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WEAK GALERKIN METHOD FOR THE HELMHOLTZ
EQUATION WITH DTN BOUNDARY CONDITION

QINGJIE HUL2) YINNIAN HE!, KUN WANG?

Abstract. In this article, we consider a weak Galerkin finite element method for the two dimen-
sional exterior Helmholtz problem. After introducing a nonlocal boundary condition by means
of the exact Dirichlet to Neumann (DtN) operator for the exterior problem, we prove that the
existence and uniqueness of the weak Galerkin finite element solution for this problem. Then,
applying some projection techniques, we establish a priori error estimate, which include the effect
of truncation of the DtN boundary condition as well as the spatial discretization. Finally, some
numerical examples are presented to confirm the theoretical predictions.
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1. Introduction

We consider the exterior Helmholtz problem:

(1) —Au—k*u=f inQ°
2) u=g onTy,
ou
1 1/2 — ] = =
(3) TBI_PDOT <8r 1k‘u> 0 r=|zl,

where i denotes the imaginary unit and k£ € R is known as the wave number.
Q C R?, be an open, bounded domain with smooth boundary I'g, and let Q¢ = R? \ﬁ
be the unbounded exterior domain in R%. The equation (3) is known as the standard
Sommerfeld radiation condition.

In order to solve the exterior problem in an infinite domain numerically, it is usual
to limit the computation to a finite domain by introducing an artificial boundary.
The original exterior domain problem reduced to a boundary value problem by
enforcing a boundary condition on the artificial boundary. In [5, 7, 11, 12, 13, 14,
17,19, 21, 29, 31, 33, 43, 46, 52], the authors developed different numerical methods
for the Helmholtz equation with the lowest order absorbing boundary condition.
However, the lowest order absorbing boundary conditions will lead to large errors
caused by the reflections from the artificial boundary, unless the computational
domain is large. To decrease the errors caused by boundary reflection, several
numerical approaches have been considered. These contain high order absorbing
boundary condition [16], perfectly matched layer [3], and the Dirichlet to Neumann
(DtN) boundary condition [18, 22, 24, 25, 44] and the references therein. The DtN
boundary condition is called exact nonreflecting boundary condition because it
allows waves to propagate outward without producing any spurious reflection from
the artificial boundary. The DtN condition was derived by Keller and Givoili [23],
for the Helmholtz equation when the artificial boundary is a circle or sphere. In
[24], Koyama established a priori error estimates for the DtN finite element method,
including the effects of truncation of the DtN boundary condition and the finite
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element discretization. Hsiao et. al [18] derived for the DtN finite element method
and present numerical results that show optimal convergence in the L? and H'
norms using conforming piecewise linear finite elements. Kapita and Monk, in [22],
considered an approximate boundary value problem with a truncated DtN series
by the plane wave discontinuous Galerkin method and derived error estimates with
respect to the truncation order of the DtN map and mesh width. In [44], Wang
et. al coupled the DG method and spectral method to solve the DtN boundary
value problem and gave DG-norm and L? norm errors analysis explicitly with wave
number.

The numerical studies of the Helmholtz equation have been become an extraor-
dinary popular research field in recent years. Many numerical schemes have been
developed and analyzed for the Helmholtz equation, for instance, conforming fi-
nite element method [19, 21], interior penalty discontinuous Galerkin method [11],
continuous interior penalty Galerkin method [46, 52], local discontinuous Galerkin
method [12], hybridizable discontinuous Galerkin method [5, 14], plane wave dis-
continuous Galerkin method [13, 17, 22], weak Galerkin(WG) finite element method
[7, 31, 33, 43], spectral method [29], finite difference method [15, 39, 40, 41, 42],
immersed finite element method [26, 27] and the references therein. Weak Galerkin
finite element methods were first introduced by Wang and Ye in [37] for second order
elliptic equations. The main idea behind weak Galerkin method lies in the classical
gradient operator replaced by a discrete weak gradient operator for weak functions
on a partition of the domain. Weak Galerkin methods have been widely used to
solve a variety of partial differential equations[34, 35, 36, 45, 47, 48, 49, 50, 51].
The methods have been applied for solving the Helmholtz equation with the lowest
order absorbing boundary condition in [7, 31, 33, 43]. In [33], due to use of the
RT and BDM elements, the WG finite element methods were limited to classical
finite element partitions. Following the stabilization technique of [38], Mu et. al
developed a new WG method that admits general finite element partitions with a
mix of arbitrary shape of polygons and polyhedrons.

In practical computations, the use of the Fourier series representation of the
DtN operator requires truncating the infinite series at a finite order to obtain an
approximation DtN operator. So in this paper, we firstly investigate the truncating
order of the series. Then, after studying the Garding inequality and the unique of
the weak solution, we establish a priori error estimates in the tri-norm and L? norm
for the exterior Helmholtz problem by using weak Galerkin finite element method,
including the effect of the truncation order and the finite element discretization.
Following the stabilization approach of [38], we also add a parameter-free stabilier
in the weak Galerkin formulation. The present weak Galerkin method is more
flexible in terms of choosing approximation functions and finite element partitions.
What’s more, it is well suited to handling obstacles with complicated geometries
and is easy to handle DtN boundary condition.

