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Eigenvalues of fourth order elliptic operators feature
prominently in stability analysis of elastic structures.
This paper considers out-of-plane modes of vibration
of a thin elastic plate perforated by a collection of
small clamped patches. As the radius of each patch
shrinks to zero, a point constraint eigenvalue problem
is derived in which each patch is replaced by a
homogeneous Dirichlet condition at its center. The
limiting problem is consequently not the eigenvalue
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eigenvalues of the patch free and point constraint
problems are calculated. The dependence of the
point constraint eigenvalues on the location(s) of
clamping is studied numerically using techniques
from numerical algebraic geometry. The vibrational
frequencies are found to depend very sensitively on
the number and center(s) of the clamped patches.
For a range of number of punctures, we find spatial
clamping patterns which correspond to local maxima
of the base vibrational frequency of the plate.
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1. Introduction

Determining the spectra of fourth order elliptic operators is a ubiquitous problem arising in
structural analysis of rigid objects. Two central problems (cf. [34]) are the determination of modes
of vibration u of a thin plate 2 C R? satisfying

A’u=Xu, x€n, (1.1a)

and the plate buckling problem
A’u=\Au, xen. (1.1b)

where A=082, + 87311 is the standard Laplacian. In each case, the goal is to determine, either
analytically or numerically, the scalar eigenvalues A;, and the corresponding eigenfunctions uy, (x)
satisfying (1.1). The governing equations (1.1) are supplemented with boundary conditions which
vary with particular applications. A common assumption is the clamped condition

U

on

which stipulates zero deflection and gradient of deflection on the periphery of the plate. In
many engineering systems, such as heat exchangers [28,32,37], porous elastic materials and
acoustic tiling [3,25,38], the elastic structure is not homogeneous but features a configuration
of perforations. The incorporation of these perforations allows for manipulation of acoustic and

0, x € 012, (1.1¢)

vibrational properties of the plate while realizing economies from weight reductions and material
costs. In cases where the pattern of perforation is periodic, homogenization theories can be
applied to replace the plate’s natural elastic modulus with an effective modulus [2,9]. However,
this averaging approach does not provide detailed information of the dependence of the modes
on particular perforation locations.

The perforation structure, denoted (2¢, can be formally defined as a collection of small patches
of common radius € and written explicitly as

N

e = | (xn + ¢ %), (12)
k=1

where the patch centers are given by {Xk}kN:1 and each patch may have its own particular non-
circular geometry 2. The plate itself then occupies the domain {2 \ §2¢ (cf. Fig. 1).

The problem considered in the present work is the determination of the free modes of vibration
(solutions to (1.1a)) in the presence of the perforation structure (1.2). This leads to consideration
of the fourth order partial differential equation (PDE)

A%ug = Aeue, x€0\ Qe; J uf dx=1; (1.3)
2\02¢
UEZ%:O, XGBQE, ug:%:o, XE&Q, (13b)
an on

where {2\ (2¢ is the extent of the plate and {2 is the collection of patches. Clamped boundary
conditions (1.3D) are applied to the periphery of the domain and on each perturbing perforation.

The focus of the present work is to study the dependence of the eigenvalues Ae on (2, and
more specifically on the number N and locations {x,}2_; of the perturbing patches, in the limit
e—0.

Before detailing the main results of this study, it is useful to review established key results. A
good deal of mathematical interest in the bi-Laplacian eigenvalue problem has focussed on the
qualitatively different behaviors of (1.3) compared to its well understood second order elliptic
counterpart. A key property of problem (1.3) is that the fundamental eigenfunction, ie. that
associated with the lowest eigenvalue, is not guaranteed to be of one sign [12-14,18,20,35]. This
contrasts sharply with classical results for the eigenvalue problem for the Laplacian [15,19]. In the
case of the annular region € < r < 1, detailed properties of Bessel functions [13] determine that for
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Figure 1. Schematic of a domain {2 representing the extent of a plate with three small clamped patches of radius O(e).

el 762.36, the fundamental eigenvalue is not simple and the corresponding eigenspace is two-
dimensional. In domains with a corner, the first eigenfunction may possess an infinite number of
nodal lines [12]. The numerical treatment of fourth order eigenvalue problems, with and without
perforations, requires careful attention to account for these complexities and has led to many
specialized methodologies [1,8,11,26,30].

There are additional remarkable phenomena associated with the bi-Laplacian eigenvalue
problem in domains with small subdomains removed. One may expect that as € — 0, (ue, Ae)
would approach (u*, \*), the problem with no patches satisfying

*
F = o xeon: J w?dx=1. (1.4)
8n o)

Agu*z)\*u*, x € §2;

However, such limiting behavior is atypical. In the case where a single circular subdomain of
radius € and centered at xg is removed, the limiting behavior is limg_,¢ ue = up where ug is a
distinct point constraint eigenvalue problem

A2u0 = Aoug, XE 2 J u(2) dx=1; (1.5a)
(7
oug

A comparison between (1.3b) and (1.5b) indicates that the clamped condition on the patch is
retained in the limit as € — 0 through a point constraint ug(xo) = 0 on the limiting eigenfunction.
Note that the condition on the gradient of the eigenfunction is not retained. For the case of a single
patch, the limiting behavior of the eigenvalues ¢ of (1.3) was determined [10,29] to be

y— -1
" loge’

