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Abstract

This paper proposes an efficient Adaptive Finite Element Method (AFEM) for solving the
eigenvalue problem with discontinuous coefficients. Different from the existing adaptive algo-
rithms for eigenvalue problems, the method innovatively focuses on solving linearized boundary
value problems in each adaptively refined space, complemented by solving small-scale eigenvalue
problems on low-dimensional augmented subspaces, which are automatically controlled by the
algorithm. Notably, it does not require solving the small-scale eigenvalue problem at every itera-
tion, which improves the computational efficiency. Moreover, a novel a posteriori error estimator,
which relies on the local oscillations of coefficients near singular points, guides the adaptive refine-
ment process. To further substantiate this method, we give a thorough and rigorous convergence
analysis in this paper. Finally, two numerical examples are provided to illustrate the accuracy
and efficiency of our new AFEM.
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1 Introduction

Solving large-scale eigenvalue problems becomes a fundamental problem in modern science and en-
gineering society. Eigenvalue problems with discontinuous coefficients [29,[39] arise in various appli-
cations, including photonic crystals and their spectral band gaps [6,/15,|44], Sturm-Liouville equation
and inverse eigenvalue problems [1}/5(18], and quantum physics [9/21] et al. In recent years, a few
numerical investigations have been devoted to computing eigenvalue problems with discontinuous coef-
ficients, such as the plane wave expansion method [23], finite element method [6/40], spectral (element)
method [29}39], two-grid method [10], discontinuous Galerkin method [8,[26]. However, those direct
applications of standard discretization schemes lead to particularly high computational costs. In fact,
discontinuous coeflicients across the interface can lead to abrupt changes in the solution, exhibiting
inherent multiscale behavior characterized by localized high-gradient zones near the interface.

Subspace correction methods [42] are a fundamental and effective class of algorithms for eigenvalue
problems. The two-grid/two-level method has proven to be an efficient numerical approach. Since
its initial development by Xu and Zhou [43], this approach has inspired subsequent advancements
in [14}[19], particularly in addressing challenging eigenvalue problems with nonlinearity. Additionally,
[4] proposed a polynomial-based subspace correction approach with guaranteed superconvergence.
Recently, a type of efficient augmented subspace method (multigrid or multilevel correction method)
for eigenvalue problems has been proposed in Ref. [22,/24,/41]. In particular, this augmented subspace
method can achieve the optimal error estimate with (quasi-)optimal computational work.

The adaptive mesh refinement method based on the a posteriori error estimator has been widely
used to improve the convergence rate of the singular problem [9[21,37]. Based on the augmented sub-
space method, [20] has proposed h-adaptive multilevel methods for eigenvalue problems. Furthermore,
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several effective p-adaptive methods (achieving accuracy enhancement through polynomial order ad-
justment) have been proposed for eigenvalue problems in references [41(16}/17,/33]. In particular, the
adaptive finite element method (AFEM) has been successfully applied to photonic crystal eigenvalue
problems (a class of eigenvalue problems with discontinuous coefficients) [15,/36]. For eigenvalue prob-
lems with discontinuous coefficients, [34135] have developed effective a posteriori error estimators. To
the best of our knowledge, rigorous convergence proofs for AFEM applied to eigenvalue problems with
discontinuous coefficients remain scarce in the literature.

In this paper, we propose a new type of augmented subspace AFEM to solve eigenvalue problems
with discontinuous coefficients. Overall, the main objectives of this paper are threefold:

(1) Adopt the a posteriori error estimator n(f, un;e) of the linearized boundary value problem with
discontinuous coefficients for the discussed eigenvalue problem

P (founie) = D Acllhea VPRo(frun) |5 + Acllhe 2l 2T (un) I3 e

TEWe

where f is the right-hand side of the linearized boundary value problem, uy, is the approximation
of the eigenfunction on the discussed mesh; e is the edge of the element, w, is the collection of two
elements sharing the edge e, h, and h. are the diameter of element 7 and edge e, respectively;
R-(f,up) is the element residual, J(up) is the jump residual; A, A, @, and «, are constants
related to the coefficient o.. Please see for details.

(2) Develop a new AFEM solver (Algorithm and the flowchart Fig. [1)) for eigenvalue problems
with discontinuous based on the augmented subspace method, which is accelerated by the inverse
power method.

(3) Derive the convergence (Theorem of the proposed augmented subspace AFEM algorithm
for eigenvalue problems with discontinuous coefficients.

In this algorithm, we try to balance the linear error (the numerical error of the linearized boundary
value problem) and the nonlinear error (the error between the solutions of the eigenvalue problem
and the corresponding linearized boundary value problem) to ensure error reduction while reducing
computational costs. More precisely (cf. Step [3| of Algorithm ,

(a) if the linear error is larger than the nonlinear error in some sense, we refine the mesh adaptively
and solve the linearized boundary value problem (the inverse power method) defined on the
adaptively refined mesh to reduce the linear error;

otherwise, we solve the small-scale eigenvalue problem on the low-dimensional augmented sub-
b) otherwi lve th ll-scale ei 1 bl the low-di ional ted sub
space Vi + span{ugj)} and update the right-hand side term of the linearized boundary value
problem to reduce the nonlinear error,

here Vp is the finite element space defined on the coarsest mesh. The initial mesh for our adaptive
finite element method can be either Vg or a uniform refinement of Vg. The term ugj) represents
the approximate solution of the corresponding boundary value problem, please see Algorithm for

details.

Actually, we can prove that the nonlinear error is a higher-order term compared with the linear
error and the higher-order factor is {, (V) defined in , see Lemma and Theoremfor details.
Therefore, we mainly focus on solving the linearized boundary value problems defined on adaptively
refined meshes to reduce the linear error. Since the main computational work is spent on solving the
linearized boundary value problems, the cost of this AFEM can be improved to be almost the same as
that of the associated linearized boundary value problems. Compared with [20], our method greatly
reduces the number of eigenvalue problems solved on augmented subspaces, thereby improving the
computational efficiency. For details, please refer to Tables [I] and [2|in the numerical experiments.

The rest of this paper goes as follows. The considered eigenvalue problem and its corresponding
finite element method are given in Section [2| In Section [3] the efficient augmented subspace AFEM
is proposed for the eigenvalue problem with discontinuous coefficients. We give the analysis of the
convergence of our AFEM algorithm in Section ] Two numerical examples are presented in Section
to illustrate the efficiency of the proposed AFEM algorithm. In the last section, we give some
concluding remarks.