An outline of the remainder of the paper follows: In Section 2, we describe the
nonlocal boundary value problem and modified nonlocal boundary value problem.
Section 3 is devoted to a description of weak Galerkin method and algorithm. We
shall design a weak Galerkin formulation for the modified nonlocal boundary value
problem given in (10)—(12) and demonstrate the well-posedness of the formulation.
We present an error equation and the error estimates in Section 4. In Section 5,
we report some numerical results in order to demonstrate the accurate and efficient
of our method. In this section, we consider the first approximation of the DtN
operator. The reason is that, the first approximation will generate a sparse linear
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(a) The sketch of Q (b) The sketch of Qg and Q

FIGURE 1. The sketch of the boundary value problem and the
nonlocal boundary value problem.

system while the DtN operator results a density system. We end in Section 6 with
some conclusions.

2. Nonlocal Boundary Value Problem

To seek approximate solution of problem (1)—(3), we introduce an artificial do-
main Qp with artificial boundary I'r = {z € R? : |z| = R} enclosing the entire
region Q) (see Figure 1). The artificial domain Qg is the annular region between T'g
and I'r, and Q% = R2\ QUQp is the unbounded exterior domain. The problem
(1)—(3) is reduced equivalently to the following nonlocal boundary value problem
[20]:

(4) —Au—kKu=f inQpg,

(5) u=4g ODF(),
Ju

(6) an Tu onlg,

where the Dirichlet to Neumann (DtN) operator T : Hz(I'g) — H~2(T'g), is
defined as

(1)
M To- Z e [ et orcostato - s o e i)

The prime behind the summation means that the first term in the summation is
multiplied by 1/2 and Hr(Ll)(-) is the first-kind Hankel function of order n. The
following lemma show the boundedness of the DtN operator [18].

Lemma 2.1. The DtN operator T in (7) is a bounded linear operator from H*(T'R)
to H*=Y(T'r) for any constants s > 3.

The variational formulation of the problem (4)—(6) is as follows: find u €
HY(QpR) and u = g on I’y such that

(8) (Vu, Vo) — k*(u,v) — (Tu,v)r,, = (f,v) Yo € Hy(Qr),
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where H}(Qr) = {v € HY(Qr), v|r, = 0}. Throughout the paper, we shall use
the standard Sobolev space H*(D) for any s > 0 [4, 6]. In particular, (-,-)p and
(-, )1, are used for L?~inner product on complex valued spaces L*(D) and L?(T'g).
We use || - ||p and | - |p to denote the norm and the seminorm in L?(D). When
D = Qpg, we shall drop the subscript D in the norm and inner product notation.
The well-posedness of problem (8) addressed in the following lemma [20, 28].

Lemma 2.2. For every f € L*(Qr), problem (8) has a unique solution which is
the restriction to Qg of the solution of problem (4)—(6).

For the practical computations, we need to truncate the infinite series of the
exact DtN operator to obtain an approximate DtN operator written as
N

(1) 27
o) Vo= % | et o) costn(o - o)y
n=0 Tiln

for Vo € Hz (I'g). Here, the non-negative integer N is called the truncation order
of the DtN operator. Accordingly, the boundary value problem (4)—(6) is replaced
by a modified nonlocal boundary value problem reads:

(10) —Au—k*u=f inQg,

(11) u=g onTy,
ou

(12) o TNy onTp.

Clearly, the variational formulation of the modified nonlocal boundary value prob-
lem is: find uy € H*(2g) and uy = g on I'g such that

(13)  (Vun, Vo) = k*(un,v) = (TVuy,v)r, = (fiv) Vo€ Hy(Qr).
The well-posedness of problem (13) can be found in [18].

Next, we recall the estimate for the difference of T and TV in the next lemma
[18]. This estimate will be needed in the error estimates.

Lemma 2.3. Suppose DtN operator T and TV are defined as in (7) and (9),
respectively. Then, for given o € H*(T'r),s € R, there holds, fort =1,

e(N,
(14) 1T = TVl oy < 7

ol =+ (rp)
where ¢ > 0 is a constant dependent on kR but independent of ¢ and N, and
1
[ee] 2
{ £ aemarmm]

(15) €(N,p) = — 1= - <1

apl? = s 2
{8 4 £ @ an + o)
s a function of the truncation order N and the function ¢ satisfying e(N,¢) — 0
as N — 0o, and an,b, are Fourier coefficients of .

3. Weak Galerkin Finite Element Method

Let T;, be a quasi uniform and shape regular [38] triangular of the domain Qp.
Each E € 7, has at most one curved edge on 9Qp. Let 7, = U{E} is a body-
fitted mesh of Qp, where E is the triangle sharing vertices with E. Define Qp =
interior(UEEﬂE). The mapping F : Qr — SA)R is C? smooth on each E € 7;, and
satisfies F(E) = E. Therefore, the partition 7, = {E = F~L(E) : VE € Tp}.
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Denote by &5, the set of all edges in Tp, £ = &,/0Qr the set of all interior edges
and 5,5 =&, NT'g. For any element FE € Tj, denote by hg the diameter of E, and

h = max hg. For any e € &, denote by h, the length of e. For the simplicity of
€Th

notation, we shall use ¢ for a generic positive constant independent of A which may
stand for different values at its different occurrences.

