Available online at www.sciencedirect.com =
. . Journal of
ScienceDirect Differential

Equations

ELSEVIER 1. Differential Equations 245 (2008) 809844

www.elsevier.com/locate/jde

Global solutions of singular parabolic equations
arising from electrostatic MEMS

Yujin Guo

School of Mathematics, University of Minnesota, Minneapolis, MN 55455, USA
Received 16 August 2007

Abstract

We study dynamic solutions of the singular parabolic problem

)\*|x|a
ur — Au=——, (x,t) € B x(0,00),

a—-up (P)
u(x,0)=upg(x) =20, xeB,
u(x,t)=0, x € 0B,

where @ > 0 and A, > 0 are two parameters, and B is the unit ball {x € RN |x] < 1} with N > 2. Our
interest is focussed on (P) with Ay 1= W, for which (P) admits a singular stationary solution

24
in the form S(x) =1 — |x| % This equation models dynamic deflection of a simple electrostatic Micro-
Electro-Mechanical-System (MEMS) device. Under the assumption ug 5 S(x), we address the existence,
uniqueness, regularity, stability or instability, and asymptotic behavior of weak solutions for (P). Given

a®* = Ww, in particular we show that if either N > 8 and @ > a®* or 2 < N < 7, then the

minimal compact stationary solution u, of (P) is stable and while S(x) is unstable. However, for N > 8
and 0 < o < o™*, (P) has no compact minimal solution, and S(x) is an attractor from below not from above.
Furthermore, the refined asymptotic behavior of global solutions for (P) is also discussed for the case where
N > 8 and 0 < o < @®*, which is given by a certain matching of different asymptotic developments in the
large outer region closer to the boundary and the thin inner region near the singularity.
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1. Introduction

The singular parabolic problem

Mt_AMZ%, (x,1) € 2 x (0, 00),

—u

u(x,0)=up(x) 20, xeL, (1.1)
M()C,t):()’ XEBQ,

was recently proposed in [11,14], where A > 0 is a parameter, £2 C R is a bounded smooth
domain and f(x) is a nonnegative function satisfying

feC¥$2) forsomeac(0,1],0< <1, and

f >0 onasubset of 2 of positive measure. 1.2)

When N =1 or 2, this equation models a simple electrostatic Micro-Electro-Mechanical-System
(MEMS) device consisting of a thin dielectric elastic membrane with boundary supported at 0
below arigid plate located at +1. The dynamic solution u(x, #) of (1.1) characterizes the dynamic
deflection of the elastic membrane. When a voltage—represented here by A—is applied to the
surface of the membrane, the membrane deflects towards the ceiling plate and a snap-through
may occur when it exceeds a certain critical value A* (pull-in voltage). This creates a so-called
“pull-in instability” which greatly affects the design of many devices. In an effort to achieve
better MEMS designs, the material properties of the membrane can be technologically fabricated
with a spatially varying dielectric permittivity profile f(x) (see [11,14] and references therein
for more detailed discussions on MEMS devices).
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Concerning the associated stationary problem

A
_Av:&’ xeg’

(1—v)2 )
O<v<l, x €S2, »
v=0, x €082,

we established in [8] the existence and some monotonicity properties of pull-in voltage A* which
is defined as

A*(82, f)=sup{A > 0] (5), possesses at least one solution}. (1.3)

In other words, A* is called pull-in voltage if there exist uncollapsed states for 0 < A < A* while
there are none for A > A*. Fine properties of steady states—such as regularity, stability, unique-
ness, multiplicity, energy estimates, and comparison results—were also shown in [4,8] to depend
on the dimension of the ambient space and on the permittivity profile. For

e A—O6N+3J6(N—2) L 2+OBNt+a—4)
o = s * 1= s
4 9

(1.4)

if f(x)=|x|* witha >0and 2 = B ={x € RV: |x| < 1} is a unit ball, in particular we then
obtained in [4,8] the following refined properties of (S);.

1. If either 2< N <7 or N > 8 and a > o™*, then (S); with A = A, admits at least two
solutions: one is the singular radial solution S(x) =1 — |x|&T&, and the other is the regular
minimal (radial) solution u;_.

2. If N > 8and 0 < @ < o™*, then the singular function S(x) = 1— |x| He is the unique solution

of (S); at A = A,. Moreover, we have A* = A, and hence S(x) =1 — |x|2# is also called
the extremal solution of (S);.

Note that the minimal solution u; of (S), is defined in the following sense: a solution 0 <
u) (x) < 1 is said to be a minimal (positive) solution of (S),, if for any solution 0 < u(x) < 1 of
(S), we have u) (x) <u(x) in £2. The limit of u, as A 1 A™ is called the extremal solution u* of
(S),. As observed in Fig. 1, if N > 8 and 0 < o < o™, then (S), has a unique radial solution
which is the minimal solution u, for any A < A*. While if either 2 < N <7 or N > 8 and
a > o™, then (S), with A = A, admits infinitely multiple radial solutions, including a singular

radial solution S(x) =1 — |x|2%u and a minimal radial solution u} .

For the parabolic problem (1.1), we recall that a point x( € £2 is said to be a touchdown point
for a solution u(x, t) of (1.1), if for some T € (0, +o0], we have lim,, 7 u(xo, t,) =1. T is
then said to be a—finite or infinite—touchdown time. The global convergence or touchdown
behavior of (1.1) with zero initial data was recently studied in [9,10], where we focused on the
classic solutions of (1.1). Particularly, we proved in [9] that the unique classic solution of (1.1)
globally converges to its unique minimal positive steady-state when A < A*, with a possibility of
touchdown at infinite time when A = A* and N > 8. The latter essentially occurs only if A = 1*
and the associated extremal steady-state is singular. It is now natural to ask whether such dynamic
properties can be extended to (1.1) with non-zero initial data, even with singular initial data.
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(a). 2 <= N <=7 and f(x) = Ix|* for any a.>=0 ) (b). N >= 8 and f(x) = IxI* with different ranges of o
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Fig. 1. Left figure: Plots of u(0) versus A for the power-law permittivity profile f(x) = |x|* (@ > 0) defined in the unit
ball B c RY with 2 < N < 7. In this case, u(0) oscillates around the value A, and u™* is regular. Right figure: Plots of
u(0) versus A for the power-law permittivity profile f(x) = |x|%* (@ > 0) defined in the unit ball B C RN with N > 8.
The characters of bifurcation diagrams depend on different ranges of a: when 0 < o < a™*, there exists a unique solution
for (8), with A € (0, A*) and u™ is singular; when o > a™*, u(0) oscillates around the value A, and u* is regular.

Motivated by the above analytic results and observations, our interest of this paper is to study
the singular parabolic problem

Aslx]®
Uy — Au=———, (x,t)€ B x (0,00),

(1~ (P)
u(x,0)=up(x) 20, xe€B,
u(x,t)=0, x €0B,

where @ > 0, &, 1= FFUEFHe=D ang B is the unit ball {x € RV: |x| < 1} with N > 2. In this

case, (P) admits a singular stationary solution in the form S(x) =1 — |x| 5. We take initial data
as a nonnegative and measurable function #( which is bounded above by the singular stationary
solution, i.e.,

0<uo(x) < S(x) i=1— x| 5, (1.5)

and ug = S is taken in the obvious measure sense. The assumption (1.5) implies that the initial
data uo(x) is allowed to be singular at the origin. Since in principle the solutions u(x, ¢) of (P)
are singular, we consider weak solutions of (P) satisfying

O0<u(x,t) <Sx) :=1—|x|2J-rTa in Q = B x (0, 00). (1.6)
Therefore, we now define

Definition 1.1. A solution u = u(x, t) is called a weak solution of (P) with ug(x) < S(x), if
u € C((0,00) : Hy (B)) satisfies
1. us, Au and (lli‘;)z € LI(B X [t,T]) forevery 0 <t < T < 00;

2. Eq. (P) is satisfied almost everywhere in Q;
3. u(-, 1) = upin L*(B) as r — 0.

The main purpose of this paper is to address the existence, uniqueness, regularity, stability or
instability, and asymptotic behavior of weak solutions for (P). Throughout this paper and unless
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mentioned otherwise, A, and o** are defined as in (1.4), the initial data ug of (P) is assumed to
satisfy (1.5), and weak solutions of (P) are considered to satisfy (1.6).

This paper is organized as follows: stimulated by I. Peral and J.L. Vazquez’ work [15], in
Section 2 we discuss the existence, uniqueness and regularity of weak solutions for (P). More
exactly, the following existence and regularity of weak solutions for (P) are first studied by
iterative methods in Section 2.

Theorem 1.1. Under the assumption (1.5), (P) has a minimal solution v and a maximal solution
w satisfying the bound (1.6). Moreover, each solution u of (P) satisfies

el 22 (B (r,00) < C- 1.7)
sup||Vu||Lz(B) <C. (1.8)
1>1

Finally, the solutions of (P) are bounded and are C°°-smooth for any t >t > 0.

Note that Theorem 1.1 gives the existence of minimal solution and maximal solution of (P).
In general, one cannot expect that the uniqueness of weak solutions for (P) holds. However, we
are able to prove in Section 2.1 that the uniqueness of weak solutions for (P) does hold if either
the dimension N > 8 or the initial data u( is not too singular. The main results in this direction
can be stated by the following theorem.

Theorem 1.2. Under the assumption (1.5), (P) has a unique solution in (0, 00) provided that
either

1. N>8and 0 <a <a**, or
2. the initial data ug also satisfies

0<uo(x) <1—|x|? with|x| <R (1.9)
fors0m60<,3<2+T°‘andO<R:R(,3)< 1.

