A CONVERGENT EVOLVING FINITE ELEMENT METHOD WITH
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Abstract. A novel evolving surface finite element method, based on a novel equivalent formu-
lation of the continuous problem, is proposed for computing the evolution of a closed hypersurface
moving under a prescribed velocity field in two- and three-dimensional spaces. The method improves
the mesh quality of the approximate surface by minimizing the rate of deformation using an artificial
tangential motion. The transport evolution equations of the normal vector and the extrinsic Wein-
garten matrix are derived and coupled with the surface evolution equations to ensure stability and
convergence of the numerical approximations. Optimal-order convergence of the semi-discrete evolv-
ing surface finite element method is proved for finite elements of degree k > 2. Numerical examples
are provided to illustrate the convergence of the proposed method and its effectiveness in improving
mesh quality on the approximate evolving surface.
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1. Introduction. We consider the evolution of a closed hypersurface I'(¢) in R,
where d = 2 or 3, under a given velocity field u in R? x [0,T]. The evolving surface
I'(t) can be represented by the image of the flow map X“(-,¢) : T'(0) — I'(¢), which
satisfies the equation

8 X" (-,t) = w(X"(-,),t) on T(0) (1.1)

for ¢ € [0,T7], subject to the initial condition X"(z,0) = z for z € I'(0). Stable and
accurate numerical approximations to the surface evolution in (@) play fundamental
roles in solving partial differential equations (PDEs) on a moving surface [18,22,39],
as well as solving PDEs in a bulk domain with a moving boundary /interface by the
arbitrary Lagrangian-Fulerian (ALE) ods [20,23,26,140,11] and Eulerian (unfit-
ted) approaches [116, 45, 17]. Problemr(rﬂ; is also relevant to the PDE-constrained
shape optimization [29], the motion of interfaces in two-phase flows [27,82] and fluid-
structure interactions [46], where the velocity field u is unknown and needs to be solved
in the bulk domain.

This er concerns the evolving surface finite element methods (FEMs) for dis-
cretizing ﬁ) As a Lagrangian method, the accuracy of an evolving surface FEM in
approximating the evolution of a surface, or the solutions of PDEs on an evolving sur-
face, can be greatly influenced by the mesh quality of the triangulation which forms the
approximate surface. One of the main difficulties is that the mesh often becomes dis-
torted as time grows unless some techniques are used to redistribute the mesh points;
see [l]. In order to overcome this difficulty, Barrett, Garcke & Niirnberg introduced
a fully discrete type of artificial tangential velocity which drives the mesh points to
move tangentially on the surface to improve the mesh quality; see [4,5]. The method
proposed by Barrett, Garcke & Niirnberg (which we refer to as the BGN method) was
designed and became successful for approximating geometric flows, including mean
curvature flow, Willmore flow, surface diffusion and Helfrich flow [2,5-1] with good
mesh quality. The BGN method has also been successfully applied to improve mesh
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quality of a stationary surface [b, Remark 4.3], and to other applications including two
phase flow [11,27], image segmentation [[14], and growth of structures [R-10,24].

An alternative approach to constructing artificial tangential velocities which could
improve the mesh quality of the approximate surfaces was proposed by Elliott & Fritz
in [21], where the tangental velocity is regarded as a kind of built-in reparametrization
by the DeTurck flow techniques. By this approach, a family of tangential velocity
for geometric flows which depends on an adjustable parameter was proposed in [21],
and error estimates were established for curve shortening flow on a two-dimensional
plane. The techniques were used in [3] for developing numerical methods, with rigorous
error estimates, for approximating forced curve shortening flow coupled to a reaction-
diffusion equation on the curve and in [44] for the finite difference discretization of
the mean curvature flow with convergence proof. It is also important to mention
that the jmproved nodal distribution can be also achieved by prescribing tangential
velocity _[24, 25], equilibrium of spring model [35] and the reparametrization of arc
length [13,115,33,42,43].

Albeit its success in improving the mesh quality, rigorous proof of convergence of
the BGN method for the various problems remains open due to the lack of explicit
formulation of the tangential velocity. The available error estimates using the DeTurck
flow also require the flow map to satisfy some parabolic evolution equations on the
evolving curves. The development of stable numerical approximations (with rigorous
stability and error estimates) for the numerical approximations to the surface evolution
in H using the BGN method and the DeTurck flow techniques is still challenging.

It is known that the spatially semi-digcretized BGN method ensures the equidis-
tribution of vertices for evolving curves [§]. Recently, it was shown in [30] that the
tangential velocity generated by the temporally semi-discretized version of the BGN
method formally tends to (as the time stepsize tends to zero) the velocity which
minimizes the following energy functional which represents the instantaneous rate of
deformation:

/ Vro(t)? (1.2)
(1)

under the constraint v(t)-n(t) = V(t), where n(t) is the normal vector on I'(¢) and V' (¢)
is the normal velocity of the surface in the corresponding geometric low. Motivated by
the above interpretation, we consider the following modified flow map, with a modified
velocity v, for describing the surface evolution governed by (ﬁ)

%X”(',t) =v(X"(-,1),1) on I'(0), (1.3a)
v-n=u-n on I'(t), (1.3b)
—Arv = kn on I'(%). (1.3¢)

The modified velocity v determined by ()f() is exactly the minimizer of the
energy functional [ |Vpo|? under the constraint v-n = u-n, with & being a Lagrange
multiplier in the constrained optimization problem. Therefore, the surface evolving
under the modified velocity v has the same shape as the surface evolving under velocity
u, but with minimal ipstant us rate of deformation at every time ¢ € [0,7]. The
novel formulation in ([L.34)—(|]1.3d) is regarded as a continuous limiting formulation of
the BGN method with an explicit description of the tangential velocity. Thus, the
approximation to (‘ﬁ? by the evolving surface FEM should reduce mesh distortion
compared with the numerical approximations which directly discretize ).
However, the direct application of the evolving surface FEM for ([L.3) does not
lead to good stability estimates. The r n is_that, bagsed on the stability and error
estimates of evolving surface FEM for (e@)f(ﬁ) in [30], the H'-norm error in ap-
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proximating v needs to be bounded by the H'-norm error in approximating n which,
however, depends on the piecewise H2-norm error in approximating X. This depen-
dence on the error of X (in terms of its second-order partial derivatives) is too strong
to be controlled in the stability and error estimates. This difficulty is overcome in [3(]
by recovering n through the parabolic evolution equations of n discovered by Huisken
for mean curvature flow [31] and by Kovécs, Li & Lubich for Willmore flow [37]. These
evolution equations of the normal vector were used to design convergent evolving sur-
face FEMs for mean curvature flow and Willmore flow in [30,36,37]. However, these
evolution equations highly depend on the specific geometric flows. Up to_the authors’
knowledge, no counterpart for the general surface evolution problem in (ﬂ) has been
derived in literature.

