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Abstract. In this paper, we propose a weak Galerkin finite element method (WG)
for solving singularly perturbed convection-diffusion problems on a Bakhvalov-type
mesh in 2D. Our method is flexible and allows the use of discontinuous approxima-
tion functions on the mesh. An error estimate is developed in a suitable norm, and the
optimal convergence order is obtained. Finally, numerical experiments are conducted
to support the theory and to demonstrate the efficiency of the proposed method.
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1 Introduction

Consider the following singularly perturbed convection-diffusion problem

—eAu—b-Vu+cu=f in Q, (1.1a)
u=0 on d(Q), (1.1b)

with a positive parameter ¢ satisfying 0 <e <1, and b € [W'*((2)]?. The functions b, c,
and f are assumed to be smooth on Q). For any (x,y) € (), assume that

1
bi(x,y)>p1>0, ba(x,y)>pB2>0, c(x,y)+§V-b(x,y)2fy>O, (1.2)
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where B1, B2, and -y are some positive constants. Assumption (1.2) ensures that problem
(1.1a)-(1.1b) has a unique solution in H>(Q)UH} (Q) for all f € L*(Q); see details in [17].

Singularly perturbed problems are an important topic in scientific computation. It is
well known that the solution of a boundary value problem usually has layers, which are
thin regions where the solution or its derivatives change rapidly due to a very small dif-
fusion coefficient. To resolve the difficulty, numerical stabilization techniques have been
developed, which can be divided into fitted operator methods and fitted mesh meth-
ods. One effective method for solving singularly perturbed problems is to use layer-
adapted meshes. Boundary layers can be resolved by designing layer-adapted meshes if
we have prior knowledge of the layer structure. Commonly used layer-adapted meshes
for solving singularly perturbed problems include Bakhvalov-type and Shishkin-type
meshes. Bakhvalov mesh was proposed for the first time in [2]; its application requires
a nonlinear equation that cannot be solved explicitly. To avoid this difficulty, meshes
that arise from an approximation of Bakhvalov’s mesh generating function are called
Bakhvalov-type meshes. These are among the most popular layer-adapted meshes; see
details in [12]. Another piecewise equidistant mesh was proposed by Shishkin in [19], but
a logarithmic factor will be present in the error bounds when using Shishkin-type mesh.
Therefore, Bakhvalov-type meshes have better numerical performance than Shishkin-
type meshes in general. Even with the use of layer-adapted meshes, the numerical so-
lution of convection-dominated problems can still exhibit some oscillation, as detailed
in [4]. Additional stabilization is added to the numerical scheme to address these os-
cillatory behaviors. Examples for singularly perturbed onvection-diffusion problems in-
clude the streamline-diffusion finite element method [13, 14], the classical finite differ-
ence method of up-winding flavor [1, 6, 11, 20] and the discontinuous Galerkin meth-
ods [7,8,18,30,35,37].

In this paper, we consider the WG method to solve the singularly perturbed conve-
ction-diffusion boundary value problem on a Bakhvalov-type mesh. The WG method
has proven to be an effective numerical technique for the partial differential equations
(PDEs). The main idea of this method is to replace the classical derivative with a
weak derivative, allowing the use of discontinuous functions in numerical schemes with
parameter-independent stabilizers. The initial proposal for its application in solving
second-order elliptic problems was made by Junping Wang and Xiu Ye in [25]. The WG
method has been applied to various problems, including Stokes equations [26, 27, 29],
Maxwell’s equations [16], Brinkman equations [15, 28, 31], fractional time convection-
diffusion problems [21] and others. For singular perturbed value problems, the WG
method has also yielded results, as shown in [3,9,22-24,33,34,36]. The main purpose
of this paper is to present optimal order uniform convergence in the energy norm on a
Bakhvalov-type mesh for convection-dominated problems in 2D.

This paper is organized as follows. In Section 2, we describe the assumptions and
introduce a Bakhvalov-type mesh. In Section 3, we introduce the definition of the weak
operator, the WG scheme, and some properties of the projection operator involved. In
Section 4, we provide the convergence analysis. In Section 5, numerical results verify the
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correctness of our theory.

2 Assumption and partition

In this section, we will introduce the construction of the Bakhvalov-type mesh and the
decomposition of the solution u. As in [10] we shall introduce the following assumption,
which describes the structure of u.

