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Abstract

In this report we combine a known regularization method of the 3D dyadic Green’s function, with a
known method to solving the Green’s function in cylindrical coordinates. We considered both the free
space Green’s function, as well as at the scattering part in two different geometries. These geometries
are a semi-infinite absorbing dielectric medium with a planar interface and a absorbing dielectric thin
film. No regularization has has been done for these parts, as it was not needed in the situations
considered in this study. Most problems in the study have been solved analytically. However, some
integrals will have to be solved by numerical means, which will be done in a continuation of this study.
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1 Introduction

Calculating the electric field produced by a current source in and around a dielectric medium, often
makes use of an electric Green’s functions. The same Green'’s functions can also directly be used to
calculate the local density of states (LDOS) of a dipole, as the projected LDOS in a certain direction is
directly dependent on the imaginary part of the Green’s function evaluated at the source [1]]. This LDOS
is of importance in determining the transition rates of atoms in Fermi’s Golden rule. This transition rate
is 5

L= =5 [(fIH'|i)| N (), (1)
where & is Planck’s constant, f and i are the final and the initial states respectively, H’ is the dipole
Hamiltonian and N, (r) is the density of states (DOS). For local variations the LDOS can be used
instead [2].

Calculating the imaginary part of the Green’s function in order to get the LDOS does not pose any
problems when dealing with non absorbing media, as the imaginary part of the Green’s function at
the location of the dipole is finite in that case. However, when looking at absorbing media, which all
materials except for vacuum are, the dielectric constant is complex, causing the singularity in the real
part of the Green’s function to also enter into the imaginary part.To solve this problem, we introduce a
regularization method that basically assigns a finite size to the point dipole [3].

In this report we will specifically look at problems that have an azimuthal symmetry, such as a thin
film or half plane of dielectric material. This is a relevant symmetry to, for example, light emitting diodes
(LEDs) [4], which are an important application of this problem. To stay close to the solutions found in
literature [9], we will approach the problem in cylindrical coordinates.

We will start by solving the problem for a point dipole in free space, after which the regularization
will be introduced. The first step will be calculating the free space Green’s function in terms of eigen-
functions of the vector Helmholtz equation, after which the solution will be split in a transverse and
longitudinal part. These two parts will then both be regularized. Next the same will be done for two
different geometries. The first is a dielectric absorbing semi-infinite medium with a planer interface and
a dipole. The second is a thin absorbing dielectric film with a dipole either in or outside the film.



2 Theoretical background

In this section we will derive the LDOS in terms of the imaginary part of the Green’s function, corre-
sponding to the electric field with a dipole as source, which sets the background of this work. We start
the derivation from the macroscopic Maxwell’s equations for harmonically oscillating fields in matter with
a e~ ! time dependence, where w is the angular frequency [6].
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Here E(r) and H(r) are the electric field and the magnetic field respectively, 1 and e respectively
stand for permeability and permittivity of the considered medium, J(r) is the current density and p(r) is
the electric charge density. From these equations and by introducing k¥ = w,/ue the vector Helmholtz
equation can be derived to be

V x V x E(r,w) — k*(W)E (r,w) = iwpd (r,w). (3)

The Green’s function of this equation then has to satisfy

V X V X Go(r,10,w) — k*Ge(r, 0, w) = Z6(r — 1), (4)

with Z being the identity matrix and ro the location of the source [6]. For a source J(r), the electric field
relates to the Green'’s function by

E(r,w) = iwu///J(r,w) - Ge(r, 10, w)dV, (5)

with the integral going over all space [6]. For the special case of a Hertzian point dipole the source term
is

J(r,w) = —iwp(w)d(r — ro), (6)

with p the dipole moment. In that case the electric field directly relates to the Green’s function as

E(I‘) = (AJQ/,Lp(W) ) ge(ra ro, w) (7)
The density of states (DOS) counts the modes corresponding to a certain w which is expressed as
:Zé(wQ—wi), (8)

with w,, the angular frequency corresponding to an eigenvalue of the vector Helmholtz equation. The
local density of states (LDOS) is the spatial projection of DOS given by

Z|E )26 (w? —w?), (9)

with E,,(r) a discrete set of orthonormal eigenmodes of the vector Helmholtz equation satisfying

V x V x E,(r,w,) — E*(wn)Ey, (r,w,) = 0. (10)



The Green’s function can than be expressed as a superposition of these eigenmodes

Ge(r,ro,w) = > An(ro) @ By (r). (11)
Filling Eq. in into Eq. (4) and using the orthogonality relations between the eigenmodes gives
(wz — w2) A, (ro) = E (ro). (12)

By taking (w2 — w?) to the other side and using the mathematical identity

lim -
n—0t T — in

=PV m + imd(z), (13)

with PV the principle value, we get

A, (ro) = *E} (r9) <PV[ S ! 2} + i (wp —WQ)). (14)

Wy —w

The Green’s function then becomes

* 1 . 2 2
Ge(r,ro,w) = Zc2En(ro) ® E,(r) x <PV [W} + imé (w® — wn)> . (15)
When comparing the expression of the Green’s function with the previous expression of the LDOS, at
Eq. (9), the LDOS can also be expressed as

Ne(r,w) = %Im [Tr {Ge(r,r,w)}], (16)

where Im stands for the imaginary part and Tr takes the trace of the tensor. The projected LDOS, in the
direction of the dipole, can then be rewritten as

NE,P(r7w) = p-Im{Ge (r,r,w)}-p|. (17)

|
With above it can be concluded that the imaginary part of the Green’s function at the location of the

source is indeed an observable [1], namely the LDOS of a dipole, which determines the transition rate
of the dipole.

3 Free space Green’s function

3.1 Eigenfunctions

We will start solving the vector Helmholtz equation for the Green’s function, Eq. and (4), for free
space

V % V X Geo(r,10) — E*Geo(r,10) = T(r — 10), (18)

with k& = w,/ji€, the same as above. In case of absorbing media the permittivity will be complex. For the
sake of shortening notation G.q will be written as G, as we will only be discussing the Green’s function
for the electric field. The dependence on the spatial variables is implied, but not explicitly written in the
following for the same reasons.

To find eigenfunctions of the vector Helmholtz equation we use the method first introduced by
Hansen in 1935 [7]. This method allows us to construct three kinds of vector eigenfunctions, M, N



and L, by using the eigenfunctions of the scalar wave equation. These eigenfunctions of V2 + k2¢ = 0
can be obtained by separation of variables, which, in cylindrical coordinates, gives

v =) 2 (o) e, (19

with eigenvalues
k%2 =M+ h%

From now on the subscripts o and e that point at the distinction between the upper and the lower part
of the solution, the odd and the even parts respectively, will be omitted unless only one of these parts is
considered.

With Eq. we can generate the eigenfunctions of the vector Helmholtz equation mentioned above
by employing the method introduced in Ref. /] and choosing the right piloting vector. The piloting vector
is used to give a direction to the eigenfunctions of Eq. and can be chosen in any direction. The
direction will be decided based on the geometries that are considered to make calculations easier and
is thus chosen to be pointing in the £ direction. With this choice in pointing vector we gets the following
functions, M, N and L, that can easily be shown to be eigenfunctions of the vector Helmholtz equation

My (h) =V x (¢2) (20)

=V x (Jo(Mr) O (ng) eh*3)
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N (h) = %v <V x (12) (22)
= VX M (h) 23)
1 o], O sin ~ . ndp(Ar) cos
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The M, N and L functions are all orthogonal to each other and to themselves if n # n’, proof of this
can be found in Ref. [6] and in Appendix [Al And with themselves they have the following normalization
constants

/ / / AV N (W) Ny (—1) = 202A(1 + 80 )0(h — B)S(A — N, (25)
/ / / AV Mun (h) My (—B') = 272A(1 + S0n)8(h — B)S(A — N) (26)

and
/ / / AV L (h) L (—h') = 27%( hj)(l +60n)0(h = B)5(A = X), (27)

where §,, denotes the Kronecker delta, being 1 if n = 0 and 0 otherwise. These constants have been
found using the method as can be found in Ref. [6].

