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ESTIMATES FOR THE QUENCHING TIME OF A PARABOLIC
EQUATION MODELING ELECTROSTATIC MEMS*

NASSIF GHOUSSOUB' AND YUJIN GUO?

Af(z)
(1+u)?
RY with Dirichlet boundary conditions, models the dynamic deflection of an elastic membrane in a
simple electrostatic Micro-Electromechanical System (MEMS) device. In this paper, we analyze and
estimate the quenching time of the elastic membrane in terms of the applied voltage —represented
here by A. As a byproduct, we prove that for sufficiently large A, finite-time quenching must occur
near the maximum point of the varying dielectric permittivity profile f(x).

Abstract. The singular parabolic problem u: = Au — on a bounded domain € of
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1. Introduction. Micro-Electromechanical Systems (MEMS) are often used to
combine electronics with micro-size mechanical devices in the design of various types
of microscopic machinery. An overview of the physical phenomena of the mathemati-
cal models associated with the rapidly developing field of MEMS technology is given in
[13]. The key component of many modern MEMS is the simple idealized electrostatic
device shown in Figure 1. The upper part of this device consists of a thin and de-
formable elastic membrane that is held fixed along its boundary and which lies above
a rigid grounded plate. This elastic membrane is modeled as a dielectric with a small
but finite thickness. The upper surface of the membrane is coated with a negligibly
thin metallic conducting film. When a voltage V is applied to the conducting film, the
thin dielectric membrane deflects towards the bottom plate, and when V' is increased
beyond a certain critical value V* —known as pull-in voltage— the steady-state of the
elastic membrane is lost, and proceeds to quenching, i.e. snap through, at a finite
time creating the so-called pull-in instability.

Dielectric Membrane with Conducting

Supported Boundary Film at Potential V

=

Fixed Ground Plate g 1 -

Fic. 1. The simple electrostatic MEMS device.
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A mathematical model of the physical phenomena, leading to a partial differential
equation for the dimensionless dynamic deflection of the membrane, was derived and
analyzed in [3, 8]. In the damping-dominated limit, and using a narrow-gap asymp-
totic analysis, the dimensionless dynamic deflection v = u(z,t) of the membrane on
a bounded domain ) in R?, is found to satisfy the following parabolic problem

ut—Au:M for x € Q,
(1—u)? P)
u(z,t) =0 for x € 092, A
u(z,0) =0 for z € Q.

The initial condition in (P), assumes that the membrane is initially undeflected and
the voltage is suddenly applied to the upper surface of the membrane at time ¢ = 0.
The parameter A > 0 in (P), characterizes the relative strength of the electrostatic
and mechanical forces in the system, and is given in terms of the applied voltage
V by A = Eg:‘;jd%z, where d is the undeflected gap size, L is the length scale of the
membrane, T, is the tension of the membrane, and ¢ is the permittivity of free space
in the gap between the membrane and the bottom plate. We shall use from now on
the parameter A and A\* to represent the applied voltage V' and pull-in voltage V*,
respectively. Referred to as the permittivity profile, f(xz) in (P)y is defined by the
ratio f(x) = 525(01)7 where e2(x) is the dielectric permittivity of the thin membrane.
Consider first the steady-state solutions of (P)x
—Aw = L((E) x € Q7
(1—w)?
w(z) =0 x € 0N

(S)a

with 0 <w < 1on Q C RY and f(z) is assumed to satisfy

f € C%(RQ) for some a € (0,1],0< f <1 and
f > 0 on a subset of 2 with positive measure.

(1.1)

One can then easily show (e.g., Theorem 1.1 in [5]) that there exists a finite pull-in
voltage A\* := A*(€, f) > 0 such that:
o If 0 < A < A*, there exists at least one solution for (5),.
o If A > \*, there is no solution for (5),.
Upper and lower bounds on the pull-in voltage A* were also given in Theorem 1.1 of [5].
Fine properties of steady states —such as regularity, stability, uniqueness, multiplicity,
energy estimates and comparison results— were shown in [4] and [5] to depend on the
dimension of the ambient space and on the permittivity profile.

