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CONVEX-CONCAVE SPLITTING FOR THE ALLEN-CAHN EQUATION
LEADS TO ¢2-SLOW MOVEMENT OF INTERFACES

PATRICK DONDL, AKWUM ONWUNTA, LUDWIG STRIET, AND STEPHAN WOJTOWYTSCH

ABSTRACT. The convex-concave splitting discretization of the Allen-Cahn is easy to implement and
guaranteed to be energy decreasing even for large time-steps. We analyze the time-stepping scheme
for a large class of potentials which includes the standard potential as well as two extreme settings:
Potentials with quadratic convex part (uniform positive curvature), and potentials which are concave
between the potential wells and either linear or infinite outside (highly concentrated curvature). In
all three scenarios, we observe motion on an ‘effective time scale’ of which scales with the square
of the small parameter € governing the width of transition layers rather than the formal step size.
A weaker ‘slow motion’ result is proved under much more general assumptions. Thus, stability is
achieved by effectively freezing the interfaces in place. The time step limitation is not geometric in
origin, but depends on the phase-field parameter €. Along the way, we establish a new link between
an Allen-Cahn type equation and a thresholding approximation of mean curvature flow. The results
are of particular relevance when searching for minimizers, where a fine time resolution is not otherwise
required.

1. INTRODUCTION

The Allen-Cahn equation
W' (u)

2’

Ou = Au — W' (u) =u® —u

arises as the time-normalized L2-gradient flow of the Modica-Mortola functional
w
B @0 L) ), B = [ v T g,
Q

The functionals E. converge to the cy = fil V2 W (z) dz-fold of the perimeter functional in the sense
of I'-convergence as € — 0T, or to the perimeter relative to €2, depending on what boundary conditions
are chosen for w [MM77, Mod87]. Solutions u to the Allen-Cahn equation converge to functions
xv — Xve as € = 07 where V' = {V;}4¢j0,00 is a family of sets V; C Q whose boundaries evolve by
mean curvature flow, the gradient flow of the perimeter functional [BK91, Ilm93, LS18, FLS20]. In this
article, we study the numerical solution of the Allen-Cahn equation by the popular ‘convex-concave
splitting’ scheme.

The convergence results stated above for the ‘classical’ or ‘standard’ double-well potential W (u) =
(u?—1)%/4 are valid in much greater generality. Typical requirements for the convergence of perimeter-
functionals are that W is continuous, even, and W (u) > 0 unless u € {—1,1}. For compactness, it is
convenient to prescribe an asymptotic growth condition at +o0o. To study evolution problems, some
smoothness of W is typically assumed.

For finer control of the functionals, it is necessary to consider the behavior of W at the potential
wells uw = £1. Since W > 0 and W (u) = 0 if and only if u € {—1,1}, we automatically find that
W/(£1) =0 (if W € C') and W”(£1) > 0 (if W € C?). The optimal transition profile ¢ between the
potential wells is the solution of the ODE

¢ =W(g),  lim éz)=%l,  $(0)=0

z—+o0
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We note that

—W<¢>)=<¢“—W'<¢>)¢/=o L ¢ = AT

dx 2
since ¢'(£o0) = W(p(£oo)) = 0. This equation can alternatively be used to analyze existence,
uniqueness, and fine properties of ¢. In particular, a unique monotone solution ¢ of the equation
¢ = \/2W(¢) exists with ¢(0) = 0 since W > 0 inside (—1,1). If W”(1) > 0, then (1 — ¢)” =

—W'(¢) ~ W"(1) (1 — ¢) implies that ¢(t) ~ 1 — C exp(—/W"(0)t) as t — oo, i.e. ¢ approaches the
potential wells exponentially fast. If on the other hand W(¢) ~ (1 — |¢|)7 for v < 2 at £1, then ¢
transitions from —1 to 1 on a finite segment of the real line. Non-smooth potentials with this behavior
behave advantageously in certain applications certain applications [BKS18].

In this note we consider efficient time-discretizations of the Allen-Cahn equations for double-well
potentials fashioned after

W(u) = [uf” + Weone(u)

where p > 2 and W, is a concave function such that W(u) > 0 unless v € {—1,1} and W (£1) = 0.
The exact conditions allow for slightly more generality. We pay special attention to these three cases:

(1) Potentials with quadratic convex part, i.e. we assume that W(u) = u? + Weone(u) where we
assume that Wep. is concave (and smooth enough for our purposes).

(2) The standard potential W (u) = (u? —1)? = u* + 1 — 2u? with p = 4 and Weone(u) = 1 — 2u?.
This is the most common potential (up to a factor of 1/4, which is occasionally present in the
literature). The choice of W in place of W/4 corresponds to replacing € by 2e.

(3) Barrier potentials of the form W (u) = 00 - 1{jyj>1} + Weone(u), where again Weop, is assumed
to be concave. This special case arises as the formal limit p — oo and choosing the lower
semi-continuous envelope with W (+1) = 0 in order to guarantee the existence of minimizers.

The first class of potentials is particularly convenient as many statements simplify compared to the
standard potential which grows as u* at 0o — for instance, its associated energy E. is defined and
finite on the whole space H'. Both the first family and the standard potential fall into the category
where W'(£1) = 0, W”(£1) > 0, while potentials in the final family satisfy W (u) > ¢ |1 — |u|| for
some ¢ > 0. As prototypical examples, we can consider

W 1—|ul |u <1
(u): (|u‘71)2:u2+ 1*2|U| and W (“):001{|u\>1}+ 17‘u| _ { | | | | >
v ~—— 400 else
=:Weone(u) = Wegne (u)

or approximations which are smooth inside (—1,1). The popular ‘convex-concave splitting’ time dis-
cretization of the Allen-Cahn equation treats the convex part of E. implicitly in time and the concave
part explicitly

Up+1 — Un — A Wil;ex (un+1) + Wclonc(un)

O 2
where Wyer, Weone are the ‘convex part” and ‘concave part’ of W respectively. It is particularly easy to
implement if W,.,. is quadratic since the time-step equation becomes linear in the unknown function

Up41- Such discretizations combine useful features of both implicit and explicit time-stepping schemes:

e As for an explicit scheme, the next iterate is uniquely determined and can be found by solving
a computationally tractable problem.

e As for an implicit (minimizing movements) scheme, E. is guaranteed to decrease along the
iteration, even for large time-steps (assuming that the ‘minimizing movements’ solution is
found, which may not be the unique solution to the implicit Euler equation).

If the convex part of W is quadratic, the implicit time-step reduces to solving a linear system with the
same operator in every time step, meaning that e.g. LU-factorization methods can be used efficiently.
In contrast, with the classical potential W (u) = (u? — 1)2/4 or a barrier potential, each time-step
requires the solution of a convex minimization problem and may itself be expensive.

Our main results for the convex-concave splitting time discretization of the Allen-Cahn equation
are that
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FIGURE 1. Comparing the (normalized) Modica-Mortola energies c;VlEg along the
convex-concave splitting time-stepping scheme for 7 = 100 (left) and 7 = 100, 000
(right). The initial condition is 2- xg — 1 where FE is a circle of radius r9 = 0.4 in the
square (0, 1)? with periodic boundary conditions. The potential is Wg for R = 100 as
in Appendix A.

In each plot, the times are computed not according to the ‘nominal step-size’ 7, but
according to an ‘effective step size’ 0.29- 2, i.e. we take 100 times more time steps for
e = 0.01 compared to € = 0.1. All computations are performed on a uniform n X n
grid for n = 512 using a Fourier domain representation.

The plots visually agree well with the perimeter 2m+/r3 — 2t of the analytic solution
to mean curvature flow/curve shortening flow 7 = —1/r of a circle. The increase in
time step size 7 makes no difference to the behavior of the curves.

(1) If either the convex or the concave part of the potential W satisfies a type of uniform convexity
condition, the effective time step size is limited by a power of e. For instance, if W(u) =
[ulP + Weone(u) for 2 < p < oo, the effective time-step size in the convex-concave splitting
scheme is bounded by Ce'/®=1) for some C' > 0, independently of the formal time step size
7 in the scheme. The same result holds for potentials with concave part Weone(u) = ¢ — |ulP.
For a more precise statement, see Section 3.

(2) For potentials with quadratic convex part, the convex-concave splitting is especially cheap to
implement, but the effective step size scales as €2 — see Figure 1. This is even slower than
the time scale € guaranteed above. The analysis in this setting builds on a link to another
computational approximation of mean curvature flow, the thresholding or Merriman-Bence-
Osher (MBO) scheme. A full analysis of the modified MBO scheme is beyond the scope of this
article, and our analysis is highly suggestive, but only fully rigorous on the entire space R3.

(3) For the barrier potential with concave part Weone(u) = 1 — |u|, the ‘curvature’ type conditions
do not apply. Nevertheless, we demonstrate by example that the motion of interfaces occurs
on the 2-time scale also in this case.

(4) For the standard potential, we demonstrate the same £?-slow motion in a numerical example.

(5) We give a heuristic explanation for the universality of the £2-time scaling.

More precise statements can be found in the text. In this work, we focus on the setting of discrete
time, but continuous space. We believe that the methods apply equally to spatial discretizations, espe-
cially those which preserve the L2-gradient flow structure. Morally, our contribution is the following:
Convex-concave splitting time-discretizations of the Allen-Cahn equation are numerically stable and at
times easy to implement, but in all cases considered in this note, they achieve stability by drastically
limiting the effective time step size. If one is primarily interested in finding minimizers, one can choose
an essentially arbitrary time-step without fear of blowing up, but in general it does not improve upon,
for instance, a discretization which treats the Laplacian implicitly and the zeroth order term explicitly
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(with a sufficiently small step size to maintain stability). For potentials with convex parts that are not
merely quadratic, the convez-concave splitting scheme is in fact slower in practice since each time-step
requires the solution of a different linear system, while the naive semi-implicit scheme requires the
same system in each step.

