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Abstract. In this paper, we present the design of a posteriori error estimator for the
plasmon phenomenon on the graphene surface and propose a method to achieve
local high-precision numerical calculations when plasmon phenomena occur on the
graphene surface. We provide a lower bound estimate for the posteriori error esti-
mator, along with a proof of convergence. Specifically, the constructed posterior er-
ror estimator enables local refinement in regions where the error is significant at the
graphene interface. Firstly, we outline the construction of the posterior error estima-
tor and provide the proof of its lower bound. Secondly, we establish the convergence
of the Adaptive Edge Finite Element Method (AEFEM). Finally, we present numerical
results that validate the effectiveness of the error estimator.
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1 Introduction
Assuming a bounded, Lipschitz polygonal domain denoted as Q) C R? with a boundary

0Q) and an inner interface denoted as X, where n represents the unit outward normal
vector of d(), and v represents the normal vector of . In this study, we investigate the
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variable coefficient time-harmonic Maxwell’s equations given by:

Vx (u;'VXE)—k¢,E=f in Q,
nxE=0 on dQ), (1.1)
[[vx (4, 'V XE)]]y=i0cZE; on X.

Here, E represents the electric field, k>0 is the wave number of the electromagnetic wave.
The subscript  denotes the tangential part of the given vector, and [[-]]x represents the
jump over %, defined as:

fi=(xf)xv and [[fllz(x)= lim (f(x+sv) - f(x—sv)).
In the above equations, f € [L%(Q))]? represents a given known function, i = v/—1, y,
represents the permeability, which is a positive bounded function with values bounded
between M; and M,. That is, 0 < M < p,(x) <M, for all x € Q). &, is a 2 X2 symmetric
positive definite (SPD) matrix. For any given x € Q) and ¢ € R?, the following inequalities
hold:
0 <A1 (x)[g]? <er ()7 < Aa(x)g]* <oo,

where A; and A are the two eigenvalues of ¢, satistying 0 <A < A; <oo. Additionally,
oF represents an appropriately chosen surface conductivity, specifically used to represent
graphene’s surface conductivity. It is a matrix-valued and symmetric function denoted as
o € L*(X)?*2, possessing semidefinite real and complex parts and 0= =0 on 9X. Similar
to &, o satisfies the bounded property: for any given x € Q) and ¢ € R?, hold that:

0< Ms(x)[¢]* < &0y ()8 < My (x)[g]* <oo.

Numerical solutions to Maxwell’s equations play a crucial role in various applica-
tions. When it comes to solving Maxwell’s equations numerically, there are several meth-
ods available, such as the finite difference time domain method [12,27,28] and the finite
element method [1,6,13]. This paper primarily focuses on discussing the finite element
method for solving Maxwell’s equations, along with its adaptive mesh refinement tech-
nique [8,14].

In the traditional finite element method, nodal basis functions are commonly used
as a basis set for the finite element space. However, when dealing with electromagnetic
field problems, the use of nodal basis functions can lead to incorrect solutions. One par-
ticular issue is the failure to satisfy the divergence condition. This discrepancy arises be-
cause we assume that E and H are quadratically differentiable during the integration by
parts, while our nodal basis functions only fulfill the continuity condition. To overcome
this challenge, Nédélec edge finite elements can be introduced, as discussed in [4, 5, 15].
These elements address the problem by incorporating edge-based basis functions that
ensure the satisfaction of the divergence condition and provide accurate solutions for
electromagnetic field problems.
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In practical engineering and scientific computing applications, the propagation of
electromagnetic fields can exhibit strong singularities [18]. One such phenomenon is
the surface plasmon-polariton (SPP) [3, 16], which refers to a confined electromagnetic
wave that decays slowly near a metal-air interface. SPP structures on “2D” materials
like graphene [17], consisting of a monoatomic layer of carbon atoms in a hexagonal lat-
tice, often have much shorter wavelengths compared to free-space radiation. The surface
plasmon phenomenon finds applications in sensor technology, optical technology, pho-
tocatalysis, photoelectrochemistry, and nanophotonics [19-21].

However, the reduction in wavelength at the interface can introduce larger calculation
errors. Employing a global refinement method to mitigate this issue would require sig-
nificant computational resources. Therefore, we utilize a local refinement method known
as the Adaptive Edge Finite Element Method (AEFEM) [2,22]. While there have been
numerous studies on the convergence of adaptive methods for the H! elliptic equation
in recent years [7,23,24], research on the convergence of adaptive methods for Maxwell’s
equations is limited.

In [25] and [26], the convergence analysis of adaptive first-class Nédélec linear finite
element methods for solving two-dimensional and three-dimensional H(curl;Q) elliptic
equations is presented respectively, providing insights into the convergence properties of
adaptive methods for Maxwell’s equations.

In this process we use edge elements. The specific adaptation process is as follows:

Solve — Estimate — Mark — Refine.

The paper is organized as follows: Section 2 introduces the construction of the posteri-
ori error estimator. Section 3 establishes the lower bound of the posteriori error estimator.
Section 4 proves the convergence of the Adaptive Edge Finite Element Method (AEFEM).
Section 5 presents numerical experiments to validate the theory presented in the paper.
Finally, Section 6 provides a summary of the paper.

