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Based on a general thermodynamical theory of mass and momentum, we propose and investigate
a new phase field model for small transition layers between two spatially separated phases with
intersecting free energy functions. We use a phase fraction that only depends on the ratio of the two
density components. From the phase field model we derive conditions for the sharp interface velocity
and density jumps.

The general model is motivated by and applied to the dynamics of lipid monolayers, which appear
as surfactant on the strongly expanded and compressed thin water film of lung alveoli. While the
liquid condensed ordered phase (LC) of a flat lipid monolayer is characterized by high viscosity and
limited compressibility, the liquid expanded disordered phase (LE) is dominated by diffusion and
high compressibility.

In order to perform the asymptotic transition layer analysis at moving phase boundaries, a new
nonlinear free energy interpolation model is proposed whose excess energy, in comparison to
standard linear interpolations, contains an energy hump that has to be surpassed in a permissive
transition from one phase to the other. This leads to a unique density jump condition in the case that
the ordered phase is extending, whereas in the retracting case the jump densities are not restricted.
The transition profiles and the resulting interface speed are numerically determined for a typical
example by solving a nonlinear degenerate ODE system.

In a simplified 1-dimensional situation with low Reynolds number, the approximate macroscopic
system of differential equations with moving sharp interface is numerically solved and interpreted in
application to surfactant monolayers in lung alveoli.

1. Introduction: Lipid layers as surfactant in lung alveoli

Surfactant layers on the top of the thin water film covering the interior of lung alveoli consist of
a well tuned mixture of phospholipids (with 40-80% DPPC: dipalmitoylphosphatidylcholine) and
associated proteins, whose hydrophilic and hydrophobic interactions guarantee film stability by
effectively reducing water-air surface tension even under extreme changes of alveolar surface area
and lateral pressure due to strong breathing (see [8]]).

In vivo and in vitro studies have revealed that during repetitive breathing cycles, depending
on the lipid mixture, there appear more or less variable surface patches of well ordered lipid
monolayers, while the remaining surface is covered either by folded multilayer ‘islands’ or by
regions of highly disordered and compressible lipid layers. Within these three types of patches,
lipid concentration levels are relatively constant, whereas at the patch boundaries there can occur
quite steep concentration jumps (see Fig. [I).

Though the type of lipid mixture as well as interactions with embedded proteins play an
enhancing role for surface stability, we only treat the simplest case of a pure DPPC lipid monolayer.
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FIG. 1. Atomic force microscopic images of lung surfactant monolayers on an air-water surface at pressures (A) 45 nN/m
and (B) 55 nN/m. The displayed layer height (scale 5 nm) appearing as grey light level, reveals jump transitions of different
sign between mostly constant plateau values within the larger (5—10um-sized), more circular ‘solid phase’ domains and
smaller, more fuzzy ‘liquid phase’ domains. From Ding et al. [4], Fig. 2.

(b)

F1G.2. Phospholipid monolayer simulated by molecular
dynamics: Larger patch (10.7 nm x 311.6 nm) in the
LE+LC coexistence region (0.57 nmz/molecule) after 7.8 ns of
simulation time. (a): View from the air phase. The white circle
marks a LC domain, indicated by a hexagonal arrangement of
the terminal carbon atoms of lipid tails (bright). (b) and (c):
Side views of slices along the straight lines indicated by the
arrows. From Knecht et al. [3], Fig. 5.
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Moreover, we do not consider the process of multilayer formation by monolayer folding, but
restrict our modeling to a flat 2-dimensional situation with relatively rapid transitions at the phase
boundaries between ordered and disordered lipid monolayers.

Also 3-dimensional molecular dynamics simulations have been performed for densely packed
arrays of phospholipids at an air-water interface, where the hydrophilic heads are embedded into
the water (Knecht et al. [5]). Under certain hypotheses about the head/tail specific molecular
interactions, the authors are able to reproduce some phenomena of molecular orientation, ordering
and patch formation that resemble phase transition and, in a few cases, also phase segregation
between more ordered and less ordered states (see Fig. [2). However, the presented spatial scaling
might only indirectly be applicable to the pum-scale in the situations of Fig.|I} which rather require
suitable macroscopic continuum descriptions.

Our goal is to understand and explain the basic processes at the molecular level that lead to
macroscopic phase boundaries. For this we derive and exploit a generic phase field model for small
continuous transition layers. In the limit we obtain equations with jump discontinuities, which are
of different type in cases of an expanding or retracting ordered monolayer phase.

2. Model functions for ordered and disordered lipid monolayers

According to experimental investigations of pure DPPC monolayers on flat air-water interfaces
under controlled lateral compression, there appear two essentially different liquid phases, namely
an ordered gel-like liquid condensed phase (LC) at about 2 molecules per nm?, where the
hydrophobic lipid tails interact and induce their mutual alignment, with the hydrophilic lipid
heads being ‘anchored’ in water at a relatively constant depth, and a disordered liquid expanded
phase (LE) at about 1 molecule per nm?, where the lipid tails do not align but rather cross
each other, partially floating on the water surface, thereby diffusing together with their ‘less
anchored’ lipid heads in a gas-like manner (G), particularly at even lower concentrations (see
Fig. B). At intermediate concentrations the disordered and ordered phases show coexistence
(LE+LC), whereas for a ‘maximal’ concentration slightly above 2 molecules per nm? a perfectly
ordered and aligned condensed phase (C) arises, which tends to collapse into folded 3-dimensional
structures.
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F1G. 3. Phase behaviour in experimental DPPC lipid monolayers on air-water interfaces. Sketch of observed relations
between lateral pressure and inverse concentration (surface area per lipid molecule). From Knecht et al. [5], Fig. 1.
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The disordered phase 1 (LE or LE+G) is characterized by a nearly constant lateral pressure, so
that a gas-like pressure state function, e.g. of the simple form (up to a constant)

pr@) =ar-@*— o) +bi-(0—o)—ci 2.1)

with relatively small coefficients, is suggested. Then the corresponding free energy function (see
Section 3 can be written as

f1(9)=a1-(Q—Q’f)2+b1~@~<ln§—1>+b1 0]+ (2.2)
1

where ¢ denotes the minimal free energy which is attained at a concentration o = @J. From the
experimental diagram in Fig. |3} values of o] < 1/ nm? would be realistic.
For increasing condensation the ordered phase 2 (LC or LE+LC) is characterized by a rapidly

increasing pressure tending to infinity for 0 = Omax, With Omax ~ 2.5/nm2. This functional
dependence can be modeled as

m@=a-0 2"t b (005 -2 (2.3)
max —
corresponding to a free energy function
fz(g)=a2.g.1nL+b2.Q.<1n%—1>+b2.g;+cz (2.4)
Omax — @ @

where now ¢ would denote the minimal free energy at ¢ = @ in case of lipid alignment without any
specific force interaction between the tails (a; = 0), just as gas-like repulsion between the heads.
Therefore, in comparison to the free energy function of the disordered phase 1, with repulsion of
heads and tails, we propose basic parameter choices 05 > o}, b2 > by and ¢ < cy, such that
already for a; = a» = 0 the ordered phase 2 has a steeper free energy profile with a lower absolute
minimum attained at higher concentrations (see Fig.[d). We remark that ¢; and c; are only defined
up to a common additive constant C, which has to be chosen so that the pressure in the disordered
phase vanishes for ¢ — 0 (in Fig. @ choose C = —3).
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FI1G.4. Modeled free energy functions f and f> plotted over mixture density o for the disordered and ordered phases 1
and 2: (a) Left panel: Gibbs energies with parameters a; = a, = 0, QT =1land g’z" =21,by=1land by =5,c; =2and
¢y = 1. (b) Right panel: Generalization with a; = 0, ap = 0.5, Q’l" =1 and gz‘ =3,aswellasb; =1land by =3,¢c] =2,
¢y = —1,and pmax = 2.5.
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3. Interface problem

Let us consider the local situation without boundary conditions, in which a time-space domain
2 C R x R” is decomposed into two domains 2!, 2% separated by an interface I" C R x R”. For
the physical situation the space dimension is n = 2. We assume that £2! is occupied by a diffusive
substance with density | and low viscosity, and that £22 is occupied by an almost incompressible
substance with density g and high viscosity. Moreover, we assume that two strictly convex free
energies

o1 — fi1(o1) (disordered phase), 02+ f2(02) (ordered phase), 3.1)

are given (for examples see Fig. [ and Fig.[5).

The dynamics is given by conservation of mass and momentum for the mass densities g1
and @» defined in 2! and 22, and a velocity v defined in §2 and assumed to be continuous at
the interface I, since it describes the mean flow field of the fluid mixture.

Denoting by mg and mg the volume measure L' x L" on £2 and £2%, and by m the surface
measure L' x H"~! on I, the distributional formulation (see [I]) is given by

3.1. Conservation laws. The balance laws for the mass of the two phases are

d;(o1mgp1) +div((e1v + J)mgp1) = rimp,

. 3.2)
3t(Q2m_r32) + le((Q2U)m_r32) =rompr,

with conserved total mass, that is, 71 + rp = 0 for the sum of the two mass transition rates r; at the
interface. Here J is the diffusive flux of the disordered phase, for a linear diffusion model given by
J = —d(01)V o or, equivalently, by

J =—d(e)Vu1, where pui:= f{(o1) (3.3)

is the chemical potential of the disordered phase. The balance law for the total momentum is

d:r(ovmyg) + div(gv Q@ump +v® Jmp: + Z Hkmgk) =fmg, (3.4
k=1,2

where o := o1 in £2! and ¢ := 0> in £2?, and where v is continuous across the interface. (Here
the splitting of the momentum flux is in accordance with general thermodynamical considerations.)
Moreover, we set

% = pr1d — S (3.5)

with pressures py = ok fk’ (or) — frx(or) and stress tensors S, for which we use standard constitutive
relations for fluids, namely

Sk = ax (o) (DV)* + Br(or) divv1d. (3.6)

Finally, f is a possible external force.

