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Abstract : The transmission eigenvalue problem is an important and challeng-
ing topic arising in the inverse scattering theory. In this paper, for the Helmholtz
transmission eigenvalue problem, we give a weak formulation which is a nonselfadjoint
linear eigenvalue problem. Based on the weak formulation, we first discuss the non-
conforming finite element approximation, and prove the error estimates of the discrete
eigenvalues obtained by the Adini element, Morley-Zienkiewicz element, modified-
Zienkiewicz element et. al. And we report some numerical examples to validate the
efficiency of our approach for solving transmission eigenvalue problem.
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1 Introduction

The transmission eigenvalue problems have important physical background, for
example, they can be used to obtain estimates for the material properties of
the scattering object [T, 8, [24]. In addition, transmission eigenvalues have the-
oretical importance in the uniqueness and reconstruction in inverse scattering
theory [14]. Before 2010, significant progresses of the existence of transmission
eigenvalues and applications have been made (see [8] and the survey paper [9]).

In recent years, the computation of transmission eigenvalues has attracted
the attention of many researchers. The first numerical treatment of the trans-
mission eigenvalue problem appears in [I5] where three finite element methods,
including the Argyris, continuous and mixed finite element methods, are pro-
posed for the Helmholtz transmission eigenvalues, and has been further devel-
oped by [2 [11], [15] 16, 17, 19, 25| 26, 29]. In particular, [I1] studied the mixed
method using the Argyris conforming elements and [29] the H? conforming fi-
nite element method, and made rigorous error analysis. Moreover, based on H?>
conforming finite element approximations, the iterative methods in [25] and the
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multigrid method in [I7] were proposed for computing real transmission eigen-
values, and two-grid method in [29] for computing real and complex transmission
eigenvalues. And the spectral-element method was studied in [2]. However, to
the best of our knowledge, there has no research on the non-conforming finite
element methods for the transmission eigenvalues even for arbitrary nonselfad-
joint elliptic eigenvalue problem.

Inspired by the works mentioned above, we transform the fourth order
equation of transmission eigenvalue problem into a weak formulation, which
is suitable to nonconforming elements. This formulation is a nonselfadjoint lin-
ear eigenvalue problem (see (ZI1))) with a selfadjoint, continuous and coercive
sesquilinear form A(-,-). Based on the weak formulation we build a type of non-
conforming finite element discretizations with good algebraic structure, includ-
ing the Adini element [1], modified-Zienkiewicz element [27], Morley-Zienkiewicz
element [23], 12-parameter triangle plate element, 15-parameter triangle plate
element et. al. (see [23]). And we prove the error estimates of the numerical
eigenvalues. The proof difficulty lies in the non-symmetry of right-hand sides of
eigenvalue problem that involves derivatives. To overcome this difficulty, based
on Babuska-Osborn spectral approximation theory [3], the new proof method
employed in this paper is to establish a fundamental relationship [IJ)) and use
it to prove the optimal error estimates of non-conforming element eigenvalues.

For fourth order equation in R3, it is difficult to implement conforming
elements in H?2, whereas many non-conforming elements such as the Morley-
Zienkiewicz element have had their three dimensional versions at present (e.g.,
see [23]). Hence it is an essential and significant work to study the non-
conforming element approximation for transmission eigenvalues.

Our non-conforming finite element discretization is easy to realize under the
package of iFEM [I2] with Matlab. We use the sparse matrix eigenvalue solver
eigs to compute the numerical eigenvalues, and numerical results indicate that
our methods are efficient for computing real and complex transmission eigen-
values as expected.

In this paper, regarding the basic theory of finite element methods, we refer
to [3, 6, (I3, 201 23].

Throughout this paper, C' denotes a positive constant independent of h,
which may not be the same constant in different places. For simplicity, we use
the symbol a < b to mean that a < Cb.

2 The weak formulation and non-conforming el-
ement method

Consider the Helmholtz transmission eigenvalue problem: Find k& € C, w,0 €
L?(Q), w — o0 € H*(Q) such that

Aw + E*nw =0, in 9, (2.1)
Ao+ ko =0, inQ, (2.2)
w—0=0, on 9, (2.3)
ow Jo

— - — = Q 2.4
v v 0, on %, (24)

where Q C R? (d=2,3) is a bounded simply connected inhomogeneous medium,
v is the unit outward normal to 92 and the index of refraction n(z) is positive.



Let W*P(Q) denote the usual Sobolev space with norm || - |5, H*(Q2) =
W2(Q), and || - [[s.2 = || - ||s, H°(2) = L?(Q) with the inner product (u,v) =
[ uvdz. Denote H3(Q) = {v € H*(Q) : v|og = Z%|sq = 0}. Let H*(Q) be the
Q

“negative space”, with norm given by

su |(U7f)0|
p .
ozrerz@)  |Iflls

[oll-s =

It is clear that for any real functions v1 and ve, norms ||vy +ivel|s,p and ||v||s,p+
lv2||s,p are equivalent in WP (Q), and norms ||vy +iva||—s and [|vi||—s +||va]|—s
are equivalent in H~*(€2).

Define Hilbert space H = HZ(Q) x L(Q) with norm || (v, 2)||g = ||v|l2+]/2] 0
and define H; = H}(Q) x H~1(Q) with norm ||(v, 2)||m, = ||[vll1 + [|2]|-1-
Since L2(2) — H~(Q) compactly (see pp.31-39 in []) and H?(Q) — H'(Q)
compactly, H — H; compactly.