We now deduce from Theorem 1.1 that there exists a small € > 0 such that any solution u(x, ¢)
is regular. This further implies that u (x, ) satisfies the condition (1.9). Therefore, Theorem 1.2
essentially shows that, in general, there exists a small ¢ > 0 such that the uniqueness of global
solutions for (P) holds for ¢ € [g, 00).

Section 2.2 is devoted to the global stability or instability of dynamic solutions for (P), where
we can obtain the following global convergence or instantaneous touchdown behavior.

Theorem 1.3. Suppose u is a global solution of (P) satisfying (1.6), then we have the followings.

1. If the initial data uo(x) satisfies ug(x) < S(x) on B, then for the case

either N >8andoa > o™ or 2<N <7,

we have

lim u(x,1) =u,, (x) in L*(B),
t—0o0

where uy, (x) is the minimal stationary solution of (P).
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2. If the initial data uy(x) satisfies uo(x) 5 S(x) on B, then for the case N > 8 and 0 < o <
o™, we have

Jim ux,1)=58(x) i L*(B).

3. While if the initial data uo(x) satisfies uo(x) 2 S(x) on B, then u must instantaneously
touchdown at the time t = 0.

Theorem 1.3 shows that if either N > 8 and o > o™* or 2 < N < 7, then the minimal compact
stationary solution u,, of (P) is stable and while S(x) is unstable. However, for N > 8 and
0 <« < a™, (P) has no compact minimal solution, and S(x) is an attractor from below not from
above. The proof of Theorem 1.3 needs to use an ordering property of weak—H(} (B) stationary
solutions for (P), and the details are given in Appendix A.

Sections 3-5 are focussed on the asymptotic behavior of global solutions for (P) in the case
where N > 8 and 0 < o < o™, such that the unique solution u of (P) globally converges to the
singular steady-state S(x). Similar to [3,6], we shall show that such an asymptotic behavior is not
governed by a self-similar nature, but by a certain matching of different asymptotic developments
in the large outer region closer to the boundary and the thin inner region near the singularity, see
Sections 3 and 4 for more details. We finally reach the following refined asymptotic profile in
Section 5.

Theorem 1.4. Suppose N > 8 and 0 < a < o™* such that (P) has a unique global solution u,
and let A1 be the first eigenvalue of operator A .= —A — sz% defined in B.

1. If 0 < o < ™, then we have )| > 0 and

MQ2H+oa)

=——1t+0{1) ast— o0, (1.10)
LomB) 2+to—3y4

Ber
In——
1 —u(x,t)

where y satisfies

y+=%[2—N+\/—8a2— (24N — 16)a + (ON2 — 84N 4 100) ] <0.

2. If o = o™, then we have L1 < 0 and

22+ )]

> 2T L0 ast— oo, 1.11)
remy 3N+2a—2 (

In—
H 1—u(x,t)

Remark 1.1. For the case where N > 8 and o = o™*, unfortunately we are unable to obtain the
upper bound estimate of || In #(“) |0y as t — oco. However, in Section 5.2 we can derive
the following formal expansion

8(2+ a)v?
L°(B) (3N + 20 — 2)(N — 2)2

t+ O(nt) ast— oo,

Hln—
1 —u(x,t)

where vy is the first zero of the zeroth-order Bessel function: Jo( 13‘112) = 0, and therefore the

second term C7 in (1.11) is not optimal.
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2. Basic properties of dynamic solutions

In this section, we study some basic properties of weak solutions for (P). As stated in the
introduction, we take initial data as a nonnegative and measurable function ¢, which is bounded
above by the singular stationary solution, i.e.,

0 < up(x) < S(x) =1 — x|, @.1)

where ug £ S is taken in the obvious measure sense, and we consider weak solutions for (P)
satisfying

0<ux, 1) <S&):=1—xI inQ=B8x(0,00). (2.2)

Our purpose of this section is to address the existence, uniqueness, regularity, and stability of
weak solutions for (P). We start with the following existence and regularity.

Theorem 2.1. Under the assumption (2.1), (P) has a minimal solution v and a maximal solution
w satisfying the bound (2.2). Moreover, each solution u of (P) satisfies

||”t||L2(Bx(r,oo)) <C, (2.3)
sup [Vull2p) < C, 2.4)
t>T

where T > 0 is arbitrary. Finally, the solutions of (P) are bounded away from 1 and are C*°-
smooth for any t > t > 0.

Proof. We first prove the existence of minimal and maximal solutions for (P) by iteration: Let
vo = 0 and wo = S(x), which are stationary subsolution and supersolution of (P), respectively,
and consider the problems

As|x]®
Ve = Avg + 5 v (x, 0) = uo, vklap =0, (P1)
(1 —ve—1)
Al x|
Wi = Awg + ———, wi(x, 0) = uo, wilap =0, (P2)
(1 — wi—1)
where k = 1,2, .... By a standard comparison of weak solutions for the heat equation u; —

Au = g, we have

It is then clear that the respective limits v and w are the minimal and maximal solutions of (P)
satisfying 0 <v < w < S.
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Let u be any solution of (P). Since 0 < up < S, the iteration of the above construction gives
v, < u < wy, and hence we have v < u < w < S. Multiplying (1.1) by u and integrating by
parts, we have the estimate

t

;/u (x, t)dx+/f|Vu| dxdt = /uo(x)dx+k*// (lu|_x|“)2 dxdt.
B 0

Since N > 2 and 0 < u < S(x), we get that

|x|* |x|*

(1 - u)2 (1 — S(x))?

a4
dx = | |x| 3 dx < o0.
B

These give that Vi € L?(B x (0, 1)). Moreover, multiplying (1.1) by u; and taking integration
in any interval [z, T'], we obtain

o
//u dxdt + - //—|W| dtdx—A*// LA
dt 1 —u

Therefore, we have

o o
/’Vu(x,T)|2dx <2)»*/|: Al — Al i|dx+/|Vu(x,r)|2dx < 00,
B B B

1-8S&x) 1—ulx,1)

which leads to (2.4). As a consequence, it then turns out that f I u?dxdt < C forany T > 0,
which yields (2.3).

We next discuss the boundedness and smoothness of weak solutions for (P). This is not
immediate unless the initial data ug is bounded away from 1, but it follows from a delicate
argument. Without loss of generality, in the following we may as well consider only the maximal
solution w of (P). Given any T > 0, we introduce a new variable

dx,1)=S8x) —wi(x,t) inBx(0,T),
where w is defined as in (P). Then ¢ satisfies

¢ —Ap=0 inBx(07T), ¢(x,0=5Sx)—uyx)>0 inB, ¢=0 ondB.
(2.5)

It is then clear that ¢ is a smooth function in B x (0, T'). Furthermore, the strong maximum
principle implies that ¢ (x, 1) = S(x) — wi(x,7) > 0in B x (0, T), and hence w,(x,t) < --- <
wa(x,1) < wi(x, 1) < Sx) <1 for any t > v > 0. This gives that the maximal solution w =
lim,,— - w, of (P) is bounded away from 1. Finally, once we prove that the maximal solution w
of (P) is bounded away from 1, the C*°-smoothness of w immediately follows from the standard
bootstrap argument of heat equation u; — Au = g. This completes the proof of Theorem 2.1. O
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We note that the boundedness of Theorem 2.1 does not depend on N and «. Further, for the
case

either N>8anda >o™ or 2<N <7, (2.6)

the solutions of (P) are uniformly bounded for all large times, which was essentially proved
in [9], if the initial data u¢ is no larger than its minimal steady-state u;,. But the uniformly
boundedness is not true for the case where N > 8 and 0 < o < o™, since the solutions are
attracted by the singular steady-state S(x) as t — 0o, see Theorem 2.6 below for more details.

2.1. Uniqueness of dynamic solutions

The purpose of this subsection is to discuss the uniqueness of global solutions for (P). By
applying the Hardy inequality, we first prove the following uniqueness in higher dimensional
case.

Theorem 2.2. If N > 8 and 0 < a < o™, then the solutions of (P) must be unique.

Proof. Suppose that u is any solution of (P). Let ¢ (x,t) = S(x) — u(x, 1), then ¢(x,7) >0 on
Q and satisfies

1 1
— Ap = Ay x|* — . 2.7
¢f ¢ |x| [(rzga)z (errTa +¢)2} ( )

It now suffices to prove the uniqueness of solutions ¢ for (2.7). Actually, suppose that there is
another solution v for (P) and set ¥ = S — v which also satisfies (2.7), then multiplying the
difference of the two equations by ¢ — i and integrating on B, we obtain

/|¢ vl dx+f/|V(¢> W) dxdi < f/| S0~y Pdxdi

(N 2)2//|V(¢ ¢)| dxdt, (2.8)

where the last inequality is derived by applying the Hardy inequality (N > 2):

2 2
(N74 2 ld)? dx < / |Vp|>dx forany ¢ € H (B). (2.9)
x
B

B

Note that if N > 8 and 0 < o < o™*, then we have i Ngf’i)z < 1, and therefore, the uniqueness
follows from (2.8). O

For the case (2.6), in general one cannot expect the uniqueness of global solutions for (P).
Essentially, motivated by [7], we conjecture that the non-uniqueness of global solutions for (P)
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holds under the assumptions (2.6) and up(x) = S(x) =1 — |x|2+Ta. However, the following the-
orem shows that the uniqueness does hold if the initial data o has weaker singularity than S(x)
near the origin.