3.2 Eigenfunction expansion

To find the solution for the Green’s function Eq. will be expanded in the eigenfunctions we deter-
mined in the previous section. The right side of Eq. (18), namely the delta function, can be expressed
in terms of the eigenfunctions

I(;(I‘ — I‘o / dh/ dA Z {Nn)\ )an)\(h) + Mn)\(h)bn)\(h) + Ln)\(h)cn)\(h)} (28)

n=0
Both sides of Eq. (28) will be multiplied by N,,»(—h), M,,»(—h) and L, (—h) respectively and inte-
grated over space, which gives the coefficients

an(h) = Nyxo // dh’/ d)\’///dVNM/ Noa(—h) (29)

= Nxo(—h)/(1 + on)27%N,

bux(h) = Muxo(—h)/ / an’ / % / / / AV M,y (h')Mir (—h) (30)

= Mn)\O(*h)/(l + 5()”)2772)\

and

cna(h) = Lo // dh’/ dX///dVLn,\/ aa(—h) (31)

= ALao(—h) /(1 4 60, )27% (A% 4 B?).

When filling in the above mentioned coefficients into Eq. we get

Zé(r —rg) =
oo oo o0 1
/m dh/o dA; 2 T d0) {NA () Nyxo(—=h) /A + M (B)Mxo(—h) /A +

ALpx(h)Lyxo(—=h)/ (A + R%)}.



The Green’s function can also be expressed as a superposition of the eigenfunctions as follows

Go = / dh / d)\Z{Nm (1) + My (BB (B) + Lo (1) Coun (1)} (33)

Eq. (33), as well as the expansion of the delta function, will now be substituted back into Eq. to
get the coefficients. Here the relations between M and N are used as well as the fact that the curl of L
is zero. This leads us to

/jo dh /Ooo AT {(K2 — B2) Nua (W) Ana(h) + (82 — k2) My (B)Bya (R)
_kQLnA(h)Cn)\(h)} =
[ Z dh /0 T go Wlwo) (N (B)Nyuxo (=) /A + My (B)Muxg(—h) /A
AL (W) Lnxo(—h)/ (A + 1) . (34)

By comparing the coefficients of the eigenfunctions we get

Anx(h) = ana(h)/ (K* = k*) = Npuao(—h)/ (20°A(1 + bon) (k> — k%)) , (35)

B.a(h) = bua(h)/ (K* = k*) = Muxo(=h)/ (27*A(1 + don) (8% — K?)) (36)
and

Cur(h) = cnr(h)/ (=K?) = =ALpao(—h)/ (272 (R* + A?) (1 + Son)E?) - (37)

Filling in the coefficients found above gives a solution of the Green’s function in terms of the eigen-
functions

n/\O( h) Mn)\(h)Mn)\()(—h,)
go / dh/ “ Z { I+ 60" 27T2/\ (’i2 k2) * (1 + 50”) 212\ (52 — k'2)
— AL (h)Lnxo(—h)
(1+ 0on) 272 (h2 + A2) k2 } . (38)

3.3 Solving the integrals

We now have the Green’s function in terms of the eigenfunctions of the vector Helmholtz equation.
This solution, however, still contains some integrals. Of these the integral with respect to h necessary
to solve for the application of the boundary conditions. This will be done by making use of contour
integration in the complex plane. The function only has simple poles, which makes it easy to use the
residue theorem. The details can be found in Appendix [B]

The solution, derived in Appendix[B] is for z > z,



902/0 d/\Z{ 201+ 00n) W)\m{ <M)Nnxo(— kz_/\2>
VL (VA 0) Mg (—M)]

A IR
_m%()\rﬂn()\m) o (n¢) (”¢o) (Z—ZO)ZZO} (39)

and for z < zg

= [0 Z{ T e [N (2 =38 N (V=)
Mo (VAT 0) Moo (m)] |

M%(M)J (/\7’0) o (n¢) (”¢0) 6(2 — 20)520} (40)

We will not analytically solve the integral with respect to A\. When trying a similar approach as with
the one for h, three problems can be found. Firstly, the integral goes from zero to infinity instead of from
- to + infinity. This can be solved as seen in Ref. [6]. Additionally there is also the problem of the pole
at A\ = 0 lying on the contour if the same contour is used as for k. This is also easily to solved by going
around it, thus having a contribution of =i instead of 27i. The last problem is the square root, which
is multi valued. For this a branch cut must be created between the branch points, which the contour
is not allowed to cross. This might be done in a way similar to what was done in ref. [8]. However the
contour integral still remains too challenging for analytical calculations. Therefore, the standard practice
of numerically integrating Egs.(??-??) is recommended. As this is not the main problem of what we
want to solve in this report, the numerical solution will be considered at a later time.

3.4 Transverse and longitudinal parts

As the strength of singularity of the Green’s function at the location of the origin is different for the
transverse and longitudinal parts of the Green’s function [3], thus we will separately look at these parts,
Gl and G} respectively [3]. It is easy to see that the M and N eigenfunctions correspond to the
transverse part and the L eigenfunctions to the longitudinal part, as it follows from the definition of
these functions that the divergence of the first two is zero while the curl of the last one equals zero. This
gives before the integration

T _ nAO( h) Mnk(h)Mn)\O(_h)
Yo - / dh/ dA Z { 1t 50,1 27r2)\ 2= k) T At og2nta(m — k2 | 4D
and
L _ - >\Ln)\ Ln)\O( h)
9o = / dh/ dAZ (14 don)272 (B2 + A2) k2 (42)

And after the integration to h for z > z



goTz/oodAZ
0

n=0

Ny (VE2 = X2) Npao (—VE2 = X2) +iM,,x (VE2 = X2) Mi,ao (—VEZ = A2)
2 (1 + 5071) 7TA\/ k2 - )\2
+G4}

and

gOL:/ d)\z
0

{ Ly x (iA) Lo (—i)) A
n=0

2(1+ don)mk?  K2(1+ 50n)7TJn()\r)Jn()\r0) cos (nqS) s (n%) S ZO)ZAéO} ’
(44)

with

Az — 0 0 i i
o= s (mJﬂw%W@ ) 5 ) i
2 1 N
+ 2 T Tn(Ara) % (n) © (ngo) doo £ 8 TnOr) = Tu(Aro) T (ng) 7 (ngo) io
rTo Sin n To COS Sin

iaijn(mo) T 2 (o) % (o) fod — N2 ()T, (o) sin (no) sin (ndo) 20
T0 COS Sin COS COS

+AQJ,L(A7~)J,L(ATO) S gy O (n¢0)f20—>\ijn(/\ro)ln()\r) S 60) S (ng) fos
or cos cos dro cos cos

Sin S S COSs

iiA%Jn(/\r)Jn(/\ro) ) (n¢>) (nd)o)qﬁz()q:)\ “n(Ar) T (Aro) 5 (ngo) " (ng) &0,2). (45)

Similarly, for z < zg

g / d)\ {Z n)\ k >\ ) I]nA) ( k )\ ) i[VIn)\ ( ki - )\ ) Mn)\O ( k - )\2)
0 5 2
0

2 (1 4 o) TAVEZ — X2
+G,} (46)
and
AMLaxo(i)) A »
Gt 7/ dxnzo{ 1+6on)7rk2 -3 (1+50n)7TJn(/\r)Jn(/\ro) o (n¢) (nqSO) (zzo)zzo},
(47)

with

10



g; = ()\To) (nqb) (TL¢0) ffo

2k2(1 + §pp)m \ Or Tn(Ar) 5 - dro cos

2

F O o) % (06) P () o - TnO) o) 1 (06) () 7

exp[A(z — z0)] (8 0

rTo Sin To COS

£ 2T (r0) S Or) 2 (ng0) O (06) 70~ IO Or) 2 ) () 25
To COS S1n COS

—AaﬁJn(Ar) o) ™ () (nqbo)féo—s—)\ijn(/\ro)Jn()\r) S de) S0 (ng) ol
r co org cos cos

S Sin COS

FAT T T (o) L (ng) T (ngo) b £ AT RACEACYD 5 (ngg) " <n¢>¢éoz>. (48)

Now that the longitudinal and traverse parts of the Green’s function have been identified, we can
start the regularization process.

