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ABSTRACT. A new calculation of Green’s function for Poisson’s equation in plane polar coordinates is
presented. The method consists in first calculating the solution to the simpler problem, but with the same
Green'’s function, that is obtained with the homogenization of the boundary conditions and then inferring
Green’s function by comparing this calculated solution with Green’s solution formula. Depending on how
the solution to the simplified problem is calculated, Green’s function may result as an integral or an infinite
series, but it is finally presented in a closed form, because it is possible to calculate the integral or the sum
of this series.

Keywords: Green’s function, Poisson, plane polar coordinates, disc sector, closed form, Dirichlet,
Neumann.

1 INTRODUCTION

This work describes a new calculation of Green’s function for Poisson’s equation in plane polar
coordinates in which it is obtained in closed form. To explain the method, we consider the domain
Q of the problem to be the disc sector shown in Figure 1 as well as the boundary conditions
to be those indicated there: Dirichlet’s on the rectilinear boundary along the x-axis and on the
circular boundary, and Neumann’s on the other rectilinear boundary. This problem is formulated

as follows:
%u 19u 1 0%u
2 e — —_—— —_— — .
Vou(r,0) = 32 + 3, +r2 302 h(r,0), r€ (0,b), 6 € (0,7); (1.1a)
u(r,0) = fo(r), r€[0,b) ; (1.1b)
u
3¢ 11 =8y(r), re(0.0); (1.1c)
u(b,0) = f,(0), 6 €0,7] ; (1.1d)
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2 CALCULATION OF GREEN’'S FUNCTION FOR POISSON’S EQUATION

where the functions fy, f3, gy, and h are continuous. We want a solution u that is continuous
in Q UdQ. In this work, we use the following notation: by writing (1.1), we refer to equations
(1.1a)—(1.1d) and therefore to the problem defined by them.

YA

= h(r,0)

Figure 1: The problem for which Green’s function is calculated in this work: that defined in
equations (1.1a)—(1.1d).

Green’s formula for the solution u(r) = u(r, ) is as follows:

G

27u(r / G(r|r')h(r)dA" — (r|r)) fF(x')ds' +/ G(r[t)g(r)ds',  (1.2)
20p On'

where dQp is the part of dQ under Dirichlet’s conditions (on which f = fy when 6 = 0 and

f = fp when r =b), dQy is the part under Neumann’s conditions (on which g = g,), and G(r|r’)

is defined as the solution to the problem

V2G(r|r') = —278(r'—r), G(r|r') =0 for ¥ € 9Qp, %(rh") =0forredQy. (1.3)

This formulation easily follows from Green’s representation formula (which is a well-established
result in the literature; see, for example, eq. (1.42) in Ref. [10].) Notice, however, that, in order
to get the above eq. (1.2) from that eq. (1.42) in Ref. [10], we need to multiply this equation
by 47/2x and replace —p /gy with h, because our problem (1.1) is two-dimensional (and not
tridimensional) and exhibits simply & (instead of —p/g) in the right-hand side of Poisson’s
equation. A rigorous development of Green’s function method for Poisson’s equation is presented
in Section 2.2.4 of Ref. [7].

The method developed in this work takes advantage of the fact that Green’s function G(r|r’) for
problem (1.1) does not depend on the boundary data formed by the functions fy, f;, gy, and h.
This statement is a direct consequence of the fact that the definition of Green’s function in (1.3)
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R.T.cOuTO 3

does not involve those functions. Then, to calculate G(r|r’), we consider the following simplified
version of problem (1.1), in which all boundary conditions are homogeneous:

0%v 1dv 1 9%

2 _ov lov 1ov _ .
Voy(r,0) = 3,2 + 3, + 2392 h(r,0), re (0,b), 6 € (0,7); (1.4a)
v(r,0)=0, r€10,b) ; (1.4b)
av
%(T,Y)ZO,TE((),b), (14C)
v(b,8) =0, 8.€0,7]. (1.4d)

The first step of the method is the calculation of the solution v(r, ) to the above problem. In
this work, we solve this problem using eigenfunction expansion, and we do it twice, first using
angular eigenfunctions and then radial eigenfunctions.

The second step is the determination of the desired Green’s function G(r|r') = G(r,0]|r,6")
[which is the same for both problems (1.1) and (1.4)] from the solution v(r) to problem (1.4)
calculated in the previous step. This is done as follows: Since, according to (1.2), Green’s formula
for the solution v(r, 8) to problem (1.4) is simply given by

1 g
v(r,@)z—g//uQ G(r|t')h(r')dA’
_ 1 Y ! b ) /! ! / /
=—— [ d6" | drrh(r,0")G(r,0]r,0"), (1.5)
2 Jo 0

it is possible to infer an expression for G(r, 0|r,0’) by writing the already calculated solution
v(r,0) in the form of the double integral on the right side of the above equation. We will see that
this writing is not an automatic task, requiring some artifices in the first step.