For the dynamic problem (P)y, we first define the following notions.

DEFINITION 1.1. (1) A solution u(z,t) of (P)x is said to be quenching at a —
possibly infinite— time T = T(\, f,Q), if the mazimal value of u reaches 1 at time
T.

(2) A point xo € Q is said to be a quenching point for a solution u(z,t) of (P)x,
if for some T € (0, 400], we have tlim u(zxo, tn) = 1.

n—T
In [6] we dealt with issues of global convergence as well as quenching in finite or infinite
time of the solutions of (P)y. One of the main results was the following relationship
between the voltage A and the nature of the dynamic solution u of (P)y.

THEOREM A (THEOREM 1.1 IN [6]). Assuming f satisfies (1.1) on a bounded
domain ), then the followings hold:
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1. If X < X\*, then there exists a unique solution u(x,t) for (P)x which globally
converges pointwise as t — +00 to its unique minimal steady-state.

2. If A\ > X* and infq f > 0, then the unique solution u(x,t) of (P)x must be
quenching at a finite time.

A refined description of finite-time quenching behavior for w was given in [7], where
some quenching estimates, quenching rates, as well as some information on the prop-
erties of quenching set —such as compactness, location and shape, were obtained.

The first purpose of this paper is to prove —in Theorem 2.1- that quenching in
finite-time occurs as soon as A > \*, which means that Theorem A. 2. above holds
without the restriction infg f > 0. On the other hand, we continue our search for
optimal estimates on quenching times at voltages A > \*, since the latter translate into
useful information on the operation speed of MEMS devices. Indeed, we established
in Theorem 1.3 of [6], that if inf,cq f(z) > 0, then the following upper estimate for
the quenching time holds for any A > A*:

T f) < 8(A + A*)? [1+ ( A+ 3\ )1/2} 12

~ Binfreq f()(A — A*)2(X + 3A*%) 2N+ 20F

In this paper, we shall improve this estimate —at least in dimensions less than 8- by
proving that

1
2

TA(Q,f)NC(/\—/\*) as AN\, A\,
while
1
T =
3Asup,cq f(2)

To be more precise, we first recall the following notions and results from [5].
For any solution w of (S)x, we consider the linearized operator at w defined by

as A oo.

Lyyx=-A— (21’\7f$)3, and its corresponding eigenvalues {up x(w);k = 1,2,...}. Say
that a solution wy of (9), is minimal, if wy (z) < w(z) in Q whenever w is any solution
of (S)x. We recall the following

THEOREM B (THEOREM 1.2 IN [5]). Assume f satisfies (1.1) on a bounded
domain Q C RN. Then,
1. For any 0 < X\ < \*, there exists a unique minimal solution wy of (S)x such that
p1x(wx) > 0. Moreover for each x € §, the function X\ — wx(x) is strictly increasing
and differentiable on (0, \*).
2. If1 < N <7, then w* = }1&1* wy exists in CYP(Q) which is then a solution for

(S)a= such that py x«(w*) = 0. In particular, w* —often referred to as the extremal
solution of problem (S)— is unique.

3. On the other hand, if N > 8, f(z) = |z|* with0 < a < o**(N) := w
and  is the unit ball, then the extremal solution is necessarily w*(z) = 1 — |z| 5"
and is therefore singular.

We remark that in general, the function w* exists in any dimension, does solve (S) -
in a suitable weak sense and is the unique solution in an appropriate class. The above
theorem says that it is however a classical solution in dimensions 1 < N < 7, that is

A f(x)

TAWT = e

nQ, w'>0 inQ, w"'=0 ondQ, (1.3)
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and there exists an eigenfunction ¢* of Ly~ x~ satisfying

ag+ 20D g g

(1_’(1)*)3 ) (b >0 1DQ7 Qb =0 on 9N. (14)

We denote by ¢* (resp., ¥*) the corresponding unique L2-normalized (resp., L'-
normalized) positive eigenfunction of Ly« «.

