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Droplet spreading under weak slippage: the optimal asymptotic
propagation rate in the multi-dimensional case
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We prove optimal estimates on the growth rate of the support of solutions to the thin-film equation
u; + div(Ju|"VAu) = 0 in space dimensions N = 2 and N = 3 for parameters n € [2,3)
which correspond to Navier’s slip condition (n = 2) or certain variants modeling weaker slippage
effects. Our approach relies on a new class of weighted energy estimates. It is inspired by the one-
dimensional technique of Hulshof and Shishkov Adv. Diff. Equations 3, (1998) 625-642, and it
simplifies their method, mainly with respect to basic integral estimates to be used.
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1. Introduction and statement of the main result

In this paper we study the asymptotic behavior for t — oo of the support of solutions to the Cauchy
problem

up +div(ju|"VAu) =0  inRY x Rt (1.1)

with compactly supported initial data ug € H'(R"; ]R(‘)") in space dimensions N = 2 and N = 3.
Equation (1.1) is a model problem for a class of fourth-order degenerate parabolic equations arising
in materials sciences and fluid dynamics (see [10, 13, 22] and references therein). In the formulation
above, it describes the surface tension driven evolution of the height « of a thin film of viscous liquid
spreading on a horizontal surface. In general, the exponent n is assumed to be a positive number.
From the physical point of view, the cases n = 2 and n = 3 are distinguished. Taken with a grain of
salt, the former one corresponds to the assumption of Navier’s slip condition, the latter one to the
assumption of a no-slip condition at the liquid solid interface. As the total mass is conserved under
that evolution and since the equation is invariant under the scalings

x =K%, t=K"f, u=KNj (1.2)

with y = 4 4+ nN, the existence of a compactly supported self-similar solution of the form

u(x, 1) =t—4+'n~U( al ) (1.3)

t 4+nN

would be expected for all values of n > 0. Surprisingly, this self-similar solution only exists for n
in the interval (0, 3) as was proven by Bernis et al. [7] in space dimension N = 1 and by Ferreira
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and Bernis [15] in the multi-dimensional case. In contrast, for n > 3 solutions are expected to
have a support constant in time. As the exponent n = 3 corresponds to the assumption of a no-
slip condition, this result is consistent with the observation made by Dussan and Davis [14] that
a no-slip condition causes infinite energy dissipation for moving droplets. However, this is not the
only phenomenon indicating that the solution’s behavior is sensitive to the exponent n. Indeed, the
analytical tools used to prove results on existence, non-negativity or on the qualitative behavior of
solutions depend on the fact whether n € (0,2) or n € [2, 3). In the former range, finite speed
of propagation, optimal growth rates for the solution’s support or occurrence of a waiting time
phenomenon could be proven in all the physically relevant space dimensions (see [3, 6] for results
in one space dimension, [9, 11] for results in higher space dimensions). To put it concisely, these
results were based on certain variants of a particular integral estimate which is sometimes called the
entropy estimate (see [2, 8, 10] for further details on that estimate). In the range n € [2, 3), however,
this entropy estimate cannot be used any more and therefore it seems that the analytical arguments
have to be based on the only remaining integral estimate which is the energy estimate and which
reads as follows:

T
%/}RN |Vu(-, T)|2+/0 /RN u" |V Au)? < %/}RN |Vuol|?. (1.4)

By virtue of Bernis’ interpolation inequalities (see [5])

/Qv"—“vsscfgv”—wvmﬁ, (1.5)

/Q V"o < C/Q V0L (1.6)

the second term on the left-hand side of (1.4) becomes utilizable for Gagliardo—Nirenberg-type
arguments, and Bernis [4] and Hulshof and Shishkov [20] succeeded in proving in one space
dimension a qualitative result on finite speed of propagation and an optimal estimate on the growth
of the solutions’s support, respectively (see also Andreucci and Tedeev [1] for the latter result using
a different approach).