A third step is still necessary, because the Green’s function expression obtained in the second
step may involve an integral or an infinite series. We therefore need to evaluate this integral or
the sum of this series to obtain Green’s function in closed form.

In what follows, in Sections 2 and 3, we apply the method outlined above to calculate Green’s
function for problem (1.1) expanded into angular and radial eigenfunctions, respectively. Sec-
tion 4 shows how to compute the sum of the infinite series in the Green’s function expression
calculated in the previous two sections to finally present it in closed form. Section 5 contains a
comparison of this closed-form Green’s function with the one provided by the method of images
for the particular case when y = /2. Section 6 briefly exposes the application of the method to
an extra problem. Section 7 ends the body of the paper with final conclusions.

2 THE CALCULATION BASED ON THE ANGULAR EIGENFUNCTIONS

In this section, we perform the first step of the method: the calculation of the solution to problem
(1.4). To this end, we admit that this solution can be expanded into the eigenfunctions ©,(6) =
sin(nm6/2y) (n=1,3,5---) {cf. Ref. [2], Sec. 10.1, Prob. 19, p. 595 & 786} that arise when the
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4 CALCULATION OF GREEN’'S FUNCTION FOR POISSON’S EQUATION

separation of variables v(r,0) = R(r)®(0) is used to solve the version of problem (1.4) in which
h(r,0) = 0 (Laplace’s equation) and the boundary condition on the circular boundary (at r = b)
is not homogeneous. That is, we admit that

v(r,0) = Z vn(r)sinm. (2.1
n=135-

Notice that this expression automatically satisfies the conditions of problem (1.4) on the
boundaries at 6 =0 and 0 = ¥.

By substituting (2.1) into the partial differential equation of the problem, we get

1 27)? 0
Y {vi{—i—v;—(mr/zy)vn} sin 2 _p.
n=135" r r 2y

This result shows that the terms in brackets for n = 1,3,5-- - are the coefficients of a generalized
Fourier sine series of the function % ; therefore,

L, m2n?

2 (7 . nmo
i = ) = [T 0)sin "R = hu(r) @2)

We thus see that v, (r) is the solution to a nonhomogeneous Euler-Cauchy differential equation [9,
Sec. 1.6].

Since the general solution to the associated homogeneous equation is
vin(r) = Cint"™ 4 czn/r"”/zy ,
a particular solution by the method of variation of parameters [9, Sec. 1.9] has the form
vea(r) = An(r) P2 4 By (r) /77T (2.3)
where the functions A, (r) and B, (r) are solutions to the system of equations

A;lrnn/27_|_B;l/rn7r/2y -0
(n?t/Z}/)A;lﬂ"ﬂ/ZY)*l _ (nn/Zy)B;/r("”/27)+1 —h,

Solving it, we get

’ _ Yh(7) Y[ hn(r/) /

M) = T = M= [ 242
(nm/2y)+1 -

B =TT o g = L [y (2.4b)

Using these results in (2.3), we can write the general solution vy, (r) + vp,(r) to (2.2) as

o Y ! hn(r,) /| nm/2y
Vn(}")— |:C1n+nn_ o Wd}’ r

_l r N (T /27)+1 5 1
—|—[C2n nn/o ho(r)r dr T 2.5)
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To determine cy, and c¢p,, we impose the conditions of the problem, first the one related to
continuity. To prevent (2.5) from becoming infinite when r — 0, it is necessary that

-
lim I:CZn_y/ I (X) r 1(nm/2)+1 ] 0 = ¢,=0.
r—0 nmw.Jo

With this result, (2.5) becomes

Y [ ha(r) 1\ nm/2y
prel) e e

vn(r) = [Cm +

{ / I (') 7/ PO gy L w6

2y
Now we require that (2.6) satisfies the condition
vu(p) =0, 2.7
which results from the substitution of (2.1) into the condition v(b,0) = 0 given by (1.4d). We

obtain - j N
_ ! I / TN\2r _ (1\2r
ew= e [ mo | ()7 - ()7

Using this expression for ¢y, in (2.6), we can write v, (r) as follows:

nmw

_ 7 "\ 2y

/d”h [ ) —(7) ]

Y [T r % r %
—|——/drrh,l(r) (5)7"-(5)7"] - e®

nw Jo r r

This expression for v,(r) is not suitable to express v(r,0) in the form of the double integral
in (1.5), because, in that double integral, the interval of integration with respect to ¥ is [0, 5],
whereas, in the second integral above, it is [0,r]. To overcome this difficulty we derive another
expression for v,(r) with a slightly different form as follows: Since the lower limit of integration

of the indefinite integrals in (2.4) is an arbitrary point of [0, ], we choose it now to be b (instead
of 0) to obtain, instead of (2.5), this other equivalent expression for the general solution to (2.2):

va(r) = {dln T, ’}r’m/zy

nz Jp w21
. 1
[dzn— / (nz/27)+ dr]m/zy. (2.9)