The article is structured as follows. In Section 2, we explore the motivation and guarantees of the
convex-concave splitting algorithm. In Section 3, we establish the result that the effective step size of
the convex-concave splitting scales at most as e'/(P~1) for any potential with convex part |u[P, based
on a simple energy-dissipation estimate. In Section 4, we study potentials with quadratic convex part.
Here, we also consider initial conditions which are not well-prepared and establish a link between
the convex-concave splitting discretization of the Allen-Cahn equation and the MBO scheme for the
prototypical double-well potential W (u) = (|u| —1)2. Using the easier structure of linear equations, we
observe that the effective step size in fact only scales as €2, rather than the sub-optimal rate € obtained
previously. In Section 5, we analyze the scheme for barrier potentials which do not fall into one of the
previous categories. We present a numerical experiment for the classical potential W (u) = (u? —1)2?/4
in Section 6. An intuitive explanation for £2-slow motion and open questions are discussed in Section
7. Smooth potentials with quadratic convex part are constructed in Appendix A.

1.1. Conventions and notations. We will assume that the solution operator (a —bA)~!: L2(Q) —
L?(2) is densely defined, positive semi-definite and self-adjoint for a,b > 0 and a +b > 0. We will
write (a — bA)~! without specifying the boundary condition outside of specific examples, but always
assume self-adjointness. The specific conditions of interest are:

(1) Constant Dirichlet boundary conditions w = 1 on a relatively closed and open subset I' C 9
and u = —1 on 0N\ T,

(2) Homogeneous Neumann boundary conditions d,u = 0 on 02, and

(3) Periodic boundary conditions.

In the first setting, the solution operator is naturally not linear, but affine-linear. In principle, many
results should also apply to evolutions on closed Riemannian manifolds, although we do not pay closer
attention to this setting.

We write V' € Q to signify that V is compact and V C V C Q° C Q.

The double-well potentials W are always assumed to be positive inside (—1,1) and vanish at £1.
Norms are denoted by || - || and the norm of vectors is assumed to be Euclidean throughout.

2. BACKGROUND ON CONVEX-CONCAVE SPLITTING

2.1. Theoretical Foundations. Let us briefly consider the optimization of general functions which
can be written as F + G with F' convex and G concave. Despite the simple ingredients, F' + G can
be quite complicated — indeed, any C?-function f : R? — R with globally bounded Hessian can be
written as

A -
fl@) = £(@) + 5l + 5 o]
—_—— ——

convex concave
for sufficiently large A. We assume that such a splitting f = F' 4+ G is given.

An explicit gradient descent scheme x,, 1 = x,, — 7 V f(x,) is only monotonically energy-decreasing
for general f if 7 is small enough — specifically, if 7 < 2/L is sufficient where L is the Lipschitz-constant
of Vf. The necessity of this condition can be proved by considering f(z) = %xQ, and its sufficiency
is well-known in optimization — see e.g. [Woj23, Theorem 3.1]. Only in special cases can we choose
‘large’ step sizes to attain faster convergence [AP24, AP25, GSW25].

The implicit gradient descent scheme x,+1 = x, — 7V f(2,+1) on the other hand always has an
energy decreasing solution 41 = argmin, 3 ||z — z[|> 4+ 7 f(2), but if 7 is too large, there are generally
additional solutions of the Euler-Lagrange equation of same functional with possibly higher energy —
see Figure 2. In general, finding any solution requires solving a non-linear system of equations and
finding the energy decreasing solution may not be possible.
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FIGURE 2. Left: f(z)+ 5|z — 2| for f(z) = —cos(wz), 7 = 1.5 (red line) and
z = 0.5 (vertical green line). The minimizer =~ 0.03 (marked in purple) is the solution
of the ‘minimizing movements’ scheme. Middle: x + 7f'(x) as well as z = 0.5 (blue
line). The intersections of the lines are the spurious solutions to the implicit Euler
gradient descent equation x + 7f/(z) = z starting at z (local extrema in the left plot).
Right: The objective function f(z) (red line) and the energy level f(z) at the initial
point (blue line). The admissible implicit Euler solutions and the initial point z are
marked by vertical lines. The minimizing movements solution is marked by the solid
purple line and dot. We see that the energy at the possible next steps is above the
energy at the starting point for four out of nine options.

If a splitting f = F + G into a convex part F and a concave part G is available, the mixed
explicit /implicit iteration scheme

(2.1) Tpt1l = Ty — T(VF($n+1) + G(mn))

defines the sequence x,, uniquely (given xp) and is energy-stable for any step size, see e.g. [Barlh,
Chapter 6]. Namely, 2,1 is the unique minimizer of the strongly convex function

02 (2) = 5 2 = wall? + 7(F(2) + Glan) + (VG(wn), 2 — 7).

To see that the scheme is energy-stable, recall that a convex C'-function F : R? — R satisfies the first
order convexity condition

F(z) > F(z) + (VF(2),z — z) Y x,z € R
For a concave function G on the other hand, we note that
G(z) < G(z) + V(G(z),z — x) Y x,z € RY,

where we reversed the roles of z and z in the notation. In particular, if 2 = ,,41 and z = z,, as in
(2.1), then we may add the two inequalities to obtain

(F+ G)(wny1) < (F 4 G)(zn) + (VG(2n), Tni1 — Tn) — (VF(Tpy1), T, — Tpg1)
= (F+G)(@n) +(VG(zn) + VF(Tn+1), Tnt1 — Tn)
— (F+G)(x) = 7 ||VF(xns1) + VG (z) ||

In particular, the sequence (F' + G)(z,,) is monotone decreasing independently of the step size.

The assumptions on F, G can be relaxed somewhat: For instance, we may assume that F,G : H — R
such that F' is convex, lower semi-continuous, finite on a dense subspace H' C H with a sub-differential
on a dense sub-space H” C H, and that G is continuous and has a Gateaux-derivative dG(z;v) =
(wg,v) for some w, € H (i.e. the Gateaux-derivative is a linear map). These extensions are indeed
necessary for the Allen-Cahn equation. For further details, see [ADG'24, Theorem 4.1] in a slightly
different context.

For geometric intuition, we provide the following example.
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Ezample 2.1. Assume that F(x) = é 2T Az where A is a symmetric positive semi-definite d x d-matrix,
and G : R — R is a smooth convex function. Then the convex-concave splitting gradient descent

scheme reads
Tpt1 = Tp — T AZpg1 — 7 VG(2y),

or equivalently

(I+7A)xp11 =2y, —TVG(2y) = [ +7A)2) — 7 (AT), + VG) (21,)
={I+7A)z, —7TV(F+ G)(xy,).

This reduces to the preconditioned explicit gradient descent scheme
Tny1 =zn —T(I+ TA)71V(F + G)(zy)

which can be interpreted as an interpolation between the explicit gradient descent scheme and a partial
Newton iteration since A = D?F(z,,) is the Hessian of the conver part of F + G. The time step size
7 governs the trade-off between gradient descent and Newton iteration.

In one dimension A = X € (0,00) and the effect of the convex-concave splitting is merely to
automatically select a suitable step size 7/(1 4+ 7A) for the explicit gradient descent scheme. As
T — 00, the step size approaches 1/A = 1/[VF] 1y, which is the minmax optimal step size for gradient
descent considering only F' and not G.

In higher dimensions, the effect of preconditioning is more subtle as A is matrix-valued. If A is
strictly positive definite, then

_ 1 -t
Tpyl = Ty — T(I + TA) 1V(F + G)(xy) =X, — <7‘ I+ A> (Axn + VG’(xn))
T4 4 — A Az, — ATIVG () = —A"'VG(zy),

i.e. the limiting time-step algorithm as 7 — oo exists.

This observation also illustrates the limitations of the convex-concave splitting: A large step size
may in reality correspond to a fairly small (explicit) time-step. For any convex function ®, also
(F + @) + (G — @) is a convex-concave splitting of F' 4+ G. Choosing ® as a convex quadratic in the
example above leads to a more restrictive step size limiter of the same form than & = 0.

2.2. Application to the Allen-Cahn Equation. A splitting of the potential W = Wep + Weone
into a convex part W, and a concave part We,,. induces a splitting of F.

EE(U):/ %HVuHQJ,-de_i_/ Mdz
Q £ 0 €

into a convex part and a concave part. The (normalized) time-step equation is

Wiew(Unt1) | Weope(un) )

-
Upil = Uy — - (—EAun+1 + ez +

3 3

with a time-normalized gradient flow as in the Allen-Cahn equation, or equivalently
T / T /
(1 - TA) Up41 + ? VV?)e.'E(un-‘rl) = Un — ? Wconc(un)'
Again, we refer to [ADG"24] for a more detailed presentation. The equation takes a particularly

simple form if W, is quadratic, making the equation linear in u, 1. We construct smooth potentials
Wpg with quadratic convex part — smooth approximations of W(u) = (Ju| — 1)? — in Appendix A.
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3. THEORETICAL GUARANTEES: SLOW MOVEMENT FOR GENERAL POTENTIALS
3.1. A simple slowness bound. Throughout this section, we assume that W satisfies the following
properties:
(1) W >0 and W(u) =0 if and only if u € {—1,1},
(2) W = Wyew + Weone(u) where Wy, is concave and W, is convex,
(3) Weones Weear € CH(R) and
(4) Wyexs Weone jointly satisfy a uniform curvature condition

W(u) = WU)+ (W)eo(U) + Wiope(w) (w—=U) +ewlu—UP Vu,U€eR

ver

for some ¢y > 0 and p > 2.

