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Abstract

This paper presents a boundary integral equation method for finding the solution of
Robin problems in bounded and unbounded multiply connected regions. The Robin
problems are formulated as Riemann-Hilbert problems which lead to systems of
integral equations and the related differential equations are also constructed that give
rise to unique solutions, which are shown. Numerical results on several test regions
are presented to illustrate that the approximate solution when using this method for
the Robin problems when the boundaries are sufficiently smooth are accurate.

Keywords: Robin problem; Riemann-Hilbert problem; integral equation; generalized
Neumann kernel; multiply connected region

1 Introduction

A boundary value problem is a problem that involves finding the solution of a differential
equation or system of differential equation which meets certain specified requirements or
boundary conditions at the end points or along a boundary, usually connected with the
physical condition for certain values of the independent variable. This paper considers
Laplace’s equation Au = 0 in both bounded and unbounded multiply connected regions 2
with a linear combination of Dirichlet and Neumann boundary conditions on the bound-
ary I' = 0, generally known as a mixed boundary value problem and commonly called
the Robin problem.

Applications of mixed boundary value problems exist in large numbers in classical math-
ematical physics, physical geodesy, electro-magnetics, analysis of measurement [1, 2], and
specific boundary problems such as the Dirichlet problem and the Neumann problem [3].
The applications of the mixed boundary value problem in potential theory can be found
in [4].

It has been shown that the problem of conformal mapping, the Dirichlet problem, the
Neumann problem, and the mixed Dirichlet-Neumann problem can all be treated as Rie-
mann Hilbert (briefly RH) problems as discussed in [5-7]. The interplay of RH problems
and the boundary Fredholm integral equation with the generalized Neumann kernel has
been investigated in [8] for simply connected regions with smooth and piecewise smooth
boundaries and in [9] for bounded and unbounded multiply connected regions.
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Earlier, the well-known integral equations for RH problem have been employed for
solving the Dirichlet problem and the Neumann problem [5] and the mixed Dirichlet-
Neumann problem [6]. They are uniquely solvable Fredholm integral equations of the sec-
ond kind. However, the problems in [5] and [6] are not Robin problems, since the Dirichlet
condition and Neumann condition are given separately.

This paper solves the Robin problem by reducing it to a RH problem and hence providing
a related system of boundary integral equations. Additional conditions are given to obtain
a unique solution to the Robin problem.

This paper is organized as follows: After the presentation of some notations and auxil-
iary material in Section 2, we present in Section 3, the reduction of the Robin problems in
bounded and unbounded multiply connected regions to the RH problem. We then show
how to construct the integral equations and differential equations related to the Robin
problems. Conditions for obtaining unique solution for the Robin problems are also given.
In Section 4, we show how to treat the integral equations and differential equations numer-
ically. In Section 5, we give some numerical examples for several test regions. In Section 6

we give a short conclusion.

2 Notations and auxiliary material
Consider a multiply connected region 2 in the extended complex plane C of the following
two types [5]:

(a) A bounded region 2 of connectivity m +1 > 1 with boundary I" = Ujm=o I'; consisting
of m + 1 smooth closed Jordan curves I';, j =1,2,...,m. The curve I'y contains the other
curves I'y,...,T,,. The complement Q- := C \ Q consists of 7 bounded simply connected
components £2; interior to I';, j =1,2,...,m, and an unbounded simply connected compo-
nent  exterior to I'y (see Figure 1). We assume that 0 € Q.

(b) An unbounded region €2 of connectivity m > 1 with boundary I" = U;Zl I'; consisting
of m smooth closed Jordan curves I';,j = 1,2,...,m. The complement Q™ := C\ Q consists
of m bounded simply connected components ; interior to I', j = 1,2,..., m (see Figure 2).
We assume that 0 ¢ Q.

The orientation of the boundary I' = 92 is such that 2 is always on the left of I'. Thus,
the curves I'y,..., I, always have clockwise orientations. For bounded €2, the curve I'y

has a counterclockwise orientation. The curves I'; are parameterized by 27 -periodic twice

Figure 1 A bounded multiply connected region
2 of connectivity m+ 1.

Figure 2 An unbounded multiply connected
region 2 of connectivity m.
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continuously differentiable complex functions () with non-vanishing first derivatives,

dn;
iy = 20

40, teji=10,27],

j =0 (for bounded 2),1,2,...,m. We represent the disjoint union of the intervals /; by J as
a total parameter domain. Automatically, the whole boundary I' will be parameterized by
a complex function 7 defined on J by

no(t), t€Jo (for bounded 2),

771(t), t e]lr
n() :=

Nm(t), t€Jm.

Assume that H be the space of all real Holder continuous functions on the boundary I'.
Since 7 is smooth, a function ¢ € H can be interpreted via () = p(n(2)), £ €], as a real
Holder continuous 27 -periodic functions qg(t) of the parameter t € /, i.e.,

Ho(t), t€J (for bounded ),

A d/;l(t)’ t 6]11
P(t):= 1.

qgm(t)r t e]m,

with real Holder continuous 27 -periodic functions qu defined on J;.