In this paper, we suppose that n = n(x) € L*°(Q) satisfying either one of
the following assumptions

(C1) 1+46< igfn(:v) < n(z) <supn(z) < oo,
Q

(C2) 0< iIgllfTL({E) <n(z) <supn(z) <1-0,
Q

for some constant § > 0 or 5 > 0.
From [9, 22] we know that the problem (ZI))-(24]) can be written as an
equivalent fourth order equation for u = w — o € HZ(Q):

1
(A+ an)—l(A +EHu =0,
n—

1 9 M

n
Au) = —k —

A(n—l Au—kQA(n_lu)—k4n_ U (2.5)

Then the weak formulation for the transmission eigenvalue problem (Z1])-(2Z4)
can be stated as follows: Find k € C, u € HZ(2) such that

(ﬁm, Av)o = k*(Vu, V(= - —0)o + KA(V(=——u), Vo)
- k4(n_ 1u,v)0, Yo e HZ(Q). (2.6)
Introduce an auxiliary variable
w = k*u, (2.7)
then
(w,2)0 = k*(u,2)0, Vze€ L*(Q). (2.8)

Thus, combining [2:6) and (23], we arrive at a linear weak formulation: Find
(k?,u,w) € C x HZ(Q) x L*(Q) such that

1 1
(- Au, Av)y = B (V(——u), Vo)o

+ K2 (Vu, V( v))o—kQ(%w,v)o, Yo e H2(Q), (2.9)

n—1

(w,2)0 = k*(u,2)0, Yz e L*(Q). (2.10)



With this weak formulation, we have discussed the conforming finite element
approximations (see [29]). However, for the non-conforming element approxi-
mations, the weak formulation can not guarantee that the discrete bilinear form
satisfies the uniform Hy-ellipticity (see Remark 49.1 in [I3]). To study the non-
conforming element approximations, next we will give a new weak formulation
referring to the weak formulation of the plate problem ( see (49.3) in [13]).

If (C1) holds, let

A((u,w), (v,2)) = ((ﬁ — p1)Au, Av)g + (1 Au, Av)o + (w, 2)o

1 R 0%T
= (=7 —m)Aw Av)o + / . G, Fmdm, T @ 2o

B((u,w), (v,2)) = (V(

L), Voo + (Vu, V(—"—0)) — (n%w, )o + (u, 2)o,

n—1 n—1 1
and if (C2) holds, let

Al(u,w), (v, 2)) = ((ﬁ — p2)Au, Av)g + (peAu, Av)o + (w, 2)o

1 9%u 0%v
a ((1 —n H2)Au, Av)o + Mz/ Z 83:18333 0x;0x; 3w0m, 0% T (@ 2)o,
Q 1<ij d
1 n n

B((uaw)a (1}, Z)) = (V( u)v VU)O + (Vu, v(m”))o - ( W, 1))0 + (uv Z)Ov

1—n 1-
where 11 > 0 and po > 0 are chosen as good approximations of min(-27) and
min(ﬁ) respectively such that ﬁ —p1 >0 and ﬁ — p2 > 0.

Let A = k2, then (Z3J)-(@I0) can be rewritten as: Find A € C, (u,w) € H\ {0}
such that

A((u,w), (v,2)) = AB((u,w), (v,2)), V(v,2) € H. (2.11)

Next we shall see that the discrete bilinear form of (Z11]) satisfies the uniform
H,-ellipticity automatically for many non-conforming elements (see ([2:22)).

Thus we get the following.

Theorem 2.1. The weak formulations (ZTI1]) and (Z8]) are equivalent.

Proof. 1If (k? u) is an eigenpair of ([Z0), then together with ([ZJ) we get
that (k%,u,w) is an eigenpair of ([Z9)-(ZI0), thus it is an eigenpair of (ZII)).
Conversely, if (k?,u,w) satisfies (ZII)), then (k2 u,w) also satisfies ([2.9)-(ZI10);
from ZI0) we get w = k%u, and substituting it into Z3) we get ([Z6). The
above argument indicates that (ZI1]) and (2.6]) are equivalent. O

For simplicity, in the next discussion we assume that (C1) holds. And the
argument is the same if (C2) holds.

It is obvious that A(-,-) is a selfadjoint, continuous sesquilinear form on
H x H, and

A((v,2), (v, 2)) = vl + (12015 2 11(v, 2) (2.12)

ie., A(,-) is coercive.
We use A(-,-) and || - |4 = A(-,-)? as an inner product and norm on H,



respectively.

Obviously, k& = 0 is not an eigenvalue since A((u,w), (u,w)) = 0 implies
(u,w) = 0.

When n € Wh(Q), a simple calculation shows that

|B((f,9), (v, 2))]
1 n n
= |(V(mf)avv)o + (Vf,V(mv))o - (m
S ol + [ £ vl + gl =allolls + 1 2] -

S Al + llgll =) vl + [lz]-1)
S ”(fu g)||H1H(U72)”H17 V(fv 9)7 (U,Z) € H,. (2'13)

We can see from (ZI3) that for any given (f,g) € Hy, B((f,9),(v,2)) is a
continuous linear form on H.

