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WEAK SOLUTIONS TO LUBRICATION EQUATIONS IN THE
PRESENCE OF STRONG SLIPPAGE*

GEORGY KITAVTSEVT, PHILIPPE LAURENCOT?, AND BARBARA NIETHAMMERS

Abstract. The existence of global weak solutions is proved for one-dimensional lubrication
models that describe the dewetting process of nanoscopic thin polymer films on hydrophobyzed
substrates and take account of large slippage at the polymer-substrate interface. The convergence of
these solutions as either the Reynolds number or the capillarity goes to zero, as well as their limiting
behaviour as the slip length goes to zero or infinity are investigated.
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1. Introduction. During the last thirty years lubrication theory was success-
fully applied to modeling of dewetting processes in microscopic and nanoscopic liquid
films on solid polymer substrates see e.g. Oron et al. [1], Miinch et al. [2] and ref-
erences therein. The influence of intermolecular interactions that are typically due
to the competition between the long-range attractive van der Waals and short-range
Born repulsive intermolecular forces play an important role in such processes, see Oron
et al. [1], de Gennes [3].

Besides intermolecular forces and surface tension at the free surface of the film it
has been shown by Fetzer et al. [4] that the dewetting of polymer films on hydrophobic
substrates also involves such boundary effect as slippage on a solid substrate. The
measure of slip is a so-called slip length, which is defined as an extrapolated distance
relative to the wall where the tangential velocity component of the liquid vanishes.
Recently, it has been shown experimentally and theoretically that the early stages of
the dewetting process and the evolving morphology depend markedly on the magni-
tude of the effective slip length, which can be of the size of the height of the liquid film
or even larger for nanoscale systems, see e.g. Fetzer et al. [5], Miinch and Wagner [6].
Recently in Miinch et al. [2], Kargupta et al. [7] closed-form one-dimensional lubri-
cation equations over a wide range of slip lengths were derived from the underlying
equations for conservation of mass and momentum, together with boundary condi-
tions for the tangential and normal stresses, as well as the kinematic condition at the
free boundary, impermeability and Navier-slip condition at the liquid-solid interface.
Asymptotic arguments, based on the magnitude of the slip length show that within a
lubrication scaling there are two distinguished limits, see Miinch et al. [2].

These are the well-known weak-slip model

(1.1) Oh = —0, ((h3 +bh2)8, (00uah — n(h)))
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with b denoting the slip length parameter, and the strong-siip model

(1.2a) Re (9 (htt) + 95 (htu?)) = 40, (v(h)Dyu) + hdy(00ssh — TI(h)) —

™|

(1.2b) Oih = — 0, (hu),

respectively. Here, u(x,t) and h(z,t) denote the average velocity in the lateral direc-
tion and the height profile of the free surface, respectively. The positive slip length
parameters b and 3 are related by orders of magnitude via b ~ 1?3, where the (small)
parameter i, 0 < 1 < 1, refers to the vertical to horizontal scale separation of the
thin film. The high order of the lubrication equations (1.1) and (1.2a)—(1.2b) is a
result of the contribution from surface tension at the free boundary, reflected by the
linearized curvature term od,,h with parameter o > 0. A further contribution to the
pressure is denoted by II(h) and represents that of the intermolecular forces, namely
long-range attractive van der Waals and short-range Born repulsive intermolecular
forces. A commonly used expression for it is given by

« .
The terms Re (9;(hu) + 0.(hu?)), with Re > 0 denoting the Reynolds number, and
40, (v(h)0yu) in (1.2a)—(1.2b) represent inertial and Trouton viscosity terms, respec-
tively. We assume below linear dependence of the viscosity coefficient on the height,
namely

v(h) :=vh, v > 0.

For these choices of the constitutive laws, we first investigate the existence of global
weak solutions to (1.2a)—(1.2b) on the interval (0, 1), supplemented with the boundary
conditions

(1.4) u=0 at z=0,1,
O:h=0 at z=0,1,

and initial data (hg,ug) with positive first component hg. Observe that, in particular,
the boundary conditions (1.4) for v guarantee the conservation of mass

1 1
(1.6) / h(z,t)dx = he := / ho(z)dz, t>0,
0 0

where h,. is the average of the height profile.

We next investigate the behaviour of these weak solutions as some of the parameters
in the model go to zero or to infinity. More precisely, let us point out that the strong-
slip model (1.2a)—(1.2b) includes as limiting cases three further lubrication models.
One is obtained from the strong-slip model in the limit 8 — oo and describes the
dynamics of suspended free films, see e.g. Brenner and Gueyffier [8]:

(1.72) Re (9, (hu) + 8, (hu?)) = 40, (v(h)yu) + hdy(0uah — TI(R)),
(1.7b) Bh = — 8, (hu).

In the second one, we neglect the inertial terms which corresponds to a vanishing
Reynolds number. For the third limiting case which is derived in Miinch et al. [2] the
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slip length parameter 3y is of order of magnitude lying in between those that lead to
the weak-slip model (1.1) and the strong-slip model (1.2a)—(1.2b), i.e. b < S < .
The corresponding intermediate-slip model is given by

(1.8) Oh = —0, (han (0830h — T1(R)) ) .

It can be obtained by rescaling time in (1.1) by b and letting b — oo or by rescaling
time and the horizontal velocity by 8 in (1.2a)—(1.2b) and taking the limit 5 — 0.
We consider here the second limit and change variables in (1.2a)-(1.2b) as follows:

(1.9) x:=%, t:=t3, h:=h, and u:=

)

™|

where Z, £, h, and @ denote the old variables. We show that, as 3 — 0, the rescaled
solutions to (1.2a)—(1.2b) converge to a solution to

(1.10b) Oth = — 9, (hu),

satisfying boundary conditions (1.4)—(1.5) that is, a solution to the intermediate-slip
equation (1.8).

Our proofs follow a strategy that has also been employed in other systems aris-
ing in fluid dynamics and phase transition theories. In fact, Bresch et al. [9] and
Bresch [10] considered the following Korteweg system

(1.11a) Or(hu) + div (hu ® u) = div (u(h)(Vu + (Vu) ') + V(A(h)div u)
+ ochVAh — VP(h),

(1.11Db) Oth = —div (hu).

