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VARIABLE SCHEMES FOR GRADIENT FLOWS*
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Abstract. We develop several efficient numerical schemes which preserve exactly the global
constraints for constrained gradient flows. Our schemes are based on the scalar auxiliary variable
(SAV) approach combined with the Lagrangian multiplier approach. They are as efficient as the SAV
schemes for unconstrained gradient flows, i.e., only require solving linear equations with constant
coefficients at each time step plus an additional nonlinear algebraic system which can be solved at
negligible cost, can be unconditionally energy stable, and preserves exactly the global constraints for
constrained gradient flows. Ample numerical results for phase-field vesicle membrane and optimal
partition models are presented to validate the effectiveness and accuracy of the proposed numerical
schemes.
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1. Introduction. Gradient flows are ubiquitous in science and engineering ap-
plications. In the last few decades, a large body of research has been devoted to
developing efficient numerical schemes, particularly time discretization schemes, for
gradient flows. We refer to the recent review paper [9] and the references therein, for a
detailed account on these efforts; see also [21, 22] for a presentation of the newly devel-
oped invariant energy quadratization (IEQ) method [24, 26] and the scalar auxiliary
method (SAV) method (cf. [20, 21, 7]) which have received much attention recently
due to their efficiency, flexibility, and accuracy. However, most of the research in
this area is concerned with unconstrained gradient flows. But many gradient flows in
physical, chemical, and biological sciences are constrained with one or several global
physical constraints, e.g., the norm of multicomponent wave functions is preserved in
multicomponent Bose-Einstein condensates [2], the norm of each component is pre-
served in optimal eigenvalue partition problems [4, 8, 11], the stress is constrained
to be negative in topology optimization problems [19, 15], the volume [16, 10] and
surface area are preserved in the phase field vesicle membrane model [12, 23, 7, 14],
and many others in constrained minimizations.

A highly desirable property of numerical algorithms for gradient flows with phys-
ical constraints is to be able to satisfy the energy dissipation law while preserving
the physical constraints. But how to design numerical schemes which are energy
stable while enforcing physical constraints, such as mass, norm, or surface area con-
servation, is a challenging task. A straightforward approach is to use the method
of lines. Namely, first discretize the system in space, leading to a system of differ-
ential algebraic equations (DAEs), then use a suitable existing technique for DAEs
(cf. [3, 1, 18] and the references therein) to solve it. A drawback of this approach is
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that for multi-dimensional problems, the size of the DAE system can be exceedingly
large for the solver based on DAESs to be efficient. An alternative is first to construct
a suitable discretization in time, then to use a Galerkin-type discretization in space
so that nice properties of time discretization such as energy stability and constraint
preserving can be carried over to the fully discretized schemes. In this paper, we shall
concentrate on the time discretization. Two popular approaches to enforce constraints
in a gradient system are the following:

e Penalty approach: add suitable penalty terms in the free energy and consider
the unconstrained gradient flow with the new penalized free energy. Its ad-
vantage is that efficient numerical methods for unconstrained gradient flows
can be directly applied, and in principle one can approximate the constraints
to within arbitrary accuracy by choosing suitable penalty parameters. Its
disadvantage is that large penalty parameters, which are needed for more ac-
curate approximation of the constraints, may lead to very stiff systems that
are difficult to solve efficiently. This approach is used in [23, 25, 7, 17] for the
vesicle membrane model and in [27] for the multicomponent Bose-Einstein
condensates.

e Lagrangian multiplier approach: introduce Lagrangian multipliers to enforce
exactly the constraints. This approach is studied mathematically in [5] and
numerically in [11] for the optimal eigenvalue partition problem. The main
advantage is that the constraints can be satisfied exactly, while its drawback
is that it will lead to difficulty in solving nonlinear systems at each time step.

The goal of this paper is to develop efficient time discretization for gradient flows
with global constraints using the Lagrangian multiplier approach. To this end, we
shall combine the SAV approach [21] with the Lagrangian multiplier approach [6],
hoping to construct schemes which enjoy all advantages of the SAV schemes but can
also preserve the constraints exactly using the Lagrangian multiplier approach with
negligible additional cost. Three different approaches will be considered: (i) The
first one is a direct combination of the SAV approach with the Lagrangian multiplier
approach. The scheme is easy to implement but we are unable to prove that it is
unconditionally energy stable. (ii) In the second approach, we replace the dynamic
equation for the SAV by another Lagrangian multiplier so that the scheme becomes
unconditionally energy stable, but leading to an additional coupled nonlinear algebraic
system for the two Lagrangian multipliers to solve at each time step, instead of a
nonlinear algebraic equation for just one Lagrangian multiplier in the first approach.
(iii) In the third approach, we combine the advantages of the first two approaches
to construct a scheme, which is unconditionally energy stable, such that the two
Lagrangian multipliers can be determined sequentially, instead of a coupled system in
the second approach. All three approaches have essentially the same computational
cost as the linear SAV scheme, presented in section 2.1, which is extremely efficient
and easy to implement but can only approximate the constraints up to the order of
the scheme. Our numerical results indicate that the first and third approaches are
generally more efficient and robust than the second approach.

The remainder of this paper is structured as follows. In section 2, we present a
general methodology for gradient flows with one global constraint and propose three
different approaches to devise efficient numerical schemes which can enforce exactly
the constraint. In sections 3 and 4, we apply the general methodology introduced
in section 2 to the phase field vesicle membrane model with two constraints and to
the optimal partition model with multiple constraints, respectively. In section 5, we
present numerical experiments to compare the performance of the three approaches
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and the penalty approach and present several numerical simulations for the phase field
vesicle membrane model with two constraints and to the optimal partition model with
multiple constraints. Some concluding remarks are given in section 6.

2. General methodology to preserve global constraints for gradient
flows. We present in this section a general methodology to preserve global constraints
in gradient flows. To simplify the presentation, we consider here single-component
gradient flows with a single global constraint. The approaches developed here will
be extended to problems with multicomponents and multiglobal constraints in the
subsequent sections.

To fix the idea, let Q be a bounded domain in R?, (-,-) be the inner product in
L?(€), and || - || be the associated norm in L%(2). We also denote by || - ||z the usual
Sobolev norm in H*(Q).