Assumption 2.1 ([10]). For analysis, the solution u of Eq. (1.1a) can be decomposed as
follows

u=S+E+Ey;+Ej,

where S represents the smooth part, E; and E; correspond to the boundary layer compo-
nents, and Ej; is the corner layer part. Then, for 0 <i+j <k+1, there exists a constant C
such that

i+j i+j )

IS <C, 0E, <ce e, (2.1a)
ox'oyl ax'oyl

i+] x i+] - x

J .EZ. §C£”e’ﬁ% J .E1.2 ng’(”r])e’[51 rﬁzy. (2.1b)
ox'oyl ox'oy!

For the convection-diffusion problem (1.1a)-(1.1b), we consider the following Bakhv-
alov-type mesh introduced in [12], which is defined by

~ % In(1-2(1—¢)i/N) for i=0,---,N/2,
x={ B (2.2a)
1—(1—xy)2(N—i)/N for i=%+1,--- )N,

2

— 2 n(1-2(1—¢)j/N) for j=0,---,N/2,
=y, (2.2b)
1_(1_yg)2(N—j)/N for j:%"i‘l,"',N,

where N >4 is a positive integer and ¢ > k+1, see Fig. 1. Transition points are xy,, and
Yyn/2, indicating a shift in mesh from coarse to fine. Then, we obtain a rectangulation
mesh denoted as 7. For brevity, set

O =:[x0,XN/2-1) X [Vo,YN/2-1], Q1 =:[xN/2-1,XN] X [Vo,YN/2-1],
Qo =:[x0,XN/2-1) X [YN/2-1,YN], Qo=:[xn/2-1,XN] X [YN/2-1,YN]-
Let hy;=x;—x;_1 and h, j=y;—y; 1. We omit the subscript x or y if there is no confu-

sion. According to [32], we have the following lemma, which introduces some important
properties of Bakhvalov-type mesh.
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Figure 1: The Bakhvalov-type mesh with N =8 and dissection of Q).

Lemma 2.1 ([32]). In this paper, suppose that ¢ < N~1, then for the Bakhvalov-type mesh (2.2),
one can obtain the properties

C1eN1<h  <CpeN7}, (2.3a)
hy<hy<---<hyno_1, (2.3b)
1

EaeghN/z_l <gs, (2.3¢)
1

S0e< Iy <20N7L, (2.3d)
N-l<p <2N71, N/24+1<i<N, (2.3e)
CsoelnN <xpy/2-1 <CsoInN, xn/2 > Coellng|, (2.3f)

0 ,—Pprx/ - ;
We FIX/e<CeP NP, 1<i<N/2-1, 0<p<o. (2.3¢)
3 WG scheme

In this section, we introduce the notions of the WG method. Let T € Ty be any element
with boundary 0T. We introduce a weak function v = {vy,v, } on the element T, where
vo € L2(T) and v, € L>(9T). Note that v}, has a single value on each edge e. Additionally,
component v, may not necessarily be the same as the trace of vy on 9T.

For any integer k> 1, we introduce the space of weak functions

Vn={v={v0,0p}:00€Qx(T), v, €P(e), e€dT, VT €Tn},

where Qy is the space of polynomials of degree not exceeding k with respect to each of
the variables x and y. Let V) represent the subspace of V}, defined by

Vy={veVy, vp|.=0, e CATNIO}.
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Definition 3.1. For any ve Vy, a discrete weak gradient V, is defined on T as a unique polyno-

mial V0 € [Qx(T))? that satisfies

(Vot,@)r=—(v0,V @)1+ (v, qn)yr, Vqe[Qu(T)].

(3.1)

Definition 3.2. For any v € Vy, a discrete weak convection divergence V%o € Qi(T), related to

b, is defined on T as a unique polynomial satisfying

(Vis0.0) == (20,9 (bg))r+(vnb-ne)yr, VoeQu(T),
where n is the outward normal direction to 0T.

The following notations are often used

(0. 0) =Y (@.0)r.(0.0)or,= Y (@.)or.l9llF = Y llolF-

TeTN TeTN TeTN

(3.2)

We define 9T, and 0T as the sets of element edges that are parallel to the x and y axes,

respectively. Let
0+ T={(x,y) €T |b(x,y)-n(x,y) <0}.

The 07 is the penalization parameter given by

N, if T e,
Yr= shy_l, if TeO\Qy on JTy,
ehl, if TeQ\Qo on 9T,

Then, a WG algorithm is proposed below.