3.5 Regularized problem

The Green’s function derived in the previous section contains singularities, in which the one of the
longitudinal part is the strongest. To solve the problem of this singularity, both parts of the Green’s
function need to be regularized. This will be done by introducing two low pass filters, by the method
introduced in Ref. [3]. Here the physical meaning of these filters have already been described, with
the parameter ﬁ being proportional to the size of the source. There the filters are used in momentum
space, which corresponds to the x domain in our solutions. The singularities are connected to large «
values, which are made to die out by the filters. In physical therms, this grants a finite size to the source,
which was originally regarded as a point source, as mentioned above in the meaning of the parameter.
The actual filters for the transverse and longitudinal parts respectively are

P (Ap, k) = A (49)
’ A2+ K2
and Al
fr(AL, k) = Ti’ﬁ‘l (50)

As the non integrable singularity of the longitudinal part is stronger than the one in the transverse
part, which is integrable, the low pass filter that is used has to be stronger as well. Adding these to the
Green’s function before the integration to h was done, Eqgs. and gives the following regularized
Green’s functions

5T > N7M(h)N’rL>\O(_h) Mn)\(h)Mn)\O(_h)
G = / dh/ dAZ A2 e { 15 60n)272A (12 — K2) T (1 1 Gon) 272 (K2 — k2)} (1)

for the transverse part and

L oo —ALpx (h)Lpxo(—h)
Go' = / dh/ da Z A4 + K4 (14 0o )21 (h? + A2) k2 *

for the longitudinal part.

11



The filter adds an additional simple poles at respectively h = +i\/A2 + A2 and h = ++/£iA% — \?
to the previously calculated integrals. By taking these into account when using the residue theorem, as
can be found in Appendix [C] the following expressions are found. For z > z,

A2
/ Z +50n71'>\ /{32+A2)
{i( M( K2~ 2%) Moo (= VA2 = X2) 4 Noa (VA2 = X2) Noyo (VA2 — 2%))

2 _ )2
M, ( VAZ TN ) 0 (—i«/A?F n )\2) N (z /AT T /\2> Noxo (_i,/AZ; n /\2)
VAT + N2

Az + 2 QA} (53)
and
. A (i) Lo (=i0) | AiLna (v/iA3 = A2 Lo (—V/iA] — 3?)
GL :/ dA 2 + "
* ) nz() { 2(1 + Son ) k2 A(1 + Sop ) k2 /i — N2

ML (VZI8] = M)Lano(—y/ AT =R) | - gy
4(1 + don)Tk2\/—iA3 — N2 '

Likewise for z < zg

O I . AT
G0 = /O dA; 2(1 + Son)mA (k2 + AZ)
i (Mo (=vVE2 = X2) Mo (VE? — A2) 4+ Ny (—VE2 = A2) Noyo (VE? — A2))
k2 2 )2
Mo (=iv/AF+27) Muno (iv/AZ +27) + Nox (=iy/AF+07) Nuno (iv/A% +X7)
VAZ + X2

A7
+ g‘} (55)
Ag + k274
and
g~L / d)\z: A)Lpxo(2X) n AiLpa(— ZAQL — A2) Lol iAQL — )\Q)Jr
o n=0 + 60n)ﬂ-k2 4(1 + 507L)7Tk2\/iA2L7_)‘2

A(1 + Gon) k2 \/—iAZ — X2

This concludes the regularization of the free space Green’s function. In the next chapters some impor-
tant geometries will be treated.

AiLyx (—y/—iAZ = X2) Lo (/—iA2 — A2) } . 56)

4 Green’s function for a semi-infinite medium

The first geometry we will consider is a semi-infinite absorbing dielectric medium. For this problem the
Green’s function can be divided in a part for free space, Gy, as discussed above, and a scattering part,

12



Gs. The full Green’s function is then
ge == gO + gs (57)

In this section the scattering part, G, will be calculated for the semi-infinite medium. The medium will
divide the space into two regions, the first above the medium and the second within it. This can be
seen in Fig. (1). These will be respectively called regions 1 and 2, the scattered part of the Green’s

Region |

7

Figure 1: A semi-infinite medium up to z = 0 with a dipole above it. The figure is adapted from Ref. [4]
and [9].

function is now denoted as G{*’, in which 1,7 € {1, 2}, denoting the region in which the Green’s function

is evaluated and region in which the dipole is positioned respectively. The boundary between the two

regions is at z = 0 without loss of generality. This gives the following functions for a dipole placed above

the slab, in which h; = \/kZ — A2 for compactness of notation, the free space Green’s function is also
given in this new notation for 0 < z < zg, with z, the position of the dipole along the z-axis,

Go = /O dxzm{mnm—hlmm(hl)+Nm(—h1>Nmo(m>}. (58)

The scattering part above the interface, where the dipole is located is

11) / d/\TZ m {aMn)\ (hl) MnAO (hl) + cNyy (hl) NnAO (hl)} (59)

and below the interface

Gey _ /0 d)\zm{an,\ (—ha) Mo (h1) + dNypy (—ho) Npro ()} . (60)

13



The terms M,,50 (h1) and N,,xo (h1) are chosen instead of M,, o (—h1) and N,,5o (—h1) in order to
match the free space Green’s function at the boundary. The choice between M, (k1) and M, (—hy)
is made with the concern of wanting the functions to die out when going to z = coc and z = —
respectively, as required by the radiation boundary condition. This is similar to the methods used in
Ref. [5] and [6]. The coefficients a, b, ¢ and d are the scattering coefficients that will be determined
below.

The scattering coefficients will be found by looking at the boundary conditions for the electric and
magnetic fields. The tangential electric field, and thus the tangential component of the Green’s function,
has to be continues at the boundary. The same goes for the magnetic field, which is proportional to the
curl of the electric field, as long as there is no current present across the boundary. Thus employing the
boundary conditions, first for the electric field, which is

x [go T ggm] =2 x Gy, (61)

By expanding all the terms, the above mentioned equation translates to

/ dA Z mz X [{Mnk (*hl) + aM,, 5 (hl)} M. xo (hl)
+ {Nn/\ (_hl) + CNn)\ (hl)} Nn)\O (hl)] =
/ dX Z mz X [anA (—hz) M;x0 (hl)
+dNyx (—h2) Npxo (h1)] . (62)
If we then compare the coefficients for M,,x0 (k1) and N, (k1) we get
l1+a=05b (63)
and

—(~1+¢)=——d. (64)

Two more equations are necessary to uniquely determine the coefficients. For this we use the
continuity of the tangential magnetic field at the interfaces

Liivx [0 +6i] = L vxgl. (65)
M1 M2

When expanding all the terms in Eq. we get

1
s (—h M,.» (h1)} M0 (h
[ ANY St T UM () Mo ()} Moo ()
+ {Nnk (_h ) + CN'rL)\ (hl)} Nn)\O (hl)] =
1
J— dA Z mz x V X [anA (—hg) Mn/\O (hl)
+dNpx (=h2) Npao (h)] . (66)

We can then use the relations between M, (k1) and N, (k1) to get

14



]ﬂ d/\ Z m [{Nn)\ ( hl) + alNy (hl)} Mo (hl)
+{M,x (—h1) + cMpx (h1)} Nipxo (ha)] =
by [% | — i .
; /0 d)\; mz X [an/\ (_h2) M, )0 (hl)
+dM,,x (—h2) Nuxo (R1)]. (67)

From once again comparing the coefficients for M, 5o (h1) and N,,x0 (k1) we get

—(=14a)=—-——b (68)
H1 K2
and
ﬁ (14¢)= @d. (69)
H1 M2

The above mentioned equations then give the following answer, Eq. (70), for the scattering coeffi-
cients, thus completing the solution.

hipo—hopy

hipa—hop

_ _ 2hips

- hluz—hzul 70

k} hl/,l,l-‘r(l 2}11)]@ haopo ( )
kzhl/“+kzhg/u

d= 2p1 pokikahy

k2hip1+k3hopso

a =

Unlike with the free space Green’s function, the scattering part does not need to be regularized.
Since the distance from the source to the interface is chosen much larger than the size of the source.
This choice is made to prevent distortion to the current distribution of the regularized dipole that was
found for free-space, which would bring difficulties beyond the scope of this report. Thus the source
will be far away from the surface compared to its size, allowing the dipole to still be approximated as a
point dipole with regard to scattering, thus the scattering part of the Green’s function does not need to
be regularized.