The source problem associated with [ZI1)) is as follows: Find (¢, ¢) € H
such that

g,’U)O + (f72)0|

AW, 9), (v,2)) = B((f,9), (v,2)), V(v,2) € H. (2.14)

From Lax-Milgram theorem we know that ([2.I4) has one and only one solution.
Therefore, we define the corresponding solution operators 7' : Hy — H by

A(T(f,9), (v,2)) = B((f,9), (v, 2)), V(v,2) € H. (2.15)
Then (ZIT]) has the equivalent operator form:
1
T(u,w) = X(u,w). (2.16)

Theorem 2.2. Suppose n € W1>(Q), then T : H — H is compact, and
T :H; — H; is compact.
Proof. Let (v,z) =T(f,g) in 2I4), then from [ZI2) and [2I3) we have

IT(f, 9)l5x S AT(f.9), T(f.9) = B((f,9),T(f.9) S I(f, Dle IT(f, 9) s,

thus

1T e S (5 9) e, (2.17)

which implies that 7' : H; — H is continuous. Because of the compact embed-
ding H— H;, T : H — H is compact and T : H; — H; is compact. [

Consider the dual problem of (ZI1I)): Find A\* € C, (u*,w*) € H\ {0} such
that

A((v, 2), (u*,w*)) = MB((v, 2), (u*,w*)), V(v,2) € H. (2.18)

The source problem associated with (ZI8)) is as follows: Find (¢v*, ¢*) € H
such that

A((v, 2), (%, ¢%)) = B((v, 2), (f,9)), V(v,2) € H. (2.19)
Define the corresponding solution operators 7% : Hy — H by
A((v,2), T*(f,9)) = B((v, 2),(f,9)), V(v,2) € H. (2.20)



Then (ZI8) has the equivalent operator form:
T (u*,w*) = N Hu*, w*). (2.21)

It can be proved that T* is the adjoint operator of 7" in the sense of inner
product A(-,-). In fact, from (ZI3) and (Z20) we have

A(T(fv g)v (’U, Z)) - B((fv g)v (’U, Z)) = A((fv g)vT*(va Z))a V(f, g)v (’U, Z) € H.

Note that since T™ is the adjoint operator of T', the primal and dual eigen-
values are connected via A = \*.

Let 7, be a shape-regular mesh with size h. Let H, = S" x S* ¢ H; and
H,, ¢ H be a non-conforming finite element space; for example, S* C HZ(Q)
is the finite element space associated with one of the Adini element, Morley-
Zienkiewicz element, modified Zienkiewicz element, 12-parameter triangle plate
element and 15-parameter triangle plate element et. al.

Let
Ap((up,wn), Z /{ —— — 1) Aup AT
KETH K
8 Up,
d
Z Ox;0x; 8:616:6]} z+ (wh, 2)o-
1<4,5<d
Denote

An((v, 2), (v, 2)) = [l + 11215 = [I(v, 2)I13-

For the finite element spaces mentioned above, from [I3] and Lemma 5.4.3
of [23], we know that A (-,-) satisfies the uniform Hp-ellipticity.

An((v,2) 2> Btz V(v,2) €Hp o (222)

KETY,

Thus ||(v, 2)||n is a norm in Hy,, and the generalized Poincare-Friedrichs inequal-
ity holds:

(v, )1, S 110, 2)[n, V(v 2) € Hp. (2.23)

The non-conforming finite element approximation of (2.11J) is given by the
following: Find A, € C, (up,wp) € Hy, \ {0} such that

Ap((up,wn), (v, 2)) = M B((up,wp), (v, 2)), Y(v,2) € Hy,. (2.24)

Consider the approximate source problem: Find (vp, ¢pn) € Hj, such that

Ah((wha(ph)v(vvz)) ZB((f,g),(v,z)), V(’U,Z) EHh' (225)
We introduce the corresponding solution operator: Ty, : Hy — Hy:
An(Tu(f,9), (v,2)) = B((f,9), (v,2)), V(v,2) € Hp. (2.26)

Then ([224]) has the operator form:

1
Th(uh,wh) = )\—h(uh,wh). (227)



The non-conforming finite element approximation of (Z.I8)) is given by: Find
A€ C, (up,w)) € Hy \ {0} such that

An((v,2), (uj, wi)) = A B((v, 2), (uf, wp)),  ¥(v,2) € Hy,. (2.28)

Define the solution operator T} : Hy — H,, satisfying
An((v,2), T (f,9)) = B((v,2),(f,9)), ¥ (v,2) € Hp. (2.29)

And ([228)) has the following equivalent operator form
Ty (uh, wi) = X (ug, wi).- (2.30)

It can be proved that 7}’ is the adjoint operator of 7}, in the sense of inner
product Ap(+,-). In fact, from (226) and [2.29) we have

Ap(Th(u,w), (v,2)) = B((u,w), (v,2)) = Ap(u,w), Ty (v, 2)), V(u,w), (v,2) € Hy.

Hence, the primal and dual eigenvalues are connected via A, = E
Denote d
S=(=,2].
(5.2
Define interpolation operator I} : HZ(Q)NW3?(Q) — S" (p € S), and define
I2: L2(Q) — S by
(p—I2p,2)0 =0, VzeS"

And let I, (¢, p) = (I}, I p).
For the finite element spaces mentioned above, when 1 € W3P(Q) with
p € S, the following estimates are valid:

114 — | S BHETD |3, (2.31)
s+H(1-1
11 —lls S BTG5, s =0,1, (2.32)

and when ¢ € H}(Q)

IT5e = ello = Jnf o —vllo < Allell, (2.33)

2o — v I?
1o -l 1= sup a2z ev=Tivko

ShElelh.  (234)
vEHL(Q) vl

3 The consistency term and Strang lemma

Let (¢, p) and (¢*, ¢*) be the solutions of [2I4) and (Z19), respectively. Define
the consistency terms: For any (v, z) € H), + H,

Du((¢, ), (v,2)) = B(([,9), (v, 2)) = An((¢, #); (v, 2)), (3.1)
D;((v,2), (V% ¢")) = B((v, 2), (f,9)) = An((v, 2), (47, ¢7)). (3:2)

The following estimations of the consistency term play an crucial role in our
analysis.