Algorithm 3.1. Find an approximate solution uy = {uo,u, } € V3 that satisfies
A(un,0)=(f,00), YoeVy,
where

A(un,v)=A(un,v)+Ac(un,0),
Ag(un,v) =e(Voun, Vov) 1, +54 (un,0),
Ac(un,0)= —(VZ,uN,vo)TN + (cuo,v0) 7y +5c (Un,0),

sd(uN,v): Z Z 19T<M0—Mb,00—0b>an/
i=xyTeTn

Sc(uN/v) = Z <_b'n(u0_ub)/vo_vb>e/

TeTN
e€dy T

From the bilinear form in (3.3), we define an energy norm |||-||| in V3.
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Definition 3.3. For any v € VY, we can derive an energy norm on VY defined by

ol = Ad(o,0)+ ool 73, + [l [b-n|2 (00 —2) lo73.- (3.4)
The following lemma deals with the coercivity of the bilinear form defined in (3.3).
Lemma 3.1. There exists a positive constant a, independent of €, such that for v € V)
A(v,0) > alo]|?, (3.5)
where x =min{~,3}.
Proof. For any v € VY, it follows from the definition of the weak divergence (3.2) that

(V20,00) 7, == (v0, V- (bvo) ) 75, + (05, b-100) 75,

1 1
==3 (v0,V - (bvo)) 73 — 5 (00, V- (bvo)) 7 + (v, b -n00) 575,
1 1 1
=— E(UOIV ‘b)) 75, — 5 <UO_Ub/b'nUO>aTN+§<Ub/b'n(770_vb)>a7}\,
1 1
=3 (v0,V-bog) 1, — 5 (b-n(vg—vp),v0—Vp) a7 - (3.6)

Then, together with (1.2) and (3.6) we have
Ac(0,0) == (V5,0,00) 7, +(c00,00) 73, +(~bn(v0—5),00—0p)a, 7
— <(c+;V-b) vo,vo) - +%<b (Vo —Vp), 00— Vp)aTy
+(=b-n(vo—vy),00— )3, 75

1
> (yv0,v0) 73 + 3 (=b-n(vo—vp),00—0p)a, 73

1
+5 {b-n(v0—03),00=0p)a7300. 73

1
2 (700,00) 73 + 5 {|b-n[ (V0 ~0p), 00— Vp)a75,-
The above inequality and A;(v,v) yield
2
A(v,0) > af[o]l,
where a =min{~,1}. Thus, the lemma is proved. O

Now, we introduce some L? projection operators for each element T € Ty, detailed
as follows. Let the operator Qp project onto Qi(T). For each edge e € 9T, consider
the operator Q, which projects onto Px(e). Finally, we define a projection operator
Onu={Qou,Qyu} for the solution u onto the space Vi on each element T. Additionally,
denote by Qy the projection operator onto [Qx(T)]?. The following lemma addresses the
commutative property of the weak gradient.
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Lemma 3.2. On each element T € Ty, for any ¢ € H(T),

VuwONng=QnV¢. (3.7)
Proof. For any q € [Qx(T)]?, from definition of the weak gradient (3.1), we obtain

(VoOneg,q)r=—(204,V-q) 7+ (. q-0)57
—(¢V-a)r+(p.an)yy
=(V¢,q)r=(QnVe.q)r-
This corresponds to the equality (3.7). O

4 Error estimate

In this section, we will derive an error estimate for the WG finite element approximation
uy. Next, we derive the following error equation that the error satisfies.

Lemma 4.1. Suppose u is the solution of (1.1a)-(1.1b) and uy is the solution of (3.3). Denote
= Qnu—uy. Then for any v € VY, we have

Alen,v) = (u,0) =l (u,0) —I3(1,0) +54( Onu,v) +5.(Qnu,0), (4.1)
where
I (w,0)=(Qou—u,V-(bvg)) 7,
l(1,0) = (Qpu—1u,b-n(vo—1p)) 57,
l3(u,0) =e((QNVu—Vu) n,00—0p) 57, -
Proof. Using (3.1), (3.7) and integration by parts, we obtain
(VwOnu, Vo) =(QNVU, Vo) 1,
=—(v0, V- (QNnVu)) 1, +(vp, (QNVU) 1) 57
=(Voo,QnVu) 1 — (vo—p,(QNVU) -n)yr
:(Vu,Vvo)TN—(vo—vb,(QNVu)-n)aTN
(—=Au,v0) 73, +(Vu-n,vo)a, — (vo—vp, (QNVU) 1)y — (Vi-n,05)57,
=(=Au,v0) 7, — ((QNVU—Vu)-n,00—0p) 57 ,

where we utilized the fact that (Vu-n,v,)57;, =0. Similarly, from (3.2) and integration by
parts, one obtains