Let F(¢) be a nonlinear potential and £ be a self-adjoint linear nonnegative
operator in L?(Q), i.e.,

(2.1) <L, ¢ >=(L126,L12) = ||L1%9]2.
For example, L = —A with periodic or homogeneous Neumann boundary condition.
We consider the minimization of a total free energy in the form
1

(22) B(0) = [ 5£0-0+ F(o)da,
under a global constraint

d
(2.3) ﬁH(qﬁ) =0 with H(¢)= / h(¢)de,

Q

where h(¢) is a function of ¢.
This constrained minimization problem can be interpreted as the following gra-
dient system with constraint [4, 11]:

b= —G (c¢+ F(g) - A(t)‘ff;) ,
d
aH(éb) =0,

where A(t) is a Lagrange multiplier introduced to enforce the constraint, and G is a
symmetric positive operator in L2(Q), i.e.,

(2.4)

(2.5) <Go,0>=(G"29,G'%9) = |G *¢|%,
describing the relaxation process of the system. For example, G = I represents the
L? gradient flow while G = —A with periodic or homogeneous Neumann boundary

condition represents the H~! gradient flow.
Let us denote u = Lo + F'(¢) — )\(t)‘;—g and take its inner product with —¢; on
both sides, and sum up with the inner product of the first equation in (2.4) with g,

we obtain the following energy dissipation law:

d

(2.6) EB(g) =~ < Gpp>< 0.

We shall first construct a linear scheme based on the SAV approach which only
approximates the global constraint, followed by three “essentially” linear schemes
which enforce exactly the global constraint while retaining all essential advantages of
the SAV approach.
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2.1. A linear scheme based on the SAV approach. We start by con-
structing first a linear scheme based on the SAV approach for (2.4). Assuming

Jo F(¢)de > —Cj for some Cy > 0, we introduce a SAV r(t) = 4/ [, F(¢)dx + Cy
and rewrite (2.4) as

(2.8) p=Lo+ r(t) F(g) - 22
o F(6)da + Co 0¢

(2.9) L) =0,

(2.10) " ! (F'(6), 60).

- QQ/fQF((ﬁ)dil:"f'Co

Taking the inner products of the first two equations with g and —¢y, respectively,
summing up the results along with the fourth equation, and using the third equation,
we obtain the following energy dissipation law:

d

(211) S B(é) = —(Gu. ),

where E(¢) = Jo %Lgb -¢dx +1? is a modified energy. Then, a first-order SAV scheme
for the above modified system is

¢"+1 — ¢n — n+1
(2.12) — = —Gpu"t,
n+1 n
(2.13) =Lt 4 e F'(¢") — At @H) :
o F(#m)dz +Cy B
SH\" el 2\
g 1 n+l _ 4n
by (i 27257
2\/f9 F(¢m)dz + Co

As for the stability, we have the following result.

THEOREM 2.1. The scheme (2.12)—(2.15) is unconditionally energy stable in the
sense that

E(¢"h) — E(¢") < —At(Gu" T, u" ),

where E(¢F) = [, $L¢" - ¢Fdx + (rF)2.

. . . n . n+l__n
Proof. Taking the inner products of (2.12) with z"t! and of (2.13) with —2 5 21

summing up the results, and taking into account (2.14)—(2.15), we obtain the desired
result. |

We now show that the above scheme can be efficiently implemented. Writing

(216) ¢n+1 _ ¢?+1+An+l¢g+l’ lunJrl _ H;L+1+)\n+lﬂg+17 Tn+1 _ TIL+1+A’I’L+1T;+1
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in the above, we find that (qi)?“, ,u?'H, 1) (i = 1,2) can be determined as follows:

K2

g1t —on n+1
2.1 L EE A
( 7) St Hy ’
7,n—0—1
(2.18) T = Lo+ ' F'(¢"),
\/fQ F(¢m)dz + Co
n+l _  n n+l . n
(219) A= = <F’<¢">, A ) ;
ot 2\/ [y F(¢™)da + Cy ot
and
(2.20) i —Gus™t!
St 2
n+1 n
21) gt = Lot Fen-(5)
\/ Jiy F(¢m)da + Co ¢
n+1 n+1
(2) - ! (F’<¢”>, a ) |
2\/fQ F(¢m)dz + Cy
Since ’I“;H_l (1 = 1,2) is just a constant which can be easily eliminated by using a

block Gaussian elimination, each of the above solutions can be obtained by solving
two linear systems with constant coefficients of the form (cf. [21] for more detail):

(2.23) <A1£tl _gl) (i) =b.

Once we determine (¢7T!, p' ™t r?*1) (i = 1,2) from the above, we use (2.14) to

% %

determine A"t explicitly by

(2.24) A+ = ((ig)n, nl _ ¢n> / ((CZ{)", ;‘“) _

Hence, the scheme is very efficient. However, the global constraint (2.9) is only ap-
proximated to first-order. While we can easily construct second-order energy stable
SAV schemes which approximate (2.9) to second-order, we cannot preserve (2.9) ex-
actly. Below, we show how to modify the scheme (2.12)—(2.15) so that we can preserve
(2.9) exactly while keeping its essential advantages.

2.2. The first approach. The first approach is simply to replace the first order
approximation of (2.14) by enforcing exactly (2.9). More precisely, a modified first-
order scheme is as follows:

¢n+1 _d)n B -
(2.25) — = —Gu + 7
n+1 n
(2.26) = Lot 4 e F'(¢") — Ant1 (fSH) :
\/fQ F(¢m)dx + Co ¢
(2:27)  H(¢") = H(¢"),
n+1 n ntl n
2y T ! (Friam, ©2 )
o[l Flendz+ Gy o
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The above scheme can be implemented in essentially the same procedure as the scheme
(2.12)—(2.15). Indeed, still writing (¢"!, u"*1) as in (2.16), we can still determine
(pp Tt ul i = 1,2) from (2.17)—(2.19) and (2.20)—(2.22). The only difference is
that we now need to determine \"*! from (2.27) which leads to a nonlinear algebraic
equation for A"*1:

(2.29) (A(@ + Ao ™h) — h(e"),1) = 0.