The objective of this article is to design a numerically stable evolving surface
FEM for solving (ﬁ) by establishing and utilizing the evolution equations of the
normal vector n and the extrinsic Weingarten matrix Vpn prope and prove the
optimal convergence of the numerical approximations. In Section S prove
that the normal vector n on the evolving surface I'(t) determined by ([L.3a)—([L.3q) can
be recovered by solving the following two transport equations of p : I'(t) — R? and
q:T(t) — R¥? and one elliptic equation of n : T'(t) — R%:

otp— ((v—u)-Vr)p=— —pp")(Vu)p, (1.3d)
d
97q — ((v—u)-Vr)g=p(v—u)'¢* - Z(I —pp")V?u;(I — pp")p;
+ qVupp” + p” Vupq — ¢(Vu)" (I — pp”)
— (I —pp")(Vu)g + pp" (Vro)'q, (1.3¢)
n—Arn=p—Vr-q, (1.3f)

where p = n and ¢ = Vrn are different notations of the normal vector_ and the Wein-
garten matrix, respectively. The key idea is that we delicately select (@)7() from
their various equivalent formulations in order to have the following two ad ag T
the numerical approximations. On the one hand, the evolution equations (&)7@)
can provide full order approximation to the geometrical quantities such as the normal
vector the Weingarten matrix. On the other hand, the normal vector n obtained
from (ﬁi) can satisfy the following requirement: By estimating n in terms of p and
q, and then estimating p and ¢_in terms of X and v, the L>(0,t; H')-norm error in
approximating n from solving @)7() can be bounded by the L>(0,¢; H')-norm
error of X and the L?(0,t; H')-norm error of v. In this way, the main difficulty in
the stability analysis for (@)7(@) (i.e., the dependence on the piecewise H?-norm
error in approximating X, as mentioned in the last paragraph above) can be circum-
vented, and the energy estimate for transport equation can be applied after paying
special attention on the integration by part argument in the framework of evolving
surface FEM for piecewise smooth surfaces. Accordingly, the L°°(0,¢; H')-norm error
of X and the L?(0,t; H')-norm error of v can be controlled in the stability estimates
by using Gronwall’s inequality.

In practice, ()7() require solving additional d? + 2d scalar functions on
evolving surface, with the computational cost compar, to solving (@)7(@)
herefore, the computational cost of solving (7(@3 is equivalent to solving
)7( [1.3d) without significant increase. In addition, the increase in computational
cost will be more acceptable for typical applications such as solving PDEs in a bulk
domains €2(t) with an evolvin un I'(t) = 08(t), as the computational cost of
solving the surface PDEs in (@)f(@; is often negligible compared with the com-
putational cost of solving PDEs in the bulk domain. This is demonstrated in the last
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numerical example in Example Q

The rest of this article is organized as follows. In Section 2, we introduce the basic
notations and formulas to be used in the construction and analysi thmerical
—(IL..31

method, and present the derivation of the evolution equations in ( () Then
we present the weak formulation and the evolving surface FEM for ), as well as
the corresponding matrix-vector formuation for practical computation. At the end of
Section 2, we present the main theorem on the convergence of the evolving surface FEM
for (@) In Section 3, we prove the stability and convergence of the evolving surface
FEM. In Section 4, we present several numerical examples to support the theoretical
analysis in this article and to illustrate the effectiveness of the proposed method in
improving the mesh quality of the approximate evolving surfaces. In addition, we
present an example to show the capability of the proposed artificial tangential velocity
in improving the effectiveness of the arbitrary Lagrangian—-Eulerian method for solving
PDEs on a domain with moving boundary.

2. The numerical scheme and main result. In this section, we introduce
the basic notations and formulas to be used in the construction and analysi olh_t_hﬂe
numerical method. By using these formulas, we derive the PDEs in ([L.3d)—([L.3{)

which are used to recover the normal vector n on t volving surface, which is needed
in determining the modified velocity v through (}@)—( Then we present the
weak formulation and evolving surface FEM for the system ([L.3), as well as the main
theorem on the convergence of numerical solutions.

2.1. Basic notations and formulas. It is known that for a smooth surface I'
with principle curvatures x; bounded by §~!, the distance projection onto I' is well
defined in a neighborhood of T, i.e.,

Qs(0) := {2 € RY : dist(z,T') < 6},
where dist(z,I") denotes the distance from x to I'; see [28, Lemma 14.17]. Namely, for
any point & € Q4(T), its distance projection a(#) € T is determined by
a(z) = & — dist(z, T)n(a(z),T), (2.1)
with n(a(Z), ') denoting the normal vector of I' at a(&). With the help of the distance
projection in (R.[), one can define the normal extension of u from T" to Qs(T") by

u' =uoa. (2.2)

The surface gradient of a scalar-valued function n € H!(T,R) is defined as a
column vector Vrn = (I — nn®)(Vn®)|r. The jth component of Vryn is denoted
by D;n. The surface gradient of a vector-valued function n € H(T',R¢) is denoted
by Vrnp = (Vrm, . 7Vpnd)7 with the columns being the surface gradients of the
components of u. The surface Hessian of 7 is defined as VZn = Vr(Vrn). Following
[12, Lemma 15], the surface Hessian is not symmetric. Moreover, the commutator
satisfies

[Di, D]]n = (Dle - DJ.Di)?] = TLiVFTLj . Vpn - nijni . VI"O (23)
Let A = Vrn € R¥*? denote the extrinsic Weingarten matrix.
For a function w defined on an evolving surface ;i) I'(t) % %t? the material

derivative of w with respect to the velocity of the evolving surface ([l.34)) is defined as

d
Ow(X"(x,t),t) = aw(X”(m,t),t), x € I'(0).
An important relation between the surface gradient and the material derivative is the
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following formula (see [@, Lemma 2.6]):
8;VF(t)’LU = vF(t) (8;’(1}) - (Vp(t)v - np(t)n?(t) (VI‘(t)'U)T)VF(t)’LU. (24)

e (T, E)-

Mt

)

Fig. 2.1. INlustration of n+ and p+, which lie in the same plane (Tx E

Next, we introduce the Stokes theorem on a closed, globally continuous piecewise
smooth surface I'y, = Ui I'p, i composed of smooth elements I', ;. We denote by £ the
collection of common edges of adjacent smooth pieces, and denote by P and H the
piecewise-defined tangential projection and mean curvature of I'j,, respectively.

Let £ be a common edge of two adjacent elements K and K_ as illustrated
in Figure R.1. Induced by the outward normal vectors n, the orientations of F as
boundary of K are indicated by unit vectors e,. The outward conormal vectors
are defined by p+ = e+ x ng on E. The jump of u at F is defined as [pu]g = py +p_.
Since ey + e_ = 0, we deduce

s = ex x (ny —n_). (2.5)
Suppose ny are close enough so that ny + n_ is nonzero, we denote the unit angle

bisector direction of ny as i := (ny +n_)/|ny +n_|. It is easy to verify that [u]g is
parallel to 7, i.e.,

[We = +[[pElh. (2.6)

For n € H'(I'y,,R%), by applying the Stokes theorem on each smooth T'j,; (see [@,
(2.2)]) and summing over all smooth pieces, we derive

/rhvrh'n:Z/,;"'[“]EJF/FhH("'")’ (2.7)

EcE
The following formula is derived directly.