We shall then prove in section 2 the following upper and lower estimates on the
quenching time T' = T'(A, f, Q) of a solution u for (P)y at voltage A > A*: Under the
condition that the unique extremal solution w* of (S)y is regular, then

e For )\ sufficiently close to A*, we have the lower bound estimate

Sup, e ¢* () Ty yeyd
T(\ £,Q) > (m* - — ) (A -a)E )
SUP, o (T (77 Jo ez 42

o If fQ 1/}((;)) dr < oo, then for any A > A\*, we have the upper bound estimate

< \/§7T( Ja 1/}(—gf))d:v

cd A*fsz¢*($)f(x)dz)2(A_>‘*) z. (1.6)

T(A f,9)
Note that the above situation typically happens when f = |2|” and N < 7, or for any
N > 8 provided f is large. It would be interesting to establish similar estimates in
the case where w* is singular. In the general case, we only have the following estimate
established in section 3.
e There exist a constant C = C(f,Q) > 0 and a sufficiently large \g =
Ao(f,€2) > A* such that for any A > Ao, we have the estimates

1 1 C
o =T\ f,Q + 573 L7
ER YT (A, £,) - (1.7)

<
T 3Asup,eq f(r) 0 N\SEa
where a € (0,1] is as in (1.1).

As a byproduct of the estimate (1.7), we shall analyze and compute in section 3
that in several situations, and at least for sufficiently large A, quenching in finite-time
must occur near the maximum point of the varying dielectric permittivity profile f.
More precisely, if the quenching set K of a solution u for (P), is compact in €, and
if we are in one of the following two situations:

1) N=1;o0r
2) N > 2, Qisaball BgR(0), K = {0} and f(r) is radially symmetric,
then for any a € K, there exists C' > 0 such that for A large enough, we have

(sup )F — (fla)} < -2

— (3
z€Q AzFe

W=
W=

; (1.8)

We note that the compactness of the quenching set has been established in [7] (Propo-
sition 2.1) in the case where the domain € is convex and f satisfies both (1.1) and
the additional condition

% <0 on Qf:={xe€Q: dist(xz,00) <} for some § > 0. (1.9)

Here v is the outward unit norm vector to 9. The above result can be seen as
a refinement of Theorem 1.1 of [7] where it is proved that under the compactness
assumption on the quenching set, the latter set cannot contain any zero of the profile
f (see also Lemma 3.2 below).
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2. Quenching time for A\ > \*. In this section, we establish the estimates on
the quenching time of (P)x. First we borrow ideas from [1] to prove that we have
quenching in finite time as soon as A > \*, without the assumption used in [6] that f
is bounded away from zero.

THEOREM 2.1. If A > A*(Q, f), then the unique solution u(x,t) of (P)x must
quench in finite time.

Proof. The uniqueness of solutions for (P)y in € x (0,7), where 7 > 0 is the
maximal existence time, was already noted in Proposition 2.1 of [6]. Let now A > \*,
and assume that u = u(z,t) of (P)y exists in © x (0, 00).

Given any 0 < ¢ < A — X*, we first claim that (P)y_. has a global solution u,
that is uniformly bounded in © x (0, 00) by some constant C. < 1. Indeed, set

1 “ ds
mw—@tjp,fmn—é o 0sust, (2.1)
i) = 5= Hw—[f§3,ogusL (2.2)

and let ®,(u) == h~? (h(u)). Direct calculations show that

e A—c¢

(1—u)3}‘%§05<1 for 0<u<1,

1
where C. = 1—(£)?*. Moreover, it is easy to check that ®.(0) = 0, with 0 < ®.(s) < s
for s > 0, and that ®.(s) is increasing and concave with

'(g) = g(P:(s))
DL (s) = G >0.

Setting v. = ®.(u), we have

—Av, = —<I>”(u |Vul? — &L (u)Au

)
M@y = A @)@ )gw) — (o)
)2 Ug) = glu Ve )t

(1-wu
= A — (00} = ) — )

and hence, v. = ®.(u) < C. is therefore a supersolution of (P)y_.. Since now zero is
a subsolution of (P)x_., we deduce that there exists a unique global solution u. for
(P)a—e satisfying 0 < u. < ve < C; < 1 uniformly in © x (0, 00), which gives our first
claim.