2 Construction of posteriori error estimator

We introduce some notations and Sobolev spaces used in this paper.
H(cur,Q):={ve [[*(Q)]*:VxveL*(Q)},
Hy(cur;Q):={veH(cur;Q):vxn=0o0n0oQ},
X(Q):={veHy(cur;,Q): v;|y € [L*(Z)]*},
Hj(Q):={v:ve[Hj(Q)]*}.

And the norm of space X(Q) is defined as following:

i) = (V> 9,V x@)ga+(9:9)oa+ (919 oz,
9l = (1Y % 9.V x0) (e, 0)oat (T orer) -
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Here, we have (v,w)o;Q = va-wdx. Based on the properties of y, 1 ¢, and U,Z, we can
observe the following property:

Cullpl ey < 1Py <Callp I,

where C; = min{Miz,/\l,Mg} and C; = max{M%,/\p_,le}. Therefore, we can conclude that
these two norms are equivalent. Consequently, we will use ||¢[/x(q) to represent this
norm without distinction.

In general, when dealing with two mesh-dependent quantities M and N, we express
the relationship as M < N, which means that there exists a constant L >0 independent of
the mesh size h such that M <LN.

Now let’s consider the variational and discrete variational forms of the original prob-
lem (1.1). First, the variational form of (1.1) is finding E € X(Q) such that the following
equation holds:

a(E, )= (f¥loa, YPeX(Q). (2.1)
Where the bilinear form a(E, ) is defined as following:

a(E )= (1 'V XEV xy) oo~ FerEpoati <0’,2Et,1[1t>0;2.

The existence and uniqueness of the solution to problem (2.1) have been studied in [10]
under various conditions on the domain () and the coefficients ¢, and y,. For simplicity,
let’s assume that a unique solution exists for this variational problem. We can consider
that these coefficients satisfy certain conditions, ensuring that the Babuska—Brezzi condi-
tion holds:

|a(E,v)|

sup

> BlIEllx(q. (2.2)
0£vEX(Q) Ivllx() @

Let 7 be a sequence of tetrahedral triangulations of the domain ). The finite element
space S(7Tx) over Ty is defined as following;:

S(Ti) :=={ueH(cur,Q):uxv|y;,=0 and
u|T:aT+bT><x with aTEIRz, breR, VTE'F(}.

Therefore, the discrete variational form of the original problem (1.1) is to find E7, € S(7)
such that the following equation holds:

a(E7, )= (f)oa, YPeS(Tk). (2.3)

In this paper, we utilize a posteriori error estimator of the residual type, which is
derived from the coefficient functions and the numerical solution. We now define the
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following element-wise residuals and edge-wise jump residuals associated with interior
edges:

m(Ex)|z:=div(Ke Ex+f) |,
n2(Ep)lei=[[(Fe B +£) V],

divy (iO’rZET t) ‘ , epC2,
E = ke e
(B {0, Ny

14(E7)|e:= (f+k2€rEﬁ V1V 1—:7;>

15(E7)|e:= HV?lVXETk XV“/

4
T

3
Ur E'ﬁ,t‘eol €o gz‘/

Er)l, =
To(ERle {0, gr

It is important to note that 171 (E7;), #12(E7;), 74(E7;), and #5(E7;) will be calculated once
for each small cell 7. However, 173(E7;) and #6(E7;) will only be evaluated when otNX #
@. Here, we use B(Tx) to represent the set of all inner edges in the triangulation 7.

We define the error indicator on element T € 7y with respect to the finite element
function E7. € S(7Ty) as following:

i (En)i= L (|5, + s (En)l, )
ectNB(T;)

+ ¥ (I En)lo,+Ine BRI,
eetNB(Ty)

12 ([l () o+ 14 () 50

where |T| denotes the area of T and h=|7]| 2 denotes the size of the element 7. For a given
subset KC of T, we can define the following equation:

5 (Er,K)=Y_ 17 (E7;,7).
Tek
When K =7, the corresponding symbol can be simplified to #7(E7,, 7). Let’s assume that
the k-th triangulation 7; and the corresponding finite element solution function E7, €
S(Tk) of (2.3) are given. Then, for any element T € 7y, the error estimator 77, (E7,,T) can
be calculated. This is the estimation process in the standard adaptive process.

3 Lower bound estimate of posteriori error estimator

Now, one of our main objectives is to prove an lower bound estimate of the posteriori
error estimator. To accomplish this, we need to introduce a decomposition lemma and a
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corresponding approximation error estimate from [7], as well as another decomposition
lemma from [8]. Additionally, we define the enlarged element patch as follows:

TH=U {7 eTi:T'NTt#0}, e :=Uy{e' €T Ne£D}.

Lemma 3.1 ([7, Theorem 2.3]). For any vEX(Q), there exist 9 € H} (Q)) and vs eH}(Q) such
that

v=Vep+vs in Q, (3.1a)
@ llio+1vsllia < Clvixe). (3.1b)
where the constant C depends only on X(Q}).

Lemma 3.2 ([7, Interpolation theorem]). There exists a interpolation operator Iy : H} (Q)) —
Vi, where Vy is the piecewise linear H}-conforming finite element space over Ty, defined by

Vie:= {ve H&(Q) 10|, =ar+br-x with a; €R and b €eR? Vre 77(}
The interpolation operator satisfies the following properties:

Lipn=Pn, Vo, € Vi,
HVIk(PHO;T S C‘¢‘1;T*I
H‘P_Ik‘PHO;r < Chf|¢|1;r*/

1
1 =T lloe = Che [

Lemma 3.3 ([9, Theorem 1]). There exists an operator [T, : H} (Q) — S (Tx) with the following
properties: For every u € H(Q) there exists ¢ € H} (Q)) and w € H}(Q) such that

(3.2)

u—Iiu=Veo+w. (3.3)

The decomposition satisfies
@ llox+ IV lloe < Cllullo, (3.4a)
e Hwolloe+ | Veollox < C[V < ulor-. (3.4b)

The constant C depends only on the shape of the elements in the enlarged element patch T*.

