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Abstract. Lubrication equations are fourth order degenerate diffusion equations of the form
hi + V - (f(h)VAR) = 0, describing thin films or liquid layers driven by surface tension. Recent
studies of singularities in which h — 0 at a point, describing rupture of the fluid layer, show that
such equations exhibit complex dynamics which can be difficult to simulate accurately. In particular,
one must ensure that the numerical approximation of the interface does not show a false premature
rupture. Generic finite difference schemes have the potential to manifest such instabilities especially
when underresolved. We present new numerical methods, in one and two space dimensions, that
preserve positivity of the solution, regardless of the spatial resolution, whenever the PDE has such
a property. We also show that the schemes can preserve positivity even when the PDE itself is only
known to be nonnegativity preserving. We prove that positivity-preserving finite difference schemes
have unique positive solutions at all times. We prove stability and convergence of both positivity-
preserving and generic methods, in one and two space dimensions, to positive solutions of the PDE,
showing that the generic methods also preserve positivity and have global solutions for sufficiently
fine meshes. We generalize the positivity-preserving property to a finite element framework and
show, via concrete examples, how this leads to the design of other positivity-preserving schemes.
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1. Introduction. Lubrication-type equations arise in the study of thin liquid
films and fluid interfaces driven by surface tension. The general problem we consider
is of the form?!

(1.1) hi +V - (f(h)VAR) =0,
where
(1.2) f(h) ~h™ as h — 0.

This equation was first derived in [1] as a model for the surface tension dominated
motion of thin viscous films and spreading droplets. For such problems, the power n
depends on the boundary condition on the liquid solid interface: no-slip gives n = 3
while various Navier slip conditions can yield n < 3. The same equation in one space
dimension with f(h) = h was also shown to model a thin neck in the Hele-Shaw cell
[2]. Other applications include Cahn-Hilliard models with degenerate mobility [3],
population dynamics [4], and problems in plasticity [5]. In all examples, in order to
have a physical solution, h must be nonnegative.

Equation (1.1) describes fourth order degenerate diffusion. Like the second order
porous media equation,

(1.3) up = A(w™), m>1,
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its solutions are smooth whenever they are positive. This result is known in one space
dimension but only conjectured in more than one space dimension. And where the
solution vanishes, there is typically a loss of regularity. Unlike the (nondegenerate)
heat equation (1.3 with m = 1), periodic solutions of degenerate diffusion equations
can have finite speed of propagation for their support [6, 7]. Second order degener-
ate diffusion equations satisfy a maximum principle; the structure of the differential
operator guarantees that solutions are bounded from above and below by their initial
data.? The fourth order analogues do not possess such a property. The linear fourth
order heat equation ((1.1) with f(h) = 1) has no maximum principle. In particular,
positive initial data can easily lead to solutions that change sign. This always oc-
curs for the Cauchy problem with L?(R?) initial data. Other degenerate fourth order
diffusion equations also do not preserve sign of the solutions (see [8]).

What is unusual about (1.1) is that for sufficiently large values of n, the equation
does preserve positivity of the solution. This was proved in one space dimension for
n >4 [9] and later extended to n > 3.5 [10]. For the two-dimensional (2D) problem,
numerical computations of thin film flows suggest the same may be true. However,
for smaller values of n > 0, numerical simulations [10, 11, 12] show that solutions can
develop singularities of the form h — 0, which physically describe the rupture of the
liquid film. If the singularity forms in finite time, then the solution past this time can
be defined through a regularization method [9, 13, 14] as a limit of strictly positive
smooth solutions of regularized problems.

We briefly review some properties of positive solutions of (1.1) on a periodic
domain 2 = (S1)?% or in Q = RY. First note that solutions of (1.1) satisfy conservation
of mass

(1.4) /Q Wz, t)dz = /Q h(z, 0)dx

and surface energy dissipation

d1

1.5 —=

Vh[dz = — /Q F(h)|VAR|2dz.

The two results combine to yield an a priori H! bound for solutions of the PDE (1.1).
Furthermore, positive solutions also satisfy a nonlinear entropy dissipation. Let G(y)
satisfy G"(y) = 1/f(y). Then

(1.6) %/ﬂG(h)dx: —/Q|Ah|2dx.

Bernis and Friedman used these three properties in [9] to prove positivity of solutions
of (1.1) in one dimension with Neumann-type boundary conditions whenever n > 4.

The nonlinear structure of the PDE presents a challenge in the design of effi-
cient and accurate numerical methods. Even when the analytical solution is strictly
positive, the solution of a generic scheme (see 2.2 and Definition 2.1) may become
negative, especially when the grid is underresolved. Since the PDE becomes degener-
ate as h — 0 this may lead to numerical instabilities. When a positive approximation
of the solution is desired, it may be necessary to do computationally expensive local

2The precise version of this statement of course depends on the boundary conditions for (1.3).
In this paper we consider simple periodic boundary conditions, and in this case the statement holds
as is.
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mesh refinement near the minimum of the solution in order to avoid such premature
or “false” singularities [10]. Physically important examples of situations when such
singularities may arise include flow down an inclined plane [15], where resolution was
required at the apparent contact line [16].

For the computation of nonnegative weak solutions, a nonnegativity-preserving
finite element method is proposed in [17]. Nonnegativity of the solution is imposed as a
constraint, so one has to solve a variational problem involving a Lagrange multiplier at
every time step to advance the nonnegative solution. In this work the authors showed
the convergence of their finite element method to the weak nonnegative solution of
the PDE. The advantage of using this method lies in the fact that computation of
nonnegative solutions requires no regularization of the PDE or initial condition which
seems particularly useful for tracking the moving contact lines. However, this method
allows for solutions with positive initial data to lose positivity, which makes it less
capable of capturing singularity formation comparable to the positivity-preserving
method described here.

There are three main points of this paper. First, we show that it is possible to
design a finite difference (in space) scheme to satisfy discrete analogues of properties
(1.4)—(1.6) above. Such a scheme preserves positivity of the solution (whenever n > 2)
and has solutions that exist at all times, regardless of the size of the grid. This method
improves upon previous methods (e.g., in [10]) that required mesh refinement in order
to avoid a premature “numerical” singularity. Second, we study the convergence
properties of a larger class of finite difference schemes, satisfying discrete analogues
of properties (1.4) and (1.5) but not necessarily (1.6). Although such schemes in
general do not have global solutions for any grid size, we show that for a sufficiently
fine mesh, the solution exists at all times and converges to a positive solution of the
PDE. To our knowledge, this is the first paper to address the order of convergence of
numerical schemes to smooth positive solutions of equations of the type (1.1) in one
and two dimensions. Third, we show that it is possible to generalize the positivity-
preserving property to finite element methods on arbitrary element spaces (including
those involving nonuniform grids). Even though we do not prove convergence of these
finite element methods in this paper, we anticipate that such methods will be useful
for computations involving nonuniform and locally refined meshes.

This paper is organized as follows. We first consider, in section 2, a general finite
difference (in space) scheme and prove local existence and uniqueness of its solution.
The solutions of the difference schemes exist globally in time, provided that they
remain positive. We then show, in section 3, that the key to preserving positivity is
to construct a scheme that dissipates a discrete form of a nonlinear entropy, used in
[9, 14, 13, 18] to prove positivity and existence results of nonnegative solutions for the
continuous PDE. The scheme constructed in section 3 preserves positivity whenever
the exponent in (1.2) satisfies n > 2. Sections 4.1 and 4.2 prove consistency and
stability of general difference schemes. In section 5 we prove that both the generic
and entropy dissipating schemes converge to a positive strong solution, with second
order accuracy, under mesh refinement. Section 6 shows how to modify the entropy
dissipating scheme to preserve positivity whenever 0 < n < 2. Section 7 extends the
results obtained in earlier sections to finite difference schemes in a 2D case. Section 8
generalizes the finite difference schemes to a general finite element framework, yielding
positivity-preserving schemes on more complicated grids with higher order elements.
Section 9 presents a computational example illustrating the advantage of using a
positivity-preserving numerical scheme over a generic one.
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2. Finite difference schemes for lubrication-type equations in one space
dimension: Existence, uniqueness, and continuation of solutions. We con-
sider a family of continuous-time, discrete-space finite difference schemes for the one-
dimensional (1D) lubrication equation

(2.1) Oh + 0, (f(R)OPh) =0, x €S, f(h)~h"ash— D0,

with periodic boundary conditions and strictly positive initial data ho(x) € H'(S?).
We prove, for positive initial data, local existence and uniqueness of solutions of the
schemes. We also derive a global upper bound for positive solutions and show that
the solution to the scheme can be continued in time, provided it stays positive. In the
next section, we show that a particular choice of scheme guarantees a positive global
solution.

Notation. We divide our periodic domain S' into N equally spaced regions of

length Az and introduce the following discrete analogues of the space derivatives:3
_ Y1 Y o _ YY1
yac,z ASU Y yac,z ASU 9
Yzl Yz __ Yzei — Yzeil
yI(E,Z Al’ ) y{L‘Z$,Z Agg .

The discrete Hy a, norm is

K2

1/2
IYll1,00 = <Z(y§,i+yf)m> :

This is equivalent to the norm

1/2
(gra)-)”

where 3 denotes the mean ), y;Ax.
The numerical scheme

Vit + (a(Yi-1, Yi)Yzaz,i)e = 0,
(2.2) i=0,1,...,N—1,

¥i(0) = ho(z:),

which we can view as a coupled system of ODEs for the y;, is a continuous-time
discrete-space approximation of the PDE (2.1) provided that the nonlinear coefficient
a(s1, s2) satisfies the following conditions.

DEFINITION 2.1 (generic finite difference scheme).