5 Green’s function for a thin film

Another important geometry to look at, is that of a thin film. As discussed before, this is an important
geometry when discussing problems concerning LEDs [4]. The Green’s function in the source medium
can for this problem once again be divided in a part for free space and a scattering part. In this chapter
the scattering part for a thin film will be calculated in a similar way to the previous section. We will look at
a thin film that is infinite in the # direction. This will divide the space into three regions, the ones above,
in and below the thin film, as can be seen in Fig. (2). These will be respectively called regions 1, 2 and
3. The scattered part of the Green’s function will now be denoted as Qﬁij), in which ¢, 5 € {1,2,3}. Here
the first number indicates the region in which the Green’s function is evaluated and the second indicates
the region in which the dipole is located. This gives the following expressions in which 7, = \/kZ — A2
for compactness of notation, once again with ¢ € {1, 2, 3} indicating the region. The same construction
method has been used as with the case of the slab. The three different situations that are considered
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Region 2

Figure 2: A film, of thickness d, dividing the space into three regions with a dipole inside the film, the
figure is adapted from Ref. [4] and [9].

is the dipole being positioned in either region 1, 2 or 3, in which the second is the most important when
considering LEDs.
For the dipole in region 1 we get

T = i
G! )—/0 d)\;m{aﬂ\/lm (h1) Mipxo (R1) + ¢1Nypx (h1) Npxo (R1)}, (71)

31 / dA Z m {bgMn)\ (—h3) M., o (hl) + d3N,» (—hg) N.o (hl)} , (72)

G = [ Ay ————— {aosMyu (ha) Miuxo (B N, (ha) Ny (R
G /0 Z 1+50n7rAh1{a2 A (h2) Minxo (7)) + 2N (h2) Nio (ha) +

boM (—h2) Muxo (h1) + doNyx (—ha) Noo (R1)} . (73)
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For this case once more the free space Green’s function for z; < z < zp, with z; the position of the
boundary between region 1 and 2 is expressed as

Go = /0 dA Z m {Myx (=h1) Mo (h1) + Npx (=h1) Nyxo (h1)} - (74)

Secondly, for the case of the dipole being located in region 2 we have

g£12) — /0 d/\ Z m ( n\ (hl) {CLTM”)\O (hQ) + al_MnAO (—hQ)}

+Nopx (h1) {ef Noro (h2) + ¢7 Noxo (—h2)}) ,  (75)

<3z>:/0 d)\zm( nx (=ha) {6 Miuso (ha) + by Myuxo (—ho) }

+Nox (—h3) {df Npao (h2) 4+ d3 Nyxo (—he)}) . (76)

g§22) — /0 d)\ Z m ( n\ (hz) {a;Mn)\() (hQ) + GQ_MnAO (—hQ)}

+N,a (h2) {02 w0 (R2) + ¢3 Niao (—h2) } + My (—h2) {b3 Mo (he) + by Myxo (—hs) }
+Npx (—h2) {d3 Noao (h) 4+ dy Nyxo (—ha)}) . (77)

The free space Green’s function for zp < z < z is

Go — /0 dA;m (Mo (h2) Myo (—h2) + No (h) Noso (—hz)) (78)

and for 23 < z < 29, Where z3 is the position of the boundary between region 2 and 3, Fig. (2),

Go = /0 dxzma\m (—h2) Mo (he) + Nox (~ha) Noxo (2)) . (79)

Lastly for the dipole being positioned in region 3 we write

ggld’)) — / d/\ Z m {aan)\ (hl) Mn)\O (*hg) + Can)\ (hl) Nn)\o (*hg)} 5 (80)
) :/0 d)\zm{bgMn,\(—hg)Mn,\o(—hS) +d3sNpy (—hs) Noxo (—hs)},  (81)

(23) _
/0 dAZ 5T (2Ma (12) Mg (i) + aNo () No (—hi) +

baM (—h2) Mo (—hs) + daNyx (=h2) Npxo (—hs)}  (82)
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and the free space Green’s function for zp < z < z3

Go = /0 dA Z m {Mn)\ (hB) M50 (_hS) + N (hS) Noxo (—hS)} .

(83)

To determine the coefficients we will first look at the situation where the dipole is located in the first
region. To get the coefficients, we’ll employ the boundary conditions on the boundary between region 1
and 2 and between 2 and 3, the same as which has been done with the slab. Firstly at the 1-2 boundary,

=21

£ |Go+ G| = 2 x G0,

Substituting the fields into the expression gives

/ dA Z mz X [{Mn,\ (—hl) + CLan,\ (hl)} an\O (hl)
+ {NM (=h1) + e1Npx (h1)} Nopxo (h)] =

/ A Z STy X [a2Mua (h2) + B2Mous (<ha)} Maso (1)

+ {C2Nn)\ (hz) + daNpa (_h2)} N (hl)] :

If we then compare the coefficients for M,, o (h1) and Ny, 5o (h1) we get

671h121 + alelhlzl — a2elh221 + b2€72h221
and

2
k1
Likewise at the 2-3 boundary, z = z3

ha , .
e (czezhzzl _ d2€ 1h221) )

_e—ihlzl + Clezhlzl) _
ko

2xGPY =2 x gBY,

Substituting the fields into the expression gives

/ dAZ mz x [{a2Mnx (h2) + b2Mux (—h2)} Mo (ha)

+ {CQNn)\ (h2) + d2Nn)\ (*hZ)} NnAO (hl)] =

oo s Z R
/0 d)\ Z 2(1+5— [bSMn)\ (*hl}) MnAO (hl) + dBNnX (*h?)) Nn)\O (hl)] .

0n> W)\hlz x

Once again we compare the coefficients for M,, o (k1) and N, »o (h1) we get

a261h223 + b26774h223 — b3€71h323
and

ho

ki (Cze’bhgz;g _ d2€71h223) — _7d3671h323.
2
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Four more equations are necessary to uniquely determine the coefficients. To get these equations
we use the continuity of the tangential magnetic field at the interfaces. Once again firstly for the interface
between medium 1 and 2

P V x [go + gglﬂ =1 V x G2V, (92)
M1 H2

which translates to

)
ul/ Zm“VXHMnM h1) + 1Moy (h1)} Mo (ha)

+{Npx (=h1) + e1Npx (h1)} Noxo (h1)] =
i T Z mz XV x [{asMox (h2) + bsMox (=h2)} Miaro (1)
+ {caNpa (he) + daNpx (—h2)} Nuxo (h1)] . (93)

We can then use the relations [Egs. (2123)] between M and N to get

ﬁ d)\ Z m Z % [{Npx (=h1) + a1Npx (h1)} Mo (ha)
+{Myx (—h1) + ciMpy (h1)} Npxo (h)] =
ky [ i .
—/ dX Z mz X [{a2Ny (he) + b2Npy (—h2)} Muxo (h1)

+ {CQMn)\ (hQ) + dQMn)\ (*hQ)} Nn)\O (hl)] . (94)

Once again from comparing the coefficients for M, (k1) and N, (k1) we get

ﬁ (—e‘”“z1 + aw““zl) = @ (aze“”'z1 - bze’ihm) (95)
M1 M2

and
ﬁ (e”hlz1 + cleihlzl) = @ (026“”21 + dze’ihm) . (96)
M1 H2

Similarly, at the interface between medium 2 and 3 we have

L ivx G2y = L ivx Gy (97)
M2 M3

which gives

1 [ & i .
7/ d)\nz::o mz x V x [{aaMpy (he) + baMpx (—h2)} Mpxo (h1)
+ {caNpa (h2) + daNpx (—ha)} Npxo (h1)] =

1
. dAZ (1+ 50n 7r)\h12 X V x [bsMnx (—h3) Muxo (h1) + dsNnx (=hs) Ninao (h1)] . (98)
We can then use the relations between M and N again to get
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ky [ & i
—= dX —  _ *xV N, (h baN,x (—ha)} M, 00 (R
,U2/0 7;)2(1—1-5%)7?)\]112)( X [{aaNnx (h2) + 2N (=ha)} 2o ()

+ {CQMn)\ (hg) + d2Mn)\ (_hQ)} N”/\O (hl)] =

ks [ i
- T Z Nn - Mn Mn - Nn .
o ) Sy ¥ BN () Moo () + dsMos (<) N (1) (99)

When once again comparing the coefficients for M,,xo (k1) and N, (k1) we get

% (a26ih2z3 _ b267ih2z3) — % (71)367”7'3’23) (100)
2 3
and
k2 ihoz —ihoz k3 —ihaz
= (€™ dpe™"2%) = —= (dge™""0%) . (101)
K2 M3