/ h«v.wm.n:g[z - lils + [ P [H@n) (7, 0] | 28

Ece’E

2.2. Derivation_of ()—() For the evolving hypersurface I'(t) with veloc-
ity field v, following [12, Lemma 37|, the evolution of n is described by

ofn = —(Vru)n, (2.9)

which can be reformulated into a nonlinear perturbation of a transport equation by
using (@) and the Leibniz rule,

on=—(Vr(v—u))n— (Vru)n = (v —u) - Vr)n — (I —nn")(Vu)n, (2.10)

where the last equality uses the relation (v — u) - n =0 and the symmetry of Vrn.
Equation (| ) is exactly the evolution equation in ( ) with the notation p = n.
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By Leibniz rule, we have
D;((v —u);Djn) = Di(v—u);Djn+ (v —u);D;Din+ (v —u);[D;, Djn,
together with (@), (u—v)-n=0and A= Vrn, we obtain
Vr(((v—u)-Vp)n) = V(v —u)A+ ((v—u) - Vr)A+n(v —u)’ A2 (2.11)
Similarly, we can obtain
Viug = (I —nn")V2u (I —nn™) — AVrun® —n? Viug A. (2.12)
By taking surface gradient of () and using the identities in ()f(), we obtain
Vrdtn = Vr(w —u)A+ (v —u) - Vr)A+n(v —u)T A% — A(Vru)?

—n; (I —nn")V?u(I —nn") — AVun" —n"Vu,A). (2.13)
Then, combining (@) and (), we obtain the following evolution equation for A:
d
O#A=((v—u)-Vr)A+n(v—u)l A% - Z(I —nn")V2u;(I — nn™)n;
j=1
+ AVunn® + n*VunA — A(Vu)' (I —nn™)
— (I —nn")(Vu)A + nn™ (Vi)' A. (2.14)

Equation () is obtained by replacing n and A by p and ¢ in (), respectively.
Since p = n and ¢ = Vrn, it follows that n— Arn = p— Vr-q. This proves ()

. 2 3
For later convenience, let us denote U = (uy, Oy, U1, Op,a, )i ji=1,- .d € Ré+d"+d
and introduce smooth functions,

9(U,p,q,v,Vrv) = plv —u)" ¢* = q(Vu)" (I — pp") — (I = pp")(Vu)q + ¢Vupp”
d
+p" Vupq + pp” (Vro)Tqg =Y (I = pp")V?u;(I - pp")p;, (2.15)
j=1

fU.p)= — (I —pp")(Vu)p. (2.16)

2.3. The evolving surface finite element discretization. Given a closed
smooth initial surface T'(0) € R? and its admissible family of shape-regular and quasi-
uniform (see [18]) triangulations 7, with mesh size h, an isoparametric finite element
space Sp[x(0)] of degree k can be defined on the piecewise polynomial approximate sur-
face I'y[x(0)] as in [17], where x(0) = (21, ,zn) € R3N collects all nodes z; € T'(0)
that correspond to the degrees of freedom of Sy [x(0)]. With respect to the discretized
velocity vp,(t) € Sp[x(0)], the evolution of x(0) determines x(t) = (z1(¢), -+ ,xn(t))
and consequently the evolving approximate surface I'y[x(t)], which is represented by
a unique finite element function Xj,(-,t) € S,[x(0)] (the discrete flow map) satisfying

Xh(Ij,t):Jij(t), VjZI,...,N.

Then, the material derivative 07, of uj, defined on Usepo 7T (t) X {t} is defined as

. d

at,huh(ya t) = a’U/h(Xh(.’E,t%t), v Yy = Xh(xat) € Fh[x(t>]

The finite element basis functions of Sy[x(t)] are denoted by ¢,[x(¢)],7 =1,..., N,
which are pull backs of ¢;[x(0)] by the discrete flow map and satisfy the following
identities:

¢ix()] (2:(t)) = bij,  OFpo[x(H)] =0, i,j=1,...,N. (2.17)
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ith (-, )r, denoting the L? inner product on I';, the evolving surface FEM for solving
(1L.3) is to seek X}, € Si[x(0)]¢ and

(VR Kohs s Py @) € SulX(8)]? X Sh[x(8)] x Sulx(t)]? x Sn[x(8)] x Sp[x(t)]**
such that

W Xp(z,t) = vp 0 Xp(x,t) (2.18a)

(Vh - My Xi)T, = (U My Xi) T (2.18b)

(Vr,vh, V1, Xo)r), = —(KR1A, Xo)T), (2.18c)

(OF hpns Xp)rs — (((0n — u) - VI, )Py Xp)rs = (f(U,pR); Xp)10, (2.18d)
(O nans Xg)r), — (((vn —w) - V1, )an, Xg)r, = (9(U, Py @hs Vhs V1, 00), Xg)T,  (2-18€)
(s Xn)Ts + V1,10, V1, Xn) T, = (Phs Xn)Ty + (@, VT, Xn)Ty,,  (2.18f)

hold for all test functions
(Xws X Xns Xps Xq) € Su[x(£)]7 % Sp[x(t)] x Sp[x(£)] x Su[x(£)]" x Sp[x(t)]*.

Remark 2.1. ()7() can be used independently after choosing ny, as the
geometrical normal vector field of I'y, i.e, solving velocity by

(Vh T X )y, = (U My X)T, (2.19a)
<VFhUh7VFth>Fh = _<K/hnhaXU>gh7 (219b)

of Section]E (i.e., Example §.9), we can see that Scheme ) may improve the

mesh distribution on a surface but has lower accuracy than ( for high-order finite

elements. Theoretically, it is also djfficult to prove the stability and convergence of
(R.19) to the solution of ( —(|L.39).
(.18

The initial values for ) are chosen as follows. Given the initial isoparametric
interpolated surface I',[x(0)], we choose X} (-,0) = id|r,x(0y. The initial values for
pr and qp are set as the Lagrange interpolations of the exact functions. The error
estimates for the Lagrange interpolation guarantee the following result (see [17]):

195,(0) = p(0) || L2 (r(0)) + ll4(0) — q(O)|| L2r(oy S hFH, (2.20)

where we have used notation a < b to standard for the statement “a < Cb for some
constant C which is independent of h”.

where (-,-)& denotes the ma@lumping inner product. In the numerical experiments
%)

=

4. trix-vector formulation. In this section, we follow [36G, B8] to rewrite
()7( .18f) into a matrix-vector formulation. We denote by n, v, p and q the
vectors that collect the nodal values of ny, vy, pp and gy respectively. Since p, and gy,
are defined on T';,[x(t)] and take values in R% and R?*? separately, we explicitly write
down the entries of p and q. For i < N, k, ¢ <d,

Pli—1)d+e = (0n(Xn(i,1)))es A=)+ (k—1)d+e = (@n(Xn(@ist)))r,e-

The mass and stiff matrices corresponding to the finite element space Sp[x(t)] are
defined with the following entries, for ¢,j < N,

M;;(x) = / dilx]o;x],  Agj(x) = Vr,x®ilx] - Vo, xé5lx].  (2:21)
Tplx] Tnlx]
Let K(x) = M(x) + A(x). Define B(x,n) € RV* and E(x,v) € RV*N by
Bt = [ 60w, 1Sm<d (222
Fh X
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Bubev) = [ (00 Ty - (223)

Fh X

Let I be the dxd identity matrix and let ® denote the kronecker product, we introduce
M(x)=Mx) @ Il;, Alx) =Ax) oI, E9xv)=Exv)eI,.