1w (%, 9), (v, 2))] S BHEETD 30|, (3.3)
D5 (v, 2), (%, ")) S BHETD " 15 10| (3.4)




Next, we will prove the estimates (33) and (B4) of the consistency term.
It is well known that the following (C3) is valid for the non-conforming finite
elements mentioned in Section 2 except Adini element (see Section 2.6 in [23]).
(C3) If F is the common face of element x and x’, then

/ V(v|,)ds = / V(v|e)ds, Yove S (3.5)
F F
if F'is a face of element x and F' € 9€), then
/ V(v|.)ds =0, YoveSh (3.6)
F
Define the face and element average interpolation operators
1
Plf=— d RY.f=f— PY
B = e | fds. Rhp=p-Phs,
1
P = o [ fdn, Bf— - P
meas(k) J,.

where element k € m, and F is an arbitrary element face of 7y,.
A simple calculation shows that for arbitrary constant Cj,

1

Theorem 3.1. Suppose that ¢, ¢* € W3P(Q) (p € S), and (C3) is valid.
Then for any (v,z) € Hy, + H, (33)) and (34) hold.
Proof. For any (v,2) € C§°(Q) x L*(Q), by the Green’s formula we deduce

B((fvg)v(vvz)) = A((1/),<p),(v,z))
3 /—V(ﬁAzﬁ)-VU—i—g@Edw. (3.8)

KETH n

Since C§°(€2) is dense in H}(Q2), for any (v,z) € Hj, + H the above (B8] holds.



Thus

Di((¥, ), (v, 2)) = B((f,9), (v,2)) = An((¥, ), (v, 2))
=3 /_ (—M)) VO + pEds — Y /{ ——ul)Adev

KETH | KETh

v 0%
tm Y s bdr — (. 2)o

x;0x; Ox;0x;

1<4,5<d
= Z /—Al/va yds
neﬂ'ha
AYAD 0%
+/‘1Z {AYAT — Z 8x8x 0x;0x; 92,000
RET) % 1<4,5<d i Rt
. / .
’“e’”"an
0%y 0% ?*y 0%
+m Z ( 02 0x2 O0x;0x; 0z;0x;

KETR Y 1<iZj<d 0 TTT 1<i#j<d

:—Z/—Al/}VP ”yds—l—/LlZ/ Z 8%(;9;)%615
j

neﬂ'ha /-c€7rh6 1<i#j5<d

0% 0o
M Z / Z 8:1718117J 8—%,%&9

Mg, 1<iZj<d
=L+ L+ 1s. (3.9)

Note that (C3) and @) are valid, and for all v € HZ(Q) B3)-B8) also
hold, we deduce that V(v, z) € Hy, + H,

-2 > /RO AY)Rp(VT - 7)ds. (3.10)

kETh FEIK ol

Let # is a reference element, x and # be affine-equivalent. When w € W1 (&)

and 1 < p < (d 1)L , by the trace theorem we get Wi (k) — L,(0k), thus we
deduce the followmg trace inequality:

L
/|w|Pdr/| P10 a5 < h Ml 0 < B2 002,

Ok
SN (|D))5, 5 + b 1m><hd W T wllg, .+ B Jl?, )
d—rd_q d—rd _
Sh Nl .+ BT T lf, ., Ve € (3.11)

Since p € S, Wi ,(k) — L,(0r) with p € (d — 1, w{;—_?”). Choose % =1-2

p )
then p’ < =1 and Wy 2(&) < L, (9%). And thus, by the Holder inequality, the



trace inequality (311 and the interpolation error estimate we deduce that

1 _
sy > 1BE (=== A0) 0.5, IBF(VT - 1)o7

KET FEDR
1 _
< Y IR Ao BV )0
KETR FEOK
< d—2d—1 o, 1 o prd—2t—1 o 1 PR
~ Z (h’i ||RK(mA¢)||O,p,I{ + hx |Rn(mA¢) 1,p,l~c)p
KETH

eld 1
v

d—25—1 / fd—eld_q _ /
< (he 7 IRA(Vo )G +he T RV ) L)

+d—24 1 1 ‘pd-ed 1L
ST ) Nl x (BT T [0llz

KETY,

TGPl o), Vv, 2) € Hy + H. (3.12)

Similarly we deduce

L] S RG24l ol V(v,2) € Hy +H, (3.13)
I3] S RG24l ol V(v,2) € Hy + H. (3.14)

Substituting B12), BI3) and BI4) into B1) we get B3).

Using the same argument as above, we can prove (34). O

Next, we shall analyze Adini rectangle element approximation. We suppose
that Q C R?, and the boundary of Q and the edges of elements are parallel to
the coordinate axis. Although (C3) is not valid, thanks to [13], we can prove

B3) and @A) still hold.

Theorem 3.2. Suppose that S" is Adini element space, then for any

(v,2z) € Hy, B3) and B4) are valid.

Proof. We shall analyze the terms I;, I3 and I3 on the right-hand side of
(3). Noticing that the edges of elements are parallel to the coordinate axis,
using the proof method of Theorem 50.1 in [I3], we can deduce that for any
(v,z) € Hy,

11
1]+ 1B S BHETD g 0] 0.
And from line 11 on page 304 in [I3], we see
I3 =0.

Substituting the above estimates into (3.9) we get (33]). Similarly we can prove

@d). O

The following lemma is a generalization of Strang Lemma (1972).

