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DISSERTATION ABSTRACT
Jonathan B. Mackrory
Doctor of Philosophy
Department of Physics
June 2017

Title: The Worldline Method for Electromagnetic Casimir Energies

The Casimir effect refers to the primarily attractive force between material bodies
due to quantum fluctuations in the electromagnetic field. The Casimir effect is difficult
to calculate in general, since it is sensitive to the exact shapes of the bodies and
involves contributions from all frequencies. As a result, calculating the Casimir effect
between general bodies usually requires a numerical approach. The worldline method
computes Casimir energies by creating an ensemble of space-time paths corresponding
to a virtual particle interacting with the bodies. This method was originally developed
for a scalar fields coupled to an idealized background potential, rather than the vector
electromagnetic field interacting with media.

This thesis presents work on extending the worldline method to account
for the material properties of the interacting bodies, and the polarizations of
electromagnetism. This thesis starts by covering background material on path
integrals, and quantizing the electromagnetic field in media. The electromagnetic
field is decomposed in terms of two scalar fields for planar bodies, where these scalar
fields correspond to the transverse-electric and transverse-magnetic polarizations
of the electromagnetic field. The worldline path integrals are developed for both

polarizations, and solved analytically. Next, numerical methods are developed and
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tested in the context of planar bodies. The starting positions, and scale of the paths,
and shape of the paths are sampled via Monte Carlo methods. The transverse-
magnetic path integral also requires specialized methods for estimating derivatives,
and path construction. The analytical and numerical results for both worldline path
integrals are in agreement with known solutions. Finally, specialized methods are
developed for computing derivatives of the worldline Casimir-energy path integrals,

allowing for efficient numerical computations of Casimir forces and torques.
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CHAPTER I

INTRODUCTION

The Casimir effect is one of the more surprising consequences of quantum
electrodynamics (QED), the quantum theory describing the interaction of matter and
photons. Casimir (1948) showed that according to QED a pair of electrically neutral,
conducting bodies will be attracted to one another due to their mutual interaction
with the quantized electromagnetic (EM) field, even if the EM field is in its vacuum
state. In brief, the total energy of in the field is the sum of the energies of each of the
field modes, where each mode has vacuum energy proportional to its frequency. The
presence of the conducting bodies restricts the electric field on the plates, as illustrated
in Figure 1.1. The allowed modes must have a half-integer number of wavelengths
fit between the plates. Changing the plates separation changes the allowed modes,
and thus the total energy. While the total vacuum energy is a divergent quantity,
the difference in energy for two configurations is well defined. The vacuum energy is
compared between the cases when the plates are a finite distance apart, and when
they are removed to arbitrarily far apart. As the plates are brought closer together,
this vacuum energy difference is reduced, leading to an attractive force between the
plates.

While the Casimir effect is a generic consequence of quantum field theory subject
to boundary conditions, the electromagnetic Casimir effect is the most important
example. This is because photons (the quanta of the EM field) are massless which
makes their interaction long-ranged, and the coupling of electromagnetism to matter
is much stronger than gravity, the only other long-ranged fundamental force. In the

electromagnetic Casimir effect, one can think of the electrons in a body emitting and
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FIGURE 1.1. Sketch of allowed modes between perfectly conducting parallel plates.
Only waves with a half-integer number of wavelengths are allowed between the plates.
The blue modes are only allowed outside the plates, while green modes are allowed
inside and outside. The modes have been vertically offset for clarity.

absorbing virtual photons that can in turn interact with electrons in other bodies.
The interacting bodies can be pairs of atoms (Casimir and Polder, 1948), macroscopic
bodies such as metallic planes and dielectric slabs (Lifshitz, 1956), or any combination.

Alternatively, the Casimir effect can be attributed to the attraction between
instantaneous dipoles forming in the bodies. This interpretation is intimately related
to the van der Waals force, where molecules with fluctuating dipole moments are
attracted to one another (van der Waals, 1873). While the emphasis on fluctuating
EM fields or fluctuating dipoles may differ between Casimir and van der Waals forces,
they ultimately describe the same phenomenon.

Despite the prediction of the Casimir force in 1948, precise measurements of the
Casimir force were only carried out in the late 1990s (Lamoreaux, 1997; Mohideen
and Roy, 1998). These first modern experiments measured the Casimir force between
conducting spheres and plates, rather than between parallel conducting plates, since
a sphere and plate are easier to align and control. Experiments have also been carried
out to measure the forces between atoms and surfaces (Harber et al., 2005; Perreault

and Cronin, 2005; Sukenik et al., 1993).



Beyond their importance as observable consequences of quantum field theory,
Casimir effects are also important to a range of modern experiments and developing
technologies. They are important for microelectromechanical systems (MEMS), where
the Casimir attraction between components leads to stiction, which causes the pieces
to be permanently stuck together (Buks and Roukes, 2001). Casimir forces are
also important for technologies using atoms near dielectric surfaces (Alton et al.,
2011; Folman et al., 2000; Hung et al., 2013). In these experiments, the attractive
Casimir potential sets a lower bound for how close the atoms can be brought to the
surface. Consequently, the Casimir effect must be considered in the engineering of
these devices.

The advent of these experiments in complicated arrangements of bodies, has
spurred the development of a number of theoretical and computational methods
for computing Casimir effects (Bordag et al., 2009; Dalvit et al., 2011). To model
these experiments, it is necessary to be able to compute the Casimir effect between
arbitrarily shaped bodies, with realistic material properties—which in general requires
a numerical approach (Johnson, 2011). The most important of these modern methods
are the so-called “scattering method” (Lambrecht et al., 2006; Rahi et al., 2009; Reid
et al., 2009) and “worldline methods” (Gies et al., 2003). To date, the scattering
method is the only general purpose numerical method available for computing Casimir
forces in arbitrary arrangements of bodies (Reid et al., 2009, 2011, 2013). This
method considers fluctuating currents confined to the surfaces of the interacting
bodies, where the currents at each patch of surface interact with one another by
emitting and reabsorbing photons. The Casimir energy is calculated by evaluating
the determinant of the (large) scattering matrix for all of these patches (Reid et al.,

2011). The worldline method is another promising method for calculating Casimir



energies (Gies et al., 2003), which considers an ensemble of closed Brownian paths
propagating through space. These paths can be intuitively thought of as the space-
time trajectory of a virtual particle. Asthe paths propagate, they accumulate a weight
based on whether the path intersects any of the bodies. The Casimir energy is found
by summing up the contributions from paths at all starting points and sizes. The
worldline method has only been developed for scalar fields interacting with idealized
surfaces. In contrast to the scattering method, the worldline method is a Monte Carlo
method, which makes it easy to parallelize.

It is the goal of this thesis to extend the worldline method to computing
electromagnetic Casimir effects. This requires accounting for the vector nature of the
EM field, and including realistic coupling to material properties, while attempting
to retain as many of its appealing properties as possible. In Chapter II, we will
discuss quantization of the EM field, and introduce two versions of the worldline path
integral: one in terms of the vector and scalar potentials, and another in terms of
two scalar fields. The scalar field description is specialized for planar geometries, but
it does account for the magnetic and dielectric properties of the medium. We will
develop the necessary analytical methods for evaluating path integrals in Chapter III,
and apply them to Casimir worldline path integrals in Chapter IV. In Chapters V
and VI, we develop and test numerical methods for evaluating the electromagnetic
worldline method. In both analytical and numerical cases the results show agreement
with known electromagnetic Casimir results. (A longer outline of the thesis, and some
key analytical results is presented in Section 1.6.)

The rest of this chapter will cover simple examples of Casimir effects, and
expand on some necessary background material. In Section 1.1, we will introduce

some simple calculations for Casimir effects such as the Casimir-Polder potential



between an atom and a conducting wall, and the Lifshitz formula for the Casimir
effect between dielectric half-spaces (both of which we will use as checks on our later
work). In Section 1.2 we will briefly survey recent experiments on the Casimir effect.
In Section 1.3 we will cover the most prominent numerical methods for computing
the Casimir effect, such as the proximity force approximation, the scattering method
and the worldline method. In particular we will introduce the Feynman path integral
and the scalar worldline method at length. Finally, in Section 1.6 we will review the

rest of the thesis, and present some of the key equations.

1.1. Casimir Effect

Casimir and van der Waals forces are intimately related, and describe the same
basic quantum mechanical force. Van der Waals forces were first discovered as
deviations from ideal gas behavior, which can be attributed to the atoms possessing
a finite size and inter-atomic forces (Parsegian, 2006; van der Waals, 1873). London
(1930) gave these interatomic forces a theoretical underpinning in terms of fluctuating,
induced dipoles using quantum mechanical perturbation theory. This work leads to
an interatomic potential with a characteristic d~% scaling. While this scaling is similar
to the other possible dipole-dipole interactions, these dispersion forces are often the
dominant contribution to inter-molecular forces (Israelachvili, 2011).

London’s perturbation theory assumes that the dipole interact with another
instantaneously, which ignores the finite speed of light. Casimir and Polder (1948)
extended this calculation to quantum electrodynamics, where they accounted for the
retardation due to the finite speed of light. The retardation causes the potential to

decay more quickly at larger distances.



Casimir (1948) then showed that uncharged, conducting plates would be
attracted by their mutual interaction with the quantized EM field. This calculation
emphasizes the role played by the fields, and suggests a global interaction due to the
effective boundary conditions imposed by the plates. This interpretation stands in
contrast to the van der Waals picture which emphasizes the pair-wise interactions
between induced dipoles.

This was followed by later work by Lifshitz and co-workers on the Casimir
effect between dielectric bodies (Dzyaloshinskii et al., 1961; Lifshitz, 1956). This
is particularly relevant since some of their later work showed that the Casimir effect
can be derived from the pair-wise van der Waals interactions of all of the constituent
parts (Dzyaloshinskii et al., 1961).

In this thesis, we will follow the quantum optics convention and use “Casimir
effect” as an umbrella term for all of these vacuum fluctuation forces. Near-field forces
where the dipole interactions can be considered as instantaneous will be referred to
as “van der Waals forces”. The forces between atoms and microscopic bodies will be
referred to as “Casimir—Polder forces”, in distinction to the Casimir forces between
macroscopic bodies.

We will start our development from Casimir and Polder’s work, since that
was framed in the more modern language of quantum field theory, and naturally

encompasses all of the limiting cases.

1.1.1. Casimir—Polder Forces

Casimir and Polder (1948) computed the energy between pairs of atoms, and
for atoms and conducting walls using non-relativistic quantum electrodynamics to

account for the retardation due to the finite speed of light. They found that in



the far-field (where the transition wavelengths A = 2mc/w4 exceed the separation of
the atoms d, d > 2wc/wy4) the inter-atomic potential decays more rapidly as d~7,
instead of the typical d=¢ scaling for London forces. The change in power law can be
attributed to the induced dipoles decorrelating over the time of flight of the virtual
photon, and thus having a weaker effective interaction.

They also found an attractive force between an atom and perfectly conducting
wall, with a d~3 scaling in the near field regime, that passes over to d~* scaling in
the far field. In this case the atom can be thought of as interacting with its negative

image in the wall, which leads to an attractive potential for the atom,

B 3hcoy
32m2eqdd’

Ver(d) = (1.1)

where h is the reduced Planck’s constant, c is the speed of light, ag is the atom’s

static polarizability, and ¢ is the permittivity of free space.

1.1.1.1. Derivation of the Atom-Perfect Conductor Potential

The Casimir-Polder potential between an atom in its ground state and a surface
can be derived via perturbation theory in the coupling of the atom to the EM field.
We will consider the attraction between an atom and a perfectly conducting wall.!

The Hamiltonian for the whole atom-field system is

H = Hatom + Hiiela + Hing (1.2)

! This derivation is adapted from Chapter 13 and Section 14.3 of Steck (2015) and Section 3.12
of Milonni (1994).



where we have split the energy into energy for atom, the EM field, and a term

describing their interaction. The atomic Hamiltonian is
p’ i
Hatom == %—FZthO'jO'j (13)
J

where the first term is the kinetic energy, and the second term gives the atom’s
internal electronic energy. The atom’s quantized energy levels are given by E; = hwj,
and 6; = |g)(e;| is the lowering operator for the atom’s internal state. The field

Hamiltonian is

TN 1
Hfiela = Z Py, (aLgak,C + 5) ) (1.4)

k¢
where ay ¢ is the annihilation operator for the EM field mode with wavenumber &, and
polarization ¢, which has spatial mode function fi ((x). This field energy also includes
the zero-point energy, >, hwy/2, which will be important in the Casimir effect. For
the Casimir—Polder calculation, this zero-point-energy is a divergent constant which
drops out when considering the energy differences when the atom is moved close to
the surface from arbitrarily far away. Finally, the interaction Hamiltonian couples

the internal state of the atom to the quantized light field,

~ ~ hLL)k. “ " R %/ “ N
Hypo=—d-E=% % 4/ 2—60(0]‘ +1)d; - [acfr (%) + af i (X)), (1.5)
i k<

where d; = —e(g|x|e;). The interaction Hamiltonian is written in the dipole
approximation, which assumes that the atom is much smaller than the relevant
wavelengths. In this case, the dominant wavelengths are typically on the order of the
separation between the atom and the wall. In this calculation the mode functions fi ¢

must satisfy the EM boundary conditions on the surfaces of the bodies. The resulting



EM mode functions (and thus the potential) are then sensitive to the arrangements
of the bodies.

Note that some of the terms in the interaction Hamiltonian violate energy
conservation, in the sense that [Hatom + Hield, Hint] 7 0, so Hiy causes transitions
between the eigenstates of the non-interacting Hamiltonians H.om + Hgeq- For
example, 6;&1% creates a photon with energy hwy and raises the atom from the
ground state to an excited state with energy fw;. These terms are normally dropped
in the rotating-wave-approximation, since they oscillate quickly in time as e?«i+er)t,
and average down to zero on typical atomic timescales. However, these energy non-
conserving terms lead to observable effects at higher order in perturbation theory.
The first order energy shift (E,|Hiy|FE,) = 0, since the mean value of the electric
field in vacuum is zero. The Casimir—Polder potential emerges when computing the
energy shift for the atom from Hj,; to second order. For an atom in its ground state,

the Casimir-Polder potential is given by

Hint‘E070>

VCP = — Z <E070|Hint‘En, 1k,<><En, 1k7§

R(wy 4+ wno) ’ (16)

n#0,k,¢
where |E,, 1k ) denotes the state with the atom in energy level n and one photon in
mode k;, |0) denotes the vacuum state of the EM field, and the transition frequency
wno = (B, — Ep)/h. The shift Vi, can be understood as two virtual transitions—one
from the atomic ground state with no photons to an atomic excited state with one
photon, followed by a return transition. The total energy shift is found by summing
over all possible intermediate states. This process is represented schematically via the
Feynman diagram in Figure 1.2, where an atom in the ground-state emits a virtual

photon, and re-absorbs it. This transition is a “virtual” one, since these intermediate



FIGURE 1.2. Feynman diagram representing an atom interacting with EM field via
emitting and absorbing photons. The wavy line represents the EM Green function
in the presence of boundaries—as opposed to the usual plane waves exploited in field
theory computations. The atom is excited into intermediate states.

transitions violate energy conservation, and these intermediate states are not directly
physically observable on a detector.

After substituting in Hjy, the Casimir—Polder energy can be written as

VCP(r) _ Z hwwy, |<E0|d|En>|2|fk7C,i(r)|2 (17>

Ok 660 h((ﬂk -+ wno) ’

where we substituted the form of H;,; and assumed a spherically symmetric atom,
(Eoldi| En) |2 = |{Ey|d|E,)|?/3, which corresponds to assuming that all components
of dipole matrix elements are equal.

The mode functions for the electric field near a perfectly conducting plane can
be substituted into the energy. Following Milonni (1994, Section 3.12), we assume
the atom is close to one wall of a perfectly conducting box, but far from all other
walls. The box is formed by conducting planes at + = 0,L, y = 0,L, and z = 0, L.

The EM mode functions for a perfectly conducting box are given by

fic(r) = \/g(i(ék,c - 2) cos(kyx) sin(k,y) sin(k, 2)
+ J(éx¢ - 9) sin(k,x) cos(kyy) sin(k, z)
+ 2(éxc - 2) sin(kyz) sin(kyy) cos(kzz)) ) (1.8)
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where €x ¢ are the polarization unit vectors, and the wavenumbers are given by k; =
n;w/L, with n; integers (Steck, 2015, Section 8.4.1). The square-modulus |fi ¢(r)[?
can be simplified under a couple limits. If the atom is close to the z = 0 plane,
but very far from the other walls, the squared-sinusoids in  and y can be replaced
by their average value of 1/2, since they will be quickly oscillating. In addition, the
polarization vectors form a resolution of the transverse identity (since Gauss’s law

implies that the electric field is transverse, V - E = 0),

Y ki
D et = 0 — TR (1.9)
¢

The sum over dipole matrix elements can also be rewritten in terms of the atom’s

ground-state polarizability,

aij(w> _ Z 2wn0<E0’dZ’En><En’dJ|EO> (110)

- Mwiy — w?) .

If we assume the atom’s distance from the surface d is larger than the atom’s dominant
emission wavelength, w,q then the dominant contribution to the sum will come from
frequencies for which wy ~ ¢/d < wyg. In that limit, the atomic polarizability can be

replaced by the atom’s static (zero frequency) polarizability

2/(Eo|d|E,) |
ap = liI% alw) = Z W. (1.11)
w— n0

In this far-field limit, the Casimir—Polder energy can be approximated as

h
Vep(r) = ~ e > wilfiec (). (1.12)
k¢
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With these simplifications, and taking the limit of a large box to convert the sum

over wavevectors into an integral, the Casimir—Polder potential is given by

Vor(r) = — 2220 /}wo Pl o {(1 - ’;—z> 1 — cos(2h.2)] + (1 _ Z_z) 1= cos(2k.2)

873¢
+ (1 - Z—z) [1 + cos(2k. z)]] (1.13)

where the sinusoids have been rewritten using double-angle formulae. The z-
independent parts lead to a constant, divergent contribution to the energy. In order
to extract a finite energy shift it is essential to renormalize the energy by subtracting
off this constant energy. This corresponds to considering the energy change as the
atom is brought close to the surface from arbitrarily far away. Throughout this thesis,
this simple energy subtraction is the only renormalization that will be required.

The renormalized Casimir—Polder energy between an atom and a conducting
plane can be evaluated in spherical coordinates, although some care is required to
regularize these oscillatory integrals—this can be done by introducing an exponential

ak

convergence factor e~ and taking the limit a — 0 at the end of the computation:

. ha 2k?
Vep(r) = VO = llzl_r)l’(l) 877320 /d3k wk? cos(2k,z)e re (1.14)
h
— lim X0 / dk / df k? sin 6 cos § cos(2kz cos 0)e™ (1.15)
a—0 472¢
3hcag
=" 1.1
327m2eg2t (1.16)

While we have carried out the calculation for the case of perfectly-conducting planar
interfaces, similar computations can be carried out for dielectric interfaces and more

general shapes of macroscopic bodies. In the case of an atom near a planar, dielectric
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interface the Casimir—Polder potential is

3heayg
32m2ep 24

Ver(r) — VO =— n(x), (1.17)

where x is the static susceptibility of the medium, and the efficiency factor n
approaches zero as y — 0 and unity as y — oco. Note that this type of calculation
relies on having analytical expressions available for the mode functions, which limits

this approach to simple geometries.

1.1.2. Forces between Bodies: Casimir Energy

We now turn our attention to the Casimir effect where macroscopic bodies are
attracted to one another via their interaction with the quantized EM field (Casimir,
1948). The presence of the bodies restricts the allowed modes of the electric field,
which is illustrated for perfectly conducting planes in Figure 1.1. Each quantized
mode of the EM field contributes to the energy, even in the ground state with zero

photons. The total ground state energy in the EM field is

E_Z% (1.18)

where « indexes all possible modes. While the total energy is divergent, a finite
answer can be found by considering the energy difference between two different
configurations of bodies. In this case, the energy is renormalized by subtracting
the energy when the bodies are moved arbitrarily far apart from one another. For
example, the renormalized energy between two perfectly conducting plates is

m2he

E=Lo=—20p

(1.19)
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where d is the distance between the plates.

The theory was extended by Lifshitz and coworkers to describe forces between
dielectric half-spaces (Dzyaloshinskii et al., 1961; Dzyaloshinskii and Pitaevskii, 1959;
Lifshitz, 1956). The Lifshitz calculation can also recover the Casimir force between
perfect conductors, and Casimir—Polder forces between atom’s and dielectric surfaces.
We will sketch the derivation of the Lifshitz formula (which will be used later), since

this can naturally also compute the Casimir energy.

1.1.2.1. Derivation of Lifshitz Formula

The Lifshitz formula for the Casimir energy can be found with an argument due
to van Kampen et al. (1968). In its full generality, the Lifshitz formula gives the total
energy for two planar dielectric bodies with dielectric constants €; and es, separated
by a medium with dielectric constant €3.2 This geometry is illustrated in Figure 1.3.

The energy for the EM field in its ground state is

E=>" > % (1.20)

C kg ky,w

where the sum runs over all of the allowed modes for the particular arrangement
of bodies. In this case, the non-zero contribution to the Casimir effect comes from
surface plasmon modes, which propagate along the interfaces and decay exponentially
away from the bodies. The mode sum can be converted into an integral with respect
to the transverse wavenumber kp := \/m The sum over frequencies can be

recast as a contour integral over complex frequency £, against a function A, whose

2This derivation parallels those in Milonni (1994, Section 7.2), and Bordag et al. (2009, Ch. 12).
A similar result emerges from the scattering approach as discussed by Lambrecht et al. (2011).
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FIGURE 1.3. Sketch of two planar dielectric slabs, with dielectrics €; and ey, with
interfaces at * = dy and x = dy. The slabs are separated by vacuum.

poles occur at the allowed frequencies, with residue wy,

_ L > e 1 dAN(E
E‘Wg/o dhr ke S era0E (1.21)

The function [2miA(£)]7 dA(E)/d€ is designed to have unit residue at the zeroes of
A(€). The factor of L? is accounted for by considering the energy per unit area. The

energy can be simplified by integrating by parts, leading to

E I >
& _ E/ dkrkr ¢ d¢ In A©(€). 1.22
A~ 16m% £ /0 ! Tf{ ¢ AT (1:22)

The most important modes are the surface modes, since these modes are sensitive to
the position of the other body, where these modes exponentially decay between the

bodies. The allowed frequencies for these modes must satisfy

P90 =2k _ (1.23)
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(©)

where r;>" are the reflection coefficients for surface ¢ and polarization ¢, and the

wavenumber is given by k, = \/k% — €(w)w?/c2. The reflection coefficients are given

by

(TE) kZJ - k:273 (TM) €3kz,1 - elkz,?,
T3 = L L ris = ﬁ (1.24)
211 K23 €3F,1 T €1K, 3

The frequency condition is suggestive of the requirement that accumulated round-
trip phase including reflections from both walls, is unity for allowed modes
[this interpretation is bolstered by considering the Casimir force between realistic
mirrors (Genet et al., 2003)]. The condition (1.23) suggests choosing A(§) =

1—7“%) ré?e‘zkzd, where the wavenumber k. and the reflection coefficients are functions

of &.

The contour integral (1.22) can be split into two pieces. The integral over the
right semi-circle is independent of d, and decays to zero when the semicircular contour
is taken to infinity. This leaves the integral along the imaginary frequency axis, £ = is
where s is real. Casimir effects are most naturally discussed along the imaginary
frequency axis. Due to the causal nature of the dielectric response functions, the

dielectric function is a smooth, real function on the imaginary axis. This also means

that the z-wavenumber is also real, with k, = \/k2 + €(is)s2/c2, and that oscillatory
functions like plane wave factors are replaced with real, decaying exponentials. Both
of these features are extremely attractive for numerical methods, and so numerical
methods also work with imaginary frequency (Johnson, 2011).

The Casimir energy between two dielectric half-spaces of permittivities €¢; and €,

separated by a gap of thickness filled with permittivity €3 is given by

E ho [ °°
3= —/ ds 5263/ dpp Z log (1 — rgg)rgg)eﬂ\/am/c) ,  (1.25)
0 1

272¢3
(=TE, TM
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where the EM reflection coefficients are given by

ey _ Ri —Rj ooy _ G T iRy
= ™ = : (1.26)
Ki + R €iR; + €iRj

and

R; = \/]92 + Ei/€3 — 1, (127)

following Zhou and Spruch (1995). The variables have been adjusted to agree with
the Lifshitz calculation, by defining k7 = sy/e3(p?> — 1)/c. In general, this integral
form (1.25) is the simplest expression for the Casimir energy between two dielectrics

planes. The perfect-conductor Casimir energy result (1.19) can be found by taking

(©

the strong-coupling limit, TZ-C — 1, setting €3 = 1, and evaluating the integrals using

3

o0 9] 4
dss® | dpplog (1 — e 2pl/ey — _ €T 1.98
/0 58 /1 pplog (1—e ) = 3608 (1.28)

The Casimir—Polder results for interacting atoms can be recovered from the Lifshitz
formula by taking the limit of dilute bodies, € &~ 1+ agn, where n < 1 is the density,
and «q is the static polarizability.

The Lifshitz theory can be extended to account for dispersion and finite
temperature. Some care is required in quantizing the EM field within dielectric media,
since according to the Kramers-Kronig relations, the presence of dispersion implies
dissipation. However, it has been observed that one gets the correct answers by
a direct substitution €(x) — €(w,x). Barash and Ginzburg (1975) and Rosa et al.
(2010) investigated this more carefully by in terms of the total thermodynamic energy

and the work done on the microscopic details of the medium.
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At non-zero temperature it is necessary to also include the effects of real,
thermally excited photons. At inverse temperature 3 = (kgT)!, for a frequency
w, the mean number of photons is 7i(w) = coth(Shw/2). Note that coth(iz) has
simple poles at x = +n7 for n integer. Exactly the same style of argument that
used to derive Eq. (1.25), can be used to find the thermal Casimir energy between
dielectrics. But due to the presence of coth(is), the integral over imaginary frequency
picks up the residues of the integrand at the Matsubara frequencies s,, := 2mn/(Sh).

The resulting free energy per unit area is

oo ! )
g ZkQB_WTnZO 8263/1 dppC:T;TM log [1 - 7"%) (isn)rég) (isy)e 2VePsnd/el — (1.99)
where the primed sum weights the n = 0 term by 1/2, and all functions of frequency
are evaluated at s,. At zero temperature, this result passes over to the previous one,
by transforming the sum over frequencies into an integral. Eq. (1.1.2.3) is the most
general form of the Lifshitz formula, and can recover all of the limiting behaviors in

the near and far field, and perfect conducting media, and rarefied media.

1.1.2.2. Physical Interpretation

Casimir’s original calculation vividly shows the importance of vacuum fields,
and is said to show the reality of the vacuum field (Jaffe, 2005). This is due to the
emphasis given to the imposed boundary conditions, which are emphasized over the
matter that created the boundary conditions. The Casimir effect is best thought of as
a long-ranged interaction between dielectric bodies mediated via the EM field (Jaffe,
2005; Rahi et al., 2009). This picture is also analogous to the intuitive photon

exchange picture used to explain the Casimir-Polder potential. Figure 1.4 shows
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AN

FIGURE 1.4. Casimir Energy in terms of fundamental QED processes. The electrons
are considered bound within their respective media, but still interact with electrons
on other bodies by exchanging photons. Any self-interactions are removed by
renormalization via considering energy differences. The effective interaction of the
electron current with the field is described by the dielectric constant.

a term contributing to the Casimir effect where electrons on different bodies interact
with one another via the EM field. The solid lines should be understood as the current
operators 3# for the electrons bound to a particular, separate media, while the wavy
lines are the EM Green functions describing the photon. In fact, if summed over all
such dipole “bubbles,” one can recover the full Casimir force results—as was done by
Dzyaloshinskii et al. (1961) in re-summing a field theoretic expansion. In that case the
closed electron loops should be understood as current-current correlation functions,
(Jujv), where under linear response theory, this correlation function is related to the
conductivity tensor o,, (Altland and Simons, 2011; Kubo, 1957). The conductivity
tensor is in turn related to the dielectric tensor, €;; via Ohm’s Law j; = 0,;F;, which

makes the connection between the underlying fundamental physics, and the material

functions used in the Casimir effect.?

1.1.2.3. Different Distance Scaling Regimes

The Casimir effect is important at distances around the resonant wavelengths

of the atom or medium, which are typically on the order of a micron for optical

3 This relationship was pointed out by Rahi et al. (2009), as a justification for their starting point
in quantizing the EM field in media.
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transitions. The Casimir effect is typically computed in a long-wavelength or low
energy limit where the constituents of the bodies can be treated as a continuum. This
approximation starts to break down when the distances between bodies approach an
angstrom. That is the separation of the constituent atoms of the bodies, the distance
scale where exchange effects and other quantum physics becomes important. At the
other extreme, for distances beyond a hundred microns, the Casimir effect becomes
too weak to detect.

The distance scaling of the Casimir energy for bodies separated by a distance
d, can be found by approximating the Lifshitz integral (1.1.2.3) in certain limits.
In particular, one must compare the separation of the bodies d to the resonant
wavelengths or frequencies of the interacting media. This requires some knowledge of
the peak frequencies wy of the atomic polarizabilities a(w) or the dielectric function
€(w). At nonzero temperature, there is another distance scale given by the thermal
wavelength, wr = kgT/h. One can estimate the most important frequencies by
examining a(is), e(is), e72P%/¢ and approximating the integral () in various limits.

In the near field or van der Waals regime, the separation of the bodies is less
than any of the resonant wavelengths for the bodies d < wy/c. In that limit all
of the frequencies contribute, weighted by «a(iw) and e(iw). The exponential factor
e~2rd¢/c i also constant for all relevant frequencies. In essence, the interaction is
an instantaneous dipole interaction between the bodies. For example the atom-wall
potential shows a d~3 scaling.

In the retarded or Casimir—Polder regime, the atoms are much further than a
resonant wavelength d > wa/c. In that case the dominant contributions come at
zero frequency, and the functions can be approximated with their static limit. This

typically occurs for distances greater than a micron. In this far field regime, the
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potential typically decays more quickly. For example, the atom-wall potentials shows
a d~* scaling in this limit.

At even greater separations between the bodies is the thermal regime d ~ wr/c,
where the real photons excited by the thermal field contribute significantly to
polarizing the atom. At room temperature, the thermal wavelength is Ay ~ 10pm. In
this regime the potential falls off more slowly as £ ~ d~3, the same as the near-field

van der Waals regime.

1.2. Overview of Casimir Experiments

The Casimir effect has been measured in experiments, both for macroscopic
bodies and atoms. This section provides a brief overview of the broad categories of
experiments where the Casimir effect is relevant, and the challenges these experiments
provide to theoretical and computational methods. The following is intended as a
broad survey, since the full literature on the Casimir and Casimir—Polder effects is

quite large.

1.2.1. Experiments on Casimir Forces

Despite its prediction in 1948, the Casimir effect proved quite difficult to directly
measure. Some early confirmations used the Casimir effect to explain the thickness
of liquid helium film on the wall of its container (Dzyaloshinskii et al., 1961; Sabisky
and Anderson, 1973). In that case, helium satisfies the repulsive Casimir criterion
and it is energetically favorable to have a thin film of helium between the vacuum
and the walls.

The first precise measurement of the Casimir effect was carried out by Lamoreaux

(1997). This experiment measured the Casimir force between a sphere above a metal
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plate via a torsion pendulum. This landmark experiment was closely followed by
Mohideen and Roy (1998), who used an atomic force microscope in a closer distance
regime to measure the force in a sphere-plate geometry. The Casimir force has also
been directly measured in a nanoelectromechanical (NEMS) system by Chan et al.
(2001). In this case, the Casimir force is detected by the modification it makes to
the frequency of a torsional oscillator suspended above a plate. The sphere-plate
and oscillator geometries have the experimental advantage of removing the need to
carefully align the parallel metal plates. Despite the aforementioned difficulties, the
Casimir force between parallel plates was measured precisely by Bressi et al. (2002).

