STRUCTURE-PRESERVING SEMI-CONVEX-SPLITTING
NUMERICAL SCHEME FOR A CAHN-HILLIARD
CROSS-DIFFUSION SYSTEM IN LYMPHANGIOGENESIS

ANSGAR JUNGEL AND BOYI WANG

ABSTRACT. A fully discrete semi-convex-splitting finite-element scheme with stabilization
for a degenerate Cahn-Hilliard cross-diffusion system is analyzed. The system consists of
parabolic fourth-order equations for the volume fraction of the fiber phase and the solute
concentration, modeling pre-patterning of lymphatic vessel morphology. The existence of
discrete solutions is proved, and it is shown that the numerical scheme is energy stable up
to stabilization, conserves the solute mass, and preserves the lower and upper bounds of
the fiber phase fraction. Numerical experiments in two space dimensions using FreeFEM
illustrate the phase segregation and pattern formation.

1. INTRODUCTION

In this paper, we suggest a thermodynamically consistent cross-diffusion system for lym-
phangiogenesis, based on the model of [31]. Lymphangiogenesis is defined as the formation
of new lymphatic vessels by lymphatic endothelial cells sprouting from existing vessels [34],
but it may also occur in a different way, for instance by migration of lymphatic endothelial
cells in the direction of interstitial flow [33]. Our model describes the pre-patterning of
lymphatic vessel morphology in collagen gels. The objective is the design of a structure-
preserving fully discrete finite-element scheme and the existence of discrete solutions.

1.1. Model equations. The dynamics is assumed to be given by the collagen volume
fraction and the solute concentration (protons, enzymes, nutrients) in a collagen implant,
as experimentally realized in [4]. Assuming that the collagen implant consists of two phases,
the fiber phase with (collagen) volume fraction ¢ and the fluid phase with volume fraction
1 — ¢, and that the solute is present in the fluid phase of the implant, the equations for
the fiber phase volume fraction ¢(z,t) and the solute or nutrient concentration c(x,t) are
given, according to [31], by

(1) ath = div (m(¢)(vlu - Cth<¢> C))),
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2) Buc = — div (cm(6)(Tp — Vhe(6,))) + div(g(e)held, ),

(3) p=—eA¢+e f(¢)+ hy(p,c) in T t>0.

Here, T¢ (d > 1) is the d-dimensional torus, the degenerate mobility is given by
m(¢) = ¢*(1 — ¢)*,

the diffusion coefficient g(c) is nonnegative and satisfies g(0) = 0 (which means that the
diffusion in (2) is degenerate), and

f(¢) =log—2— + & ‘

0
—(1-2 h = — 1—
are the derivative of the interaction energy and the nutrient energy [19, (2.63)], respectively.
Furthermore, h. = 0h/0c, hy, = Oh/0¢ are partial derivatives, p is called the chemical
potential associated to the fiber phase, and 6y, > 0 and € > 0 are some parameters. We
refer to Section 2 for details on the model. We impose the initial conditions

o(-,0) = ¢°% ¢(-,0) =" in T

We may also consider no-flux boundary conditions for a bounded domain in R%, but we
assume periodic boundary conditions for the sake of simplicity.

Model (1)—(3) is a fourth-order cross-diffusion system with the following features. If
the chemical potential p is constant, the diffusion matrix associated to the variables (¢, ¢)
has a vanishing eigenvalue. This issue indicates that it is more convenient to work with
thermodynamic variables, which make the diffusion matrix positive (semi-) definite. Fur-
thermore, if the nutrient energy is constant, we obtain the Cahn-Hilliard equation for
phase separation with a nonconvex energy.

The key of our numerical analysis is the observation that (1)-(3) possesses the free energy

(4) E(¢.c) = /T d (§|V¢|2 +ZF(9) +h(s, c>) dz,

consisting of the correlation, interaction, and nutrient energies. The interaction energy
density

F(8) = 6log o+ (1 — 6)log(1 — ) — (6~ 1)

is the difference of two convex functions, ¢ — ¢log¢p + (1 — ¢)log(l — ¢) and ¢ —
(60/2)¢p(¢ — 1). The chemical potential p is the variational derivative of E with respect to
¢ with f = F.

A computation, detailed formally in Section 2 and made rigorous on the discrete level
in Theorem 1, shows that

dE

(5) o [ (@)= VR0, + 9(0) Tha(6.)F)d =0

The energy provides bounds for V¢ and ¢ in L?(T?), while the energy dissipation gives

bounds for \/m(¢)V¢ and /g(c)Ve only under some conditions on g(c¢). An energy struc-
ture cannot be derived for the original model of [31], where the nutrient flux is given by
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D(¢)Vc and not by g(¢)Vh. = g(c)(hesV$ + heVe) as in our model. The additional gra-
dient V¢ is necessary to compensate the cross-diffusion terms in (1). This is not surprising
from a thermodynamic viewpoint, and, as explained in Section 2, the form Vh,. follows
from thermodynamic principles.

The aim of this paper it to design a numerical scheme that preserves the physical prop-
erties of the model, namely mass conservation, energy stability, and the bounds 0 < ¢ < 1.
This is not trivial, since the energy is nonconvex and the higher-order and cross-diffusion
structure does not allow for an application of a (discrete) maximum principle to conclude
the bounds for ¢. We overcome these issues by using a semi-convex-splitting scheme to
achieve energy stability and by exploiting the singularities of f(¢) at ¢ = 0 and ¢ =1 to
prove the lower and upper bounds.

1.2. Stabilized semi-convex-splitting scheme. The convex-splitting scheme was orig-
inally proposed in [10] and revitalized in [11]. Based on the classical convex-splitting
scheme, the idea of this paper is first to write the interaction and nutrient energies as the
difference of two functions F(¢) = Fi(¢) — F2(¢) and h(¢, ¢c) = hi(c) — hao(o, ¢) respectively,
where Fy, Fy, hy are convex functions and hy(¢, ¢) has a special structure, given by

Fi(¢) = plog 6+ (1 ¢)log(1 ), Fo(g) = Lo(6— 1),

ha(c) = %(;2, ha(6,¢) = (6 — 1),

and second to treat F{(¢) = fi1(¢), hic(c), hog(c) implicitly and Fj(¢) = fo(¢), ho(o)
explicitly. Typically, the time derivative is discretized by the backward Euler method, but
also second-order convex-splitting schemes have been suggested in the literature; see, e.g.,
8, 27]. To recall the technique, we write (1)—(3) as the formal gradient flow

Oy = div (M(u)VSE(u)), where u = (f) .