(a) a(S’ S) = f(s)’

(b) a(s1,s2) = a(s2, s1),

(c) a(sy,s2) € C*((0,0) x (0,00)) N C([0,0) x [0,00)),
(d) V6 > 0, there exists v > 0 such that 1,82 > 6 = a(s1,82) >~ > 0.

3We append the i onto the z and Z subscripts to make it clear that we are computing a finite
difference as opposed to a spatial derivative. Throughout the rest of this paper, we use 9, V, etc.,
to denote space derivatives and subscripts to denote finite differences in space.
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In section 4.1 we use conditions (a)—(c) to show that the scheme (2.2) is second
order consistent with a positive smooth solution of (2.1). Note that condition (c) does
not require a(sy, s2) to be differentiable at the origin. Condition (d) says that a(s1, s2)
is positive whenever both its arguments are positive but may become degenerate if at
least one of its arguments approaches zero. This matches the property of the analytical
solution (2.1) since f(h) ~ h™ is positive whenever h is positive but f(h) — 0as h — 0.
We will need this last property to prove convergence of a solution of the scheme (2.2)
to a smooth positive solution of the PDE (2.1). Both a(s1,s2) = f(0.5(s1 + s2)) and
a(s1,s2) = 0.5(f(s1) + f(s2)) are examples of allowed discretizations. The former
discretization was used, for example, in [10].

First we prove existence and uniqueness of solutions to the system (2.2). In order
to do this we use the following important properties of the numerical scheme, which
are analogues of the continuous case:

e Discrete conservation of mass.

Z Yi, A Z yz layz Yzaz, z)zAf =0

N-1 N-1
(2.3) Z yi(t) Az = Z yi(0)Ax.
i=0 =0

e Discrete energy dissipation.
(2.4)
1
72 Az + / D7 0051 (5)-1(5) 0so))* s = 5 30 0) 5

%

The discrete conservation of mass can be obtained by multiplying (2.2) by Az,
summation over ¢ = 0,1,... ,N — 1, and time integration while the discrete energy
dissipation can be obtained by multiplying (2.2) by yz, Az, summation over i =
0,1,...,N — 1, summation by parts, and time integration.

LEMMA 2.2 (existence, uniqueness, and continuation of solutions of the numerical
scheme). Given the coupled ODE system (2.2) with strictly positive initial data y;(0)
and diffusion coefficient a(s1, s2) satisfying conditions (a)—(d) from Definition 2.1,
there is a time interval [0, 0] for which there exists a unique positive solution of the
coupled ODE system (2.2). Moreover, there exists a constant C, depending only on
the discrete Hi n, norm of the initial data y;(0), such that y;(t) < C Vi and ¥t < 0.
The solution can be continued for arbitrarily long times provided it remains positive.

Proof. The system (2.2) can be rewritten in the form

dy

where Y = (yo,y1,... ,y~—1) and the ith component of the vector F(Y') is given by

1
Fi(yo,-.. ,yn—1) = “As (a(Yss Yit1)Yzoz,it1 — A(Yi—1, Yi)Yzaz,i) -

The standard theory of existence and uniqueness for systems of ODEs (see, for
example, [19]) guarantees the local existence of a unique solution if the function
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F(Y) is uniformly Lipschitz continuous in a neighborhood of the initial data Y'(0).
For this function to be Lipschitz continuous in all of its arguments, it suffices if the
functions a(s1, s2), g—ﬁl(sl, s2), and %(51732) are bounded. But this is guaranteed
by condition (c) of Definition 2.1 as long as the components of vector Y stay away
from zero and infinity. This proves the local existence and uniqueness of system (2.2).
Now, assuming that the solution exists and is unique, we will prove the existence of
the uniform upper bound.

The discrete energy dissipation property implies that the discrete H; A, norm is

bounded, which gives an upper bound on the discrete Ci/f norm:
(2.5) ly: = w3 < C1(i — j)Aa|'2.

This fact can be proved by applying the Sobolev lemma to piecewise linear functions.
Let i.(t) denote a position where the maximum of y;(¢) occurs. Then (2.5) implies

Yi. —y; < C
Vj. Multiplication by Az and summation over j give

yi. — Y _yi(H)Az < C

J

or

max y;(t) = y;, < Zyj(O)Ax +C.
J

Classical continuation theory for ODEs guarantees that we can continue the so-
lution until it leaves the region in which F(Y") is uniformly Lipschitz. Thus we have
global existence whenever we can guarantee that each component y; of the solution
stays bounded away from zero and infinity. We have proved a uniform upper bound
depending only on the Hj o, norm of the initial data. Thus, either min; y;(¢) stays
positive at all times, in which case we have a global in time solution or there is a
maximal time of existence T' < co which is defined to be the earliest time when one
of the y;’s goes to zero. ]

In the next section we show that if n > 2 in (2.1), then there exists a way to
choose the function a(s1, s2) in (2.2) so that, for positive initial data, the solution
of (2.2) stays positive at all times. This property is a discrete analogue of the weak
maximum principle for the PDE (2.1).

3. A positivity-preserving finite difference scheme. In the previous section
we introduced a general finite difference scheme

Yit + (a(Yi-1,Yi)Yz2z,i)x = 0,
(3.1) i=0,1,... ,N -1,

Yi(0) = ho(z:)
for the 1D lubrication equation

(3.2) Oth + 0. (f(M)23h) =0, zeS', f(h)~h"ash—0.

We showed that such a scheme satisfies the discrete versions (2.3) and (2.4) of the
conservation of mass (1.4) and energy dissipation (1.5) of the continuous PDE. In
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addition, solutions of the PDE dissipate a nonlinear entropy (1.6) which can be used
to prove positivity of the solution for sufficiently large n. Our goal is to choose a(s1, $2)
so that the numerical scheme (3.1) satisfies a discrete form of (1.6) and show that this
is sufficient to guarantee that its solutions also preserve positivity.

LEMMA 3.1. Let G"(v) = f(lv) be a nonlinear entropy function. If we choose

a(sy,s2) in (3.1) to satisfy

(3.3) a(sy, s3) = % if 1 # sa,
f(sl) Z'f.sl = So,

then the solution of (3.1), with positive initial data, satisfies the following discrete
entropy dissipation property:

B LA+ [ s(e)2a0 bis = X Gn0) A0

i

Proof. First we would like to remark that a(sy, s2) defined in (3.3) satisfies all
of the properties in Definition 2.1. In particular, (¢) can be checked using the Taylor
series expansions near s = s1 and the definition of G'(h).

Direct computation shows that

dtszl Am—ZG/ )it A
= — Z G/ y@ yz 1, yz)yzma: z):ch

= Z y’L 1,y1)yzmm 7.A£C

:_Z{ a(Yi—1, i } Yza, Az

Now we would like the resulting expression to be — Zi(ym,i)gAx, which is an analogue

of — fol h2,.dx for the continuous case, thus forcing us to choose a(sy, s2) as in (3.3).
Integration in time gives

ZG yi(t) Az + /Ot{Z(ym,z'(S))QAx}dS = ZG(yi(O))AiU- a

Note that (3.4) gives an a priori upper bound on . G(y;(t))Az. This allows us

to get a positive lower bound on min; min; y;(t).
PROPOSITION 3.2. Let f(h) ~h"™, as h — 0, n > 2, and

51—52 .
3.5 a(s1,80) =4 G l1)=G(s2) Z'f317é327
(3.5) (s1,52) {f@l) A

Then given positive initial data y;(0) > 0, for every fized Az there exists 6 >0 such
that min, min; y;(t) > 6. Moreover, if n > 4, then § depends only on lyilli,az and
min; y;. In particular, it does not depend directly on Ax.

Proof. For simplicity, we take f(h) = h™. The more general case is proved in an
analogous fashion. First we prove the result for n > 2. Choose G(v) = %
for n > 2 and G(v) = —In(v) for n = 2.
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Using the discrete entropy dissipation property (3.4), we get

1 ~

PR
1 =
Zln()Ax<C, if n =2,

i Yi

where C' depends on the uniform positive lower and (for n = 2) upper bounds of the
initial condition y;(0). This implies that

mtin min y;(t) > <AC$> R 5, ifn > 2,

mtinmiinyi(t) > exp (—f) =6, ifn=2.

x

This estimate is valid for any n > 2. However, it depends strongly on Ax; that is, as
Ax gets smaller the lower bound gets smaller as well. Since one can derive a positive
lower bound on the solution of the PDE (3.2) for n large enough [9] (see also [10] for
a sharper result), one would like to obtain a lower bound independent of Az for the
discrete case as well. The following argument, similar to that for the continuous case
[9], shows that this indeed is possible for n > 4.

Recall that the discrete energy dissipation property and the Sobolev lemma imply
the existence of an upper bound on the discrete Ci/f norm (2.5) of y;(t). Let 6(t) =
ming<;<n—1 ¥;(t), which occurs at i(¢). Then we get

C’ZZ _QASCZZ Az
J J

1
v (50 + €1 — ity aa )"

2
ZQZ Az > Azx/b

J (é(t) +C(jAm)1/2)"_2 T gn—a (1+C(ij/52)1/2)n—2

<9 1 /1/‘52 ds
“Te Tl (e

Now to obtain a bound independent of Az, we consider two cases: § > 1 and
6 < 1. In the former case we already have the bound we wanted. In the latter case
we get

~ 1 1/62 1 1 ’
c 2 n—4 / o n—2 >2 n—4 / & n—2 7?74’ if n > 4’
0 0 (1+ s1/2) ) 0 (1+s1/2) 0

1/62 d 1
2/ 8220/111<2>, if n =4,
0 (1 +51/2) 6

which again implies the existence of a lower bound independent of Azx. |

Thus, with the choice of spatial discretization (3.5) the finite difference scheme
(3.1) is positivity-preserving Vn > 2, and the lower bound is independent of A,
provided n > 4. It is interesting to note that for 2 < n < 3.5, we have proved positivity

Y

c

Vv
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of the numerical scheme when we do not know that such a result is true for the
continuous PDE. Proposition 3.2 can be sharpened slightly following the convergence
argument in section 5. We can show that the solution has a positive lower bound
independent of the grid size Vn > 3.5 (see Remark 1 at the end of section 5).