Now, we can present a theorem providing a lower bound estimate for the error esti-
mator.

Theorem 3.1. Assume E € X(Q)) be the solution of (2.1), T denotes the k-th mesh, and E, €
S(Tx) be the discrete solution of (2.3). Then have a constant C > 0 relying only on wave number
k and the bounded properties of u, !, e, and o, such that

|E—Ex[x ) < C* (7, T2).
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Proof. By utilizing the Babuska-Brezzi condition (2.2) and Lemma 3.1, we obtain:

ia(E—E
|E-Eplixe<p! sup 1LE—ERVI
0£vEX(Q) ||V||X(Q)
g s [EZErVoivo)

0£veEX(Q) HVHX(Q)

By applying the bilinearity of a(-,-), we can divide the above estimate into two parts for
further analysis. Let’s first consider the first part. Because of 0 =0 on 9X we have

/a'Z (io¥Ex, ) (o—Tig) =

Using techniques such as integral by parts, Galerkin orthogonality, and the Cauchy-
Schwarz inequality, we obtain:

|a(E—E7, V)| =|a(E—E7,Vo—VIg)|

=| T [ (PeiEg+£) (Vo—VTip) - Z/ o E7,) (Vo—Vip),

€T egCL” @
:‘ /dW (RerEr+f) (9—Tkp)+ ) /H(kzsr’fﬁﬂLf)'VHE(G"—IW)
€Tk eeB(Tp) ¢
ivs (i0® T0—T.0) Aio*E- Nlo—Too)
+EOZC;Z eodlvz (wr Eﬁ,t>(q0—qu))—/asz (1(7, E7-k’f>(q) qu))‘
:‘ /dlv (Ke:Er+£) (9—Tkp)+ ) / [(CerEr+f)-v]] (9= Tee)
T€T) eeB(Ty)
+ Y [ divs (i(rrzEﬁO (go—Ik(p)‘
epCX €0
< 2 H’71(ETk)||0;TH§0_Ik§0Ho;T+ Z HUz(Eﬁ)|‘0;eH¢_Ik§D”0;e
€Tk eeB(T;)
+ 3 [13(ER) [|ge, 10— Zel o
enCX

Using the estimate of (3.1), (3.2) and the regularity of mesh 7; we have:

1
@(E-E7, V)| S ) he|m(Er) o l@lie+ Y R [ln2(Ex) o, 1@l
=g e€B(Tx)

1
+ 3 12 [[13(E7) o 191120

epCX
SH(ET, To [vlix)
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Subsequently, we direct our attention to the second constituent. Initially, we invoke
Lemma 3.3 to establish a decomposition of vi =V ¢+n. Concerning the component asso-
ciated with V¢, we proceed by employing Cauchy’s inequality and the trace inequality,
leading to the following result:

|a(E—E7, V)|

~| ¥ [ (ReEr£)(V9)- ¥ [ (i0¥E7e) (V9),

eTh eoCX” €0

:‘ ¥ [av(ReErf) g+ ¥ [[[(Rekrtf) o],
€Ty e€B(Ty) ¢
+EO;2 divs (za E7 ) / (l(T ET“)(P

¢
< Y ImEm)llo 9llo-+ Z Hvz E7) [l 19l 2 173 (E70) s, 191
eB(Tx

€Ty enCX

SZher(En)Hoﬁh?||¢||o;r+ )3 Hﬂz<ETk>Ho;e<h¥2H4>Ho;r+h%HV¢Ho,-r)

€Tk eeB(Tr)

+ X I8 (€ log, (2 1o + 1419 o ).

enCX
Then use the estimate of (3.1), (3.4):
[a(E—E7, V)|

< ¥ nn (o Il ¥ o (B (g lose+ 9@l )

€T €T

+ ¥ 77 (B ) (1 9o+ 9o )

T€Ti
SH(ET T 1vslloo S 1 (E7 Ti) 1vs o S (Eq Te) vl x o

As for the part of w, we use integral by parts, Galerkin orthogonality and Cauchy-Schwarz
inequality we have:

[a(E—E7,w)|= Z / (f+k2€rETk—V><y;1V><E7—k) “w
€T’ T

+ ) /HvxyﬂVxEﬁHe w+ ) za E77<>

e€B(Tp) "¢ epCxL” €0
<Z f—|—k8E77€ nyﬂVxEﬁ
€T

+ L v Ene]Je],,

ecB(Tx) epCX

Newllox

ZO’ZE'E

el
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Subsequently, by utilizing the trace inequality and the estimate from (3.1) and (3.4), we
can deduce the following inequality:

#(E-Eqw)|< ¥ |[f+ReEr =V 'VxEg | [w]ox

7Tk 0T
+ ¥ | oxEgxv]]e] | i ]| wlloen
e€B(Tr) € ;€0

< ¥ 17 B o wllyet+ X 17 (B ) (2 wllo+ [ Vel )