Ae = Ao + 4w [Vug(x0) > + O(2), (1.6)
as € — 0, provided |Vug(xo)| # 0. Higher order corrections to the behavior (1.6) were also
calculated in [10,29] for both the case |Vug(xg)| # 0 and the degenerate scenario |Vug(xg)|=0.
In the exactly solvable case of the annular region € < < 1, this singular limiting behavior is
manifested in a plot (cf. Fig. 2) of A¢ against e — 0 as a jump discontinuity at € = 0. In the case of
a rectangular domain, numerical studies (cf. [16]) of (1.5) have found that a single puncture has
a significant localizing effect on the eigenfunctions. Specifically, the presence of a puncture may
subdivide {2 into distinct regions of high and low energy.

We remark that the limiting behavior of eigenvalues to (1.3) as € — 0 is qualitatively very
different from the well established behavior of the eigenvalues of the Laplacian (cf. [17,27,33,
39,40]) in the presence of small perturbing holes. In such problems, the limiting behavior is to the
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Figure 2. First eigenvalue associated with the radially symmetric eigenfunction of (1.3)
on the annulus € < r < 1. The lowest eigenvalue \§ of the patch free problem (1.4) is
indicated by an open circle on the vertical axis.

patch free problem. This dichotomy between limiting behaviors between the second and fourth
order eigenvalue problems has recently been studied in a mixed order problem (cf. [31]).

In this paper, we consider problem (1.3) in the presence of N punctures and in the limit ¢ — 0.
In Sec. 2, we study a simplified model problem in the annulus ¢ < r < 1 with clamped boundary
conditions. This serves to illustrate the discontinuous behavior of (1.3) as ¢ — 0 in an exactly
solvable situation. These reduced problems also serve as a guide for the analysis of the general
case (1.3) where exact solutions are not available.

In Sec. 3, we analyze the limiting behavior of (1.3) as e — 0 and assuming the non-degeneracy
condition Zszl |Vug(x)|? # 0, derive the limiting behavior

-1

o0
Ae=do+ D Mt O, =

k=1

1.7)

as £ — 0 where ;= 0(vM) for any integer M. The limiting point constraint problem for (ug, Ao)
is

_ Oug

APug=Agug, XxE€ Q\{Xk};cvzl poug=5 =

0, xe€02; (1.8a)

J u%dx:l; ug(xg) =0, k=1,...,N, (1.8b)
2

and explicit formula are given for the correction terms Ay, in (3.13). The one term case is given by

N
Ae = Ao + 4nv Z |Vuo (xp) > + OW?),
k=1

-1
" loge’

(1.9)

as £ — 0. In Sec. 3(a), an explicit expression for A\* — )\, the magnitude of the jump discontinuity
(cf. Fig. 2) in A¢ as e — 0 is derived. This deviation depends on the number and locations {xj, }kN:1
of the patch centers.

In Sec. 4 we develop a numerical methodology to solve for the limiting eigenfunctions
and eigenvalues and investigate the dependence of the eigenvalues on the configuration of
centers {x;}5_; for a range of N. An analytical treatment of this question is challenging due
to a lack of an explicit Green’s function with which to express closed form solutions of (1.8).
To overcome issues relating to high condition numbers, notorious in discretizations of fourth
order partial differential equations, we employ the adaptive precision solver Bertini (cf. [4,5]).
In particular, our numerical methodology allows us to determine particular arrangements of
punctures {xk}{cvzl which maximize the first eigenvalue \g. For the range N =1,...,9, we
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determine (locally) optimal configurations of patch centers. In Sec. 5 we discuss future avenues
of investigation which arise from this work.

2. A model problem with a point constraint

In this section, we consider the reduced model problem for the deflection of the annular plate e <
r < 1 under aload f(x). The purpose of this example is to clarify the presence and consequences
of a point constraint in the limiting problem in the simplest possible and exactly solvable setting.
This also serves to highlight the phenomena that will appear in (1.3) and gives explicit information
on the limiting form of solutions. The problem considered is the clamped plate under load

Ang:f, e<r<l1, 0<6<2m ug:%:ﬂ, on r=1,andr =c¢, (2.1)
for symmetric and asymmetric loading functions f. This problem is simpler than the
corresponding eigenvalue problem for annulus as there is no unknown X to be determined. The
eigenvalue problem for the annulus has been considered in [13] and some key results are reviewed
later in Sec. 4.

(a) Case f =1

In the case ¢ = 0 in which there is no perturbing patch, the solution of (2.1) is denoted v* and the
radially symmetric solution is calculated to be

ut(r) = 6i4( foa? ). 2.2)

We note that u*(0) = 1/64. In the case where £ > 0 and there is a circular patch of radius e centered
at the origin, the general solution of (2.1) satisfying the conditions at r =1 is given by

ue = 6i4 (7'4 14 Ae(r® — 1) — (4+ 24 + Be)logr + Ber? log r). 2.3)
A system of equations for constants { A¢, Be } is determined by applying the boundary conditions
at r = ¢ and the limiting behavior as € — 0 is

Ac=-1 +52( —1+1loge —&—410g2 5) + (9(54 log45)7

Be=-2+¢*(—2—8loge —8log’¢) + 0t loge).