Just recently, the author of this note was able to establish a multi-dimensional equivalent of the
interpolation inequalities (1.5) and (1.6) (see [18]). This was the key ingredient to prove in [19] the
following existence result for the Cauchy problem in the multi-dimensional case.

THEOREM 1.1 Letn € (2—1 /11— HLN 3), N < 4, and assume ug € H'(R") to be non-negative

with compact support in the sense that ug(x) = 0 almost everywhere on RY \ Bg,(0) for a positive
number Ry. Then, a non-negative function u exists that has the following properties:
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(i) Regularity:
4N

e L>(R*; (WhP())) £ — — andany 2 cc RV, 1.7
U (R™; ( ( )))Orp>2N+n(2_N)an any 2 CC (1.7)
ue LR H' (RV)), (1.8)
VA e LARY x RY), (1.9
Vu'e e LSRN x R™), (1.10)
DX e LARY x RY) forany o € (max{—1, 1/2 — n},2 — n), (1.11)
Vi e LYRY x R*) forany « € (max{—1,1/2 — n},2 — n), (1.12)

"y A 0
g = JuvAu onlu=01 o pe paRYY) (1.13)
0 on [u = 0]
4N
foranyl <g < ———.
2N +n(N —2)
(i1) u is a solution to the Cauchy problem in the sense that
T
/ (tr, ) (wir(BO))Y xWr(B(O)) —/ u"VAuVe =0 (1.14)
0 [u>0]7

for p > WM, arbitrary T > 0 and for all test functions ¢ contained in
L2((0, T); W-°(R")) such that Uze(O,T) supp ¢ (., t) C B(0), where B(0) is an arbitrary
ball centered in the origin 0 € RV .

(iii) The solution u attains initial data ug in the sense that

(RY) (1.15)

loc

limu(-, 1) =ug(-)  inL?
AN

for arbitrary 1 < 8 < %
Moreover, the solutions constructed in Theorem 1.1 have the property of finite speed of propagation
in the following weak sense (see [19] and the forthcoming paper [17]).

DEFINITION 1.2 Let v : RY x (0, 00) — R be a non-negative function and assume that for every
t € [0, oo) the function v(., t) has compact support. We say that v has finite speed of propagation iff
for each ball B(xq, Rp), xo € RY, Ro > 0, that contains supp v(-, 0), a continuous, monotonically
increasing function R : [0, c0) — R, R(0) = 0, exists such that

supp v(., 1) C B(xo, Ro + R(?)).

It is the purpose of this paper to establish a quantitative estimate on the maximum growth rate of the
solution’s support. More precisely, the following result will be obtained.
N

—
problem (1.1) in the sense of Theorem 1.1. Moreover, suppose that initial data uq satisfy

THEOREM 1.3 Letn € (2 —,/1 3), N < 4 and assume u to be a solution of the Cauchy

supp ug C B(0, Rp) (1.16)
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for a positive number Ry.
Then a positive constant C exists which only depends on n, N and the mass of initial data such
that

suppu(-, 1) C B(0, Ry + C - 1 70i7) (1.17)
foralls > 0.

Remarks.

(1) Note that the exponent o = ﬁ is consistent with the scaling in (1.2) and therefore optimal.
(2) Analogous results for 0 < n < 2 and N € {2, 3} were established in Bertsch et al. [9].

(3) Forn > 3itis conjectured that the solution’s support is constant in time.

(4) Physically, the assumption of a slip condition

. Gh)
Vhor — IBhn_2 . &
z=0 0z z=0
entails’ the thin-film equation
hy + div((h® + BR™)V Ah) = 0. (1.18)

This equation obviously loses the scaling properties (1.2). Hence, self-similar solutions cease
to exist. In the case of (1.18), Theorem 1.3 can therefore serve to describe the propagation rate
for larger values of r when the exponent n becomes dominant. For an intermediate time-scale,
Giacomelli and Otto [16] recently proved in one space dimension that the apparent support,

1/7
i.e. the set {x € R : h(-, 1) > B}, increases with the rate <—logt1/t> .