In the case

0 =0, u(h) = u = const, A(h) = X = const,

the system (1.11a)—(1.11b) gives the compressible Navier-Stokes equations. For the
latter, considered on a bounded domain with P(h) having a globally Lipschitz contin-
uous derivative, existence of a unique strong solution was shown by Solonnikov [11]
in dimensions d > 2. Recently, Bresch et al. [9] showed existence of a weak solution
to (1.11a)—(1.11b) in a bounded domain with

(1.12) o >0, u(h) = vh, A(h) = 0,

and similar requirements on P(h) for dimensions d > 2. In the proof the authors
use a so-called BD entropy equality introduced by them originally in Bresch and
Desjardins [12] for the case 0 = 0 and in Bresch and Desjardins [13] for the case
o > 0 under some structure condition on the capillary term. In the former case
(1.11a)—(1.11Db) coincides with viscous shallow-water equations. In a recent review by
Bresch [10] on those equations it was shown that the BD entropy equality holds for
(1.11a)—(1.11b) in dimensions d > 2 if a special relation between viscosity coefficients
is satisfied, namely

(113) A(R) = 2(u () — pu(R)
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that is satisfied for (1.12).

We also notice that the strong-slip lubrication equation (1.2a)—(1.2b) has a similar
form to the one dimensional case of (1.11a)—(1.11b). Indeed, in one space dimension
(1.11a)—(1.11b) reduces to

(1.14a) Ot (h) + 0 (hu?) = 0, (v(h)dpu) + chdh — 0, P(h),
(1.14b) dth = — 0, (hu) .

Recently, in Mellet and Vasseur [14] an analogue of the BD entropy identity was
shown for (1.14a)—(1.14b) with any C? smooth viscosity function v(h) and o = 0.
Furthermore, they proved existence of strong solutions to (1.14a)—(1.14b) on the whole
real line R with o = 0, v(h) = vh* and P(h) = h?, where k < 1/2 and v > 1. Still
for ¢ = 0, a similar tool is used in Li et al. [15] when v(h) = vh® and P(h) = h?Y
to establish the existence of weak solutions which might present vacuum regions for
a>1/2and v > /2.

The main difference in (1.2a)—(1.2b) compared to (1.14) is the special form of the
intermolecular pressure (1.3) which is singular when the height h vanishes and com-
plicates the analysis. Nevertheless, it also provides a very useful positive lower bound
for h. Equations (1.2a)—(1.2b) also include an additional slip term which is easily
handled for the existence theory but plays a crucial role for the limit 8 — 0 (leading
to equation (1.8)).

In this paper we start in section 2 with recalling the energy identity associated
to (1.2a)—(1.2b) and derive a version of a BD entropy identity. These two estimates
provide the main ingredients of our existence results. In section 3 we follow the strat-
egy of Bresch and Desjardins [16] by setting up a higher-order regularized equation
for which analogous energy and entropy inequalities are satisfied. The a priori esti-
mates allow us to pass to the limit in the regularization parameter to obtain global
weak solutions to (1.2a)—(1.2b). In section 4 we establish existence of global weak
solutions for the cases Re = 0,8 = oo and ¢ = 0 by passing to the respective limits
in (1.2a)-(1.2b). While the first two cases are straightforward, we need to refine the
estimates from section 2 in order to enable us to deal with the limit ¢ — 0. Finally,
in section 5 we establish that solutions of (1.2a)—(1.2b) converge, after the rescaling
(1.9), in the limit 8 — 0 to a solution of the intermediate-slip model (1.8).

2. A priori estimates. In this section we state two relations that are satisfied
by classical solutions of (1.2a)—(1.2b). As it was stated in the introduction both have
their counterparts for viscous shallow-water equation (1.11a)—(1.11b) and lubrication
equations (1.1) and (1.8). For the latter they were initially derived by Bernis and
Friedman [17]. The energy equality for shallow-water equations is known already
for several decades, whereas the entropy equality was suggested recently by Bresch
and Desjardins [12]. For the strong-slip model (1.2a)—(1.2b) the derivation of the
energy equality is again standard, see Kitavtsev and Wagner [18]. As a new result we
derive here the entropy equality for (1.2a)—(1.2b) following the approach of Bresch and
Desjardins [12]. At the end of this section we use the energy and entropy equalities
to derive a priori estimates in the case ¢ > 0 on classical solutions to (1.2a)—(1.2b)
having positive h and satisfying (1.6), (1.4)—(1.5). For consistency we start with the
energy equality.
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LEMMA 2.1 (Energy equality). For classical solutions of the system (1.2a)—(1.2b)
with boundary conditions (1.4)—(1.5) the following equality holds

d ! u? |0 h|? ! 5 L u?
(2.1) %/0 [Reh7+U(h)+0 5 }d:ﬂél/o vh|Oyul d:cf/o de

where the potential function U is the indefinite integral of I defined by

1 «

Proof. One way to show (2.1) is to use the fact that

(2.3) E(u,h) = /01 {Re hu; +U(h) + U%] dx

is a Lyapunov functional for the system (1.2a)—(1.2b), see Kitavtsev and Wagner [18].
Here we give another standard derivation of (2.1). Multiplying (1.2a) by u and inte-
grating in = we obtain

1 1
Re/ [0 (hu)u + O (hu®)u] dac—4/ 0 (v hOzu)u dx
0
1
7/ hu0y(00zsh — II(R)) d:c+/ —d:cf()
0

Using now several integrations by parts, (1.2b) and boundary conditions (1.4)—(1.5)
we obtain

1 u2 u
0 =Re / [c% <h7) + 8th— — hu28mu} dx
0

1
+4/ v h(0zu) d:cf/é)t (00zzh — II(R)) d:c+/ —d:c
0

1 2 2 2
:Re/o [at (h%) —6x(hu)— ~ hud, (?)} dz
L (A ) a2
+4/0 h(9,u) dx-i—/o O 5 +U(h) dx—i—/o 3 dx

! u? ! ! 10:h[? h|2
:Re/ o (h?) d:v+4/ Vh(@xu)Qdac—i—/ at( )d:v—i—/ — da.
0 0 0

From the last expression (2.1) follows. O

LEMMA 2.2. For classical solutions of the system (1.2a)-(1.2b) with boundary
conditions (1.4)—(1.5) the following equality holds

1d [0,k ! Ouh
(2.4) st ), h d:cf/o 895( ” )8uhd:c
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Proof. The statement is verified again using several integrations by parts, equation
(1.2a) and boundary conditions (1.4)—(1.5) as follows.