—(V5,QN1,00) 7,
=(Qou, V- (bvo) )75, = (Quut,b-n20) 575,
:(Qou—u,V (b’(’)o)) (u V- (bvo)) <Qbu b- nv())aTN
:(Qou—u,V (bvo)) (b Vu UO)TN (Qbu u, b- 1‘17)0>a7‘N
_—<b'vu,00)7’N (Qou u,V (bl)())) (Qbu ub n(Uo—Ub>>aTN,
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where we have used (Qpu—u,b-nvy)y7, =0. Additionally, we have
(cQnu,v0) 75, = (cQott,v0) 75, = (c1t,v0) 75,

Noting that

e(Vawun, Vov) — (V2 un,v0) 4 (cun,v0) +54(un,0) +5c(un,0) = (f,00),
and

—e(Au,vg)— (b-Vu,vg)+(cu,v9) = (f,v0).
Combined with the aforementioned equality, we deduce
e(VwOnit, Vo) — (V2 Onit,v0) 4 (cQnit,vp) = (f,00)+1 (u,0) =l (u,0)—I3(u,0).

By adding s;(Qnu,v) and s.(Qnu,v) to both sides of the above equation, we obtain

A(Onu—un,v) =1 (u,0)—l(u,0)—13(1,0)+545(ONU,0) +5.(ONU,D).

Thus, the lemma is proved. O

The error equation (4.1) can be used to derive the following error estimate for the WG
finite element solution.

Theorem 4.1. Suppose that u € H*1(Q) and uy be the solution of (1.1a)-(1.1b) and (3.3),
respectively. Then we have

| Qnu—un|| <CN.. 4.2)

Proof. Let v=ey in the error equation (4.1), we derive the following equation

Alen,en) =Nl (uen)—l(uen)—I3(u,en)+si(Oni,en)+sc(Onu,en).

Using the Cauchy-Schwarz inequality and (A.3a), we obtain

I (wen)=(Qou—u,V-(bey))r,
=(Qou—u,V-beg)r +(Qou—ub-Vey) .

<C|| QO”_”HTN HeOHTN‘F (qu—u, (bl —571) dxep+ (bz—b?) Byeo)T

N
<C||Qou—ul| 7, lleoll7

<CN=E D],
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where by and b, are piecewise constant functions with values h;l f  b1dx and hy* 1 f b2dy,
respectively. Similarly, from the Cauchy-Schwarz inequality and (A.3b), it follows that

I (u,en) =(Qpu—u,b-n(eg—ey))yr,

<CY Y Qou—ullyr]

i=xyTeTy

1
b‘ i B H
[b-n|Z(eg—ep) o

} }
1 2
<cy. (2 ||QOM—”H§T,> (2 Hrb-nv(eo—eb)(\aT)
i=xy \TeTy TeTn !
<CN™® D e
Applying the Cauchy-Schwarz inequality and (A.3c), we obtain

l3(wen)=e((QNVu—Vu)-n,eo—ep)yr,
<Ce ) ) lQnVu—Vulyrlleo—esllar,

i=x,yT€Ty
1 1
2 2
2 2
<C}), < Y. 9T||QNVu—V“||an> ( Y 19T||€0—€b||aT,~)
i=xy \T€Tn TeTn
<CN"Hlen]l

Furthermore, using the definition of stabilization, the Cauchy-Schwarz inequality (A.3d),
and (A.3b), we derive

Sd(QNLl,EN): Z Z 19T<QOM—Qbu,€0—€b>an

i=xyTeTy
1 1
2 2
2 2
<C}). < Y ﬂTIIQou—ullan> ( Y ﬁrl\eo—ebllan>
i=x,y \TeTn TeTn
—k
<CN""|lenl,

and

sc(Qnu,en) = Z Z (‘b'n<Q0“—Qb”):vo—vwaﬂi

i=x,yTeTN
1 1
2 ’ 1 2 ’
<C). < ) ||Qou—ullan> < ). Ib'n|2!|€o—€b!|an>
i=x,y \T€Tn TeTN

<CN~ D) ley |-
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Combining all these estimates with (3.5), we deduce
alenI* <A(en.en)
<|h(u,en)|+l2(uen) |+l (wen) |+ s (Onusen) [+ [sc(Qnen) |
<CNH[[len]ll,

which implies (4.2). This completes the proof of the theorem. O

5 Numerical experiments

In this section we present numerical experiments that support our theoretical results. The
solution exhibits typical exponential layer behavior. And we select o =2k for creating the
Bakhvalov-type mesh.

Example 5.1. For
—eAu—(2+2x—y)uy—(3—x+2y)uy+u=f in O=(0,1)%,
u=0 on dQ),

where f(x,y) is chosen such that the exact solution

u(x,y) =2sin(7x) (1 _3*2%> (1 _y)z (1—3*%) ‘
The error |||en||| and convergence rates for several different ¢ are shown in Tables 1-2.

