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We present and analyze three distinct semidiscrete schemes for solving nonlocal geometric flows
incorporating perimeter terms. These schemes are based on the finite difference method, the finite element
method and the finite element method with a specific tangential motion. We offer rigorous proofs of
quadratic convergence under H L_norm for the first scheme and linear convergence under H L norm for
the latter two schemes. All error estimates rely on the observation that the error of the nonlocal term
can be controlled by the error of the local term. Furthermore, we explore the relationship between the
convergence under L°°-norm and manifold distance. Extensive numerical experiments are conducted to
verify the convergence analysis, and demonstrate the accuracy of our schemes under various norms for
different types of nonlocal flows.

Keywords: nonlocal geometric flows; finite difference method; finite element method; tangential motion;
error analysis; manifold distance.

1. Introduction

In this paper, we analyze and establish the convergence result of three distinct numerical methods for
evolving a closed plane curve I" () under a nonlocal flow that involves perimeter. The normal velocity
of I'(¢) is determined by the formula

V= —fL) AN (1.1)

where « represents the curvature of the curve, f is a Lipschitz function, L is the perimeter, and .4 is the
unit inner normal vector. Equation (1.1) encompasses a wide range of geometric flows, including:

ZT”, for area-preserving curve shortening flow of simple curves (Gage, 1986),
m, for area-preserving curve shortening flow of nonsimple

Fi) = curves (Wang & Kong 2014),
%, for curve flows with a prescribed rate of change in the enclosed

area (Dallaston & McCue 2016; Tsai & Wang 2018),
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2 W. JIANG ET AL.

where 8 € (—00,00), ind(I") € Z denotes the rational index (Carmo, 2016) of a nonsimple curve I".
The inclusion of an additional nonlocal force, f (L), enables us to control the area change of an evolving
curve. Indeed, by the theorem of turning tangents (do Carmo, 2016), the rate of area change can be
determined by (Deckelnick et al., 2005)

0, for f(L) = QT” and simple curves,
dA .
n = / V- Nds =140, for f(L) = m and nonsimple curves,
r

—B, for f(L) = 2”T_ﬂ and simple curves.

In this paper, we focus on the study of curve evolutions that maintain their topological characteristics.
For simplicity, we always assume L > 0 during the whole evolution.

In recent years, significant attention has been paid to the theory development about nonlocal
geometric flows. One prominent instance is the area-preserving curve shortening flow (AP-CSF), which
is intricately connected to the mass-conserving Allen—Cahn equation (Rubinstein & Sternberg, 1992;
Chen et al., 2011), serving as its sharp-interface limit (Bronsard & Stoth, 1997). Additionally, AP-CSF
is a key model for attachment-limited kinetics (Carter ef al., 1995; Dai et al., 2010; Mugnai & Seis,
2013), which describes the growth dynamics of a solid phase surrounded by an undercooled liquid
phase (Wagner, 1961). AP-CSF also plays a crucial role in image processing applications (Sapiro &
Tannenbaum, 1995; Sapiro, 2001; Dolcetta et al., 2002). Mathematically, the existence and convergence
results for AP-CSF, applicable to both simple and nonsimple closed curves, have been extensively
explored (Gage, 1986; Wang & Kong, 2014). Moreover, the study of curve flows with a prescribed
rate of area change has emerged in the context of analyzing contracting bubbles in fluid mechanics and
the Hele—Shaw problem (Dallaston & McCue, 2012, 2013, 2016), and its long-time evolution behavior
was addressed in Tsai & Wang (2018).

Extensive numerical methods have been employed to simulate the AP-CSF and curve flows with
a prescribed rate of change in the enclosed area. Examples of such methods for the AP-CSF include
the finite difference method (FDM) (Mayer, 2000), the MBO method (Ruuth & Wetton, 2003), the
crystalline algorithm (Ushijima & Yazaki, 2004), as well as PFEMs (Barrett e al., 2020; Pei & Li,
2023). Additionally, a rescaled spectral collocation scheme was proposed in Dallaston & McCue (2016)
for closed embedded plane curves with a prescribed rate of change in the enclosed area. However, there
has been relatively little research on the numerical analysis of these methods. Recently, in Jiang et al.
(2023), the authors proposed a semidiscrete finite element method (FEM) for the AP-CSF of simple
curves and established its convergence in H'-norm. In contrast to Dziuk’s parametric FEM (Dziuk, 1994)
for curve shortening flow (CSF), the nonlocal term in the geometric equations poses a major challenge
for numerical analysis and computation. Specifically, the errors introduced by the nonlocal term, which
involves the perimeter, are greatly influenced by the numerical errors resulting from the each length
of polygonals, e.g., using the piecewise linear FEM to approximate the smooth curve. Therefore, it is
crucial to carefully quantify the errors associated with length differences, as discussed in Sections 3 and
4. For recent advancements in parametric FEMs associated with CSF, we refer to Kovics er al. (2019);
Li (2020); Ye & Cui (2021); Hu & Li (2022).

In this paper, we propose three numerical schemes for nonlocal geometric flows involving perimeter
(1.1) and give their error estimates. Our main observation is that the difference between the nonlocal
term and its discrete version can be managed through the disparity of the local term. Specifically, we
introduce the following three different types of semidiscrete schemes:
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CONVERGENCE OF NONLOCAL FLOWS 3

» First, we employ FDM to discretize the parametrization equation of (1.1)

L

5X = — o ( %X ) f(L)( O X ) £es! (1.2)
= — _— — e , S , .
0. X1\ 19X 9. X|

where S! = [0,2n], (a,b)+ := (—b, a) denotes an anticlockwise rotation by /2 and the periodic
function X(&,1) S! x 10,T] — R? is a parameterization of the closed curve I C R2.
Under certain appropriate assumptions, we demonstrate that the resulting semidiscrete scheme
converges quadratically in the discrete H'-norm as defined in Deckelnick & Niirnberg (2023a). The
proof is based on a careful Taylor expansion result and an averaged approximation of the normal
vector.

e Secondly, we utilize an FEM for a natural weak formulation of (1.2). The derived semidiscrete
scheme is based on our previous work on AP-CSF of simple curves (Jiang er al., 2023). An H'-
optimal error estimate follows from our key observation mentioned above.

e Thirdly, we introduce an artificial tangential motion (TM) and apply an FEM for an alternative
parametrization of the geometric equation

x = X L), 1.3

This form of reparametrization was initially proposed by Deckelnick and Dziuk for the CSF
(Deckelnick & Dziuk, 1995) to improve the mesh quality during evolution. It was later interpreted
as a DeTurck trick by Elliot and Fritz in Elliott & Fritz (2017). Recently, the DeTurck trick has been
further applied to various geometric flows such as elastic flow (Pozzi & Stinner, 2023), anisotropic
CSF (Deckelnick & Niirnberg, 2023,b,c) and fourth-order flows (Deckelnick & Niirnberg, 2024).
We emphasize that we have successfully extended the DeTurck trick to the general nonlocal flow
case. The resulting semidiscrete scheme yields an asymptotic equidistribution property, as well as
an H'-optimal error estimate.

As a by-product, we further explore the convergence of the schemes under manifold distance, a topic
extensively discussed in the numerical computation community (Bao & Zhao, 2021; Zhao et al., 2021;
Bao et al., 2023; Jiang et al., 2024a,b). We prove that, for simple curves, convergence in the function
L*°-norm implies convergence under the manifold distance. Moreover, we prove an optimal convergence
of the finite difference scheme under the manifold distance.

The rest of this paper is organized as follows. In Section 2, we propose the semidiscrete schemes
and provide the error estimates for the FDM. In Section 3, we consider the FEM, and the FEM-TM.
Section 4 aims to establishing a connection between the convergence of the manifold distance and L*°-
norm. Section 5 presents extensive numerical experiments for the three different numerical schemes
and various types of nonlocal flows. The numerical results demonstrate our convergence analysis
results in both the H'-norm and the manifold distance. Moreover, a better mesh quality is achieved
for the finite element method with the aid of tangential motions. Finally, we draw some conclusions in
Section 6.

We conclude this section with some comments on notations. Throughout the paper, the quantities
related to the true solution are denoted as capital letters, while those related to the discrete solution
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4 W. JIANG ET AL.

are denoted as lowercase letters. Specifically, for the solution of (1.2), we denote .7 = \g§—§| and A =
TFt by the unit tangent and inner normal of the curve, respectively. Therefore, (1.2) can be rewritten

as

0,X 0 T—f)N §eSh X(E.0) =X (1.4)

19X

Throughout the paper, we maintain the orientation of parametrization X such that the rotation index
ind(I") is a non-negative constant (Escher & Ito, 2005). For an embedded simple curve, this sign
convention ensures that a unit circle has a positive constant curvature.

2. Finite difference method

In this section, we utilize an FDM to solve the equation (1.2). For spatial discretization, we utilize a
uniform mesh, where the equidistributed grid points ¢, := {&,,...,&y} C S! are given by § =jhj=
0,...,N for h = 27 /N with N > 2. We use a periodic index, i.e., aj = ajy when involved. Denote
X; = X(§), X; = 9,X(&)), and set

Q0 =1X—-X_,, F=-"—"— j=1...N.

Letx, : ¢4, — RR? be a grid function. We define the discrete length element gj, the discrete tangent ;
and normal n; as

X —Xi_y

R 1
qj':|xj_x,'_1|, 751':—, nJ':Tj s 2.1
. g
N
where x; = x;(§;) denotes the vertex of the polygon that approximates the curve. Denote [, = Z‘i q;
]:

by the perimeter of the polygon. Throughout the article, we denote C by a general constant which is
independent of the mesh size i and might vary from line to line.