The assumption of joint uniform curvature is mild. Since W, is convex and W, is concave, the

inequalities
Woea(u) = Wyer (v) + Wéez( ) (u—v), Weone(u) = Weone(v) + Wc/onc( )(u—v)

hold, noting that we evaluate the derivative at v for the convex part and at u for the concave part. The

proposed inequality thus holds with ¢y = 0 by simply adding the convexity and concavity conditions.

If one of the inequalities can be sharpened by including a term such as ¢y |u — v|P, then so can the
joint inequality. Such functions are in fact common.

Lemma 3.1. Let p > 2. Then there exists f = 5, > 277 such that
|u+w|p > |ul? + plulP2uw + B |w|? YV u,w e R.

If p =2, we can choose B =1 and if p =4, we can choose § =1/3.

In particular, the standard potential W (u) = I (u? — 1)? satisfies

1

u? 1 u? lu — U|* lu —U|?

W(u) = T +1*5 ZW(U)+Wéex(U)(U*U)+T+Wéonc(u)(U*U)+T~
—W —W,

A sharp constant for the lemma is also available if W has a quadratic convex part. We believe Lemma
3.1 to be known to experts, but have been unable to locate a reference. We prove it for the reader’s
convenience in Appendix C.

Let uy,us, ... be a sequence generated by the convex-concave splitting approximation to the Allen-
Cahn equation with step size 7 > 0 and spatial length scale ¢ > 0, starting at ug € H*(2). In this
section, we prove that

lun —uollLro) S (N€1/(p 1))1 e

independently of 7. This is a Holder continuity estimate with the discrete time ty = Ne'/(®=1) and
Holder exponent 1 — % = pp%l. In particular, even for large 7, taking IV steps will not result in a

meaningful distance from the initial point g if ¢ < N'7P.

Lemma 3.2. Assume that W satisfies the conditions above. Let E.(ug) < oo and uy the next time-step
for the Allen-Cahn equation with the splitting associated to the decomposition of W and with step-size
7> 0. Then

€

g
5 lu1 = ol (o) + ~llus = ol 20 + Hul —uoll7p () < Eeluo) — Ee(ur).

Proof. Recall that

! !/
’LL1:’LLO+’T<A’U, erz( )J’_WCOHC( )) :'U/O"_;—(EAU_ er:r( )+WCOTLC( )>.

€2 €

We denote

V=Up — Uy =

QN

iy Wheon) + Wiy (10) )
( et
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By assumption, we have

Beuo) = [ 51V =)l +

Lf (uo) dx
€

N W (uo) ; W (u1)

w
2/ EHVulHQ—i—M—E(Vul,Vv) +§||Vv||2dx
92 g 2

W/ .(u) + W., .(u c 5
> Ec(uq) +/ velAuy + vea (11) - cone () (uo —u1) + 7W |ur — uol? + 3 [Vol|? dz
Q
w!. . (uy) + W, c €
= E.(u) +/ (5Au1 W (1) CO"C(UO)> v+ L uy —ugl? + < Vo) da
Q € € 2
:Eg(ul)—&-/ C2 4 Wy 1 S Vo) da 0
oT 9 2

Corollary 3.3. Assume that W satisfies the conditions above. Let ug € H*(2), 7,6 > 0 and uy,us, . . .
the sequence generated by the gradient descent scheme associated with the convex-concave splitting of
W. Then

1/ _1 1-1/p
luy — woll o0y < Be(uo) /P (ng-l) .
The possibly simplest form of the statement applies to potentials with a quadratic convex part u?/2
and the standard potential as
||UN_UOHL2(Q) < QNEEE(’U,()).

Proof. From Lemma 3.2, we conclude by Holder’s inequality that
1—1

N N P N P
luy = wollog) < lltn — un-1 o) < (Z et — “n—lHIir(m) (Z 1)
n=1

n=1 n=1

N P
< N1V (Z (B-(ur) ~ E5<un>)> < E.(ug) /P PN/,

n=1

Remark 3.4. We only used that E.(ug) > E.(uyn) > 0. However, if uy is known to be close to uy,
then E.(uy) should be not much smaller than E.(ug). This could be used to show that uy is in fact
even closer to ug than we already knew.

This very natural intuition is complicated by the fact that E. fails to be continuous in the LP-
topology. Indeed, if ug is far from being a well-prepared initial condition, then E.(ug) may be very
large or even infinite and E.(u1) can be much smaller for u; close to ug in LP. We conjecture that a
geometric condition on the ‘modulus of lower semi-continuity’

w(ug;r) :=inf { E-(u) — Ex(uo) : [|u — uo|l 1) < 7}
could be used to improve the Holder exponent, but not the scaling between N and e.

However, at least for potentials W with p = 2, Lemma 3.2 is suggestive of the fact that the natural
time scale should be €2, not €. Namely, the estimate

. C
inf E.(u) + i = wol2aqepy < Beur) + 2 flus — o3y < Fuo)

1
2(e/(2ew))
relates u; to the fully implicit minimizing movements scheme with time-step 7 = ¢/(2¢w ), i.e. the
implicit Euler scheme of the Allen-Cahn equation
W' (u)

€
in the regular time-scale. The PDE is well-known to be e-slow, which is the reason for the usual time
rescaling ¢ — t/e. Making this analysis rigorous, however, would require a detailed analysis of the
energy E. and the minimizing movements scheme, in particular the geometric properties along the

up = € Au —
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trajectory. We return to the question of the ‘correct’ e-scaling with a different approach in Section
4.2, but only for potentials with quadratic convex part.

4. POTENTIALS WITH QUADRATIC CONVEX PART

4.1. Sharp Interface Initial Condition. The previously obtained bounds are meaningless if the
initial condition ug € BV (Q;{—1,1}) has the correct geometry — a function which essentially only
takes two values — but low regularity, for instance, a sharp jump discontinuity along a hypersurface.
On a grid in a finite difference or Fourier space discretization, these are the easiest initializations to
prescribe, but they have infinite energy (continuum) or energy of order O(1/h?) where h is the spatial
length-scale of the discretization. We prove that, at least for ‘nice’ initial sets {u = 1} and time steps of
size T > ¢, the energy E.(u1) is bounded in terms of the geometry of ug after a single gradient descent
step with convex-concave splitting, independently of € > 0. In particular, the bounds of Section 3.1
carry over for such initialization.

For simplicity, we focus on potentials W with a quadratic convex part. To formalize our result, we
must consider the potential W (u) = u? — 2|u| + 1 = (|Ju| — 1)2, which bounds any other potential with
convex part u? from above (Lemma A.2 in the appendix).

For future use, we compute the optimal profile ¢ and normalizing constant cyr such that B, LN
cy7Per for the potential W (z) = (1 — |z|)%. The optimal profile is unique solution to the ODE

/

(4.1) ¢" =W (¢) =2(¢ —sign(¢)),  6(0) =0, lim ¢(z) = +1,

r—too

in this case
(4.2) ¢(z) = sign(z) (1 — e*ﬂ‘zl).

The normalizing constant is

(4.3) cW:/_11\/2W(Z)d2=\[2/_111—|z|dz:\/5.

Lemma 4.1. Assume that W (u) = u? + Weone(u) where Weone is a concave C-function, W > 0 and
W (£1) = 0. Assume that V € Q is an open set with a C*-boundary OV and ug = xv — xve. Let

(uo) u

. 1 € u? +W c/onc
uy € argmin —||u — u0||%2(9) —|—/ —||Vul]® + dx
2 Q2 €

u€HE(Q) 4T

be the unique solution of the gradient descent scheme with convex-concave splitting. Then E.(u1) <
(V2 +¢/7)Per(V). In particular, if T > ¢, then E.(u1) < (v/2 + 1) Per(V).

Proof. We begin by constructing an energy competitor. Let
r(x) = sdist(z, V) = dist(x, V) — dist(z, V)

be the signed distance function from OV which is taken to be positive inside V' and negative outside

of V. Take ¢ as in (4.1) and (4.2) and observe that 5’ = 1/2W(¢). The function v(z) = ¢(r(x)/e)
satisfies v - ug > 0 and

1 1 77d
/ EHVUHQ—&-deS/ EHV’UHQ—I—MdJJSCWPeI"(V)
1 2 9 1 2 e

for ¢ as in (4.3) by combining Lemma A.2 and the proof of the I' — limsup inequality for the
convergence F. — Per. The same computation shows that

lv— UOH%%Q) < Per(V)s/ [[¢(r)| — 1| dr = 2Per(V)5/ e V2T dr = V2Per(V)e.
—o0 0
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Note that W/, (ug)u = —2 sign(ug) u > —2Ju| and that the inequality is an equality if uug > 0.
In particular, W/, .(ug)v = —2Jv|. Hence
1 1 € W(uy)
;HW - UoHiz(sz) + Ee(u1) = EHUI - UOH%Z’(Q) + /Q 3 [Vu ||+ - dx

! ° U3+ Wpne(uo)ur +1
< gl — uol|72(q) +/Q§ 1V |2 + 2 oo : "
! < 1)2 + Wc/onc(UO)U +1
< o llv = wollZage) + /Q 5 Vol + ; A
2
: : (vl - 1)
= 5l = wltagey + [ 5190 + Lo

IN

(; + 1) V2Per(V). O

So, while all subsequent time steps are at best e-slow, the initial time-step from a sharp interface
initial condition to a diffuse approximation relaxes to uniformly finite energy independently of € and
(almost) independently of 7.