Here, the (symmetric, positive semidefinite) mobility matrix reads as

_( mle)  —em(@)
M(u) = (_Cm(¢) glc) +sz(¢)> ’

and 0 E(u) = (u, he) is the variational derivative of the energy with respect to u. We write
E(c,¢) = E1 — Es, where

E = /w (%|V¢|2 + éFl(czﬁ) + h1(c))dx, Ey= /w GFQ(@ + ha(9, c))dm.
The semidiscrete backward Euler semi-convex-splitting scheme with stabilization reads as
©) W=t o ("t =t 0)" = rdiv (M (W) V(SE (W) = 0B, (u™)),
Pt = —e AP 4 eTH(F (M) = Fy(¢")) + hag(c"T),

where u"™* = (¢", "), 7 > 0 is the time step size, and ¢ > 0 is a given constant. Because
of the presence of u™*, the discretization is called a semi-convex-splitting scheme. The
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stabilization with parameter o > 0 is introduced to obtain an L?*(T?) norm of yu". The
stabilization term is crucial for our finite-element analysis to deal with the degeneracy. In
fact, energy inequality (5) does not provide a bound for Vu™ since m(¢) = 0 at ¢ = 0 and

¢ =1.

1.3. Energy stability and physical bounds. We claim that scheme (6) is energy stable
up to stabilization. For this, we first observe that the convexity of F; and the special
structure of Fy imply that

/ (un+1 —u") - 5E1(un+1)d$ > E1(U”+1) — By (u"),
Td

_ /T (W ) SE (e > — (B ) — Ba(u),

where the last inequality follows from the identity

(0 — @) hae(@) + (€ — )hae(@) = ha(9,E) — ha(d, c).

The stabilization term satisfies

07_2/ (Mn+1 _ Nnao)T X (5E1(un+1) _ 5E2(u”’*))dac
Td

2
n n n T n n
e /Td(ﬂ ot tde 2 == (I e = 181 r)-

The test function §E" " := §F; (u"™) — § E5(u™*) in the weak formulation of (6) and the
positive definiteness of M (u") yield

0>— / V(SE™MT M (u)V (SEMH") dx
Td
:/ ((un+1 _ un) 4 0_7_2(Mn+1 . Mn’())T) . 5En+1’nd$
Td

2
> E(u"") — E(u") + T(HN 22 ey = " 2 pay)
and consequently
or?
2

This shows that the scheme is energy stable up to stabilization.

To verify the physical bounds 0 < ¢ < 1, we prove, inspired by [25], a uniform estimate
for a regularization f1 5(ds) of f1(¢) in L'(T?). Defining Ws = {z : |¢s(x)—1/2] > 1/2—46},
the uniform bound shows that

fl%iulnfl,é(cbaﬂwﬂ < | fr.s(¢6)ll 1 (rey < C.

The regularization is constructed in such a way that minga fi 5(¢s) — 0o as 6 — 0 (which
is possible because of the singularities of f(¢) at ¢ € {0,1}). This implies that |W;| — 0
and hence, 0 < ¢ < 1 for the limit function ¢ of ¢;.

2
B ) 4+ T agrsy < B + Tl
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1.4. Main results and state of the art. Our main results are

(i) the derivation of system (1)—(3) from thermodynamic principles, different from [31],
(ii) the existence of a finite-element solution to the fully discrete semi-convex-splitting
scheme,
(iii) the proof of energy stability up to stabilization, and
(iv) the proof of lower and upper bounds for the fiber phase fraction.

Moreover, we present some numerical tests in two space dimensions showing the phase
separation expected for Cahn—Hilliard-type equations.

The model considered in this paper contains several mathematical difficulties: a degener-
ate mobility m(¢), a degenerate diffusion coefficient g(c), cross-diffusion terms, and fourth-
order derivatives. To deal with the finite-element approximation of the cross-diffusion
equations, we exploit the thermodynamic structure of the model. The finite-element ap-
proach also has some limitations. First, we cannot prove the nonnegativity of the discrete
concentrations, although the continuous equation preserves this property. This issue is
well-known in finite-element theory and we discuss it in Remark 2. Second, we do not fully
exploit the energy dissipation to obtain gradient bounds involving the chemical potential
1, but instead we require a stabilization term to obtain low-order estimates for p. Gra-
dient bounds for p then follow from inverse inequalities. Therefore, our estimates are not
uniform in the stabilization parameter and the mesh size, which prevents a convergence
analysis.

We finish the introduction by discussing the state of the art. The modeling of lymphan-
giogenesis is quite recent. A system of ODEs was presented in [2] and extended in [3] to
include spatial variations, describing the dynamics observed in wound healing lymphangio-
genesis. The work [13] analyzed a diffusion system with haptotaxis and chemotaxis terms
for tumor lymphangiogenesis. Lymphangiogenesis processes in zebrafish embryos were
modeled by reaction—diffusion—convection equations in [37]. The collagen pre-patterning
caused by interstitial fluid flow was described by Cahn—Hilliard-type equations in [31]. The
optimal structure of the lymphatic capillary network was studied in [32] using homogeniza-
tion theory. It was found that a hexagonal network is optimal in terms of fluid drainage,
which is the structure found in mouse tail and human skin. A review on lymphangiogenesis
models is given in [28, Section 4].

Numerical schemes for Cahn-Hilliard equations are usually based on convex splitting
(see, e.g., [17]). Another idea, still based on the energy gradient structure of the equations,
is due to [16] using the so-called discrete variational derivative method. More recent
papers analyze second-order convex-splitting schemes; see, e.g., [15, 27]. In particular,
energy-stable finite-difference [7], compact finite-difference [26], and mixed finite-element
discretizations [8] have been investigated.