AssumpTION 2.1. Suppose that the solution of (1.2) satisfies X € C! ([0, T1, C4(Sl)), i.e.,
K (X) := Xl c1(qo,11.c4s1y) < 005
and there exist constants 0 < C; < C, such that
Ci = [0XED| =G VED S x[0.T] 2.2)

Under this assumption, we have the following results, which have been established in Deckelnick &
Niirnberg (2023a).
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CONVERGENCE OF NONLOCAL FLOWS 5

Lemma 1 (Deckelnick & Niirnberg, 2023a, Lemmas 3.1, 3.3). Under Assumption 2.1, there exists /1, > 0
such that for 0 < & < h, the following expressions hold:

C,=0Qi/h=Cy, Q’J;—hQ’H = [0, X(£)| + O(h*), (2.32)

T+ T =27E) +0), T = % (9(5,-) + 9(5,-_1)) + oY), (2.3b)

‘Z’Jrlh_ 7 = 0, &) + O(h), @ = % (atagx(sj) + 3;35X(§j+1)) Lo, (230)

rjil/z ME)| = |9+,+1I (Iﬂ,- gl + 174 — thl) + Ch, (2.3d)
where 7, = T,i I’J’;‘ represents the averaged vertex tangent.

For later use, the direct computation from (1.4) gives
010 X] = 0,0:X - T=0:(0,X - 9 — 9,X -0 T = —IE)SX||8{X|2 —fD)0:X|0,X - N 24
For any grid function u : ¢, — R2, or Y € C(S'), we define the backward difference quotient as

= Y=Y, Y(E) —YE )
g == - ,

Moreover, to measure the error, we introduce the following discrete norms:

N N
lullg = (A2l ) gy 2= Z|u|+|au| : 2.5)

DEeriNiTION 1. A semidiscrete finite difference approximation of (1.2) is to find a grid function x;, : ¥, x
[0, T] — R? such that

2 |
x,-=m(,+l o) —fUTh, i OTE 50 =X'). 2.6)

THEOREM 1. Let X(&,¢) be a solution of (1.2) that satisfies Assumption 2.1. Then, there exists a constant
hy > 0 such that for all 0 < & < h, there is a unique finite difference semidiscrete solution x;,(¢) in the
sense of (2.6). Furthermore, the following error estimate holds:

sup [[IX(#) —x, (Dl = Ch?, 2.7
te[0,T]

where the constants A, and C depend on C;, C,, K;(X), T and f.

Before giving the proof of Theorem 1, we compute the evolution equation for the discrete length g;.
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6 W.JIANG ET AL.

LeEmMA 2. Suppose x;, is the finite difference semidiscrete solution in the sense of (2.6), then, it holds
g+ B P T2 Sy ok SR Tk =00 (28)

Proof.  We begin by computing g; as

g =5 —%-1) 7

2 L 2 L
=g | ——— (41 — ) —fUDTE p — ——— (57— 7-1) +f U Tt
j (qj+qj+1 (541 - 1) 2T g (5 —7-1) =172
=#(r--r-+1 —1) —f(lh)r-J‘ -r-—#(l—r-r;l) —|—f(lh)r-J‘ T
g +‘Ij+l ] 4172 7% g +‘Ij—l ] j—1/2 7%
2 1 1
= Ti-Tiy1 — 1) —fp)T; ST+ Ti-ti1 — 1) —fUp)TZ S Tioq
G+ (5 - 7+ ) it 127 Y G+ (55 ) 127 Y
= Jj+ i1, 2.9)

where for the last second equality, we have employed the property

1 1
Tl =71 1/|Tj + ‘L'j_1| T=T_0 T /|1—] + Tj—1| =T T (2.10)

Multiplying (2.6) by %f(zh)rjjl /2> We obtain

+ qj+1 QJ+1

Ty — T
LI W)~ f T - T =0,

L f )T +2 )

which can be simplified as

q; + q,+1 q;+ qﬁ]

L T KA )+ f )Ty T =0, 2.11)

by using (2.10). Combining (2.6) and (2.11), we get

2

1
= (=315 5R) st
IS G tae 29T 120 T

2
) 1 |2(9t 49+ 1
i+ o] (S5 st

qj + qj+1 ‘

qi+4qi+1 (. » 1 . 2 1
— LT (12 + 2 Uty o -y +FU0P) = F LT

qj +qj+1 . qj t qj+1 .
_ —%Hﬂz Qf(lh)fﬁ-]/z X —

qj +qjt1 .

q; +q
LT — U

gj + gj+1
71]6 Un)Ti5172 -

Plugging this into (2.9) yields (2.8), and the proof is completed. g
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CONVERGENCE OF NONLOCAL FLOWS 7

For the readers’ convenience, we sketch the proof of Theorem 1. The main idea involves analyzing
three types of errors: total error fé h Zjvzl |éj|2 ds, the error in tangents Zjvzl 417 — rj|2 and the length

difference error Z —1(Q; — qj)z(t).

Outline of proof. The proof utilizes the continuity argument. Let 7* > 0 be the maximal time for which
x;, solves (2.6) with a suitable estimate. For ¢ € [0, T*] we establish the following estimates:

(1) Let %’] and ?;7’] be the local truncation errors for (1.2) and (2.4), respectively. We show that

R =0, % = Oh).

(2) Denote ej(t) = Xj(t) — xj(t). By subtracting (2.6) from (2.16), we derive the following stability
estimate based on Step (1):

/h2|e 1% ds + sup Zqﬂy <Ch4+C/ Z(Q q])zds

<S<t

This step uses the key observation that the global perimeter difference can be reduced to a
summation of local length differences, yielding:

IL— 1] < D10 — q;l + Ch*.

(3) The length difference estimate implies

N

1

7 z (Qj—QJ)Z(f)SC/ hz le; ?ds+ C sup E 4|7 — »|2+Ch4.
j=1 0

] 1 <s<[

Applying Step (2) again allows us to obtain the desired estimate (2.7) for ¢ € (0, T*].

Combining the above steps, the continuity argument enables us to extend the initial solution time 7*
to T, ensuring that all the estimates hold in the interval [0, T]. U

Proof of Theorem 1. We define

/(1)
T* sup{t € [0,T] : x;, solves (2.6) with Cl < qT <2G,, jrrllax |,7(t) — r(t)| < h4}

2.12)

Clearly T* > 0. Noticing the nonlinear terms in (2.6) are locally Lipschitz with respect to x;j, we get local
existence and uniqueness using standard ODE theory. Furthermore, since qj(O) = Qj(O) and ‘L'j(O) =
yj (0), the desired estimate also holds by continuity. By (2.12) and the Lipschitz continuity of f, we have
Vtel0,T],

27C, <L <21C,, nC,<l,<41C,, [fL)|<C, (2.13)

where C is a constant, depending on C;, C, and f. We claim that there exists a constant /; > 0 such that
for 0 < h < hy, it holds

max |50 <C. Vre[0.77], (2.14)
Jj=

,,,,,
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8 W. JIANG ET AL.

where C depends on C, C, and f. Indeed, by (2.6), (2.3c), (2.12) and (2.13), we obtain

|)'Cj|2 <2 (tj+1 — ‘L’j) 2 +C

242tk p| = €

Gl Y
h

qj + gj+1

o

Moreover, based on (2.3b), we have

T =7

+2 | Z% |2+C<C
—  max e — T .
h h v T <

.....

jzl}li}?N|<7j+ Tl = 1, (2.15)

when £ is sufficiently small. Define the truncation error as
Ky =X — QJ%QHI (Zi41 = ) +FW)ME, (2.16)
Ty = 0+ SRR 1P+ SR P
+ 22Uk, Mg )+ LEERLX; - M. @2.17)
(1) Estimates of the truncation error ,@j, é} Employing (1.2), (2.3a) and (2.3c), one gets

2
(Tt — F) +FL)ME)

R =X —
T 014+ Qi

Sk (et o0 |
Y |8 X (&) + O(h?) (35 TEj) + Oh )) +F(L)ME)

_g__ 2\) . . 2 .
=% - GxE (1+00) - (9 7) + 0D +f )M

. 1 2
i |3§X(§j)| Sﬂéj) +f( )M&]) + O0(h”)

= O(h?). (2.18)
Similarly, applying (2.4), (2.3b) and (2.3c) and using the regularity of X (see Assumption 2.1) again,
we derive ) o
0= (Xj=Xj-1) - F;
h
= 7 (00X (&) + %0 X&) - (AE) + Tg-1) + o)
h h
= Eazagx(éj—l) - A& + Eatasx(éj) - &)

h
- Z(3r35X($j) — 89 X(E—1) - (A&) — A&—1) + Oh)
h h
= EatagX(Sj—l) - AE1) + Eataéx(gj) - AE) + o)
h
=5 (—Iasxllatxlz(éj—l) = f(D)19:X|(§j—1)0: X (§j—1) -Méj—l))

h
+ 3 (—19:X118,X17 ) - FD1eXIE)0XE) - M) + O,
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CONVERGENCE OF NONLOCAL FLOWS 9

which together with (2.3a) implies

% Q +¥|X 1|2 Q QJ+1 |X]|2
0 1+0 . 0
+ = 14_jf DXy - M) + ’H f(L)X - M) = 01, (2.19)

(2) Stability. Denote ej(t) = Xj(t) - xj(t). Subtracting (2.6) from (2.16), one gets

2

e — m (( i1 — T — (] T))

=—f() (JV(%’]) - 'EJ'J-[—I/Z) - (f(L) _f(lh)) Tji]/z

2(6]]' —0)+ @jp1 — Q1) (
(Qj+Q/+1)(Q/+4j+1)

_.ql 2 3 4

=L+ 4+ +1.