Remark 2.1. The complexity of this nonlinear algebraic equation depends on
h(¢). For example, if h(¢) = ¢* as in some applications, it will be a quadratic
equation so it can be solved directly and exactly using the quadratic formula. For
more complicated h(¢), the nonlinear algebraic equation (2.29) here, and in other
schemes to be presented, can be solved by a standard Newton iteration. It is well-
known that the convergence of the Newton iteration depends on a good initial guess.
We can use the linear scheme (2.12)—(2.15) to produce a good and reliable initial guess
so that the Newton iteration will converge very quickly with negligible cost. Hence,
the system (2.25)—(2.28) is “essentially” linear as it involves a linear system plus a
nonlinear algebraic equation and can be efficiently solved.

Next, we examine the stability of scheme (2.25)—(2.28).

PROPOSITION 2.1. Let {¢*, u¥, A\ 7%} be a solution of the scheme (2.25)-(2.28).
Then, the following energy law is satisfied unconditionally for all n:

~ ~ n+1
(230) B B X ) (6~ 6), 67— 6 <~ at(Gun ),

where )
E" = §(£¢n’¢n) 4 (rn)Q.

Proof. Taking the inner products of (2.25) with y"*1, of (2.26) with —¢n+;t_¢n,
and of (2.27) with 27”1 summing up the results, we obtain

% {(La™ T, ") — (L™, ¢™) + (L("TH — ¢™), 0" T — ™)}
(2.31) + %{(TnJrl)Q — (7‘”)2 + (T"Jrl _ Tn)2}
= — (gun+1’un+1) 4 pnt ((g)n’ ¢n+15t_ ¢n) |

By Taylor expansion, we have
(2.32)

o -ion 0 = (55

o
We can then conclude from the above two relations. 0

Remark 2.2. Assuming h'(¢) > 0 for all ¢, then if A»*1 > 0 for all n, the above
result indicates that the scheme (2.25)—(2.28) is unconditionally energy dissipative.
Note that for some applications, we have h”(¢) > 0 and one can show that A(t) > 0
(cf. [5]). But we are unable to show in general A"™! > 0 for all n. However, our
numerical results indicate that this is true at least for the examples we consider in
this paper.

) €6 )0 - )
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2.3. The second approach. The main drawback of the first approach is that
we cannot rigorously prove that the scheme is energy dissipative. We present below
an approach which is as efficient as the first approach but is energy stable. The key
idea is to introduce another Lagrange multiplier 7(¢) to enforce the energy dissipation.
More precisely, we rewrite (2.7)—(2.10) as follows:

(2.33) 06 = —G,
(2.34) 1= Lo+ n(t)F($) - A(t)‘;—j
(2.35) % /Q h(@)dz = 0,

d

(2.36) F(@)dz = n(t)(F'(6). 6) — A1) <5H @) |

0¢
Note that the last term in (2.36) is zero thanks to (2.35). We added this zero term
here for the sake of constructing energy stable schemes below.

Taking the inner products of the first two equations with p and —¢;, respectively,
summing up the results along with the fourth equation, and using the third equation,
we obtain the following energy dissipation law:

d

(2.37) GE©) =),

where FE(¢) is the original energy defined in (2.2).
For example, a second-order scheme based on Crank—Nicolson can be constructed
as follows:

dt Ja

n+1l _ in
(238) % = _gun+1/27
t
*,n+1/2
(239) ,U/n+1/2 — £¢n+1/2 + nn+1/2F/<¢*,n+1/2) _ )\'IL+1/2 (g) )
(2.40)  H(¢"*') = H(¢"),

(241) /QF((ZSTL+1) - F(¢n)d$ = 77”+1/2(F/(¢*’n+1/2)’ ¢n+1 _ ¢n)

_ pntl/2 ((M)*’HH/Z Pt — ¢”)
6¢ bl b

where fmH1/2 = L(frHl 4 fm) and fon Y2 = L(3f™ — f771) for any sequence {f"}.
Note that unlike in the continuous case, the last term in (2.41) is no longer zero; it is
a second-order approximation to zero. This term is necessary for the unconditional
stability stated below.

THEOREM 2.2. Let {¢*, u* \*¥ n¥} be a solution of the scheme (2.38)-(2.41).
Then, the following energy law is satisfied unconditionally for all n:

E(¢") = B(¢") = = ot(Gu" 2, p ),

where E(¢) is the original energy defined in (2.2).

Proof. Taking the inner products of (2.38) with p"*1/2 and of (2.39) with
¢n+;t_ ¢ summing up the results along with (2.41), we immediately derive the

desired results. O
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The above scheme can be efficiently implemented as the previous two schemes.
Indeed, writing

(2.42)
¢n+1 _ ¢’£L+1 +nn+1/2¢72L+1 + )\n+1/2¢§+17 Mn+1 _ M;z«kl +nn+1/2ur21+1 + )\n-i-l/QMg,Jrl

in the scheme (2.38)—(2.41), we find that (¢7"", u™') (i = 1,2,3) can be determined
as follows:
n+1 _ ¢n

n+1/2
(2.43) IT = —Guy 2,
(2.44) T
n+1 +1/2
2.45 2 = —Guy
( ) 5t gl’[’2 )
(2.46) u;,+1/2 _ £¢721+1/2 I F/(¢*,n+1/2);
and
n+1 +1/2
2.47 3 = —Guy
( ) ot gﬂg ’
SH *,n+1/2
+1/2 +1/2
(2.48) st = Loyt - (5¢> :
The above three linear systems with constant coefficients can be easily solved. Once
we determine ((b?“,p?“) (i = 1,2,3) from the above, it remains to solve for

(™12, An+1/2) " To this end, we plug (2.42) into (2.40) and (2.41), leading to a
coupled nonlinear algebraic system for ("+1/2, \»*+1/2), The complexity of this non-
linear algebraic equation depends on F'(¢) and h(¢).