1d ! |amh|2d$_/1 Quhuih 1/1 0h|o:hI
2dt J, h ) h 2 Jo h?

L o,.h 1t d:h\*
77/0 Tﬁm(hu)daeri/O 8x(hu)( " ) dx
1 1
:/ D, <%> az(hu)d:cf/ w9, h0y <8xh> dx
0 h 0 h
1
:/ Oy <%> Ozu hdx.
0 h
O

Let us define a so-called entropy function by ¢(h) := 4vlogh for h > 0. Then we
have the following lemma.

LEmMMA 2.3 (Entropy equality). For classical solutions of the system (1.2a)-
(1.2b) with boundary conditions (1.4)—(1.5) the following equality holds.

% 01 Bh(Reu + dpp(h))? — %sﬁ(h) b <U% " U(h))} dz

1,2 1 1
(2.5) :fRe/ %dzfzwz// |8mh|2dx74z// I (h)|0,:h|? do.
0 0 0

Proof. Let us multiply equation (1.2a) by 0,¢(h), integrate with respect to 2 and
use an integration by parts, (1.2b) and (1.5):

1 1
4vRe / (Oru + udpu)Oph dx = —16u2/ Oy (%) Ozu hdx
0 0
1 ua h 1 1
(2.6) —4v - dac—4au/ |8mh|2dx—4u/ I’ (h)|0.h|? dz.
o Bh 0 0

On one hand, a further integration by parts in the left-hand side of (2.6), equation
(1.2b), and the energy equality (2.1) give

1
4vRe / (Oru 4+ udyu)dph dx
0

d I 1 1

= 4vRe (— / w0 h dx — / uOgeh dx + / w0, u0h dx)
dt Jo 0 0
d I 1 1

= 4vRe (— / uOgh dx — / O u0y (uh) dx + / uO,udh dac)
dt Jo 0 0

d 1 1
= 4vRe (—/ udyh dx —/ h(9pu)? dx)

d ! u? |0:h|? b u?
= —_— 4 o —_ - Ny .
Re (dt/o [Vu8h+Reh2+U(h)+a 5 ]dx—i—/o ﬂdac>
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On the other hand, using Lemma 2.2 and the definition of ¢, one can write the first
term on the right-hand side of (2.6) as

1 1
Ozh 1d
7161/2/ Ox <L> Ogzuhdr = —=— h|0zp(h 2 dx,
; o 33t ), 0xp(R)]

while it follows from (1.2b) and (1.4) that the second term on the right-hand side of
(2.6) can be transformed into

L wdsh ! Oz (uh) L o,u 1d !

Substituting finally the last three identities into (2.6) one obtains

|0:h?
2

1 2

1 u2 1 1
:fRe/ —d:c7401// |8Mh|2dx—4z// I’ (h)|0,h|? dz.
0 ﬁ 0 0

+Um)| ds

Using the definition of ¢ the last expression can be easily transformed into (2.5). O

LEMMA 2.4. For smooth functions (h,u) with a positive first component h, we
have

1! 1!
(2.7) —/ h|8,p(h)|? de < —/ h(Reu 4 0zp(h))® dz + Re E(u, h) + E,
4/, 2 Jo 602
where E(u,h) is defined in (2.3).

Proof. Using the elementary inequality

(y+2)2>y—2*z2
- 2 b

the fact that
(2.8) U(h) > —1/(60%)

for all h > 0, and the definition (2.3) of E one obtains

1

1 1
/ h (Reu + 8pp(h))? dz > %/ h|8m<p(h)|2d:c—Re2/ hu? dx:
0 0 0

l/01 h|8yp(h)|? dz — 2Re {E(u, h) — /01 <U(h) + a%) d:c]

v

2
R
3a2’

Y

1 1
5/ h|0.p(Rh)|? dz — 2Re E(u, h) —
0

from which the statement of the lemma follows. O

We now deduce several bounds from Lemmas 2.1 and 2.3 for classical solutions (h, u)
to the system (1.2a)—(1.2b) with boundary conditions (1.4)—(1.5) and a positive first
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component. To this end, we assume that the initial data hg and ug for (1.2a)—(1.2b)
satisfy

(2.9) ho € H'(0,1), ho(x) >0 for all =€ [0,1] and ug € L*(0,1).

As already mentioned, a first consequence of (1.2b) and (1.4) is the conservation of
mass (1.6). We next combine (1.6), the energy and entropy identities to obtain the
following bounds when o > 0.

PROPOSITION 2.5 (a priori estimates). For fized positive o,Re, 5,T and initial
data satisfying (2.9) there exists a positive constant Cy > 1 depending only on T, «,
v, Re, o, E(ug, ho), and Sg(uo, ho) defined in (2.18) below such that the following
terms are bounded by Cy in respective norms

(2.10) Vh, 8:Vh, K32 9,h, VReVhu € L=(0,T; L*(0,1)),
—3/2 u, u 2

(2.11) 8 (h=3/2), 8yuh, VN, 5 € LA0.1) < (0.1),

and

(2.12) Cot < h(z,t) < Cy

for all z € (0,1) and t € (0,T). The constant Cy tends to oo as o — 0.