This implies from (2.3) that

_lra 2 2 2. 9 1 /29 2 2
u5_64 (T T 2r logr) +e"log”e 16 (7’ 1—-2r logr) + O(e”loge), (2.4)

which gives rise to the limiting function ug(r) satisfying

ug(r) = éllgb ug = 6714 (7"4 — 72— 2r%log r). (2.5)
A comparison between (2.5) and the unperturbed solution v*(r) of (2.2) shows that the limiting
problem does not converge to the patch free problem, and in particular, ug(r) features the point
constraints u((0) = drup(0) = 0. We also remark that the limiting function ug(r) is not smooth
and satisfies Aug = O(logr) as r — 0. The limiting form of (2.4) reveals that the expansion for ue
of (2.1) in the case f =1 is of form

us = ug + 2 log2 cup + &2 logeus + 2 ug + (9(54 logr4 €). (2.6)

This particular example is a degenerate case due to the condition 9,ug(0) = 0. To investigate the
non-degenerate case 0ru((0) # 0, we consider an asymmetric forcing f.
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(b) Case f = cos 6
In the absence of a patch (e = 0), the smooth solution of problem (2.1) is
%, y_cosO/ 4 ﬁ T
W)= (r - -+ D), @.7)

and in this case we notice that 4*(0) = 0. As before, the annulus € < r < 1 is considered and the
limit € — 0 investigated. The problem (2.1) for € > 0 has a general solution spanned by {cos 6} x
{3, rlogr,rr— 1} Incorporating the conditions at r = 1, gives

- cosf
*T 64
with {Ae, Be } determined by enforcing ue = drue = 0 onr = e. The limiting behavior of { Ae, Be }
ase —0is

1
('r4 + Ae 4 Ber — (54 2Bs + 4A¢)rlogr — (1 + Ae + Be) ;), (2.8)

5v —6
41 -v)

2 —

v -1
41 —-v)

2 —
+O(E 10g5)7 - 10g€7

Ae = + (9(52 loge), Be =

which takes the form of a geometric series in v, a so called logarithmic series. The series can be
expanded in v to give

3
ST ot @

ue 2 2
In this example, uo(0) = 0 and v* = lime_, ue in accordance with intuitive expectation.

These model problems indicate two qualitative solution regimes that we can expect to
encounter in the eigenvalue problem (1.3). First, in the case of a single clamping point xq, if
u*(x0) = 0 then the limiting problem ug will coincide with the unperturbed problem. This result
is encapsulated later in Theorem 3. The second is that we can expect two different type of
expansions, depending wherever the gradient of the function at the clamping point Vug(xg) is
zero or not. In the non-degenerate scenario Vug(xg) # 0, the expansion is a logarithmic series,

whereas if Vug(xo) = 0, the expansion is of form (2.6).

3. Derivation of the limiting behavior

In this section, we consider the eigenvalue problem (1.3) and determine the limiting behavior of
a simple (multiplicity one) eigenpair (ue, Ac) of (1.3) in the limit as € — 0. As motivated by the
simplified example of the previous section, we will assume that the corresponding eigenfunction
of the limiting point constraint problem satisfies a certain non-degeneracy condition.

To construct solutions of (1.3) in the limit as € — 0, we first note that 2 — {xk}llgle ase—0,
which implies that the patch centered at x;, must be replaced by an equivalent local condition on
the limiting eigenfunction as x — xj. To establish this condition at the k-th patch, we consider the
rescaled problem in the stretched variables

y=e l(x—x),  uly)=u(xptey), G.1)
and introduce the vector valued canonical problem v (y), satisfying

_ v _

Aka:(), yE]RQ\.Qk; vk—an

0, Yy €082 ; (3.2a)

v ~ylogly| + Mpy +0(1), as |y|—oo. (3.2b)

In (3.2b), the matrix My, is determined by the shape of the patch {2}, and can be identified explicitly
in a few simple cases. When (2, is the unit disk, the exact solution of (3.2) is

y

Y
= l -
V=Y Og|Y| 2 + 2‘y|27

which corresponds to My, = —1/2 where I is the 2 x 2 identity matrix. In the example of an ellipse
with semi-major axis a, semi-minor axis b for a > b and where the semi-minor axis is inclined at
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an angle o to the horizontal coordinate, the matrix entries of M, are (cf. Appendix B of [36])

(b—a)cosQa—b_log(a—Fb)’ m (a—b)cosQOz—a_log(a—Q&—b>7

L= a+b 2 - a+b

(a —b)sinacosa

miz2 =m21 = — a+b

For general {2}, M}, can be numerical computed by a boundary integral method (cf. Sec. 5 of [36]).