As before, to prevent this expression from becoming infinite as r — 0, it is necessary that

0
lim {dzn / I (r) /"R g '] =0 = dyy = lﬂ / I (r') /PO gy
n b

r—0
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6 CALCULATION OF GREEN’'S FUNCTION FOR POISSON’S EQUATION

and, by imposing condition (2.7) on (2.9) and then substituting the above expression for dy,, we
get

d 0
. /2 2n _ Y N (nm/y)+1 5
vu(b) = dib"™? + I 0 = di,= 7717‘[(1)2)"”/27/}1 ha(r)r dr'.

Using these results for dy, and d, in (2.9), we can write the following expression for v, (r):
_ 7 ’7 2y v %
/d”h [ b2) _(7)
b )/ T nr
+ l/ dr'r ha (1) [(’) - (5) 27} . (210)
nw J; r r

Now we have both (2.8) and (2.10) expressing v, (r). The idea is to add these two equations and
then replace the sum of the integrals f; and jrb with a single integral of the form jé’ , whose
interval of integration is the one in (1.5). Note, however, that this cannot yet be done, because
the integrands of these two integrals are not exactly the same. But since one becomes the other

by replacing r/r’ with ¥ /r, and since r > r in the first integral and r < r in the second integral,
one way to make these two integrals display the same integrand is to define

r< (r-) = the smaller (larger) of r and r. (2.11)

In fact, with this notation, because r = r~ and ¥ = r- in the integral for dr', and r = r. and
¥ =rsin frb dr’, we have that (2.8) and (2.10) are respectively given by

9= flarenao () - () ¥]
e | (2) % (2) %)
and
_ /dr'r’hn [ bz)zl_ (;)27}
o [armnan ()5 (2) 7]

Therefore, adding these two equations, and again using (2.11), we get the proper form of the
expression of v, (r) to be used in (1.5):

N\ re\ 5 r
2v,(r) = /dr’r’h [2<b2>27_(r<)27/_ > 7}
> <

Y ’y > X2y r< %E
s h (=
nim drr ()|: < (r>> :|
[N e\ 5
= w) = L Odrrhn(r)[<b2> —(r>) . (2.12)
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Taking this result into (2.1) and using the defining expression for £, given in (2.2), we get

v(r,0) =

Yy nmo’ Ny (r< i . nmw
n:ZS’ {’m/odrr< /d@h )sin 2y ){(bz) (r>) sin 2y
nmw

_ 1 ’ 1 41/ Ty 5y nmd’ . nmd
= zn/de/d r'h(r',8") Z {( ) (b2> ]sm 2y sin 2y (2.13)

1,35

G(r6]r,0")

from which, by comparison with (1.5), we infer the expression for G(r, 0 |/, 0') indicated above:

7 no_ i r7< % rr 2/}/ . nTL’Q @
G(r,0|r,0") = Z T <r>) (bz) sin 2y sin 2y (2.14)

3 THE CALCULATION BASED ON THE RADIAL EIGENFUNCTIONS

In this section we again calculate the solution to (1.4), now in the form of an expansion in radial
eigenfunctions. But, instead of using these eigenfunctions as functions of r, we find it more
convenient to consider them as functions of the variable p that is related to r as follows:

p= —In(r/b) € [0,0) & r=be? € [0,D]. (3.1
Using the notation
v(r,0) = v(be ?,0)=V(p,0)
and applying the chain rule, we obtain

o _ 9V ,0%v 9V 9V
rg(r,e)——%(l),e) and rﬁ_sz—'—%'

Consequently, Poisson’s equation in (1.4) takes the simpler form

0%V 9%v

r2v2 (re) a 2+W(pa9): rzh(r76) EH(pae)

(with constant coefficients), and the homogeneous boundary conditions are given by

V(p.0) =(0) =0, 90 (p.7)= 92 (ry) =0, and V(0.6) =v(b,0) =

Therefore, problem (1.4) in terms of the variable p becomes

2%V 9%V

87p2+8792(p76):H(p76)7p€(07°°)796(07}/)’ (323)
av

V(p,0) = aB(p Y)=0,p € (0,00); (3.2b)

V(0,6)=0, 8 €[0,7]. (3.2¢)
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8 CALCULATION OF GREEN’'S FUNCTION FOR POISSON’S EQUATION

A9 B_V_()
/96
Y
o’V 8’V
V=0— ﬁ*‘ﬁzH(Pﬁ) s 00
>
0 N—V=0 p

Figure 2: Depiction of the problem in (3.2).