Proof. Integrating the energy equality (2.1) with respect to time over (0, t),
€ (0, T), and using the inequality

« 2
U = 555 ~ 302
we obtain
4
IVRev/h(t)u(t)]|5 + IIh_3/2(t)||§ + [Vo0:h(t)|3 < C1 = 2E(uq, ho) + 302’

u(s)
VB

Therefore, the norms of /gd.h, h=3/2 and vRevhu in L°°(0,T;L?(0,1)) are
bounded by a constant that depends only on C; while the norms of vhd,u and
u/+/B in L*((0,1) x (0,T)) are bounded by a constant that depends only on C; and
v. Using the bound on d,h one obtains

y
/ Ozh(z,t) dz

for all (z,y) € (0,1) x (0,1) and ¢ € (0,T). Integrating the above inequality with
respect to y € (0,1) and using (1.6) readily give the upper bound in (2.12). To
establish the lower bound for A in (2.12), we combine the L>°(0,T’; L?(0, 1))-estimates
on h=3/2 and \/od,h just established to obtain a bound on the norm of 1/v/h in
L0, T; W1(0,1)) since

/

/0 [@w— 0su(s) 3+

ds S Cl.
2

[h(z,t) = h(y, 1) =

c
<le =yl 10:h(0)ll2 < =l — ol

_ 1 (" 0:h
o, (1) do = 5 [ oo < oo W0l 10
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Owing to the continuous embedding of W1(0,1) in L*(0,1), the positive lower
bound in (2.12) readily follows.
Next, let us introduce the functional Sg(u, h) defined by

(2.13)  Sp(u,h) ::/0 [%h(RequaM(h))u%(4uh—gp(h))+Rea@+ReU(h)} dz.

It follows from the mass conservation (1.6) and the entropy equality (2.5) that
" ' (Re 2 ’ 2
(2.14) Sp(u(t), h(t))+ 7u + 40v|0zch|” + AVIT' (h)|0:h|” | dxds = Sg(uo, ho)
0 0

for any t € (0,T). Since z—log(z) > 1 for all z > 0, it follows from the energy equality
(2.1), (2.8), and Lemma 2.4 that

Si(u, ) > % /01 h(Rew + up(h))? dar + % /01(4z/h ~ (k) dz (%62
(2.15) > %/01 h(Reu + dyp(h))? dx — 6%62
> i/ol h|8,¢(h)|? dx — Re E(u, h) — %
> i/ol h|dzp(h)|* dz — Re E(uo, ho) — ;Teg'

Combining this with the previous estimate on /o, h, (2.14), and the fact that

5
2a 6 1
mh)>=—-(=) —
(h) = h® (5) 2047

we obtain

i/ol h(t)|0up(h(t))|? dz + /Ot /01 (40V|0mh(3)|2 + W) dr ds

6\°2v [t [! ) 6\’ 2v C2T
< — — < et -
_C’2+<5> a4/0/0 |05k (s)] d:cds_02+<5> T,

with Cy := Sg(uo, ho) + Re E(ug, ho) + (Re/3a2). Since h|d,o(h)|> = 4|0,v/h|?, this
completes the proof of (2.10)—(2.11). O

REMARK 2.6. As in Theorem 1 of Bertozzi et al. [19] that shows existence of
uniform lower bounds for solutions of (1.8) many estimates in the proof of Proposi-
tion 2.5 heavily rely on the positivity of the parameter « in II and become unbounded
as @ — 0. The estimates (2.10), (2.11), and (2.12) are no longer valid in that case.
The same remark holds for the case o = 0 since the estimates depend on the bound
for v/oO,h. On the contrary the proof holds without changes for the cases Re = 0
or B = oo except for the fact that then one looses estimates on Revhu and u/+/B in
(2.10)—(2.11), respectively.
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3. Existence of weak solutions. We first define a weak formulation of the
problem (1.2a)—(1.2b) with boundary conditions (1.4)—(1.5). Consider two functions
ho and ug satisfying (2.9).

DEFINITION 3.1. A pair (h,u) is a global weak solution to (1.2a)-(1.2b) with
boundary conditions (1.4)—(1.5) and initial conditions (ho,ug) if h and u enjoy the
reqularity properties stated in (2.10)-(2.11)-(2.12) and the following holds

/ / howp dzdt + /O hot (-, / / hudy dzdt,

oo 1 1 oo 1
Re/ /hu@tcﬁdmdt—l—Re/ houo¢(-,0)dx+Re/ /mﬁamdxdt
,4y/ /ha uazcﬁd:vdtfa/ /8hamh¢d:vdtfa/ /hamhaqudxdt
+/ /H1(h)8x¢dmdt / /uqﬁdmdt—O
0 0

for all ¢ € C§°(]0,1] x [0,00)) and ¢ € C°((0,1) x [0,00)), where
(3.3) Iy (h) = —/h 7II'(7) dr.

To show the existence of weak solutions to (1.2a)—(1.2b)—(1.4)—(1.5) we construct
approximating systems involving higher derivatives of h and w similar to those sug-
gested by Bresch and Desjardins [16] for the Korteweg and viscous shallow-water
equations (1.11a)—(1.11b), the simpler approximation relying on a modification of the
pressure law used in, e.g., Li et al. [15] being not appropriate here because of the cap-
illary term (o > 0). Although the pressure term II(h) does not need a regularization
as in the case of Bresch and Desjardins [16], one still needs to regularize the function
h sufficiently in order to control additional higher order terms arising in the entropy
equality. The approximating systems we take are given by

(3.4a)  Re (0¢(heue) + 0z (heu?)) = 40, (v hedpus) + heOp(00sphe — T(he)) — —
+ shealhg — 528;1%,

(3.4b) Othe = — 0z (heue)

where £ > 0 is a small parameter. Consider (3.4a)—(3.4b) with boundary conditions

(3.5) Ue = Opgtle = Ophe = O3he = O2h. =0, (x,t) € {0,1} x (0,T),

and initial conditions

(3.6) Ue(2,0) = uco(x) and he(x,0) = heo(z) >0, z€(0,1),

where u. o and h. o are smooth functions such that

(3.7)  we,0 — uo in L?(0,1), heo — ho in H'(0,1), and eheo — 0 in H?(0,1) as & — 0.