From now on, for a complex-valued or a real-valued function ¥ € H defined on the
boundary I" and for ¢ € /, we will not distinguish between v (1(£)) and v (£). For ¢ € Ji, the
values ¥ (¢) will be denoted by ¥ (¢).

For given functions « € H, 8 € H, [ € H, a Robin problem is a boundary value problem
for determining a harmonic function #(x, y) harmonic in 2 and continuous on 2 UT" and
satisfying the Robin boundary condition [10]

du(n(z))
on

a@)u(n(®)) + B(2) =1lt), a(t)#0,8(t)#0,n(t)eT, 1)

where n is an exterior normal to I'. In particular, if ¢ € Ji, then (1) becomes

0
ar()u(ni(t)) + ﬂk(t)% =0(8),  ox(t) #0,Bk(t) #0,mi(t) €T, t € Ji. (2)

For unbounded €2, the function u is also required to satisfy u(z) — C as |z| — oo with a
constant C. If ;:—Eg >0, t € Ji (briefly % > 0), then the Robin problem is uniquely solvable
(see e.g. [11], p.163, [12], p.103, [13], pp.314-315, and [14], p.141). For some integral equa-
tions related to the Robin problem, see [13], p.314, and [15]. Without loss of generality, we
assume C = 0.

In this paper, we shall relate the Robin problem with the RH problem. The RH prob-
lem consists of finding a function g analytic in ©, continuous in its closure € and having

boundary values

Re[Ag] =y, 3)
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where y € H and A(¢) is a complex continuously differentiable 27 -periodic function with

A #0 for all ¢ such that

Ao(t), te]y (for bounded 2),
Al(t)! te ]1:

A(t) :=
Au(t), te]n.

For unbounded €2, the function g is also required to satisfy g(co) = 0.
The RH problem can be solved using a boundary integral equation with the generalized
Neumann kernel. Define the real kernels M and N as real and imaginary parts [8, 9]:

1 [A@ i
M=o Re[A(t) ) —n(r>]’ i

1 TA@ i
N = Cin| L e T w

The kernel N(z,¢) is called the generalized Neumann kernel formed with A and 1. When

A =1, it reduces to the classical Neumann kernel,

1 1(t)
N(T,t): ;Im[m}, T#t.

The generalized Neumann kernel (4) is continuous at ¢ = T with

1 TL/ii)) A
NG =—Im| = —= ) -2 |
e m[2<ﬁ(t)> A(r)}
The kernel M(z, £) has the representation

1 -t
M(t,t) = ~5 cotTT +M(z,t), t#rT,

with the continuous kernel M;, which takes on the diagonal the values

1 1/i@)\ A
Ml(t, t) = ; RC[E (%) - m]
For details, see [8, 9].

Let N and M; be the Fredholm integral operators associated with the continuous kernels

N and My, ie.,
N = [N ou@d, e,
M)(e) = [ M oude, e
Let M and K be the singular integral operators

(My)(r) = /} M op@dt, e, ©)
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(Ku)(t) = %/ cot<tT_t>u(t)dt, T€,k=0,1,...,m. (7)

Tk

The integrals (6) and (7) are principal value integrals. The operator K is known as the
conjugation operator. It is also known as the Hilbert transform [8]. It follows from equation
(5) that

M=M, -K
Theorem 1 ([9,16]) Ifg is a solution of the RH problem equation (3) with boundary values
Ag =y +in, (8)
then the imaginary part | in (8) satisfies the integral equation
u—Np=-My,
and the real part y in (8) satisfies the integral equation
y — Ny =Mpu.

The solvability of boundary integral equations with the generalized Neumann kernel is
determined by the index (winding number in other terminology) of the function A(t) [9].

Theorem 2 ([17] Cauchy integral formula) Let f be a function that is analytic everywhere
in Q and on a simple closed contour U'. Then the Cauchy integral formula is given by

[Bounded 2], %)

1w, [fer zen,
2niJrn-z 0, z¢Q

e Md,} = {f(z) (o), zeQ, [Unbounded ). (10)

27i Jrn—z —f (00), z¢Q

3 Reduction Robin problems in bounded and unbounded multiply connected
regions to Riemann-Hilbert problem
We consider the Robin problem (1) either bounded or unbounded. The unit exterior nor-

mal vector is given by n(n(t)) = e T T(5(t)) = —ilz% = @) = cosO(n(2)) +isinO(n(2)).

