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Building on work by J. Meixner [Z. Naturforschung 3a, 506 (1948)], we show how to compute the exact
scattering amplitude (or T-matrix) for electromagnetic scattering from a perfectly conducting disk. This
calculation is a rare example of a nondiagonal T-matrix that can nonetheless be obtained in a semianalytic
form. We then use this result to compute the electromagnetic Casimir interaction energy for a disk opposite
a plane, for arbitrary orientation angle of the disk, for separations greater than the disk radius. We find that
the proximity force approximation (PFA) significantly overestimates the Casimir energy, in the case of both
the ordinary PFA, which applies when the disk is parallel to the plane, and the “edge PFA”, which applies

when the disk is perpendicular to the plane.
DOI: 10.1103/PhysRevA.94.032509

I. INTRODUCTION

Scattering methods have greatly expanded the range of
situations in which one can compute the Casimir energy [1] of
quantum electrodynamics. In this approach, one decomposes
the path integral representation of the Casimir energy [2]
as a log-determinant [3] in terms of a multiple scattering
expansion, as was done for asymptotic separations in Refs. [4]
and [5]. This representation is closely connected to the Krein
formula [6-8] relating the density of states to the scattering
matrix for an ensemble of objects. It can also be regarded as
a concrete implementation of the perspective emphasized by
Schwinger [9] that the fluctuations of the electromagnetic field
can be traced back to charge and current fluctuations on the
objects.

The scattering method was first developed for general
shapes in the context of van der Waals interactions [10].
In planar geometries, the scattering approach yields the
Casimir energy in terms of reflection coefficients [11-13]. By
relating the scattering matrix for a collection of spheres [14]
or disks [15] to the objects’ individual scattering matrices,
Bulgac, Magierski, and Wirzba were also able to use this result
to investigate the scalar and fermionic Casimir effect for disks
and spheres [16—18]. A more general formalism, developed
in [19-21], has made it possible to extend these results to
other coordinate systems, an approach that is particularly
useful for geometries, such as the ones we consider here,
with edges and tips [22-30]. It can also be applied to dilute
objects in perturbation theory [31] and extended to efficient,
general-purpose numerical calculations [32]; a review and
further references can be found in Ref. [33]. In this approach,
each object is characterized by its scattering amplitude, also
known as the T-matrix, which describes its response to an
electromagnetic fluctuation. It can therefore be implemented
for any object whose T-matrix can be calculated using a basis
for which an expansion of the free electromagnetic Green’s
function exists [34].
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For scalar models, the Casimir energy of a disk opposite
a plane has been calculated for a general angle between
the disk axis and the normal to the plane [35] as the
zero-radius limit of an oblate spheroid. Unfortunately, for
electromagnetism the wave equation in spheroidal coordinates
is not separable. However, Meixner [36] has developed a
calculation of diffraction for a disk, using a spheroidal vector
basis. By extending this calculation, including an additional
subtlety of the case where the azimuthal quantum number
m is 0, we obtain the T-matrix in this basis and use it to
calculate the Casimir energy for a perfectly conducting disk
opposite a plane. This T-matrix is nondiagonal, and the basis
in which it is expressed is not orthonormal. Nonetheless, we
can implement appropriate conversions to make it amenable
to the calculation of the Casimir interaction energy. We apply
this method to the case of a disk opposite a plane, including
rotations of the disk axis relative to the normal to the plane.
This calculation enables us to extend results for conductors
with edges in Casimir systems to an example involving a
compact object.

II. THE T-MATRIX

In this section, we calculate the T-matrix for an infinitely
thin and perfectly conducting disk. Here, we build on an earlier
calculation for this scattering problem, done by Meixner in
his classic paper [36].! However, as we see, that solution was
incomplete; we extend it to obtain the full T-matrix, as required
for Casimir calculations.

A. Electromagnetic scattering from an infinitely thin
conducting disk

We consider a perfectly conducting, infinitely thin disk
of radius R lying in the z = 0 plane, with the z axis being
the symmetry axis of the disk. This idealized case models

'An English translation due to N. Sadeh is available from the
authors.
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thin disks, where the thickness of the disk is assumed to
be small compared to the wavelength of the electromagnetic
field but large enough for the disk to be perfectly reflecting
at the wavelengths of interest. We consider the case of zero
temperature, although it is straightforward to extend our
calculation to include thermal effects as well.

For a given incoming electric field E™, we find the
corresponding outgoing wave E°" such that the boundary
conditions on the disk are satisfied. The standard boundary
conditions require that the tangential component of the electric
field (E™ + E"u‘)ung vanishes on the disk. Were the disk a
smooth body without its sharp edge, this condition would be
enough to solve the physical scattering problem. However, the
sharpness of the infinitely thin disk causes the outgoing field to
diverge on the edge. It turns out that there are many outgoing
solutions that satisfy the boundary conditions but diverge at
the edge in a way such that the integrated electromagnetic
energy density is infinite [36]. Such outgoing solutions are
nonphysical mathematical solutions of the scattering problem.
There is only one solution that diverges slowly enough so
that the electromagnetic energy density when integrated is
still finite. As a result, this edge condition uniquely fixes the
physically correct scattering solution.

The physical scattering problem for an infinitely thin disk
can then be formulated in the following way:

(1) The fields (E™, E°")ang Obey the Maxwell equations.

(2) At large distances, the outgoing wave behaves like an
outgoing spherical wave with an angular-dependent amplitude.

(3) On the disk the field satisfies the boundary conditions
(Ein + Eout)tang = 0.

(4) On the edge, the field satisfies the edge condition,
i.e., the field diverges slowly enough that the electromagnetic
energy of the outgoing field is finite.

Note that the edge condition involves the outgoing field
only, because the incoming field does not diverge on the
edge. Of course, the scattering problem can equivalently be
formulated in terms of the magnetic field B.