Remark 2.3. The coupled nonlinear algebraic system for (n™*1/2, \»+1/2) can be
solved by Newton iteration. Since the exact solution for n(t) is n(t) = 1, we can
use 1 as the initial guess for n”*1/2 and still use the linear scheme (2.12)-(2.15),
or its second-order version based on Crank—Nicolson, to produce an initial guess for
A"T1/2 With this set of initial guesses, the Newton iteration for the coupled nonlinear
algebraic system would converge quickly if At is not too large.

2.4. The third approach. In the second approach, one needs to solve a coupled
nonlinear algebraic system for ()\"+1/ 2 gt/ 2). The Newton’s iteration may fail to
converge if dt is not sufficiently small. We propose below a modified version in which
one can solve \"1/2 first as in the first approach and then determine 5"t'/2 from a
nonlinear algebraic equation:

n+1l _ in
(2.49) % — _gun-‘rl/Z’

*,n+1/2
(250) V2 = L@t/ g L2 el /2y \n1 /2 (5H> ’

3¢
(2.51)  H("*') = H(¢"),

(2.52) /QF((bn-i-l) - F((;Sn)dil: _ 77n-|—1/2(};‘/(¢>|<7n+1/2)’¢n-»,-1 B ¢n)

o )\n+1/2 ((51{)*’"+1/2 ¢Tl+1 _ ¢n>
5 ) ’
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where fn+1/2 = L(fnH+l 4 fm) and frortl/2 = 1(3fm — 1) for any sequence {g"},
and ¢"*! is defined as follows: Writing (¢"*!, u"*!) as in (2.42) and plugging in
(2.49)—(2.50), we can determine (¢t i = 1,2,3) (2.43)—(2.44), (2.45)—(2.46), and
(2.47)(2.48) respectively. Then, we set ¢"t1 = ¢! 4 gnt 4 \nt1/240+1,

Remark 2.4. The only difference between the above scheme and the scheme
(2.38)—(2.41) is that ¢! in (2.40) is replaced by ¢"*! in (2.51) which is independent
of 77”*1/ 2. This is reasonable since 7]”*1/ 2 is an approximation of 1. As a consequence,
A"1/2 and n"t1/2 can be decoupled as shown below.

The scheme (2.49)—(2.52) can be efficiently implemented as follows:

e Solve (@7t it i = 1,2,3) from (2.43)-(2.44), (2.45)~(2.46), and (2.47)-
(2.48).

e Determine \"*1/2 from (2.51). This is a nonlinear algebraic equation for
A"+1/2 150 it can be solved with Newton iteration by using the linear scheme
(2.12)—(2.15), or its second-order version based on Crank-Nicolson, to pro-
duce an initial guess for A" +1/2,

e With A"*1/2 known, plugging ¢"+1 = ¢+t 4 /20 4 An+1/240% 1 into
(2.52) leads to a nonlinear algebraic equation for n™1/2 which can be solved
by a Newton iteration with n"*t1/2 =1 as the initial condition.

e Finally we obtain (¢"1, u"*1) through (2.42).

As for the scheme (2.38)—(2.41), we can easily establish the following result.

THEOREM 2.3. Let {¢*, ¥, \F 0%} be a solution of the scheme (2.49)—(2.52).
Then, the following energy law is satisfied unconditionally for all n:
E(@""") = B(¢") = = 6t(Gu"TV2, T2,
where E(¢) is the original energy defined in (2.2).
Proof. Taking the inner products of (2.49) with u"*1/2 and of (2.50) with

¢n+;t_ ¢ summing up the results along with (2.52), we immediately derive the

desired results. O

2.5. Stabilization and adaptive time stepping. For problems with stiff non-
linear terms, one may have to use very small time steps to obtain accurate results
with any of the three approaches above. In order to allow larger time steps while
achieving desired accuracy, we may add suitable stabilization and use adaptive time
stepping.

2.5.1. Stabilization. Instead of solving (2.4), we consider a perturbed system
with two additional stabilization terms,

¢t = —Gp,
-r r I /\5H
(2.53) p=LP+ e1dy + 2Ly + F'(p) — 3"
d
ZH() =0,

where €;, i = 1,2, are two small stabilization constants whose choices will depend on
how stiff the nonlinear terms are. It is easy to see that the above system is a gradient
flow with a perturbed free energy Ec(¢) = E(¢)+ 5 (91, @) + F (Lbs, ¢¢) and satisfies
the following energy law:

d

(2.54) =

E(¢) = —(Gu, p)-
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The schemes presented before for (2.4) can all be easily extended for (2.53) while
keeping the same simplicity. For example, a second-order scheme based on the second
approach is

¢n+1 7¢n _

(2.55) = G2,
(256) R = Lot B (6 =200 4 0"
(2.57) + (;;)2£(¢n+1 Cogn 4 Y

YRR (R L2) L2 <<;1;I>*’”+1/27
(2.58) H($™) = H(eO),

(259) /QF(d)"+1) _ F(¢n)dm _ nn+1/2(Fl(¢*,n+1/2)’ ¢n+1 _ ¢n)

*,n+1/2
_ /\n+1/2 (((ZI(Z) +1/ ’¢n+1 _¢n> ,

wheref"1/2 = L(fm+1 + fm) and fon /2 = (3 fm — 1) for any sequence {f"}.

THEOREM 2.4. Let {¢*, u* \F 0¥} be a solution of the scheme (2.55)—(2.59).
Then, the following energy law is satisfied unconditionally for all n:

L A L (T AT

k k—1 k k—1 k k—1 k k—1
where E¥ = E(¢%) + %(d) _542 , ¢ _;i )+ %(£¢ _;i , 2 _;Z ) with E($) being

the original free energy defined in (2.2).
Proof. Taking the inner products of (2.55) with pu"*1/2 and of (2.57) with

—W, summing up the results along with (2.59), and dropping some unnecessary

terms, we immediately derive the desired results. 0

It is clear that the above scheme can be efficiently implemented as the scheme
(2.38)—(2.41).

2.6. Adaptive time stepping. A main advantage of unconditionally stable
schemes, such as the schemes using the second and third approaches, is that one
can choose time steps solely based on the accuracy requirement. Hence, a suitable
adaptive time stepping can greatly improve the efficiency. There are many different
strategies for adaptive time stepping; we refer to [21] for some simple strategies which
have proven to be effective for the SAV related approaches.