2 Finite element method for eigenvalue problems with discon-
tinuous coefficients

We use the standard notation for Sobolev spaces W*P(£2) and their associated norms (cf. [12]). We
denote H'(Q) = W2(Q) equipped with the norm || - ||;. Let H}(Q) = {v € HY(Q) : v|spq = 0}, where
v|aq is understood in the sense of trace. For simplicity, we denote V := H}(Q). In this paper, the
notation A < B means that A < C'B for some constant C' which is independent of the mesh size.

2.1 Eigenvalue problems with discontinuous coefficients

In this subsection, we shall present some basic results of the finite element method for the second-
order elliptic eigenvalue problem. Here, for simplicity, we are concerned with the following general
eigenvalue problem with discontinuous coefficients:

Ly = =V - (a(x)Vu) +o(x)u = Au inQ,
= 0 onodQ, (2.1)
1

u
Jo lul?dQ

where € is a polyhedral domain in R? (d = 2,3), the discontinuous coefficient a(x) is positive and
piecewise constant and 0 < p(x) € L>®(Q).
The weak form for (2.1)) is defined as follows: Find (A, u) € R x V such that |jull, = 1 and

a(u,v) = Ab(u,v), Vv eV, (2.2)
where the bounded bilinear form a(-,-) and b(-,-) are defined by
a(u,v) = /(aVu Vo + puv)dQ,  b(u,v) = / uvd 2, (2.3)
Q Q

respectively, and [| - || := /b(-,-). It is evident that || - [|; is nothing but the standard norm || - || 2(q).
From properties of a(x) and ¢(x), the bilinear form a(, ) satisfies
la(w, v)| S llwllifoll,  Yw,veV,
lwlf S a(w,w), YweV.
Hence we can define the energy norm as || - || = v/a(+, ), then we have
callvlly < lvlla < Callv[l, Vo eV,

where ¢, and C, are some positive constants. Hence, we have the following inequality between || - ||,
and || - |la,

1
[vlly < flolly < —olla, VvV (2.4)

a

Define the Rayleigh quotient as

a(v,v)
b(v,v)’
As we know, the eigenvalue problem has a countable sequence of real eigenvalues

D<A <A< A3 <

RQ(v) == Vv e V\{0}.

and corresponding orthogonal eigenfunctions

UL, U2, U3,y - -y
which satisfy b(u;,u;) = d;; (4,7 = 1,2,...), where d;; is the Kronecker notation. In the sequence
{Ai}i>1, the \; are repeated ¢ times according to their geometric multiplicity g.

Now we state a useful Rayleigh quotient expansion for an eigenvalue, which is expressed by the
eigenfunction approximation (see [3]).

Lemma 2.1. Let (\,u) be an eigenpair of (2.2). Then for any w € V\{0}, we have

a(w,w) _aw—uw—u)  A(w—uw—u)

b(w, w) B b(w, w) b(w, w)




2.2 Finite element method for eigenvalue problems with discontinuous co-
efficients

In this subsection, we introduce the finite element method for problem . We first decompose the
computing domain 2 C R? into triangles to produce the mesh such that a(z) is a constant on the
interior point of each element (cf. [12]). In this paper, we discuss the finite element discretization on a
family of shape-regular and nested conforming meshes T := {7 }x>0: there exists a constant v* such

that b
S vrelJTn
T h

where h, is the diameter of 7 for each element 7 € Tj,, k. is the diameter of the biggest ball contained
in 7 and h := max{h, : 7 € Tp}. & is used to denote the set of interior edges of 7. For any e € &,
we denote the diameter by h.. For any 7 € Tp, let w, = {T' €ETh : T'NT # (Z)}. Let w,. be the
collection of two elements sharing the edge e € &,.

For each node x, let w, be the union of all elements 7 sharing = as the common node, and let k,
be all elements 7 C w, where the coefficients «, achieve the maximum in w,. The distribution of
coefficients a.;, 7 C w,, will be called quasi-monotone with respect to x if the following conditions
are fulfilled: For each element 7 C w, there exists a Lipschitz set 79™ with (7 Uk,) C 79™ C w,, such
that

ar <ap, V™ e,

If x is a boundary node, it is additionally required that measy_1 (073™NIQ) > 0. The nodes concerning
which the quasi-monotone condition is violated are called singular nodes. For further information
about the quasi-monotone condition, we refer to [13].

Then the conforming finite element space V;, C V' can be constructed based on the mesh 7. For
simplicity, we consider the Lagrange-type finite element space

Vi, = {vh €V ¢ vyl € Pn(r), VT E ﬁ},

where P,,(7) denotes the space of polynomials with degree no more than m.
The standard finite element scheme for (2.2)) is: Find (Ag,up) € R x V}, such that b(up, un) = 1 and

a(uh,vh) = )\hb(uh,vh), Yup € Vy. (26)
From Ref. [2,[3], we know that the discrete eigenvalue problem ([2.6)) has eigenvalues
O<Mp< - < Ap << AN s

and corresponding eigenfunctions
UL hy s Wihy " s UNy by

where b(w; p, ujn) = 6;j, 1 < 4,5 < Nj, (N}, is the dimension of the finite element space V},).
Based on the finite element space V}, the Galerkin-Ritz projection P, : V' — V}, can be defined by

a(w — Ppw,vp) =0, Yw €V and Yoy, € Vj,. (2.7)
Then, it is easy to know, for any w € V
[Prwlla < llwlla and [[w — Pyw|la = 0, as h — 0.

Define (,(V},) as

Ca(Vg) := sup inf [|Tf — vpllas (2.8)
FEL2(Q), ] fllp=1rEVn

where the operator T' : L?(Q) — V is defined by the following boundary value problem: for any
f e L), find w € V, such that

a(w,v) =b(f,v), YveV, (2.9)



and Tf := w.
Let M()\;) denote the eigenspace corresponding to the eigenvalue A; of (2.2)), i.e.,

M(X\;) = {w € V : w is an eigenfunction of (2.2) corresponding to A; }.
To simplify the description, we define the following error notation:

n(Ai) = sup inf |jw— vpla.
wEM(A),||lwlly=1VrEVn

From Ref. [2,3], we know that (,(V4), 0n(A;) = 0, as h — 0 and
Ca(Vi) < Ga(Va), if Vi, C V. (2.10)

The error estimates of the eigenpair approximations for the eigenvalue problem with discontinuous
coefficients by the finite element method is stated in the following theorem.