To get the coefficients we now only need to solve the following set of equations

aleihlzl _ a2€ih221 _ b2€7ih221 — 767ih1z1 [1]
%Cleihlzl _ % (C2eih2z1 _ d2€—ih221) _ %e—ihlzl [2]
a2ez’h223 + er—ih223 _ b3e—ih323 =0 [3]
Z—; (026“”23 — dze’ih2z3) + Z—gdg,eﬂ'h”3 =0 [4] (102)
%aleihlzl o % (a26ih221 o b267ih221) _ %efihlzl [5]
%Cleihlzl _ % (Cgeihzzl + d2e—ih221) _ _%e—ihlzl [6]
% ((126“”223 _ b2e—ih223) + %bge—ih,3z3 -0 [7]
% (C2eih223 +d2€7ih223) _ % (d367ih323) =0 [8]

In case of the dipole being in the third region, the calculations are symmetric to those of the dipole
being in the first region. This gives the following system of equations:

b367ih323 _ a26ih223 _ b267ih223 — 76’””’323 [1]
_%dge—ifmZg _ % (0267;’1223 _ dze—ih223) — _%eihgzg [2]
a2ez’h,221 + er—“LQZ1 _ aleihlzl =0 [3]
% (CQeihgzl _ d2€7ih2z1) _ %Cleihlzl — O [4] (103)
7%b3€7ih3z3 o % (a2€ih223 _ bzefih223) — 7%6“”’23 [5]
%dse—ihgzg _ % (C2eih223 + d2€—ih223) — %e—ihgzg [6]
% (a2eihzz1 _ b2e—ihzzl) _ % (aleihlzl) =0 [7]
% (626ih221 +d2€7ih221) o % (Cleihlzl) — O [8]

Lastly we will consider the case of the dipole being in the second region. The coefficients for this
case will be calculated by the same method as before by applying the boundary conditions and the
continuity of the tangential magnetic field at the interfaces. Firstly, the boundary condition at the 1-2
boundary, z = z; is

2 x [go + gﬁ?“')} =2 x G, (104)
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Substituting the fields from Egs. (75), and into the expression gives

/ dA Z mz x [{My (ho) + a3 Myx (h2) + by My (—ha) } Mo (<o)

+ {Q;Mn)\ (hQ) + b;Mn)\ (_h2)} MnAO (h2) +
{Npx (h2) + c3 Ny (ho) + d;N (=h2)} Niuao (—h2) + {c3 N (ha) 4 d3 Ny (—h2) } Npao (he)] =

/ dA Z m [Mn/\ (h1) {annAo (h2) + a7 Muxo (—hz)}

+N,.\ (hl) {Can)\o (hg) + C;Nn,\o (—hg)}] . (105)

If we then compare the coefficients for M, a0 (A1), Nyuxo (h1), Mpxo (—h1) and Ny, 5o (—h1) we get

ag e 4 pfemihem = g fethia (1086)
k72 (c;rezhzn _ d;re—zhzzl) _ kil (C;remlzl) ’ (107)
2 1
eihzzl + a;eihQZl _|_ b;e—ihzzl — al—eihlzl (108)
and

h . . _ h )

kiz (e’thZl + CQ—BZhgzl o d2—671h2z1) _ k:il (Cl—ezhlzl) . (109)
2 1
And at the 2-3 boundary, z = z3,

£ |Go+ G| = 2% G, (110)

Substituting the fields from Egs. (76), and into the expression gives

/ dAZ mz x [{ag Mx (h2) + by Mo (—ha) } Mo (—he)

+ {Mn/\ (_h2) + UL;FMnA (h2) + b;Mn)\ (_h2)} Mn/\O (h2) +
{e3 N (he) + dy Npx (—ha) } Nopxo (—ha) + {Npx (—h2) + c3 Np (ho) 4 d3 Ny (—h2) } Ny (ho)] =

1 . -
/; d)\g mz X I:Mn)\ (—hg) {bjMn)\O (hQ) + bd Mn)\O (—hg)}

+Npx (—h3) {dg Npao (ha) 4+ d3 Noyxo (—he) . (111)

Once again we compare the coefficients for M,,xo (h1), Npxo (A1), Muo (—h1) and Np,xo (—hy) we
get

e—ithg + a;eihgzs, + b2+e—ih2ze, _ b;)re_ihSZS, (1 12)

h2 —ihozs iho - —ih hS —ih
Ty (e et et = g (e ™), (113)
a/;eihQZg + b;e—ihgz;«; — bge—ihaz;«; (1 14)
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and

h2 — thaz — —thaz: h3
k2 (026h23 d2€ ha 3):?3
Next we’ll consider the continuity of the tangential magnetic field at the interfaces. Once again firstly

for the interface between 1 and 2

(—dy e hs=s) . (115)

Lvvx [go+g<22}:iszxggl2>. (116)
2 H1

Which translates to

1 _ _
= dAZ mz x V x [{Mpu (h2) + az My (ha) + by Moy (—h2) } Miuxo (—ha)

+{a3 My (h2) + b3 Myx (—ho) } Mo (he) +
{Nox (h2) + ¢ Ny (h2) + dy Nox (=ha) } Nixo (=he) {+63 N (ko) + df Ny (—ha) } Npxo (he)] =

1 [ = i . N _
— e T e —— n axo (R M,xo (—h
M2/o d)\';)Q(l-F(SOn)ﬂ')\hQZXVX[M A () {ai Mo (he) + a o (=hz)}

+Noux (h1) {ef Noao (h2) + €7 Noro (—ho) }] . (117)

We again use the relations between M and N to get

/ Z (1+ 50n 7T)\h2 [{Nm (h2) 4 ag Ny (he) 4+ by Ny (—hg)} M50 (—h2)

+ {a2 ax (ha) + b;an)\ (—hQ)} M,xo (h2) +
{M,,x (ko) + chn,\ (h2) + dy My (—h2) } Nuxo (—h2) + {c3 Mix (h2) + df Mo (=h2) } Nao (h2)] =

kg _
— d)\ Z m [Nn)\ (hl) {aiFMnAO (h2) + a]_ M’n)\O (—hg)}

+Ma (h1) {¢f Noxo (h2) + ¢ Noao (—h2) }] . (118)

Once again from comparing the coefficients for M,,x0 (h1), Nuxo (R1), Muxo (—h1) and Nyao (—h1)
we get

@ (a+6ih2z1 o b+67ih2z1) — ﬂa-‘reihlzl (1 19)
2 2 1 9
M2 M1
ko + ihazy + —ihaz1 k1 + ih121
—(cze +dje ):—(cle ), (120)
2 H1
@ (eih2z1 + a;eihgzl o bgefihzzl) _ hl a;ezhlzl (121)
H2 Ha
and
kig kl

( thozy e ethez1 —l—di —7h221) _ M
M2 K1

Similarly, at the interface between region 2 and 3 we apply

(cpetm=). (122)

1 1
~ixVx [go n gf?)} = XV xGP, (123)
2 U3
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When filling in Egs. (76), (77) and (79) we get

1 [~ - {
(2 xV 5 My (h) 4 by My (=h2) f Mo (—h
; /0 d>\n§ . 30+ d0) /\th x V x [{a; x (h2) + by A (=ha)} Mo (—h2)

+ {M,x (—h2) + af My (h2) + b3 My (—h2) } Mo (ho)
+ {3 Npa (ha) 4+ d3 Ny (—ha) }Nn)\O (=h2) + {Nnx (=h2) + ¢3 Npx (h2) + d3 Ny (—ha) } Noxo (he)] =

1
— e M,,» (—hs) {b3 Mo (R by My xo (—h
d)\z 1+50n 7r)\h22><v><[ )\( 3){3 )\O( 2)+ 3 AO( 2)}

+Npa (—hs) {df Npxo (he) + d5 Noxo (—h2)}]  (124)

and after using the relations between M and N

k B _
i/ dAZ mz XV x [{ag Ny (ha) + by N (—ha)} Moo (—ha)