€T} TE€T,
+ X 17 (B ) (2 [wllose+ 11 Veo o)
T€Tk

S (E7e Te) Vs lloa S (E7, Te) [[vslua S (B To) v llxa)

Combine the above we have:

a(E—E7,w)| < (Ex To) 1vlIxay (3.5)
|a(E—E7, V) \<n<En,77<>HvHx (3.5b)
|a(E—E7, V)| <1 (E7.,To)lIvlx() (3.5¢)

Therefore we can get the following inequality:

|a(E—E7,v)| S1(E7, Te) [VIIx(@)- (3.6)

Now we have:

_ ﬁE—ET,V
|E—Eplxe<p! sup ZEEmY
0£VEX(Q) 1vllx(o)

S (E7, Te) <Cnp(Eq, Tk).-

Proof completed. 0

4 Convergence of the AEFEM

In this section, our objective is to prove the convergence of the AEFEM (Adaptive Edge
Finite Element Method). We will begin by constructing an auxiliary estimator, which will
be used to quantify the error in the numerical approximation. Next, we will prove an
auxiliary theorem that establishes a relationship between the auxiliary estimator and the
error. Finally, by combining the auxiliary theorem with the estimator, we will provide
a rigorous proof of the convergence of the AEFEM, demonstrating that the numerical
solution converges to the exact solution as the mesh is refined.
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4.1 Contraction of the error estimator

In this subsection, our first step is to construct an auxiliary estimator. We will then pro-
ceed to prove the convergence properties of this error estimator. To begin, we define the
weighted maximum-norm of the coefficients y,” l'and ¢, on an element T as follows:

— — 2 . 2 — 2 — —
ﬂ%;(G,T):h%(IImHé;#hTZ }471HOO.T*+Hdlveer;TJrhTZHeerﬂ*Jrthnthz .

-1 -1
Here, m= (ag]’/ ,— ag; )T, egp C 2, and (T,Z =0 outside ¢y. For a given subset K C 7, we can

define the following equation:
117.(G,K) :=maxy7,(G,7).
Tekl

In particular, if X =7, we can simplify the previously defined symbols. We denote
1(G,Tx) as 117.(G, 7). Based on the above definitions, it is evident that the monotonicity
of the following inequalities is clearly established:

1(G, Tes1) <n(G,Tr) <1 (G, To),

where 7 represents the initial mesh. Now in this following lemma we consider the ef-
fect of the finite element solution on the error indicator when the finite element mesh is
invariant. For the proof of the lemma, we mainly refer to the paper [8]. On this basis, we
added the estimator on interface to the proof.

Lemma 4.1. Let Ty, Tiy1 denote the k-th mesh and the (k—+1)-th mesh, where Ty is obtained
by refining Ty once. Assume E, € S(Ty) and E7,, € S(Ti41) are the discrete finite element
solutions of the problem (2.3). For any given « >0, there exists a constant C, that depends on
the region Q), the properties of €,, y, 1, and «. This constant ensures the validity of the following
inequality:

7 (B Trn) < (140) 2<ETkr77<+1>+CwHETkH—EnHi(Q)

Proof. Following the proof method of [8, Lemma 6], we can similarly obtain the following
results: for any element 7. € 7y, 1 and e, =t} N7? with !, 72 € T; 1, hold that

hT* m (E77<+1) HO;T* (Eﬁ) HO;T* +;777<+1 (G T*) HEH _E77<+1 chrl;T*’
(E77<+1) HO,‘T* (E77<) HO;T* +;777<+1 ( *) HE77< _E77<+1 chrl;r*’

h%* (E77<+1) Ho-e* h%* n2(ET;) HO;e* 17 (G,1) H (E77< _E77<+1) HO;T,}UT*Z’

h%* 5(E77<+1)H0e* h%* (E77<)H0;6*+;777<+1 (G T*)HVX (Eﬁ_EﬁH)HO;T*lUTZ'

N\'A

where H'chrl: (H H2+HVX H )
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Consider the error estimator 73(E7;,,) and #6(E7;,,) on the interface. Applying the
definition of #3(E7,.,,), #3(E7;,,), the triangle inequality and the inverse inequality we
obtain:

1
’73(E77<) HO;e* +hz ||dive (iO'rZ (Eﬁ't_En“’t)) H

1 1
h%* 3 (E77(+1 ) HO;e* S h%*

0;e4

1 .
<2, [[13(E7) ., +||i0F (Eria—Er 1) HO.&

ioF (Egi—Eno) |-

1
<hz, H173(E77C)H0;6*+;777(+1 (G'T*) (7

1
’76(E77<)H0;e*+h2* iafz (Eﬁ/t_EﬁHi)‘

1 1
h%* 776(E77<+1 ) HO;e* S h%*

0;e4

1 .
Sh%* ”176(E77<) HO;e* +7777<+1 (G/T*) ‘ZOFZ (Eﬁ/t_EﬁHrt) H

0;e,

By summarizing all the above results, we obtain:

e |11 (B3 0) o, St 11 (E7) [lo,c, +1171 (G 7 [ B =B o,

B2 2 () o, S22 (E7) o, +172.0 (G) || (B B, [Py
1[5 (E ) o, S35 (B o, + 1. (G ) i (B ~Er),,
M4 (BT [l oo, St 1718 (B7) [l g2, +11704 (G 2) [ E7 = BTy [l e,

H 115(157;“)“03* h%* 15 (E7) g, T2 (G T |V X (ER = E7y. ) [ g1 2/
2 116(B.) o, S8 106 (B o, + 17 (G20 [0 (B ~Er)|,, -

Squaring both sides of the above inequalities, using Young’s inequality 2ab <aa®+a 102,
summing every elements 7, and interior edges e, and using the monotonicity of local
mesh sizes and the shape regularity of the mesh 7, we obtain the result:

0 (Erp.p, Tern) < (1) (B Tesn) +Ca | Bz, — Bl g

Proof completed. O

4.2 Estimate between Et, and Et, .

In this section we mainly prove a result about the estimate between E7, and E7; . In or-
der to prove this theorem, we first need to introduce some conventions and some lemmas
to help us prove it.