We define the nodal vectors g(x,p,v,q) € RNxd* f(x,p) € RVX4 F(x,q) € RVxd

and the normal velocity V(x,n) € RY by requiring for xq € RNXdQ, Xp>Xn € RN xd
and x € RV,

x4 8%, P, v, q) = (U, P, @n, Vs VI, 00), Xg) Tpx)» (2.24)
xp£(x,p) = (f (U, pn), Xp)1, x> (2.25)
XEF(%,a) = (qhs VI, Xn )Ty [ (2.26)
X" V(x,n) = (- np, X)) [x- (2.27)

The matrix-vector form of (R.1§) can be formulated as follows,
X =v, (2.28a)
B(x,n)v = M(x)V(x,n), (2.28b)
B(x,n) 'k + Al(x)v = 0, (2.28c¢)
M (x)p — E (x,v)p = f(x, p), (2.28d)
M) (x)q — B (x,v)q = g(x, p, v, q), (2.28¢)
M (x)n + Al (x)n = M (x)p + F(x,q). (2.28f)

The superscripts of d will be omitted in later discussion for the sake of brevity.

2.5. Convergence of the numerical approximations. Let X; (-, t) € S,[x(0)]
be the interpolation of the smooth flow map X(-,¢) : T'(0) — R%. We introduce
the interpolated surface I'} (¢), which is the finite element surface determined by the
interpolated flow map X} (-, t) € Si[x(0)].

For a smooth evolving surface (thus the curvature is bounded uniformly with
respect to ¢t € [0,7]), there exists a sufficiently small constant hy > 0 such that for
h < hg the interpolated surface satisfies I'} (t) C 5(t) for all ¢ € [0,T]. For any finite
element function fj, € Sp[x(t)], we first identify f;, as an element in S, [x*(¢)] through
nodal vectors, and then lift it as in (é) into a function f defined on I'(¢).

The main theoretical result of this article is the following theorem.

eorem 2.1. We assume that the vector field u and the solution (X,v, k,p,q,n)
of (ﬁ are sufficiently smooth for t € [0,T). In particular, the flow map X : T x
[0,7] — R and its inverse map X(-,t)~ : T'(t) — T° are both sufficiently smooth,
uniformly with respect to t € [0,T]. Then there exists a constant hg > 0 such that,
for initial triangulations which are shape regular and quasi-uniform with mesh size
h < hg, the solutions to the evolving surface FEM in (@) with finite elements of
degree k > 2 satisfy the following error bounds,

HIdIéh(t) —Idrll @y S hE, o IXh (L) — X ) g1 roye S ¥,

loi (1) = v D) ryye S Ink () = nC )l e S Y

I Cot) = nC, Dl 2ans S B, gk (28 = Ven(, t) | ey S B
3. Proof of Theorem @

3.1. Error and Defect. Let x*(¢) be the nodal vector that collects the position
of T'} (t). We denote the position error by ex(t) = x(t) — x*(¢). Let v*(¢) denote the
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nodal vector of v} (t), which is the Ritz projection of v(t) defined by requiring
(1), Xo)rs (1) + (Ve 07 (1), Vs xo)rs (1) = (0(8), Xo)re) + (Vro(t), Vext)re, (3.1)

for all y, € Su[x(t)]%. The error bounds for Ritz projection follow from [34, Theo-
rem 6.3],

vy = vll 2y + R0y = vl @y + log = vllem) S P ollgeam.  (3:2)
Let &7, py, q;, and nj, be the Lagrange interpolations of the exact &, p, ¢ and n and let
K*, p*, 9", n* collect the corresponding nodal values. The nodal errors are denoted
asey, =v—vie, =k—K'ep=p—-p,eq=9q—q*, e, =n—n* ey =V(x,n) —
V(x*,n*). The consistency errors dy € RY, dy,dp,dn € R™ and dq € R¥N are
defined by requiring for xx € RN, Xv, Xps Xn € R and x4 € RN,

XeM*dy = (vj; - njy, xe)r; — (W15, Xe)Ts (3.3)

XeM*d,. = (K05, xo)r; + (Ve v, Vs Xo)rs (3.4)

XpM*dp = (97 upj, — (v, — u) - Vry)pi, = F(U.D}), Xp)r;. (3.5)

XqM*dq = (97 ,q;, — (v}, =) - Vr;)ar, — 9(U, Py, 45 05, Ve vh)s Xg)ry, (3.6)

XaM*dn = (nj, — pj, Xn)r; + (Vrini — @, Vs Xn)T; - (3.7)

Error equations are obtained as follows,

B*ey = (B* —B)v+M'ey — (M* -M)V — M*d,, (3.8a)
B*) e, + A%e, = (B)' =BTk + (A* — A)v — M*d,, (3.8b)
Mép, + E*p* —Ep = (M* — M)p* + f(x,p) — f(x*,p*) — M*dp, (3.8¢)
Méq +E*q" —Eq=(M"-M)q" + g(x,p,v,q) - g(x",p",v",q") — M*dq(»g 3d)

Ke, — Mep = (K* —K)n* — (M* —M)p* +F(x,q) —F(x*,q") — M*"d,. (3.8¢)

3.2. Geometric estimates on the intermediate surface. In this sectio e
recall some bilinear estimates in [36, B8] concerning M* — M and A* — A in @
Their proofs are based on the intermediate surface between I';, and T’ . Let I'? be a
finite element surface with nodal vector x = x* 4 fex. As 6 varies, the velocity field
e? € Sp,[x%] generates a map by : I') = I'; — I'?. The material derivative is defined by

03 F(bo(p)) = o f0u(p)), WP T}

Given a nodal vector w, we can define finite element functions wf € Sj[x?] such that
dgwf = 0. It is known that

2
||W||12\/I(x) = WTM(X)W = HwhHLz(Fh[x]) )

2 T 2
WA =W AW = [|Vr, xgwal| o g, ) -

(x)
2
W&o = W KE)W = [wnll g 0, )
W2 s = W ME)K ()™ M)W = [lwnl -1 1, )
According to [B6, Lemma 7.2 and (7.7)], when the following condition is satisfied,
IVr; eallooryy < 1/4, (3.9)
9



then

[Wllnxey is h-uniformly equivalent for 6 € [0, 1],

, (3.10)
so are the norms [[W||a(xe) and || Vo wy || e o).
The following results can be directly obtai from [38, Lemma 4.1].
Lemma 3.1. Suppose that condition (B.9) is satisfied. Then,
z' (M~ M)W 5 ||z]m- [lex|a- [wp ]| L rs), (3.11)
2T(A = A")w S 2lla- lexla- [V 0 o s (3.12)

The following lemma estimates some important geometric quantities on ') including
the normal, the piecewisely defined mean curvature pr and jump of conormal.