This is the complete formulation of the problem, with one exception: an additional equation
on the interface is needed. It is the purpose of this paper (see [3.2)), to arrive at such constitutive
equations. Now, the equations in are equivalent to

801 +div(ojv +J) =0 in 22! (parabolic),

3.7
002 + div(oav) =0 in 22 (hyperbolic),
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and the interface conditions
rit+@-w—vr)+J)evgr =0, r+o2-(v—vr)evg =0,

where v is the velocity vector of I". Since r| + r» = 0, we obtain one interface condition

—Jev+Ai-(01—02) =0, (3.8)
where v := vy1 = —vg2 denotes the interface normal vector and
Ai=(@wr—v)ev 3.9

is the speed of the interface in direction of the ordered phase relative to the normal component of
the fluid velocity. Thus the two counteracting mass transition rates are

rr=01A—Jev and ry = —p2A. (3.10)
Furthermore, (3-4) is equivalent to the differential equations

Bt(glv)+div(91v®v+v®J+171) =f inQ!,

_ , , G.11)
0:(02v) +div(ov @ v+ IT7) =1 in £22,
and, by using (3.8), the continuity condition
(' —m*v=0 onr. (3.12)

To derive additional moving interface conditions we observe the following:

For A > 0 the characteristics of the hyperbolic equation for gy enter the interface.
Therefore, the incoming @;-values have to be used in the boundary condition of the parabolic
equation for g1. For A < 0 the characteristics of for gy start at the interface, and therefore
the values of 0> have to be prescribed.

This implies that a consistent interface condition for the values of (1, 01, 02) € R> on I' consists
of one equation for A > 0 and two equations for A < 0.

In order to derive such conditions we present a phase field model with a small parameter ¢
describing the thickness of interfacial layers. Then an asymptotic expansion of such layers leads
to an ODE system. From solvability considerations for this system we shall derive appropriate
constitutive equations on the interface. They have the following form (for the proof of (3.13) see
statement [6.3)):

3.2. Constitutive equations. If, on the interface, (01, 02) — f4(01, 02) is defined as in equation
(6-T7), then the sign of A can be computed from the values of ¢ and g by the formula

sign A = sign fa(01, 02)- (3.13)

Moreover, we obtain

A =i(o1,00) for fa(o1,02) > 0,

. . (3.14)
02 = 02(01), A =A(01) for fy(o1,02) <O.

The identity (3.13) says that the sign of A is determined by the tangent of the graph of fi at )
and the point (02, f2(02)) (see Fig.[5). If the point lies above the tangent, then A is positive, that
is, the ordered phase shrinks. If it lies below the tangent, then A is negative, and the ordered phase
Srows.
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FI1G. 5. Convex free energy functions f} and f; for disordered and ordered lipid phases, respectively, plotted over mixture
density o. Also drawn is the tangent of f| at the disordered phase density level o1. The propagation velocity A of a sharp
interface transition from o to 0> has the same sign as the arrow between the tangent line and f; at the ordered phase density
level 0.

4. Generic phase field model

We present a phase-field model for the interface problem of Section [3|based on the free energies fi
and f> in (3.I). We construct a free energy f for the phase-field model depending on the gradient
of the phase fraction. Moreover, we start with conservation laws for mass and momentum with a
quite similar structure to that in The main restrictions for this model are due to a free energy
inequality (see [7]], [[1]]). This inequality ensures that the model is consistent with thermodynamics.
Independently, the phase field model could be used for numerical simulations. As mentioned above,
as an outcome we shall obtain constitutive equations at the interface (see (3.14)). They are used for
numerical simulations of the interface problem.

In the phase-field model the densities ¢ and g3 live in the entire domain. Total mass and phase-
fractions are defined by

o:=01+0. $r=0k/o fork=12¢:=¢n. (4.1
The general balance laws for the mass of each phase and the total momentum are

drox +diviorv + k) =1, k=1,2,
ri+r =0, “4.2)
9 (ov) +divipv @ v+ v (J1 + Jo) + IT) = 1.

Here J, are the diffusive mass fluxes and ry the mass transition rates. Moreover, I7 is the pressure
tensor and f an external force. The specific forms of these quantities are described below, where the
structure of IT will be a consequence of the free energy inequality. Thus, so far the fluxes in [@.2)
are arbitrary (the splitting into dynamical terms gxv, ov ® v, and v ® Ji, which are well known
from thermodynamics, is only done to simplify further computations). It follows that the total mass
o satisfies

d;0 +div(iov+ J) =0, where J :=J; + Jo. 4.3)
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In general, we could allow the internal free energy f depending on the densities and its spatial
derivatives, that is, ~
f = fler,02,Veo1,Ver). 44)

However, in a subdomain with g2 ~ 0 (i.e. ¢ =~ 0) we want f to be approximately the internal free
energy 01 — fi(o01) in (3.I) of the pure disordered phase. Therefore, in this subdomain f should
be approximately independent of V1. The same considerations apply to regions with g1 = 0 (i.e.
¢ =~ 1). (We mention that this procedure is quite different from making a double-well potential out
of fi and f>, where certain parts of these free energies would be ignored.)

Assuming a symmetry at this stage, the only reasonable way to realize this is to allow f to
depend only on the gradient of ¢,

01 02
Vp=—" Voy— ——=_Vo,. (4.5)
(01 +02)? € (01 +02)? €

(Note that V¢ = V¢, = —V¢y, since ¢ + ¢» = 1.) Moreover, the dependence on (91, 02) is
equivalent to a dependence on (o, ¢). Thus we arrive at the following form for the free energy:

4.1. Free energy. Consider a total free energy

Jot = frot(0, ¢, v, V@) = fiin + f
with kinetic free energy
Y
Jxin 1= Elvl2

and internal free energy
f=17r¢ Vo). (4.6)

The above splitting of fior can be justified a posteriori by well known arguments from
thermodynamics.

We shall consider solutions (o1, 02, v) of with certain constitutive relations for Ji, J,
and 7, which are specified later (see [4.8]and [4.9). We postulate:

4.2. Free energy inequality. With a free energy flux ¥, and constitutive equations, which have to
be specified, the inequality
8tftot + div lI/tot < vef (47)

has to be satisfied for all solutions (o1, 02, v) of system @]) We split
Wit = frow + v + F[v[*T + W
in well known kinetic terms and a vector ¥.

4.3. LEMMA. For the total free energy production we have
g =0 fiot +div¥iot —vef=0,f +div(fv+ )+ Dv eIl 4.8)
Thus (4.7) reads g < O for solutions of the system.

Proof. 1t is well known from fluid mechanics that for the kinetic terms
O fiin + div(fiinv + v + $v*J) = vef+ Dv eIl
for solutions of [#.2)). O
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Using the notation
h= o;h +veVh for functions A 4.9)

we have by the chain rule

O f +div(fv) = f+ fdivo= fio0+ frod+ D fragdiep + fdivo. (4.10)

From this we obtain

4.4. LEMMA. If

8f .
W= 50 Sro — div(frvg) (4.11)

denotes the first variation of f with respect to ¢, then

g=div(¥ + ¢ fryy) + Dve (fId—Ve ® fryy + 1) + f10 + . (4.12)

Proof. Since
dip =0 — dveVe

we obtain
D Fropdid = Fapdid— Y frapdiveVe
i i i
= Z ¥ (frop®) — (Z 3if’3,-¢> p— Z 0ivj f13,0; P
i i ij
= div(¢ frvg) — @ div frvg — Dv e (Vo ® frvg).
Inserting this in (@10 and then @.I0) into (&.8) yields the result. a

Next we have to compute ¢ and ¢ in @.12).
4.5. PROPOSITION. System (.2) of differential equations is equivalent to the following for
(0, v, ), where ¢p = ¢, ¢p1 =1 — ¢, and r :=ry:

0+divJ +odivv =0,

0h +p1divr — godiv =1,

ov+divil 4+ DvJ =f.

Proof. The first identity follows from (@3) and the last one from the momentum equation in #.2).
Moreover, from the second equation in (#.2)),
r=ry=9(¢0) +div(¢ov + )
= 0(0:p +v e V@) + ¢ (0;0 + div(ev)) + div J»
=o0p —pdivJ +divir = ¢ + (1 — ¢)div J» — ¢ div J;. O
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Inserting this one obtains
Frob+nd = —ofrpdive— frpdivJ + %(r + ¢y div Jr — a div o)

- div<¢2—“J1 o, f/QJ) —ofrpdivo+ £y
0 0 0

+Vf/QoJ—V<¢ZTM>oJ1+V(¢I?M>oJ2,

where J = J; + Jo. Thus, using (.12)), we arrive at the final form for the free energy production:

4.6. PROPOSITION. Define chemical potentials p; and u; and a pressure p by

P P
M1 1=f’g—?, M23=f’g+7, p=0fo—f

Then the free energy production g becomes

g=div(¥ + ¢ frvg — m1Ji — 122) + Dve (—pld—Vo ® fryg + IT)
+%r+Vp.1 o Ji+ Ve . (4.13)

4.7. REMARK. We have u; = % for k = 1, 2, where f is defined in #@4).

Proof. Since ¢ = 02/(01 + 02), it follows that V¢ satisfies formula (@.3)), so that

02 o g, @ Vm)
o1+ 02 (014 02)? (01 + 02)?