Note that (P)y—. admits a Liapunov functional

_1 ue|?dzr — () — f(:z:)x /(ue) = — [ (ue)?da
Vi) =5 [ IVuldo—(=e) [ Hdn, Viw) == [ wopde. (23

Since now ﬁ is uniformly bounded in 2 x (0, 00), we obtain that for 8 < 1,

[lutllco.e, |Juet|lco.s < C uniformly bounded in Q x (0, 00). (2.4)
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Moreover, (2.3) gives that [~ [;,(uc)7dz < oo, which means that [,(uc)?dz is a
uniformly continuous function on [0, o), and therefore

/(ug)fd:v—>0 as t—00.
Q

Further, we deduce from (2.4) that (uc); — 0 as ¢ — oo, which shows that there exists
a function 0 < w.(z) < C; < 1 on Q such that u.(z,t) — we(x) as t — oo, where w,
satisfies

A=) f(x) _
Aw, = T w.)? inQ, w.:=0 ond.

Therefore, there exists a classical solution w. of (S)x_c with A — e > A*, which
contradicts the definition of \*, and completes the proof of Theorem 2.1. O

2.1. Analytic estimates of quenching time. We now focus on estimating the
quenching time 7" when A > A\* and in the case where the unique extremal solution
w* of (S)y is regular. This implies that w* satisfies

A" f(x)

—Aw*zm nQ, w'>0 inQ, w"'=0 ondQ, (2.5)
—w

and there exists an eigenfunction ¢* satisfying

IN**
Ad)*—FM:O nQ, ¢ >0 in, ¢*=0 ondN. (2.6)
(1—w*)3
We shall adapt and improve some of the arguments in [11]. Our first estimate is a

lower bound for T as stated in (1.5).

THEOREM 2.2. Suppose that the unique extremal solution w* of (S)x is regular.
Then for \ sufficiently close to \*, the finite quenching time T'()\, f,Q) of the unique
solution u for (P)x satisfies

SUp,cq ¢ 3 "3
T\ f,Q) > ( - f(i)ﬂ = )2()\—)\ ) 2, (2.7)
12X sup,co oyt Jo ez de

where ¢* > 0 is the L?(Q)-normalized eigenfunction satisfying (2.6).

Proof. Let u* be the unique solution of (P)y«. First, we seek a bound on the
rate at which u* approaches the corresponding steady-state w*. For that, we set
u*(z,t) = w*(x) — 4(z,t). Then 4(z,0) = w*(x) in Q and & = w* on 9. Moreover,
we have

ou . . A*f(x)
ot = AT A T s rape
= Ad+ A" ! !
= 20X )| T~ T (25)
2.8
2 af(z)  3AtAf(x)
2 Ad+ (1—w*)3 B (1 —w*)4
> Aqt U@ g
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where K1 = 3\"sup,cq ufi Define

—w)t

_ Kao” _ SUP,eq @F

_t+t07 2 Kl 9

(8

where t( is chosen in such a way that

K *
¥(x,0) = t2¢ <w*(z) = 4(xz,0) in Q.
0
Note that (2.9) gives
23" f (@) 2 KiK3 .o Ks¢* oy
A — s K= > =
Y ATy K T a2 ) 2 T hgeE T A
and hence 0 <9 < 4 = w* —u* in O x (0, 00).
We now set u = u* + w1, then u; satisfies
ouy A =29 f(x) . 1 1
ot - Aut g P T (1—u*)2}

A= A)f(@) | 2X " f(2)

<A
= Au (1 —w*)? (1—w*)3’

as long as u = u* + u; < w*. We also define

[ g S@ .
A e R R ey R

and consider ®*(z) > 0 to be a nonnegative solution of the problem

A" + (i)‘j{i‘f))g o* + i Ji(z)*)z —Lo*(x)F(x) =0 z €,
O (x) =0 z€0N.