Lemma 3.2. Suppose that condition (@) is satisﬁed. Then,

1857p0 [l oo (rg) S Vs €all Loe(ry)- (3.13)

Furthermore, there exists hg > 0 such that for h < hg, we have
[ Hps llpoerey S 14+h7H Vs egllie (), (3.14)
10811l e 5oy S IV edlloo(rsy, Nl (mey S h* + IVrzedllpeors).  (3.15)

Proof. The first inequality () has been proved in [B8, Lemma 4.5] and it can
be directly obtained from the following analogy of (R.9)

ag’nrz = —(Vrieg)nri. (3.16)
Applying surface gradient to () and using (@) yield

gAY = vaemnre — A’(Vroen)" = (Vroeg — (npgnfy)(Vreeg) A, (3.17)

where A% = Vre npo denotes the piecewisely defined Weingarten matrix. By taking
trace, applying |tr(AB)| < ||A||r||B||r and inverse inequality, we obtain

105 Hra | < B[ Vro el poe o) + 147 - (3.18)

where || - || denotes the Frobenius norm. Furthermore, we have

IIAOIIF <105 4°||F < Z IV eaill e+ 3IlA° N P Vo 2l 7

=1
- 6 6
Sh Vo el r) + 14°) .

Using Gronwall’s inequality, and boundedness of ||A*||r from [L7, Prop. 2.3] yields
IA%)F S A" |F + 57" sup [ Vig ey

s€(o,

SNA e + R~ Vesedll e sy S 1427V el e (o). (3.19)

Then (@) is proved by combining ()7() and integration over [0, 6].

Let EY be the edge that joins two adjacent elements Ki on ny According to
(@)7 we obtain dgnf = —(Vro eg\Ki)ni. Then
0 0 0 0 0 0 0 0 0
d5In%. —n? 2 = 2(n?, — n, 93 (n%, —n?)) < n) —n® | Vs €2 o -
By using relation (@), we obtain the pointwise estimation

Opllulie| = 85 Inf — nl| S | Vryellliery)- (3:20)
10



By [17, Prop. 2.3, |[lllze(m+) < [Ins — il xer) + In— = il xer ) S h*. Inte-
grating () over [0, 6] yields

il o ey S Milllzoe =) + IVrs Rl ryy S BY + [ Vrpe@llomry).  (3:21)

3.3. Stability estimates. In this section, we present stability analysis for (@)
under the following assumption.

Assumption 3.1. There exists t* > 0 such that for t € [0,t*],

e lwes oz < hlE=172, ledllwoersy < plk=072, (3.22a)
e oo gy < BTV [l €Q]] oo gy < RV, (3.22b)
lepllzosrzy < h*D720 lef]| oo gy < BETD/2, (3.22¢)

At the end of this section we shall prove that Assumption @ holds for t* = T (when
h is smaller than some constant).

The estimates for the transport term in ()7() are presented in the following

proposition, where the jump terms of conormals are estimated using Lemma
Proposition 3.3 (Perturbation of the transport equation). Let k > 2 and

Z;;O, vh be _uniformly bounded in W1°°(T',[x*]). Suppose that condition (@) and
Assumption @ hold true. Then we obtain

e, (B(x,v)z—E(x",v*)z") < llex/li- + llevlRs- + lles]Ra-- (3.23)

The proof of Proposition @ relies on several lemmas established in the litera-
ture. For detailed proofs, refer to Proposition 2.7 in [17] and (A.4) in [30]. The only
difference is numerical suface I'y,_and it can be easily addressed using the norm
equivalence (@) under assumption B.1. Therefore, we omit their proof here.

Lemma 3.4. Let I, denote the interpolation into Sy[x]. Under Assumption @,
the interpolated function It,uw has the following error bound:

lu — Iryul| Lo (ry) + hllu = Iryull g,y S B2 (3.24)
Lemma 3.5. Under Assumption @, for wy, wy € Sp[x],
[wiws — Ir, (wiwa) || L2 v,y S PP Hlwill o) lwallws ) (3.25)

Proof. [Proof of Proposition @ We introduce the following finite element func-
tions on I'Y: vf = v 4 0e? and 2=z 4 0e?. By definition in (), we derive

e, (E(x,v)z — E(x / / ) Vo) (2 +0¢) - €2 = I + I.
d9 FO

For I, by the Leibniz rule, 9u = (e - V)u and (@), we have

*,0 . 0
Il / de /Fe VFB) €Zd9
1
/ / )= Vipo)zy, 0 OV - e0d +/ / (€2 — Ogu) ~Vre)z;’9 -e?do
ro " 0o Jre "

*,0
/ /1“9 VFSG )7+ Vpieznlﬂin%—‘z)(vz —u) - VFZ)Zh -e?de

S (lexllx- + [leviin-)

|esn- -

11



For I, we apply (@) to transfer the surface gradient from e, to v, — u and obtain

La
/ —0 | (v, —u)- Vo )el - eldf = / ((on —u) -V, e - e
| ,

do - Jre T
1
-3 [E |ez|2<vh—u>-wEh+/F o2 [Hr,, (vn = w) - 7, = Vi, - (o0 — w)] |
Epe&p v oh h

1 2

Next, we prove the smallness of |[(vy, — u) - nr, || o (r,) Which is implied by ()
We first apply the inverse inequality to the globally continuous piecewise polynomial
function (vp, — I, u) - ny, after employing the triangle inequality. Then we get

[(on =) -l ooy S R HICn = Iryu) - gl 2 + ([ (u — Ir, ) - np | o
S 7o —w) - npllzz + A7 (w = In,u) - npllze + [ (u = Ir,w) - e
Sh7HIwn = u) - nallzz + hlngllLe ), (3:26)
where t econd line results fro iangle inequality and the last line results _fro
Lemmaﬁ For the first term in @), we test x, = I, ((vp, — Ir, u) - np) in (

and obtain

=]

Sy

[(vn =) - nallL2r,) < I(on —w) -1 = Iv, ((vn = Ip,u) - nn) 2@,y (3:27)

By using the superconvergence result in Lemma @ after applying triangle inequality
to (B.21), we obtain