Example 5.2. For

—eAu—2uy —3uy+u=f in Q=(0,1)?,
u=0 on 0Q),

where f(x,y) is chosen such that the exact solution

3y

u(x,y) =2sin(1—x) (1—6_2%> (1—y)? (1—e_?>.

The error ||en ||| and convergence rates for several different € are shown in Tables 3-4.

Table 1: Example 5.1, k=1.

N e=le-6 e=1le-7 e=1e-8 e=1e9 e=1e-10

8 | 3.66E-01 | 0.00 | 3.84E-01 | 0.00 | 3.98E-01 | 0.00 | 4.07E-01 | 0.00 | 4.14E-01 | 0.00
16 | 1.73E-01 | 1.08 | 1.83E-01 | 1.07 | 1.91E-01 | 1.06 | 1.96E-01 | 1.05 | 2.00E-01 | 1.05
32 | 8.24E-02 | 1.07 | 8.81E-02 | 1.05 | 9.23E-02 | 1.05 | 9.54E-02 | 1.04 | 9.76E-02 | 1.03
64 | 3.95E-02 | 1.06 | 4.27E-02 | 1.04 | 451E-02 | 1.03 | 4.68E-02 | 1.03 | 4.80E-02 | 1.02
128 | 1.90E-02 | 1.06 | 2.08E-02 | 1.04 | 2.21E-02 | 1.03 | 2.30E-02 | 1.02 | 2.37E-02 | 1.02
256 | 9.14E-03 | 1.06 | 1.01E-02 | 1.04 | 1.08E-02 | 1.03 | 1.14E-02 | 1.02 | 1.17E-02 | 1.01
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Table 2: Example 5.1, k=2.

N e=1le-6 e=1le-7 e=l1le-8 e=1e9 e=1e-10

8 | 7.89E-02 | 0.00 | 8.27E-02 | 0.00 | 8.52E-02 | 0.00 | 8.70E-02 | 0.00 | 8.85E-02 | 0.00
16 | 1.93E-02 | 2.03 | 2.04E-02 | 2.02 | 2.11E-02 | 2.02 | 2.16E-02 | 2.01 | 2.20E-02 | 2.01
32 | 4.70E-03 | 2.04 | 5.01E-03 | 2.02 | 5.21E-03 | 2.02 | 5.35E-03 | 2.01 | 5.45E-03 | 2.01
64 | 1.14E-03 | 2.04 | 1.23E-03 | 2.02 | 1.29E-03 | 2.02 | 1.33E-03 | 2.01 | 1.35E-03 | 2.01
128 | 2.77E-04 | 2.05 | 3.02E-04 | 2.03 | 3.18E-04 | 2.02 | 3.29E-04 | 2.01 | 3.36E-04 | 2.01

Table 3: Example 5.2, k=1.

N e=le-6 e=1le-7 e=le-8 e=1e9 e=1e-10

8 | 8.67E-02 | 0.00 | 8.68E-02 | 0.00 | 8.69E-02 | 0.00 | 8.70E-02 | 0.00 | 8.71E-02 | 0.00
16 | 3.53E-02 | 1.30 | 3.53E-02 | 1.30 | 3.54E-02 | 1.30 | 3.54E-02 | 1.30 | 3.54E-02 | 1.30
32 | 1.50E-02 | 1.24 | 1.50E-02 | 1.24 | 1.50E-02 | 1.24 | 1.50E-02 | 1.24 | 1.50E-02 | 1.24
64 | 6.69E-03 | 1.16 | 6.69E-03 | 1.16 | 6.69E-03 | 1.16 | 6.69E-03 | 1.16 | 6.69E-03 | 1.16
128 | 3.14E-03 | 1.09 | 3.14E-03 | 1.09 | 3.14E-03 | 1.09 | 3.14E-03 | 1.09 | 3.14E-03 | 1.09
256 | 1.51E-03 | 1.05 | 1.51E-03 | 1.05 | 1.51E-03 | 1.05 | 1.51E-03 | 1.05 | 1.51E-03 | 1.05

Table 4: Example 5.2, k=2.