For each triangle E, E° and OF denote the interior and boundary of E respec-
tively. For any non-negative integer [ > 0, denote P,(E") the set of polynomials
on E° with degree no more than [, and P;(e) the set of polynomials on each edge
e € OF with degree no more than [. In this paper, we only consider the case of
linear elements, i.e., [ = 1. A discrete weak function vy, = {vg, vy} refers to a poly-
nomial with two components. The first component vy can be understood as the
value of v, in E°, and vy, represents the value of vj, on the edge e,e € OE. Next,
we define the weak Galerkin finite element space V}, and Vp p,

(16) Vi = {vn = {vo, v} : vl € PI(E®), vl € Pi(e), e € OE, E € Tp},
(17) Vo.n = {vn € Vi, up|r, = 0}.

We would like to emphasize that any function vy, € V}, has a single value v, on each
edge e € &, and v, may not necessarily be related to the trace of vy on OF. For
any vp, € Vj,, we define the discrete weak gradient of vy, denote by Vv, € [Py (E))?
on each element FE. satisfying the following equation

(18) (Vavn,@)g = —(v0,V - @Q)E + (b, ¢ - n)oE Vg € [Py (E))?.

For any up,vp € Vi, we introduce the following bilinear form:

(19) @y (un,on) = > (Vaun, Vava) e + s(un, vn) + d (un, vn) — k> (o, vo),

E€Th
where
(20) s(up,vn) = > h' (uo — up, vo — vy) ok,
E€T,
(21) dN (up,vp) = —(TNuy, vp)r -
The bilinear form s(-, -) is called stabilizer or smoother.

Then, we arrive at the weak Galerkin finite element formulation: find u, =
{ug,up} € V3 and up = Qpg on T'g such that

(22) ahN(Uh,Uh) = (f,v0) Von ={vo,vp} € Vo,hs

where @y, is the L? projection operator from L?(e) onto Pi(e). In particular, we
define a seminorm for v, € Vj, by

(23) lonll> = > IIVavallz + D hg'lve — wll3e + k2 llowl13 r,s
E€Ty, Ee€Ty,

where
o0

|0L0|2 1
lonll3 r, = ==+ D1+ 72)2 (Jan]* + [bn]?),
n=1

where a,, and b,, are Fourier coefficients of vy,.
The following lemma derive an analogy of Garding’s inequality.

Lemma 3.1. There exist positive constants o and 3 satisfying
(24) Re{ay (vn, vn)} + allvol* = Bllon]? + [lvoll?),
for all vy, € V3.
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Proof. Since

an (vn,vn) = Z (Vavn, Vavr) g + s(vn, o) + dY (vn, vs) — k*(vo, vo)

EeTy,
(25) = > IVavnllz + Y hgtllvo — wli3e — K llvoll* = (TN vy, vp)r .-
EcTh EcTh,

Using the estimate in [18], one has
Re{—(T™ vy, v, } = —cllvsl[f r-
By the Sobolev embedding theorem, we have
lvsll6.rs < cllvnll3 .-
Therefore, we can obtain
Re{—(Tva,vb>pR} > _C”UbHQ%,FR'
Substituting the above inequality into (25) yields

Refaf) (on, o)} = 3 IVavnly + 37 A lloo — vnl35 — K20l = clunl 1,
EeTy, EeTy,

1 1
> cllonll® = F[lvoll* = exz lvall® = e(1 = 75)lonll” — k2 [lvo].

Then there exist two positive constants a and 3 such that
Re{ayy (vn, vn)} + allvol* = Blvall® + [lvoll?)-
This completes the proof. O
We end this section with the well-possedness of the weak Galerkin discretization
scheme (22).
Theorem 3.2. The weak Galerkin finite element discretization scheme (22) has a

unique solution in the finite element space V.

Proof. Since the weak Galerkin finite element scheme (22) is a linear system, the
well-posedness is equivalent to the uniqueness of the solution. To prove the unique-
ness, let up1 and up 2 be two solutions of scheme (22), then € = up 1 — up 2 is the
solution of (22) with the condition that f = 0.
Letting vy, = £ in (22), we have
(26)
ay (6,6) = Y IVaéllz + D ha'lléo — &ll3e — K ll%ll* — (TN &, &)ry = 0.
Ee€Th E€Th
The above equation implies that
FIol® = Y IVatlz + Y hi'lléo = &llde — Re(TVE, &)ra,
EeT, EeT,
27)  Im(TN&, &), =0.
According to (see Lemma 3.3 in [30])
(28) Re(T™ &, &)ry, <0,
and the boundness of the DtN operator

(TN &, &)rn < ITVE g rolléollsr,

1
<&l r, < ezslel’,
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there exists a constant ¢ > 0 such that

1+ &
(20) ol < L5 pepe

Now we have from Garding’s inequality (24) of Lemma 3.1 that

(30) Re{ay (€,€)} + all&l® = BUIEN? + lI&l1%)-
Thus, it follows from the estimate (29) that

ca(l+ %)

(31) BUER + 1&ll*) < aliéoll” < ——5"=llel* < §|||§|||2,

In view of k > 1, it yields

Therefore,

(32) l€l® + ligoll® = 0,

which implies that £, = 0 and

IEl? = D IVaéllz+ D hptlléo —&lide + Y hotll&l? , =o0.

