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CONVERGENCE ANALYSIS OF A PRECONDITIONED
STEEPEST DESCENT SOLVER FOR THE CAHN-HILLIARD
EQUATION WITH LOGARITHMIC POTENTIAL

AMANDA E. DIEGEL, CHENG WANG*, AND STEVEN M. WISE

Abstract. In this paper, we provide a theoretical analysis for a preconditioned steepest descent
(PSD) iterative solver that improves the computational time of a finite difference numerical scheme
for the Cahn-Hilliard equation with Flory-Huggins energy potential. In the numerical design, a
convex splitting approach is applied to the chemical potential such that the logarithmic and the
surface diffusion terms are treated implicitly while the expansive concave term is treated with
an explicit update. The nonlinear and singular nature of the logarithmic energy potential makes
the numerical implementation very challenging. However, the positivity-preserving property for
the logarithmic arguments, unconditional energy stability, and optimal rate error estimates have
been established in a recent work and it has been shown that successful solvers ensure a similar
positivity-preserving property at each iteration stage. Therefore, in this work, we will show
that the PSD solver ensures a positivity-preserving property at each iteration stage. The PSD
solver consists of first computing a search direction (which requires solving a constant-coefficient
Poisson-like equation) and then takes a one-parameter optimization step over the search direction
in which the Newton iteration becomes very powerful. A theoretical analysis is applied to the PSD
iteration solver and a geometric convergence rate is proved for the iteration. In particular, the
strict separation property of the numerical solution, which indicates a uniform distance between
the numerical solution and the singular limit values of £1 for the phase variable, plays an essential
role in the iteration convergence analysis. A few numerical results are presented to demonstrate
the robustness and efficiency of the PSD solver.

Key words. Cahn-Hilliard equation, logarithmic Flory Huggins energy potential, positivity
preserving, energy stability, preconditioned steepest descent iteration solver, iteration convergence
analysis.

1. Introduction

The Allen-Cahn (AC) [3] (non-conserved dynamics) and Cahn-Hilliard (CH) [7]
(conserved dynamics) equations are well known gradient flows with respect to the
total free energy given by

56) = [ (Fo)+S1veR) i

where Q C RY (with d = 2 or d = 3) is a bounded domain, —1 < ¢ < 1 is the
variable of interest often representing the concentration of material components in a
two-phase system, ¢ is a positive constant associated with the diffuse interface width
separating the two phases, and F' is a given double-well potential. In this work,
we consider the Flory-Huggins energy potential. Specifically, for any ¢ € H'(Q)
with a point-wise bound, i.e. —1 < ¢ < 1, the total free energy with Flory-Huggins
energy potential is given by

W 5@ = [ (a+oma+o+a-omni-o- 26+ TIve?) ax

Received by the editors on January 24, 2024 and, accepted on December 5, 2024.
2000 Mathematics Subject Classification. 35K30, 65L06, 65M12.
*Corresponding author.

483



484 A. E. DIEGEL, C. WANG, AND S. M. WISE

where 6y is an additional positive constant associated with the diffuse interface
width. The Cahn-Hilliard (CH) equation is then an H~! (conserved) gradient flow
of the energy functional (1) and is given by:

(2) 09 = V- (M(9)Vh),

(3) = 0, = In(1+ @) — In(1 — §) — o6 — 2A,

where M(¢) > 0 is a mobility function. Based on the gradient structure of (2), the
energy dissipation law is derived as

d
(4) GEO0) = = [ M@)|VuPax <.
For simplicity of presentation, we assume that Q = [0, 1]? with periodic bound-

ary conditions but remark that the case with homogeneous Neumann boundary
conditions can be analyzed with a similar strategy.

The free energy with the Flory-Huggins logarithmic potential is generally viewed
to be more physically realistic than an energy represented by a polynomial expres-
sion since the former can be derived from regular or ideal solution theories [25].
On the other hand, the Flory Huggins energy potential posses a computational
challenge since it is associated with a singularity as the phase variable approaches
—1 or 1. Indeed, the system (2) — (3) is only well-defined if a point-wise positivity
property is imposed, i.e., 0 < 1—¢ and 0 < 1+4¢, so that the phase variable remains
in the interval (—1,1). See the related works [1, 2, 4, 21, 23, 30, 5, 35, 36, 42, 49, 50],
etc.

For the CH equation with a polynomial approximation in the energy potential, a
maximum norm bound could be carefully derived, with the help of a global-in-time
H? analysis. However, such an L® bound turns out to be singularly ¢ ~!-dependent,
since the surface diffusion estimate has to be used to balance the nonlinear effects;
see the related work in [37]. In terms of an ¢ ~!-independent L°° bound, the sharpest
theoretical analysis in this area could be found in [6], in which a polynomial pattern
energy potential is used with a cut-off approach. On the other hand, for the Cahn-
Hilliard equation (2) — (3) with a singular Flory-Huggins energy potential (1), an
L bound is automatically satisfied: —1 < ¢ < 1, so that the PDE is well-defined.
Meanwhile, in spite of such an automatic L bound, a uniform distance between the
solution away from the singular limit values will play a more important role, due to
the singular nature in the nonlinear analysis. In fact, for the 2-D CH equation (2) —
(3), the separation property has also been justified at a theoretical level [2, 23], i.e.,
a uniform distance between the phase variable and the singular limit values (—1 and
1) has been derived, dependent on ¢, 8y and the initial data. For the 3-D equation,
a theoretical proof of the separation property has not been available, while we make
such an assumption in this article, to facilitate the numerical iteration analysis.

In addition, the system defined in (1) has a symmetric double-well structure.
Notice that 6y > 0 is an O(1) constant, and many interesting profiles could be
obtained by the scientific computing with such a constant scale; see the detailed
numerical simulation results in [11], with 8y = 3 and 6y = 3.5. A careful calculation
reveals that, for 6y > 1, this free energy supports a spatially uniform equilibria
solution: ¢ = +¢,, with ¢, € (0,1) satisfying a steady-state equation: In(1 + ¢) —
In(1 — @) — 6pp = 0. Of course, if the initial data does not have a mass average of
+¢., the PDE solution will not convergence to such a trivial steady-state solution,
¢ = +¢,.. For the Allen-Cahn (AC) equation, the associated L? gradient flow,
the separation property is satisfied with such a minima value of the double well,
ie., —¢. < ¢ < ¢, at any time, provided that the initial data also satisfied this
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separation bound. Meanwhile, for the CH equation, this bound will not be satisfied,
due to the fact that the maximum principle is not available any more for an H !
gradient flow. In more details, the phase separation constant €y for the 2-D Cahn-
Hilliard equation, namely —1 + ¢y < ¢ < 1 — ¢, depends on both 6, and ¢, as well
as the initial separation constant, since the surface diffusion part has also played
an important role in the separation estimate. Also see the related analysis in [42].

On the other hand, the value of 6y is fixed, with 2 < 8y < 4. For larger values of
0y the equilibrium value increases towards the singular value of ¢ = 4+1. This may
impact the numerical performance; however we do not investigate the effect in this
work.