Lemma 3.1. Let (¢, ) be the solution of @I4) and (¢n,¢n) be the

10



solution of ([Z25]), then

inf (¢, 9) = (v, 2)[n+  sup
(v,z)€Hy, (v,2)eH,\{0} [ (v, 2)||n

S 1@, @) = (Wns on)lln

. Dh((wa@)v(vvz))
< inf U, 0) — (v, 2)||n+ sup
0 5 @ 0) = @l T, 2

(3.15)

Let (¢*, ¢*) be the solution of (ZI9) and (¢}, ;) be its finite element solution,
then

. * Dh((vuz)u(d]*?w*))
inf V', 0%) — (v, 2)||n + sup

T R N e (e I
S e") = (@, en)ln

: Dh((vvz)v(d]*u@*)())
< inf (07 9%) = (v 2)[[n +  sup 3.16)
(v,2)€HL (v,2)€H,\ {0} [, 2)[n

Proof. For any (v, z) € Hy,

||(¢h7 en) — (v, Z)”% = Ah((d]h, <Ph) - (Uv z), (djhv Sph) — (v, Z))
= Ah((‘/& <P) - (1}, Z)a (d}ha @h) - (’U, Z)) + B((fv g)v (U’h, <Ph) - (Ua Z))
= An((¥,9); (Yns o) — (v,2)).

When |[(¢n, ¢n) — (v, 2)||n # 0, dividing it in both sides of the above we obtain

[(@ns n) = (0, 2)[ln < (¥, ) = (v, 2)[[n
_ Ah((dju 50)7 Wha‘Ph) — (’U,Z)) — B((f7 9)7 Wh, Sph) — (U72))
[ (¥ons on) = (v, 2) |0

Dh((wv w)a (U, Z))
SN =2t T 2

This together with the triangular inequality

1%, 0) = (b, son)lln < 115 0) = (v, 2)|n + (| (v, 2) = (n, on)ln
yields the second inequality of (B.I5]). From

An((,9) = (Wn, o) (v, 2)) <1, 9) = (Wn, on) Inll (v, 2)lln ¥ (v,2) € S™,

we get

Ah(('@[]u 50)7 (U7 Z)) — Ah((’@[]hw (ph)v (U7 Z)) _ _Dh((wv 90)7 (Uv Z))
(v, )l [, 2)lln

which together with ||(¢), ) — (Yn, on)lln = inf  [[(¥,¢) — (v, 2)||s we obtain

(v,2)eSh
the first inequality of (BIH).
Similarly we can prove [BI6]). The proof is completed. [

(¥, ) — (¥n, on)lln >

By Lemma 3.1, we get:
Theorem 3.3. Suppose that 1, ¢* € W3P(Q) (p € S), for any (v,2) € Hy,

B3) and 34) hold. Then

1, 0) — Wns on)lln S BFEDAU3, + [lell), (3.17)
(W%, %) = @i, illn S BHETD([g* 5 + [0*0)- (3.18)

11



Proof. By the interpolation error estimates (Z31)) and (Z33), we get
inf |[(¥, ¢) = (v 2)[[n S (¥ 0) = In(¥; ©)ln
(v,2)EH},
= [[¥ = Iutplln + o = Tivllo
11 11
SHHETD s, + hlel S BT, + lel). (3.19)

Substituting B19) and B3) into BIH) we get (BI7). By the same argument
we can prove ([B.I8). The proof is completed. O

Remark 3.1. We tried to use the Nitsche technique to prove the error
estimate in || - ||[m, is of higher order than that in || - |5, but failed because of
the non-symmetry of right-hand sides that involves deriatives, of (2.14)) and

(Z19).

4 The error analysis of the non-conforming ele-
ment eigenvalues

Let (A, u,w) and (A*,u*,w*) be the eigenpair of (ZII]) and (ZI8), respectively.
Then from (BI) and B2) we get that for any (v,z) € H, + H,

Dh((uvw)v (Uv Z)) = B()‘(uvw)v (Uv Z)) - Ah((uvw)v (U7 2))7 (4'1)
Dy ((v,2), (u",w")) = B((v, 2), A"(u",w")) = An((v, 2), (u", w")). (4.2)

We need the following regularity assumption:
R(Q). For any & € H™Y(Q), there exists 1 € W3, (Q) satisfying
1 oY

A(mAd)) = 5, m Q, 1/} = % =0 on 89,

and

[¥ll3.p0 < CrIIEN-1, (4.3)

where pg € S, Cr denotes the prior constant dependent on the n(x) and Q but
independent of the right-hand side & of the equation.

It is well known that (£3) is valid when n and 92 are appropriately smooth.
For example, when Q C R? is a convex polygon, from Theorem 2 in [5], we can
get that po = 2.

Consider the source problem associated with (Z3]) and (Z1):

1 n 1 n

A AY) = — Af—A - 4.4
()= Af AT g ()

¢ = (4.5)
When n € WhH(Q)N H?(Q) and f is appropriately smooth, from R(Q) we can
deduce that 1 € W30 (Q) and

1
[lls. < Crll = =< Af = A=) = =]l
Sl + lgll-r S 1CF. 9, (1.6)
el = Il (4.7)
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In this paper, for simplicity, we assume that the dual and primal problems
have the same regularity.