3. A single-component system with multiple constraints. The three ap-
proaches presented in the last section can be easily extended to gradient flows with
multicomponents and/or multiglobal constraints. We consider in this section a single-
component system with two global constraints.

3.1. The model. Vesicle membranes are formed by lipid bilayers which play an
essential role in biological functions and its equilibrium shapes often characterized by
bending energy and two physical constraints as described below.

As in [13, 12, 7], we consider the bending energy

€

(3.1) By(6) = */Q (- 20+ éG(qﬁ))zdm . %/Qdex,
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where

W= —Ap+ 5G(9), G6) = F(9), F(9) = 16>~ 1"
In the above, the level set {¢(x,t) = 0} denotes the vesicle membrane surface, while
{¢(x,t) > 0} and {p(x,t) < 0} represent the inside and outside of the membrane
surface, respectively, and e is width of transition layer.
During the evolution, the membranes also preserve total volume and surface area
represented by

(3.2) A(¢):/Q¢da: and H(qﬁ):/ﬂh(qﬁ)dm with h(¢) = §|V¢|Q+%F(¢).

We now introduce two Lagrange multipliers, y(t) and A(t), to enforce the volume
and surface area conservations. The corresponding gradient flow reads

(3.4) p= = e+ LG G420+ MO
(35) w=-A¢+ 5G(6),

(3. L A(9) =0,

(3.7 S H(B) =0,

where M is the mobility constant. The boundary conditions can be either one of the
following two types:

(3.8) () periodic; or (i7) Onlaa = Onw|aq = 0,

where n is the unit outward normal on the boundary 9f).

LEMMA 3.1. The system (3.3)—(3.7) with (3.8) admits the following energy dissi-
pative law:

d
(3.9) S Eo(0) = =M (u, ).

Proof. Taking the L? inner products of (3.3) with u, and of (3.4) with ¢; and
of (3.5) with w, integrating by parts, and summing up the results, noticing that
(1,¢,) = £ A(¢) = 0 and (%—g,@) = L H(¢) = 0, we obtain the energy dissipative
law. ]

To simplify the presentation, we shall only construct a scheme using the third
approach in the last section, since it is simpler than the second approach while main-
taining unconditional energy stability. Obviously, schemes based on other approaches
can be constructed similarly. We rewrite the blending energy as

Buo) = 5 [ 1adPda+ 5 [ SHIVOR + Z(G0) - FIVoPda

(3.10)
_ € 2
=5 [ 1a0Pdz+ [ Qo).
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where Q(¢) = ${5¢?|Vo[> + %(G(¢))* — 3|V¢[*}. The key in the second and third
approaches is to introduce a Lagrange multiplier 7(¢) to deal with the nonlinear part
of the energy Q(¢) and reformulate (3.3)—(3.7) as

(3.11) b = —Mp,

(3.12) p=eA*¢+ n(t)% +(t) + )\(t)%,

(313) & [ ez = (§2.0) a0 (5).
(3.14) L) =0,

(3.15) %H(qﬁ) = 0.

Note that the last term in (3.13) is zero. We added this term which is essential in
constructing efficient energy stable schemes.

3.2. A second-order scheme based on the third approach. As an example,
we construct below a second-order (BDF2) scheme for system (3.11)-(3.15) based on
the third approach:

3¢n+1 _ 4¢n + ¢n—1 o

n+1
(3.16) 550 Myt
*m+1 *,n+1
(3.17) "t =A% 4t ((g) 4y At (ZU ,
(3.18) /Q3Q(¢”“) —4Q(¢™) + Q(¢" V) de
*,n+1
(319) = 1777‘+1 <<5Q) ’3¢n+1 - 4¢n + ¢n1>
)
n+1 oH R n+1 n n—1
+ AT ((M) 36" — 49" + ¢ )

Tn+1 r = 0 T
(3.20) /Qqs d /ch de,
(3:21)  H(¢"™) = H(¢°),

where g*" 1 = 2¢" — g"~! for any sequence {g"}, and ¢! is defined in (3.24) below
during the solution procedure.

Setting
(322) ¢n+1 _ ¢;z+1 + 77n—i—l(bg,Jrl +,Yn+1¢g+1 + >\n+1¢z+1

in (3.16)(3.17) and eliminating p"*!, we find that {¢ "'} can be determined by

1
(3.23) (2& + MeA2) ot =g, i=1,2,3,4,

with g; to be known functions from previous steps. Once {¢?+1, i=1,2,3,4} are
known, we define

(324) qZnJrl _ d)’;L-’rl + ¢£L+1 + ,yn+1¢g+1 + >\n+1¢2+1.
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Note that ¢"*! is still as good an approximation to ¢|m+1 as ¢"+! since n"*! is a
second-order approximation to 1.
We can then determine the three Lagrange multipliers as follows:

e Plugging (3.24) into (3.20), we obtain a linear relation between y"*! and
AL

e Plugging (3.24) into (3.21) and using the linear relation between "1 and

A" L we obtain a nonlinear algebraic equation for A»*t! which can be solved
a Newton iteration using an initial guess obtained by a linear scheme as in
section 2.1.
e With 47! and A"*! known, determine 7" *! by plugging (3.22) into (3.19)
and solve the resulting nonlinear algebraic equation with the initial guess 1.
Hence, the above scheme can be implemented very efficiently. As for the stability, we
have the following result.

THEOREM 3.1. Let {¢* ¥, \¥ 0¥ +*} be a solution of the scheme (3.16)-(3.20).
Then, the following energy law is satisfied unconditionally for all n:

By - B < —StM||u
where
3:25) Byt = SUIAG R + AR = o)) + 5 [ 30667 - Qo) da.
which is a second-order approzimation to the original free energy Ey(¢) at t" 1.
Proof. Taking the inner product of (3.16) with 26tu™*!, we derive
(3.26) (8™ — 4" + ", ) = —20tM |2,
Due to (3.20), we have
(3.27) (1,37 —4¢™ 4+ ") = 0.