Then
3”(8’;(”) = Vi n = (i + 1)) - (cos 8 (n(®))i + isiné (n(2))j)
= cos 6 (n(t)) w +sinf (n(t)) au(;y(t))
_Re [eie(w)) (3”(87;“)) _ iau(any(t)) ) }

Assume u(z) = Re[f(z)], where f(z) = u +iv, is analytic in Q2. For bounded €2, we further as-
sume Im[f(0)] = 0, for unbounded €2, we assume f(co) = 0. Then by the Cauchy-Riemann
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equations we have f'(z) = u, —iu,. Thus,

du(n(®) _ Re[—m(t)f/(n(t))}
an 17(2)] '

Substituting this result into the Robin condition (1), we get

a(t)Re[f (1(1))] - B(®)Re [ ”(t){((”(t))] - 1. (11)
|7(2)]

It is sometimes assumed that 7;(£) are the arc length parameterization of the boundary I';,

which implies |7;(¢)| = 1. These assumptions, although convenient for theoretical work,

but in numerical aspect, it introduces an additional sources of error [18]. If 2 is a unit disk

(11) yields the same result as in Petrila [10]. Multiplying both sides of (11) by |7(£)| we get

Re[a(0)]7(0)|f (1) - iBOAE) (n(0)] = 1

or, equivalently,

Re [_i ﬁ(t){ %(f(n(t))) +ie(t)f (n(t)) ” -

where

ﬁ(t In(t)l tel.

Hence
d
-i50)] 5 (00) +iety (10) | = 10li0] +int0, ce,

where

o(t), t€Jy (for bounded 2),
/:Ll(t)r te ]11

A

Am(8),  t €T,

is an unknown function. By means of integrating factor, we obtain

d , .
—iB(t)A(2) [% (F(n®)) + ie(t)f(n(t))] =101 +in@)e?, teJ, 12)

A(t) _ eifé e(r)dr _ ei{(t)’

{(L‘):‘/0 e(t)dr.

Then equation (12) becomes

l ic (t) ic(t
S AOE ()] - T
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Letting g = —if, which is analytic on €2, we obtain

C1O(@0)]€4D + i (r)e

d
E[A(t)g(n(t))] = 50

Hence, it follows from (13) that

Aot = [ AR g [ Sngle)

0 B(z) B(z)
. [ m(r)cos¢(n) " u(r)sing () .
+ 1/(; 7/3&) dt —/(; 7,3&) dt + ¢ +icy

= y1(8) + iya(t) + ipa(£) — pa(t) + c1 +icy

= () — m2(t) + 1) +i(32(8) + (@) + c2), £ €],

where ¢y, ¢y, are unknown piecewise real constants, and

e [ LN
yz(t)::/()”(f)"ﬂ;%f(f)d,, te),

are known functions, and

[ ulo)eosz(z)
Jal) = /O MO ar, ve,

[ u(o)sing ()
Ja(8) o= /0 MO, te),

are unknown functions. Define

co1, te€jo=10,27] (for bounded £2),

¢, te)i=10,2m],
C = .

Cml» te]m = [0,277:]:

Co2, t€Jo=1[0,27] (for bounded 2),

c2, te)i=[0,27],
Cy = .

Cm2s te]m = [0,27'[],
vo1(t), t€Jo=1[0,27] (for bounded 2),

yll(t)) t e]1 = [0’2”]1
n(t) =

le(t), t e]m = [01 27[])

Page 7 of 23

(13)

(14)

(15)

(16)

17)

(18)
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vo2(t), t€Jy=1[0,2n] (for bounded 2),
VlZ(t)x t€]1 = [0,27'(],

ya(t) = 1.
VmZ(t)! te]m = [0:27[];
woi(t), tejy=1[0,2m] (for bounded ),
uu(t), teli=[0,2m],

m@)=3.
//Lml(t)! te]m = [0’27[]:
no2(t), t€jo=1[0,27] (for bounded 2),
wi2(2), tei=[0,2x],

Ma(t) = 1.
Mm2(t)¢ te]m = [O¢27T]

Then we can write (14) briefly as
A)gt) =y (@) +in(t), te], 19)
where g(t) = g(n(t)),

Y (&) = vi(t) — pa(t) + 1, (20)

u(t) = ya(t) + pa(£) + ca. (21)

The real part of (19) yields the RH problem. The function A(£) = €% is in general not peri-
odic. To apply the result of Theorem 1, A(t) must be periodic. The function A(¢) is periodic
if we assume ¢ (27) — £(0) = 2. Thus, Theorem 1 implies that (19) can be reformulated as

(I-N)(y2(8) + pa(t) + c2) = -M(y1(t) — pa(t) + 1), te, (22)

I-N)(11(t) = u2(t) + c1) = M(2(t) + 1 () + ), tej. (23)
We next show that the above system of integral equations are linearly independent.

Theorem 3 Let % > 0. Then the following system of integral equations are linearly inde-

pendent:
(I-N)x = -My, (24)
(I-N)y=Mx (25)
forx,ye H.