The Allen-Cahn equation has no interesting dynamics on the ‘curvature motion’ time-scale in one
dimension [CP89, FH89, Bro90, FHX96], but it is an interesting toy problem to observe the formation
of interfaces in the first time-step from a step function.

Ezample 4.2. Let ug : R — R be given by ug(z) = sign(z) and u; the solution of the problem

Uy — Ug 2uy + Wclonc(uo) =0

"
— ul + 52
with boundary conditions lim,_, 4, u1(z) = £1. This can be reformulated as

g2 g2
—etuf + (1 + 27_) 2uy = (1 + 27‘) 2sign(z)

since W/,,,.(up) = —2ug = —2sign(z). The solution is u;(z) = ¢ ((1 + %)1/2 et :z:) where ¢ is as in
(4.1) and (4.2). In particular, as T — oo, uy rapidly approaches the optimal transition rescaled to the
correct length-scale . Even for 7 = 1, the error is of negligible order 3.

4.2. The Allen-Cahn Equation, the Thresholding Scheme, and s2-slow motion. Consider
the Allen-Cahn equation with the double-well potential W (u) = (|u| — 1)2 = u? — 2|u| + 1 where we
interpret u? as the convex part and 1 — 2|u| as the concave part of W. This corresponds to a split of
the Modica-Mortola functional
1 u? 1—-2Ju
EEZF6+GEa Fg(u):/ﬂi||Vu||2+§dx, GE(U)Z/S;EQHdZ‘

With a little technical care, Example 2.1 shows that the convex-concave splitting gradient descent
scheme with formal step-size 7 = 400 corresponds to the iteration

P W 2\
(4.4 wn = (F-a) Pl (1-TA) i)
since W:mnc(u) = —2sign(u). It is convenient to assume that {u, = 0} is a null set, but we may

also break the tie arbitrarily by assigning sign(0) as either —1 or 1. Naturally, the same remains
valid if Wi, is a smooth concave function. The iteration can be seen as a first-order (implicit Euler)
approximation

v(h) —vg

- = Av(h) <  (1=hA)v(h) =wvg
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to the solution of the heat equation

{ ((9,5 - A)U = 0
U =sign(uy,)

at the time h = €2/2 and with initial condition vy = sign(u,). We can split this into a two-step
iteration scheme

2
(4.5) i, = sign(un,), (1 - 2) Uns1 = Tin,

which strongly resembles the Merriman-Bence-Osher (MBO) [MBO92] or ‘thresholding’ scheme

~ . —1 ~
Uy, = sign(uy,), Upg1 = [(@ —A) un} 2
=5
with step-size h = % For us, the threshold values are —1 and 1 rather than 0,1 since we chose the
wells of W at 41, and the heat kernel convolution is replaced by a first order approximation to the
heat equation. Such an approximation is common on graphs or complicated domains where the heat
equation cannot be solved cheaply by a known heat kernel or Fourier-domain approach.

We already know that the energy E.(u) = [, 5 ||Vul|® + @ dz is a monotone quantity for the
sequence u, in the iteration scheme. We use the analogy to find a second monotone quantity, but for
the sequence u,,. While E. is the Modica-Mortola approximation to the perimeter functional, the new

quantity resembles the Esedoglu-Otto approximation of the perimeter [EO15].

Lemma 4.3. Let 7 > 0. For u € L?(QQ), denote by G,u the solution w of the PDE (1 — 7 A)w = u.
Define

FT(U):{MQ(l_u)GT<1+u>dx il <1 ae. dT(w):\//Q(u_v)GT(u_v)dx_

+00 else

Then @p4+1 in (4.5) is the solution of the minimizing movements scheme

1
u € argmin F; (u) + > d? (u, @iy, )
T

forT = % In particular, Fe2jo(tini1) < Fe2/o(ty).

Proof. Recall that G : L2(2) — L?(Q) is a well-defined self-adjoint operator (recall Section 1.1). We
can rewrite

1 1 1
Folu) + 4 (i) = — [ (1= w) Gr(1 +u) do + / (u — i) G (10 — i)
27— 2T [e) T Q
1
=5 —uGru+1Gu—-—uG1+1G 14+ uGru — 24, Gru + 6, G0, dx
T Jo
1 . 1 _ -
=— | 2uG,i,dx+ 7/ Uy Grty, — 1Gr1dx
21 Jo T Jo

under the assumption that |u| < 1 almost everywhere. The function u should be maximally aligned
with G 4, suggesting that
U= sign(GTan),

. . . . . ~ . 2
which coincides with the expression for i, if 7= 5. (Il

We assert that standard proofs apply to show that (4.4) is a time-discretization of MCF with
time-step size £2/2:
(1) The time-steps respect the maximum principle/inclusions of sets, which is the key property
for convergence to viscosity solutions.
(2) The constructions of BV-type solutions in the fashion of [EO15, LO16, LO20] can be recovered
based on Lemma 4.3.
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Iterations required: € =0.1 Iterations required: € = 0.05 Iterations required: £ = 0.01

104 —— E. below 0.1 10° —— E. below 0.1 10°
E. below 0.5 E. below 0.5
—— E. below 1.0 —— Ec below 1.0

—— Ecbelow 1.5 —— Ecbelow 1.5
—— E. below 2.0 —— E. below 2.0

—— Ecbelow 0.1
—— E. below 0.5
—— E. below 1.0
107 10? —— Ecbelow 1.5
—— Ec below 2.0

10t 10t 10*
10-° 1072 107t 10! 10° 107 1077 107t 10! 10° 10-° 1072 107t 10t 10*

FIGURE 3. The number of convex-concave splitting gradient descent iterations re-
quired until E. falls below a given level with ¢ = 0.1 (left), ¢ = 0.05 (middle) and
e = 0.01 (right) as a function of time step size. Initially, increasing the step size
reduces the number of iterations required, but the effect tapers of at a (surprisingly
small) finite threshold. The threshold is lower for smaller e. The setting is otherwise
as in Figure 1.

Indeed, it is known that thresholding dynamics of the more general type

(4.6) Unt1,r = K7 xup 1, Upy1,r = sign(ni1,7), K (z) = K (\2)
converge to mean curvature flow on the whole space [Ish95, IPS99] when taken as time steps of length
7 >0, i.e. ur(s) = u|s/r) under the assumptions that K is radially symmetric and

K(z)dz = 1, / K (x) || de < oo,

Rd Rd

as well as a technical condition discussed in Appendix B. On the entire space in three dimensions, we
observe that

T T T

T

where K is the Green’s function for the screened Poisson equation

_ep(=zll/vT) _ 1 exp(=lz/vTl)

drllzll T2 Amla/ T

Since the convolution is with 7~ 'K, = 773/2K (2//7), we conclude that at least on the whole space
R?, the iteration (4.4) falls precisely into the framework of (4.6) with 7 = % and we conclude that the
effective time scale of the convex-concave splitting Allen-Cahn solver is indeed £2/2.

A rigorous analysis of thresholding dynamics like (4.4) outside of this special case is beyond the
scope of our study of the convex-concave splitting scheme. The scaling in € derives from the analysis of
the quadratic part Wye,(u) = u? of the potential and similar results would hold for smoother potentials
with quadratic convex part, such as Wg in Appendix A, leading to ‘smooth thresholding’ schemes.

The analytic results are valid only for the limiting iteration with formally infinite step size. This is
the least restrictive minimization problem since the L2-distance to the previous iterate is not controlled.
We have not rigorously demonstrated that this is optimal, and that there is no finite ‘sweet spot’ for
the step size 7. We show in Figure 3 that this is not expected.

K, (x)

5. SINGULAR POTENTIALS

In this section, we consider two other classes of potentials with a particularly simple convex part.
Our previous choice to study potentials of the form W(u) = u? + Weone(u) was motivated by the
observation that the convex part of the energy E. can be taken to be quadratic, simplifying the
minimization problem in the implicit part of the time step to solving the same linear system with
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varying right hand sides in each step. However, our analysis demonstrates that while the steps are
fast, the resulting scheme is slow due to overstabilization.

Lemma 3.2 suggests that functionals for which W, is strongly convex or W .. is strongly concave
are always going to be slow. In this section, we consider the opposite extreme where the second
derivative is maximally concentrated. Namely, we consider ‘barrier potentials’

1= Jul luf <1

Whar(u) =1 — |u| + 00 - 14}, and £'-type potentials W, (u) =
bar (1) |ul {Jul>1} ype p (u) {a(|u|_1) | > 1

for @ > 0, which have second derivative zero outside of {—1,0,1}. These potentials pose analytic
challenges considering e.g. the existence of solutions to the Allen-Cahn equation. They are considered
primarily as an analytic complement for the opposite extreme in the class of potentials, but we note
that non-smooth potentials are known to have favorable numerical properties in certain applications
[BKS18]. For analytic results in this direction, see e.g. [BvG19, BvGL21].

We illustrate why we consider both types of potentials simultaneously for the convex-concave split-
ting scheme with

Weone(u) =1 — |u| and  Wyeg par (1) = 00 - Ljy>13,  Weez,a = (o + 1) max{|u| — 1,0}
respectively.

Lemma 5.1. Let ug € H(Q) and |ug| < 1 almost everywhere. Consider the functions
/

W,
Uoo = argmin/ = | V| + —bar
v Jo 2

(UO)U+OO~ 1{‘u>1} n 1 ||’LL*U0H2d:17
€ 2(t/e)

W! (up)u + (o + 1) max{|u| — 1,0} n 1
€ 2(t/e)
where u ranges over the same function classes in both lines: H'(Q) if Neumann or periodic boundary

conditions are considered and an affine subspace if Dirichlet boundary conditions are considered.
If « > 0 and the Dirichlet boundary condition (if present) takes values in [—1,1], then u; = Uno.

up = argmin/ = | Vul|? + |u — uol|? da
u Q2

We define u/|u| arbitrarily but consistently for u = 0 in case {ug = 0} is not a null set.