+ {Npx (—h2) + a3 Ny (ko) + b3 Npx (—ha) } Mo (ha) + {c; My (ha) + dy My (—h2) } Nyao (—ha)
=+ {Mn)\ (—ha) + C;Mn)\ (ha) + d;Mn)\ (_hZ)} Naxo (hQ)] =

ks [ ) _
ik Y o 2 X VX [Ny (- M Mo (—
s /o d\ 2.3 5 d00) 7r)\h22 X V x [Ny (—h3) {b3 Mo (h2) + b3 o0 (=hs)}

+ M (—h3) {df Ny (he) +d3 Noxo (—ho)}] . (125)

By once again comparing the coefficients of the different M, and Ny functions we get

h . h- )
2 (_ —ihzz3 + a+ ihozs b;re—lhzzz),) _ _ibge—zhgz‘%’ (126)
M2 H3
72 (672h223 + C;-ethZ:; + d;—ef’bhgz;g) — id;671h3237 (1 27)
2 M3
@ (a;eihﬂa _ b;e_ih”S) _ h3 b7 —ihgzs (128)
H2 w3
and
kﬁ ( e lh223 + di —thzd) _ ks dg —zh3Z3 (129)

H2 H3
For the dipole in the second region we get a double set of equations, one for the + and one for the -
coefficients, as seen below

a+eih221 + b“re*ihzzl _ a+eih121 — O [1]
Z; (C;elh?zl d;e_ihQZl) 21 (cirezhlzl) -0 [2]
a+ezh223 + b;-e—ihgz?, _ b;_ —ihzzz _ —6_2h2z3 [3]
B e eon o) e (i) — e
(a ezh2z1 b+ 7ih221) h1a ezhlzl =0 [5]
( LhQZl +d+ —Zh221) (C ezhlzl) — O [6]
(CL zh2z;; _ b+ —'Lh223) h3 b+ —ihzzz _ @e—ihrzzg [7]
H2
Hz (C ethazs + d+ 72h2Z3) ﬁi d+ —ihgzs _ 7%671'}1223 [8]
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agehzs 4 byeiham _ qTehm = _gihan 1]

Zi (cgethasr — dy e~z — h1 (01 eihim) = _%eihQ,Zl 2]

ay ethz#s 4 b ethazs by e_”“"zd =0 [3]

Z; ((32 ethzzs — g e’lh223) ( ds e’lh3z3) =0 [4] (131)
(a R hla i1z — _ha gihoz [5]

b (c ety dye=iham) _ (c giliz) = _%eihgzl [6]

% (a ethezs b e"hzzf') h3b e~ thszs — ) [7]

Ko oy ethams 4 dy emthazs) — fjid etz — 8]

With the sets of equations of Egs. (102), (T03]and (T37) we have a solution for the scattered part of the
Green’s function for a thin film. The sets of equations can be solved with Mathematica. Similar to the
case of the semi-infinite medium, this scattered part does not need to be regularized as the dipole is
chosen to be much further away from the boundary compared to its size.
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6 Conclusion/Outlook

We have used a known regularization method to make the Green’s function finite at the location of a
dipole, by giving the dipole a finite size [3], to regularize the known solutions of the Green’s function in
cylindrical coordinates [6]]. The solution used can be expanded to describe a stack of multiple thin films,
as in [5]. In that case the Green’s function can accurately describe the LDOS that is connected to the
transmissions rate of light in LEDs [4]. For actual use the integrals and summations that are still present
in the solution will need to be solved numerically. This is also necessary to compare the regularized
solution with known solutions. This will thus be done in a continuation of this work
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Appendices

A Orthogonality relations

In Ref. [6] the orthogonality relations for the M and N functions have been provided. In this section the
same will be done for the L, (k) functions. The relationships that hold are

/ / / AV (WL (1) = PET )
22 (A + B (1 + Go,)3(h — K)S(A = N) n=n'

/ / / AV Lo (R) My (—R') = 0 (133)

///dVLn,\(h)Nn/,\/(—h’)zo. (134)

Because of the trigonometric functions, all of eigenfunctions are orthogonal if n # n’. For the other
cases, the proofs follow a similar manner as the once found in the book of Tai. As an example

and

1= / / / AV Lo ()Mo yve(— 1) (135)

will be calculated below.

2 Je'e) e’}
I:/ d¢/ TdT’/ dZLn)\o(h)Mn/)\/e(fh/)
0 0 —00
=—(1+d )71'/Oo rdr /OO dzeith=10z1 (g ()\/T)QJT (Ar) + J,L(/\T)QJT,(/\'T)
" 0 oo r\" or " or

=—2n7* (1 + 80n) 0 (h — 1) / dr (J,L()\’r)aln(/\r) + Jn(/\r)aln(/\'T)>
0 or or

= —2n7% (1 + 60n) 6 (b — B') [T (A7) (A1)
—0 (136)

B Solving parts of the integrals

In this section and the next all parts of the integral of Egs. (38), (GT), (GL), (GTR) and (GLR) will be
solved. To shorten the notation, implicit » and A dependence will be omitted as the integrals only involve
h.

B.1 First integral
We will first solve the integral, which is a part of Egs. and (39),

_ [ M(h)My(—h)
= / P Gon 272 (52 — R2) (137)

— 00

When filling in the definition of M according to Eq. and shortening the notation by collecting the
therms that are independent of A into the coefficient f; we get
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Im(h)

Figure 3: Contour following the complete real axis and than making half a circle over the upper half of
the complex h-plane

B 1 > explih(z—2)] [ n* Cos cos .
h= (1 + dpp )22\ /_OO dh (N2 + h2 — k?) (rro Tn(Ar) Ju(Aro) sin (ne) sin (ndo) o
g o) I (mg) ™ (o) by
T ro cos cos
qcﬁjn(Ar)aiJn(Aro) 5 gy O (ngz)o)fd;oq:ﬁjn(Aro)aﬁJn(Ar) O (ngo) Sirf (nqs)mz))
T To Sin COS To T Sin COS
B fi > explih (z — 2)]
(14 60)27m2A /_Oo dn (A2 +h2 —k2) " (138)

Then we rewrite the equation to highlight the poles as follows
1 /C>C exp [ih (z — 2o)]
LH=————— dh . 139
T4 00m)2m o (b= VR = N2 (h+ VR - 22) (139)
The above integral can be solved by the contour integration approach in complex plane. For z > z,

we integrate over the upper half of the complex plane, as can be seen in Fig. (3). Identifying the poles
at h = £Vk? — A2 , with k£ € C, and then using the residue theorem we get for z > z

; k2 _ /\2 —
I = h o P L1 (2~ =) , (140)
(1 + don)2m2N 2vVEZ — \2

fi exp [i\/ k2 — X% (z— zo)}

I, = 141
LT 0 G 2k — N2 (141)
and finally after working out the coefficients
iM(VEZ = A2)Mo(—VEZ — \2)
I, = , (142)

2(1 4 o) TAVEZ — N2
We can repeat the procedure for z < zq by carrying out the integration in the lower half of the complex
plane as seen in fig. (@) . This gives

fi cexp [—ivVEZ — A2 (z — 20)]

I =
L W don)mn 2WEZ — 22

(143)
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Im(h)

Figure 4: Contour following the complete real axis and then making half a circle over the lower half of
the complex h-plane

or after once more working out the coefficients.

IM(- V= X2 Mo (VEZ — )

I = 144
! 2(1 + Son)TAVEZ — A2 (144)
B.2 Second integral
Continuing with the second integral, which is a part of Egs. and (39),
_ [ N(h)No(=h)
I = /m S San iy O 4 =T (145)

After filling in the definition for N from Eq. and collecting the prefactors into the coefficients fi,
f2 and f3 we get
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1 ) 0 sin sin A
b= m ((aTJ (Ar) aroJ n(Aro) cos (n?) cos (ndo) 770

2

F () (o) " (nd) " (neo) by = - 0 100 2 1a0r0) ™ (16) (o) do

70 sin sin 7o cos S
0 n sin exp [ih(z — 29)]h?
+—Jn(Arp)—=Jp
dro ( TO)T (Ar) cos (n%) sin (ng) T0¢> / dh (A2 + R — k)

explih(z
. (n¢) (nqbo zz'O)/ dhﬁz 13\[2+(h2 ;l))

N (iAQefJn<Ar>Jn<Aro> () ™ (ndo) 70
r COS

<)\4 (), (/\ro)

COs

—i2 g v g ) T (ng) S (n6) 02 £ X () T o) (ngb) (n¢0)¢z0

Jro cos cos sin
FN LT T r) 5 (nn) () ¢OZ> [ s
1+al>2m<f/ an eXIE[)ZL(jh? +f2/ dh eXI;\;}jrlﬂ ”)
+fs / dh eXp;;; o )]h)>. (146)

After rewriting to highlight the poles

_ 1 o explih(z — z0)]h?
k= (14 dop )22 A (fl /—oo dh/@ (h = VE2=22) (h+ V&2 — \2)

o explih(z — zp)] o explih(z — zo)]h
+f2/_oodhn2 (h = VIZ=2%) (h+ VEZ — X2) +f3/ e =V — ) (h+\/k2A2)>'
(147)

The above integral can be solved similar to the first integral. Identifying the poles at h = £v/k2? — A2
and h = i)\ we get for z > zg

. i <f1 (exp[i\/k2 —R(z = )|(? = 2?) | expl-A(z - zo)])\2> .