In terms of the numerical design for the Cahn-Hilliard equation (2) — (3) with
logarithmic energy potential, the positivity preserving property generally posses
the primary challenge [31, 39, 40, 43, 52, 51, 53, 55, 60]. Regarding a theoret-
ical justification of the positivity-preserving property, a pioneering analysis was
reported in [22] in which the implicit Euler algorithm was applied combined with
the finite element approximation in space. The positivity-preserving property is
proved, while the unique solvability is theoretically justified under a condition for
the time step size, which comes from the implicit discretization of the expan-
sive term. To overcome this shortcoming, a convex splitting numerical scheme
is proposed and analyzed in [13] in which implicit treatment of the singular log-
arithmic and surface diffusion terms along with an explicit update of the linear
expansive term was combined with the standard finite difference spatial approx-
imation. The theoretical properties that have been established for the proposed
numerical scheme include unconditional unique solvability, a positivity-preserving
property, unconditional energy stability, and an optimal rate of convergence in the
¢(0,T; H;, ') N ¢€2(0,T; HY) norm. In particular, the singular and convex nature
of the logarithmic term prevents the numerical solution from reaching the singular
limit values of +1, and this fact plays an essential role in the positivity-preserving
analysis. Such an energy minimization analysis technique has been widely used in
various gradient flows, including the phase field equation with Flory-Huggins po-
tential [10, 11, 26, 27, 28, 29, 61, 62|, the liquid film droplet model [63], the Poisson-
Nernst-Planck system [47, 48], and the reaction-diffusion system [44, 45, 46], etc.

Although the theoretical analysis has been well-established for the first order
convex splitting numerical scheme to the Cahn-Hilliard equation (2) — (3) with
Flory-Huggins energy potential, under the condition that it is exactly executed, the
numerical implementation turns out to be highly challenging, due to the nonlinear
and singular nature of the logarithmic terms involved in the numerical method.
The focus of this paper will therefore be centered on the development and analysis
of an iterative method for the numerical implementation of a first-order-in-time
convex splitting numerical scheme to the Cahn-Hilliard equation (2) — (3) with
Flory-Huggins energy potential. For second-order (in time) numerical schemes, the
positivity-preserving property and the modified energy stability have also been the-
oretically established, either in the BDF2 approach [13] or in the Crank-Nicolson
version [11], using similar theoretical techniques. However, the numerical imple-
mentation and the iteration analysis will be more involved and we reserve this for
future work. A naive iterative approach may lead to a numerical solution not satis-
fying the positivity-preserving property in the iteration process. As an example, the
full approximation storage (FAS) multi-grid method was applied in [13] to imple-
ment the proposed scheme while the iteration convergence analysis for the FAS-like
multi-grid method was established in [8] for a convex optimization of a polynomial



486 A. E. DIEGEL, C. WANG, AND S. M. WISE

approximation energy potential. Although some convincing numerical results were
reported in [13] with a singular energy potential involved, a theoretical justification
of such an iteration convergence analysis is not available.

In this article, we propose and analyze an alternative iterative method, called the
preconditioned steepest descent (PSD) solver, for the numerical implementation of
the convex splitting numerical scheme to the Cahn-Hilliard equation (2) — (3) with
Flory-Huggins energy potential. The PSD solver for the p-Laplacian equation was
considered in a pioneering work [38], while an application of the PSD algorithm to
a more general, regularized elliptic equation is analyzed in [33], in which a much
sharper iteration convergence rate has been established due to the higher order
diffusion term involved. More applications of the PSD solver have been reported to
various gradient flow models [14, 15, 16, 17, 18, 32, 34, 63], etc. The robustness of
this approach is demonstrated again in the numerical implementation of the algo-
rithm to the Cahn-Hilliard equation with logarithmic energy potential, as described
in [13]. The key point is to use a linearized version of the nonlinear operator as
a pre-conditioner to obtain a search direction. In other words, at each iteration
stage, the surface diffusion operator and the (—Aj)~! operator (for the temporal
derivative) are kept the same as the original form, and a constant-coefficient linear
operator is used to approximate the nonlinear part in the chemical potential ex-
pansion. In turn, the resulting equation for the search direction is efficiently solved
with the help of FFT, since all the linear operators have eigenfunctions that are
exactly the same as the Fourier basis functions. Afterward, with the search direc-
tion available, a one-parameter optimization of the corresponding numerical energy
functional over the search direction is taken at the iteration stage. In fact, it is a
strictly convex optimization in terms of the parameter, with singular and monotone
logarithmic terms involved. Again, a careful positivity-preserving analysis ensures
a unique solution of this one-parameter optimization, and the positivity of the log-
arithmic arguments are theoretically justified. Since it is a convex optimization,
the Newton’s iteration can be efficiently implemented and the positivity property
will be preserved in the iteration process if the initial guess is sufficiently accurate.

To verify the advantage of such a numerical solver, we present an iteration conver-
gence analysis of the PSD iteration algorithm. Based on the fact that the equations
can be reformulated as minimization problems involving strictly convex function-
als in Hilbert spaces, the convexity analysis enables us to theoretically derive the
convergence analysis for the nonlinear iterative solver. However, such an analysis is
much more challenging than the gradient equations with a polynomial approxima-
tion of the energy potential since a positivity-preserving property must be justified
at each iteration stage. Moreover, a uniform distance between the numerical solu-
tion and the singular limit values (of 1), i.e. the strict separation property, must be
established to pass through the nonlinear estimates associated with the logarithmic
terms. More specifically, the convergence estimate at the previous time step gives
a discrete H} bound of the initial iteration error. Meanwhile, the non-increasing
numerical energy (at each iteration stage) indicates a uniform discrete £2 bound of
the numerical solution in the iteration process. Furthermore, a careful application
of a discrete Sobolev embedding establishes a connection between the discrete £2
norm and the corresponding energy norm associated with the preconditioning stage.
All these techniques lead to a theoretical justification of the geometric convergence
rate for the PSD iteration solver. As a result, an H} convergence estimate for the
iteration error leads to the strict separation property of the numerical solution at
the next iteration stage, with the help of an inverse inequality. To our knowledge,
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this is the first result of a nonlinear iteration convergence for an iteration solver
applied to a singular energy potential gradient flow.

The rest of this paper is organized as follows. In Section 2, we review the finite
difference spatial discretization and recall the convex splitting numerical scheme for
the Cahn-Hilliard equation (2) — (3) with Flory-Huggins energy potential. Some
preliminary estimates are derived as well. In Section 3, the PSD iteration solver
is proposed. In Section 4, a theoretical analysis of the geometric convergence rate,
as well as the positivity-preserving analysis in the iteration process, is provided.
Finally, some numerical results are presented in Section 5 and we provide concluding
remarks in Section 6.

2. Review of the numerical scheme

2.1. The finite difference spatial discretization. The spatial discretization
notations are excerpted from [37, 57, 58], and the references therein. We summarize
the necessary notations below. For Q = [0,1]2, and for any N € N, the mesh size is
given by h := %, and it is assumed that the mesh spacing in the z and y directions
are the same. Additionally, the following two uniform, infinite grids are introduced,
with grid spacing h > 0:

E={py1|i€Z}, C:={p|iel}

where p; = p(i) := (i— )-h. With these grids in place, we define three 2-D discrete
N2-periodic function spaces:

Cper :={v:CxC —=R|vj="Vian,j+8N, Vi,j,a, B €L},

per ’

£ {y ' ExC >R ‘ Viis ;= Vit tiangins Vi B €T

Eer 1= {V:EXC—>]R ‘ Vij+d = VitaN,j+ 148N Vi,j,a,ﬁEZ},

in which the identification v; ; = v(p;,p;) was used. The functions of Cper are
called cell centered functions. The functions of &£, and &3, are called east-west

and north-south edge-centered functions, respectively. In addition, we define the
space of mean zero functions as

. &
(5) Cper =q Ve Cper 0=v:= @ Z Vij ¢ -

ij=1

Finally, the space gper = E&X, x &Y, is introduced.