From this identity one derives the result. O

f(o1,02,Voi,Vor) = f(Ql + 02,

We want the production rate g to be nonpositive. The first term in (4.13) can be used to choose a
particular free energy production ¥, and the second by specifying a particular pressure tensor I7.
The third term is dissipative.

4.8. THEOREM. Assume that the free energy flux is given by
W= —¢frvp + 1y + pada

and let
n=pld+Ve ® frvy —S.

Then the free energy production is
g:—DvoS—l—Er—FVpL] eJ1+Vure s
o

Moreover, the free energy inequality is satisfied if
DveS >0, 4.14)

By Y viea<o. (4.15)
S
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The term —¢ f. 've in the free energy flux is well known for phase field models, and the terms
Wi Jx occur in diffusion systems. The representation of /7 is analogous to models for a single fluid
(the Vo-terms in the Navier—Stokes—Korteweg equation), here the gradient terms involve only V¢.

The standard example satisfying is the usual stress tensor S = « (Dv)°+ B div v Id for
viscous fluids, where the Lamé coefficients are allowed to depend on ¢ and ¢ with « > 0 and
(1/n)a + B > 0. Thus it remains to study inequality @.13)).

The first term in (4.13) has the usual structure as for a reaction equation, and the second term
is common for diffusion systems. Therefore, to ensure that (@.13) holds, one could try to satisfy the
two inequalities (1/0)r < Oand ), _, 2 VigeJi < 0. However, in our case both terms are strongly
coupled due to the form of the chemical potentials ©1 and ;. Using this structure we obtain

4.9. PROPOSITION. Define K := ¢1Jo — ¢»J1. Then with J = J; + J, we obtain
and inequality is equivalent to

o
Q
Proof. Using the definition of 1 and us in[d.6) with u defined in (.TT]) one gets

VureJi+Vus ey = (¢1Vur +¢2Vuo) e J +V(ua —py) e K

(o) e85 (2) o
o 0 o
and

w(m - %ZM) + W(m + %lu) — V- "%’“‘wg + ‘%"vm

g(r—V¢oJ)+Vf/Q.J+V< )-KSO. (4.16)

Now, we can treat the terms in (#.16) as independent terms. The simplest case for K, provided K
is nontrivial, is to be a negative multiple of V(1/0). Since u, by (@.11)), is a second order operator
in ¢, this would imply that the mass equations (in Proposition4.5) would be of fourth order in ¢ (as
for the Cahn—Hilliard equation). Thus, only the case K = 0 leads to second order equations, which
is the model we consider in this paper. Assuming K = 0 means that the diffusive fluxes J = ¢xJ
are just the phase fractions of one common flux J.

4.10. General system. Assume K = 0. Then the system of conservation laws (@.2) to solve is

dro + div(ov + J) =0,
9 (¢o) + div(gov + ¢J) =,
or(ov) +divipv@v+v®J +1T) =1
withr = rp and IT = pId+V¢ ® frvgy — S. This system is equivalent to (using the notation in

@)

0+odivv+divJ =0,
op=r—Voel, (4.17)
i+ div(pId+Ve ® fryy — ) + DvJ =t.
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In order to satisfy the free energy inequality, we are left with the first two terms in (@.16). The

second term will be nonpositive, if we choose J ~ —V f,. Assuming f = fo(0, ¢) + % |Ve|? the
o-equation in will become a diffusion equation for o. And for the sign of the first term we
assume that r — V¢ e J ~ — . Then the ¢-equation in will be an Allen—Cahn type equation.
Notice that then the transition rate » contains a contribution from the diffusion flux J, leading to the
fact that this term does no longer appear in the ¢-equation. Altogether we obtain

4.11. Special model. Let

f(o. ¢, V) = folo. d) + §|V¢|2,
J==d:V(for,). de=dc(0.¢)>0,
S =al(o, ) (Dv)s+ Bo, p)div(v)Id, « >0, %oc +82=20,
r=VoeJ—o0-ccp, ce=celo,¢)>0,

where the chemical potential is u = §f/8¢ = fory — e2A¢. Then the free energy inequality is
satisfied and system becomes

0+ odivy — div(d:V fo1,) =0,
¢+ e (fory — e Ag) =0, (4.18)
09 +div(P; — a (Dv)°— B div(v) Id) — d: DvV fo,, =1,

where
P, = pold+&*(Vp ® Vo — 1|Vg|* 1d) (4.19)

with the classical pressure po := ¢ fo, — fo-

5. Asymptotic expansion

Let 22! and £2? denote two local domains in R x R” separated by an evolving surface I". For each
time ¢t we let
Iy ={x:(@x)el}l .Q,l ={x:(tx)e .Ql}, etc.

We deal with a family of solutions of PDE’s with a small parameter ¢, where ¢ corresponds to an
interfacial layer around I" of thickness O(e). If ¢ is an order parameter in a phase field model,
this means that for all fixed § > 0 and all ¢ the set {x : § < ¢(t,x) < 1 — 8} lies in an O(e)-
neighbourhood of [;. For a quantity u we write

u(t,x) = U(t, y(t, x), éz(t, x)),
U:TxR—-R, ¢y,8—Uy58), (5.1)

z(t, x) signed distance of x from I}, z < 0 in Rl 7> 0in 272,
y(t, x) € I} projection of x on I7;.
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The inner expansion of u is of the form U = U® + U + ---. The following formulas hold (with
y =y x)):

Vz(t,x) = vr(t,y), vr(t,e) outer normal of ol

o y(t,x)=vr(t,y), wvr(t,e.) velocity vector of I},

dz(t,x) = —vr(t, y) evr(t, y) + O(e),

Az(t,x) = —kp(t,y)evr(t,y) + O(e), «r(t,s) curvature vector of I3,

1
du=—=3Uvr evr + 93/ U + O(e),
&
1 1
Vu=-0:Uvr + VU +0(), divw=-vred:W+O(),
& &
1 1
div(dVu) = —3(Dd:U) — — Dk o vrd: U + O(1).
& £

In our case the quantities under consideration are

1 1 1
Q=R<t,y,—z>, ¢>=¢<t,y, —z), v=V(t,y, —z).
& & &

We take the equations in (@.18) of the special model and set

1
ce(0. ) = ~cle. $) (laterc = 1) (5.2)

(for the usual Allen—Cahn equation we have ¢, = C/82, a term which does not occur here). The
diffusion coefficient d; is supposed to satisfy the universal interpolation formula (in accordance
with the theory of homogenization)

1 1
= h —(1—=h , 5.3
Ghed s P ag! T 63

with a continuous monotone function % : [0, 1] — R, 4(0) = 0, 2(1) = 1. It follows that d;. (¢, 0) =
d(p) and d (o, 1) = ed(p). Therefore the diffusion coefficient is d (o) in the ‘disordered phase’ and
O(e) in the ‘ordered phase’. The above form of d, implies

de _ d(e)
e h(g)+el—h(g)’

which is important for the asymptotic expansion, where the condition ¢* = 0 plays an extra role.
Here ¢* := inf{¢ : h(¢) > 0}.
With these hypotheses, using the notation in (4.9)),

b+ (forge.d) —?4¢) =0
becomes

¢(R, D)
&

1
——(or = V) evrde® + (forg(R, @) — 82@) = O(1). (5.4)



14 H. W. ALT AND W. ALT

Conservation of total mass
0 +odivv—div(dV fo1,) =0

becomes

1 1
——(vr —V)evrdgR+ —Rvred:V
& &

1 de d
— gag <?3§f0/Q(R, (D)> + ?Kr . VFBng/Q(R, @) =0(). (5.5

Conservation of momentum
0V +div(P; —a DvW— Bdivuld) — d;DvV fy,, =

becomes, as ¢ — 0,

L (a(R, d))agv N (a(RZ, P)

8_2 e > —i—ﬁ(R,@))agVov[' VF>

d, 1
+ 0 forg (R, @) 3V = (’)<g>. (5.6)

Now we let

d=0"+e0'+ ..., R=R°+erR'+ ..., v=v0geviq ..,

and obtain the following

5.1. RESULT. Assume for simplicity ¢ = 1, and look for a continuous triple (¢°, R?, V%) such
that @ is an increasing solution. Then the equation for V© implies that V is constant in & (in

particular v? = vg), hence also (compare (3.9))
- 0
Ai=@wr—-—V)evr
is constant in &. The equations for ®° and R become

9D +10:0° = fo,s(R”, ®%) inR,
d(RO) 0 0 0 . 0
3§(W3§fQ/Q(R L)+ AR ) =0 in{®” > ¢*},

foro(RY, @%) = fo,,(0].0) in{@° < ¢*},
with the boundary conditions
?%(—00) =0, @(+00) =1,
R%(—o0) =@},  R%(+00) = 0,

VO(—o0) =),  VO(4o0) =1).