Consider also the function

P1=A=X)[19"t+P*) in Qx(0,7),

367

(2.10)

(2.11)

(2.12)

where 7 > 0 is arbitrary. Then ¢1(z,0) = (A = A*)®* > 0 = wuy(z,0) in Q, and
P1(z,t) =0 = uq(z,0) on IQ. Moreover, since F(z) < 1 in , we obtain from (2.10)

and (2.11) that

(Y1 —u1)e — A(Y1 — uq)
— A= A6 — (A= M) LEAG — (A — A)AD* — (u1); + Aus

> (0= X168 (@) = (= W P () + 2L 4y - )
2N f(z
> ﬁ(d’l —up)

in Q x (0,7), as long as u = u* + u; < w*. Therefore, the maximum principle implies

that 91 > w1 as long as u = u* + u; < w*.
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We now obtain that
K"
t+ 1o
But the right-hand side of (2.13) is no larger than w*, provided that
Ky*
t+to

u=u"+u Sw =Y +P =w" -

>AN=X)(L19p*"t+D*) in Q,
which is equivalent to

Ko> (A= N)(tE+to) (it + A), where A = sup o).
€N ¢*(x)

It requires
(A= N)t2 4+ (N = X)) (Iitg + A)t — Ko + AN — Aty <0,
which is

‘< —( A=) (Iitg + A) + VA
- 2I; (A — \*) ’

where

A= (A= X)(Iitg + A)® + 4L (A = N*) (K2 — Ato(A — \)).

For X sufficiently close to A*, (2.14) can be satisfied if
1 K5 1
t<—/—A=X)"2:=T;.
Sy WA e
Note that T7, is given by

T, — ( sup,cq ¢*(z) )%()\—)\*)_%
12X sup,cq iy fo mmede

(A= A (L1¢7t + ).

(2.13)

(2.14)

Therefore, we conclude from (2.13) that v < w* in Q x (0,7]. This implies that the

finite quenching time T of u satisfies T' > T7,, and the proof is complete. O

We now establish the upper bound on T' as stated in (1.6).

THEOREM 2.3. Suppose that the unique extremal solution w* of (S)x is regular,
and that fQ 1@(—(;))@0 < 00, where ¥* > 0 is the L*())-normalized eigenfunction sat-
isfying (2.6). Then for any A > \*, the finite quenching time T = T(\, f,Q) of the

unique solution u for (P)y satisfies

V3m fsz%dm 2 .
=7 ()\*fﬂdj*(x)f(:z:)da:) (A=)

1
2

T(A f,9)

Proof. Setting u = w* 4 v, then we have

v M- N)f@) . N
o A A T T o)

_ 2\ f(z) | (A=) f()
=Av+t (1—w*)3 (1—wu)?
1 1 2v

+A" f(z) I—(w +0)2 (1I-w)2 (1-w)

(2.15)

(2.16)
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Multiplying (2.16) by ¥* and integrating over 2, we obtain
d v f(x)
— [ Y vdx = (A — )\*)/ dz
dt Jo o (I-u)?
1 1 2v

@ e T e~ aoe e

where (2.6) is applied. We next define

E(t) = /Qz/J*de, E0) = —/Qw*w*dx =—FEp € (—1,0);

L= [ ¥*(2)f(z)dx < %dw, I = @)
Q o (1-u) Jo R
Using the inequalities
1 1 2 s, i v
(o (-w) (-wpP | e i 0<o

the Holder inequality yields that

1 1 2v
* * _ _ d
Al e e e e
* 2 % 3)\* * 2 2
>3\ v:* (z) f(x)dx > T)( Y vda:) = LE*(t).
Q Jo f(gf) dz N Jo
It follows from the above that
% > (A= AL+ BE?, BE(0) = —E € (=1,0). (2.17)
We now compare E(t) with the solution F'(t) of
dF * 2
i A=) + L,F*, F(0)=—-E, € (-1,0). (2.18)