per per
The spatial average and difference operators are given by
1
AoViry ;1= 5 Wiy T vi5), Davigy ;=3 (Wiv1 = vig),
1
Ayvijes = 5 Wigrrtvig), Dyvijis =5 Wige = vig),

with Az, Dy : Cper — &3

per> Ay’ Dy : CPET =&
are introduced:

Jer- Similarly, the following notations

1 1

AglVij = 3 (VH%J + Vze%,j) o oV i= n (Vw%,j - VF%J) )
1 d 1

AyVij =5 \Vig+s TVij-1 ) Vi = 3 \Vig+i ~Vij-1)>
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with ag, dy @ E5,

Cper — Eper 18 defined as

— Cper and ay, dy : Y. — Cper- The discrete gradient Vj, :

per

Vv = (Dmyi+%7j,DyVi,j+%) ,
and the discrete divergence V- : fper — Cper becomes
Vi fij = da o dy £,
where f: (f*, fv) e gper The standard 2-D discrete Laplacian, Ay : Cper —+ Cper,
is given by
Apvij =V - (Vo); ; = du(Dav)ij + dy(Dyv)i

=2 (Vi1 +Vie1j +Vijrr +Vij—1 — i k) -
More generally, if D is a periodic scalar function that is defined at all of the edge
center points and f € Eper, then Df € Eyer, assuming point-wise multiplication,
and we may define

Specifically, if v € Cper, then Vi, - (DV}, ) @ Cper = Cper is defined at a point-wise
level:

Vi - (Dvhy)i’j = dy (DDyv), ; + dy (DDyv)

Finally, we define the following grid inner products:

v

N
(v,£) :==h? Z Vij&ijr Vs & € Cper,

ij=1
v, &l = (a:(v€),1), v, § €&,
v, €], = (ay(¥€), 1), v, £ €&y

(Fofo) = U5 8L+ U M)y o= (L FY) € Spers i = 1,2,

The norms for cell-centered functions are accordingly introduced. If v € Cper, then
Ivli5 = (w,w); IVl = (v[P,1), for 1 < p < oo, and ||v||, = maxi<ij<n [vi,l.
The gradient norms are similarly defined: for v € Cpq;,

IVnvll3 := (Vav, Vav) = [Dav, Dpvl, + [Dyv, Dyl

and for 1 < p < oo,

=

I9wll, = ([1Dar?, 1), + (D17, 1), )
In addition, a discrete H. ,}L norm is defined as:
2 2 2
(6) Wl = [lvlly + 1Vavly -

Proposition 2.1. Let D be an arbitrary periodic, scalar function defined on all
of the edge center points. For any ¥,V € Cper and any f € Eper, the following
summation by parts formulas are valid:

— —

(7a) (0, Vi - f) = =(Vni, f),
(7b) <’L/), Vh . (Dvhl/)> = —(Vhw,Dth).



CONVERGENCE ANALYSIS OF PRECONDITIONED STEEPEST DESCENT SOLVER 489

To facilitate the convergence analysis, we introduce a discrete analogue of the
space Hp’e}ﬂ (), as outlined in [56]. Suppose that D is a positive, periodic scalar
function defined at all of the edge center points. For any ¢ € Cyer, there exists a

unique ¢ € (fpcr that solves

Lp(¥) =~V - (DVy)) = ¢ — &,

where we recall that ¢ := |Q|~!(¢, 1). We equip this space with a bilinear form: for
any (bla ¢2 S Cper; define

<¢1,¢2>g51 = (DVpip1, Vi),
where ; € éper is the unique solution to
Lp(;) ===V - (DVpihi) = ¢5, i =1,2.

Since Lp is symmetric positive definite, ( -, - ) £ is an inner product on éper.
(See [56].) When D = 1, we drop the subscript and write £ = £ and, in this case,
we write (-, - )L; =t (+, +)_y 5, In the general setting, the norm associated

with this inner product is denoted as ||¢||£;1 =, /{¢, d)>£51, for all ¢ € éper. In

particular, if D = 1, the notation becomes || - ||£7_>1 = ||_in
Proposition 2.2. For any ¢ € éper, we have

(8) 161l < 181121 5 IVadl3 -

Proof. The identity is based on the summation-by-parts formula,

(9) (f1,02) -1 = (01, L5 (¢2)) = (L3 (61), 02),

and the definitions above. ([

2.2. A positivity-preserving, energy stable numerical scheme. Consider a
uniform partition of time, 0 = tg < t; < -+ < tg = T, such that t;, = kAL
The first order convex splitting scheme to the Cahn-Hilliard equation (2) — (3),
with Flory-Huggins energy potential and a constant mobility M(¢) = 1, that we
consider herein was proposed in [13] and is stated as follows: given ¢* € Cper, find
pFtl e Cper such that
k+1 _ 4k
T -7 AppFtt,
(10) At
lukJrl :111(1 + ¢k+1) _ 111(1 _ ¢k+1) _ 00¢k _ €2Ah¢k+1'

To define the initial conditions for the numerical scheme above, we let ® be the
exact solution of the Cahn-Hilliard equation given by (2) — (3) and take the initial
data to have sufficient regularity so that the exact solution has regularity of class
R, where

(11) R :=H?(0,T; Cper () N H' (0,T; C2.(2)) N L™ (0,T; C.(2))

per per

i.e. assume ® € R. Additionally, we suppose that N = 2K + 1 and let Py :
Cper () — BE(Q) denote the (spatial) Fourier projection operator, where BX is
the space of Q-periodic (complex) trigonometric polynomials of degree up to and
including K. Furthermore, we define P, : Cper(©2) — Cper as the canonical grid
projection operator. Set ®x(-,t) := Py®(-,t), the (spatial) Fourier projection of
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the exact solution into BX. Then, using the mass-conservative projection for the
initial data, ¢° = Pp®n(-,t = 0), that is

(12) d)(i),j = (I)N(piapjat = 0);
the positivity-preserving property, unique solvability, unconditional energy stabil-

ity, and mass conservation for this scheme have been established in [13] and are
summarized in the following theorem.

Theorem 2.3. [13] Given ¢ = P,®n(-,t =0) and ¢* € Cper, with ||¢¥]|ec < M,
for some finite M > 0, and ‘ﬁ‘ < 1, there exists a unique solution ¢**1 € Cper to

(10), with ¢*1 — @k € Cper, [|¢F ! ||oo < 1, and

(13) om=¢m-1 VYmeN.

In addition, we have the following energy estimate,

(14) En(¢") + At Va3 < Ba(6"),
where

0, g2
(15)  Bu6) = (14 6,In(1 +9)) + (1 -6, (1 - ) — 28] + S IVuol3,
and the following uniform-in-time H} estimate,
(16) [Vro™[l2 < C1, Vm >0,
where Cy depends only on the initial data, 2, and €.

Moreover, an optimal rate convergence estimate is available in the ¢>°(0, T'; H, 1)0
¢%(0,T; H}) norm and is summarized in the theorem below.

Theorem 2.4. [13] Suppose that the initial data satisfies ®(-,t = 0) € CS,.(Q)

per

and assume that the exact solution ® for the Cahn-Hilliard equation (2) - (3) is
of regularity class R. Then, for all positive integers k with t, < T, there exists a
constant Co > 0 that is independent of k, At, and h such that

& 1/2
(17) 16" -1,n + <e2At > IIVwmlI%) < Oy (At +h?),
m=1

provided that At and h are sufficiently small and where the error grid function q@m
is defined as

(18) o= PRdT — 6™, Y me{0,1,2,3,--}.