(5.7)
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Proof. First we compute the 1/e-term of (5.4)) to obtain
—(r = V?) e v % + (R, @°)(fo 4 (R%, @°) — 870%) =0
on the entire &-axis. Next we look at equation (5.3). In {h(®) = 0} locally the 1/ e2-term is
—0: (d(R")0 for,(R®, @%)) =0

Since the interior of {h(®%) = 0} is {®° < ¢*} and it is assumed that ®° is monotone, it
follows that the set {@O < ¢*} is a left interval. Therefore o fo /Q(RO, % = const/d(RO) (here
constant means a function independent of £). Now (Ro(é ), @0(5)) — (Q?, 0) as &€ — —o0, hence
fo/Q(RO(f), P0(&)) — fo,g(g?, 0). From this it follows that const = 0, and therefore

forg(R%, @%) = f,,(0).0) in {h(®°) = 0}.
Locally in {h(®) > 0} the 1/e-term becomes

0

d(R%)
0=—r —V"evrd: R+ ROvr e 3: V' — aé< (

(@) i forg (R, )>

d(R%)
= —3§<h((p0) agf()/g(RO, @0) + (vp — VO) ° UFRO),

hence
d(R®)

h(cpo) Bgfo/Q(RO 0) + (vr — VO) . vaO = const.

This implies that hégo) % for, (RY, ®Y) is a bounded function in {A(®°) > 0}. Now let us look at
(5.6). It follows that d (R, @)dz fo/, (R, @) converges to 0 locally in {2 (&) > 0}, since de (R, ) =
O(e), and to 0 locally in {h(®) = 0}, since 0¢ fo/Q (R, @) — 0. This shows that the l/ez-term in

(5.6) becomes

RO, @0 RY, @°
a{%agvo + <¥ + B(R, ¢0)>3g VOeur vr) =0

in {@° £ ¢*}. Since VO(&) — v2 for &€ — 400 and VO(¢) — v1 for & — —o0, we conclude that
¢ VO =0in {®° # ¢*}. Hence, since V" is assumed to be continuous, it follows v1 Vo= vo a

Here A = (v — VO e vy = (vf — v) o v is the (relative) propagation speed of the interface
(cf. (3:9)). > 0 means that the ordered phase dissolves, and > < 0 means that the ordered phase
grows.

We mention that the coefficient d(R®)/h(®?) is unbounded. If ¢* > 0 this happens at a finite
point. In {@° < ¢*} the equation for the density Jorg (R?, %) = f ‘0 (Q(l), 0) gives R in terms of
@0 since f 100 > 0. The density equation in (@0 > ¢p*} is

d(RY)

0 O 0
@) =0z foro(R”, @) + AR" = const.
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Letting & — 400, it follows that the constant is Agg. Therefore

d(R") fo,(R?, @°) = —ah(®@)(R" — ¢) in {9° > ¢*}.
Thus the system to solve is

F D0 +20:0° = fo,s(R®, %) inR,

. (5.8)
d(R")d for,(R®, #°) = —ah(@)(R" — 0)) in {®° > ¢*},
and fo,,(R%, %) = fo,,(0%,0) in {@° < ¢*}. Renaming ®° ~» ¢, R® ~> o, 9 ~/, this is
"+ 1" = forg(0,9) iInR,
¢ (5.9)

d(©)(for,(0. ) = —1h($)(@ —0)) in{¢ > ¢},
In the following sections we restrict to the case ¢* = 0.

5.2. Higher expansion. In order to show consistency with (3.8)) a further expansion is needed. For
this the above estimate 9z fo,(R?, #°) = O(h(®?)) as (%) \ 0 is crucial for controlling the
terms in the higher order expansion.

6. Interfacial transition layer

We solve the system (5.9) in the case ¢* = 0 and h(¢) = ¢:

9"+ 19" = fors(0. 9),

, , 6.1)
d(©)(fo100(0: #)0 + fo105(0. 9)9) = —rp(0 — 09).
for ¢, 0 : R — R with boundary conditions
—_ = 0, == 1,

¢(—00) ) ¢ (+00) ) 62)

o(=00) =0y, o(+00) = 0.
For solutions it follows that

¢'(=00) =0, ¢'(+00) =0. (6.3)

For the function f(¢, o) defined in we suppose the following:

6.1. Assumptions on the free energy. Assume thato — f1(0) and o — f>(o) are the given strictly
convex free energies of the pure disordered and pure ordered phase in (3.1I). For (¢, ¢) — fo(o. ¢)
(introduced in[£.1T)) we assume that

oo, 0) = fi(o), folo, 1) = fa(0), (6.4)
f0/¢>(Qa O) :0’ f0’¢(Qv 1) =07 (65)
Forgp@0) >0, forggle. D) >0, 6.6)

It follows that fo/,4(0, 0) =0 and fo/,4(0, 1) = 0.
Equation says that fj is an interpolation between the given free energies f1 and f; of the
pure phases. Equation (6.5) means that this interpolation is not linear, and equation (6.6) implies
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that this interpolation is not monotone. There is a energy hump between the exact phases. This will
be important for the mathematical treatment as well for the physical interpretation.

Most of the results in this section will be derived under these general assumptions. There are
several possibilities to write down explicit formulas for fy satisfying the above conditions. Here
we propose a simple approach to model nonlinear phase transition, where the defining terms are
interpreted by underlying microscopic mechanisms:

6.2. Nonlinear free energy interpolation: Definition. Depending on the phase fraction parameter
0 < ¢ < 1 we choose a nonlinear phase separation mapping x : [0, 1] — [0, 1], which is
bijective with x'(0) = x'(1) = x"(0) = x"(1) =0, x'(¢) > 0for 0 < ¢ < 1, and invariant
under the symmetric exchange transformation ¢ — 1 — ¢ implying x(1 — @) = 1 — x(¢).
The simplest realization by an interpolating polynomial of 5™ order, which we choose here, gives
x'(¢) = 30¢>(1 — ¢)*. For each phase we have, according to @),

pr=1-¢, x(P)=1-x(9),

6.7)
¢ =9, x(92) = x(¢).

Here ¢y for k = 1,2 denotes the relative amount of lipids in the mixture, so that x (¢x) can be
interpreted as the mean fraction of those lipids that have the chance for phase transition due to
contact with lipids of the other phase. The s-shaped, threshold-like increase from x(0) = O to
x(1/2) = 1/2to x(1) = 1 could be due to the local formation of microscopically small patches
(e.g. micelles) reducing the free contact between lipids of the different phases. Under this condition
we define the interpolated free energy at concentration ¢ and phase parameter ¢ as

fola, ®) = x(¢1) - Fi(o, 91) + x(¢2) - Fa(0, ¢2), (6.8)

where for each phase k = 1, 2,

Fr(o, o) = fi(@) + Fi(o, k(0. $0)),  @x(o, ¢x) = (1 — 6k(d1)) - 0 (6.9)

with a positive function Fy (o, ox) denoting the extra free energy needed for phase transition out of
phase k, and 0 < 6k () < 1 the mean fraction of those contacting k-type lipids that, on average,
perform such a transition by switching from phase k to the other phase.

As a simple model for this to occur we consider first order saturation kinetics of Monod type:

Sk
Ok (1) = T sece/0n (6.10)

with scaling parameters sy < 1 and saturation values ¥; < 1. Before we specify a modeling
definition of the transition energy Fg, let us look at the so-called excess free energy resulting as
difference between f and the standard linear interpolation energy:

fex(0, 9) = folo, @) — (1 — d) fi(0) — ¢£2(0)
= (¢ — x(®) - (fi(@) — f2(0)) + x(p1) - Fi(0,81) + x(#2) - Fr(0,82).  (6.11)

The product in the first term is, say for the case ¢» = ¢ < 1/2, proportional to the amount
¢ — x(¢) of those 2-type lipids that do not have the chance of phase transition (e.g. by being
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bound in micelles), thereby increasing (or decreasing) the effective free energy proportional to the
experienced energy jump fi(0) — f2(0). The last two terms in (6.11)) measure the free energy of
those k-type lipids having a chance of phase transition; if they undergo such a transformation, they
contribute to the density interval Iy = [0k, o] above the density o = (1 — 6k (¢x))o of remaining
nontransformed lipids. A reasonable property of the extra transition energy Fi (0, 0x) should be that
an extension of the density span |Iy| = ¢ — 0 = 6k (¢r)o by lowering gy induces an increase of free
transition energy equal to the difference of the chemical potentials px between the situation before
and after phase transition. This gives the differential equation

d -~ e
— 55 Frle. o) = / fi ) dr = k(o) — pi(o) > 0. (6.12)

Integration with respect to o then reveals the explicit model function
~ ¢ re i
Fi(o,0) = / / fl 7 drdr = fi(o) — F™(0,0) >0 (6.13)
o r

with F ,li“(g, o) = fi(o) + (0 — 0) f{ (o) representing the tangent line at ¢ below the convex free
energy function fi (see also Fig.[5). Thus, the extra transition energy in (6.13) just measures the
height of the relative free energy well of phase k over its tangent line at the given concentration g.