(5) The validity restriction for values of (N, n) is inherited from identical conditions in the
existence result Theorem 1.1.

Our approach simplifies and extends the method of Hulshof and Shishkov [20] who proved a
similar result in one space dimension. For instance, we will not need to prove L2(R"N x (0, T))—

estimates for the quantity VA(1 - u%) where 7 is an appropriate cut-off function, which—in the
multi-dimensional case—would be a rather tedious task. Nor will we rely on estimates of third-order
derivatives of certain powers of the solution. In this way, further technical difficulties can be avoided
which would naturally arise in the multi-dimensional setting as soon as interpolation arguments

are to be applied. These are due to the fact that only VAu"E but not the entire tensor of third-
order derivatives can be controlled. Instead, we will base our argument on the L6(]RN x (0,T))-

integrability of Vu *$* which could be established in [19].

On account of these changes in strategy, we will present the proof in some detail. In Section 2,
we recall the weighted energy estimate from [19] and derive—in combination with an appropriate
scaled version of Poincaré’s inequality on annuli—the integral estimate essential for the sequel. By
means of an iteration lemma due to Stampacchia (see [21]), we prove in Section 3 a preliminary

estimate on the radius of the solution’s support. As this result still depends on certain integral

f - . . . . .
Here, v denotes the horizontal velocity component of the fluid flow, B is a positive parameter and z stands for the
vertical coordinate. For n = 2, the classical slip condition of Navier is recovered.
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quantities involving the solution u#, we first have to estimate these quantities only in terms of initial
mass and time before Theorem 1.3 can be proven. Both will be accomplished in Section 4. Finally,
the Appendix contains a number of auxiliary results frequently used within the text.

Throughout the paper, we will use the standard notation for Sobolev spaces. v stands for the unit
outer normal vector to a domain {2, and we write B(p) for the ball with radius o centered in the
origin. A(oo, 01) denotes for o1 > oo > 0 the annulus B(g1) \ B(go). Sometimes, we abbreviate
%u by u,, and we also write L! instead of LY(RY) when no misunderstanding can occur. Finally,

I (o) stands for fOT f]RN\B(Q) u" 2 dx dr.

2. The weighted energy estimate and some of its variants

In this section, we will provide the key result to prove a recursive estimate of the form

— 1+8 .
Ir(o+8) < Cdr (o) IT(L(?W-:- ) F(T) 2.1

with positive quantities m, B8, F(T), which is—as in [20]—fundamental for a future application of
Stampacchia’s iteration lemma.

To this end, let us consider for positive ¢, § € IR a smooth localization function ,s having the
following properties:

Yos =0 on B(o),
0<¥ps <1 on A(g, 0 +9),

Vs = 1 on RV \ B(o + 8), (2.2)
IVpslloo < C571,
I1D*¥psll00 < C872.

In [19], the following integral estimate for solutions to the auxiliary problem

w; + div(w|"VAw) =0 in B(k) x R"

] B]
—w=—Aw=0 on dB(k) x RT (2.3)
av ov

wo € H'(B(k); RY)

and k > o + § has been proved:

T T
- 542 n+2
/ Y5 IVw(, TH* + C 1{/ Y5V |6+/ Y|V AW |2}
B(k) 0 JB(k) 0 JB(k)

95| Vol
B(k)

T
+C fo L " W Vos|® + 1D Yos* Vs W5 + | D*Yros P Y5}
2.4)

N

Note that the property %‘peé = 0 on d B(k) is essential for the validity of (2.4).
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Following the lines of the existence proof for solutions to the Cauchy problem in [19], it becomes
evident that the solution u constructed in Theorem 1.1 satisfies the following estimate for arbitrary
0, 8 > 0 and for arbitrary positive times 7'

r T
— n+2 w2
R IRy Ry
RY 0 RY 0 RN
<fRN Vo5l Vol
T 2 6 2 2 2.2 2 3.3
+c/0 /R WV Yas 8 + D2 P 1V P02, + 1D s Pyl .
(2.5)

From (2.2) and (2.5), we immediately infer the following lemma.