This problem is depicted in Figure 2.

Green’s formula for the solution V(p,0) to problem (3.2) follows from (1.5) by making the
change from variables r and 7 to p and p’ [we omit the variables of Green’s function, simply
denoting it by G, regardless of its dependence on (1,0 |r,0") or (p,6|p’,0')],

V(p,0) = — /dG/ —dp' ¥ F h(r B)G
(P’e’)
1
- 2”/de)/dep 6') G (3.3)

To solve (3.2) we employ the eigenfunctions that arise when the separation of variables V (p, 6) =
R(p)O(0) is used to solve the version of this problem in which H(p, 8) =0 (Laplace’s equation)
and the boundary conditions on the parallel borders in Figure 2 are not homogeneous. That
is, we admit that the solution to problem (3.2) can be expanded into the continuous-spectrum
eigenfunctions Ry (p) = sinkp (k > 0) {cf. Ref. [5], Sec.8.7}:

V(p,0) :/ V(k,0)sinkp dk . (3.4)
0
Notice that this expression automatically satisfies the condition of problem (3.2) on the boundary
atp =0.
By substituting (3.4) into the PDE of problem (3.2), we get

/ {82‘/ K7 (k,0)] sinkp dk = H(p,0)
sin = .
0 (992 bl p p?
This result shows that the term in square brackets, according to the Fourier sine integral

representation of H(p, 0), is given by {cf. Ref. [4], Sec. 54, egs. (5) and (6)}

2%V

ET — K2V (k,0) / H(p,0)sinkpdp = H(k,9) . (3.5)
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RT.couto 9

We thus see that V(k,0) is the solution to the above nonhomogeneous ordinary differential
equation.

Since the general solution to the associated homogeneous differential equation is
Vi (k,0) = c| coshk8 + ¢, sinhk6 |

a particular solution by the method of variation of parameters {cf. Ref. [9], Sec. 1.9} has the
form
Vp(k,0) = A(0)coshkB + B(0)sinhk6 (3.6)

where the functions A(6) and B(0) are solutions to the system of equations
A’ coshk6 + B’ sinhk6 =0
kA'sinhk6 + kB’ cosk6 = H

Solving it, we get

H sink6 e
A= -2 = A(e):—%/0 A(k,0')sinhk6' d6’ (3.7a)
H coshk e
B(6)= =2 = B(6) = %/0 Ak, 6')cosh k' o' . (3.7b)

With the substitution of these results into (3.6), we obtain

_ coshk® [f sinhk6 [®
Vp(k,0) = — | = |

HA(k,6')sinhk6'd6’ + HA(k,6')coshk6'do’

JO JO

1 /9 _
_ —%/ A(k,6') sinhk(6' — 0)d6’ .
0
The general solution Vi (k, 6) + Vp(k, 0) to (3.5) is then given by

0
V(k,@):clcosthJrczsinthf%/ H(k,0')sinhk(6' —0)d06’ . (3.8)
0

To determine c; and c;, we impose the homogeneous boundary conditions at 6 =0 and 0 =y
listed in (3.2) [those on the two parallel borders in Figure 2]. To this end, we substitute them into
(3.4), obtaining B
av
26
Imposing these two conditions on the expression of V (k, 8) given by (3.8), we get the following

V(k,0)= =2 (k,)=0. (3.9)

expressions for ¢; and ¢;:
V(k,0)=c; =0

av

V Y _
= g (k,y) :kczcoshk}/+/ H(k,0")coshk(8' —y)d8' =0
0

1

= e
- kcoshky

Y _
/ A(k,6')cosh k(6" — 7)de .
0

Trends Comput. Appl. Math., 25 (2024), e01797



1 O CALCULATION OF GREEN’S FUNCTION FOR POISSON’S EQUATION

Substituting these results into (3.8), we obtain

_ inh k Y _
V(k, 0) = —-nhkb / d6'A(k,68")coshk(6' — )

kcoshky Jo

7]
+ %/ d0'A(k,0))sinhk(6 — 6').  (3.10)
0

This expression for V (k, 0) is not suitable to express V(p,0) in the form of the double integral
in (3.3), because, in that double integral, the interval of integration with respect to 6’ is [0, 7],
whereas, in the second integral above, it is [0, 8]. To overcome this difficulty we derive another
expression for V (k,0) with a slightly different form as follows: Since the lower limit of inte-
gration of the indefinite integrals in (3.7) is an arbitrary point of [0,7], we choose it now to be
Y (instead of 0) to obtain, instead of (3.8), the following equivalent expression for the general
solution to (3.5):
-0

_ 1 _
V(k,0) = dy coshk® + dy sinh k6 — %/ H(k,0)sinhk(6' — 0)d6’ . (3.11)
Y

As before, by imposing the conditions given in (3.9), we determine d; and d:
> 10 N oo: ! 10/ L7 - ApS ! 10/
V(k,0)=d;, — %/ H(k,0")sinhk0'd6’ = d; = —%/ H(k,0")sinhk6'd0’ ;
Y 0

sinhky
d
coshky

g—g(h Y) = kd; sinhky+kdycoshky=0 = dp=—

inhky (7
SNy / HA(k,0')sinh k6’6’ .