EeTy Ee€Th ecEft

This shows that £ is a constant and & = &y|sr = 0. Thus, { = 0 and consequently,
Up,1 = Up,2. This completes the proof. 0O

4. Error Estimates

In this section, we will establish some error estimates for the weak Galerkin
finite element solution wuy, arising from (22). First, we define some local projection
operators and then derive some approximation properties which are useful in error
analysis. For each element E € Ty,, denote by Qo the L? projection from L?(E) onto
P(E). Similarly, for each edge e € &, let Qp be the L? projection operator from
L?(e) onto Pi(e). Denote by Ry, the L? projection onto the local discrete gradient
space [Py(E)]?. What’s more, we define a projection operator Qnv = {Qov, Qpv} :
HY(QRr) — Vj, for any v € H*(Qg). Then, on each element E € Tj,, we have

(33) Va(Qnw) = RpyVw  Yw € HY(Qg).

The following lemmas provide some estimates for the projection operators Q) and
Ry, [32, 38].

Lemma 4.1. Let T, be a shape reqular polygonal finite element partition of the
domain Qg. Then for any ¢ € H*(QRr), we have

(34) > o —QudlE+ DY hpllV(e— Qud)lE < ch*|4]5,

EeTy EeTy

(35) S V- RVl = D V= Va(@uo)lf < ch®||o]3.

E€Th Ec€Ty,
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Lemma 4.2. Let T, be a shape reqular polygonal finite element partition of the
domain Qg. Then for any ¢ € H?(Qr) and vy, = {vo,vp} € Vi, we have

(36) > b Qo — Qué, vo — wh)or

EeTy,

< chl|gll2]lvnll;

Z (Vo — Ry @) -n,v9 — vp)or

EeT,

=Y (Vo — Va(Quo)) - n,v0 — m)or

EeTy,
(37) <chl|p||2[lv -

4.1. Error Equation. Define an error function e, = {eg, es} = {Qou — ug, Qpu —
up}t = Qru — up. We derive an error equation for e, in the following lemma.

Lemma 4.3. The error function ey satisfies the following equation for all v, =
{vo,vp} € Vo,

> (Vaen, Vavn)g + s(en, vn) — k(eo, v0) + d™ (en, vn)
EeT,

(38) = Z ((Vu — RpVu) -n,v9 — vp)or + $(Qpu,vp) + dN(u, vp) — d(u, vp).
EeTy

Proof. Testing (4) by v with v, = {vo,vp} € V1, we have

(39) > (Vu, Voo)r — Y (Vu-n,v0)op — K (u,v0) = (f,v0).
E€Th E€Th
It follows from (6) that
(40) Z (Vu-n,vp)or = (Vu-n,v)rp = (TU, )15
E€Th

Substituting (40) into (39) gives

Z (Vu, Vo) — Z (V- n,v0 — v)or — k*(u,v0) — (TN u, vp)rp,
EE€T E€Th

(41) = (f,v0) + (T = T™)u, vp)r .-
By (33) and the definitions of @}, R, and the discrete weak gradient, we have

(VaQnu, Vavn) g = (R Vu, Vavn) g
= —(vo, V- (R,Vu))g + (vp, (RhVu) - n)op
= (Vwg, RpVu)g — (vg — vp, (R, VU) - n)oE
(42) = (Vwo, Vu)g — (vg — vp, (R Vu) - n)oE.

Combining (41) and (42) yields
> (VaQnu, Vavn) s — K (u, v0) — (TN u, v6)r
EeTy,

(43) = (fovo)+ D> {(Vu—RpVu) - n,vo — vp)ar + (T — TN )u, vp)r,-
EcTh,
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Adding > hE(Qou — Qpu,vo — vp)or on the both sides of the above equation
EcT

and using the definitions of Qo and Qy, we arrive at
> (VaQuu, Vavn)e + Y hg'(Qou — Quu, v — vp)ar — k*(Qou, vo)
E€T EeTh
— (Qu(TNu), vp)ry

= (f,v0)+ D> ((Vu—RyVu)-n,v0 — w)ap + (T — TV )u, vp)r,
EeTy,

(44) + > hp'(Qou — Quu, vo — vy) o
E€Th
Therefore, subtracting (22) from (44) leads to
> (Vaen, Vavn)p+ Y hi'{eo — en,v0 — vy)om — k(eo, vo)
EeTh EE€T,
— (TN ey, vp)ry,

= Z (Vu — RpVu) -n,vg — v)or + (T — TN )u, vp)rp

EeT,
(45) + > b (Qou — Quu, vo — vy o,
E€Th
where TVey, £ Qu(TNu) — TN uy,. This completes the proof. O

4.2. Error Analysis. Using the error equation (38), we now turn to the error
estimate for the weak Galerkin finite element solution.