Theorem 2.3. In addition to (2.1), if the initial data uqy also satisfies

0<uo(x) <1—I|x|? with |x| <R (2.10)

for some 0 < B < 2% and 0 < R = R(B) < 1, then the solutions of (P) must be unique.

Remark 2.1. Given any solution u(x, t) of (P), one can deduce from Theorem 2.1 that there
exists a small & > 0 such that any solution u(x, €) is regular. This further implies that u(x, ¢)
satisfies (2.10). Therefore, Theorem 2.3 essentially shows that, in general, there exists a small
& > 0 such that the uniqueness of global solutions for (P) holds for ¢ € [¢, 00), and while the
uniqueness maybe fail in the time interval [0, ¢).

The proof of Theorem 2.3 is based on the following lemma.

|x|*
(1—u)3
X, =L>(0,T]:L?(B)) for some p > % Then the solutions of (P) must be unique in this
class.

Lemma 2.4. Suppose that u is a solution of (P) defined on the interval [0, T] such that

€

Proof. Suppose u1,u; € X, are two solutions of (P). The difference U = u — u» then satisfies
U —AU=aU inBx(0,T) 2.11)

with zero initial data and zero boundary condition, where

1 1
2 T =2 1 1
0 < a(x, 1) = hylx|* L2 U207 < 9) x| max : ,
up—uy A—up)’ (1 —un)?

which implies that a(x,t) € X,. We now fix T1 € (0, T'] and consider the solution ¢ of the
problem

o+ Ap+ap=0, xeB, 0<t<Ti,
¢ (x, T1) =0(x) € Co(B), (2.12)
¢(x,t)=0, xe€0B.

The standard linear theory (cf. Theorem 8.1 of [13]) gives that the solution of (2.12) is unique and

bounded. Now multiplying (2.11) by ¢, and integrating it on B x [0, T], together with (2.12),
yield that

/ U, T1)0(x)dx =0

B

for arbitrary 77 and 6 (x), which implies that U = 0, and we are done. O
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|x|*
) (1—u)?
of (P) in view of Lemma 2.4. However, the given restriction # < S(x) is not enough for such
an estimate, since (1‘i|5)3 = |x|=2 € L?(B) holds only for p < % By a more delicate analysis,
we next proceed the proof as follows. For any solution u = u(x,t) of (P), introduce a new
transformation

In order to prove Theorem 2.3, we need to obtain X ,-estimate of

for any solution u

w = —log(l —u), (2.13)
then w > O satisfies
w, — Aw = Aylx|%e3Y — |[Vw|?, (x,1) € B x (0, 00),
w(x,O):wo(x)§WOE—2+alog|x|, x€B, (2.14)
w(x, 1) =0, X € 0B.
Note that Wy = —”T“ log|x| is an unbounded steady-state of (2.14). In order to complete the

proof of Theorem 2.3, it now suffices to prove the following X p-estimate on w.

Lemma 2.5. Suppose that w is any solution of (2.14) defined on the interval [0, T], and set
Wolx) = —”T“ log |x|. If the initial data wy satisfies

BWo(x) for|x| <R,
0 < wol) s { Wo(x) for R <l|x| <1, 215

for some 0 < B < 1and 0 < R = R(B) < 1, then we have |x|*e>" € X, =L>*(0,T]:L?(B))
>

p
N
for some p > =

Proof. We first construct the unique maximal solution K = K (x, t) of (2.14) by iteration: Let
Ko = Wy, which is a stationary supersolution of (2.14), and consider the problem

(Kn)i — AKy = helx|*@% 1 — VK, 1, Ky(x.0)=wo,  Kulpp=0, (2.16)
where n =1, 2, . ... Similar to Theorem 2.1, one can deduce that

2+«

O<-- <Kp<- <Ky< K1 <Ko=Wplx)=— log [x|.

It is then clear that the limit K of K, is the unique maximal solutions of (2.14) satisfying
0 < K < Wp. Under the assumption (2.15), in the following we need only to prove that
Ix|%e3K € X, =L>([0,T]: L?(B)) for some p > %

Since Wy(x) = —&T“ log|x|, we have

2+a)(N-2)

Aelx |20 VW2 =
x| [VWol e

2.17)

We define U as the solution of the problem

Uy — AU = A x )% — [VWo|> in B x (0,T) (2.18)
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with zero boundary and initial data. Note that (2.17) now implies U = 0 for N = 2. We also
define v = v(x, t) as the solution of

w—Av=0 inBx(0,T), vx0=Wyx), vlg=0. (2.19)

For any 0 < 7 < T the solution v(x, ) is C*-smooth in the closed ball and goes to zero as
T — 00. Since W) is a stationary solution of (2.14), we have

Wox) =U(x,t) +v(x, 1),

and Wy =v(x, 1) for N =2.

We next estimate the maximal solution K of (P) by repeating the iteration defined by (2.16).
Under the assumption (2.15), without loss of generality we may assume

wo(x) = BWo + const
for some 0 < B < 1. The first iteration K satisfies
(K1) — AK) = Ailx|%EY0 — [VWo> in B x (0,7)
with zero boundary data and with initial function wg. We then have
Ki=U+Bv+const, 0<B<l1. (2.20)

We now separately consider the following two cases.

Case 1. N = 2. In this case, U =0 and Wy(x) = v(x, t). Since {K, } is a decreasing sequence,
we obtain from (2.20) that

Ix|%3K < jx|?3K < Clx %3P = c x4 ePMo < C|x|7* in B x [0, T,

and hence |x|%e3K ¢ X, =L(0,T]: LP(B)) for some p < % with 0 < 8 < 1, where p can

N
be taken larger than 7.
Case 2. N > 2. In this case, we obtain from (2.20) that
Ki=U+pBv+const=Wy— (1 —pB)v+const, 0<B <1,

and hence

e 3U=pw _ c(x,t)
X2 x?

x4 < C

where c(x,t) — 0 as (x,t) — (0, 0). Therefore, for any small 0 < R = R(B) < 1 there exists a
positive constant Cy, = C«(R, 8, T) < 1 such that
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Ci(2 N -2
helr e — VK2 < a3kt < S +3T)|(2 )
X

= Ci[rslx|®e?0 — [VWo[*] in B x [0, T,

where (2.17) is used in the equality. Taking C, € (8, 1), we then get that
Ky < C,U + Bv+const=C, Wy — (Cy — B)v 4+ const < C, Wy + const,
and hence
Ix|%3K < jx|?e3K2 < Clx*3GM < Clx| 2% in B x [0, T

This implies again that |x|*¢3K e X, =L%([0,T]:L?(B)) for some p < % with 8 < Cy < 1,

where p can be taken larger than % This completes the proof of Lemma 2.5. O
2.2. Global convergence or instantaneous touchdown

In this subsection, we study the stability or instability of the solutions as t — co. We shall
prove that for ug < S(x), the solution u of (P) globally converges to the minimal steady-state
of (P); and while for ug 2 S(x), the solution u of (P) instantaneously touches down at the time
t :V(\)/é: first discuss the case where the initial data satisfies ug < S(x).
Theorem 2.6. Let u be a global solution of (P) satisfying (2.1) and (2.2).

1. If
eitherr N >8anda >a™ or 2<N<KT,
then we have

lim u(x,t) =u;, (x) in L*(B),
t—0o0

where u), (x) is the minimal stationary solution of (P).
2. If

N>8 and 0<oa<a™,
then we have

Jim u(x, 1) =S() in L*(B).

Proof. Since u satisfies (2.1) and (2.2), Theorem 2.1 then implies the regularity u, € L>(B x
(t, 00)) for any ty > 0. So the Holder inequality gives that
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t+s8 2 t+s8
/|u(x,t)—u(x,t+s)|2dx:/ /a—l:(x,r)dr dxé/(s/'a—b;(x,r)
B B B t

t

2
dt) dx.

2.21)

Note from Theorem 2.1 that u satisfies the estimates (2.3) and (2.4). Applying (2.4) gives that
there exist a function v(x) and a sequence {#,} satisfying

u(x,t,) =~ v(x) weaklyin HOI(B),

u(x,t;) = v(x) in L2(B) and a.e.

In particular, for fixed s > 0 it reduces from (2.3) and (2.21) that
lim ”u(x, th +5) —u(x, t,,)”2 =0.

n— 00

Moreover, for u, (x,s) =u(x,t, +s) we have
up(x,s) = v(x) in Lﬁfc((r, 00) : L2(B)) asn — oo0.

Passing to the limit in the weak form of the equation satisfied by u,, we now conclude that
v < § is a weak solution of the associated stationary problem. We next separately consider the

following two cases.

Case 1. N > 8 and 0 < o < o™ . For this case, it is known from [8] that (P) has a unique
stationary solution S(x), and hence v(x) = S(x) in B. This gives Theorem 2.6(2).

Case 2. We now consider the second case where
either N >8anda >a™ or 2<N<KT.
For this case, we recall from [4,8] that (P) has a regular minimal stationary solution u;,_,.

Since Theorem 2.1 implies that any solution u of (P) is bounded away from 1 for all fixed
t > 0, after slightly moving the origin of the time, we may assume that uq satisfies

2
Oguo(x)<1—|x|’3 for some 0 < 8 < +a.

(2.22)

The solutions of (P) must be unique under such an assumption. Let w be a solution of (P) with
initial data wo = yuy, + (1 — ¥)S > up for some 0 < y < 1. We then have u;, (x) < wo(x) <
S(x) in £2, and the inequality

Al x| Al x| Al
Awg +y + U -y)7—3=0=(wo)

A — < _—
ot )2 1w, TGE
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implies that wq is a supersolution of (P) with initial data wg. Since u is a solution of (P) with
uop < wo, the comparison principle now yields that

ux,t) <wx, ) <wy(x) < Skx) in B x (0, 00),

which implies that v(x) < S(x) in B. We now conclude from Proposition A.1 that it must have
v(x) =u;,(x) in B.

