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ABSTRACT. In this work we study the semilinear wave equation of the form
Urt = tge + A/ (1 — u)?,

with homogeneous Dirichlet boundary conditions and suitable initial condi-
tions, which, under appropriate circumstances, serves as a model of an ideal-
ized electrostatically actuated MEMS device. First we establish local existence
of the solutions of the problem for any A > 0. Then we focus on the singular be-
haviour of the solution, which occurs through finite-time quenching, i.e. when
[lu(-,t)|]o — 1 as t — t*— < oo, investigating both conditions for quench-
ing and the quenching profile of u. To this end, the non-existence of a regular
similarity solution near a quenching point is first shown and then a formal as-
ymptotic expansion is used to determine the local form of the solution. Finally,
using a finite difference scheme, we solve the problem numerically, illustrating
the preceding results.

2010 Mathematics Subject Classification. Primary: 35K55, 35J60; Secondary: 74H35, 74G55,
74K15.

Key words and phrases. Keywords: Electrostatic MEMS, Quenching of Solution, Hyperbolic
Problems.


http://dx.doi.org/10.3934/xx.xx.xx.xx

2 N. KAVALLARIS A.A. LACEY C.V. NIKOLOPOULOS AND D.E. TZANETIS

1. Introduction. The main purpose of this work is to study the singular behaviour
of the hyperbolic problem

Utt:’U/g;I-i-m, O<zx<l, t>0, (11&)
w(0,¢) =0, w(l,6)=0, t>0, (1.1b)
u(z,0) =up(z) <1, w(z,0)=u1(z), O<z<1, (1.1c)

where A is a positive parameter. Problem (1.1) can model the deformation of an
elastic membrane inside an idealized electrostatically actuated MEMS.

“MEMS” stands for micro electro-mechanical systems, and refers to precision
devices which combine mechanical processes with electrical circuits. MEMS devices
range in size from millimetres down to microns, and involve precision mechanical
components that can be constructed using semiconductor manufacturing technolo-
gies. The devices are widely applied as sensors and have fluid mechanical, optical,
radio frequency (RF), data storage, and biotechnology applications. In particular,
examples of microdevices of this kind include microphones, temperature sensors,
RF switches, resonators, accelerometers, data-storage devices etc., [7, 37, 41].

The key part of such a MEMS device usually consists of an elastic plate sus-
pended above a rigid ground plate. In the simplest geometry, the elastic plate (or
membrane) is rectangular and held fixed at two ends while the other two edges re-
main free to move. An alternative configuration could entail the plate or membrane
(no longer necessarily rectangular) being held fixed around its entire edge. When a
potential difference Vj is applied between the membrane and the plate, the mem-
brane deflects towards the ground plate. Under the realistic assumption that the
width of the gap, between the membrane and the bottom plate, is small compared
to the device length, then the deformation of the elastic membrane is described by
a dimensionless equation of the form

A t
62utt—|—ut—Au:(1fd(x’)2), zreQCR: u=0, zed, (1.2a)
—u
u(z,0) =up(x) <1, w(z,0)=ui(z), z€Q, (1.2b)
where v = u(z,t) stands for the (dimensionless) deflection of the membrane,
2 _ inerti.al terms and A — V2L2%e x V2.
damping terms 2T,,12

Here ug(z) and uq (x) represent the initial deflection and velocity, respectively, of the
elastic membrane. The function fy(x,t) describes the varying dielectric properties
of the membrane; for simplicity we assume here that fy(z,t) = 1. Furthermore, T),
stands for the tension in the membrane, L. is the width of the parallel plates, each of
them denoted by €2, [, is the unperturbed width of the gap between the membrane
and the ground electrode, and £q is the permittivity of free space. The boundary
condition represents the membrane being kept in its unperturbed position along its
edge.

When the damping terms dominate, i.e. when €2 < 1, then (1.2) reduces to the
parabolic problem

up — Au = zeQCR? u=0, zed,

A
(1 —u)?*’
u(z,0) =up(x) <1, x€Q,
which has been extensively studied in [7, 10, 13, 21].
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On the other hand, when the contribution of the inertial terms dominates, i.e.
€2 > 1, we derive, after rescaling, the model

re€QCR? u=0, xecdf, (1.3a)

A
Utt*Au: m,

u(z,0) =up(x) <1, w(z,0)=ui(z), z¢€. (1.3b)

In general, the two parallel plates are of arbitrary shape. However, if the parallel
plates are thin and narrow homogeneous strips of fixed width L., see [1, 34], then,
with suitable scaling, (1.3) can be reduced to the one-dimensional model (1.1). The
one-dimensional problem can also be used as a simple model to get better insight into
the operation of devices with more general geometries, and especially for the two-
dimensional radially symmetric case, i.e. when 2 is a disk, which will be investigated
in a forthcoming paper. For certain MEMS-type devices, e.g. resonators and some
devices with applications in data storage and optical engineering, [14, 39, 40, 41],
the rectangular geometry is practical and it is in fact used. The investigation of the
one-dimensional model (1.1) is thus of importance in its own right.

When the MEMS device is connected in series with a voltage and a fixed capacitor
one can derive a non-local model of the form

g+ up — Au = A 2,:cGQCIRQ,u:O, x € 01,
(1 —u)? (1 + 7f01 ﬁdm)
(1.4a)
w(z,0) =up(x) <1, wu(z,0)=ui(z), €9, (1.4b)

where the parameter ~ represents the ratio of a fixed capacitance to a reference
capacitance, see [10]. Model (1.4), depending on the contribution of the inertial
and damping terms, gives rise to the non-local parabolic problem

A

2
(1 —u)? (1 + 'yfol ﬁdm)
u(z,0) =up(z) <1, x €,

u — Au = zeQCR? u=0, zedQ,

which has been studied in [16, 17, 19, 35], or to the hyperbolic non-local model
A

(1 —u)? (1 + ’yfol ﬁdaz)z7
u(z,0) =up(x) <1, w(z,0) =ui(z), z€Q,

zeQCR? u=0, =€,

Ut — Au =

whose behaviour for the one-dimensional case was investigated in [22].

Recently some authors initiated the investigation of fourth-order models, using
the bilaplacian operator which models the moving part of a MEMS device as an
elastic plate (with non-zero thickness), rather than as a simple, thin, membrane,
[18, 25]. There are also papers investigating the quenching behaviour for fourth
order parabolic equations, [24, 32]. Some recent works investigate the wave equation
with damping, [9, 30, 31].

For a more detailed account of the modelling of MEMS devices, see the books
[7, 37, 41].

From the above, it is clear that the applied voltage V; controls the operation
of the MEMS device. Indeed, when V; takes values above a critical threshold V.,
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called the pull-in voltage, this can lead to the phenomenon of touch-down (or pull-
in instability as it is also known in MEMS literature) when the elastic membrane
touches the rigid ground plate, possibly causing destruction of the device in some
applications. (The designers of such MEMS devices consequently need to tune the
voltage load so that stays away from the pull-in voltage.) Equivalently, this means
that there should be some critical value A, depending upon the initial data, of the
parameter A\ above which singular behaviour should be expected for the solution
of problem (1.1). Looking at the nonlinear term of problem (1.1), one can notice
that singular behaviour is possible only when u takes the value 1, a phenomenon
known in the literature as quenching, see also Section 4. From the point of view of
applications it is important to determine whether quenching occurs and, if it does,
to clarify when, how and where it might happen. We address two of these questions
in this manuscript.

Many authors have investigated the occurrence of quenching for the hyperbolic
problem (1.1), [5, 6, 20, 29, 38]. However, to the best of our knowledge, the be-
haviour close to quenching, i.e. the quenching profile, has not been studied previ-
ously. In the current work, we first prove some quenching results for problem (1.1)
which improve some of the results in [5] for the one-dimensional case and in [29, 38]
for higher dimensions. Although we mainly focus on the one-dimensional case, our
quenching results can be easily extended to higher dimensions as we note in the
text.