The Casimir force is also important in applications of microelectromechanical
systems (MEMS), as a source of stiction (Buks and Roukes, 2001; Serry et al., 1998;
Tas et al., 1996). This is particularly important in free standing structures such as
nano-oscillators. Given that the Casimir force is an attractive potential, if parts of
the device get too close to the substrate they will permanently stick to one another,
leading to device failure.

Precisely measuring such a small force requires careful calibration of the
measurements and removing systematic effects. Reviews of these and other difficulties
are available (Bordag et al., 2009; Lamoreaux, 2011; van Zwol et al., 2011). Two of
the primary experimental errors are due to patch potentials, and surface roughness.
The patch potentials are randomly distributed, localized surface charge distributions
on the surface of a conductor. Their Coulombic interaction leads to a d~! power law
contribution to the total force, which must be subtracted off to extract the weaker

Casimir force, which decays as d=% or d~* (Sushkov et al., 2011b).
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While these electrostatic forces can be mitigated and in principle removed, the
Casimir effect is a fundamental effect and must be taken into account in engineering
applications.

The fact that the thin metallic films and surfaces used in these experiments
are not perfectly smooth is referred to as surface roughness, and is one of the main
theoretical sources of error in these experiments. In addition, the optical properties
of the surface must also be carefully characterized, since the optical properties of
a coating can vary significantly. Another difficulty in predicting the size of the
Casimir effect is that the optical properties must be interpolated from data for other

experiments (van Zwol et al., 2011).

1.2.2. Experiments on Casimir—Polder Forces

Van der Waals and Casimir-Polder forces were first observed experimentally in
molecules, which prompted the further development of theory to explain the effects.
Beyond those early experiments, Casimir—Polder forces have also been measured
precisely in more modern experiments using isolated atoms in experiments using
atomic beams, cavity QED, and Bose-Einstein condensates.

The first modern attempts at directly measuring the Casimir—Polder force used
atomic beams near surfaces. Sukenik et al. (1993) made the first modern measurement
of the Casimir—Polder force. Their experiment passed a hot beam of atoms through
an optical cavity and detected the Casimir—Polder force by measuring the fraction of
the atoms that passed through the cavity undeflected. More recent experiments by
Perreault and Cronin (2005), and Lonij et al. (2009) measured the Casimir-Polder
force by passing an atomic beam through a grating and detecting the phase-shift via

atom interferometry.
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The Casimir-Polder effect has also been observed in the context of a Bose—
Einstein Condensate (BEC) of ultra-cold atoms (Harber et al., 2005; Obrecht et al.,
2007). The atoms are confined to a harmonic trap, and can be brought near to
a surface to probe the Casimir force, where the Casimir—Polder force shifts the
oscillation frequency of the harmonic trap.

The Casimir—Polder force is also important in developing atomic technologies.
Atoms are an attractive platform for a number of reasons: Each atom of the same
species is identical; atoms have readily accessible, well-defined transitions that can be
used to control their motion, internal state and interactions; and atoms have internal
states that are long-lived, which would be important in storing information.

In recent years there has been a concerted push to develop technology that retains
the appealing features of cold atoms in an architecture that can be scaled up to having
large numbers of addressable atoms (Kimble, 2008). The desire to get strong coupling
between the atom and light fields, addressable qubits, and a scalable architecture has
pushed groups towards developing traps that hold atoms close to dielectric surfaces.
In this regime, the Casimir-Polder force is the dominant force, which can only be
partially mitigated by using laser fields to generate repulsive potentials. In designing
these new devices it is essential to compute and account for the Casimir—Polder force
the atoms experience when brought close to the dielectric surface.

One direction that has been pursued is the atom chip (Folman et al., 2000; Salem
et al., 2010; Schneider et al., 2003), where atoms are trapped within a few microns of
the surface via a combination of lasers and magnetic fields from wires embedded in
the surface. In most applications the Casimir effect imposes a lower bound on how
close bodies can be brought to each other, which in turn limits the coupling strength,

as well as how small devices can be made. In the atom-chip example, bringing the
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atoms closer than a micron lead to most of the atoms escaping the trap (Lin et al.,
2004).

Another direction that has been pursued is strong coupling of atoms to light
via cavity QED. Kimble’s group is developing microscopic dielectric waveguides to
allow trapping, addressing and strongly interacting with single atoms in a scalable
manner (Alton et al., 2011; Goban et al., 2014; Hung et al., 2013). In more recent
work, the Casimir-Polder potential is explicitly accounted for as part of the trapping

potential (Goban et al., 2014), and must be precisely computed.

1.2.3. Current Experimental Directions

Beyond directly detecting the Casimir effect, experiments are also moving in
some directions worth highlighting, since they are quite challenging for the theory
to handle. There is a continued effort to find repulsive Casimir effects, via material
properties or geometric efforts. In addition, some experiments search for new forces
on the micron scale, where any deviation from the predicted Casimir effect may be a
new force. In that case it is essential to be able to precisely calculate Casimir forces,

and carefully remove all known backgrounds.

1.2.3.1. Repulsive Casimir Effects

Given that Casimir effects tend to enforce lower bounds for how close bodies
can approach each other without stiction, there has been a search for repulsive
Casimir effects. This would open the possibility of trapping particles, and potentially
allow smaller devices to be constructed. Unfortunately, these prospects are
somewhat limited, due to requiring unusual material properties. From the Lifshitz

formula (1.1.2.3), the Casimir force is repulsive if ripre3 < 0. This implies Casimir
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repulsion should be possible if €; < €3 < €, over a broad range of frequencies. This
was experimentally demonstrated for a gold sphere immersed in bromobenzene above
a silica plate by Munday et al. (2009). However, this is method is little help for
Casimir forces between identical materials or cold atoms in vacuum.

Alternatively, the Casimir force is also repulsive for combinations of dielectric
and magnetic materials (Boyer, 1974). Given the strength of electric interactions
over magnetic interactions in atoms, this spurred interest in exploiting materials with
strong magnetic responses (Kenneth et al., 2002). Since these material are relatively
rare, there was some interest in exploiting metamaterials [arrays of micropatterned
circuits with large effective magnetic response at certain wavelengths (Pendry et al.,
1999)]. However, this was shown to be ineffective for Casimir applications since
the underlying metallic dielectric response of the metamaterial dominates for the
most important long wavelengths. Since the metallic response implies an attractive
potential, the overall Casimir effect is attractive (lannuzzi and Capasso, 2003;
Pirozhenko and Lambrecht, 2008; Rosa et al., 2008; Yannopapas and Vitanov, 2009).

While the preceding discussion emphasized varying materials for Casimir
applications, it may be possible to exploit similar ideas for repulsive Casimir—Polder
effects (Milton et al., 2011, 2012), since the atom responds to a narrower range of
frequencies. In the far field, the attractive dielectric response would dominate over
any repulsive response, so it might be possible to engineer a trap. These proposals
require an anisotropic response from the atom, which might be possible in the excited
state.

Another method of generating repulsive Casimir effects is by varying the
geometry of the bodies. For example, the Casimir effect is repulsive in certain

regimes for an elongated needle above a hole in a conducting plate (Levin et al.,
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2010; Rodriguez et al., 2013). However, in this example the repulsion is unstable. A
stability criterion can be derived for the Casimir energy from within the scattering
approach to Casimir theory (Rahi et al., 2011, 2010).* Only bodies composed of
media for which the planar Casimir force is repulsive can be stably levitated (Rahi
et al., 2011).

Boyer (1968) found that the renormalized Casimir self-stress of a conducting
shell is repulsive. In this case, a great deal of care is required in isolating divergent
terms to find a finite result. This surprising result has been verified multiple times
[the issue of self-stresses is reviewed in Milton et al. (2011), and chapters 5 and 6 of
Milton (2001)]. There is also a similar repulsive Casimir effect for a dielectric sphere.
While the self stress on a spherical shell is repulsive, the force between two separated
halves of a sphere is attractive. Thus it is not clear how this self-stress could be

measured.

1.2.3.2. Searches for New Physics

The Casimir force is also important for speculative searches for new physics on the
millimeter to micron scale (Bezerra et al., 2011; Dimopoulos and Geraci, 2003). Since
the new physics must be relatively short-ranged, it is typically modeled with a Yukawa
potential, Vi = ae™"/r, which models the interaction with a new massive particle.
On the micron scale however, the Casimir effect is the dominant interaction between
neutral bodies, and must be carefully subtracted in any experimental procedure.
Experiments then look for deviations from the expected Casimir effect, which means
that the theory and experiment must be in good agreement with one another. This

approach has already been used to exclude regions of the parameter space for the

4The scattering approach which will be briefly discussed in Section 1.3.2.
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hypothetical Yukawa interaction (Bezerra et al., 2011; Chen et al., 2016; Obrecht
et al., 2007; Sushkov et al., 2011a). Experiments searching for modifications of gravity
typically employ a thin gold layer over a density modulation. The gold layer provides
a common short-ranged Casimir interaction, while the a density modulation allows
measuring variations due to gravity (Geraci and Goldman, 2015; Sorrentino et al.,
2009). Given the difficulties in cleanly measuring the Casimir force, this even more

ambitious program has yet to yield results.

1.3. Computational Methods for Casimir Effects

Modern experiments require theoretical and computational methods for the
Casimir force that can account for a wide variety of material responses, anisotropies
and the ability to handle arbitrary shapes. For a simple, symmetric geometry (like
the perfectly conducting planes we used in Section 1.1.1.1) it is possible to write down
tractable analytical expressions for the Casimir energy based on expanding the field in
mode functions. However, for completely general geometries these requirements force
one to adopt a numerical approach to computing Casimir forces (Johnson, 2011). We
will discuss three of these methods: the proximity-force approximation (PFA), the

scattering or fluctuating surface current approach, and the worldline method.

1.3.1. Proximity Force Approximation

The proximity force approximation (PFA) or Derjaguin approximation, is
an uncontrolled approximation to the Casimir force between arbitrarily shaped
objects (Blocki et al., 1977; Derjaguin, 1934). The PFA treats each infinitesimal patch
of the surfaces as if they were planar bodies, and sums up the pairwise interactions

between different patches. The PFA is assumed to be valid if the radius of curvature
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of the bodies R is large relative to their separation d. For many years the PFA was the
only practical general method of estimating Casimir forces in arbitrary geometries.
The PFA has the advantage of being straightforward to implement, and functions as
an order of magnitude estimate for the Casimir force for arbitrary geometries.
However, it has some prominent limitations. First, it is only valid for vanishing
curvature. Second, the PFA assumes that the force can be found by integrating up
the pair-wise Casimir forces between each pair of surface patches. This ignores the
non-additivity of the Casimir force. Unlike the potential between electric charges
where the total potential is the sum of the pair wise potential energies, the Casimir
force for an arrangement of bodies is not just the sum of the pair wise energies.
[This is discussed further in Section 8.2 and Section 8.4 by Milonni (1994).] As a
crude justification, the Casimir energy involves a sum over the frequencies for mode
functions of the systems. Since the mode functions are changed in a global, nonlinear
fashion by introducing another body, the sum over frequencies also changes in a

nonlinear fashion as more bodies are added.

1.3.2. Scattering Approach

The scattering approach is currently the only general method of computing EM
Casimir forces between media.® The scattering method is based on techniques from
classical EM theory and quantum mechanics. This method has been developed by a
number of groups as an analytical method for general geometries (Canaguier-Durand
et al., 2012; Emig and Biischer, 2004; Emig et al., 2007; Kenneth and Klich, 2006;

Lambrecht et al., 2006; Maia Neto et al., 2008; Rahi et al., 2009). The Casimir energy

5The following is an extremely short introduction to the scattering method. The book chapters
by Lambrecht et al. (2011), Rahi et al. (2011) and Johnson (2011) provide a varied introduction to
the topic from some of the main contributors.
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can be written as
he [

E=— d¢ log det[MM ] (1.30)
2m Jo

where M is the scattering matrix describing scattering between the free modes of the
EM field induced by the presence of bodies, and ¢ is the imaginary frequency (Rahi
et al., 2009). The energy is renormalized via MZ', which is the scattering matrix
as the bodies are moved arbitrarily far apart; this renormalization removes any self-
coupling of the bodies to themselves. The indices of these matrices run over the labels
of the possible modes (such as wavelength, polarization, mode origin for different
bodies). Derivations similar to the argument principle used in Section 1.1.2.1 can be
applied to describe the scattering between modes—instead of reflection coefficients
for a surface, one considers the full scattering matrix for each body. This version
of the scattering method has been applied to two-body systems such as realistic
mirrors (Lambrecht et al., 2006), and spheres and planes with investigations of surface
roughness (Canaguier-Durand et al., 2012). This subclass of these methods rely on
scattering between mode functions suited to analytical expansions, and while they
in principle offer a general purpose numerical method, the simulations may be slow
to converge if the choice of basis functions is poorly suited to the actual geometry
required.

The Johnson group at MIT has developed a formulation of the scattering method
that is better suited to numerical applications for piecewise constant media (Reid
et al., 2009, 2011, 2013; Rodriguez et al., 2007a,b, 2009). In particular, Reid et al.
(2009, 2011, 2013) developed the fluctuating-surface-current formulation as a general
method for computing Casimir energies for piecewise continuous linear dielectric
and magnetic media. In essence the method calculates the interaction between

electric and magnetic surface currents on different bodies, mediated by the EM
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field. Mathematically this is derived from a path integral for the EM field, where
the fields are restricted to obeying EM boundary conditions at the surfaces via
functional delta functions [simpler boundary conditions were handled in this fashion
by Bordag et al. (1985) and Li and Kardar (1991)]. The delta functions introduce
fields bound to the surfaces, which can be interpreted as surface currents flowing to
enforce boundary conditions. After integrating out the EM field in the interior and
exterior regions, these surface currents interact with one another via the EM Green
functions. Since the method assumes piecewise, homogeneous media and enforces EM
boundary conditions, it is the relatively simple homogeneous EM Green function that
appears in these expressions. These surface integrals are then discretized by splitting
the surface into a finite number of patches. All of the surface currents can then
be integrated over, leaving a functional determinant analogous to Eq. (1.30) where
now the matrix elements M describe the coupling between different surface-patches
induced by the EM Green functions.

Numerically, this method comes down to computing the determinant of a large
matrix, which is an intensive operation. If a matrix has N non-zero entries, the
determinant for a dense matrix requires O(N?3) operations. While it is possible
to parallelize computing the determinant (Beliakov and Matiyasevich, 2013), this
is difficult. However, for a sparse matrix system, it may be possible to make this
relatively efficient and only require O(N log V) operations (Reid et al., 2009). Since
each frequency & contributes independently, the integral over £ could be trivially
parallelized, but this may only offer relatively little parallelization for some problems.

The fluctuating-surface-current method has been used to describe the energy
dependence of tetrahedral nanoparticles, capsules, and other geometries (Reid et al.,

2009, 2011; Rodriguez et al., 2010). It has also been used to find cases where the
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Casimir force is repulsive due to geometric effects (Levin et al., 2010; Rodriguez
et al., 2013). The scattering method has also been used in the design of atomic traps
near dielectric waveguides, where the Casimir—Polder force is an essential component
of the trap (Hung et al., 2013).

As we noted, the scattering method is the only available general method
for computing Casimir effects. However, it is useful to have multiple methods
with different computational properties and biases, particularly when extending
calculations to unexplored domains. We now turn to the worldline method, which

offers a very different picture and numerical method.

1.4. Path Integrals

In order to discuss the modern methods of computing the Casimir effect it is
necessary to introduce the path integral. The path integral was originally developed
by Feynman (1948) as an alternative formulation of quantum mechanics (Feynman
and Hibbs, 1965). In the path integral, the probability amplitude for a particle to
propagate from one position to another, is given by the sum over all possible paths
between the points. [In fact the path integral can be derived as the propagator from
more traditional operator quantum mechanics (Sakurai, 1994).] Each path is weighted

WSle®I/h where S[xz(t)] is the classical action for the path.

with a phase e

Path integrals have been used extensively in a wide range of theoretical
physics (Kleinert, 2012). While offering an intuitive picture of quantum mechanics,
they are much harder to use than typical operator mechanics for anything other than

the simplest problems (Feynman and Hibbs, 1965). However, path integrals form a

natural basis for quantum field theories, where they offer a relativistically covariant

32



quantization procedure that naturally accounts for the gauge symmetries that underlie
the Standard Model of particle physics (Brown, 1994; Srednicki, 2008).

Path integrals have also been used in mathematics and statistics to describe
stochastic processes (Durrett, 1996; Kac, 1949; Karatzas and Shreve, 1991). Rather
than solving the Schrodinger equation, this path integral solves a diffusion equation—
this effectively passes over to “imaginary time,” since after the Wick rotation ¢ — —ir,
the Schrodinger equation is a diffusion equation. This mathematical path integral
weights each path by e=%2[# where Sy is the real-valued, imaginary time action for
the path. In this form the path integral has clearer convergence properties, since
the paths are weighted by real, decaying exponentials, as opposed to the oscillatory
integrals in Feynman’s path integral.

Path integrals underlie most of the work carried out in this thesis: we will use
path integrals to quantize the EM field, and the worldline method relies heavily on
path integrals. In addition, we will use the connection between path integrals and
diffusion equations to verify analytically that the worldline path integral gives the
correct results, and enhance our numerical calculations. Considering their importance
to this thesis, we will now derive Feynman’s path integral, which will serve as a
prototype for all of the path integrals that follow. [Our derivation follows the simple

one given in Sakurai (1994).]

1.4.1. Derivation of Feynman’s Path Integral

Let us consider the quantum mechanical treatment of a particle moving in a

D-dimensional space time, in a time-independent potential V' (x). The particle is
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described by the following Hamiltonian:
A=Y (v, (1.31)
m
The position and momentum operators obey the following commutation relations,
&3, 5] = ihdi; (24, 25] = [pi, B3] = O, (1.32)
and have the following resolutions of the identity,
dp
I=[d = | ———= . 1.33
[ axixil = [ ol e (1.33)
The overlap between position and momentum eigenstates is
(x|p) = e/l (1.34)

In quantum mechanics, the amplitude for a particle starting at xq at time ¢ty = 0, and

propagating to xy at time ¢ is given by
(X, t|%0, to) = (xnv]e” " xq). (1.35)

The amplitude to propagate from xq to xy can be developed into a path integral in
a number of steps. First, the evolution operator is split into N pieces, and (N — 1)

resolutions of the x-identity and N resolutions of the p-identity are inserted between
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the pieces

d ~
= (xn|pa) (Pale 2 xy )

<XNat|X07t0 / H dxk

X <XN71‘pN71><pN71’€

J=1

fiﬁAt/h|XN72> . 7iFIAt/h‘X0>

~(x1|p1)(p1le
(1.36)

where At :=t/N. At this point we can note the basic structure: The total amplitude
for the particle to propagate from xy to x5 is the product of the amplitudes to
propagate from one point x; to the next xp.1, with the total amplitude being the
sum over all such paths. Each infinitesimal time evolution operator can factored into
a kinetic and potential piece,

2

th

e—iHAt/h = exp <_ At) exp (—%V(f{)At) + O(At2), (137)

where the corrections due to splitting and factorizing the exponential operator
contribute at O(At?). [In general, it is crucial to consistently carry out all expansions
in path integrals to O(At).] The position and momentum operators can then be

replaced by their eigenvalues, and the state-overlap can be used to write,

N— N-1
<XN, t|XZ, to / H Xkdpk ( H e—ipiJrlAt/(?mh)—iV(xn)At/h+i(xn+1—xn)-pn+1/h) .
=1

n=0

(1.38)
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Since the momentum integrals are Gaussian, they can be straightforwardly evaluated,

with the result

N-1

D/2
<XN,t‘Xi,t0> — / H ka H |:(2W22At) eim(xn+1xn)2/(2At)6’L’V(Xn)At/h} (139>
k=1

N
= /Dxexp [

%At dt (%XQ - V[x(t’)])} : (1.40)

In the final line we have taken the continuum limit, replacing (x,+1 — x,)/At — X,
S Atf(nAt) — [dtf(t), and introducing Dx = [[r dxy [m/(QWihAt)}D/Q. The
phase in exponent is the classical action for a particle in a potential. Paths with the
same phase will add together constructively, while paths in regions where the phase is
quickly varying will cancel. This leads to a natural description for the classical limit
(h — 0) where only the paths of stationary phase where §S[xz(t)] = 0 contribute.
Quantizing field theories via the path integral is seen as a more relativistically
covariant process than the canonical quantization procedure, which must single out
a particular time. The symmetries of the field are also naturally taken into account
due to the presence of the action.

In this thesis, this simple type of derivation will be all that is required. We
will often work with the imaginary time version, which replaces the oscillating
exponentials with decaying exponentials. The extension to field path integrals over
fields is straightforward: the field ¢(x) is described by its value at finitely many
points ¢(xx), where the field at each point varies independently. The field path
integral involves an integral over the field values at all of these points. At the end
of the calculation, the spacing between grid points goes to zero, and the size of the

grid is taken to be arbitrarily large. We will also only need to consider Gaussian
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path integrals, of the type considered here. This derivation will extended to include

sources in Chapter III.

1.5. Scalar Worldline Casimir Energies

The worldline method is an alternative method for computing Casimir
energies (Gies et al., 2003). The worldline method is a descendant of the scalar
electrodynamics discussed by Feynman (1950), where the dynamics of a scalar field is
described in terms of a particle propagating in an artificial proper-time through a fixed
background potential. The worldline method was later developed as an alternative
method for carrying out general quantum field theory calculations in terms of single
particle quantum mechanics (McKeon and Rebhan, 1993; Schubert, 2001; Strassler,
1992). The basic insight of the worldline method is that for one-loop effective actions®,
the field path integral calculation can be recast in terms of the path integral for
particles traveling in closed space-time paths. Higher order loop calculations can also
be carried out with more particles, and gauge fields can also be treated (Schubert,
2001). For example, the worldline method has been used to compute relativistic field
effects for QED such as the Lamb shift (Schmidt and Schubert, 1995). It has also been
used as a numerical algorithm for computing these relativistic QED effects (Mazur
and Heyl, 2014)—however, these methods were developed for free-space interactions
at high energy, rather than the low energy Casimir phenomena we seek to describe.

The worldline method is also closely related to the Heat Kernel [which is reviewed

6 One loop order in quantum field theory corresponds to processes such as the Casimir effect,
where the field emits and absorbs a virtual particle, such as in Figure 1.2. These are the first
correction from quantum effects. For example, the Lamb shift and Casimir—Polder effect involve one
loop, since the electron emits and reabsorbed a photon. Higher loop orders corresponds to more
virtual processes. The effective action, gives the equations of motion in the absence of any external
driving on the system (Weinberg, 1996, Ch. 16). The one-loop effective action then gives calculates
action accounting for the lowest order contributions from quantum fluctuations around the classical
solution.
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in Vassilevich (2003)]. The Heat Kernel examines the divergence structure of a field
theory by examining the short time behavior of the worldline.

The worldline method was first used to compute scalar Casimir energies by
Gies et. al (Gies and Klingmiiller, 2006a,b; Gies et al., 2003). The scalar worldline
method has been extended to nonzero temperatures (Klingmiiller and Gies, 2008),
used to study the torsion of inclined planes (Weber and Gies, 2009), and forces in
the sphere-plane and cylinder-plane geometries (Weber and Gies, 2010a,b). In these
nontrivial geometries the worldline method has also been used to examine the failure
of the proximity force approximation. More recent work has focused on computing
the stress-energy tensor (Schéfer et al., 2012, 2016), with a view to exploring how the
Casimir energy violates certain energy conditions (violations of which are required
for certain exotic physics).

The scalar worldline is also related to some semiclassical expansions for the
Casimir energy. In particular, it is a direct numerical method for computing the
so-called optical path integral discussed by Scardicchio and Jaffe (2005, 2006). The
sum over intersecting paths is also reminiscent of the semiclassical approach to the
Casimir force by Schaden and Spruch (1998), which evaluates the Casimir energy by
summing over all periodic orbits of light around the interacting bodies. This latter
work is particularly related to other work on the semiclassical limits of path integrals
involving chaos (Gutzwiller, 1990). Both of these approximate techniques rely on a
path integral expression for the Casimir energy that models electromagnetism as a
scalar field. The worldline provides a general way of evaluating those path integrals.

The worldline method has also been applied to the Casimir piston, where there
are interesting geometric effects based on the geometry of the piston (Schaden,

2009a,b). Most of this work is for idealized surfaces that imposed Dirichlet boundary
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conditions, but there has also been some effort to extend the worldline method to
account for Neumann boundary conditions (Fosco et al., 2010). To date there has only
been speculation on how to extend the worldline method to electromagnetism (Aehlig
et al., 2011), which only considered perfect conductors, and did not have concrete,

correct results.

1.5.1. Derivation of the Scalar Casimir Worldline Path Integral

We now introduce the basic scalar worldline method, to discuss its positive
features and limitations. We will use terminology and scaling of dimensions in
common with our later work, rather than the choices used in the original papers
by Gies et al. (2003). [See also chapter 20 of Steck’s Quantum Optics notes for an
alternative perspective on this work, including some of the analytical techniques will
be used in later chapters (Steck, 2015).]

Consider a scalar field ¢(r, t), interacting with a background potential V' (r). As
a matter of convention we will distinguish between r, which is a position label or
parameter, and the coordinate of a path integral x. The action for the field ¢ is given

by the time integral of the Lagrangian density L,

S = /OT dt/dr.c = /OT dt/dr (2%2(8@)2 — %|v¢12 — V(r)¢>2> : (1.41)

The potential V(r) defines the surfaces of the interacting objects
V(r) =AY 6loj(r — Ry)], (1.42)
J

where A is the coupling constant, o;(r) = 0 defines the surfaces, and R; marks the

center location of each body. In most work on scalar worldlines, the coupling constant
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A is taken to infinity, which corresponds to imposing Dirichlet boundary conditions
on the surfaces. For planar geometries, this recovers electromagnetic Casimir results
for idealized perfect conductors.

From the Lagrangian, one can find the Hamiltonian and quantize the theory.

The momentum conjugate to ¢ is given by

(r,t) := = —0;¢(r,t). (1.43)
c
The Hamiltonian is then given by

H .= /dr (110, — L) = /dr (H; + %(W))? + V(r)¢2>. (1.44)

The theory can now be quantized by promoting the classical fields to quantum

operators, ¢ — 923, IT— ﬂ, with equal-time commutation relations
[o(r, 1), TI(x',t)] = ihd(r — 1'). (1.45)

In exactly analogous fashion to quantum mechanics, the overlap between states is
given by

(¢[II) = exp (% /dr ¢(r)H(r)>. (1.46)

Physical quantities of interest such as Casimir energies and forces can be computed
by taking suitable derivatives of the field partition function. The quantum partition

function for the field is
z =t () = [ aotole i), (1.47)
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and the trace is evaluated over the complete set of field states. It is actually
more useful to carry out calculations with the free energy F = —kgT'logZ. As
in Section 1.4, the exponential operator can be split into /N pieces, and resolutions of
the identity in both fields and conjugate-momentum fields can be inserted between
each piece. After integrating out the momentum fields, the partition function can be

written as a Euclidean path integral

7 = /Dqsexp [— /Oth dT/dr (%(&qﬁ)Q - %(V¢)2 + V(r)¢2)] : (1.48)

where 7 = Shc. The partition function can be cast into a more suggestive form by

integrating by parts in the exponential integrand,

Z = /D¢exp {— /Ohﬁch/dI‘ o(r, ) (—%83 — %VQ +V(r)) o(r, 7)} . (1.49)

The surface terms from integrating by parts were discarded by assuming the fields
tend to zero at spatial (and temporal) infinity.

The functional integral over ¢ is Gaussian and can be formally evaluated as
a functional determinant, since the differential operator is positive operator. Some
care is required in regularizing such infinite determinants. This is done in analogy
with finite dimensional Gaussian integrals. The fields can be considered as only
being evaluated on a finite lattice of space-time points, with the lattice also having
a finite extent which bounds all bodies. The field ¢ at each point x; ,is treated as
an independent variable from the fields at other positions. The gradient operators
can be treated via their finite difference approximations, which can be thought of as

sparse matrices. For example, 2¢(z;) =~ [¢p(zx + A) — 26(xx) + ¢(zr — A)]/A% In
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that case the partition function is a large, finite Gaussian integral of the form,

Zreg = /dgbk exp (— ZAT(A$)D_1¢kAjk¢j) . (1.50)
jk

where the fields have been labeled with position indices and the matrix A represents
the differential operator. This regularized expression can be integrated, under the
assumption that the eigenvectors of A can be found, where >, Ajkw,in) = )\(n)z/}](.").
In that case, each Gaussian integral decouples and the regularized partition function

can be written as

Zreg = C T Ao* = C det(A4)712, (1.51)

where the determinant is understood to be the product of the eigenvalues of the
operator A.” The limit of an arbitrarily large volume, and lattice resolution can be
taken after integration.

In an analogous fashion, one can formally evaluate the partition function path

integral as a functional determinant,
~1/2 Loy 1o,
Z o det —5@ - §V +V(r)|. (1.52)

The proportionality is due to an additional (infinite) normalization constant which

will be canceled in the renormalization process. The free energy for the interacting

7 In fact, there is an approach to computing van der Waals energies based on directly evaluating
a functional determinant for electric fields on a discrete spatial grid (Maggs and Everaers, 2006;
Pasquali et al., 2008). This approach omits any time evolution of the fields, but it does offer a direct
method of trying to evaluate the field path integral. That work relied on direct spatial discretization
to evaluate the functional determinants, which limits the size of medium that can be considered.
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field can be written as
1 1, 1_,
F = —kgTlog Z = §k‘BTlogdet — 587 - §V +V(r) | +C, (1.53)

where C'is a divergent constant. As it stands this functional determinant is divergent,
but finite results can be found by subtracting off the free energy Fy when the bodies
are removed arbitrarily far apart. The renormalized free energy can now be written in
terms of a single-particle path integral via some formal manipulations. First, we will

use the identity logdet A = trlog A, which can be verified for positive finite matrices,

logdet A = logHaj = Zlog a; = trlog A, (1.54)

J J

where we used the facts that the trace and determinant of a matrix A are given by
the sum and product of its eigenvalues «; respectively. Second, the logarithm can be

rewritten in an integral representation,

log A —log B =— 000 d?T(eAT—eBT), (1.55)
where A and B are positive operators (i.e. A and B have strictly positive eigenvalues).
This expression also relies on a difference of terms to cancel out divergent terms at
T = 0. The earlier renormalization by subtracting off the vacuum energy when the
bodies are far apart provides exactly this subtraction.

By applying Eqgs. (1.54) and (1.55) to the free energy (1.53), the renormalized

free energy can be rewritten as

Fog = kel [T AT (@v2veolT _ @52 (1 5g)
2 Jo T
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The trace can be evaluated by introducing a D-dimensional auxiliary Hilbert space,
where (x,z.[p;|¢)) = —i0;(x, x,|¢), [&;,p;] = 16;;. Note that h = 1 in this auxiliary

Hilbert space. The free energy is then

kgT [ dT o o ) 2 -
FoF, - _rsl [Td] / dxodro (X, Tole~FHPIT2VRIT _ (~GdT/215 1oy
2 Jo T

(1.57)
The free energy is now in the form of the imaginary-time transition amplitude for a
quantum particle in D space-time dimensions, in a potential V. In the same fashion
as in Section 1.4, this can be converted into a single-particle path integral, although
there are some minor differences. First, the starting and ending points are the same,
so the paths form closed loops. Second, the parameter 7 has dimension of L%, It

governs the spatial extent of the path, rather than the proper time between events.

The resulting worldline path integral for the free energy at zero temperature is

ok T *
F—Fo=— - U / dxody / dekdfk

N-1

(xk+1—xk)2/(2AT) —(Th41—7k)?/(2AT)
X
,H) < 2AT) D/2° ¢ )

X (ﬁe—ATWXJ‘) — 1) §(xn — X0)0(Tn — T0). (1.58)

=1

The intermediate Gaussian integrals over 73, can be carried out, since the potential is
independent of 7. The final integral over 7 is [ dry = She, since 7 € [0, She]. There is
also a normalization constant of (277)~!/2 for each dimension due to the loop closure
condition. This can be thought of as the total normalization for N Gaussian steps of
length AT = T /N, subject to the loop-closure requirement xo = x,. The free energy

can be written in a more intuitive form, better suited to numerical calculations, if

44



we consider the coupled Gaussians as the probability distribution for paths through
space-time. Each path increment Axy = x,1 — Xy is Gaussian with zero mean and
variance A7 . In addition, the resulting paths must close on themselves.