Cross-diffusion systems with Cahn—Hilliard terms have been suggested to model the
dynamics in biological membranes [18] and for tumor growth [30]. In these models, the
cross diffusion is of Keller—Segel type and thus, the diffusion matrix is triangular. Fourth-
order degenerate cross-diffusion systems with diagonal mobility matrix were analyzed in
[29]. In [22], Maxwell-Stefan models for fluid mixtures with full diffusion matrix and
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Cahn—Hilliard-type chemical potentials were investigated. Finally, a Cahn-Hilliard cross-
diffusion model arising in physical vapor deposition was analyzed in [9] and numerically
discretized in [6].

Up to our knowledge, the mathematical study of cross-diffusion Cahn—Hilliard equations
like (1)—(3) is new. In particular, no energy-stable schemes seem to exist for such systems.
The originality of the present paper is the thermodynamic modeling and the extension of
(semi-) convex-splitting schemes to the cross-diffusion context.

The paper is organized as follows. System (1)—(3) is formally derived from thermody-
namic principles in Section 2. We present the fully discrete semi-convex-splitting scheme
and the main existence result in Section 3. Section 4 is concerned with the proof of the
main theorem. Finally, numerical experiments in two space dimensions are given in Section

D.

2. THERMODYNAMIC DERIVATION OF THE MODEL

We assume that the collagen implant consists of two phases, the fiber phase ¢ € [0, 1]
and the fluid phase 1 — ¢ € [0, 1], driven by the conservation laws

(7) 01 + div(pvaper) = 0,  04(1 — @) + div((1 — ¢)vgya) =0 in T

where T¢ C RY is the d-dimensional torus, and vgper and vayq are the fiber and fluid
velocity, respectively. The following arguments hold true for bounded domains Q C R?
and no-flux boundary conditions. Generally, the phase averaged velocity v is given by
v = PUgper+(1—@)vauia. Then the sum of both equations in (7) implies the incompressibility
condition divv = 0. We suppose as in [31] that the phase averaged velocity vanishes, v = 0,
so that the fiber and fluid velocities are related according to

PUsiber + (1 — @)vauia = 0.
The solute (or nutrient) concentration is assumed to be driven by the conservation equation
(8) Orc + div(e(l — ¢)vapa) = div J,,

where J. is the nutrient flux, which is determined later. In particular, we neglect source
or sink terms, which can be justified by the observation that typically protons, nutrients,
etc. are abundant in the solute.

Expressions for vgpe, and J. are derived from the second law of thermodynamics. For this,
we suppose that the energy consists of the correlation, interaction, and nutrient energies,
E = ECOrr + Einter + Enutra where
€ 1

2/ IVo|?d, Einter:—/ F(¢)dz, Enutr:/ h(¢,c)dx,
Td € Jrd Td

and £ > 0 is related to the correlation length. The energy density F'(¢) is given by the
Flory-Huggins expression [12; 21]

E. corr —

F(8) = 0o+ (1~ 6)log(1 — 6) — (6~ 1),
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where 6y > 0 is the Flory-Huggins mixing parameter. The first two terms represent the
thermodynamic energy, and the last term favors the states ¢ = 0 and ¢ = 1. The nutrient
energy density is taken as in [19, (2.63)]:

h(¢,c) = %cz +c(1—¢).

The first term increases the energy in the presence of nutrients, and the second term can be
interpreted as a chemotaxis energy, which accounts for interactions between the nutrient
and the fiber phase.

According to the second law of thermodynamics, the energy dissipation —dF /dt should
be nonnegative [5, Axiom (IV)]. To compute this expression, we introduce the (fiber)
chemical potential by p = 0F/d¢p = —eA¢ + e~ f(¢) + hy, recalling that f = F’. Then a
formal computation gives

dE
9 —— = — - A -1 h 3,5 hcat d = — 8t hcﬁt d
©) 5= [ (=805 1(0) + )00 + hedic)de = = [ (06 + hodic)da

- _/ (¢Uﬁber Vi + (1l = ¢)vagia - Vhe — Je - th) dx
Td

= /d (= Pvtiber - (Ve — ¢Vhe) + J - Vhe)da,
T

where we used (1 — @)vauia = —@PUgber in the last step. The condition —dE/dt > 0 restricts
the choice of constitutive relations for vgpe, and J.. Supposing that each product on the
right-hand side of (9) is nonnegative [5, Axiom (IV) (ii)], an admissible choice is

(10) gbvﬁber - _Dﬁber(qba C)(v,u - Cth)a Jc = Dﬂuid(¢a C)th

for some coefficients Dgper (¢, ¢) and Dgyia(¢,¢). A more general choice is given by the
linear combination

quﬁber = —DH(V,u — CVhC) + D12th, JC = —Dm(V/J — Cth> + DQQVhC,

with a positive semidefinite diffusion matrix (D;;) = (D;;(¢, ¢)) € R**% but we prefer (10)
for the sake of simplicity. We specify our model by choosing Dgpe (4, ¢) = m(¢) = ¢?(1—¢)?
and Diyia(¢, ¢) = g(c). Then the final system (7)—(8) equals (1)—(3) and the energy equality
is given by (5).

This corresponds to the model of [31] with two differences. First, the model of [31]
includes the elastic energy density and not the mixing energy (6y/2)¢(1 — ¢). The elastic
energy involves the number of monomers between cross-links, linking one polymer chain to
another, and depends on the concentration c¢. Second, the diffusion flux in [31] is given by
J. = D(¢)Vec, leading to a diffusion equation for the solute concentration, which is driven
by the fluid velocity vg,q. However, since vg,q is coupled to the equation for the fiber
phase, this choice is thermodynamically not correct. We need a choice like J. = DguiqVhe
to ensure the thermodynamic concistency. From a modeling view point, this is the main
difference between our model and the model of [31].
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3. STABILIZED SEMI-CONVEX-SPLITTING SCHEME

Let N € N, let T" > 0 be the final time, 7 = T'/N the time step size, and ¢ > 0 the
stabilization parameter. We introduce the space X} of continuous linear finite elements
on the torus, where A > 0 is a measure of the size of the spatial grid. The initial data
is projected on the space X; and we write ¢) = Px, ¢°, ¢) = Py, c°, where Py, is the
projection from L?(T%) onto Xj.