Proof We define the functions S and T as

S(x,y) = (I-N)x + My,

T(x,y) = (I-N)y — Mx
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for all x,y € H. Suppose that equations (24) and (25) are linearly dependent, then there
exists d € R \ {0} such that S(x,y) = dT(x,y) for all x,y € H or

(I-N)x+My= d((I -N)y - Mx), Vx,y € H.
It follows from this that

(I-N)x = —dMx, (26)
My=d(I-N)y (27)

for all x,y € H. Note that the Robin problem is uniquely solvable subject to % > 0. There-
fore the system of integral equations

(I-N)u = -My, (28)

(I-N)y =Mp (29)

has the solution (i, y), where y (¢) = y1(£) — o (¢) + ¢1 and pu(t) = v (£) + 1 (¢) + c2. Equations
(26) and (27) are true forx = pand y =y, i.e.,

(I-N)u = —dMp, (30)
My =d(I-N)y. (31)

Using (28) and (29), equations (30) and (31) become

My =dMy, (32)
~I-N)u=d(I-N)y. (33)

Multiplying both sides of (33) by (I - N)™!, we get
—-n=dy.
Then from (32), we have
My = —-d’My. (34)

Since (28) and (29) has non-trivial solutions (i, ¥) and (I- N) is invertible, My # 0. Hence

by (34)
d* = -1
It contradicts d € R. The theorem is proven. g

Equations (22) and (23) imply

(I=N)ua(£) = Mo (£) + Mey + (I-N)cp

=-Mp () -I-N)p(t), te), (35)
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~Mp(8) = (T-N)pz(2) + (I-N)e; — Mc,

=—(I-N)y1(t) + Mya(t), te].

Applying the definitions of the integral operators N and M, we get
(o) - f N(n(@),n(0) 2 (6)dt - / M(n(2), 1) o) dt
i i
+ /M(n(t), n(t))cl dt + <C2 - /N(r}(r), n(t))cz dt)
i i
= —/]M(fl(f),n(t))h(t) dt - (Vz(f) - /}N(n(f),n(t))yz(t) dt>, T€],
- /]M(n(f), n(8))pa(8) dt — pa(7) + /}N(n(r)f n(2)) o (t) dt
. <c1 - / N(n(0) n0)a dt) - / M(n(2), 1(0))ca dt

(ylt)—/N

ylt)dt) /M @)@ ds, T el

Page 10 of 23

(36)

(37)

(38)

The system of integral equations (37) and (38) is in two unknown real functions p; (£), o (t)

and two unknown real constants cj, co. Furthermore, by the definitions of the functions

n1(t), na(t) given in (17), (18), we have a condition in the form of a differential equation,

sin( () 1 (6) = cos (£ (6)) ua(6) =0, €],
and the conditions
u1(0)=0, and uy(0)=

For bounded region €2, since Imf(0) = 0, we have Re[g(0)]

(39)

(40)

= 0. Applying the Cauchy in-

tegral formula for the bounded region Q2 in Theorem 2 together with (19), (20), and (21),

yields
1 (g, 1 g(n(t))
£(0) = 27ri/ n dn = 27 n(t) n(e)d
[V1(t) W (t) + c1 +i(ya(2) + pa(t) + Cz)]n(t) ey
" i A(On(t) b '
Thus Re[g(0)] = 0 implies that

+ (y2() + 1 (t) + c2) Re

1) 7 (t) B
/] [(m(t) ~pa(t)+ 1) Im P (t)]dt— 0,

which gives rise to the following condition for (), 2(£), 1, and ¢;:
1(£) 1(t) 1(t)
dt — d
/] Re Zom™ O /,ImA(tm(t) ot dis /, ™ A0
i () i)
+ /]Re A(t)n(t)czdt = __[ImA(t)n(t) n(t)dt - /]Re A0 vy (t) dt.

te),

(41)
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In summary to solve the Robin problem (1) on a bounded multiply connected regions,
we solve for wi(t), ua(t), ¢, and ¢; from (37), (38), (40), and (41). Then we compute
g(n(¢)) from (14). Using the relation g = —if we get f(n(¢)) = ig(n(¢)) and hence u(n(t)) =
Re[f(n(¢))]. The interior values of f can be computed via the Cauchy integral formula (9),
which yields u(z) = Re[f(2)] for z € Q.

For an unbounded region €2, since f(co) = 0, we have g(co) = 0. By using the Cauchy

integral formula for the unbounded region €2 in Theorem 2, we have

—g(00), z¢ Q.

1 g(”)d | glz) —g(o0), zeg,
27i Jrn—z B

Sincez=0 ¢ €,
1 (n)
— | £ 4y = —g(0) = 0.
2wi Jr 1

Applying (19), (20), and (21), we get

0; te];

1 / Y1(8) = pa(8) + 1 + i(a(8) + () + &) (B dt
27 J, A(r) n(®

or, equivalently,

/[yl(n—uz(t)+c1+i(y2(t)+m(t)+c2)][R MO A0 }dtzo,
]

CAne T A0

which implies

1(t)
f][(m(t) - ua(t) + 1) ImA(t)n(t)

1(t)
+ (12(6) + 111(6) + c2) Re A(t)n(t)] *

. i(6)
i /] [(n(t) - i) + ) Re
()
AW

— (72(8) + pa(2) + ) Im :| dt=0, te]. (42)