Theorem 2.1 (|2/15]). Assume (A; pn,uin) € R XV}, is the solution of (2.6). Then there exists exact
eigenpair (A, w;) of (2.2)) such that the following error estimates hold

||Ui,h - uz’”a < Cea(sh(/\i)a
win —wills < CepCa(Vi)llwin — willa,
Nin =Nl < Calluin — will2 < Cendn(N)|uin — willas
where Ceq, Cep and Cey are some positive constants independent of the mesh size h.

Remark 2.1. It should be noted that (,(V},) is essentially the higher-order factor of the convergence
analysis from || - ||lo (H*-norm) to || - ||y (L?-norm) in the Aubin-Nitsche duality argument.

3 Augmented subspace AFEM for eigenvalue problems with
discontinuous coefficients

We now give a new AFEM algorithm based on the augmented subspace method for eigenvalue problems
with discontinuous coefficients. More details about the augmented subspace method can be found in
Ref. [24,41]. At first, we recall the classical AFEM for the boundary value problem. For simplicity,
we omit the subscript ¢ of the eigenpair (A;, u;) and approximation solution (A; 5, u; ;) hereafter.

3.1 AFEM for boundary value problem
For problem ([2.9)), given the initial mesh, the form of the standard AFEM can be described as
SOLVE — ESTIMATE — MARK — REFINE.

Considering the discontinuous coefficient for the boundary value problem, we use a kind of error
estimator that depends locally on the oscillations of the coefficients around singular points. For a
right hand side term f € L?*() and a finite element function vy, € V},, we define the element residual
R+ (f,vr) and the jump residual J.(vp) as follows

Re(fovn) == f—Lop = [+ V- (aVop) —pvp, inT €Ty,
Te(vp) == —(aVy)-nT — (aVv;, ) -n~ = [aVo]e - ne, oneé€ &y,

where UZ = up|,+,u, = upl,—, € is the common edge of element 7+ and 7~ with the unit outward
normals n and n~, respectively and n, = n*. For the problem with discontinuous coefficients, we

introduce the following modified local residual estimator n(f, up;e) [11]

P(fronie) = Y Arllhrar PR (f0n)l 7 + Acllhe 2ol V2T (n)l5 . (3.1)

TEWe



where || - [|o.- and || - ||, denote the standard L?-norm on element 7 and edge e, respectively, and o
is the constant value of a(x) on interior point of 7 € T, @, := max, ¢y, {a,} for e € &,

o . .
max ), if 7 has one singular node,
A= rew, \ ar
1, otherwise,

where A, = Héax{AT}.
For any submesh 7, C 7Ty, we denote interior edges of 7, by &}, and define

(o Th) ==Y n*(fronse) (3.2)

ect;
For any f € L?(Q), we define the local data oscillation as

osc?(f,vn; 7) = |hrar Y2 (I = Q)R- (f,vn) I3 1 (3.3)

where @, is the L? projection operator onto polynomials of some degree on 7. For any submesh
'T}Z C Trn, we define data oscillation as

osc?(f,vn; Thl) : Zosc (fyon;7)

TET,

Now, we present the reliability and efficiency of the a posteriori error estimator n(f, P,w;T,) for
boundary value problem (2.9)) in the following lemma (see, e.g. [11,[28]/31]).

Lemma 3.1 ([11, Theorem 2.1, Theorem 2.2]). For any f € L*(Q2), there exist constant Cy, only
depending on the regularity constant v* and the coercivity constant c,, and the constant Cloy only
depending on v* and the continuity constant C, such that

I(I=P)Tflla < Cupn(f,PuTf;Tn), (3.4)
Crowl(f, PATF;Ti) < AZ(|(I = P)TSf|la + osc(f, PaTf;Th)),

where A = né%gc{AT}, and T f is the solution of problem (2.9).
T h

For convenience, we define some modules to present the standard AFEM algorithm for the boundary
value problem.

e w;, = B.SOLVE(f, V}): Solve the boundary value problem (2.9) with the right-hand side term f
in the finite element space V}, and output the approximate solution wy € Vj,.

o [{n(f.vn;e)}, {osc(f,vn;7)}] = ESTIMATE(f,vp,Tp): Compute the error indicator on each
interior edge e € &, of Tj, according to (3.1) and the data oscillation on each element 7 € Ty,

according to (3.3)).

o M;, = MARK(91,§1, {n(f,vn;e)}, {osc(f,vp; T)},E): Construct a subset M}, of T, by Morin-

Nochetto-Siebert (MNS)-marking strategy (c.f. [30]) with 6,1, 61 € (0,1), (f,vn,Ts), and
mark all elements in My,.

® [Thiir» Vi) = REFINE(My,, T, ): Output a conforming refinement 7y, ., of Tp, where at
least all element in My, are refined and construct the corresponding finite element space Vj,
on Ty, b

Remark 3.1. We use the iterative or recursive bisection (see, e.g. [27,|38]) of elements with the
minimal refinement condition in REFINE. Let v € (0,1) be the reduction factor of element size
associated with one refinement step, then if 7' is one of the elements obtained by refining T once, we

have hyr < ~vhy (c.f. [11, Lemma 3.3] and [30, Lemma 3.8]).

For ease of reference, we now recall the MNS-marking strategy in Ref. [30].



MNS-marking strategy
Input: 61, 6, € (0,1), T, €T, f € L*(Q) and v}, € V.

Marking strategy:

1. Select a subset EAh of sides in &, such that

1/2

1/2
>’ (f,vnie) >0, (Z 7 (f, vh;e)> :

ecép e€lhn

2. Let M, be the set of elements with one side in gh. Enlarge M, such that
OSC(f7 Uh; Mh) Z é\lOSC(f, Uh; ﬁl)

Output: M, C Tp.

Then we recall the standard AFEM for the boundary value problem (22.9)).

Algorithm 3.1. AFEM for boundary value problem

Input: Given some parameters 0,0, € (0,1),e > 0, a function f € L*(Q), a mesh Tp, € T
and the corresponding finite element space Vi, .