As explained in the introduction, the idea of the convex-splitting scheme is to write the
energy as the difference of two convex functions and treat one function implicitly and the
other one explicitly. We define

f(9) = f1(¢) — f2(¢), where f1(¢) =logd —log(l =), fa(¢) =

h(6,¢) = ha(c) — ha(é,c), where hy(c) = %(;2, ha(6,¢) = (6 — 1).

Then hy.(c) = ¢, haoc(d,c) = ¢ — 1, hy(d,c) = —hay(p,c) = —c, and consequently
hy o( "H) — hoo(d}) = 1+ 1 — ¢ll. We recall that the diffusivity g(c) is assumed to
be nonnegative and g(0) = 0. An example is g(c) = ¢*>. We wish to solve

(1) 0=~ [ @ = epGde o [ (67 = i)

026 -1),

/Td (¢n>( n+1 V( n+1 +1— CbZ)) X Vghdl‘,

(12) 0= %/Td(c’g“ — eNépda +/ gV (T +1 = ¢f) - Vpda

’H‘Li

- / (o) (Vg — (@t 41— o)) - Véude,
Td

1) [ irtude=e [ Vot Tuder [ (2@ - o) - 4 s

for all ((n,&n, xn) € X3 and 0 < n < N — 1. Notice that equations (11) and (12) are
linear in (¢, e+t MZH) which simplifies the numerical implementation. We only need
to implement the Newton method for the semilinear equation (13).

Let w = |T~" [, u(x)dx for integrable functions u : T — R. Our main result reads as

follows.

Theorem 1 (Existence of discrete solutions). Let o > 0 be a given constant, (¢9,c))) €

X? with 0 < ¢_2 < 1 in T?, and let the time step size T > 0 be sufficiently small. Let
g : R = R be nonnegative and g(0) = 0. Then, for alln =1,..., N, there exists a solution
(o7, e, ) € X3 to (11)~(13) satisfying 0 < ¢ < 1 a.e. in T¢ and

(14) En—H _En S _7_/ ¢n ‘vun-l-l V( n+1 + 1 _¢Z>‘2dl‘
Td

—7'/ g(ch ’V "+1+1—¢Z)‘2dx,
Td
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where E™ = E(¢}, ) + (072/2) [pa |1 |?dx and E is defined in (4).

The smallness of the time step size 7 is also required in [19, Theorem 4.1] to show the
existence of discrete solutions. This restriction is not needed to derive the energy stability
(14). Inequality (14) is formally derived by using 7uf ™", h.(¢", ") = ™ + 1 — ¢p,
and ¢! — @7 as test functions in (11), (12), and (13) respectively. Here, we exploit the
fact that h(¢", ") is an element of the finite-element space, which requires an (at most)
quadratic nutrient energy. For more general expressions, we need to project the function,
which results in correction terms whose estimation may lead to an approximate energy
inequality only.

The proof of existence of solutions is based on the Brouwer fixed-point theorem, a pri-
ori estimates coming from the discrete energy inequality (14), and additional mesh-size
depending estimates. To deal with the singularity of f; at ¢ € {0,1}, we regularize this
function by some f; 5. The energy inequality provides basic a priori estimates for the ap-
proximate sequences (¢5™!), (Voith), (cjt!), and, thanks to the stabilization term, for

(,LL?“). The energy dissipation terms cannot be easily exploited; therefore, we use inverse

inequalities to infer bounds for V,u?“ and Vc?“, which are independent of § but may
depend on the mesh size.

It remains to establish the convergence of the nonlinear singular term f; 5 when ¢ — 0.
To do this, we prove an L*(T?) bound for f; 5(¢7™") and an L?(T¢) bound for P, f1s(#7™),
where Py, is the projection on X;. Then, by compactness, we can pass to the de-
regularization limit § — 0. Finally, arguing like in [14, p. 5272], we deduce from the L'(T¢)
bound for fi5(¢5™!) that the limit ¢ = lims_, @5 satisfies the bounds 0 < ¢}*! < 1

a.e.

Remark 2. We discuss whether the nonnegativity of the discrete concentration c;, can be
expected. The discrete minimum or maximum principle cannot be proven from a Stampac-
chia truncation argument, since the test function min{0, ¢j} for some ¢} € Xj, is generally
not an element of the finite-element space. In fact, the discrete maximum principle gen-
erally does not hold for finite elements [35]. It is possible to prove a discrete maximum
principle by requiring some conditions on the mesh, like acute triangulations [24, 38]. One
idea is to define the test function v,(A) = min{0, ¢} (A)} at the nodal points A [36]. How-
ever, this function is not compatible with the time discretization and cannot be used for
our equations. For general meshes, it was proved in [23, Theorem 9| that if the solution
c to the continuous problem is nonnegative then the finite-element solution ¢} satisfies
¢’ > minc) — Ch®, where C' > 0 depends on the data and a > 1. Thus, the solution
¢ may be negative but it becomes positive if mincl is positive and the mesh size h is
sufficiently small. Our numerical simulations in Section 5 confirm this statement. U

4. PROOF OF THEOREM 1

We split the proof in several steps. First, we prove the existence of solutions to a regu-
larized scheme, avoiding possible singularities when dealing with the logarithm, derive an
approximate energy inequality and further estimates uniform in the regularization param-
eters, and finally pass to the de-regularization limit using compactness arguments.
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4.1. Regularized problem and regularized energy inequality. We first show the
existence of a solution to a regularized scheme. Let 6 € (0,1/2) and

((1—¢)log(1 - ¢) + 52 4 (logd + 1)(¢ — 8) + dlogd if ¢ <6,
Fi5(¢) = ¢ ¢logo + (1 — ¢)log(1 — ¢) ifo<gp<1-—04,
| plog ¢+ L= _ (1og.6 + 1) (¢ — 1+ 6) + log § if1—6< ¢,
(¢ —6) +logd —log(1—¢) if ¢ <3,
f16(¢) = { log ¢ —log(1 — ) iféd<op<1-9,
(0 (¢ —1+40) +logg —logd if 1 -5 <¢.