T = F) + 4,

Multiplying both sides with %(qj + g;41)¢; and summing together over all j = 1,..., N, we obtain
| N N 4 Ny
.2 k .
S 2@ G = 2 (T =) = (=) =D D S @+ a0l
j=1 j=1 k=1 j=1

Applying (2.12), Young’s inequality, Assumption 2.1 and (2.3a), we arrive at

N
(T —m0 -G -1) ¢

j=1
N N
1d Qi —q . 9 (o 2
= EEZ 9|7, = 5’ +h]§,(7jaxj'($ AR (3% - 7) 17—
1d & Yo
zzd—z 7l ‘CZ}(Z(QF%”%W"')
= =

where for the first equality, we used the result in Deckelnick & Niirnberg (2023a) (cf. page 9 in
Deckelnick & Niirnberg (2023a)). Employing (2.3d), (2.12), (2.13), (2.15) and Young’s inequality,
we get

N N
qj +qj+1 1 . . .
Z%, 4 < Cths, wpllél < CORD T =gl +eh D 117 + Cle)nt.
=1 =1 j=1 j=1
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10 W. JIANG ET AL.

Similarly, using (2.3a), (2.3c), Young’s inequality and (2.18), one obtains

N N

. c<e>
22(Qj+‘1j+1)1j3'€j € (10— qjl + 1041 — q,+1||e,|<sh2|e,|2 Z|Q, gl
j=1

j=1 j=1 j=1

=z

1
D 5@+ DI - < eh Z 11> + Cle)n’.
J:
It remains to estimate the term related to Ijz. First, we estimate the error of the perimeter by applying
the trapezoidal quadrature formula and (2.3a)

N

9+ dj1
L—1,|= 0 X| d&§ — S| =
L= )/Slumgj >

N N
9+ q;
R 19:X1(E) + o) — > L
j=1

, 2
j=1
Q Qj+1 2 q]+1 2
Z 5 +o<h>—z Z|Q gjl + Ch*.
j=1 j=1
(2.20)
This immediately yields
N 1 N
ZE i+ DI 6 < Ch Y IL—1llg] < C(e)lL—lh|2+8hZ|e 2
Jj=1 Jj=1 j=1
N 2 N
<C@E (D10 —ql| +C@n*+eh> g
- p
1 N N
= C@)7 10— g + Con' +eh 3 1e;1”
j=1 j=1

By combining the above inequalities, (2.12) and choosing ¢ to be sufficiently small, we are led to

thel +— Zq,|9 <Ch4+CZ( qj)2+q,|z—zj|2).

Through integration and utilizing Gronwall’s inequality, we obtain

tl N

/h§ |é;* ds + sup z q]|y—f|2<Ch4+c/ z§ (Q; — q)* ds. (2.21)
0 .
J=1

=1 Os<t

for 0 <t < T*, where C is a constant, depending on C, C,, K;(X), T and f.
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CONVERGENCE OF NONLOCAL FLOWS 11

(3) Length difference estimate. By using (2.14) and (2.20), we can derive the following estimates

N
(12 = 1%2) = Gl + XD = X1 < Clegl, 1) 7Ly = €D 1Q; — gl + I

j=1

Subtracting (2.17) from (2.8), integrating from 0 to ¢, and applying (2.3d) together with the above
estimate, we get

t
10; — q;I(1) < /0 1Q; — g,l(s) ds +1Q; — ¢;1(0)
t
< c/o 16— Q)1 + 1gj1 — Q| + g1 — Q)| ds

t

+Ch/0 |Tj_<7j|+|7:j+1_e7j:+1|+|fj_l_Z_”ds
t N t ro_

+Ch/ Z|Qj—qj|ds+Ch3+Ch/ lé;_1| + Iéj|ds+/ \%;| ds.
0 0 0

j=1
This together with (2.19) yields

N
1
EZ 0 —qj) (t)<C/0 h2|e]| dv—|—C/ Z(QJ ap) dv—l—C/O hZ|y—rj|2ds+Ch4
j=

j=1

Applying Gronwall’s inequality, we get
| ¢ N ¢ N
. D - g)* 0 < c/ h gl ds+ C/ > ¢l —t* ds + Ci*
j=1 0 =1 0 j=1
/hZ|e| ds+ C sup Zqﬂy ‘L’| + Ch*
0 =1 0<s<t

t N
<Ch+cC /0 % Z(Qj — g)*(s) ds, (2.22)
j=1

where for the last inequality we utilized (2.21). Hence Gronwall’s inequality gives

S| =

N
2©Q—¢)P0=Cht, 0<i<T" (2.23)
=1
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12 W. JIANG ET AL.

This together with (2.21) implies

N

T*
/ hZ|e| ds+ sup qu|9—r|2<Ch4 (2.24)
0

=1 0<r<T*

Now we are ready to complete the proof by a continuity argument. It follows from (2.24) that there
exists 1, > 0 such that when i < h,,

1

N 2
T — i) < h™2 (hz T, — rk|2<t>) < Ch 3P <

k=1

5
h3, 0<t<T*

Bf—

On the other hand, it can be easily derived from (2.23) that
10;() — ;)| < C?, 0<1<T",
which together with (2.3a) yields
$C1 <q(0/h<3Cy, h<hs

By continuity we can extend 7™ such that

-Nu-

o 40
G <

T§2C2, max |9(t) ()|§h
j=le,

This contradicts (2.12) if T* < T. Therefore, T* = T. As for the estimate of €, we first notice

0(7—1) (O —gq)
j Jh {1 Jh i

8ej = 8Xj —ij =

Recalling (2.23) and (2.24), we immediately get

N t N N N (0, _q)2

h z le;|* < c/ h 2 l;1*ds < Ch*, h § |8e;|* < Ch 2 (IZ— Tl + %) < Ccht,
. 0 X . .
J=1 j=1 j=1

Jj=1
which yields
1
2

N
1X@) =2yl = (2D (e +18¢)P) | =cw’, 0=<i=T,

and the proof is completed by taking hy, = min{h,, h,, h5}. g
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CONVERGENCE OF NONLOCAL FLOWS 13

3. Finite element methods

In this section, we present two FEMs based on different formulations and establish their error estimates.
The parametrization (1.2) naturally leads to a weak formulation: for any v € (H'(S!))?, it holds

/ |a$X|atX-vd.§+/ T asvdé—k/ FD@X)* - vds =0. (3.1)
Sl Sl St

For spatial discretization, let0 = &, < §; < ... < &y = 27 be a partition of S. We denote hj = Sj—SJ;I

as the length of the interval /; := [§;_;,§;] and h = max h;. We assume that the partition and the exact
J
solution are regular in the following senses, respectively:

AssumptioN 3.1. There exist constants ¢, and cp such that

mjinh,- > c,h. |y —h| <cph®, 1 <j<N.

AssuMPTION 3.2. Suppose the solution of (1.2) satisfies X € W1 (1o, T],HZ(SI)), ie.,

Kz(X) = ”X||W1’°°([O,T],H2(§l)) < 00,

and there exist constants 0 < C; < C, such that (2.2) holds.

We define the following finite element space consisting of piecewise linear functions satisfying
periodic boundary conditions:

Vi=[vecE R v e P, 1N, vE) =vEy),

where P, denotes all polynomials with degrees at most 1. For any continuous function v € C (S',R?),
the linear interpolation /v € V), is uniquely determined through I,v(§;) = v(§;) forall 1 <j < N and
N
can be explicitly written as [,v(§) = V(Ej)fpj(é ), where @; represents the standard Lagrange basis
J=1
function satisfying ¢;(§;) = d;;.

3.1 FEM with only the normal motion
In this part, we present an FEM based on the original parametrization (1.2).

DEeriNiTION 2. We call a function

N
X0 =D x(0¢€) : S' x [0,T] > R? (3.2)
j=1
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14 W. JIANG ET AL.

is a semidiscrete solution of (1.2) if it satisfies x; (§,0) = IhX0 and for all v, € V,, it holds

h2
/S1 apdx, - v, A& +/Sl Ty - dgvy d& Jr/s1 %asalxh - v, d +/Slf(lh)(8§xh)L v, dE =0,
3.3)

where

gy, N x; —X_

N
z qj Z i

q/’t = |asxh| = _XI" l’h = = XI., (34)
j=1 h./ ! |a$xh| j=1 q; !

represent the discrete length element and unit tangent vector, respectively, /, represents the perimeter of
N
the evolved polygon with vertices x;, and h = > hix I with x being the characteristic function.
J=1

Remark 1. Compared to the original formulation (3.1), here an extra term [, @aé 0%y, - vy, d is
introduced in (3.3), which reduces to the so-called mass-lumped scheme (3.5). Clearly, this term does not
affect the convergence order for a linear FEM. As was interpreted in Dziuk (1999); Jiang et al. (2023),
this mass-lumped version can preserve the length shortening property for the CSF/AP-CSF, which was
missing for the original formula.

Taking v;, = (¢;,0) and v, = (0, ¢)) forj = 1,...,N in(3.3), we are led to the following 2N ordinary
differential equations:

9t 941 .

where 7; is the discrete tangent defined as (2.1). Furthermore, we have the following identities

. 1 2 1 2

U= g B T g e () oo
9t 41 . q9;t4qi1 .
e DT UK ST NN (r,- . rjfl)’ 3.7)
where for simplicity we denote
ng; + 1 1qig
ry = _f(lh)%, 3.8)
q; + 411

THEOREM 2. Let X(£, 1) be a solution of (1.2) satisfying Assumption 3.2. Assume that the partition of S!
satisfies Assumption 3.1. Then there exists 4, > 0 such that for all 0 < h < h,, there exists a unique
semidiscrete solution x;, for (3.3). Furthermore, the solution satisfies

T
/ 18,X — 3,117, de + sup [[X —x,[|2,, < Ch?, (3.9)
0 te[0,T]

where A and C depend on CpsCps C,G), T, Ky(X) and f.
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CONVERGENCE OF NONLOCAL FLOWS 15

Before presenting the proof of Theorem 2, we first list a lemma which will be used later.