The uniqueness of the limit follows from a classical argument in dynamical systems. Indeed,
if there were two different sequences {7;} and {r/} satisfying u(x, #;) — uy,(x) as t; — oo, and
u(x, 1)) = S(x) as t{ — oo, respectively, then for any constant ¢ between |u;, |2 and || S||2,
one can find out another sequence ('} satisfying |lu(x,]")||l2 = c as t' — oc. Since the orbit
is compact in L%(B), we have a limit w(x) = hmt//_)oo u(x t”) which would be the third sta-
tionary solution of (P) satisfying u;, < w < S in 'B. By choosing a proper constant c, it now
reduces to a contradiction with Proposition A.1 again. Therefore, the proof of Theorem 2.6(1) is
complete. O

For any N > 2 and o > 0, we next consider the dynamic problem (P) with initial data larger
than S(x), and we obtain touchdown in the strongest possible sense: it happens for any kind of
weak solutions and it is complete almost everywhere in the sense of [1]—instantaneous touch-
down takes place at the time # = 0.

Theorem 2.7. There is no weak solution u of (P), with ug(x) Z S(x) in B, defined in a domain
Or =B x(0,T) with T > 0 such that

ux,t)z Sx) in Qr. (2.23)

Proof. Let u be any solution of (P) with initial data ug 3 S on B. Setting  =u — S, then ¥
satisfies

1 1
Vi — AY = X*IXIQ[ 2ra ] in Or (2.24)
(x5 = lﬁ)z (x| 52

with initial data ¥ = ug — S, and with zero boundary data. Now choose a function vy such
that 0 < § — vg < up — S, and let v be the maximal solution of (P) constructed in the proof of
Theorem 2.1. Define ¢ = S — v, then ¢ satisfies

1

(x| 5 )2 (x| 5% +¢)2}

¢ —Ap= X*IXI“[ in Or (2.25)

with initial data ¢g = S — vo < ¥, and with zero boundary data. Recalling from the iterative
construction of v in the proof of Theorem 2.1, we observe that ¢ is the limit of the sequence
{¢n}. The first iteration ¢ satisfies (¢1); — A¢; =0 in Q7. Making use of the inequality

1 1 2s 1 1

24« - 2+4a > > 24«
WP =02 (5927 (59T (592 (P 402

fors >0,
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the standard comparison theorem of heat equations gives that ¥ > ¢1 in Q7. In a similar way,
we have ¢ > ¢, in O, and it therefore reduces to the limit ¢ > ¢ in Q7. This leads to

u(x,t) >285x) —v(x,t) in Qr. (2.26)
Since for any ¢ > t > 0, Theorem 2.1 implies that ||v(x, #)|lcoc < C(7) < 1, and hence we have
ulx,t) >2285x)—C(r) ifr>r. (2.27)

‘We now define

3
ap=ap(t) := <#) zw, B = min{l — ao, %0}.

Defining the domain
D:={x € B: ap— B <|x| <ao+ B}

then for ¢ > 7, (2.27) gives the following estimate

Aslx|*dx >f As|x|*dx >/ Aslx|* dx

S A= TS ey - 12592 T ) (@) — 12T

ao+p
=ANw,

N+ot—l dl"

(C(T) -1+ 2r )2
ao+p =242 2#

_SXNw / r r
2+aa (C(r) — 142752

- @o+8) 5 .,

w 3N—2+2« S

S
T 424 ) (s — =50y

240
(ao—p) 3

= +OO,

where w),, refers to the volume of the unit ball B in RN . This implies that ’\*‘Xl)z ¢ LY(Bx(z,T))

for any 0 < t < T < oo. Therefore, the known result for heat equation, cf. Lemma 1.4 in [1],
now yields that the solution ¥ must have a complete touchdown at time 7. Since t is arbitrary,
we conclude that ¥ must have a complete touchdown at the time ¢t = 0, which is also referred to
as “instantaneous touchdown.” O

3. Asymptotic behavior in the inner region

Borrowing the ideas from [3,6], the rest of this paper is devoted to asymptotic behavior of

global solutions for (P), provided N > 8and 0 < o < o™ := w. In this case, recall
that (P) has a unique solution # which globally converges to the singular steady-state S(x). In
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this section, we discuss the asymptotic behavior of u in the inner region. We shall prove that in
the inner region, the solution u is given asymptotically by a quasi-steady problem so that it is
close to a radially symmetric stationary solution. We therefore begin with studying a family of
stationary solutions for (P).

Consider the symmetric stationary equation

Asr®

0, U=U(r), r>0. 3.1)

Let Uy(r) be the radially symmetric solution of (3.1) with the conditions
Up(0) =0, U(’)(O) =0. (3.2)

It is clear that Uy(r) < O and U(’)(r) <O forany r > 0. Forthecase N >8 and 0 < o < o™ =

4—6N+3;/6(N—2)’ we have

Uo(r) < SGr)=1—7r3" forr>0. (3.3)
Moreover, if N > 8 and 0 < o < o™**, then for r — o0,
Uo(r) =S(r) — bor” (1 +0(1)) with by =bo(N, ) >0, (3.4)

where Y4 = y4+ (N, ) < 0 is a constant explicitly computed in (4.10). For the critical case where
N > 8 and o = ™*, the asymptotic expansion of Uy(r) is different:

Up(r)=S({r) — bor%TN lnr(l + 0(1)) asr — o0, bg =bo(N) > 0. 3.5

Applying the scaling property of Eq. (3.1), one can deduce that for any given 0 < u < 1, the
solution U, (r) of (3.1) with U, (0) = p and U[/l (0) =0 has the form

_3
Up(r) =p+ (1 —w)Up((1 — )~ 7r) (3.6)
and satisfies (3.3). Given sufficiently large § > 0, then for the case N > 8 and 0 < @ < o™,
3
Up(r) = S(r) — bo(1 — ) "5 r7+ (1 + 0(1)) forr>8asu /1, (3.7)

while for the case N > 8 and o = o™**,

1430=2 2N 3
U,(r)=S8)—bo(1 — ) "2ty 2 ln((l — ) e r)(l + o(l)) forr>d6asu 7 1.
(3.8)
In both cases, it yields for u 7 1
U,(r)=S(r)—0 uniformly on [§, 00). 3.9)

Observe that U, (r) is strictly increasing in p for all » > 0.
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3.1. Inner analysis

In this subsection, we shall show that in the inner region, the asymptotic behavior of the
unique solution u for (P) is given by a slow motion of the orbit {u(-, ¢), ¢ > 0} near the family
of stationary states {U,,(r), p > 0}. In view of the uniqueness of u, an evident symmetrization
and comparison argument imply that one may now assume u(r,t) > 0 to be symmetric and
decreasing in r for all # > 0. Therefore, in the following we define

B()=supu(r,t) =u(0,t) > 1 ast— oo. (3.10)

Moreover, intersection comparison with the family of stationary solutions implies that we may
also assume strict monotonicity

B'(t)>0 forallt>1, (3.11)
see a similar comparison in Chapter 4 of [17] or in the coming Lemma 3.2.
We first establish the following slowly varying stationary structure of the solution in the inner

region, a result which is quite general for such a kind of asymptotic behavior.

Lemma 3.1. Suppose N > 8 and 0 < o < a™*, and let u be the unique solution of (P). Then as
t— 00,

u(r, 1) =Ugpy(r)(1+o(1))  with B(t) =u(0,1) (3.12)
uniformly on compact subsets {€ = (1 — ﬁ(t))fﬁr < C} with any bounded C > 0.

Proof. We introduce the rescaled function 6 satisfying

u(r,n) =)+ (1-B0)0E, 0, &=(1 —ﬂ(r))*ﬁr. (3.13)
It then follows from (3.10) that
0(0,t)=0 and 6 <O0. (3.14)

Substituting (3.13) into (P), and introducing a new time variable

t
r:/(l—ﬂ(s))_”%dseoo ast — 00, (3.15)
0

we obtain that the function 8 (£, 7) < 0 satisfies the following parabolic equation
0: =S(0) + g(r)C8, (3.16)

where S is the stationary operator (3.1), the function g(z) and the linear first-order operator C
satisfy
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Co =

0),
g(’):‘m( —B®) B ) =[(1-Bw®)*] <o. (3.17)

Note that (3.16) looks more like a time-dependent perturbation of problem (P).
One can deduce from (3.15) and (3.17) that

o0

[ 6 [ dBw) _

sdt=— I T=80

which implies that the perturbation g(t) is not integrable in time. However, on any compact
subset of £, we have
Asgr® lim Asr®
Hl <
0(1—u)? r—>0 (1—B(1))?

— i (80 — BT
= l1m
r=0  (1=pB(1)?

B'(t) = u; (0, 1) < lin

<c(1-pm)F.

Together with (3.17), this estimate shows that g(t) is uniformly bounded on compact subsets
of &. Therefore, the standard C®®-interior regularity of uniformly parabolic equations gives the
uniform boundedness of — = 9, 0%, B¢, O and O;¢ on any compact subset of &.