6.3. Standard example: Gibbs free energies. As a most simple prototypical example let us
consider the standard convex Gibbs energies introduced in (2.2)) and (2.4)) with a; = 0:

fu@) =b-o- <ln L2 _ 1> + const. (6.14)
O

Straightforward computation then yields transition energies (6.13)) that are proportional to o with
coefficients only depending on the transition fraction 6y = 6k (¢ ) in (6.10), namely

Fi(o, (1= 61)0) = by - BB - 0 (6.15)

with the monotone function 8(#) = 6 + (1 — 0) - In(1 — 0) satisfying B(0) = B'(0) = 0 and
B(1) = 1. Thus, the last two terms in the excess free energy (6.11)) are just l;k (¢x) - 0 with l;k (Px) =
bi x (1) B0k (¢r)) for each phase k = 1,2 and some positive parameters s < 1 and 6, < 1.
The choice of these two parameters in (6.10) determines height and skewness of the appearing
free energy hump, thus modeling the energetics of transitions from phase k to the other phase;
see the ¢-profile of fex for the largest value ¢ = 4 in Fig. [6p. The hump is always steeper at the
own-type phase side (¢y = 1). On the other hand, for low values of o, these humps in the excess
free energy are diminished and dominated by the first term in (6.11), the sign changing function
(d—x(9))-(fi(0)— f2(0)). This is clearly visible in the plots of f.x and of the resulting interpolated
free energy function fj in Fig.[6}

Let us continue the consideration under the general assumptions In the case without
diffusion, that is, d = 0, it follows from the second equation in that o = Qg (provided A # 0),
and therefore Q(l) = Q(z). For such a continuous phase transition it remains to solve the first equation

in (6.1).
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Excess freeenergy 1,

o8 o RHO

PHI

Interpolated free energy f0

AT
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. |||h|||||\|'.

i

RHO
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FIG. 6. Free energy obtained by nonlinear interpolation between two Gibbs energies with different steepness (b1 = 1,
by = 5) and minimum (¢; = 2, ¢y = 1) asin Fig.EP.. Other parameters are v = 1, s; = 9 and s, = 4. Plotted over ¢ and
o are (a) (upper panel) the excess free energy fex and (b) (lower panel) the full interpolated free energy fj.

6.4. Case without diffusion. For given o = const consider the boundary value problem

¢+ 10 = forg(e.$).  B(—00) =0, $(+00) = 1,

for ¢ : R — R with parameter A € R. Then for f2(¢) # f1(e) there exists a unique value )AL(Q) #0
such that a solution ¢ exists if and only if the interface propagation speed is A = A(g). Moreover,
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we obtain the following sign condition:
sign A = sign(f2(0) — f1(0))- (6.16)

Proof. The statement about the sign follows from the energy method (as in the following proof). The
scaling property is easy to see. The existence follows from standard phase diagram considerations
using the assumptions in[6.1] in particular (6.6). O

For the case with diffusion we generally have Q(z) #* Q? and obtain, by using the energy method:
6.5. Case with diffusion: Lemma. Define the indicator function (see Fig.[5]and Fig.[7h)

fa(er, 02) := f2(02) — (fie1) + (02 — 01) f1(e1)) (6.17)

for values 01 and 0. Then for solutions of (6.T) with (6-2) the value f,(0?, 09) determines the sign
of the interface propagation speed:

sign A = sign fa(of. 09).

4

RHOZ2 RHO2

FIG. 7. Plot of the A-sign indicator functions and the intersecting zero level planes: (a) f; (01, 02) defined in (6:17) and (b)
waler, ¢2) defined in (6-18). Parameters as in Fig.[]

Remark. For 0! = o) this reduces to the identity (6-16).

Proof. For c € R consider the relative pressure

pe(0, @) == (0 —©) for(0. ) — folo, ).
Then, by using the ¢’-equation in (6.1)),

1 i
(§|¢/|2 + pele, ¢>) = (8" + pe1g)® + perp0’

= =M+ (@ = ) forpg - ¢+ (@ — ) forgp(e. #)0" = =1 + (0 — ) (for,)

A _ 0y g . P o
d(g)qﬁ(g oo —0y) =—2 <|¢I + (o 92)>

— n2
|97 )
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if we set ¢ = Qg. Then integration leads to

P 02 ) e — +00
/(Icﬁl +d( )(Q 03) )dé— [Pete. )] ..

which with gives the result, since the integral is positive. O
Moreover, we show the following

6.6. LEMMA. Define the difference of chemical potentials between the two phases k = 1,2 at
given concentrations g as a second indicator function (see Fig. )

ra(er, 02) := f2(02) — fi(er) = p2(02) — pi(e1)- (6.18)
Then for solutions of system (6.1)) with boundary condition

142, 09) = A /d()wz o) de. 6.19)

Proof. Divide the second equation in (5.9) by d(o) and then integrate over R. This gives
/ G )<92 Q) d& = fo1,(0. $)(—00) — fore(0. $)(+00) = fo1,(0f.0) — forp(03. 1).

Now, by (6.4), we know that fy(o, 0) = f1(o) for every g, therefore also fy/,(0,0) = f/(0), thus
e 1

for0@).0) = f{(@)) = 11(a)).
Inserting also the analogous equation for fy(o, 1) = f2(0), we obtain the result. |

Moreover, defining the difference of the pressures by

pa(e1, 02) = pa(02) — pi(e1)oz - raler, 02) — falor, 02), (6.20)
we deduce the following lemma.

6.7. Case A = 0: Lemma. Solutions of and (6.2) with zero interface speed 2 = 0 have to
fulfill both conditions fy (Q?, Qg) = 0 and ug (Q(l), Qg) = 0. This is equivalent to the fact that the
difference of the chemical potentials and the difference of the pressures in the two phases vanish.

Remark. The ordinary differential equations boil down to the single equation ¢” = fj 16 (0(), B).

Special case.  Thus, if the curves intersect transversally as in the example, the appearing cross point
sing _sin,

(0", 05 ") defines the (locally) unique transition solution of (6-1) and (6-2) satisfying A = 0. (See
the plot of the zero level curves in Fig.[§])

Proof. We have fd(g(l), Qg) = 0 by and /Ld(g?, Qg) = 0 by By (6.20) this is equivalent
to pd(g?, Qg) = 0 and fd(g?, Qg) = 0. The second equation in (5.9) leads to fop 0(0, @) = const,
hence as in the previous proof

for(e.8) = fl(0)) = £1(Y).

Since foro, > O there is exactly one curve o = 0(¢) satisfying this identity. This implies the
remark. O
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FIG. 8. Zoomed plot of the zero level curves for the sign indicator functions fz (Fig. ml), nq (Fig. MD), and py defined in
(6:20). The singular point Qimg ~ (.45, Q;‘ng ~ 1.79 is the intersection of all three level curves.

System @ is a first order system for (¢, ¢’, 0) in R3, for which a general existence result is not
available. To study solvability, we linearize the system at (0, O, Q(l)) and (1,0, Q(z)). This leads to the
matrices

0 1 0 0 1 0
){0 0o 0 -1 0 and Jorgg —2 0)\ ,
_Me—o 0 0 ——
fO/QQd O 0 fO/QQd

where in the first matrix fo 44 = fo /¢¢(Q(l), 0) > 0, for0 = l”(g(l)) >0,d = d(Q(l)) > 0, and in

the second matrix fog, = fo/¢¢(gg, 1) >0, forpe = é/(gg) >0,d = d(gg) > 0.Incase L # 0
the eigenvalues and eigenvectors for the first matrix are

Moz — o1)
1= —A/24+JA2/4+ forps > O, e:(l, , —,
n / v / Ji op 1 m f{/dm

— ) “(QZ Ql) (62])
_)\' Z_ }\’ 4+ f / < O’ e2 — (I’ , — ),
”2 - / / 0 (qu ”2 ‘-1// ,

n3 =0, e3 =(0,0,1),

and for the second matrix

n =-1/2+ )\2/44— f0/¢¢ >0, e =(1,n,0),

n = _)"/2 - )\'2/4+ f0’¢¢ < Ov € = (17 n2, O)v (622)
A
’73:_%7 832(0707 1)7

For the first matrix the signs of the eigenvalues are independent of A. There is always one outgoing
direction +e; at £ = —oo with eigenvalue n; > 0. For the second matrix the sign of the eigenvalue
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n3 depends on A. If A > O there are two incoming directions —e> and *e3 at £ = 400 with
eigenvalues 7, < 0 and 13 < 0. For A < 0 there is only one incoming direction —e, with eigenvalue
n2 < 0. This makes it plausible that in the first case one has to fit one parameter, whereas in the
second two parameters are needed. This motivates the following

6.8. CONJECTURE. Let fy be as in (6.17). Then the following holds:

(1) In the region { f; > 0} there exists a function (o1, 02) — i(gl , 02) > 0 such that a trajectory
of system (6.1)) with (6.2) exists for all parameters g1 and g and with A = A (01, 02).

(2) In the region {f; < 0} there exists a curve g2 = 02(01) and on this curve a function g; +—
A(01) < Osuchthata trajectory of system (6.1) with (6.2) exists for all o; and with 0> = 92(01)
and A = i(g 1).

(3) On the curve { f; = 0} there exists at least one intersection point with the curve {;t; = 0}. For
those points the trajectory is a solution of system (6.1)) with (6.2)) and 2 = 0.

This has been confirmed by numerical simulations for the simplest case of two Gibbs free energy
functions as shown in the following section.