[(n — ) - nallL2qr,y S w—Io,u) - nallL2e,y + B2 lon — oyl g, Innllws e,

Combining the above results leads to
[(vn — ) - Loy S B (1 leoll i) + lezllzemny) (1 + llenllwroe,))-
The difference of nj, and nr, is estimated by inserting the normal vector of I'},
Inn = ney L) < lnk =13z ) + oyt = ney 0 b7 Loy
+ |lnry 0 byt = np, [ (ry)
S llenll ooy + B + lleallwroor,)-

For k > 2, Assumption @ yields the boundedness of e,, e, and e, in Wl"x’(Fh). By
combining the above two estimates, we derive that

[(wn =) - np, [lLoe(r,) S b+ llenllLe,) + lleallwror,)- (3.28)
Let Ej, be the common edge of the two adjacent elements K. By (@)7 we get
[(on — ) - [Wley |0y S 1(vn —u) - (nky + 1k )|z ) [l > (5,)
S (h A llenllLe(r,) + lleallwroe @)Kl = &),
where the last inequality is from () By using the trace inequality, we obtain

n= 3 [ @l b

Epeén

< (W + Vg el 0p) (h + lenlloe @) + lleallwroown) Y llealliz(a,)
En€€n

ShTHRY + (Ve el oo ooy ) (h+ €9l Loerp) + e lwree on)) €zl

12



The term Jy can be estimated by using Lemma @ and (), ie.,
T2 5 (1, o llon = ) -y s + 190, - (00 = 0l ) lealis-
S (L +h7HVrgegllze i) (h+ el sy + ez lwree rr))lleal3g
(1 [ledwro rg)llealli-

For k > 2, the estimates of Iy, J; and Jo lead to I1 + Iz < |lex||k- + |lev]|Zs +|lezl3s--
This proves the result of Proposition B.3. O

Lemma 3.6. Under Assumption |3.1, the following result holds for k > 2:
ev(KV(x,n) - K*V(x*,n) < ([lenllk- + lex/k-)levx-- (3.29)

Proof. Since K = M + A, we only need to prove the following result which
corresponds to A (the part corresponding to M is simpler and omitted):

ey (AV(x,n) — A"V (x",n")) < (lenllx- + [lex/x-)llev]a-- (3.30)

Let us abbreviate V(x*,n*) (see ()) as V*. Note that V* collects the nodal values
of Ppx(u-nj) € Sp[x*], where Pr: denotes the L? projection onto Sy, [x*]. Thus, we
derive

1
d
e{,(AV—A*V*)z/O @ ). vrﬁpre(u ny) - Vpoey,

1
= / DFB e VFG PFB (u nh) VF9 ev + VFB aepre (u nh) VFB 6V7
0 Fg

where Drgef = tr(E%) Iy — (E° + (E?)") and E° = Vpgel. According to [30, (3.21)],
the materlal derivative of L? projection has the expllclt formula,
03 Prg (- nf) = Prg (e - V)u-nf, + u-ef)) 4 Pry [(1 = Prg)(uw-nf) Vg -2

For the simplicity of notation, we denote

Ko = Vrgprﬁ(u -ng), Ki= Prg (u-ep),

Ky = sz(eg Vu-nj, Kz= Pr;{ [(I - Prg)(“ : TLZ)VF?L : 62]7
so that the expression of el,(AV — A*V*) derived above can be written as

LAV — A*V*) = /F (Dro€)Ko - Vroey, + Vo (K1 + Ko + K3) - Vo ey

h

By inverse inequality and Lemma @ we obtain
IVps Krllze < [Vpo Poo (I = Ira Y- )12 + Vs (I = Pro ) (Tpa - €6)]| 2
(Vo Upgu- )2
S = Ipg yu- efllge + Al pgullwroe e o + e
Likewise, we have
IVro Ksllzz S (1 = Prg)(u-n5) Vo - eglr2

_ *,0
LI = Pog) e my )Ml Vg - €Xlla + 10T = I) (- €d)ll 12 )
S lleallks + [lex]lk-
The other terms have no essential differences. Therefore, () is proved. O
Proposition 3.7 (Stability estimates). Suppose that k > 2 and Assumption
13



@ holds. There exists ho > 0 such that for h < hg, the errors in ()f (B.84) satisfy
the following stability results

t
2 2 2
llex(®) k- < /0 leviik- + llexllk- ds, (3.31)

lev(®) k- < llex(®)llx- + llen(®) k- + ldv(®)ln- + [[du(t)]Im-, (3.32)

t
lep(®)1Ra- < llep ()]s +/0 lexlli- + levle + lleplin- + lleqllRg- + lldplRa-ds.
(3.33)

t
leq(®)fx- < lleq(0)lIRa- +/0 lexl&- + llevlli- + llepllRa- + leqllRa- + [ldqllRs-ds,
(3.34)
lenllk- < lexlfa- + llep R + lleqlRg- + lIdnll3. (3.35)
Proof. The proof consists of three parts that correspond to_the velocity equa-
tion ()—(), the evolying normal and Weingarten matrix ()7() and the
recovered normal part (B.8¢) respectively.

Compared with [B0, (3.10b)—(3.10¢c)], the velocity part has the same form after
replacing the normal velocity from the mean curvature H in [30] to V. Then we
deduce that for k > 2 and ¢ € [0, t*],

lev(®)llx- < llex(®)llxs + llen(®)llk- + llev ()llx- + ldv(t)llm- + [|du(t)][n-- (3-36)
According to () in the preceding lemma,
levii- < levik = ev(KV — K*'V*) + ey (K" ~ K)V*
S (leallx- + llexlx-)llev k-, (3.37)
Substituting the estimation of ||ev |k~ into () yields ()

Inequalities ()7() are proved by employing the energy estimation to ()
and ( ith test functions ep and eq respectively an ing the bilinear error
estimate (B.23)._Here we only present a detailed proof of (

). A simjlar proof can
be applied to () by treating a simpler nonlinear term. Testing () with eq, we
derive

egMéq = eg(Eq - E*q*) + eZ(M* —M)q" + eqT(g —-g")— eZM*dq. (3.38)

By using Leibniz rule, [36, (7.11)] and norm equivalence (), the first term can be
estimated as follows,

. 1 +d 1d 1d
eqTMeq = —iegaMeq + T (eqTMeq) > —clleqllis- + iaﬂeq”%\d.
Applying () and (), we derive
eq(Eq—E'q") +eq (M —=M)q" < [lex|k- + llev[ig + lleqllRa-- (3.39)