= dy=——
2 kcoshky Jo

The substitution of these two results into (3.11) gives

Coshk (y—0)

Vik.6) = kcoshky

/ dO'H (k,8")sinh k6’

Y _
+ / 40/ (k,8')sinhk(6' — 6) . (3.12)
7]

Now we have both (3.10) and (3.12) expressing V (k, ). The idea is to add these two equations
and then replace the sum of the integrals foe and fye with a single integral foy, whose interval of
integration is the one in (3.2). Note, however, that this cannot yet be done, because the integrands
of these two integrals are not exactly the same. But since one becomes the other by replacing
0’ — 6 with 6 — 0’, and since 6 > 0’ in the first integral and 6 < 6’ in the second integral, one
way to make these two integrals have the same integrand is by defining

0- (6~) = the smaller (larger) of 8 and 6’ .

Trends Comput. Appl. Math., 25 (2024), e01797
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In fact, with this notation, because 8 = 6 and 6’ = 6 in the integral foe d0’,and 6 = 6. and
6’ =0-1in fgd@’, (3.10) and (3.12) are respectively given by

W v 17 ! . !
=— H sinh h —
V(k,0) kcoshky/o d0'H(k,0")sinh kB coshk(0' — )
1 /9 _
+ %/ d6'H (k,0')sinh k(6= — 6. )
0
and

V = H(k hk hk6’
V(k,0) kcoshkj// d9'H(k,0") coshk(y— 0)sinhk6

+ %/ d0'H (k,0')sinhk(6> — 6.) .
0

Therefore, adding these two equations we get the appropriate form of the expression for V (k, 0)
to be used in (3.4):

_ Y _
2V (k,0) = 7kcoshk}//0 dO'H (k,0)[sinh kB coshk(6'— y)+ coshk(y— 0)sinh k0]
1 17 _
+%/0 d6' A (k,0') sinh k(6 — 0.) |

. v (k6,0

(7 _ ! 1y ! )

V(k,B)—/O 4/ Ak 0) 5 (3.13)
where

I'(k,0,0") = —sinhk@ coshk(8' —y) — coshk(y— 0)sinh k6’
+ coshkysinhk(0- — 0.) . (3.14)

Taking (3.13) into (3.4) and then using the definition of H(k,0’) given by (3.5), we obtain

_ [Ty - S ol a0 an| Tk, 0,67)7
V(p,0) —/0 {V(k,e)}smkpdk—/o {/0 do [H(k,e)] Skcoshky sinkp dk

[ s 82 i

1 , , / 2I'(k,6,0")sinkp’ sinkp
Y / a9 / dp'H(p',0") dk— kcoshky

G

By comparing this result with (3.2), we infer that Green’s function is as indicated above by G,
but, before displaying it, let us write (3.14) in terms of 6 and 6~ only, that is, without the explicit
presence of 6 or 6':

Trends Comput. Appl. Math., 25 (2024), e01797



12 CALCULATION OF GREEN’S FUNCTION FOR POISSON’S EQUATION

I'(k,0,0’) = —sinhk6 coshk(6' —y) —coshk(y— 0)sinhk6’
+ coshkysinhk(6~ — 6.)

= —sinhk@ coshk6’coshky -+ sinh k0 sinhk6’sinh ky — cosh k0 coshkysinh kO’
+ sinh k0 sinh kysinh k8’ + coshkysinh k(6> — 6.)

= 2sinhk0- sinhkB. sinhky — cosh k}/(W—i— sinh k6. coshk6-)

+ cosh ky(wf sinh kO coshk6-)

= 2sinhk0- sinhkO. sinhky — 2 coshkysinhkO. coshk6-

2sinh kO« (sinh k0 sinhky — coshkycoshk6-)

—2sinh kB coshk(y—6-) .