Note that the above results, coupled with Lemma 2.2 in section 2, prove global
existence of positive solutions of the scheme (3.1) with the special choice of a(sq, s2)
in (3.5).

COROLLARY 3.3. Let f(h) ~ h™ with n > 2. The finite difference scheme
(3.1), with the special choice of a(s1,s2) satisfying (3.5), and positive initial data
yi(0) = ho(z;) > 0 has a global in time positive solution y;(t) regardless of the size of
the mesh Ax.

4. Consistency and stability of difference schemes in one space dimen-
sion. In section 2 we proved the existence and uniqueness of solution of a class of
finite difference schemes (2.2). In section 3 we showed that a special choice of scheme
from this class dissipates a discrete form of an entropy, creating a scheme that pre-
serves positivity of solutions. In this section we prove that the general scheme (2.2)
is second order consistent with a smooth positive solution of the PDE. In section 4.2
we show that the scheme is stable whenever its solution remains bounded away from
Zero.

4.1. Consistency. As before, let h(z,t) denote a positive solution of the original
PDE (2.1) and y;(t) denote the solution of the numerical scheme (2.2). To measure
consistency, we introduce the local truncation error 7;(t), defined as the result of
substituting the solution of the PDE (2.1) into (2.2):

(4.1) hit + (a(hiz1, hi)hzaz,i)s = Ti(t).

Since a positive solution of (2.1) is infinitely differentiable [9], we can use Taylor
series expansions to examine the consistency of the numerical scheme.

LEMMA 4.1. Let a(s1, $2) satisfy the conditions (a)—(d) of Definition 2.1 and let
h(x,t) be a smooth positive solution of (2.1). Then the local truncation error 7;(t) in
(4.1) is O((Az)?) uniformly in t.

Proof. By using a Taylor series expansion we obtain*

hit1 — 3hi + 3hi_y — h

i—2 " 2 4
TXT, 0 — = i—L i— 1 A A )
heas, o B (2, g 1)+ ale,_y 1)(A2)? + O((An))
Oa Oa
a(s1,s2) = a(s+ As,s — As) = a(s,s) + —(s,5)As — —(s,5)As
881 382

+B(s,5)(As)? + O((A8)%) = f(s) + B(s)(As)* + O((As)?),

where s = 1552 Ag = 81252 q(z,1) = %h(s)(x,t), and

. B 1 d%a(s, s) 0%a(s,s)  0%a(s,s)
Bls,s) = B(s) = 5 ( 02 2 0m0s T 0s2 ) '

We used the symmetry of a(sy,s2) to cancel the first order in As terms. Note
that a(z,t) is infinitely differentiable and §(s) is twice continuously differentiable for
s > 0 by property (c) of Definition 2.1.

4Here / denotes space derivative.
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Therefore,
1
(a(hi—1, hi)hzezi)e = s (a(hi, hit1)hzezit1 — a(hi—1, i) hzaz,i)
_ 1 hi + hita hi 4+ hita hivi —hi\” 3
- = {f<2 ) (M) (R s oran?)
(4.2) (W"(2143) + o) (A2)* + O((A2)Y))

- {f <hi_12+ hi) 3 (hi_l; h) (hi _th‘1>2+0((m)3)}
(h’”(xi,%) +alz;_1)(Az)? + 0((Ag;)4))] .

Note that for any twice continuously differentiable function g(s)

h;';; (Axf +0((An)),

(4.3) >

(4.4) (h“2_h>2 = (W) (A;)Q +O((Az)h).

By using property (c) of Definition 2.1 we obtain that function 3(s) is C2(0, o),
so we are allowed to use an asymptotic expansion (4.3) for 3(s). Taking function g(s)
in (4.3) to be f(s) and £(s) and plugging the results into (4.2) gives

(hi + hit1
g

B) > :g(hi+%)+g’(hi+%)

(alhi1, hi)hzez i)z = (F(h)R" (x5, 1)) + O((Az)?). O

Note that the error depends on the size of the higher derivatives of h, which are
known empirically [10, 11] to become unbounded when a positive solution approaches
Z€ro.

4.2. Stability near flat steady state. We now show that the flat steady state
solutions of the finite difference schemes introduced in the previous sections are stable.
The results of this subsection are not needed to prove convergence in the next section.

Consider the inhomogeneous numerical scheme

(4.5) it + (a(Yiz1,Yi)Yzaz,i)z = fi(t)

with periodic boundary conditions, positive initial data y;(0), and small right-hand
side f;(t).

From the results of section 2 we know that the following is true for the homoge-
neous problem:

e For any constant ¢ > 0, {y; = ¢} is a solution.

e If the initial condition is positive, then the solution is bounded and can be
continued in time, provided it stays positive.

In this subsection we prove that if the initial data is close to the constant solution,
then the solution of the forced (inhomogeneous) equation will stay close to the solution
of the unforced equation provided that f;(¢) are small. Moreover, for positive initial
data and bounded f;(¢) the solution of the forced equation is bounded and can be
continued in time, provided it stays positive. While the results of this section are
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independent of the results of the next section on convergence, the energy methods
used here are similar to some of the arguments used there for convergence.

THEOREM 4.2. Let y;(t) be a solution of (4.5) with positive initial data y;(0).

(1) Suppose fi(t) is small in C([0,T]; Hi,az) and y;(0) = 3(0) + €;,(0), where
¥ =Y, yiAz is the mean of y and Y, €5 ;(0)*Ax is small in Hy py. Then y;(t) =
7(0) + €;(t) with €;(t) small in C([0,T); Hi,Az)-

(2) Suppose fi(t) is bounded in C([0,T]; H1 anz). Then there exists a constant
C > 0 such that y;(t) < C Vi and t provided that y;(t) > 0.

Proof. Multiply (4.5) by yzz:Ax, sum in ¢ over a period, and apply summation
by parts to the left-hand side. We get

d |1
4. —{= 2 A oy LA :_E:.,lA.
( 6) dt {2 : Yz,i l'} + 21: a(yz 15 yz)ywww’l T i fzyxz,z T

Using the fact that the second term on the left-hand side of (4.6) has a fixed
sign, we apply summation by parts to the right-hand side of (4.6) and the Schwarz
inequality to obtain

4 (1 1/2 1/2
2 2 2
o {2 ‘ ym,iAx} < <z; fa:,iAx> (2; yr,iAx> .

(2

Dividing by (Zz yg)iA:r) /2 and integrating in time give

1/2 . 1/2
(47) (Zyi,xt)m) <<Zy§,i<0>Ax> + (fo,xsm) ds.

To prove part (1) we use the fact that Y, y2 ;(t)Az = Y, €2 ;(t) Az to obtain

1/2 1/2 . 1/2
(4.8) (Z e%yi(t)A‘r) < (Z eﬁ’i(O)A;v> +/0 (Z f;z(s)Ax> ds.

% %

1/2

The mean of the numerical solution satisfies
d
o > wit)Az =" fi(t)Ax,

which implies that

(4.9) Zyi(t)Ax = Zyi(O)Ax + /0 <Z fi(s)Ax> ds

or

(4.10) e(t) = /0 (Z fi(s)A:v> ds.

Combining (4.8) and (4.10) proves that the discrete Hy a, norm of €;(t) is controlled
by the discrete Hq a, norm of the initial data and the C([0,T]; H1 a5) norm of f;,
concluding the proof of part (1).

To prove the second part of the statement we note that (4.7) and (4.9) imply
that the discrete Hy oy norm of y;(¢) is bounded. By applying the discrete Sobolev
lemma we conclude that the discrete Ci/j norm is bounded, which gives an a priori

upper bound on the solution y;(t) by the same argument as we used at the end of
section 2. |
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5. Convergence of finite difference schemes in one space dimension. In
this section, we prove convergence of finite difference schemes to positive solutions of
the PDE

(5.1) he + 0. (f(R)O3h) =0, =z e S

Convergence of finite difference methods in two space dimensions is considered in
section 7.
Recall that the continuous time-discrete space numerical method

Yt + (a(Yi—1,Yi)Yzaz,i)e = 0,
(5.2) i=0,1,... ,N—1,

Yi(0) = ho(z;)

with a(s1, s2) satisfying Definition 2.1 is a generic scheme (GS) for solving (5.1). The
special finite difference scheme (5.2) with a(s1, s2) defined by

S1—S2 :
(5.3) a(s1,55) = 4 TGy 81 7 82,
f(Sl) if S1 = S2

is an entropy dissipating scheme (EDS) that preserves positivity of the solution for
sufficiently degenerate f. This scheme is a special case of GS.

In section 2 we proved the local existence and uniqueness of solutions to GS. At
the end of section 3, in Corollary 3.3, we proved that the EDS is guaranteed to have
global positive solutions whenever f(h) ~ h™ as h — 0, n > 2. In this section we
investigate the question of global existence of solutions of GS as well as convergence
of solutions of the numerical schemes to the solution of PDE (5.1) as Az — 0. We
prove the following result.