Taking the inner product of (3.17) with 3¢"*! —4¢™ +¢"~! and using equality (3.27)
and (3.19), we derive

(3¢n+1 _4¢)TL +¢n71,‘un+1) — (€A2¢n+1,3d)n+l _ 4¢n +¢n71)

(3.28) + [ 30007 - 16" + Qo) da
Q

Using the identity

gy I A @) = P P 20
+I2a" = a"|? |20 — a"71|?,
we have
(eA%¢"TH, 39" —dg" 4 ") = %(IIAW“II2 = lA¢" 17 + [A2¢" T — o)
= IA@ES" =" HIIP + [ A(@"F! = 20" + ")

Combining the above equalities and dropping some unnecessary terms, we arrive at
the desired result. 0
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4. A multicomponent system with multiple constraints. We consider in
this section a norm-preserving model for optimal partition written in the form of
gradient flow. It is a multicomponent system with multiple constraints.

4.1. The model. The optimal partition problem can be described by a norm-
preserving gradient dynamics [11]. Given a positive integer m and a small parameter
€, the total free energy is given by

(a.) £0) = [ (51v07 4 F(6)) da,

where ¢ € X™ (X C H(Q) with suitable boundary conditions) is a vector valued
function satisfying the norm constraint

(42) 1(0) = [ lofde =1, j=12..m

F represents interaction potential of each partition
1 m
(43) F(¢)=—5D > ¢i4]
i=1 j<i

We shall enforce the normalization conditions (4.2) by introducing j Lagrange
multipliers. The corresponding gradient flow reads

(1) 00ty = - i
oF
(4.5) i = —A¢; = Aj(t)¢; + 36,
d
(4.6) G [los@npiz =0, j=12.m

with initial condition satisfying fQ |¢;(x,0)|?dx = 1 and boundary conditions being

(4.7 either (i) periodic or (ii) ¢|sq = 0.

LEMMA 4.1. The system (4.4)—(4.6) with (4.7) admits the following energy dissi-
pative law:

(4.8) %E(cﬁ) = —M/Qzﬂﬁdx.

Proof. Taking the inner products of (4.4) with p; and of (4.5) with 0,¢;,j =
1,2,...,m, noticing the equality (4.6), integrating by parts, and summing up all the
relations, we obtain the desired result. 0

Again the key for the second and third approaches is to introduce a Lagrange
multiplier to deal with the nonlinear term and rewrite the system (4.4)—(4.6) as

(4.9) 0idj = = 1y,
OF

(4.10) pi = —Agj — Nj(t)d; + 77(15)@7
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d m m

am  Z/ ;n (5@ at@) E (65, 0165).
d

(4.12) a/Q|¢j(a;,t)|2ams:0, j=1,...m

Note that we added the last term in (4.11) which is zero but is essential in constructing
energy stable schemes below.

4.2. A second-order scheme based on the third approach. Asan example,
we construct below a second-order (BDF2) scheme for the system (4.4)-(4.6) based
on the third approach.

We can construct a second-order scheme based on system (4.9)—(4.11).

For j=1,2,...,m,

395+ — 40y + o7

. _ 7}+1
(4.13) = e
(A1) = = AGTT AT T (67,
@) [ BE@T) —AF(e") + F(8"da
Q

m SF *,n+1 -
(4.16) = { (77"“ (&b) 300! — dgt + o7 1)

j=1 J

+ OGO 300 — 407 + ¢?‘1)},

(4.17) /|<£;+1\2da;:/ 69| da,
Q Q

where g*" 1 = 29" — g"~! for any sequence {g"}, and é}”l is defined in (4.20) below
during the solution procedure.

Setting
(4.18) PIH = g NI P g T yp =102 m,
and plugging the above into (4.13)—(4.14), we can determine wg;l, w?}'l, and w"H
by solving decoupled linear equations

3

4.19 =g, k=0,1,2,5=1,2,...
( ) <25t >¢ gk,_]a L, 2, ] ) 4y ,m
where {g ;} are known functions from the previous steps. Then we define
(4.20) Pt =gt NI gl =12, m.

Note that gz_S?H is still as good an approximation to ¢;|im+1 as QS;-LH since n"*! is a
second-order approximation to 1.
Finally, we determine {)\}’H} and ™! as follows:
e Plug (4.20) into (4.17), we obtain, for each j, a quadratic algebraic equation
for A"T! which can be directly solved.

e With {/\?H} known, we plug (4.18) into (4.16) to obtain a nonlinear algebraic
equation for n”*!, and we solve the nonlinear algebraic equation by a Newton
iteration with 1 as initial condition.
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Hence, the above scheme can be efficiently implemented. As for the stability, we have
the following result.

THEOREM 4.1. Let {q&k,ﬂk,nk,)\;? (1 < j < m)} be a solution of the scheme
(4.13)—(4.17). Then, the following energy law is satisfied unconditionally for all n:

Ertl _ gn < _5tz ||,u?+1||2,

j=1

where
(21) B = (19 + Ve - ¢ + 5 [ 3F(@) - Fg")ia,
Q

which is a second-order approzimation to the original free energy E(¢) at t"T1.

Proof. Taking the inner product of (4.13) with 25tu?+17 we derive

(4.22) (BTH! — g + @7t i) = —20t| .
Taking the inner product of (4.14) with 3¢?+1 — 497 + (;5;‘71, and summing up all
these equations from j = 1,2,...,m, we obtain

D (BT =40l + 7T i) = ) (Ve VBT — g + 67 7)
(4.23) =1 j=1

+ / SF(§") — 4F(¢") + F(¢"})dz.
Q

Combining all relations obtained above and using the identity (3.29), we obtain the
desired result. ]

5. Numerical results. We present in this section some numerical experiments
to compare the performance of different approaches and to validate their stability and
convergence rates. In all numerical examples below, we assume periodic boundary
conditions and use a Fourier spectral method in space. The computational domain is
[—7,7)% with d = 2,3.

5.1. Validation and comparison. We consider the phase field vesicle mem-
brane model (3.3)~(3.7) with e = 2%, M = 1, and use 128 modes in each direction
in our Fourier spectral method so that the spatial discretization errors are negligible

compared with time discretization error.