7. Numerical solution of the transition problem

We investigate the nonlinear ODE system (6.1) with asymptotic boundary conditions (6.2)) and (6-3)
for given values of o1 = Q(l), 02 = Qg and 1. Assuming a monotone behaviour of ¢ we transform it
into a nonautonomous ODE system for the phase function derivative ¥ (¢) = ¢’ = d¢/d& and the
mixture concentration ¢ = 9(¢) as functions of the phase variable 0 < ¢ < 1:

v _B_, do__C_ ,¢@-0

Wy " d AT aay "y
with ¥ (¢) > 0 for 0 < ¢ < 1 and boundary conditions

v(O0) =y =0, 00 =e¢1, o) =02 (7.2)

Here we assume, for simplicity, a constant diffusion coefficient d and we use the following
abbreviations for the coefficient functions depending on (¢, 0):

A= fO/QQ = (- x)A1+ xA2 > 0,
B = foy=(—x)Bi+ xB2+ x'(Fa — F1), (7.3)
C=Bry=fo,s=0—=x)C1+ xC2+ x'(D2 — D),

where for each phase k the corresponding coefficients Dy = F o, By = Firy and Ay = Dy > 0,
Ck = By, are directly derived from the function Fy (o, ¢x) appearing in the interpolation formula

(6-8) and defined by (6.9), (6.13).

The following numerical calculations are performed only for the standard example of Gibbs free
energies (see Section [6.3)), as plotted in Fig. @p. Then the parameter functions in can be given
explicitly:

Ax = f{'(0) =br/o >0 (independent of ¢),
By =0 - Cy,
Cr =b; 9,1 (d1)|In(1 — Ok (px))|  (independent of o), (7.4)

Dy = by <1n Qi + ﬁ<9k<¢>k>>).

k
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However, the presented numerical procedure to solve the degenerate ODE system and to
determine characteristic properties of the phase transition layer is generally valid and essentially
depends on the imposed conditions on the interpolated free energy, which are stated in [6.2] and
which have to hold uniformly for compact p-intervals in ]0, oo[. Besides the convexity condition
A > 0, most important are the following conditions (fulfilled for the standard Gibbs energies [6.3):

B(0, 01) = B(1, 02) =0,
BY = B/4(0,01) >0 (Gibbs: bysior), (7.5
BY = Biy(1,02) >0 (Gibbs: b5302).

They guarantee that for each possible solution of (7.1) with boundary conditions ((7.2) the phase
function derivative 1 (¢) degenerates to zero at ¢ = 0 and ¢ = 1 with positive or negative slope,
respectively, corresponding to the eigenvalues n; > 0in (6.21) and 1, < 0 in (6.22)), respectively,

dy

M o0 = 500 = Jia+ B a2 =0,
dy

mn, 02) = d—¢(1) = —(erx/z) <0

with both slopes 7, decreasing for increasing values of the interface speed A that has to be
determined. Moreover, at ¢ = 0 also the slope of o(¢) is finite, since the p-component of the

eigenvalue e in (6.2) is

(7.6)

do 02— 01 A

0

n &, e1,0)=—(0) = :
: dp =" dA. ¢1) m(. o)

It increases with A but increases or decreases with increasing ¢ depending on whether A > 0

or A < 0. Thus, in order to construct a 3-dimensional heteroclinic orbit ¢ +— (¢, ¥ (), 0(p))

connecting the two singularities (0, O, Q(l)) and (1,0, Qg) we can use the following

(7.7)

7.1. Shooting method. Let us fix o1 = Q(l), the ‘outer’ concentration of phase 1. Then for given
parameters A and o the shooting initial direction of the trajectory at ¢ = 0 is determined by e; =
1, n1, nf) in (6.21), the eigenvector defining the unique tangential direction of the 1-dimensional
unstable manifold at (0, 0, 01).

In the first case, A > 0, also g = Q(Z) can be fixed since the stable manifold M at (1, O, Qg) is
2-dimensional with tangent space spanned by the directions —ex = (1, 12, 0) and the p-axis +e3,
whose saddle-point type is determined by the quotient of the corresponding negative eigenvalues in

©22).

0 ) n3 1 A
K »y02) = — = )
€)= T dA(, o) (ks 00)]

being positive for A > 0. Then the behaviour of the p-component, necessarily approaching o, for
¢1 = 1 — ¢ — 0, can be predicted by the following asymptotic singular equation for y(¢1) =
02 —0(9):

(7.8)

Y =x¢% +yér+ 0@ + |y (7.9)

with y = Cry(1, 02)/A(1, 02), which in the special Gibbs case is y = S22Q2 > 0. Thus, for
0 < « < 1 the approach is with infinite slope, o(¢) — 02 ~ (1 — ¢)*, whereas for k > 1 we obtain
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Lambda

sing

FIG.9. Plotof A > 0 over a (01, 02)-rectangle with right hand boundary defined by {0] = 0 ~ = 0.45}, thus touching the
singularity (see dot) tangentially to the f; = 0 curve (see Fig.[T0]below). Model parameters are the same as in Fig.[§]

a zero slope with o(¢) —o2 = ¢+ (1 — d))mi“(K -2) In cases k¥ > 2 we can even determine the constant
¢ = y/(k — 2), so that for y > 0 the mixture concentration ¢ asymptotically approaches o, from
above. In the other cases the sign cannot be predicted beforehand.

On the other hand, for k < 0 the unique bounded solution of (7.9) shows the asymptotic
behaviour g3 — 0(¢p) ~ ﬁ(l — ¢)2, so that in the case y > 0 the concentration profile approaches
the value o, from below in a quadratic monotone way. However, in general the function ¢(¢) is not
globally monotone, since according to (/.7) its initial slope is proportional to A - (02 — 01), thus with
A < 0 the slope has to change sign at least once.

7.2. Iteration scheme for A > 0 (case f; > 0). With fixed g2 = Q(z) we take A as shooting
parameter by making use of the (numerically attested) monotonicity property, that the curve
Y (¢) > 0 decreases with increasing A-values not only near ¢ = 0, but also globally. Since the
first eigenvector e in (6.22)) with positive eigenvalue is transversal to the stable manifold M near
the singularity (1,0, 02), trajectories crossing the (Y, o) half-plane P* = {¢ = 1,¥ > 0} at
some positive value ¥, (1) are repelled by M with further growing ¥ -value, thus, increasing A
would bring the trajectory nearer to M. On the other hand, trajectories hitting the (¢, o) half-plane
P~ = {¢ < 1,¥ = 0} at some value (1) < 1 would be repelled by M with subsequently
negative ¥-value, so that decreasing A would compensate this deviation. Therefore we can apply
the following numerical iteration scheme

Ry¥r(A) >0

= Ry@a) — 1) <0

(7.10)
with suitably chosen adaptive relaxation coefficients Ry, Ry > 0, inducing convergence to a

(unique) parameter value A
A= A(01,02) > 0. (7.11)

Let us remark that for numerical integration of the degenerate ODE system (7.1) we use an
explicit forward method with adaptive step sizes d¢ near ¢ = 0 and ¢ = 1, so that the initial
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FIG. 10. Plot of the numerically computed functions 0, > 0 (bold curve) and A < 0 (dashed) as functions of o1 > g?ing ~

0.45, the first approaching the singularity (dot) with Q2(Q1 8y = gmg ~ 1.79. The other (light) plots are the zero-level

curves as in Fig.[§] l Notice that the 9, curve lies completely in the reglon ma < 0and, at least for g1 < 3, also in the region
pa < 0. Moreover, the rectangle in the f; > 0 region touching the singularity defines the domain over which k(gl 02) >0
is plotted in Fig.[J]

values are given by ¥ (d¢) = n1 - d¢ and o(d¢) = o1 + nf - d¢. Simultaneously we solve the
ODE for the inverse function & = &(¢), namely d§/d¢ = 1/¢¥(¢) with fixed initial condition
£(0) = & < 0 as an approximation of the asymptotic condition ¢(—o0) = 0. Thus, within the
same numerical procedure also the retransformed &-profiles of ¢ and o are obtained, being defined
for &y < & < & = &(1) with ¢ (&) = 1, reflecting the asymptotic condition ¢ (co0) = 1.

This finite numerical scheme does not always fulfill the other asymptotic condition p(¢ = 1) =
02, but only up to a (usually small) deviation 8,. However, due to the equation (7.9) the appearing
gap can be consistently closed by approximately defining 0(§) = 02 + 8, exp(—«,(§ — &1)) for
& > & with k, = k/(dA(1, 02)) (see the plot of ¢ in Fig. E}: with & = 1.1). Notice that this
approximation is Valid only for cases where |3,] is relatively small and the positive ‘saddle type’
index k ~ A in is not too small. Other situations cannot be handled so far, which particularly
occur if A = A(Q], Qz) > 0 converges to zero as the point (91, 02) approaches the { f; = 0} curve
in Fig. [§] from the left, but outside the singularity.