LemMma 3 (Jiang et al., 2023, Lemma 4.2). Under Assumptions 3.1 and 3.2, suppose further

/S] |\ T— 1] 2, d& + 1110:X| — g, ll7, < CH*, V1 e[0,T%],

then there exists a constant A such that for any 0 < h < A, it holds

infg, = 3C,/4, supgy =3Cy/2 Ve, T,
£

where C; and C, are the lower and upper bounds of |9, X| shown in (2.2).

Proof of Theorem 2. Similar to the proof of Theorem 1, we apply the continuity argument. Define
T* = supf{r € [0,T] : (3.3) has a unique solution x, and infgq, > C,/2, supg, <2C,}. (3.10)

Since the nonlinear terms in (3.5) are locally Lipschitz with respect to x;, the local existence and
uniqueness follow from standard ODE theory, and thus 7* > 0. Moreover, due to the Lipschitz property
of f and Assumption (3.10), for any ¢ € [0, T*], it holds that

271C, <L <2nC,, nC, <1, <47C,, |f(L)]<C, (3.11)

where C is a constant, depending on Cy, C,, f.

(1) Stability. Taking the difference between (3.1) and (3.3), and choosing v, = 1;,(9,X) — 9,x;, € V),
we get

/S1 19,X — 3,x,|%q, d& + /Sl (7-1,) (agatx - 3§3txh) d&
h’g,

=/, 9,X - (g — 10:X1) (1,0,X — 9,x,) d& + Mhra 0z 0,y - 9 (1,0,X — 9,x;,) d&

+ /S 90X — Bpx) - (O X — 1,9,X) d + /S (T=7)- (aga,x - a§1ha,x) de

1
+ /S ) (agx - 8§xh) (9%, — 1,0,X) de

1
+ /Sl (f(L) _f(lh)) (ngh) (@0, — 1,9,X) dE =1 T, + 0y + T3+ Iy + s + .
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The estimates of the second term on the left side and J] for 1 <j < 4 can be found in Dziuk (1999,
Lemma 5.1) or Jiang et al. (2023, Lemma 4.1), which can be summarized as follows:

/S (T=7) (ag 8,X — b a,xh) de
> 1d /|<7—r|2q dg ) — Cll3:9,X | ;0 /W—ﬂzq d& + 1118: X1 — ;117
=2dr sl h! Yh EYAINL sl h! Yh 3 hllg2 4>

2
Ji+Jy+ 340, < S/Sl |0.X — 8,X,] 2q;, d& + C(e) [8,X |, 18:X] — g4 1172 + C)R*3,X|7,
+ 6/81 |7 — 1,%q), dt,

where ¢ is a generic positive constant which will be chosen later. For J5 and Jg, in view of the
Lipschitz property of f, (3.11), and the identity

10:X — 9,1 = (10:X| — q3)* + 19: X1, | T— 7,7, (3.12)

applying similar techniques in Jiang et al. (2023) (cf. proof of Lemma 4.1), we can get

L

1
Js = /S S (9:X = 0,) - (0% — 1,2,X) dg + /S S (9:X = 05,) - (95, — 0,X) d
<cC H 3&-'XHLOO /Sl | 7— 1,| 2, d& + C/Slqag)q — g dt + CH 0, XI1%,
+Ce) ” aéxHLm /S | 7= 1| 2qy d& + C@)10:X] — g4I + ‘9/81 |85, — 9:X] *q, d&,
1 1
Jg = /S W =) (%x,) - (0X —1,0,X) d + /S W 1)) (9x4) " (0, — 0,X) o

< CIL =1, + CII3,X — 1,3 X||?, + C()IL — I,|* + & /S1 ap |9.x, — 8,X|* d&

< C@19:X] = gyl + CH19,X |7 + & /S iy |00, — 9,X|? dé.

Here we use the inequalities L — 1,1* < [[19;X] — g4ll7, < C[[|3;X] — g,lI7,. Combining all the
above estimates, we are led to

1d
/ 18,X — 0.x,1%q, d& + ——/ | T — 1,%q, d& < 48/ 19X — 0,x,1%q, d&
sl 2dt Jsi st

+ C@R8,XI3, + Cle, Ky(X)13:X| — g, 117, + C(e, Ky (X)) /S 1T 1,2, d¢.
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CONVERGENCE OF NONLOCAL FLOWS 17

Choosing ¢ small enough, integrating both sides with respect to time from O to ¢ and applying
Gronwall’s argument, we arrive at

t t
[ [0x=ompPa,asas+ s [ 17500 < ¢ [ 10X - g1 a5+ O
0 Js! 0<s<tJS! 0
(3.13)

where C is a constant, depending on Cps Cps Ci, Gy, T, Ky (X) and f.

(2) Length difference estimate. Applying the Lipschitz property of f and (3.11), a mild modification
of the proof of Jiang et al. (2023, Lemma 4.3, Lemma 4.4) enables us to establish the same length
difference estimate as in Jiang er al. (2023):

t t
110:X| — gy 172 < C/O /S1 |9,X — thh|2qhd§ds+C/0 /Sl | T— 14| %q, d& ds + Ch?, (3.14)

where C depends on Cps Cps C,, C,, T, K,(X) and f. For the details, we refer to Jiang ez al. (2023).
Combining (3.13) and (3.14), employing Gronwall’s inequality, we derive

t
// |8,X — 8,x,| 2q), d& ds + sup/ | 7— 14| %q,de < CH?, Vie[0, T, (3.15)
0 JS! 0 sl

<s<t
which together with (3.14) yields
10: X1 — qpll7. < Ch*.

Applying Lemma 3, there exists i, > 0, depending on Cps Cps C,,C,, T, K,(X) such that for any 0 <
h < hg, we have

infg, >3C,/4 and supg, <3C,/2, t€[0,T"].

By standard ODE theory, we can uniquely extend the above semidiscrete solution in a neighborhood of
T*, and thus T* = T. The estimate (3.9) can be concluded similarly as in (Jiang et al., 2023, Theorem
2.5) by integration, (3.12) and (3.15):

IXC) =0l = [ X =Pl [ 10X = 0, P e
St St
t 2
< 2/Sl (/0 3X — 0%, ds) d& +2X° — [,XOs + 110.X] — gyl Jr/g1 |7~ 1,210, X1q, dé
t
< 2/ T/ 18,X — 8,x,|* ds d& + Ch* < Ch?,
St 0

and the proof is completed. (]

Gz0z Aey 21 uo Jasn ybunquipg Jo Ausiaaiun Aq ZEOSZ1L8/S L 0relp/wnuew/S60 L 01 /10p/3[oIe-aoueApe/eulewl/woo dno olwapese)/:sdiy Wol) papeojumo(]



18 W. JIANG ET AL.

3.2 FEM with tangential motions

The aforementioned methods are developed based on the equation (1.1) and only normal motion is
allowed. They might suffer from the fact that the mesh will have inhomogeneous properties during
the evolution, for instance, some nodes may cluster and the mesh may become distorted. This will
lead to instability and even the breakdown of the simulation. To address this challenge, various
techniques have been proposed to improve the mesh quality for evolving various types of geometric
flows in the literature, such as mesh redistribution (Binsch er al., 2005), and the introduction of
artificial tangential velocity (§evéovié & Mikula, 2001; Mikula & Sev&ovi&, 2004a; Barrett et al., 2020;
Duan & Li, 2024).

In this part, to achieve equipartition property for long-time evolution, we derive another formulation
of (1.1) by introducing a tangential velocity. We consider the equation

X =k —fLNAN+y(X) T,

where _#; 7 are the unit normal vector and tangent vector, respectively, and y is the tangential velocity
to be determined. It is important to note that the presence of tangential velocity has no impact on
the shape of evolving curves (Deckelnick & Dziuk, 1995; Elliott & Fritz, 2017), and suitable choices
of tangential velocity may help the redistribution of mesh points (Sevéovi¢ & Mikula, 2001; Mikula
& Seveovie, 2004a,b; Kolér et al., 2015). As mentioned in the introduction, inspired by the work of
Deckelnick & Dziuk (1995); Elliott & Fritz (2017) for CSF, we consider an explicit tangential velocity
given by

More generally, for a fixed parameter 0 < a < 1, we consider a series of reparametrizations X, which
are determined by

3 X
@d X, + (1 — )X, NN = |;; T2 —fL)AN X, (E,0) = X&), (3.16)
E2a

Below we provide three justifications for (3.16).

(i) The solution X,, of the evolution equation (3.16) has the same shape as the standard parametriza-
tion equation (1.2) since they share the same normal velocity

18X, 2

1 aEon
= |3%_Xa|aé |8§Xo{| —f)N)- N=Kk —f(L),

where we note that the curvature « and perimeter L are geometric quantities independent of the
parametrization.

0X, N=adX, N+(1—a)dX, V=% —yX)T—FfL)N) - N
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CONVERGENCE OF NONLOCAL FLOWS 19

(ii) The evolution of (3.16) has asymptotic equidistribution property in a continuous level. More
precisely, suppose X, is the equilibrium of (3.16), i.e., 9,X;, = 0, then formally we have

e e 85§X‘§ e |2
|0 X5

which means the equilibrium has constant arc-length. This leads us to expect that the correspond-
ing numerical solution for (3.16) has equidistributed mesh points for long-time evolution.