First, for convenience, we define two new bilinear form B(-,-) and a(-,-) as following;:

B(E,p)=— (K*+1) (8rEr(P>o,-Qf
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where
_ = _ -1 : 3
a(E,¢)=a(E,¢)—B(E,¢)= (ur VXE,Vx ¢)O_Q+ (erE,@)onti (Ur Et,qvt)o_d

Then we define two spaces:
D(Ti):= {m €HY(Q):m|, €P1, VTET and m= const on Z},

where P; denotes the linear polynomial space
SUT):= {ureS(T¢): (ur,Vmy)=0,Vmy € D(Ty) }.
Now we will introduce several important lemmas that play a crucial role in our proof.

Lemma 4.2 ([10, Lemma 5.53]). Assume p € H*(curl;QQ) with the constant % < <1, then we
have

_1
HP—HTPHX(Q) < Chg- : Hp||H§(curl;Q).

Lemma 4.3 ([10, Lemma 7.6]). For every st € S°(T), there exists a function s € Hy(curl; Q)
satisfying
Vxs=Vxsy, V-s=0,
and
HS_STHO;QSJh%‘HV X570
with a constant { € (%,1] relying only on region Q). In particular, when the region () is a convex
region or a smooth region, { =1.

Combining the above lemma, we can prove a more important lemma, which plays a
crucial role in proving the theorem.

Lemma 4.4. Assume E € X(Q) be the solution of variational problem (2.1) and the solution ¢
of dual problem of (2.1) satisfies that & € HS(curl; ), 8 € (%,1]. For the mesh Ty, Try1, let
E7 € S(Tx) and E7;,, € S(Ti41) be the discrete finite element solutions of variational problem
(2.3). Then for any co >0, there exists an h(co) relying on the domain O3, wave number k, bounded
properties of e,, u, * and co, such that, if h <h(co), then we have

’B (E_EﬁH’EﬁH _Eﬁ) | <o HE_E77<+1 HX(Q) HEﬁH _E77c HX(Q)
Proof. By Helmholtz decomposition we can get
En—En=Ffr, +V87.. (4.1)

where f, € S8%(Tiz1) and g7;., € D(Tg41)- S0 Vg7, € S(Tisr). Take curl of (4.1) we
have

V X fﬁ+1 =V X (E'];{+1 —Eﬁ) . (4.2)
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Because of the Galerkin orthogonality we can get a(E—E7;,,Vg7;,,) =0, then we obtain

o (kzs” (E_EEH) ’vg77<+1)0;() +1 <0_r2 (E_Eﬁﬂ)t' (vgﬁﬂ )t>042 =0.
From [11, Proposition 3.1.21] we have (Vg7;,,); =0 on . It means
’B (E_Eﬁﬂ’vgﬁﬂ) | =0.
So
|B (E_E’ﬁ(+1’E77c+l _Eﬁ) | = |B(E_E77c+1’f77(+1)’
<ClE=Enalloa | £l <CIE-Enallxien | 7. ]
Applying Lemma 4.3, we know that there exists f € Hy(curl;Q2) such that
VXf=Vxfr , V-f=0,
and ;
Hf_fﬁJrl 0;,Q S Ch'ﬁ(-H Hv Xf77c+1 O,'Q' (43)
Combine (4.2) and (4.3) we have
¢
Hf_fﬁ+1 O;QSCthHHVX(E7}+1_E72)H0;0' (4.4)

Now we have converted the estimate of f.  into an estimate of f by

Hfﬁﬂ

From (4.4) we already get the estimate of || f— f7. _ [lo,o. At this point we also hope to get

an estimate of || f||o.q-
By the assumption we know that ¢ € H®(curl; (), ¢ € (3,1]. Then we have ¢ € X(Q).
So ¢ € X(Q2) be the solution corresponding to the following variational problem

Y TV S v

a(q,9)=(f,q) forall geX(Q).

We know V- f =0 from Lemma 4.3, and letting g = Vm with m € H}(Q)) we obtain
— (e, Vm,8) o +i(0F (vm)t,ﬁt)o;Z —0. (4.5)

Further, we assume the following regularity result : for a given constant { € (%,1] , wWe
have

HﬂHHC(curl;Q) < CHfHO,Q
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By (4.2) and Lemma 4.3, we have
VX (f=(E7, —E7)) =0.
Because of Theorem 3.3.9 of [11], we have a g€ Hé (Q), such that
f—(Ex.,—Ex)=Vg.
Then by (4.5) we have
a(f—(E7., —E7),9) =a(Vg,8)=0.