Theorem 4.4. Let u € H?*(QR) be the solution of (4)—~(6) and up € Vi, be the

solution of scheme (22). Then the error function e, = Qpu — uyp, satisfies the

following estimate

e(N,u)
kN

where ¢ > 0 is a constant independent of h and N, and e(N,u) is a function of the
truncation order N and the function u satisfying e(N,u) — 0 as N — oo.

(46) I@nu = unll < cklleoll + chllull2 + ¢ [[ll2;

Proof. We first take vj, = ¢, in the error equation (38) yields
Z llenlls + Z h'lleo — evll3e — (TN en, ev)ry,

EeT, EeTy,
= kleol® + D ((Vu— RyVu) -n,eq — enor + d™ (u,en) — d(u, ep)
E€7-h
(47) + > hp'(Qou — Quu, €0 — er)on-
EcTh

Then, take the real part of the above equation, we have

> llenllm+ Y hitlleo — esll3e — Re(TNen, ey,

EE€T, EeT,
= k2H60||2 + Re{ Z <(Vu — RhVu) “n,ep — eb>aE
EeTy,
(48) + 7 hEHQuu— Qoo — er)om + d (uyen) — d(u,en) |-

EeTy
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Since (see Lemma 3.3 in [30])
Re <T eb,eb> < 0,

then, we can deduce as follows

lleall® < Klleoll* + | Y (Vu = RaVu) - n,e0 — er)or

EeTy,

(49) +1Y) 0 hp (Qou— Quu,e0 — ev)or

EeT,

—|—|d (u,ep) — d(u,eh)‘.

Next, let us bound the terms on the right hand side of (49) one by one. From the
estimates (36), (37) and Young’s inequality we have

Z h' (Qou — Quu, eq — €b)or

EeTy

< chllullzllenll < ch?|lull} + —|||6h|||27

Z ((Vu— RpVu) -n,eq — ep)or
EeTy

1
< chllullzen] < ch®[lull3 + Slenl”

In view of the trace theorem, there exist a bounded linear operator v : H'(Qg) —
H'/?(I'p) and using the estimate (14) in Lemma 2.3, we get

|dN(u,eh) —d(u,ep) | = | T—TN)’yu ey pR|

<l (T =TV)vull g rpllesll s rg

(N, u)
fCTHUHﬂ\@bH%,rR
(N, u)
< S g llen
(N, u)
ezl I3+ —|||eh|||2,

A

Sc

where ¢(N,u) be defined in (15). Consequently,

(N, u)

llenl? < 2k?[leoll? + ch?[[ull3 + e— 5575 llull3-
k2N

This completes the proof. O

Next, we analyze the error in the L2 norm by using a duality argument as was
commonly employed in the Galerkin finite element methods.

Theorem 4.5. Let u € H*(QR) be the solution of (4)—~(6) and up € Vi, be the
solution of scheme (22). If k*h + %N") < 1, there holds

(N U)

1
(50) 1Qou — || < ckh2|Julz + c(k + + + AN)

- Julz

where ¢ > 0 is a constant independent of h and N, and ¢(N,u) is a function of the
truncation order N and the function u satisfying e(N,u) — 0 as N — co.
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Proof. Now, we consider the following dual problem of (4)-(6) that seeks w €
C?(Qr) NCY(QR) satisfying

(51) —Aw—kw=r¢ inQg,
(52) w=0 onTy,
(53) g—: =Tw onlg,

It can be shown that there exists a constant ¢ such that
[wll2 < cklleoll-
By testing (51) with e, we arrive at
leoll? = (—Aw, e0) — k*(w, eo)
(54) = Z (Vw,Veo)r — Z (Vw - n,eq)e — Z (Tw, eq)e — k2 (w, e).

EcTy ecéEy) ecEl
By the definition of the discrete weak gradient and the (33), we have

(Va(Qnw), Vaen)g = (RnVw,Vaen)p = —(V - (R, VW), e0) g + (RRVW) - n,en)or
= (Veo, RyVw)g — ((RyVw) - n,eq — ep)or

(55) = (Veo, Vw)g — ((RhVw) - n,eq — ep)oE-

It follows from the error equation (38) that

> (Vaen, Va(Qnuw)) e + s(en, Qnw) — K (eo,w) + d" (en, Q)

E€Ty,
=) ((Vu— RyVu) - n,Quw — Quw)os
EeTy,
(56) + 5(Qnu, Qnw) + d (u, Qpw) — d(u, Qyw).

Substituting (55) and (56) into (54) gives
H€0||2 = Z (vwa veO)E - Z <VQJ *n,ep — €b>6 - Z <TQJ, 80>e - kQ(wv 60)

E€T, ec&y ecEft
= ) (Va(Qnw), Vaen)e + > (RnVw) - n,eq — es)or
EeTy, EE€Th
- Z (Vw-n,eq —ep)e — Z (Tw, ep)e — k*(w, e0)
e€&y ecEft
= > ((Vu—RyVu) - n,Qow — Quw)or + Y (RVw) - n,eq — ep)e
EeTy, eel’r
+ > ((RyVw) -n— Vw - n,eq — ep)e + s(Qnu, Quw) — s(en, Qnw)
e€&y

+ dN(u, Qyw) — d(u, Qpw) — dN(eh, Qvw) + d(w, ep)
Z ((Vu — RpVu) - n, Qow — Qpw)or + s(Qru, Qrw) — s(en, Qpw)

EeTy,
+ Z ((RpVw) -n —Vw-n,eq — ep)or + d™ (u, Quw)
E€Th
(57) — d(u, Qew) — d (en, Quw) + d(ep, w).