(iii) As explained in Elliott & Fritz (2017, Section 8), we can write the standard parametrization
equation (1.2) as

where I'[X] is the image of X and A rix is the Laplace—Beltrami operator over the curve I"[X].
The DeTurck’s trick for operator A -y maintains the normal term f(L).# unaffected and leads
to (3.16). In this aspect, the nonlocal flows can be viewed as a natural generalization of Elliott &
Fritz (2017, Section 8).

Next we present an FEM for (3.16). For fixed o, multiplying |8§X |2 for both sides of (3.16) (below we

omit the subscript o for simplicity), we obtain the following weak formulation: for any v € (H'(S!))?,
it holds

/1 10 X[ (@d, X + (1 — o)X - MA) - vdE + /l X - d.vdE + /lf(L)|8§X|2</V~ vde = 0.
S S S

(3.17)
We use the same spatial discretization for S! as in the last subsection and assume it satisfies Assump-
tion 3.1. We further assume the exact solution of (3.16) is regular in the following sense.
AssumpTioN 3.3. Suppose that the solution of (3.16) with an initial value X% e H%(S') satisfies X €
whe ([0, 71, H*(Sh), i.e.,

KZ(X) = ”X”Wl""’([O,T],Hz(Sl)) < 00,

and there exist constants 0 < C; < C, such that (2.2) holds.

N
DerniTiON 3. We call a function x;,(§,1) = ij(t)goj(é) :S! x [0, 7] — R2 is a semidiscrete solution
j=1
of (3.16) if it satisfies x, (&,0) = I,X° and

/SI |35xh|2(a8txh + (1 — C()(at.xh . nh)nh) VYV ds + /SI aéxh . asvh dg + /Slf(lh)|asxh|2nh Vi dg = 0,
(3.18)

for any v, € V,,, where nj, = 7" represents the piecewise unit normal vector.
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20 W. JIANG ET AL.

THeOREM 3. Let X (&, 1) be a solution of (3.16) satisfying Assumption 3.3. Assume that the partition of
S! satisfies Assumption 3.1. Then there exists i, > 0 such that for all 0 < & < h,, there exists a unique
semidiscrete solution x;, for (3.18). Furthermore, the solution satisfies

T T
sup X — x5, +o / 19:X — dyep |2, dt + (1 — 1) / llnp - (3:X — ) 12, dt < CTh? + CeMT/@ 12,
1€[0,T] 0 0
where h, C and M depend on Cp» Cps C., Gy, K)(X), and f.

We adapt the fixed-point argument (Deckelnick & Dziuk, 1995; Elliott & Fritz, 2017) and outline
the key steps below.

Outline of proof. Fix a € (0, 1]. Consider the Banach space Z, = C([0, T], V},) and a nonempty closed
convex subset B, (see the definition (3.19)) of Z,,. Define a continuous map F : B, — Z;, by F(u;,) =y,
where y;, is the solution of (3.22).

(1) The assumed estimate for B), allows us to derive the length estimate for u;, € B),:

(18 X| — 19z u, D)2 < KheMt/(20)

(2) For any y, € Z,, combining with Step (1), we can obtain the following stability estimate
(cf. (3.27)):

T T
max [|9:X — deyp|12, + / X — dpypll?, dt + (1 — / - (0X — By |12, de
e [19¢ eyl +o A [10: Yhlly2 (I—a) A I - (0 2

< CTH* + cMT/p2,

Finally, we use the above estimate to show that F(B),) C B, and apply Schauder’s fixed-point theorem
to obtain a fixed point x;,, which is the desired solution and satisfies the corresponding estimate. 0

Proof of Theorem 3. Fix a € (0, 1]. We consider a Banach space Z, = C([0, T], V,)) equipped with the
norm

Ivpllz, :== sup Iv,Dll2, vy, €2,
te[0,T1]

and a nonempty closed convex subset B, of Z; defined by

By, = v, € Zy] sup e M) @ X — D) (017, < K2h* and vy (-, 0) = X0 () 1 (3.19)
1€[0,T]

where M,K > 0 are constants that will be determined later. For any u;, € B, applying interpolation
error, inverse inequality and (3.19), one can easily derive

||(3£:X . aguh)(t)||L°° < ”(aSX _ Ihaé.X)(t)”Loo + “(Iha&-X — 3§Ihuh)(l)”Loo
< chl/? + Ch_1/2||(1h85X — Ogup) 72
< Ch'? + Ch™ V2 (136 X — 10 X) (D112 + 1B X — Bgup) (D)1 12)

< Chl/? (1 +e%1<).
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CONVERGENCE OF NONLOCAL FLOWS 21

It follows from Assumption 3.3 that there exists a constant i, > 0, depending on o, M, K, T, K, (X) such
that for any 0 < i < hy, we have

£

Setting g, = |0z uy,| and denoting 7; as the perimeter of u;,, due to the Lipschitz property of f, it holds
that

21Cy <L <21C,, nC,<I, <4nC,, |f(d,)|<C, (3.21)

where C is a constant, depending on C;, C, and f. We define a continuous map F : B, — Z, as follows.
For any u;, € B,,, we define y,, as the unique solution which satisfies

/Sl @2(0[31)’;, + (1 =)@y, - y)y) - vy, d& + /Sl 0 Yy - vy, ds + /Slf(i}:)é;,(agyh)l v, d§ =0,
(3.22)

1
for all v, € V,,, with initial data y, (0) = I,X°, where 7j, = (g_;) .

(1) Length difference estimate for u, € B),. Applying (3.19) and the triangle inequality, we obtain

108 X1 — G Dl 2 < 10X — du)Oll2 < KM/ 0 <r<T. (323
(2) Stability estimate for'y, € Z,. Taking v = v;, in (3.17) and subtracting (3.22) from (3.17), we get
/Sl G2 (o (X = 0,3,) vy + (1) (3,X — 8,y,) - 75,7y - vy)) dE +/Sl BX — 063, v, d
= [ @ = XY@ X+ (1= @) @X - )T ) 0
+ (- /S 10X - (5 — My - ) + OX - NG, — A vy de
+ [ (00X +1005) 000" v,
- /Slf(f;,)c’ﬁl ((ag;()L - (8§yh)l) vy dE =1 Iy +Jy + s+,

Choosing v, = I,,(8,X) — 9,y;, € V,, the estimates of the left-hand side and J;, J, can be found in
Elliott & Fritz (2017, (3.7)), which can be summarized as

d 2 C% 2 C% o~ 2
310X = Byl + el X — a7 + - = )l - BX = )7

< CRP(1+ [19,X117,2) + 19:X — 3y l172 + CRPK*eM/* o + 23] + 21, (3.24)
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22 W. JIANG ET AL.

For the terms of J5 and J,;, in view of the Lipschitz property of f and the inequality
IL—1,| < CllI:X] — @l 2,

applying (3.20), (3.21), (3.23) and Young’s inequality, we get

3 = | [ 1047 1031030 v, a6 — [ 10 (1. - G) @™ v, 0
< [ LTI (@0 = 01+ 10X~ 3., de

+ C/Sl ||3EX| - ém (|[h(3tX) - atX| + |azX - 81)’h|) df;-'
< ChIL = L1113, Xl g1 + CIL = T,1118,X — 8,y,I,2
+ Chll13: X — Gll 2 19Xl + ClBXT — Gyll218,X — By, 2
Mt Mt 5
< CKe h||3,X — 8,y |l ;2 + CKe 2 h*(|3,X|| 1

- C(E)eMt/aKZhZ

o +ealld,X — dy,l17, + ok [3,.X]7,,

and

Val = ‘ /S FGa, (00 = Gpr)*) vy ds'
< ChII9X = eyl 219X | + ClIOX = 33yl 2 19X = Byl
Ce)

< 18X — Byl + CHAIBX I3 + ——

19X — BeylIZ2 + earlld,X — 8,y 112

Combining all the above estimate and taking ¢ small enough, we obtain

2 2

10X — eyl + Tala,x — a2 + 11— el - X — ) 2
a % eVnllp2 16110 nllz T h (9 )2
< CI? + C(1 + 1/a)[[0:X — B,y ll7, + CH° KM /ar, (3.25)

where C depends on Cps Cps C,, C,, T, Ky(X) and f. This directly gives

d
3 19X — Iypllis < Ch* 4+ C(1+ 1/)[|9.X — d.y;[17, + Ch* K>/ Jar.
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Thus, we get

1 ! 1y ,
19:X(0) — 3y, (D117, < 13:X° — 9,3, (0|2, + Ch2/ eCUHZ=9) (1 +K2eM*/°’/a) ds
0

M 1
el _ LCO+0

< CeCUFaIp? e
M—-C(l+a)

which yields

CK?h?
< K22, (3.26)

— _M_ . C
e MK — By = O HIHON 4 s

if we select M > 3C + Ca and K% > 2C.
Hence, by plugging (3.26) into (3.25), integrating from 0 to 7', we arrive at

T T
max 106X = dyylz2 + e / 19X = 8,4l 7> dt + (1 — @) / 17 - (BX — Byl de
E 0 0

T
< C( +T)h* + CK*h*(1 + l/a)/ M/ dg
0
< C(1 + D)W + K*2(MT7* — 1) < CTh? + ceMT/op?, (3.27)

where C and M are constants, depending on CpCps K, (X),C;,C, and f.