The real part and imaginary part of equation (42), respectively, yield

/] [(yl(t) sl + ) Im A(Z)(;)(t) + (120 + 10(0) + ) Re A(’g?(t)]dt: 0 te),
and
/] [(J/l(t)—uz(t)Hl)Re A(Z)(;)(t) ~ (1a(0) + pa(®) + ) Im A[’;;)(t)}dt:o, te),
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which gives rise to the conditions

i(6) i(6)
/,RGA(t) @t /, A0

)
1(t) n(t)
+/,ImA(t)n(t)Cldt+/,RGA(t)n(t)Czdt
) i) i)
——/]Im A0 yl(t)dt—/]Re A0 wt)dt, te], 43)

and

i(6) i(6)
‘/, Im o4~ /, Re om0
i(6) i(6)
+ //ARGA(t)n(t)Cl dt_//AImA(t)n(t)CZ dt

_ n(t) 1(t)
= _,[RGA(t)n(t) yl(t)dt—/]Im A0 w(t)dt, te]. (44)

In summary to solve the Robin problem (1) on an unbounded multiply connected regions,
we solve for uy(t), uo2(£), ¢1, and ¢, from (37), (38) (40), (43), and (44). Then we compute
g(n(t)) from (14). Using the relation g = —if we get f(n(¢)) = ig(n(t)) and hence f(n(t)) =
u(n(t)) +iv(n(¢)). The exterior values of f can be computed via the Cauchy integral formula
(10), which yields u(z) = Re[f(2)] for z € Q.

4 Numerical implementation

Since the functions A(t) and 7(t) are 27 -periodic, the integral equations in (35) and (36)
can be best discretized on an equidistant grid by the Nystréom method with trapezoidal
rule using 7 equidistant nodes [19]. Since M = M; — K, the integrals involving the singu-
lar kernel K(z,t) are discretized using the Wittich method [20]. Define the # equidistant

collocation points ¢; by

2 (i—1)

n

) i=1,2,3,...,l’l

Discretizing the integral equations (37) and (38) on J, we obtain, respectively, the linear

systems

pa6) = 25 N n (@) a(6) + 32 Kt §)ial) o S My (e ) )

Jj=1 Jj=1 Jj=1

=Y Kty ter + 27” > Mi(nE)n(e))er +ea - 27” > N, n())es

j=1 j=1 j=1

= —<V2(ti) - 27” Y N(n(), n(zf,))yz(t,-))

Jj=1

+ ZK(tt,t,)yl ) - ZMI n(&:),n(6)) n(5)

j=1 j=1

Page 12 of 23
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and
ZK(t,,t,)m 5) - ZMl (&), n(5) () — pa(t2)
j=1
Nl Xn:N(n(ti), n(t;)) a2 (t) + c1 - o Xn:N(n(ti), n(4))er
n 1 n 1
J= J=
n 2]_[ n
+ Y K(tot)er = = My (n(t:), n())cs
1 =
——y1<tl)+—ZN n(&), n(5)) 1 (5) - ZK(tut;)Vz(t/)
j=1 j=1
2T —
L > My (n(&:), () (),
j=1
where
K(t,8) , ifj—iis even,
v Zcot@, ifj—iis odd,
1 Al @) .
ImZE o5l ifL#y,
N((@.n(g) = {7 A @7 a0
= Imly 5y — g L=t
and

A 161, Leotihift 1,

1
= Re[
. A Aly) n(t)—n(t) -~ 2
Ml(n(tz):r’(tl)) 1 Re[l i) A(ti)] it =t
b4 2 f](ti) A(t,’) 4 i = Y.
U

Hence, we obtain 2mn equations in 2mn + 2m variables (m = 1,2

tor(t1), o1 (2), -« - o1 (En)s - -« » hom(E1)s tom(£2) - - -5 o (L),

s 11 (En)s o os am (B1)s pim(82) ..

(), pu(t), ... o Mim(Ea)s (45)
€015+ ++COm» C11y -+« Clym-

The condition (39) is discretized using a five-point central difference method [21] to obtain

mn equations. For ¢; € ], we obtain for i = 1

sin(¢ (1)) [-25u1(t1) + 48141 (£2) — 36441 (£3) + 1641 (£4) — Bt (85) ]
—cos(£(8))[~25ma2(t1) + 4812 (t2) — 3612 (t3) + 1642(ta) — B2 (ts) ] =

For i = 2, we have

sin(¢ (£2))[-31(t1) = 1041 (£2) + 18141 (£3) — 641 (ta) + pa (t5)]
— 08 (¢ (82))[-3ua(t1) — 10ua(t2) + 1812 (f3) — 62 (ta) + pa(ts) ]
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Fori=3,...,n—2,we have

sin(¢ (¢)) [ 1 (tima) — 8pa (ti-1) + 81 (tia) — pa (tiv2) |

— cos (¢ (t:)) [ 2 (tiza) — 8o (ti1) + 8o (ti1) — ma(tin2) ] = 0.
For i =n -1, we have

$in(¢ (8a-1)) [~ 401 (En-a) + 6141 (6n-3) — 1841 (En2) + 1041 (B0-1) + 3p1 ()]

—c08(Z (tn-1)) [~ 12 (tn-a) + 6112(En-z) — 1812 (t—2) + 102 (Eut) + B2 (ts)] =
For i = n, we have

sin(¢ (£n)) [3141(En-a) — 1601 (£0-3) + 3641 (B-2) — 48111 (1) + 2511 (£) ]