5.1.1. Comparison of the three approaches. We first investigate the perfor-
mance of the three approaches proposed in section 2. We consider the two-dimensional
(2D) phase field vesicle membrane model (3.3)—(3.7) and choose as initial condition
two close-by circles given by

2
ri—\w— s+ (y— y))
(5.1) ¢(x,y,0) = » tanh ( + 1
y ; \/56

We define (ry,r2) = (0.287,0.287), (x1,22) = (0,0) and (y1,y2) = (0.357,—0.357).
In the left of Figure 1, we plot the evolution of Lagrange multiplier A with respect to
time by using BDF2 scheme of three numerical approaches. We observe that the three
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3
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Time Time

FiG. 1. Left: Evolution of \ by using three approaches with 6t = 10=% for the first and third
approaches while 6t = 1075 for the second approach. Right: Evolution of the surface area.

approaches lead to indistinguishable A\. However, we have to use a very small time
step, 0t = 1075, in the second approach for the Newton iteration to converge, while
larger time steps can be used for the first and third approaches. On the other hand,
we plot in the right of Figure 1 the evolution of the surface area by using the three
approaches. We observe that the first and second approaches preserve exactly the
surface area, while very small differences on B(¢) are observed by the third approach

at several initial time steps, since the third approach only preserves B(¢) instead of
B(9).

The above results indicate that the first and third approaches are preferable over
the second approach, since they allow larger time steps. Therefore, we shall only use
the first and third approaches in the remaining simulations.

5.1.2. Convergence rate. We test the convergence rate of BDF2 schemes using
first and third approaches for 2D phase field vesicle membrane model (3.3)—(3.7) with
the initial condition

(5.2) o(z,y,0) = (Sm(%) 4C°S(2y) +0.48> (1 - Sin;(t)> .

The reference solutions are obtained with a small time step 6t = 10~ using the BDF2
schemes. In Figure 2, we plot the L>° errors of ¢ between numerical solution and
reference solution with different time steps. We observe that second-order convergence
rates are achieved by both approaches.

5.1.3. Comparison between the new approaches and the penalty
approach in [7]. We now compare our Lagrange multiplier approach with the pen-
alty approach developed in [7]. In the penalty approach, we introduce two penalty
parameters v and 7 and consider the total free energy

1 1
(5.3) Etotar(9) = Ep(9) + 5(14(@ — A(l1=0))* + %(H(ci)) — H(¢li=0))?,
where Ey,(¢), A(¢), and H(¢) are defined in (3.1) and (3.2). We observe that the pen-
alty approach can only approximately preserve the constraints on A(¢) and H(¢), and
very small penalty parameters have to be used if we want to preserve the constraints
to a high accuracy. However, small penalty parameters will lead to stiff systems such
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--L%--¢ : First approach ~-L*--¢ : Third approach
— Reference: 2nd Order -

— Reference: 2nd Order

04 06 08 1 12 14 1618 2 04 06 08 1 12 14 1618 2
at x10* it x10°*

Fic. 2. Convergence rate of BDF2 schemes by using the first and third approaches for 2D phase
field vesicle membrane model (3.3)—(3.7).

TABLE 1
Largest time step allowed for MSAV scheme with various Penalty parameters v and 7.

ot allowed % n
2x107% | 1075 10-%
2x107% | 1076 106
1x10=* | 1077 | 1077
5x107% | 1078 10-8
2x1075 | 1072 | 1079
1x107° | 10710 | 10-10
2x 1076 | 10711 | 10~11
1x10% | 10712 | 10712

that the MSAV approach proposed in [7] requires very small time steps to get accu-
rate solutions. More precisely, we list the maximum allowable time step in Table 1
for the MSAV scheme for the 2D phase field vesicle membrane model by using the
penalty approach. We observe that the maximum allowable time step behaves like
min(y/7, /7). On the other hand, the new Lagrangian multiplier approach is more
efficient than the MSAV approach at each time step and allows much larger time
steps.

Next, we simulate the 3D phase field vesicle membrane model with the first ap-
proach proposed in this paper and the MSAV approach in [7]. We take the initial
condition as

4
(54)  o(w.,20) =Y tanh ( VA ) o Ve >> +3
i=1

V2e

where r; = &, 2; = 0, (y1,Y2,y3,94) = (], — > ?jf, f?jf), and z; =0 for i = 1,2,3,4.

In Figure 3, we plot the evolution of the volume difference and surface area
difference by the MSAV scheme in [7] with penalty parameter v = n = 10~3 and by
the BDF2 scheme of first approach using 6t = 2 x 107%. We observe that both the
volume and surface area are preserved exactly by the BDF2 scheme of first approach
while only approximately for the MSAV scheme using the penalty approach.
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FIG. 3. Evolution of the volume and surface area differences by the MSAV scheme v = n = 1073
and the BDF2 scheme of first approach with 6t =2 x 10~4.

Fic. 4. Collision of four 3D close-by spherical vesicles by using the BDF2 of first approach
with the time step size 6t = 2 x 10~%. Snapshots of isosurface of ¢ at t = 0.01,0.02,0.04,0.2,1, 2.

In Figure 4, we present snapshots of isosurface of {¢ = 0} at different times
by using the BDF2 scheme of first approach. It is observed that the final steady
state is the same as that reported in [7] using the penalty approach. We also plot
in Figure 5 energy curves of different approaches which are indistinguishable in all
cases.

5.2. Additional simulations of 3D vesicle membrane model. In order to
further demonstrate the accuracy and robustness of our new Lagrangian multiplier
approach, we perform some additional simulations of the 3D vesicle membrane model.
As the first example, we set four close-by spheres as the initial profile which is formu-
lated as

1 ry— — )’ 4 (y —wi)? + (2 — %)
(5.5) d)(a:,y,z,O):;tanh( V(@ — i) \/(é/e yi)® + ( 2))—1—37

where 7; = &, 2; = 0, (y1,y2,¥3,94) = (], — 7, %,—%), and z; =0 for i = 1,2, 3, 4.

In Figure 6, we plot several snapshots of the isosurface {¢ = 0} by using the BDF2

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/02/20 to 128.210.107.25. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

A2508 QING CHENG AND JIE SHEN
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70 == MSAV M=100000 Modified Energy & t=2x10"*

40
1]

0.5 1 1.5 2
Time

F1G. 5. Energy evolutions with different approaches using the initial condition (5.4).