LEMMA 2.1 Letpo > 0,8 > Oand T > 0 and assume u to be a solution of (1.1) in the sense of
Theorem 1.1 to initial data satisfying (1.16). Then positive constants d = d(n, N) and C = C(n, N)
exist such that

n+2

T
sup/ |w<-,t)|2+d(n,zv)ff VB e
1€(0,T) JRN\B(0+38) 0 JRM\B(o+9)

T
gflfg&{/ /ﬂ ut?, (2.6)
8 0 JA(.0+8)

By virtue of the qualitative result on finite speed of propagation presented in [19], there exists a
continuous monotone function R : (0, co) — [Ry, 00) such that

suppu(-, t) C B(0, R(?)). 2.7)
An application of Lemma A.1 of the Appendix entails the following estimate.

LEMMA 2.2 Letu be a solution of (1.1) in the sense of Theorem 1.1 to initial data satistying (1.16).
Let K > 1 be a positive parameter and assume that o and § are positive constants with the properties
0> Ropandpo + 6 > % for arbitrary, but fixed T > 0, where R(T) is the quantity introduced in

(2.7). Then, positive constants d = d(n, N, K)and C = C(n, N, K) exist such that

T

n+2
sup f u(-,r>2+d-(R<T>—a—8)i/ f |Vu'e |6
1€(0,T) JRN\ B(0+8) 0 JRN\B(o+8)

C-(R(T)y—0—87 (T 2
< 3 u"re,
8 0 JA.o+s)

3. Stampacchia’s iteration lemma and a first estimate on the support

2.8)

Combining Lemma 2.2 with an appropriate version of Gagliardo—Nirenberg’s inequality, we may
establish the desired estimate in the spirit of (2.1).
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LEMMA 3.1 Let u be a solution of (1.1) in the sense of Theorem 1.1 to initial data satlsfylng (1.16)
and assume 7 > O to be arbitrary, but fixed. Suppose that 0 > Ry, é > 0,and o + 8§ > KT) with a
positive parameter K > 1.Thena positive constant C; = Ci(n, N, K) exists such that

(6+N)n+12

12(n+2) I -7 8 nN+12
Ir(@+8) < C1 - T (R(T) — 0 — )17 ( re - ret ))

3.1

Proof. Let us first estimate the left-hand side of (3.1) in terms of the quantities appearing on
the left-hand side of (2.8). We apply Gaghardo Nirenberg’s inequality in the form presented in

Theorem 7.4.1 of [19]. Introducing w := u Ex , we obtain

0

</ 6>1/6 <C(/ 1_22>%<1—9) (f v |6>a 52
w < w w s .
RV\B(0+3) RV\B(0+3) RM\B(0+8)

_ nN
N +12°

Rewriting this estimate in terms of u and integrating with respect to time gives

where

n+2 nN+I2 nN+12
<C- TnN+12 (/ / |Vu o |6> sup / u? .
RN\ B(0+8) t€(0,7) JRN\B(0+38)

3.3)
Combining (3.3) with (2.8), it follows that
nN

12 Cn N K nN+12 12(142)

Ir(e+8) < Co-Trm <¥(IT(@)—IT(Q+5)>) C(R(T) — g — 87N
6(n+2)
C(n, N, K) N

w | e Ur@) — (e +6)
(6+[1\\//)nl-¢2—]2
Le+y [ N K nN+
= CoT ™12 (R(T) — o — §) 1N (%(m@)—mwa))

This proves the claim.

Let us now prove a first estimate on R(7). We need the following version of Stampacchia’s iteration
lemma (see [20, 21]).

LEMMA 3.2 Suppose that the non-negative and non-increasing function J satisfies with fixed real
numbers rp and 0 < 6 < 1 the estimate

Jr+J(r) <6JFr) forall r > rp. (3.4
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Then, for any | > ro,

J(r1)

J(r)y=0 for all .
(r) ora r>r1+1_9

(3.5)

Our result reads as follows.

