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By using the Arzela— Ascoli theorem, we prove the existence of strong solutions of the thin film equation
on a solid sphere in weighted Sobolev spaces.

3a momoMororo TeopeMu Apiienaa — ACKOIi JoBeIeHO iCHYBaHHS CHIBHIX PO3B’ I3KiB pIBHSIHHS TeUii TOHKOL
IUTiIBKY Ha cepnuHiii moBepxHi y mpocTopax CobojieBa 3 Baroio.

Introduction. Many problems in industrial and natural settings involve the flow of thin liquid
films driven by gravity on different types of surfaces including a spherical one [1]. For example,
the flow of a thin liquid film on a flat surface such as an inclined plane in the presence of gravity
has been the subject of numerous investigations over the years (see, e. g., [2—4]). Dynamics of
viscous coating flows on an outer surface of a solid sphere has been studied by Kang, Nadim,
and Chugunova [5] in situations where the draining of the film due to gravity was balanced by
centrifugal forces arising from the rotation of the sphere about a vertical axis and by capillary
forces due to surface tension. The time evolution of a thin liquid film coating of the outer surface
of a sphere in the presence of gravity, surface tension, and thermal gradients was considered in
[6]. The spherical coating model without the surface tension and Marangoni effects was studied
in [7, 8]. Recently, in [5], the authors derived the following equation for the no-slip regime in
dimensionless form

1 .
he + 7 (h3 sm&J)e =0,

1
J::asin9+bsin9C089+c[2h+.(sin@hg)g] ,
sin # 0

where h(0,t) represents the thickness of the thin film, 6 € (0, ) is the polar angle in spherical
coordinates, with ¢ denoting time; the dimensionless parameters a, b and ¢ describe the effects

of gravity, rotation and surface tension, respectively. After the change of variable © = — cos 6,
this equation can be written in the form:
Bt [WF (1= a?) (a=bo+e(@h+ ((1-2%) h),), )] =0, (1.1)

where z € (—1,1).
The goal of this paper is to study an arbitrary slip (weak and Navier slippage) generalisation
of (1.1) with a = b= 0:
ut—i—c((l—a:?) u” ((1—1‘2) ux—|—2du) =0 in Qrp, (1.2)
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where Qr = Q x (0,7), n >0, d >0, T>0, and Q = (—1,1). As a result, equation (1.2) for
n = 3 is a particular case of (1.1) for no-slip regime. This is a nonlinear fourth-order parabolic
equation that is doubly degenerate. This equation captures the dynamics of a thin viscous liquid
film on the outer surface of a solid sphere without gravity.

In contrast to the classical thin film equation:

ur + (|u]"vegs),, =0, (1.3)

which describes the behavior of a thin viscous film on a flat surface under the effect of surface
tension, the equation (1.2) is not yet well analysed. To the best of our knowledge for (1.2) with
d = 0, in [9] the authors proved existence of nonnegative weak solutions in weighted Sobolev
spaces, and in [10] the author proved existence of nonnegative strong solutions and its asymptotic
convergence to a flat profile. Note that (1.2) loses its parabolicity not only at © = 0 (as in (1.3))
but also at x = £1. For this reason, it is natural to seek solution in a Sobolev space with weight
1— 22

In 1990, Bernis and Friedman [11] constructed nonnegative weak solutions of the equati-
on (1.3) for nonlinearity n > 1, and it was also shown that for n > 4, with uniformly positive

initial data, there exists a unique positive classical solution. In 1994, Bertozzi et al. [12] generali-
sed this positivity property for the case n > g In 1995, Beretta et al. [13] proved the existence of

nonnegative weak solutions for the equation (1.3) if n > 0, and the existence of strong ones for
0 < n < 3. Also, they could show that this positivity-preserving property holds for almost every
time ¢ in the case n > 2. A similar result on a cylindrical surface was obtained in [14]. Regardi-
ng the long-time behaviour, Carrillo and Toscani [15] proved the convergence to a self-similar
solution for equation (1.3) with n = 1 and Carlen and Ulusoy [16] gave an upper bound on the
distance from the self-similar solution. A similar result on a cylindrical surface was obtained
in [17].

In the present article, using energy and entropy estimates, we obtain the existence of nonnegati-
ve strong solutions for (1.2) with c=d =1 and n > 1.