Iteration: Set k =1 and do the following loops:

1. wp, = B.SOLVE(f, Vi, );

IS

. [{n(f,whk;e)},{osc(f,whk;r)}} = ESTIMATE(f, wh,, Tr,.);

o

if (f, wny; Thy) <€
return wy, ;

else

th = MARK(917 (/9\17 {77(f7 Why, s 6)}, {OSC(f, Why, 5 T)}7 7—}%);
4 [7;%+1;th+1] = REFINE(M}LMIEW);

5. Set k =k +1 and goto Step[1]

Output: The approzimate solution wy, .

For the finite element solution of the boundary value problem (2.9), it is easy to know
why, = Ppyw = P, Tf

based on (2.7). About the AFEM Algorithm for boundary value problems, we state the following
three lemmas.

Lemma 3.2 (|11, Lemma 3.2]). Let Tn,,, be a refinement of Ty, according to the MNS-marking
strategy, w,_ ., and wy, are the finite element solution on the mesh Ty, ., and Ty, , respectively. Then




there exists a constant 510w <1 depending only on the minimum angle of the mesh Tn, such that for
all e € &, (the collection of all sides belonging to the marked elements) we have

GMMﬂmma<M(}jmhﬁ—wmmf+23mmwmﬂ>.

TEWe TEWe

Here we recall that A = néax{AT}.
TEWe

vl

Lemma 3.3 (|11, Lemma 3.3]). Given the refine parameter 01 € (0,1), let & = (1-(1- 72)5%) and

Thy., be a refinement of Ty, according to MNS-marking strategy. Then we have
OSC(f7 Why413 77Lk,+1) < GOSC(f, Why 5 77Lk>

Lemma 3.4 (|11, Theorem 3.4]). Let 8 € R satisfy max{o,c} < § < 1 where

~ 1/2
o (1. Cionti
202 A )

here aow <1 is defined in Lemma A := max A;, and 7 is defined in Lemma . Set

TETh,,

1
£? — min{o?, 52}

Then, the AFEM Algom'thmfor boundary value problem produce a convergent sequence {wp, }r>1
of discrete solutions such that

1/2
%<Uﬂmﬁ+ oﬁmemQ .

(I = Py )w|la < Cop*=Y. (3.6)

3.2 Augmented subspace AFEM for eigenvalue problems with discontinu-
ous coefficients

Based on the augmented subspace method, we need to solve both the boundary value problem and
the eigenvalue problem in the proposed AFEM algorithm. Then we introduce the following module.

o (A\p,up) = E_SOLVE(V},): Solve the eigenvalue problem (2.6)) in the finite element space V}, and
output the desired discrete eigenpair (Ap,up) € R X Vj,.

3.2.1 TIterative augmented subspace method

To describe the augmented subspace AFEM algorithm for eigenvalue problems with discontinuous
coeflicients clearly, we first give the iterative augmented subspace method in this subsection.

We first choose the coarsest mesh Ty on 2, and then construct the corresponding Lagrange-type
finite element space Vi as

Vg = {UH eV : vglr € Pul(r), VT €E TH}.

Suppose we are given a refined finite element space Vj, (Vg C V4), a parameter 03 € (0,1) and a

function f,go) € L*(Q). Assume ¢ > 0 is a given error indicator (see Algorithm for details), the
iterative augmented subspace method is defined by Algorithm [3.2]

Algorithm 3.2. Iterative augmented subspace method

Input: Given a parameter 05 € (0,1), a function f,(lo) € L%(Q), an error indicator ( > 0, a
coarse finite element space Vi and a refined finite element space V.

Iteration: Set j =0 and do the following loops:




1. uf) = BSOLVE(fy”, Vi), A = RQ(u));
2 [{n(f) s 0} ose(fy) uilim)}] = ESTIMATE(SY il To):

3. (a) i n(fu;Th) > 03t¢

return (A, ui?, {n(f\,u; )}, {ose(f, uf; )}, );

(b) else
(), a@) = ESOLVE(Vyr + spanf{u’}), fU0 =3a, j=j+1,

goto Step[l}

Output: The eigenpair approzimation (Al(l),ug)), estimator {n( hj),ul(l),e)}, oscillation

{osc(f,gj ,ug), 7)} and the mazimum value of iteration indicator j;

Denote this augmented subspace method as

[(Ans un), {n(fr,un )}, {osc(fu, un; 7)}, jn| = Iter AugSub(6, Vi, Vi, ¢, f(o))~

It should be noted that the maximum value jj of the iteration index j exists. Please refer to Remark
3.3 for details.

Remark 3.2. In practical implementation, for the eigenvalue problem defined in the augmented sub-

space Vi + span{u(j)} we choose the one with the largest component on UEL) as the eigenfunction

approximation u(J )

to make sure we obtain the desired eigenpair.
According to Algorithm [3:2] define the corresponding solution of the boundary value problem
( _Tf(]) .]Zoa 7jh7 (37)
then we have
wy) = BT = Pow, j =0, . (38)
Together with (3.7)-(3.8) and the triangle inequality, we give the following inequality
7 = ulla < I = Py o+ 0@ —ulla, § =0, jn. (3.9)
Actually, ||(I — Py)w)||, is the linear error (the numerical error of the linearized boundary value
problem) and [|w¥) — ul|, denotes the nonlinear error (the error between solutions of the linearized

boundary value problem and eigenvalue problem). Furthermore, the following lemma shows that the
nonlinear error |[w") — u), is a higher-order term.

Lemma 3.5. Suppose w') is defined in , then there exists a constant C1 > 0, such that

[0 —ulla < CraVar)llug ™" —ullay 5 =1, . (3.10)
where Cp 1= 5’2 (C’eAél + C’eb)\) [Ca, and 5’1 > 0, 5’2 > 1 are some constants.
Proof. From the definition , it is easy to get the following equations

a(w?,v) =b(f7,v) = AT VTIY v), Vo eV



It is easy to know that there exists a constant C; > 0 such that 6z (\) < C1¢o(Va) (cf. )
According to Theorem (2.4) and ¢, (Vi) < (u(Vir), we have

||w(j) —ul? = a(w(j) —u,w) — u)

= b(X;Lj_l)ﬂg_l) —u, w9 —w)

< IWTVETY = xulllw® — ully
(-1 (-1 —(j—1) 1 ;

< AT = A = ull) [0~ ull
1 _ .

< (Cerdr (V) + CanAea(Vir)) 7 ™ — ' — ulq

a

1 ~ (i .
< —(CoxChr + CopN) Ca (Vi) @ ™Y = auflaJw® — ul],.