Then F{; = fi,5. Recall that fo(¢) = 6o(2¢ — 1)/2. Given (¢}, ¢, upy) € Xj}, we wish to

find a solution (¢7™, it ity € X3 to the regularized problem

15) 0= [ (65" = Mo + o [ (5 = i

+ [ m(@) (Vi — V(™ +1-6p)) - Vuda,

Td

(16) 0= %/Td(c(?ﬂ —cp)éndx +/ gV (T +1—¢p) - Vépda

Td

- / crnm(en) (Vg™ — Vi cg™ +1 = ¢})) - Vénd,
Td

o) [ e =< [ Vot Vdet [ ( (Fus(it) - f2<¢;z>>—c:;“)xhdx

for all (Cy, &n, xn) € X3. We show an energy inequality associated to the regularized scheme.

Lemma 3. It holds for given (¢}, ¢, u), (¢33t ittty € X3 solving (15)—~(17) that

mn n n n ‘3 2
E;t - By < —T/d m(p)| Vst — V(G +1 - ¢p)|de
T

—7'/ g(ch ’V ”+1+1—¢2)‘2d1’,
Td
where
n € n |2 UT2 n |2 1 n n n n
Eys = » §|V¢h/5| t |t s|” + E(F175<¢h/6) — F5(Ph5)) + M Dh s, Chys) | d.

Moreover, the solution conserves the mass in the sense

ilde = | cda.
Td Td

Proof. The mass conservation property follows immediately by choosing &, = 1 in (16).
Next we choose the test function ¢, = pj*' € Xj, in (15) and &, = T +1 - ¢} € X,
(16) Here, we take advantage of the fact that h.(¢}, ci™) = it 4+ 1 — ¢7! is linear in
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both arguments, which ensures that this function lies in Xj,. An addition of (15) and (16)
with these test functions yields

1 1
> [ = opuan - [ @ - e £ 1= g

(18) +M/X%“ )
= / m(p) (Vigth — gV (™ +1—¢p)) - Vg tHda
[ m (Vi = V(T 4 1= ) V(T 1 o)
- [ aenIviG 1= o)
—— [ mle) Vi - vt 1= ol — [ a(@Ivt 1 - P

Finally, we choose the test function x;, = (¢ —¢7)/7 in (17). Then, with the elementary

inequality 7'(2)(z — y) > n(z) — n(y) for convex functions n and any (y, z), the left-hand
side of (18) becomes

1 1
(19) _/ #g-i-l( n+1 ¢n)d 4+ = / (Cgl-&-l - Ch)( n+1 + 1— ¢n)
T J1d Td
+oT / (g™ — )y ™
Td

V5T V(gs T — o )da

Td

2 /( (al6™) = ) = e ) (65 — o)

1 7 3 n
+ —/ (=)t +1 - ¢h)d$+07/ (™ — ppstde
T Td Td

[ vor e = vaR)as+ T [ g )
[ ((Rslr™) ~ Fusto) — (Fa(65™) ~ Falof)

TE JTd

1
L[ e - [ @t - et 1 g
Td T Jrd

T

n+1 n+1 >

Because of (¢ — })c}

according to

()% = (¢)?), the last two integrals can be estimated

1 mn T n 1 n mn n
2 [t = odat - [ (@ - @G 1 - oo

T
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1 n mn T T mn n
= P /’Jl‘d ((C(SH - Ch)C(SH + C<5+1<1 - 5“) —cp(l— ¢h>>d$

1 n n n n
> 2 [ TG = o)

T

Therefore, it follows from (19) that

1 1
_/ ( n+1 ¢n)un+1daj+_/ ( g—&-l Ch)( n+1+1_¢n)
T Jrd T Jrd
1
+ UT/ (57" = s e > —(E5™ = ERp).
Td
Replacing the left-hand side by (18) finishes the proof. O

4.2. Solution to the regularized problem. The existence of solutions to the regularized
system is proved by means of the Brouwer fixed-point theorem applied to a mapping
inspired by [19, Section 4.4].

Lemma 4. Let 0 < § < 1/2 be suitably small and let (¢}, ct, ult) € X; be given. Then
there exists a solution (pyth, it ity € X3 to (15)—(17).

Proof. We define the inner product

((Dns chs n), (Chs €y X1)) = /Td(ﬁbh(h + cnén + paxn)dx

on the Hilbert space X7. Let (¢}, cr, u) € X2 be given and introduce the mapping
S: X} — X by

(S(Pnycny tn), (Cns Ens Xn))
= / ( (Pn — D) +m(dy)(Vun — &V (en + 1 — @) - VG + o7 (pn — HZ)Ch) dx

Von th+( o+ ZCia(on) = F01) = an ) o
% )&+ 1~ 0R) — chm(éR) (Vi — ¥ (en + 1~ 0R) - V(6w + 1 - )

+9(cp)V(en+1 =) - V(E +1— ¢z)) dx

for all (Cu, &n, xn) € Xp. A solution to (15)-(17) corresponds to a zero of S.

Let L : X} — X} be the linear transformation L(¢p,ch, pn) = (fn, cn, on/T) with its
inverse L™Y(Ch, &n, Xn) = (TXns En, Cn). Furthermore, let R > 0. We suppose by contradic-
tion that the continuous mapping S o L™! has no zeros in the ball Br := {((n, &y xn) €

X3 [1(Chs &ny xn)ll2 < R}, where [[(Chy &ry X053 = ((Cho Ens Xn), (ChiEns Xa))- Furthermore,
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similarly as in [19, Section 4.4], we define the continuous mapping Gg : Bgr — 0Bg by
(S o Lil)(Cha §h7 Xh)
(S 0 L=1)(Chs Eny xn) ll2

By Brouwer’s fixed-point theorem, there exists a fixed point ((p,&n, xn) € Br of G such
that ||Gr(Ch, &y Xn)ll2 = 1(Chy &ny xn)||2 = R. By definition of L, there exists (¢p, cn, i) €
X} such that L(¢n, ch, pn) = (Chs €y Xn)- Then, since ¢, = pn, & = cp, and xp, = ¢ /7,

(S(n> cny n), (Chs Ens Xn))