The logarithmic terms in the far field behavior (3.2b) of the canonical function vy, indicate that
the inner solution v near x = xj, should have an infinite series expansion in powers of v(e) =
—1/loge of the form v ~ev Y0 (ay, - vi)v"™" where a,, j, are vector valued constants whose
value will be determined. Upon using the far-field behavior (3.2b) in this infinite sum, and writing
the resulting expression in the variable (x — xj,) through (3.1), we obtain the matching condition

u(x) ~ag k- (x — xg)+
o0
D [am—1k - (x = x) log [x — Xp| + (@m—1,6 - Mg + 8 ) - (x = x5)] V™, (3.3)
m=1

for the limiting eigenfunction as x — xj. The form of (3.3) suggests that the limiting eigenfunction
for (1.3) should be expanded as

M M
_ m M+1 _ m M+1 _ -1
A=Xo + Elu Am + O(v ), u=ug + glu um + O(v ), V_loga’
m= m=

for any integer M. Notice that the form of this asymptotic expansion corresponds to the model
example of Sec. 2(b) in the non-degenerate case. Upon substituting this expansion into (1.3), we
equate terms at each order of v to obtain a sequence of problems. At leading order, the pair
(Mo, up) satisfies

A2u0:)\0uo7 )(6_(2\{xk}£[:17 uoz%:o, X € 082; Ju%dle; (3.4a)
2
up~ag g (x—x)+---, as x—=xg, k=1,...,N. (3.4b)

Matching (3.4b) with (3.3) at each x = x;, then provides the conditions that
UO(Xk):07 aO,k‘IvuO‘x:Xk ) k:177N (34C)
The limiting eigenfunction ug(x) can be represented as

N

uo(x) =871 Y apG(x; Xk, M), (35)
k=1

where G(x; &, \) is the bi-Laplacian Helmholtz Green'’s function satisfying
a=9¢_

—A’GH+AG=—6(x—€), x€; o =0 x€01; (3.6a)
1
G(x; €, 0) = o-|x = & log [x — &] + R(x;€,A). (3.6b)
where R is a regular function at x = £. The constants a = {a1, ..., ay } represent the strengths of

singularity associated with each point constraint. The (/N 4 1) unknowns (e, Ag) are determined
by the (N + 1) conditions

(ug,ug) =1, ug(xr)=0, k=1,...,N. (3.7)

The numerical solution of (3.7) for a variety of patch configurations {x;}5_, is considered in
Sec. 4. We now proceed to determine formulas for the corrections (Am, um ) to this leading order

~
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problem. The equation satisfied by um, at order O(v™) is

m—1
ou
Ay, — AoUm = Amug + z; UAm—_i, XE Q\{xk}ﬁzl; Um = 877:1 =0, x€09,
i=
(3.8a)
Um ~ &, -1k (X —Xg)log [x — xp| + [am—1k Mg tamp| - (x—x¢)+-+ as x—xg,
(3.8b)
for k=1,..., N. The sequence of problems (3.8) recursively determines the unknown vectors
a,, form>1and k=1,...,N. In the case m =1 for example, the strength of singularity is

prescribed as ag j, = Vug|x=x, which uniquely determines ;. Thereafter, matching the regular
part of u; as x — X, to the behavior (3.8b) provides a condition for a; ;. The recursive process
continues, where matching the regular part at O(v™) prescribes the strength of the singularity at
O(v™*1) and so on. To incorporate the singularity structure (3.8) into a solvability condition for
the correction terms Ay, for m > 1, we first need to establish the following Lemma:

Lemma 1: Let (ug, Ao) be an eigenpair of (3.4) with multiplicity one. Then, a necessary condition for the
problem

Ay, — Aoum = Amuo — f(x), x€ Q\{xk}gzl ; U, = ag—: =0, x€00; (3.9a)
Um ~ A1 - (X —xp) log|x — x|, as x—xg, k=1,...,N, (3.9p)
to have a solution is that \m, satisfies
N
Am (w0, uo) = (f,u0) +47 Y ag k- 81,k (3.10)
k=1

Here ag j, = Vxuo|x=x,, and we have defined the inner product (g, h) = [, gh dx.
Proof: To begin the proof, we consider the integral identity

J (quzum — umAZuo) dx :J (u0On (Aum) — Aumdnug — umn(Aug) + Augdnum)ds
2 o

Upon multiplying (3.9a) by ug and integrating over {2\ By, where By = U,ivzl |x — xi| <o, we
obtainas 0 — 0

Am (o, uo) — (f, uo)
N
= lim Z J (uOn (Aum) — AumOnug — UmOn(Aug) + Augdnum)ds. (3.11)
o—0 |x—xx|=0
k=1 k

To evaluate this integral in (3.11), we introduce a local polar coordinate system near x = x;, where
r=|x — x| and e = (cos 0, sin #). In addition, we note that 9, = —9r on |x — x| =o0. In terms
of these quantities, we use the local behavior (3.90) for um and from (3.5) ug ~ (ao, ke e) T+
ap r2logr as r — 0 to calculate for r — 0 that

Um ~ (amfl,k ) e) rlogr, Orum ~ (amfl,k ’ e)[IOgT + 1] )
2 2
A, ~ ;(amq,k ‘e, Or (Aum) ~ —ﬁ(amq,k e);
ug~ (ag - e)r+ oy r? logr, Orug ~ (ag i, - €) + oy [2logr + 1],
40%