We now claim that g(t) — 0 as T — 0o on any compact subset of £. We argue it by a contra-
diction. Since g is uniformly bounded, we then may assume that there exists a sequence t — 00
such that g(tx) - —y0 < 0. Then the interior regularity gives that 6(-, ty + s) — h(-,s) uni-
formly on any compact subset of £, where & solves the autonomous equation

hs =S(h) — yoCh, 520,
and moreover,
h(0,s)=0, h(,s) < S&).

By the strong maximum principle, this means that 4 (&, s) is the stationary solution, A(s) = V)
which solves the stationary equation

S(Vo) — yoCVp =0, Vo(0) =0, Vo < S.

For any yp > 0, the function V{y comes from the following relation

e (x, t)_l—[yo(T—t)] “(1- Vo). ”Zm’

where u,(x, t) is the touchdown self-similar solution of (P) with finite touchdown time 7. One
then concludes that V(1) must intersect S(7), because otherwise no touchdown is possible at
finite time 7 in this problem. But this is a contradiction under the assumption u < S. Therefore,
g(7) must vanish at infinity on any compact subset of £.
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Now multiplying (3.16) with T = 74 +s by the test function x (£, s), integrating over R¥ x R
and passing to the limit as k — oo, it yields from the regularity that (-, tpx +s) — F(-,s)
uniformly on compact subsets of &£, where the function F(-,s) satisfies the limit equation of
(3.16), i.e.,

FSZS(F) iHR+XR+.

It then follows from (3.14) that F satisfies the same conditions as 6. Moreover, the standard
regularity theory of uniformly parabolic equations with analytic coefficients gives that F is a
C®°-function and analytic in &. We finally claim that

F(&,5)=Uo(§). (3.18)

Indeed, if (3.18) is not true, then via the Sturmian argument, (3.14) for F implies that F (&, s)
intersects the stationary solution Uy (§) infinitely many times for all s > 0. Since the Sturmian ar-
gument also implies that the number of intersections between 6 (&, t) and Uy (£€) cannot increase
with the time, and since it was finite at initial time 7 = 0 due to the analyticity of both solutions,
it now reduces to a contradiction. This gives (3.18).

In view of (3.6), (3.12) now follows from (3.13) and (3.18), which completes the proof of
Lemma3.1. O

The following result shows that the stabilization in (3.12) is from above.

Lemma 3.2. Suppose N > 8 and 0 < a < o™, and let u be the unique solution of (P). Then for
0(&,t) defined in (3.13), we have as t — o0

0, 1) = Up(é) (3.19)

uniformly on compact subsets {€ = (1 — ﬂ(t))_ﬁr < C} with any bounded C > 0.

Proof. We argue via the intersection comparison with a family of stationary solutions {U,}, see
the method in Chapter 7 of [17]. Since the strong maximum principle yields that u/. > S, with
t > 0atr=1,(3.9) gives that any stationary solution U, intersects u(r, 1) exactly once as u
sufficiently approaches to 1. On the other hand, the Sturmian argument implies that the number
of intersections J,(¢) between the solution u(r,t) and U, (r) cannot increase in time. Hence,
Ju(t) <1 for all + > 0, which means that u(r,t) > U, (r) if u = B(t) as t — oo, i.e., we have

for & = (1 — B(t)) Tar

u(r,t) =)+ (1= B1))0E, 1) = Upy = (1) + (1 = (1)) Up(§) ast — oo,  (3.20)

uniformly on compact subsets {§ = (1 — ,B(t))_?%ar < C} with any bounded C > 0. This gives
the validity of (3.19). O
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4. Asymptotic behavior in the outer region

In this section, we study the asymptotic behavior of a unique solution u(x, ¢) for (P) in the
outer region, away from the origin. For that, we set w(x, ) = S(x) — u(x, t), then w(x,#) - 0
as t — oo for any |x| € [0, 1], and it satisfies

1
—Aw:k*|x|“|: T ] in B x (0, 00),
r3)2 3 +w)?
wo 1= w(x,O):S(|x|)—u0(x)>0 in B, w=0 ondB x (0,00). 4.1

We may assume that i o ” wo? € L?(B) so that a standard regularity theory can be used to deduce

w(x, 1) € C*°((B\ {0}) x (0,00)) and w(x, ) > 0in B for all ¢t > 0. Consider (4.1) in the form

2A
w, = —Aw — F(w) with Aw = —Aw — ﬁw, 4.2)
X
where F is the nonlinear operator
1 1 2w
F(w) = Aylx|* =T - —— 7 >0 forw >0. (4.3)
w3

4.1. Analysis of linearized operator A

This subsection is focussed on the analysis of the linearized operator A, and our main results
can be stated in the following lemma.

Lemma 4.1. Suppose N > 8, then the operator A defined in (4.2) admits the following proper-
ties.

1. If 0 < a < a™*, then the operator A has a unique self-adjoint Friedrichs extension, which
is positive definite with a purely discrete spectrum. Moreover, the first eigenvalue L1 of A
satisfies:

(4.4)

8(2 3N —4
M}m:m.(l— (2+o0)BN +a )>>O,

9(N —2)?

where 1 > 0 is the first eigenvalue of — A in B, and the orthonormal set of eigenfunctions
{Vr} for A is complete.

2. If o = o™, then the operator A has a unique self-adjoint Friedrichs extension with a purely
discrete spectrum of simple eigenvalues o (B) = {--- < Ay < A1 < 0}. Moreover; the ortho-
normal set of eigenfunctions {yr} for A is complete.

Proof. 1. First, we consider A in the domain D(A) = H?(B) N H}(B). Using the following
well-known Hardy inequality with N > 5 (see, for example, the Appendix of [3])

/de k2/|Aw|2dx,
B
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we have Aw € L*(B) for all w € D(A), and A is symmetric. Multiplying (4.2) by w in L?*(B),
and using the regularity of the classical solution w, we get that

1d
0< 5~ Iwll3 <~ Vw3 + 22, fl 7 dx <=y |Vuls, 4.5)

where

_8Q+@)BN +a—4)

0
9N —2)? -

4 — 6N 4+ 3v6(N -2
— N>28and0<a<a™:= +4\/—( ). (4.6)

Note that the Hardy inequality (2.9) is applied in the last inequality of (4.5). Since ||Vw||§ >
willw ||% for any w € HO1 (B), where w1 > 0 is the first eigenvalue of the problem

—AY =upy, ¥ eHNB),
it now follows from (4.5) that
(Aw, w) 2 y[Vwl3 =m|wll3, m=yu >0, 4.7)

provided that N > 8 and 0 < @ < o™*

The above analysis shows that the operator A is lower semibounded and positive definite.
Therefore, there exists a unique Friedrichs extension of A (still denoted by .4), which is obtained
from the quadratic form associated with .4 and satisfies the same lower bound (4.7), see e.g.
p- 228 in [2]. It then follows from (4.7) that HO1 (B) € D(A). As long as we consider radially
symmetric functions (due to the symmetrization argument of parabolic equations), we can take
N >8and 0 < o < a™*.

Solving the homogeneous problem

Ay =0 in B, ¢y =y (), 4.8)
we obtain the following two linearly independent solutions

Yr=r" and Y_=r"", 4.9)
where y_ < y4 < 0 are two roots of the quadratic equation

22+ 3N +a —4
P+ -2y + ZEEDERTEED

so that for N > 8, we have

1
i:E[z—zvj:\/Zko with A = —8a% — (24N — 16)a + (ON? — 84N + 100). (4.10)
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Note that
A>0 < N>8and0<u<ao™,
and direct calculations show that
Yy eL?*(B) and vy, e H'(B). 4.11)

Defining

4 — 6N + +/54N2 — 216N + 208
Ol+ = 5
4

we next separately discuss the following two cases.

Case 1. 0 < o < . In this case, one can check that _ ¢ L?>(B) and A is essentially self-
adjoint on Cgo (0, 1), see [3]. This corresponds to the “limit-point” case of a singular endpoint
r =0, cf. [16]. Observing from the fact

w=Sr) —u<SE)=1-r3" <) asr—0,

we impose an extra boundary condition at the singular endpoint r = 0: the singularities of eigen-
functions v for the operator A are of the type O (r¥+) as r — 0, for example,

Yi(r) =ar’ (1+o(1)) asr—0 (4.12)

with a constant a; = a; (N, o) > 0. This corresponds to a unique Friedrichs extension of 4. The
coercivity estimate (4.7) now implies that .A~! is well defined. Therefore, calculating A~! f via
a standard procedure for the Sturm-Liouville operators, we obtain an integral equation with a
Hilbert—-Schmidt kernel C(x, y) € L*(B x B), cf. p- 250 in [2]. It then follows that there exists
{Ax}, an increasing sequence of the eigenvalues of 4, and the corresponding eigenfunctions {}
form an orthonormal basis in L?(B) restricted to radial functions. Also, we have that A| is simple
and ¥ (r) > 0in B.