1
— /Td (;(ébh — o) + m(op) (Vuh — V(e +1— ¢Z)) SN + o, — MZ)Nh) de

GR(Chvéwah) =—-R for (Ch7£h7xh> € BR‘

-ﬁL{awwv%+(—mﬁéumww—ﬁ@ﬁ%wa%ﬁw

T

+ /Td (%(Ch —ci)(en+1—=¢h) = cm(ep) (Vi — GV (en +1—=¢})) - V(ew +1— ¢})

T o) Vien+1 - ¢z>|2)dx Lt

where we collect the gradient terms, quadratic expressions in (¢, cp, i), and the nonlinear
terms:

£
I = /d <m(¢2)|vﬂh —V(en+1-gp)| + ;|V<Z5h|2 + ()| Vien+1—¢p)”
T
+ o7 (pn — MZ)Mh) dz,

I, = /Td {7_1_(¢h — &) tn — (pn + Ch)% + %(Ch —c5)(en+ 1~ ¢Z)}dx’

1

L=~
&

T

[ (Frstén) = paepn 2.

It follows from Young’s inequality that

13
n>° /T Vo + / () |V — V(e + 1 — ¢ [2da

Td

n n gT gT n
+ [ o r-onpe+ G [ juPde- T [
Td Td Td

2 or C 1
I > Ch _ 0T Qd__/ 2, Ly gy
2 = /]I‘d (27_ 4 ‘:uh| ) z o7 Jpa ¢h + T2‘¢h’ + |Ch| + xz,

where C' > 0 does not depend on §. We write the remaining term I3 as I3 = de(_[gl +139)dx,
where

Iy = T (Fualén) = 1) (0n— 61), T = —(faldn) — Foo))o.
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We use the properties

[fra(én)| < COH1 + |onl), | f2(65)] < C(1+ 7)),
Fs(op) < Co~ (1 + [op?), Fs(¢n) > Co g7 — C,

where C' > 0 does not depend on ¢ and Fjs := F} 5 — F5. Then, by the convexity of f; 5 and

f27
1 C C
Iy > —(Fs(én) = Fi(er)) = —6€T¢i — —(1+|op]?)-

deT
Finally, we deduce from
1 C C 1
> n__ n\2 > _ 2 - ni2
I3p > 8Tf1,6(¢h)¢h €T<<¢h) +1) > - <¢h + <1 + 52) [Onl” + 1) ,

where C' > 0 does not depend on 4, that for sufficiently small 6 > 0,

C (1 C 1 1
ILi>—(=-1 2de — — 1+ =+ = )|orfP +1)de.
8= ET <5 ) Td ¢hdw ET /Ed <( + 0 * 52)’¢h’ + )dl‘

Summarizing the previous estimates, we find that

(S(ncnopn): G0 = [ {1900 4 m(@DI Vi~ ci¥len 1 1)
C /1 C 2
+ (I (en+1— ) + (; (5 - 1) - ;)ﬁ 5k T - 0"}dx,

where C™ > 0 depends on (¢}, ¢, uyt), 0, o, and 7 but not on (¢p, cp, ). For any fixed
o >0 and 7 > 0, choosing ¢ sufficiently small, we have

(S(&n, chs i), (Crs Ens Xn)) = Cll(dns s pn) |5 — C™.

Since the norms ||L(-)||2 and || - ||2 on a finite-dimensional space are equivalent, i.e.

C”Hg(%,ch,uh)\lz < H(%,Ch,/lh)Hz < C/HQ(%,Ch,Mh)Hz
= C"[(Ch, & xn) |2 = C'R

for some positive constants C’ and C" independent of §, for sufficiently large R > 0,

(20> <S(¢h7 Ch, luh)’ (,LL}“ Ch ¢h/7—)> = <S(¢h7 Ch, Mh)) (Cha §h7 Xh)>
> CC"'R—C" >0,
On the other hand, since (Cp, &n, xn) = L(dn, cn, in) € Br is a fixed point of G, we have

L S(¢h76hvuh)
Gr(Lln, e ) = =Rog o ST

and therefore,

(S(dny chy n), (Hny €y O1/T))
= _%HS(QS}H Ch :uh) H2<GR(L(¢h> Ch, :uh))7 (/’l’hv Ch, ¢h/7_)>



STRUCTURE-PRESERVING SEMI-CONVEX-SPLITTING SCHEME 15

- _}%”5(@”Ch,/ih)’|2<L(¢h7Ch>Nh)a (ttns cns &0 /7))
a _fl%”‘s(ﬁbhaChaﬂh)||2<<ﬂhycha¢h/7)v (ens Cns ¢h/7)>

1
= _E|’S<¢haChaﬂh)’|2‘|(ﬂhachaQbh/T)”% <0.

This inequality contradicts (20). We conclude that, if R > 0 is sufficiently large, the
mapping S o L™! has a zero in Bg, which guarantees the existence of a solution to the
regularized scheme. Il

4.3. Uniform bounds. The energy inequality in Lemma 3 implies that (V¢i™')s is
bounded in L*(T?) and (¢7"')s is bounded in L'(T¢). By the Poincaré-Wirtinger in-
equality, (¢5*!)s is bounded in H'(T?). Furthermore, the energy inequality provides a

bound for (¢j™!)s in L*(T?) and, because of the stabilization, of (uf™)s in L?(T¢).

For the limit § — 0, we need gradient bounds for (u ?+1)5 and (c§™)s, which do not
directly follow from our approach because of the degeneracies and the linearized scheme.
Therefore, we use the inverse inequalities [1, (2.4)—(2.5)]

(21) ||Uh||L2('H'd) < Ch_d/2th||L1 (TdY, ||Uh||H1 (T4) < Ch_IH’UhHLz(Td) for v, € X,

which yields §-uniform bounds for (uj*"), (cj*') in H(T?).