By Newton-Leibniz formula, the third term can be rewritten as an integral,

1
. d
eq(8—8 ):/o @/1“9 9(U,pro,qro,vry, Vs vrs ) : egdf
h

1
= / / (859(U7PF,97QF?7’UF? ’ VF? ’UF?) + ngf : 62) : egdev
0 Fz v v v v v Y

where Pro, qro and Uro are finite element functions in Sy, [x?] corresponding to p* +fep,
q* + feq and v* 4 fey, respectively. Recalling the Assumption @ and the smooth-
14



ness of u, we deduce that ppe, gro, Ulpe and VU|ps are bounded in L>=(19), Upo s
bounded in W1>°(I'?). Then the smoothness (local Lipschitz) of g (see ()) yields
||9(U7Prgj,Qngvrgavrgvrg)”Lw(Fg) < Cand ”aig(UapFi,QFflaUFZvvFivFﬁ)”LW(FfL) <
C fori=1,---,5. This, together with

O5U = (e -V)U, 95pry =€)

. 0
p Osare =e

@ %Urg = e,
agvrgvrg = Vrg e — (vaL e — nre nfrpg(vrg GZ)T)VF;{UF;{»
implies that
eq(g—8") < llegllm- (lexllx- + lleplm- + lleglln- + flev/k-) -
Thus, () is obtained by integrating the following inequality from 0 to ¢,

d
37 leallRe- < lleallas + lldalRe- + lexic- + vl + lepla--

To prove (), we test () with e, and obtain
el'Ke, = e Me, +el (K*—~K)n* —el (M*~M)p* +el (F-F*)—elM*d,, (3.40)
where F and F* are abbreviations for F(x, q) and F(x*, gq*). Since |1} [ly1.r:) and
(

[P, | o 1z ) are bounded, using the bilinear estimations )-(B.12), we derive

eT(K* —K)n* — eT(M* —M)p* < [lenllk-|lex||ax-

n n

According to (), we obtain

1
d
T ) . 6
e, (F-F )—/0 W /1‘9 qre : Vpoe,do
h

1 1
= / / eg : VF}eLeZdQ +/ / qre Vrgeﬁvrg -eldo
0 Jr¢ 0 Jr¢

1
" /0 /p ary + (—(Vrgel = npgnpy (Vrgeq) ")) Vg e do
h

S llenllx-([leqlln- + llex/a-)-
By applying the norm equivalence () and Young’s inequality, we obtain

lenlli- < CegKen < Cllenllk- (llex/lax + lleplm- + leqllm- + [ldnll.)

1
< S llenllic- + clllexla- + llepllta- + lleallRe- + I dnl)-

By absorption, we finish the proof of () O

3.4. Error estimates. The following lemma of consistency estimates can be
shown by using the geometric perturbation errors between bilinear forms on the con-
tinuous surface and the interpolated surface. In particular, the estimation of ||dy||n=
and ||d,|lm+ can be found in [30, Lemma 3.9], and the estimation of ||dnl|+, [|dp||M-
and ||dq||m- is standard and therefore omitted.

Lemma 3.8 (Consistency estimates). Under the conditions of Theorem @,
the consistency errors defined in (B.3)—(B.1) satisfy the following estimates:
ldvlisae + ldelive + lldnll + lldp v + [[dgllme S B (3.41)

Since x(0), p(0), q(0) are chosen as Lagrange interpolations in the same way as

x*, p* and q*, we obtain e, =0, eq =0 an = (0. After solving n(0) and v(0) from
() and ()f()7 according to (B.39), (B.34) and Lemma B.§, the following
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bound can be satisfied for sufficiently small A,
lep(0)llna- + lleq(0)llna + llex(0)llx- + llen(0)x- + llev(0)[k- S A" (3.42)

By inverse inequalities and continuity, there exists t* > 0 such that the Assumpti

h for t € [0,¢*]. Then for k > 2, there exists ho > 0 such that for h < hg, (B.31))—

(@) and Lemma hold for t € [0,t*]. Without loss of generality, we can take

t* € [0,T] to be the supreme V&l@uclﬁat Assumption holds. By substituting
32

estimations of e, and e, into (B.31)-(B.32), we derive the following Gronwall type
inequality,

lex ()i + llep®)lIRa- + lleq(®)lRs-

t
S /O lex(s)ll&- + llep(s)IRa- + lleq(s)lIRg-ds

t
+/0 1y (8)Ra + ldw($)[Ra- + Idn ()12 + ldp ()R- + da(s) [ Ra-ds.

Using the consistency error bound in Lemma @, we obtain by Gronwall’s inequality
that

llex()ll- + llep(DIRa- + lea(®) x> < h"-
Consequently, by () and (), we obtain

lev (®)llx- + llen() - < A"

By the continuity of semidiscrete finite element solutions in time, the above estimate
still holds for [0, d]. By inverse inequality, there exists hy > 0 such that for h < hy,
the Assumption B.1| holds for [0, ¢, + §]. Hence we have t, = T and () holds for all
t € [0,7]. Thus, the proof of Theorem can be completed by combining the error
estimates of the Ritz jection and Lagrange interpolation of the projected solutions
introduced in Sectionﬁ.

4. Numerical examples. In this section, resent numerical examples to sup-
port the theoretical results obtained in Theorem by demonstrating the convergence
of numerical approximations and the improvement of mesh quality by the proposed
method. In addition, we present an example to show the capability of the proposed
artificial tangential velocity in improving the effectiveness of the arbitrary Lagrangian—
Eulerian method for solving PDEs on a domain with moving boundary. The evolving
surface FEMs in the bulk and the surface are both implemented by the open sourced
high performance Python package: NGsolve; see https://ngsolve.org.

Example 4.1 (Convergence of numerical approximations). We test the
errors and convergence rates of the proposed method by considering the evolution of
a hypersurface S(t) C R? with d = 2,3 under the velocity field

u(z,t) = z(1 —|z|), (4.1)

with S(0) = {z € R? : |2| = 1/2} being the circle/sphere of radius 1/2. In this
case, the sphere S(t) is a circle/sphere centered at the origin with radius r = r(t)
which satisfies the differentia] equation dr/d¢ = r(1 — r), and the modified velocity
v determined by (E%(@) coincides with the original velocity w on S(t). The
solution with initial condition r(0) = 1/2 is given by r(t) = 1/(1 4 exp(—t)).

We approximate the surface evolution by the proposed method with a semi-implicit
k-step backward differentiation formula (with & being the same of the degree of finite
elements in space), with a sufficiently small time stepsize so that the errors from time
discretization are negligibly small in observing the convergence rates of the spatial
discretizations. The H! errors of position, velocity and normal vector, i.e., ||ex| k-,
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llev|k- and ||en |k~ and the L? norm of errors in Q, i.e., |leqllis = lleplig- +lleqlis
are presented in Figure §.1. For both curves in 2D and surfaces in 3D, we observe
kth-order convergence with respect to_the mesh size h. This is consistent with the
theoretical result proved in Theorem P.1}.