Cq
From Ref. , there exists a constant 5’2 > 1 such that
="

—ull, < Cy inf lvn — tl|a

vp €VEH +span{u§1j71> }

< Colluf ™" — ull,.

Combining the above two inequalities leads to

. 1 _
[0® —ulla < = (CexCi + CepN) o (Vi) [~ — il

a

1~ ~ -
< = Co(CorCi + CopN) Ca(Vir) ™Y — i,

a

and we complete the proof. O

In the following lemma, we show that the iteration defined in Algorithm can stop in finite steps
and return the desired result.

Lemma 3.6. Suppose uglj) (0 <j <j* j* € Ny) satisfy the loop condition in Algorz'thm
() Th) < 057 0 <<, (3.11)

where ¢ > 0 is the given error indicator. When H is small enough such that C1(,(Vi) < 02/4, the
following property holds:

uf = ulla < 265" CupC + (C16a (Vi) 1u — ullay 0 <5 < 5" (3.12)

Proof. We use the mathematical induction method to give the proof. It is easy to get that (3.12)
holds for j = 0 according to 7 and Lemma We assume 1_’ is satisfied for the case
ji—1(=12---,5%), and we now con51der the case j. From 3.9), Lemmas [3.1] u and [3.5) ﬂ, we
have

luf —ule < (I = P)wDl, + [Jw® —ul|,
< Copn(f 0 Th) + Crla (Vi) [Juf ™ = ulla.

Together with (3.11]) and the induction assumption for the case j — 1, when H is small enough such
that C1¢.(Vi) < 62/4, we therefore obtain

) ) ) _—
lu” =ulle < Cupth ¢+ CaGa(Vir) (208CunC + (Cra (Vi)™ i = ull)
< 2657 CupC + (C16a (Vi) gy =
Then (3.12]) also holds for the case j. By the induction method, we complete the proof. O

Remark 3.3. In this paper, we assume that the exact eigenfunction u is not a piecewise polynomial.
Then we claim

34, eNy st (w9 T > 05 (3.13)
Otherwise, according to 02 € (0,1), C1(a(Vh) € (0,1) and (3.12), we have .lirf ||u§1j) —ully =0,
j—+oo

which implies u € Vi, and this contradicts our assumption.
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3.2.2 Augmented subspace AFEM

We now proceed to propose the AFEM algorithm based on the augmented subspace method for
eigenvalue problems with discontinuous coefficients. Suppose we are given an initial mesh 7y with
mesh size H, and the corresponding finite element space Viy. T, is the uniform refinement of 7y and
the corresponding finite element space is V3,. We choose two marking parameters 6y, @\1 € (0,1), an
error reducing ratio 6, € (0,1) and a tolerance £ > 0.

Algorithm 3.3. Augmented subspace AFEM

Input: Given two marking parameters 91,51 € (0,1), an error reducing ratio 62 € (0,1), a
tolerance € > 0 and the finite element sapces Vi, Vy, .

A. Start: Initialization.
1. [Xhl)ﬂhl] = E*SOLVE(V}L1)7 set fhl = Xh1ﬂh17 ff(bg) = fh17 Upy = ahl) >‘h1 = S‘/hu
ny = 1, {=1.
2. [{U(fm s Uy €) ) {08c(fhy, Uny s T)}] = ESTIMATE(fn,, un,, Thy ), set o = n(fny» unys Thy)-

B. Iteration: Set k = 2, do the following loop until stop

~

. th—l = MARK<913517 {n(fhk—17uhk—1;e)}7 {Osc(fhk717uhk71;7—)}?7711971);

2. [Ty Vi) = REFINE(Mp, ., Thy_y);

o

[)\hk ; Uhy s {n(fhk y Uhy s 6)}, {OSC(fhk y Uhy s T)}a jk] = IteI'AugSUb(927 VH7 th ) Cb f}gz)):

4. (a) if jr =0

0 0)
set f}(Lkl—l = }(lk ’

(b) else
[Ans» Un, ] = E-SSOLVE(Viy + span{us, }),

set f;(L?+1 = Nn@ing > Corr = 1(Fngtnyi Thy), men =k, L= L+ 1;

N

(a) I 0(frpsung; Thy) < €
return (Ap, , up,);

(b) else
set k =k + 1, goto Bl

Output: The desired eigenpair approzimation (Ap,,up, ).

To facilitate the understanding of Algorithm [3:3] we give the flowchart in Figure [T}

Remark 3.4. In Algorithm if the numerical error of the linearized problem is larger than the
nonlinear error in some sense, we refine the mesh adaptively and solve the boundary value problem
to reduce the corresponding numerical error. The main task in our AFEM algorithm is to solve the
linearized boundary value problem, as we can prove that the nonlinear error is a higher-order term
concerning the estimator, please see Theorem [{.1}

Remark 3.5. In Algorithm[3.3, ¢ is used for counting the number of nonzero ji and ng documented

the corresponding mesh level in which the right-hand side f,(lz)ﬂ of the boundary value problem is newly

11



[ Input (v,,.V,,.6,.6,.6,.¢) |

1

| U 0= SOLVEM,). £, =40, 17 = £ k=2 =n(f0iT) A grarp |

X ESTIMATE |
+

B.3 IterAugSub

1
1 1
I |
1 l— 1
i _ ! _ _ i
! u? =B_SOLVE(f",V, ), 4? =RQ(u") !
X ESTIMATE |
1 l .
' [0, 6] = E_SOLVE(V,, +span{u"}) !
1 . ~ .
: fh(‘ﬁl) — Ayihl)ay(klﬂ)y J — J +1 i
-

e

: @ NO [/T“k ’ th] =E_SOLVE(V, +span{uf]k"’}) :
| 1
| e TN CNUNUS I
| OO0 1

Output (4, ,uy, )

Figure 1: The flowchart of Algorithm [3.3]

defined. ji = 0 means that the numerical error of the linearized problem is somehow large in the kth
level. Then, we do not need to change the right-hand side in the (k + 1)th level.

Similarly, define wy := T f#,,, w,(cj) = Tf,(li), j=0,---,jg, then, we have

Uh,, :Phkwky ng) :Phkw](gj)a .7:07 7.jk' (314)
From the above relationships and the triangle inequality, it holds

lun, —ulla < (I = Pr)willa + [we = ulla,

luf?) —ulle < I = Po)wd o+ ol —ullay 5 =0, jr. (3.15)

According to Lemma [3.5] it is easy to show that the output of Algorithm satisfies the following
estimates.