Aug ~dag(logr + 1), 8T(Auo)~7.
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The proof of the Lemma is concluded by substituting these quantities into (3.11), and then passing
to the limit o — 0:

N N

2
Am, (uo, uo) — (f,uo) = ZJ (a0 €)(@m_1k-€)dI=47> agk-am 1x.  (312)
k=1 k=1

By applying this Lemma to (3.8) the coefficients Ay, in the expansion for the eigenvalue \¢ are
obtained as follows:
Principal Result 2: Let (ug,Ao) be an eigenpair of (3.4) with multiplicity one, and assume

Efcvzl |Vuo (x1,)|? # 0, then an eigenvalue A of the perturbed problem (1.3) admits the expansion

M
Ag = A() —+ Z )\ml/m =+ O(Z/Jw—‘rl) s I/(€) = 171 s (313&)
= oge
for any integer M and where A, for m > 1 are defined by
N N
/\1:47TZ\Vu0(Xk)\2, /\m—47rZVu0 Xi) A1k — Z)\m i(ug,ug) , m>2.

k=1 k=1

(3.13b)

The vectors a, 1 i, for m > 2 and um, for m > 1 are determined from (3.8).

The key feature of the analysis is that the difference Ae — A9 depends on the gradient of the
base eigenfunction ug at each point of clamping. Crucially, this base eigenfunction ug is not
determined by the problem in the absence of perturbing patches, but by the following problem
with NV additional point constraints:

Aug=Aoug, x€2\ {x uoz%:o, x€an; Jugdx:L (3.14a)
n (9]
up(x) =0,  ug~ aglx —xg|*log |x — x| + Rp(x:x1,...,xn, do) +0 XXy

(3.14b)

This leading-order point constraint problem determines A9, and in terms of the solution
we calculate ag ; = Vug|x=x, for k=1,...,N from the regular part Rj(x) of the limiting
eigenfunction ug. In the case where a clamping location xj, is a point at which ug has zero
gradient, i.e. Vug(xy) = 0, then that location does not contribute to A1 in (3.12).

(a) Calculation of jump in eigenvalue
As the limiting problem does not correspond patch free eigenvalue problem for (u*, \*) satisfying

o ou*
 On

=0, x€0; J wdx =1, (3.15)
(9]

it is natural to investigate the magnitude of the discrepancy between the spectra of the two
problems. For the jump in the eigenvalue A\g — \*, we establish the following result:

Theorem 3: Consider a simple eigenpair (uo, Ao) of the limiting problem (3.14) with local behavior
(3.14b) as x — xy for k=1, ..., N and a simple eigenpair (u*, \*) of the patch free problem (3.15). In the
case where {ug,u*) # 0, then

* * *
A — AN = uo,u* Zaku (%K), (ug,u >:L2 uou” dx. (3.16)

Proof: To incorporate the singularity structure (3.14b) into the calculation of the jump in the
eigenvalue, we integrate over the region {2\ UchZIB (xg,0) where B(xy,0) is a ball of radius
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o centered at x, € §2. Repeated integration by parts yields the following identity

(Ao — )\*)J wpu* dx = lim J u*Azuo - quzu* dx
0 o=0Jo\UN_, B(xy,0)
N
= Z lim J O (Aug) — Onu”™ Aug — ugOn (Au™) + Au*Opug ds
=1 7% oB(x,0)

(3.17)

For each inclusion, we write r = |[x — x| and (x — x;) =r e =r(cos 6, sin #) so that the outward
facing normal 9, of B(xy,o) satisfies 0, = —0;. From direct calculation, the local behavior
(3.14D) yields the expressions

uowakr210gr+rck-e+~~, Orug ~ 2aprlogr +apr +cp-e+---
4oy
Aug ~4daglogr + 1]+ -+, ar(Au0)~T+~~~.

where ¢, = V Ry |x=x, . After substituting this local behavior into (3.17), together with 9, = —0r,
the limit as 0 — 0 is taken. Several terms tend to zero in this limit leaving the final result

N N
(Mo — \") {ug,u™) = — lim 2#0%1;* (x)=—8m Z apu” (xg) (3.18)
c—0 (o4
k=1 k=1
In the case where (ug, u*) # 0, the result (3.16) is recovered. | |

The formula (3.18) can be interpreted as a generalization of the standard eigenfunction
orthogonality relationship (u;,u;) = d;; to the point constraint eigenvalue problem (3.4). This
result also confirms the intuitive expectation that due to the common boundary conditions
uolgn =u*lon =0, the contribution due to a particular puncture xj vanishes as xj — 2.
Moreover, the jump vanishes whenever the configuration {x; }2*_, occupies the nodal set of the
eigenfunction u*(x).

A casual inspection of (3.18) might suggest that the puncture locations {Xk}{cv:1 which
optimize the jump (Ao — A\*) correspond to extrema of the unperturbed eigenfunction u*.
However, the strengths of each singularity oy = ay(x1,...,x) also carry a dependence on the
puncture locations which is not known explicitly.