The outline of the current work is as follows. In Section 2 the local and global
existence of solutions to problem (1.1) are studied, while the steady problem is
briefly looked at in Section 3. Then, in Section 4, we establish some conditions
under which the solution u of (1.1) quenches in finite time, see Theorems 4.2, 4.3
and 4.4. Section 5 is devoted to the investigation of the question of existence of
a regular self-similar quenching solution and we finally give a negative answer, see
Theorem 5.1. This result is rather surprising since, in standard semilinear wave
equations with nonlinearities leading to blow-up, the local behaviour close to blow-
up is usually of self-similar type, see [2, 3, 11, 33]. The result is also in contrast
to the existence of a self-similar quenching profile for the corresponding parabolic
problem, [10]. In Section 6 we go on to use an asymptotic expansion to obtain the
local form of the quenching profile as const.x (z — quenching point)%. Finally, in
Section 7, a moving mesh adaptive method is used to obtain a numerical solution
of the problem, corroborating the results regarding the quenching profile. We close
the paper with a short discussion of our results.

2. Local and Global Existence. In this section we establish local existence of
problem (1.1) where ug,u; € C'([0,1]) and satisfy the compatibility conditions

Definition 2.1. We say that u is a weak solution of (1.1) in Qr = (0,1) x (0,T),
for some T' > 0, if:
e (i) u is continuous in Q7 and satisfies the initial and boundary conditions
there,

o (ii) u <1—§ in Qr, for some § > 0 and for z € (0, 1),
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e (iii) u has weak derivatives, u,,u; € L*(Qr) and for all t € (0,7), ug,us €
L ([0,1)),

e (iv) for any function ((z,t) € C?(Qr) satisfying the boundary conditions
(1.1b) and for 0 <t < T, the following equality holds:

/oqu Bus(z, t)d / / (G (2, Tur (2, 7) — Co(@, T)us (2, 7)]dxdr

C(x, 7)dxdr
* /\// (1 —wu(z, 7)) (1= u(z, )2 (2.1)

By Sobolev’s and Poincaré’s inequalities,
[ulloo < Cllualla, € >0, (2.2)

where C' depends only on the interval (0,1), and we get that a weak solution of
(1.1) is actually a C’;:tlfsolution. Under the assumptions ug € C?%((0,1)) and
up € CY([0,1]) we obtain, via D’Alembert’s formula, that wu(x,t) is a regular
C’2 2*80111'51011 to (1.1) except (possibly) on the set

{(z,t) € (0,1) x [0,T] |z —t or x + ¢ is an integer},

where ((z,0) = 0.

see also [5].
Moreover, the total energy of any weak solution of (1.1) is preserved, i.e.

1! D
Ep(t) = 7/ (u2 + u?) dz +/ de = Er(0):=Ey, 0<t<T. (2.3)
2 Jo o 1—u
Regarding local existence of problem (1.1) we have:

Theorem 2.2. [5] : For any X > 0, if the initial data uo(x) and ui(z) € C1([0,1])
satisfy the condition

[luolloo + Tl|u1]lec <1 =20, for some positive § > 0, (2.4)

with T sufficiently small, then problem (1.1) has a unique weak C;:tlfsolution on
Qr. Furthermore, the solution can be extended to any interval of the form [0,T + 7]
for T sufficiently small and positive as long as |u| < 1 on Qr.

We notice that Theorem 2.2 implies that the solution of problem (1.1) ceases to
exist by quenching. For local existence results in the higher dimensions N = 2,3,
see [29, 38]. For a different existence proof see [30].

For small initial data and for 0 < A < A3 < A*, the following global existence
result is available.

Theorem 2.3. [5, 29] : If the initial data ug(z) and ui(x) satisfy the condition
||u0||§1,é((0,1)) + HU1H%2((071)) < Ry, for some small enough positive Ry > 0,

then there exists \* (Ry) < N*, where \* is the critical parameter for the steady
problem (3.2), see below, so that for 0 < A < A* (Rg) problem (1.1) has a global-in-
time solution, i.e. there exists a constant K = K(\, Ry) < 1 such that ||u(-,t)||c <
K for anyt > 0.

Remark 1. Athough it is conjectured that supp A* (Rp) = A* there is still no
proof of this equality.
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Remark 2. By the definition of A, in the Introduction, if | |u0\|é3((071))+\ [ua] \%2((071)) <
Ro, then )\cr Z /\*_ (Ro)

3. The Steady-State Problem. The steady-state problem of (1.1) is
A
w”+m:0, 0<z<1l, w0 =wl1)=0, 0<w<1. (3.1)

For the steady problem it is known that there exists a critical value A* such that
problem (3.1) has exactly two solutions (the minimal solution w and the maximal
one w) for any A < \*, moreover, there is a unique solution 0 < w* < 1 for A = A\*
and no solution for A > \* (see [12, 27]).

We can actually calculate the critical value \*. If we set W = 1 — w then (3.1)
becomes

W’ =XW? 0<z<l, W(O0)=W(1)=1. (3.2)
Multiplying both sides of (3.1) by W’ and integrating from m = min{W(z), x €
[0,1]} = W(1/2) to W(x), we derive

! xT .’,le WdW
/0 WldW/:A VVHI/‘//d.T:)\/\é de:A[n W
1 2 1 1
S =a(= - o).
2( ) (m W)
d _ jm J W
aw VAV W —m’
which implies

T—1= ;\{ W(Wm);mln(m)quln(\/WqL\/VVim)} .

The latter yields, on setting x = 1 so that W =1,

A=2m [m_ L min(m) 4 min 1+ m)]

Hence

This gives, equivalently,

2

By the above relation we conclude that the maximum of m = m()\) is attained for
A= A"~ 1.4, see Figure 1.
The computation of the value A*, with a different way, is also given in [10].

4. Finite-Time Quenching. By Theorem 2.2 we derive that the solution of (1.1)
ceases to exist only when u reaches the value 1 at some point (z,t) € [0, 1] x (0, o],
i.e. for finite or infinity quenching time. This phenomenon is usually called quench-
ing or touch-down (or pull-in instability) since it corresponds to the situation where
the elastic membrane touches down on the rigid plate in the MEMS device. Rather
more mathematical discussions of this phenomenon can be found in Sections 5 and 6.

Definition 4.1. The solution u(z,t) of problem (1.1) quenches at some point z* €
[0,1] in finite time 0 < ¢* < oo if there exists sequences {x,}>2,; € (0,1) and
{tn}52, € (0,00) with x,, — z* and t,, — t* as n — oo such that u(x,,t,) — 1—
as n — oo. In the case where t* = oo we say that u(x,t) quenches in infinite time
at x*.
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FIGURE 1. Bifurcation diagram for problem (3.1). Here p is the
parameter of the linearized problem (4.2).

We now present two results regarding the finite-time quenching of solution u(z, t)
of (1.1). The first one proves that finite-time quenching occurs when the parameter
A is too big for steady-state solutions to exist. This resembles a result valid for the
corresponding parabolic problem, [13, 21]. The occurrence of quenching for A > \*
resembles also the results obtained in [18, 25] for the fourth order wave equation.

Theorem 4.2. If A\ > \* the solution u(x,t) of problem (1.1) quenches in finite
time.