Case 2. a4 < o < ™. In this case, it yields from (4.9) and (4.10) that both functions ¥+ €
L?(B), which corresponds to the “limit-circle” case of a singular endpoints r = 0, cf. [16]. For
this case, by assuming (4.12) and using the uniform boundedness

W=Sr) —u<SE)=1—r3" < ¥s(r) asr— 0, 4.13)

we obtain a unique Friedrichs extension which again plays a special role. Indeed, setting
w = ¥_ W, then the function W satisfies the equation

W;:—BW—%F(W_W), (4.14)
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where B is the linear operator

—1
BW=-w, -2 "w,, u=2-Va<2, (4.15)
r

and (4.13) implies the boundary condition
W=0 atr=0. (4.16)

Moreover, the equation B¢ = 0 admits linearly independent solutions ¢4+ = ¥ /¢¥_ and ¢p_ =1,
where the latter does not satisfy (4.16). Therefore, the endpoint r = 0 of 5 is now in the “limit-
point” case (and can be treated as a regular one) for the operator (4.15) subject to the condition
(4.16). Then in the similar way of Case 1, one can conclude that B! is a Hilbert-Schmidt
operator. It then follows that there exists an increasing sequence of eigenvalues for B, and the
corresponding eigenfunctions form an orthonormal basis in the weight space L% (B), p=r*=N,
of the radial functions. Furthermore, we obtain the similar results for the operator A.

2. For the case N > 8 and o = o™, we again solve the homogeneous problem (4.8), which
gives the following two linearly independent solutions

2-N 2-N
Yr=r 2 and Y_=r 2 logr,
where we apply (4.10) and the fact
N>8anda=a™ <= A=-8a>— (24N —16)a + (9N? — 84N + 100) =0.

The calculations show v+ € L?(B). This again corresponds to the limit-circle case of the singular
endpoints r = 0, cf. [16]. Similar to Case 2 in Lemma 4.1(1), one can deduce that the operator A
has a unique self-adjoint Friedrichs extension with a purely discrete spectrum of simple eigen-
values o (B) = {--- < A2 < A1}, and the orthonormal set of eigenfunction ¥ is complete.

For this case, we now note that the operator A can be simplified into

N—1 N —2)2
Ay (r)=—y" — . W—( 4)

V.

Then the Hardy inequality implies that the operator A is non-positive (semi-bounded): Ay < 0
for all ¥ € D(A) = H*(B) N H} (B). Therefore, we have Ax < 0 for any k = 1,2, .... Finally,
if A1 = 0 then solving Ay (r) = Ay (r) = 0 yields that the unique solution y; = ¥_ ¢ D(A),
a contradiction. Therefore, it must have A; < 0, and we are done. O

4.2. Outer analysis

In this subsection, we now discuss that the asymptotic behavior of radial solutions in the outer
region which is governed by the stable manifold of operator (4.2).

Lemma 4.2. Assume N > 8 and let w(r,t) be a solution of (4.1). Suppose that L1 and | are
the first eigenpair of operator A.
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1. If 0 <« < o™, then Ay > 0 and there exists a constant C; = C1(ug) > 0 such that as t — oo
w(r,t) = C1e_)“t1//1(r)(1 + 0(1)) uniformly in {6 <r <1} withé >0. (4.17)

2. If a = o™, then 11 < 0 and there exists a constant Co = C»(ug) > 0 such that as t — o0
w(r,t) = Czellttpl (r)(l + 0(1)) uniformly in {§ <r < 1} with § > 0. 4.18)

Proof. 1. Following Lemma 5.1 in [3], we set w = e~M'y. Then v satisfies the equation

v,:—.Av+A1v—eA"F(e_)“tv) (4.19)
with initial data v(x, 0) = vg = wo, where F is defined by (4.3). It follows from Lemma 4.1 that
(Aw,w) = A wl}  in D(A). (4.20)

Therefore, multiplying (4.2) by w in L?(B), and using (4.20) and inequality (4.3), we obtain that
d 2 2
>, < _2)" )
dtllwllz Hlwliz

which implies that f B vz(r, t) dt is non-increasing in . Recall that one may assume u(r, ) > 0 to
2+«

be symmetric and decreasing in r for all # > 0. Therefore, since w = SFr) —u < Sr)=1—r"3
and (4.12) gives | (r) ~ r¥+ as r — 0, we deduce that there exists a (small) constant A such
that

v(r 1) < Ay (r) in B x Ry 4.21)

The last perturbation term in (4.19) is exponentially small in the sets {0 < v < C}, and hence it
is integrable. We next prove that 0 does not belong to the w-limit set w (vg) of the solution v.

In order to derive a lower bound of v, we substitute the upper bound (4.21) into (4.19) to get
that v > z, where the function z(r, t) solves the following linear parabolic equation

z=—Az+ Mz — " F(e ™M Ay (r)) in B x Ry, (4.22)

where z has the same initial data and boundary data as v. It follows from Lemma 4.1 that the
solution z of (4.22) is given by the series

2 ) =Y Oy, (4.23)

k

where the coefficients {cy (¢)} satisfy the dynamical system
¢y =—eM(F(e7M" Ayry), y), (4.24)
= —r)ek — M (Fe ™M AY), Yn), k=2,3,.... (4.25)

One can see from (4.3) and (4.11) that the right-hand sides in (4.24), (4.25) are well de-
fined, and the scalar product terms are exponentially small. Specially, we split the integrals of
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(4.24) and (4.25) into two parts, over B, and over Bfo, where ro = ro(t) is chosen such that
e_’\"Atpl (ro(t)) = 1. Similar to Lemma 5.1 in [3], one then deduce that

MF(e M Ay ), Yi) > 0 ast — co. (4.26)

Since A] — Ay <A — A2 <O forall k=2,3,..., we conclude that the asymptotic behavior of
z as t — oo is governed by Eq. (4.24). Furthermore, (4.24) implies that the limit value ¢ (c0)
is strictly positive provided that A is not too large, a condition which is essential in view of the
estimate (4.21).

Passing to the limit as + — 0o, we now obtain that

tl_i)rgoinfv(r, 1) > %cl(oo)wl(r), 4.27)

which gives the lower bound of v(r, t). Multiplying (4.19) by v, in L?(B;) and integrating it
over ¢, one can prove that (4.19) admits an approximate Lyapunov function which is “almost”
non-increasing on the evolution orbits. Further, it deduces from (4.21), (4.26) and (4.27) that the
following integral convergence holds

f v (s) |5 ds < oo (4.28)
1

Fix now a sequence {t; — oo}. Passing to the limit in (4.19) as t =¢; + 5 — 00, in view of
(4.28), the standard regularity results for uniformly parabolic equations yield that the limit set
w(vp) of v satisfies

w(vg) C {v >0: Av=Av, ve HOI(B)}.
It then follows from (4.21) and (4.27) that
wy) S{v=0: v=Cy¥y(r), 0<C <A}
The uniqueness of limit points, i.e. w(vg) = {Coyr1} with Cg > 0, follows from the monotonicity:
multiplying (4.19) by v and using (4.3) and ¥4 € L?(B), it yields that %Hv(t)”% < 0. This
completes the proof of Lemma 4.2(1).

2. For the case where N > 8 and o = o™*, Lemma 4.1(2) already gives A < 0. Setw = e
then v satisfies the equation

)»]Iv’

vy =—Av— v — e_)‘”F(e)‘”v)

with initial data v(x,0) = vgp = wg, where F is defined by (4.3). The rest proof is completely
similar to that for Lemma 4.2(1), and we leave the details to the interested reader. 0O

5. Asymptotic expansion of global solutions
In this section, we are ready to discuss the asymptotic expansion of the unique global solution

u for (P) with N > 8. We shall study the cases 0 < & < o™ and @ = &™* in Sections 5.1 and 5.2,
respectively.
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5.1. Analytical expansion for the case 0 < a < o™**
The main purpose of this subsection is to give a rigorous proof for Theorem 1.4 concerned
with the asymptotic behavior for the case N > 8 and 0 < o < o™*. We first observe the formal

matching expansion of the unique global solution u for (P): using (3.12) and (3.7), and setting
r =6 for § < 1, the difference w = S(r) — u satisfies

|
w(@, 1)~ bo(l—B() 8", 1>1,

where B(t) is as in (3.10), and while y; is defined by (4.10). On the other hand, substituting
(4.12) into (4.17) yields that at r =6,

w(s, )~ Cre M8 (1+0(1)) ast— oo. (5.1)

These lead to the following formally asymptotic equality

L mete
1—B@1)  2+a+3y.l

1 t+0(1) ast— oo,

which formally implies (1.10). Further, we have the following analytic proof of Theorem 1.4(1).

Theorem 5.1. Suppose N > 8 and 0 < a < a™*, and let B(t) be as in (3.10). Then B(t) satisfies

. 1 M2+ )
n =
1—8() 24 o —3y4

t+0() ast— oo,

where L1 > 0 is the first eigenvalue of operator A defined in (4.2), and y4 satisfies

Ve = %[2—N+\/—8a2—(24N— 16)a + (9N2 — 84N +100) | < 0.