The lack of an explicit solution to the limiting problem (3.14) is a significant hinderance in
understanding the dependence of g on the perforation pattern {x k},ivzl. Faced with this obstacle,
we implement a numerical method which first seeks a numerical solution to problem (3.14)
followed by iterative solution to obtain A\g from (3.7).

4. Numerical Investigation of the limiting Problem

In this section we numerically study the dependence of the principal eigenvalue Ag of the point
constraint eigenvalue problem (3.14) on the number and location(s) of the patch centers {x k}ff:l.
In particular, we focus on the determination of configurations {xk},ivzl which give rise to the
largest deviation from the eigenvalues of the patch free problem.

(a) Description of the Numerical Algorithm

The first step in our method exploits the linearity of the problem to separate the regular and
singular portion of ug with the decomposition ug = ug + ug where

N

uS:Zak|x—Xk|2log|x—xk|. (4.1)
k=1
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Substituting (4.1) into (3.14) yields that u satisfies

AQuR—)\ouRz)\ous, X € (2; uR =—ug, Onurp=—0pug, X€EOL2. (4.2)
The (N + 1) unknowns (s, ..., an, Ag) are found by enforcing the point constraints ug(x3) =0
for k=1,..., N together with the normalization condition oz% 4+ oe?\, = 1. This gives rise to
the system of equations
ug(x1) +ugr(x1) 0
: = . (4.3)
us(xn) + ur(xN) 0
a4 Fak 1
which are solved by Newton-Raphson iterations for the singularity strengths a = {1, ..., an}
and eigenvalue Ag(x1,...,xy). The normalization condition adopted in (4.3) is for numerical

convenience only. Once a solution is obtained, it can be rescaled to satisfy (ug,uo)=1, or
any other normalization condition. Our numerical experiments are performed on the unit disk
domain 2 = {x € R? | |x| <1} and employ a finite difference method to discretize (4.2) in polar
co-ordinates (r, §) with a uniform polar mesh consisting of N, x Ny points.

To track the first eigenvalue as the isolated points {xk.},iV:l vary, we utilized the parameter
continuation feature of Bertini which has been successfully applied to compute bifurcation
branches in related problems [21-24]. The fourth order nature of (4.2) means that the condition
number on the Jacobian matrix of the discretized system increases rapidly as (N;-, Ny) increases.
To maintain convergence of the numerical scheme and accurately track the paths, we have used
adaptive higher precision arithmetic [6,7]. In Table 1 we demonstrate second order convergence
of our numerical scheme on an exactly solvable test case, once adaptive precision is utilized.

Double precision Multiple precision
(Nr, Ng) max f; Order max f; Order
(5,32) 6.08 x 10~3 - 6.08 x 103 -

(10,64) | 1.58x 1073  1.94 | 1.58 x 107°  1.94
(20,128) | 4.00 x10~F  1.99 | 4.00 x 10-T  1.99
(40,256) | 1.00 x 10=%  2.00 | 1.00 x 10~F  2.00
(80,512) | 2.52x107°  1.99 | 2.52x 107>  1.99
160, 10 1.08 x107°  1.22 | 6.31 x 10~ .00
(160, 1024) 8 ° 2163 52

(320,2048) | 7.68 x 107> —2.83 | 1.58 x 10~°  2.01

Table 1. Convergence of the numerical scheme for system A2y = f—iu, with analytical

solution u =% cos 0. As (N,-, Ny) increases, adaptive precision is required to maintain
second order convergence order of the scheme.

At this point, we briefly review closed form solutions of the patch free (1.4) and punctured
(3.14) problems. The factorization A% — u* = (A — u?)(A + 4?) = 0 indicates that for the unit disc
scenario, the eigenfunctions take the form

¢'m,7L(T7 9) = eimg{c]m (,U/m,nr)y Ym(#m,n”’), Km(l-im,rﬂ"), Im(/lm,n’f')h Hm,n = )\}r{ﬁn (4~4)

where m=0,+1,42,... and Jm(2), Yim(z), Im(z) and K, (z) are the standard Bessel functions.

In the patch free problem (1.4), the smooth eigenfunctions satisfying u* = dru* =0 onr =1 are

Qb’fnn = eim@ [Jm (//';(n,nr) - Im (/L:n,’nr)] ) (4.5a)
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and the eigenvalues yi;;, p, solve the nonlinear equation
T (i) T (i) = T (t ) Tt ) - (4.5b)
The first four eigenvalues Ay, ,, = (,u,*n,n)4 are found from numerical solution of (4.5b) to be
Ao,0=104.4, AT,0 = 452.0, A5 0= 12164, Ao,1 = 1581.7, (4.6)

and in Fig. 3, the associated eigenfunctions are plotted.

@) 65,0 with \j o = 104.4.

Figure 3. The first four eigenfunctions of the bi-Laplacian (1.4) on the unit disc with no
punctures and clamped boundary conditions at » = 1.