Proceeding as in Lemmas 2.1 and 2.3 one derives formulas analogous to (2.1) and
(2.5) for the system (3.4a)—(3.4b) with boundary and initial conditions (3.5)—(3.6).
Namely, introducing the energy

1 2 azhs 2 )
B (ue, he) ;:/ [Reha%—i—U(ha)—i—a' 2' +§|0§h5|2
0
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and the entropy

1
Se (e, he) := / EhE(Re ue + Opp(he))? — —cp(he)] dx
0
1 2
+ Re/ [a% + U(he) + §|a§h€|2] dz,
0

the corresponding energy and entropy equalities read

d 1 1.9 1
(3.8) —FE (ue, he) = 74/ vhe|Opu.|? do — / Ye du — 52/ |0y e |? da
dt 0 o B 0

and

d 1,2 1 1
LS. (ue, he) = fRe/ £dm7401// |8mh€|2dm741// 1T (he)|0phe|? da
dt o B 0 0
1
(3.9) — /o [Re £2|0ppue)® + 41/5|8;1h€|2 + 4V528mu582 log he] dx.

Given ¢ > 0, equation (3.4a) is parabolic with respect to u. Arguing as in Bresch
and Desjardins [16], the initial-boundary value problem (3.4a)—(3.4b) with (3.5)—(3.6)
has a unique classical solution at least locally in time. The next proposition establishes

a uniform lower bound for h. and thus guarantees the global in time solvability for
(3.4a)—(3.4Db).

PROPOSITION 3.2. For fized positive €,0,Re, 8 and T > 0 let (he,uc) be the
solution of the initial-boundary value problem (3.4a)—(3.4b) with (3.5)—(5.6) in (0,1) x
(0,T). There exists a positive constant C5 > 1 depending only on T, o, v, Re, 8, o,
ho, and ug such that, for all sufficiently small € > 0, the following terms are bounded
by C5 in respective norms

(3.10) Vhe, 0u\/he, B2, 0,he, /heue, VEO3h € L2(0,T; L2(0,1)),
(3.11) 8, (h;3/2)  Ouohe, V/heOptic, ue, VEI he, edppue € L2((0,1) x (0,T)),

and

(3.12) Ci <he(a,t) <Cs, (w,6) € (0,1) x (0,T).
3

Proof. Throughout the proof C' denotes a positive constant depending on the
same parameters as C3 that may vary from line to line. Proceeding as in the proof of
Proposition 2.5, the mass conservation and the energy equality (3.8) imply the esti-

mate (3.12) and all bounds in (3.10)—(3.11) except those on ;v/he, Opzhe, O <h5_3/2)

and \/g02h.. Using the previously obtained bounds (in particular the lower bound
(3.12) on h.) and the interpolation inequalities

10uzhell o 0.1y < C 103hel2(0,1) and |0uhe | poo,1) < C 10rhell g 1y 10uhe] Fatg )
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one can estimate the last term on the right-hand side of the entropy equality (3.9) as
follows:

T 1
4pe? / / Opzlle - 0;’ log he dx dt
o Jo

T 1 1/2
<we ([ ] onultavdt)  sup 0iosheln)
o Jo [0,7]

Oihe _ ,0:helushe | o 0chel

(3.13) < Cesup I 72 %

[0,7] s L2(0,1)
< €= sup {[2hell a0 + 10ahel2(0.1) 12ssel (o) + 10:hel oo}
0,T

S CE [SOU,II?] {||a§h5||[‘2(071) + C ||03h5|\Lz(0’1) + C Hag;g;haHLQ(O’l)}
+CVe [SUP] IVE BhellL2(0,1) < C VE.
0,T

Therefore, taking e sufficiently small, the bounds in (3.10)—(3.11) still to be proved
follow from the entropy inequality (3.9) exactly as in the proof of Proposition 2.5. O

We now show that solutions to the system (3.4a)—(3.4b) with boundary and initial
conditions (3.5)—-(3.6) converge to a solution to (3.1)—(3.2) as € — 0.

THEOREM 3.3. For any positive o, Re, 8 and initial data (hg,uo) satisfying (2.9),
there exists a global weak solution (h,u) to the system (1.2a)-(1.2b) with boundary
conditions (1.4)—(1.5) and initial conditions (ho,uo) in the sense of Definition 3.1.

Proof. Take a sequence {e,}n>1 — 0 and, for each n > 1, denote the corre-
sponding solution to the approximate system (3.4a)—(3.4b)—(3.5)—(3.6) with ¢ = ¢,
by (he,,ue,)-

We investigate the compactness properties of the sequence (h., ,uc,) and
to this end use the estimates derived in Proposition 3.2. Let T > 0.
First, owing to (3.10) and (3.12), (\/he,) and (y/he,uc,) are bounded in
L>((0,1) x (0,7)) and L*>(0,T;L*(0,1)), respectively. Hence, by (3.4b), (d:he,)
is bounded in L°(0,7; H~1(0,1)). Since (he,) is bounded in L°(0,T; H(0,1))
and L?(0,T; H*(0,1)) by (3.10) and (3.11), it follows from the compactness of the
embedding of H'(0,1) in C([0,1]) and Corollary 4 in Simon [20] that there is
h € C([0,1] x [0,T1]) such that, after possibly extracting a subsequence,

(3.14)  h., — h in L*(0,T;W'?(0,1)) N C([0,1] x [0,T]) for p € [1,00),
Othe, = Oth in L*=(0,T; H 1(0,1)).

Combining (3.12) and (3.14) we additionally obtain that h is positive and
(3.15) h-t —ht in C([0,1] x [0,T)).