The resulting paths are a specific form of Brownian motion. A Brownian
motion (or Wiener process) is a continuous random process W (t), that starts at
the origin W (t = 0) = 0, and has increments AW (t) := W (t + At) — W (t), that are
Gaussian random variables with (AW (t))) = 0, (AW ()AW(t')) = 0 for t # ¢
and (([AW(t)]*)) = At (Gardiner, 2009). (Note that we are using {(---)) to denote
the ensemble average.) A Brownian bridge is a Brownian motion with fixed end
points at times ¢t = 0 and ¢ = T, where B(t = 0) = 0, and B(t = T') = ¢, and
its increments obey the same statistics as the Wiener process (Karatzas and Shreve,
1991). Throughout this thesis, we will most often use the discrete form of these
processes where W, = W (t;) = W (jAt). Brownian motion can be straightforwardly
generalized to multiple-dimensions.

The result of these manipulations is

hc _
F-Fo= /Wr/de e T =Dy (1.59)

where ((---)),; denotes an ensemble average over closed Brownian bridges x(t)

starting at xo and returning to xy = Xq, and

1
T/ VD) = " (x0) (1.60)

is the path-averaged value of the potential. The worldline method relies on generating
an ensemble of closed Brownian bridges, and evaluating the path-averaged potential

for each path. The total Casimir energy (1.59) then requires further integrals over
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the starting point x¢ of the paths, and the total path time 7. The path time T
governs the spatial extent of the paths, where the typical extent of a path is given
by 2 ~ +/T. The renormalization against vacuum ensures that only paths that touch
one of the bodies contribute. In order to extract interaction energies between two
bodies (such as the two-body Casimir energy), the single body energies for each body
must also be subtracted from the total energy. As a result, only paths that touch
both bodies contribute. This is depicted in Figure 1.5, where the upper path would
contribute to the Casimir energy, while the lower path would not. At small times
T, both paths would shrink down around their starting points, and since the paths
would not touch both bodies, neither would contribute. This is a direct result of the
energy renormalization—subtracting off the vacuum energy cuts off the divergent 7
integral as small 7. At later times 7, these paths would have larger extent, and both
would contribute, but due to the 7-0+P/2 dependence, the lower path would have

a smaller contribution.

1.5.2. Worldline Distance Dependence

The distance dependence can also be read off from Eq. (1.59). A typical path will
touch a surface a distance d away, at a path time 7 ~ d?. Since the integrand (1.59) is
either zero or one, depending on whether any points on the path intersect the bodies,
the energy density at a point d from the surface is approximately [ dO; dT THP/2 ~
d=P. After integration over the starting point x¢, the Casimir energy scales as d~2 in
four dimensions.

The worldline method has also been extended to nonzero temperatures
(Klingmiiller and Gies, 2008). The generalization is straightforward—in essence the

fields must be periodic on 7 € [0, Shc], since ¢(0) = ¢(Shc) due to the nature of the
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FIGURE 1.5. Schematic of worldline paths interacting with a plane and a sphere.
Only paths which touch both bodies will contribute at a given path time 7. The
upper path touches both objects and will contribute to Casimir energy, while the
lower path only touches one body, and does not contribute to Casimir energy.

trace in Eq. (1.47). This motivates expanding the fields in a Fourier series, with the
Matsubara frequencies s, = (27n)/(8h), where each Fourier component contributes

independently of the others. The same sort of manipulations used to derive the zero

temperature worldline (1.59), can be extended to nonzero temperature with the result

< pee dT ey
T Fo= kel /0 (27rT)(D—1>/2T/dX°6 TED (T — 1), (1.61)
n=0

where the prime on the sum means that the n = 0 term is multiplied by a 1/2.
Since the 7 dependence differs, there is also a different distance dependence. Since
the effective dimension has been reduced by one, the energy density now scales as
d~P=Y which means the renormalized energy density scales as d—3, and the total

energy scales as d~2 in four dimensions.
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1.5.3. Numerical Method

In order to numerically evaluate the worldline Casimir energy, it is necessary
to generate an ensemble of closed, Brownian paths. Given the probability for a free
Brownian motion W (t) to close on itself after IV steps is negligible, it is essential to
force the closure constraint when constructing the paths.

The simplest method generates a free Brownian motion, and then forces the
path to close by subtracting off a pro-rated fraction of the final position from each

increment. So if W}, is a random walk,
k
Wi =) AW, (1.62)
j=1

where (AWy) = 0 and (AW,AW;)) = 0;,AT, then a closed Brownian bridge can
be constructed as
k
k
By=>» AW — Wi (1.63)

j=1
This algorithm has the virtue of simplicity, but it does require that knowledge the
whole Brownian path in order to construct the closed version. Gies et al. (2003)
developed an improved algorithm, the so-called “v-loop” algorithm for generating

Brownian paths. A Brownian bridge can be constructed as
Bk :CkBk_l—i—\/C_kAWk, k= 1,...,N— 1, (164)

where By = 0 and
k=1,...,N —1. (1.65)
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Since we will use the v-loop algorithm in our own simulations, we will discuss this
algorithm further in Chapter V.

Having constructed a path, it is then necessary to compute the worldline
integrand e~ 7() — 1 along that path. If any point along the path intersects one of
the surfaces, then in the strong coupling limit the potential V' = Ad[o(x)] is nonzero,
and in the A — oo limit, the worldline integrand goes to negative one. If however, no
points on the path intersect a surface, then the potential is zero, and the renormalized
worldline integrand is also zero.

Once a particular random path has been constructed, it is necessary to integrate
the contributions from each starting point xo, and path time 7. Thus the worldline
algorithm relies on finding the times 7 when at least one path point intersects the
bodies, and integrating over those times. This must further be integrated over every
possible path starting point. For simple geometries, these touching times can be found
analytically for a particular random path, which simplifies the method further (Weber
and Gies, 2009, 2010b).

1.5.4. Advantages and Shortcomings of the Scalar Method

The worldline method has a number of attractive features. First, it offers
an intuitive picture of Casimir energies emerging from the spatial paths of virtual
particles. In this picture, the random paths explore all of space and accumulate a
contribution to the Casimir energy based on the potential V' they encounter.

Second, it offers a geometry independent method of handling Casimir forces.
The paths are created without reference to the underlying body geometry or a

spatial discretization, so the method can be easily applied to arbitrarily complicated
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arrangements of bodies. The only requirement is that the paths are fine enough to
resolve the structure of the surfaces.

Third, since each path is independent, the algorithm is trivially parallelizable:
each path can be handled by a separate computing process, without any requirement
that the processes communicate with one another, except when accumulating results.
This has the advantage of exploiting the growth of computing clusters with many
nodes, where that power can be harnessed with minimal effort: once the algorithm
works on a single computer, it can be easily extended to arbitrarily many computers
to increase the size of the ensemble sampled from, or to reduce the time required to
reach a given accuracy.

However, the worldline method has some prominent shortcomings. First of all,
it only applies to scalar fields. The most important Casimir effects are due to EM
radiation field, which is a transverse vector field. Second, it has only been applied
for idealized potentials that effectively impose Dirichlet boundary conditions on the
surfaces. As a result it is missing any coupling of the fields to media with realistic
properties. Finally, the development has been focused on Casimir energies, with no
simple way to extract Casimir-Polder energies for atoms near surfaces (although it
may be possible to extract these from the stress-energy tensor). Thus far, there has
only been speculation on how to extend the worldline method to electromagnetism,

without any concrete results (Aehlig et al., 2011).

1.5.5. Motivation and Goal for Thesis Project

The goal of this thesis is to extend the scalar worldline method to vector
electromagnetism. Ideally we would retain the attractive features of the method,

such as geometry independence of the paths, and only needing Brownian sample
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paths. In addition, we aim to improve the method to account for the two physical
polarization states of the EM field, and properly account for the material properties of
the medium. Finally, the method must agree with known results in simple geometries.

As later chapters in this thesis will show, we have partially met those goals. We
have developed analytical and numerical techniques that can be applied to improving
existing worldline algorithms. This thesis focuses primarily on solving the planar
problem—although this is well-studied, it is a good platform for exploring and testing
worldline methods. The methods we develop here could be used as uncontrolled

approximations in general geometries, but with no guarantee of correctness.

1.6. Thesis outline

This section provides an overview of the thesis, and will also present some key
results, by referencing where the result appears later in the thesis. The rest of
this thesis is laid out as follows: Chapter II formally quantizes the EM field in
media characterized by their relative permeability €, and permittivity u,. There
are two approaches to developing the worldline expressions for the electromagnetic
Casimir energy. The first emphasizes a full vector path integral for the EM field
partition function (2.46), which can then be converted into a worldline path integral
expression (2.50). Unfortunately, it is not clear how to extract the two physical
degrees of freedom from that complicated expression, which involves the cancellation
of a number of degrees of freedom. Alternatively, the EM field can be split into
two noninteracting scalar polarizations: the transverse-electric (TE) and transverse-

magnetic (TM) polarizations. The worldline path integral for the free energy in the
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TE polarization at zero temperature in dispersion-free media is [Eq. (2.71)]

he [ dT e~ (Vre(2)T
Foo_FO __/ —/d <<— - 1>> . (166
2 )y @rT)PRT | 7 (€(2)pe(2)) x(t) (160

where

Vie(z) == = [(9.log /1) — 02 log /1] - (1.67)

N | —

The equivalent TM polarization is recovered by exchanging €, and p,.

Chapter III discusses the analytical methods for solving single-particle path
integrals. The central expression underlying this analytical approach is the Feynman-
Kac formula, which states the path integral is the solution to a diffusion equation.

Section 3.1 considers a diffusion equation (3.1),
1
Of =5V = V(x) + Alf +d(x —c), (1.68)

for a probability distribution f(x,t), interacting with a space-dependent potential
V(x), and a source term 6(x — c). In the steady-state (f — oo) limit, the solution to

Eq. (3.1) can be simplified to the following path integral [Eq. (3.14)],
= Oods ) W(s)—clexp| — As — sduV Wi(s—u
60 = [ s (o4 Wi clesp (= xs = [ auvier wis =) )
(1.69)

In simple cases, the steady-state diffusion equation (3.1) can be solved directly to find
an analytical expression for the path integral. Most importantly, Section 3.4.1 shows

that the TM potential [Eq. (3.32)]

Vin(2) = % [(9. log /&) — & log V&, (1.70)
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can be regularized leading to an effective boundary condition in the diffusion equation.
For a dielectric step characterized by ¢, = 1 + xyO(z — d), the corresponding effective

boundary condition from Vi is given by [Eq. (3.45)],
fld+0y)=e=f(d=0y)  0uf(d+0y) =€, f(d—0y), (1.71)

where e = /T + x. Using that boundary condition, Section 3.4 shows that the path-
averaged analytical solution for paths from x = 0 to x = ¢ in time ¢, interacting with

potential Vi is [Eq. 3.52]

. 1 d)tanh = e~ 24d=9/t  d(d —¢) > 0
<<€_ fo dt’ VTM(CC—d)>> — + Sgn( ) an € ( C) (172)

sech = d(d—c) <0.

The analytical ensemble average over all paths interacting with Vi, has even further
smoothed out the singular potential. This result is crucial to regularizing the
TM potential and allowing the numerical calculations with the TM polarization to
proceed. The path integral solutions for the step potentials V' = xO(z — d) are
given in Egs. (3.25) and (3.31), and are particularly relevant for TE calculations.
The analogous results that include TM boundary conditions in addition to the step
potential are given in Egs. (3.56) and (3.60), and are required for analytical TM
calculations.

Chapter IV wuses the results from the previous chapter to derive analytical
results showing agreement between the worldline method and other calculations. In
Section 4.1, the worldline Casimir-Polder energy is derived by treating the atom as
a small perturbation to the material functions, where the atom is located at r,, with

static polarizability «g. These expressions can be simplified by assuming that the
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media are non-magnetic (g, = 1), and the atom’s magnetic response can also be
neglected. In that case, the worldline expressions for the Casimir—Polder energy are

given by [Eqs. (4.14)—(4.15)]:

heay ©dT 1 1
e (Ta) deo(2m)P/2 Jo  THPEN\ ()2 [e(Ta)*? /] oty x()=ea (1.73)
ey oo (% dT  ffe VT !
o ) = T@npE J, TR\ @ T PR

T e~ (V)T >>
— \V&: . (L.74)
26,(rs) (er)!/? x(t),x(0)=rx

Note that these Casimir-Polder worldline path integrals only involve paths emanating

from the atom’s position r,. The analytical results from Chapter III can used in the
worldline path integrals after transforming the solutions by using the Laplace-Mellin
theorem (4.18) and the inverse moment theorem (4.22). The worldline method then
recovers prior results such as the Casimir—Polder energy (1.17), and the Lifshitz
expression for the energy (1.25). The chapter ends by discussing the transition
between high and low temperature, and the near-field and far-field limits within the
worldline context.

Chapter V presents the numerical methods for evaluating worldline path
integrals. This involves using Monte Carlo sampling methods for generating paths.
The Monte Carlo sampling also extends to the starting positions of the paths xq, and
the size of the path, which is governed by path time 7. These methods are discussed
for the TE polarization in Section 5.1. Section 5.1.3 presents the numerical results
for the TE polarization, and examines the convergence of the TE results as the path
resolution is increased. Numerical calculations involving the TM polarization are
more challenging than their TE counterparts, even after regularization and analytical

averaging. As discussed in Section 5.2.1, the numerically estimated TM path integral
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shows rapidly growing statistical errors as the number of steps N increases. The
“birth-death path swarm” is introduced in Section 5.2.1.2, and is essential for reducing
the statistical errors associated with accumulating the product of the path-averaged
potential along the path. The derivatives required for the TM Casimir—Polder energy
are estimated using a “partial-averaging method” discussed in Section 5.2.3.3. The
numerical results for the TM polarization are presented in Section 5.2.4, where they
show some agreement with the analytical results.

Chapter VI develops general expressions for the force, torque, and derivative
of the force for the TE worldline path integral. These expressions emphasize that
the Casimir force emerges from paths that start on the surfaces of the bodies.
For example, the “pinning” expression for the Casimir force on the second body

is [Eq. (6.8)]

~axghe [ dr R 1 1
Fy = _2(27T)D/2 /7‘1+D/2 ds ”2<X0)<< (€x12)0H - (€r2)rH! >> (t)' (1.75)

0 o2(x0—R2)=0

Here 09 = 0 defines the surface of the second body, 7, is the surface normal of the
body, while €, 12 and €, 5 are the dielectric functions involving both bodies, and only
the second body, respectively. Unfortunately, the pinning method fails to recover
the correct answer for strong-coupling cases where x/N > 1, which prompts the
development of the “occupation” method in Section 6.2. Some care is still required
when using the occupation method numerically, since in the strong-coupling limit,
only rare paths that just touch the surfaces will contribute. A hybrid approach
designed to capture the weak coupling and strong-coupling cases is discussed further

in Sections 6.3.1 and 6.3.2.
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Finally, the findings and directions for future work are summarized in the
conclusion. In particular, the planar methods could be generalized to general

geometries by suitably coupling the two scalar polarizations together.
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CHAPTER II

ELECTROMAGNETIC FIELD QUANTIZATION AND ELECTROMAGNETIC
WORLDLINES

This chapter develops the worldline path integrals for electromagnetism with a
space-dependent dielectric function, paralleling the treatment of the Dirichlet scalar
worldline method in Section 1.5. First, Section 2.1 reviews the prior work on
quantizing the EM field inside media. Following that, Section 2.2 reviews classical
EM field theory, and Section 2.3 formally quantizes the EM field. The partition
function for the EM field follows from a gauge-fixed path integral in terms of the scalar
and vector potentials in Sections 2.4 and 2.5. However, the resulting worldline path
integrals (2.50) are unsatisfactory, since it is not clear how the contributions from the
two physical degrees of freedom emerge from these complicated expressions, nor how
to efficiently numerically evaluate the resulting expressions. In response, Section 2.6
develops scalar models that better capture the features of electromagnetism. In
planar geometries the scalar models correspond to the amplitudes of the TE and
TM polarizations. Sections 2.6.1 and 2.6.2 develop the worldline path integrals for
those scalar fields [the TE worldline path integral is presented in Eq. (2.71), and the
equivalent TM path integral follows from EM duality (2.4)]. Those path integrals
will form the basis for the analytical and numerical work in Chapters IV and V.
Finally, the extension to dispersive materials and nonzero temperature is considered
in Section 2.7.

[The decomposition of the EM field into two scalars, and the derivation of the

associated worldline path integrals was carried out in Mackrory et al. (2016).]
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2.1. Approaches to Quantizing Electromagnetism in Media

The quantization of the EM field inside dielectric media provides a number of
challenges beyond quantization in vacuum (Bechler, 1999; Bordag et al., 1998; Dung
et al., 1998; Huttner and Barnett, 1992; Rahi et al., 2009; Reid et al., 2013). First, in
Casimir problems the dielectric varies spatially. The usual procedure for quantizing
the EM field decomposes the field into a set of normal modes, and quantizes their
amplitudes. While it is possible to write down the wave equations for the modes, and
quantize the amplitudes in analogy with free space (Glauber and Lewenstein, 1991),
a full development of this method still requires finding those mode functions. For our
purposed, an ideal procedure for quantizing the field would not require solving for
the mode functions in general geometries, nor would it be adapted to any particular
geometry.

Second, the dielectric complicates the choice of gauge-fixing. In brief, EM has a
gauge symmetry, or redundant degrees of freedom, which must be excluded from the
quantization procedure. The gauge symmetry can be removed by imposing a gauge
condition on the fields. In free space this is typically done by fixing Coulomb or
Lorenz gauge, which decouple the radiative and static electromagnetic problems, or
maintain relativistic invariance, respectively. However for macroscopic EM inside a
dielectric, the usual gauge-fixings lose these nice features, and must be replaced by a
dielectric-dependent condition. This issue will be discussed further in Section 2.4.1.

Third, since the dielectric has some frequency response or dispersion, the
Kramers-Kronig relations require that there is also loss or dissipation. In quantum

optics, dissipation is usually handled by coupling the system to a bath, and
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then integrating or tracing out the bath degrees of freedom.! The light field is
linearly coupled to the dielectric medium, which is modeled as a bath of harmonic
oscillators (Bechler, 1999; Dung et al., 1998; Huttner and Barnett, 1992). The
dielectric medium is in turn coupled to a bath of harmonic oscillators, which provides
the damping. Integrating out the bath degrees of freedom yields the required
dispersion and dissipation for the medium, while integrating out the medium’s degrees
of freedom yields a frequency dependent dielectric constant e(w). Huttner and
Barnett (1992) were the first to use this harmonic model to quantize the EM field
in media. Their work directly diagonalized the whole system of fields and bath in
terms of the modes of a single combined harmonic oscillator. Another approach to
the same problem directly couples the medium to white noise sources to represent the
fluctuations inside the medium that lead to dissipation (Dung et al., 1998; Scheel et al.,
1998; Tip et al., 2001). Bechler (1999, 2006) carried out path integral quantization for
a harmonic medium including dispersion, and shown agreement with previous results
in terms of noise operators and commutators for the fields. It is not strictly necessary
to assume that the fields are directly coupled to harmonic oscillators. The dielectric
function can be understood in terms of the linear response of the underlying medium
(which might not be harmonic) to the EM field (Altland and Simons, 2011). This was
used by Rahi et al. (2009) to motivate the effective Lagrangian description in terms
of macroscopic field in their work on the scattering method. More recently Philbin
(2010) carried out a full canonical quantization of EM in media, without explicitly

assuming a harmonic medium.

'If damping is added to the system in an ad hoc manner, the canonical commutation relations
between operators would decay away. Adding the bath is necessary to preserve the commutation
relations for the system operators. As a result, dissipation in quantum systems is attended by noise,
either as decoherence terms in the master equation or as noise terms in the Langevin equations for
the operators (Gardiner and Zoller, 2004)
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Focusing on Casimir physics, in modern treatments the EM field has been
quantized via path integration. Reid et al. (2013) quantize the EM field, under the
assumption of piecewise constant dielectric media, where the EM boundary conditions
are explicitly enforced at the interfaces. Enforcing those boundary conditions allows
the remaining computations to proceed as if the media were homogeneous and filled
all of space, based on a version of Green’s theorem (Emig and Biischer, 2004). Fixing
the boundary conditions also simplifies the algebra, since derivatives and material
functions effectively commute with one another. Any commutator terms would arise
on the surface, but since the fields are restricted on the surface via functional delta
functions, those corrections can be ignored. The resulting derivations proceed in
analogy with the case of a homogeneous dielectric, but with the fields in different
regions coupled by the currents on the surfaces.

Bordag et al. (1998) also carried out path integral quantization of the EM field
inside a spatially varying dielectric neglecting dispersion, starting from the effective
Lagrangian description for the macroscopic fields. They fix a generalized Lorenz
gauge, and set about deriving the heat kernel, which is effectively a small-7 expansion
of the worldline path integral. The primary focus here was to explore the divergence
structure of the theory (i.e, how does QED in media behave at high frequencies and
small wavelengths?). Unfortunately, their results are hard to interpret given that the
non-physical degrees of freedom do not cleanly cancel. In particular, the contributions
from the unphysical scalar and longitudinal photons do not cancel the gauge-fixing
or “ghost” determinant, as happens in vacuum. In later work Bordag et al. (1999)
considered the quantization for EM in a spherical dielectric ball and found better
results by exploiting the dual potentials. In this latter paper they split the EM field

into two scalar fields, corresponding to the TE and TM polarizations. Milton et al.
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(1978); Schwinger (1992); Schwinger et al. (1978) also split the EM field into two
non-interacting scalars in their works on the Casimir effect in planar and spherical
geometries.

Our work on the EM path integral will parallel Bordag et. al , with some
difference in aims. The primary goal of Bordag et. al was to examine the divergence
structure of QED in media via purely analytical calculations. Our goal is to develop
a numerical method for Casimir energies. Since we will explicitly renormalize the
Casimir energy against vacuum, we will have more freedom in rescaling the fields than
they did. Further, we will be interested in evaluating the worldline path integrals at

all path times 7T, rather than just making small-7 expansions.

2.2. Classical Electromagnetic Field Theory

Maxwell’s equations govern the classical evolution for the electric and magnetic
fields E(r,t) and B(r,t). In a medium, with permeability €(r) and permittivity u(r),

but no external source charges or currents, Maxwell’s equations are

V.B=0 VxE=-0B (2.1)

V-D=0 VxH=D, (2.2)

where the electric displacement is D(r,t) := e(r)E(r,t), and the magnetic field
strength is H(r,¢) := u(r)B(r,t). In this initial development, we will ignore any
frequency dependence in € and p. Later, we will extend this work to handle frequency
dependence in the medium. The relative permeability and permittivity are defined

by €(r) :=e(r) /ey, and p,(r) := p(r)/po, where eg and g are the permeability and
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permittivity of free space. In Casimir physics we will be interested in the energy of
the field alone, without any external free charges or currents.
The E and B fields can be rewritten in terms of the scalar ¢(r,t) and vector

potential A(r,t) as

B=VxA E=_-Vé—9A. (2.3)

These are constructed to automatically satisfy two of Maxwell’s equations. In the

absence of sources, Maxwell’s equations are invariant under the duality transformation

E«H B~ -D péee (2.4)

This suggests that instead D and H can be written in terms of another set of

potentials. In these dual potentials the fields are given by

D=VxC H=-VA-5C. (2.5)

The gauge potentials and the dual potentials are connected via a duality
transformation on the field tensor F),,. Note that the electric and magnetic fields

are unchanged under the following gauge transformation

A'=A+Vg ¢ =¢—0y, (2.6)

where ¢ is an arbitrary function. Physical results do not depend on the gauge chosen
to carry out calculations. However in order to quantize the theory it is necessary to

fix this degree of freedom.
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The procedure for canonical quantization starts from the classical Lagrangian,
and finds the associated Hamiltonian. The theory is quantized by promoting
the classical Poisson brackets to quantum commutation relations. However, this
procedure must be modified for gauge theory, since there are redundant degrees of
freedom. In the Hamiltonian theory, the gauge degrees of freedom are non-dynamical,
so they imply constraints. There are a number of ways to confront this. The Gupta-
Bleuler formulation restricts the allowed states to obey a gauge condition (Mandl
and Shaw, 2010, Section 5.2). Dirac (1950, 1964, 1966) developed another method
that instead adjusts the classical bracket to account for the constraints. Some care is
required to ensure that the constraints are only enforced after deriving all relations
between variables. In the quantum theory, it is the Dirac bracket that is promoted
to the equal-time commutation relation. Finally in a path integral, it is necessary to
remove the gauge degree of freedom via Faddeev—Popov gauge fixing (Faddeev and
Slavnov, 1991).

The classical Lagrangian for EM in non-dispersive media is

02

Mr(r)

1

LEMzé/dr (E-D-B-H) z%o/dr (er(r)(V¢—|—3tA)2—

(V x A)2).

(2.7)

The first two Maxwell equations (2.1) are automatically satisfied by the definition of
the gauge fields, and the remaining Maxwell equations (2.2) can be derived from this

Lagrangian. The momentum fields conjugate to the potential fields A* = (¢, A) are

5LEM

Iy = 55 =0 (2.8)
= ks (Vo + 9,A) (2.9)
BRGNS R '
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where 0Ly /df is the functional derivative of the Lagrangian with respect to the

function f. The functional derivative for a functional F'[f(x)] is defined as

OF . FII() +ad( — )] - FIf(@)]

of () o a

(2.10)

From Eq. (2.9), the momentum field IT conjugate to A is proportional the electric
displacement, D. Since Iy = 0 for all times, there is a constraint on the system. Since
the constraint equation must also be preserved at all times, there will be a further
constraints imposed on the theory. That next constraint will turn out to be Gauss’s
law, which enforces conservation of electric charge.

The Hamiltonian for the potentials and their conjugate momenta is given by

Hoy = /dr (g + IL - O, A) — Ly (2.11)
B I12 €0C> 9
= /dr <2€0€r(r) +=5 (V x A) —H-ng). (2.12)

The Poisson bracket in 4-vector notation follows from the choice that A* = (¢, A).
This implies that the momentum conjugate to A is given by

0 Ly

= 50, A"

(2.13)

[Note that we are working in a flat spacetime where the metric is 7,

diag(—1,1,1,1).] The Poisson bracket for fields is

J P

r) 6G,(r')  0G,(r") dF,(r)
{Fu(x), Gu(x')}p = Z/dy<5A” (y) 0l (y)  6A°(y) 5Ho(y))’ (2.14)
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and the Poisson bracket between the fields and momenta is

{Au(r), IL(x") }pe = 0w d(r — ). (2.15)

The equations of motion can be derived from the Hamiltonian, since the time
evolution for a quantity is given by its Poisson bracket with the Hamiltonian. In

particular, the requirement that the first constraint (2.8) holds for all time implies

0Hpy,

Olly = {Ily, Hen }pe = — 5%

— V.- =0. (2.16)

Since the momentum II is proportional to the displacement, this is just Gauss’s law.
This constraint does not impose any further constraints, since {V - I, Hyy }pp = 0.
Since the constraints vanish, they can be added in any amount to the Hamiltonian
without changing the dynamics. The Hamiltonian can equally well be written as

I12 €0C> 9
Hyy = /dr(m £ O(V - T0) + 5 (V % A) + T+ 9(V - H)) (2.17)

where f and ¢ are arbitrary functions. In this case f and g serve as gauge degrees
of freedom, with Iy and V - IT generating the gauge transformations. [A parallel

treatment of the Hamiltonian treatment of EM is given by Steck (2015, Section 8.8).]

2.3. Quantum Theory

The Hamiltonian theory can be quantized by promoting the Poisson bracket to a
commutator between field operators. However, there is the matter of the constraints.
We will follow the Gupta-Bleuler prescription which restricts the allowed quantum

states to those that obey the constraints. In the Gupta-Bleuler formulation, the
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equal-time commutation relations are given by
(A (r, ), IL (v, t)] = ihn,, 0% (r — 1), (2.18)
and the allowed states |¥) must obey:
I,|T) =0, V-II|U)=0. (2.19)
The resolutions of the identity for the fields are

1= /dSAd¢|¢, A){p, Al (2.20)

1= /d4H\H>(H\5(V-H)6(HO) = /d3H|H><Hy(5(v-H). (2.21)

(Strictly speaking, the identity for the potential states is proportional to the volume
of the gauge group because the integral runs over equivalent physical states that
are related by gauge transformations. Ultimately, this adds an additive constant
to the energy, but for EM this can be ignored.) The delta functions restrict the
momentum states to those that satisfy the constraints, and can be written in the

Fourier representation as

§(V - II) :/Dgoexp (—%/drcp(r)v-ﬂ(r)). (2.22)

Since the fields and momenta obey canonical commutation relations, the overlap

between field and momentum states is

(¢, Alllp, IT) = exp (—%/drA : H) , (2.23)
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where the term in ¢Ily has been dropped due to the Il = 0 constraint.

2.4. Electromagnetic Partition Function

In order to calculate the energy in the field at zero and nonzero temperature, we
will evaluate the partition function for the fields, and take the appropriate derivatives.

The EM partition function is defined as

Dions = Tr(e_BHEM> — / dodAo(do, Aole M5 |, Ay). (2.24)

In analogy with the scalar field path integrals described in Section 1.4, this is can be
converted into a field path integral. (From here on, the subscript on the Hamiltonian

will be suppressed.) The path integral is given by

N
Zun = [ dondso(on, Aol T[] €26, Ao (2.25)

=1

where A5 = 3/N. A factor of the gauge volume (2.20) can be inserted between each
factor of e=2## Then, a complementary identity for the momentum fields (2.21) can
be inserted between each matrix element. Each field will be labeled by a subscript
with its “temperature” Ag(r). All fields are functions of position r, so this label will be
suppressed for the moment. Since IIy (the momentum conjugate to ¢) is constrained
to vanish, the Il integrals can be carried out for every matrix element. In addition,
the ¢ integrals are independent of the other fields and lead to a (divergent) constant.
However, since the constant is the same for all configurations of bodies, it will cancel

out after renormalization.
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Using the Fourier representation of the delta function (2.22), the matrix elements

can be written as
(Gp08 Asiasle ™ |65, Ag) = / dIg / Dypge 87 dr [Ho—irts- o547 00)/n]
(2.26)
where the Hamiltonian density for a particular value of 3 is

H% 6002

s = 2¢06,(1) * 24, (r)

(V x Ag)?. (2.27)

We have also integrated by parts on the term coming from the Fourier representation
of the delta function, and identified 0sA s := (Agiag — Ag)/AB. After the Gaussian

momentum integrals have been carried out, the matrix element is

(PprnsAsingle > (ds, Ag)
C

o det[e,]*? exp [—#/dr (Er]g) (0sA5 + V) + ,ur(zr) (V x Aﬁ)Q)} . (2.28)

When we consider the integrals over the products of all of these matrix elements it is

convenient to introduce a notation

/ DADg det[e,)*”” := T[] [ / dA(ry, ;) / dp(ry, B;) €% (ry), (2.29)

=1 Iy

where the product r, runs over all positions r € R3 and inverse temperatures
of B = jAB. We can change variables to 7:= fShe, A4(x, ) = pp(x)/hc, and
A(x, f) = Ap(x), and rescale all of the fields to eliminate the leading constants in

the exponential. The new parameter 7 is proportional to the thermal de Broglie
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wavelength A\qg = 27hc/(kgT'). The resulting partition function is
Tt = / DADA, det[e,]?/?e~5elA A4 (2.30)

where the Fuclidean action is

1
Mor (r)

SulA, Ay = %0 / dr /0 " <er(r) (0, A + VA + (V x A)?). (2.31)

The action is the imaginary-time action corresponding to the EM Lagrangian (2.7).
We will compare this partition function to the case when the bodies are infinitely far
apart, which we will denote as Zy. In that case, the bodies are still present, but they
will are too far apart to interact significantly. If the bodies are rigidly translated,
then det[e(r)]*? = [1,, e(rz)*? is constant, since the amount of matter in &(r) is
fixed. Since the determinants are the same in both cases, they will cancel out under

this renormalization, and we will ignore them.