— 08 (¢ () [Br2(tn-a) — 1642 (t_3) + 36442 (tn—2) — 48142 (tu-1) + 2512 (tn) ] =

We now have 3mn equations in 2mn + 2m in unknowns (45). For the Robin problem on a

bounded multiply connected region, discretizing condition (41) gives
. 1(5) ] ¢ [ n(4) }
Re pa(t) — ) Im 12()
2 [A(tj)n(t/) Y ]21: Alt)n@) |7

j=1
- () - ()
+ZIm[A(t>n(t)] +§R [A(mn(t)]

j=1 1

n

e [ i) } [ itt) ]
i Z [ A ] ]Z Aty |

For the Robin problem on an unbounded multiply connected region, discretizing condi-
tions (43) and (44), we obtain

n n

]‘X:RG[A(t)ﬂ(t)] (t) Zlml:A(tj)U(tj) MZ(t])

j=1

n

+jZIm[A(t,>n o Zl [A(mn(r)]

1

=- () ] 4

j=1

T )
‘ZI [A(t,)n ]“l‘t")‘ZRe[Am)n(t,)}“ ()

j=1

n

n( _ n() ]
Z [A(t/)n t,)} ,,Zlm[wj)n(t;) -

1

" i(t)
Z [A(t)n(t)}yl(]) Zm[A(t)nm] )

j=1 j=1
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Hence, for the Robin problem in a bounded multiply connected region we obtain (3mn)
by a (2mn + 2m) linear system, including the 2m condition in (40) giving a (3mn + 2m)
by (2mmn + 2m) linear system. Finally, adding the equation obtained from (41) makes a
(3mn + 2m + 1) by (2mn + 2m) over-determined linear system which is full ranked.

For the Robin problem in an unbounded multiply connected region we obtain a (3mn)
by (2mn + 2m) linear system, including the 2m condition in (40) giving a (3mn + 2m) by
(2mn + 2m) linear system. Finally, adding the two equations obtained from (43) and (44)
makes a (3mn +2m + 2) by (2mn + 2m) over-determined linear system which is full ranked.

In both cases, the obtained over-determined systems are solved using the MATLAB’s
\operator that makes use the QR factorization with a column pivoting method.

From the computed solutions w1 (£), 2 (), y1(2), y2(£), 1, and ¢y, the approximate bound-
ary values of the analytic function f,(n(t)) are calculated using the formula

fu(n@) = —(ya(8) + pa () + Cze)i;t)i(yl(t) — () + 01).

The approximate interior values of the function f(z) are calculated via the Cauchy inte-
gral formula in the form of

s ;28 dy

=S [Bounded region 2],
f@=1 I

d

Vo J) s

(46)

|§,

[Unbounded region €2].

=

Here f(00) = 0 for unbounded region 2. The formula in (46) has the advantage that the
denominators in this formula compensate for the error in the numerators [22, 23]. The
integrals in (46) are approximated by the trapezoidal rule. The respective discretization
formula for bounded and unbounded regions are

b Sun())n(t;)
=42 [Bounded region €],
=1 )2
Jul2) = s L))
— '7(”;;(7) [Unbounded region €].
in+d 0 ,](tl.)l_z

5 Numerical examples
We consider some examples of solving Robin problem with Robin boundary condition (1)
in bounded and unbounded multiply connected regions.

Example 1 Consider a bounded triply connected region Q bounded by

Io: no(t) =1.5cost + 0.6isint,
I: m()=07+03e",
[p: m(t)=-07+03e% 0<t<27.
For a(t), B(t), and A(t) in (1), we choose
10 — 10sin¢, t€)o,

a(t) = {2 -2sint, tel,
2cost—sin2t, tej,,
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Table 1 The errors |lu(n(t)) - un(y(t)) || o on boundary I'" for Example 1

n lu(n(®)) - un(n(t) o
32 123(-2)
64  2.88(-4)
128 228(-5)
256 1.61(-6)
512 1.07(=7)
1024 711(-9)

Table 2 Absolute errors |f(z) - f,(z)| at some selected points on £2 for Example 1

n -1.25+0.2i -0.5+0.4i 05+0.4i 1.3-0.1i
32 210(=3) 0(-4) 8.0 (-4) 130 (-3)
64 298 (-5) 6 11 (=5) 6.04 (-5) 331(-5)

128 1.80(-6) 7.68 (-6) 6.80 (-6) 161 (-6)
256 1.99(-7) 579 (-7) 5.10(=7) 8.08 (-8)
512 1.57(-8) 5.13 (-8) 353(-8) 448 (-9)

1,024 1.15(=9) 332(-9) 239 (-9) 3.08 (-10)

and

(3v21sin’t +4), tejo,
IB(t) = 067 t e]lr
0.6 cost, tej,.

The function [(¢) in (1) is obtained by choosing an exact solution u(z) = Re[f(z)], where
f(z) = cos(z) — 2. This yields the exact values co; = 0, cop = 1.9293, ¢11 = 0, c12 = 1.4597,
c21 = 0, and ¢y, = 1.0789. For this example, A(t) = e+, ¢ ¢ J. The integrals in (15) and
(16) are calculated by the Gauss-Legendre rule with 256 nodes.