1. The Debye potentials

In the following, we use natural units where c = ug = &y =
1. Following Meixner [36], we express the E and B fields in
terms of the scalar Debye potentials IT; and I15,

E=V xVx () +ikV x (rIl), (1)

B=—ikVx@I)+V xV x(rll). )

Here, k is the wave number and r is the position vector r =
(x,y,z). The Debye potentials solve the scalar wave equation

ATl +k°T; =0 for i=1,2, 3)
and therefore the E and B fields obey the Maxwell equations
VxE=ikB, VxB=—-ikE. 4

To express the boundary conditions for the electric field
in terms of the Debye potentials, it is useful to switch to
cylindrical coordinates (p,¢,z). Due to the axial symmetry of
the problem, it is sufficient to consider Debye potentials of the
form I 2(p,9,2) = Hl,z(p,z)eim‘”, where m is the conserved
azimuthal quantum number. Since the incoming and the

PHYSICAL REVIEW A 94, 032509 (2016)

outgoing fields have the same ¢ dependence, this dependence
can be expressed as a Fourier series and considered term by
term. Let us therefore substitute [Ty 2(0,¢,z) = I1.2(p,2)e' ™?
into Eq. (1). To eliminate the second derivative with respect to
z, we use Eq. (3). Then, dropping the common factor of ¢/ "¢,
the p and ¢ components of the electric field E become

E, =k pTi(p.0) 423, i(p.0)+ p 0, M1(p.0),  (5)

ITi(p,0
g, =i "0

+ kp 3:115(p,0) +m 9, I1(p,0).  (6)
Both E, and E, have to vanish on the disk. We first solve
Eq. (5) for I1{(p,0) and then Eq. (6) for 9.I1,(p,0) and get

o I1(p,0) =a cos(k p) + B sin(k p), @)

0% 3. T2(p,0) = m (e sin(k p) — B cos(k p)).  (8)

Equations (7) and (8) represent the boundary conditions
expressed in terms of the Debye potentials. The functions o
and B depend on k and m. The boundary conditions are trivially
satisfied if « = B = 0. Yet even the trivial solution may violate
the edge conditions if the incoming wave is not 0. In general,
the physical solution is built out of the trivial solution plus a
special solution with nonzero o and 8 by exploiting the edge
conditions.

Note that if m = 0, the right-hand side of Eq. (8) vanishes
identically. This case was not considered by Meixner in [36].
One must consider this case more carefully to avoid a free
undetermined parameter in the equations or to a situation
where the edge condition cannot be satisfied at all, resulting
in an unphysical solution. We consider this case later, but first
we formulate the edge conditions.

2. The edge conditions

Let us now use coordinates appropriate for the scattering
problem. The infinitely thin disk can be considered as a limiting
case of an oblate spheroid, so that in the following we will use
oblate spheroidal coordinates (§,1,¢). They are related to the
Cartesian coordinates via

x = RV(1 +&%)(1 —n?) cos(p), 9
y = Ry (14 £>)(1 —n?) sin(yp), (10
z = Rén, (11)
where
0<é<oo, —1<n<]l, 0<p < 2m. (12)

The § = O surfaceis then just the disk in the z = 0 plane having
radius R and the z axis as a symmetry axis. The center of the
disk corresponds to (§ = 0, n = =£1) and the edge is described
by (¢ =0, n = 0). We assume that the Debye potentials can
be expanded in a Taylor series in terms of & and 1 on the
edge. The edge conditions, which guarantee that the integrated
energy density stays finite, read [36]
o1y  oIl;  dIl, dIl,

— = = =—==0 for
9§
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To derive Eq. (13), we have to express I1; and IT, as a power
series in & and n, calculate the electromagnetic field using
Egs. (1) and (2), and then integrate the electromagnetic energy
density. Then the divergences can be ruled out by imposing
Eq. (13).

Let us decompose the Debye potentials into incoming and
outgoing parts,

—out out

H—H‘"+H +1'I , =12 (14)

—out

. —out
Here, it useful to set IT" =TT, +I1; ,
the disk we require

i=1,2. Forﬁ?ut on

—out a ( —-out

"+ 10, =0, My +T, )=0 for £=0.

5)

The sum ITi" + ﬁ?m represents the trivial solution in Egs. (7)
and (8). The second part of the outgoing Debye potential is
then the special solution of the same Egs. (7) and (8). Note that
since the incoming wave fulfills the edge conditions, instead
of Eq. (13) it is sufficient to require

orI™ _ orI™ _ orIg™ _ aTIg™
9§ an 9§ an
for & = n = 0. In the following sections we derive the solution

for l—[m out _0“ =out

T, ", and I1,

=0 (16)

in terms of spheroidal functions.

3. Debye potentials in terms of spheroidal functions

There are several coordinate systems in which Eq. (3) can
be separated. For example, in spherical coordinates, every
solution of Eq. (3) can be expanded in terms of spherical waves
hy(kr)P,"(cos 0) exp(img), where (r,0,p) are the spherical
coordinates, n and m are spherical quantum numbers, P,"
are the Legendre polynomials, and 4, are the (incoming or
outgoing) spherical Hankel functions. The separation of the
wave equation can also be done in spheroidal coordinates
(&,n,¢). The equivalents of the spherical radial and angular
function then are the radial and angular spheroidal functions.
The spheroidal wave functions L are called Lamé functions
and are written as [37,38]

LY Emsiy) = S (—i&3iy)Spam(miy)e™,  (17)

LY (En.@3iy) = SO (—i&;iy)Spam(niiy)e™,  (18)

where the first function represents the incoming wave and the
second function the outgoing wave. In contrast to their spheri-
cal equivalents, the radial and angular spheroidal functions, S
and Sp, depend on y = kR. In addition, the radial spheroidal
function also depends on m. Both the angular and the radial
spheroidal functions become their spherical equivalents as
y — 0 and £ — oo, and spherical waves can be expanded
in terms of spheroidal waves, and vice versa. The factors of
+i in the arguments to the spheroidal functions correspond
to the oblate case. Finally, we note that, analogously to the
spherical case, ) (05iy) = Sp,m(0;iy) = 0forn — m even
and 9;S{) (0;iy) = 9,Spym(n = 0;iy) =0 for n —m odd.
In addition, Sp, ,,(n;iy) is even (odd) in n for n — m even
(odd).
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4. The first part of the scattered field E-mt

Having chosen the appropriate wave basis, let us return to
the scattering problem. Since the Maxwell equations, (1), are
linear in IT; and I, it is sufficient to restrict ourselves to the
two cases

mr=Ly  mr=0 (19)

no,mo?
and
n'=o0, ny=_LyY (20)

no,mo
for some ng,mg. In this regard we do not consider incoming
plane waves as Meixner in [36] but, instead, work in a basis of
vector spheroidal functions.