THEOREM 5.1. Let h(x,t) be a smooth solution of (5.1) such that h(z,t) > 6§ >0
for some 6 > 0 and t € [0,T]. Then for Ax sufficiently small there exists a unique
solution y;(t) of GS Vt € [0,T]. Moreover, there exists a constant C' > 0 such that
subsepo.r) || 9i(t) — h(wirt) [1.50< CAT2,

Proof. By Lemma 2.2 of section 2 a solution of the numerical scheme can be
continued as long as it stays positive. In Corollary 3.3 we proved that the EDS
has globally positive solutions whenever n > 2. In the case of GS, or EDS with
n < 2, the numerical solution may not exist globally VAx. However, it exists globally
(Vt € [0,T]) if Az is small enough. To prove this we use the fact that the analytical
solution h(z,t) > 6 > 0.

At time t = 0 we have y;(0) = h;(0) = h(x;,0) > §/2 Vi. According to Lemma 2.2
of section 2, for every Az there exists a time interval [0, o], o < T such that V¢ € [0, o]

(5.4) yit) > 8/2 Vi

We now estimate, on this time interval, the difference between the exact solution
h;(t) = h(x;,t) and the approximate solution y;(t) on [0,0]. From section 4.1, we
know that the solution of the PDE (5.1) satisfies the finite difference equation

(5.5) hit + (a(hi—1, hi)hzzz,i)e = Ti(t)

with a local truncation error 7;(t) = O((Ax)?) uniformly in ¢. Define an error e;(t) =
yi(t) — hi(t). Subtracting (5.5) from (5.2) gives an equation for the error

(5.6) eit + [haez,i(a(yiz1,ys) — alhi—1, hi))], + [a(Yi-1, ¥i)ezez i), = —Ti(t).
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Multiplication by ez, ;Az, summation over ¢, and summation by parts give

d 1 ,
(57) @ lQ : efyiAl'

+ Z hzez i(a(yi-1,9i) — a(hi—1, hi))ezez i Az
+ Za(yi—layi)e%mf,iAx = ZTieim,iAl'~

To estimate the second term on the left we first use the continuity of h,., and
the Schwarz inequality:

Z hzoz,i(a(yi—1, yi) — alhi—1, hy))ezaez i AT

1/2 1/2
(5.8) <C Y (alyio1,yi) — alhio1, hi)* Az [Z eim,iAl‘]
Using property (c) of Definition 2.1, the fact that both the analytical and numer-
ical solutions are bounded away from zero and infinity, and the mean value theorem

give

la(yi—1,9i) = alhi-1, hi)| < || VallLe(s/2.002) (lei-1] + leil).
Therefore,
(5.9 Y (a(yi-1,yi) — a(hi—1,hi)*Az < CY elAz < C (eQ +y e;im>
by the discrete Poincaré inequality, where the constant C' = 4 || Va ||2L°°([6/2,M]2)'
Here € = ), e; Az is the mean of the error, which satisfies an ODE

% =— ZTi(t)Ax.
This implies that Z
(5.10) e(t) = — /0 t (Z Ti(s)m> ds.
By Definition 2.1 since y;(t) > 6/2 Vi t;ere exists v > 0 such that a(y;—1,v:) > 7.
Therefore, the third term on the left-hand side of (5.7) can be moved to the right with

a negative sign
=D a1 Yi) s AT S =y ) Y e A

Now by using the discrete Poincaré inequality, the Schwarz inequality, and the
e-inequality 2ab < (ae)? + (b/€)? we can get rid of the ez, and ez, dependence of the
second and the fourth terms in (5.7) to get the differential inequality

% %Ze%iAac SCZTZ-QAQC

+ CZe%iAm +C (/Ot (Z Ti(s)Am> ds) ,

i
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where C depends on 7. Since 7; = O((Az)?) uniformly in ¢ € [0, o],

d
A
dtl 2?2 €T

Also, |e] < C(Az)? by (5.10).
This gives the a priori bound on the discrete H; A, norm of the error

(5.11) le() [IF ax< Cr(A2)* (7T ~ 1),

<CZ(37 Az + C(Ax)t.

which proves that || e(t) |l1.az is O((Az)?) uniformly in ¢ € [0,0]. Estimate (5.11)
holds any time interval [0, o] for which (5.4) is true. Now let 7' < T be the maximal
time interval for which the solution satisfies (5.4). Continuity in time of the solution
y guarantees the existence of such a time. Then the estimate (5.11) holds with o = T.

We now show that the pointwise lower bound (5.4) persists and we can continue

the solution on [0, T], provided Az is sufficiently small. Note that from the above,

Z elAx < C(Ax)?,

which implies a pointwise estimate
lei = [y — hi| < C(A)*? = 0 as Az — 0,
and hence
(5.12) yi(t) > 6 — C(Ax)*/2,
Suppose Az satisfies
(5.13) C(Az)3/? < §/2

and T is strictly less than T. Then (5.12) gives a better bound than (5.4), contra-
dicting the assumption that T is a maximal time for which (5.4) holds. Thus for
sufficiently small Az, we can continue the solution y;(t) ¥t € [0, 7] so that (5.11) still
holds. ]

REMARK 1. Note that the results of this theorem allow us to sharpen the last
sentence in Proposition 3.2. That is, the solution of EDS of section 3 is bounded away
from zero uniformly in Ax whenever n > 3.5. This is because (1) from Proposition 3.2
we have a lower bound 6(Ax) whenever n > 2, where the function § is monotone
decreasing as Az — 0; (2) the numerical solution converges to the analytical solution,
which is guaranteed to remain positive whenever n > 3.5. Combining these results
gives a uniform lower bound for the solution of EDS whenever n > 3.5.

6. Modified entropy dissipating scheme. In Corollary 3.3 of section 3 we
showed that if n > 2, then VAz there exists a unique positive solution of the EDS Vt.
However, for n < 2 the EDS (5.2)—(5.3) may not be positivity-preserving. In examples
such as Hele-Shaw (n = 1), we may wish to use a positivity-preserving scheme to
approximate a positive solution. We now present a modification of the EDS that
yields a positivity-preserving scheme Vn > 0. To accomplish this, we introduce the
regularization of the PDE, which was introduced in [9] and later used by [13],

hef (he)

het + 0u(fe(he)Othe) = 0. fehe) = F3m7
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and the corresponding numerical scheme

Ye,it + (ae(ye,ifh ye,i)yea_:a:i,i)w = Oa

(6.1) i=0,1,...,N—1,
Ye,i(0) = ho(w;),
A=z if 5 # 59
6.2 (s1,89) = 4 COls)=CGi(s) ! )
( ) @ (81 82) { fe(Sl) lf S1 = S9.

Note that numerical method (6.1)—(6.2) depends on two independent parameters,
namely, Az and e. However, we could choose € = ¢(Ax) to be a function of the grid
size.

Since fe(he) ~ % as he — 0 we know that Ve > 0 and Az > 0 the solution of
(6.1)—(6.2) is positive. Moreover, the following theorem shows that the solution of
the modified EDS converges to the solution of the original (nonregularized) PDE as
€ — 0 and Ax — 0 as long as the solution of the latter stays positive. The proof relies
on the fact that V6 > 0, m,n € N, there exists a constant C(m,n, 5) so that

(6.3) < C(m,n,d)e.

Lee([8,M]2)

8n+m an+m
H (81; 52)

————a.(s1,82) — =———a
n m n m
st 0sh st 0s}h

THEOREM 6.1. Let h(x,t) be a smooth solution of (5.1) such that h(z,t) > 6§ >0
for some 6 > 0 and t € [0,T]. Then YAz and € there exists a unique solution ye ;(t)
of the modified EDS (6.1)—(6.2) Vt € [0, T]. Moreover, there exists a constant C > 0
independent of Ax and € such that

sup || ye,i(t) — h(zi,t) [[1,0.< C(AZ? +e).
te[0,T)

Proof. As in section 4.1, to analyze consistency we introduce the local truncation
error

(6.4) Te,i(t) = hit + (ac(hi—1, hi)hzaz,i)a-

Following the arguments from section 4.1 and using (6.3) gives us 7. ;(t) = O((Az)? +
€).

Next note that from Proposition 3.2, the solution y; has an a priori pointwise lower
bound independent of Az but possibly depending strongly on €. Thus the solution y;
exists and remains positive on [0, T.

Since the positive lower bound of y.;(t) may depend strongly on €, to prove
convergence we need to use the inequality h(z,t) > 6 > 0. Applying the argument
from the proof of Theorem 5.1 of the previous section, for each Az and € there exists
a time o = (e, Ax) such that

(6.5) Ye,i > 6/2 Vi and Vt € [0,0].
Now we can follow the proof of Theorem 5.1 to obtain
(6.6) | ec() l1.0:< C(A2? +€) Vi and t € [0, 0],

where e.(t) = yei(t) — hi(t).
In order to obtain (6.6) we needed ac(Ye,i,Ye,i—1) > 6 > 0 and [|Vac|z~ < C
for some ¢ and C independent of Az and e. The existence of these constants is



Downloaded 12/03/16 to 128.97.27.20. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

538 L. ZHORNITSKAYA AND A. L. BERTOZZI

guaranteed by the inequalities y. ;(¢t) > 6/2 and the uniform convergence of ac(s1, s2)
and its derivatives to a(s1, s2) on [, M]? (6.3). The inequality (6.6) implies that for
sufficiently small Az and ¢, the estimate (6.5) can be improved. Thus we can extend
the estimate (6.5) to the whole time interval [0,T] for sufficiently small Az and e,
following an argument similar to the one at end of the proof of Theorem 5.1. O

REMARK 2. We can choose € ~ (Ax)? to make the scheme (6.1)—(6.2) second
order in Ax.

We discuss the relevance of this scheme for weak nonnegative solutions of (5.1)
in the conclusions.