From the proof of Lemma 4.3 we can get that f not only belongs to Hy(curl;Q}), but also
to H*(Q)), where s > 1. By Theorem 3.9 of [10], we know f|z € H*~1/2(Q)) C L*(Q)). So
fe€X(Q). Now let g= f in dual problem, we have

IfI5a=a(f9)
=a(f—(Ex,, —Eg),8)+a(E7,,—E7,8)
=a (E77<+1 _Eﬁ/ﬁ)
=a (Eﬁﬂ —Eﬁ,ﬂ—HTﬂ)

<C|Er., _ETka(Q) 18 =117 Ix()
1
SCHEﬁH _EHHX(Q) hg’ : HﬁHH‘:(curl;Q)
_1
<Ch5 2 |[Er.,—Ex g I Fllo

Therfore, we have
-1
I fllo < Ch* | Ex,, —Eq[lx -
Applying the above result and noting that 17, | <h7, we obtain
Hfﬁ“ 0;0 - Hfﬁ“ _f+fHO;Q
< s =1 Tl

_1
SCh%ﬂ |V x (E7,,,—E7,) ”0;Q+Ch§Tz< |7, _ETkHE;Q

_1
gCoh% 2| Ez., —ETka(Q)'

Combine the above result we have

_1
B(E—E7,, Ex;,, —Er) <Cohiy * |[E=Ex, oy | o —E7ilx(cn

Choosing K (cp) sufficiently small such that Ch (co)gf% < ¢y, then for every h7. <h(co), we
get the result what we want. O
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Now that all the preparatory work has been completed, we can give the following
theorem and its proof.

Theorem 4.1. Assume E € X(Q) be the solution of variational problem. For the mesh Ty, Tri1,
let E7, €S(Tx) and E7,,, €S (Tis1) be the discrete finite element solutions of variational problem.
Then for any 0 <co <1, there exists a constant h(cy) relying on the parameter k, the region (3, cg
and bounded properties of u, !, ¢, and o, satisfying, if h <h(co), then we have

1
HE_EEH Hi(o) < 1—cy HE_ETkHi(Q) - HE7’k+1 —Ex, Hi(@)' (4.6)

Proof. We notice that (UrZ(E—ETk)tr(E—Eﬁ)t)O.Q/ (e,(E—Effk),(E—ETk))O,Q and
(1, 'V X (E—E7;),V x (E—E7;)),q, are all real number. So
2
|E—E7|x(q) =Re{a(E—E7, E—~Ex)} +Im{a(E—Ey,E-E7)}.

:Re{a (E_Eﬁﬂ +ETk+1 _E77<'E_E7Z+1 +E77<+1 _Eﬁ)}
+Im{a(E~Ey, , +E7,, —E7,E—E7, +E7, —E7)}.

Because a (E—Ey, ,,E7,,,—E7)+a(Eq,,—E7,E—E7 ;) €R, so we can get

2
HE_EW(HX(Q) :Re{a (E_EEH’E_EEH)}_‘_Im{a (E_EﬁH’E_EﬁH)}

+Re{a(E7,, —E7 E7, —Ex) }+Im{a(Ey,, —E7 Ef —E7) }
+2Re{a(E—E7,, Ey,,—E7) }

=||E-E7., |5+ |E7 ~Enllxq) +2Re{a(E-E7,  Ex, —E7) }

- HE_ETm Hi(o)+ HEﬁH _EﬁHi(Q)
+2Re{E(E_E77<+1’E77<+1 _E77<) —B (E_EHH'EﬁH _Eﬁ)}‘

Because of the Galerkin orthogonality we obtain @ (E—E7, ,,E7;., —E7;) =0, so
2 2 2
HE_EﬁHX(Q) =||E-E7., HX(Q) +[E7., _E77<HX(Q) —2Re{B(E—E7,,, Ey,,—E7)}-
Then we have

|[E-E7,, Hi(o) = HE_ETkHi(Q) —[|E7., _E77cH§((Q)+2Re{B (E-E7,, E7,,—E7)}
<[ E-Ex |y~ B —Enllxo) +2IB(E-Ex, Erp., — Ex)|

<||E—E7|Ixq) —I1E7 —Enllxq) +200 | E-Ex,,

‘X(Q) HETM _ETka(Q)’

by applying AM-GM Inequality we can obtain the result. O



26 J. Chen, X. Liu, ]. Mao and W. Yang / Adv. Appl. Math. Mech., 18 (2026), pp. 11-36

4.3 Convergence of the AEFEM

At this point we need an additional lemma to prove the convergence of AEFEM. The
lemma is explained as follows:

Lemma 4.5 ([8, Lemma 7]). Assume a marking parameter o € (0,1), given a Ty, 1 be a con-
forming and shape regular triangulation which is refined from a conforming and shape regular
triangulation Ty applying the Dorfler marking strategy. And have a E7, € S(Ty) be the finite ele-
ment discrete solution of variational problem (2.3). Then there have a constant y € (0,1) relying
on o, satisfying

1*(E7., Ter) <yn* (7, To). (4.7)

Combine Lemmas 4.1 and 4.5, we could get the following result.

Theorem 4.2. There have a parameter ¢ € (0,1) relying only on the parameter o applied in the
marking strategy, satisfying

172 (E77<+1’77f+1) < 5172 (E'ﬁc’ﬁ) +C‘§ HE77<+1 _E77< H?((Q)

where the constant Cg depends only on &, k, bounded properties of ¢, y,t, o and the shape
regularity of the mesh.