‘We thus have that

G—/ 4sinh kO coshk(y — 0)sinkp’ sinkp dk .
- kcoshky

or, since 2sinkp’sinkp = cosk(p’ —p) —cosk(p’ +p),

2sinh k6. coshk(y— 6-)
kcoshky

G= /:[cosk(p>—p<)—cosk(p'+p)} dk . (3.15)

In order to obtain Green’s function in closed form, we need to perform the integral above, which
is the difference between two integrals of the type of the integral I that is calculated below. Such
calculation is based on an usual application of the residue theorem: We express the integral (of
an even function) as half its extension to the whole real axis, close its path with a semicircle C;
of radius R — oo in the upper half of the complex plane of z = x + iy, notice that, according to
Jordan’s lemma {cf. Ref. [1, eq.(7.43)]}, the integral over C; tends to zero, and evaluate the
residues at the simple poles of the integrand inside the closed contour C = [—R,R] UC#, that is,
at the zeros nmi/2y (n =1,3,5,--+) of coshyz (z = 0 is a removable singularity).

= /mcosAx 2sinh otxcosh Bx 1 /°° Jidx 2sinh aexcosh Bx
0 —o

dx = - R
xcosh yx ) ¢ xcosh yx

_ fRe f / ]AZZSlnhazcoshﬁzd _ lRe
cx zcoshyz 2

nmi .
T %y i 2sinh ozcosh Bz

27 Y Res(n;;/i)]

n=135

= nmRe| 1
n=135"2-

nmi coshyz Z
2y
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1 7m2~isin%cosﬁzﬂ
=7aRe| i) ———ze ¥ v o
i35 Vising =
=13, %
_nmA
4e 2V nrto.  naf

COS

w135 nsin(nm/2) st 2y 2y (3.16)

withA >0, v> 0, and oc+ B < 7. These restrictions upon the parameters A, ¢, 8, and y guarantee
the convergence of the integral and the use of Jordan’s lemma.

Taking (3.16) into account, we can develop (3.15) as follows:

G:I‘ —1’ with ¢ = 6 and B = y—0
A=p>—p< A=p'+p ( < [3 4 >)
_na(p>—p<)  _na(p’+p)
4e W —e W amb.  nu(y—6-)
= Z - - sin cos .
neizs. sin(nm/2) 2y 2y

At this point, we make use of (3.1) to return to the original variables r a ¥/, obtaining

uz (ln%*lnl) 7%(1n%+ln%)

4e 2v ) _ [?) 0
G = Z ¢ ¢ sin’m <s}l\g5innn =
n=135- "1 s 2y Y
4 nw /. nw 6/ 0
= - (5> 2 (l> 7 | sin 2L in 227 (3.17)
n=i3s.n LN b 2y 2y

We see that we got rid of the integral in (3.15), but now having to find the sum of the infinite
series in (3.17) to express Green’s function in closed form; we calculate this sum in Section 4.
By the way, (2.14) and (3.17) give exactly the same expression for the desired Green’s function.

4 GREEN’S FUNCTION IN CLOSED FORM

To derive Green’s function in closed form we need to calculate the sum of the infinite series
in (3.17). To this end, using the complex variable z = pe'® (p € R and ¢ € R), from which
7' = ple™® = pcosng +ip"sinn@, we first evaluate the sum of the following infinite series:

Z 1p"cosn(p = Re i ﬁ = Re/z[ i(cz)k]dC
n:1,3,5-~-”v =0 2k+1 0 Lx=o

= Re/ozl%czdé = Re[%ln(z—l—l)—%ln(z—l)}

1+ p>+2pcos o

1 1 1
= —In|z+1]—zIn|z—1] = —1In
2 2 4 1+ p?—2pcos@

0<p<l),
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14 CALCULATION OF GREEN’S FUNCTION FOR POISSON’S EQUATION

where, to find the sum of the infinite series between square brackets, we used the formula for the
sum of a geometric series (noticing that |?| < |z|> = p*> < 1 along the straight path of integration
from { = 0to { = z), and we also considered the definition of the complex logarithm.

Now, using the result above, we deduce the sum of this other infinite series:

4(A>%Esi nnd . nmo

S= = n sin —
n=135.. 1 \B 2y 2y
_ 2 nm(6'-6) nn(6'+6)
= L 2 [oos R o, N
n=1,3,5- 1 p= (,>
B
11 1+ p? +2pcos (ezye) 11 1+ p?+2pcos ”(92/;’6)
= — —1n v}
2 1+ p?—2pcos (827,9) 2 1+ p?> —2pcos ”(62;“6) B (i\)ﬂ/ZY
P=\}
I o'—g 7 . w(0'+6
3 AT +B7 +2(AB) ¢ 0s 100 L AT +B7 +2(AB) ¢ os H&+0)
= — 1n — —In .
2 T T s n(6'—0 2 T T Z w(6'+60
AY +BY —2(AB)¥r ¢ (27 ) AY +BY —2(AB)? ¢ (2;)

Finally, since

G(I",6|}’/,9/) =S A=ro — S A=r’/b
B=r> B=b
as we see from (3.17), we have that
T ’ yis T s ]
r7+r’7+2(rr )27 cos E8 -9 P +r 7 42(rr’) 27 cos MO0