Now we complete the proof by applying Schauder’s fixed point theorem for F'. Indeed, it follows from
assumption (3.19) and (3.26) that F(B,) C B,,. Furthermore, it can be easily derived from (3.27) and
the assumption y, (0) = ,X° that | Yullwr2qo.y,) = C, which, together with the Sobolev embedding,
implies that the inclusion F'(B;,) C By, is compact. Thus, by Schauder’s fixed point theorem (c.f. (Elliott
& Fritz, 2017, Theorem 3.1)), there exists a fixed point x;, for (3.22) that satisfies F(x;,) = x;,, which is
the desired semidiscrete solution. Moreover, the estimate (3.27) also holds for the solution x;,.

To address the uniqueness, it is important to recognize that (3.18) constitutes a nonlinear ODE system
for x;. Consequently, the uniqueness of x, is assured by nonlinear ODE theory. It’s evident that x;, serves
as a semidiscrete solution of (3.18), and thus aligns with the corresponding estimate. O

4. Convergence under manifold distance

As discussed in Zhao et al. (2021); Jiang et al. (2024a), for two closed simple curves I and I, the
manifold distance is defined as

M (F], Fz) = Area((£2) \ £2,) U (§2, \ £2)) = Area(£2,) + Area(£2,) — 2Area(£2; N £2,),

where £2, and §2, are the regions enclosed by I} and I',, respectively. As proved in Zhao et al. (2021,
Proposition 5.1), the manifold distance satisfies symmetry, positivity and the triangle inequality. Under
some assumptions, e.g., if I lies within the tabular neighborhood of the C? curve I | (Deckelnick et al.,
2005), the manifold distance between the two curves can be interpreted as the L'-norm of the distance
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function. Recently, compared to the [”-norm of parametrization functions, this type of distance (i.e.
the I”-norm of distance function) has gained wide attention in both the scientific computing (Jiang
et al., 2024a,b) and numerical analysis communities (Bai & Li, 2023). Moreover, the authors’ works
(Zhao et al., 2021; Jiang et al., 2024a,b) have demonstrated that the manifold distance (one of the shape
metrics) is more suitable than the norm of parametrization functions for quantifying numerical errors of
the schemes which are used for solving geometric flows, especially for schemes which allow intrinsic
tangential velocity. Meanwhile, Bai and Li (Bai & Li, 2023) have recently observed that the L>-norm
of distance function (so-called the projected distance in their paper) leads to the recovery of full H!
parabolicity, and established a convergence result for Dziuk’s scheme of the mean curvature flow with
finite elements of degree k > 3.

In this subsection, we first show that the function L®-norm is stronger than the manifold distance
under some suitable regularity assumptions. More specifically, for a parametrization function X € C>(S')
of curve I'y and an approximation curve /Iy by parameterization function ¥ € C%(S"), we have the
following lemma.

Lemma 4. LetX : S' — R2? be a parametrization function of simple curves I'y with X € C2(S'). Assume
there exist constants 0 < C; < C, such that it holds

¢ <|px®|<c, vees'

Then there exist positive constants §; and C such that for any parametrization function ¥ € cosh
satisfying

X =Yl < 8,
the following inequality is true:
M(I'y, I'y) < ClIX — Yl 0,

where I'y and I'y are the images of X and Y, respectively. The constants §, and C depend on X, C,
and C,.

Proof. The closed simple C? curve I'yin R? naturally admits a tabular neighborhood £2 5 in the following
manner (Deckelnick et al., 2005; Bénsch et al., 2023): there exists a constant § > 0 such that the mapping

Ey: Ty x (—8,8)—>R2, Ex(a,n) =a+nA,

acts as a diffeomorphism from I'y x (=6, §) to the image denoted by Im(Ey) =: £25. Here .# represents
the normal vector along I'y. Consequently, the points within the tabular neighborhood £25 can be
represented as

Ex': 25— Iy x (=8,8), Ey'(b) = (m,(b).dp, (b)),

where 7ty (b) € I'y is the projection of b onto I'y, and d, (b) = d(b, I'y) represents the signed distance.
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Fic. 1. Illustration of (a) the definition of I'y, I'y, 1"513‘ and I 5‘3“, (b) the comparison of the projection distance 8y, and the function
L®®-norm ||X — Y||00.

Set 8, < 8. For any parametrization function ¥ € CY(S') which satisfies | X — Y|, < &, it is
evident that I'y C £25. Now define

8,, == sup |dp (D)
bely

which represents the maximum distance between /'y and I'y. Clearly, we can assume §,, > 0, as there is

nothing to prove otherwise. Define two curves F;Et and I“;v;“, within the tabular neighborhood £2;, which
are parametrized as

S'5 & = (), i) = (5(6), ¥(§)) + 8, Mx(&), ¥(E)),
S'5 & = (X (6), Vet (§)) = (x(§), ¥(8)) — 8, Mx(E),y(£)), (4.1)

respectively. Here X(§) = (x(£),y(§)) is a parametrizatiqn of the curve I'y, and ./ is the unit inner
normal vector. Denote §2; ~as the region enclosed by FS‘;" and F;;j“ (cf. Fig. 1(a)). By utilizing the
regularity assumption of X along with (2.2) and (4.1), we can estimate the area of 25 as follows:

Area($2; ) = /s . Og Xext Yext 4§ — /S . g Xing Yine A&
= C/Sl 10Xy — O Xing| + Vext — Yine d&
< CSW/S1 |94 + |41 dE < C5,,,
where C is a constant, depending on X, C; and C,. The triangle inequality for manifold distance yields

M(Iy. I'y) < M(I'y, T3™) + M(I3™, I'y) < 2Area(82;,) < C8,, < C|IX — Y|,

where we use the natural control §,, < || X — Y||;« (cf. Fig. 1(b)) and the proof is completed. ([l

As natural corollaries, we have the following convergence results of numerical schemes under the
manifold distance.

Gz0z Aey 21 uo Jasn ybunquipg Jo Ausiaaiun Aq ZEOSZ1L8/S L 0relp/wnuew/S60 L 01 /10p/3[oIe-aoueApe/eulewl/woo dno olwapese)/:sdiy Wol) papeojumo(]



26 W. JIANG ET AL.

COROLLARY 1.

(1) Let X(&, 1) be the solution of (1.2) that satisfies Assumption 2.1 and belongs to W32(SY). Let x;,(0)
be the unique finite difference semidiscrete solution of (2.6), then it holds

sup M(I', I,) < Ch%.
1€[0,T] '

(2) Let X(&,1) be the solution of (1.2) that satisfies Assumption 3.2 and belongs to W32(SY). Assume
that the partition of S! satisfies Assumption 3.1, and let x,(t) be the unique finite element
semidiscrete solution of (3.3). Then, it holds

sup M(I'y. I,) < Ch.
t€[0,T]

(3) Let X(&,1) be the solution of (3.16) that satisfies Assumption 3.3 and belong to Ww32(Sh). Assume
that the partition of S! satisfies Assumption 3.1 and x;,(2) is the unique finite element semidiscrete
solution of (3.18), then

sup M([y, FXh) < Ch.
1€[0,T)

In all estimates, I'y and I, represent the images of X and x;, respectively. The constant C depends
on Cy, C,, T, f and additionally, K, (X) for (1), and K, (X) for (2) and (3).

Proof.  For the first conclusion, combining the Sobolev embedding, triangle inequality, interpolation
error, Lemma 5 with the main error estimate (2.7), one obtains

1X = 2l < CIX = x,lly1 < CIX = L,X ]t + CILX = 54l

< CI?|IX|lys2 + CIIX — Xyl y/ 1 +h2/6 < Ch?,

where for the third inequality we have utilized Lemma 5 for the grid function I, X —x;,. Hence, by applying
Lemma 4 with 6, = Ch: Y = x;, and for different time ¢ € [0, T], we conclude the first assertion (1).
The latter two statements can be similarly confirmed by referring to Theorems 2 and 3, along with the
Sobolev embedding

sup [|X —xllje0 < C sup ||X —x,llgn < Ch,
te[0,T] 1€[0,7]

and the proof is completed. O

Lemma 5. Let g : ¢, — R be a grid function. Then it holds
gl < sl (147°/6).

where the grid function g is identified with the piecewise linear function over S' that connects the grid
values of g.
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Proof. Denote M; = comax | (Ig?)" and by applying the trapezoidal rule, we have
€L&)s5j+1

5 N &jt1 ) )
lglzn = / 18” + 19¢8|> d&
=178
N 2 2
] +|g<§+1>| K3
Z( h+ 5 M +hZ|8g,+1|

J=1

N
=hy (1g*+ g% ZM
j=1

I/\

Noticing g is a piecewise linear function, we have

"
M. = max (|g|2) =2 max |g/|2=2|38j+1|2’

I te(&i1) §e(§.§i+1)
which yields
2 N 2 2 h3 N 2 2 1 2
gl <k D (g +18g;1%) + = 2218851 1° < gl (1 + h ) :
j=1 j=1
and the proof is completed. (]

5. Numerical results

In this section, we present numerous numerical experiments for the proposed three different schemes
applied to various geometric flows involving the nonlocal term f(L). We first provide full discretizations
for the three schemes using backward Euler time discretization. Specifically, we choose an integer m,
set the time step T = T/m and t;, = kt for k = 0,...,m. Given a fixed mesh size & and a time step
T = O(hz), we consider the following three cases.