Proof. It suffices to show that |u;| < 1 almost everywhere since Wy,.(ug) = W/ (ug), i.e. the two
expressions coincide for all u which take values in [—1,1]. Thus, if the u can be seen to take values in
[—1,1] a priori also for the second problem, the minimization problems coincide. Consider

Ui

g = Ty 1 (w1) = = min {1, max{—1,u; }}.

max{|usl, 1}

Clearly ||a1 — uollrz < |lur — uol|r2 since ug takes values in [—1,1], i.e. the difference is pointwise
decreasing under projection. The inequality is strict unless 4; = u;. Additionally, we find that the
Dirichlet energy of @, is lower than that of u; [Dob10, Satz 5.20]. Finally, we note that if u; > 1, then

W/ (uo)ur + (o + 1) max{|u;| — 1,0} = (Wi(uo) + 1+ a)uy — (a+1) > (Wi(uw) +1+a) — (a+1)

since W/ € [—1,1], i.e. the first term is non-negative. This shows that also the final term in the
energy is decreasing when replacing uq by @ (strictly if @ > 0 and |uq] is not bounded by 1 almost
everywhere). O

The same statement remains valid for any W = Wye, + Weone satisfying W7, ,..| < 1 inside (—1,1)
and u W)/, (u) > (Ju] — 1) outside (—1,1). Thus, we can either minimize

1 1 Wéonc(un)
=l + [ 5 IVul? + =gty

in the class {u € H(Q) : Ju| < 1} (‘box constraints’) or employ an L!-penalty which is only active
if |u| > 1. Naturally, either minimization problem is more difficult than for potentials with quadratic
convex part, and thus only worth the additional investment if the effective time step limitation is less
severe. In a simple but non-trivial example, we illustrate that this cannot be expected, again in the
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simpler case 7 = 400 and for open sets in Euclidean spaces R¢ with d > 3. Considering Figure 1, we
conjecture that the same is true in R? and for 7 < oo.

Ezample 5.2. Denote by B, = B,.(0) the ball or radius r centered at the origin. Assume that ug €
H'(Bg) is any function such that 1 > ug > 0 in B,(0) and —1 < ug < 0 in Bg \ B, for R > r > 0,
ie. W/, (up) = —1 on B, and W} ,.(up) = 1 on Bg \ B,. We consider the limiting convex-concave
splitting time-stepping scheme for 7 = 400, for which the next step from wg is characterized as the

minimizer of the functional
W/
/ € HquQ _ bar (W0) wdz,
B 2 €

over
{ue HY(Q): |u| <1} or {u€ HY(Bg):|u| <1and u= —1on dBg},

depending on whether we consider Dirichlet or Neumann boundary conditions. This is the perhaps
simplest instance of a double obstacle problem, one of the most classical variational inequalities [KS00].

It is well-known that a unique solution to the double-obstacle problem exists and is C''!'-regular
under very general circumstances, but in general not C2-regular [Ger85, LPS19]. The solution satisfies
the Euler-Lagrange equation —Au = —W/, (ug)/e? on the ‘free’ set {z : u(z) € (—=1,1)} and the
inequalities —Au > —W/, (ug)/e? on the coincidence set {u = —1} with the lower obstacle, —Au <
—W/{,,(ug)/e? on the coincidence set {u = 1} with the upper obstacle, which express that there is no
energetic incentive to ‘detach’ from the obstacle in the admissible direction, i.e. into (—1,1).

In particular, since Au = 0 in either coincidence set, the solution u coincides with the upper obstacle
at most on a subset of B, and with the lower obstacle at most in Bg \ B,. In our case, we posit that
the problem can be summarized as

u =1 in By,
-Au =24  inB,\B,
~Au =-% inB, \B,

u =-—1 in BR\’I“O

forradii 0 < r; <r <7, < Rif R> r 2 1, i.e. if the radii are large enough to require the presence
of both coincidence sets. We will determine r;, 7, below and see that the restriction is in fact minimal
and that naturally r;,7, = r 4+ O(¢).

Note that only W (ug) is used and the exact function ug is irrelevant. The problem therefore
becomes radially symmetric and since the solution is unique, it exhibits the same symmetry, even if g
does not. This simplification only arises for 7 = +co. By abuse of notation, we denote u(s) = u(se;).!

We can solve the problem explicitly, using the fact that the only radially symmetric harmonic
functions on R? are constants and the fundamental solution

Ga(z) = {zw log([lz[1) d=2

— sy lelP T d=3

of the Poisson equation where wy denotes the volume of the unit ball in d dimensions, and that
Aljz||> = 2d. There is no other radial solution v to the equation Av = 1 other than a shift by a
constant of G4. The problem can be solved explicitly by an elementary but lengthy calculation which
we present in Appendix D. See Figures 4 and 5 for an illustration of the transitions found by the convex-
concave splitting with varying d and € and Figure 6 for an illustration of the inner radius r;, the outer
radius 7, and the ‘new’ radius 7,,c,, = u='(0) as a function of e. Evidently, rpew . = 7 + O(e?), as for
potentials with quadratic convex part. For an analytic demonstration, see Appendix D. A numerical
approximation for the potential with smoother concave part 1 —u? is given in Figure 7 and Appendix
E.

! For ourradial solutions it is easy to see that the variational inequality would be violated if u were not C''-smooth
at the spheres 0B, with s € {r;,r,r,} without an appeal to abstract theory. For instance, since u < 1, —Au would
be a negative measure at the sphere 0B, where the maximum is attained, contradicting the variational inequality and
incentivizing ‘detaching’.
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Obstacle problem: d = 3, £ = 02 Obstacle problem: d = 3, £ = 0.05 Obstacle problem: d = 10, £ = 02 Obstacle problem: d = 10, € = 0.05

15

FIGURE 4. Solutions to the time-stepping problem of Example 5.2 for the evolution
of a ball with radius 2 in radial direction in dimension d = 3 (left two) and dimension
d = 10 (right two) with varying values of . In the first and third plot, we select
€ = 0.2 large, in the second and fourth smaller with £ = 0.05. The initial radius r = 2
is marked by a vertical green line, the radii r; and r, are marked by vertical red lines.
The intersection of w with the (grey) line y = 0 moves much farther from the green
line for large €.

Obstacle problem: d = 3, £ = 02 Obstacle problem: d = 3, € = 0.05 Obstacle problem: d = 10, ¢ = 0.2 Obstacle problem: d = 10, € = 0.05

— true solution 100 ~ — true solution
optimal transition optimal transition

ors 015

050 050

025 025

— true solution

optimal transition

FIGURE 5. Solutions to the time-stepping problem of Example 5.2 with barrier
potentials, zoomed in to length scale €, as well as suitably scaled versions of the
optimal transition, centered at the xz-axis intercept of u. The initial condition is a ball
of radius r = 2 in three dimensions (left two) and dimension d = 10 (right two). In
the first and third plot, we select € = 0.2 large, in the second and fourth ¢ = 0.05. The
initial radius r = 2 is marked by a vertical green line, the radii r; and r, are marked
by vertical red lines. Notably, u agrees with the optimal transition to high degree if €
is small or d = 3 and ¢ is moderately small.

r—rje as a function of & ro,e —r as a function of & Tnew,e — I' @s a function of &
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FIGURE 6. 7 —7;. (left), ro . —r (middle) and r —rpew o (right) as a function of € for
various dimensions. The dashed black line ¢(¢) = ¢ is given for reference. Clearly, the
distance of both r; and r, from r grows linearly with e, independently of dimension.
This is to be expected for a function which resembles an optimal profile for a radius
within distance O(g) from r. For 7, — 7, on the other hand, the growth is quadratic
in e. For reference, we give the additional line 1(g) = £2/2 (dotted, black) in the right
plot. We selected r = 2 for all experiments as in Figures 4 and 5.
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3.0

W(u) = (u?-1)?,

T =100000.0

W(u)=1-u?+ o 1y>1),

T=10.0

— £=0.1
— £=0.05
=== £=0.03
----- £=0.01

— £=0.1
— £=0.05
-=- £=0.03
£=0.01

2.0 === MCF 2.0 - MCF

"0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10

FicURE 7. Left: The convex-concave splitting time-stepping scheme the standard
potential W(u) = (u? — 1)2. Times are computed according to an ‘effective step
size’ 0.25 - 2. Right: The convex-concave splitting time-stepping scheme the barrier
potential W (u) = 1 — u? + oo - L{ju>1}, implemented as described in Appendix E.
Times are computed according to an ‘effective step size’ 0.5 - €.

6. THE STANDARD POTENTIAL

In this section, we consider the classical potential

— 2 — 2 = 4 - 2
W(u) = (w* =1)* = @' +1 -2
=Wyex =:Weone

numerically. As previously, we implement the Laplacian in the Fourier domain on a uniform n x n-grid
with n = 512 with periodic boundary conditions, i.e. the spatial resolution is h = 1/512 ~ 0.002 for
the unit square. The initial condition is 2 - yg — 1 where F is a circle of radius ry = 0.4.

In each time step, a convex minimization problem must be solved for the partially implicit time
step. In our experiments, this was implemented by Newton-Raphson iteration. While we did not
optimize code for performance, we note that a single time-step with this potential is expected to take
significantly higher computational effort than using a potential with quadratic convex part or a barrier
potential.