G(r,6],6') =In— 7 Rl

2 , s ’
r7—&—r/%—Z(rr’)chosi”(ez;e) PT T - —2(rr')2v cos”(ez;re)
T 1 T T I ]
(rr’/b)% %+2(rr’)270057”(62;9> (rr//b)gr’ 7;+2(rr’)2}'cos”(92;,r9)
“In T o T o o @D
(rr'/b) T +b¥ =2(rr') ¥ cos = (rr'/b) Y +bY —2(rr') %Y cos 5y

5 COMPARISON WITH THE SOLUTION GIVEN BY THE METHOD OF IMAGES
WHEN THE DOMAIN IS THE FIRST QUADRANT OF THE DISC

The method of images {cf. Refs. [13, Sec. VIL.13] and [6, Sec. 3]} allows to obtain the solution
faster when the problem presents a symmetry that allows to quickly infer the configuration of
images to use. Let us then apply this method for the particular case in which y = /2 to check
(4.1). In this case, we need the seven images P, , P;', P; , P, , P, P, , and P;" shown in Figure 3,
where, in this notation, the superscript * or ~ indicates that, in Green’s function expression, the
corresponding harmonic term is added or subtracted. These terms are of the form [13, Sec. VII.13,
last paragraph] +1n(1/|r’ —r,|), if the corresponding image is generated by reflection with re-
spect to the x or y-axis, or +In[(b/r)/|r’ —r,|], if by inversion with respect to the circle of
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radius b centered at the origin, where r,, denotes the position vetor of the n-th image. Green’s
function is therefore given by

1 1 1 b/r
G N= 1 —1 1 —1
(r|x’) n|r’—r| n\r’—r1|+n|r/—r2| n|r’—r3|
1 b b b
—In /L P /L L L4 (5.1)

R P

n —
TR

Figure 3: The configuration of images used to get, by the method of images, Green’s function for
problem (1.1) when y = /2 (the case in which the domain £ is the first quadrant of the disc).

The plane polar coordinates of the position vectors above are as follows:

r(r,0), r'(7,0), ri(r,2n—86), ri(r,n—0), r3(b*/r,0),
r4(r, n4+0), rs(b*/r,2n—0), re(b*/r,n—0), ri(b*/r, w+6) .

Therefore, by using the definition of magnitude of a vector, or, geometrically, the law of cosines,
we can calculate all the distances v’ —r|, |’ —rq[, [’ —r|--- in (5.1), obtaining

1 1
G(r,0|7,0") = —Eln {rz—i— P 2rr/cos(9’—6)} + Eln {rZ—I— P er/cos(9’+6)}

1 1 '\ 2
filn {r2+r'2+2rr'cos(9'+9)} Jern{(rl:) +b22rr’cos(9'9)}

Trends Comput. Appl. Math., 25 (2024), e01797



1 6 CALCULATION OF GREEN’S FUNCTION FOR POISSON’S EQUATION

1 2, 12 / / 1 N2 / /
+21n[r +7r"+2rr'cos(6'—0) —Eln (?) +b°—2rr'cos(6'+0)
+lln (r—/)2+b2+2rr’cos(9’+9) flln (ﬁ)2+b2+2rr’cos(9'79)
2 b 2 b ’

which is exactly the same Green’s function given by (4.1) with y=7/2.

6 RESULTS FOR ONE MORE PROBLEM

In this section we present the results for an extra problem so that we can observe how the cal-
culations associated with the method exposed here vary. This presentation is not detailed like
the one above, showing only the main intermediate results and the final one. We only show the
intermediate results obtained with angular eigenfunctions (Section 2), omitting those related to
radial eigenfunctions (Section 3) due to lack of space.

Let us consider Problem (1.1) with one modification: the replacement of Dirichlet’s condition in
(1.1b) with the Neumann’s condition [du/d6](r,0) = go(r) . In this case, according to Section 2,
the angular eigenfunctions to be used are ©,(0) = cos(nwB/y) (n =10,1,2,3,---) {cf. Ref. [2],
Sec. 10.1, Prob. 18, p. 595 & 786}, and, performing the calculations, we verify that the equations
of that Section that are indicated below become as shown:

e Equation (2.1), for the modified problem of this section, becomes

=)

v(r,0) = %vo(r)—i— ) v,,(r)cos? .

n=1

e Equation (2.2):

2 14
vi{—i—%v;— (nﬂ;é}/) va(r) = %/0 h(r,G)cos?dG = h(r) n>0).

e Equation (2.3):

vpo(r) =Ao+Bolnr and  vp,(r)| = Au(r) "™ +B,(r)/r"™7.