En

We next turn to compactness properties of (uc, ). For that purpose, we write
(3.4a) as

Re 0y (he,ue,) = —Re Oy (he, u? ) + 40, (v he, Ozuc,)
(3.16) + he, 0y(00sghe, — T(he,)) — “7 +enhe, 07he, — 2.,
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and claim that the right-hand side of (3.16) is bounded in L?(0,7; H3(0,1)). In-
deed, by (3.10)-(3.12), (he,uZ,), (\/he, ), and (y/he, Ozuc,) are in L>(0,T; L'(0,1)),
L*>((0,1) x (0,T)), and L*((0,1) x (0,T)), which imply that (hc,u2 ) and
(0x(he, Ozue,)) are bounded in L?(0,T; H=*(0,1)). Next, for any ¢ € C§°((0,1) x
(0,T)) one obtains, using integration by parts and (3.10)—(3.12), that

T 1 T 1

/ / Yhe, O3h., drdt| = / / Ozzhe, [he, Out) + 0, h., | drdt
o Jo o Jo
T
< [ ot o) e a0 1056 20y + 10 10 laoto]

T 1/2
sc<A|mzwmw>

and

T 1
/ / Outh TIy (he, ) da dt
0 0

T 1/2
Lo ((0,1)%(0,T)) </0 ||1/1|§11(o,1)dt> ,

where II; (h) is defined in (3.3). Similarly,

T 1
/ / Yhe, Th., dxdt
0 0

T 1
/ / Oahe, (VO2he, + 3041 Opghe, + 3040t Oyhe, + he, O3) dx dt
0 0

T 1
/ / W he, 0p11(he, ) da dt
0 0

< HHI(hEn)

€n

=€,

T
§5n/ 103he, lIL2(0,1) (19120, 105Re, 1 22(0,1) + I1he, | Loo(0,1) 1021 L2(0,1)
0

+ 31029 Lo (0,1) 10z he, | 2(0,1) + 30wt |l Lo (0,1) | Ouhre,, | 12(0,1)) i

T
écw;/|wmn
0

2 [Vl a3 0,1) dt < C|[Y||L2(0,1;m3(0,1))-

Finally, (ue,) and (£,042u,) are bounded in L2((0,1) x (0,7)) and
L?(0,T; H=2(0,1)), respectively, by (3.11).  Collecting the above information
completes the proof of the boundedness of the right-hand side of (3.16), whence

(3.17) (0t (he, ue,)) is bounded in L?(0,T; H~3(0,1)).

Now, owing to (3.11) and (3.12), we realize that (u., ) is bounded in L?(0,T; H'(0, 1)).
This fact along with (3.10)—(3.12) allows us to conclude that (hc, uc, ) is bounded in
L*(0,T; H'(0,1)). Combining this with (3.17) and Corollary 4 in Simon [20] ensures
that (he,u.,) is compact in L%((0,1) x (0,T)). Then, thanks to (3.15), there exists
w € L?(0,T; H*(0,1)) such that

(3.18)  Qpue, — Oyu in L2((0,1) x (0,T)) and wu., —u in L?*((0,1) x (0,T)).
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The convergences (3.14), (3.15), and (3.18) then allow to pass to the limit as n — oo
in the weak formulation of the approximating systems (3.4a)—(3.4b)—(3.5)—(3.6) in
order to get that (h,u) satisfies (3.1)—(3.2). O

REMARK 3.4 (Energy and entropy inequalities). It follows from the proof of
Theorem 3.3 together with the energy and entropy identities (3.8), (3.9), the property
(3.7) and the estimate (3.14) that the weak solutions to (3.1)—(3.2) obtained above
satisfy the corresponding energy inequality

1 |a h|2
(3.19)  sup / [Reh U(h) + ] dx —|—/ / (41/h|6 ul® + ) dxdt
te(0,T] JO

1 2 2
§/ [Reho%JrU(ho)Jramz;LO| } dx
0

and entropy inequality

1 , 1 |0,:h|?
sup / {—h(Requazga(h)) — —@(h) +Re <a— +U(h))] dx
te (0,77 J0 2 5
T 1 U2
+ / / (Reg + 40v|0zzh|? +41/H’(h)|8xh|2) dxdt
o Jo

! 2
(320) < /0 Bho (Rewuo + dup(ho))® — % ¢(ho) + Re <0ngo|

Note that the right-hand side of (3.19)—(3.20) does not depend on 7. Consequently,
the statements of Lemma 2.4 and Proposition 2.5 hold also for the weak solutions to
(3.1)—(3.2) constructed in Theorem 3.3.

4. Limiting cases.

4.1. Cases Re = 0 and g = co. By Remark 3.4, the statement of Proposition 2.5
is true for the weak solutions to (3.1)—(3.2) provided by Theorem 3.3. We may then
investigate the behaviour of these solutions as either Re — 0 or f — oco. Let us
first consider a sequence of positive real numbers (3,), 8, — oo, and denote the
corresponding solutions to (3.1)—(3.2) with a fixed Re > 0 and 8 = 5,, by (hg,, ug,)-
Though the estimate on (ug, /By ) is useless in that case, one still recovers the estimate
of (ug,) in L?(0,T; H}(0,1)) as a consequence of (2.11), (2.12), and the Poincaré
inequality. Arguing as in the proof of Theorem 3.3, we conclude that, after possibly
extracting a subsequence, (hg,, ug, ) converges towards a weak solution to the strong-
slip model (1.7a)—(1.7b) describing the dynamics of free suspended films.

If we now consider a sequence of positive real numbers (Re, ), Re,, — 0, and denote
the corresponding weak solutions to (3.1)—(3.2) with Re = Re,, and a fixed § € (0, 0]
by (hRe,, URre, ), we may again proceed as in the proof of Theorem 3.3 to show that,
after possibly extracting a subsequence, (hge,, URe,) converges towards a weak solu-
tion to the strong-slip model (1.2a)—(1.2b) without inertial terms. There is however
an important difference as the bound on (9;( hge, ure,)) in L2(0,7; H=3(0,1)) is no
longer available and we only obtain the weaker conclusion

URe, — u in L*(0,T; H'(0,1)).

Still, owing to the strong convergence of (hge, ), this allows us to pass to the limit as
n — oo in all the terms which depend linearly on uge,, , that is, all the terms involving
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URe, except Renhge, uf, . But the latter converges to zero as Re, — 0 since (hge, )
and (uRe, ) are bounded in L>((0,1) x (0,7)) and L?(0,T; Hg(0, 1)), respectively, by
(2.11)-(2.12).