We conclude by remarking that the discrete norm || - ||_, , is well defined for the

error grid function qgim since (12) implies that ¢™ = 0, for any m € {0,1,2,3,--- }.

2.3. Strict separation property of the numerical solution and other pre-
liminaries. In this subsection, we derive a strict separation property for the nu-
merical solution of (10) provided that it has been exactly implemented. With this
goal in mind, we present several useful properties for the exact solution of the
Cahn-Hilliard equation given by (2) — (3). Specifically, if we suppose that the exact
solution @ for the Cahn-Hilliard equation (2) — (3) is of regularity class R, then we
expect to have (and assume to have) the following separation property:

(19) 1+®, 1 > e,

at a point-wise level, for some ¢y > 0. Note that ¢y is the uniform distance
between the phase variable and the singular value limits that is dependent on
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€,0p, and the initial data discussed in the Introduction above. Therefore, such
a separation parameter g is solely related to the PDE problem. Additionally, if
® € L>=(0,T; H.,,(£2)), then the following projection approximation is standard:

per
(200 By — oy < OB @] o iy FO<HSL,

where Cp > 0 only depends on €). Furthermore, h can be chosen sufficiently small
so that

1+®n,1 -2y > (3/4) €.
Finally, the following mass conservative property is available at the discrete level
since & € BE:
(21) @7 = / m) dx = /@N tm_1)dx =37 VmeN,
Nl ]
where the notations ®%, ®™ denote ®x (-, t,,) and (-, t,,), respectively.

Lemma 2.5. Let the initial data ®(-,t = 0) € CJ..() and suppose the ezact solu-
tion for the Cahn-Hilliard equation (2) - (3) is of regularity class R. Additionally,
suppose that the exact solution for the Cahn-Hilliard equation (2) — (3) satisfies the
separation property (19). Then, provided At and h are sufficiently small and we
take a linear refinement of At such that Cph < At < Cyh, we have

at a point-wise level, for all positive integers m such that 0 < m <k + 1.

Proof. As a result of the leading order convergence estimate (17) and the linear
refinement requirement, we obtain

Co(At + h2)

(23) IVag™||2 < < C3(At? +h2), 0<m<k+1.

Meanwhile, the following inverse inequality is available for any function f such that

f=0:

Crov||V
(24) W flloe < Sl Vedlle =gy 5 0
hoo
Hence, we arrive at the following || - ||« estimate of the numerical error function,

at each time step t,,

O Vg™ lls _ Cin C(AL +h3)

7 oo < Z2RRE T2 < =
0

(25) <CinCo(At +h5) <2, 0<m<k+1,

for 0 < §p < 1 , provided that At and h are sufﬁciently small. The combination of
this 1nequa11ty Wlth the fact that 1+ ®x, 1— P > (3/4) €g, concludes the proof. O

Finally, the strict separation property of the numerical scheme allows us to obtain
the following lemma which will be critical to the proof of the geometric convergence
of the PSD solver presented in Section 4.

Lemma 2.6. Let the initial data ®(-,t = 0) € C5..(Q) and suppose the exact
solution ® for the Cahn-Hilliard equation (2) — (3) is of regularity class R. Ad-
ditionally, suppose that the exact solution for the Cahn-Hilliard equation (2) — (3)
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satisfies the separation property (19). Let ¢F € Cper and ¢*T € Cper be solutions
to (10) at consecutive time steps. Define
2
€
Ry o= (Vg3 = [ Vro"[3) + (1 + 6" In(1 + ¢%)) — (14 ¢" In(1 + ¢™*1))
(26)
+ <1 _ ¢k’1n(1 _ ¢k)> _ <1 _ ¢k+171n(1 _ ¢k+1)> _ 90<¢k’¢k _ ¢k+1>.

Then, provided At and h are sufficiently small and a linear refinement of At is
taken such that Crh < At < Cyh, we have

(27) Ry < Cr(At? +hi),
where Cr depends on , ¢, €y, and 0y but does not depend on k, h or At.

Proof. To begin, we note that the regularity assumption for the exact solution ®
implies the following estimates for the projection solution ®y:

@R — D[l -1.n <CuAt,
(28) I} — @[l <Cs5At,
IVR(@R = @R [l2 <CoAt.
Meanwhile, inequalities (17) and (23) yield
~ ~ 1 ~ 1 1 1 P
(20) 10"l < 16712 IVAO™l3 < CFC5 (AL + 1), m =k k+1,

where we have invoked Proposition 2.2. A combination of (28) with (29) indicates
that

(30) 6+ = 6412 < (G5 +C5C3 ) (Ath +hE),
and
(31) [V (8" — ¢F)|la < (Cs + Cs) (AL2 + h3),

provided At < 1 and where we have added and subtracted appropriate terms and
invoked the triangle inequality.

Therefore, based on the Cauchy-Schwarz and triangle inequalities and the uniform-
in-time H} estimate (16), the following estimate is available for the first term in
the definition of Ry:

VLo (13 = IVao" I3 = (Va(eF + ¢" 1), Vi(eF — ")
< |Va(@® + ¢F D) l2 - [Va(e" — ¢* 1)l
(32) <20 (Co + C3) (AL? + h?).

For the nonlinear inner product difference, an application of the intermediate value
theorem gives

(14 ¢", In(14 %)) — (1+ ¢"1, In(1 + ¢**1))
(33) =(In(1+m) +1,¢F — pF+1),

where 7 is between ¢* and ¢*+1. Meanwhile, by the strict separation property (22),
we see that

(34) |In(1+m) 4+ 1] < In(2e5) + 1.
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In turn, a combination of (33) and (34) along with the fact that || f]l2 < [Q|2]|f]lse,
for any f € Cper(€2), leads to
(14 ¢% In(1 4 ¢*)) — (1 4+ ¢F™ In(1 + ¢ ™))
<[QUZ [ (1 + ) + oo - 6° = 612
(35) < (Cs+C3C8) 10/ (2 ) + 1)(AE + 1),

with the convergence estimate (30) applied in the last step. Similarly, we are able
to obtain

(1—¢"In(1—¢") — (1 - " In(1 — "))
(36) < (O5+C§O§) Q]2 (In(265 1) + 1)(At? + hi).
Finally, the last term on the right hand side of (26) is bounded as follows:
—0o(¢", 0" — 1) < ol|6" |2 - 6° — "M
(37) <00/01F (C5+C5 CF ) (Ath 4 ),
in which the fact that [|¢*|.c < 1 has been applied. Therefore, a substitution

of (32), (35), (36), and (37) into (26) results in the following bound, provided that
At and h are sufficiently small:

(38) Ry, < Cr(At2 + h?),
where Cr depends on 2, ¢, €y, and 6y but does not depend on k, h or At. O
3. The preconditioned steepest descent iteration solver

In this section, we present the preconditioned steepest descent iteration solver.
For the numerical solution of (10), we consider the discrete operator

(39) Ni(¢) := (—An) "' (¢ — ¢") + At(In(1 + ¢) — In(1 — ¢)) — > AtAno,
and we set
(40) f = 6pAto".

Hence, given ¢* € Cper, solving the numerical scheme (10) for ¢**1 € Cpe is
equivalent to solving the following nonlinear system

(41) Nu(@) = f, for ¢ € Cper.

It should be understood that the analysis focuses on a single iteration of the
numerical method (10) and we thus utilize the notation ¢ := ¢**! throughout the
remainder of the paper.