2.4.1. Faddeev—Popov Gauge Fixing

The path integral (2.30) includes infinitely many physically equivalent fields that
are related by a gauge transformation (2.6). If that redundancy is not removed,
the path integral will yield nonsensical infinite results. The redundancy is lifted by
introducing a gauge-fixing condition so that only one gauge field corresponding to a
each physical field configuration in included in the path integral. This gauge fixing is
carried out by introducing a gauge fixing function G[A, A4] inside a functional delta
function. A further Jacobian determinant must be included to ensure each physically

distinct state also receives the same weight.
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In order to fix the gauge, and assign each state equal weight, the following

combination should be inserted into the path integral

S[G(A, Ay, )] det (f;;) (2.32)

where the determinant is known as the Faddeev—Popov determinant (Faddeev and
Popov, 1967; Faddeev and Slavnov, 1991). The determinant ensures that after
integrating over out ¢, each physical state receives the same weight.? This can
be understood in analogy with the change of variable for a double integral with a

redundant degree of freedom

I:/Z dx/z dy h(z). (2.33)

This integral diverges due to the integral over the redundant variables y. A “gauge-
fixed” integral can be constructed if we insert a combination §|G(z,y)]|0,G|. If we

change integration variable to GG, and integrate over GG, the resulting integral is

/dx/ dy h(2)5Gx, y)] 10,G] = /dx/z |8dCCT;| (G)|8yG\:/dxh(:c),

(2.34)
where the same physical result emerges, regardless of the choice of gauge fixing
function. In higher dimensional integrals, the derivative becomes the Jacobian
determinant, and in a path integral the Jacobian matrix of derivatives becomes the
functional derivative.

One further trick is often used in gauge-fixing the path integral. Instead of fixing

a gauge with G[A, A4] = 0, an alternative gauge G[A, A4] = v can be used. Since v

2 For example see Peskin and Schroeder (1995, Section 9.4), or Srednicki (2008, Chapter 71)
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is an arbitrary function, it can be integrated out, using a Gaussian with width &pp,

2
const = /D7 exp (—/drdT 7;;}:—)) : (2.35)

Such factors are constant in the path integral sense that they will cancel out when

considering physical energies, which require renormalization. Finally, the gauge-fixed

partition function is

2

7 = /DADA4D7 S[G[A] — ] det (5g> exp < SE /drdT %FP)

G G?
= /DADA4 det (E) exp <—SE — /drdT 2§FP) : (2.36)

where the Gaussian integral over v was evaluated in the second equality and Sg

is given by Eq. (2.31). For EM, since the gauge transformation is independent of
the potentials A*, the gauge-fixing functional determinant is also independent of the
potentials. Nonetheless, this determinant is necessary to correctly count the degrees
of freedom, and it cannot be ignored since it depends on the material properties of
the interacting bodies. As the bodies are removed arbitrarily far apart, the value of
the gauge fixing determinant will vary, so it must be retained, unlike dete,]?/2, which

canceled out since it was constant.

2.4.2. Gauge Choices

There are a number of gauges available, only some of which are naturally suited
to the path integral. Overall, physical results should be independent of our choice
of gauge. Gauge invariance of the final results could be verified by carrying out the

calculation within two different gauges, and ensuring the results agree. In the path
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integral this can also be done by showing that the final results are independent of
the choice of &pp, the width the Gaussian. Let us now review a number of the usual
gauge choices.

Coulomb gauge (V - A = 0) is the familiar choice in non-relativistic quantum
optics, since in free space it decouples the scalar potential A4 from the vector potential
A, which then only has two transverse degrees of freedom. However, in the presence of
a space-dependent dielectric €,(r), this is no longer true and there is still some residual
coupling between A and A4. Generalized Coulomb gauge (V - €A = 0) does remove
that coupling, and is in fact the choice used in other attempts to quantize the EM
field inside a dielectric (Glauber and Lewenstein, 1991; Knoll et al., 1987). However,
generalized Coulomb gauge not essential, since Philbin (2010) fixes Coulomb gauge
in his work on quantization within media. Unfortunately, this is not well suited to
the above gauge-fixing techniques within the path integral. Generalized Lorenz gauge
solves that issue, and is how we will proceed.

Another common choice of gauge is Weyl or temporal gauge where the scalar
potential vanishes, A4 = 0. This gauge simply removes the scalar field, and the
longitudinal part of A would be responsible for the electrostatic potential if any
charges were present. This condition does not completely fix the gauge, since
there are still gauge transformations from fields independent of 7: ¢(r,7) = ¢g(r).
Surprisingly, this does seem to be a common gauge for work involving path integrals
in dielectrics (Bechler, 1999; Rahi et al., 2009). But given those flaws, we will not
pursue Weyl gauge any further.

Finally, there is a generalized Lorenz gauge € V. e A — 60,44 = 0, introduced

by Bordag et al. (1998). This gauge allows path integral quantization to proceed
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in close parallel to the free space case.® This gauge removes any coupling between
the scalar (A4) and vector (A) degrees of freedom. In addition, this choice makes
the worldline calculations simpler. After expanding out G? and integrating by parts,
the quadratic term in the vector potential is Zij A;(—0,0; + Vi;)A;, where V; is a
function of the derivative of loge,. If we had adopted V - ¢, A + 0,44 = 0, then
the equivalent term would be Zij A;(—0,6,0;)A;. In this case € acts as a metric
in the worldline path integral, which is more complicated. Despite these appealing
features, Bordag et al. (1998) found the disquieting feature that the longitudinal
and scalar degrees of freedom do not cancel out the Faddeev—Popov determinant or
“ghost” degrees of freedom. In a later calculation adapted to spherical geometries,
Bordag et al. (1999) found that using the dual potentials (2.5) led to more physical
results where the ghost degrees of freedom canceled. However any attempt to move
away from spherical geometry spoiled that cancellation, and some degree of mixing is
expected in general (Bordag et al., 1999). Ultimately, the results will have essentially
the same form in terms of both the usual potentials and the dual potentials, so we

proceed with the regular potentials for now.

2.5. Gauge-Fixing: Generalized Lorenz Gauge

Of the gauges discussed in Section 2.4.2, the generalized Lorenz gauge is best

suited to the vector path integral (2.30). In this case the gauge function is

GIA, A)] = mV (A, T) — a/amo A ), (2.37)

3A similar gauge condition was used by Reid et al. (2013) in their development of the numerical
scattering method. However, that work explicitly relied on fixing EM boundary conditions at
surfaces. The resulting computations proceeded using homogeneous formulae for all quantities and
ignoring any singularities arising at interfaces, or terms like A - Vloge,. In work on the worldline,
it is more natural to keep these terms, anticipating that they will enforce boundary conditions.
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which has also been scaled to include a permittivity. This gauge function eliminates
the cross coupling between the A, and the vector potential A. It also eliminates
the longitudinal part of (V x A)%/u,, but does lead to some extra terms involving
derivatives of the permittivity.

To carry out the Faddeev—Popov gauge fixing, we need the functional derivative
of the gauge-fixing function with respect to the gauge parameter g. The functional
derivative appears as the linear term in g after making a gauge transformation on the

gauge-fixing condition,

G[A + Vg, Ay + 0-g] = V- [&(A + Vg)] — e/11:0-(As + 0r9)

1
€rv/Ihr
=G[A, Ay + (

V-V + er\/mai)g. (2.38)

€rq/ Hor

The Euclidean action (2.31) after gauge-fixing, canceling terms, and integrating by

parts, becomes
1 4 [

where we have started using the Einstein summation convention (where repeated

Latin and Greek indices are summed over). The operators L®* and L;; are given by

LW = —,0° =V - &V (2.40)
9 1 1 1
At this point, it is useful to rescale the fields,
1 - .
A4 = A4 A = \/EA (242)

NG
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These field scalings are chosen to simplify the worldline path integrals, and for the
same reason as the gauge choice. This rescaling eliminates any combinations like
0.€0,, which in path integral terms should be interpreted as a metric. In this case,
¢(x) would also mean the diffusion constant of the paths vary throughout space,
which complicates path construction. The field rescaling also leads to functional
determinants det(yu,) and det(e, ), but these can be ignored since they disappear after
renormalization. After the rescaling (2.42), the differential operators in Egs. (2.40)

and (2.44) become

N 1 1
LW = —e,6% — \/e_v : ervf. (2.43)

- 1 1 1
Ly == (e 4 VI V) 0y VIR0 O o0 O

(2.44)

The combination of derivatives and functions of the form f~Y2(z)d;f(x)0; f~'/*(x)
will recur multiple times in handling worldline path integrals. This can be written
out as a second derivative with an additional potential in terms of derivatives of

F; := 0;log/f. This derivative operator can be rewritten as

[f_l/Qaifajf_l/Q]l/) _ (f_1/2az'f1/2) (fl/Zajf_1/2)¢
= (Fi 4+ 0)(=F; + 9;)¢

= [-FF — (0;F}) — F;0; + Fi0; + 0;0;]%, (2.45)

for an unspecified function 1. The 0;F} term is understood as a function rather than
a differential operator, while the other derivatives are still operators acting to the

right. This result is needed in both the scalar and matrix differential operators.
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The Gaussian integrals can be formally carried out, with the result that

1 ~1/2
T o< det <—§(erurai +V?) + V4>
1 ~1/2
x det (—E(erm@f + Vi — uij + Vij)

1
x det (—5(@%@% +V?) — ug + VZOT) (2.46)

where the first determinant comes from the scalar potential path integral, the second
comes from the vector potential, and the final determinant comes is the Faddeev—
Popov gauge-fixing determinant. The Faddeev—Popov gauge-fixing determinant has
also been scaled symmetrically by u'/4. The potentials V;, Vig-A), V, and the operators

Uij, Ug, are defined as

Vi = %(Vlog Ve )+ %VQ log /€, (2.47a)
Vi = 5 [(Vlog i) — 9 log ] 3,

— % [0; log \/11:0; 1og \/ 1ty — 0;0; 10g \/11x]

b5 [D0108(er /)0 Tog(ee i) — 00y os(en/i)]  (247H)
V, = —Vloge, - Vlog u/* — V?log ut/* — (Vlog put/*)? (2.47¢)
= (@108 i)y — 5(0 108 1) (2.47d)
Ug = —% v log(er,u%m)} -V (2.47e)

These potentials are highly singular for discontinuous media. If the permittivity or

permeability have a jump discontinuity represented by a step function O(z), then
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potentials have the form

0.0(2))? — 926(z) ~ 8(x) — 5 (1), (2.48)

which is extremely singular. These expressions must be regularized by smoothing out
the step, and taking the limit of a sharp step at the end of the calculation. This
regularization allows finite results to be recovered from such singular potentials. This
will be discussed further in Chapter III.

We also assume that the functional determinant of a matrix operator does not
pose any problems. While det(AB) = det(A)det(B) for finite matrices, for infinite
matrices this is not strictly true. Instead, a regularization-dependent factor can
arise, known as the “multiplicative anomaly” (Elizalde et al., 1998). As discussed
by McKenzie-Smith and Toms (1998), the multiplicative anomaly is essential to
ensure agreement between formal path integral calculations and more straightforward
canonical methods. This is important for (-function regularization of functional
determinants, which is closely related to the worldline method (Elizalde, 2008).

The vector worldline path integral for the EM field can be computed
straightforwardly from the partition function (2.46). The relations from Eqs. (1.54)
and (1.55) can be used to convert the functional determinants into worldline path

integrals, where each functional determinant in Eq. (2.46) leads to an independent
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path integral. The renormalized free energy is given by

F—FO = _ kgT (log Z+y, — log Zé?,:)) (2.49)

= — % d%dtr([exp(—MijT) — & exp(—MOT)]
0

+ [exp(=MyT) — exp(=MOT)] — 2[exp(—M,T) — exp(—M(O)T)])

(2.50)

where now the trace runs over x and 7 as well as any vector indices ¢,5. The
operators for the vector potential, scalar potential, gauge fixing, and vacuum terms

are respectively given by

1., T .
— e (%) e (X)P2 + P63 + Vi (2)

Mij:2

7 R o 1 . N1 A
+ 20, logley ()1 (X)) — 0 loger () (%) (2.51a)
1

My = S [e(Rm(R)i2 + 7] + Va(2) (2.51b)

SRR + 7]~ SV logle (VR b+ V(R) (2510

1, .
M® =2 (p7 +p?), (2.51d)

M, =

where the potentials Vig-A) and V were specified in Eq. (2.47). This expression for the
free energy is quite hard to evaluate, and it is not clear that the two physical degrees
of freedom emerge from that path integral in a general medium. This path integral
involves contributions from three interacting vector degrees of freedom, a scalar, and
a subtraction from gauge-fixing. Somehow all of these path integrals with different
potentials must conspire to give the energy of two physical polarizations.

It may be possible that we have not made an error, and this complicated set of

path integrals does yield the correct answer. Ultimately, a correct calculation should
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reproduce known answers, which in certain geometries only involve two physical
degrees of freedom. However, it may be that there were errors in the calculation
presented here. Potential areas for errors include incorrect gauge-fixing of an effective
theory, insufficient care in handling rescaling the fields and functional determinants,
and errors involving the multiplicative anomaly in a matrix path integral. Instead of
pursuing the matrix path integral further, we have developed an alternative method
explicitly focusing on the two physical degrees of freedom in a simple geometry. The
two scalar degrees of freedom that we introduce coincide with the scalars used by
Schwinger (1992), and Bordag et al. (1999). In fact, they also agree with the Hertz

potentials for a plane discussed by Nisbet (1955, 1957).

2.6. Scalar Decomposition for Planar Geometries

The EM field can be split into two non-interacting polarizations for media where
the material properties €,(z) and p,(2) only vary in one Cartesian direction. These
are the transverse-electric (TE) and transverse-magnetic (TM) polarizations. The
situation for plane waves scattering off a planar surface is illustrated in Figure 2.1. In
the TE polarization, the electric field is perpendicular to the plane of incidence, while
in the TM polarization the magnetic field is perpendicular to the plane of incidence.
In each case a scalar field theory can be developed. For the TE polarization the
electric field behaves as a scalar throughout the problem: while its magnitude may
vary, its direction does not. The same is true for the magnetic field in the TM
polarization. In this case, the two fields will turn out to mirror each other under
the duality transformation (2.4) exchanging electric and magnetic properties of both
fields and matter. [The following work is expanded from the presentation in Mackrory

et al. (2016).]
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(TE Polarization) (TM Polarization)

FIGURE 2.1. Scalar polarizations for EM field at a planar dielectric interface.

2.6.1. Scalar-Polarization Partition Functions

In the TE polarization the electric field is described by a single scalar field,
E = 0,0y, where ¢ := ¢(r,t). In this case ¢ corresponds to the y-component of the
vector potential. The magnetic field can also be written in terms of this scalar. In
Coulomb gauge V- A = 0, and using Maxwell’s equations, the square of the magnetic

field is |B|* = |[V¢|?. The action for the TE scalar ¢ is then given by

5= | " (a0 - < 1vop). (25

The partition function can be found via the same procedure that was used for the

Dirichlet scalar, and full vector path integral. The resulting partition function is

Ton = / D exp {—% / dr /O ﬂhch(er(r)(&qﬁ)z—k Mir)|v¢|2)]. (2.53)
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The field ¢ can be rescaled by redefining ¢ := \/Ec;; for the same reasons as in the
matrix path integral: The scaled field yields a Gaussian probability density in the
worldline formulation, and sidesteps any possible issues related to quantizing a field
on a curved manifold. The path integral can be rewritten in terms of these new

variables, and after an integration by parts is given by

Bhe
Lo = /D(ﬁ exp [—%/dr/o dT(;( — 02 — /e V- /%V\//Tr) (;3} . (2.54)

The gradients can be expanded out in the same fashion as Eq. (2.45), which yields

the additional potential,

Vie(z) == = [(9.log /1) — 02 log \/1iy] - (2.55)

| —

The Gaussian integral over ¢ can be carried out, with the result

1 ~1/2
Zyp = det ( — §[er(z)ur(z)83 + V3] + VTE(Z)) . (2.56)
A similar derivation is possible for fields where H := dypy. In that case

electromagnetic duality (2.4) can be exploited to rewrite the results. As one
might expect, this field theory can be naturally formulated in terms of the dual
potentials (2.5), subject to “dual Coulomb gauge,” V - C = 0. Exactly the same
manipulations as in the TE case lead to the TM partition function:

—1/2
[e:(2)pe(2)0? + V2] + VTM(Z)) , (2.57)

1
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where the potential is

Vi) = % (9. log y/&)* — 82 log v/ (2.58)

Note that the TM potential depends on the dielectric function, and will play a
much larger role than the TE potential for typical media. The simplicity of this
derivation is one reason for working with both magnetic and dielectric media in this
geometry. However, we will often set pu, = 1, since magnetic media are rare in
typical quantum optical situations. Since we have been working under the assumption
of electromagnetism in planar media, the functions are restricted to varying in z-
direction. We can also work with more general expressions for similar scalar fields
where the material functions vary in multiple dimensions: €,(x), u,(x). Throughout
the rest of this thesis we will work with these more general scalar field theories, but
remain cognizant of the fact that they only correspond to electromagnetism in a

planar geometry.

2.6.2. TE Polarization Worldline

It is a straightforward matter to develop the TE worldline path integral. In the
same fashion as the Dirichlet scalar method in Section 1.5, two formal identities can
be used to rewrite the free energy in exponential form. The renormalized TE free

energy is

kT . R
Frp — é%) = BT(log det D1y — log det D(O)), (2.59)
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where the partition functions Z. has been written as the functional determinant of

a differential operator. The differential operators are

A

Dy = _%[qx) 12 (%)82 + V2] + Vi () (2.60)

. 1
DO .= —5(872. + V3. (2.61)

The vacuum operator DO s the same for both polarizations and is determined by
moving the dielectric bodies arbitrarily far apart (operationally, this can be done by
setting the ¢, = p, = 1 everywhere). The free energy can be rewritten using the

identities in Egs. (1.54) and (1.55), with the result

kgT A .
Fre — ]:”523) = BTtr(log Dy — 108; D) (2.62)
kgl [ dT n .
= _BT —tr[exp(—DseT) — exp(—DOT)]. (2.63)
0

For simplicity, we will suppress the renormalization term while developing the path
integral.

The worldline path integrals can be developed in the usual fashion, where
differential operators become momentum operators in the auxiliary Hilbert space.
There are no problems with operator ordering since e,(x)u,(x)0? is the only term

involving joint position and momentum operators, and these operators commute.

After converting the operators, the TE partition function is

kT

FTE 2 0

o A o A
?7' / dXOdTO <X0, T0 ’6_[er(X)Mr(x)pz+p2]T/2_VTE(X)T’XO, 7'0) . (264)

Note that although the potential only varies in one dimension, it is still necessary
to evaluate the trace and path integrals over all of the dimensions. There is one
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change from the normal path integral derivation. Since the exponential operator is
independent of 7, it is not necessary to develop the path integral in the 7-direction.
As a result, only single integrals over 7 and p, will be required. However, it is still
essential to develop the spatial path integral since €,(x)u.(x) and p? do not commute.
After splitting the operator into a product of many terms and inserting the momentum

identities, the free energy is

Foo— kBT/ dT/dXNdTode/H dxkdpk v — %)

N-1
% ( H e—ﬁr(xj)ﬂr(x]')PEAT/2_p?AT/2+in’(xj+1—xj)_VTE(Xj)AT>’ (2.65)

=0

where AT := T /N, and the delta functions ensure path closure. The pj integrals
can be evaluated since they are Gaussian, and the 7 integrals can be evaluated at

zero temperature using

Bhe
AT~

where the path average is defined as

l LAT Bhe
E e (%) e (%) P = , 2.66
( H P; 2 ) \/27TT<€r(X)[Lr(X)> ( )

Jj=0

=

1 T
(@) = 5 2 elxmlx) = 7 [tk (260

J

I
=)

The resulting free energy is

Fom o [7IT / ey [ dn / demS XN—X()W%@T(;)HAX»T

[0

:2

. . )2

J=0
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The coupled Gaussians will be used as the probability distribution for paths, where
Xy is the starting (and finishing) point. The normalized Gaussian probability density

for a random walk of N steps between x; and xy is

N-1

P 1 (x x;)?
B 1= X
P(X0,X1,...,XN_1) .—N/ kli[l dxy, L1 [(QWAT)(D_l)/Q exp (— ]TT])}

j=

(2.69)

The normalization constant N is determined by requiring that the probability density

is normalized,

1 :/i[lldxkp — N = [\/;T_Texp (—W)]_l. (2.70)

Like the Dirichlet scalar worldline path integral (1.59), the TE path integral can be

written as an ensemble average over closed Brownian bridges

he 1% dT o~ (VreGO)T
Fo o FO __/ —/dx << - 1>> @
2 Jo @ TPPT J "\ Ve m)mx) (1) =

For completeness we note that the corresponding TM worldline method is derived in

exactly the same way, with Vi, replacing V;z. The main difference between the two
path integrals is that Vi depends on the magnetic response, while Vi, depends on
the dielectric response.

Let us contrast the TE worldline (2.71) with the Dirichlet worldline path integral
(1.59). First, there is a factor (eju:)!/? (corresponding to the square of the refractive
index) which arose from modifying the thermal direction, and an additional potential
Vig arising from the derivatives of the media. Both of these emerge from the

underlying material constants, rather than arising from imposed boundary conditions.
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Second, the TE path integral is related to one polarization of the EM field in a
planar geometry. While the TE path integral can be evaluated in arbitrary geometries
of bodies, its relation to the complete EM field in those cases is unclear. In contrast,
the Dirichlet path integral (1.59) is geometry independent, and is usually only used
to impose Dirichlet boundary conditions. But the Dirichlet worldline only recovers
half of the perfect conductor Casimir energy in planar geometries. In this sense the
TE path integral surpasses the Dirichlet worldline. We will test the TE path integral
in a planar geometry to verify that known electromagnetic results can be recovered
from this worldline formalism. In addition, we will develop techniques that may be
useful in a general geometry, and evaluate the path integrals in a manner that should
straightforwardly generalize. We will see that the TE path integral can recover the
Dirichlet results in the strong-coupling (x — oc) limit. So despite being adapted to
a particular geometry the TE path integral may suggest ways to develop a better

uncontrolled approximation to the full EM path integral.

2.7. Nonzero Temperature Worldline Path Integrals

The preceding derivation can be extended to finite temperature and dispersion by
making the substitution €,(r) — €,(r,iw). This substitution was carefully examined
and justified in the context of the Lifshitz theory by Barash and Ginzburg (1975), and
more recently Rosa et al. (2010). As noted earlier, Rahi et al. (2009) derived their
effective Lagrangian at finite temperature via linear-response theory. Presumably the
same arguments apply here, for the frequency-dependent, non-zero temperature path
integral.

The fields ¢(r,7) in the partition function path integral are periodic, since

Z = trle=#H] = Ik do(dle=P7|4), so that the starting and ending states are identical.
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The fields can then be expanded in a Fourier series,

S(r,r) = > e, (r), (2.72)
where the Matsubara frequencies are defined as s, := 2wn/(fh), and the ¢, are

complex fields. We will also need to use the orthogonality relation between different

Matsubara frequencies,

Bhc ]
/ dr elentsmt/eg b — Bhcty —mbntdm = BACm|dnl?, (2.73)
0

where ¢ = ¢_,, since the fields are real. The partition function can then be written

as

Znp = ﬁ /D¢neXp {_BE;)CQ

n=—oo

s> 1
dr ¢ o(r,i8,)— — V. ———=V | ¢, )
(2.74)
The same field rescaling ¢, — /{:¢n, can be carried out as for the frequency
independent case. At nonzero temperature, assuming that the system is in thermal

equilibrium, then the free energy F is of interest, rather than the mean energy F.*

The Gaussian integrals for each ¢,, can be carried out, so that the free energy can be

written as
aly 21
F = —kgTlog Zy, = —Z log det (er(r, 18p) e (T, zsn)ﬁ - EVQ + VTE(r,isn)> ,
n=0

(2.75)

4 The free energy is defined as F = E — T'S, where E is the mean energy, S is the entropy and
T is the temperature. From the fundamental thermodynamic relation, dE = T'dS + W, where 6W
is the work done on the system, the differential for the free energy is dF = SdT 4+ §W. Thus at
constant temperature, the work done on the system (such as by moving plates) changes the free
energy.

87



where the prime on the sum indicates that the n = 0 term is multiplied by a 1/2 and

Vig(r,is,) == %{ [Vlog v/ pu(r, z'snﬂ2 — V?log v/ (r, zsn)} (2.76)

The free energy is renormalized by subtracting off the vacuum energy where ¢, =
s = 1 and VT(Q) is zero. Note that the zero frequency contribution vanishes if
lim, o w?e(w) = 0, and p, = 1. This is related to the dispute over the role of
the zero frequency pole in the dielectric response of a metal.’

The nonzero-temperature TE worldline path integral can be developed as before.
The Hilbert space is only (D—1)-dimensional, since the thermal dimension has already
been treated with the Matsubara frequencies. The resulting worldline path integral

18

0o ! L0 a7
Fre —Fo=— kBTZO /0 T (2rT)(P-1/2 /dxo

% <<e—siT/<2c2> _ e—si<er(x,unmr(x,z‘smv/@c"‘)6—T<VTE<x,wn>>>> o’ (2.77)
x(t

where the paths are D — 1 dimensional spatial paths. This 7-dependence also reflects

the different d-dependent scaling behaviors in the near-field, thermal and far-field

regions, as these will each have different approximations to the Matsubara sum. This
will be discussed further in Section 4.7.

The zero-temperature, dispersion-free Casimir energy (2.71) can be recovered

from the free energy (2.77). In the limit 77 — 0, the spacing between frequencies

As = (2m)/Bh — 0, so s, can be approximated as a continuous variable, s = nAs,

®One perspective on this dispute is given in Bordag et al. (2009, Chapter 14).
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and the sum can be approximated using

lim > f(nAs) ~ (As)™! / ds f(s). (2.78)

In this limit the free energy is

hﬁ o0 0 a7
—Fo~—kgT— d d
Fre = Fo Bor )y @ /0 T (27 T)(D-D/2 / X0
% <<6—82T/(2c2) . 6—52<er(x,is)ur(x,is))T/(QCQ)€_T<VTE(x,is)>>> 7 (279)
x(t)

If we further approximate the material responses by their zero frequency values, then

the s integral is Gaussian and can be evaluated, with the result that

e % dT e T
Fw—For—— | =s=pn [ d b Y
0 2 /0 T(27TT>D/2/ 0 << \/<€r(X,0)Mr(X70)>>>x(t> >

which is the anticipated zero-temperature, dispersion-free TE worldline energy (2.71).

The next chapter develops analytical methods for evaluating the scalar worldline path

integrals that we have derived.
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CHAPTER III

PATH INTEGRALS AND FEYNMAN-KAC FORMULAE

The imaginary-time path integral is closely connected with other ways of
describing stochastic processes, such as stochastic differential equations and Fokker-
Planck equations. If stochastic paths are sampled from the path integral, then the
path’s evolution is governed by stochastic differential equations or Langevin equations,
where the noise is associated with the random sampling. The path integral is also
the solution to the diffusion or Fokker-Planck equation (Durrett, 1996; Karatzas and
Shreve, 1991). While stochastic differential equations describe single trajectories,
the Fokker-Planck equation gives the equation of motion for the ensemble-averaged
probability distribution for the paths (Gardiner, 2009). The path integral solution
to the diffusion equations is known as the Feynman—Kac formula, after the work by
Feynman (1948) describing the evolution of a quantum particle, and Kac (1949) where
analogous methods were applied to the diffusion equation.

Section 3.1 presents the path integral solution (3.13) to the diffusion
equation (3.1). Sections 3.2 and 3.3 then develop the analytical expressions relevant
for the TE worldline path integral in planar geometries. The sharp dielectric interfaces
are modeled by step functions, and the analytical solutions are given by Egs. (3.25)
and (3.31), respectively. The worldline path integral also involves a highly singular
potential (2.58). In Section 3.4 this potential is regularized, and found to lead to an
effective boundary condition (3.45). The path integral solution corresponding to the
TM potential for open paths is given in Eq. (3.52). This result is essential for the
numerical methods involving the TM polarization. Sections 3.5 and 3.6, present the

analytical expressions for path integrals that include the TM potential, as well as a
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step potential. These results are given in Eqs. (3.56) and (3.60). These analytical
formulae will be used in Chapter IV to demonstrate agreement with known results

for both Casimir and Casimir-Polder energies.

3.1. Derivation of the Feynman—Kac formula

In this section, we will derive the path integral as the solution to a diffusion
equation, using techniques from quantum mechanics. The derivation will stay
close in spirit to the one presented by Sakurai (1994) and Section 1.4, but
it will be extended to include a source term. More formal derivations are
available from mathematical (Cartier and deWitte Morette, 2006), and probabilistic
perspectives (Durrett, 1996; Karatzas and Shreve, 1991). A detailed discussion of the
more formal probabilistic derivation is given by Steck (2015, Section 17.9).

The goal of this section is to find a solution f(x,t) to the driven diffusion equation
1
0f = 5V ~ V() + Xf + g, (3.1)

where the potential is given by V' = V(x), A is a constant, and the source term is
g = g(x,t). In this form f corresponds to the probability distribution for a diffusing
particle with a source of particles g, and the solution decays at a spatially dependent
rate V. The Schrédinger equation is recovered under the ¢ — —it substitution.
The differential equation can be written in operator form using the same Hilbert

space (1.32)—(1.33) that was used for the worldline path integrals (with & = 1):

el (0) = ~(x] (55 + V) +2) £} + (xla(0), (32)
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This equation can be solved in analogy with solving the Schrédinger equation by
introducing the evolution operator:

U(t) = exp {— (%ff V&) + A) t] | (3.3)

Eq. (3.2) is written in the Schrédinger picture, where the operators are time
independent, and the states |[f(¢)) carry all of the time dependence.  After
transforming to the Heisenberg picture where |f(t)) — |f) := U~'(t)|f(t)), the

transformed vectors evolve in time according to

o) =U""(0)lg)- (3.4)

This equation can be formally integrated with respect to time, and after transforming

back to the Schrodinger picture, the result is

F8) = UDIF0)) + U ) / ds U(—s)[g(s)). (3.5)

where we used U~ !(s) = U(—s). After combining the evolution operators, and

projecting onto a final position x5 the solution is

t

fxn,t) = (XN|U(t)|f(0)>+/O ds (xn|U(t = 5)|g(s))- (3.6)

The matrix elements in both terms have the same form M = (xy|U(t)|f), so we will
develop the path integral for just one such matrix element. For time-independent
Hamiltonians, the evolution operator can be split into a product of N identical

evolution operators U(At) where At := ¢/N. Position and momentum identities
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can be inserted between each term, with the result that

M= /H d;:fdgi <<XJ+1|€_HAt|pj><pj|Xj>> (x0[£(0))- (3.7)

=1

The exponential operator is split into position and momentum pieces using the Baker-
Campbell-Hausdorff theorem, e~ 2P +V@)] — o=AV(@) =AM L O(Af2). The position
and momentum operators then acquire the eigenvalues from operating to the left and

right respectively,

27T D/2

M= / H dxdps T (e—p?m/z—[wxw>+*]At+ipj~<Xj+1—xf'>) Fx0.0). (38)

After carrying out the Gaussian momentum integrals, the matrix element is

N—1 N e—(x‘j+1_xj)2/(2At) _[V(X-)J,-)\]At
M = / H ka H (27TAt)D/2 (& J f(XOa O) (39)
k=0 J=1

This is the traditional discrete form of the imaginary-time path integral. The
connection to Brownian motion can be made even clearer by changing integration
variables. The arguments of the Gaussians x;;1 —X;, are zero mean random variables,
with variance At. The Gaussians can be interpreted as the probability distributions
for the vector Wiener increments discussed in Section 1.5.1. In this particular case,
the vector Wiener increments are defined as AW; := xy_;_1 — xy_;. Note that
this labeling is backwards in time from the usual convention, but it ensures that the
solutions are defined in reference to the final coordinate xy. A general point along

the path is given by

N—j-1
Xj =Xy + Z AW, :XN—FWij, (310)
k=0
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where the Wiener process is defined as W; := Zf;g AW . In terms of the Wiener

paths, the path integral is

At T S e (AW0)/(an —ALV(xn+W N ;)
v= e [ LW [T g e o+ W0l 611
k=0 j=1

After taking the continuum limit N — oo, the Wiener path W, = W (¢;) becomes
a continuously varying stochastic process, and the sum over potentials > i V(x;)At

can be written as an integral. The path integral can then be written as

M= << exp ( v /Ot duVx+W(t - u)]>f[x + W(t),0]>>. (3.12)

The same style of reasoning can be used for both terms in Eq. (3.6). After substituting

this result in to Eq. (3.6), the solution to the diffusion equation is

1) :<<f[x L W(1), 0] exp ( v /Ot duVix + Wit - u)]> >>

+ /Ot ds <<g[x—|—W(s),s] exp <— As — /0 duVix + W(s - u)]) >>

(3.13)

This agrees with the results of the more formal methods presented in Durrett (1996),
and Steck (2015). In this case the ensemble average is over free Brownian motions.
This result was derived under the assumption that the potential is independent of
time, since that is all that is required for this dissertation. This derivation can be
extended to a time-dependent potential V' (x,t) by using the time-ordered evolution

operator, as used in the Dyson series (Sakurai, 1994, Section 6.6).
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3.1.1. Steady-State Brownian Bridge Path Integral

In worldline path integrals such as Eq. (2.71), the Brownian motions are
closed, with the same beginning and ending point. The solution to the diffusion
equation (3.13) can be converted into an ensemble average over pinned Brownian
bridges with some manipulation. We will follow a solution method used by
Hooghiemstra (2002) to compute the sojourn time. This solution method is explained
in detail by Steck (2015, Sections 17.9-17.11).