4.2. Case 0 = 0. As already pointed out in Remark 2.6, for weak solutions
(h,u) to (3.1)—(3.2), the estimate on d,h in (2.11) and both bounds in (2.12) depend
on o and explode as ¢ — 0. In order to investigate the limiting behaviour of weak
solutions to (3.1)—(3.2) as ¢ — 0, we refine the a priori bounds of Proposition 2.5 in
the next proposition so as to avoid their dependence on o, although paying for it with
an exponential growth with respect to time.

PROPOSITION 4.1. For fized positive o,Re, 8,T and initial data satisfying (2.9),
let (h,u) be a weak solution to (3.1)-(3.2). There exists a positive constant Cy > 1
depending only on T, «, v, Re, E(ug, ho), and Sg(uo, ho) defined in (2.13) (but not
on o € (0,1)) such that the following terms are bounded by Cy4 in respective norms

(4.1) Vh, 8,Vh, h=3/2, Vhu € L>=(0,T; L*(0,1)),
(4.2) 0p(h™%2), \J0Buuh, VRO, u, u € L*((0,1) x (0,T)),
and

(4.3) Cyt < h(z,t) <Cy, (z,t) €(0,1) x (0,7).

Proof. First, the L>(0,T; L?(0,1))-estimates on vk, vVhu and h=3/2 and the
L%((0,1) x (0, T))-estimates on v/hd,u and u readily follow from the mass conservation
and the energy inequality (3.19) as before. Next, we actually estimate in a different
way the term 4vI1’'(h)|d,h|? in the entropy inequality (3.20). More precisely, using
the estimate

4o — 3h « 3
= 5 > X(0,c) (h)ﬁ + X(ev,00) (h) (_F)
o o 3
> 25 = X(aoo) () (ﬁ + F)

o 4
> ﬁ — X(a,0) (h)mv

I (h)

where x4 denotes the characteristic function of a set A C R and recalling that
©(h) = 4vlog h, one obtains

h| 9z (h)|?

h|Dxp(h)|?
41203 '

2 o 2
(4.4) T (R)[0:A° > 3510:h1" = X(a,00) () 1203

Q
2 ﬁ|amh|2 -

Next, let us consider as in the proof of Proposition 2.5 the function Sg(u,h) defined
in (2.13). Thanks to the mass conservation (1.6), the entropy inequality (3.20) also
reads

t 1
Sg(u(t),h(t))Jr/O/O <Re”7;+4ay|amh|2> dx ds

t 1
(4.5) < Sp(ug, ho) — 41// / I’ (h)|0,h|? dz ds.
0 JO
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Recalling that

(4.6) Sa(u, h) / h(Reu + 9,¢(h))? dm—%

by (2.15), it follows from (4.4), (4.6), and Lemma 2.4 that

v €T = 14 x
X « h5 X v 3 (P X

1 2
< 74041//0 | ;”j" dzx +i (Sﬁ(U,h)JrReE(u,h)Jr%)
2
< 74041// |8hh| dx +i (SB(U h)+ReE(UO;hO)+§{—e>7
0

where we used the energy inequality (3.19) in the last estimate. Inserting this in (4.5)
one ends up with

Sa( // (Re—+4ay|6mh|2+4 19 |)d ds

< Ss(ug, ho) + ﬁ (E(uo, ho) + @) t+ E/o Sa(u(s), h(s)) ds.

Applying Gronwall’s inequality gives

Sg(u(t), h(t)) Jr/ot/o1 (Reu?; +4au|é)mh|2) dz dt
(4.7) < <Sg(u0,h0) + Re [E(uo,ho) + %D exp <%) .

Combining (2.7), (4.6), and (4.7) implies the estimates on d,v/h in L>°(0,T; L*(0,1))
and 8,(h=3/2), \/d0ysh in L?((0,1) x (0,T)) and completes the proof of (4.1)-(4.2).
To check (4.3), we first notice that the bound on v/h in L>(0,T; H'(0,1)) from (4.1)
and the embedding of H(0,1) in L>°(0, 1) guarantee the upper bound in (4.3). Next,
integrating the following identity

1 [ae),
") h) / ) o v

with respect to y and using the Cauchy-Schwarz inequality give

=l (L 56) ([ #6)

< 3205 1) + 4102V Al L20.1) 1B/ p20,1)-

1/2 1/2

The lower bound in (4.3) then follows from the above inequality by (4.1). O

Using the a priori bounds from Proposition 4.1 one can show existence of weak
solutions to (3.1)—(3.2) in the case o = 0.

THEOREM 4.2. Let o = 0. For any positive Re, 8 and initial data (ho,uo)
satisfying (2.9) there exists a global weak solution (h,u) to (1.2a)-(1.2b) satisfying

(3.1)~(3.2).
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Proof. Let us take a sequence {o,} — 0 and, for each n > 1, denote the corre-
sponding weak solution to (3.1)—(3.2) with ¢ = o, by (he,,,us,). Owing to Propo-
sition 4.1 we may proceed as in the proof of Theorem 3.3 to show the existence of
functions h and u satisfying

hs, —h and h;'— h~'in C([0,1] x [0,T7]),
Othy, — 0;h in L°°(0,T; H 1(0,1))

and
Optiy, — Ozu in L?((0,1) x (0,T)) and u,, — u in L2((0,1) x (0,T)).
In addition,
0n0Opzho, — 0 in L*((0,1) x (0,7))
by (4.2), from which we deduce that
01.02ho, Opzhos, — 0 and o,hy, Opshy, — 0 in L'((0,1) x (0,7T))

with the help of (4.1). This allows us to pass to the limit as n — oo in all integrals in
(3.1)—(3.2) and conclude that (h,u) satisfies (3.1)—(3.2) with 0 = 0. O

5. Convergence to solutions of intermediate-slip equation. In the in-
troduction we mentioned that performing the change of variables (1.9) and passing
formally to the limit as § — 0 in (1.2a)—(1.2b) give (1.10a)—(1.10b) and consequently
that solutions of the strong-slip equation are expected to converge to that of (1.8).
The next theorem makes this formal procedure rigorous. More precisely, we show
that scaled weak solutions to (1.2a)—(1.2b) converge to that of (1.8) when o > 0. In
this section, we denote the unscaled variables in (1.2a)—(1.2b) with bars.