Empirically, we observe the splitting to be not just e-slow as guaranteed by Corollary 3.3, but
e2-slow in Figure 7. The nominal time-step size is 7 = 10° as in Figure 1.

The optimal transition for W satisfies

v o=2(1—-u?)? z#£0
u =0

z=0
If we define the width of the interface as the width of the transition from e.g. —0.95 to 0.95, we find
that the transition width in the e-scaling is

= d(z) =v2(1 -4 (7)) = wu(z) = tanh(v2x).

) tanh ™' (0.95)
V2
Since the smallest £ considered in our experiments is € = 0.01, the transition width is larger than 0.026

and a transition is resolved over approximately 10 grid cells. Such a resolution is generally considered
sufficient for numerical purposes.

e~ 2.6¢.

7. HEURISTIC JUSTIFICATION OF THE £2-SCALING

In Lemma 3.2, the effective time-step size of the gradient descent scheme with convex-concave
splitting for the Allen-Cahn equation may scale with different powers of e, depending on the ‘curvature’
of the potential. Curiously, in both settings where we obtain the optimal scaling with ¢ analytically —
potentials with quadratic convex part and barrier potentials — the effective time step size scales as £2.

The same scaling is observed numerically for the standard potential.
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It is tempting to conjecture that the neglected gradient term in Lemma 3.2 may be responsible for
this universally observed behavior. However, we note that the function u; = —1 satisfies the estimate

€
5 IIV(us — uo)||72() + B (u1) < Ec(up)

for any function ug. Thus, in the limit 7 — 0o, Lemma 3.2 would not imply any time step restrictions
if ¢y = 0, assuming that a constant minimizer is compatible with the boundary conditions. We
therefore conjecture that a more subtle explanation is needed and that we cannot rely purely on the
simple energy dissipation estimate.

In the following, we offer a simple heuristic for why the universal e2-scaling would be expected, at
least in a toy model. Consider the problem of minimizing the strictly convex functional

1 /
FT,n,s(u) — / <€ |ul|2 + erw( ) + Wconc(¢5)u> (1 + KLL') dx + i”u _ ¢6||%2(71 1
_1\2 € 27

where ¢.(x) = ¢(x/e) is a re-scaling of the optimal profile and € > 0, 7 € (0,00] and x € (=1/2,1/2).
For simplicity, we impose the boundary condition u(+1) = ¢.(+1) and observe that if kK = 0, then
u = ¢, is the unique minimizer of F; , . for any 7.

The additional parameter x serves as a proxy for the (mean) curvature of the transition interface:
If k > 0, there is an incentive to move the transition where v’ > 1 to the left; while x > 0 incentivizes
transitions further to the right where it is ‘cheaper’.

The presence of curvature k # 0 changes both the shape and location of the optimal transition.
Neglecting the second effect (and the boundary condition), we heuristically focus on the first:

| SlPe—00+mdes [ SP@0+ e+ n)de= [ ZP@0+ s ) da

1 1
= [ Ser@ e [ Slorar= [ S0P 0+ e O
where the approximate inequality relies on the fact that ¢. essentially vanishes close to +1. If ¢’ is
odd/W is even, the first term does not actually depend on . The equality holds exactly if ¢ transitions
between the potential wells on a finite segment of the z-axis and € is small enough. It is correct to
order roughly O(e~H/(WVW"(€)) if " (£1) > 0 as ¢/ — 0 exponentially fast at co.
If Wyer(1) = Wyer(—1), the same analysis can be made for the minimization of

1 1
/ w (14 kx)dz or equivalently / a0l _et)) ~Woeall) (1+ ka)dz
_ -1

with an impact &~ ceonyrt. The assumption does not pose any restriction since we can modify the
splitting W = Wayex + Weone = (Wayer + @) + (Weone — ax) for our analysis without changing the
algorithm: For constant right hand side, explicit and implicit time-step coincide.

Assuming that W/,,,. and ¢, are odd functions, the ‘frozen’ concave part gives us the contribution

2
/ conc )) ¢ ( )(1+I€’I’ de/ conc )) <¢6( )z¢;(x)+152¢)/€/(1')) (1+I€ZL’) dx
/ conc ¢€ — conc( )(1’./5)¢/ t2 Wc,onc(d)€) 5 da

3 E
/ YV conc\vYe) e

where (b(k)( ) = ¢®) (2 /¢) (i.e. we first differentiate and the insert the argument) and

1 00me 5 / e @) 0" e =~ [ Wipnll0) (6 da = — |  Windl0) VW) ¢/ da
:—\/5/ W) VG0 = V2 [ W yiias= 1 [ O

be) ¢ t2

d.’E —kC conct + C2 conc 62

(
€
(
€
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Taking 7 = +00 in this naive approximation, the overall benefit of shifting the interface by a distance
t < ¢ is roughly comparable to
2

cKt + cQ,concz‘j
for some constant ¢ which depends on the splitting Wier., Weone, but not €. The optimal shift ¢ would
be t = cke? /(2 ¢a,conc), and even smaller if 7 < +o0o. Naturally, the expansion is only valid if indeed
|t| < € — which is consistent with the ‘optimal’ choice of ¢ derived. We believe that this observation,
despite its reliance on heuristic approximations, provides accurate geometric insight into the precise
scaling of the convex-concave splitting approximation.

Let us note that e2-fast motion can also be achieved by the semi-implicit scheme

T
(1 - TA)Un+1 = —? W/(Un)

for time-step size 7 < 22 /[W’];p which treats the entire double-well potential W explicitly, at least if
W’ is Lipschitz-continuous (e.g. for W = Wg as in Appendix A. In practice, the same holds for other
potentials since numerical solutions u,, take values in e.g. [—2, 2], even if the strict maximum principle
which confines analytic solutions to (—1,1) may be violated.

The draw-back of the semi-implicit scheme is that it requires the user to carefully choose 7 — but
this can evidently be done easily in a principled way. The benefit over the splitting scheme is that a
solver for (1 — 7A) can be pre-computed e.g. by LU factorization and that the same system is solved
in every step. The same is true for potentials W with quadratic convex part, but not in general.

We compare this to the guarantees for the semi-implicit scheme

LTn+1l = Tn — T(vf(xn-i—l) + Vg(:cn))
which achieves the guarantee

(74 ) nen) < (¢ )lon) = 7 (1= T9E2 1) 19 0n) + Ve P

if f is convex and Vg is Lipschitz-continuous. The optimal step size is 7 = 1/[Vg|Lip- In the case
of the Allen-Cahn equation, we note that the gradient of the energy is e-small as demonstrated in
analyses of phase-field approximations of Willmore’s energy [BP93, RS06, DW17, DLW17] and that
the gradient of the double-well contribution is 1/e-Lipschitz. This, again, yields the e2-scaling.
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APPENDIX A. SMOOTH DOUBLE-WELL POTENTIALS WITH QUADRATIC CONVEX PART

We construct a smooth doublewell potential W such that W (u) = u? + Weone(u) where Weope is a
differentiable concave function. The functions we consider are smoother versions of W (u) = u?+1—2ul
for which most analytic results apply without further modification.

Ezample A.1. For R, 3,7 > 0, the potential
W(u) = Wsq r(u) = u? + 8 — v/ Ru? + 1

satisfies lim, 4o W(u)/u? = 1. As v > 0, the function Wepne(u) := 8 — vV Ru? + 1 is smooth and
concave. We see that

2vRu YR )
0=W(u)=2u— ————=(2— —— |u=0
() 2vVRu? +1 < Ru? +1

+1 if y = 2L

if u=0and at u = . The critical point at zero is a local maximum and

W) =1+8—-7/R+1=0
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W for varying R

Wp and derivatives for R = 2

-20 -15 -10 -05 00 0.5 10 15 2.0 -20 -15 -10 -05 00 0.5 1.0 15 2.0

F1GURE 8. Left: The doublewell potential Wg for varying values of R. Right: Wg
and its first two derivatives for R = 1.

if f=7vVR+1—-1= 2(R+7Rl)_1 =1+ 2/R. At the origin, we have

2 2vR+1 R+2-2vR+1 R+1-1)vR+1
WO)=-y=1+3— = v _ W )V
R R R R
for all R > 1. This ansatz therefore yields a one parameter family of doublewell potentials with
quadratic convex part and potential wells at £1, which we denote by Wx. We note that W is even

and that

>0

o0VRT 1 R R? °R 2R
_WERAL L gy oo P N )
v R ) YR TRy T RF1 T R+1

As R — oo, we observe that

lim Wgr(u)

= lim
R—o0 R—o

2 2V/R+1
<u2+1+R—?\/Ru2+1>:u2+1—2u|,

i.e. we can see W as a smooth approximation to W — see Figure 8.
The fact that Wr(u) W (u) = (Ju| — 1)? is no coincidence.

Lemma A.2. Assume that W (u) = u? + Weone(u) where Weone is a concave Ct-function, W > 0 and
W (1) =0. Then W(2) < (1 —|z|)? for all z € [-1,1].

Proof. We observe that W is minimal at £1 and differentiable, so
0=W(u) =u*+ Weone(u) = 14+ Weone(u) Vue{-1,1}
and
0=W'(u)=2u+W.,,.(u) = W! ..(u) = —2sign(u) Vue{-1,1}.