2. Existence of strong solutions. We study the following thin film equation

wt (=22 " [((1=2?) ), +20],) =0 in Qr @.1)
with the no-flux boundary conditions
(1—2P)ug=(1-2°) ((1-2*)u,),, =0 at z==%1, t>0, (2.2)

and the initial condition
u(z,0) = up(z). (2.3)

Here n > 0, Qr =2 x (0,7), Q:=(—1,1), and T > 0. Integrating the equation (2.1) by using
boundary conditions (2.2), we obtain the mass conservation property

/u(x,t)dac _ /uo(ac)d:r _ M >0

Q Q

Consider initial data uo(z) > 0 for all z € Q satisfying

/{u%(az) +(1-2?) u%x(x)} dx < 0. (2.4)
Q
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Definition 2.1 (weak solution). Let n > 0. A function u is a weak solution of the prob-
lem (2.1)—(2.3) with initial data vy satisfying (2.4) if u(xz,t) has the following properties:

(1—x2)’8/2u60§42’a/8 (QT), I<a<p< %, ug € L? <O,T; (Hl(Q))*),
(122" u, € L (0, T; L2())

(1 =22 ™2 [(1 - 2%) w,), +2u] € L3(P),
and u(z,t) satisfies (2.1) in the following sense:

T

/(ut,qb) dt — // (1= a2) Jul" [((1 - 22) us), + 2] s dadt = 0

forall ¢ € L*(0,T; H*(2)), where P := Qp \ {{u =0} U {t = 0}},

u(t) + (1= 22) P ua(t) > uo() + (1 — 22) P uga()  stronglyin  L2(Q)

as t — 0, and boundary conditions (2.2) hold at all points of the lateral boundary, where

{u # 0}.

Let us denote by

Eo(z) = ;/ (1 - 4?) 22 — 227] da,

Q

zZ—n _ A2—n Al—n
n—1)(n—2) 1-n

0<Go(z):==92nz—2(InA+1)+A if n=1,

ln(A>+Z—1 if n=2,

(z—A) if n#1,2,

z

where A > 0 if n € (1,2) and A > 0 if else. Next, we establish existence of a more regular
solution u of the problem (2.1)—(2.3) than a weak solution in the sense of Definition 2.1.
Theorem 2.1 (strong solution). Assume that n > 1 and initial data v satisfies

2

——— —2M?Ck
’Q‘ N>

/Go(uO) dx < 400, and g()(’do) >
Q

where C > 0 is from (3.20), then the problem (2.1)— (2.3) has a nonnegative weak solution, u,
in the sense of Definition 2.1, such that

(1—22) ug € L0, T HY(Q)),  (1—23) " us € L2(Qr), 7€ (0,1],
we L®(0,T;12(Q)),  (1—22)"uel*Qr), pe (14

forall T > 0.
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3. Proof of Theorem 2.1. 3.1. Approximating problems. Let us denote the energy functi-
onal and its variation by

E5(ult)) == ;/ [(1— a2 +6)u? — 2u?] d,
Q
P (- 0) )+ 2u).

Equation (2.1) is doubly degenerate when v = 0 and = = +1. For this reason, for any ¢ > 0 and
0 > 0 we consider two-parametric regularised equations

0E5(ue )
Ues,t — (1 - 562 + 5) (|ue(5|n + E) ( 65(5 5)> :| =0 1n QT (31)
with boundary conditions
Ues,z = ((1 — 2?4 5) uag@)m =0 at z =41, 3.2)
and initial data
ues(2,0) = ug s(x) € C*(Q)  for some > 0, (3.3)
where
1
ug,e5(x) > ugs(x) + 69, e (Oa 2(n—1)> ) 34)
U5 — ups  strongly in HI(Q) as e€—0, (3.5

(1—2%+9) 12 Upz,s — (1 — x2)1/2 up, stronglyin L*(Q) as & —0, (3.6)
ups — ug strongly in  L*(Q) as J§ — 0. (3.7)

The parameters ¢ > 0 and § > 0 in (3.1) make the problem regular up to the boundary (i.e.,
uniformly parabolic). The existence of a solution of (3.1) in a small time interval is guaranteed
by the Schauder estimates in [18]. Now suppose that u.s is a solution of equation (3.1) and that
it is continuously differentiable with respect to the time variable and fourth order continuously
differentiable with respect to the spatial variable.

3.2. Limit process as ¢ — 0. In order to get an a priori estimate of u.5, we multiply both

sides of equation (3.1) by 55%(565) and integrate over €2 by (3.2). This gives us
d ) o [0 ue)]®
Q
Integrating (3.8) in time, we get
&5 (ues)]”
Es(ues) + // (1— 2 +6)(Jues|” +¢) [ 65(3 6)] dx dt = Es(ug es)- (3.9
Qr ‘
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Multiplying (3.1) by —((1 — 2% 4 0)ues), + Ues, integrating over 2, and using the boundary

conditions (3.2) we find

1d
3 dt [(1 =2 +0) ugs, +ugs) da+
Q
+ / (1 — 2%+ 5) (|ues|™ + €) [(1 — 2+ 5) ug(;@]ix dx =
Q
= —/ (1—22+0) (Jues|" +€) [(1 — 2% +9) uﬁ;,x]m Ues - AT+
Q
+2/ (1—2%+6)( |u55]”+e)u§57xd:n§
Q
< % (1—2*+06) (Jues|" + ) [(1 — 2% +9) “ﬂiffﬁx dx+