7. Finite difference schemes in two dimensions. In two space dimensions
the lubrication equation with periodic boundary conditions is

he + 82(f(h)02(97h + D3 h))
(7.1) +9y(f(h)0y(2h + D2h)) =0, z € S*, ye S

We now show that the ideas used to construct and analyze finite difference schemes in
one space dimension can be extended to two space dimensions. The main difference,
as we show below, is the fact that the Sobolev embedding H! C C for some positive
« fails in two space dimensions. As a consequence, we need to assume below that we
have an analytical solution that is smooth and bounded from above and below. Let
z;;(t) be a solution of the following finite difference scheme:

zi gt + (a(zi-1,5, 2i,5) (222, + Zgy,ij)z)x
(7.2) + (a(zij-1, 2i,5) (222,45 + Zgy,i)g)y = 0,

where a(s1, s2) is an approximation of f(h) satisfying Definition 2.1.

As in the 1D case, consider the finite difference scheme (7.2) as a coupled system
of ODEs. Given positive initial data there exists, locally in time, a unique solution
of (7.2); the proof follows from the same arguments as in Lemma 2.2. Moreover,
following the argument in Lemma 2.2, we can uniquely continue the solution in time,
provided it stays bounded away from zero and infinity. Therefore, a unique solution
exists globally whenever one can prove the existence of a priori upper and lower
bounds. We now show that a generic finite difference scheme of the form (7.2) always
possesses such an upper bound. We then show that a special entropy dissipating form
of (7.2) has an additional lower bound and hence global solutions.

A genetic finite difference scheme (7.2) has the following properties:

e Discrete conservation of mass

N-1M-1 1M1
Y > zgiArdy + E Y " (a(2i-1.4 2ij) (2,05 + Zpy.ij)z)ATAY
=0 j=0 =0 j=0

N-1M-1

+ (alzi,j-1, 2i,5) (220,55 + 2gy,i5)g)yATAY = 0,

i=0 j—=0

or
N—1M-1 N—1M-1
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e Discrete energy dissipation.
Multiplication by (2z,i; + 2gy,i;) AxAy, summation over 4, j, and integration in
time give

% Z {(z2,15(t))* + (25,5;(1))*} AzAy

(7.4) + t D a(zio1,(5), 2i5(5)) (222,15 (5) + 259,05 (5)) 2ATAy o ds
0

.3

[ 8 S 100,50 i 5) + (5] A Ay

4,3

- % Z {(227](0))2 + (sz,ij(o))z} AzAy.

The above mass conservation and energy dissipation combine to give the following
estimate.

LEMMA 7.1. There exists a constant C' such that for any z;; a positive solution
of (7.2), on the time interval 0 <t < T, with initial data z;;(0) = ho(x;,y;) > 0, we
have the a priori upper bound

< Cllz0)[[1,a0,8

(75) Zij (t) ~ \/m 5

where || - ||1,az,ay denotes the discrete H' norm in two dimensions.

Proof. Mass conservation (7.3) and energy dissipation (7.4) imply that the dis-
crete H' norm of the solution is bounded by the initial data. The discrete Poincaré
inequality then implies a discrete L? bound, which in turn yields the inequality
(7.5). |

We now construct a special entropy dissipating scheme that gives an a priori
pointwise lower bound. The following lemma shows that the same discretization of
the diffusion coefficient that was used to make a scheme dissipate nonlinear entropy
in one dimension works in two dimensions as well.

e Nonlinear entropy dissipation.

LEMMA 7.2. Let G"(v) = f(lv) be a nonlinear entropy function. Let f(h) ~ h"
as h — 0. Then if we choose

7.6 a(s1, s9) =4 CG(s)=G'(s2) zf 81 # 83,
(7.6) o) ={ T Tt

then any solution of (7.2) with positive initial data z;;(0) = ho(z;,y;) > 0 satisfies
the following discrete entropy dissipation property:

S Gy )20ty + [ {3 ey () + 25 () A0y b ds

(2]

(7.7) = Z G(2(0))AzAy.
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This property implies that the solution z;;(t) has the following pointwise lower bound:

AzAy\ ™2
(7.8) min min z;;(¢) > ( = y) =6 ifn>2,
t i C
(7.9) minmin z;;(¢) > e - ¢ =6 ifn=2
' TR A AzAy | — T

Proof. We first prove (7.7) following the same arguments from section 3 for the
1D case:

d
n Z G(zij)AzAy = Z G (215) 254 DAy

(2]

J
==Y G'(zi)alzi14, 2i) (Zan.is + Z5y.i5)7) e DT AY
i

=G (zij)(azi 1, 2i5) (Zrais + 250,05 5)y ATy
¥

=Y G zig)zalzi1,4:2i5) by (Zawis + 25y.i5) Axly

Z’]
— > G Gi))gazig,2i5)}, (2eais + 2gy.5) Ar Ay
i

= (zaw,ij + 2gyj)* AzAy.

i,J

To prove the pointwise lower bound, we again follow the arguments from the 1D case
in section 3, which use the scaling behavior of G near z = 0. 0

Note that in two dimensions we do not have a uniform lower bound independent
of the grid size for large values of n as we did in the 1D case. This is due to the fact
that the 1D argument used the a priori C'/2 bound, from Sobolev embedding, which
we do not know for the 2D case. The fact that we can derive an a priori pointwise
lower bound implies the following corollary.

COROLLARY 7.3 (global existence of solutions of the 2D entropy dissipating
scheme). Consider f(h) ~ h™ as h — 0, for n > 2. Then VAx,Ay, the en-
tropy dissipating scheme (7.2) with a(s1,s2) satisfying (7.6) and positive initial data
2i;(0) = ho(z4,y;) > 0 has a unique positive global in time solution.

In general the generic scheme (7.2) may have only local solutions in time. The
issue is that the solution may lose positivity at some finite time and can not be
continued after that time. We now show that both the generic and entropy dissipating
schemes converge to positive, bounded smooth solutions of the PDE, which has a
consequence that a generic scheme has global existence for sufficiently small grid size,
as in the 1D case.

The proof of convergence follows the same argument as the one for the 1D case.
We establish first consistency, then stability, and finally convergence.

LEMMA 7.4 (consistency). Let h(xz,y,t) be a smooth positive solution of the
PDE (7.1) and let a(s1,$2) satisfy the conditions of Definition 2.1. Define the local
truncation error 7;;(t) to be the error made when plugging the smooth solution of the
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PDE into the scheme. That is, 7;;(t) satisfies

hiji 4 (alhi-1,5, hij)(haa,ij + Pgy,ij)z)e
(7.10) + (a(hij—1, hij)(haz,ij + Pgy,ii)g)y = Tij(t),

where h; j = h(x;,y;). Then there exists a constant C(T), depending on bounds for
the smooth solutions h and its derivatives, such that the local truncation error ;;(t)
satisfies

sup sup_|7i;(t)| < C(T)((Az)* + (Ay)?).

i,j 0<t<T

Proof. As in the 1D proof of Lemma 4.1, Taylor series expansions give the desired
result. ]

In one dimension, we proved H'! stability which implied pointwise stability. Again,
because of the Sobolev lemma, we are not guaranteed pointwise stability from H' sta-
bility in two dimensions. Nevertheless we can still prove H! stability of the numerical
scheme. As in the 1D case, we do not directly use the stability lemma to prove
convergence.

LEMMA 7.5 (H'-stability). Let z;;(t) be a solution of the inhomogeneous problem

(7.11)
Zigit +(a(Zim15, 2i5) (Zais + Zgy.is)a)e + (02051, 205) (Zee.i + Z59.45)9)y = fig (1)
with positive initial data z;;(0).

(1) Suppose f;;(t) is small in the C([0,T); Hi Az ay) norm and z;;(0) = Z(0) +
€ij(0), where z =3, ; zi;AxAy is the mean of z and Zm(e%)i(O) +€2,(0)AzAy is
small. Then z;;(t) = Z(0) + €;;(t) with €;;(t) small in the C([0,T]; Hi,az,Ay) nOTM.

(2) Suppose fi;(t) is bounded in C([0,T); Hi,Az,ay) norm. Then provided the
solution z;;(t) stays positive, it is bounded in the discrete Hi az ny norm.

Proof. Multiplication of (7.11) by (2z4.,ij + 2gy,i; ) AxAy, summation over i, j, and
summation by parts give

d |1
732 D (22 +2p i) AxAy b+ alzioj, 2i) (22w + 2y 2ATAY
i i

) (21, 2i) (Zanij + 2y PATAY = =Y fij(2aw.is + 2gy.ij) AzAy.
,J 4,
Estimating this expression in the same way as we did in Theorem 4.2, we get

1/2 1/2
Z(G:%,ij(t) + 6127,ij<t))A$Ay < Z(G%,ij(o) + Gé,ij(o))AiﬁAy

1/2

+ / SO(f2,,(5) + f2(s)AzAy | ds.

)

This estimate, together with the identity

t
Z zij () AzAy = Z 2 (0)AzAy + / Z fij(s)AzAy | ds,
i.j i.j 0 i.j
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implies both statements of the lemma. ]

We now use the above results on existence and consistency to prove convergence
of the scheme to a positive solution of the PDE.

THEOREM 7.6 (convergence). Let h(x,y,t) be a smooth solution of (7.1) such
that C > h(z,y,t) > 6 > 0 for some C > 6§ > 0 and t € [0,T]. Let z;(t) be
a solution of the numerical scheme (7.2) with (Az)® < Ay < (Az)Y/3. Then for
Az, Ay sufficiently small the solution z;;(t) can be continued ¥t € [0,T] and there
exists a constant C > 0 such that we have the H' convergence

sup || 25 (t) = h(@i,y;,t) 1,80,0y< C(A2® + Ay?)
t€[0,T]

and the pointwise convergence

2
((Az)? + (Ay)?)
sup sup |z (t) — h(zi, y;,t)]? < C .
te[0,T] i.j 1235 (1) ( 21| AxAy

Proof. As in the proof of Theorem 5.1 we first find a time interval [0, o] such
that 2C' > z;;(t) > 6/2 hold Vi,j and t € [0,0], then estimate the error between
the analytical and numerical solutions and finally continue numerical solution to the
whole interval [0, T] for sufficiently small Az and Ay.