The path integral (3.13) can be converted into the same form as the TE worldline
path integrals (2.71) using two transformations. First, the path integral is written in
the steady-state limit where ¢ — oo. In this limit the initial condition f(x,t = 0)
is irrelevant so it can be set to zero. Second, the source function g can be used to
construct the path pinning by setting g(x) = J(x — ¢). After those manipulations,

the general solution is

F(x) = /OOO ds <<5[X—|—W(s) ~ Jexp (—As—/os duV[x+W(s—u)]) >>

(3.14)

which has the form of a Laplace transform in A\. The Laplace transform is defined as

LIFBIN) = / T nef(0). (3.15)

0

The delta function in Eq. (3.14) selects paths that satisfy W(s) = ¢ — x. Since the
Brownian motion W (¢) starts at the origin, and we want to select Brownian paths
starting from W = 0 and propagating to W = ¢, we should only consider the solution

at the origin f(x = 0). In that case, the path integral (3.14) satisfies the steady-state
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diffusion equation

SV2F — V() + Alf +0(x— ) =0, (3.16)

which can be solved analytically for simple potentials V' (x). The closed form for
the path integral is then found by inverting the Laplace transform on the analytical
solution to Eq. (3.16). These path integral expressions will also be used to develop
analytical expressions for both open paths where ¢ # 0, and closed paths ¢ = 0.

The path integral results for open paths can be used to find the ensemble averaged
solution between two points x = 0 and c. The results can be applied to paths between
any pair of positions x;, and x;,1, by translating all positions in the path integral
by x; so that that the starting point of the path coincides with the origin. This is
particularly useful in applying these results to accelerating numerical computations,
as will be discussed further in Chapter V.

It might seem circular having passed from wave equations that are too hard to
solve, to path integrals, and back to diffusion equations that can only be solved in
particular geometries. However, the path integral provides a way to join together
results from a simpler geometry to calculate results in a more complicated geometry.
For example, at each step of the path, planar results could be used to estimate
a potential, by treating the bodies in terms of their nearest tangent planes. This
is not the same approximation as the proximity force approximation discussed in
Section 1.3.1, which approximates the bodies globally by the tangent planes. This
is a local approximation based on a particular point in space. As the path steps
through space, the nearest tangent plane will vary, but assuming that each step is
small relative to the scale over which the potential changes, the contribution from

each step should be well approximated by the interaction with a single plane. These
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contributions could be accumulated along the path to develop the full path integral

solution, even in potentials that might not be directly solvable in a global sense.
The remainder of this chapter is devoted to solving the diffusion equation (3.16)

for some simple planar geometries. These geometries are important for analytically

calculating Casimir and Casimir—Polder energies from the worldline path integrals.

3.2. Single Step Potential

As a first example, consider a step potential V' = xO(z — d). [As noted earlier,
this is closely related to the sojourn time for a Brownian bridge (Hooghiemstra, 2002).]
The step potential will be used to compute the Casimir-Polder energy for an atom
above a dielectric half-space. Throughout what follows, we will work in one spatial

dimension. In this case, f solves
%63]‘ — O — )+ \|f +5(x) = 0 (3.17)
In general the solutions are of the form,
f(z) = Ae™ + Be™"*, (3.18)

where x will be determined by solving the differential equation in each region of
constant dielectric, and A and B will be determined by the boundary conditions at
the discontinuities. The boundary conditions follow from integrating the diffusion
equation across the relevant discontinuity. At finite step discontinuities (such as at

x = d), the solution and its derivative must be continuous across the surface,

0o f(d+0s) =0, f(d—0,) =0 f(d+04) — f(d—0;) =0, (3.19)
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where 0, indicates the limit of approaching zero from above. At a delta function
singularity the derivative of the solution is discontinuous, but the function itself is

continuous,

0.f(0.) = 0, f(—0,) = =2 f(d+0,) — f(d—0.) =0. (3.20)

Then assuming d > 0 and taking the bounded solution in each region, the solution is

AeV2e z <0
f(z) = BeVPe 4 Qe V2o 0<xz<d (3.21)

De~ V2 +x)z x> d.

The coefficients are determined by applying the boundary conditions at the interfaces
at + = 0 and x = d. This was done using Mathematica to speed up the tedious
algebraic work. The worldline path integral solution only requires f(z = 0), so only

A needs to be found. The A coefficient is given by

1
A= —— 4 2V (3.22)

V2\

where
) _ VA= VA+ x
VA+ VAT X

The reflection coefficient 7™ plays the same role as the TE-reflection coefficients

(3.23)

in the Lifshitz formula. A similar computation can be carried out for d < 0, which
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corresponds to finding the solution inside the medium. The solution for both cases is

1
14 (e e—2\/ﬁd} d>0
|
fTE,l(x) = A 1 (324)
- |:1 — p(TE) 6_2 2(>\+x)d:| d<0.
2(A +x)

The subscript denotes the relevance of this solution to a single body in the TE

polarization. This solution is explicitly related to the path integral via

T a7 5(x)erO * o [ € O
o [ areroer ) e

(3.25)

where the first ensemble average is over free, unconstrained Wiener paths, while the
second is over Brownian bridges that satisfy #(0) = (7)) = 0. The factor of v27T is
the normalization for using closed Brownian bridges. In this case, we will not invert
the Laplace transform, since in Chapter IV we will convert the relevant Casimir
energies to exploit these analytical expression.

It is possible to generalize this calculation to compute the equivalent formulae
for open Brownian bridges from 0 — ¢, as discussed in Appendix B of Mackrory
et al. (2016). These formulae may be useful in accelerating numerical techniques,

with relatively coarse bridges.

3.2.1. Planar Dirichlet Conditions

It is possible to take the strong-coupling limit where y — oo. In that Dirichlet
limit, 7™ — —1, and the solution vanishes on the surface. The path integral solution

18
1
|1 —e2V2M d>0
foa(z) =4 V2A [ }

0 d<0

(3.26)

99



The path integral can be converted back to the time domain by inverting the Laplace

transform using

1 1 2
ST .
with the result
1 (1 — e‘dQ/Qt) x<d
foa(z) =4 V2mt (3.28)
0 x> d.

As paths get closer to the surface, or as the time increases, the probability of touching
the surface increases, so the solution approaches zero. The solution also vanishes for
points starting inside the surface.

Given the prevalence of the Dirichlet worldline path integral discussed in
Section 1.5, it would be useful to develop an analytical expression for open paths
from x = 0 to x = ¢, interacting with V(x) = kd(x — d). In this case, the solution
is non-zero for x > d, but only vanishes for paths that touch the surface at = = d.
This result can straightforwardly be generalized to open Brownian bridges for paths
between x and y, and a surface at d, by taking ¢ - z — y,d — d — x. The solution

can be derived, and after taking xk — oo, the solution is

JRp—y
- (1 — e2d=m)(d-y)/t d—2)(d— 0

fo(z,y) NeTT (I—e ) (d—z)(d—y)> (3.20)
0 (d—z)(d—y)<D0.

The lower solution applies when = and y are on different sides of the surface and the
path must cross through. The upper solution applies when the points are both on the
same side. As the points z and y get closer to the surface, the probability of touching

the surface increases, and the amplitude of the solution decreases.
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3.3. Two Step Potentials

The next case of importance is for two step potentials with interfaces at © = d;
and x = ds, where the distance between them is d = d; — dy. The combined potential
is V = x10[d1 — 2] + x20[x — dy]. This potential is useful for analytically calculating
the Casimir energy between two dielectric half-spaces, or the Casimir—Polder energy
for an atom between two half-spaces. The same procedure as a single half-space can
be used, albeit with another set of boundary conditions to manage. The solution and
its derivative must be continuous at both surfaces.

Skipping what is some tedious algebra, the solution for closed Brownian paths
can be be written in each of three regions: Region I is inside the left hand body with
ro < dy, Region II is between the bodies with dy < zg < ds, and Region III is inside

the right hand body with dy < xy. The reflection coefficients for each body are given

by
HTE) VA — VA + X (3.30)
C T VA+VATa
The solutions for each region are
(I) _ ; —24/2(A4x1)(d1 —0) T(zTE)e_de - TiTE)
fTE 12(:60) - te (TE) (TE)
’ 2(A+x1) 200 + x1) (1 = 7"y Pe-2v2M)
(3.31a)
f(H) (xo) _ 1 2T5TE>réTE)e—2\/ﬁd + TETE)BQ\/ﬁ(dl—xO) + réTE)e—m/ﬁ(dg—xo)
TE,12 \/ﬁ \/ﬁ(l . T;TE)TETE)G_de)
(3.31Db)
1 N (T8 g=2V2Ad _ .(TF)
f{“IEHl)2(xU> =7+t e? 20 (dao) ( - (TE) (iE) ) ’
’ 2(A + x2) 200 + xo) (1 = 1"y Pe-2v2Md)
(3.31c)
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The “12” subscript indicates that both the first and second bodies are present. The
equivalent single body expressions can be derived from these. For example, the
solution for body 1 can be found by keeping d; fixed, but taking the limit where
d and d, approach positive infinity.

The solutions all involve 1 — r{™r{™¢=2V2M iy the denominators. This factor
was previously encountered in deriving the Lifshitz formula in Section 1.1.2.1, so its
presence is perhaps not surprising. However, in this case there is no need to make
any conditions on which modes contribute. In addition, this derivation assumes there
is vacuum between the dielectrics, although it could be easily generalized.

We will not attempt to invert the Laplace transform to find the solution in the
time domain. Later we will transform the worldline energy into a suitable form to
use these results as written. However, in the strong coupling (r;™ — —1) limit, the

Laplace transform can be inverted. In that case the denominator can be expanded by

using (1 — e 2V2d)=1 = $7% (_Jyne=20v23 gince ¢=2V2A < 1. The n'® order term
corresponds to the n'" reflection from the far surface. After inverting the Laplace
transforms, each Gaussian in the sum would be of the form exp[—2(n + 1)%d?/t],
corresponding to the probability for a Brownian path to bounce n + 1 times between

two surfaces a distance d apart. This naturally goes over to the reflection picture for

the Dirichlet scalar discussed by Steck (2015, Section 21.1.5.3 ).

3.4. Feynman—Kac Formula for Singular Potentials

The same methods can be used to yield sensible, finite results for worldline path

integrals involving singular potentials, such as Vi and Vi, where

Viu(z — d) = = [(0, log Ve)> — 07 log v/e]. (3.32)

DN | —
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(We will focus on Vi, since p, = 1 for almost all materials, so Vg = 0.)

For a dielectric-vacuum interface described by ¢, = 1 4+ xO(x — d), the resulting
potential is highly singular. The first derivative of a step function is a delta function,
and the second derivative is ¢’, or the derivative of a delta function. We define a
parameter = := log y/1 + x, which implies log \/&,(z) = Z0(z — d). If the derivatives

are taken directly then the potential is given by
- L= -
Vim(z —d,Z) ~ 3 [226%(z — d) — 26’ (z — d)], (3.33)

which involves the square of the delta function! The only way to make sense of this
is to regularize the singularity in the step function, and take the limit of vanishing
regularization at the end of the computation.

We will consider an exponential interpolation of the dielectric between the two

values 1 and 1+ y, over a distance a, so that the logarithm of the dielectric can then

be written
0 T <d
log / Ega)(lﬂ) = E(91: —d) d<z<d+a - (3.34)
a
= r>d+a

The regularized TM potential is now given by

=2 =

Vi@ —d,E) = =0 —d)O(d+a— 1) — —[5(x —d) — 6(x —d —a)], (3.35)

2a? 2a

as sketched in Figure 3.1. The only singularities present are the delta functions from
the second derivative. The potential is still singular, and it is difficult reliably simulate
for a single path as a — 0. However, the ensemble averaged expression over many

such paths is well behaved.
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Dielectric / TM Potential

d d+a
Position

FIGURE 3.1. Schematic drawing of a regularized TM potential (3.35) at a regularized
dielectric surface. Vertical arrows denote delta functions with heights =/a, and solid

rectangle marks the step function of height (Z/a)?.
3.4.1. Transfer Layer Boundary Conditions for the TM Potential

We will now show that the regularized TM potential (3.35) imposes an effective
boundary condition at the interface. The diffusion equation can be solved inside the
boundary layer z € (d,d + a), and all references to the interior can be eliminated.
The result of this will be conditions relating the solution and its derivatives on either
side of the surface. Points starting inside the surface will not be considered, since the
surface is infinitesimally thin.

The analytical solutions for the path integral obey

%agf _ ()\ + %@(x _d)O(d+a—1)— %[5@ Y a)])f. (3.36)

Since a is small, =/a is large relative to A, so A can be ignored in the thin-surface

limit. At x = d, and x = d + a, the delta function boundary conditions (3.20) will be

enforced.
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Let fuiq be the solution in the middle region for = € (d,d + a),

fnia =Be™"" + Ce =0/, (3.37)

where B and C' are constants to be determined. Let the solution from the left be
fi = f(d—0,), and the gradient 0, f; := 0, f(d — 0, ), with corresponding solution
on the right fo := f(d+a+0,), O,fo :== f(d+ a+ 0,). The external solutions are
assumed to be independent of a. The continuity conditions at + = d and x = d + a

require that

fmia(d) = fr =0 (3.38a)

fo— fmia(d+a) =0 (3.38b)

0. fusald) ~ 0o =~ (3.380)
Opfo — Op fia(d + a) = +§ fa. (3.38d)

These equations can be solved for the internal parameters B and C', as well as two of
the external parameters, fy and 0, f; in terms of f; and 9, f.

The continuity conditions in Egs. (3.38a) and (3.38b) require that

fi = BeE¥a 4 CeEd/a (3.39)

fo = BeFYOE 4 Qe EYaE, (3.40)
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The derivative conditions in Eqs. (3.38¢) and (3.38d) then require that

O, f1 = 2= Be=Y/e (3.41)
a
Oy fo = 2= BeS4/2¢2, (3.42)
a
where the continuity conditions have been exploited.  From the derivative

conditions (3.41) and (3.42), 0, f1 and 0, f» can be related to one another:

8$f2 = €Eaxf1. (343)

In addition, under the assumption that the external gradients 0, f, and 0, f, are
independent of a and of order one, then Eq. (3.41) implies that B ~ O(a), since B/a
is proportional to 0, f;. That implies that in the continuity conditions (3.39) and
(3.40), B is much smaller than C' which must also be order one. On setting B = 0, it

is clear from Egs. (3.39)-(3.40) that

fa=e=h (3.44)

At this point, the a — 0 limit can be taken, since the conditions between the
solutions outside the boundary layer have been derived. The regularized dielectric

step produces the following effective boundary boundary conditions at an interface:

fld+01)=e=f(d—05)  Ouf(d+04) =€, f(d—04). (3.45)

These boundary conditions can then be used to find the ensemble averaged solution

for the regularized TM potential.
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3.4.2. Finding the Path Integral Solution for the TM Potential

We aim to find a closed form solution for the path integral over paths starting

at x = 0 and terminating at x = ¢ after time ¢, and interacting with potential Vi;:

= o-e/2t) . _
Fratne = /0 dte M (e I VD), (3.46)

27t

The Gaussian factor is the probability density for a 1D Brownian bridge between

x =0 and c in time ¢. This path integral is found by solving

1
0 - §8§fTM—BC - [VTM(x - da E) + )\]fTM—BC + 5(5E - C)7 (347)

where TM boundary conditions (3.45) are imposed at z = d, and delta function
boundary conditions (3.20) are imposed at = ¢. The solutions naturally decompose
into two cases: one where the end points of the path are on the same side of the
surface, and another where the points are on different sides. When both points are

on the same side, or d(d — ¢) > 0, the solution at = 0 is

6—\/ﬁ|c| e—\/ﬁ\2d—c| e _1
o= ——— d I 3.48
fTM BC \/ﬁ + Sgn( ) \/ﬁ 62:‘ + 1 ( )
where sgn(x) is the signum function: sgn(0) = 0, sgn(z > 0) = 1, sgn(x < 0) = —1.

When the paths cross through the surface since x = 0 and x = ¢ are on different sides

of the surface, the solution at z = 0 is

V2Nl 9.E

fTM—BC - \/ﬁ 1+ 625' (3'49)
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The material constants can be rewritten in terms of y, by using = = log /1 + x, with

the result

= -1
fanhZ == —— = X ¢ (3.50)
e=+1 24+x e+1
2¢e= 2¢/1
sechS = —— = X (3.51)

14+e= 24y

In both cases the Laplace transforms in A can be inverted yielding Gaussians [following
from Eq. (3.27)]. After canceling out the Gaussian factor e=¢*/(?) /\/2xt, the analytical

expression for the path integral is

= —2d(d—c)/t _
<<€— S dt! Vi (z—d,2) >> _ 1 +sgn(d)tanhZe d(d—c¢) >0
sech = d(d—¢) < 0.

(3.52)

This result is absolutely crucial for developing numerical methods for the TM
polarization. Even the regularized potential is too unruly to handle on a single
path wise basis. The analytical solution smooths the result out by averaging over
all possible sub-paths. The result can be extended to include any starting point x;
by shifting d — d — z;, and identifying ¢ = xy — x;, where x; is the final point.

The potential has been plotted in Figure 3.2 as a function of ending point for
paths starting inside and outside the dielectric step. Note that the potential leads to
larger values on the vacuum side of the interface, and suppresses values for starting
points inside the surface or paths that must cross the surface.

In the strong-coupling limit tanh = — 1,sech = — 0, and the solution for paths

starting at the origin is

6—02/2t

\ 27t
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FIGURE 3.2. Plot of ensemble-averaged TM solution (3.52) outside dielectric step at
the origin ¢, = 1 + x©(x) for various various x, as function of final position z. The
top plot considers paths starting outside medium at xy = —1, while the lower plot
considers paths starting inside the medium at zq = 1.
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This is in some sense dual to the solution for open paths in the Dirichlet limit (3.29).
In that case paths reflect off with the opposite phase, leading to a value of zero on
the boundary. Here, the paths reflecting off the surface add in phase, suggesting
a correspondence to Neumann boundary conditions. However, this does not hold
for paths starting inside the body, where the solution is the same as for Dirichlet

boundary conditions (3.29).

3.5. Single TM potential and Step

Next, we consider a dielectric step combined with a TM boundary condition.
This is required to analytically compute the TM component of the Casimir-Polder
energy for an atom near a dielectric half-space. We will only develop the solution for

closed paths. The path integral

& 1 t =
_ dt -t — [ dt’ [Vrm(z—d,E)+xO (z—d)] 7 3.54
fTM,l /0 € \/2—7_‘_t<<6 >> ( )
is the steady-state solution to
1 -

The analytical expression is found by solving the diffusion equation directly, with TM
boundary conditions (3.45) at = d and delta function boundary conditions (3.20)

at x = 0. The solution for a single TM body is

voll
1+ T(TM)G—Q\/ﬁd> d<0
frua(z) = 2A1 (3.56)
- (1 _ p(TM) =2 2(/\+x)d> d>0,
20N+ x)
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where
P \/XGQE -V A+ X
VA 4+ /AT

The reflection coefficient ™ corresponds to the TM reflection coefficient used in

(3.57)

22

Section 1.1.2.1, since e*= = 1 + x. This calculation can also be naturally extended to
include a magnetic response. The parameter = is defined in relation to the potential
Viu, while x relates to the step discontinuity. To include a magnetic response, one
could take y — (&pu, — 1) and leave = unchanged. Similar reasoning could apply

these results to the TE potential, after the ¢, <> u, duality transformation is carried

out.

3.6. Two TM Step Potentials

The preceding calculations can be extended to handle two planar dielectric half-
spaces subject to TM boundary conditions. This time, the solution is the path integral

for a potential

V= Xl@(dl - {L') + XQ@(ZE — dg) + VTI\/I(dl — T, El) + VTM(QZ — dg, Eg) (358)

In this case a little care is needed in defining the boundary conditions at the left hand
surface. Since the left body has the opposite orientation (the permittivity decreases
as z increases at x = d;), the correct TM potential for the left body has =; —
—Z= replaced everywhere. This change reverses the nature of the effective boundary
conditions at the surface: if passing through the surface decreases the function, and

increases the gradient, then traversing the surface in the opposite direction should
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have the opposite effect. So at the left hand surface, the boundary conditions are

fldi+05) =e= f(dy = 04)  0uf(di+04) = e =1 0pf(dr — 04). (3.59)

The resulting solutions have the same form and structure as the TE solutions, but
with the TE reflection coefficients replaced by their TM counterparts. The two-body

TM solution can be written in the same three regions as two-body TE solution:

f(I) (z) = 1 + o2/ 2(Mx1) (d1 —x0) T;TM)eﬁmd - TiTM)
200+ 1) 200 )1 — {0 e-2van)
(3.60a)
f(H) ( ) B 1 . 2r(1TM)r§TM’e_2md + T;TM>€2\/ﬁ(d1—:c0) + réTM)e—Q\/ﬁ(dz—xo)
™, 12\L) = NG \/ﬁ(l _ riTMWéTM)e*Z‘/ﬁd)
(3.60b)
(11112@) _ 1 + 2V 20 +x2)(d2—w0) (TiTM)eﬂmd - TéTM))
20+ x2) 20+ (1 = ™M e2vaxd)
(3.60c¢)
where the TM reflection coefficients for each body are given by
iy — VA ;
pn € VA *Xi (3.61)

LT EAAT

This result contains all of the previous results for closed paths. The TE results
are recovered by taking = — 0. In taking y — 0 while leaving = fixed, only the
TM boundary conditions are present, and this is the solution for two TM boundary
conditions with opposite orientations. The equivalent single body results can be found

by moving the other body arbitrarily far away.
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These formulae are most useful for showing the analytical agreement with existing
Casimir energy results. The next chapter uses the results from this chapter to
derive known analytical results for Casimir and Casimir-Polder energies for both

polarizations from the worldline formalism.
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CHAPTER IV

ELECTROMAGNETIC WORLDLINES: ANALYTICAL RESULTS

This chapter shows that in planar media the worldline path integrals yield the
same results as the more direct calculations outlined in Chapter I. Section 4.1 extracts
the Casimir—Polder energy from the worldline expressions by treating the atom
as a localized perturbation. The resulting Casimir-Polder worldline path integrals
given for non-magnetic media by Eqgs. (4.14) and (4.15). Section 4.2 then uses the
Laplace-Mellin transform (4.18) and the inverse moment theorem (4.22) to rewrite
the worldline expressions so that the analytical solutions from Chapter III can be
substituted into the worldline path integral. Sections 4.3-4.6 show that the worldline
expressions yield the correct Casimir and Casimir—Polder energies for the TE and TM
polarizations in planar geometries. Finally, Section 4.7 examines the behavior of the
worldline path integrals in the case of nonzero temperature, and shows that known
results for the near-field and high temperature results emerge from this formalism.

[The work presented on the TE polarization was published as Mackrory et al.

(2016), and the work on the TM polarization is being prepared for publication.]

4.1. Extracting Casimir—Polder Energies

The Casimir-Polder energy for an atom interacting with macroscopic bodies
can be derived by treating the atom as a perturbation to the permittivity and
permeability. The atom is located at r,, and has static polarizability «, and

magnetizability fy. The atom perturbs the background permittivity €,(r) — €(r) +
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de:(r), and permeability g, (r) — p,(r) + dp.(r), where

de(r) = @5(r —r,), Op(r) = pofod(r —ry). (4.1)

€0

Note that the delta functions physically represent a sharply localized atom.
All expansions involving these delta functions can be carried out with a finite
regularization of the delta function, and the limit of an arbitrarily small particle can
be taken at the end of the computations. We will initially carry out calculations
for dispersion-free media, at zero temperature. The generalization to nonzero
temperature will be considered in Section 4.7.

The Casimir energy for TE and TM polarizations was derived in Chapter II. In

the zero-temperature limit, the energy in the EM field in the TE polarization is

By — BO — _%C /0 h WCE%QT / dx0<< ‘Z:(Vz;:(»;» _ 1>>x(t). (4.2)

The Casimir-Polder energy comes from expanding the energy to linear order in

the ag/eg and pofy. The expansions must be carried out in both (e, ), and the
potential Vig. Considering the similarities between the polarizations, we will carry
these expansions out for only the TE polarization, since the TM results follow by
duality (2.4).

The energy (4.2) can be written as a functional of the permittivity and

permeability, Fle,, i1,]. The change in energy for adding an atom is then

SE[er, i) = Ele; + der, iy + Opiy] — Elér, piy]. (4.3)
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The Casimir—Polder energy can be found by expanding the change in energy to
linear order in /€y and f/39, which corresponds to taking the following functional
derivatives:

Qp 0

o
B+ MOBO(S,M—(I‘)E’ (4.4)
r\*tA

where r, is the atom’s location. The Casimir—Polder energy must then be

Ver (rA) =

géer(rA)

renormalized by considering the change in the energy as the atom is removed
arbitrarily from the dielectric objects.

The expansion for the path-averaged permittivity and permeability is

<(€r + 56r)<lur + 5ﬂr)>_1/2 = <€r,ur>_l/2 - %<Nr5€r + €r5Mr><6rUr>_3/2
= () = 52 (0 (x — 1) )
_ %,uoﬂ()(er(x)é(x C ) i), (4.5)

The singular potentials Vig, Viy can be expanded in the same fashion,

(Vaslpr + 0puel) =%<(V10g Ve =+ 0px)? = V2 og /e + 5ur>

1 opy 1 _o0p,
=\Vre[Hr ” r’ -V — /- 4.
(V, [u}>+<4V10g,u V'ur 4V " > (4.6)

It is straightforward to then expand the exponential using

e~ T Vsl tomd) — o=TVeell) (1 — T(5Vin[i])), (4.7)

where 6Vyy is the second term in Eq. (4.6). The terms involving Véu, will yield
derivatives (such as V?) acting on the path integral after an integration by parts.

In all of these expansions, the path-averaged delta functions restrict the path
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integrals to paths starting at the atom’s position r,. The path integral can be
written schematically as some path-averaged function ®(x), and a path-averaged

delta function,

1= / dxo({ (@) (g(x)00x 1)) ) (4.8)

x(?)

In discrete notation this is

N-1 1 N—-1 1 N—-1
:/gdan(xo,...,xN 1 ;q, szo 5(x; — ra)g(%;) (4.9)

where the delta function enforces path closure. All of the functions are invariant under
cyclic permutations of the path labels. This is true of the path-averaged functions
such as (&) and (Viy), and the Gaussian probability for closed Brownian bridges.
Then for each term §(x; — r,), the labels can be permuted j times so that in the
shifted coordinates x; — x(. Since there is now a sum of N identical terms, the path

integral can be written as

I= /ﬁl dx,, P(xo, ... ,XNl)NZ_I@(XkM(Xo —14)g(%0) = << (®)g(rs) >>x(t):x(0):“.

(4.10)

Since only paths the satisfy the delta function constraint will contribute to the path
integral, we are free to call the point at r, the path origin.

Using the results in Egs. (4.5) and (4.6), the Casimir—Polder energy for the TE

polarization can be written

voy \he (< dT iedes + x0) - qva)T
vvten =7 [ ey [ ool (M)
17—

)
——— ((Vlog ;) - V— -V ) 4.11
2(€xpte) 1/ << B ) hx I x(t) #10)

+ €_<VTE>T
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Then after manipulating the path-averaged delta functions using Eq. (4.10), and

integrating by parts, the Casimir—Polder energy is

he [ dT aope(ra) | Bopoer(ra))
(TE) _ he (V)T
VCP (rA> N 4 /0 (27TT>D/2T<< (€0<€rﬂr>3/2 i <€rﬂr>3/2 ‘
_ I Botto
2 ﬂr(rA)

) ) e~ (Vre)T
(V2 + (VZ1log p,) + (Vog pir) - V| —>> .
x(t),x(0)=ra

(€xpir)t/?

(4.12)

Note that the gradients in parentheses such as (Vlog u,) should be interpreted as
functions, while the other gradient operators act on everything to their right. The
remaining gradients act with respect to the path origin xo = r,. The corresponding

TM Casimir—Polder energy is given by

he [ dT aopr(ta) | Bopoer(ra)) _
(T™M) _ he Vrm)T
Ve (I'A) Ty /0 (271.7')D/27'<< (€0<€r'ur>3/2 + <€er>3/2 e

—(Vom)T
T _a [V 4+ V?(loge,) + V(loge,) - V| €—>> .
< x(t),x(0)=ra

a Eeoer(rA) Er,ur>1/2
(4.13)

These expressions can be further simplified if the atom is in a region where the
dielectric is not varying spatially [which implies that Vleog+/e (ry) = 0], and we
consider non-magnetic atoms and media, so that Sy = 0 and g, = 1. In this case, the

TE and TM Casimir—Polder energies are given by

heay < dT 1 1
vy - / << _ >> 414
o (Ta) 1eomP2 Jy TR\ 2~ [P /] womioron (4.14)
e

o) hCOéO © AT —(Vrm)T 1
Ver (rA):4€0(2,ﬂ.)D/2 o TP/

<€r>3/2 Er(rA)]?)/Q

O
T e_<VTM>T >>
— V2 . (4.15)
26,(r) (er)!/? x(t),x(0)=rx
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These expressions were renormalized by subtracting off the equivalent expressions
with a constant dielectric of permittivity e,(r,). This corresponds to finding the
change in energy for the atom when it is brought to a finite distance from the dielectric
interface, after starting arbitrarily far away. In non magnetic media, the TE Casimir—
Polder energy is the simpler case to evaluate since it only depends on (e,), which is
well behaved. By contrast, the TM Casimir-Polder energy involves the singular TM
potential, which implies the need for spatial derivatives. Both of those factors will
require some care in numerical methods involving stochastic paths interacting with

discontinuous or singular potentials.

4.2. Rearranging Worldline Casimir Energies

The TE and TM worldline energies can be some rewritten in a form better suited
to use the analytical results that were derived in Chapter III. This can be done with
two integral identities. The first identity converts the worldline path integral into a
form involving the Laplace transform of the path integral. The second identity puts

the prefactor () in exponential form by means of the Gamma function.