Theorem 4.1. Assume n € WH*°(Q) N H2(Q), @2) and R(f) hold, and
for any (v, z) € Hy, (33)-B4) are valid. Then

17 = Tillery S G507, (4.8)
IT* = T |, S G200 (4.9)

Proof. Forany (f,g) € Hy, with ||(f, ¢9)|lm, = 1, thereis (f;,9) € C§°(Q) x
H~1(Q), such that

1(f,9) = (F5 Dy = [If = filly < b
By 223), (231)-(234), BI7) and ([&6) we deduce

(T = Th)(f5, )lla, < NT(f5,9) — InT(fj, 9) e, + 11WT(f5,9) — Tu(f5, 9)lm,
<\T(fj,9) — /T (fj, 9, + I T(f5,9) — Tu(fi 9)lIn
< Ch1+(%*%)d||T(fj7g)||W3wo(Q)xH1(Q) +1T(f5,9) — Tu(f5:9)lln

L

1 1_ 1
< h1+(2 p(’)dHT(fjag)||W3,;7O(Q)><H1(Q) < Oh1+(2 p(’)dH(fj’g)HHl'

From (Z20) we know that T} has a upper bound uniformly with respect to h.
Thus we have

(T =Tn)(f, 9)lle, < (T =Tw)((f,9) = (5 9)llm, + (T = Tw)(f5, 9) |,

1

< (ITNer, + 1 Tullex) 1 (fr 9) = (f5 9)llm, + CR 750 (£, 9) I,
1_1Hyg

< (ITNer, + [ Tnllex )k + CR 731, 9) — (F ) llen, + 1(F, 9) e

< (IT )15, + || Tnller, + )R 7000

And by the definition of operator norm we have

1_ 1
1T = Tollen, = sup (T = Ta) (£, 9w, S BHHE770
(f,9)€HL|(f,9)|l1, =1

Hence, (@) is valid. Similarly we can deduce (£9). The proof is completed. O

In this paper, we suppose that A be an eigenvalue of ([Z-I1) with the algebraic
multiplicity ¢ and the ascent a. Then \* = X is an eigenvalue of ([ZI8). Since
|7y — T'||ea, — 0, ¢ eigenvalues A1 5, -+, Ag,n of [Z24) will converge to A.

Let E be the spectral projection associated with T and A, then R(E) =
N((A™! = T)) is the space of generalized eigenfunctions associated with A and
T, where R denotes the range and N denotes the null space. Let Ej; be the
spectral projection associated with T}, and the eigenvalues \i p,- -+, Ag 5, then
R(E}) is the space spanned by all generalized eigenfunctions corresponding to
all eigenvalues A1 p, -+, Aqn. In view of the adjoint problem (2.I8) and (228,
the definitions of E*, R(E*), Ej and R(E}) are analogous to E, R(E), Ej, and
R(Ey) (see [3]).

Let A\, € {Ain,- -+, A\g.n}- From [3] we get the following results.

Theorem 4.2. Assume that the conditions of Theorem 4.1 are valid. Let
(up,wp) be eigenfunction corresponding to A, and ||(up,wn)||n = 1. Then there
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exists eigenfunction (u,w) corresponding to A, such that

1
[ (un, wn) = (w, W)\, ST = Th)lre) i, (4.10)
1
[An = AL S (T = Th) () I, - (4.11)
I
|(EZ)\Z-,;1) "= A ST =T R lla, - (4.12)

(T = Ti)l s lle, S RG99 (4.13)
and
(s wn) = (u,w)[le, S hatE=9)E, (4.14)

(s wn) — (u,w)[ln S BFTETS)

d
«

(4.15)

with ||(u,w)|[n = 1.
Proof. From Theorem 4.1 we know ||T' — T} |lm, — 0 (b — 0), thus from
Theorem 7.4, Theorem 7.3 and Theorem 7.2 of [3] we get (AI0), (@II) and

[#I2), respectively. By the way to show (@), we get (£I3). Substituting
I3) into (@IQ), we get (@II). By calculation we get

[ (un, wn) = (w, W) [n = AT (un, wn) = AT (u, w) ||
< [ ARTh(up, wr) — ATh(w,w)||n + | ANTh(u, w) — AT (u, w)||n
S AT (u,w) = AT (w, @) [ + [[An(un, wn) = Aw, w) |1,
S AT (u,w) = T (u, @), + bt G5, (4.16)
Combining [B.IT) with the above relation we get ([@IH]). By calculation we have

(u, w)
[ (un, wn) — WHS S N (un, wn) = (u,w)|[n
+ [[(up,wn) — (u,w)||s, s=Hi,h, (4.17)
thus, when replacing (u,w) by ﬁ, (@I4) and (EIT) also hold. O

Starting from @IT), if we use ||[(T' — Th)|r(p)|lH, We can not derive the op-
timal estimates for the eigenvalue when the eigenfunction is smooth on concave
domain because the error estimate in || - ||z, depends on the Nitsche technique
and the regularity. To avoid this problem, we employ a new method and give an
identity in the following lemma, and use it to prove the optimal error estimates
of non-conforming element eigenvalues. The identity and proof method are also
valid for general nonselfadjoint eigenvalue problems.

Lemma 4.1. Let (A u,w) and (A\*,u*,w*) be the eigenpairs of ([2.I1]) and
(ZI8)) respectively. Then for any (v, 2), (v*, 2*) € Hy, when B((v, 2), (v*,2*)) #
0 it is valid that

(4.18)



Proof. From (ZII)), 2I7), (@I) and (£2) we have
Ap((u,w) — (v, 2), (W, w") = (v*,2)) = AB((u,w) — (v, 2), (u*,w") — (v*, 2
= Ap((w,w), (u,w%)) + An((v, 2), (v7, 27)) = An((u,w), (v, 27))
— An((v, 2), (v, w0%)) = A(B((u,w), ( ;w")) + B((v,2), (v", 27))

— B((u,w), (v*,27)) = B((v, 2), (u” )))
= )‘B(( ) (U*v(‘U*)) + Ah((vvz) ( )) — B(AMu,w), (’U*,Z*))
= Di((u,w), (v*, 27)) — B((v,z),/\*(u ;w")) = Da((v, 2), (u”,w"))
— AB((u,w), (u",w")) = AB((v, 2), (v*, 2"))
+ AB((u,w), (v*,27)) + AB((v, 2), (u*,w"))