Proof. For the proof we use the spectral method developed in [23]. We assume that
for A > A* problem (1.1) has a solution for 0 < t < Tya. < 00, ie.

u(z,t) <1 almost everywhere in (0,1) for any 0 < ¢ < Thnaz- (4.1)

We first provide some results for the associated linearized eigenvalue problem

¢”+(13Aw)3¢=g¢, 0<z<1, ¢(0)=¢(1)=0. (4.2)
Set w1 = p1(A;w), the principal eigenvalue of problem (4.2), then p;(A;w) > 0 and
w1 (A;w) < 0 for any 0 < A < A*, [12], which indicates the stability of w and the
instability of w, see also Figure 1. Moreover, uy — puf = pp (A5 w*) = 0as A = A —,
as stated in Theorem 1.3 of [12]. Let ¢* be the eigenfunction corresponding to the
eigenvalue uj = 0, taken to be strictly positive, [12], and normalized so that

1
| orar—1. (43)
0
i.e. ¢* satisfies

o 4 2N $0°=0, 0<z<l, ¢"(0)=9¢"(1)=0. (4.4)

1—w)
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For A\ > \*, set u(x,t,; \) = w*(x) + z(x, t; A), then z satisfies
A

T (4.5)

upr = 24 = W 4 24g +
Now define the functional
1
At) = / z(x,t)o* (z)dx.
0

Multiplying both sides of equation (4.5) with the eigenfunction ¢*, integrating over
the interval [0, 1], using Green’s identity and equation (4.4), we then obtain

Aty = /Olw*"qS*dat—&—/ole(b*dm—&-)\/ol ﬁd;ﬁ
= A*/Ol(l_gé;*)deJr/olqu*”dx+>\/ol (19_i>*u)2d$7
- —A*/Ol(l_gb;*)de—/\*/ol(lii;):szdw—l—(/\—)\*)/ol(1(_b*u)zdx
1 *
+/\*/0 (lfiu)zdx
- (A_A*)/ol(libl)zdx+/\* / TR TR ) O 49

for A > \*.
From conservation of energy, (2.3),

dr < 2Fy,
—Uu

L |
ot |12 §2E0—2A/
0 1

and we then derive, on combining Sobolev’s and Poincaré’s inequalities (2.2), that
u(z,t) > —Cy forany z€[0,1], 0<t<Thaz, (4.7)

where C is a positive constant depending only upon A and the initial data.
Note that due to (4.7) the first term of the right-hand side of (4.6) is estimated
from below by
1 1
A= X" ——dz > (A =\ f dr >
( ) ~/0 (1 - U)Q v= ( ) te(olvrjl—‘7naw) 0 (1 - u)2 v= (1 + C\'O)27

since also (4.3) holds.
On the other hand, the integrand of the second term of the right-hand side of
(4.6) is non-negative since
1 1 2z S 322
(1-w? (I-w)? (I-w) " (1-¢*
for some &£ €< w*,u >, where < w*,u >={£: { = w* + (1 — Q)u, 0 € [0,1]}.
Thus, we obtain the differential inequality

> 0, (4.8)

A —2%)
1 > ( — *
A(t)_i(lﬁ—Co)Q K >0, for A> )\,

which integrated twice yields

2
A(t) > K% + At + Ag = G(t), forany 0<t< Tmax, (4.9)
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where
1 1
Ao= [ (w00 (@)do = [ (o)~ w (@) 6" (@) < 1,
0 0
and
1 1
A = / z¢(x,0)¢™ (x)dx = / up ()" (x)dx.
0 0
It is readily seen that the positive root of the equation G(t) =1 is

—A; +4/A? —2K(Ap - 1)
K
thus lims_,+, A(t) = 1— for some ¢; < t; by (4.9). However, the latter, since

0<t+:

< 00, (4.10)

1
A) = [ #(e.00" @) do < Ju 'l < s for >0,
0

implies that limy_¢« ||u(-,t)||cc = 1 for some t* < t,. O

Theorem 4.2 improves the result of Theorem 3.2 of [5] where quenching was
proved only for A > A%, for some A% > A*, and left a gap for the range (A*, \%].

Moreover, the result of Theorem 4.2 can be easily extended to the practically
important two-dimensional case and indeed to three dimensions. The proof follows
exactly the same steps. The existence of A* < oo for the higher-dimensional steady-
state problem

A
Aw—i—mzo, z€Q, wx)=0,z€d, 0<w<l,
for © being a bounded domain of RY, N = 2,3, is guaranteed by the results in
[7, 12], where the C%—regularity of the extremal solution w*(z) = w(z; \*) is also
proved. In [7, 12], it is additionally proved that the principal eigenvalue of the
linearized problem
¢+m¢ =p'e", €, ¢"(x) =0, ze€i,

is u* = 0. Moreover, a lower estimate of the form (4.7) still holds due to Sobolev’s
inequality holding for N = 2,3. Therefore the quenching result in [38] can also be
improved. In addition, the estimates of the quenching time presented in the next
remark are also applicable for N = 2, 3.

Remark 3. The upper bound of the quenching time obtained in Theorem 4.2 can
be used to estimate the quenching time, from above, in the asymptotic limit of
A= N+

For w; > 0 and not identically zero, so that A; > 0, taking A — A*+ so that
K — 0, (4.10) gives t; — (1— Ag)/A;. For X close to the critical value, any upward
perturbation leads to quenching in an order-one time, or less. With wu; identically
zero, so that Ay = 0, t, = (2(1—Ag)/K)Y/? and thus t* < t, = O((A—\*)"1/?) for
A — A"+, With u; < 0 and not identically zero, so that A; < 0, taking A — A\*+,
so that K — 0 in (4.10) now gives t; ~ —2A4; /K. Then t* <t = O((A — \*)71).

The middle estimate of the quenching time agrees with one which holds for the
corresponding parabolic problem, see [13, 23].

We cannot easily get a good bound in the same way in the opposite limit of
A — oo. This is due to Cy being potentially unbounded.
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We should note, however, that in this one-dimensional case we can proceed
slightly differently.

Writing F(z,t) = /(1 — u(z,t))? and F(z,t) = F(x,t) for 0 < z < 1, F(x,t) =
—F(—xz,t) for -1 <z < 0and F(z,t) = —F(2—x,t) for 1 <z < 2, the D’Alembert
solution for (1.1), applying for ¢t > 0, gives

1 1 x+1
u(z,t+1) = i(ﬂ(x—l,t)—i—ﬂ(x—l-l,t))—i—i/ U (y,t) dy
z—1
1 1 x+1—s ~
+ */ / F(y,t+s)dyds
2 0 Jx—1+s
1

min{z+1—s,1—x+s}
/ F(y,t+s)dyds

max{l—s—xz,z—1+s}

= —i(u(l —x,t) +u(l —z,t)) +%/0

> —u(l—ux,t),

where @ is the (odd) extension of u defined by @(x,t) = u(z,t) for 0 < z < 1,
w(x,t) = —u(—=z,t) for —1 < x < 0, and a(z,t) = —u(2 — z,t) for 1 < x < 2.
We deduce that if u falls to —1 at some time ¢1, quenching must then occur before
t1 + 1.

Combining this result with the estimate got from (4.10) (based on assuming that
u remains greater than —1) gives the quenching time estimate t* < 1 for A — oo.

Since u(x,t) represents the deflection of the elastic membrane inside MEMS
device, one expects touch-down to occur when the initial deformation wg(z) of the
elastic membrane is big enough and/or there is movement towards the rigid plate,
meaning that u(z) is positive. This expectation is verified by the following.

Theorem 4.3. Let 0 < X\ < \*, then the solution of problem (1.1) quenches in finite
time provided that the initial data ug(x) is greater than or equal to the mazimal
steady-state solution W(x; ) and ui(x) is non-negative, with ug(x) > w(x;A) or
ui(x) > 0 for some x.

Proof. Again we proceed as in [23]. Let us assume that the maximum existence

time of problem (1.1) is 0 < Tipae < o0. For any 0 < A < A* set u(z,t;A) =
w(x; A) + z(z,t; A), (note that W = w* for A = A\*). Then z satisfies

_ _ —/ + A
Ug = 2¢ = W + Zza —u2
N S S
B (I-w)? (1-w)3? @1-w)
2\ z
+ me+7(1_w)2 — w1z + 2. (4.11)
Let (u1,¢1) be the principal eigenpair of the problem:
2\
" _ b= 0 1 0)=0(1)=0 4.12

where ¢, is considered to be positive and normalized according to (4.3) and pq is
known to be non-negative, since w is unstable, see 7, 12].