4.2.1. Laplace—Mellin Transforms

The worldline path integral has the form of a Mellin transform. The Mellin

transform of a function f is defined as

M(fl(z) = /Oo dtt*1f(t). (4.16)

0

The Mellin transform also appears in the context of (-function renormalization for

functional determinants (Elizalde, 2008), which is closely related to the worldline path
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integral. In the application to the worldline path integral, f will be the ensemble-
averaged path integral and z will be 1+ D/2.

There is a wuseful relationship between Laplace transforms and Mellin
transforms (Lew, 1975). The Laplace transform was defined in Eq. (3.15), and the I'

function is defined as
['(z) = /000 dss* te™® = M[e ®](2). (4.17)
The Laplace-Mellin theorem (Lew, 1975) states that
D1 - HMIf)(z) = ML (1 - ). (4.18)
This relation is most easily motivated by starting with the right hand side:
ML~ 2) = /OOO ds 5= /OOO dt et (1), (4.19)
The order of s and ¢ integration can be swapped, and s — ¢/u, with the result

MIL[f]](1=2) = Ooo dt h duu e “t* 1 f(t) (4.20)

=I(1 — 2)M[f](2). (4.21)

This result can be used to rewrite worldline path integrals in terms of their Laplace
transforms. This is useful since the solution method in Chapter IIT naturally yields

the Laplace transform of the path integral.
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4.2.2. Inverse Moment Theorem

One further step is required to put all of the material functions in the path
integral into exponential form. This is necessary since the solutions from the previous
chapter were for path integrals with exponential potentials. If positive powers were
required, then the usual moment generating tricks could be used such as (z)" =
dn _—s(z)

dsm € s=0"

However, for the inverse moments required in the worldline method,

the following integral transformation involving the Gamma function can be used

ﬁ /OOO ds 51 (@Y = <<(£E+;ﬁ)“>> ' (4.22)

This is restricted to x + 8 > 0 and a > 0. In the worldline calculations = + 8 will be
(€:(x)), where the dielectric function is real and positive. In addition, a will be 1/2

for Casimir energies, and 3/2 for Casimir—Polder energies, respectively.

4.2.3. Rewriting the Worldline in Analytical Form

As an example, consider the TE path integral, with dielectric function €,(x) =
1 4 x(x), where x(x) is the space-dependent dielectric susceptibility. In both the
Casimir and Casimir-Polder cases, the energy involves the factor (¢,) =%, with a = 1/2
and a = 3/2 respectively. The energy density can be rewritten using the inverse

moment theorem (4.22):

© 4T 1 [ st e AT —sT— [T dt x[x(8)]
/O T1+D/2 << (1+ X(X)>a>>x(t)_/0 ds ['(a) /0 Ti+D/2=a <<6 >>x(t).

(4.23)
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In the second equality the integration variable was rescaled to s — s7, and the
definition of the path average, (f) = 7! fOT dt f(t) was used. The energy density

can be further transformed with the Laplace-Mellin theorem (4.18),

[ oo << e >> w“ [ r() [ o T[(D A—u:w/;/— 1]

00 —s [T dt x(x)
0T [ T
o [ << i >> |
x(t)

(4.24)

In the last line 7™/2 was factored out to act as the normalization for a n-dimensional
Brownian bridge, which assumes that the path integral solution was computed in n-
dimensions. We will typically work with planar media where n = 1. (Despite knowing
the specific values for a, D and n, it is useful to track them as algebraic variables
in calculations.) The Laplace transformed path integral can be computed as the

solution (3.14) to the relevant diffusion equation (3.16), as discussed in Chapter III.

4.3. Analytical TE Casimir—Polder Energy for an Atom and a Dielectric

Plane

The TE contribution to the Casimir—Polder energy for an atom interacting with
a dielectric body is given by combining these formal manipulations with the relevant
path integral solution. For an atom at the origin, interacting with a planar dielectric
interface €,(z) = 1 + xO(z — d), the path integral solution is given by Eq. (3.25).

After rescalings the path integral (3.25) with s — sy, A — A + s, the renormalized
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TE Casimir—Polder potential can be written as

(me) _ 170 _ heag il /Oo ds 5% 1 /OO A\ \P~1)/2=a
Ver™ = Vor leo2m)PRT (D +1)/2—da Jy 7 ),

y e~V NS+ x) — VAT s
VA+s A+s0+x)+VA+s

(4.25)

This can be put into the same form as the known results by changing integration

variables. The integral over s and A have the form:

oo oo —24/2(X+s)ld] A\ 1 — N
J:/ dssal/ dAAP-D/2=a & VAFsUtn) = VTS (4.26)
0

0 VA+s AFs0+x)+VA+s

The integral can be transformed by changing variable from A to p := \/A/s + 1,

o] o] 2 _
J— 2/ ds SD/Q—I/ dp (b — 1)(D—1)/2—a6—\/8d25p pT+X—p (4.27)
0 1

VPEHX+D

After changing variables from s to t := v/8d?s p, and swapping the ¢ and p integrals,

the result is

1 o 2 — o0
~ 93D/2-24D / dpp~P(p* — 1)~V i Gt / dttP~le™t. (4.28)
1 0

VPP X+

The ¢ integral has the value I'[D]. Substituting the transformed integral (4.28) back

J

into the Casimir—Polder energy (4.25), while setting D = 4 and a = 3/2 yields

3hca > 1 \V/pP+x—Dp
ves 0 —0/ dp— Y= & T 4.29
o « 2eor?d J; V2 R 1 x +p 429

The prefactor is the Casimir-Polder energy for an atom above a perfect

conductor (1.16). This result agrees with the known result for the TE contribution
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to the Casimir-Polder energy | see Eq. (14.210) in Section 14.3 of Steck (2015)].
An “efficiency” nrs can be defined by the ratio of the Casimir—Polder energy for an
atom and a dielectric to the Casimir—Polder energy between an atom and a perfect
conductor. The integral over p is the TE contribution to the efficiency, 1.z, and can

be evaluated in closed form:

L up— PP
Nee(X) = dpp 3
1 p+ApT+ X

5 NOEY) 1 arcsinh (/)
=3t T ian [2X+2\/X(X+1)+1] T ol

(4.30)

The efficiency 7 smoothly interpolates between 0 and 1/6 as x varies from 0 to oo.
In the strong-coupling limit, the TE polarization provides 1/6 of the Casimir-Polder

energy, and the remaining 5/6 is provided by the TM polarization.

4.4. Analytical TM Casimir—Polder Energy for an Atom and a Dielectric

Plane

The calculation for the TM Casimir-Polder energy proceeds in a similar fashion

to the TE case. The renormalized TM Casimir—Polder energy can be split into two

pieces
VW (r,) — V) = __heay (VD,g/g - 1V2V(D_2)71/2), (4.31)
deo(2m)P/2 2
where
00 — (Vo) T
Vo= | Tflz; E <<6 <;; - 1>>x(t)7x(0)m. (4.32)

124



Each term V,, can in turn be transformed using the combination of the Laplace-

Mellin theorem and the inverse moment theorem:

ﬁ /oo B B o] B
Vya i= dA A2 / ds 5"
T T+ 1)/2—d] o o F

) e—()\+s)T T
y / 0T <<€7 S dt Vs () -sx(x)] 1>> _ (4.33)
; Nea x(t).x(0)=ra

Note that the TM potential is already in the exponential, so the TM potential and =
does not need to be rescaled by s. The analytical result (3.56) can be substituted into
Eq. (4.33), and the integral can be transformed in the same manner as in Section 4.3,

with the result

(v o 1 b1y /2aPEE — /D? + X
Vz/,a - - 31//2_2 v \/_ [ ] / dp v (p2 - 1)( 1)/2 = .
2 d'Ta]l[(v+1)/2 —d] J4 P pe= + /P + x

The two cases of interest are for v =4,a =3/2 and v = 2,a = 1/2:

o0 1 22 2
S [T P VX (4.35)

V. = - —
4,3/2 4dt J, D P pe= + /2 1
1 oo 1 22 / 2
Va2 = dp =2~ DX (4.36)

_—— p — .
2d2 1 p2 p62: + p2 + X

In Eq. (4.31), the derivatives with respect to the starting position r, are equivalent to
derivatives with respect to the distance d. After substituting these expressions back

into the atom-surface energy (4.31), the TM Casimir—Polder energy is given by

(1) (0 _ _ 3heag [ 1 2P+ X) — VPP + X
Ve (ra) — Vep' = — dp —(1 — 2p*) o (4.37)
32m2epd* Jy 2pt p(L+y) + 1% + X
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where we used €2 = 1+ y. This agrees with the Lifshitz results for the TM Casimir—
Polder energy for an atom near a dielectric half-space [Eq. (14.205) in Steck (2015) |.

The TM efficiency 7y also has a closed-form expression,

L[~ p(l+x) — vVp*+x
w0 =+ [ dppt(1 — P = VP
2 p(L+x)+ VP> +x
7 2 — (14 x)*? arcsinhy/x )
_ ! - 1 22 (1
g Xt o o L2+ X)]

1 2 1
+ % {arcsinh\/ 1+ x — arcsinh (m)} , (4.38)

which smoothly interpolates between 0 and 5/6 as x increases from 0 to co. The TM
polarization provides the majority of the Casimir—Polder energy for between an atom
and a dielectric plane. From the worldline point of view, most of the TM energy
comes from the term involving —93V21/2/2, which suggest it is essential to correctly

estimate the derivatives in a numerical procedure.

4.5. Analytical TE Casimir Energy between Two Dielectric Planes

The Casimir energy for two dielectric planes can also be calculated within this

formalism. The dielectric function is given by
Er’lg(fﬁ) =1+ X1@(d1 — JJ) + X2@(.CU — dg) (439)

The calculation proceeds in the same way, except for two changes. First, the Casimir
energy requires a further integral over the starting points of the paths. Second, the
two-body interaction energy is found by subtracting the one-body energies involving
€1 and €9 from the two-body expressions with €, 1. This subtraction renormalizes

the energy by considering the change in energy as the two dielectrics are moved from
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arbitrarily far apart to a finite distance from one another. The fully renormalized

Casimir energy between two planes is

Eop— E© = —

s |, 7o | (g vee)

- (¢<1—> - ﬁ )- <¢<1er,2> - ¢er;<><o>>>>x<t)‘ 440)

Each term is renormalized by subtracting off the constant value of the dielectric
evaluated at the start of the paths. This is chosen to eliminate the 7 = 0 divergence
from each term individually. (In this case it is also possible to renormalize the energy
by instead subtracting off the value of the surrounding medium, which is vacuum in
this case.) Subtracting off the one-body energies then removes the divergences that
occur at the interfaces at xg = d; and xg = do, where at small 7 paths can enter a
region of different dielectric constant, leading to a non-zero integrand.

The Casimir energy can be recast using the inverse moment Laplace-Mellin

theorems as

he 1)/2—a
Ew—EO = — / /
s 2(2m)D/? )/2 — a]

< f i ”E><Xo> fi2)) - <ff“><x@> ©) — (15 x0) — 1))

(4.41)

The values for a = 1/2 and D = 4 will be used at the end of the computation.
The solutions f;™ are the path integral solutions derived in Eqs. (3.25) and (3.31)
for one and two dielectric steps respectively. These are renormalized by subtracting
fi(o), the solution for a constant dielectric filling space. The spatial integral can

be carried out for each of the three regions: Region I where zy < d;, Region II
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where d; < xy < ds, and Region III where dy < xg. Fortunately, the solutions are
simple exponentials in xy, making these integrals straightforward. This calculation
is deferred to Appendix A, since simplifying the expressions is straightforward, but

messy. The integrated, renormalized solution can be written as

| de([ T () — FO) = (£ (o) — O] — [£5™ () — f2<0>])

o0

AﬁTiTE>r(TE)€—2\/2(>\+s)d \/§
2 + ,
(A + 5)(1 — 7{"p{M e =2V 2AF8)d VA+s(1+x1) \/ A+ (14 x2)

(4.42)

where A is the (infinite) transverse area of the dielectric planes, and the reflection

coeflicients for each surface are

T’(TE) \/)\+S—\/>\+S 1—|—X1)

i 4.43
VAFs+ A +s(1+x) (443)

In order to recover a finite quantity it is necessary to calculate the energy per unit
area. The integrals can be transformed into Lifshitz form via similar transformations
to those used previously. The integration variable A is transformed to p := \/\/s + 1,

with the result

Frp — EO _ (p? — 1)(P-D/2-a
S Ay A K e

(TE) (TE) —2v/2spd 2 2
i ¢ <2d+ vz W2 )), (4.44)

(1- TiTE) g e2vaswd) Vs xi) Vs xa

where the reflection coefficients are now given by

(TE):p_ p2+Xi
' P+ VP + X
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Next, the s integral is transformed s to ¢ = +/2s, then the ¢t and p integrals are
swapped, and finally the values of a = 1/2 and D = 4 are used. The result of those

manipulations is

Frp — E<0 5
= dtt d —1)
A 872 / / P

(TE) (TE)

—2tpd
Ty e 2 2
X 2d + + . (4.46)
(1- ETE’ g em2rd) ( P+ xi P+ Xz)

Finally, the integral can be simplified by integrating by parts with respect to p. The

following derivatives will be of use:

driTE) dp— \/m —27’§TE)
p Pp+ VPP VPPt X

(1), (1) o —21pd
(TE) (TE) —Qtpd] (5] e

2 2
1_ iTE) éTE)e—2tpd <2td+ /p2 Ty + /p? + X2> '

(4.48)

d
|
@ og[l —

The TE Casimir energy between two half-spaces is then

B — EO he [ o d 1 -
TEA = — 2/ dtts/ dp(p2—1)—{Zlog(1—r§TE)r§TE>e 2tpd)]

/ dt t? / dpplog(1 — r{™ (™ e=2tpd) (4.49)

since the boundary term from the integration by parts vanishes. This is exactly
the TE component of the Lifshitz energy that was derived by more straightforward
means in Section 1.1.2.1. In this derivation, the gap between the spaces was filled
with vacuum (e3 = 1). The TE Casimir energy per unit area can be written as

A = _720d3'YTE(X1>X2)7 (450)
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where the prefactor is the perfect conductor Casimir energy, and the efficiency 7y is

180 _
Yrs (X1, X2) oy / dt t* / dp log[1 — r{™r§™e=2wd). (4.51)

The efficiency is the ratio of the TE Casimir energy between the dielectrics to the
total Casimir energy between perfectly-conducting plates at the same distance. In
this case, vy increases monotonically between 0 and 1/2 as both y; and x» increase
from 0 to oo. Note that both the TE and TM polarizations contribute equally to the

Casimir energy in the strong-coupling limit.

4.6. Analytical TM Casimir Energy between Two Dielectric Planes

The TM Casimir energy calculation is carried out in a similar manner to the
TE case. Despite the similarities between the two solutions, it is still necessary to
check that this calculation also works, since the differences in the reflection coefficients
may upset the cancellations that occurred. The renormalized two-body TM Casimir

interaction energy is

o0 *T<V(1)+V(2)>
By — E® = - hCD/2 / 547;)/2 dxg << <6 —_ )
2(2m) o T (€r12) €y 12(X0)
(€T<VT(§Z> 1 ) <eT (Vi) ) >>
\/<€r,1> \/Er,l(Xo) \/<€r72> \/Er 2 Xo x(t)

(4.52)

In addition to the two-body dielectric function €, 12, the path integral is augmented
by the TM potentials at both surfaces VT(BI/I) and VT(fA). The TM potentials all vanish in

the renormalization terms, which are evaluated for the case of a constant dielectric.
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After the Laplace-Mellin and inverse moment transforms, the TM Casimir energy is

oy he o semt o A\(D-1)/2-a
Erny — EY = 2(27T)D/2/0 ds F(a)/o d)‘F[(D+1)/2_a]
X/VM[<Swww—f9>—<fw&@—f9>—<fw&@— )]

(4.53)

where the solutions f; are the path integrals in Egs. (3.56) and (3.60). The solutions
must be rescaled using =, — Z;, A = A+ s, and x; — sx;. Evaluating the energy
requires integrating the solutions of xy and combining the results. This algebra is

again deferred to Appendix A. In this case, the integrated solution is

0 0 0
[ o [0 050) = 189) = (™ x0) = 1) = (5™ x0) = 1)
VTA TP =2y 20 Fs)d
VA s(1 — r{T0p{m e=2y/20k0dy

9 ﬁeQEiSXZ,
: (zd_ ; VA ST+ x)[(A+s)et= — X — (1 ““)])’

(4.54)

where the integral over the transverse coordinates introduced the area A, and the

reflection coefficients are given by,

T’ETM) _ 62fi\/>\ + 5 — \/)\+ 8(1 + Xi). (4'55>
e/ A+ s+ A+ s(1+x:)
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The same transformations as in Section 4.2 can be employed to find the TM Casimir

energy. After changing integration variables from A to p := /\/s + 1, the result is

oo D—-2)/2 oo 2 D—-1)/2—a
ETM _ E(U) _ hcA / dS S( )/ / dp (p . 1)( 1)/
(2m) P/ I(a) Ji " TD+1)/2—d]

VST e 2v2spd (Zd i V2= )
X - ’
(1 _ iTM) éTM) _2\de) — \/g /p2+Xz‘[P2 =i — p2 —Xi]

(4.56)

where the reflection coefficients are now given by

2—'7, 2 .
T(-TM) b— p + XZ (457)

Ep P

The s integral can be transformed using t = v/2s, and the values for a = 1/2 and

D = 4 can be used, with the result

hcA
Emi— E© = — 47r2/ dtt3/ dp (p* — 1)

P (TN o —21pd

2”1y
2d — .
(1 (TM) (TM) —2tpd) |: ; t p2 + X’L [pZ €4Ei _ p? _ XZ]

(4.58)

X

Once again, an integration by parts with respect to p will put the energy in standard

form. The following derivatives will be required:

d (TM) (TM) —2ptd dl (TM)
— log[1 — r{™Wp§Te2ptd] — & c 2td — Z —ogr (4.59)

dp 1- iTM) ry e—2ptd —~ dp
d 2y e
— log[r{™] = = . (4.60)
dp VP + xile*=ip? — (p? + xi)]
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After integrating by parts, the TM Casimir energy is

hcA
B — EO = 4(;2/ dttz/ dp log[1 — {0yt e=2tpd], (4.61)

The TM Casimir energy per unit area can be written as

Fry — E© w2he

Y = — oo T x2), (4.62)

where the prefactor is the perfect-conductor Casimir energy, and the efficiency vy is

180d3
e (X1, X2) / dttz/ dp log[1 — {0yt e=2tpd], (4.63)

This result has the same form as the corresponding TE result (4.51), but with the
TE reflection coefficients replaced by their TM counterparts. At the end of the
computation the relation e?® = (1 + ;) can be used in the reflection coefficients.
Similarly to the TE case, vy increases monotonically between 0 and 1/2 as both x;
and o increase from 0 to co. Despite the TE and TM polarizations having equal

contributions to the Casimir energy in the strong-coupling limit, the TM is typically

the larger of the two.

4.7. Nonzero Temperature and Dispersion

The preceding results were all derived for dispersion free media at zero
temperature. These calculations can be extended to nonzero temperature and to
account for dispersion, which is needed to describe the near-field and high temperature
limiting cases. For systems in thermal equilibrium at nonzero temperature, the free

energy JF is used instead of the mean energy E. The free energy for the TE and TM
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polarizations (for non-magnetic media) is

0o !
& dT —s2 {er(x,is c
P =ity [ s [ o (e e
n=0 0 *
> o AT
Fw g d << 52 (ex (xisn)) T/ (26) —T<VTM<x,wn>>>> ,
’ 2/0 T(27TT)(D‘W2/ AN ) 0
(4.65)

where we have suppressed renormalization terms. The Casimir—Polder energies can
be derived by the same reasoning used in Section 4.1, extending the energies (4.14)

and (4.15) to nonzero temperature. In this case, the results are

oo / . o
— a(isy) aT
1752 _kBTE o /0 T2 dx

n=0

2
% <<%e—s%<er(x,zsn)>7'/(2c2)>> (4.66)
x(t)x(0)=ra

/
= alis,) [ dT
VégE):kBTZ - /o (27rT)(D—1)/2/dXO
n=0

2 1 ) .
y << (;_52 _ Z;VQ) e—sa<er(x,zsn)>7/(2c2)e—T<vTM(x,zsn)>>> . (4.67)
x(t),x(0)=rx

There are some noteworthy features of the finite-temperature worldline expression.

First, all material functions are already in the exponent, so there is no need for the
inverse moment theorem when using results from Chapter I1I to analytically evaluate
the finite-temperature Casimir energy. In fact, at zero temperature the Matsubara
sum is replaced by an integral, which corresponds to the Gamma function used in the
inverse moment theorem.

Second, for the TE polarization the dielectric path average is proportional to
s2. In contrast, the TM polarization also has the TM potential. The TM potential

might depend on the frequency via €.(x,is,), but it is not multiplied by s,. This
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has important ramifications for the near-field and high temperature limits. In those
limits, the Casimir effect is dominated by the TM polarization.

The high temperature limit touches on one of the arguments in the literature.
There has been a dispute in the literature over the correct model for the frequency
dependence of a realistic metal, and the correct contribution from the TE mode at
zero frequency [a summary is given by Bordag et al. (2009, Chapter 14)]. This is
particularly relevant for describing metals with effective dielectric functions. The
Drude and plasma models of the dielectric function of a metal are given respectively
by

w? w?
P (is) =14 ——L—  ePm(ig) = 14 L, (4.68)
s(s+1iv) 2

where w),, is the plasma frequency and + is the dissipation rate of the metal. The Drude

1 2

model diverges as s~ at zero frequency, whereas the plasma model diverges as s™°.
The faster divergence of the plasma model would lead to a nonzero contribution from
the TE polarization at zero frequency or high temperature. Early experiments were
unable to distinguish between the two models, although recent measurements have
claimed to eliminate the plasma model from consideration (Sushkov et al., 2011b).
We will assume that lim,_,q SQGr(iS) = ( in the remainder of this section.

At high temperature, 5 — 0, so the spacing between the Matsubara frequencies
sp = 2mn/(hpB) diverges. As a result, only the first term significantly contributes. In
fact, the first mode is exponentially suppressed relative to the zero frequency mode.

Since the TE energy contribution vanishes at zero frequency, the leading order term

comes from the TM energy, with the result that

kgT [ d7
; e _ p(0)y — B _ o~ T{(Vrm(x,0))
11311%( ) + /0 T (2rT)P-1/2 /dxo (1-e ) (469)
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Similar considerations apply to both the Casimir and Casimir—Polder energy. The
TM polarization is similarly dominant at small distances at zero temperature. As
noted at the end of Section 2.7, the zero-temperature, far-field limit can be recovered
by replacing the Matsubara sum with a frequency integral. In a similar fashion,
Egs. (4.14) and (4.15) can be recovered from Eqs. (4.66) and (4.66).

In general, the dominant frequencies can be estimated from the worldline
expression for the Casimir energy. Since the worldline path integral is an ensemble
average is over Gaussian random walks, the relevant range of 7 can estimated from
the distances of the problem. The paths will typically intersect all the surfaces when
T ~ d?, where d is the distance from the source point zy to the farthest surface.
Secondly, the frequency sum is dominated by the exponential factors with the form
e~5:T/2 which contribute most when 7's2/c? ~ 1. This suggests that frequencies
sp ~ ¢/d will contribute most to the Casimir energy in general. However, this estimate
may be superseded by the frequency responses of the atom or medium, as indicated by

the polarizability «(is,) and the susceptibility x(is,), which will dominate in certain

limits.

4.7.1. Thermal TE Casimir—Polder Energy

We will limit our discussion for checking the high temperature and near-field
limits to the Casimir—Polder case of an atom near a dielectric plane. The preceding
calculations are straightforwardly extended to dispersion and finite temperature. The
analytical solutions for the TE and TM path integrals for a single dielectric plane in
Egs. (3.25) and (3.56) can be substituted into the appropriate path integrals. After

using the Laplace-Mellin theorem (4.18), the renormalized TE worldline path integral
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i : v —vT (& (isn
/0 AT Gy (€7 =Tt

_i/oocv\e_?\/?()‘—”)d VA [l + x(isn)] — VA +o
21 Jo V20 0) VAol + x(is)] VA F o

(4.70)

There are no extra A terms from the LaplaceMellin theorem since A(P—3)/2-1/2 =1
when D = 4. This result can be used in the TE Casimir free energy if v is transformed
according to v — s2/(2¢?). After changing integration variable to p = /1 + 2c2)\/s2,

the free energy is

o0 2 .
n _ + n)
Ve ——kBT§ et 40‘ ”3 / dp e~ 2snrid/e T XUs) =Py 7
TEpe®  Jy VP2 + x(isy) +p

This is the general result accounting for finite temperature and dispersion for the TE
polarization for an atom near a planar dielectric.

We will now show that the TE contribution is negligible in the near-field regime
at zero temperature. In the near field regime, the separation between the atom and
the wall is much smaller than the atom’s dominant wavelength, d < 2mwc/wjo. In the

zero temperature limit, the free energy (4.71) becomes

h >0 N p? + x(iw) —p
VR — vy = ——/ dw wia(iw / dp e~ 2epldl/e - (472
8m2epc? Jo (i) 1 P Vp? + x(iw) +p ( )

The presence of the atom’s polarizability «(iw) means that frequencies around the
atom’s dominant transition frequency wjp will dominate the frequency integral. In

that case, since p ~ ¢/(dwjo), the dominant values of p are much greater than one.
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The reflection coefficient can be approximated in this limit,

P>+ x(iw) —p _ x(iw)

VP Ex(w) +p W

(4.73)

The p integral can be approximately evaluated as

| 1
dp — e 2epldl/e = (4.74)
/1 4p?

=~

Substituting this into the energy (4.72), the result is

h o
VIR — Vo= — —/ dw wia(iw)x (iw) (4.75)
0

32m2eqc?

h © W .
- —m/o dw = a(iw)x(iw) = 0. (4.76)

This is suppressed by O[(wd/c)?] relative to the TM contributions and can be ignored.

4.7.2. Thermal TM Casimir-Polder Energy

The TM contribution to the Casimir-Polder free energy for an atom near a
dielectric plane proceeds in the same manner as in the TE case. This time, the
nonzero contribution comes from the presence of the TM potential, which is reflected
in the presence of = in the TM reflection coefficients. The relevant analytical
expression (3.56) for the path integral can be substituted in, and the Laplace-Mellin

transform can be used to write

2 o0 2 28
VC(EM> V _ kBTZ Sna ZSn <_ . —32) / dp 672p3nd/c P+ X — pe .
1

dmegc VP? 4 X+ pe?=

(4.77)
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In this geometry the derivatives with respect to the atom’s starting position can
be evaluated as derivatives with respect to the surface’s distance. After taking the

derivatives with respect to distance, the free energy is

2= (isn)

2 ; _
VG = Vo = - k;BTZ 2 40‘ 5u0lisn) / dp (1 — 2p?) e2reetle VT x(isn) permte)
TEpC p? + X(an) + pe =(isn)

(4.78)

This expression can then be evaluated approximately in the near-field and high-

temperature limits.

4.7.2.1. The Zero Temperature, Near-Field Limit

Let us consider the zero-temperature, near-field limit, in which case the TM

Casimir-Polder energy is

A 0 . 00 - P2+ x — pe=
VM = d 3 / d 1—9 2 2pwd/c )
N Bkl /0 wtali) | dp (=2 VD + X+ peE
(4.79)

Once again, the atom’s polarizability dominates the frequency integral, so the
dominant frequencies occur for w < wjo. In the near-field limit, the distances are
much smaller than these wavelengths, so wd/c < 1. Since the p integral is dominated
by the exponential, the relevant p are large. In this limit, the reflection coefficient
becomes

2 _ 2= : -1
p + X pe ~ _‘Sr(lw) (480)

VP X + peE & (iw) + 17
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where we used = = log /¢,. After substituting this in, and evaluating the p integral,

the energy becomes

h e L E&(iw)—1 [ _

VW — Vo —— [ dwu?® : / dp (1 —2p*)e?e  (4.81
87r2eoc3/0 we a(zw)er(iw) +1/; P P)e (481)

h > Celiw) =1 [ Sem2d/e(1 + wd/c)?
=—— [ dwd? 4.82
8f%w$£ wwa@“%xm&+1< 2433 (482)

h > & (iw) — 1

N d R — 4.83
16m2¢od? / wa(iw) &(iw) + 17 (4.83)

which is the well known result for the van der Waals energy for an atom near a

dielectric wall [ see Eq. (14.199) of Steck (2015) .

4.7.2.2. The High Temperature, Far Field Limit

In the high-temperature limit, only the zero-frequency term contributes, so the

TM Casimir—Polder energy is

1 a(0) [ 1 _
(TN _ Y g T - 2= T(Vrm) . 4.84
Vor Yo QkB €0 /0 T (20T )3/2 << %e >>x(t) 484

In this case the solution can be directly integrated, without the need for Laplace
transforms. After substituting in the analytical solution (3.52), and differentiating,

the TM Casimir—Polder energy becomes

]i]BTOéO Er(

1 2
VMW =V = — ) / AT 0 ————e /7T 4.85
r 0 16mey €:(0) + T d\/%T?)/ze (4.85)
k‘BTOéO €r(0)
= — 4.86
167ed? €.(0) + (4.86)

This is the expected high temperature result for an atom and a dielectric wall [see

Eq. (14.324) of Steck (2015) |. Although we have not examined the equivalent Casimir
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expressions, they could be readily evaluated. As noted in Eq. (4.69), it is expected
that the dominant contribution comes from the TM polarization, due to the TM
potential. Since the TM potential also provides the majority of the Casimir energy
in these limiting cases and the majority of the Casimir—Polder energy, it is essential
to correctly account for it in a numerical method. Having shown that the worldline
expressions reproduce previously known analytical results, we now turn to developing

numerical methods for the worldline path integrals.
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CHAPTER V

ELECTROMAGNETIC WORLDLINES: NUMERICAL METHODS AND
RESULTS

The goal of this project is to build a general numerical method for computing
Casimir energies. As a first step, it is necessary to test the proposed methods in
well understood cases, such as planar media. We have developed numerical methods
that should allow efficient computations in the general case, despite emphasizing
planar media in these calculations. In a general geometry, these methods could still
be applied to describe scalar fields coupled to a dielectric, and could be used in an
uncontrolled approximation to the full EM field.

Even in a planar geometry a number of tools are required to make the
electromagnetic worldline methods tractable. The TM polarization is particularly
challenging, and has prompted most of these developments. The same developments
have been used to enhance the TE polarization methods, and could be applied to
improve existing Dirichlet worldline methods.

The basic approach of the worldline method relies on Monte Carlo calculation
of the worldline path integral. The numerical methods for the TE polarization

4

are presented in Section 5.1. Section 5.1.1.1 discusses the “v-loop” method for
constructing paths, and Sections 5.1.2.1 and 5.1.2.2 introduce the methods for Monte
Carlo sampling for the path time 7T, and the path starting points xq, respectively.
Then Section 5.1.2.3 discusses some approaches to computing the path-averaged
dielectric constant (e,), which is needed in the TE worldline integrand. Section 5.1.3

then presents the numerical results for the TE path integral, and briefly studies the

systematic error in the method.
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The numerics for the TM polarization are more complicated than in the TE case,
since there is an additional potential Vi, given by Eq. (3.32). Section 5.2 presents
our strategy for computing the accumulated potential exp{— fOT dt Vo [x(t)]} along
the entire path. The total contribution from the TM potential by using Eq. (3.52)
to calculate the potential for a single step from zp to xp.1, and multiplying all of
those contributions along the entire path. Unfortunately, as shown in Section 5.2.1,
the simplest numerical estimates of the TM Casimir energy have a large variance
which grows as the path resolution N is increased. The growth of the variance is
reduced by introducing two different methods for constructing the paths. The first
is the “TM-Gaussian” approach is covered in Section 5.2.1.1 which includes the TM
potential in constructing the path increments. However, while this method has better
convergence, it still shows the problem of growing statistical errors. Section 5.2.1.2
develops the “birth-death” method, where paths branch, or are truncated based on
the accumulated potential along the path thus far. This effectively changes the path
creation to sample more from important regions of the integral. The birth-death
method reduces the statistical errors to manageable levels for both Gaussian and TM-
Gaussian methods for constructing the paths. In addition, the TM Casimir—Polder
energy involves spatial derivatives of the worldline path integral. Section 5.2.3.3,
introduces a “partial averaging” method for evaluating the derivatives that bypasses
some of the errors in even simpler approaches. Altogether, these methods reproduce
the TM Casimir—Polder energy, and partially reproduce the TM Casimir energy, as
shown by the numerical results presented in Section 5.2.4.