The ﬁrst part ﬁom, of the decomposed outgoing potential,

l'["ut H + H (i = 1,2), can then be found straightfor-
wardly Con51der1ng the first case, [T = LTI = 0, one
obtains

Smo(—i0,iy) o
m0(3) PN I, =0.
(—=i0,iy)

out

M, =—-L"%En.e;iy)
(21)

For the second case, [T" = 0, [T = LD

" the analogous
. 0,M0°
calculation shows that

S’”U“)( i0,iy)

—out —out

I, =0, II, —m0(3)
(—i0,iy)

(22)

The derivative in Eq. (22) is taken with respect to &. To derive
Egs. (21) and (22), we used Eq. (15).

In general, the edge conditions in Eq. (13) will be violated
if we substitute in Eq. (13) the first part ﬁ?m only. The second

—out
part I1; is needed to match the edge conditions. However,

for some values of ng and my, the boundary conditions are
satisfied by the incoming field alone and the outgoing field
vanishes identically. Since S,’l'fj"(l)(—iO,iy) = 0 for ng — my

—L7OE n,@iy)

odd, and S;,’(:’O“)(—iO,iy) = 0 for ny — mg even, there is no

scattered field for ny — mg odd in the first case and ny — my
—out
even in the second. In the next section we construct I, for

general ng and m.

5. The second part of the scattered field ﬁi)m
—SC

The second part of the scattered Debye potential ﬁ} can
be expanded in terms of outgoing waves,

o0

= Z Ao Lo O E n,g.,iy), (23)

n=|mo|
o0
ut

= > BlmLrOE n.g.iy). (24)
n={mo|

To get the functions A} and B)*"°, Egs. (23) and (24)

are substituted into Eqs. (7) and (8). Using the orthogonality

of the Sp functions with the normalization convention as in

Mathematica and Meixner-Schaefke [37],

2(n 4+ m)!

1
[ Sppsp = 5= 25)

—ol
IT
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and recalling that p> = R?(1 — 5?), we can project the expres-
sions onto the Sp functions, thus eliminating the infinite sums.
Then Aj*™ and B,*™® can be expressed in terms of « and 8
as

no,mo __ ~,Mo,Mm n,mo no,mo j,1,Mo
ATOMO — no-moglLImo | gromo it (26)

no,no
Bl’l

=a""™ay™ 4 by 27)

Here we have explicitly included the ng, m indices on « and
B. In addition, we introduced new functions ay, by, a;, b, as

Nn mo m

allz,mo — T/ 0( )COS(V \/;) 7}9 (28)
Sn* 7 (=i0) RyT—n?

o _ N—O) / e )s (ym ) dn. (29

1 = omo (3)(

N, ! i w/1— 2
= 0 ) / Spy' 0(77)77—81[1(7/l 2 ) 4
1 _

2 - Sr’lmOG)(_ 0

(30)
- Nnm ! 1_ 2
ppm = e [ sy I g
S0y o 1—g
3D
with
2 1 —m)!
Ny = M (32)

2(n + m)!

Note that apart from their indices, the functions A,B,«,
B.,ai,b1,a, and b, depend on y, and in Egs. (28)—(30) we
have also suppressed the dependence on y in the functions S
and Sp. Note also that a}"™°, b|""" vanish for n — mg odd, and

5™, by™ vanish for n — mg even. Indeed for n — mg odd,
the functlon Spy°(n) is odd in 5. Since it is multiplied by an
even function in 7 in Eq. (28) and (29), the integrals for a; and
b; vanish. Analogously, one verifies the second case.

So far, we have strictly followed Meixner [36], implicitly
assuming mg # 0. For my = 0, the functions a, vanishes
identically, whereas the function b, becomes ill defined: on the
one hand, the integral in Eq. (31) is multiplied by my = 0, and
on the other hand, the integral itself diverges. The case mgy = 0
therefore requires further consideration. For my = 0, Eq. (8)
simply reads pd.I1, = 0, meaning that IT, is proportional to
a § function of p. As a result, we find a5’ =0 and by 0 —
—Q2n + DISp2(1) — Sp°(— 1)]/25 o (3)(—i0), where we write
the right-hand side of Eq. (27) as g0} 0 for the case of
mgy = 0.

6. Calculation of "™ and p"0-™0

In this section we calculate the functions o™ and g"°-"0
of Egs. (26) and (27). Then we will be able to determine

—_—sC

the second part of the scattered Debye potential, IT, , which,
together with the known first part, Eqs. (21) and (22), will
eventually lead to the scattered field. For m( # 0, there are two
unknown functions, o"°"° and ">, which can be calculated
from the edge conditions in Eq. (16). There are four edge
conditions, but it turns out that that two of them, the second
and third of Eq. (16), are always fulfilled, whereas the first and
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the fourth yield the two equations needed to determine o0
and g"o-mo,

For my = 0, as we mentioned at the end of the last section,
there are three functions, o™, "0 and E”O’O, that need to
be determined. At first glance, the system of three unknowns
and only two equations seems to be overdetermined. But as
we will see, itis necessary to set a9 = (, because otherwise
the scattered solution will diverge in the center of the disk.

Let us now consider the following two cases for incoming
fields, from which all incoming fields can be constructed.