:Ah(( ) )7(U ) % )) B((U Z) (U 72*))
+ Dn((u,w), (v*,2%)) + Da((v, 2), (u*, ")),

dividing B((v, 2), (v*, 2*)) in both side of the above we obtain the desired con-
clusion. O

Theorem 4.3. Assume that the conditions of Theorem 4.2 are valid, and
R(E),R(E*) C W3P(Q) (p € S), the ascent a of X is equal to 1, for any
(v,2) € Hy, + H, 33) and (34) hold, then

A — A < R2F2G73)d, (4.19)

Proof. From o = 1, we know R(E*) is the space of eigenfunctions
associated with A*. Let (u,w) and (up,wp) satisfy (@I0) and ([EIT), since
(u,w) € R(E), ||(u,w)||la =1, Define

f((v,2)) = A(E(v, 2), (u,w)), V(v,z) € H.
Since for all (v,z) € H one has

1f((v, 2))] = [A(E(v, 2), (u,w))| < [|E(v, 2)[all(u; w)] 4
SVAIE(, 2)l|m S 1 Eell(v, 2)]|a,

f is a linear and bounded functional on H and ||f||la < ||E|lm,. Using Riesz

~

Theorem, we know there exists (u*,w*) € H satisfying ||(u*, w*)||a = || f]|4 and
A(v, 2), (u",w")) = A(E(v, 2), (u,w)). (4.20)
For any (v, z) € H, notice E(I — E)(v,z) =0,
A, 2), W =T (", w")) = A(A = T)%(v, 2), (u*, w"))

= AN =T)E(v,2), (u*,w") + A(A' =T)(I — E)(v, 2), (u*,w*)) =0,

e, (A1 —T*)(u*,w*) = 0, hence (u*,w*) € R(E*). From Z31)-234) we

have

[(u*,w*) = In(u*,w)|[p < RHGE=2) (4.21)
1, w*) = In(u*,w*)||m, S H2FGT2), (4.22)

By [20) we have
A((u,w), (u*,w")) = A(E(u,w), (u,w)) == A(E(u,w), (u,w)) =1. (4.23)



Then, from (£I5), @2T) and @23)), when h is small enough, | Ay, ((up,wn ), In(u*, w*))|
has a positive lower bound uniformly with respect to h, thus there is a positive
constant Cy independent of h such that

|B((un,wn), In(u*,w*))| = (X, Ap ((un, wp), In(u®,w*))| > Co. (4.24)
In (A1), let (v, 2) = (up,wp), (v°, 2*) = I(u*,w*), noting that

Ap = A((uhvwh)v Ih(U*v(‘U*))/B((uhvwh)v Ih(U*v(‘U*))v
then

[An = Al S [[(w,w) = (un, wn) [l (w, w*) = In(u®,w)|[n
+ [ (u, w) = (un, wp) [, [ (v, w*) = In(u®, @) |1,
+ |Dn((u, w), In(u*,w*))| + [ Dp((un, wn), (u*,w*))].  (4.25)

From 3] and (@21),

|Dh((uvw)=lh(U*7W*))| = |Dh((u7w)7Ih(U*7W*) - (U*v(“J*))'
S IFETY (w4, w) [, | T (0" ) — (u*, 0 n

< RZPETY | (u,w) |3 (w0 3., (4.26)
and from ([34]) and [@I3),
D ((unswn), (w0, w*))| = [Di((unywn) — (u,w), (u*, "))
< RP2ED (1, w) |3, )1 (1, w0*) |13,- (4.27)

Substituting (@IH), (£210), ([{22), [E26]) and [@27) into [@25), we get (£I19). O

Remark 4.1. Using the same argument as in this section we can prove the
error estimates of finite element approximation for the dual problem (ZI8): Let
R(E*) c W3P(Q) (p €S), then

||(’U’Zuw;) - (U*vw )”h < ho‘ (% %)g, (428)
I(uf, @) — (u* 0" ls, S R TGP, (4.29)

Theorem 4.4. Assume that the conditions of Theorem 4.2 are valid, and
D c R? R(E) C H*(Q), n is a constant. Let S" be the Adini element space
defined on the uniform rectangle mesh. Then

[ (unswn) = (u,w)lln S B, (4.30)
An = Al S he, (4.31)
1 q
=Y OAD T A SR (4.32)

Proof. From line 11 on page 304 in [13], we know for Adini element, the
third term on the right-hand of (39) is equal to 0, thus we obtain

Dul(bohw ) == 3 [

KGTA’h,a

AYVT - vds
n—1

0% Bv Bw ov
+ Z /{ a7 833 8 2 o —1}ds + 0. (4.33)

HE?Tha
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Comparing it with the consistency term of the clamped plate bending problem
(see (50.7) of [13]), from [I8] we can deduce

D (%, @), (v, 2))] S B2 [Yllallvlln,  V(v,z) € Hy, (4.34)
1@, @) = (Wn, n)lln S B2l + llll2)- (4.35)
Thus we have
(T = Th)|rp)lla, = sup (T — Th)(u, w)|lm,
(u,w)ER(E), || (u,w)||ex, =1
S sup P2\ T (w, w) || sy x 20y S h* (4.36)

~ (uw,w)ER(E),||(w,w)|lm, =1

Substituting (36) into @) and (II2) we get (@31 and [@32), respectively.
By the way to show ([@IH]), we can prove (£30). O

The literature [28] proved that the order of convergence is just 2 for the Adini
finite element eigenvalues for the clamped plate vibration problem. Based on
[28], we can prove the estimate [@31)) and ([@32)) are optimal and cannot be
improved further.