Table 1 lists the maximum error norms ||u(n(£)) — u,(n(¢))|l s, where n is the number
of nodes and u,(n(¢)) is the numerical approximation of u(7(¢)) based on our method.
The errors ||f(z) — f,(z)|| at some selected points are listed in Table 2. The absolute errors
|u4(z) —u,(2)| for selected points in the entire domain are plotted in Figure 3. Figure 4 shows
the surface plot of u,(z) with n =1,024.

Example 2 Consider an unbounded triply connected region €2 with boundaries

I'1: m(t)=0.5co0st—0.3isint,
[y: 1) =-1+(0.2 +0.04cos4dt)e”™,

[5: n3(t)=1+(02+0.04cos4t)e™, 0<t<2m.
For «(t) and B(¢) in (1), we choose

10 + 20cost, te]i,
a(t)={1+2cost, te,
1+ 2cost, tejs,

Page 16 of 23
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0.8

Figure 3 The absolute errors |u(z) — u,(z)| for the entire domain with n = 1,024, for Example 1.

-0.9

Figure 4 The surface plot of u,(z) for Example 1 with n = 1,024.

Page 17 of 23

and
(v/25 16 cos? ¢, teh,
IB(t) ~ |(e_1tzc;)s4t + %)1 + 4sin242te_‘t |, teh,
- cos5t  3cos3t |, cost)2
((625((55= - =55~ + 55°)
3sin 3t sin5¢ sin#\2\\1/2
+(Fgp™ + g+ 5)) )25, te)s.

The function [(¢) in (1) is obtained by choosing an exact solution u(z) = Re[f(z)], where

flz) = % This yields the exact values, ¢11 = 0, ¢12 = =2, ¢31 = 0, ¢ = 1.3158, ¢3 = 0, and
c3p = —0.8065. For this example, A(t) = e**25"), t ¢ J. The integrals in (15) and (16) are
calculated by the Gauss-Legendre rule with 256 nodes.
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Table 3 The errors |Ju(n(t)) - u,((t)) || o on boundary I' for Example 2

n lu(n(®)) - un(n(t) o
32 138(-2)
64 9.62(-4)
128 647 (-5
256 387(-6)
512 473(-7)
1024 657(-8)

Table 4 Absolute errors |f(z) - f,(z)| at some selected points on 2 for Example 2

n -06-0.2i 0.75 08+04i 0.7+0.2i
32 70(-4) 40 (-4) 1.0(=3) 1.2(=3)
64 147 (-5) 203 (-5) 8.64(-5) 1.08 (-4)

128 651(-7) 187 (-6) 651 (-6) 795 (-6)
256 248(-7) 6.02(-7) 456 (-7) 587 (-7)
512 730(-8) 1.22(=7) 407 (-8) 727 (-8)

1,024 1.29(-8) 1.96 (-8)  5.40(-9) 1.11(-98)

Figure 5 The absolute error |u(z) - u,(2)| for the entire domain with n = 512, for Example 2.

Table 3 lists the maximum error norms || u(n(¢)) — u,(n(¢)) |0, where n is the number
of nodes and u,(n(£)) is the numerical approximation of u(n(¢)) based on our method.
The errors ||f(z) — f,(z)|| at some selected points are listed in Table 4. The absolute errors
|u4(z) —u,(2)| for selected points in the entire domain are plotted in Figure 5. Figure 6 shows
the surface plot of u,(z) with n = 512.

Example 3 Consider a bounded 4-multiply connected region €2 with boundaries

To: no(t)=1.5cost +isint,
I: m()=-05+0.3i+03e",
[y () =0.5+0.3i+0.3¢7",

Is: n3(t) =—-0.35i+0.3¢7%, 0<t<2m.
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10.5

~4-0.5

Figure 6 The surface plot of u,(z) for Example 2 with n=512.

For «(t) and B(¢) in (1), we choose

2 —2cost, t €Jo,
1-cost+2sint—sin2t, tej,
at) = )
1+ cost—2cos“t, te,
1-cost—2sint+sin2t, tejs,
and
/5 sin? +4, t€Jo,
0.3 +0.6sint, tej,
B(t) =

0.3+0.6cost, tej,
0.3-0.6sint, te€/s.

The function /(¢) in (1) is obtained by choosing an exact solution u(z) = Re[f(z)], where
f(z) = 22 — 2. This yields the exact values, co; = 0, coy = —0.25, ¢1; = =0.12, ¢ = 2.05,
o1 = 0.48, cpy = 1.45, ¢3; = —0.21, and ¢35 = 2.0325. For this example, A(f) = €9,
t € ]J. The integrals in (15) and (16) are calculated by the Gauss-Legendre rule with 256
nodes.

Table 5 lists the maximum error norms || u(1(t)) — #,,(1(£))||co, where n is the number
of nodes and u,(n(t)) is the numerical approximation of u(7(¢)) based on our method.
The errors ||f(z) — f,(z)|| at some selected points are listed in Table 6. The absolute errors
|u(z) — u,(2)| for selected points in the entire domain are plotted in Figure 7. Figure 8
shows the surface plot of u,(z) with n = 512.