e Equation (2.8):

va(r

)nzl - 2n7r/dr,r,h [ brz)"f(rr/)"q
5L [atn) [ (5)7-(5)7 }
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e Equation (2.10):

b ; b /
vo(r) = /dr’r/ho(r/)lnz—l—/dr’r’ho(r’)ln— :
0 r r

/. I /. hmt

o mhne )7 ()]
Znn/dr/r/h" [ );r_(:/)n}q .

v (7)

e Equation (2.12):

vo(r) = /drrho b ;

el Znn'/ dr'r'In [ bz) _(:i)n)q

V()
e Equation (2.14):

2n. b > 2[/re NS i\ nw0  nnd
G(r,0|7,0)=""m> =Y (YT nre-
(rn0]r,0) = v +Y {(B) (bz) cos— —cos—

r~ n— ll’l

To express this result in closed form, we work in a similar way to that in Section 4, first obtaining
the following formula:

Z pcosn(p——fln(l—i—p —2pcosp) (0<p<1).

n*l

Then, using it, we get the sum of this other infinite series:

> 2 ANT o’ 0
S= Zf(—)ycosm; cos%

n:ln B
2n T
N ANT 6'—0
:—ln{l—i—( )y—2(7>ycosﬁ( )]
B B Y
2 T
1 T ANT (6'+6)
—Zln[1+() _2<§) cos y
Finally, since
2 b
G(raelr/ael) = ll — + S|4 A=ro = N A=r'/b >
v B=rs B=b
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1 8 CALCULATION OF GREEN’S FUNCTION FOR POISSON’S EQUATION

we deduce the following closed form for Green’s function:

e e e
> L > <
—;ln_1+(r<)2$_2(:)’yrcosﬂ(e’;e)]
L > >
el rr’ 27” AT 7(6'—9)
a1 (Gr)  2(G) e ]
% " :1 " (%/> 7 —2(;’/)§c03 ”(9’; 9)]

To allow a comparison of this result with the one provided by the method of images, we consider
the particular case of a semi-disc, that is, we let Y = 7 above, obtaining

1 1
G(r,0|r,0") = —5In [P +7% =2 cos(6' — 6)] — 3 [+ 7% =2 cos(6' + 6)]

2 2
rr’ rr’

+% In [bz + (?) —2rr' cos(6' — 9)} +% In [bz + (?) —2rr cos(8' + 9)} .

Let us build Green’s function using the method of imagens, taking Section 5 into account. Figure
4 shows the three required images Pfr , P, and P3+ . This configuration of images implies the
following Green’s function:

1 1 b/r b/r

G(r|r') =1 1 -1 -1
(r|x’) n\r’—r|+n\r’—r1| n|r’—r2| n|r/—r3|’

the development of which leads to the same expression in the previous equation.

7 FINAL COMMENTS

The method can be applied in any domain  where r € (a,b) and 0 € (0,7), with any a and b
such that b > a > 0 and any ¥ € (0,2x]. Furthermore, many experimental calculations performed
privately indicate that, whenever the boundary conditions are Dirichlet’s or Neumann’s, it will
be possible to determine Green’s function in closed form, which is a nice feature of the method.

When there are enough symmetries (what may happen when y=7/2, &, 37n/2, 21), the method
of images also gives results in closed form and, moreover, more quickly, thus becoming the
best method. But when this is not the case, this method becomes considerably involved, and the
method presented here is preferable.

Consider the problem in Figure 1 in the particular case of a semi-disc, whose closed-form Green’s
function is given by (4.1) with y = . This is an interesting example of a problem in which using
the method of images is very complicated. The complication lies in the boundary conditions;
indeed, when such conditions are those in Figure 4, the application of this method is simple.
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Dirichlet's condition
—~

on the circunference

Neumann's condition J

at the base

Figure 4: The configuration of images to get Green’s function for the problem considered in
Section 6 when y = 7.

It is expected that the method presented in this work will find application in problems that are
objects of research. Let us mention a few. It could be applied to calculate the gravitational poten-
tial in spiral galaxies (like the Milky Way) that typically have a flattened, disc-like structure. In
this problem, the surface mass density forming the inhomogeneous term of Poisson’s equation
could be given by eq. (2) in Ref. [8]. In addition, at a specific radius representing the edge of
the observable galaxy, the gravitational potential or the flux of matter across it would compose
Dirichlet’s or Neumann’s condition, respectively (depending on the available measured data).
Other applications would be the calculation of the electric field at two-dimensional corners and
along sharp edges (cf. [10, Sec.2.11], [11], and [3]), or the calculation of the solution to the
incompressible Navier-Stokes equations [12, eq. (15)] in the case of two-dimensional flows on
domains shaped like circular sectors, in which it is required the solution to the pressure Poisson
equation under Neumann’s conditions [12, eq. (16)].
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