We now define A(t) by

Alt) = /O (2, ) () da (4.13)
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Differentiating (4.13) twice and using equation (4.11) combined with Green’s
identity, we obtain

1
A'(t) = /Oztt(x,t)cbl(x)dx

1
1 1 2z
= A — — d
R e e e
1 1
2\
0 (1—w) 0
Since ¢ satisfies (4.12) with g = pq, the second term on the right-hand side of
(4.14) vanishes, hence

AT(1) > A / C 320k AW (4.15)
———dx .
taking also into account
1 1 2z 322

— > >0, forsome & €< u,W >,

T-w? (1-w)? (1-w)P "~ (1-¢°
as well as the fact that (4.7) is still valid. By virtue of Jensen’s inequality, (4.15)
yields
A'(t) > AA%(t) + 1 A(t), for any 0 <t < Thuae, (4.16)

where A = ﬁ Now the differential inequality (4.16) under the initial conditions

A(0) = Ag = /0 z(x,0) ¢1(z) dz = /0 (up(z) —w(z)) p1(x) dx > 0, (4.17)
and
A(0) = Ay = /0 21(2,0) 6 () dr = /O w(z) 1 () dz > 0, (4.18)

with A(0) > 0 or A’(0) > 0 implies that A(¢) > 0 for any 0 < t < Tyq.. Therefore
the right-hand side of (4.16) is positive, since p; > 0, so

A(t) > A1t + Ap, for 0 <t < Thas-
Substituting back into (4.16), and integrating, gives

1
A(t) > At + Ag + A (Agt + AgAqt? + 3A§t3) , for 0<t<Thas-
This yields that lim;,;, — A(t) = 1 for some finite positive ¢;. Since
1
A(t) z/ z(z, t)p1(z) de < [[u — Wlloo < Jt)lco, for w >0,
0

we also have that ||u(-,t)|lcc = 1— as t — t* < t; < oo, which also implies, [6, 22],
that [|ug (-, t)||coc — 00 as t — t*. O

Remark 4. Theorem 4.3 can be easily extended to the higher dimensions N = 2,3
since the linearized problem for 0 < A < A\*,

2
A¢+m¢zﬂ¢7 T €Q, P(x) =0, x €09,
has non-negative principal eigenvalue as well as a lower estimate of the form (4.7)
still valid.



12 N. KAVALLARIS A.A. LACEY C.V. NIKOLOPOULOS AND D.E. TZANETIS

We close this section with a quenching result applying for higher dimensions
N > 3, where the estimate (4.7) obtained via Sobolev’s inequality is no longer
valid. For a similar result see also [10, 18].

Theorem 4.4. If X > N\ = 4v,/27 > X\*, where vy > 0 is the principal eigenvalue
of the problem

—AY=vyp, z€Q, Yv=0, xe€d, (4.19)
then the solution of problem
A
utt—Au:m,erCRN7u:0,xeaﬂ, (4.20a)
w(z,0) =up(z) <1, wu(z,0) =ui(z), €€, (4.20b)
quenches in finite time.
Proof. We define the functional
F(t) = [ ulaoit) ir(e)do < [ful- D)l (4.21)
Q

where ;1 > 0 is the eigenfunction of (4.19) normalized so that [, dz = 1.
Differentiating F'(¢) twice and using integration by parts together with equation
(4.20a) and Jensen’s inequality, yield the differential inequality

11 _ A . Ay
A

> —n F(t)+ A= FO)2 (4.22)
with associated initial conditions
F0)=F <1 and F'(0)=F. (4.23)
It can be easily seen that for A > X% = 4v,/27,
ﬁ—V15>07 forany 0<s<1,
which, by virtue of (4.22) and (4.23), guarantees that
F'(t)>Cy >0 forany 0<t<Thae,
thus
F(t)> Cot? + Fit + Fy forany 0 <t < Thas- (4.24)
But relation (4.24) implies that lim,_,;, F'(t) = 1 for some ¢t < ¢4 where
0<ty= “F A VI G - F) < 0. (4.25)

205

Finally, (4.21) implies that ||u(-,t)]|cc — 1 as ¢ = t* < t4.
The statement that A% > \* is clear by contradiction (on assuming that A* > A%
and then taking \* > X\ > X% with initial conditions uy = w (or w) and u; =0 ).
O

Remark 5. An estimate on the quenching time for large A can easily be got from
(4.25) (c.f. Remark 3).
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Remark 6. For convenience the proofs of all the quenching results given in the cur-
rent section concern smooth solutions. However, the same results can be proved for
the weak solutions defined by Definition 2.1 under the assumption that ug(z), ui(x) €
L2([0,1]).

5. Non-Existence of Regular Similarity Solutions. In many cases the exis-
tence of a similarity solution can provide us with a description of the solution profile
during quenching. However, as we will see in this section, we do not have such a
similarity solution for our problem. Our analysis will also be a guide towards ob-
taining an asymptotic expansion describing the quenching profile in the following
section. For simplicity, we take the quenching time to be ¢ = 0 and position to
be x = % both in this section and in Section 6, provided we consider initial data
symmetric with respect to x = % Also for simplicity we may consider A = 1.

We take an alternative form of the local hyperbolic problem by setting U = 1—u.

Thus we have

Up =Upe —1/U%, 0<z<1, t>0, (5.1a)
U@O,t)=1, U1,t)=1, t>0, (5.1b)
U(z,0) = Up(x), Uz,0)=Ui(z), 0<z<l1, (5.1c)

with 0 < U < 1 and quenching occurring when U = 0.

We set U = (—t)*v(n), for n = (z — 3)/(—t) and we have dn/dt = (z — 1)/t

Then the terms in equation (5.1a) become:

2
g (=1)*7? [ala = 1)v — (2a1p" — 20") +17°0"] ,

ot?
0°U _
axz — ( t)a 2,0//’
1 —2a,,—2
To eliminate time we must take a« — 2 = —2« or that a = % and we obtain the

relevant equation for v,

o () + 50 (0) = i) = () —
or

(1= 1)) = 50/ ) + ol0) = 5

(5.2)

A constant and regular solution of this equation is v = a with a = (%) %.

We want to show that v = a is the only symmetric regular positive solution of the
equation and thus there is no non-trivial similarity solution of the problem. This
means that not all of the conditions v(0) > 0, v/(0) = 0, v(n) — +oo for n — oo
and v being smooth in its domain can be satisfied simultaneously. Indeed we have

the following:

Theorem 5.1. The solution v = a is the only symmetric reqular positive solution
of equation (5.2).
Proof. We set v =a+ V and then for V =V (n) we get

1 2V(n)

2 2 2
(L=n)V"(n) - §77V/(77) + 7% + §V(77) ) +

—g(n) =0,

a3
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(1= )V () = 20V () + 2V () — g0) =0, (53)
for
_ 1 L 2V(np) _ (Ba+2V(n) V()
9(n) = (a+V(n)? a? a3

@la+Vn)* ~
Noting that V' = 7 is a solution of (5.3) if the g term is neglected, we set V = ngq
and obtain

2
(1—=n%) (nd" +2¢') — 3 (g +a) + 3ma = g(n),
or

4
n(l—n*)q" +2 (1 -2

3 > q =90,

and

q// + 2 (1 B %772) q/ _ 9(77)
n(l—n?) n(l—mn?)
Using the integating factor n?(1 — 772)% we obtain

(P —m)t) = n( -

g(n)-
This gives

7?1 —n?)8q = A+ G(n),

where
n 2
Glr) = [ s1= ) gls)ds
0
Then we get
LA+ G(s
o) = B [ SR
n 82(1—s?)s

Thus due to the fact that V = ng we have

V(n):n[BC—irAc—/nl (m_“‘c>ds} _ A,

In order to obtain regularity at n = 0, with »’(0) = V'(0)
symmetry condition) we have

1
&:/‘(&+G@{_A)¢_Aw
0o \s2(1—s?)3

W=

0, (i.e. demand the

52

[ (AtC A)

c
§2(1—s2)5 82

and thus

V(n)
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For 0 < ¢ = v(0) < a, we have —a < V(0) = —A, < 0 and 0 < A. < a. Also
for V> —a we have g(V') > 0 which additionally implies that G(s) > 0. Now for
0 <n <1 we have

av "/ Ao+ G(s) A, A.+ G(n) A,
—_— = T oI 3 ds + N\ —-— 51 — -
dn 0o \2(1—s2)F s Pa—n)t 7
AC AC AC ].
n(w(n)l2> ><11) —oo0as n—1—,
n”?(1—-n?)3s 7 n\(L=n?)s
which implies that the solution, V', develops a singularity at n = 1.

Hence any regular symmetric solution must have v(0) > a, i.e. V(0) > 0. From
(5.2), it is clear that v is then decreasing for n small and positive. Since v must
remain positive, either it must reach a positive local minimum, say v*, at some
point n* in (0,1), or v remains decreasing throughout [0, 1], taking some positive
value vy at 7 = 1. We examine the former case first.