7.3. Iteration scheme for A < 0 (case fg < 0). In this case we have to take A < 0 and g2 > 0
as shooting parameters, since due to ¥ < 0 in we now have two positive eigenvalues in (6.22)
and an only 1-dimensional stable manifold M near the singularity (1, 0, o2) with unique tangent
direction —e; = (—1, |n2], 0). Because the other, repelling eigenvectors e> and e3 are orthogonal,
the following extended iteration scheme appears to be appropriate: As in the previous case, we
determine either (if hitting P ™) the trajectory components at ¢ = 1, namely ¥»> (A, 02) = ¥ (1) > 0
and P2 (A, 02) = o(1) or (if hitting P™) the value ¢ = D>(X, 02) < 1, at which ¥ (¢) = 0 as well
as Pa2(A, 02) = 0(¢). Then we set the iterated value X as before in @) and, in addition,

02 =02+ Ro(P2(%, 02) — 02), (7.12)

again by choosing suitable adaptive relaxation coefficients resulting in convergence of this iteration
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scheme to (unique) values

A=a(01) <0, 02=202(01)>0. (7.13)

For the p,-iteration we again make use of the (numerically attested) global monotonicity property
that is carried over from the local property stated after (7.7). Varying the 0| value above Q‘;mg and
determining the solutions of (7.13) yields a curve oo = 02(01) that lies in the {f; < 0} region
and converges to the singular value o, = Q;mg for oy — Qimg (see Fig. . Moreover, along
this determined ‘jump curve’ for the sharp interface of a relatively shrinking disordered phase,
the condition ugy < 0 always holds. According to definition (6.18)) this means that the interface
always experiences a downward jump of the potential 11(01) to a lower potential w>(g2) driving
the phase transition to the growing ordered phase. For o; < 3 there is even a downward jump of the
‘disordered pressure’ pi(o1) towards a lower ‘ordered pressure’ p;(02).

*  psi
rho - rho ,
-3 . . . .

0 0.2 0.4 0.6 0.8 1
phi

FIG. 11. Solution of the transition problem (7-I)-(7:2) obtained by the shooting method for the case f; < 0 with given
disordered phase level o1 = 0.6 just above the singularity value. Computed parameters are speed A = —0.0801 and ordered
phase level oo = 1.7843. Lower curve: plot of o(¢) — 0> with o(¢) connecting o1 to gy. Upper curve: ¥ (¢) > 0 with zero
values at the end points but with nonzero slopes.

Contour lines of free energy fU

PHI

FIG. 12. Plots of two density functions o(¢) of Fig. @into the contour map of the free energy fj in Fig. |§}) for the case
fa < 0 with o1 = 0.6 (full curve) and o; = 1.5 (dashed curve).
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Fig. [T1] shows an example of such a solution trajectory obtained by the shooting method. The
o(¢) curve appearing there is also plotted into the contour map of the free energy function (see
Fig. [T2), together with a second one for a larger oi-value. Both curves represent saddle-point
transition paths that quite well experience lowest free energy levels.

@ °
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K=

(b) °

0.5 b

K=

15F

| .
-1 -0.5 0 0.5 1 15 2
xi

FIG. 13. Plotted over the spatial transition coordinate & are the phase function ¢ (&) (thin curve) and the density functions
o(&) (very fat curve), as well as the specific phase densities 01 (§) = (1 — ¢(§)) - 0(§) and 02(§) = ¢ (&) - 0(§) for the
following parameter choices: (a) o; = 1.5 with computed A = —0.4485, (b) o1 = 0.6 corresponding to Fig. E with
A = —0.080, and (c) o1 = 0.1 and o5 = 1.9 with positive A = 0.3043.

In all situations of a growing ordered phase (A < 0) the g, (£)-profile is monotone increasing
with steeper slope, the lower the absolute value |A| of the local interface speed is (see Fig. [T3)). For
larger o1, also the o1 (§)-profile is monotone (see Fig. [[3h). Indeed, it strongly decreases already
at low ¢ (&)-amounts of ordered lipids, where interactions are negligible, so that the disordered
lipids can diffuse (though with a relatively low value, here d = 0.05) into the region ¢ ~ 1/2,
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where transition into ordered lipids is prevalent. This effect induces a nonmonotone mixture
concentration profile o(£) with a depletion minimum at ¢ ~ 1/4. On the contrary, for smaller
o1 the o1 (§)-profile reveals a more complex transition dynamics (Fig. [I3p). The initial decrease
due to diffusion is obvious. However, for low growth speed (JA| &~ 0.08) and correspondingly low
‘feeding’ concentration (Q(l) = 0.6), the o (§)-profile expresses a distinguished hump near the region
¢ (&) ~ 1/2 with a peak value as high as Q?. The same behaviour, even more expressed, is seen in
situations of a shrinking ordered phase (A > 0) (see Fig.[I3k). Therefore we conclude that the hump
is due to ordered lipids that underwent fast transition to a disordered state in a region where diffusion
is still negligible according to definition (5.3).

8. Numerical solution of the interface problem

In the simple 1-dimensional case of §£2 = [0, co[x]0, L[, that is, a fixed interval §£2; = ]0, L[ for
t > 0, we study the dynamical behaviour of the sharp interface problem (3.7)—(3-12)) with just one
transition jump at the moving interface I’ = {(¢,x) : x = s(¢)} between the disordered phase
density o; on .Qtl = ]0, s(#)[ and the ordered phase density o, on -sz = ]s(t), L[. According to the
definition of A in the net speed of the free boundary I7 is

s=A+V, V@) =v@,s@)), 8.1)

where V denotes the velocity of the bulk flow at the interface, relative to which the function A
represents the interface speed. We assume that the coefficients of /7% are dominating, that is, the
lipid viscosity and pressure terms dominate all forces due to inertia or diffusion. Then equation

(3-4) becomes
div Y M*mge =0,
k=1,2

that is, the pressure tensor in 1D is constant, IT' = IT> = const. With a constant viscosity parameter
o > 0 we therefore conclude

pr(or) — ok - 0yv = " = const fork=1,2. (8.2)

No-flux conditions at the fixed boundaries then give an explicit expression for the viscous flow at
the interface:

V() = a5 o prlei(t, ) dx — = [ pa(e2(t ) d

(8.3)

o] ’

o
s T L—?(z)

which is proportional to the difference between the mean pressures in the two phases. Thus, it
remains to numerically solve the pair of parabolic and hyperbolic equations for o1 (¢, x) and
02(t, x) with diffusive flux J = —d-9, f{(01) = — %3;;@1 in (3.3) coupled with the jump condition
(3:-8) at the interface, yielding a Neumann boundary condition for o;:

db
Q—llaxQ1+k-(Q1 —02)=0 onl ={(x):x=s) (8.4)
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In cases of fd(Q(l), Qg) < 0, with Q(l)(l) = 01(t,s(t)) and Qg(l‘) = 02(¢, s(1)), it follows that
A= i(g?) < 0, therefore by the bulk velocity satisfies V > s, so that at the phase boundary
the characteristics of the hyperbolic equation point into the ordered phase domain £22, requiring the
prescription Qg = @2(@?) given in (7.13). Otherwise, if fd(g?, Qg) > 0 then A = i(g(l), Qg) > 0.
Hence A depends on the resulting two boundary densities of the coupled parabolic and hyperbolic
equations.

In order to avoid initial transients, already the initial values 01 (0, x) and 0 (0, x) should satisfy
the jump condition (§.4), and in the case A < 0 also (7.I3). Then the slope 9,01(0, s(0)) at the
interface is determined. By prescribing the initial size s(0) = so < L of the disordered phase and
choosing a suitable initial o -profile, we fix the total mass

s(t) L
M, =/ 91<t,x)dx+/ 02(t, x) dx
0 (1)

of lipids in the interval [0, L], which is preserved over time. Notice that in the case of asymptotic
convergence to the steady state solution (o1 = Qimg, 02 = Q;mg) the final position of the interface
s(00) is given by

sing

L-o,~—M,

sing sing

(%) 9

s(o00) = , (8.5)

yielding the restriction 0,"* - L < M, < 0, © - L, which must hold for such a convergence to

happen.

Indeed, (Qimg , Q;mg) is the unique one-jump plateau solution satisfying all steady state
conditions, since v = 0 and § = 0 with (8.1)-(€.4) imply V = 0 and A = 0, thus also pg; = 0
and fy = 0. This is in accordance with the assertion in [6.8|(3) that for A = 0 transitions are only
possible at intersection points of these two zero level curves (see Fig. [I0). Depending on the two
free energy functions, there may exist a second intersection point which, however, has very large
jump densities and probably is unstable under the outer dynamics.

On the contrary, local linearized analysis around (Qimg, Q;mg) of the simple ‘outer’ dynamics
defined above leads to an ODE system for Q(l)(t), Qg(t) and the interface position s(¢) revealing
asymptotic stability for every final jump position s(co), however, with different exponential
convergence rates for solutions with A > 0 and A < 0. These properties are reproduced by the
global behaviour of the following numerical simulations.