We also need a uniform bound for the nonlinear function f; s(¢%™"). We first control
the LY(T%) norm of fis(¢7™"). We apply the arguments devised in [25]; also see [14].
Let my,my € (0,1) be such that m; < 1/2 < my and m; < gb_% < Mg, recalling that
@) = |Td|! de @Y dx. Furthermore, let \,, = min{¢? — my, my — @0} and Ay, = max{¢? —
my,my — @0}, We estimate fi 5(¢3+!) on the sets

Qo ={m1 <o <my}, O ={gf" <my}, Q= {my <}

Then
1 f16(05 ) L wey = : |fra(@5 ™ Dlde + [ | frs(oyt)|da + i |frs(05t)|de.
0 1 2

We infer from the monotonicity of fis and f;5(1/2) = 0 that f15(2) <0 for z < 1/2 and
fis(z) >0 for z > 1/2. Hence,

Al Fra(@3 ] < (00 — o3 ) fra(@3 ™) = (05 = ) fra(@™)  on O,
Al Fro(@3 ] < (057 = o) fra(dy ™) = (65 = ) frs(y™) o Q.
Then it follows from € U Qy = T \ Qg that

Al (62 20y < Ao /|ﬁ5nﬂkm+/k”“ ) fra( )

971

+AJ”“—¢mfﬂ?“Mx
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[ Vateg de = [ @5 = sty s
0 0

+ [ @ = sty s
If my < ¢3! < 1/2, we have f15(¢3™") < 0 and therefore,

—(05 = M) frs(d5 ™) = (057 — df)I frs(5 ™)

< (ma — )| fra(d5 ™) < Amal fra(d3 )]
Similarly, if 1/2 < ¢+ < my, we have f15(¢5™!) > 0 and

—(05 = M) frs(e5™) = (o) — o5 frs(e5 ™)

< () — ma)| frs(Bp™)] < Al frs(@f ™).
We conclude that

22) Aullfustds s < Con 20 [ 1 lde + [ (657 = ) uates* e

The first term on the right-hand side is bounded by a constant depending on 52 but
not on 9, since 0 < my < d;* < ms on 5. We need to estimate the second term on the

right-hand side. Taking y; = ¢3! gbo in (17), we have
/d( n+1 ¢O)f 6( n—i—l) 2—52/dV¢’§+1-V(¢§+1—¢_2)d:c
T
+ 6/ py (@5 — of)da +/ (fad]) + e ) (¢t — ) da
—&||V 85 [y + ellig ™ | 2w 1657 = SR L2y
+ C(1+ ol ogray + lles  H  paera) 1657 = Al 2rey < €,

where we used the uniform bounds for ¢, ¢%! 2! and the Cauchy—Schwarz inequality.

Thus, by (22), (fis(¢%))s is bounded in Ll(Td)

4.4. Limit § — 0. We have shown that (¢2™), (c#™), and (uj*") are bounded in H'(T¢)
(with respect to §). Hence, there exist subsequences which are not relabeled such that, as
0—0,

Vit —~ Vot vt ~vertt vttt = vt weakly in L2 (T9).
Since h.(¢,c) = c+ 1 — ¢ and hy(¢, ) = —c are linear, we have

Vhe(dh, cath) = Vhe(@1, ), ho(h, 3T = he(dp, cif)  weakly in L*(T).
(In fact, there is a subsequence such that (hy (¢}, ci™)) converges even strongly in L?(T9).)
These convergences are sufficient to pass to the limit § — 0 in the linear equations (15)-
(16). The difficult part is the limit in the remaining equation (17) with the nonlinear term

fuloyth).
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We know that fi 5(¢5*") is bounded in L!(T?) but, as L*(T9) is not reflexive, this bound
is not sufficient to obtain the weak convergence of a subsequence. Therefore, we proceed
as in [14, p. 5272]. We consider 0 < § < 1/2 and define the sets

1 1

1 1
g+1($)—§ >§—(5}, WQI{IETCII

Recall that fi5(0) = fi(9), fis(1 —0) = fi(1 —0), fis is increasing on R, negative on

(—00,1/2),and positive on (1/2,00). Hence, for some constant C' > 0 independent of d,

C > [ a6 ) o geay > / Fra(@n)|de
Ws

> min{—f1,5(0), f15(1 = 6)}[Ws| = min{—f1(d), f1(1 — 8)}[Ws],
which implies that

W(;:{xe’]l’d:

C
W] < min{—f1(0), f1(1 —8)}

By Fatou’s lemma, we have

C
Wo| < liminf [Ws| < lim inf =0.
ol I = B 00 o))
We conclude that 0 = [Wy| = |[{z € T¢: |¢7 (z) — 3| > 1}|, implying that 0 < ¢} < 1
a.e. in T Consequently, since fi 5 converges to f; uniformly on closed subsets of (0, 1),

frs(@r™) — fi(opt!) ae. asd — 0.

The LY(T?) bound for (f15(¢5*"))s allows us to infer an L*(T?) bound for (fis(d;t))s.
This bound is independent of § but it generally depends on the mesh size h. We infer from
the a.e. convergence that f5(¢53t") — fi(¢) ) weakly in L?(T%) as § — 0 (see (21)).
The previous convergences are sufficient to pass to the limit § — 0 in (17), and we
conclude that (¢} ¢!, ui*!) is a weak solution to (11)—(13). Moreover, by the lower
semicontinuity of the gradient L?(T¢) norm, we can perform the limit § — 0 in the approx-
imate energy inequality in Lemma 3, which gives (14) and finishes the proof of Theorem

1.

5. NUMERICAL EXPERIMENTS

We illustrate the dynamical behavior of the solutions to our model. To this end, we solve
the regularized scheme (15)—(17), replacing (¢}, c}') by (¢}, cy), implemented in FreeFem
[20]. Equation (17) is solved by using the Newton method. It is possible to use the
unregularized system (11)—(13) if the initial data lies in the interval (n,1 — n) for some
small > 0, and the numerical results for § = 0 and § = 10~3 are basically the same. The
spatial domain is the rectangle T? = (0, 27) x (0, 27), discretized by a uniform triangular
mesh of 60 x 60 triangles. The physical and numerical parameters are

=10"%, £=0.15 0=0.1, 6,=7 7T=1073
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time step  [|@ — dref||zz Tate ||c — cuefl|zz  Tate
0.0064 1.15e-02 1.24e-02

0.0032 6.31e-03  0.86  6.52e-03  0.92
0.0016 3.25e-03  0.95  3.26e-03  1.00
0.0008 1.57e-03 1.05  1.55e-03  1.08
0.0004 6.86e-04 1.19  6.68e-04 1.21
0.0002 2.31e-04 157 2.23e-04  1.58

TABLE 1. Temporal convergence rate.

if not stated otherwise. Chen et al. [7] have used the value 6y = 3 for the Cahn—Hilliard
equation with a Flory—Huggins-type potential, which motivates our choice of 6y. Further-

more, we choose the function g(c) = ¢2, which satisfies the conditions stated in Theorem
1.