As before,
T Ao+ G(s) AC>
Vi(n) = ——— — — |ds— A,
() 77/0 (52(1—32)3 2 ) s
and

T A+G(s) A Ac+Gm)  Ac
V! :/ (1— ds + < e 5.4
) 0o \s2(1—s2)s 82 N nl—n2)s 7 (54)

Given that V' has a minimum at n

n
/“C%%MAﬁ@:&_Aﬁam
0

s2(1—s2)s 82

and hence
A.+ G(s A A, A +G
Vo= [ (At E0) Y gy e deratn)]
e \s*(1—s%)3 s (1 =n)s

In particular,
Ac+G(n")
(1—n2)5
Turning again to (5.2), it is seen that for v and V' to have local minima at n = n*,
v < a and hence V is negative at that point. It follows that

Ac+ G = —(1=n*2)35V(n*) > 0. (5.8)

Now A.+G(n) = A.+G(n +f" 1—52)3g(s)ds > Ac+G(n*) > 0 for n > n* and
from (5.4) we again see that V/ — o0 as n — 1— so that V develops a singularity
atn=1.

V(") = - (5.7)

For the other case, if v is to be regular, it will have a first derivative, say vy, at
n = 1. Then (5.2) gives
1 31 1 _
3V~ 52 = 3V (v —a®).

2vg 3 0
We see that for vy > a, v1 > 0 so that v is locally increasing, contradicting the
assumption of v decreasing in [0,1]. Taking vg = a, v1 = 0, and we regain the

v =
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trivial solution v = a (contradicting v(0) > a). We are left with 0 < vy < a and
v1 < 0, so that now v decreases in a neighbourhood of n = 1.
If v is to be smooth, we can differentiate (5.2) to get

5 w8 ., 2 4 W9
(n® = 1" + 3 =3 9 = 90 (2 v ) . (5.9)
Atn=1,v=vy <aand v  =v; <0sov” <0. As long as v/ <0, v/ < 0 for
7 > 1. Supposing that there is a first point 7, > 1 where v”/ = 0, so that v"/ > 0 at
7 = 1., v > 0 (for the solution to still exist) and v" < 0 at that point. Then (5.9)
gives v”'(n,) < 0, another contradiction. This means that v” < 0 for n > 1, so that
v must fall to 0, and the solution ceases to exist, at a finite value of 7. O

Remark 7. The local behaviour of solutions which are singular at = 1 can be
determined formally. We write n = 1 + o so that for o small we are close to n =1
and the equation has the form

d*v 2 dv 2
2 Hh—=+2(1 _— == 2 =0.
Qo+ o) T3l Hogs —gute
We assume that v has the form of a power-series expansion v ~ vy +wvi0%*+. .., for

some constants vg, v1 and a. Then the equation becomes

Qa(oz—1)v10(’_1+-~-+§av10a_1+~--—§v0+---+v62+-~- =0. (5.10)
The leading-order terms, which must balance, are either the first and second, for
« < 1, or the third and fourth, for oo > 1.

Taking the first two terms to be small gives vg = a. This is the special case of
v = a. With all the terms of the same size, « = 1 and we obtain, to first-order,
v ~ vy + v10 with vy = %vg — %UO_Q. These are the locally regular, but non-trivial,
solutions noted in the above theorem.

With the first two terms dominating, so v1 # 0, 2a(a—1)+ 2a = 2a(a—2) =0.
Clearly we want « to be non-zero to get a locally varying solution so a@ = % We

o

then have a two-parameter family of locally singular solutions, v ~ vy 4+ vy 3 (as
indicated by the earlier estimates on the first derivative of v).

Remark 8. Asymmetric regular solutions can also be eliminated. Taking 0 < ¢ =
v(0) < a, we are no longer able to fix B, since we do not know that V'(0) = v'(0)
vanishes. However, A, = —V(0) = a — v(0) is again positive, so the key steps for
this case still apply and it is still clear that the solution to (5.2) is singular at n = 1.

With v(0) > a, we may assume, without loss of generality, that v'(0) < 0. We
again have the two possible cases to consider: (i) v attains some positive minimum
(which must be less than a) at some n* in (0,1); or (i7) v is decreasing in [0, 1],
taking a positive value vy at n = 1. Case (i) is ruled out as before. Case (i) is
likewise eliminated since, although B, is not fixed, (5.5) again applies so that (5.6)
- (5.8) all follow and a singularity occurs at n = 1.

6. Formal Asymptotics for the Quenching Profile. For simplicity we again

consider initial data ug(z) and u; (z) symmetric with respect to z = 1 then quench-

ing is expected to take place at x = %
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Now we rescale time as 7 = —In(—t) and set = (z — 1)/(—t). We then

have dr/dt = 1/(—t), On/dt = (—t)~'n and we set U = U(x,t) = (—t)3v, with
v =v(n,7). Thus

U = —3(=) 50+ (=) Sur + (~1) .
1 2 2
Uy = (-t)73 (UTT + 2007 — Uz 0y + S0y 9U>
Upe = (—t) Fvy,, U 2=(-t)"5v72
Therefore equation (5.1a) becomes
1 , 2 2 L
Vrr + 20V — 3vT + 0 vy, + gm’n — §v =y, —v 7,
or
2 2 2 -2
Vrr + 200y — 20, = (1= 0% )vgy — 0oy + v — v~ 7. (6.1)

3 3 9

We initially investigate the form of the solution near the quenching point.

1
Inner Solution. We expect that v tends to a, with a = (%) 3 near the quenching

point and therefore we assume that v has an expansion of the form v ~ a + v +
vg +.... Thus equation (6.1) gives

1 ) 2 2 2,
Virr + 2001 — SV, = (1—-n )Ulnn — oMUy + cv1+ ca—a 20 v+

3 3 9 9
on neglecting terms in v?, vy, etc. Given that 2a=3 = %,
9 2 2
Virr + 2001, — g”lr = (1 =n7)viy, — gmjln + §U1 . (6.2)

Supposing that v; decays algebraically in 7, (6.2) reduces to

2 2
(1 - 772)711777; - 577”177 + gvl = 07

which is (5.3) without the g(n) term, has no regular non-trivial solution, and is
therefore not of interest.

Therefore the next reasonable choice is to assume that v, has a 7 dependence of
the form v; = e=*"p(n). In such a case we obtain the equation for p

(1772)p"+2(041>np'+<2aa2>p0. (6.3)
3 3 3
From what we have seen before, it might be expected that for general «, (6.3) has
no non-trivial regular solution. We now look for values of o for which there is a
non-trivial solution for all 7.

We seek an even (symmetric) solution of (6.3) as a power series, p(n) = >_ oo ann®"
with ag # 0 and get

—[((2 « 1 - _
0 Z ((3 -3~ a2) +4n <a - 3) —2n(2n — 1)) ann®" + Z 2n(2n — 1)a,n*" 2

n=0 n=1

—_ im —(2n—1)) (a - (2n - ;)) n*" + i 2(n+1)(2n + Dana™",

n=0

n=0
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which gives
Ung1 (2n—1-a)2n+ 2 - a)
an 2(n+1)(2n+1)

We see from (6.4) that the radius of convergence of the power series for p(n) is (in
general) 1, consistent with p having a singularity at n = 1. However, the series
terminates, with p being a polynomial, p(n), and hence smooth for all 5, for
a=af witha, =2n—1forn=1,2,3, ... andarf:anL% forn=0,1,2,....

For the dominant, slowest decaying, behaviour, with spatial variation, i.e. de-
pendence upon 7, we need a = o] = 1 and then a; = ao/3 and vy = ce™7(n* + 3)
on writing ag = 3c.

On the other hand, a slower shrinking solution still, but without 7 dependence,
is given by a = aa' = %, so that we have vf = de*%, on writing ag = d.

Therefore we have that the solution to the v problem near the quenching time
has the form

(6.4)

v~a+ce T (772 + bo) +de"3T
and therefore for U we get approximately
Ur~e 57 [a +ece”T(n* +3) + de*%T] ~e 37 {a +ee T+ de*%} ,
for large n as well as large 7, or, in terms of ¢ and =,

(z—3)?