(1 + dop) A k2 (2vVk% = \2) 2i\k2
F explivk? — \2(z — zo)] n exp[—A(z — 29)] N
2 12 (2ViE - %) Ve
explivk? — A2(z — z0)[VEk? — A2 idexp[—A(z — 20)]
s ( k2 (m/ﬁ) - o )) ’ (148)
or
I iN (VK2 — X2) N (—Vk? — \?) i exp[—A(z — 29)] 4 exp[—A(z — 20)] s rexp[—A(z — zo)]

2NK2 (1 + Bop )
(149)

2k2(1 + o) 22NK2(1 + Oop )

2(1 + S0n)TAVE? — A2
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with

2

F AN Iar) 2 (19) (o) b - On) " Tahr) 2 (ng) () 7

rTro sSin To (o))
iaiJ ()\ro) Jn(Ar) ° (n¢0) O (1) Fod — N2 (M) Jn (Aro) sin (no) sin (neo) 220
T0 CO; Sin COS COS

+ )\%Jn()\r)Jn()\'rO) o (n(b) (n(bo)rzo - )\aij (Aro)Jn ()\T) . (n¢0) . (n¢) fos

AT T )T (Mro) O (ng) T (ngo) b0 F AT RACOEACYY S (ngg) <n¢><£oz> (150)

S11 S11 COS
this gives

[, — (VA2 - 22 No (VA X%) | L(iA)Lo(=i) (151)
T 21+ de )R — 2 2(1 + dop ) k2
N (VEZ = 22) Ny (—VAZ - \?)

_ Lgt. 152
2(1 + 8on)TAVEZ — A2 9i (152)

Repeating for z < zgby integrating over the lover half of the complex plane

AN (—VE2 = A2) Ny (VE2 — \2) L f exp[A(z — 20)]
T (14 SR - N2 Y 2k2(1 + Son)
exp[A(z — 20)] iexp[A(z — z0)]
—J2 N2 (1 1 don)m fs 2ME2(1 4 Bop )70 (153)
with
__expAMz—2)] [ O 0 o
G4 = 22(1+ dom)m (&"J"(/\T)aroj ()\7"0) cos (”¢) (n¢0)”“0
2 in
F O o) % (06)  (mn) o £ 5T o) P (n6) () 7
0 sin To COS

£ 0 g 0n) 20 0n) S (mg) % 00) Fod — NI Or) T () () 22
ro cos

COs Sin COS

_)‘%J”(AT)J (Aro) o (ncb) (n¢o)rzo+>\aaoJ (Vo) T (M) > (n%) o B 0) fos

FAL LA r0) © 6) T (o) 20 £ A L1 Ovo) S (o) ) %z) (154)

Sin COs sSin COS

makes
I N (=vk% =A%) No (VK2 — 22) N L(—i\)Lo(i\)
2 (14 SR — A2 2(1 + 8oy, ) k2

N (—Vk2 = X2) No (VA2 — X2)
2(1 + Son)TAVEZ — X2

(155)

or

9 =

+G, (156)
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B.3 Third integral

Finally, the third and last of the integrals involving the non-regularized Green'’s functions, which is a part

of Egs. and

—AL(h) o(—h)
Substituting the definition of L from Eq. . gives us
- 0 0 .
L= e <<ar‘] )3, Jn(¥ro) cos (mb) (n¢o)rro

2
I Il A0) €05, €05 <n¢o><2sé>oi§Jn,<xr>ﬁJn<Aro> (n6)  (no0) 7y
TTro S1n S1n r To CO

9 . o explih(z — zp)]
gy AT (o) <"¢>7"°¢> /_wdhw

sin sin .. © explih(z — z0)]h?
+ (Jn()‘r)Jn()‘TO) cos (n¢) oS (an)o) ZZO)/ dh (h2+)\2()]

— 00

n
co Jrg cos

¥ (—ﬁ%(ﬂ) Oro) I () 0 (o) 20 + 15~ Tur)TO) () M () o

FELON T Or) T (18) (o) b0 £ IO T (o) 0 (o) <n¢>¢302>

Sin S COS

/w th) -

-2 °° explih(z — zp)] explih(z — zo)]h? o explih(z — z9)]h
2+ o2 (fl/_oodh GESS + fa / dh h2+A2) +f3/_oodh—(h2+k2) )

(158)

The above integral can be solved similar to the previous integrals. Identifying the poles at h = +iA
we get for z > zg

B =\ exp[—A(z — 20)] exp[—\(z — 20)]\? 27 exp[—A(z — 2z0)]iA
s = oo <f1 2iX +f ( 2i\ om0 ZO)) +fs 2i\ ) :
(159)

7. — “LNLo(=iN) Y
5T 214 bon)mk? | K2(1 4 Oon)

d(z — 20), (160)

which comes down to

Iy =

—L(iA)Lo(—iX) A sin sin .
301 1 dgn) k2 — =l +50n)7TJn()\7")Jn()\r0) cos (ng) cos (ngo) 2200(z — 20). (161)

Repeating for z < zy by integrating over the lower half of the complex plane

—L(—i\)Lo(i\) —2Xifs

SR TR (e R (162)
gives
~L(—i\)Lo(iA A
= ST~ B s ) T () T () 500z =) (169)
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C Solutions of the integrals involving the regularization

The integrals from the previous section will be solved again for the additional poles caused by the
regularization. These are thus parts of the integrals of Egs. and (52). To shorten the notation,
implicit n and X\ dependence will be omitted as the integrals will only involve h.

C.1 First integral

Once more starting from the first part of the integral of Eq.

_ [T A7 M (h)M,(—h)
Il_/_wdh(A%‘ZHQ) (1+50n)27r2>\(l€2—]€2). (164)

Substituting the definition of M from Eq. and then shortening notation gives

B A% n2 cos cos .
= T sz (mJnW>JnW°> sin ") gy (1900770
0 0 sin sin S n 0 Cos sin A
+ 5 In (A1) 5= Jn (A1) (ng) (ndo) ddo F —Jn(Ar)5—Jn(Aro) . (ng) (ngo) 7o
or dro cos cos r Jro sin cos

COSs

qzﬁJn(/\To)an(/\T) . (ngo) :;I; (nd) 720(5) /_00 " = exp [ih (z — zo)]

Th2 k%) (A + A2)

_h T exp [ih (z — 20)]
N (14 d0)2m2A / dh()\2 + h? — k2) (A% +R2) (165)

0 or sin

— 00

or in different notation to highlight the poles

I = #/oo dhn exp [ih (z — 2p)] '
(L 000)2m°A Jooe ™ (h = VEZ=X2) (h+ VT = X2) (Rt i/AF + 02) (h—iv/DF + X7)

(166)

The above integral can be solved by the contour integration approach in complex plane. Identifying the
poles at h = £v/k? — A2 and h = £i+/A2 + A\? and then using the residue theorem we get for z > z,

fi o exp [i\/ k2 — X2 (z — ZO)} N
(L 00n)2m A\ 2B =32 (VIZ =02 +i/B5 + 02 (V2= X2 — iy /AT + 02)
exp {—\/AQT + 2 (2 — zo)} (167)
(iVAF+ N = VI =X) (iAE+ N2+ VI = R2) (2i/AF +07) |

which, when worked out, becomes

f '(exp[im(z—%)] exp[_\/m(z_m)}) (168)