8.1. Dissolving LC domain of ordered lipids (case . > 0). Fig. [I4] shows the ‘jump density
trajectories’ of two solutions with the same initial values so = 0.5 and Q? = 0.3 but with different
Qg-levels 1.65 and 1.9. The trajectories asymptotically approach each other quite fast (after  ~
1 sec) and then slowly converge towards the singularity (Q;mg, Q;mg). For Qg = 1.65 the size
of the disordered LE domain, s(¢), slightly increases with time and stabilizes at s(oco) =~ 0.55.
However, for Qg = 1.9, the initial LC domain .Qg = ]so, L[ carries a high internal pressure,
because pg; > 0 means pz(gg) > pl(g(l)). Therefore, initially the bulk velocity V' < 0 at
the interface exceeds the relative transition speed A > 0 leading to a negative interface speed
s =V 4+ X1 < 0, ie. expansion of the LC domain for ¢t < 0.3 sec (see Fig. before it later
starts to shrink.
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FIG. 14. Solution of the 1-dimensional interface dynamics over a fixed interval of length L = 1 in the case A > 0: The time
trajectory of the density jump pair (Q(l)(l), Qg(t)) with 0 < ¢ < 3 is plotted for two different initial values: Q?(O) = 0.3,

gg(O) = 1.65 (lower curve) and 1.9 (upper curve), moreover sg = s(0) = 0.5. For r > 1 the two trajectories coincide and

slowly converge to the unique steady state, whose density jump is given by (Qiing , Q;ing). Comparison with Fig. [8f shows

that the lower trajectory always satisfies the pressure jump condition p; < 0, whereas the upper trajectory first starts in the
region pg > 0. Model parameters are as before, with additional viscosities @1 = 0.4 in the disordered phase and oy = 1 in
the ordered phase.
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FIG. 15. Space-time color-coded density plot of the two-phase dynamics for the upper trajectory in Fig. E showing the
sharp interface x = s(7) between the disordered LE domain (left) and the ordered LC domain (right), which first shrinks and
then expands.

Indeed, the whole initial velocity profile in Fig. [[6h is negative, and it stays linear in the LC
domain, meaning that the initial LC phase expansion is mainly due to a viscous divergence of the
plateau o = Q(z) (1), thereby decreasing in time. Later (see Fig. for t = 1) the situation is
reversed: The ongoing transition of ordered lipids at the interface into the disordered phase (A > 0)
is dominant so that the LC domain shrinks, but also due to a slight viscous compression indicated by
the positive value V > 0. The observed negative bulk velocity v in the growing LE domain .Qtl =
10, s(#)[ is due to viscous flux going in the same (negative) direction as the diffusive flux, namely
away from the interface, where new disordered lipids are ‘generated’ according to the microscopic
transition layer profile visualized in Fig. 3.
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FIG. 16. Plot over space coordinate x of the bulk velocity v(r, x) (upper panel) as computed by (8:2) and of the density
profile o(r, x) (lower panel) for the upper trajectory in Fig.[T4] (a) Initial profiles at # = 0, and (b) profiles at r = 1.

8.2. Expanding LC domain (case A < 0). Fig. shows the spatiotemporal plot of the sharp
interface dynamics in the case A < 0, where the ordered lipid domain is slowly expanding due
to transition and uptake of disordered lipids at the interface. Nevertheless, the initial negative jump
with a higher density Q(l) > Q(z) at the interface induces a strong diffusive flux away from the interface
which, however, soon reverses to the canonical situation of a positive jump (for times ¢ > 0.05 sec).
The expanding LC domain does not promptly reach the slightly decreasing plateau level in regions
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FIG. 17. Spatiotemporal density plot for the 1D sharp interface dynamics in the case A < 0, with initial jump densities
9(1) (0) = 2.7 given and gg 0) = 0y (Q?(O)) =214 < Q(l) (0), moreover sy = 0.7. Other parameters are as in the figures
before.

behind the interface because of viscosity. For very long times we again observe a slow convergence
to the singular plateau solution (Q?mg , Q;mg) with s(oc0) ~ 0.3.

For the same initial density jump at the interface, but now with relatively high o concentration
in the LE domain, such that the total mass satisfies M, > L - Q;mg giving a negative value of
5(00) in (823), the expansion speed of the LC domain is much increased due to more disordered
lipids available for transition at the interface (see Fig. [[8b). No convergence to the singularity
plateau jump solution is possible in this case, rather the interface position s(¢) will reach zero
in finite time, so that the disordered LE domain disappears and, finally, a constant ordered
LC domain with plateau value o5° = M,/L will form. During this fast expansion mode the
corresponding profiles in Fig. [[8a (for + = 1 sec) again reveal not only a diffusive flux of
disordered lipids towards the growing interface, but also an associated positive viscous flux, even
up to the interface, behind which the ordered lipids of the newly formed LC domain stay under
viscous compression in a certain boundary region. The remaining part of the LC expanding domain,
however, shows a divergent (negative) viscous flux due to a slight lowering of the o> plateau level
with time.

The results obtained here from exemplary numerical simulation of the sharp interface dynamics
in Section [3] by using the transition layer analysis for interpolated Gibbs free energies and a
most simplified 1-dimensional global boundary value problem for one-jump solutions, confirm
the important role of the singularity (Qimg, Q;mg) of jump densities at the interface, which had
been indicated already by analytical means. In both cases A > 0 (Fig.[I4) and » < 0 (Figs.
and under the condition 0 < s < L the jump pair trajectories asymptotically converge
to the singularity, but with different convergence rates and jump relations. Indeed, whether Q(l)(l)

approaches Qiing from below or above, for large times Qg(t) is always increasing towards Q;ing,
though very slowly in the latter case.
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FIG. 18. Interface dynamics for the same initial conditions as in Fig. mbut with increased mass of disordered lipids in
the initial LE domain .Qé = 10, so[ . (a) Velocity and density profiles as in Fig.|16|at the end of simulation time (+ = 1);

(b) corresponding space-time plot as in Fig.now revealing a fast expansion of the LC domain .Qtz =]s(t), L[.

9. Conclusion

We model the surfactant layers on top of the thin water film covering the interior of lung alveoli.
We consider two main phases of interacting bio-molecules, a disordered diffusive and an ordered
highly viscous phase (see Sections [2]and 3. This type of model has not been treated before (see [2]
for a review of diffusive interface models).

We develop a new phase transition model (see Sections ] and [5)) in order to derive a second free
boundary condition for the sharp interface model. This phase transition model depends on a small
parameter e, which approximately is the thickness of the transition layer between disordered phase
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1 with density o1 and ordered phase 2 with density ;. Here the ¢-equation results from a scaling
that is different from the usual Allen—Cahn procedure. In the ordered phase a small diffusion term
is introduced, which is proportional to the same parameter €. Thus the transport equations on the
whole domain are a parabolic regularization.

Our method essentially depends on thermodynamical arguments, which require an inequality for
the free energy production. This leads to a phase transition model for the partition functions ¢; =
0i /o with mixture density 0 = 91 + 2. This model depends on the following assumptions for the
free energies and the diffusion fluxes: (a) appropriate interpolation hypotheses on the homogeneous
part of the free energy, which are explicitly modelled using microscopic considerations and chemical
transition kinetics, e.g. of Monod type; (b) simple decomposition of the diffusive flux

J=—d:(0.9) V(forp) =1+ J2 with Jy = ¢ J;
(c) a generally nonlinear interpolation of the inverse diffusion coefficients

1 1

1
= h —h .
hed d@" T ah?

For the formal asymptotic limit, as ¢ — 0, we obtain a transition layer, which is a second order
ODE for the partition function ¢ = ¢ plus a first order equation for o with asymptotic values Q(l)
and Qg characterizing the jumping densities of the macroscopic sharp interface problem.

In order to determine the free parameter A = (v — v) e v, the relative interface speed, we had to
find the heteroclinic transition orbits of this ODE system. An indicator function fy (Q(l), Q(z) ) explicitly
defined in terms of the two free energies f and f> determines the sign of A, thereby deciding the
type of the transition dynamics and the boundary condition for the sharp interface problem: In case
fa (Q(l), Qg) > 0 both boundary values Q]? are obtained by solving the system of a hyperbolic equation
in the ordered phase and a parabolic equation in the disordered phase, with Neumann boundary
condition containing the function A = i(g?, Qg) > 0, which has to be computed. On the contrary,

in case fy (Q(l), Qg) < 0 the ordered phase density value Qg =02 (Q(l)) together with A = )AL(Q(I)) <0
has to be computed for given Q(l), so that Qg serves as Dirichlet boundary value for the hyperbolic
problem, whose characteristics at the interface point into the ordered phase domain.

Furthermore, numerical simulations of the 1-dimensional sharp interface problem have been
performed in the simplest case of a single jump between the densities in a disordered LE domain
and an ordered LC domain (e.g. applied to amphiphilic lipids on a water-air surface). For a fixed
interval of length L with no flux boundary conditions and with different constant viscosities in the
two phases, the simulations reveal that appropriately defined initial density profiles asymptotically
converge towards a distinguished one-jump plateau (Qimg, Q;mg), which as steady state solution is
uniquely determined by the given total lipid mass M, provided that the latter satisfies the condition

sing sing
0 S <My/L <0, ".

The stability of this steady state can be confirmed locally, but obviously holds also globally in
this simple situation (as numerical simulations show). This is in favour of a biologically evolved and
controlled function of surfactant patches, which also have been observed in laboratory experiments
with different sign between the two plateau densities under different external pressures (see Fig. [T]A
and[TB). The biological function of the disordered LE domains would be to serve as buffers between
the more effective surfactant monolayers of the ordered LC patches, particularly under conditions
of fast compression during breathing cycles (see [3]] and [9])).
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Moreover, the numerical analysis should be carried over to more appropriate model functions
for the free energy of lipid monolayers, particularly for the ordered LC phase as indicated by
the proposed function in Fig. @b. Finally, an outstanding problem is to generalize the stability
results to 2-dimensional geometries (see [6] for a study using nonlocal electrostatic interaction
energies). Boundary regularity of growing or shrinking LC patches has to be investigated under
realistic conditions, which simulate the dynamics of surfactant layers on the alveolar lung surfaces or
equivalent test bubbles during experimentally applied cycles of surface compression and relaxation
mimicking the breathing cycle.
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