LEMMA 3.3 Let K > 1 be a fixed parameter and assume u to be a solution of (1.1) i{l the sense of
Theorem 1.1 to initial data satisfying (1.16). Then a positive constant C = C(n, N, K) exists such
that

R(T)< 01 +C(n, N, K)T“‘*N)”+8 I7(01) TV (3.6)
for all o1 > max{Ro, R(T)}

Remark. By construction, we have for arbitrary o > 07 and § > 0:

R(T)

o+é8> and (R(T) — ¢ — 8+ < (R(T) — o)+ (3.7

Proof. The proof is inspired by the corresponding result in [20] Without loss of generality we may
assume that R(T) > 1. Consider for given o1 > max{Ro, i } the function

2(n+2)

J1(Q) = F(I)'/™ - I (@Y™ = (R(T) — o) TP . T &0 . [y (o) Tmm,

where
F(T) = (R(T) Ql) nN+lz2) TnNI-%z—lZ s m .= 6((6 + N)n + 12) s = _6n .
nN + 12 nN + 12
By virtue of (3.1) and (3.7), Jr (o) satisfies for o > o the estimate
Jr(e + Jr(o)) < 6Jr (o) (3.8)

B/m -
with the parameter 6 = (lf—lc.> . Here, C; = Ci(n, N, K) is the constant which appeared in

(3.1). Lemma 3.2 entails that

Jr(@) =0 (3.9)
for all Jr(on)
701
0> o1+ 5
AS a consequence,
J
R(T) < o1 + lT(Q;). (3.10)

Inserting the definition of Jr(o1), we find that

~ 2(n+2) 2 n
R(T) — 01 < C(n, N, K)(R(T) — o) &Nt T @ Mn+12 . [ (o) GFNF12 (3.11)
Rewriting (3.11) gives

(4+N)n+8

(R(T) — 01)&"n¥12 L C(n, N, K)T(6+N)n+12 IT(QI)(“N’W,

and (3.6) follows in an obvious way.
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4. Estimates of I7 (o) by initial mass and proof of the theorem

As the preliminary estimate (3.6) for the radius R(T') of the solution’s support at time 7" > 0 still
depends on the free parameter g1, let us look for estimates of /7 (o) in terms of 7 and the initial
mass. We will use the following auxiliary result.

LEMMA 4.1 Let u be the solution of (1.1) considered before and assume that the parameters o, §
satisfy o > Rp and 0 < § < g. Then, there exists a positive constant C = C(n, N) such that

2 r 142 6
sup IVu(, 0" + [V o |
1€(0,7) JRN\B(g+5) 0 JRM\B(g+9) (4.1)

2
m””onﬂ_ -T.

Proof. Writing again w := u% and using Lemma A.2 for values of o > Rp and 0 < § < o (note

that o + § < 20!), we find that
(/ 6) =2(1-0)
w n+2
A(0.0+9)

1/6
(/ w6> <C (/ |Vw|6)
A(0,0+9) A(0,0+9)
n+2

n+2 1 6
Les V() </ wniz>
A(0,0+9)

olo

. A N@+D
with @ = Nt D+6- Hence,

6(n+2)

le](nT)l)ﬁ Nn+1)+6
a2 D+ n+T)+
A(o,0+9) A(0,0+9) A(0,0+9)
C n+2
+ — u .
SN@+D) (//;(Q,Q+5) )

By conservation of mass, we infer that

N+l

W2 < v 26 N+D+6 n-+2 NG
Vu'®| ol {2, T
A(e.0+9) A(Q 0+9)

n+2

+ 5N(n+1) ol v vy -

Together with Young’s inequality and (2.6) it follows that

2 r nt2 ¢
sup IVu(-, )| +dn, N) [Vu s |
t€(0,T) JRN\B(0+38) 0 JRM\B(p+6)