7. The case TI" # 0,TI" = 0
Using the fourth edge condition in Eq. (16), we obtain (with

—out

=0)
—out
0, I, =0 for &=n=0, (33)
—out
where I, 1is given by Eq. (24). Expressing B;*™ as in

Eq. (27), we get

o0

anoymo E

n=lmol+1

;" (y) S, D (=i0)Sp,"(0)

o0
=—pm N DS O (=i0)Sp,"(0).  (34)

n=|mo|+1

The sum starts at n = |mg| + 1, since Sp;l’"o(n =0) =0 for
n,0

n — mg even. Formg = 0, the first series vanishes, since a,” =
0, whereas " in Eq. (34) has to be replaced by p"°. To
satisfy the edge condition, we therefore need "° = 0, such

—SC
that IT, vanishes identically.
For m # 0, we can express "0 as

B =~ (), (35)
The function ¢|"(y) can be calculated from Eq. (34) as

say’(y)
sby(y)’

where the functions sag1 * and sb;"  have been defined as

a7 (y) = (36)

o0

sa’ ()= &SP O(=i0)Sp,"©0)  (37)
n=|mo|+1
and
o0
B ()= Y By )8 O (=i0)Sp,"(0).  (38)
n=|mo|+1

Note that the ratio ¢;"(y) does not depend on ny.
Unfortunately, the series needed for calculating ¢ do
not converge if written as in Eqgs. (37) and (38). The reason
is that the derivative with respect to 1 has been put inside
the series. However, evaluating the series with Sp instead of
Sp’ we get well-behaved functions of n with a well-defined
derivative at n = 0. We remedy this problem by subtracting
the leading term in y, which can then be added back in
within an analytic computation. The leading-order integrals
necessary for this subtraction can be computed analytically

032509-4
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using Eqgs. (A4), (AS), (A6), and (A7), as summarized in the
Appendix.

The leading order of ¢;"’(y) can be found analytically for
any myg. For small y and my > 0 even we find

mo, ~ _ vmg— DI 3
sa, '(y) = —m + O0”) 39)
and
) = —0 4 02 (40)
S0 )= e — DI v
and for mg > 0 odd we have
m 2y (mo — H!! 3
‘YP)=———""—+0(y° 41
s (y) = =+ 0) (41)
and
"
Py = —2" 4 o). 42
SB) = e+ 0 (42)

Subtracting the leading order from the diverging series term
by term renders them convergent and numerically evaluable.
It is straightforward to extend these results to mo < 0, since
both sums are invariant under my — —my.

The remaining edge condition,

d u —out
inlﬁrnl):o for £=1n=0, (43)

fixes o' which for my#0 can be found from
Egs. (21), (23), (26), and (35):

8,0 3)(—i0)Sppro(0)Sme H(—i0) )
[sa}"(v) — " s} ()] Sm P (—i0)
Note the subscript of o™, which we added for clarity since
o0 will have a different functional form in the second case,

I = 0,11 # 0, considered in the next section. Analogously
to Egs. (37) and (38), here sa|" and sb" have been defined as

o (y) =

o]

sai(y) =Y al"™ SV (=i0)Spr(0)  (45)

n=|my|

and
oo
sbY" ()= ) b8 O (=i0)Sp(0).  (46)

n=|my|

Once again, the series in Eqs. (45) and (46) only converge
if the derivative with respect to & is taken after the summation
over n, so we again subtract the leading behavior at small y,
which is responsible for the divergence. This subtraction can
then be added back in as an analytic expression for any my.
For small y and m(y > 0 even we obtain

(mo — D!

m I i s 2
() = =+ 00 )
and
m 2mp!!
S () = ——— 4 0, (48)
w(mg — D!
and for mg > 0 odd we have
m 2(mo — D! )
0 =40 49
sa"() = — o+ 00 (49)
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and
m()”]/
(my — D!

while for negative m( we use that these sums are odd in my —
—my.

A special case arises for my = 0. Equations (26) and (27)
decouple, and strictly speaking, we now have to distinguish
between «, 8 in Eq. (26) and «, g in Eq. (27), which are no
longer related. Let us consider Eq. (34) for my = 0. Since
ay 0 = 0, the left-hand side of Eq. (34) vanishes identically,
and so must the right-hand side. Consequently, this implies
15" = 0. Now we are left with two unknowns, & and B, in
Eq. (26). If we keep o # 0, the derivative of the potential IT;
with respect to § will fail to converge for n = +£1. This would
imply a diverging E, in the center of the disk. This divergence
occurs only for mg = 0 and can be cured by setting « = 0 in
Eq. (26). Remarkably, for my > 0, the Sp functions vanish at
n = %1 and the field stays finite. Thus we also luckily get rid
of an overcounted parameter. The first term and the series over
by can then be calculated and we find 8"0"°=° as a function of
y by exploiting the edge condition in Eq. (43) to obtain

Sn?)(3)(—i0)Sp20(O)Sfl)o(])(—iO).
sBY(¥)Sns (—i0)

sby" (y) = — + 0, (50)

100y) = (51)

8. The case II™ = 0,11 # 0
The second case, ITi" = 0,TT" # 0, can be treated in a
similar way as in the previous section. Using the first edge
condition in Eq. (13) and noting that ﬁ?m = 0 [see Eq. (22)],
we obtain

—out
I, =0 for &=n=0. (52)
—out
Expanding I1; in terms of spheroidal waves as in Eq. (23)
and expressing A" as in Eq. (26), we get

Q"5 () + BT () = 0, (53)

where the functions sa; and sb; are given by Eqs. (45) and (46).
As we explained in the previous section, for my = 0 we have
to set &0 = (, since otherwise 0¢ Iy will fail to converge at
& =0, n = +£1, leading to a diverging electromagnetic field
in the middle of the disk. Consequently "% has to vanish in
order to satisfy Eq. (53), meaning that IT{"" = 0.
Let us now restrict to mg # 0 and express 0™ as

IBno.mo — _qglo(y)ano,mo. (54)

The function g5 can be easily calculated from Eq. (53) and is
independent of ny,

m

sa; ' (y)
b (v)
The expansion of the functions sa; and sb; for small y is given
in the previous section. The remaining edge condition

7y (y) = (55)

0,(T +T,) =0 for £=n=0 (56)
fixes . Similarly to Eq. (44) we get
SmoB®)(—i0)Sp,m0(0)S,mD(—i0)

a;f%"m(y) = n,mg mg _g.n,mo &'mo (3) Ay
[saz’ —q, "sby ]S,,0 (—i0)

(57)
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Note again the subscript that we added to o in order not
to confuse the different functional forms in Eq. (44) and (57).