Lemma 3.7. There exists a positive constant Cy such that the following three assertions hold

1. If k = 1, which means the right-hand side of the boundary value problem fr, = Xhlﬂhl = Ap, Un,
is produced by the module E.SOLVE in Step A[1], we have

w1 = ulla < C16a(Vi)|[un, — ulla; (3.16)
where Cy is defined in Lemma

2. If k = ng (1 # £ € Ny), which means the right-hand side of the boundary value problem
f}(LJ"H) = )\Efk)ﬂgfk) (0 < 5 < jg) is produced by the module E.SOLVE implicitly in Step BH

k

(iterative augmented subspace method) of Algorithm we have

i = ully < Crla(Van)llus?) = ulla. (3.17)

12



3. If ng < k < ngp1 (¢ € Ny ), which implies the right-hand side of the boundary value problem
fh = )\h uh is produced by the module E_SSOLVE in Step B of Algomthm we have

np

1wl = ulla < Créa(Vir)llun,, — tlla- (3.18)

ny

4 Convergence of augmented subspace AFEM

We analyze the convergence of the proposed AFEM method defined by Algorithm [3.3]in this section.
For this aim, we first present a preliminary result.

4.1 Preliminary result for convergence

At first, we give an important approximate property of wy = T f,, which is instrumental for the
convergence analysis of the AFEM algorithm. This property means that the nonlinear error ||wy —ul|,
is a higher order term with respect to n(fa,, un,; Th,)-

Theorem 4.1. When H is small enough such that C1(, (Vi) < 02/4, the following estimate holds
”wk _uHa < CQCG(VH)n(fhk?uhk;nk)’ (41)
where Cy 1= %, and 63 € (0,1).

Proof. We will use mathematical induction to carry out the proof. For the case k = 1, from (3.15)-

(3.16)), we know

Cra(Var)lun, — ulla
C16a (Vi) (I = Pry)willa + [wr — ulla)-

[wr = ulla

[VANVAN

When H is small enough such that
b2

1 .
Cl<a(VH) < Z < Z, 1.e. CQCQ(VH) < Cup, (42)
together with , we have
ClCa(VH)

wp —ullg < ——m——=— I*le a
o=l < oS~ P

< QClcuPCa(VH)n<fh17uh1;77ll)

< CQCG(VH)n(thuhl;’ﬁll)v

which means (4.1]) holds for k£ = 1.
Now, we assume (4.1)) holds for k = ny, i.e.

[wn, = ulla < C2Ca(Va)n(fr,, > tno,s Th, )- (4.3)

np

Next, we will prove the desired result holds for ny < k < ngq1. In the first step, we consider the case
ng < k < mngyi. In this situation, we have j, =0, fj, = f(o) wg = w(o) and

N s Th) > 0260 = 02, un,, Th, ).
It follows from (3.18]), (3.15)), (3.4), (4.3) and (4.2) that

lwk —ulla < Cila(Va)lun,, = ulla

np

< CGaVa) (I = P Y lla + 0, = ull)
< CialVir) (Cup + CoCalVi) )0l i, 3 Th,)
<

2CICupCa(VH)n(fhne 5 uhne ; 77Lne)

13



2C1Cy
= éz pCa(VH> (fhk’uhk;nk>

CQCa(VH)n(fhk y Uhys 77%)

IN

In the second step, we consider the case k = ng41. In this situation, we have ji > 0, wy = w,(f 2

N2 ul)s T, ) < 02C0 = Oan(fn,, un,, s Th, ), (4.4)

ny

and
n(fI udH T, ) > 03¢, (4.5)

From (317), (B12) and (I3), we have

wi™ —ulle < C1Ca(Vir) ug* ™ — ull,

< CrGalVin) (208 Cupe + (Créa(Va)™ ™l = ull )
201 Clup
6

For the last term of (4.6)), combining (3.15)), (3.4), (3.18), (4.4)), (4.2) and (4.3]), we obtain

0 0 0
) = ulla < I = Po)wpla + l[wp” — ulla

< GV (29 Y Ta) + (Créa(Vin) ™ [l — ull- (4.6)

< upn<f<0’ '3 T) + C1ia(Vin) un,, = ulla

< Copn(AY 0l Thy) + C16a(Vi) (I = Ph,, ), lla + llwn, — ulla)

< 92 CapM(frny s Uhnys Thn, ) + C16a(Vir) (Cup + CoCa (Vi) 0, s Th, )
< 02Cupn(fhys iy, Tha, ) + 2C1CupCa (V)05 Tha, )

< 20, up”](fhnz Ry 7717%)

292 upCZ'
Then, when H is small enough such that (4.2)) holds, together with (4.5)) we have

(Créa(Vir)) ™" HU(O) —ulle < 20:CupCe(Cré(Vir)) ™
< 205C0p (C1la(Vir)) 03!
2C,Cy
< S BV i T, (4.7
Combining (4.6 and .,
ok —ulla = g™ —ulla
4C1Cy
< GV g T,
2
so (4.1)) holds for ny < k < nyyq1. By induction method, we complete the proof. O

4.2 Convergence of augmented subspace AFEM

The convergence theorem of our augmented subspace AFEM algorithm is given in this subsection.
We first state a useful Rayleigh quotient expansion for the eigenvalue (see [2]).

Lemma 4.1. For any w € V\{0}, we have

a(w,w) 3_ alw—u,w—u) ~blw—uw—u)

b(w, w) b(w, w) a b(w, w)

Next theorem gives the convergence property of eigenpair approximation (Ap,,up,) produced by
AFEM algorithm.

14



Theorem 4.2. Assume the exact eigenfunction u is not a piecewise polynomial. When H is small
enough such that C1(, (Vi) < 02/4, there exists a constant Cs such that

luny —ulle < CaBED, (48)
An, — Al < 20582070, (4.9)
~ 52 62 1/2 R o~ 1 .
where max{o,0} < f < 1, 0 = (1— 216‘3;”]{) , 0 = (1 -1 - 72)9%)2 are defined in Lemma

m, ~v € (0,1) is the reduction factor defined in Remark and 61,0, € (0,1) are the refinement
parameters.