Lemma 3.1. Let ¢* € Cper be given. Define the discrete energy

T(6) =516 = 611+ MG+ 6,10(1+8)) + (1 - 6,(1 - )

2 At
(42) + ——IVaéll3 — (f.9),
over the admissible set
(43) Wh, = {¢ € Cper ¢ - ¢k € éper} .

Then, solving (41) is equivalent to minimizing Jp ().
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Proof. A direct calculation reveals that J, is twice Gataeux differentiable and con-
vex. Specifically, we have

8o Jn(8)(v) =((—An) "1 (¢ — ¢") + At(In(1 + ¢) — In(1 — ¢)), v)
(44) + 2 AV, Viv) — (f,0),

for any v € Coper, and

5¢¢Jh(¢)(v7w)=<(—Ah)—1u,w>+At<1+ 1 Uw>
(45) +£2At(th,Vhw),

for any v, w € Coper. This implies the convexity of Jy, due to the fact that
1 1
Sooh(0)0:0) (=) ) + 80 (o o)
(46) + 2 At(V v, Vo) > 0.

Setting d4Jn(¢)(v) = 0 concludes the proof. O

In a steepest descent approach for finding the minimizer of Jj(¢), the general

o

strategy is to find the normalized steepest descent direction d,, € Cper such that

(47) 0 Jn(v)(dn) = = [[0pJn(V)]l, »
under the restriction that
(48) ldall,.. = 1.
for all v € Coper, where || - ”C”per is a norm on éper and || -||, is the standard dual
norm defined by

o Jn(v)(u
(49) 65T (@), 1= sup L]

uelpe  0llé,,

However, the steepest descent method is not optimal. We therefore introduce pre-
conditioning. Specifically, we introduce the operator A such that

(50) Apth = (=Ap) "1 + Atrp — 2 AtARY,

for ¥ € (fpcr. This operator is clearly symmetric and positive definite. In fact, the
standard steepest descent solver would lead to a very slow iteration convergence
rate, especially for a high-dimensional optimization problem with a high condition
number. A preconditioning approach, such as the one given by (50), provides a
search direction much closer to the exact error than the standard gradient direction.
In fact, among the operators involved in the nonlinear scheme (39), a linearized
approach has to be taken. In particular, the temporal derivative and the surface
diffusion parts correspond to constant-coefficient linear terms, so that the form
of these two linear operators is exactly kept in the preconditioning process (50).
Meanwhile, the nonlinear term At(In(1 + ¢) — In(1 — ¢)) is monotone, and its
linearized Lipschitz constant, which relies on its derivative, %, is expected to be
of O(At), provided that the separation property is satisfied. In turn, we take a linear
term, Aty, to approximate the change associated with the nonlinear term. Such
a combined choice will greatly improve the iteration convergence rate for a convex
optimization with elliptic structure, as will be demonstrated by the theoretical
analysis in the later sections. Also see the related analysis in [33].
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With this operator at our disposal, the preconditioned steepest descent method
is defined via the following algorithm.

Algorithm 1 Preconditioned Steepest Descent Solver

Define ¢(©) := ¢F.
For n > 0, solve

(51) Apdy, = f — Ni(o'™),

for d,, € Coper.
Determine step length a via

(52) & = argmin,, J, (¢ + ad,,) = argzeroa<5¢Jh(¢(") + ady,), dn>.
Set
(53) ) = () 4 Gd,,.

Remark 3.2. FEquation (51) can be exactly and efficiently implemented by an FFT-
based finite difference solver.

Remark 3.3. It is observed that Jy, is a strictly convex function, and the convex
energy terms, (1 + ¢,In(1 + ¢)), (1 — ¢,In(1 — ¢)), have singular and monotone
derivatives as ¢ \( —1 and ¢ /1. In turn, the one-parameter function in (52),
namely <5¢Jh(<b(") + adn),dn>, is strictly conver in terms of «, and this one-

parameter function has singular and monotone derivatives as (¢ + ad,) — *1.
As a result, with an application of the positivity-preserving analysis technique report-
ed in [13], there is a unique solution to this one-dimensional optimization problem,
with —1 < ("t < 1, at a point-wise level.

4. The geometric convergence of the preconditioned steepest descent
solver

We will now show that the preconditioned steepest descent solver has a geometric
convergence rate. The proof of this fact requires the following lemmas and corollary.

Lemma 4.1. The search direction d,, defined in (51) is the steepest descent direc-
tion, at ¢\ € Wy, with respect to the norm || - | 4, » where

2 2 2 2
(54) lunlls,, = lunllZy g, + At funlly + €2 At Vaunll;

Proof. The proof follows similarly to that found in [14]. By definition, the normal-

ized steepest decent direction at the point v € W}, is a vector d € Cper satisfying
(47). From (51), we have

(55) (Andn, v) = =851 (6"™) (v),

forallv € Copeg. Note that d,, is the Riesz representation of the functional 5¢Jh(¢(”))
in the space Cper with respect to the norm || - || ,, . Hence

(56) ldnl, = |60 7n (6]

and

(57) 30T (&")(dn) = = ldnllh, = = 06706 - Nall,

for all d,, € Coper. O
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Corollary 4.2. Let {¢™} be the sequence generated by (53). Then we have

(58) Tn(@" D) < Ju(6™).

Lemma 4.3. For any u,v € (fper, the following inequality is valid

(59) (00T () = g (v),u = v) = Cup [lu— vl

with C,g = min {%,EAF%}.

Proof. A careful calculation reveals that

(0 Jn(w) = 0pJn(v),u —v) = At(ln(l + u) —In(l +v) —In(1 —u) + In(1 — v),u — v)
(60) Hllu—vl2y ), + At Va(u - v)l5.

Meanwhile, the following estimates are available by the convexity of the logarithmic
terms:

(61) (In(1+u) —In(1+v),u—v) >0,
and
(62) (—In(1 —u)+1In(1 —v),u—wv) > 0.

As a consequence, we get

(6pIn(u) = 8¢ Jn(v),u —v)

v

lw =021 5 + A [ Vi(u—0)]3

(63)

\%

1 1
Sl = 024+ 522 A [V ar = 0) 3+ 2V — o],
in which we have utilized Proposition 2.2 to obtain

1 1 2

sl =vlZin + 562 At[Va(u = v)l5; = eV AU = o] 1 - [[Va(u =),
(64) > eV At||u — v||3.
In comparison with the form of ||u — 0”12%:

2 2 2

(65)  flu—vla, =llu—vlZy ), + At lu—vlly + At [|Va(u—v)];,

we conclude that estimate (59) is valid by choosing Cp = min {%, eAL? } O

Lemma 4.4. Let {¢\™} be the sequence generated by (53). Furthermore, suppose
that
(66) L+o > 2 1-6™ > 2,

at a point-wise level and define the iteration error e, = Ju(¢™) — J,(¢). Then
we have

67)  en < (Bun(6™) = 8i(9), 6~ 6) < Cun 5716
and
(68) 16661 (0™)(dn, dn)| < Cpa |,

for any 0™ in the line segment from ¢ to ("1 where the constants Cyg, Cpa
have the following forms:

(69) Cup = CEBI) = max {2,5_1At%} , and Cpa=1+ 46615_1At%.
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Proof. By the properties of the convexity, we have

(10)  en=Jn(@™) = Jn(9) < (FoTn(6™) = 05 Tn(9), 6™ — ¢).

Using the fact that d,4.J5,(¢) = 0, combined with an application of inequality (59)
(from Lemma 4.3) and Young’s inequality, we arrive at

(O n(3™) = 64 Tn(9), 6™ — @)
= (0 Jn(6™), ™ — ¢)

<Jonien] Jo-e],
e A
(m < 50 86| + 5 @aT(6) = bs(0), 6 — ).