T
ga/ / V" P 42)
0 JA(e,0+9)

n+2 T

N(n+l)+6 ) ||u0||
&€

+(Cn M+ o M) Tt
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Obviously, this estimate also holds for ¢’ := ¢ + % and §' := % We rewrite it in the following way:

2 r 142 6
sup [Vu(-, )|” +d(n, N) [Vu s |
1€(0,T7) JRN\B(0+8) 0 JRM\B(o+38)

ff . CelluollT? - T
IRN\B(Q+ ) ( )N(n+1)+6

G(8) 1= sNHDF6 gup / [Vu(-, 1)|?
1€(0,T) JRN\B(0+35)

T
H(S) :=5N<"+1>+6/ / Vu"5 [0
0 JRM\B(o+8)

and choosing & := d(n, N)2~N@+D+D e find using the iteration procedure presented in [20]
that

Introducing
and

I’Z+2T

6o+ din NH) < (1) + cen N)Zw

for j € IN, and in the limit j — oo relation (4.1) is obtained.
This permits us to estimate I7 (o0 + §) in terms of the initial mass.

LEMMA 4.2 Let u be the regular strong solution considered before. Then the following estimate
holds for T > 0 and parameters g, § satisfying 0 > Rpand 0 < § < o:

2
luolly 7> - T

IT(o+68) < C(n, N)gN(Tl)

(4.3)

Proof. The homogeneous Gagliardo-Nirenberg inequality on exterior domains (see e.g. [19:
Theorem 7.4.1]) combined with (4.1) gives

N+
- . 6ri2) wi2 Nn+1)+6
[ W42 < Cln, N) (lugll 1) TS TR / / Ak
0 JRM B+ RN\B(Q+5)
(n+1)
% e “ O”n+2 T N(n+|)+6
n Nn+1)+6 _—
< Cn, N) (luollz1) e SN+ 1)+6

2 - 1
= C(n, N)uo|l} 1 - 75~ N+D.
Now we have collected all the estimates necessary to prove the main result.

Proof of Theorem 1.3. Let us replace ¢ + 8 by ¢’ in (4.3) and let us choose 8’ = o’ — Ry. Then (4.3)
becomes

Cn, N)luolT?- T
(o' — RO)N(n+1)

It < (4.4)
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for all o’ > Ry. Combined with (3.6), we obtain the following estimate for R(T'), provided

o > max{Ro, @}
K

Cn, N K)uoll} - T)H

R(TY<o+C(n,N, K)T(4+N)n+8 ( (@ — Ry)N@+D

o a2 (4.5)
C(n, N, K)T @FMn 8 (||u0||L1)(4+N)n+8
= + nNn+1) N
(0 — Rg) @FNn+8
Let us rewrite (4.5) in the form
S(T R(T
R(T)<Q+#forg>max # Ry (4.6)
(0 — Ro)* K
with
n(n+2)
S(T) = C(n, N, K) - T ug [
and
_ nNmn+1)
T @G+ Nn+8

Our strategy is to minimize the right-hand side of (4.6) for values of o contained in the interval
(max{ R;(T) Ro}, oo)

For further reference, let us choose K once and for all times such large that
(1 — R)a#T 4o & < 0. 4.7)

This can easily be accomplished as & does not depend on K. Note that the function

S(T)
(0 — Ro)*

has a global minimum g, (7") on the interval (R, co) which is attained in

fr(@) =0+

1 1

0+(T) = Ry + vt - S(T)ar. (4.8)

As a consequence, the minimum value of fr on (Rp, 00) is given by

min _fr() = Ro + (@& 4 o~ a1) . S(T)@H (4.9)
0€(Ryp,00

As S(T) is increasing in T with S(0) = 0, for small values of T the inequality

ox(T) > max{ ;{ ) Ro} (4.10)



320 G. GRUN

is satisfied. Let us prove that (4.10) is in fact true for all 7 > 0.
Assuming the contrary, there would exist a positive number 7* such that

0x(T) > maxy ——, Ro, 4.11)
K
R(T) < Ry + (@& +a~ @) . §(T)a (4.12)

forall0 < T < T*, but

0.(T%) < max{ R(Ig*), Ro} _ kI

By continuity,
R(T*) < Ry + (@ + o &) . S(T*)art
and
R(T*) 2 K - 0.(T*) = K - Ry+ Kaai S(T*)a,
which gives
(K — DRy < (1 = K)art 4 a51) . §(7")a1.
The latter inequality contradicts (4.7) and therefore (4.10) is true for all 7 > 0.