THEOREM b5.1. For fized positive Re, o, let (8,,) be a sequence of positive real
numbers, B, — 0, and, for n > 1, denote a global weak solution to (3.1)-(3.2) with
ingtial data (hg,uo) satisfying (2.9) and 8 = Bn by (hn,Uy). Using (1.9), we define

(5.1) hn(x,t) := hy (:U, ﬂt_n) and up(x,t) = ﬂinan (357 5%) 7

(z,t) € (0,1) x (0, 00).

Then there exist a positive function h and a subsequence of (hp,u,) (not relabeled)
such that, for any T >0,

hn — h in L*(0,T; H'(0,1)) N C([0,1] x [0, 7)),
Up — U = hOy(00ph — TI(R)) in L*((0,1) x (0,T)),

and h is a global weak solution to (1.8) considered with initial condition hy satisfying
(2.9) and boundary conditions (1.4)—(1.5).

Proof. Owing to (3.1)—(3.2), for each n > 1, the functions (hy,,u,) satisfy the
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following scaled weak formulation

(5.2a) / /h@twdxdt—i—/ hot(., / /hnun Do) dadt,

oo 1 1 oo 1
B2 <Re/ / hnun8t¢dmdt+Re/ houocb(.,())dm—l—Re/ / hnui&ccbdxdt)
0 0 0 0 0
oo 1 [e’s) 1
74[3”1// / hnazunazcﬁdxdtfa/ / OxhnOpzhn dx dt
(5.2b) / / (0 hnOzzhyn — 11 (hy)) Opgp da dt — / / un¢pdrdt =0

for all v € C§°([0,1] x[0,00)) and ¢ € C§°((0,1) x [0, 00)). In addition, for any T' > 0,
(hn,un) satisfies the scaled energy inequality

P up [0zhn|* h 2 2
sup ﬁnRehn7 +U(hyp) +0 dx + 41/ﬁnh |Opun|® +uZ) dxdt
0

t€[0,T]
1 2 B2
§/ [ﬂzReho%+U(ho)+a|az2o| ] dx
0

and the scaled entropy inequality

|0 hin|?

sup /0 {52” n(BaRety, + 0x0(hy))? + BaRe <a

t€[0,T]

U ) = olhn)] da
T 1

+ / / (ﬂnReu% + 40v|0pphn|® + 41/H’(hn)|8zhn|2) dx dt
o Jo

1 2 1
< [ [GtalaRenn + o)) + Re (2505 4 00 )| o = [ ot ao

Using the fact that o > 0 and proceeding as in the proof of Proposition 2.5, it follows
from the mass conservation and the scaled energy inequality that

(5.3) (Vha), (h73/%), (8phy) are bounded in L*(0,T; L?(0,1)),
(5.4) (un), (V/ B hnOzuy) are bounded in L2((0,1) x (0,7)),
and there exists Cs > 1 such that

C1r,_1 < hn(xat) < C5a (l‘,t) € (07 1) X (OvT)

We next use the scaled entropy inequality as at the end of the proof of Proposition 2.5
to establish that

(5.5) (82(h73/%)), (Buwhn), are bounded in L2((0,1) x (0,T)).

Proceeding as in the proof of Theorems 3.3 and 4.2 one obtains that there exist
functions h and u such that

hn, — h in L*(0,T; H'(0,1)) N C([0,1] x [0,T7),
hyt =A™t in C([0,1] x [0,T7]),

u, —u in L*((0,1) x (0,T)),

BuhnOztiy, — 0 in L?((0,1) x (0,T)).
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It is then straightforward to pass to the limit 3, — 0 in (5.2a)—(5.2b) to obtain

(5.6a) / /hatwdzdw/o hot(.,0) dz = — / /hu&xwdmdt
(5.6b) —a/ /amha (ho) dxdt+/ /H1 Oy dzdt = / /u¢dmdt

Using an approximation argument, we may actually take ¢ = hd,¢ in (5.6b) with
P € C§°((0,1) x [0,00)) and obtain

/000/01 hatwdde/Ol how(.,O)dzfo/ / OpahOp (W20,1)) da dt
/ / h29, (IL(h))y dx dt,

which coincides with the weak formulation for (1.8) introduced in Bernis and Fried-
man [17] and Bertozzi and Pugh [21]. O

REMARK 5.2. Owing to the positivity of the weak solution A to (1.8) constructed
in Theorem 5.1, equation (1.8) is then uniformly parabolic and it is likely that classical
parabolic regularity results ensure that h is actually a classical solution to (1.8). As
it is shown in Bertozzi et al. [19] that there is a unique positive classical solution to
(1.8), this implies the convergence of the whole sequence (h,,) towards it.

6. Discussion. We would like to note some open questions that remain to be
solved for the strong-slip system (1.2a)—(1.2b) as well as the corresponding shallow-
water equations (1.11a)—(1.11b). First, it would be of interest to figure out whether
the weak solutions constructed in the previous sections are more regular. Partial
answers have already been given for particular cases of (1.11a)—(1.11b) with o = 0,
see Solonnikov [11] and Mellet and Vasseur [14] where the existence of strong solutions
is established. Furthermore, in Vaynblat et al. [22] the two-dimensional analogue of
(1.7a)—(1.7b) describing dewetting of three-dimensional free suspended films is derived
and reads

(6.1a) 8¢ (hu) + div (hu ® u) = div (R(Vu + (Vu)")) + 2V (hdivu) + chVAh — VP(h),
(6.1b) Oth = —div (hu),

which corresponds to the choice pu(h) = h and A(h) = 2h in (1.11a)—(1.11b). As
mentioned in the introduction the BD entropy equality has been so far only established
for (1.11a)—(1.11b) if the relation (1.13) for the viscosities is satisfied. Unfortunately
this relation is not fulfilled for (6.1a)—(6.1b). Analogously a two-dimensional version
of (1.2a)—(1.2b) can be constructed but will present the same difficulty, so that the
analysis presented herein is not likely to extend in a straightforward way to the two-
dimensional model.
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