Standard comparison principle yields that E(t) > F(t) on their domains of existence.
Therefore,

supv > E(t) > F(t). (2.19)
Q

It is easy to see from (2.18) that the quenching time T} for F(t) is given by

1
2

T, = (g + arctan ﬁ) (()\ — )\*)11[2)

\/gﬂ' fQ %d(t % *
= 4 ()\*fgw*(x)f(:v)d:v) (A=)

Therefore, for any A > A" the unique solution u of (P) must quench at a finite time
T =T\ f,Q) <T, and we are done. O
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3. Quenching behavior for sufficiently large A. In this section we discuss
the quenching behavior of solutions of (P)y for A large enough. We begin with the
following refined estimates for the quenching time as stated in (1.7).

LEMMA 3.1. Assume f satisfies (1.1) on a bounded domain ), and suppose
u is a quenching solution of (P)x at finite time T. Then, there exist a constant
C=C(f,Q) >0 and a sufficiently large Ao = Xo(f,2) > 0 such that for any X\ > A,
we have

! <T< = ¢

N + R
3)‘ Supmeﬁ f((E) - N 3)‘ SupwEQ f )\2;Sr—2;

where a € (0,1] is as in (1.1).

(3.1)

Proof. In order to obtain the lower bound of finite time 7', we consider the initial
value problem:

dg(t)  AM
dt (1 —mn(t)?’ (3.2)
n(0) =0,

where M = sup,cq f(z). From (3.2) one has 157 fon(t)(l —8)2ds = t. If T, is the time
where limy_7, 7(t) = 1, then we have T\ = 14 fol(l — 5)%ds = 7. Obviously, n(t)

is now a super-solution of u(z,t) near quenching, and thus we have

1 1

T>T, = - ,
- 3AM  3Asup,cq f(2)

which is true for any A > 0. B
We next prove the upper bound in (3.1). Let @ € 2 be such that f(a) =
sup,cq f(x), and suppose K = K (f,) is the Holder constant of f. Since f € C*(2

. . 1/«
for some « € (0,1], then for any sufficiently small € > 0, there exists § = (%)

such that
f(z) Zf(@)—g, Vo € Q:= B(a,d)NQ,
where B(a, d) is a ball centered at @ with radius d. Let v be the solution of

Af@-35) .
G- in @ x (0,Ty),

v(z,0)=0 in @, wv(z,t)=0 ondQ x (0,Ty),

ve— Av = (3.3)

where T, is the maximal existence time of (3.3). The comparison argument shows
that w > v in @ x (0,T,,), where T,,, = min{T, T,}. Therefore, we have T' < T,,.

Our goal now is to estimate T, for sufficiently large values of \. Let p1(d) be the
first eigenvalue of —A in B(a, d), and let ¢ be the corresponding positive eigenfunction
normalized such that fQ ¢dx = 1. Multiplying (3.3) by ¢ and integrating over @, we
obtain

d _
E/Qqﬁvd:c:/QqSAvdx—i—)\(f(a)—%)/Qﬁdx

A (3.4)
——u1(5)/Q¢vdx+A(f(&)—g)éﬁdm
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Next, we define an energy-like quantity by E(t) = fQ ¢,vdz so that E(0) =0 and

E(t)—/ngnvdargsgpv/Q(bd:c—sgpv. (3.5)

Then, using Jensen’s inequality on the right-hand side of (3.4), we obtain

%wl(a)EE%, B(0) = 0.

Recall that there exists a constant D = D(N) > 0, depending only on N, such that
p1(8) = D62, We now choose £ = ¢(), f,2) > 0 such that

e 2
€ A ) 2D K 2ta
= =€ 1.€. E= ——.

’ ’ )\Zfza

u1(5)2D5_2 :D(ﬁ) 5

(3.6)

Then there exists a sufficiently large A\g = A\o(f, 2) > A* such that for any A > Ao, we
have f(a) —e > 0 and

dE _ A(f(a) — <) e
@ = 21 — B Tan—mpe  MOF
m+£_ (5%M
= Ta-pe 2 MYWTTaTER

This implies a finite quenching time Tr of E satisfying

T < 1 < 1 n C
F=aa(f@) —e) ~ 3Aafl@) | \FE

where C' = C(f,?) is independent of A in view of (3.6). Therefore, we conclude from
(3.5) that

1 C
T<Ty<Tp< ——+—"_.
shstes e o

and the lemma is proved. O
We now recall the following result proved in Theorem 1.1 of [7].