Example 4 Consider an unbounded 4-multiply connected region €2 with boundaries

Ti: m(t) =095+ (0.2 +0.04cos(4t))e™,

Iy: pa(f) =0.2e7E,
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Table 5 The errors |Ju(n(t)) - u,((t)) || o on boundary I" for Example 3

n [lu(n(t)) - un(n(6) oo
32 169 (-2)
64 861 (-4)
128 498 (-5)
256 3.11(-6)
512 1.99(-7)
1,024 132(-8)

Table 6 The absolute errors |f(z) - f,(z)| at some selected points on £2 for Example 3

n -1-0.2i -0.5-0.6i 0.2+0.6i 1.2-0.3i
32 80(-4) 4.5(-3) 34(-3) 24(=-3)
64  9.10(-5) 2.24 (-4) 1.48 (-4) 1.10 (-4)

128 6.68(-6) 1.30 (-5) 8.13(-6) 6.35 (-6)
256 4.05(=7) 847 (-7) 516 (-7) 4.07 (-7)
512 233(-8) 563 (-8) 346 (-8) 2.69 (-8)

1,024 1.34 (-9) 3.74 (-9) 234(-9) 1.78 (-9)

x 10

25

Figure 7 The absolute error |u(z) - u,(2)| for the entire domain with n = 512, for Example 3.

[3: 73(t) = (0.5 +0.450) + (0.2¢7"),

Iz: na(t) =(0.5-0.45i0) + (0.2 cos(¢) — 0.1isin(¢), 0 <t <2m.
For «(¢) and B(¢) in (1), we choose

25 —25sint, teh,
1—sint +2cost — sin2¢, tej,
3(1—sint—2cost +sin2t), te€j;,
10 —10sint, t€a,

a(t) =
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Figure 8 The surface plot of u,(z) for Example 3 with n=512.

Table 7 The errors |Ju(n(t)) - un(n(t)) [l o on boundary I'" for Example 4

n [lu(n(8)) - un(n(€) oo
32 156(-2)
64 857 (-4)
128 5.16(-5)
256 3.21(-6)
512 199 (-7)
1,024 1.24(-8)

Table 8 The absolute errors |f(z) - f,(z)| at some selected points on 2 for Example 4

n 0.2-0.4i 03-02i 0.6+0.2i 1+0.5i
32 70(-4) 1.6 (-3) 13(-3) 1.1(=3)
64  3.87(-5) 1.02 (-4) 892 (-5) 37.07 (-5)

128 2.04 (-6) 6.23 (-6) 5.86 (-6) 4.58 (-6)
256  9.83(-8) 3.66 (-7) 376 (-7) 297 (-7)
512 4.34(-9) 2.12(-8) 239 (-8) 1.92 (-8)

1,024 187(-10)  1.22(-9) 151 (=9) 1.24(-9)

and
((625( 001305t _ BCgSSt + %st 2
b (B3 sty SR e
B()=10.2+0.4cost, tej,
0.6 —1.2cost, tejs,
V3sin’t +1, t€/s

The function [(¢) in (1) is obtained by choosing an exact solution u(z) = Re[f(z)], where
f(z) = % This yields the exact values, ¢11 = 0, ¢12 = —0.8403, ¢31 = 0, ¢35 = =5, ¢33 = —0.6498,
¢33 = —1.0108, c41 = 0.6498, and cqy = —1.0108. For this example, A(¢) = e/***%), t € . The
integrals in (15) and (16) are calculated by the Gauss-Legendre rule with 256 nodes.
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-5
x10

Figure 9 The absolute error |u(z) - u,(z)| for the entire domain with n = 128, for Example 4.

105

Figure 10 The surface plot of u,(z) for Example 4 with n = 128.

Table 7 lists the maximum error norms || u(1(t)) — #,,(n(£))|l0c, where n is the number
of nodes and u,(n(t)) is the numerical approximation of u(7(¢)) based on our method.
The errors ||f(z) — f,(z)|| at some selected points are listed in Table 8. The absolute errors
|u(2) — u,(z)| for selected points in the entire domain are plotted in Figure 9. Figure 10
shows the surface plot of u,(z) with n =128.

6 Conclusion

A boundary integral equation for solving both bounded and unbounded Robin problem
in multiply connected regions is presented. Unlike previous work on the mixed boundary
value problem where the Dirichlet and Neumann conditions are given separately, see [5]
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and [6], the Robin problem has a single boundary condition that is a linear combination of
the Dirichlet and Neumann. Here, the method reduces the Robin problem to a RH prob-
lem, which leads to a system of integral equations. The proof that these integral equations
are linearly independent was shown here. Differential equations were also constructed to
provide additional conditions to make the Robin problem uniquely solvable. The integral
equations were discretized by the Nystrém method with the trapezoidal rule and Wittich’s
method, while the differential equations were discretized by the five-point central differ-
ence method. The presented numerical results illustrate that the proposed method can be

used to produce approximations of high accuracy.
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