Proof. Lemmas and Theorem [.1] lead to

un, —ulla < I = Po)willa + lwr — ulla
SH(I - Phk)wk”a + OQCQ(VH)n(fhkauhk;ﬁbk)

A1/2
< = Pry)wrlla + CzCa(VH)T <||(I — Py )w|la + OSC(fhkyuhk;ﬁzk))
A1/2 A1/2
= (14 CoalVin 5 ) 1T = Pl + CaulVin) 05 i )
1/2 1/2

OSC(fhl y Uhy s 777.1 )6:(16*1) .

< (1 + C’QCa(VH)A

) CoB* Y + Cola(Vi)
C'low

Cl ow

Notice that ¢ < §, then we have
||uh;c - u”a S C3B(k_1)7

with

1/2 1/2

A
) Co + CZCa(VH)iosc(fhuuhﬁﬁl)’

C’low

A
03 = (1 + CQCQ(VH) C]

which is the desired result (4.8)). According to the min-max principle and Lemma we have

o< n o N =l N —ul}_ Jun, — ul wao)
- lln, II3 7 A T
When H is small enough such that ||up, — ull, < %a, by (2.4]) we have
1
lunillo 2 llulle = llun, —ulls 2 1 = —[lun, —ulla 2 3
Ca
Together with (4.10]), we obtain
A = A < 2lfup,, — ull} < 20587070,
which is the second desired result (4.9)), and have completed the proof. O

Remark 4.1. From the proof of Theorem[].3, the constant Cs will not be very large when H is small
enough, that is if H — 0, then hi(< H) — 0 and C3 = Cy — 0.

5 Numerical results

In this section, two numerical examples are presented to illustrate the efficiency of the augmented
subspace AFEM algorithm. In these two examples, we choose the linear Lagrange type finite element
space

Vi, = {Uh eV : vyl €Pi(T), VT E 77L},
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where Py (7) denotes the space of polynomials with degree no more than 1. The first example is used
to test the efficiency of our augmented subspace AFEM, which combines the modified error estimator
with the MNS strategy. In the first example, we discuss the Laplacian eigenvalue problem
with piecewise constant coefficients. In the second example, we consider a dielectric rod model of the
photonic crystal eigenvalue problem. In these two examples, we choose the initial mesh as the coarsest
mesh, i.e. Tp, = T, and consequently V3, = V.

For these two examples, the exact eigenvalues are unknown, so the errors shown in the numerical
tests are computed based on very accurate approximations that come from millions of DOFs. In this
paper, the algorithms were implemented in Matlab (2016a) and run on a 3.00GH Intel(R) Xeon(R)
Gold 6248R CPU with a 36 MB cache in Ubuntu GNU/Linux.

5.1 Eigenvalue problem with piecewise constant coefficients
In this subsection, we consider the following eigenvalue problem with piecewise constant coefficients:

=V (a(x)Vu) +pu = Au, in
= 0, on 09, (5.1)

u
Jo lul?dQ 1

)

where = (0,1)2, the discontinuous coefficient

(@) = [100000, @ € (0,05 U(051)2
R T € (0,0.5] x [0.5,1) J[0.5,1) x (0,0.5],

and ¢ = e(@1=2)@2=3)  In this example, we test the performance of the a posteriori error estimator
(3.1) and the new AFEM solver. At first, we recall the classical residual error estimator for the
boundary value problem

T (fruns7) = AR (frun)ll5 - + D 1he> Te(un)|3 - (5.2)
e€oT

We explore the performance of three types of AFEM in this example. The first one is Algorithm
the augmented subspace AFEM with modified estimator and MNS-marking strategy. The
second one is the multilevel correction AFEM [20] with the classical estimator and Dorfler-
marking strategy (Multilevel AFEM). In this example, we set the Dorfler-marking parameter to be
0.4, the MNS-marking parameters 6; = 51 = 0.4, and the parameter for the augmented subspace
method 65 = 0.6.

0.8f

0.6

0.4p

0.2r

00 0.2 04 0.6 0.8 1

Figure 2: The initial/coarsest mesh for Example 1.

The initial mesh for this problem is shown in Figure [2| For this initial mesh, the coefficient a(x) is
a constant on each element of the initial mesh. The meshes (the number of nodes of each method is
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Mesh after 15 iterations Mesh after 15 iterations

1 1
0.8 ] 0.8
0.6 1 0.6
0.4} 0.4
0.2} 0.2
% 02 04 06 08 1 % 02 04 o6 08 1

Figure 3: Meshes after 15 adaptive iterations for Algorithm (left) and Multilevel AFEM (right).

Eigenvalue errors (R=100000)

~.
~

.

—-=[A-A, | of direct FEM
- =\ of Multileve AFEM
—\A»Ah\ of Algorithm 3.3

slope=-1
—-—-slope=-0.55 ) )
10? 10° 10* 10°
Number of elements

Figure 4: The eigenfunction (left) and relative error (right) of the smallest eigenvalue approximation for
Example 1.

about 8500) after 15 iterations of these two types of AFEM algorithms are shown in Figure[3| Besides,
the eigenfunction of problem (5.1)) is given in the left subfigure of

The numerical results are shown in the right subfigure of Figure [ Due to the singularity of this
problem, the convergence rate of the direct finite element method is very slow. However, these two
types of AFEM algorithms achieve the optimal convergence order, and Algorithm performs better
than Multilevel AFEM.

To emphasize the high efficiency of our augmented subspace AFEM, we list ji, the number of
eigenvalue problems solved, in each iteration of Algorithm in Table From this table, we find
that during the 24 adaptive iterations, we only need to solve the eigenvalue problem defined in the

augmented subspaces 8 times, which reflects that our augmented subspace AFEM is more efficient
than multilevel correction AFEM .

Table 1: The number of eigenvalue problem solving in Algorithm for Example 1.
k|1 2 (3|4 |56 | 7|89 |10|11]12
Je | 01 2|0 11010 11010 11010
k|13 14|15 16|17 |18 | 19| 20 | 21 | 22| 23 | 24
Je ] 0 | 1 0[O0/ O0 1 00| O 11010
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5.2 An example in photonic crystal

In this subsection, we consider an example of a photonic crystal. Photonic crystals are periodic fine
structures composed of different dielectric materials. Under some assumptions, the propagation of
light in photonic crystals can be described by a cluster of eigenvalue problems with periodic boundary
conditions. In this example, we consider the following transverse electric (TE) mode:

~(V +ir) - (g(v + m)u) —\u inQ, (5.3)

where = (—0.5,0.5)2, i = /=1, k € (—7,7)? is the quasimomentum, ¢ is the dielectric permittivity
and defined as

1 (air), in (—0.25,0.25)2,

20 (dielectric material), in Q\(—0.25,0.25)2,
(see the left subfigure of Figure |5] and the “dark region” represents “dielectric material”). Actually,

this is a realistic situation, for example, the permittivity of Silicon is 11.7, and Gallium Arsenide
(GaAs) is 13.18.