_|_

oot D~

/ (1 — 2+ 5) (|ues|™ + €) ug(;,x dx,
Q

whence

d
d/ l—x +5 €5x+ug5:|dl'+
Q

+ / (1 —z? + 5) (|ues|™ + €) [(1 — 224+ 5) ua;’x]ix dx <
Q

5l +e) [ (1% +6) i, do
Q

By the mass conservation

/ua; dr = /u0765 dx =: M. > 0,
Q Q

we find that

s 1/2
tues|loo < (’Q‘> (/ —a? +9) mdx) —i—]\/{;f.

Q
Using (3.11), from (3.10) we get

d

7 [(1—:c +0) 651+uf5] dz+

Q

(3.10)

(3.11)
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+ / (1—2%+6) (Jues|™ +€) [(1 — 2% +9) uam]iw dx <
Q

n+2

=

< Cg (max{l,/(la: +5) 65xdl’}) ,
Q

@ n/2+ M. n+

5 o) 7

Applying the nonlinear Gronwall inequality to

where

Cs :=2"5

y(T) < y(0) 4+ Ces /max {1, yT(t)} dt,

where
y(t) = / [(1 — 2%+ 5) ufaw + uz(;} dzx,
Q

yields

J a0y, ] do <200 [ (157 46) s, + b ] do < O
Q Q

forall T € [0, Te510c) » Where

—n/2

€b,loc ‘—

min < 1, / [(1 — 2+ 5) u%a;’m + uaa;] dzx
Q

Nnles

The times T¢;510. converge to a positive limit as e — 0, and tends to 0 as 6 — 0. Taking e smaller
if necessary, the time of existence is defined as

9
T&,Ioc = TO !E}(l) Teé,loc =

—n/2
9
10 nC’05 min 1 (/ 1 B LE + 5 u0(5x +U0 5] dz ) < Te5,loc.
Q

As a result, the bound

/ (1= 2® +0) uls, + uZs] do < Cj (3.12)
Q

holds for all T € [0, T510c), Wwhere Cs5 > 0 is independent of e. From (3.12) and (3.9) it follows
that

{tes}eso  is uniformly bounded in L (0,T; H'()) , (3.13)
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{(1 — 2% + ) 1z (lues|™ + €)1/? [6&}(365)} } is uniformly bounded in  L?*(Q7) (3.14)
/) e>0

for all T € [0, T510c]- By (3.13) and (3.14), using the same method as in [11], we can prove that

solutions u.s have uniformly (in €¢) bounded C;(tz’l/ ®_norms. By the Arzela— Ascoli theorem,

this equicontinuous property, together with the uniformly boundedness shows that every sequence
{ues teso has a subsequence such that

Ues — us  uniformlyin - Qr as € — 0.

As a result, we obtain a local (in time) solution u; of the problem (3.1) —(3.3) with € = 0 in the
sense of [11, p. 185—-186] (Theorem 3.1).
3.3. Non-negativity of us. Let us denote by G.(z) the following function

1
|s|" + €

G(z) >0 VzeR, G!(z) =

Now we multiply equation (3.1) by G.(us) and integrate over € to get

;lt/Ge (uas(x’t)) dx + / (1 - xQ + 5) (|ue5|n + E) |:5g%§;1j66>:| G/e,(usé)usé,x dr =0
o x

whence by (3.12) we obtain

jt/Ge(ua;(x,t)) dx + / [(1 — 2?4 5) uemﬁ dx = 2/ (1 — 2+ (5) uzm dr < 2Cs. (3.15)
Q Q Q

After integration in time, equation (3.15) becomes

/G6 ues(x,T)) dm+// 1—£L‘ +5)u€5x] dmdt</G (uo,es(x)) dx +2CT  (3.16)
Q Qr

forall T € [0, T510c). We compute

€
2" (21" + €)'

dsdv
Co(z) //\s\ (Is|" +¢)’

where A is some positive constant. As ug .s(x) is bounded then by (3.4) it follows that

Go(2) = Gi(2) =

and consequently

|Go(ug,es(2)) — Geluges(z))| < Ce 72D 50 as e — 0,

and therefore, due to (3.5), we have

/Gg(uoﬁ(x))da:% /Go(uog(az)) dr as e€—0. (3.17)
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As aresult, by (3.16), (3.17) we deduce that

/ Ge(ues(2,T)) dz < C1 (), (3.18)
Q

{(1—2*+0) uesa}., isuniformly boundedin L*(0,T;H'(2))

for all T € [0,T510c), where C1(6) > 0 is independent of ¢ > 0. Similar to [11, p. 190]
(Theorem 4.1), using (3.13) and (3.18), we can show that the limit solution u; is nonnegative if
n € [1,4) and positive if n > 4.