Proof. We first claim that

I MCto

In < t+O0(1) ast— oo. 52
1-8@)  2+o+3|ys] M) (5-2)

Indeed, it follows from (3.6), (3.7) and (3.19) that for a fixed positive r < 1,
13
u(r,t) = S(r) — bo(l - ﬁ(t)) Tta r”+(1 + o(l)) ast — o0.
Comparing with (5.1), we conclude that
1-3% —Ait
bo(l — ,B(t)) e > a1 Coe™ ! (l + o(l)) ast — oo,

which implies the estimate (5.2).
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In order to complete the proof of Theorem 5.1, it now suffices to prove the following lower
bound estimate

1 S rMQ2H+oa)

n > t4+ 0() ast— oo. 53
1—-8@)  2+a+4+3|ys] M (5-3)

For that, we set
D(r, 1) = Coe "Dy (r), (5.4)

where T > 1 is chosen such that wo(r) = S(r) — uo(r) < w(r, 0), and ¥ (r) is the first eigen-
function of A. Direct calculations show that w(r, t) is a supersolution of (4.1) in B x (0, c0).
Hence, u(r,t) = S(r) — w(r, t) is a subsolution of (P) in B x (0, 00), i.e.,

1= — B0 <u(rt) in B x (T, 00).
Since the maximum principle implies that u}. > 0 in B x (0, 00), we now conclude that

1 1 - 1
1—B80t) 1—u@©,t)” 1—u(r1)

1
> sup ast — o0. (5.5)

re©.1) 5 4 Coe M1 =Ty (1)

3h
In view of (4.12), the supremum in (5.5) is attained at r ~ e3V+*2*"t, which leads to the lower

bound estimate (5.3), and we are done. O
5.2. Formal expansion for the critical case o = a™*

In this subsection, we discuss the asymptotic expansion of global solution u for (P) in the
critical case N > 8 and o = o™*. We first note that in this critical case, one cannot derive a
similar upper bound estimate to (5.2) for B(¢) defined by (3.10). Indeed, even though one can
obtain from (3.6), (3.8) and (3.19) that for a fixed positive r < 1,

3(N=2)

u(r,t) = Sr) —bo(] _ﬁ(t))l+m—+Mr¥|:_2ia

In(1 - B(1)) +lnr:|(1 +o(1))

ast — 0o,

and also, Lemma 4.1(2) and (4.19) give that for A1 <0
w,t)=S0) —us, )~ Cze*"SZ_TN(l + 0(1)) ast — 0o,

these two estimates then lead to

3(N-2) 3
bo(1 — B(1))' 22 [—2

yape In(1 - B@®)) + lnr] > Cre* (1 +0(1)),
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which cannot result in an upper bound estimate, due to the appearance of logarithmical term
Inr. However, similar to (5.3), we can obtain the following lower bound estimate which gives
Theorem 1.4(2).

Lemma 5.2. Suppose N > 8 and a = a™*, and let B(t) be as in (3.10). Then B(t) satisfies the
following estimate

1 2@+l

In >
1—-8@) 3N+4+2a-2

t+Cy ast— oo, (5.6)

where L1 < 0 is the first eigenvalue of operator A defined in (4.2).
Proof. Similar to the proof of (5.3), we can deduce that for sufficiently large T,
1= 5 Dy () <urt) in B x (T, 00),

where A1 < 0 and v (r) are the first eigenpair of operator A. This gives that

1 1 1 1
= > > sup
1—p8(@) 1 —u,1) 1—u(,t) re(0,) 73 —I—Ce)‘](t_T)W](F)

ast—>o0. (5.7

Note that the supremum in (5.7) is attained at r ~ e3¥+2e=2' which then yields the estimate
of (5.6). O

It should remark that the second term C; in the estimate (5.6) is not optimal. In the following,
we apply formal asymptotic analysis to this problem, and we show that the optimal term is given
by a logarithmically growing function, which is hard to be detected rigorously.

For applying formal asymptotic analysis, we now consider the inner problem of (P) as fol-
lows: similar to Section 3, for # > 1 we introduce the inner scalings

u(r,t) =B + (1= BO)Po, 1), &=(1- ﬁ(t))_”%r, (5.8)

where f(t) = max, u(r, t) = u(0, t) remains to be determined. The proof of Lemma 3.1 gives that
the leading-order balance of @ is then quasi-steady as t — oo, which is given by the following
initial value problem
N -1 AkEY

3 (1 =)

such that @ corresponds to Uy defined in Section 3. Setting @¢(§) = 1 — ¥p(§) yields that

D +

0, £€(0,1), @0 (0) = ®((0) =0, (5.9

N-1 ARE®

v + v = )

(5.10)

The far-field behavior of (5.10) is given by

2+4a
Wo~E T Hp@ 4 asé - oo,
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where = (€) satisfies

(N —2)?

E2W A+ (N = DEW + 20pu =21 + (N — e + 7

u=0 asé& — oo.
This shows that
2—N 2—N
nwlE)=a&k 2 +bE2 InE+--- as€& — oo.
In terms of @, we thus have as t — oo

Bo(E, 1) ~ 1 —E5° — 72 (AgIng + Bo) + -~ as € — oo, (.11

where the constants Ay > 0 and By are determined by the initial value data in (5.9).
We next consider the outer problem of (P). The leading-order outer expansion is u(r,t) ~

24w
1—r 3 ast— oo, which is given by the exact unique solution of the corresponding stationary
problem matching the leading term in (5.11). Thus, we write

24a
u(r,t)y ~1—r3 —v(rt)+--- ast— oo,
and the linearized equation of v is determined by

1
N1

2
(Vo) + Mv in (0,1) x Ry, v(1,1) =0. (5.12)

Vy = 42

Because of the appearance of the logarithmic correction term in (5.11), we apply a moderated
version of the method of separation of variables by writing

2
41)1

v(r ) =e 027" [y(Odo+v (1 + -],

where the constant vy and the “slowly varying” function y (¢) will be determined later. It then
follows from (5.12) that

5y , (N —2)2 4v3r?
r ¢o+(N—1)r¢0+( + >¢o=0,

4 (N —2)2
2 2
2.1 / (N _2)2 4v
N —1 =
re g +( )r¢1—|—< 1 +(N 2)2 P11 = ”¢0
. 22N 2-N .
Writing ¢o =r 2 op and ¢; =r 2 o7 yields that
2.2
rza(’)’ + rao 41)400 =0, (5.13)
(N —2)?
4?22
r’o] +ro| + (Nliz)zal =r2oy. (5.14)
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Here (5.13) is the zeroth-order Bessel’s equation. Since (5.11) yields, in outer variables, the
matching condition

3N=2) ,

u(r,t)~(1—,3(t))1+z<z+wz’v<_23j:° 1n(1—/3(t))+Aolnr+Bo) ast — 00, (5.15)

o

the leading-order matching now requires that the generic form of the outer solution is og(r) =
Jo(345r) with

4v%

S 3A 3(N=2)

y(e &2~ — 220 (1 _ (1)) F 0% In(1— B(1)) as 1 — oc. (5.16)
2+«

Hence, v; is chosen to be the first zero of the zeroth-order Bessel function: Jo( ]3”712) =0. We

now denote K (r) = Ji( A%‘ilzr) the solution of the first-order Bessel’s function. In view of the

recurrence relations

1
oy =—Ki, Ki=00—;K1,

it then follows from (5.13) and (5.14) that

1

1 2v 1 2uir 2uir

’ ’ 2 2 1 2| 2 27 2 !
— =— ds =—— + = + .
r(oool 0100) /soo(s) s 2J1(N—2> 2r |:J0(N—2> J1<N—2>i|

r

Since 0((0) = const, this identity leads to

1 2 2\}]
al(r):—ajl T Inr+0() asr—0.

Matching with the Inr term in (5.15) requires that

2
1o 2vp \ ,  ——, 1430-2)
—= e =27 ~ Ag(l — B(t 20+ 17
211<N_2>V()6 o(1=8®) (5.17)
Therefore, we deduce from (5.16) and (5.17) that, by writing
1 8(2+a)?
In ~ t+ai(t)+--- ast— oo, (5.18)
1—B(t) (BN +2a—2)(N—2)2

y (t) is determined by

(1) ~ 2440t [-(1 n M) (r)}
V™ BN T 2a —2)(N —2)2 P 202+a) )"

/(t)N—Aex |:—(1+w>a (:)}
’ T2 (5 P 22+ )]
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And hence,

_ BN+2a-2)(N-2)2

202v 42
12JI(N72)V1 + .. ast — o0

Y (t) ~ Yool

for some Yo, > 0 depending only on the initial data. This leads to

ay(t) ~

22 +a) (1 (BN +2a —2)(N — 2)2> s

3N +2a -2 1202 (25w}

22+ a) 24Agv? N
n
3N +20—2 (BN +2a—2)(N —2)%ys

ast — o0. (5.19)

Finally, we conclude from (5.18) and (5.19) that

1 82+ a)v} 22 +a) (BN +2a —2)(N —2)?
In ~ t+ 1 Int
1—B(t) (GBN+20—2)(N—-22  3N+20-2 12J2(225)v?
22 24Agv?
2+a) oY1 +--- ast— oo. (5.20)

3N +20—2 "N 120 —2)(N — 22y
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Appendix A. Ordering properties of stationary solutions

In this appendix, we discuss an ordering property of weak—H(} (£2) stationary solutions for
(P), which is applied in Theorem 2.6. For more generality, we focus on the stationary solutions
of (1.1) in the weak sense, i.e., we consider weak-HO1 (£2) solutions of

Af (x)
U= ,
(1 —u)?
O<u<l, X €S2,
u=0, x€082.

€S2,
()

Let u be any weak solution of (S5);, we first consider weak solutions of the problem

{—Av:g(x), x €N, A1)

v=0, x €082,
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where g(x) = lli ();) EE Let G(x,&,82) be Green’s function of Laplace operator, with

G(x,&,$2)=0o0n 042, it is then clear that u(x) and

WA, .
(Fu)(x) = f[l (é)]zG(x,S,.Q)dE in 2 (A2)

are two solutions of (A.1). However, one can note that for any K (x) € HO1 (£2),

/g(x)l((x)dx: %dx:—/KAudx:/VKVudx<oo,
—u(x

2 2 2 2

which implies that g(x) € H;’ ! (82). Therefore, (A.1) has a unique solution, which further gives
that u = Fu on 2.