Therefore, we can take constant Cyg = C’LB1 = max {2, e~ 1AL2 }, such that

(12) " < (G (6™) — 30n(6),6 — &) < Cu |85 (6)

Next we derive an estimate for |§4¢J,(0™)(dn,dy)|. We begin by applying the
discrete Holder inequality to (44) and (45) to obtain the following bounds:

86T (@) (@) <Dl - IWl|_y 5, + SoAEIRU [Jo]

(73) + AL Vaslly - [Vaolly + £l - o]l

and

(74)

1066 (0) (v, w)] < Jloll_y - Nwll_y p, + S1At[[v]l, - [[wlly + At [Vaolly - [ Vaw]l,
where

(75) So = ||In (ii) Hoo, and S = Hl_%w _

With the strict separation assumption (66) at hand, the following bounds for Sy

and S7 become available:
14+ ¢k+1,(n)

Ry

2

70 = = (@R

1 < 8¢, .

‘ <1In(4¢;t), and S; = H

Thus, with an application of (74), we get
(T7) 18590 (0") (A dn)| < |ldnl|® 1 ), + S1AE ||dn |5 + €At [ Vidn]5 -

On the other hand, an application of the discrete Sobolev inequality (8) (in
Proposition 2.2) indicates that

(78)  lldnl 1 + > At [ Vadall > 2285 [dnll_y - [ Vidally > 2664 a3
Consequently, a substitution of (78) into (77) yields
n 2 2
18660 (6" )(dn, dn)| < Idnlly p, + > AL Virdnll; + S1A¢ |[dull;
(79) < (14465 e A ) (dal®y ), + AL [Tadal1).
In comparison with the form of ||d"||124h:

(80) ldall%, = Null®yp + At dally + At [Vidal
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we conclude that estimate (68) is valid by choosing Cp2 =1 + 46515’1At%. O

Remark 4.5. We see that Cyg = O(1) if At = O(g?), while Cyp = O(e‘lAt%)
with a small € value. A similar scaling law is available for Cpa. Specifically,

Cp2 = O(ey ) if At = O(?), while Cpy = O(eo_lsflAt%) with a small € value.

Theorem 4.6. Under the separation assumption (19) for the exact PDE solution,
let {p™} be the sequence generated by (53). Furthermore, it is assumed that

(81) L+o > 2 1-6™ > 2,
at a point-wise level. Then we have
1 " 1
82 en < |1—————1| €y, with ———— <1.
(82) < 2CUBCD2> 0 2CuypChe2

Proof. From the definition of the steepest descent direction, we apply (68) (from
Lemma 4.4) and get the following inequality, for an arbitrary a:

2
(@) + adn) = Ju(6™) = a8y Tn(9")(dn) + TG0 Tn(0) (. )

2
n Q@
< by n(6")(dn) + 5 Coa [l dul,
a? 2
(83) = (= o+ 5-Cna) ||Fan(6™) -
Hence, the minimum is achieved at a = C#m and we have
ent1 = en = Jp (@) = T (6™)
< Jn(0™ + ady) = Jn(¢!™)
84 Y Nsog (e
(34) = 5 || (@) -

Therefore,

vV

L Py AAON
o= enn 2 g [ o)
1
2 oA Cns
2CupChe2
in which the estimate (67) of Lemma 4.4 was applied in the last step. Hence,
1
86 <(1—- ———
(86) it = ( QCUBCD2> o

and the desired result follows. O

(85)

Remark 4.7. A geometric convergence rate is assured by Theorem 4.6. Regarding
the convergence constant, we observe that CygCpe = O(eal) for a time step choice
of At = O(£?), while CypCpa = O(ey 'e~2At) with a small € value. In turn, this
estimate leads to a convergence rate of aff, with ag = 1 — O(At ™ ey te?) such that
0 < ag <1 for At = O(g?).

This analysis also verifies the following well-known fact observed in the exten-
sive numerical experiments: the steepest descent nonlinear iteration provides a fast
convergence for a small time step size. Specifically, with a smaller value of €, the
numerical implementation becomes more and more challenging. Fortunately, the
choice of a small time step size also accelerates the convergence speed for a small
value of €.
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In fact, because of a general estimate CypCps = O(e()_ls*QAt), we see that an
O(1) geometric convergence rate is ensured if the time step size satisfies a con-
straint Ate=? = O(eg) < 1. Meanuwhile, for the first order scheme (10), the
€2(0,T; H; 1)ne?(0,T; H}) convergence analysis, as presented in [13], only requires
a constraint At < 2. This constraint is milder than the O(1) geometric iteration
convergence rate requirement, since the convexity analysis has greatly helped the
error estimate. On the other hand, if an €°(0,T;¢*) N ¢%(0,T; HE) error analysis
is derived for the numerical scheme, a more severe time step constraint would be
needed in the estimates, due to the complicated nonlinear expansion structure. Also
see the related work [47], in which the £2°(0,T; £%) error estimate has been presented
for the Poisson-Nernst-Planck system.

Remark 4.8. If the first order numerical scheme (10) could be exactly implement-
ed, the positivity-preserving, energy stability and optimal rate convergence analysis
would be unconditional, i.e., the convergence estimate (17) would be always valid,
and there is no constraint for the time step size At. Meanwhile, in terms of the PS-
D iteration solver to implement the numerical algorithm (10), the above estimates
imply that, the iteration convergence rate will be greatly accelerated with an addi-
tional constraint At < O(ege?). However, even if such an additional constraint is
not satisfied, the iteration estimate (82) still indicates a geometric convergence rate
for the PSD iteration, although the convergence speed will not be as good as the one
with the additional constraint At < O(epe?). Extensive numerical experiments have
revealed that, five to ten iteration stages would be sufficient for the implementation
in most practical computational examples, with reasonable physical parameters and
time step sizes.

The contraction estimate (82) is valid for the error of the discrete energy (42).
Meanwhile, such a contraction estimate is not directly available for the numerical
error associated with the phase variable at the k 4+ 1 time step: g, := ¢(™ — ¢.
However, we are still able to derive a geometric convergence estimate for such a
numerical error. As in the previous section, we define ¢ := ¢F+1.

Theorem 4.9. Let the initial data ®(-,t = 0) € C5.,(Q) and suppose the exact
solution ® for the Cahn-Hilliard equation (2) — (3) is of regularity class R. Ad-
ditionally, suppose that the exact solution for the Cahn-Hilliard equation (2) — (3)
satisfies the separation property (19). Let ¢\™) be the sequence generated by (53)
and define the numerical error associated with the phase variable at the (k + 1)-th
time step to be q, == ") — ¢. Then, for any n > 0, provided At and h are suffi-
ciently small and we take a linear refinement of At such that Cph < At < Cyh, it
follows that

(57) Vol < 29 (1- L) (ar 0t
rinllz = "o 2CusCp2 ’
and
1 n s 5
(58) a1 < <1—2CUBCDQ> (AtE 1),
which implies that
€2+20R 1 " 1 3
89 2 < (EE2ERN (0 L) A gt
8 ol < (55 (1 e ) (A ad)
with
1
<1



500 A. E. DIEGEL, C. WANG, AND S. M. WISE

Proof. The proof proceeds by induction. The base case with n = 0 follows from
inequalities (30) and (31) and the fact that At¢,h > 0 are chosen small enough.
Now, let

2CR 1 " 3 3
n 2 < == 1 _— — Atz h2
(90) IVranllz < — < ZCUBCD2> (862 +42),
and
1 PR
91 nll §<1> At? +h2),
(1) lgal? 1 6t ) ¢ )
so that
€2 +2CR 1 ! 5 3
92 i <=5z ) (1 -5 ) (A2 +h2),
(92) lq ”Hh —( 2¢2 )( 2CuBCD2> ( )

for some n > 0. As aresult, the following iteration error estimate becomes available:
1

(93) [Vadnlls < V26 1OZ (ALT + h1),

in which the fact that (1 — chDJ < 1 has been applied. Its substitution into

the discrete inverse inequality (24) leads to

Cnv Vian — 1 1 1 €
00 gl < SVl o pioy of (ark 10ty < 2,

for §p < %, and provided that At and h are sufficiently small. A combination of (94)
and the strict separation property (22) (for the exact numerical solution of (10), at
m =k + 1) results in

(95) 1+¢™, 1—¢™ > %0, at a point-wise level.