654 Q. HU, Y. HE AND K. WANG

Next, we bound each term on the right hand side of (57). It follows from the
Cauchy-Schwarz inequality, the definition of @ ,the trace inequality and the esti-
mate (34) in Lemma 4.1 that

> {(Vu— By Vu) -1, Qow — Quw)or

E€T

< ( > IVu- RNuH%E>

EeTy

[N

(Z Qo wa|%E>

EeTy,

! !

<c ( > IVu-— thu”%E) < > 11Qow — W||%E>
E€Th E€Th,

(58) < ch?||ulla[lwll2 < ckh?||ull2]leo-

Using the estimates (37) in Lemma 4.2 and (34) in Lemma 4.1, we arrive at

Z (Rp(Vw) -n—Vw-n,eq — ep)or

E€7-h
} 3
< (hE > ||Vw—Rth|%E> (Z hi'lleo —eb||%E>
EeTy, EeT,
(59) < chlenll|wll2 < ckhllen]|eo-

Analogously, it follows from the estimates (36) in Lemma 4.2 and (35) in Lemma
4.1, we obtain

|s(en, Qnw))|
<D hp'eo — e, Qow — Quw)| = | Y hip'(eo — e, Qow — w)
E€Th EcTh,
< < > hptleo - 6b|§E> ( Y hElQow —wlip + | V(Qow — oJ)|§E>
EeTy, E€Ty,
(60)

< chllenllllwllz < ckhllenlllleoll-

Based on the trace inequality and the estimate (34) in Lemma 4.1, it yields

|s(Qnu, Qpw)| < Z h (Qou — Quu, Qow — Qpw)

EcT,
3 3
< (Z h;;anou—m%E) (Z h;nQow—m%E)
EcTy, E€T,
(61) < ch?||ullal|w]l2 < ckh?|Jul2eoll.

According to the trace theorem, there exist a bounded linear operator v : H*(Qg) —
H'?(Tg) and using the estimate (14) in Lemma 2.3 and the definition of Q;, we
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can get
|d(w, en) — d¥ (Qow, en)| = (T — TV )yw, ep)|
< el = TVl g rllenlly o
(N, u)
< A el
L u)
ey Iwllzller]
N, u
(62) < LDy, e,
where €(N,u) be defined in (15). Similarly, we also have
e(N,u
(i, Q) — (0, Q)] < XN @y
e(N,u)
< e llullzllwll2
(63) < ek SN ul|
eol|-
Substituting (58)—(63) and the estimate (46) into (57)7 we get
ke(N,u 1 e(N,u
(64)  leo| < c(k*h + g)||eo|\ + ckh?||ullg + c(k + — + hN) ( 5 )Hqu
N k N
Assume that k2h + (N W < 1, we arrive at
1 N,u
(65) leoll < ckh?lull + ek + 7+ ) D
This completes the proof. O

Combining the results of Theorem 4.4 and Theorem 4.5, we have the following
error estimate.

Theorem 4.6. Let u € H?(QR) be the solution of (4)—~(6) and up € Vi, be the
solution of scheme (22). If k*h + w < 1, there holds

E+1 1 e(N,u)

where ¢ > 0 is a constant independent of h and N, and ¢(N,u) is a function of the
truncation order N and the function u satisfying e(N,u) — 0 as N — co.

(66) IQnu — unll < e(k*h + 1)hllull2 + e

5. Numerical Experiments

Throughout this section, we consider the following two dimensional Helmholtz
problem,

(67) —Au—Ku=f inQp,

(68) u=g on Iy,
1

(69) gz iku+ gzu onTg,

where (69) is the first order approximation of (6), which is proposed by Feng in
[10], Engquist and Majda in [8, 9], Bayliss, Gunzburger and Turkel in [1, 2]. The
boundaries 'y and 'y are two circles with radius Ry and R respectively, and both
circles share the same center (0,0). The region Qg is the annular between 'y and
Ix.
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In this section, we present the numerical results to validate our theoretical results.
Let up, = {uo, up} be the numerical solution of (22), and u be the solution of (4)—(6).
Let Quu = {Qou, Qyu} be the L? projection of u onto the appropriately defined
spaces. The error for the weak Galerkin solution of (22) shall be measured in three
norms defined as follows:

|Qnu — un|l1,n = < Z Z hEI/|QOU_Qbu_UO+U:b|2d5

E€T), ecOFE

1/2
+ Z / IVa(Qnu — up)|? da:) (Discrete H! norm),
E

EeTy

1/2
Z / |Qou — uo|? da (Element — based L? norm),
EeT, U F

1Qou — uo| = <

1/2
|Qpu — up|| = <Z he / |Qvu — ub|2ds> (Edge — based L? norm).

ecép

Example 1. We first consider the Helmholtz equation defined on Qp. Here, we
set f = sin(kr)/r, where r = /(22 + y2). The boundary data ¢ is chosen so that
the exact solution is
" cos(kr)  cosk + 1'smk Jo(kr),
r k(Jo(k) +1J1(k))

in polar coordinates, where J¢(z) are Bessel functions of the first kind and order &.