N e=le-6 e=1le-7 e=le-8 e=1e9 e=1e-10

8 1.58E-02 | 0.00 | 1.58E-02 | 0.00 | 1.58E-02 | 0.00 | 1.58E-02 | 0.00 | 1.58E-02 | 0.00
16 | 291E-03 | 2.44 | 291E-03 | 2.44 | 291E-03 | 2.44 | 291E-03 | 2.44 | 2.91E-03 | 2.44
32 | 5.83E-04 | 2.32 | 5.83E-04 | 2.32 | 5.83E-04 | 2.32 | 5.83E-04 | 2.32 | 5.83E-04 | 2.32
64 | 1.29E-04 | 2.17 | 1.29E-04 | 2.17 | 1.29E-04 | 2.17 | 1.29E-04 | 2.17 | 1.29E-04 | 2.17
128 | 3.05E-05 | 2.08 | 3.05E-05 | 2.08 | 3.05E-05 | 2.08 | 3.05E-05 | 2.08 | 3.05E-05 | 2.08

Tables 1-4 present our numerical results, including the errors in the energy norm
and convergence rates for Examples 5.1 and 5.2. It is evident that when the polynomial
degree k=1 or 2, the convergence rate of the two numerical examples also reaches 1 or
2, respectively. These data show the uniform convergence with respect to the singular
perturbation parameter .

6 Conclusions

In this paper, we introduce the weak Galerkin method for solving the singularly per-
turbed convection-diffusion problems on the Bakhvalov-type mesh. We construct the
corresponding numerical scheme and develop the convergence analysis in the energy
norm, obtaining the optimal convergence order. We present two numerical examples to
validate the correctness of the convergence theory.
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Appendix: some technique tools

The goal of this appendix is to establish fundamental estimates that are useful in the error
estimate. The following lemmas are employed in the convergence analysis, and readers
are referred to [5] for a detailed proof.

Lemma A.1 ([5]). Consider ¢ € H**1(T) with k>1. Let Qo¢ denote the L? projection of ¢ onto
Qi (T). Then the following inequalities estimate hold,

e R R ) a1

1 _1 1
0= uglar <€ (W0 g+ 0 0 gl + R0l ), (atb)

where i,j€{x,y} and i #j.
Lemma A.2 ([5]). Let v€ Qy(T) with k> 1 such that the following inequalities hold,
_1
lollor, <Ch: * o], (A22)
19,0l <Ch; Y|v||T, (A.2b)

where C is a constant that depends on k, and i,j € {x,y}, i #].

We aim to establish the following estimates, which are useful in the convergence anal-
ysis for the WG scheme (3.3).

Lemma A.3. Let k>1, 0 >k+1, and u € HY(Q). There exists a constant C such that the
following estimates hold

1
2
( Y IIQou—u|2T> <CN~-(kH), (A.3a)
TeTN
1
2 1
B ( Y IIQou—u|§n> <CN-(k+3), (A.3b)
i=x,y \T€Tn
3
Y ( Yy 9T||QNVu—Vu||§Ti> <CN°¥, (A.30)
i=xy \TETn
1
2
Y ( Y 19T|Q0u—u||§Ti> <CN7F, (A.3d)
i=x,y \TETN

where
N1, if Teq,,
Or=q ehy, if TEO\Qo on 9Ty,
ehy, if TeO\Qy on 9Ty,
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Proof. Each term in the Assumption 2.1 will be considered individually. Let 3y represent
any region in (g, ()1, () and Q5. To derive inequality (A.3a), we use (A.la) and Lemma
2.1 to obtain

1

1
2 2
(Z ||5—Q05||2T> gc( Y (hi(k+1)+h§(k+1)).hxhy>

TeQy TeQy

1
<CN (h%kJFZ)) 2 < CN—(k+l)_

Next, considering the boundary layer E; in region (21, U()y, using (A.la) and Lemma 2.1
we obtain

( )3 HQO&—EH\%) gc( Y <h}26(k+1)‘

T6012u01 TGQuUQl

1
2 2 2
k1 2(k+1) || 4k+1
% ElHTJrhy Haf E1HT>>

2 2
<C R34 20k 1)y 2k+3 — oy
B <T€Q§u01( © e Y )He L=(T)

<CN (H23eN ™+l g N7204D)

NI—

1
<CN (eN*Z(k“) +eN*(Zk+3)> 2 oNkD),

For the region (), UQ)y, we have the following estimate

1

1
2 2
( 3 HQoEl—Eln%) gc( 3 (Hau%ﬂ\QoElué)) <CEx oo,

TeO,uU0)y TeO,UO)

1
2 2 _
<CN (hx,Nhy,N HEl"L""(QQUQO)> <CN"".