5 Numerical Experiment

In this section, we will report some numerical experiments for non-conforming
finite element discretizations to validate our theoretical results.

We use Matlab 2012a to solve [2)-(24) on a Lenovo G480 PC with 4G
memory. Our program is compiled under the package of iFEM [12].

Let {@};V:’Ll be a basis of S* and u;, = Zjvzhl Ui, wp = Zjvzhl w;&;. Denote
U = (uy, - ,un,)” and & = (wi,--- ,wn,)T. To describe our algorithm, we
specify the following Nj, x Nj, matrices in the discrete case.

Matrix  Definition

9%¢. 92 8%¢. 92 9%¢. 92
Ap alj:Zf,ﬁ{(L_Hl)AngSZ‘i‘Hl(afg 31?4-2 & & 0504

n—1 Ox10xo Ox10xo 81% Bzg
By, by = [p {V(E18&) - VE + VE; - V(2 &) b
Ch aj =— [p 25€i&de
Gp gi; = [p &i&de

where Nj, = dim(S"). Then ([223) can be written as a generalized eigenvalue

problem
(?h c?h)(g):’\h(gz %h>(g> (5.1)

Note that in (] Ay, is a positive definite Hermitian matrix, and G}, can be
equivalently replaced by the identity matrix Ij, which will lead to two sparser
coeflicient matrices with good structure. Based on this fact, we use the sparse
matrix eigenvalue solver eigs to compute the numerical eigenvalues and the re-
sulting numerical eigenvalues are ideal.

We consider the model problems (Z1))-(Z4]) with the refraction index n = 8+
z1—x5 and n = 16 on the unit square (0, 1)2, L-shaped (—1,1)%\([0,1) x (-1, 0]),

triangle whose vertices are given by (—‘/Tg, -1, (‘/Tg, —1) and (0,1), and disk
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with radius § and center (0,0). We adopt the Morley-Zienkiewicz(MZ) element
and Adini element to compute the transmission eigenvalues on quasi-uniform
meshes. The Morley-Zienkiewicz element was put forward in [23], and its finite
element space is defined as:
Sh = {v € Vy|v and Vv vanish at all vertices on 99, and over any face F
C 99, the mean value of 6871; vanishes},
where
Vi = {v € L*(Q) : v|,. € P., V& € my; v and Vv are continuous at all vertices
of mp,and over each interelement face F of m, the jump of the mean value
of BQTUF is zero},
P, = P{ (k) +span{l3la - lay1, 1103 lag1, - ,lala -+ l¢2i+1} with Pj(x) being
the Zienkiewicz element shape function space and [;(i = 1,--- ,d+ 1) being the
barycentric coordinates.

In our computation, for all the domains mentioned above we set pu; = %

when the refraction index n =8 + 1 — x2 and puy = 1—15 when the refraction ing—
dex n = 16. The associated numerical eigenvalues computed by the MZ element
and Adini element are listed partially in Tables 1-2 and Table 3, while the error
curves of these numerical eigenvalues whose slopes are computed by procedure
of curve fitting are depicted in Figures 1-3.

For reading conveniently, in our tables and figures we use the notation
k?h = ,/Ag.%h to denote the jth eigenvalue on the domain Q2 = S, L,T, D ob-

tained by ([Z23)) on 7, where the symbols S, L, T, D denote the domains square,
L-shaped, triangle and disk, respectively.

It is seen from Figures 1-3 that the convergence orders of the numerical
eigenvalues on the unit square, triangle and disk computed by the two ele-
ments are around 2, which coincides with the theoretical result. Nevertheless,
the convergence orders on the L-shaped domain of the numerical eigenvalues
k1,hs kon, ks h, ke, n with n = 8+ 21 — 2o and ky p, ks, with n = 16 are less than
2 (see Figures 1-2). This fact suggests that the eigenfunctions corresponding
to these eigenvalues on the L-shaped domain do have singularities to different
degrees.

Numerical results indicates our discretizations by the MZ element and the
Adini element are efficient and consistent with theoretical analysis.
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Table 1: The eigenvalues obtained by MZ element, n = 8 + 21 — x2.
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2 6—‘? 24441734 1.5697172  2.2870557 2,3 0.012 2.6130503
2 % 2.4442186  1.5697237  2.2870651 2,3 0.006 2.6129596
3 \3/—25 2.4442285  1.7053198  2.2870296 | 13,14  0.049 4.9056584
3 6—\? 2.4441893  1.7051917  2.2870557 +0.5787253i
3 % 2.4442212  1.7051196  2.2870651 | 13,14  0.025 4.9018623
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Table 3: The eigenvalues obtained by Adini element on the unit square.

h j kih(n:8+w1—m2) j k;.sh(nzlﬁ)
vz 2.8178682 1 1.8778418
2o 2.8211011 1 1.8791512
V2o 2.8219168 1 1.8794810
2o 3.532859351 2,3 2.4413924
29 3.537222143 2,3 2.4435179
vz 3.538327097 2,3 2.4440561

o
D
0o

5,6 4.4949831+0.8710067i 4 2.8588866
4.4961529+0.8713583i 4 2.8645286
5,6  4.4964517+0.87145061 4 2.8659601
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Figure 1: Error curves computed by MZ element with n = 8 + 21 — x5 on the
unit square (left top), on the L-shaped (right top), on the triangle (left bottom),
on the disk (right bottom).
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Figure 2:  Error curves computed by MZ element with n = 16 on the unit
square (left top), on the L-shaped (right top), on the triangle (left bottom), on
the disk (right bottom).
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