LEMMA 3.2. Assume [ satisfies (1.1) for some « € (0,1] on a bounded domain
Q C RY, and let u be a quenching solution of (P)x at finite time T. Assuming the
quenching set of u is compact in §, then
1. No point a € Q satisfying f(a) = 0 can be a quenching point of u;
2. There exists a constant M > 0 such that

M(T —t)5 <1—u(x,t) in Qx(0,7T). (3.7)

The following result can now be seen as a converse of Lemma 3.2: for sufficiently
large A, finite-time quenching must occur near the maximum point of the varying
dielectric permittivity profile f.

THEOREM 3.3. Assume f satisfies (1.1) for some a € (0,1] on a bounded domain
Q C RY, and suppose that u is a quenching solution of (P)x at finite time T, in such



372 N. GHOUSSOUB AND Y. GUO

a way that the quenching set K of w is compact in Q. Then, for any a € K, there
exists C' > 0 such that for X large enough, we have

(Stelgf)% ~ (f@)® < AC+ : (3.8)

provided we are in one of the following two situations:
1) N=1; or
2) N>2anda=0,Q is a ball BR(0) and f(r) is radially symmetric.

Proof. The idea of the proof —inspired by [2]- is to combine the estimates on
quenching time given by Lemma 3.1, with the local energy estimates near any quench-
ing point established in [7]. Given a quenching point a of v and its corresponding
quenching time 7', we define

t
— s=—log(l- 7). 1-u(wt) = (T =) u(y,s),

then w satisfies

1 A Tie 5
pr:V-(pr)—i—gpw— pf(a+wy2 ) in Q(s) x (0,00),

where p(y) = e~ 1¥*/* and Q(s) = {y : a+yT2e~3 € Q}. The compactness assumption
on the quenching set implies that there exists a sufficiently large so > 0 such that
Bs(a) C Q(s) for any s > so.

Consider now the “frozen” energy functional

1 1 Aof(a
E(w) = 5/ pIVwIQdy—g/ prdy—/ L()d%
BS Bs

w

s

which is defined in the compact set By of Q,(s) for s > so. Note from Lemma 3.2
that f(a) > 0. Using the same argument of Lemma 2.10 in [7], one can obtain

dE ow 1
25 o _ & ow L 2/
/ hvfy < G0 /@ | S+ g /@ PVl v)as
s - Tie 3
+/ Apws|f(a) f(;H‘y € )]dy (3.9)
B w

s

dE
=——+h+DL+13,
ds

where

s2 s 1 _s2
I < ClsNe_T+§ R I, < C3SN 16 4,

To estimate I3, we use Lemma 3.2 to infer that w has a lower bound, and since
f € C¥(Q), we apply Holder’s inequality to deduce that

1
I3 < C’T%ef%s/ ply|“wsdy < C’T%ef%s(/ p|ws|2dy) °
B, B

s

Therefore, (3.9) gives for s > 1,

dE a _a $2 s
@ _/ P|ws|2dy+CT56755(/ p|ws|2dy) +CsNemTHE, (3.10)
dS Bs B

s
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Maximizing now the right hand side of (3.10) with respect to / plws|?dy, it yields

that for s > 1

E s s
C(lj— < CT% ™ + C’sNe*TQJr§ < CT%™ .
s
This leads to
cT> cT>
E(w) < E(w(y,0)) + —— = E(T7%) + ——.