Especially in our case, we compute using the definition of « and S(7'):

24n n(n+2)

R(T) < Ry + C(n, N, K)T N>+@+2Nn+8 . (”"‘OHLI) NnZ+QN+4n+8
~ n 1
=Ro+C(n,N,K) - (lluoll1) =~ - T+

This proves the theorem.
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Appendix

For the reader’s convenience, let us prove the following version of Poincaré’s inequality valid on
annuli in RV,

LEMMA A.1 Let A = B(R1) \ B(Rp), R1 > Rg > 0, be an annulus in RY and assume

R < KRy (A.1)

for a real number K > 1. Suppose in addition that 1 < p < oo. Then a positive constant C =
C(N, K) exists such that the following estimate is true for all u € W!?(A) which vanish on
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dB(R1) in the sense of traces.
/ lu(x)|” dx < C(Ry — Ro)”/ |Vu(x)|” dx. (A.2)
A A

Proof. Tt will be sufficient to prove the result for smooth functions u satisfying ulspr,) = 0.
Denoting the surface element on S¥~! by dSV~!, abbreviating the angular coordinates by {2 and
writing # for the function in polar coordinates corresponding to u, we find for r € [Rg, R;]:

Ry
ur, 2) = —/ uy(s, £2)ds.
r
Hence,

Ry
lii(r, )P < |r — RHP*‘/ |ty (s, 2)|P ds
r
R
< (Ry — Rp)P™! f lii, (s, 2)|7 ds.
Ro

Asa consequence,

R
/|u(x)|”dx=/ / lii(s, 2)|PsN 1R ds
A Ry JSN-I

R
< C(N)(Ry —RO)N+”‘1/ / ity (s, 2)|P ds d 2
SN-1 Ry
R
< CNY(K — DV YR, — Ro)p/ / i) (5. 2)|PsN 1 ds 22
N—-1 RO

< C(N, K)(R = Ro)” / Vul? d
A

where we used (A.1) in the second step of this chain of estimates.

In addition, we cite the following version of Gagliardo-Nirenberg’s inequality which can be found
in [12].

LEMMA A.2 Letl <r <oo,p>0,q € (0, p), m € IN; such that
1 m 1

r N p’

If 7 ¢ RY is bounded with piecewise smooth boundary, then positive constants ¢; and c»
depending only on {2, r, p, m and q exist such that for any u € L9({2) satisfying D"'u € L"(2),
the following inequality holds:

1—
lullp < cillD™ullfllully™ + c2llullg (A.3)

1_1
where a = 4L+
dTV—r
In addition, a positive constant ¢ = c(r, p, m, q) exists such that
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(i) if 2 = Bg(0), then (A.3) holds with

ci=candey=c-RVGD (A4)

(ii) if 2 = IRY, then the result holds with ¢; = c and ¢; = 0,
(iii) if £2 = Bg,(0)\ Bg, (0) with0 < Ry < R, where we require 3R| > Ry if N > 1, then (A.3)

holds with
cir=c, ca=c(Ry — Rl)_N(é_%) .
Finally, if 2 is an infinite cone, i.e. for given points xo, yo € R, xo & B1(yo) a set
Croyo = {z € RV |z =x0 +A(y —=x0), ¥ € Bi(yo), >0},

then (A.3) holds with constants c¢; = c(||xo — yoll, 7, p, m, q) and ¢; = 0.