Additionally, the following functional inequality is available:
1
Tn(@"D) = Tn(9) = 66Tn () (qnt1) + §5¢¢Jh(5)(%+17 n+1)

1
= 59600 (B)(@n+1; dn+1)
e2At
2

with § in the line segment from ¢ to ¢. Note that the second step comes from
the facts that 64J5(¢) = 0 and

o7) (g + 1ogta) 20

As a direct consequence, a combination of Lemma 4.4 and Theorem 4.6 yields

e2At
2

1
(96) > SllansalP 1+ 1 Vadnnl,

IVhgni1l3 < ent

1 n+1
<({1l————
- ( 2CUBCD2) o

1 o
<(1-—1 — il — ¢F|2 L, + At
<(1-somas)  (~3lo- o+ o)

1 n+1
98 <At|{l— ——— R
(98) - ( 2CUBCD2> w

1
§||qn+1||31,h +
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where Ry has been defined in Lemma 2.6 and we have used the fact that
_<f7 ¢(0)> + <fa ¢> = <fa ¢k+1> - <fa ¢k>
= <f7 d)k+1 - ¢k>
= OoAt(g", ¢" 1 — "),

Hence,
2CR 1 o
99 Vignitl? < — (1 - ——— At? + h3),
© Vel <2 (1o ) @)
and
(100) lanstl1 5 < (1 S RN
frttll-rh = 2CyBCh2 ’
with
1 <1
2CusCp2
An application of Proposition 2.2 and the definition of the discrete H' norm con-
cludes the proof. O

Remark 4.10. We observe that, although the preliminary estimate (27) gives Ry, =

O(At% + h%) at a theoretical level, the practical computations indicate that Ry =
O(At), since ¢ is the exact numerical solution ¢**1 for the convex splitting scheme,
so that the iteration convergence could be accelerated.

Remark 4.11. For simplicity of presentation, we only provide the analysis for
the 2-D Cahn-Hilliard equation (2) with Flory-Huggins energy potential. For the
3-D gradient flow, the strict separation property is an open problem even for the
PDE solution, and such a theoretical issue poses a great challenge in the associated
numerical analysis. Meanwhile, if the strict separation property is available for
the 3-D PDE solution, the iteration convergence analysis and the strict separation
estimate for the related numerical solver could be derived in a similar manner.

Remark 4.12. For the sake of brevity, we only consider a constant mobility,
M(¢) = 1. If a ¢-dependent mobility function is involved, the iteration conver-
gence estimate and positivity-preserving analysis for the corresponding PSD solver
could be derived in a careful way, following the techniques presented in [14] to deal
with a gradient flow with polynomial approzimation potential. The technical details
are left to interested readers.

Remark 4.13. The periodic boundary condition is considered in this article, for
simplicity of presentation. Meanwhile, if a homogeneous Neumann boundary con-
dition is imposed for the CH equation (2) — (3), given by

(101) Ond =0, Onu=0, on 09,

the positivity-preserving, energy stability and optimal rate convergence analysis for
the numerical scheme (10) could be derived in the same manner. In fact, with a
discrete approximation to the homogeneous Neumann boundary condition, the sum-
mation by parts formulas take the same form as the ones with a periodic boundary
condition. The Sobolev interpolation inequality is also valid with a physical bound-
ary condition, so that all the theoretical results become available. See the related
works [12, 24, 59| for the CH equation with a homogeneous Neumann boundary
condition, in a polynomial approrimation in the energy potential. In addition, the
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iteration convergence analysis for the PSD solver could also be established if the
physical boundary condition is imposed, following similar ideas.

5. Numerical results

5.1. Convergence test for the numerical scheme. In this subsection we per-
form a numerical accuracy check for the numerical scheme (10), implemented by the
proposed PSD iteration solver. The computational domain is chosen as © = [0, 1]?,
and the exact profile for the phase variable is set to be

(102) D(x,y,t) = % sin(27x) cos(2my) cos(t).

With the choice of this exact profile, it is clear that the quantities 1 + & and
1 — ® stay positive at a point-wise level, so that a uniform distance is available
between the PDE solution and the singular limit values of 1. Of course, to force
® to satisfy the original PDE (2) — (3), we must add an artificial, time-dependent
forcing term. In turn, the numerical scheme (10) is implemented to solve for (2),
using the proposed PSD iteration.

First, we verify the efficiency and accuracy of the proposed PSD iterative solver.
The first time step is taken into consideration, and we take the spatial resolution as
N = 256 (with h = ﬁ) The discrete £>° and ¢? iteration errors are displayed in
Figure 1, in terms of the iteration number, if we take the time step size as At = 0.01,
and the interface width parameter as ¢ = 0.05. The geometric convergence rate
has been clearly observed in the iteration process, which justifies the theoretical
analysis (89). In fact, such an iteration has reached the machine precision within
20 iteration stages. In the practical computations, only 5 to 10 iteration stages are
needed at each time step.

Moreover, to investigate the iteration performance and its dependence on certain
parameters, such as the time step size At and interface width ¢, we record the
number of iterations to reach the machine precision (so that the discrete £2 error is
less than 1071%). In more details, the left plot of Figure 2 displays the number of
iterations in terms of € = 0.01 : 0.01 : 0.1, with a fixed At = 0.01, while the right
plot displays that in terms of At = 0.01 : 0.01 : 0.1, with a fixed € = 0.05. In all
these numerical tests, only 5 to 10 iteration stages are needed to reach a machine
precision. Meanwhile, such a number of iteration will be reduced from 6 to 5 with
an increase of ¢, or with a decrease of the value of At. This numerical behavior
also agrees with the analysis outlined in Remark 4.7.

Of course, the accuracy test for the fully implemented numerical scheme is also
very important. We fix the spatial resolution as N = 512 (with h = %), so that
the spatial numerical error is negligible. The final time is set as T' = 1, and the
surface diffusion parameter is given by € = 0.5, while the expansive parameter is set
as 0y = 2. A sequence of time step sizes are taken as At = NLT with Np =100 : 100 :
1000. The expected temporal numerical accuracy assumption e = C'At indicates
that Inle| = In(CT) — In N, so that we plot In|e| versus In Ny to demonstrate
the temporal convergence order. The fitted line displayed in Figure 3 shows an
approximate slope of —0.9938, which in turn verifies a nice first order temporal
convergence in both the discrete 2 and ¢>° norms.

5.2. Numerical simulation of coarsening processes. In this subsection, a
two-dimensional numerical simulation of the coarsening process is presented. The
computational domain is set as = [0, 1]?, the expansive parameter is chosen to
be 6y = 3, and the interface width parameter is taken as ¢ = 0.005. Meanwhile, a
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tion number, with a spatial resolution N = 256. The numerical re-
sults are obtained by the proposed PSD iteration solver. The time
step size and surface diffusion parameters are taken as: At = 0.01,
€ =0.05.