A similar bound can be readily obtained for E,. For the concer layer E;», by applying
inequality (A.1a) and Lemma 2.1, we obtain

1 1

( ). HQoEu—EleZT)ZSC( Y <h§k+3hyHa§+1512H;(T)+hxh§k+3HGSHEHH;(TJ)

TEQ]Z TteZ

—2(k+1) (1,2k+3 %43 ||, —Erxtbo 2 2
<c( 3 ) )

<CN (eN‘lN‘Z(k”) (hx,%—ﬁhy,%—l))

N|—

1
<CN (gzN—(szra)) 2 < CN—(k—s—%)‘
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Additionally, we have the estimate in regions (21 UQ)g and (), U()g as follows

1

2
2 2
( Y ||QoElz—Elezr) SC( Y <HEleT+HQ0E12HT)> <CllE2(la,u0,
TeO1U0)y TeO1UQy

NI—

<CN (hx,Nhy,N HE12 ||%m(nluﬂ0)> <CN7°,

and
1 1

2
( )3 ||QOE12—Eur|%> sc( > (HElzl\2T+HQoE12HZT)> <Cl|Ex2]lo,u0,

TeO,uU)y TeO,UQ)y

1
§CN(hx,Nhy,N|yE12||§m(QZUQO)> *<CN—.

Combining the above inequalities completes the proof of (A.3a).
Next, we provide the proof of (A.3b). For any region (), by using (A.1b) and Lemma
2.1, we obtain

2 !
( Y IIQoS—SHgT,) gc( Y (hfk+1+h?(k+1)hj_l+h,2khj>-hihj>
TGQg l TGQg
1
<CN (13+1)" <N,

Concerning the boundary layer E; in region (1,UQ);, using (A.1b) and Lemma 2.1, we
have

< )3 ||Q0E1_El||<'29Tx>

TeOpUM),
1

a’;caya“i)) :
> }
L°°(T))

Applying (A.2a), (A.2b), and Lemma 2.1 in the remaining regions yields

( ) quEl—aH%n) sc( ) (!!ElHﬁTﬁHQoElllﬁTX))

TeO,UO) TeO,U0)y

2 2
O e |+t ok | iy

gc( Y (hff“

TeO,UN),

§C< Z 5_2(k+1)'hxhi(k“)+h§k+3+e_2-h§k+1h§> He_ﬁzTy
TeO,U),

1
<ON (N2 12 LZREIN2)F < ONe),

1

1
2

SC< D (r|E1H§Tx+hy1uE1n%)>

TeO,U0)y
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1
1 2 2
<C N/ o /38131
0 L>(T)

1
<C(N-N"24h,n-N>-N"2)2 <CN2 7.

Similar results are easily obtained for 8Ty and for the boundary layer E,. Now, consider-
ing the concer layer Ej», we obtain

1
2
( E I QoElz—EquTx)

TeO

_Boy
e €

Y

Te,U)y

1
§c<2 Gl U o e e ))

TeO,
2
me>

1
<CN <8N—1N—2(k+1)_l_hx’%ilN—z(k—H)+€N—(2k+1)N—2>2 <CN-(k+3),

gc( Y e —2(k+1) (h h (k+1)+h2k+3+h2k+1h2) H Brx+boy
TeO,

where (A.1b) and Lemma 2.1 are utilized. In other regions, using (A.2a), (A.2b), and
Lemma 2.1, we derive

1
2
< Y. HQOEU—ElZHSTx) SC( ) (HElegrﬁ||QOE12||§TX)>

TeO Uy TeO Uy

1
2

TeM U

1 (B1x+B2y)
§C<N/ e_wl:ﬁzy dx+ E hy
X

JxN/21 TeUQ,

1
2
SC< )y (r|Elz||§Tx+hy1||E12H2T)>

_ Brx+Boy
e €

1
2 7
me>

. —20 N2, 720% 1o
<C(N-eN"*+h,N-N*-N"*7)> <CN27°,

and
1 1
2 2
2 2 2
( D IIQoEu—EuHaTx) SC< D (||E12Han+||QOE12||3TX)>
TeO,U0)y TeO,uU0)y
1
2
2 - 2
§C< )y (HE12HaTx+hylHE12HT>>
TeO,UQ)y
1
L o(pyxep Byxtoy |2 2
<C N/e 1+2y Xt Z Iy e,lizy )
0 TeUO, L>(T)
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1
SC (N'SNizg—‘—hx’N.Nz,N*ZU') 2 S CN%fg'.
Similar results can be obtained for dT,. Combining the above estimates, we establish
inequality (A.3b).

Let us now prove (A.3c). The notation (); represents any region in ()5, (31, and (.
By the definition of 01 and (A.1b), we obtain

N|—

TeQ,

1
2
( Y 9T||Qst—VS||§Ti) =< Y shanst—vsnéT,.)