The numerical tests rely on comparing the numerically computed efficiency to the
known analytical value. The worldline method tends to straightforwardly reproduce

the expected distance dependence due to the integration over 7T, as was briefly
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discussed in Section 1.5.2. That is still true within the context of electromagnetic
worldlines. All of the calculations are carried out for non-dispersive media at zero
temperature. In Section 5.3, we will suggest how to generalize the calculations to
include dispersion and nonzero temperature.

[The numerical results on the TE Casimir energies were published as Mackrory
et al. (2016). A manuscript discussing the derivative estimation methods presented
here and in the next chapter is in preparation, and the TM results and methods will

also be published.|

5.1. TE Casimir Numerics

In this section we will discuss numerically calculating the TE Casimir and
Casimir—Polder energies from the worldline expressions in Eqs. (4.40) and (4.14).
We will first discuss generating the paths, sampling starting positions xq, and path

times 7, and evaluating the dielectric path average (e,).

5.1.1. Path Generation

The principal element of the worldline method is evaluating a potential along an
ensemble of Gaussian paths. This allows the N-dimensional integral over positions
to be efficiently evaluated in a Monte Carlo fashion by generating an ensemble of
Brownian bridges. It is of primary importance to be able to efficiently generate these

Gaussian sample paths.

5.1.1.1. Open Brownian Bridges: v-loop Construction

Since the numerical methods will require open and closed Brownian bridges of

fixed length N, we will derive the “v-loop” algorithm for generating open paths (Gies
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et al., 2003). For open paths the starting and end points xy and z differ, while for
closed paths zn = xy. The Gaussian density of IV steps in one dimension, where the

end points zy and xy are fixed is:

=

Pz, ..., xn_1) = (20AT) V2 exp [—

J

(j41 — 25)°
W] . (5.1)

I
o

It is convenient to define shifted, normalized variables y, = (xx — x0)/VAT. The

exponent for the product of coupled Gaussians then involves the sum

2 2 . 2 A — 2
%+ (2 2y1) by e 2yN2) L By 2le) | (5.2)

where Ay := (xy — z9)/VAT. The exponent (5.2) can be decoupled by completing
the square repeatedly, starting at yy_;. The two terms of the sum involving yy_1

can be rewritten as

(yN—l - A?J)z (yN—l - yN—2)2

+
20%_, 2
2
_ o1+ 1 y _ oX_1Yn—2 + Ay (yv—2 — Ay)? (5.3)
2‘712\/—1 M ‘712\/—1 +1 2(012\1—1 +1) 7 .

where 0%, := 1, 0% _, := onx_1+1. After each completion of the square, the variance
changes according to 0%, _ ;i o3 j—1T1=j+1. With each completion of the square,
the algebra takes on the same form as Eq. (5.3), with the label indices decreased by

one. Once the process has been repeated N — 1 times the exponent becomes

AI'Q N-1 ZJQ
— — A4
I +; > (5.4)
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where
1 Az 2
zj = - (yj — CjYj—1 — N—) ’ (5'5>

and
N—j
= —"—.
N—-j5+1

The probability distribution (5.1) is then

1 N-1 —zk/2

P(Zl,.. ZIN— 1) —(wo— IN H

Noren (5.7)

which accounts for the Jacobian determinant H]\/@ = N~Y2 from changing
variables. The z; are independent, standard normal variables. Once the z; have

been sampled, Eq. (5.5) can be inverted to find the coordinates:

— X9
T = To+ NN Er1 + cpxp_1 + VAT 2. (58)

This recursion formula shows how to construct a discrete representation for a
Brownian bridge from xy — 2y in time 7. An integral involving the probability

density (5.1), and another function of the path ®, could be rewritten as

67(:170756]\7)2/27—

I= / ]1:[1 dz;P(xy, ..., xn 1)®(21,. .., 2N8) = T (Do) - (5.9)

where the ensemble average is taken over open Brownian bridges between xq and x .
The limit of closed paths can be taken by setting xy —xg = 0. The v-loop construction
is also straightforwardly generalized to multi-dimensional Brownian bridges. This
recursion procedure (5.8) also allows the generation of a unit loop for 7 = 1, which

can then be integrated over multiple starting points xy and total path times 7. A
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closed unit Brownian bridge can be constructed via

BkzckBk_lﬂ/CN’“zk, k=1,...,N—1, (5.10)

where By = 0. A shifted, scaled Brownian bridge can then be constructed as
T = g + ﬁBk, (5.11)

where z¢ is the shifted starting position of the path, and 7 is the path time.

The v-loop constructed here has an advantage over other methods of generating
Brownian bridges, since it only needs to keep track of the current position x; and
index k to develop a Brownian bridge. Other methods such as pro-rated Brownian
motion (1.63) or “d-loops” [which starts with a coarse path, and then refines the path
by doubling the number of points (Gies et al., 2005)] require knowledge of the whole
Brownian motion.

The original v-loop algorithm used centered paths, where the average position
(x) is subtracted from the path (Gies et al., 2003). This requires first constructing the
Brownian bridge, and then subtracting off the mean position. This is inconvenient
if the path is being generated on the fly without storage, or if there are stochastic
elements to path construction. In Casimir—Polder applications [or when computing
the stress-energy tensor Schéfer et al. (2016)], it is preferable to consider paths
emanating from a single point xy. The starting point corresponds to the atom’s

location, or the point where the stress-energy tensor is being computed.
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5.1.2. Monte Carlo Sampling

To evaluate the Casimir energy it is necessary to take an ensemble average over
many path realizations, at all starting positions xy and path times 7. The original
computations by Gies et al. (2003) emphasized computing the 7 and x, integrals for
each path. For Dirichlet worldlines, the path integrand is either zero or one based on
whether the path intersects all of the bodies. This makes evaluating these integrals a
tractable problem, since it only requires finding the set of times {7;} when paths enter
the body, and evaluating [ d7 7~-1+P/2 during those times the integral is nonzero.
For example, in their paper computing forces in a sphere-plane geometry, Weber and
Gies (2010b) found analytical expressions in terms of xg and 7 for when each random
path will intersect both bodies. The remaining integrals over xq and 7 were then
evaluated on a path-wise basis.

However, for the dielectric integrands of the TE and TM path integrals, the
integrand varies based on the number of points that are inside the surface. For a
path of length N, this direct method would becomes impractical for large N, as a
large computational effort must be expended on even a single path.

Since the N-fold integral over positions is being handled in a Monte Carlo fashion,
it makes sense to treat the remaining integrals over the starting position x; and path
times 7 in the same manner. Each path can be evaluated for a single pair of xq, 7
picked from suitable distributions. This is a form of importance sampling, which
is a powerful tool for accelerating Monte Carlo numerical computations (Asmussen
and Glynn, 2007; Glasserman, 2004). This style of importance sampling goes beyond
just using the Gaussian probability density to evaluate the spatial integrals over the
intermediate positions x;. In this case, the importance sampling relies on estimating
which positions and times are likely to contribute the most to the integral. This
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Monte Carlo sampling of xq and T extends the number of independent paths that
can be averaged in a given time, since effort is not wasted on multiple computations

on a single path.

5.1.2.1. Sampling Path-Times from a Power Law

The simplest method of sampling path times is to exploit the 7~(+P/2) factor in
the integral. For a particular path, the renormalized TE integrand is only non-zero
after the path touches all of the bodies, which occurs at some path time 7;.! For
T > Ty, the extent of the path grows as /T, so the magnitude of the integrand

1+D/2) factor

((e;)* — 1) increases as more points enter the bodies. However, the 7
reduces the contributions from large 7. These facts suggest sampling 7 from a

probability distribution

m—1)T" !

PO Toom) = =T e(T - 75), (.12
where m > 1 and 7y > 0. Sampling from this distribution requires being able to
estimate the value of 7y for each path. The path time 7 is the minimum value of
T such that the path will touch the relevant bodies, as required to contribute to the
renormalized energy. In computing Casimir interaction energies, the path must touch

all of the bodies, while in Casimir-Polder calculations, the path must touch any of

the bodies (other than the atom) to contribute. For the example of paths starting

!For a Brownian motion x(t), the term “first-touching time” is reserved for the first time ¢y along
a path that a Brownian bridge intersects a surface: x(to) = d. This is distinct from the first path
time 7 when the scaled path intersects a surface.
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between parallel planes,

e[ (555

where d; < zy < dy, and Bi are the maximum and minimum points of the unit

Brownian path.

Samples from the distribution (5.12) can be generated by inverting the
cumulative probability distribution. [Inversion is a general purpose method of
generating random deviates from a given distribution (Press et al., 1990, Section 7.2).]

In this case, the inversion requires solving

-
u=(m-1DT"" | dtt™, (5.14)
To

where u € [0, 1) is a uniform random number and 7 is the desired deviate. Eq. (5.14)

can be easily solved, with the result that

T
T = T u)g/(mfl) . (5.15)

The lower-bound 7Ty can be easily found in simple geometries on a path-wise basis.
Random deviates 7 can then be generated for each path, and each path is then

guaranteed to contribute.

5.1.2.2. Sampling Starting Positions

The integral over the starting point zy can also be evaluated in Monte Carlo
fashion by exploiting some knowledge about the form of the integrand. For points far

from all bodies, which are clustered around the origin, the expected minimum path
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time when the integrand is nonzero is Ty ~ x3. In that case, and approximating the
integrand ((e;)~* — 1) by its strong-coupling limit, the path time integral is bounded

by
< qT 1

To
This suggests that the contribution from points far from the bodies scales as x b,
Between the bodies, the contribution from each starting position is roughly equal,
since each path must have sufficient extent to touch all bodies. This occurs for times
T ~ d2, where dj is the separation between bodies. In a one-dimensional geometry,

embedded in a four-dimensional space-time, these considerations suggest sampling

from

3 1 |I| < dy
P.(x;dp) := 4 (5.17)

- 8dy > d
o 17

This reasoning can be easily extended to higher-dimensional problems, where a sphere
of radius dy should bound all of the interfaces between the bodies. Outside of that
sphere, the sampling would again fall off as |xo| ~”. While it may be possible to develop
sampling procedures better suited to a particular geometry, this method provides a

general purpose way of sampling z.

5.1.2.3. Evaluating the Dielectric Path Average

Once a path is constructed, the rest of the path integrand can be computed along

that path. For example, the path average of the dielectric can be evaluated as

() = %Zer(xk). (5.18)



This corresponds to the trapezoidal rule for evaluating the path average,

(e) = - dt' e[ (t)] ~ ] — & (7y) +26r(:l:k+1) _ %;Er(%), (5.19)

where the trapezoidal rule f: dr f(z) = (b — a)[f(a) + f(b)]/2 was used for each
time integral. As discussed in Mackrory et al. (2016, Section 5.C.3), the trapezoidal
rule outperforms some “improved” methods. One alternative is to approximate the

contribution from each path increment for a dielectric step as

1 [REDAT 1 Tpt1
— dtO|z(t) — d %—/ dz Oz — d|. 5.20
P el - x g [Mao—a sa)

Then in cases where the path straddles a surface with points z;, < d and x1 > d,
the contribution from that step would be (xyi1 — d)/(zrs1 — xx). This reduces
the contribution from path increments where one point just enters the surface.
Unfortunately, this does not correct an opposing error from paths that come close to
the surface but do not enter the surface, where xy, 51 < d but |d — x| < VAT,
There is some finite probability that a sub-path between x; and xj,; would have
entered the body, and given a greater contribution to the integrand. Since the
reduction of the contribution to the path average is not offset, this method fares

worse than the straightforward trapezoidal method.

5.1.3. Results: TE Casimir and Casimir—Polder Energies for Planar

Geometries

Figure 5.1 shows the numerical results for evaluating the TE Casimir—Polder path

integral (4.14) at over a wide range of y. The atom is located at the origin in the
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vacuum, with a dielectric half-space a distance d away with a constant susceptibility

X. The TE Casimir—Polder energy is calculated numerically by evaluating

B _ heag 1 1 B
VET V= << 272 (<er<x>>1/2 1) >>T (5:21)

where ((- - -)), 7 denotes an ensemble average over path times 7', and one-dimensional

discrete Brownian bridges. The Brownian bridges are constructed using the v-loop
algorithm (5.10). The minimum path time 7j is determined on a path-wise basis
by the condition v/7omax(By) = d. The path time is sampled for each path from
Eq. (5.12), with m = 14+ D/2 = 3. The unit path is then scaled, z;, = v/T By, and
the trapezoidal method is used to evaluate (e.) around each path. The sojourn time
(O(z — d)) can be estimated once per path, and then the integrand can be computed
using (€;) = 1+ x(©(x — d)). The same path and sojourn times can be reused
to compute the contribution for multiple values of y at once. The results are then
accumulated over many paths and path times. The numerically calculated efficiency
n(x) is found by dividing the numerical results by the perfect-conductor result (1.1),
which cancels out the leading constants and the d=* distance dependence.

Figure 5.2 shows the numerically computed Casimir energy between two planar
dielectric interfaces a distance d apart, separated by vacuum, with dielectric function

&(x) =14+xO(—x+d/2)+ xO(x —d/2). This is computed numerically by evaluating

heay << 1 ( 1
ET® — By =— L+ ——73
0 872 \\ 272 Py (o) (er12())1/2

- (er,l(:lv)>1/2 - <er,2(i)>1/2)>>mk¢,xo’
(5.22)
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FIGURE 5.1. Planar Casimir—Polder TE energy normalized to atom-conductor
Casimir—Polder energy, plotted as a function of susceptibility y. The calculations
used 10® paths, with 10* points per path. The results for each y were computed using
the same ensemble of paths. The solid black line is the analytical result (4.30), and
the points are the numerical values computed using Eq. (5.21). (The inset shows
same data on a linear vertical scale.)
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FIGURE 5.2. Numerically calculated TE Casimir energy for two planes, normalized
to Casimir energy between perfect-conducting plates, plotted as function of x. The
black line shows the integral solution (4.51), and the points show the numerical
estimates computed using Eq. (5.22). The calculations used 10® paths, with 104
points per path. All values of y were computed using the same ensemble of paths.
(Inset shows same data on a linear vertical scale.)
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where the ensemble average now also includes the sampled starting positions xy. The
starting positions are sampled from Eq. (5.17), with dy = d, which is twice the size of
the region between the interfaces. The results are robust as this threshold is varied. In
this case, it is necessary to compute both (O(z —ds)) and (©(d; —x)). One upshot of
Monte Carlo sampling of xy and 7 is that this is much faster than directly evaluating
the position and path time integrals on a path-wise basis. In fact, evaluating the
Casimir energy takes roughly the same amount of time as the Casimir—Polder energy.

However, it does give a larger sample variance.

5.1.3.1. Error Scaling with Path Length N

Some interesting scaling behavior was found by examining the relative error of
the numerical estimates. In this case the systematic error is due to the discretization
of the path. The path integral was derived under the assumption that N — oo, while
the numerical calculations use a discrete path with a finite N. There is an additional
statistical error associated with the finite number of paths. However, for Npa, paths,
this error scales as N;;i{?’ as is typical for Monte Carlo sampling error. This is what
determines the noise floor in Figures 5.3 and 5.4.

As the path length N increases for fixed yx, the systematic error shows two
different scaling behaviors. In the weak-coupling limit x/N < 1, the error scales as
N—3/2 while in the strong-coupling limit y/N >> 1, the error scales N~'/2. These
behaviors are analyzed in Mackrory et al. (2016), but the basic reasoning will be
summarized here. The numerical computations use discrete paths, while the path

integral is only exact in the limit that /N is arbitrarily large. The continuous paths

considered by the path integral have arbitrarily fine structure, and always have a
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FIGURE 5.3. Convergence of planar TE Casimir-Polder energy as a function of
N. Results plot the absolute relative error between the numerical estimates from
Eq. (5.21) and the analytical result (4.30). Different values of x use the same ensemble
of paths. Calculations used 10® paths.
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FIGURE 5.4. Convergence of planar TE Casimir energy as function of N. Results
plot the absolute relative error between the numerical estimates from Eq. (5.22) and
the analytical result (4.51). Different values of x use the same ensemble of paths.
Calculations used 108 paths.
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non-zero probability to touch the dielectric body. The discrete paths used in the
numerical method miss those contributions, leading to a systematic error.

In the weak-coupling limit x/N < 1, the numerical estimate is dominated by
accurately estimating the sojourn time (©) for a given path. Further increasing N
increases the accuracy of this estimate and the renormalized integrand. The N ~3/2
scaling can be deduced by integrating the probability for a nonzero sojourn time from
each increment.

In the strong-coupling limit x/N > 1, as soon as a path touches the surface
the integrand immediately saturates to its extreme value of negative one. Thus the
dominant error comes from underestimating the path time that this occurs. The error
is estimated by integrating the probability that a continuous path touched the surface

1/2 gcaling.

prior to the estimated first contact time. This leads to a N~
For a fixed y, the transition between both behaviors is observed at N ~ y. In
the strict y — oo Dirichlet limit, the numerical results and scaling arguments indicate

1/2

that there will always be a N~/“ systematic error scaling.

5.2. TM Casimir Numerics

Numerically calculating Casimir energies due to the TM polarization is much
harder than the TE case. This is due to the singular nature of the TM potential.
Even after regularization, and analytical path averaging, is still challenging to handle
numerically. We will develop a number of techniques to temper these difficulties. As
a side effect, they should have applications for more general Casimir worldlines.

The most daunting feature of the TM Casimir worldline (4.52) is the singular
TM potential (3.32). A closed-form solution for the TM potential Vi at a single

planar boundary was found in Chapter III. The ensemble-averaged solution for all
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Brownian paths between points x; and xp,1 in time AT is

Vi1 = <<e_ IOAT dt’ Vpum (z—d) >> (523)

Th— T
1 + sgn(d—xy) tanh = e~ 2@=20)(d=2e0)/AT(d — ) (d— 21y 1) > 0
= (5.24)
sech = (d—xp)(d—x41) <O.
This ensemble-averaged solution was plotted in Figure 3.1, for x; and x;,; on either
side of the interface at various values of =. The solution varies between zero and one
for paths that start inside a dielectric body, or path that cross a vacuum-dielectric
interface. For paths starting in vacuum outside a dielectric body, the solution varies
between one and two. The extreme values of zero and two only appear in the strong-
coupling limit close to the surface.

This solution can be used in the path integral by identifying averages of sub-paths
between discrete points with the analytical solutions. The path averaged exponential
potential can be refined into arbitrarily many steps between x;, and x5, at times Ty
and Try1. Each exponential potential can be averaged over all possible continuous

sub-paths between x; and xj.1, with the result,

<<$>> %<< ﬁ ]ﬁ[l << exp (— /T " Vm[x(t)]) >>H+>> (5.25)

(i )

where {---) denotes an average over continuous sub-paths between xy and .
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5.2.1. Scaling of the Averaged TM Potential with Path Length N

The numerical properties of the solution can be examined by considering a

simplified path integral that only includes a single TM potential a distance d away,

1:<<€—detVTM[z<t>1>> . << << —Jo T dtVamla( >> >> (5.27)
x T—ort1

Xk

= << 1__[ Uk k+1 >> : (5.28)

The left-hand ensemble average is over continuous Brownian bridges, whereas the
right-hand ensemble averages run over discrete Brownian bridges (and the solutions
have been analytically averaged over continuous sub-paths between points on the
discrete path, as indicated by {---)). In this case, the exact value of the integral is
just the TM potential solution Eq. (5.24), for zx, g1 — xo. The right hand side can
be computed numerically to examine its scaling with V.

Figure 5.5 shows a histogram of numerically estimated values for closed Brownian
paths interacting with the TM potential. Each Brownian path is generated via the
v-loop algorithm (5.10), and scaled by /7. The total contribution from each path
is the product of the TM solutions (5.24) for every step along the path. The direct
estimate of the TM potential shows a wide spread of values over different paths. Most
paths return values close to zero, while a few rare paths return very large values. This
suggests that the plain Gaussian paths are poorly suited to this problem, and that
the path generation scheme should be modified. Given a large enough ensemble, this
method eventually converges to the right answer, but it displays unacceptably large

statistical errors.
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FIGURE 5.5. Histogram of accumulated numerical TM estimates, for Gaussian paths
(blue) and birth-death Gaussian paths (red). Calculations used 10° paths, with N =
200 points per path, y = 100, d = 1, and 7 = 1. The correct value for the integral
at these parameters is (I = 1.595). The Gaussian estimate is (1.40 & 0.14). The
birth-death estimate is (1.602 £ 0.006). (The birth-death method is discussed in
Section 5.2.1.2.) The Gaussian distribution extends off to zero, while the birth-death
distribution has truncated peak at zero.
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FIGURE 5.6. Combined TM-Gaussian probability distribution plotted for various
X- Corresponds to a single term in the product in Eq. (5.29). Increment starting
position is x = —1, and 7 = 1. The boundary is at the origin.

5.2.1.1. TM-Gaussian Paths

One possible solution to the fluctuations is to sample from a combination of a
Gaussian and the path-averaged exponential (5.24) for the path increment. We will
refer to these paths as “T'M-Gaussian” paths. Since the path-averaged exponential
is taken into account in the sampling, more representative values should be chosen,
which should reduce the number of extreme values of the estimates. In this case, the

total probability distribution for the paths is

N=L o~ (wps1—ak)2/(2AT)
P(xy,...,oy-1) = H ¢ <<e_foATdtVTM>> o (5.29)
Tp—Th41

o V2rANT

In the same manner as the v-loops, the Gaussian probability distribution can be
decoupled into a set of independent Gaussians. As seen from Eq. (5.8), the argument

of each of those Gaussians involves z, = (xy — cxxx_1)/vVcxAT, where ¢ is defined
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in Eq. (5.6). After implementing the v-loop change of variables, the probability

distribution (5.29) can be written as
N-1
P(z1,...,o8-1) = UN.N-1 H Nip1 PEY (), (5.30)
k=0

where the new probability distribution for zj,; is

. ef(szrlfckwk)Z/(QckAT)

P (2 = v T, T , 5.31
k+1 ( k+1> k+1 \/W k,k+1( k k+1> ( )
with normalization constant
e~ (W—crwi)?/(2ekAT)

The crucial point is that the P;}}” can act as the probability distribution for .,
accounting only for the present position x;. Although the next position xy,q is still
coupled to future positions via vg4i+2, the sampling procedure ignores that and
samples w41 based solely on P}}’. The probability distribution can be put into
a convenient numerical form by completing the square to account for vy si1. The
resulting piecewise Gaussian probability distributions can be split into “no-crossing”

and “crossing” terms, where

Plfz?f) (Tht1) = Nk:rll [Plil%l\fli—f—l(xk-i-l) + Pgﬁl(xkﬂ)] (5.33)
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and

(TM) e~ (@rt1—crar)?/(2c AT)
Pycprr (@) = O(d — ) (d — g4 ( V2me, AT

sgn(d — ;) tanh 562(1ck)d(dxk)/AT€[xk+1ck(dek)]Q/(chAT))

vV QWCkAT

(5.34)

h=
P (eg) = ©[—=(d — ) (d — xk+1)]Le*u’““*c’““)y(%wﬂ- (5.35)

vV 27TCkA7-

The normalization constant can be evaluated in two parts, Nj,1 = ./\/',SH + N,i\fl,

where the parts are:

c _1 _ d—cpry
N =3 {1+sgn(d ) erf (\/W)}

h= 1—-2
+ sgn(d — ~Tk)tan [1 +sgn(d — wy,) erf (d( \/%Ckl‘k)}
o -20-ci)dld—w)/AT (5.36)
sech = d — cpxy,
Nt ==—5— {1 — sgn(d — xy)erf (Wﬂ . (5.37)

The probability distribution (5.33) can be sampled via the following procedure. First,
note that the probability distributions involve truncated Gaussians in xp,;. The
truncation occurs at the surface z,,; = d, since the probability distribution was
split based on whether path increments cross through the surface or not. At each
step the computation picks the crossing or no-crossing branch of the probability
distribution. The branch is randomly chosen based on the relative probabilities for the
crossing and no-crossing branches which are given by (NS /Njt1), and (VNG /Nit1),
respectively. If the crossing branch is chosen [Eq. (5.35)], then a deviate is sampled

from the truncated Gaussian distribution. Otherwise, if the no-crossing branch is
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chosen [Eq. (5.34)], then depending on the sign of sgn(d — x441), there are another
two options. If sgn(d — xx41) = 1, then one of the Gaussians is picked based on their
relative probability of occurring, and a deviate is sampled from that Gaussian. In
these cases, the truncated Gaussian distributions can be sampled relatively quickly
via the inverse error function. If however, sgn(d — zx41) = —1, then the rejection
method is used to generate a deviate. In the rejection method, a deviate is sampled
from a “proposal” distribution P;(z) (such as the sum of the Gaussians), and accepted
with a probability Py(z)/Pi(x), where P is the “target” distribution (Press et al.,
1990, Section 7.3).

While this method does improve performance, it still involves taking a product
of N — 1 normalization factors N;41, where 0 < N1 < 2. This leads to the same
problems with large statistical errors as the plain Gaussians as the path length N
is increased. It is also much more involved to implement than the plain Gaussian

approach.

5.2.1.2. Birth-Death Path Swarm

Both the plain Gaussian and TM-Gaussian paths can be improved by further
adjusting the sampling procedure. In both cases, the path can accumulate a large

weight. After k steps, the weight is wy = H?Zl

vj, where v; represents either v; ;4
for Gaussian paths or N; for TM-Gaussian paths. Most paths propagating close
to the surface will acquire a number of large weights with v; > 1 when they are
on the vacuum side of the interface, and small weights 0 < v; < 1 when they are
on the dielectric side of the interface. The logarithm of the accumulated weight is

logw, = Z?:1 logv;. Since the v; are random variables (both vy ;41 and N, are

functions of an underlying random path), then from the central limit theorem, we
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would expect logw;, to be normally distributed, with some standard deviation o?2.

(The central limit theorem applies to the sum of a large number of independent
random variables—it maybe that the independence assumption is violated in this
case, as the path position acts as a memory.) Nevertheless, this predicts that the
accumulated weight is expected to behave as a log-normal deviate, with variance
€U2(60 —1). Since 0% grows linearly with N, the variance of the product w; would
grow exponentially with N. Note that the mean would still have the correct value,
but the variance, and the sampling error would grow unacceptably as N increases.
The path generation both Gaussian and TM-Gaussian methods can be modified
by introducing a “birth-death path swarm”. The weight wy is effectively treated
as the fitness function for the path. Paths with large weights will spawn further
paths (“birth”), while paths with small weights will be terminated and return zero
(“death”). At each step of the path, the accumulated weight must be checked. If
the weight is becoming small, w; < 0.5 then the weight should be compared with a
uniform random number u. If w, < u, then the path dies; alternatively, if w;, > u,
then the path survives and the weight is reset w; = 1. This is the death process. In
an ensemble average, an average fraction of the paths u survive the death process,
which gives the correct average value. If the weight becomes large, wy > 2, then
the weight is split in two, and each half is assigned to one of two independent paths.
Altogether, this is called a “birth-death” process, and should be applied at every step
of the random path. If a path survives for N steps, then its contribution is added to
a running total for this swarm. Once all of the paths have either died, or reached the
end, the accumulated total for this swarm is then renormalized (by subtracting 1), and
added to the running totals used to estimate the mean and variance. Implementing

the deaths ensures that the number of computations does not grow exponentially as

166



a function of path length, while the birth process ensures that successful trajectories
with a large weight have contribute more to the path integral. The death process
also speeds up the computation by not computing negligible corrections to the swarm
value.

The birth-death process is effectively a very simple Markov Chain Monte Carlo
method. The birth-death process modifies the preferred motions based on the
accumulated weight. Paths are likely to be born on the vacuum side of interfaces,
and they are likely to die on the dielectric side of the interface. Far away from the
interface on either side, the paths are unlikely to branch or terminate.

Similar terms are discussed throughout stochastic processes literature. As a
matter of nomenclature, it is worth distinguishing the birth-death process we are
using from the more popular birth-death process used in queuing theory. In queuing
theory, the number of objects in a queue randomly increases and decreases at a fixed
average rate. In our case, that rate depends on the past behavior of the system,
and where the path has gone. The process used here is closer to the genealogical
methods for evaluating path integrals (Del Moral, 2004). A similar genealogical idea
has been used in quantum trajectory simulations (Jacobs, 2010), which is a technique
for simulating open quantum systems. In that variant, each quantum state in an
ensemble carries a probability weight. If that weight becomes too small, then that
random trajectory is discarded, and another more successful trajectory is split in two,
and given half the weight. A similar method has been used to discuss simulating rare
events, such as the extreme tails of a Gaussian. In that case, one splits trajectories
based on whether they exceed a certain threshold criterion (Garvels, 2000; Glasserman
et al., 1999). These methods essentially reward the trajectories or paths of the system

that enter regions with a large contribution to the integral (or other figure of merit).
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FIGURE 5.7. (Preliminary data) Scaling of standard deviation for the accumulated
TM potential as function of N for four methods. Eq. (5.28) is evaluated for both
plain Gaussian steps, TM-Gaussian steps, and then for birth-death variants of both
methods. Calculations used 10° trials, with x = 12, d =1, and T = 2.

Thus more computational effort is spent in regions with significant contributions to
the final result.

Figure 5.7 shows how the plain Gaussian and TM-Gaussian estimates of the
simple path integral scale with the path resolution. This figure contains preliminary
data, since there are still very large statistical fluctuations on the Gaussian estimates,
and a very large number of samples is required to ensure decent convergence. The
birth-death process has been applied to both ways of generating paths. The birth-
death process reduces the variance, and makes both methods much more tractable.
The difference between Gaussian and TM-Gaussians is small under the birth-death
process. In addition, generating Gaussian paths is faster than generating TM-

Gaussians. Given that small difference, and the simplicity of the plain Gaussian paths,
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we have opted to use the birth-death process in conjunction with plain Gaussian paths

throughout the remainder.

5.2.2. Monte Carlo Sampling for the Path Time

When using the birth-death method for generating paths, the TM polarization
requires a slightly different sampling method for generating path times 7. In some
limited cases it may be possible to estimate a minimum 7, where the integrand
is small for a given path, and a path is unlikely to have branched or birthed new
paths. For paths starting on the vacuum side near a dielectric, the accumulated
potential at small path times is approximately [],(1 + tanh = e~ 2(@=ak)(d=z1) /AT
which increases smoothly with 7. In that case, 7y can be estimated from the time an
initial, fiducial path would contact a surface and the integrand would be nonzero. The
path time can be sampled from the power law distribution (5.12). The birth-death
process then proceeds starting with a version of the initial path that is scaled by V7.

However, in a two-body geometry that estimate fails. The renormalized integrand
is only nonzero for paths that come close to both surfaces. Since the birth-death
method may split the trajectory, it is not always possible to reliably find a minimum
time 7y when the renormalized integrand turns on. (In principle, a small value of
To could be picked, where the path has no chance of touching the surface, but most
computations would return zero, since the most sampled values of T are close to 7y.)

Once paths are large enough to contribute to the energy, they are guaranteed to
have intersected both bodies. As a result, the intersection path time of the fiducial
path with the surface has little bearing on when the resulting path swarm would
contribute. For example, the fiducial path might have started next to one surface, and

branched immediately. The fiducial path might extend further in one direction, and
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only intersect the second body at much later times than the branched path. Sampling
the path time based on when the fiducial path intersects the body would miss that
contribution. This suggests that the path time for the birth-death path swarm is best
sampled from the ensemble average estimate of when a path will contact the surface.