Since Weoner is non-increasing on [0, 00), we see that W/ . > —2 on [0, 1] and thus

1 1
Weone(2) = —/ W o) dt + Wepne(1) < =1 — / (—=2)dt=2(1-2)—1=1-2z vV z €[0,1],
ie. W(u) = u? + Weone(u) < u?+1—2ufor all u € [0,1]. The case u € [—1,0] follows analogously. [

APPENDIX B. THE THRESHOLDING SCHEME WITH RADIALLY SYMMETRIC KERNELS

We briefly summarize the convergence result of [Ish95, TPS99] for thresholding schemes with gen-
eral kernel convolutions. We specialize the result of [IPS99, Theorem 3.3] to the setting of radially
symmetric kernels, which was initially treated in the unfortunately hard to obtain article [Ish95].

Assume that K is a measurable function on R¢ and K (Oz) = K(z) for all x € R? and O € O(d).
Assume additionally that

K(z)dz =1, / |z|? K (z) dz < 400, / K(£,0)(1+ [|€]]*)d¢ < oo.

Rd
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This comprises assumptions (3.1) — (3.4) of [IPS99], noting that the continuity condition (3.3) for
hyperplane integrals of K in [IPS99] is automatically satisfied for radially symmetric kernels since the
integrals do not depend on the choice of hyperplane. Additionally, we require that

lim sup =0

p=0% re(0,p)

/ K (& r(a+£7S€)) (a+¢7S¢)de - K (€,0) (a+€75¢)d¢

Br(p)(0a-1) Rd—1

where a € Rand S € Rg[;:nl)x(d_l) are arbitrary and R(p) can be any function such that R(p) — 400

and \/pR(p) — 0 as p — 0". This ‘localization’ condition (3.7) of [IPS99] implies consistency with

MCF for quadratic graph approximations of smooth surfaces. Here 04_; denotes the origin in R4~!,
For the kernel K (z) = <22 on R3, we observe that

m [zl
o0 _ oo o
K(x)dz = 47r/ MTQ dr = / r exp(—r)dr = / exp(—r)dr =1
R3 0 dmr 0 0
/ K(z)||z||*dz = / 3 exp(—r)dr = / 3r? exp(—r) dr = 6/ r exp(—r)dr =6
R3 0 0 0

[ rEo e =2 [ D e = [T es(-rar =

i.e. the conditions (3.1) — (3.4) of [IPS99] hold for K. The consistency condition (3.7) of IPS99] can
be established in two steps: For any fixed a,.S we have

sup
r€(0,p)

< 27r/ %(m + [1Sllopr?) dr — 0
Blc?(p) g

/ K (&r(a+€75¢)) (a+£75€)d¢
R2\BRr(,)(0)

as p — 0 since the integrand is in L!(R?) and R(p) — oo as p — 0. Additionally, we have

limsup sup
p—0+ re(0,p)

K60 - K{rta+ €759) o+ €75600¢] < i [ 7 (ehae

where

£(&) = sup |K(£0) — K (& r(a+ETA9)|(lal + 11S]lopll€]I?)

< [K(8,0) = K (& p{a+ ISllopli€l* D] {lal + ISlloplI€]*}-

The inequality follows since the function s — exp(—s)/s is monotone decreasing, so s — K(&,s)
is monotone decreasing. We mnote that lim, o+ fy(z) = 0 for all z € R* and |f,(z)] < C(1 +
[2]1?) exp(—|lz]|), so [gs fpdz — 0T as p — 0T by the dominated convergence theorem. The two
estimates together establish that the compatibility condition (3.7) of [IPS99] holds for the kernel K.
We compute the velocity function as in [IPS99] with X € R3X3 as a proxy for the second fundamental

sym
form and n as a proxy for the normal of the evolving surface:

o(5m) = 2 EEEKE / erse CIED

’ fRz (€,0) dé CdAr el

We choose an orthonormal coordinate system {n, e, e2} and note that

2
v(3,n) / / (cosper + singes) Yr(cospe; + sm(beg) ( ) rdr = —%tr<n>LE.
If ¥ is indeed the second fundamental form of a surface and n is its normal, this is precisely the
negative of the (geometric) mean curvature, i.e. the average of its principal curvatures. For surfaces,
the geometric mean curvature differs from the ‘analytic’ mean curvature (the sum of the principal
curvatures) by a factor two. The analytic mean curvature appears more naturally e.g. in the Allen-
Cahn equation. By [IPS99, Theorem 3.3], we find that the thresholding scheme indeed approximates

a viscosity solution to mean curvature flow at the time-scale %, at least on the whole space R3.
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APPENDIX C. ON THE UNIFORM CONVEXITY OF POWER LAW FUNCTIONS
In this Section, we prove Lemma 3.1. The special cases p = 2 and p = 4 follow directly from
algebraic manipulation. If f,(u) := |u|?, then
fo(u+v) = (u+v)* =u? + 2uv +v? = f,(u) + fp(u) v+ v?
and
filu+v) = (u+v)?
= u* 4+ 4030 + 6u0? + duw® + 0t
= fa(u) + fi(uw) v+ v*(6u® + duv + v*)

= fa(uw) + fr(u) v+ 0? (\@u+561;)2+v2 <1_2> 02

> falu) + filu) v+ 5 vt

The inequality holds with equality if v = —3u. We will see in the proof of the general case that v = —cu
for ¢ &~ 2 is indeed the most restrictive case also for general p.

Proof of Lemma 8.1. If u = 0, the inequality holds for any 8 < 1, so we may assume that u # 0.
Dividing by |u|? and denoting £ = v/|u|, we see that the inequality is equivalent to

|1+ sign(u)é|” = [sign(u) + €] > 1+ psign(u) §+ B[P Vu#0, E€R.
Replacing ¢ = sign(u)&, it reduces further to the claim that
(C.1) 1+¢|">1+pC+B[¢P  V(eR.

This can be seen as an improved version of Bernoulli’s inequality which attains the right kind of growth
both at £ =0 and as || — oo.
We differentiate between three cases: (i) ¢ >0, (ii) ¢ € [-1,0) and ¢ € (—o0, —1]. In the first case,
the inequality reduces to
(1+¢)" =1-pC B¢ >0.
We note that the inequality holds with equality for ¢ = 0 independently of 8 and

d% (140" =1=pC= B¢} =p(L+ P~ —p—pp*~" =0

for ( = 0. The second derivative satisfies
d? )
040" 19050 =po- D {(L+0)" 7 - 5} 2 0

for B <1 since p > 2 implies that (14 ¢)P~2 > (P~2. Thus the first derivative is increasing from zero,
meaning that the function itself is increasing (and, in fact, convex with minimizer at 0).
In the second case, we write z = —( and reduce the inequality to

(1—-2)P>1—pz+B2° vV z€l0,1].
We again note that the inequality holds as equality for z = 0 and compute

d% (1=2)P =14pz—B2l} = —p(l—2)" "t +p—pBzP~t =p(l -2 = B(1—2)P"") >0

for $ <1lasp—12> 1. Thus (C.1) holds for ¢ € [-1,00). It remains to consider the third case
¢ € (—o0,—1]. Here, we will encounter sharper restrictions on j3.
After replacing z = —( again, the inequality reads as

— 1) _
(z—=1)?+pz 12

_ 1P _ P
(z=1)P>1—-pz+p=2 & o

Jé] Vzell,o0)
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We can find admissible 3 as

=) 4pr—1
B(p) := 121121111 o = min

. (z=1DP+pz—1 ) (z—l)p+pz—1}
min , min

2€[1,R] 2P 2€[R,00) 2P

i, ES),

" 2€[R,00) 2P

. . opz—1
> min< min
2€[1,R] 2P

2 (s () veten

As the bound holds for any choice of R > 1, we can evaluate at R = 2 to obtain
B(p) > min{(p —1)2*7P, 27P} = 277, O

We note that

pz—1_ (p—1)z _ 1—
o > o =(p-1)RP VzellR]

This bound scales almost optimally as p — co as

_1)P _ _ 1) L9 _
(z—=1)? 4+ pz IS(Q 1P +p-2 1:;—5:1)21_1’.

Blp) = min po 5

APPENDIX D. CALCULATIONS FOR EXAMPLE 5.2

We make the ansatz

1 s< Ty
CJa+bGa(s) — 51z s? ri<s<r
u(s) = c+eGa(s)+ 53ms® r<s<r,
—1 s>,

for coefficients a, b, ¢, e which make u C'-regular at the radii r;, 7, .. Note that also 7,7, are problem
parameters, leading to the system

aerGd(ri)fﬁrf =1

bGly(ri) — 7z 7 =0
a—i—b(}’d(r)—ﬁr2 :c—i—e(}’d(r)—i—ﬁr2
bGY(r) — 7= 7 =eGlY(r) + 77
c+eGq(re) + 7= =—1

e Gy(ro) + ﬁro =0

of six equations in six unknowns a, b, ¢, ¢,7;, 7. Note that Gy(s) = z.-s'~¢ for all d > 2, so the second
and sixth equation simplify to
1 1
de?