The primitive cell

0.5 05
0 0 )
035 0 0.5 035 0 05

Figure 5: The primitive cell 2 (left) and its initial/coarsest mesh (right) for Example 2.

In this example, we choose 6; = 51 = 0.3, 85 = 0.5. Considering the periodic boundary condition, we
choose a kind of symmetric mesh aligned with the jumps of the dielectric permittivity (the coefficient
¢ is a constant on each element) as the initial mesh. The initial mesh for this example is shown in the
right subfigure of Figure

The left subfigure of Figure @] gives the adaptively refined meshes for k = (0,0) which corresponds
to T in the left subfigure of Figure The eigenfunction of the smallest nonzero eigenvalue for
% = (0,0) is shown in the right subfigure of Figure @ which corresponds to the red star marker on the
second band function in the right subfigure of Figure The numerical results of Algorithm for
this example with x = (0,0) are given in Figure [7} in which we find that Algorithm obtains the
optimal convergence rate.

Similarly to Example 1, we give the number of eigenvalue problem-solving (jx) in each iteration
of Algorithm in Table [2l During the 24 adaptive iterations, we only need to solve the eigenvalue
problem defined in the augmented subspaces 5 times in this example. These data strongly demonstrate
the efficiency of our algorithm.

Table 2: The number of eigenvalue problem solving in Algorithm for Example 2 with x = (0,0).
k 1 2 3 4 ) 6 7 8 9 | 10| 11 | 12
Jk | 0 1 0 0 0 1 0 0 0 0 1 0

k|13]14 |15 |16 | 17 |18 |19 |20 | 21 | 22|23 | 24
gk|l[OJO0O]O0|212T]0]0O0O]0]1T|0]0]O0

18



Mesh after 10 iterations

0.5

035 0 0.5

Figure 6: Mesh after 10 adaptive iterations (left) and the eigenfunction (right) with x = (0,0) for Example
2.

10 ;
A=A
_ --slope=-1
107 P
4
2107
1|
107 K
-5
10 :
10° 10" 10°

0
Number of elements

Figure 7: The error of the smallest non-zero eigenvalue for Example 2 with « = (0, 0).

Besides, we also show the numerical result for k = (7/2,0), which corresponds to S in the left
subfigure of Figure [I0] The adaptively refined mesh and eigenfunction are given in Figure 8] The
numerical results are shown in Figure [9) which corresponds to the blue star marker on the first band
function in the right subfigure of Figure[I0] And the number of eigenvalue problem solving jj, is listed
in Table [3] which also demonstrates the high efficiency of Algorithm

Mesh after 10 iterations
0.5 o 0.8

035 0 0.5

Figure 8: Mesh after 10 adaptive iterations (left) and the eigenfunction (right) for Example 2 with x =

(1/2,0).

The band structure of this model is also discussed. Calculations of band gaps can be carried out
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Eigenvalue errors

10 .
* AP
107 - - slope=-1
o
210"
]
10°
-6
10 :
10° 10 10°

0
Number of elements

Figure 9: The error of the smallest non-zero eigenvalue for Example 2 with x = (7/2,0).

Table 3: The number of eigenvalue problem solving in Algorithm for Example 2 with x = (7/2,0).
k{12 3|4 |5 |6 |7 |89 ]10]|11]|12
jgJlO] 20002 |O0O]0]0|1]0]O0

k|13]14 15|16 |17 |18 |19 |20 |21 |22 |23 | 24
gJlO0O}1,0y0}]0}1]00)0]1]O0]O0

just along the boundary of the irreducible Brillouin zone [32,/36] (see the left subfigure in Figure .
The mirror symmetry makes this possible. The union set of the spectra of problem with x along
the boundary of the reduced Brillouin zone contains all the spectra of this PC eigenvalue problem.
There exists an eigenvector for each eigenvalue, and each eigenvector represents a mode propagating
through the PC. So the non-spectrum interval means no wave with these frequencies can propagate
in the PC, and we call it a band gap.

g The band gap of TE mode
K(m,m) ‘ ‘ ‘
T(0,0) b X (,0)
5(5,0)
0.1
0.05f
d g % T s X K
- K—vector path

Figure 10: Irreducible Brillouin zone (the dark triangle KTX) (left) and the first four band functions (dis-
persion relations) (right) for Example 2.

The right subfigure in Figure shows graphs of the first four band functions (dispersion relations).
As is customary in physics, these band functions are drawn using the eigenvalues of problem
with quasimomentum parameter x taking the following values (on the boundary of the irreducible
Brillouin zone): K(m,7), (3w/4,3w/4), (7/2,7/2), (x/4,7/4), T(0,0), (7/4,0), S(7/2,0), (37/4,0),
X(m,0), (w,7/4), (w,7/2), (7,37/4), see Figure The y-coordinate denotes the frequencies in the
dimensionless unit wa/2mc = \f)\a/ 2m. From the right subfigure in Figure we know that there
exists a big band gap between the first two bands.
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6 Concluding remarks

We have designed an augmented subspace AFEM for eigenvalue problems with discontinuous coef-
ficients and analyzed the convergence of this algorithm. The main idea of this AFEM algorithm
is: when the linear error (numerical error of the linearized boundary value problem) is larger than
the nonlinear error (the error between solutions of linearized boundary value problem and eigenvalue
problem) in some sense, we use the new a posteriori error estimator to refine the mesh adaptively,
and then solve the boundary value problem on the adaptively refined mesh to reduce the linear error;
otherwise, we solve an eigenvalue problem on a very low-dimensional augmented subspace and update
the right-hand side of the boundary value problem to reduce the nonlinear error. Hence, our algo-
rithm evidently improves the solving efficiency. The idea and method here can be extended to other
eigenvalue problems with discontinuous coefficients, such as the Maxwell eigenvalue problem and the
Stokes eigenvalue problem.
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