The case m( = 0 again needs special treatment. Since a™
vanishes identically for my = 0 [see Eq. (30)], Eq. (27) reduces
to B0 = g0 where we have dropped the tilde on 0.

‘We then have

SOO(—i0)Sp 0 (0)S 0D (—;0
o (—10)Sp, (0)S, *( ) (58)

1100
( )= bn 0S0(3)( )

As described above, we set 8gﬁ;c ~ 8(1 — n?)foré = 0. Then

m, = 80 Y 00000 —ie)Splm). (59)

n=0

where "0 is fixed by

o S0 (—i0)
0(3) . 0 n
- S,,O (—IO)SPnO(O)m

+ ﬂno.() Zb;lqo(y)sgﬁ)(_l())Sp;lo(O) =0. (60)

n=1

B. The T-matrix elements

Having found the complete solution of the scattering
problem, we can express our results in terms of the T-matrix.
The T-matrix depends on the product y = k R and the quantum
numbers n and m. For large distances from the disk, k <«
1/R, the spheroidal modes become spherical modes, which
can be of two types: electrical (E) modes (also called TM
modes) and magnetic (M) modes (also called TE modes).
This decomposition is a general property of Debye potentials.
The potential IT; alone yields a magnetic field with vanishing
radial component (TM or E modes), while the potential I,
corresponds to a vanishing radial component of the electric
field (TE or M modes). Therefore, the T-matrix can be split into
four submatrices, TEE,7TMM TEM and TME Tj the following
we show how the T-matrix can be constructed from the results
in the previous sections.

1. The case TI" # 0,11 =0

As we have seen, the incoming mode H(lm) generates
outgoing fields '™ and T, The total potentials TT; and
[T, are a superposition of the incoming and outgoing fields
and may be written as

mo(in EE m

Iy = II)¢ >+§ T o, TI O, (61)
E ME m(out)

H2 - 0+ Tnmno monn ¢ . (62)

Let us first consider the case mo # 0. From Egs. (21), (23),
and (24) we find

Slr::)o (1)(—i0)
SZ’(l)U (3)(_l0)

EE

n,m,ng,my n,ngam,mo

+ " (ay™ — g b "™ ) S m, (63)
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and
T v = 417" (@™ =GBy )y (64)
Note that all functions depend on y.
For my =0, the matrix TME vanishes, whereas 7TEE
becomes
SO(—i0)
T im0 = T S0 g et + BB 8. (65)

For the Casimir interaction at large distances, it is useful to
know the behavior of the T-matrix at small y . For the elements
of the TFE and TMF matrices we find for mq > 0 the scaling

Smg(l)(_l'o)
m(J (3)( O)
Olilng nn( nmo __ ql obn Wm)

~ O(y>th, (66)

~ O0@(y")0@") — 0(y"™), (67)
a:”o ) (ag Jmo ;nobgqmo)
~ O0(y"™)I0y"?) — O(y" ). (68)

For nonvanishing TFF elements, ng — mgy and n — mg have
to be even. For nonvanishing TME elements, mg has to
be larger than O and ny —mo even and n — mo odd. The
matrix elements of order O(y?) are Ty, , = 4> /45im and
TEEI 1= Tll?]il,l,q =8iy’ /9.

We now define the vector modes

M=V x (rH’") N" = lV x V x (rl'[’”) (69)

n nj)» n lk nj’

so that we can write the E field in the usual form that defines
the T-matrix,

E Nmo (m) Z TEE

n,m,ngy,m
lk 0,779

Nm (out) + TME

n,m,ngy,nmo

M;’: (out)) ,

(70)

showing that our definition agrees with the one used usually
for vector spherical waves.

2. The case I # 0,TI" = 0

The matrices 7M™ and TEM can be found as in the case
before. The T-matrix elements are now defined by

l—I HWLO (in) + Z TnMnl:/[nO o ’rln(out)7 (71)
M =0+ Z T,F%no o T 0. (72)

We again first consider the case mg 7% 0 and obtain

S;mo(—i0)

MM
n.m,ng,mg n,n05;11,m0
,1m,no,mo mo(S)( 0)
+8mm @ " (@™ — g3 by ™) (73)
and
EM _ N0,mo mo g n,mo
n,m,ng,my —_ 2 (a Q2 b )8”1,”’!0' (74)
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For mg =0, the matrix TEM vanishes, whereas TMM
simplifies to
§,0M(=i0)

MM _ no no,07.n,0
Tn,m,nn,O - 871,"06’",0 + ﬂz bz (Sm,O- (75)

03), -
S8 (—0)
For the elements of the 7™M and TEM matrices we find, for
m > 0 at small y, the scaling
8o (—i0)

'mo (3 .
S0 (—i0)

mo,no n,mgo mg g .n,mo
oy " (ay™ — g3 by"™)

~ O(y*™th, (76)

~ oy Hhioy™ - o™,  (17)
" (a™ — gy by™)

~ o Hioy™™ — oy"tH1. (78)

For the nonvanishing 7™ elements ng — mg and n — mg have

to be odd, and for the nonvanishing 7E™ elements m( has to
be larger than 0 and ng — m odd and n — mg even. The only
matrix element of O(y?) is T\ , = 4> /9iz. (Without the
contribution from the edge, we would have obtained T\("] , =
—2y3)9im.)

Finally, with the definitions of Eq. (69), the E field can be
written as

E .
— (in) EM (out) MM
T M;?oo "+ z :(Tn.m,no,WtoN:tn T
n,m

’

(out)
M;f ou)

lk n,m,ng,no

(79)

which corresponds to the usual definition of T-matrix elements.