Inserting this into the first and fifth equation, we obtain

Wd
e = 3 Tg.
S

0=5b ril = b=—=r= and analogously

1 wa -1 1 2011
=1-bGyr) + ——r2=1—-2pd — —_ ,2-d 2-1 i — 4 2
“ alri) + 5723 1 2 g d— 2w 22 T a2 \a=2 T2

in dimension d > 3 and analogously

r2

7‘2
=14 -0 =—(14+—2—.
L TP e ( +2(d—2)52>

Having determined a, b, c, e for given r;,7,, we need to exploit the smoothness of v at the contact
sphere {s = r} to find r;,7,. Again, we start with the simpler condition for the derivative

I 1, A A |
(d{—jQTir d€2)r—bGd(r) @T—@Gd(’r>+d7€2’l"— d7€2(7) +d7€2 r,
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— dim=3 — dim=3
dim=4 02 dim=4

— dim=6 — dim=6

FIGURE 9. The auxiliary function & for fixed e and varying dimension (left two)
and fixed dimension, and varying e (right two). The vertical lines represent r;, the
intersection with the z-axis.

which yields that (r;/7)? + (r,/7)? = 2. The continuity condition becomes

2
r 1 d . 2—d

(d—2)2  dld—2)2 i

or equivalently

2
1
1 2__ (1 o d,2—d 2
*y 2de2 ( T oE- 2)52> Taa—p2"" Tt

1 1 7\ 4 ro\ 4 2
g e (4 ()= e
* 2(d — 2)e? (i +75) d(d — 2)e? { T * r " T 9ge2"
Simplifying by the smoothness identity (r;/r)? + (r,/r)? = 2 and multiplying by 2d(d — 2)e?), this
simplifies to

4d(d — 2)e* + d(r? +12) — 4r* = 2(d — 2) r?

o
and overall
r2 42 =2r% — 4(d — 2)&?, rd 4 rd =2p2,

o

We can thus find r; as the root of the auxiliary function

€(8) = /212 —4(d — 2)e2 — 52 — V/2rd — sd.

We observe that

£.(0) = /2r2 —4(d - 2)e2 — V2r =~ (Vd—V2)r >0,  £.(r) =12 —4(d—2)e2 -1 <0

if £ is a small positive number. In particular, & is well-defined on [0, r] and guaranteed to have a root
which can be found by bisection. Note that

€(s) =71 (2" -

Nl

—s(2r® — s> —4(d — 2)e?)

1
—3(27’2—52) 2
B opd — gd or2 — g2 ~2
(=) -(7=—) =0

i.e. ¢, is strictly monotone decreasing on (0, r). In particular, the radii r;,r, are uniquely determined.
To see that £ < 0, note that

1y
< sd71 (27’d - sd) Ea
l%id

d—1
(2¢4-1) T > (@2 -D"* V(e (l,0)
where ( serves as the proxy for r/s and we took inverses. This inequality holds true since (¢ > ¢? for
d>2and ¢ > 1, and also z(d=D/d > 23 for 2 >1andd> 2.
Knowing 7;, also r, can be found e.g. as {/2rd — rf, and the coefficients a, b, ¢, e can be computed:

1 s <1y

d
1 + T _ T 827d
’LL(S) _ 2(d—2)252 d(d—2)e?

—ﬁsz r,<s<r
2

1 — "o o 2—d 1
L= s + gz 87 " T agms” r<s<m,

-1 §> T
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In particular, v is monotone decreasing in s, concave on (r;,r) and convex on (r,7,) — see also Figure
4. Notably, there is no difference in the solutions to the time-stepping scheme between the Dirichlet
boundary condition —1 and the homogeneous Neumann boundary conditions if R > r,. Moreover, the
containing domain 2 makes no difference and does not have to be radial, as long as B, C Q.

Our primary interest is to find 7, = u~1(0) to see how quickly the circle of radius r shrinks.
Clearly, rpew € (r4,7), s0 if 7; is close to r, then 80 i8 74,6y It seems plausible that this should be the
case, given that lim_ o+ ¢ (1) = 0, suggesting heuristically that r; . — r as ¢ — 0. However, it is not
immediately clear which exponent m governs the speed of convergence r; . —r = O(e™) (if any).

Note that

(D) W(s) = ((”)d - 1) s Vse(rur)

S

and the expression on the right is non-positive for all s > r;. Hence

r T rind\ s 1 r2 r/ri
> i) — = — ! = 2 R Y I _ _—d ]
2 > u(r;) —u(r) /T u'(s)ds=r; /m 7o (1 ( . ) ) o ds 52 /1 (1-0"% odo

i

Observe that the integrand 14(0) = (1 — 0~ %)o satisfies
va(1) =0, ¥yl0) =do™"lo+ (1—07), Y1) =d,

SO
2

. T/Ti e 1".2 d r 2 (r —Tr; )2
,€ 2 1,E _ 1,
2> 72 /1 dic—1)+O((c —1)*)do > 725 (Ti,e —1+err> —T—i—ew

where err is an error term which we may neglect for small £ at the cost of slightly more restrictive
constants. We thus achieve the estimate » —r; . < 2¢, up to a small error. The estimate is fairly close.
The optimal profile ¢ for W satisfies

\2
Wi = ¢=v20-9 = —Syai-a=—FL =1

for > 0. Since ¢(0) = 0, we have

2 2
V20— 6(2)) = V2—-2 = 1-¢(z)= (1—x> = ¢(x):1—<1—$> =V2r-2
close to zero. Specifically, the solution

o(z) = V22 — sign(z) % lz| < V2
sign(z) 2| > v2

is C™'-smooth on R and transitions between the potential wells on the finite segment [—/2,v/2], so
the ‘optimal’ u should transition between the potential wells on a segment of width 2v/2e. We compare
the solution u to an optimal transition layer centered at the same radius 7,¢, with length-scale € in
Figure 5.

Since 1 — 26 < Tje < Tpew,e < 7, this yields the additional guarantee that |rpew,. — 7| < 2¢, i.e. the
motion is e-slow. No better result can be expected from estimating r; . since the transition between
the potential wells 1, —1 must happen on a length-scale r, . — ;. ~ ¢ for phase-fields of moderate
energy. However, we see in Figure 6 that also here, the correct scaling for the time step size should be
O(g2), not O(e).

The strategy is similar as in Section 7, using (radial) inner variations of the optimal function.
Here, these arguments can be made rigorous more easily. Specifically, we use that v = 1 on [0, ]
and u = —1 on [r,, 00), meaning that we can easily ‘shift’ the transition to the left or right by small
amounts without violating boundary conditions. Since u is smooth enough, the inner variation induces
a smooth curve of H!-functions taking values in [—1,1].
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Consider w to be the function of shape u with zero level set centered at r and w; = w(s +t) in
radial variables. Since sign(ug)w; = 1 outside of B, _; \ B;,_¢, the energy of the time-step functional
obeys

15 1 —sign(ug) w
/,vat||2+wdx
92 (3

ro—t o
:dwd/ <; |’U.)/(S+t)|2 —+ ! Slgn(uo(E:S))w(s—'_t)) Sdil d$+ |(BR\B7“,,—7§) UB'r‘i—t|
’I‘ift

"o —sign(ug(s —t)) w(s d 4 (r; —t)d — (r, — )4
—dwd/” (§|w,(s)|z+1 g(oi t)) ())(st)dlds+wdR + t)E (ro —t)

where wq is the Lebesgue volume of the d-dimensional unit ball. We have v = w; for some ¢ € (—2¢,0)
where the derivative of the expression is zero, i.e.

0 = dury /TLTO (; |w/(5)|2 + 1-— Sign(UO(S —t))’UJ(S)) (d* 1) (S 7t)d72 ds

&
t
+ 2du, W)
£

(ro — )47t — (r; — )41

e

+ dwd

The factors dwy in all terms can be cancelled, so

w(r — To 2 — sign(ug(s —t)) w(s ro — )41 — (r; — )41

€ - 2 15 2e

It is easy to see that the expression on the right hand side is uniformly bounded independently of
in terms of the energy and (r, — r;)/e. Accordingly, also the expression on the left must be uniformly
bounded. From the explicit expression (D.1), we can see that w'(s) = O(1/e) with a lower bound of
the same order for s close to 7, so w(r +t)/e = O(t/e?) with a lower bound of the same order. It
follows that t = O(e?).

APPENDIX E. NUMERICAL APPROXIMATION OF ALLEN-CAHN EQUATION WITH SINGULAR
POTENTIAL

Let us briefly discuss how we numerically approximate the Allen-Cahn equation
W' (u)
22
on the unit square with periodic boundary conditions. The convex-concave splitting algorithm corre-

sponds to iteratively minimizing

du = Au — ; W (u) =00 1gus1y + Weone(u) = 00 - Lijys1y + 1 — v®

1 Wclonc(un) 1
/(O " 5 ||Vu||2 + T’U;‘f’ E (U—’Lbn)2 dx

under the constraint —1 < u < 1. We use the Operator Splitting Quadratic Program (OSQP) algorithm
[SBGT20], which is designed to solve linearly constrained quadratic optimization problems of the form

1
min —x Px + qTx st. L < Ax < U.
rERN 2

The matrix P € RV*Y and the vector ¢ € RY define a quadratic problem and L,U € R and
A € RM*N define linear constraints. In our case, the quadratic contribution 27 Pz/2 corresponds to

a discretization of
1 1 1 1
7/||Vu||2+fu2d:r:f/ —Au+ —u | udzx
2 T 2 T

on a grid u = (Uij)ij:l and the linear contribution ¢’z comprises a discrete approximation

1 i W/ (un,ij) Un,ij W/ pe (un) 1
poec Z( CO"; - of / %—;un udx.

i,j=1
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The constraint matrix A is an identity matrix and the vectors L, U have constant entries —1 and 1
respectively, i.e. =1 <uy; <1foralli,j=1,...,m.

We use our own implementation of the OSQP algorithm where we use the indirect method described
in [SBGT20, Section 3.1] to solve the linear systems that arise in the iterations of the algorithm
as they can be diagonalized efficiently using the FFT algorithm. The key contribution of our own
implementation compared to available solvers is that we do not require a N x N-matrix P (with
N = m? and rearrangement of the square array u), but only a linear operator x — Px which can be
implemented efficiently by the fast Fourier transform (FFT) for the map u — —Au + L u.

Also in this experiment, we selected the spatial resolution 512 x 512.
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