TeO,

Nl—

1 2% | p2k 3 2(k=1)72
<Ce? (TGZQ (20241 hj>'hihj>
1
<cetn (V)" <onmed),

Additionally, for the region ()y, we have

! }
< Y 9THQNVS—VSH§TI,> =< Y. szN‘lllQNVS—VSH%T,.)

TeQ)y TeQ)y
1
2
<Ce ( > N (I e 1 ) .hihj>
TeQ)y
1
<CeN (N1 <oN-(kHD),

where i,je {x,y} and i#]. Considering the boundary layer E; in region (21,UQ);, we have

1
2
( Y GTHQNVEl—VElung>

TeQpU0)y

1 2(k—1)
<Ce} ( y (hx " <(
TeOpuy

1 <Ha§axlsl H2T+ oty HD L (‘

aiayaH}

2
k—12
Ix ayE1HT>

1

alfcayEl Hi) ) ) 2

SCS;( Z <h§k+1hx (8—2k+8—2(k+1)>+h§k+lhy (1_|_£—2)
TeM U

2
e, +]
T

1

» 2
)

g ()
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<CeIN (NN~ 4 REANTT 2N (e4e7!) ) T <CNTE.

In region (), using (A.2a), (A.2b), and Lemma 2.1 we obtain

1

2
< Y 07]|QNVE —VE; Hazm>

TeO),

1

2

<ce! ( 3 hy(naxauéwHayauén)+uaxan%+uayaui)
Te(),

1

TN 4 _ By ||?

<Ce? hy,N(l—f—e’z)N/ ey ¥ (1e72) Iy || e
0 Te, L>(T)

<Ce? ((1+¢7?) (- N2 4eN"! -NZZU))% <CN? ™.

Similarly, for the region (), we have

1
2
( Y. 0r|QNVE —VE; ||§Tx>

TeQ)y

NI—=

ga( > N7 ([19xErll3r, + [0y Ealy, ) + N7y (llaxEl\!%+\\ayEl\>?)>
TeQ)y

NI

1 _ By 2

<Ce(NT(1+e N[ o Faxt T (1 N e
XN/2-1 Te, L>(T)

<Ce((14+€2)N"2)2 <CN.

Similar results can be obtained for 9T, and the boundary layer E; in a similar manner.
Applying arguments analogous to those used above, for the concer layer E1,, one has

1

2
( Y. or ’|QNVE12_VE12H§Tx>

TeO,
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Using (A.2a), (A.2b), and Lemma 2.1, we obtain

1
2
( Y or HQNVElz—VElZHzZ)Tx)

Te),

1
2
Ce? ( Y (waxﬁuuéwHayEuHéT)+HaxEu||2T+||ayEuHi)
TEQl

1

3
L°°(T))

1
1 _ (ﬁ1’f+ﬁzy /51X+ﬁzy
<Ce?(h,n Ne 2/ e dx+ Y e 2heh H
: xg]—l Te),

Nl—

<Ce? (s_z (sz-N1_2”+sN_l .N2—20)> < CN?—°.

Similarly, we obtain

1

2
( ) HTHQNVElZ_VElZHSTx)

TeO,

1
2
<Ce? < ) hy<]|8xE12||§Tx+HayEquTx)+HaxE12HZT+HayE12H2T>
Te),

1

2 2
L°°<T>>

1 _ YN _4 ﬁl”ﬁzy ﬁ1x+ﬁ21
<Ce2 <hleN£ 2/ 2 e Z 2heh H
0 e,

N|—

<(Ce? (572 <£,N 20+€N71'N2720)> <CNiC,

and

1
2
< Z Or HQNVElz_VElZHng)

TeQ)y

1
2
Ce< Yy N <||axE12||§Tx+HayEquTx) +N7 1! (||axE12||2T+HayE12HZT)>
TeO)y

1

2 2
L”(T)>

Similar results can also be obtained for dT,. Combining the above estimates, We have
completed the proof of (A.3c).

_ B1x+Boy
€

1 2(Byx+Boy)
<Ce N_l-Ne_z/ e e dx+ Z e 2N~
XN/2-1 Te,

<Ce(e2(eN~2 +N"27))T <CN .
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Finally, for the last inequality (A.3d), note that
9r=eh; ' <Ceh; ' <CN

in regions )y, ()3, (45, and d7 = N in region (). Together with (A.3b), we obtain

1
2
Y ( Y 19THQ01/£—M||§TI,> <CN*.

i=xy \TeTy

At this point, all the estimates have been proven. O
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