The analytical solution satisfies (7.10). By Lemma 7.4 the local truncation error
75 (t) = O((Az)? + (Ay)?). Introducing e;;(t) = z;;(t) — h;;(t) and subtracting (7.10)
from (7.2) we obtain

eij(t) + [(haw,ij + hyyij)z(a(zizij, zig) — alhi—ij, hij)],
[a(zii g, 2i5)(€zaij + €gy.ij)zl,
[(hzw,ij + hgy,ij)g(a(zij-1, zi5) — alhij-1, hij)]
[

T
Yy
a(2i,j—1 %) (€za,ij + €gy.ij)gl, = —Tij (1).

+
+
+

Multiplication by (ezz,ij + €gy,ij) AxAy, summation over ¢, j, and summation by parts
gives

d |1
7|2 Z(eé,ij + e?j,ij)A‘rAy
4,7

+ 3 (hawig + hygyig)e(a(ziong, 2i5) = alhiz1g, b)) (€aais + egy,i)e Axy

i,
(7.12) + > alzi-1, 2i) (€anis + €gy.if) 2 AT DY

i,

Y (haaij + hgyii)u(alzij-1, 2i5) — alhij-1,hij))(€zaij + €gy.is)gAzAyY
2%

+ Z a(zij—1, %ij)(€za,ij + egwj);AwAy =— Z Tij(€za,ij + €gy,ij) AxAy.
i,j 0,J

Using the boundedness of the numerical solution and property (d) in Defini-

tion 2.1, and estimating the second and fourth terms of (7.12) in a way similar to
(5.8) in section 5, we obtain

(7.13) Il e(t) 13 pnny< C ((Az)? + (Ay)?)® Vi,j and t € [0,0].
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The constant C' is independent of ¢ < T'. Therefore,
> ehAwiy < C (M) + (Ay)?)’,
,J

which implies

((A2)* + (Ay)?)°

2
. <. <
(7.14) e2(t) < C Achy

The expression on the right-hand side of (7.14) tends to zero as Az, Ay tend to zero
if (Az)? < Ay < (Az)Y/3. Making this assumption we note that for Az, Ay small
enough we can improve the upper and lower bounds, 2C > z;;(t) > 6/2, from which
we started. Therefore, for Az, Ay sufficiently small we can continue the solution to
the whole time interval [0, 7] so that the bounds (7.13) and (7.14) still hold. O

REMARK 3. Note that even though, as we mentioned previously, the embedding
L>* c H', which holds in one dimension, fails in two dimensions, we can prove
the pointwise convergence in (7.14). This fact is a consequence of the second order
consistency of the numerical scheme (7.1) with the PDE (7.2).

REMARK 4. The convergence theorem shows that we can improve the bound (7.5)
in the case where the scheme is approzimating a positive bounded solution of the PDE.
That is, the solution of the numerical scheme has a pointwise upper bound that does
not depend strongly on the grid size, improving estimate (7.5). Likewise, for the EDS
with n > 2, we can improve upon the pointwise lower bound (7.8) or (7.9) when the
scheme approximates a positive bounded solution of the PDE.

REMARK 5. We can extend the modified entropy dissipating scheme of section 6
to the 2D case.

REMARK 6. If Ax = Ay, then one can obtain the following pointwise bound on
the error:

sup sup |z (t) — h(zs, y;,1)| < C(a)(Ax)zfa
te[0,T] 4,5

for arbitrary small a.

To show this we first note that second order convergence in discrete H; norm
implies the second order convergence in discrete L, norm for arbitrary large ¢ (see
the appendix for details). Thus

1/q
max e (Az)2/7 < | Y " Jes;|?(Ax)? < O(q)(Ax)?,
7m Z’j
which implies that

max fer,a| < C(q)(Ax)* 5.

8. Positivity-preserving finite element methods. So far, the schemes pre-
sented in one and two space dimensions have been for fixed uniform Cartesian grids.
Equations of the type (5.1) often arise in the context of moving contact lines in thin
films. For such problems, local mesh refinement must be used to resolve structures
that can develop near the contact line [15]. Also, when schemes of this type are used
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to compute finite time singularities describing things such as film rupture [10] or neck
rupture in a Hele-Shaw cell [12], local mesh refinement is crucial to resolve small
scale structures near the point of singularity. Thus, a natural question to consider is
whether one can generalize the positivity-preserving methods, discussed in previous
sections of this paper, to more complicated grid structures.

A natural framework to work in is that of finite elements. We begin by showing
that the 1D EDS ((3.1) with (5.3)) finite difference scheme is equivalent to a finite
element approximation in which a nonlinear function of the solution is represented
in the element basis. This representation suggests a general abstract finite element
approximation of the problem (in any space dimension). We then show that the
2D scheme is another special case of the general finite element approximation. We
present a third example of a new difference scheme that results as a special case of
this approximation. We hope that the methods outlined below will be useful for the
design of schemes on more complicated grids.

Ezample 1 (1D EDS). First introduce the pressure p = —92h. The original PDE

(8.1) he + 82(f(h)O2h) = 0
can be rewritten as
(8'2) hy — 8w(f(h)8wp) =0, p= _aih

We now present a finite element spatial discretization of (8.2) that we show is
equivalent to the 1D EDS of section 3. Let (11, 72) denote the standard inner product
on L?(S1), G(y) be a function satisfying G”(y) = 1/f(y), T be a space of piecewise
linear periodic functions on the spatial grid of size Az. We introduce the interpolation
operator 727 : C(S') — TA% such that (72%n)(z;) = n(x;) Vj. Define a discrete inner
product on C'(S?) by

(mom)> [ 78y (@)m(a)de = 3 m (o m(e,) Ao

We now show that the EDS is equivalent to the following finite element approxi-
mation of (8.2):
Find y,w : G'(y) € TA% w € TA* such that

(8.3) (e, )" + (f(y)Opw, Dux) = 0 Yy € TA?,
(8.4) 02y, Do x) = (w, )" Vx € TA®.

Consider the standard basis {Xl(x)}fvzl for TA2:

= ifa <o <ay,
xi(z) =
Then
A
(e, X4) Y= Yit A,

T

_ wimWim Loy [T gy W 1

i
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Note that the integral

i ¥ dx i Qpydx
e[ g |
/ fwide= | Gty = ., @()owy

_/3” dy(x) _ Ax Ax(y; — yi—1)
Ti—1 s’

T d@ s ) T G — e

In the last computation we used the substitution s(z) = G’(y(z)) and the fact that
s(x) is a piecewise linear function. From (8.4) it follows that w; = —yz, ;. Therefore,
Yi+1 — Yi — Yoz Yi —Yi—1

yir1) = G'(y) TG (i) — G (yiea)

(f(y)axwa 63:)(1') = Yzaxz,i+1 G/(

Now (8.3) gives

y‘t+1<y---+1 Yit1 — Yi  pen i YT Y1 ):O
A\ G (i) — G(y) TG () — G (i) ’

which indeed is the EDS (3.1) with (3.3).

REMARK 7. The same finite element approzimation on a nonuniform mesh
produces an analogous scheme (8.5) with nonuniform differences. A wvariant of this
scheme was used recently in [20] to compute finite time singularities in a long-wave
unstable generalization of (8.1).

REMARK 8. The finite element representation (8.3)—(8.4) has a structure similar
to that introduced in [17). The main difference is that the method in [17] takes the
solution y to be in the subspace T™* spanned by the element basis, resulting in a
method that requires a Lagrange multiplier to ensure nonnegativity of the solution in
cases where it might otherwise become negative. Here, we take the nonlinear function
G'(y) € TA®, resulting in a scheme that preserves positivity. Our choice of element
representation has one consequence: we need to ensure that Vy € L? in order to make
sense of the inner product on the left-hand side of (8.4). We address this point in
Remark 9 below.

The finite element approach above generalizes to positivity-preserving schemes
in higher dimensions (S')¢ and to more complicated finite element subspaces of
H((SY)?). Consider the following form of the lubrication equation in d space di-
mensions:

(8.5)

(8.6) he =V - (f(h)Vp) =0, p+Ah=0, f(h)~h" h—0.

Now let (11,72) denote an inner product in L2((S1)4), TA% be a finite dimensional
subspace of H((S1)4), =1+ : C((S1)?) — TAT be an interpolation operator, and
(m,m2)t & Jistya 711 (ny(2)n2(x))dz be an associated inner product on C((S')4).
For any d-dimensional vectors £1,& € C((S1)4, R?) let (£1,&2)2 denote a numerical
integration rule replacing an L?((S')4, R?) inner product.

Consider the following general finite element approximation of (8.6):

Find z,w : G'(z) € T?%,w € TAT such that

(8.7) (26, )™ + (f(2)Vw, Vx)2 = 0 Vx € TA%,
(Vz,Vx)2 = (w, )" Vx e TA%




Downloaded 12/03/16 to 128.97.27.20. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

546 L. ZHORNITSKAYA AND A. L. BERTOZZI

Taking x = G'(z) in (8.7) and x = w in (8.8), we obtain

(2, G'(z))l1 + (Vw, Vz)2 =0,
(Vz, V) = (w,w)"
d I
&t Jigy ™ (G = = (wyw) <0

This yields the following a priori bound:
/ (G (2(x,t)))dx < C.
(Sl)d

Now by using an explicit form of the interpolation operator 7't we can rewrite

the left-hand side of the above inequality as ), a;G(z;(t)) with a; > 0 Vi. As before,
this gives a positive (dependent on AZ) lower bound on z;(t) for n > 2.