~
~

kK ok kokokkk

*
*
*

@

* koK ok kKoK

IS
IS

w

w
Number of iterations

Number of iterations

~
~

,_.
-

o
)

E Time step size

FIGURE 2. Left: The number of iterations needed to obtain a
machine precision for the PSD solver, in terms of ¢ = 0.01 : 0.01 :
0.1, with a fixed At = 0.01. Right: The number of iterations
needed to obtain a machine precision for the PSD solver, in terms
of At =0.01:0.01:0.1, with a fixed ¢ = 0.05.

random initial data is chosen:
(103)
?J- = 0.1+0.05-(2r; j—1), r; ; are uniformly distributed random numbers in [0, 1].

Such a random initial data contains a wide spectrum of wave lengths in the Fourier
expansion, so that many interesting structures will be observed in the long time
simulation, in comparison with a smooth initial data. Meanwhile, although such
a random initial data is only of L?(Q) regularity, the constant-coefficient surface
diffusion term would create a smooth solution within a short time interval, due to
the parabolic nature of the PDE. Also see the related works [9, 19, 54], in which
a local-in-time Gevrey regularity (with real analytic regularity) solution has been
established for certain gradient flow models, even if the initial data is only of H' or
H? regularity. Extensive numerical experiments [11] have also indicated a smooth
solution profile after a very short initial time interval, with a random initial data.
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FIGURE 3. The discrete £2 and /> numerical errors versus tem-
poral resolution Np for Ny = 100 : 100 : 1000, with a spatial
resolution of N = 512. The numerical results are obtained by the
computation using the proposed PSD iteration solver to the numer-
ical scheme (10). The surface diffusion parameter is taken to be
€ = 0.5, and the expansive parameter is set as 8y = 2. The data lie
roughly on curves CN,. ! for appropriate choices of C, confirming
the full first order accuracy of the scheme.

As a result, all the theoretical analysis in this article is expected to be valid in this
numerical simulation.

Again, the proposed PSD iteration solver is applied to implement the numerical
scheme (10) in this simulation. In the coarsening process, increasing values of At are
taken in the time evolution: At = 5x 107° on the time interval [0, 1], At = 10~* on
the time interval [1, 3], At = 2 x 10~ on the time interval [3, 7], and At = 5x 1074
on the time interval [7,15]. Whenever a new time step size is applied, we initiate
the two-step numerical scheme by taking ¢~' = ¢, with the initial data ¢° given
by the final time output of the last time period. The time snapshots of the evolution
with € = 0.005 are displayed in Figure 4, with significant coarsening observed in the
system. At the earlier time steps, many small structures are present. At the final
time, T' = 15, a single structure emerges, and further coarsening is not possible.

To investigate whether the strict separation property is satisfied for the proposed
numerical solver, we display the maximum and minimum values of the phase vari-
able at the associated time sequence in Table 1. A safe distance, with an order
of O(1071), between the numerical solution and the singular limit values of +1, is
clearly observed in the simulation. This numerical result also confirms the strict
separation estimate established in the theoretical analysis [2, 23]. In fact, the spa-
tially uniform equilibria solution turns out to be ¢, = 0.8586 for such an expansive
parameter value of 65 = 3. The maximum and minimum values in Table 1 reveal
that, the numerical solution in principle stays within the interval [—¢., ¢.], while
a minor deviation of order O(1072) is observed from time to time. Such a minor
deviation comes from the fact that, the Cahn-Hilliard equation does not preserve
the bound of [—¢., ¢.], in comparison with the Allen-Cahn equation, in which the
maximum principle could be rigorously justified. Instead, the 2-D Cahn-Hilliard
equation preserves a separation property, —14¢p < ¢ < 1—¢p, in which ¢y depends
on ¢ and 0y, while 1 — €y # Q.

Furthermore, the long time characteristics of the solution, such as the energy
decay rate, are of great scientific interest. The ¢t~/ energy decay scaling law has
been reported for the Cahn-Hilliard flow with a polynomial approximation energy
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FIGURE 4. (Color online.) Snapshots of the phase variable at the
indicated time instants over the domain Q = [0,1]%, ¢ = 0.005,
0o = 3, with a constant mobility M = 1.

TABLE 1. The maximum and minimum values of of the phase
variable at the indicated time instants over the domain = [0, 1]?,
e = 0.005, 6y = 3.

Time instants the maximum value the minimum value

t1 =0.05 0.8643153 -0.8744858
to =0.1 0.8602455 -0.8700498
t3 = 0.2 0.8589113 -0.8740629
ty = 0.5 0.8598682 -0.8645398
ts =1 0.8577464 -0.8755585
e =3 0.8571105 -0.8611945
tr =7 0.857263 -0.8600106
tg =15 0.8571818 -0.8599258

potential, at both the theoretical and numerical levels [15, 20, 41]. Meanwhile, such
a theoretical analysis has not been available for the energy potential with Flory-
Huggins logarithmic energy potential. A numerical experiment for a ¢ (with b*
close to —%) scaling law was reported in a recent work [11], based on a second
order accurate scheme for the Flory-Huggins-Cahn-Hilliard flow. In this article, we
provide numerical evidence of this scaling law. Figure 5 presents the log-log plot
for the energy versus time, based on the PSD iteration solver for the numerical
scheme (10). The detailed scaling “exponent” is obtained using least squares fits
of the computed data up to time ¢ = 100. A clear observation of the a.t’ scaling

law can be made, with a, = 0.01933, b, = —0.3271.
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time

FIGURE 5. Log-log plot of the temporal evolution of the discrete
energy for ¢ = 0.005, 6y = 3, with a constant mobility M = 1.
The energy decreases similar to a.t’ until saturation. The red
line represents the energy plot obtained by the simulations, while
the straight blue line is obtained by least squares approximations
to the energy data. The least squares fit is only taken for the linear
part of the calculated data, and only up to ¢ = 100. The fitted line
has the form a.tb, with a. = 0.01933, b, = —0.3271.

6. Concluding remarks

In this article, the preconditioned steepest descent (PSD) iteration solver is con-
sidered to implement a finite difference numerical scheme for the Cahn-Hilliard
equation with Flory-Huggins energy potential. A convex-concave decomposition is
applied to the energy functional, and the convex splitting numerical approximation
to the chemical potential: implicit treatment for the singular logarithmic term and
the surface diffusion term, combined with an explicit update for the expansive con-
cave term. The positivity-preserving analysis, unconditional energy stability, and
the optimal rate error estimate have been theoretically derived in a recent work.
In terms of the numerical implementation of this nonlinear and singular numerical
scheme, we propose a preconditioned steepest descent iteration solver in the com-
putation, based on the fact that the implicit parts of the numerical scheme are asso-
ciated with a strictly convex energy. This iteration solver consists of a computation
of the search direction (involved with a Poisson-like equation), and a one-parameter
optimization over the search direction. At a theoretical level, a geometric conver-
gence rate is proved for the PSD iteration, and the positivity-preserving property is
theoretically established at each iteration stage in the process. Moreover, a uniform
distance estimate between the numerical solution and the singular limit values of
+1 for the phase variable has played an essential role in the theoretical analysis.
Such an iteration convergence analysis and positivity-preserving analysis is a first
for a phase field model with a singular energy potential. A few numerical examples
are presented to demonstrate the robustness and efficiency of the PSD solver.
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