(i) For the finite difference method (2.6), given x2 =1 hXO ,for k > 1, we consider the solution x’;l €Y,
of the following equation (denoted as FDM)

k k-1 ko ko ok ! k—1

X; — X; 2 X : : 1 —i—n._H

J J _ (./ - J T — { ) f(lk 1 Jk J (5.1)
4; In i

k—1 k—1
’ 4G T\ il

where xj].‘ represents the grid value, l’;l is the perimeter of the polygon with vertices {x]'.‘} ,, and n]k =

(rjk)l is the discrete normal vector.
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(i) For the finite element method (3.3), given x2 = IhXO, for k > 1, we consider the solution xi =

Z Xk @) € V,, which satisfies (denoted as FEM)
J_

5.5k v, de +/SI 0exh - 0y [0 | de
/ B2 (92 |858rﬂ‘h~8§vh/6d§+/Slf(lfl_1)(8§ﬂ‘h)L-vhd§ =0, Vv, eV,

where §_ is the backward finite difference 8tx1;l = (x’,‘l —)J;l_l) /T, and l];l_l is the length of the image
of x];l_l. Or it can be written equivalently as a discretization for the ODE system (3.5):

R L
LT j -l h k _
L+ L : (4.;1—;9._1) =0. (52

k—1 k—1
M(gg _ xf.c—l) _
9j+1 9;

2T J J

(iii) For the finite element method with tangent motions (3.18), given x2 =1 hXO for fixed @ € (0, 1]

and k > 1, x~ Z Xk @) € V), is the solution of the following (denoted as FEM-TM)

/llh [(“5zx'2+(1—“)(5#?”]2_1)” h- Vh]‘aéx ‘ d$+/1 8¢, - Bgvy, dé
S

+/Sl I [ ] e ‘ dE =0, Vv, eV, (5.3)

1
dexi ! . . . .
where n];l ! (;3 I I) is the unit normal vector. Through a straightforward computation, we
§%h

find it can be written equivalently as

Y-y i k—l)nl_c—l 205, =25+ )
J

ot Tj _,_(1_0[)(%.,% (qk 1)2+(q]:11)2 f(lk I)Jk L e
J J

k 1
where n* 1 = ( A} )
oo T\ T f

9j

ReEmARK 2. The convergence analysis of the fully discrete schemes, including FEM (5.1), FEM (5.2)
and FEM-TM (5.4), requires considerable investigation. It is noteworthy that the FDM and FEM
schemes are natural extensions of Dziuk’s fully discrete linearly implicit scheme for CSF (Dziuk, 1994),
incorporating an additional nonlocal forcing term. Recent advancements in error estimates for Dziuk-
type schemes include: (i) Ye & Cui (2021), who employed an unconditional length shortening property
(q]].C < q]].c_1 forany t > 0) and matrix analysis techniques to establish an optimal error estimate in the H'-
norm for Dziuk’s lumped mass scheme; (ii) Li (2020), who identified a monotone structure and examined
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convergence results for Dziuk’s original scheme with higher-order finite elements (k > 3); and (iii) Bai
& Li (2023), who introduced a new framework to prove the convergence of Dziuk’s original scheme with
higher-order finite elements (k > 3) under the projected distance. However, extending these approaches
to the nonlocal case is challenging due to the loss of unconditional length shortening property and the
failure of monotone structure in our formulation. Moreover, extending the framework proposed by Bai
and Li is significantly more complex. The difficulty with Dziuk-type schemes stems from their lack of
parabolicity (cf. Li (2020); Ye & Cui (2021)). Incorporating tangential velocity enhances parabolicity
and simplifies numerical analysis (Deckelnick & Dziuk, 1995; Barrett et al., 2017; Elliott & Fritz,
2017). Utilizing techniques from the work of Barrett, Deckelnick, and Styles (Barrett et al., 2017), we
can establish a convergence result for the FEM-TM scheme (5.3). Detailed proofs can be found in the
appendix for the readers’ convenience.

5.1 Accuracy test

To evaluate the convergence order of the proposed three schemes, we primarily consider the following
cases of geometric flows with different initial curves:

Case I: An ellipse initial curve, parameterized by (2 cos 6, sin G)T, 0 € [0, 2], with the correspond-
ing flow being the AP-CSF with f(L) = 2n /L;

Case 2: A four-leaf rose initial curve, parameterized by (cos(26) cos 6, cos(20) sin NI, 6 €10,27],
with the corresponding flow being the AP-CSF for nonsimple curves with f(L) = 27 ind/L,ind(I") = 3;

Case 3: An ellipse initial curve, with the corresponding flow being a curve flow with area decreasing
rate of w,i.e., f(L) = 2w — B)/L,B = 7.

As the exact solutions of the above cases are unknown, we consider the following numerical errors
for the FDM (5.1):

00 1 — ko _~dk
L;"Hg error (1)), (T) = | Jpax e = Faa.csall
Manifold distance (&), . (T) :==M (Fhi/ ° F,j/TZ/ : /4) :

AN and the LZ’ norm is defined as

j lj=1°
T AT/t . T/t 4T/t
and Fh/2,r/4 are the images of X't and Xpj22 40

where we view 324;[’/‘” /a8 grid function over ¢, with grid values {x
T/

T

.....

respectively.

Different types of errors for the FDM (5.1) are depicted Fig. 2, where we choose h = 2n /N, v =
0.5h2. The numerical results indicate that, for each instance of nonlocal flows listed above, the solution
of (5.1) converges quadratically in L°L2, L;’OHIG and L°L¢;, which agrees with the theoretical results
in Theorem 1. Moreover, we observe a quadratic convergence under the manifold distance, aligning with
the theoretical findings in Corollary 1 (1).

We now turn to the convergence order test of the FEM (5.2) and the FEM-TM (5.4). We similarly
consider the following numerical errors

L?OH; error (g3)h,r (T) := 1<I£E’T‘/T (”x];zr - lefz,r/4 ||L2(S1) + H aéx];z,r - asxil/cz,rM ||L2(Sl))’

Manifold distance (&), , (T) := M(I//*, ;)57 ).
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—e—H‘G error --A--mfd error

.‘A

(b)

Fic. 2. Numerical errors under different norms for the FDM (5.1) at T = 1/4: (a) Case 1; (b) Case 2; (c) Case 3.

‘ ——H1 grror ~A-mfd error ‘

10°

102 107

Fic. 3. Numerical errors under different norms of the FEM (5.2) at T = 1/4: (a) Case 1; (b) Case 2; (c) Case 3.

where x’,‘l’r represents the solution obtained by the above fully discrete scheme (5.2) or (5.4) with mesh

size h and time step t.

The numerical errors of the FEM (5.2) and the FEM-TM (5.4) are presented in Fig. 3 and Fig. 4,
respectively, from which we observe that, for each nonlocal flow with ind or g, the solutions of (5.2)
and (5.4) converge linearly in LX®H], consistent with the theoretical results in Theorems 2 and 3.
Moreover, Fig. 4(a) and (b) illustrate that the scheme (5.4) performs equally well for different choices of
o. Additionally, we observe that the solution converges quadratically under the manifold distance, which
is superior to the theoretical results in Corollary 1 (2) and (3).

5.2 Evolution of geometric quantities

In this subsection, we utilize the proposed three methods: FDM (5.1), FEM (5.2) and FEM-TM
(5.4) to simulate the nonlocal geometric flows. We are mainly concerned with the evolution of the
following geometric quantities: perimeter L(7), relative area loss AA(f) and the mesh ratio function ¥ (¢)
defined as

" Al — Aj maxii,..,
L(Z)| 1=ty =1 ) AA(t)l =ty — A—O’ lIl(t)| t=ty = min—qk’
h j=1,....N 4j
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——H' error A mfd error

10 h 10" 1072 h 107! 102 s 107! 102 n

FiG. 4. Numerical errors under different norms of the FEM-TM (5.4) at T = 1/4: (a) Case 1 with @ = 1; (b) Case 1 with @ = 0.5;
(c) Case 2 with o = 1; (d) Case 3 witha = 1.

t=20 t=0.2 = 0. =1
25 - t=20.5 s t
2 (a)
04 0 0 0 (d1)
-2
2.5 2.3 2.2
-2 0 2 25 0 25 2.3 0 2.3 2.2 0 2.2
25 23 22
0 0 0 (d2)
25 2.3 22
25 0 25 23 0 2.3 2.2 0 22
25 23 2.2
0 0 0
2.5 -2.3 -2.2
25 0 25 -2.3 0 2.3 2.2 0 22

Fic. 5. Snapshots of the curve evolution using the FDM (first row), FEM (second row) and FEM-TM (third row) with & = 1 for
Case 1. The parameters are chosen as N = 80 and T = 1/160.

where lﬁ and A’,‘l are the perimeter and the area of the polygon determined by x’,j, respectively, and q]’.‘ =

|xj],C — xj'?_1 |. Note that for the area of an immersed curve, such as the four-leaf rose, it is treated as a signed
area. In morphological evolutions, we primarily focus on the following cases:
Case 1: A flower initial curve parametrized by

((2 4+ cos(66)) cos 9, (2 + cos(66)) sin G)T, 0 € [0,2r],
with the corresponding flow being the AP-CSF with f(L) = 2% /L;

Case 2: A four-leaf rose initial curve, with the corresponding flow being the AP-CSF for a nonsimple
curve with f(L) = 2 ind/L,ind(I") = 3;
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t=20 t=1.5 t=3 t=26
2 (a) 1'? (b1) 1 (c1) 1 d1)
1 0.5 05
0 0 0 0
» 0.5 05
-1
2 1.5 ! !
2 0 2 15 0 15 1 0 1 1 0 1
" (b2) 1 €2 d2)
05 0.5
0 0 0
0.5 -0.5
15 o’ 1
15 0 15 1 0 1 1 0 1
15 (b3) 1 c3) ! d3)
0.5 0.5
0 0 0
-0.5 -0.5
- 1 71
T 0 15 - 0 1 -1 0 1

Fi1G. 6. Snapshots of the curve evolution using the FDM (first row), FEM (second row) and FEM-TM (third row) with & = 1 for
Case 2. The parameters are chosen as N = 80 and T = 1/160.