C. Symmetry and unitarity of the T-matrix

Because they are not eigenstates of .2, the modes in Eq. (69)
with the same m are not orthogonal, and so the T-matrix does
not have the usual symmetry and unitarity properties in this
basis. The asymmetry is particularly pronounced for the case
where n # 0 and ng = m = 0: these matrix elements begin at
higher order in y than the corresponding ones withn = m = 0
and no # 0. This discrepancy can be traced to the behavior of
the b; coefficient in Eq. (29). Although it appears to be O(y),
as we discuss below, an expansion in y yields an expansion
of the angular spheroidal in terms of Legendre functions; their
orthogonality properties in turn lead to a cancellation of the
leading orders in y. The true behavior is given by the exact
expression for the integral in the case where m = 0, given in
Eq. (A1), which is O(y?"+1).

As a result, it is helpful to convert the T-matrix to the basis
of spherical vector waves. There exist several normalization
conventions; we use those of Emig et al. [21]. The vector
spherical wave functions then read, for an imaginary wave
number k =ik (which is useful for the Casimir energy
computation below),

1

M8 (ic,r) = ﬁv X (e, p)r),  (80)
M (k1) = 1l vy (B2, pr),  (81)

Im /—l(l—i- 1)
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1

Ng:g)(lf,r) = mv x V x (qbl(;jg)(/c,r)r), (82)
1
NG, r) = ———=V x V x (¢{2(c,0)r),  (83)

kI + 1)

where the modified spherical wave functions are

D 1e, 1) = iy (i [F]) Yy (B), (84)
D (1e,1) = Ky (K |[]) Vi (B). (85)

Here, i;(z) = /21111+1/2(z) is the modified spherical Bessel

function of the first kind, and k;(z) = ,/ﬂ%K;H ,2(z) is the

modified spherical Bessel function of the third kind.

It is important to note three differences between the
definition of the spherical basis and that of the spheroidal
basis, one of which is nontrivial:

(1) The spherical basis has been written in terms of
modified radial functions, the conventions for which introduce
powers of i relative to the ordinary functions with imaginary
wave number.

(2) The spherical waves have been written in terms of
Nim

spherical harmonics, which include a factor of \ 32 com-

pared to the corresponding expression in terms of Legendre
functions, the analog of which is used in the spheroidal waves.
[For the definition of the factor N, ,,, see Eq. (32)].

(3) The nontrivial difference is the normalization factor of

1 . . .
NIEDE Because the spheroidal functions are not eigenstates

of L2, no direct analog of this quantity exists in the spheroidal
case. (The spheroidal eigenvalue plays a similar role in
separation of variables for the scalar wave equation, but
that quantity does not yield a corresponding normalization
of the vector spheroidal functions.) It is the introduction of
this quantity in converting to spherical waves that renders
the resulting basis orthonormal. We note also that while the
spheroidal basis starts with n = 0, the spherical basis starts at
=1

To convert to the spherical basis, we begin from the
expansion of the spheroidal angular functions in terms of
Legendre functions,

o0

Spy(nsiy)y =Y i""AY (iy) Pl (), (86)

v=|m|

where the expansion coefficients A}’ are obtained via recur-
sion relations [37]. If m is even (odd), the summation runs over
even (odd) v only, and the coefficient A" is O(y"”) for small
y . Note that the transformation matrix does not depend on any
coordinate. This fact can be used to obtain the transformation
formulas for spheroidal waves. At large &, the radial spheroidal
functions simplify to

SO(iE i) ~ - cos (Vé - mﬂ)» (87)
vE 2

S"O(—iksiy) ~ 1 exp [—i—i (ys — mn)} (88)
vé 2
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Multiplying Eq. (86) by Si' ) (—i&;iy) '™ yields the follow-
ing transformation between scalar waves,

oo

Ly En.psiv) = Y AL y)¥) (k)P (cos )™,

v=|m|
(89)

where v, denotes the spherical Hankel function of type ;.
To verify Eq. (89), we use the asymptotic expansions of
S (—ig;iy) at large &. One then immediately realizes that
Eq. (89) holds for large &. Since the transformation matrix
A’ does not depend on any coordinate, the relation obtained
must also hold at any &.

The transformation inverse to Eq. (89) can be found again
in the limit of large &, in which case the radial functions can
be canceled on both sides. Expanding the Sp functions as in
Eq. (86) and using the orthogonal relations for the Legendre
polynomials similar to those in Eq. (25) for spheroidal angular
functions yields

Nn.m m g
[A7',Gy) = N A y). (90)

The inverse matrix is, as expected, the transposed matrix
multiplied by normalization factors.

Since the transformation matrix does not depend on any
coordinate, the same transformation matrix also transforms
between vector waves. We just let the operator V x (r...) and
V x V x (r...) act on Eq. (89), passing through the matrix
Ay .

D. The T-matrix in the spherical basis

To transform to the spherical basis, we first form a rescaled
T-matrix, denoted 7, in which each matrix element found

above is multiplied by a factor of i"°™" # to address

n,m

the first two differences between the bases listed above. This
scaling makes manifest the symmetry in m — —m. We then
use the following matrix that describes the change of basis,

MIZ,IZImn = Smlmn(sP,P” l(l + 1)

Nn,mn - m e
x| (=D AY (), 1)
Nl,m,

to convert between the spheroidal basis, indexed by n, m,,, and
polarization P,, and the spherical basis, indexed by /, m;, and
polarization P,. Note that the spherical index [ starts from 1,
while the spheroidal index n starts from 0. The corresponding
inverse transformation is given by

1
= Sm m 1) T
S/ =)

Nnm — .
x | (=D)ERAT Gy, (92)
Nl,ml ’

We note that the prefactor [I(I + 1)]*!/2, which addresses the
third difference between the spheroidal basis and the spherical
basis listed above, is implemented via the spherical index [,
which is never 0. We thus obtain the T-matrix in the spherical

[M—I]Pnpl

nmylm;
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basis as 7 = M7 M~", which has the usual symmetry and
unitarity properties.