F1c. 6. Collision of four close-by spherical vesicles by using the third approach with time step
size 6t = 1 x 1074, Snapshots of isosurface of {¢p = 0} at t = 0,0.02, 1.

scheme of the third approach with §¢ = 10~%. It is observed that initially separated
four spheres connect with each other at ¢ = 0.02 and gradually merge into a cylinder
shape at ¢t = 1. This is consistent with results in [13].

As the second example, we start with a more complicated initial condition given
by

(5.6) QS T,Y, 2, 0 Ztanh ( \/(l‘ - xi)2 +\/(:§lj€_ yi)2 + (Z — 21)2> s

where r; = &, z; = 0 for i = 1,2,...,6 (x1, 22, 23,74, 75,7) = (-7, 7,0,
_ T T T T 3T

and (ylay27y37y4ay57y6) ( A0 T 404040 4o _)
In Figure 7, we plot snapshots of isosurface {¢ = 0} at t = 0,0.01,0.02,0.2,0.5,2

by using the BDF2 scheme of the first approach. We observe from thls figure that
the initially separated spheres connect with each other in a short time and eventu-
ally merge into a big vesicle. The shape of the final steady state is consistent with
simulations in [13].

We also plot, in Figure 8, the evolution of Lagrange multiplier A for these two
examples. We observe that the Lagrange multiplier A will change rapidly at the
begining and gradually settle down to a steady state value. We also observe that A
can become negative.

vl

7_%70)7

5.3. Optimal partition model. We present below numerical experiments for
the optimal partition problem (4.4)—(4.6). In [11], simulations are performed with
Dirichlet boundary conditions. While the algorithms presented in the previous section
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Fic. 7. Collision of siz close-by spherical vesicles by using the first approach with time step
size 6t = 1 x 10~%. Snapshots of isosurface of {¢ = 0} at t = 0,0.01,0.02,0.2,0.5,2.

Lagrange multiplier: \
Lagrange multiplier: )\
W

Time Time

Fic. 8. Ewvolution of Lagrange multiplier \ for the examples in Figures 6 and 7.

apply to both periodic and Dirichlet boundary conditions, for the sake of simplicity
and comparison, we shall consider the periodic boundary condition with the Fourier
spectral method is adopted to discretize the space variables in the computational
domain 2 = [, 7)2. In all computations, we use 1282 Fourier modes with interfacial
width parameter e = 0.01. To better visualize the subdomain evolution, we assign
an integer valued marker function y; which equals to 4 in the region 4, and x; = 0 in
other regions. The initial condition for ¢; is set to be the marker function x;. The
BDF2 scheme of the first approach with time step 6t = 107° is used for all examples
below.

For the first example, we take m = 4 with four connected quadrilaterals as the
initial configuration. In Figure 9, the evolutions of the phase configuration at various
times are depicted. We observe that patterns in the partition gradually evolve into
hexagonal patterns as the final steady state.
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Fic. 9. A 4-subdomain partition: initial partition and subdomains at times t =

0,0.05,0.5,1,5,10 computed by the BDF2 scheme of the first approach with §t =1 x 1075,
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Fic. 10. Ewolution of Lagrange multipliers A1, 2 and A3, A4 with respect to time for 4-
subdomain partition in Figure 9.

For the optimal partition problem, it is shown in [4] that all Lagrange multipliers
are positive and will decay with time. In Figure 10, we plot evolutions of the four
Lagrange multipliers and observe that they are indeed positive and decay with time.

Next, we increase the numbers of partitions to m = 8 and plot in Figure 11 the
evolutions of the phase configuration at various times. We observe that the partition
eventually evolves into a honeycomb shape with mostly hexagonal patterns. Similar
behaviors are observed with m = 10 as shown in Figure 12.

These numerical results are qualitatively consistent with the numerical simula-
tions presented in [11], where the Dirichlet boundary condition was used.
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Fic. 11.  An 8-subdomain partition: initial partition and subdomains at times t =

0,0.05,0.5,2,5,10 computed by the BDF2 scheme of the first approach with §t =1 x 1075,

(a) t=0 (b) t=0.05 (c) t=0.5
(d) t=2 (e) t=5 (f) t=10
Fic. 12. A 10-subdomain partition: initial partition and subdomains at times t =

0,0.05,0.5,2,5,10 computed by the BDF2 scheme of the first approach with §t =1 x 10~°.

6. Concluding remarks. How to construct efficient numerical schemes for gra-
dient flows with global constraints is a challenging task. The popular penalty approach
may lead to very stiff systems that are difficult to solve, while a direct implementation
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of the Lagrangian multiplier approach leads to nonlinear systems to solve at each time
step. We developed several efficient numerical schemes which can preserve exactly the
constraints for gradient flows with global constraints by combining the SAV approach
with the Lagrangian multiplier approach. These schemes are as efficient as the SAV
schemes for unconstrained gradient flows, i.e., only require solving linear equations
with constant coefficients at each time step plus an additional nonlinear algebraic
system which can be solved at negligible cost, and preserve exactly the constraints
for constrained gradient flows. Moreover, the second and third approaches lead to
schemes which are unconditionally energy stable. And the Lagrangian multipliers in
the third approach can be determined sequentially, as opposed to coupled together in
the second approach, making it more robust and efficient than the second approach.

We presented ample numerical results to compare the three approaches with the
penalty approach. Our numerical results indicate that the proposed approaches can
achieve accurate results and preserve exactly the constraints with larger time steps
than those allowed in the penalty approach. And the first and third approaches are
more robust and efficient than the second approach.

Although we considered only time discretization schemes in this paper, they can
be combined with any consistent finite dimensional Galerkin type approximations in
practice, since the stability proofs are all based on variational formulations with all
test functions in the same space as the trial functions.

We would like to point out that we only provided formal stability results for the
schemes presented in this paper, in the sense that we did not address the existence
and uniqueness for the nonlinear algebraic systems involved in these schemes in the
neighborhood of the exact solutions. A rigorous analysis for the well posedness and
error estimates of these schemes is a subject of future study.
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