—t

wN

U~ (—t)3 [a +c +d(—t) ] : (6.5)
Outer Solution. We want an approximation for the solution of equation (6.1) valid
for n large. For n > 1 the equation becomes

2

2 —
SUr = =N "Upy — 5Ny + -0 —0vV 7,

TT 2 T
vrr M~ 3 3 9

i.e. vy, is negligible compared with 7721),,7,. The neglected term corresponds to
the diffusion term, U,, of the original equation Uy = U,, — 1/U%. Therefore to
determine the outer solution we must solve the equation

d*U 1

Multiplying both sides of (6.6) with dU/dt and integrating results in

dU 2_2+b_2+bU
U U

dt U

where b is a constant of integration. Therefore we have

d_ (U Y
auv 240U )

U\
to_t_/(2+bU) du.

and
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We set U = 2 tan? § with dU = # tan(6) sec?(6)d6 and we obtain

4 tan?(#) 3 9
to—t = 5] <secQ(9)> tan(6) sec*(0)deo,

= %/tanQ(ﬁ) sec(6)db.

In addition we have

/tan2(9) sec(8)df = / (sec®(0) — sec(6)) do
= tan(0)sec(d) — / (sec(8) + sec(0) tan(0)) db,
/sec(@) tan?(0)dd = %tan(ﬁ) sec() — %/sec(@)d@,

/sec(@)d@ = In(tan(8) + cos(9)) .

Thus
2
to—t = o7 [tan(0)sec(d) — In (an(9) + sec())]
= 33 l “3hIUE <1+ bU) —In (2—%1)%U% + <1+ bU) )] )
c2 2 D)

Finally we have that

U3
b

ol
Wl

to—t= —2b”

(2+00)

1 . WU\ 2
In | —b20U% 4+ (14 22
[\/5 ( 2)

The quantity inside the logarithm can be written in the following way

1 1 . WU\ 2 1 .. . bU bRU2
iU 4+ (14 =) |~ 14 —b3Us 4= 22
l\/? +< + 2) ] t 5 e

Therefore we have that

[N}
ol
NI

to—t ~ b1<1+lﬁ]—b23(2]2)—2b—3 Kl+\}§béUé+lf—bg2 >
—;<1+1217§U§+b;:]—bz?g2 >2+§ 1+L2b%Ul bTU—ngQ
gy
+;<1+12b5U%+17i]—b23g2 >5+..




20 N. KAVALLARIS A.A. LACEY C.V. NIKOLOPOULOS AND D.E. TZANETIS

Expanding the quantities in the brackets we obtain

1.1
2202 3.3

to—t ~ ~— +273U% —p273U3
1 1.1 U bU 1 1 5.3 b2U?
—2b7F | —=bPUE 4 — — — — —bRUE + —bEUE -
V2 4 4 42 6v/2 32
VU% 1, . 29772 | o_M,5.5 9.5 .5 _ 5.5.5 1 5.5 5
_ 39 +§bU 7EbU +272bp2U2 +272b2U2 — 27 2bh20>2 +32 2p2U2 + ...

After doing the appropriate eliminations we get, to leading order, that

P ;
to—t~§U%+gbU5+....

This implies that

~ a(— )§<1+§t0( )~ —%ba%(ft)

win
+
~_

and we obtain an expression for the outer approximation.
An alternative way for solving the equation for the outer solution is the following:

1
We have the equation d% = — (%) 2, or that tg —t = [ (2 bU) dU and we

set U = Zsin 2(0) with dU = 3 s1n(9) cos(f)df. Then to —t = 4b~3 [sin®(0)do =
2072 [ (1 —cos(20))df = 2b=% (0 — Lsin(20)) = 2b=% (0 — 1 cos(0) sin(0)).

Thus again
1 1 1
b 2 b 2 b 2
o—t=2% st () - () (1%
2 2 2

The same leading-order approximation results.
Matching. We have the approximation for the inner region being in the form, for

v~atce T (7]2 + bo) + d(f%T,
and U = (—t2)v(n),

+
o

—~
4

~—
Wi

|

In addition the approximation for the outer region has the form

U~ a(—t)3 (1+2t0( t)” —2bag(—t)§+...),

3 5
and in an intermediate region these expressions should be the same and therefore we
must have Zatyg = c(z — 3)? or tg = 36(932&2 Similarly — ba% =dorb= f%a*%d

and we get tg and b from ¢ and d which are determlned by the initial and boundary
conditions of the problem.
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Finally for b > 0 and by equation (6.7), we have

1 2
U% 1 3 1 1.1 bU \ 2 36(1‘—%)
2 _9h—3% 3[732 ~ _
D (24 0bU) 2b 2lnl\/§b2U2+<1+ 2) 5 t
and as t — 0—

1 1 2

Uz 1 _3 1 1.1 bU \ 2 30(93—%)

2 JE— —_— ~

- (2+bU)F — 20 2lnlﬁb2U2‘+<1+ 2) 2

while for z — § and U — 0 we obtain

12
sefe 1) V3,4
2a 3 ’
or that the profile of the solution at the quenching point is

() )

This gives us an (z — %)% dependence of the solution profile near the quenching
point z = 1.

Note also that if we rescale to put the factor A back into the equation, so that
(5.1a) is replaced by Uy = Uy, — A/U?, then, according to the above analysis, we

have that U(3,¢) = 1 —u(3,t) ~ aXs (t* — )5 for t — t*—.

We note that this asymptotic behaviour for the semilinear hyperbolic problem
differs substantially from that for the corresponding parabolic problem, see [15] for
results specifically for MEMS devices and [8] for general results on the monotonic
quenching of solutions of problems which can be written in the form u; — Uz, =
A(1 —u)~#. For the parabolic problem, centre manifold techniques have been used
in showing (i) that the spatially uniform quenching solution is unstable and (ii)
that the quenching profile differs from that suggested by the apparently obvious
similarity solution (const.x |z — z*|*/3 for 8 = 2 and z* the blow-up point) by a
factor of |In|z — z*||~/3. For the hyperbolic PDE, although the simple-minded
guess of a self-similar solution again suggests an |x — z*|2/ 3 profile, our formal
asymptotics now give local behaviour like |z — x*|4/ 3, a quite different power of
distance, apparently without logarithmic dependence.

These formal asymptotic results are not yet proved. It is possible that a centre
manifold-type approach might be useful in trying to do so.

7. Numerical Solution. We now carry out a brief numerical study of problem
(1.1), with a variety of initial conditions. A moving mesh adaptive method, based
on the techniques suggested in [4], is used. This captures the behaviour of the
solution near a singularity.

More specifically we take initially a partition of M +1 points in [0, 1], 0 = &y, &0+
06 = &1, & = 1. For the solution u = u(z,t), we introduce a computational
coordinate ¢ in the interval [0,1] and we consider the mesh points X; to be the
images of the points & (uniform mesh) under the map x(£,t) so that X;(t) =
x(40&,t). Given this transformation, we have, for the approximation of the solution
u;(t) ~ u(X;(t),t), that W =u(X;,t) + Uy X; or up = ‘2—’; — Uy Ty

The way that the map, (&, t), is determined is controlled by the monitor function
M (u) which, in a sense, follows the evolution of the singularity. This function is
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determined by the scale invariants of the problem ([4]). In our case for the semilinear
wave equation of the form Uy = Uy, — 1/UP for U = 1 — u, p = 2 an appropriate
monitor function should be M(U) = |U|~®+1/2,

du du dr

At the same time we need also a rescaling of time of the form % = %% for

% = g(u), where g(u) is a function determining the way that the time scale changes

as the solution approaches the singularity, and is given by g(u) = W (see [4]).

lo

In addition the evolution of X;(t) is given by a moving mesh PDE (see [4]) which

has the form —z,¢e = @ (/\/l(u)xg)E Here ¢ is a small parameter accounting for
the relaxation time scale.
Thus finally we obtain a system of ODE’s for X; and u;. We set %‘ = v and the

