v € Hf, 5 (I) and

|lv HHmm < O §MABH=m (A.1)
Next, consider w(x).
m—1
d™w(x dm J
) dxé) < C (1—X§ x“ moy I —X(;( )) . (A.Q)
7=0

The first term on the RHS of (A.2) vanishes for z < §/4, and the second term vanishes for z < §/4
and x > 30/4. Using this,

m 2 1 35/4 m—1
/(1 . x)aer LA ‘d dwslx) de < C / LB 2 —2m g + / / LBtm Z 22H =2 §=2(m=3) 1.
I xr

5/4 5/4 =
1 m—1 35/4
< C / 1‘2“+B_md:r + Z 5—2m+2j/ m2u+ﬂ+m—2jd$
5/4 = 5/4
C(1—|—52u+67m+1) if2u + 8 —m # —1 (A.3)
- C(1+|logd]) if2u+p8—m= -1 '
Hence, forn > 2u + B + 1
wlly, < ComrrEion, (A1)

(Remark: For n > 2u + 8 + 1 the exponent of § in (A.4) is negative, so the ‘1’ term in (A.3) is
bounded by the § term.)

For 0 <t < 1 we have from (A.1) and (A.4)

K= inf (HwHHfz o+ Ul ) (A5)
< Il ,, + ol
< C (5(2u+5+1—m)/2 + t5(2u+ﬁ+1—n)/2) ) (A.6)

Setting 6 = %™ leads to K(t,u) < Ct2r+ptl=m)/(n=m)

Recall that - it
= / t‘29(K(t,u))27. (A.7)
0

HuH[H< 8) 7 Hi p)lo.2
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The larger the value of 6 (0 < # < 1) in (A.7) such that the integral is finite, the “nicer” (i.e., more
regular) is the function u. Hence from (A.7), we are interested in the integrand about t = 0. We
have trivially that for u; = u, ug = 0 in (A.5) that K(¢t,u) < ||u||H(rZ 5 = C'. Hence it follows that

CtCu+B+l-m)/(n=m) {50 0 <t < 1
<
K(t,u)_{c fort >1

Using (A.7),

1 oo
2 —20 —142(2u+ B+1—m)/(n—m) —26—1
HUH[H(Tgﬂ),H("aﬂ)]a2 < /0 Ct K dt + /1 Ct dt < oo,

if 6< 2u+B+1—m)/(n—m). (A.)
Fors = (1-0)m 4+ 6n = m + 6(n—m), then s < 2u + [+ 1 using (A.8)

Hence we can conclude that u(x) = z# € HE, 5 (I) for s <2u + B+ 1.
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