5.1. Convergence, energy inequality, and physical bounds. In the first example,
we compute numerically the temporal convergence rate using the initial data ¢°(z) =
0.08rand + 0.2 and ’(x) = 0.1rand + 0.4, where rand yields a uniformly distributed
random number in the interval [0, 1] (we have used the command randreall in FreeFem);
see Figure 1. The reference solution is computed with the time step size 7 = 107*. The
numerical errors in the L?*(T?) norm (more precisely, we used the command int2D of
FreeFem) at time 7" = 0.064 are shown in Table 1. We confirm the first-order convergence
rate when the time step sizes are not too large.

27 1 27 1
s T
0 0 0 0
0 T 27 0 T 27

FIGURE 1. Initial data ¢° (left) and ¢ (right) used in Section 5.1.

We discuss the minimal values of the numerical concentrations ¢, for various spatial mesh
sizes. We choose a small perturbation for the initial data, namely ¢°(z) = 0.08 rand + 0.2
and ’(z) = 0.001rand. Recall that rand yields random numbers from the interval [0, 1],
so the initial concentration is nonnegative. The numerical solutions are solved with time
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time/mesh 30x30  60x60 90 x 90

t=0.2 —1.44e-05  1.29e-06  1.68e-06
t=04 —4.02e-05 —1.21e-09  1.55e-06
t=0.6 —1.41e-04 —8.53e-06 —1.49e-06

TABLE 2. Minimal values of ¢, at various times and for various spatial mesh sizes.

step size 7 = 10~* and on three uniform triangular meshes of 30 x 30, 60 x 60, and 90 x 90
triangles. The minimal values of ¢;, are presented in Table 2. We observe that in principle
the numerical concentration becomes positive for sufficiently small mesh sizes. Since ¢ > 0
only, the analytical results of [23] predict that ¢;, > —Ch® for some o > 1. This explains the
negative values in the last row of Table 2. Thus, although our scheme does not preserve the
nonnegativity of the concentrations in general, the minimal values of ¢, are under control.
In applications (and also in our numerical tests), the solute concentration is not close to
zero such that we do not expect negative values for ¢, in the corresponding numerical
simulations. The test presented here illustrates an extreme case.

Next, we illustrate how the energy decay and extreme values of ¢ are influenced by varia-
tions of the parameter §. The initial data is ¢"(z) = 0.08 rand +0.2, ¢°(x) = 0.1 rand + 0.4.
Figure 2 (left) shows that the discrete energy values for various time steps are decreas-
ing, however, not with a uniform rate. The extremal values min ¢} and max ¢} at times
t=0,...,1in Figure 2 (right) preserve the physical bounds for the fiber phase. In Figure
3, we present the energy decay and extremal values of ¢} for various values of §. The initial
data is ¢°(x) = 0.6rand + 0.2, (°(z) = 0.1rand + 0.4. The scheme is energy stable for all
values of d, but the extremal values of ¢} lie in the interval (0, 1) only if § is sufficiently
small. If § = 0.1, the extremal values become larger than one.

42 : ; ; ; 1

@
=}
k= ——1=001
> (3]
336 = —— 7 = 0.005
@ " £ T = 0.001
w 5 —a— 7 = 0.0001
g0 |[—e— 7 =0.01
—— 7 = 0.005
30 7 = 0.001
—a— 7 = 0.0001

28 : : : :
0 02 04 06 08 1

Time

FIGURE 2. Discrete energy (left) and extreme values min ¢} and max ¢}
(right) for various values of the time step 7.

We also illustrate the influence of 6y on the dynamics in Figure 4. For the chosen
parameters, the physical bounds 0 < ¢§ <1 and cj > 0 are satisfied.
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42
40"
38
E
& 36 g
Q@
G 34 E
f
32 —m—0=0.1
a0 l|—8— 6 =0.01
—¥ 6 =0.001
28 ‘ : : :
0 0.2 0.4 0.6 0.8 1
Time Time

F1curE 3. Discrete energy (left) and extreme values min ¢} and max ¢}
(right) for various values of the regularization parameter .

1
0.8
[72] [72]
o) o)
= =
0.6 ©
> >
o) o)
£ £
£ 04 £
X X
L L
0.2
L 8 -
0 : e Al ot 0.2 : V999 Y
0 0.2 0.4 0.6 0.8 1 ) 0.2 0.4 0.6 0.8 1
Time Time

FIGURE 4. Extreme values min ¢} and max ¢} (left) and extreme values
min ¢ and max ¢} (right) for various values of 6y with § = 107>,

5.2. Phase separation. We present simulations of phase separation in T? with the initial
data ¢°(z) = 0.08rand + 0.2, ’(z) = 0.1rand + 0.4 and the time step size 7 = 1073.
Recall that 6 = 1073, ¢ = 0.15, and 6, = 7. Snapshots for the fiber phase ¢ and nutrient
concentration ¢ are shown in Figures 5 and 6. It was shown in [31, Section 4] that a reduced
equation, derived from a long-wavelength reduction, shows a hexagonal-like pattern, which
is confirmed by our numerical experiments for the full model.

We have verified that the total nutrient mass is conserved, the discrete energy is decreas-
ing, and the nutrient concentration is positive for the simulated times (not shown). This
confirms the structure-preserving properties of the semi-convex-splitting scheme.
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FiGure 5. Fiber phase fraction ¢ at various times ¢ =
0.2, 0.4, 0.5, 0.7, 0.9, 5 with € = 0.15.

For comparison, we present simulations of phase separation when € = 0.3 is larger than
in the previous example (the other parameters are unchanged). We show in Figure 7 and 8
the snapshots of the solutions. Again we observe phase separation but the pattern coarsens.
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