III. THE TRANSLATION MATRIX AND THE CASIMIR
ENERGY

Having converted the T-matrix elements to the spherical
basis, we are now prepared to evaluate the Casimir energy of
a disk that is parallel to an infinite plane, using techniques
developed for the sphere-plane problem [21,39,40]. In this
approach, the Casimir energy is given as

he ™
E=—
2 0

dik Indet(1 — TU), (93)
where 7 is the T-matrix of the disk in spherical coordinates
and U/ combines the reflection coefficient r for the plane (see
below) and the conversion matrix D, which expresses spherical
vector waves centered at the origin of the disk in terms of planar
vector waves centered at the plane. The matrix elements of I
are given by

mm’

~2d
~pp ® kidk, e =
mt'm 2 2Kk

X Z Dimpi,or20c,k)) Xp XoDr—mp k05 (994)
(@)

where d is the distance from the center of the disk to the plane,
Q is the polarization of the plane wave, yp is +1 for electric
modes and —1 for magnetic modes, kj = Vk? + k2, 79 (k,k))
is the Fresnel reflection coefficient for scattering from the
plane, and

D |4 N LR () for P =0,
ImP,k; QO — l(l + 1) %prlm(%) for P # Q
95)

gives the conversion between vector spherical waves and vec-
tor plane waves in terms of the associated Legendre functions
P/" and its derivative P/’ with respect to its argument. For a
perfectly conducting plane, r2(k k) = xo = %1 for electric
and magnetic modes, respectively.

This expression is now suitable for numerical evaluation,
which we carry out in Mathematica, using routines for
computing spheroidal functions [35,41] based on the package
created by Falloon [42]. This code provides all the necessary
spheroidal functions, as well as the expansion coefficients
A7, (iy). Since we are carrying out this calculation via
a conversion to the spherical basis, we are restricted to
configurations with d > R, so that a sphere enclosing the disk
does not intersect the plane [21]. Our calculation shows the
corresponding numerical instabilities for d < R.

A. Rotated disk

The translation matrix elements in Eq. (94) are obtained
from the expansion of a plane wave constructed with “pilot
vector” Z in terms of transverse spherical vector modes, which
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FIG. 1. Geometry of the disk for separation d, radius R, and
orientation angle 6.

are plane waves with wave vector

k =ik (sin 6y cos ¢y, sinby sin ¢y, cosby)
(96)
|

=(ky cos ¢y, ki singy, iky).

PHYSICAL REVIEW A 94, 032509 (2016)

By rotating the 7 axis of the spherical modes to an angle 6 from
the normal to the plane, we can obtain the Casimir energy for
a disk whose normal is tilted by that angle 6 away from the
normal to the plane, allowing us to extend the results found
previously for scalar fields [35]. We choose to rotate around
the y axis, as shown in Fig. 1. In these coordinates, the pilot
vector becomes (sin 6,0, cos 6), and

k = ik(sing, cos ¢y, sinf, sing,, cosb,), o7
where
] 0 —k in 0
6, = arccos LK) cOs 'L COS ¢y Sin 7 98)
iK
Losi
¢, = arctan L Sin g 99)

ki cos ¢y cos® + ik sinf’

The only change to the calculation is that we now have

are @y = [ ke 0)r2 0 100
o = Dm r=(k,K / D/—m’ 7k Q\—Y),
it ©) /0 G 2 ; e e, 0(O) k)X X0 D1 Pk, 0(—0) (100)
where
D @) = emte [ TN KL b 050,y S0P pinr(cos6,)sin 6, (cos B, cos ¢, sin osin6,) | (101)
mPK, = e'"% — | imP/"(cos0,))——— cos 6,) sin,(cos 6, cos ¢, sind — cos O sin
ImP .k, Q l(l_i_l)kl l q Sln@q l q q q q q
for P = Q, and
D ©) img, A Nim Kk i P (cos6),) P cos ¢4 cos 6, sin 6 + P™(cos8,) sin @ sinf, sin ¢ (102)
m =e — imP/" (cos cos — ———— cos 6,) sin 6 sin 6, sin
Pk 10+ 1)k X0 sino, ! ‘ ¢ 5%
[
for P # Q. As in the case of 6 = 0, these expressions are powers of y. The values of TIE]]El = TIEEI ., and Tll\’{)N{ 0
obtained as the dot product of the spherical wave and the  correspond to the static electric and magnetic dipole responses
corresponding vector spherical harmonic of k in the expansion respectively, ¢z = 4R%/3m anday; = —2R3 /37, which agree

of a plane wave [43,44]. For any angle 0, the calculation still
requires d < R, so that a sphere enclosing the disk does not
intersect the plane. As aresult, for @ = 7 /2, we could consider
a disk whose edge is arbitrarily close to the plane. However, as
the edge approaches the plane, more partial waves and larger
values of « are required to accurately compute the infinite
sums and integrals.

We note that for 8 # 0, careful attention is needed to avoid
problems arising from branch cuts. In particular, Eqs. (101)
and (102) can be expressed in terms of k, ky, k, ¢, and
6 without the need for any inverse trigonometric functions.
Similarly, one must take care to obtain the appropriate analytic
continuation of the Legendre functions outside the unit circle.

B. Large separations

For d > R, the Casimir energy is dominated by the
contribution from long wavelengths, corresponding to small
y. The lowest-order contributions to the T-matrix are
O, TyGag = 4v*/45im, TiYy = T{E, = 8iy?®/9m,
and T\M , = 4y?/9im. However, Ty, , does not contribute
at lowest order: Since there is no / = 0 mode in the spherical
basis, its effect enters through off-diagonal terms mixing
different values of [/ and n, which introduce additional

with previous results [45]. Using the same approach as in the
sphere-plane geometry [39], we obtain the Casimir energy in
the long-distance limit for 6 = 0 as

hc

=1
8md4

Qag —oay) + O<i> (103)

do

Higher-order terms are more difficult to obtain, because they
require resummation of the infinite sums in saf’, sb{', say’,
and sbJ' at the appropriate order in y .