ODE system takes the form

% = g(u),
Ur — Uy = g(u)v7
1
VUr = XT7Ux = g(u) <u$$ - )‘(1_U)2> ’
e = T (Mg,

Up (X5, 7) = Spuy(T) =

— () — 2
Upe (X3, T) = 02u,(T) = ( Uit (7) — ui(T) — ui(7) = iz (7) ) ,
Fom) = ) =\ X ) = X0)  X6) = Xea (1)) X () = Xea(7)
Xi T —QXZ‘T +XZ, T
Tee(Siym) 0 Gfwi(T) = +1(7) 552 ) 1 >7
(Mg Mz~ Mi— My —wi1) 1
M(wze)e = de(Mbea) = < 5 5¢ 5 5¢ 5"
Therefore the resulting ODE system to be solved, for
Yy = (t(T)vvl(T)7U2(T)a'"UM(T)aul(T)vUQ(T)a"'UNI(T)7X1(T)aX2(T)7"'XM(T))a
= (t(7)7 v7 u7 X) ) v7 u7 X 6 RI\/[7
will have the form
dy
A — =)
(ry) - =bry),
where the matrix A € R3*+! has the block form
1 0 0 0 t(7) 1
0 I 0 —du u v
A= 0 0 I —dv |’ vy= v , b=g(u) 5211*/\7(17111)2
00 0 -4 X Se(Moxe)

For the solution of the above system a standard ODE solver can be used such as
the matlab function “odel5i”, see [4].

In the figures of this section, the results of various numerical simulations are
presented. In the numerical method we took M = 161.
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FIGURE 2. The numerical solution of problem against space and
time for A = 1.5.

The parameter used in the differential equation was A = 1.5, this value being
chosen so as to be slightly greater than the approximate value 1.4 found in Section 3
for A*, above which quenching should occur by Theorem 4.2.

In Figure 2, u(x,t) is plotted against € [0,1] and ¢t € [0,7] for T = 1.1547.
In the next plot, Figure 3, u(z,t) is plotted against x for various times. The
uppermost line corresponds to the solution of the problem near quenching. The
initial conditions were ug = 0 and u; = 0.

Similar numerical simulations were carried out for smaller values of A, still with
zero initial data. Taking A approaching 1.4 from above, the same quenching be-
haviour was observed. This indicates that, for ug = u; = 0, A = 1.4. The same
was seen to happen for non-zero initial data ug lower than w still with u; = 0.

From the numerical solution of problem (1.1) we have that near quenching time
t*, In (1 —u(3,t)) o In(t* — ) with constant of proportionality . This is demon-
strated in Figure 4, where the fluctuations for ¢ beyond t* — e=3% are apparently
due to numerical errors.

A similar plot of Inu(z,t*) against In(z — 1), in Figure 5, shows that u(z,t*)
behaves like C'(z— %)% near quenching. The agreement is also illustrated in Figure 6,

where the solid line shows the numerical solution of problem (1.1) at the quenching
2

time ¢*, while the dotted curve displays 1 — ( 2\9/65&) ’ (z— %)% The constant ¢ = 2.1
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u(x,t)

FIGURE 3. Profile of the numerical solution of problem (1.1) for
various times, taking A = 1.5.

is chosen in such a way so that there is agreement of the plots at the boundaries,
z=0,1.

Similarity Solution. It is also of some interest to investigate numerically the
behaviour of possible similarity solutions, even though we have seen that they do
not give local behaviour near quenching. We recall that we have taken 1 —u =U =
(=t)*v(n), n=(z—3)/(—t), with U the solution of the equation Uy = Uy, —1/U?.
In this case the equation for v becomes

2 2 1
2 " /
— I = I = So= - 7.1
0 = 1" = 2 = o= (r.1)
For equation (7.1) with initial conditions v(0) = ¢, a positive constant, and
v'(0) = 0, we consider a uniform partition of an interval [0, L] of M points with

én = 5 and n; = (j — 1)0n. Using a simple finite difference scheme and writing

v;j =v(n;), j=1...M, we have

20y — 20(0) 2 1
(D=5~ 500 =~ (7.2)
for j =1,
o 3—=20+00) 2 wy—vr 2 1
(m; — 1) e 3P 5 9T (7.3)
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y=(2/3)*In(t*~t)+0.6365

-10+

-25 1 1 1 1 1 1 1

In(t—t)

FIGURE 4. Plot of y = In(1—u(3,t)) (solid curve) against
In (t* —t) for A\ = 1.5. The straight line (dashed) has slope % and
indicates good agreement between 1 —u(3,t) and const.x (t* — ER
The straight line, based on the analysis of Section 6 from which
we have 1 — u(3,t) ~ aXi(t* — )3 for t — t*—, shows y =
In [aA%(t* —)%] = 06365 + 2In(t* — t) for A\ = 1.5 with a =

(9/2)3.

for =2 and

2 Vjt1 — 2’Uj + v 2 Vjt1 — Vj—1 2 1
C—1 — —n; - =V = —— 7.4
(n; ) on? 3" 26m 9" v2’ (7:4)

for j = 3,..., M. From equation (7.2) we can determine vy, from equation (7.3) we
can determine vz and then using equation (7.4) we can obtain a recursive relation
giving us successively vj4q for 5 =3,..., M — 1.

In Figure 7 the numerical solutions of problem (7.1) are shown for v(0) = a —

1, a, a + 1, where a = \3/2 and M = 750 for n € [0,L], L = 3.2. We notice that

for v(0) = a — 1 the solution attains a singularity at n = 1, for v(0) = 1 we get the
constant solution v = a, while for v(0) = a + 1 the solution falls to zero at some
1 < oo — as indicated by the analysis of Section 5.
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-3 In(1-u(t’,x))

4+

5L

-6 I I I I I I I I I
-55 -5 -4.5 -4 -35 -3 -25 -2 -15 -1 -0.5
In(x-1/2)

FIGURE 5. Plot of In(1 — u(x,t*)) (solid curve) against In(x —
1), for X = 1.5. The straight line (dotted) has slope 4/3 and
the constant 1.091 is chosen so that it passes through the point
(=5.075,—5.675) on the curve In(1 — u(z,t*)).

Discussion. In the current work we have investigated the quenching behaviour
of a one-dimensional semilinear wave equation modelling the operation of an elec-
trostatic MEMS device. After establishing local existence, we have proved that
the solution w of the equation quenches in finite time, ie. |ju(-,t)|lcc — 1 as
t — t*— < oo whenever the parameter of the problem A > A\*, where \* is the
supremum of the spectrum of the associated stationary problem. Although this
type of result is fairly standard for related parabolic problems, it is (as far as we
are aware) new for nonlinear hyperbolic equations. We also showed that quenching
occurs in the parameter range 0 < A < A* if the initial conditions are large enough.
Similar results were also found for the practically important two-dimensional case,
and indeed for the three-dimensional case. Furthermore, in the second part of this
work the quenching profile of the solution was studied. In particular, the existence
of self-similar solutions was investigated and our main result in this direction was
the surprising one that no non-constant regular self-similar solutions occur. With
the aid of this result we studied the profile of the solution near a quenching point
and, by use of formal asymptotics, we got that the solution resembles a curve of the
form (z—quenching point)4/ 3. Finally, numerical solutions of the problem confirmed
the results on the quenching profile.
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u(t ,x)
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FIGURE 6. Plot of u(x,t*) against x (solid curve) together with
2

the curve (2\9/%1) ° (x — %)% for ¢ = 2.1, (dotted).
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FIGURE 7. Plots of the solutions v(n) of equation (7.1) against n
forv(0)=a—-1,a,a+1.

27



28

N. KAVALLARIS A.A. LACEY C.V. NIKOLOPOULOS AND D.E. TZANETIS

Acknowledgments. This work was partially funded by PEVE (basic research pro-
gramme) 2010, National Technical University of Athens (NTUA).

(1
2]
(3]
[4]
(5]
(6]
7]

[9

(10]
(11]
(12]
(13]

14]

[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
23]
[24]
[25]

[26]

REFERENCES

R. C. Batra, M. Porfiri, and D. Spinello, Electromechanical Model of Electrically Actuated
Narrow Microbeams, Jour. Microelectromechanical Systems, 15, (2006), 1175-1189.