In the punctured case, we can develop a closed form solution of (3.14) for N =1 and x¢ = (0, 0).
The radially symmetric eigenfunctions (m = 0) of (3.14) are spanned by (4.4) and those satisfying
ug(0) =0 and up(1) = drug(1l) =0 are

ug(r) = A[Jo(uo,nr) — Io(po,nr) — (2‘221(2:))_4_12,(;22:) )) (%KO(#O,nT) + YO(.“’O,nT))]a
" ’ " (4.7a)

where the eigenvalues Ag ,, = ué,n are determined by the relationship

(Jol0.) — Tolo,0)) (2 K1 (0,0) + Vi (10,)) = (k) + T (io,0)) (2 Koo ) + Yolso,n) ).

(4.7b)
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Here A is a constant set by the normalization condition (ug, up) = 1. The smallest positive root of n
(4.7b) is
0,0 = 516.9609. (4.8)

This exact solution provides a benchmark against which the efficacy of our numerical method can
be verified (see Table. 2).

’ (Nr, Ny) ‘ The minimum eigenvalue ‘ Error (Relative) ‘

(20,5) 4963 20.7 (4.02%)
(40, 5) 510.9 6.07 (1.17%)
(80,5) 515.4 1.55 (0.30%)
(160, 5) 516.5 0.39 (0.08%)

Table 2. Convergence of the numerical scheme to the first eigenvalue of (3.14) in the case
x0 = (0, 0). The exact value, provided by the closed form solution, is given in (4.8).

(b) Results

Numerical determination of the configurations {xk}fc\’:1 optimizing Xo(x1,...,xy) is
challenging on account of several factors. Principally, for any given configuration, X is
determined by solving a nonlinear system of equations, each evaluation of which requires
solving the fourth order PDE (4.2). Numerical optimization of this objective function is therefore
computationally intensive, particularly as the number of unknown increases. As an initial step in
analyzing the optimizing locations {x; }»_,, we seek extrema over ring configurations to reduce
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the number of unknowns over which to optimize. For punctures periodically spaced on a ring of
radius r, the centers are given explicitly by

( One Ring )

Pattern Xk':”(cosﬂ sin @) k=1,...,N, (4.9)

which leaves a single variable r over which to optimize.

In the case N = 1, we examine the dependence of the first two eigenvalues on r. In Fig. 4(a), the
first two eigenvalues are seen to converge to )\6,0 =104.4 and Xf)o =452.0 as r — 1, in agreement
with (3.18). The eigenfunctions associated with the lowest eigenvalue makes a connection
between the second (mode 1) eigenfunction ¢7 ( and the radially symmetric eigenfunction ¢ ( of
the patch free problem (1.4), as r — 1. In an opposite fashion, the eigenfunctions associated with
the second eigenvalue, are continuously deformed from the point constraint problem (4.7) to the
second (mode 1) eigenfunction qﬁ’f)o of the patch free problem.

In Fig. 5(a), the principal eigenvalue A\o(r) is plotted against r for the case N =2 and a
unique global maximum is observed at (rc, Ac). The open circles represent the eigenvalues of
the unperturbed problem (1.4), and in agreement with (3.18), the curve Ao(r) tends to this value
asr — 1. As r — 0 we see that Ag(r) — Ag,0 where \g g is the exact value obtained in (4.8).

Table 4 displays the numerically computed maximizing ring radius along with the associated
maximum principal eigenvalue.

[N 1 2 3 4 5 6 7 8

Ac | 452.1 732.6 1263.8 1582.3 1582.4 1582.5 1582.5 1582.5
Tc 0.0 0.23 0.35 0.38 0.38 0.38 0.38 0.38

Table 3. (Single Ring) Maximum first eigenvalue A. for an arrangement of N periodically
spaced punctures on a single ring of radius 7.
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(a) Ao against r for N =1. (b) Second Eigenfunction ug(x; Ac) for N =1
Figure 4. Numerical solution of (3.14) for N =1 perforation. Left Panel: Plot of A\g(r)
against r. The lowest eigenvalue behaves monotonically while the second has a
pronounced maximum at (rc, Ac). Open circles represent eigenvalues of the patch free
problem (1.4). Right Panel: The eigenfunction uo(x; A¢) corresponding to the maximum
of the second eigenvalue.
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(a) Ao against r for N =2. (b) Eigenfunction uo(x; Ac) for N =2

Figure 5. Numerical solution of (3.14) for N = 2 perforations. Left Panel: Plot of Ag(r)
against ring radius r with a pronounced maximum at (7., Ac). Open circles represent
eigenvalues of the corresponding problem with no patches (1.4). Right Panel: The
eigenfunction uo (x; A¢) corresponding to the maximum of the second eigenvalue.

For a single ring with N punctures, we observe limy_, o (A¢, 7c) & (1582.5, 0.38). The extrema
calculated in Table 4 are based on the particular ring based anzatz (4.9), are not necessarily
indicative of a globally optimal pattern.