Uniform triangular partitions were used in the computation through successive
mesh refinements. The numerical errors for the corresponding weak Galerkin so-
lutions in H' and L? norms and the convergence rate are collected in Table 1
and Table 2. Table 1 shows the performance of the weak Galerkin finite element
method with £ = 4, Ry = 0.5, R = 1 and Table 2 illustrates the performance of the
weak Galerkin finite element method with & = 10, Ry = 0.05, R = 0.1. For both
cases, we can observe an optimal convergence rate, i.e., the error measured in H'!
norm is O(h) and in L? norm is O(h?), which are in agreement with the theoretical
prediction.

TABLE 1. Convergence rates with k =4, Ry = 0.5, R = 1.

h 1Qru —upll1,n rate ||Qou —uoll rate [[Qpu—up| rate
0.44026 2.1074e+4-00 - 2.8850e—01 - 2.8634e—01 -
0.22518 5.3785e—01  2.04 3.5335e—02 3.13 3.3836e—02 3.19
0.11421 2.4113e—01 1.18 7.8663e—03 2.21 7.5125e—03 2.22
0.0576 1.1683e—01 1.06 1.9142e¢—03 2.06 1.8268e—03 2.07

0.028941  5.7881e—02  1.02 4.7537e—04 2.02 4.5358e—04 2.02
0.014508  2.9215e—02  0.99 1.1864e—04 2.01 1.1320e—04 2.02

Example 2. In this example, we take f = 0 and the exact solution is chosen as

u=Je(ky/(x + 1)2 + 32) cos <5 arctan (L» .

r+1

The boundary condition g are given by the exact solutions u for £ = 1,£ = %,f = %,
respectively. Here, J¢ denotes the Bessel function of the first kind and order £. It
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TABLE 2. Convergence rates with £k = 10, Ry = 0.05, R = 0.1.

h 1Qru —upll1,n  rate ||Qou —ugl rate [[Qpu—up| rate
0.044026 5.0527e—02 - 6.9358e—04 - T7.3935e—05 -
0.022518 2.6375e—02  0.970 1.720le—04 2.08 1.3435e—05 2.54
0.011421 1.3577e—02  0.978 4.2973e—05 2.04 2.8624e—06 2.28
0.00576 7.5221e—03  0.863 1.0743e—05 2.03 6.7314e—07 2.11

0.0028941  4.4173e—03  0.773 2.6858¢e—06 2.03 1.6458e—07 2.05
0.0014508  2.6887e—03  0.719 6.7146e—07 2.01 4.0790e—08 2.02

can be checked that u is smooth for £ € N, while its derivative has a singularity at
(—1,0) for £ ¢ N.

With k = 4, Ry = 0.5, R = 1, Tables 3-5 show the errors in H' norm and L?
norm for § = 1,& = %,5 = %, respectively. It can be seen that in all three cases, the
numerical convergence rates in H'! norm and L? norm for weak Galerkin solution
are first and second orders.

TABLE 3. Convergence rates with k =4, Ry =0.5,R=1,{ = 1.

h |Qru —upll1n  rate ||Qou —ugl| rate [|Qpu—up| rate
0.44026 2.6242e4-00 - 3.7813e—01 - 3.6757e—01 -
0.22518 6.9062e—01 1.99 4.7471e—02 3.10 3.8784e—02 3.35
0.11421 3.1223e—01 1.17  1.0517e—02 2.22 8.1035e—03 2.31
0.0576 1.5475e—01 1.03  2.5560e—03 2.07 1.9731e—03 2.09

0.028941  7.8362e—02  0.987 6.3457e—04 2.02 4.7883e—04 2.03
0.014508  4.0623e—02  0.951 1.5837e—04 2.01 1.1937e—04 2.01

TABLE 4. Convergence rates with k =4, Ry = 0.5, R =1,£ = 3/2.

h |Qru —upll1n  rate ||Qou —ugl| rate [|Qpu—up| rate
0.44026 2.2505e4-00 - 3.1144e—01 - 3.137e—01 -
0.22518 5.8287e—01 2.01 3.7614e—02 3.15 3.3020e—02 3.36
0.11421 2.6463e—01 1.16 8.2983e—03 2.23 6.9901e—03 2.29
0.0576 1.3128e—01 1.02  2.0152e—03 2.07 1.6793e—03 2.08

0.028941  6.6734e—02  0.983 5.0023e—04 2.02 4.1574e—04 2.03
0.014508  3.4729¢e—02  0.946 1.2484e—04 2.01 1.0368e—04 2.01

TABLE 5. Convergence rates with k =4, Ry = 0.5, R =1,£ = 2/3.