IV. RESULTS

Figure 2 shows the Casimir energy for a perfectly conduct-
ing disk of radius R and a perfectly conducting plane, as a
function of the rotation angle for different separations d/R.
To facilitate the comparison between difference separation
distances, the energies have been scaled by a factor of d>, since
ad~3 decay is predicted by the proximity force approximation
(PFA). The plots range from 6 = 0, when the disk is parallel
to the plane, to 6 = %, when the disk is perpendicular to the
plane, and from d = 1.5 R to d =4.0 R. We note that at
these separations, the full energy for & = 0 is still significantly
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—-0.010 F° d/R = 4.0
d/R =35
d/R=3.0"
—0.015 |- -
d/R=25.
&d’

heR? ‘ y . oo
~0.020 |- d/R=2.0_
esp L dr=1s,

0 x ™ it u 51 T

12 6 4 3 D) 2

0

FIG. 2. Scaled Casimir energy for a perfectly conducting disk of
radius R opposite a perfectly conducting plane, where the center of
the disk is at a distance d from the plane and the normal to the disk
is at an angle 0 relative to the normal to the plane. The energies have
been scaled by d* to facilitate comparison.

smaller in magnitude than the prediction of the PFA,

2
he ’

her R 104
457207 (104)

5PFA = -

which on this graph would correspond to a value of —% ~
—0.043, independent of d. In these calculations, we have
truncated the numerical sums after 7,,x = Imax = 5 and used
the interval [ﬁ,%] for the integral over «, and we have
checked that the results are not sensitive to these choices.
(The dimensionless ratio £/Epga must be a function of the
dimensionless quantities d/R and 6.)

For the case where the disk is parallel to the plane, Fig. 3
shows a comparison of our result for the Casimir energy and
the PFA prediction. We also show numerical results obtained

0.000
—0.001 |
—0.002

&R —0.003F

hic _0.004 |

—-0.005 |-

—-0.006 -

~0.007 I I I I I L0
1.5 2.0 2.5 3.0 3.5 4.0

d/R

FIG. 3. Casimir energy for a perfectly conducting disk of radius
R parallel to a perfectly conducting plane, where the center of the
disk is at a distance d from the plane. Black circles represent our
results; crosses represent the fluctuating-surface-current calculation
from Ref. [32]; the dotted line represents the dipole approximation,
given in Eq. (103); and the solid line represents the PFA, given in
Eq. (104).
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0.000 F ‘ . o]
-0.002 | .
—0.004 | ]

g ~0006F .
he —0.008F° ]
—0.010 .
—-0.012 | ]

-0.014 1 5

1.5 2.0 2.5 3.0 3.5 4.0
d/R

FIG. 4. Casimir energy for a perfectly conducting disk of radius
R perpendicular to a perfectly conducting plane, where the center of
the disk is at a distance d from the plane. Black circles represent our
results and the solid line represents the “edge PFA” from Ref. [25].

by using the fluctuating-surface-current method [32].2 The two
exact methods agree well, demonstrating that the magnitude
of the energy is significantly smaller than the PFA prediction.
For the case when the disk is perpendicular to the plane, the
Casimir energy is shown in Fig. 4. We see that the result is
also smaller than the “edge PFA”, based on the result for a
half-plane with a sharp edge opposite an infinite plane [25],

R
= —0.0067415 herr | | ——— .
Eepra 0.0067415 hcem 2d Ry

V. CONCLUSIONS

(105)

Building on Meixner’s analysis of diffraction from a
disk [36], we have constructed the full scattering T-matrix
for the scattering of light from a perfectly conducting disk,
which we have then expressed in a vector spherical wave
basis, a calculation that requires particular attention to finite
contributions arising from singular terms in the m = 0 channel.
This result represents one of the few cases of a nondiagonal
T-matrix that can be computed exactly in closed form. The
scattering approach then allows us to use this information to
obtain Casimir interaction energies for systems such as the
disk-plane geometry we have considered here, for arbitrary
orientations of the disk. This approach is particularly valuable
for configurations where edge effects are important, such
as the case where the disk is perpendicular to the plane,
since there one cannot use a gradient expansion for gently
curved surfaces [46,47]. We have found that the PFA result
significantly overestimates the Casimir energy at intermediate
distances, as does the “edge PFA” based on the result for a
half-plane.

While conversion to the vector spherical basis facilitates
the consideration of different rotation angles, it limits the
calculation to d > R, to ensure that a sphere enclosing the

2This calculation is implemented in the SCUFF-EM package,
available at http://GitHub.com/HomerReid/SCUFF-EM.
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disk does not intersect the plane. In order to allow d < R,
one must consider instead the vector spheroidal basis, which
is not orthonormal. Since the scattering method relies on a
mode expansion of the free Green’s function, it cannot be
applied directly to the spheroidal basis; as a result, an important
direction for future work is to generalize the scattering method
to include this case.
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APPENDIX: USEFUL INTEGRALS

Here we collect useful integrals, obtained from [48-50].
For m = 0, we have the closed-form integrals

Lo sin(y /1 —1n?)
Sp,(m;iy)————=—d
-1 /1 — n2

n=2ySPVO;iy)Y A (iy)

(AL)
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and

1S0 ocos(y /1 —n?)
Py iy)——————dn
—1 /1 — ’72

=2y 5,V (0:iy)8, P (O:ip)AGy),  (AD)
where the normalization factor AJ'(iy) is given by
ApGiy)y= Y i""AY (iy). (A3)

v=|m|

We can also simplify the leading-order subtractions using
the integrals

1 (_l)lszlmr(%)l—w(l+ig+l)
P"(x)dx = = (A4)
[ l r(&H) (=)t
and
Lopr 2" (~1)"7 (4%
I (X)z X = S 1( 217m ’ (AS)
1V 1I—x M=) (1 +5)(5)!
where from these results we can also obtain
L xpy 2" (=) T (4
i) X = m 77(1 )1; (21)—m+l (A6)
—1 VT =2 P(=% - 3)r(P)r=4+)
and
/l xPZm(x) P 2m+ln(_1)%r(17+1)7 (A7)
T T = (e ()

2 2

using integration by parts and recurrence relations for Legen-
dre functions.
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