= llexlln: 4 —— llexlln:
llells: 17 llevlls:
—o— llewll /. . —o— lleull:

1071 —— |leollx 10724 —*— |leoll.
-4 o(h?) -4 o(h?)

o

107°
0.1 0.2 0.4 0.6 0.1 0.2 0.4 0.6
h h

(a) Expansion of circles in 2D, k=2 (b) Expansion of spheres in 3D, k=2

-1
—= llexllw

o llexlln:
llevllin Ilevllin

—o— llenllin 1078 —o— Jlenlli:

102 = lleolle: —— lleglliz
-4+ 0(h?) -4 0(h%)

10°°

0.1 0.2 0.4 0.6 0.1 0.2 0.4 0.6
(c) Expansion of circles in 2D, k=3 (d) Expansion of spheres in 3D, k=3

Fig. 4.1. Errors of numerical solutions at T =1/8 (Ezample B}

Example 4.2 (Improvement of sh quality). We consider the evolution of
a curve ['(t) C R? under velocity field (ﬁ), with initial condition

F(O):{(x,y)eRzz (x—i)Q—F(y—i)Z:i}. (4.2)

The evolving curve is approximated by using the proposed method in () with finite
elements of degree kK = 3 and the semi-implicit Euler method in time discretization.
The trajectories of the mesh_points given by velocity field v and the proposed method
are demonstrated in Figure}@ (b) and (c), respectively. Clearly, the proposed method
effectively improves the mesh quality on the evolving curve.

Next, we consider an evolving surface I'(t) = {(z,y,2) € R3 : ¢(z,y,2,t) = 1}
described by a level set function

22 Y2 52
ooy 5t = 5n e +G(L2(t)>'
with G(s) = 200s(s —199/200), a(t) = 0.1 4+ 0.05sin(27¢) and L(t) = 1+ 0.2sin(4nt).
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(a) The velocity field u (b) Trajectories under velocity v (c) Trajectories in our method

Fig. 4.2. Evolution of a curve I'(t) under velocity field u (Example @)

The surface evolves under the following velocity field:

_gotho
Vel?

This example is considered in [@] for illustrating the importance of using tangential
motion to improve the mesh quality of a discrete surface.

Using the same initial mesh, we compare the perform of the proposed method
with k& = 1 and k = 4, the direct method, and Scheme (@) with finite element
degree k = 1 and k = 4 in approximating the evolving surface at T = 0.6. Figures@
shows the initial mesh and the approximate meshes at T' = 0.6.

w(@,y, 2,t) = (4.3)

;:
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(a) Initial mesh (b) Scheme (R.1§), k=1
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Fig. 4.3.  Ewvolving surface at T = 0.6 com; by the prop method (k =1 in (b) and
k=41in (c)), ﬁ direct method (d) and Scheme (R.19) in Remark (k=14in (e) and k =4 in
() (Ewample [.9).

mpared to the clustered mesh obtained using the exact veloci eld (i.e., Fig-
ure (d)), the numerical results show that the proposed Scheme (%) with k =4
improves the mesh quality while keeping accurate in approximating the shape of the
surface, while the proposed Scheme @) with £ = 1 is inaccurate in approximating
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the shape of the surface. Scheme ( yith £ = 1 also improves the mesh quality
but with less accuracy, while Scheme () with k = 4 leads to worse results instead
of higher accuracy.

The numerical results indicate that the proposed Scheme (R.1§) with high-order
finite elements can improve both mesh quality and accuracy in approximating the
shape of the surface. It is also the only scheme among these that is proved convergent
to the exact surface evolution.

Example 4.3 (Improvement of mesh quality). We consider the following
velocity field:

w(a,t) = x(1 — |2[?) + (1.2 - 0,2|~L2|) (=2, 21). (4.4)
x
As visualized in Figure @, the velocity field rotates anticlockwise. The evolutions of
the curve I'(¢) under the velocity field in (4.4) with initial condition
L(0) = {(z1,22) : a1 ]* + 9Ja|* = 1}

by the direct method (i.e., mesh points move with velocity u) and the proposed method
are presented in Figure . The proposed method significantly improves the mesh
quality for this example again.
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(a) The velocity field u (b) Evolution under velocity v (c¢) Evolution in our method

Fig. 4.4. Evolution of a curve I'(t) under velocity field u (Ezample E}

Example 4.4 (PDEs in a domain with moving boundary). In the last
example, we demonstrate the effectiveness of the proposed method in combination
of the arbitrary Lagrangian—Eulerian method for solving PDEs in a domain with a
moving boundary, i.e., the parabolic equation

Ohp— Ap=f (4.5)

in do Q(t) with its boundary I'(t) = 0€(f) evolving under the velocity field
u in @? By the arbitrary Lagrangian—FEulerian method, we solve the following
reformulated equation:

Fo—(w-V)p+Ap=f, (4.6)
where w is the mesh velocity and 07 denotes the material derivative with respect to
w. The mesh velocity in the bulk domain Q(#) is obtained by a harmonic extension of
the boundary velocity. Thus the direct method solves the bulk PDEs with boundary
mesh points moving under velocity u, while the proposed method solves the bulk PDEs
with boundary mesh points moving under a modified velocity with tangential motion
determined by solving some boundary PDEs.

The influence of the proposed method on the mesh quality in the bulk domain
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can be clearly observed in Figure @ Compared with solving PDEs in bulk domain,
tational cost of solving boundary PDEs is relatively small, as presented in

the co
Figuren@‘.
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Fig. 4.5. ALE moving mesh at t = 4 with finite elements of degree k = 3.
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Fig. 4.6. CPU time per time step for solving the bulk and boundary PDEs.

10-!
102
5 5
b5 5}
% L1073
N =
s S
= v
4 L
10
63 -
& -e- The proposed method e -e- The proposed method
e ~e- The direct method o ~e- The direct method
pg —a— 0(h3) 105 gt —a— O(h%)
4x10” 6x10" 10°1 4x10” 6x 10~ 10T
h h

(a) Finite elements of degree k = 2 (b) Finite elements of degree k = 3

Fig. 4.7. L>=(0,T; L?) errors of the numerical solutions to (@)

The errors ef and e:"; of the numerical solutions up to time T" = 4 given by the
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direct method and the proposed method, respectively, in approximating the exact
solution ¢(z,t) = log(2 +t) + exp(z? + y?) (with f and Dirichlet boundary condition

ermined by this exact solution), are presented in Figure §4.7. From Figures @ and
ﬁ we see that the proposed method is about 100 times more accurate than the direct
method with roughly the same CPU time.

5. Conclusions. We have presented a novel evolving surface finite element method,
by constructing an artificial tangential velocity based on novel equivalent formulation
of the continuous problem, for computing the evolution of hypersurface under a smooth
prescribed velocity field in R?, d = 2,3. We have proved the stability and optimal-
order convergence of the proposed method for finite elements of degree k > 2, and have
illustrated the effectiveness of the constructed artificial tangential velocity in main-
taining good mesh quality of the evolving surfaces through the numerical examples.
Moreover, the application of the proposed method in solving PDEs in an evolving
bulk domain has revealed the great benefit from the proposed method in decreasing
the error of numerical solutions without essentially increasing the computational cost.
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