Under the compactness assumption on the quenching set, a proof similar to Theorem
1.3 in [7] (see also [9, 10]) gives that

Tim w(y,s) = (30/())* = k(a)
uniformly on |y| < C for any bounded constant C, and E(w(-,s)) — E(k(a)) as
s — 00, provided one of the following conditions holds:
1) N=1;o0r
2) N > 2and a =0, Q = Br(0) is a bounded ball and f(r) = f(|z|) is radially
symmetric.
Therefore, under the assumption of Theorem 3.3, we have the following upper bound

E(k(a)) < B(T—4) + Z1°

3.11
. (3.11)

Observe that if b is a constant then the energy F can be rewritten as F(b) = I'F'(b),
where I' = [ p(y)dy and F is the function

1. M@

F(Z):_G P ’

z2>0.

Since F' attains a unique maximum at k(a) and F”(k(a)) = —1, there exist v and
3 such that if |z — k(a)| < v then F”(2) < —3, and if |F(2) — F(k(a))| < 3 then
|z — k(a)| <. So we obtain from (3.11) that

Flk(a)) < F(r—%) + €12

Choose \; such that (’%a = 3. Then for A > max{\o, A1}, where Ay is as in Lemma
3.1, we have
cTe
B> = > F(k(a)) - F(T™}).

(e

Hence from the properties of F, we have k(a) — T3 < ~, which implies F"(k(a)) <
—3. It now deduces from (3.11) that

c cTe
>

a\t T o«

> F(k(a)) — F(T™%) > 2[5 — k(a)]?,

e e

where Lemma 3.1 is applied in the first inequality. This further gives that

7% — (3Af(a)® < (3.12)

e
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On the other hand, since Lemma 3.1 gives

A R — (1+ C_)
3Asupgecq f  \Fre 3Asup,eq f pr=s
we have
T35 > (3Asup f(x))% (1 - %) .
€ Az
Therefore, we finally conclude that
1 1 C C C
(itelgf(x))a — (f(a)® < et S

This completes the proof of Theorem 3.3. O

Fic. 2. Upper figure (a): plots of 1 —u versus x at different times, where X\ = 10. Lower figure
(b): plots of 1 — u versus x at different times, where A = 100.

Before ending this section, we now present a few numerical simulations on Lemma
3.1 and Theorem 3.3. Here we apply the implicit Crank-Nicholson scheme (see §3.2 of
[8] for details), with the meshpoints N = 6000, to (P), in the symmetric slab domain
—1/2 <2 < 1/2. We choose the varying dielectric permittivity profile f(z) satisfying

1—16(z+1/4)%, if z<-1/4;
flaj(z) =< |sin(27z)], it |z| <1/4; (3.13)
1—16(z —1/4)2, if z>1/4.
Note that z = £0.25 are two maximum points of f(z), and all assumptions of Lemma
3.1 and Theorem 3.3 are satisfied in view of (1.9).
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(@) 1-u versus x at A = 10°

(b) Local Amplified Plots

0.1

”2\/

L L L L L L L
0.2492 0.24950.2496 0.2498 0.25 0.2502 0.2504 0.2506 0.2508
x

Fic. 3. Upper figure (a): plots of 1 — u versus x at different times. Lower figure (b): local
amplified plots of (a).

Simulation 1. Quenching behavior for small A > \*:

In Fig. 2(a): 1—u versus z is plotted at different times for (P)y at A = 10, where the
quenching time is T' = 0.05174132. The quenching is observed at z = 4+0.204, a bit far
away from the maximum points of profile f(z). In Fig. 2(b): 1 —u versus z is plotted
at different times for (P), at A = 100, where the quenching time is 7' = 0.003523908.
In this case, the quenching is observed at x = +0.2535, very close to the maximum
points of profile f(z). This simulation shows the necessary of the assumption that
Lemma 3.1 and Theorem 3.3 hold only for sufficiently large A.

Simulation 2: Quenching behavior for sufficiently large A:

In Fig. 3(a), 1 —u versus x is plotted at different times for (P), at A = 10°, where
the quenching time is 7' = 0.000003332783. In this case, two quenching points are
observed at * = £0.250165, more close to the maximum points of profile f(x). In
Fig. 3(b) we show the local amplified plots of (a) near the maximum point = = 0.25 of
f(z). By further increasing the value of A\, we observe that quenching points become
further close to the maximum points of f(z).
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