Since u = Fu on 2 holds for any weak solution u of (S),, in the following we adopt
Fujita’s argument [5], which was used only for classic solutions of elliptic equations with ex-
ponential nonlinearities, to derive the ordering property of weak solutions for singular elliptic
equations (S),. For convenience, we write wi < wy on £2 if there exists ¥ > 0 such that
yp < wy — wp on §2, where p = p(x) is the distance from x to d£2. Note that if w; < wy
are two different solutions of (S),, then E. Hopf’s maximum principle gives w; < w2 on £2.
Using this denotation, we now establish the following ordering property in the weak sense.

Proposition A.1. Suppose that u(x) and v(x) are two different solutions of (S), satisfying
u(x) <v(x) on §2, where v(x) may be singular. If u(x) is a classic solution, then it must have
u=u; on 2, where u;,_ is the unique minimal solution of (S);.

Proof. On the contrary, suppose that (S); has three different solutions u; < u < v on §2. Then
E. Hopf’s maximum principle gives u; < u < v on £2, and hence there exist two constants
0 < y1, y2 < 1 such that

yi(u —u) <v—u, Y2V —u) Su—u;.
We first establish the following two claims.
Claim 1. Let B € (0, 1) be any positive constant, and define
Bn = (r1v2)"B, ap = (1 = Bu+ Bpv, bp=u+pBayiu—uy), n=0,1,2,....
Then there exists a sequence {@,},2 | of solutions ¢, for (), satisfying
an <bp—1 <, <ay—1, n=12,.... (A.3)
Joo

Furthermore, the sequence {@,},2 | uniformly converges to @ := u.
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Since the direct calculation gives b,—1 — a, = Bu—1y1[(u — u;) — y2(v — u)] > 0 for any
n > 1, in the following we need only to prove that there exists a sequence {g,},~ | of solutions
@y for (S), satisfying

bt S@n<ap—1, n=12,.... (A4

We first prove (A.4) for n = 1. To this end, we define {vk},fio and {wk},fio satisfying

00 =ay, K =Fvk, k=0,1,2,..., (A.5)
w® = by, wtl = Fuk, k=0,1,2,..., (A.6)

respectively. When k£ = 0, in view of (A.2), the convexity of m gives that

V' =F' <A =B)Fu+pBFv=(1—-Bu+Bv=1" inR. (A7)

Since Fv' is monotone with respect to the order relation of v, we now deduce that {vk},fio form
a decreasing sequence. Similarly, one can prove that {wk},f‘;o form an increasing sequence. On
the other hand, since v — w? = aop — by = Bl(v —u) — y1(u — uy)] > 0, the iteration of (A.5)
shows that v* > w* for all k > 0. So we have
w<w! << << < <ol 0

Therefore, vk converges to some function ¢; with by = wO <1 < v
tion of (S5), in view of (A.5). This proves (A.4) forn = 1.

Similarly, for any n > 2 one can obtain that there exists a solution ¢, of (S), satisfying (A.4).
Finally, note from (A.3) that the sequence {¢,};° ; uniformly converges to ¢o := u. This com-
pletes the proof of Claim 1.

= agp, where ¢ is a solu-

Claim 2. Let {¢,},2 , be as in Claim 1, then for any n > 0, the linearized boundary value problem

21f (x)

= 3w’
(1 —@n)
w =0, x €082,

—Aw x €S2,

(A.8)

has a non-trivial solution.

We first prove Claim 2 for n = 0. On the contrary, suppose that (A.8) has only a trivial solution.
Then the self-adjoint operator Ho in L2(£2)

21f (x)

3
(1 —9o)
u:(), xeaﬂ,

Hou = Au + €S2,

is one-to-one. Therefore, Ha ! exists and it is a bounded operator, which is denoted by Ry with
L*-norm. If we can prove that the solutions of (S), must be unique in a certain neighborhood
of ¢p, then we reach a contradiction with Claim 1.
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It now suffices to prove the uniqueness of solutions for (S), in a certain neighborhood of ¢y.
Indeed, since ¢q := u is a classic solution, we can fix 0 < § < %, and determine a positive

constant M = M (§) such that Kg} < M holds for 0 <t < ||¢ollco + 8. Further, § > 0 can be
chosen sufficiently small such that § < 1/(M|| Ro||). For such a choice of 4, we now suppose that
U is any solution of (), satisfying |U — ¢g| < 8 in §2. Then for w = U — ¢, we have

How = Aw + 2w _ M) M) | 200w
T (I-¢0?  [I—+e)  (1—gp)?  (1—g*

And hence

Af(x) Af(x) 20 f (x)w 30f (0)w?
[I—(w+eo)l*  (T—¢o)” (1—¢o) (I = lleolloc — &)

<MIIRolllwl? < |wl,

which implies w =0, i.e., U = ¢ on §2. This proves Claim 2 for n = 0.

The above analysis shows that if u) < ¢g :=u < v in §2, we then have Claim 2 for n = 0. If
one replaces u) <u < v by ¢pt1 < ¢n < @1, then a similar proof as above gives Claim 2 for
any n > 1, and we are done.

We are now ready to complete the proof of Proposition A.1. We introduce the self-adjoint
operator Hy, in L2(£2)

2X
HkuzAu—i—Lxlu, x € $2,
(I — o)
u=20, x €082,
where k =0, 1,2, .... Then Claim 2 implies that O is an eigenvalue of any operator Hy. If we

put Vi = Hyr — Hp, then Vj is a multiplication by

SO0
"= =g’ U—g)?

and hence Vj is a positive definite operator. Moreover, we have

moBr f(xX)(w —u) < g <mBr—1 f(x)(v —u), (A9)

where mo and m are positive constants satisfying mgo < (IE—AM <mq for 0 <7 < ||¢klloo- By
means of (A.9), we can estimate eigenvalues of 7 close to O with the aid of perturbation theory
of eigenvalues. In particular, applying a theorem in [12] for estimating eigenvalues from below,
one can shows that if Hy has O as an eigenvalue (simple or degenerate), then for large k this
eigenvalue is moved to the right by a positive perturbation V. Thus, O cannot be an eigenvalue
of Hy for large k, which contradicts Claim 2. This completes the proof of Proposition A.1. O



844 Y. Guo / J. Differential Equations 245 (2008) 809-844

References

[1] P. Baras, L. Cohen, Complete blow-up after Tmax for the solution of a semilinear heat equation, J. Funct. Anal. 71
(1987) 142-174.
[2] M.S. Birman, M.Z. Solomjak, Spectral Theory of Self-Adjoint Operators in Hilbert Space, Reidel, Dordrecht,
Tokyo, 1987.
[3] J.W. Dold, V.A. Galaktionov, A.A. Lacey, J.L. Vazquez, Rate of approach to a singular steady state in quasilinear
reaction—diffusion equations, Ann. Sc. Norm. Super. Pisa 26 (1998) 663-687.
[4] P. Esposito, N. Ghoussoub, Y. Guo, Compactness along the branch of semi-stable and unstable solutions for an
elliptic problem with a singular nonlinearity, Comm. Pure Appl. Math. 60 (2007) 1731-1768.
[5] H. Fujita, On the asymptotic stability of solutions of the equation v; = Av 4 eV, in: Proc. Internat. Conf. Functional
Analysis and Related Topics, Tokyo, 1969, Univ. of Tokyo Press, 1970, pp. 252-259.
[6] V.A. Galaktionov, J.R. King, Stabilization to a singular steady state for the Frank—Kamenetskii equation in the
critical dimensions, Proc. Roy. Soc. Edinburgh Sect. A 135 (2005) 777-787.
[7]1 V.A. Galaktionov, J.L. Vazquez, Continuation of blowup solutions of nonlinear heat equations in several space
dimensions, Comm. Pure Appl. Math. 50 (1997) 1-67.
[8] N. Ghoussoub, Y. Guo, On the partial differential equations of electrostatic MEMS devices: Stationary case, SIAM
J. Math. Anal. 38 (2007) 1423-1449.
[9] N. Ghoussoub, Y. Guo, On the partial differential equations of electrostatic MEMS devices II: Dynamic case,
NoDEA Nonlinear Differential Equations Appl. 15 (2008) 115-145.
[10] Y. Guo, On the partial differential equations of electrostatic MEMS devices III: Refined touchdown behavior, J. Dif-
ferential Equations 244 (9) (2008) 2277-2309.
[11] Y. Guo, Z. Pan, M.J. Ward, Touchdown and pull-in voltage behavior of a MEMS device with varying dielectric
properties, SIAM J. Appl. Math. 66 (2005) 309-338.
[12] T. Kato, On the upper and lower bounds of eigenvalues, J. Phys. Soc. Japan 4 (1949) 334-339.
[13] O.A. Ladyzenskaja, V.A. Solonnikov, N.N. Uralceva, Linear and Quasilinear Equations of Parabolic Type, Transl.
Math. Monogr., vol. 23, Amer. Math. Soc., 1968.
[14] J.A. Pelesko, D.H. Bernstein, Modeling MEMS and NEMS, Chapman and Hall/CRC Press, 2002.
[15] L. Peral, J.L. Vazquez, On the stability or instability of the singular solution of the semilinear heat equation with
exponential reaction term, Arch. Ration. Mech. Anal. 129 (1995) 201-224.
[16] R.D. Richtmyer, Principles of Modern Mathematical Physics, vol. 1, Springer-Verlag, New York, Berlin, 1978.
[17] A.A. Samarskii, V.A. Galaktionov, S.P. Kurdyumov, A.P. Mikhailov, Blow-up in Quasilinear Parabolic Equations,
Walter de Gruyter, Berlin, New York, 1995.