P. Bizon, T. Chmaj and Z. Tabor, On blowup for semilinear wave equations with a focusing
nonlinearity, Nonlinearity, 17, (2004), 2187-2201.

P. Bizon, D. Maison and A. Wasserman, Self-similar solutions of semilinear wave equations
with a focusing nonlinearity, Nonlinearity, 20, (2007), 2061-2074.

C. J. Budd, J. F. Williams, How to adaptively resolve evolutionary singularities in differential
equations with symmetry, Journal of Engineering Mathematics, 66, (2010), 217-236.

P.H. Chang and H.A. Levine, The Quenching of Solutions of Semilinear Hyperbolic Equations,
SIAM Journal of Mathematical Analysis, 12, (1981), 893-903.

C.Y. Chan and K.K. Nip, On the blow-up of |u¢¢| at quenching for semilinear Euler-Poisson-
Darboux equations, Comp. Appl. Mat., 14, (1995), 185-190.

P. Esposito, N. Ghoussoub, and Y. Guo, Mathematical Analysis of Partial Differential Equa-
tions modeling Electrostatic MEMS, Courant Lect. Notes Math. 20, AMS/CIMS, New York,
2010.

S. Fillipas and J. S. Guo, Quenching profiles for one-dimensional semilinear heat equations,
Quarterly Appl. Math., 51, (1993), 713-729.

G. Flores, Dynamics of a damped wave equation arising from MEMS, SIAM J. Appl. Math.
to appear, (2014), 1-19.

G. Flores, G. Mercado, J.A. Pelesko, and N. Smyth, Analysis of the dynamics and touchdown
in a model of electrostatic MEMS, SIAM J. Appl. Math., 67, (2007), 434-446.

V.A. Galaktionov and S.I. Pohozaev, On similarity solutions and blow-up spectra for a semi-
linear wave equation, Quart. Appl. Math., 61 (2003), 583-600.

N. Ghoussoub and Y. Guo, On the partial differential equations of electrostatic MEMS devices:
stationary case, SIAM J. Math. Anal., 38 (2007), 1423-1449.

N. Ghoussoub and Y. Guo, Estimates for the quenching time of a parabolic equation modeling
electrostatic MEMS, Methods Appl. Anal., 15 (2008), 361-376.

J. L. Griffin, S. W. Schlosser, G. R. Ganger, and D. F. Nagle, Operating system management
of MEMS-based storage devices, Proceedings of the 4th Symposium on Operating Systems
Design and Implementation (OSDI), (2000), 227-242.

Y. Guo, Z. Pan and M. J. Ward, Touchdown and pull-in voltage behaviour of a MEMS device
with varying dielectric properties, SIAM J. Appl. Math., 66, (2005), 309-338.

J.-S. Guo, B. Hu and C.-J. Wang, A nonlocal quenching problem arising in micro-electro
mechanical systems, Quarterly Appl. Math., 67 (2009), 725-734.

J-S. Guo and N.I. Kavallaris, On a non-local parabolic problem arising in electrostatic MEMS
control, Disc. Cont. Dyn. Systems A, 32 (2012), 1723-1746.

Y. Guo, Dynamical solutions of singular wave equations modeling electrostatic MEMS, STAM
J. Appl. Dyn. Syst., 9 (2010), 1135-1163.

K. M. Hui, Existence and dynamic properties of a parabolic non-local MEMS equation, Nonl.
Anal: Theory, Methods € Applications, 74, (2011), 298-316.

F.K. N’Gohisse and Th. K. Boni, Quenching time of some nonlinear wave equations, Arch.
Mat., 45, (2009), 115-124.

N.I. Kavallaris, T. Miyasita, and T. Suzuki, Touchdown and related problems in electrostatic
MEMS device equation, Nonlinear Diff. Eqns. Appl., 15 (2008), 363-385.

N.I. Kavallaris, A.A. Lacey, C.V. Nikolopoulos, and D.E. Tzanetis, A hyperbolic nonlocal
problem modelling MEMS technology, Rocky Moun. J. Math., 41 (2011), 505-534.

A.A. Lacey, Mathematical analysis of thermal runaway for spatially inhomogeneous reactions,
SIAM J. Appl. Math., 43, (1983), 1350-1366.

P. Laurencot and C. Walker, A stationary free boundary problem modeling electrostatic
MEMS, Arch. Ration. Mech. Anal., 207, (2013), 139-158.

P. Laurencot and C. Walker, A fourth-order model for MEMS with clamped boundary con-
ditions, Proc. London Math. Soc., to appear

J. Lega, A.E. Lindsay, F.J. Sayas, The quenching set of a MEMS capacitor in two-dimensional
geometries, Journal of Nonlinear Science, 23 (2013), 807-834.



QUENCHING OF A HYPERBOLIC MEMS EQUATION 29

[27] H.A. Levine, Quenching, nonquenching, and beyond quenching for solution of some parabolic
equations, Ann. Mat. Pura Appl., 155 (1989), 243-260.

[28] H.A. Levine, The phenomenon of quenching: A survey, in Proc. VIth Inter. Conf. on Trends in
Theory and Practise of Non. Analysis, (editor V. Laksmnikantham), Elsevier North-Holland,
New York, 1985.

[29] H.A. Levine and M.W. Smiley, Abstract wave equations with a singular nonlinear forcing
term, J. Math. Anal. Appl., 103, (1984), 409-427.

[30] C. Liang, J. Li, K. Zhang,On a hyperbolic equation arising in electrostatic MEMS, J. Diff.
Equations, 256 (2014), 503-530.

[31] C. Liang, K. Zhang, Global solution of the initial boundary value problem to a hyperbolic
nonlocal MEMS equation, Computers & Mathematics with Applications, 67 (2014), 549-554.

[32] A. E. Lindsay and J. Lega,Multiple quenching solutions of a fourth order parabolic PDE
with a singular nonlinearity modeling a MEMS capacitor SIAM J. Appl. Math., 72 (2013),
935-958.

[33] F. Merle and H. Zaag, Existence and universality of the blow-up profile for the semilinear
wave equation in one space dimension, J. Funct. Analysis, 253, (2007), 43-121.

[34] J. Nabity, Modeling an electrostatically actuated MEMS diaphragm pump, ASEN 5519 Fluid-
Structures Interactions (2004).

[35] J.A. Pelesko and A.A. Triolo, Non-local problems in MEMS device control, J. Engrg. Math.,
41 (2001), 345-366.

[36] J.A. Pelesko, Mathematical Modeling of Electrostatic MEMS with Taylored Dielectric Prop-
erties, STAM J. Appl. Math., 62 (2002), 888-908.

[37] J.A. Pelesko and D.H. Bernstein, Modeling MEMS and NEMS, Chapman Hall and CRC
Press, 2002.

[38] R.A. Smith, On A Hyperbolic Quenching Problem In Several Dimensions, SIAM Journal of
Math. Analysis, 20 (1989), 1081-1094.

[39] H.A.C. Tilmans and R. Legtenberg, Electrostatically Driven Vacuum-Encapsulated Polysili-
con Resonators, Part II, Theory and Performance, Sens. Actuat. A, 45, (1994), 67-84.

[40] J. I. Trisnadi and C. B. Carlisle, Optical engine using one-dimensional MEMS device, Patent
No.: US 7,286,155 B1, Date of Patent: Oct. 23, 2007.

[41] M. Younis, MEMS Linear and Nonlinear Statics and Dynamics, Springer, New York, 2011.

Received xxxx 20xx; revised xxxx 20xx.

E-mail address: n.kavallaris@chester.ac.uk
E-mail address: A.A.Lacey@hw.ac.uk

E-mail address: cnikolo@aegean.gr

E-mail address: dtzan@math.ntua.gr


mailto:n.kavallaris@chester.ac.uk
mailto:A.A.Lacey@hw.ac.uk
mailto:cnikolo@aegean.gr
mailto:dtzan@math.ntua.gr

	1. Introduction
	2. Local and Global Existence
	3. The Steady-State Problem
	4. Finite-Time Quenching
	5. Non-Existence of Regular Similarity Solutions
	6. Formal Asymptotics for the Quenching Profile
	7. Numerical Solution
	Similarity Solution

	Discussion
	Acknowledgments
	REFERENCES