( One Ring with )

2k . 2wk )
center Puncture ’

S

Xk:T(COSN_l, N_1

k=1,...,N —1; xy = (0,0);

(4.10)

In table 4, we observe that a ring with a puncture at the center generates a larger maximum
eigenvalue over a single ring case for N > 5. As with the single ring case (4.9), the maximum
eigenvalue saturates as N increases with limiting behavior (r¢, Ac) ~ (0.50, 3838.4) as N — co.
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Figure 6. (Single Ring with center puncture) Puncture configuration (4.10). Left: lowest
eigenvalue Ao,o(r) for configurations (4.10) with a puncture at (0,0) and (N — 1)
periodically spaced punctures on a ring of radius r. Curves plotted for N =3, ..., 8 with
arrow indicating direction of increasing NN. Right: The eigenfunction associated with the
maximum eigenvalue for N = 6.

yN\g 4 5 6 7 8

Ae | 7715 1308.5 2106.6 3158.7 3836.0 3838.3
re | 0.32 0.40 0.45 0.49 0.50 0.50

Table 4. (Single Ring with center puncture) Maximum of the first eigenvalue A. for an
arrangement of N punctures with one fixed at (0,0) and N — 1 periodically spaced
punctures on a single ring of radius 7.

This limiting behavior suggests that additional points should be placed on a new ring in order to
achieve large values of Ac. The family of two ring puncture patterns is given by

2k . 27Tk)
Xp =711 cos —,sin — ), k=1,...,Ny;
( Two Ring ) F 1( Ny Ny !
Pattern 2 - N 2 - N
xkzrg(cos m(k 1),sin m(k 1))7 k—Ni=1,...,Ng,
N N

(4.11)
for 71 > ry and N1 > Na. The system for \g is solved over all 0 < 72 <71 <1 and the maximum
value recorded (cf Fig. 7). In Table 5, the maximum first eigenvalue is displayed for a range of two
ring configurations.
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N 6 | 7 | 8 | 9

(Vi,N2) | 33) (42 (43 (2 44 (3 62 (G4 63 (7.2
Ac 1388.9 2174.6 2447.3 33255 2327.8 3449.0 3458.3 3688.0 47562 4584.7
e 050 048 056 052 057 055 051 056 054 061
r2c 026 023 032 026 035 029 014 049 022 022

Table 5. Maximum values for the first eigenvalue over two ring patterns (4.11).
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Figure 7. Two ring pattern (4.11) with N3 =4 and N2 = 3. Left Panel: The landscape of
eigenvalues for 0.05 < ro < 71 < 0.95 with the global max at (r1¢,r2.) = (0.56, 0.32).
Right panel: The eigenfunction corresponding to the eigenvalue A. = 2447.3.

For N=1,...,9, we display in Fig. 8 the configurations of patch centers which generate the
local maximum first eigenvalue over the patterning schemes with one ring (4.9), one ring with a
center puncture (4.10) and two rings (4.11).

5. Conclusion

In this paper, we have studied the problem for the modes of vibration of a thin elastic plate with a
collection of clamped patches. As the patch radius shrinks to zero, the limiting problem is nof the
patch free problem, but a point constraint eigenvalue problem. The contribution of the present
work is three fold. First, we have obtained detailed information on this limiting behavior in the
form of an asymptotic expansion in the limit of small patch radius. Second, exact expressions for
the jump between the point constraint eigenvalues (1.8) and patch free eigenvalues (1.4) were
obtained in (3.18). The third contribution of this work is a numerical study on the dependence of
the vibrational modes with respect to the number and location of clamping points.

The numerical study of Sec. 4 indicates that the vibrational characteristics of the plate depend
sensitively on the clamping configuration {x;}2_;. The introduction of small clamped patches
can be seen (cf. Fig. 6) to change the basal frequency by almost an order of magnitude if
the patches are centered at particular locations. This naturally gives rise to the question of
which configurations induce the largest deviation form the patch free problem. For the cases
N =1,...,9, we have numerically calculated (locally) optimal configurations for disk geometry.

There are many avenues of future investigation which arise from this study. Prominent
amongst them is the question of determining the patch centers {xk}fgvzl which maximize the
first eigenvalue of (1.8) for larger values of N and on non-radially symmetric domains. Analytical
progress towards this goal can be made by establishing detailed knowledge of the bi-Laplacian
Helmoltz Green’s function

—A2G+)\G=—6(x—xo), X € 2 GZ%ZO, x € 082 (5.1a)
G(x;%0,\) = 8i|x — xo\2 log |x — xo| + R(x;x0, \). (5.1b)
T

Aside from the symmetric case (cf. (4.7)) where (2 is a disk and xg = (0, 0), we know of no closed
form exact solutions to (3.6). Such a solution would be very useful in determining optimizing
configurations of clamping points {x;, }2_, . Furthermore, such information would be very useful
for investigating the nature of globally optimal clamping patterns.
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Figure 8. Puncture configurations which maximize the first eigenvalues of (3.14) over
configurations (4.9), (4.10) and (4.11).

In scenarios where a numerical solution of the full PDE (4.2) is required for each solution of the
eigenvalue problem (4.3), it is highly desirable to have an accurate and efficient solution technique
which is adaptable to a variety of geometries. An integral equation approach seems well suited
to accomplish this goal (cf. [26]).

This paper has largely focussed on the dependence of the fundamental eigenfunction and
eigenvalue on the perforation configuration. We also expect a significant effect on localization
in higher modes, as seen in [16] for the case of a rectangular domain and N = 1. A interesting
problem would study this phenomenon and determine a theory for the placement of punctures
to achieve a desired localization pattern.
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