3.4. Limit process as § — 0. Next, we show that the family of solutions {us}s~o is uni-
formly bounded in some weighted space. Using non-negativity of u;s, we have to clarify a priori
estimate (3.12).

Next, we will use the mass conservation property

/u(;(x,t) dx = Mg > 0, (3.19)
Q

and the following interpolation inequality:

Lemma 3.1 [19]. Let p, q, v, o, B, 7, o and 0 be real numbers satisfying p,q > 1, r > 0,

1 1 1
0<0<1, vy=00+(1-6)5, —+g>0, —+ﬁ>0and—+l>0. There exists a positive
p N q N r N

constant C' such that the following inequality holds for all v € C§° (RN ) , N>1

0
[z vll e < Cllz[*[Volll L

L v 1 a-1 1 j

0<a—-oc if a>0,

1-6
2l
La

if and only if

and

a—c<1 if a>0 and -+ = — 4+ —.

. Ms .
Applying Lemma 3.1 to v = us — ﬁ with Q = (-1,1), y=8=0, a =

1
g=1, N=1,and 6 = 2 we have
1-6

, (3.20)
1

Ms
1]

1/2 0

Ugs SC’NH(l—x2) U,z Us —
9 2

_Ms
jl

whence for us5 > 0 we deduce that

1/2
M ? 2 2\, 2
Uy — W dr < 2Ms;Cy (1 —x ) ug , dx . (3.21)
Q Q
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By (3.9) with € = 0, due to (3.21), we find that

M;s\? M?
/ (1 — xQ) uf dr < / <U5 — 6) dv + —2 + Es(uos) <
J ’ ) 2 2]

N | —

2

1/2
M
< 2M5C% (/(1 —2®) uj, da:) + ﬁ + Es(up.s).

Q

As a result, we get

/ (1- IL‘2) u%yxdzn <

Q

2
M2
2M;C% + \/ AMZCY, +2 [mﬁ + 55(“0,5)] ]

provided

2

M
85(u075) > —ﬁ — 2M520;1V.

Taking into account (3.6) and (3.7), from (3.22) and (3.15) we arrive at

/ [(1—a?)u2, +u2)de < Cy
Q

for all T > 0, where C5 is independent of § > 0, provided (3.23).

Using (3.19), we find that
x 1/2
/u(;,m dz| < (/ (1- x2) ng dx)
Q
Multiplying (3.25) by (1 — 22)%/2 for any § > 0, by (3.24) we deduce that

()" (- ($2252) " <o

for all z € Q, where C3 > 0 is independent of § > 0. From (3.26) we find that

T 1/2

/ dx
1— 22

o

_Ms
jl

Us

{(1 — x2)6/2 u(;}(S . is uniformly bounded in Q7 forany 3 > 0.
>
In particular, by (3.24) we get

(1 - x2)’8/2 lus(x1,t) — us(z2,t)| < Cylz — a:2|"‘/2 Vai,xe € Q, «a€(0,0).

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

By (3.14), (3.27) and (3.28) with g € (O, Z], using the same method as in [11, p. 183]

(Lemma 2.1), we can prove similarly that

(1= 22)° Jus(a, t1) — us(@, t2)] < Cslts — ta]*/®  Wty,t5 € (0,T).

(3.29)
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The inequalities (3.28) and (3.29) show the uniform (in §) boundedness of a sequence
{(1 — xg)ﬁ/Q ufg}(S , in the C%/**/% _norm.
> K
By the Arzela — Ascoli theorem, this a priori bound together with (3.27) shows that as 6 — 0,
every sequence {(1 — x2)6/2 u5}6>0 has a subsequence {(1 — x2)5/2 ug, }5k>0 such that

(1- xZ)B/z us, — (1— xQ)B/zu uniformly in Qr as & — 0.

Following the idea of proof [11] (Theorem 3.1), we obtain a global (in time) solution u of the
problem (3.1)—(3.3) in the sense of Definition 2.1.
From (3.22) and (3.15) we have

/ Go(uos (2, T)) da < C, (330)
Q

{(1—a*+0)usa}s., isuniformly bounded in L?(0,7T; H'()) (3.31)

for all T > 0, where Cg is independent of § > 0, provided (3.24). The estimates (3.30), (3.31)
allow us to construct a strong solution.

Note that the energy functional & (u(t)) is decaying (by (3.8)), bounded from below and lower
semi-continuous (by (3.24)) it must have a minimizer, um;i, (), which is continuous on . ’l;aking

. . M
into account the mass conservation, we find (see [5]) that upin(z) = —, Eo(Umin) = —

, and
jo

M=
€2
Eg(u(t)) — Eo(umin) as t — 4oo0.

Theorem 2.1 is proved.
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