h 1Qru —upll1n  rate |[|Qou —ugl| rate [[Qpu—up| rate
0.44026 2.9608e+-00 - 4.3740e—01 - 4.1104e—01 -
0.22518 8.3163e—01 1.89 5.7760e—02 3.02 4.6698¢—02 3.24
0.11421 3.8679e—01 1.13  1.2932e—02 2.20 1.0126e—02 2.25
0.0576 1.9697¢—01  0.986 3.1597e—03 2.06 2.5104e—03 2.04

0.028941 1.0354e—01  0.934 7.8887e—04 2.02 6.5074e—04 1.96
0.014508  5.6068e—02  0.888 1.9846e—04 2.00 1.7321e—04 1.92
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Example 3. In this study, we take f = 0 and the exact solution is chosen as

u = Je(ky/(x +0.1)2 + y2) cos (f arctan (x +y0 1)) .

The boundary condition g are given by the exact solutions u for £ = 1,£ = 3/2,£ =
2/3. Tt can be checked that its derivative has a singularity at (—0.1,0) for £ ¢ N.
With k& = 10, Ry = 0.05, R = 0.1, Tables 6-8 show the errors in H' norm and L?
norm for £ =1,& = %,5 = %, respectively. It shows that for £ = 1, the numerical
convergence rate in H' norm and L? norm for weak Galerkin solution is first and
second order. For £ = %, the rates of convergence decrease in H' norm and keeps
second order in L? norm. However, the convergence rates decreases in both kinds

of norms for the non-smooth case £ = %

TABLE 6. Convergence rates with £k =10, Ryp = 0.05, R=0.1,¢( = 1.

h |Qrnu —up|l1,n  rate ||Qou —ugl rate ||Qpu—up|| rate
0.044026  8.3623e—02 - 1.1667¢—03 -  2.7400e—04 -
0.022518 4.2343e—02 1.02  2.9151e—04 2.07 6.5145e—05 2.14
0.011421 2.1360e—02 1.01 7.2967e—05 2.04 1.5968e—05 2.07
0.00576 1.1018e—02  0.967 1.8250e—05 2.02 3.9645e—06 2.04

0.0028941  5.8388e—03  0.923 4.5632¢e—06 2.01 9.8855e—07 2.02
0.0014508  3.1888¢—03  0.876 1.1408¢—06 2.01 2.4687¢—07 2.01

TABLE 7. Convergence rates with k = 10, Ry = 0.05, R = 0.1,£ = 3/2.

h |Qru —uplli,n  rate ||Qou —ugl rate [[Qpu—up| rate
0.044026 6.6068e—02 - 7.6287e—04 - 3.4584e—04 -
0.022518 3.6240e—02  0.896 1.9295e—04 2.05 9.1257e—05 1.99
0.011421 1.9134e—02  0.941 4.8475e—05 2.03 2.3363e—05 2.01
0.00576 1.1000e—02  0.809 1.2139e—05 2.02 5.8936e—06 2.01

0.0028941  6.7183e—03  0.716 3.0363e—06 2.01 1.4778e—06 2.01
0.0014508  4.2287e¢—03  0.670 7.5922¢—07 2.01 3.6974e—07 2.01

TABLE 8. Convergence rates with k£ = 10, Ry = 0.05, R = 0.1,£ = 2/3.

h 1Qru —upll1,n  rate ||Qou —ugl rate [[Qpu—up| rate
0.044026 1.4470e—01 - 1.4832e—-03 - 1.0788e—-03 -
0.022518 8.5593e—02  0.783 3.8020e—04 2.03 3.5780e—04 1.64
0.011421 5.1677e—02  0.743 9.9683e—05 1.97 1.1693e—04 1.65
0.00576 3.1754e—02  0.711 2.6730e—05 1.92 3.7795e—05 1.65

0.0028941  1.9740e—02  0.691 7.3538e—06 1.88 1.2112e—05 1.65
0.0014508  1.2354e—02  0.679 2.0788¢—06 1.83 3.8582¢—06 1.66

Example 4. In this numerical test, we will investigate the performance of weak
Galerkin finite element method for the same setting as Example 1 with large wave
number k. We solve the problem with Ry = 0.05, R = 1 for four wave numbers
k =5,k =10k =50,k = 100. The errors of weak Galerkin solution in H' norm
and L? norm respective to k are shown in Figure 2 and Figure 3. It can be seen
that the weak Galerkin finite element method are convergent for four cases.
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FIGURE 2. The errors for four wave numbers k = 5,k = 10,k =
50,k = 100. (a) Discrete H! norm. (b) Element-based L? norm.
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FIGURE 3. The errors in edge-based L? norm for four wave num-
bers k =5,k =10,k = 50, k = 100.

6. Conclusions

This paper introduces a weak Galerkin finite element method for the exterior
Helmholtz problem. We reduce the original boundary value problem equivalently
to a nonlocal boundary value problem by the exact Dirichlet to Neumann (DtN)
boundary condition. In practice, one needs to truncate the infinite series of the
exact DtN operator at a finite order. Thus, the error estimate include the effect of
truncation of the DtN operator and the numerical discretization.
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