REMARK 9. One has to insure that Vz € L2((S')?%, RY) to use the finite element
method (8.7)—(8.8). This is guaranteed as long as all z;(t) are bounded from above. In
the special cases of Example 1 above and Example 2 below, additional structure of the
scheme allows us to prove an a priori bound on the discrete H' norm of the solution
z, independent of the grid size. In general, however, discrete energy dissipation (anal-
ogous to (1. 5) may not occur for (8.7)~(8.8). Note that since G'(z) € TA%, in general
VG (z) = f(z)Vz € L2((SY)?). Thus a sufficient condition for Vz € L*((S1)%, R?) is
that f(z) is bounded. This is also a sufficient condition for f(z)Vw € L?((S*)%, RY)
which is needed to make sense of the nonlinear term in (8.7).

Now let us consider some further examples of the general finite element method
(8.7)—(8.8).

Ezample 2. In two space dimensions, let ¥ = (x,y) and T>% be a space of
piecewise bilinear functions on the rectangles of size Az x Ay. Let x;;(z,y) be a
basis for this space such that x;;(x,y) is equal to 1 at node (z;,y;) and 0 at all other
nodes. As before, let 7/t : C((S1)2) — T7 be the interpolation operator such that
for any continuous function n(z,y) (w'1n)(x;, y;) = n(xi,y;) Vi, j. For any 2D vectors
&,6 € C((Sl)2,R2), let

Tit1 ]
(51,52)12 = Z /w 5 (5%(% yj+1)§21(x, yj+1) + f%(xayj)f%(xvyj)) Aydx
1,7 ?

Yji+1 1

+Z 51 Tis1,9)E (Tig1,y) + £ (4, 9) &3 (w4, y) ) Axdy.

On the product of first components this numerical integration rule performs integra-
tion exactly in the first variable but uses trapezoidal rule instead of integration in the
second variable. Similarly, on the product of second components it performs integra-
tion exactly in the second variable but uses trapezoidal rule instead of integration in
the first variable.

We show that this choice gives us the 2D positivity-preserving scheme (7.2) with
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(7.6) from section 7. Taking x = x;; in (8.7) gives

(Zt»Xij) ' = Z’L] tAxAyv

Tk+41 1
(f(z)Vw, VXU Z Z / Py {f z\x yl+1))6ww|y:yz+1 8$Xij‘y:yz+1
k=i—1l=j—1
+f( (@, 91)) Oatwly=yi OuXiily=y } Ayde

Yi+1 1

+ Z Z / *{f xk+1ay)>ayw‘r:xk,+1 6yXij|m:zk+1

k=i—1l=j—1
+ f(z(zk, y)) 8yw‘x=xk~ ayXij|x=xk- } Axdy.

To compute both double sums in the expression above we have to sum over four
rectangles that have the node (z;,y;) as one of their vertices. Let us consider one of
these rectangles, for instance, the rectangle z; <z < z;41,y; <y < yj+1. Then

(z — i) (y — ;) (z = 2i)(Yj+1 = y)
w(Z,Y) = Wit1,j+1 Ty? + Wit1j A;ij—g:

(Tiv1 —2)(y — v)) (Tit1 — 2)(Yj+1 — Y)

Wi AzAy i AzAy ’
Wit1,j+1 — Wij+1 Y~ Y5 | Witlj — Wij Yj+1 — Y
Oaw = Litli J J J J Y ’
vt Ax Ay * Ax Ay
L yjy1—y
O =5 Ay

Therefore,

Ti41 1
/ Py {f Z\x yj+1))8zw|y:yj+1 amXij|y:yj+1 + f(2(z, yj>>8$w‘y:yj anij’y:yj }Aydw
x

i

Ay R Ay wiy1,j — wi
=5 31:“’}@/:.% 890Xij|y:yj/ f(z(z,y;))de = — B — JAa: =% alzij, Zit1,),
T

where a(z; j,%i+1,;) is defined in (7.6). It is easy to see that we get the same
contribution from the rectangle z; < z < z;41,y;—1 < y < y;, while the contri-
butions from two other rectangles, ;1 < z < z;,y;—1 < y < y; and x;_; <
r < 2,y <y < yj1, are % Do a(zi-1,5, %) each. Therefore, the first
double sum is —AzAy (wgija(zi-14,%i;)),. Similarly, the second double sum is
—AzAy (wyija(zij-1,2;)),- Taking x = x;; in (8.8), we get that wi; = —2za,i; —
Zgy,ij- Taking this into account, we obtain

zij + (aziz1,, 2i,j) (Zzeij + 2gy.ij)z)e + (a(2i-1, 2i5) (Rz,is + 2gy,ij)5)y = 0,

which is the positivity-preserving 2D scheme (7.2) and (7.6) that we introduced in
section 7.

Both of the examples considered above were introduced in previous sections in
a finite difference framework. Now we introduce a new scheme that arises from a
different choice of inner products in (8.7)—(8.8).

Ezample 3. In one dimension consider the same scheme as (8.3)—(8.4) except with
trapezoidal rule instead of exact integration for computation of (f(y)d,w,d.x) and
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(02y, 0zX). Then

(26, xi)"" = 24 Ax,
n_ Wwi—wi1 f(zi1) 4+ f(zi)  wigr —wi f(2) + f(zig1)

62:i—+0+82|:i_0 8Z|:i+0+a'z:i—0
(a’xz7 axxz)IQ _ xr ‘fl) xr 1 2 xT r=x o xT r=x 2 xT ’w Ti41 )

To compute the last expression we introduce a new variable s(x) = G’(z(x)) which is
linear on each of the intervals [x;_1,z;]. Differentiating and solving for 9, z(z) gives
G/(Zz) — G/(Zi_l)

Or2(x) = Ozs(x) f(2(x)) = AL f(z(x)) for i1 <x <z

Therefore,

(Bn2, Dyi) ™ = G'(z) —Afl(zz‘—l) f(zi,1)2+ f(z) _G'(Zz'ﬂi; G'(z) f(zi) +2f(zi+1)'

Thus, we obtain the scheme
zit — (a(zi—1,2i)wz,i)s =0
with

a(ziq,zi) = w and

w; = — ({G'(2:)}; alzi-1, 21)),, -

This shows that we can use a discretization of the diffusion coefficient of the form
a(zi—1,7) = M and still have a positivity-preserving finite difference scheme

as long as we also change the definition of the numerical second derivative.

9. A computational example. In this section we illustrate the advantage of
using a positivity-preserving scheme over a generic one.
We consider the following example. Solve the equation

(9-1) he + 05 (F(M)D2R) = 0, f(h) = h'/?,
with positive initial condition
ho(z) = 0.8 — cos(mz) + 0.25 cos(2mx).

It was computationally shown in [16] that the solution of this problem develops
singularity in finite time. The solution past the singularity time can be defined by
introducing, at all times, the regularization

h f(h.
(92) het + am(fe(hs)aihf) = Oa fe(hf) = Ef(eh‘f)(_i_)hél’

finding the solution of the regularized problem, and taking the regularization pa-
rameter € to zero [13, 14, 9]. The resulting “weak solution” is guaranteed to be C!
almost every time and to have a bounded second derivative almost every time. Since
fe(he) ~ hl/e as he — 0 we know that Ve > 0 the analytical solution of the regularized
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=10™

h(x.t), €

FIG. 9.1. The solution of the reqularized problem (9.2) for e = 10=% at the time t = 0.001 and
subsequent later times. As € — 0 at t = 0.001 there is a region, from roughly —0.06 to 0.06, for
which the resulting weak solution is identically zero.

problem is positive. In [16] a nonnegative weak solution was approximated numer-
ically by positive strong solutions of the regularized problems with small e. That
paper used a generic scheme (2.2) with ac(s1, s2) = fc(0.5(s1 + s2)). The numerical
solutions of the regularization suggested that after the initial singularity, the solution
develops a region where it is identically zero (see Figure 9.1). The regularized solu-
tion stays positive and develops a lot of structure near the edge of the support of the
weak solution. In [16] a fine grid was required in order to resolve the spatial structure
and keep the numerical solution positive. Here we show that an entropy dissipating
scheme does a much better job at computing this problem without requiring excessive
spatial resolution.

The numerical schemes presented in this paper are all discrete in space and contin-
uous in time. For a practical implementation of such a method, we need to discretize
in time as well and choose a time-stepping method. We use the 6-weighted time step
scheme in [10, 11, 18, 12] with § = 1 (backward Euler). The choice of # was motivated
by stability and monotonicity issues involving problems with diffusion. We take an
adaptive time step where we ensure that the error over the step is below a threshold
value, and that the minimum of the solution does not decrease below a percentage
of its previous value. The final concern is that the time step is small enough to ac-
curate approximate the system of ODEs (2.2) and in particular to still capture the
positivity-preserving property when solving the EDS. While we have not derived any
analytical measure of the time step constraint for positivity, in the case of the EDS,
empirically, we find that it does not have to be especially small to achieve positivity
on a coarse mesh. In particular, the adaptive time step algorithm (the same that was
used in, e.g., [10]) ensures that the solution stays positive, and the size of the step
chosen by this algorithm, coupled with the EDS, was not unreasonably small. All
computations presented below were performed on a uniform grid. However, a special
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COARSE GRID COMPUTATION.
GENERIC SCHEME.