Case 3: A 4 x 1 rectangular initial curve with the corresponding flow being a curve flow with area
decreasing rate of ,i.e., f(L) = 2r — B)/L, B = 7.

Figures 5-8 depict the comparisons of the three schemes through the evolutions of the solution and
geometric quantities for the respective three cases. Based on the observations from Figs 5-8, we can
draw the following conclusions:

(i) All of the schemes can evolve the above three cases successfully into their equilibriums, i.e., circle
for Case 1, triple circle for Case 2 and a round point for Case 3, which agrees with the theoretical
results in Wang & Kong (2014) (cf. Figs 5, 6 and 7).

(i) For Case 1 and Case 2, the area is conserved numerically up to some precision while the area is
decreasing numerically with the rate 7 for Case 3 (cf. Fig. 8(b)).

(iii)) As demonstrated in Fig. 8(c), the FEM-TM redistributes the points during the evolution and
ultimately achieves the equidistribution property, i.e., ¥(f) — 1 ast — -+o00. This coincides
the motivation in Section 3.2. In contrast, the FDM and the FEM fail to preserve good mesh quality
during the evolution.

‘We close this section with a numerical example to demonstrate that the parameter « in the FEM-TM
(5.4) signifies the velocity of tangential motions. We conduct simulations for Case 1 using the FEM-TM
with varying values @ = 0.1,0.5 and 1. As depicted in Fig. 9(c), a smaller « leads to a more effective
redistribution of the mesh points. Figure 9(b) illustrates that as o approaches 0, the loss of area becomes
greater. This indicates that for a fixed set of computational parameters N and t, a smaller value of «
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Fic. 7. Snapshots of the curve evolution using the FDM (first row), FEM (second row) and FEM-TM (third row) with « = 1 for
Case 3. The parameters are chosen as N = 80 and 7 = 1/160.
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Fic. 8. Evolution of the geometric quantities using the FDM, FEM and FEM-TM with o = 1 for Cases 1-3 is illustrated in the
first through third rows, respectively. (a) Perimeter L(); (b) Relative area loss AA(#); (c) Mesh ratio function ¥ (f). The parameters
are chosen as N = 640 and T = 1/1280.
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—a=1--0=05——a=0.1
0

Fic. 9. Evolution of geometric quantities using the FEM-TM with different « = 0.1,0.5,1 for Case 1. (a) Perimeter L(t);
(b) Relative area loss AA(?); (c) Mesh ratio function ¥ (7). The parameters are chosen as N = 80 and 7 = 1/160.

yields a less accurate simulation, aligning with the findings in Theorem 3, wherein the exponential of é
is involved in the error estimate.

6. Conclusions

We developed three distinct semidiscrete schemes for simulating some nonlocal geometric flows
involving perimeter and the corresponding error estimates were established. Specifically, the FDM
exhibits quadratic convergence in H', whereas the FEM and the FEM-TM are convergent at the first
order in H'. Furthermore, all three methods demonstrate robust quadratic convergence under manifold
distance. Extensive numerical experiments have underscored the superior mesh quality of the FEM-TM
compared to FDM and FEM.

It is noteworthy that our proof of the error estimate under manifold distance is not optimal for FEM-
TM and FEM. Exploring the possibility of providing a proof of optimal convergence for piecewise linear
finite element would be a valuable endeavor.
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A. Appendix

In this appendix, we present a convergence result for the fully discrete FEM-TM scheme (5.3). We adapt
the approach from Barrett et al. (2017) to couple curve evolution with reaction-diffusion. We first need
the following assumption for the solution X:

AssumpTION A.1. Suppose that the solution of (3.16) with an initial value X0 e HZ(SI) satisfies X €
whee ([0, 71, H*(SH) N H? ([0, T, H'(SY) N L™ ([0, T1, H*(S")), i.e.,

K3(X) = X llwroo (jo.r1 0281y + IX 20,1181 s1y) + X200 (0.1, 13 (51)) < 00
And there exist constants 0 < C; < C, such that (2.2) holds.

THEOREM A.l. Let X (£, 1) be a solution to (3.16) satisfying Assumption A.l. Assume that the partition
of S! meets Assumption 3.1. Then, there exists /, > 0 such that for all 0 < h < hy and T < d,h, there
exists a unique solution for the FEM-TM scheme (5.3) and it satisfies the following error estimate

m
max |X(q) — e+ D TNaX(@) — 8,517, < Ch* + C(1 + dg)e T2, (A.1)
o k=1

where A, C are constants that depend on c,, cp, C;, C5, a, K5(X), and f, and d; = C(1 + dé), Cr =
Jo L+ 118, X012, dr.

Proof. Denote
eh =X~k =X — 1 XE XY — X = pf 4,
where X* = X(-, 1;). We prove the following estimate by induction
Ry < RO BEOd e o, mr, (A2)

where ¢(f) = 1+ 119,X(-, 1) ||§11, 0 is a constant independent of / and 7, and will be chosen later, and #*

is chosen small enough such that
¢ k—1
0< > < |0gx;, | = 2G,. (A3)

The proof combines the induction (A.2) with an inverse inequality argument similar to Lemma 3 (see
also Barrett et al. (2017, (3.6), (3.7))). By evaluating (3.17) at time #;, taking v = v, in (3.17), and
subtracting (5.3) from (3.17), we get

/1 (@d,X(t) + (1 — ) @X(t) - NONF) - v, [0, X5
S
—1, [(aa,x’,; + (1 —a) @k a1y vh] |11 d + /S1 (agxk - E)gx];l)  Dvy &

+ /Slf(Lk)Nk o0 XM — 1, [f(l’,;*l)n’,;*l : vh] |01 dg =0,
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where we denote N* = N/ (t;). Choosing v;, = 76, n’,j, a straightforward computation yields
r /S1 Iy (@, + (U= 0@ - ™Dk - 8,k | 1ok ™" 2 s + r/Sl Dm0, de
= r/Sl I, [(aafx" + (1 — )@, x* - nf=hnkhy. 54;,’;] 0.1
— 1 (@d,X(1) + (1 — a)(3,X(1) - NOYN®) - 8,1k 19, x512d
Tat(k)+( ()t)(t(k) ) rrih|g |- d&
+1 /Sl I, [f(z’;;‘)n’,;*‘ ~8,n’;] 8exf 112 — FLON* - 8, nf 19, X 2 dE — < /S1 3 pf - 0,8} d&

Z:Al +A2 +A3

By applying the bound given in (A.3), we can estimate the left-hand side (LHS) as follows:

c? c? _ 1 _ _
LHS = ra—L18.f1172 + 70— )L sk - mi ™ 13 + 5 (ki3 + 1ok — i = k')
(A4)
The estimate of A; can be found in Barrett ef al. (2017, (3.13)—(3.16)), which reads as
Tk
ALl < eTll8 mfl% + C(e) (rm’,;—lﬁ,l + hz/ 120 dt) + C(e)d3Th?. (A.5)
Tk—1
Moreover, the interpolation estimate and inverse estimate yield the bound of A5:
A3l < 0. ppll 2108, mpll 2 < CTR XM all8 mill 2 < C)Th® +eT||8,mfll7.. (A6

The estimate of A, involves the nonlocal term and it is important to note that
A, = ‘L’/S] FAE (n;—l - /\/k) S 10T P AN 8 (|a§x’,;—1 2 |asx"|2) de

+7 / (ras =) N* - sk 19:X42 dg
Sl
=1 Ay + Ay

By recalling (A.3), using Barrett ez al. (2017, (3.18), (3.20)), along with the Lipschitz property of f and
Young’s inequality, we are led to

gl = Cx (h+ 1} 1 ) 18,7512 < C@)eh® + Ce)einf ' By + ellsnfl, (A7)
Apl < CTlfty™") = D8 fll 2 + CTlF L) — FL IS 2
< Cr)| 9 X = ey 2 18, N2 + CT2 I8 )l 2
k—1 k
= Cr (I} 1 + doh) 18,7k 2

< C(e)d3th?® + Ce)tlnf " 2 + et 8, nfl1 %, (A.8)
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where we used the assumption that T < dyh. Finally, by combining the above estimates (A.4)—(A.8),
choosing ¢ sufficiently small and 8 = C(1 + d(z)) =:d,, and applying the induction hypothesis together
with the fact that £ > 1, we get

C% k 2 C% k k—12 k2 k k—1,2
TT 5,'7;1 L2+TT||5T77h'nh ||L2+|71h|H| +|77h_r’h |H'

173
< R+ Celnf T R+ C? / £ dr
Tk—1
1 Tk
< 120N e dr (1 +ca +d§)/ () dt)
Tk—1

. 1,
— AN e @ (1+9/k 0] dt)
Tk—1

. 1,
< B2 BT e ar P c0dr _ o 6 [ e ar, (A.9)

Thus, we conclude the induction proof. Therefore, by applying the standard interpolation estimate and
(A.2), we get

ma

T
nax XK —Xp2) < (C+ M CTR?, Cr :=/ () dr. (A.10)
=0,....m 0

Summing (A.9) from k = 1,...,m and noting the interpolation estimate, we derive

m m

1,

z Tll3,X (1) — 8,512, < Ch? + CZ Th2ef 0 EO A Ca2p2etiCT < (1 4 d2)elI TR (A1)
k=1 k=1

The proof (A.1) is completed by combining (A.10) and (A.11). U
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