With all the preparations in the previous sections, the proof of convergence of AEFEM
is given below.

Theorem 4.3. Let E € X(Q)) be the solution of variational problem (2.1). Assuming that the
initial mesh size hy is sufficiently small and the marking parameter o € (0,1). Then have constants
0< 71 <1land 0<y, <1, relying only on o, k and the shape reqularity of Ty, satisfying

|E=Ex. Iy +717 (B Tesn) <72 (| E—Egl I +717% (E7 T0) )

Proof. The proof of the theorem is contained in [8]. For completeness we sketch the proof
here. We give a constant ¢ in Theorem 4.2, without loss of generality we assume 7 =

Cgl €(0,1). By adding 17> (E7'k+1/77<+1) to both sides of (4.6), then add 7, HE—Eﬁ Hi(m

to the right of the inequality and subtract 7y, HE —E7.,, Hf((o)’ where 7, € (0,1) is a specific

constant, using Theorem 4.2 to eliminate || E7;,, — E7; [y, we have
IE—E7, I+ 717 (Ery Tin)
1w iy =1 E —E k) + 107 (B Tis)
it e~ 1Bz~ Enlliay +1 (67 (Br T+ Ce [ B~ Er 3 )
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1
T1-¢ |[E-E7, Hf((n) +m18n° (E7, Tr)
1
1—co _72> |[E-E7, Hi(n) +718n° (E7, Tr)

[(1—co) ' =1]Cy +’h€172
T2

2
12| E~Ex oy +

<1 (HE—EnHi(Qﬁ (En/ﬁ))

In the above proof, we also used the upper bound to ||[E—E7, Hi(n)' Therefore, we can
choose 7, to satisfy the following formula

[(1—co) ' =72] Ci+7i€
2 ’

M=

That is
(1—co) 'Ci4+mé
Cit+m .
It is known from Lemma 4.4 that when hj is sufficiently small, a constant c( satisfying the
following formula can be obtained:

2=

Co<1— <1+C;171(1—(§))71.

We know 7, <1 by the above equalities. By the above inequalities, there exist constants
72€(0,1) and 77 € (0,1), we have

IE=E7, I+ 717 (7 Tiin) <72 (| E—Eqi ) + 7172 (B3, T0) ) -
(@)

Proof completed. 0

5 Numerical results

In this section, we provide several numerical examples that aim to validate our analysis
and showcase the efficacy of our residual-based posteriori error indicator for the model
problems (1.1). For the sake of simplicity, i represents the mesh size. Throughout all the
examples, we set the value of wave number k to 1.

We have provided a total of three calculation examples. Example 5.1 demonstrates
a scenario where the solution is relatively smooth and presents a comparison between
uniform refinements and adaptive refinements. Example 5.2 showcases a situation with
local singularities in the solution and provides a comparison between uniform refine-
ments and adaptive refinements. Example 5.3 illustrates the phenomenon of graphene
surface plasmons. In the accompanying image, we can clearly observe this phenomenon
along with the local refinement results of the mesh.
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Example 5.1. We give the domain of Maxwell equation as [—1,1]?, and let the parameters
#;'=1,e,=—1and 0> =0. We construct the analytical solution as follows

E—( cos(7tx)sin(7y) )

~\_ cos(7ty)sin(7rx)

Through calculation, the right-hand source term corresponding to the analytical solution
can be obtained

1_,_( cos(7tx)sin(7y) >

~ \ cos(7mry)sin(7rx)
Through simple calculation we can know n x E=0 on dQ).

In Example 5.1, we employ the adaptive method to solve the problem. The Fig. 1
show the image of analytical solution. The result in Fig. 2 show the mesh after adap-
tive refinement. The result in Fig. 5 shows comparison of convergence rates of uniform
refinement and adaptive refinement.

Figure 1: The image on the left represents the image of the first component of the analytical solution, and the
image on the right represents the image of the second component of the analytical solution.

Example 5.2. We give the domain of Maxwell equation as [—1,1]?, and let the parameters
er=—1, u; 1 =1and o =0. We construct the analytical solution as follows

(2-1) (1)
x2+y240.01
(®-1) (1)
x2+y2+0.01

The right-hand source term corresponding to the analytical solution can be obtained by
calculation. Through simple calculation we can know 7 x E =0 on 9Q).
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(a) (b) ()

Figure 2: (a). the initial mesh with 800 DoFs; (b). the adaptive mesh with 4053 DoFs after 7 refinements; (c).
the adaptive mesh with 20534 DoFs after 14 refinements.

100

Figure 3: This figure represents the function graph of the first component of the analytical solution in Example
5.2.

In Example 5.2, we employ the adaptive method to solve the problem. The Fig. 3
show the image of analytical solution. The result in Fig. 4 show the mesh after adap-
tive refinement. The result in Fig. 2 shows comparison of convergence rates of uniform
refinement and adaptive refinement.

Example 5.3. We give the domain of Maxwell equation as [—1,1]? with a graphene layer
located at y=0,—0.99 < x<0.99. Let the parameters y, ' =1, ¢,=1. In order to observe the
surface plasmon phenomenon, we set the dipole on (0,0.08) and let the graphene surface
conductivity o= =0.001+-0.2i, it means F = (0,0.08).