I, =

I =

; _
L+ 0o)mA | 2VRZ =R (R +AD)  (AZ +#2) (2i/AF + )

or, when writing out f; again

L A2 M (V=3 My (Vi —%) M (iV/AFN) Mo (—i/AF + )
YT 2(1 4 Gon) A (K2 + A2) 52— A2 - JAZ T X '
(169)
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We can repeat the procedure for z < z, by carrying out the integration in the lower half of the complex
plane. This gives

I, =

fi i [ &P [—i\/M(z — 20)] _ P { VARV Zo)} (170)
(U oo)mA\ - 2V =X (2 +03) (A3 4 k2) (20 /A5 + 7))

which becomes

. i, M (V=) My (VE=3) M (VAT ) Mo (iV/AF + 3°)
Y21 Son) A (K2 + A2) 22 N/ e :

(171)

C.2 Second integral

Continuing with the second part of the integral of Eq. (51),

e AZ N(h)No(—h)
L= /_ D A2 ) T+ Gom) 22X (02 + 12 — 1) (172)

or when writing out the definition of N of Eq. (22) and then shortening notation

A2 0 0 .
L= W ((0 ()‘r)a o ()‘TO) o (nqb) (”¢0)7“7“0

2

F O T re) % (06) P (mn) ddo £ - Ta () uOro) T (n8) % () iy

rTo sin or To €O

0 explih(z — zo)]h2
i%J (ATO) T In ()\r) coS (n%) sin (n(b) TO¢> /oo an k2 (A2 + h2? — k2) (A2 + K2)

i i . o ih(z — 29)]
N O (A sin sin / dh explé 0
* ( Iu(Ar)Ju(Aro) cos ne cos noZZo oo KE(N2HRZ —k?) (A% + K2?)

CO! COs COS

+ (iAzij,L(Ar)J,L(Aro) (n(,b) (n¢0)rzo — i aiJ o) Ta ) ™ (ngo) S (ne) o

ii)\Q%Jn(Ar)Jn(Aro) €08 (ngb) (nqbo)quO:Fz/\ —J ) Jn(Aro) <% (no) sin (no) W)

sin sin cos
/°° i explih(z — zo)|h
oo KE(N24R2—K?) (A2 + K?)
A2 e explih(z — zo)]h? ° explih(z — zp)]
- a0 e | e e

o xplih(z — h
fs /_Oo dhﬁg ()\2€+p}522 £2k2)2(0/)x]% +52)> . (173)
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After changing notation to highlight the poles

A%

L=— T
27 (1 + 6on) 272N

explih(z — z0)]h?

fl/C>O dh
o k2 (h= VR X) (h+ VI =) (i /AR ) (h— /A + R2)

explih(z — zp)]

+f2/—oodh/f2(h—\/M) (h+ VEZ = A?) (hﬂ\/m) (h_wm)

+f3/°° dah explih(z — z0)]h (174
o 12 (= V= N) (4 VI =) (i /AR ) (h— i /AT )

The above integral can be solved similar to the first integrals. Identifying the poles at h = £v/k? — A2
, h = +iXand h = +i\/AZ + A2 we get for z > z

Lo A% <f1 <exp[i\/k2 TNZ(z — 20)](K2 =A%) exp[—A(z — z0)]A\2

(1 + don)mA k2 (2vk% = N2) (k2 + AZ) 2i\k2 A%

LT exp[—v/AZ + X2(z — 20)] (A% 4 \?) N
AZ (A2 + K2) 2i7 /A2 + A2

1, exp[ivk? — A2(z — zp)] N exp[—A(z — 20)] N exp[—+/AZ + N\2(z — zp)]
k2 (2v/k% — X2) (k2 + A%) —2i\k2AZ, A2 (A2 + k2) (sz)

1, (exp[i\/k2 —A2(z — 20)|Vk% — A2 N idexp[—A(z — 29)] N iVA% + N2 exp[—/AZ + N2 (2 — zo)]))

k2 (2vk% — X2) (k2 + A%) —2i\k2AZ, A2 (A2, + k2) (22\/m>
(175)
which, after filling in f1, f> and fs, becomes
AZN (VIE RN, (—VRZ A7) ARN (/AR ) No (—iy/AT V)
27 2(1+ bon)TAVEZ — A2 (k2 + AZ) 2(1+ don)™A (A2 + K2) /AZ + A2

L(i\)Lo(—i))
2(1 + 6 )Tk?

N (VIE 9N, (—VEE A7) AN (iv/AF+37) No (—i/AF + 22)

C2(1 4 Son)TAVEZ — AZ (k2 + AZ) 2(1 4 Son )T (A2 + k2) \/AZ + N2

+G5. (176)

Repeating for z < z by integrating over the lover half of the complex plane

36



[, = AN (CVRE V) No (VIZX) BN (—i/AF + N2 No (i/AF +X7)
2(1 + o) TAVE2 — N2 (k2 + AZ,) 2(1 4 Gon)TA (A2 + k2) /AZ + X2
L(—i\)Lo(i))
2(1 + Gon) k2
IAZN (—V/RZ = W) No (VIZ=37)  A3N (=iy/AF 5 37) N (iv/AF + 2)
2(1+ 0m)TAWEZ — X2 (k2 + AZ)  2(1+ don)mA (A2 + k2) /AZ + A2
+G;. (177)

C.3 Third integral

Finally, the last integral from Eq. (52),

o0 A4 —AL(R)Lo(—h)
L= / dhA4 + 1% (14 060n)272 (A2 + h2) k2 (178)

or, when writing out the definition of L from Eq. (24) and shortening notation

-2 0 0 sin sin .
Iy = W { <vaz(AT)%Jrz(ATO) oS (”¢) oS (ﬂ¢o)7“7"0

n? r ro) COS

IODIOT) O 1) ) b 2 3) ) 2 (0) O (n00) e
0 sin cos .o explih(z — 2o)]

ia ro ()\ro) In ()\T) cos (ndo) sin <n¢)ro¢>/dh(h2+)\2)(/\i+/€4)

sin sin o0 explih(z — zo)]h?
cos (ng) cos (o) 220) / dh(hQT /\2() (A%Oj} ”4)>

+<—z§TJ<Ar>J<Am> (ne) ° (n%)%ﬂaij Oro)T() ™ (ng) ™ (ngo) o2

+ (Jn()\r)Jn()\ro)

COS S COS

FEI O Or0) O (1) T (ndo) d0 % I aOve) S (o) i (n«zs)éoé)

r Sin S COS

° explih(z — z0)lh |
/ dh(h2 + )\2) (A4 + k%) } B

—AA% explih(z explih(z — zo)]h?
k2(1 + 8op )22 (fl/ ah (h? 4 A?) A4 +/€4 +f2/ dn (h? +X2) (A} + k%)

explih(z — zo)]h
+f3/ dh GESOINE 4)>. (179)

The above integral can be solved similar to the previous integrals. Identifying the poles at h = +i\

and h = £+/+iA% — A2 we get for z > 2
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I —XiA} {fl <exp[—)\(z —20)]  explivid] —A2(2 — 20)]  expliy/—iA] — A2 (2 — zo)]> N

" R2(1+ don) 2iAAY AN\ JiRZ — N2 4N%\/—IAZ — N2
f (exp[—;(z —420)])\2 B GXP[Z'\/W('Z — 20)] (iA] = \?)
iIAAT 4NE\iAT — N2
_exp[i\/m(z —20)] (—iA3 — \?) > N
YNy
4 (exp[—;(z - 20)iA  expliy/ihE - A?(; — 20)]/ihZ — A2
iAAY 403 \/iA3 — N2
exp[im@—z@nm>} (180)
ANTiNE - N |

which, when once more working out the coefficients, becomes

1 _ ~LONLo(=i)) | ML(V/iAF —X2)Lo(—/iRE —X) | ML(y/Zil — W)Lo(—/~iAf —X?)
57 21 + dgn) k2 4(1 + Oon) k2 IAZ — X2 AL+ don)Tk?/—iAZ — 22

(181)

Repeating for z < zy by integrating over the lower half of the complex plane gives

1 _ “L(=iNLo(iY) | NL(—/iRT — X)Lo(y/ik] —X) | NL(~/=ikF — )Lo(y/~iAT ~X?)
27 (1 + don) k2 A(1 + Gon )72\ [iAZ — N2 A1+ don)mk2/—iAZ — A2

(182)
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