0.00060

0.00040

h,(x.t,)

0.00020

0.00000
0.0 0.1

Fic. 9.2. Failure to compute the solution of the approzimating problem (9.2) up to the time
t = 0.001 on a coarse grid (128 grid points on [0,1]) using a “generic” numerical method. For each
e = 10711, 10713, and 10~ 1, the scheme developed a numerical singularity (shown above) at the
respective times t ~ 0.00086, 0.00076, and 0.00074. We could not continue computing beyond these
times since the numerical solution becomes negative.

routine was used to plot only selected points.

Figure 9.2 shows the computational results obtained by the generic scheme for
three values of the regularization parameter e = 107,107, and 10~!* on a grid
with 128 points on [0, 1]. For each value of € in (9.2), we tried to compute the solution
until ¢ = 0.001. However, in each case, the solution of this generic scheme developed
a singularity at a time ¢, earlier, in which min; y;(¢¥) — 0 as t — t. < 0.001. In each
case, the smaller the value of €, the earlier the time of the numerical singularity.

Figure 9.3 shows the results that the entropy dissipating scheme ((3.1) with (3.3))
gave for the same input. In this case we successfully computed the numerical solution
at t = 1073, Note that in both cases we used the same purely implicit method for the
time integration, choosing the time step At small enough to ensure that the discrete
time system shows the same behavior as the continuous time one.

The final Figure 9.4 shows the results obtained by the entropy dissipating scheme
on a much finer grid, one with 1024 points on [0,1]. Note that the positive approxi-
mation (9.2) is now well resolved near the edge of the support of the weak solution.
This computation shows that the EDS does a good job on a coarser mesh (compare
with Figure 9.3).

In this example we are in effect using a modified entropy dissipating scheme (as
in section 6) to compute a weak solution of (9.1). Note that both Figure 9.3 and
Figure 9.4 indicate that the method is converging in €. Unfortunately, the results of
section 6 do not help in identifying the order of convergence in € since we are computing
a nonnegative solution here. In fact, the computations suggest that convergence in ¢
is slower that the first order predicted for strong solutions in section 6. For tracking
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COARSE GRID COMPUTATION.
ENTROPY DISSIPATING SCHEME.
0.00060

551

c—oe=10"
B—=se=10"
—=oe=10"

0.00040

0.00020

0.00000
0

0.1

Successful computation of the solution of the approzimating problem (9.2) at the
time t = 0.001 on a coarse grid (128 grid points on [0,1]) using the EDS of section 3. Shown are
examples for € = 10711, e = 10713, and € = 1014, The minimum time step imposed by adaptive
time-stepping code was log;y(min At) = —6.6 for e = 10711, —7.2 for e = 10713, and —7.4 for
e = 10714, The solution on the course grid shows good agreement with the same computation (below
in Figure 9.4) on a fine grid.

FINE GRID COMPUTATION.
ENTROPY DISSIPATING SCHEME.

0.00060
c—oe=10"
G—Ffle=10"
—oe=10" Eﬂ
0.00040 | p .
b
5

0.00020

0.00000

0.0

0.1

FIG. 9.4. Numerical computation of (9.2) at fized time t = 0.001, ¢ = 1071 e = 10713, and
e = 10714, on a fine grid of 1024 grid points on [0,1]. For this run, log,,(min At) = —6.7 for
e=10"1, —7.0 for e = 10713, and —7.3 for e = 1014
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the numerical free boundary of the positive region one may choose a function 6(¢) > 0,
6(e) — 0 as € — 0 and then define a free boundary as a boundary of the region where
the solution is less than the prescribed 6(e). The question of how to choose 6(¢) is
a nontrivial one since it is related to the order of convergence of numerical solutions
in €. Nevertheless, the computations shown on Figure 9.3 suggest that the method
of section 6 may be very useful not only for computing strong solutions but also for
approximating weak solutions by computing the solutions to regularized problems.

10. Conclusions. In this paper we discuss several kinds of finite difference
schemes for solving fourth order degenerate diffusion equations arising in the study of
viscous films and layers driven by surface tension. Previous computational work on
this problem showed that much grid refinement is typically needed in order to resolve
the solution when it approaches a “near” singularity. Underrefinement of the grid can
lead to false premature rupture of the solution and also to inaccurate computations
of weak solutions with moving contact lines.

We show that it is possible to design a finite difference scheme, in one and two
space dimensions, that preserves positivity of the solution. This technique is useful
both for computing solutions that have near singularities when forced (such as flow
down an inclined plane with a precursor layer model (see [15]) and for computing
weak solutions via regularizations, as we demonstrated in section 9 of this paper.
We also showed that the idea for designing the scheme, that of dissipation of a dis-
crete version of a nonlinear entropy function, can be generalized to an abstract finite
element context which suggests ways for designing positivity-preserving schemes on
more complicated grids. Note that in the case where the solution of the PDE has a
finite time singularity in which h — 0, a positivity-preserving approximation of the
PDE will not see the singularity. However, it will resolve the solution, before the
singularity happens, upon successive levels of mesh refinement. Thus such a scheme
could be very useful for careful studies of singularity formation.

There are a number of questions that stem from this work. For example, it
seems worthwhile to examine the question of convergence of schemes that arise from
the general finite element model (8.7)-(8.8), where the elements are generated on
nonuniform grids. In general, such a scheme may not be second order consistent (i.e.,
may not satisfy the equivalent of Lemma 4.1), so that the estimates derived here do not
directly generalize. Another open question concerns the use of positivity-preserving
schemes in the study of weak solutions. In section 7 we introduced a modified entropy
dissipating scheme that has two small parameters involved, namely, grid size Az and
the regularization parameter e. If we take € = e(Axz) then the new scheme obtained
can be considered as an alternative positive approximation of a solution of the PDE.
The results of section 10 suggest that this method could be particularly useful for
computing weak solutions. We also expect that the EDS will perform well on 2D
computations since it has the potential to give good results for moving contact lines
without requiring local mesh refinement, a procedure that is much more difficult in
two dimensions than in one dimension.

Finally we note that it would be interesting to try to generalize the method
to implement other standard boundary conditions as well as to apply it to other
problems that possess positivity-preserving entropies, such as lubrication models with
stabilizing or destabilizing forces such as gravity [21] or long range Van der Waals
interactions [18] or driving (convective) terms [15].
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11. Appendix. We derive the following estimate used to prove Remark 6 in
section 7:

(11.1) [ully.a0.a0 < C(@)ullm, az.09,

where u;; = u(iAz, jAy) is a grid function on [0, 1]x[0, 1]; |||z, Az,ay and ||| 7y, Az,Ay
are discrete I, and L, norms, respectively; and ¢ can be taken arbitrarily large. Since
the domain of u is compact, it suffices to show the following statement similar to that
of Theorem 2.1, p. 181, in [22].

LEMMA 11.1. For an arbitrary grid function u;; = u(iAz, jAy) on [0,1] x [0, 1]

(11.2) [l Ly, 22,8y < C®) ([ullz, az,ay + 1uzllL, aeay + [[ugllL,.a2.ay) 5

where p < 2 is defined by % = % — %

Proof. The proof follows that of Theorem 2.1, p. 181, in [22].

Consider the scalar function g(s) = |s|=°7. This function is differentiable for
S |
2—p ?

Taylor’s formula gives
l9(s1) — g(s2)| = [s1 — s2|g’(As1 4 (1 = A)s2), A € (0,1).
Therefore

2(

p—1) 2(p—1)
l9(s1) = g(s2)| < CO)ls1 = sa {|s1] F5" + ]2 F57 |

Take S1 = Uij, 52 = Uj,5—1- Then

D P 2(p—1) 2(p—1)
3|75 — s |75 < O g 51y {Jusg| #5 + fug | F5

Summation over j =k +1,... 1 gives

= L 2(p—1) 2(p—1)
jual 77— w77 < C0) Y Jugisl Ay { Ju) FF + iy F

J

The sum on the right-hand side is taken over all indices [. Taking first a sup over
all [, then multiplying by Ay and summing over k and finally multiplying by Az and
summing over ¢ implies

> " sup ug |7 Ar <> Jui| 7T AzAy
P ik
2(p—1

) 2(p—1)
+C(P)Z\uy,ij|{|uij\ CREE o (R }AHCAU

.3

Applying Holder’s inequality to both terms on the right-hand side gives

a(p—1)

b a(p—1)
ZSIZIP luar| 77 Az < lullL, a0 ayllull L ae,ay + C2@)luglle, az.ayllullL, As,ay

4
a(p—1)
< Cs(p) (lullz, 208y + luglL, aeay) lulL, A ay
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Similarly one can show that

(p—1)

p_ ap=1)
> sup ua| =7 Ay < Ca(p) (lullz, a0y + luzllz, acay) (4l As ay
1 K3

Therefore

P P
HquLq,Ax,Ay = E luiz|"AxAy < E sup |ug;| 27 sup |u;;| 77 AzAy
i J

.3 %]

= ZSUP\UM%A@“ ZSUP|Uij|ﬁAy
P PR

2q9(p—1)

< Ca(p) (lullzy.ae.ay + luglle, ac.ay) (ullz, a0.ay + [u2llL,.a0.80) [Ull L, As.ay-

2q(p—1)

Dividing both sides by ||u]| L, Az,ay a0d using the inequality vab < %*b we get

ull L, a0.0y < Cs5(p) ([ullz,ac.ay + uzlls, acay + luglL, aeay) - O

Now to finish the proof of inequality (11.1) we note that since the domain of u is

compact, the Holder inequality implies

lullz, az.ay + [uzllz, a8y + Uugllz, ac.ay < Cllulla, azay

Vp < 2. Taking p — 2— in (11.2) corresponds to taking ¢ — -+oo. Therefore, we can
take ¢ to be arbitrarily large in (11.1).
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