In Example 5.3, we employ the adaptive method to solve the graphene surface plas-
mon phenomenon problem. The Fig. 6 shows the initial mesh and physical model. The
Fig. 7 shows an adaptively refined mesh image. The Figs. 8 and 9 represents the first
component of the real part and imaginary part of the numerical solution. The Fig. 10 rep-
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(a) (b) (©)

Figure 4: (a). the initial mesh with 800 DoFs; (b). the adaptive mesh with 3872 DoFs after 9 refinements; (c).
the adaptive mesh with 15873 DoFs after 18 refinements.

Rate of convergence is Ch09®

Rate of convergence is ch0es
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Figure 5: The blue solid line represents the relationship between error and DoFs in the uniform refinement
process, and the red dotted line represents the relationship between error and DoFs in the adaptive refinement
process. The red dashed line represents the rate of convergence of uniform refinement. (a). Example 5.1. (b).
Example 5.2.

resents the partial enlargement of the plasmon phenomenon on graphene surfaces. The
Fig. 11 represents analysis of the errors between our proposed new method and existing
methods.

Example 5.4. We give the domain of Maxwell equation as [—1,1]? with a graphene layer,
the physical model is given on the left side of Fig. 6. Let the parameters ;1 =1,¢,=1. In
order to observe the surface plasmon phenomenon, we set the dipole on (0,0.08) and let
the graphene surface conductivity o= =0.001+-0.2i, it means boldsymbolF = (0,0.08). The
boundary condition is Absorbing Boundary Condition

X, 'V xE=—i\/u; le,Er  on 9Q.

In Example 5.4, we first give the numerical results under more complex boundary
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Y

Figure 6: Left: The initial mesh with 1240 degrees of DoFs. Right: A schematic diagram of the physical model.
In the diagram, the symbol O represents the source, ¥ represents the graphene layer, v represents the normal
vector of the graphene layer ¥, dQ) represents the boundary of the domain, and n represents the normal vector

of 9.
(a) (b)

Figure 7: (a). the adaptive mesh with 2704 DoFs after 5 refinements; (b). the adaptive mesh with 5897 DoFs
after 10 refinements; (c). the adaptive mesh with 19453 DoFs after 18 refinements.

(©)

conditions (Absorbing Boundary Condition), see Fig. 12.

Then we consider the case of variable coefficients, where we adopt the Perfectly
Matched Layer. A perfectly matched layer (PML) is an artificial absorbing layer for wave
equations, commonly used to truncate computational regions in numerical methods to
simulate problems with open boundaries [29]. We can regard PML as a transformation
of the coefficients:

pri=te,
ér - A_lgrB_l,
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Figure 8: (a). The first component of the imaginary part of the numerical solution after 5 refinements; (b). The
first component of the imaginary part of the numerical solution after 10 refinements; (c). The first component
of the imaginary part of the numerical solution after 18 refinements.
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Figure 9: (a). The first component of the real part of the numerical solution after 5 refinements; (b). The first
component of the real part of the numerical solution after 10 refinements; (c). The first component of the real
part of the numerical solution after 18 refinements.

(a) (b) (c)

Figure 10: A partial enlargement of the plasmon phenomenon on graphene surfaces.

Here A, B, and C are all 2 x 2 matrices:
1 4. 11
A= Texelr dlag <d—2, dd—> Texe,/
B=T,, diag(d,d)T...,,

1 . 11
C= Texel, diag <d_' d> Tere,,
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Rate of convergence is Ch 0.84

i —+—uniform
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107!
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Figure 11: The blue solid line represents the result of uniform refinement, the red solid line represents the error
of the existing error estimator, and the pink circle line represents the error of our method.

(a) ’ (b) | ©

Figure 12: (Absorbing Boundary Condition) (a). The first component of the real part of the numerical solution
after 7 refinements; (b). The first component of the real part of the numerical solution after 14 refinements;
(c). The first component of the real part of the numerical solution after 18 refinements.

in which
d=1+is(r),
_ r
d:1+i/r/ s(T)dr.
0

Here e, denotes radial direction, e, denotes x-axis direction, r =e¢,-x, s(7) is an appropri-
ately chosen, nonnegative scaling function and T, ., is the rotation matrix which rotates
er onto ey. In Example 5.4, when using PML, we set nonnegative scaling function s(t)=4
and adopt the above coefficient transformation, and we can get the following numerical
results, see Fig. 13.

Next, we consider a case with more complex boundary shape. Here we consider a
disk with a hole in the middle. The center of the disk is at (0,—3), the radius of the hole
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Figure 13: (Perfectly Matched Layer) (a). The first component of the real part of the numerical solution after
7 refinements; (b). The first component of the real part of the numerical solution after 14 refinements; (c).
The first component of the real part of the numerical solution after 18 refinements.
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Figure 14: (Perfectly Matched Layer) (a). The first component of the real part of the numerical solution after
7 refinements; (b). The first component of the real part of the numerical solution after 14 refinements; (c).
The first component of the real part of the numerical solution after 18 refinements.
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is equal to 1, the radius of the disk is equal to 5, the dipole is placed at (0,0.08), and the
graphene layer is located at y =0. We can get the following numerical results, see Fig. 14.

6 Conclusions

In this paper, we establish the convergence of the posterior error estimator designed by
us and validate our findings through numerical results. The anticipated local refinement
is generated in regions where graphene surface polaritons occur, thereby fulfilling the
objective of conducting high-precision numerical calculations. At the same time, under
some more complex boundary conditions, complex boundary shapes and variable coef-
ficients, we have relatively good numerical results.
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