Since the birth-death method essentially enlarges the ensemble of paths selected,
the behavior of the integrand as a function of 7 mimics the probability for a Brownian
bridge to touch a surface. The probability for a Brownian bridge to touch a surface

a distance d away in path time 7T is
Piowen(T) = e #/7. (5.38)

The combined potential term [[, vk k11, also has a similar dependence on the path
time. This could be combined with the 7-(1*P/2) power law for a new probability

distribution.
s—1

T _
P(T, 7(-), S) = We %/T, (539)

where s > 1 and 7y > 0. The probability distribution (5.39) can be transformed by

setting u = To /T, for which the probability distribution is

us—2

P(u;s) = M1 e " (5.40)

This distribution has the form of a Gamma distribution, which has probability density

xa—le—m/b

f(x):W,

(5.41)

where a > 0 and b > 0 are the shape and scale parameters respectively (Devroye,
2003). The shape parameter a changes the mean value of the distribution by changing
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the shape of the function close to x = 0, while the scale parameter b scales the
deviates. For small integer or half-integer powers a, there are some simple methods
for generating Gamma deviates g;. A sum of Gamma deviates gior = »_,_; ¢; with
shape parameters a;, is also a Gamma deviate with shape parameter ) . a; (Devroye,
2003, pg. 402). A Gamma deviate with shape parameter a = 1 is an exponential
deviate, which can be computed using e; = —log(u) where v is a uniform random
number. In particular, this means the sum of n exponential deviates yields a Gamma
deviate with shape parameter a = n. In addition, if z is a standard normal variable,
then 22/2 is Gamma distributed with a = 1/2. For small integer powers of s, T can

be efficiently generated using

To

T= — > logu;’

(5.42)

while for half-integer powers,

_ To
o floor(s) ) 2/0°
> oy logu; + 22/2

T (5.43)

The integer powers are useful for estimating zero temperature Casimir energies. The
half-integer powers naturally emerge when considering the thermal Casimir energy,
or derivatives of the Casimir energy such as the force. This distribution can also be
used to sample times T even for TE integrands. In that case however, it is possible
the generated path will not touch all of the relevant bodies and merely return zero,

which will increase the variance of the numerical estimated energy.
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5.2.3. Gradient Estimation

Computing the TM Casimir—Polder energy (4.15) also requires taking two spatial
derivatives of the worldline path integral. Furthermore, in some experiments on the
Casimir-Polder effect such as BEC experiments (Harber et al., 2005), the Casimir—
Polder potential is estimated from how it shifts the frequency of the atom’s oscillations
in a harmonic potential. This frequency shift is calculated by taking two derivatives of
the Casimir-Polder potential, which corresponds to finding the potential curvature.
For the TM polarization within the worldline method, this would require a fourth
spatial derivative, so it is essential to be able to efficiently compute these derivatives
for worldline path integrals.

Let us consider a generic worldline path integral involving pinned Brownian

motions in path time 7 with starting point xg:

I(x0) = (P (x0: X1, -+ - s XN-1) ) (1) x(0)=x0 - (5.44)

The function ® depends on the whole path, and serves as a placeholder for the path
averaged dielectric or TM potentials. We will discuss how to evaluate these derivatives

with both the standard finite difference method and a new partial-averaging approach.

5.2.3.1. Finite Differences

The finite-difference method is straightforward method for numerically
evaluating derivatives. It has the great virtue of simplicity, since it only requires that
we evaluate the function multiple times. For smooth functions, the finite-difference
method works well, but it behaves poorly when applied to stochastic, discontinuous

functions such as the worldline path integral.
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For example, consider the first derivative of the TE Casimir—Polder worldline

integrand, at a dielectric step €, = 1 4+ xO(z — d). The finite difference integrand is

s tedotol) 1) = el BsHVT B = et TE) 2 )

(5.45)
where As is the finite difference step size, By is a closed unit Brownian bridge.
This estimate can be evaluated on a pathwise basis, in keeping with the suggestion
that using common random numbers yields the best results for finite differences [as
discussed in Asmussen and Glynn (2007, Section 7.2A)]. In order to be accurate, the
step size As must be small, since the error in this approximation to the derivative is
O(As). Unfortunately, that limit leads to large statistical uncertainty. If the finite
difference is much smaller than a typical path increment, As < v/AT, the estimates
for path averaged dielectric (€,(xg)) for the two starting positions are likely to be
the same, so the estimate is zero. In rare circumstances, a point is within As of the

surface, and the finite difference returns the large value of (As)™!.

However, this
arguments neglects that as As — 0, the probability for a point to be within As of
the surface, also approaches zero. For the first order finite difference, the error is
constant as As — 0. However, at higher derivatives this is no longer true and the
variance grows as As — 0.

The finite difference method is also problematic for the birth-death method
for TM potentials. In that case, as the starting position of the paths varies, a

different family of birth-death paths may be generated, which further compounds

the fluctuation problem.
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5.2.3.2. Malliavin Calculus

Similar derivatives are required in quantitative finance, where the sensitivity
of a financial product to variations its underlying parameters must be estimated
(Glasserman, 2004). Since financial simulations also typically involved averages over
stochastic processes, similar problems emerge when trying to estimate derivatives with
finite differences. One approach with a number of appealing properties is based on the
Malliavin calculus.? In this approach, the derivative can be estimated by multiplying
the integrand by a suitably chosen weight function, which depends on the nature of
the derivative and the random path. The Malliavin calculus is essentially functional
differentiation with respect to the Brownian motion, and an associated integration
by parts formula. The weights can be derived by rewriting derivatives with respect
to a parameter as derivatives with respect to the Brownian motion, and integrating
by parts (Kohatsu-Higa and Montero, 2004). In effect, differentiation is replaced by
multiplication with a weighting function, where the form of the function depends on
the required derivatives. The advantage is the same sample paths can be used for
both the estimate and its derivative. In addition the derivative estimates are well
behaved, since the weight functions are typically simple, smooth functions of the
stochastic path. While the Malliavin approach to derivative estimation did not yield
better results for the worldline method, it did inspire the partial-averaging approach,

which has similar virtues.

2 The Malliavin calculus is formally discussed in Nualart (2006), Malliavin and Thalmaier (2006),
and DiNunno et al. (2009). Less formal (and far more understandable) discussions of the Malliavin
approach are presented in Chen and Glasserman (2007), and Kohatsu-Higa and Montero (2003,
2004).
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5.2.3.3. Partial Averaging Gaussian Paths

Let us consider directly evaluating the derivatives in one Cartesian direction on
a generic path integral (5.44), which can be written in discrete form as

Xk+1 Xk) /(QAT)

N
e
]E 27TAT (D-1)/ ¢(X0’X17-'~,XN_1)'

8”I(x0

(5.46)

Note there is some freedom in how the derivative is evaluated, which leads to slightly
different approaches. If the integration variables are shifted to y, = x5 — Xg, then the
derivatives only act on ®. This is close to the approach used in the finite difference
approach where the whole path was translated by As. If however, the original x;
variables are used and the derivatives are evaluated, the derivatives act on the coupled

Gaussian.

L o= (xi1—x1)?/(2AT)

/ H dx] oo 1_[0 AT D (xg, X1, .-, XN_1)- (5.47)

The derivatives acting on ® have been neglected, which effectively assumes that
® does not vary significantly at the path origin. The derivatives of the Gaussian

distributions yield Hermite Polynomials, which are defined via

n

e oy (Yoo (5.48)

dz™ a
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The Gaussian distributions for the first and last steps can be differentiated n times

with respect to xg, with the result

861, 6—(x0—x1 )2/ (2AT)—(x0—x2)2/(2AT)

oxy (2rAT)P-1)
R g (To—® o~ (x0—%1)? /AT —(Ax1)?/(4AT) (5.46)
VAT ) "\ VAT ) [(rAT)ArAT)|P-1/2 '

The following variables were defined,
AXk = XNk — Xk )_(k = (Xk + XN,k)/Q, (550)

and used with £ = 1. The differentiated path integral is then

I (x0) = << (\/_TLT)”Hn (%) B (x0, X1, .. .XN1)>>XK, (5.51)

where the Gaussians have been restored to their usual form and the path integral has
been rewritten in ensemble average form. In principle this method would also work for
estimating the derivatives. However as written, this will have a large statistical error.
In particular, the estimates will be distributed around zero, with some reweighting
due to @, which preferentially weights certain values. However, the overall standard

—n/2 As N increases, the fluctuations will scale as N™/?

deviation scales as (AT)
which is unacceptable.
This method can be improved by partial averaging over the path. In particular,
we assume that & = Hszl o(xy), and each ¢(xy,) only varies significantly for x; ~ d,
and when x;, < d, ¢(x;) can be approximated as a constant. An example of this
geometry is illustrated in Figure 5.8, for an atom near a dielectric surface. For the

first and last m points along the path, the integrals can be carried out assuming
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X0

XN—m

FIGURE 5.8. Partial averaging along a path close to a surface. The extent of the
averaging m is chosen to be as large as possible, while ensuring that the likely paths
between x,, and xy_,, are unlikely to enter the dielectric.

that ® is approximately independent of these coordinates. The resulting combined

steps from xg to x,, involve a path time 7, := mAT. The result for integrating out

X1, Xmo1 and Xy_pmy1, ..., Xy-1 in Eq. (5.49) is
N—m 1 n "

oy I(xg) ~ / | | dx (_> H, (u) o= (X0—%m)? /T —AX2, /(4Ton)
100 e “\VTn VT

N_mtl o (xpan—xk)2/(2AT)

< 1 mramwe

() ) o

n/2

D (X - XN—m) (5.52)

The combination of the Hermite polynomial and (7,,)"* is effectively the desired
Malliavin weighting function in this case. The partial-averaging approach has replaced
differentiation with multiplication by a function whose variance does not increase as
the path length increases. The threshold m can be chosen based on how likely the
path of a given time step is to touch the surface. That threshold will depend on
the distances in the problem and the path-time, which determines a fraction of the
path that can be averaged over. The fraction becomes a constant as N increases, so

Tm = mT /N also becomes a constant for a particular 7, and the variance no longer

grows as N increases.
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Each integration over an intermediate coordinate makes some small error in
approximating ® as independent of that coordinate. The partial averaging should
only be carried out to the point where that error can no longer be ignored. If the
function ® starts to vary when any of its arguments approach d, such as for the TE
Casimir worldline integrand, then the error can be estimated from the probability
that z,, would enter the region z,, > d. Although the paths are actually Brownian
bridges, for small times (7,, < 7) the paths can be approximated as Brownian walks
in order to estimate the touching probability. The probability that a Brownian walk

will touch a surface at x = d after starting at the origin, in time 7, is

d
R:ouch = erfc (\/2—Tm) . (554)

—d?/2Tm)  If the maximum acceptable

For small 7,,,, the error function is bounded by e
error is denoted ¢, then this equation can be solved to estimate the maximum amount
of averaging allowed. Using 7, = m7T /N, the maximum amount of averaging should
be

m d?

—_= 5.59
N 2T loge (5:55)

The most important feature of this estimate, is that it suggests m/N is a constant
fraction as N increases. As a consequence, the fluctuations in Eq. (5.53) scale as
[N/(mT)]"/2, but since m/N is a constant, the scale of the fluctuations is also constant
as N increases. However, the size of that fraction will vary as a function of d/ VT
and the desired tolerance £. As a practical matter, m/N should not exceed 1/2, so
that there are at least two points in the path.

The partial averaging effectively constructs a path with a variable step size. At

points close to the path origin, the path steps can be large since these increments are
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unlikely to intersect the surfaces. Since the length of the first and last increments
set the scale of the fluctuations by their presence in (N/m7)"/2, the steps should be
chosen to be as large as possible. However, once the path gets close to the interface,
it is necessary to accurately estimate quantities such as the touching time or sojourn
time. The accuracy of these estimates depends sensitively on the size of the steps,
and thus the path should have a finer resolution when it is close to the interface.
The path can be generated using the v-loop algorithm (5.10), and the larger steps
can be constructed by identifying them with the mth step on the initial path. Those
steps are used to evaluate the Hermite-Gaussian terms. The rest of the path between
Tm and xx_,, can then be used to evaluate any potentials or spatial functions in the
path integral. In the context of the birth-death algorithm, these gradients are only
evaluated on paths that survive to the end to contribute to the path swarm. This

method naturally generalizes to include multiple Cartesian derivatives.

5.2.3.4. General Method Near Surfaces

In some cases, it might be necessary to take derivatives of a two body energy for
paths that start much closer to one body than another. This could be necessary when
trying to calculate the two body energy shift for an atom, or when computing the
stress-tensor close to one surface (Schéfer et al., 2016). For a renormalized energy,
only paths that touch both surfaces will contribute. The preceding approach was
based on integrating out intermediate coordinates by approximating the integrals as
Gaussians [as used in Eq. (5.53)]. In this case however, that approach can only be
used to average out a very small number of steps.

This problem is illustrated in Figure 5.9, for the example of an atom near two

dielectric surfaces, in the case when the atom is much closer to one surface than the
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FIGURE 5.9. Thresholds for partial averaging for the case of an atom between
two dielectric bodies. The dashed circles show the typical scales of paths at some
important path times. The extent of the averaging is given by 7,,. The first path
time when paths touch one body is 7;. This is much smaller than 73, the path time
to touch both bodies. These considerations also apply to the calculating stress-energy
tensor close to one body.
other. The path time when a typical path will touch one body is denoted 77, and 7
is the typical path time to touch both bodies. If the two-body contribution to the
Casimir—Polder force is sought, then only paths that touch both bodies will contribute.
The partial averaging advocated in Section 5.2.3.3 is only valid so long as ® is
approximately independent of the coordinates, and the probability of touching either
surface is small. In that case, the integrals are approximately Gaussian, provided
that 7, < Ti, so that the first and last m path increments are not likely to intersect
or interact with either surface.

However, if there is an analytical expression for the path integral near one

surface, then further partial averaging is possible. In such a two-body geometry,

the renormalized interaction energy would lead to a function ® of the form,

D[x(t)] = (e— J OV O _ o= f) dt{n <xo>+v2<xo)}>

_ (e— Jo dtvilx(@®)] _ - fOTdtvl(xo)> _ (e— Jo dtvalx(@®)] _ - fontVz(X0)>7 (5.56)

180



where Vi and V5 describe the two surfaces. For points much closer to one body,
and for short times A7, then the dominant contribution to the potential can be

approximated based on the nearest body

<< — [T dt {Vi[x(8)] 4+ Valx(2) }>> << f”dtV2x(t)]>> (5.57)

where the presence of the far body can be ignored for AT < d?. The partial averaging
can be carried out by using the fact that the path integral is a propagator for the
diffusion equation. The path integral between two points x; and x4, interacting

with a potential V(x), is

—(x5—x;41)%/(2t)

€ t o /

U(xj,Xj41,t) == <<e_ Jo 'V Ix(t )]>> : (5.58)
V27t X; %41

The path integral expression for the propagator (5.58) obeys the composition law,
/ de U(Xj_l, X, tl)U(Xj, Xi+1, tg) = U(Xj_l, Xji+1, tl + tQ). (559)

If the geometry can be described by some potential V', and if an analytical expression
for the path integral can be found, then the partial averaging can be carried out
to a threshold 7, where the analytical solution for the path integral is no longer an
acceptable approximation to the true solution for multiple bodies. This could happen
either due to the presence of multiple bodies, or the path exploring a region where
the geometry differs from the geometry assumed in the analytical expression. For
example, if a curved surface is approximated by its nearest tangent plane, then the

partial averaging is limited to regions smaller than the typical radius of curvature.
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After the partial averaging, the derivatives can be carried out, with the result

N—m—1

I (xo) = <<ag (U (%0, Xm, To)U (%0, X5 To) ] || U(Xj+1,xj,AT)>>. (5.60)

j=m

In this case, the derivatives act on the whole propagator (5.58), rather than just
the Gaussian parts. This could be applied using the Dirichlet solution to the path
integral (3.29) to evaluate the stress-energy tensor [as was studied by Schéfer et al.
(2016)]. The method suggested here applies to any potential V' (assuming the solution
can be found), so it could also be applied to TE and TM potentials under similar

circumstances.

5.2.4. Results: TM Casimir and Casimir—Polder Energies for Planar

Geometries

Figure 5.10 shows the numerical results for the efficiency 7.y (4.38) and compares
it to the analytical expression (4.38). The numerical results were generated using the
preceding methods for birth-death path swarms. The path times were sampled from
Eq. (5.39), and the derivatives in Eq. (4.15) were evaluated using the Gaussian partial
averaging discussed in Section 5.2.3.3.

The statistical errors are obviously much larger than their TE counterparts. The
resolution of the path, NV is also more coarse. Finer paths take more computation time,
since there is more opportunity for branching. Attempts to test these methods at
larger N have run into very large numerical fluctuations due to the increased variance.
In the TE case, the convergence was found to improve as N was increased, since the
systematic error decreased. In the TM case, the decreased systematic error from

larger N conflicts with the growing statistical fluctuations. Of course, the numerical
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FIGURE 5.10. Numerically computed TM Casimir—Polder efficiency between an atom
and a dielectric plane. Efficiency nry (4.38) is found by normalizing the numerical
energy to the energy between an atom and a perfect conductor (1.1). Calculations
used 10? initial paths, with N = 10 points per path. The birth-death method was
used for path generation, and partial averaging was used for derivatives.

10°

FIGURE 5.11. Numerically computed TM Casimir efficiency for two planar
dielectrics. Efficiency ~yry (4.63) is numerically calculated by finding the energy and
normalizing to the perfect conductor limit (1.19). for N = 200, with 4.8 x 10®
trajectories.
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fluctuations can be mitigated by more averaging. In addition, each susceptibility x is
calculated individually, since the branching in the birth-death depends on the value
of x. Alternatively, this effort could be partially reduced by keeping track of the
weights associated with multiple susceptibilities on a single path. In that case, the
births take place when any of the weights for a given y exceeds two. If a birth or
branching occurs, then the weights for all x are split between the two new paths.
However, the death process occurs on an individual level for each x. Only once the
path reaches the end, or all of the weights have died does the path stop. It seems
this approach roughly halves the computation time required to calculate the Casimir
energy for multiple susceptibilities, rather than providing an O(N, ) speedup. This
perhaps reflects that different classes of paths contribute at different y, and yoking
the calculations together does not offer a great speedup.

Figure 5.11 shows the numerically computed TM Casimir energy for two planar
dielectrics. The numerical efficiency is found by normalizing the calculated energy to
the perfect conductor result. This numerical calculated efficiency is compared with
the integral solution 7y (4.63).

The TM potential in the two body case is handled by splitting the two-body

potential into a product of single-body potentials:

AT (1) (2) AT (1) AT (2)
<<e_ fO dt(VTM+VTI\1)>> ] <<e_ fO dt VTM>> <<€_ fO dt VTM>> .
Tp—Th+1 T—>Thk+1 Tl—>Tk+1

(5.61)
This is only valid for VAT < d, which given that 7 ~ d2, implicitly requires that
VN > 1. For typical calculations used in the TM case, N ~ 100, so the calculations
do not strongly satisfy that criterion. Although we are employing analytical solutions,

they are the analytical solutions for single bodies, rather than two bodies. The good

184



agreement suggests that the approach of using the solution for the nearest body
actually does manage to recover the correct two-body energy when the potential
employed varies across a path.

The birth-death method in the two body case is handled in a similar manner to
the method discussed for multiple x. The accumulated two-body and respective one-
body potentials are tracked around a given path. If any of those exceeds two, the path
splits and all of the weights are shared evenly across the two new paths. However the
death-process occurs individually for the two-body and one-body potentials. Only at
the end of the path, or when all of the paths have died are the results accumulated,
or the dielectric path average used. Given that the dielectric average (e,)~'/? acts to
bring the answer closer to zero, this does not miss any contributions.

The agreement is not great in this case. At large y, the error bars do not overlap
with the analytical solution. This is likely due to the very small N used in this
calculation (N = 200), which would lead to a large systematic error. In comparison
the TE calculations used N = 10*. The TM Casimir results seem to be biased above
the expected result. The performance is still reasonably good. This might be due to
the fact that the TM energy uses an analytical solution to handle the TM potential.
In the strong-coupling limit, that potential provides most of the Casimir energy. The
analytical solutions capture more of the first-touching dependence than the simple
estimates used for (e,) discussed in Section 5.1.2.3. So the TM integrand performs
relatively well even for a small N. However, this is probably outweighed by the
increased statistical errors.

Sampling from the exponential path time distribution (5.39) is essential for the
renormalized two-body TM Casimir energy. As noted earlier, the paths must touch

both bodies to contribute. Given that branching is likely to occur near one surface,
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those new paths may start to contribute to the Casimir energy before the initial path
would.

The renormalized TM Casimir energy path integral has an additional problem.
As currently implemented, the starting position for paths is randomly sampled from
Eq. (5.17). The paths can start close to one surface, and spawn a number of child
paths immediately. However, these paths are not guaranteed to intersect both bodies,
and thus a large number of them contribute nothing to the path integral. This wastes
a lot of computational effort on unimportant paths. One possible improvement to
this method is to explicitly condition the path to touch both bodies. This would be
another form of importance sampling, since only paths that touch both bodies will

actually contribute to the path integral.

5.3. Frequency Sampling

Currently these numerical calculations ignore dispersion and nonzero temperatures,
such as occur in Eq. (2.77). Given that each frequency contributes independently to
the Casimir energy, the integral over frequencies could be handled in a similar fashion
to handling multiple constant y. In the TE case, the sojourn time for each body (©;)
must be estimated on a pathwise basis, and then the results could be used to evaluate
multiple frequencies at once using (e, (iw)) = 1+ >, x;(iw)(0;). The T sampling can
be carried out using the procedure discussed in Section 5.2.2. Alternatively, further
Monte Carlo sampling could be used to randomly select a single frequency for each
path. We anticipate these methods would also work when applied to €,(iw) due to
the relative success of the worldline method at recovering the distance dependence
(which is mostly bound up in the 7 integral), and in capturing the efficiency at a

wide range of . Since ¢, is positive along the imaginary frequency axis, capturing

186



the correct answer at all positive y should translate to capturing the correct answers

once ¢, is allowed to be a function of frequency.
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CHAPTER VI

ELECTROMAGNETIC WORLDLINES: NUMERICAL FORCES AND
CURVATURES FOR THE TE POLARIZATION

The preceding work has focused on computing the Casimir energy between
dielectric bodies. However, a number of experiments directly measure the force,
or even the second spatial derivative of the energy. For example, Chan et al.
(2001) detected the Casimir force by measuring the shift in frequency of a
nanoelectromechanical oscillator, and that frequency shift is sensitive to the second
derivative (or curvature) of the Casimir energy.

As already noted in Section 5.2.3.1, the finite-difference method has some
drawbacks when applied to worldline path integrals. Derivatives of discontinuous
functions such as those required in worldline path integrals lead to large statistical
errors. Section 5.2.3.3 develops specialized techniques for handling derivatives of
Casimir—Polder energies. The current chapter develops a parallel discussion for
computing the force on macroscopic bodies.

Prior investigations by Weber and Gies (2009, 2010b) computed the Casimir
force in the worldline method for the Dirichlet boundary conditions. They computed
the force between a planar surface and a cylindrical or spherical body, and the torque
between inclined plates. Their methods typically rely on finding analytical expressions
for the path times 7 when a particular Brownian path will intersect the surfaces, and
analytically integrate over the path time 7 and path starting position xg.

In contrast, our approach to the worldline method has also emphasized Monte
Carlo integration over the path time and starting position. Section 6.1 derives

the “pinning” approach, where the forces emerge from paths that are pinned to
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start on the surfaces of the relevant bodies. This approach is used to derive
worldline expressions for the force (6.8), potential curvature (6.14) and torque (6.19).
Unfortunately, when x/N > 1 the pinning expressions give too small an answer,
which prompts developing the “occupation” method in Section 6.2. The occupation
method leads to alternative expressions for the force (6.29), potential curvature (6.33)
and torque (6.32). These expressions also make contact with the approach used by
Weber and Gies (2009, 2010b). These occupation expressions still work at large
X/N, but some care is needed to sample from all of the relevant classes of paths
at both weak (y/N < 1) and strong (x/N > 1) coupling. Section 6.3 discusses
the numerical simulations for planar media where the correspondence to the TE
polarization can be used to check the numerical results. We find that even the
occupation methods of Section 6.2 can fail at strong coupling. However, this is due to
the strong-coupling limit requiring a rare set of paths which just “graze” the bodies.
This can be confronted by either using a large ensemble of paths, or adjusting the
sampling procedure to explicitly capture the strong-coupling limit. In Section 6.3.1, a
“general-y” approach is used for small y, and in Section 6.3.2 one possible approach
to capturing the strong-coupling limit is presented.

The results in this chapter are explicitly derived for the TE worldline path
integral, although presumably these results can be generalized to the TM worldline
path integral. That could be done by exploiting the partial averaging methods
discussed in Section 5.2.3.3. The partial averaging is necessary since directly
evaluating the derivatives on the path-averaged TM potential (5.24) leads to terms like
(d —x)/AT. Those terms have large statistical fluctuations as A7 — 0, but partial
averaging could mitigate those fluctuations. [The results presented here, along with

the material on partial averaging in Section 5.2.3.3 are in preparation for publication.]
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6.1. Surface Pinned Paths

The renormalized TE Casimir energy was given in Eq. (4.40). Although the
energy was derived under the assumptions of describing electromagnetism in planar
media, it can be studied in its own right as a scalar field theory in arbitrary geometries

of bodies. We will consider the following worldline path integral

he < dT
b= 2(27r)D/2/o Freni (6.1)

where the integrals over the spatial coordinates in the worldline path integral are

given by

W= s e [er<>1<o>Ja>>x(t)’ (62)

where a = 1/2 when applied to TE Casimir energies in planar geometries.

In the following treatment we will consider a general geometry for computing
Casimir forces between material bodies (Figure 6.1). For simplicity, we will assume
uniform dielectric bodies separated by vacuum. In this case, the relative dielectric

permittivity e.(r) is given by
a(r) =1+ x;0[0;(r - R))], (6.3)
J

where y; is the dielectric susceptibility of body j; o;(r) = 0 defines the surface of
the jth body, with o; > 0 and 0; < 0 on the interior and exterior of the body,

respectively; and R; is the center of the jth body.
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FIGURE 6.1. Sketch of the geometry for interacting dielectric bodies of susceptibility
X;, centered at R; relative to the origin. The surface of the jth body is defined by
the condition o; = 0. The unit normal vectors n; to the surface of the jth body are
also shown.

6.1.1. Force

The force on a body follows from a gradient of the Casimir energy, where
the derivatives are taken with respect to the body’s position. For example, the
components of the force on body 2, expressed with Cartesian basis vectors 7;, are
given by directional derivatives of the path integral in Egs. (6.1) and (6.2) with

respect to the components of the body position Ry. The resulting force is

he < dT
Iy = _Q(QW)D/Z ] 7‘1+D/2ri VR, W

B axohc [ dT T - <(5(02) V02>
N _2(27)D/2/0 T1+D/2 dxo << (e;)ot1 >> (v (6.4)

x(t)

where oy = 03[x(t) — Ry| in this expression, and Vg, denotes the gradient with
respect R;. The path-averaged delta function acts to pin the paths to the surface
where 0o = 0. Writing out the relevant part of the path integral (6.4), the delta

function reduces the D — 1-dimensional integration over x¢ to a (D — 2)-dimensional
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integration over the surface of the second body, with the result

/dx <(5(02 (x(t) — Rg]) Voo [x(t) — R2]>
0 (e,)o1 @

- fus <<<er>szv(2<;oR—2)R2>|>>x(t)' (65)

UQ(XO—RQ):O

This relation follows from simplifying the path-averaged delta function using

Eq. (4.10), and the result (Hormander, 1983)

[ axtneol o0 = [ 98 S TAG] (6.6)

where S is the surface defined by h(x) = 0, and
1/2

Vh(x)| = [Z (%)] . (6.7)

The renormalized force vector can be found by summing over all force components,

and subtracting the corresponding single-body force,

B axohc T dT R 1 1
F, = " 2(2m)D/2 /7’1+D/2 dS n2(X0)<< (er12)tT (erg)otT >> (t), (6.8)

0 o2(x0—R2)=0

where the unit-normal vector for the surface of the second body is defined as

. VO'Q(XO — RQ)
[Vaa(xo — Ra)|

nz(Xo) = (69)

Qualitatively, the Casimir force on a body arises from paths that start on a body’s

surface. The direction of the force from a small patch of the surface is determined
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by the local surface normal. Since each patch is at different distances from the other
bodies, the paths from each patch contribute at different path times. Once the integral

over the surface is carried out, this results in a net force on the body.

6.1.2. Potential Curvature

This method can be easily extended to the second derivative of the worldline

energy (6.1), which computes the potential curvature,

For a dielectric describing two bodies, the gradients with respect to Ry can be
rewritten in terms of gradients with respect to the first body’s center Ry, and the

path coordinates xy,

Vi, (e) = ( Y Vi - le) [(e1(x — Ry)) + (e2(x — Ry))], (6.11)

where Vy, is the gradient of the path position x;. The first derivative can be carried

out as before:

Cij :2?;:)7?/2 /OOOT 1{2/2 o <<T (Z Vi~ le) - <<Z(>fjfl(02)>] >>x(t>'

k

(6.12)

It is possible to integrate by parts with respect to xj, so that the gradient Vi,
then acts on the Gaussian probability density, which yields a term proportional to
> x(Xp — Xg11). This sum of path increments vanishes for closed paths, and thus

this term can be dropped. The remaining gradient Vg, can be straightforwardly
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evaluated, which yields a second independent path-averaged delta function:

o ol +2;>g/>§2hc/ TiD/Q /dx0<< 01)V0223>£<+(Z(02)V02> -7 >>X(t)‘

(6.13)

One delta function can be manipulated as in Eq. (6.5) to pin the paths to start on the
first body, while the second path-averaged delta function pins another point of the
path to the second body. There is then a further average over which point is pinned

to the second surface. The resulting expression for the potential curvature is

ala+ V)xix2he [ dT i
Ci = "5Gnpr ), TR fdso N 7{ dSy
o1(x0—R1)=0 k=1 oa(xx—R2)=0
« { Gx0 — 0 KN = )T /N2 ”1<X0>M@-ﬂz<xm>> |
(500~ xa = ey el -

(6.14)

where (- ), x,—R,)—0 1S the ensemble average over discrete paths x(¢) subject to
the constraint that oy(x; — Rg) = 0. The D — 1-dimensional Gaussian probability

density
—(x)?/20°
e

2702072’

G(x,0%) = (6.15)

has been used to write the combined normalization factor for Brownian bridges
propagating from X, to X; in k steps, and returning to xo in N — k steps. There
is no need for any further renormalization, since this expression is only non-zero in

the presence of both bodies, and G exponentially cuts off the integral at small 7T .
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6.1.3. Torque

The torque on a body can be found from the first-order variation in the energy
as that body is rotated about some axis. For concreteness, consider perturbing the
dielectric function by rotating the second body about its center by angle ¢ about axis

m:

&(x) = 1+ x10[01(x — Ri)] + x20{02[R(¢)(x — Ra)]}. (6.16)

The infinitesimal rotation matrix is

Rij(¢) = 6 — mueijid + O(¢°), (6.17)

where 0;; is the Kronecker delta, and €;;; is the antisymmetric Levi-Civita tensor.
Throughout this section there are implicit sums over repeated indices. The torque
for a rotation about axis 7 can be written as K,, = —04F. The ¢ derivative only

acts on the path-averaged dielectric part of the energy integrand,

9p(€) = X2(0sRij(¢)(x — Ra);[7i - VO(02)])

:Xgm <(X—R2) /\V@(O’Q)>, (618)

where we used Eq. (6.17) to write the result as a cross product! via (aAb); = €;,a;by.
This derivative can be directly substituted into the torque path integral, and similar
manipulations to those in Eq. (6.5) can be carried out to pin the paths to the surface
of the second body. The total torque on the body can be found by adding up the

torques for infinitesimal rotations about each of the Cartesian axes (i.e. taking m to

! The wedge operator A denotes the vector cross product to avoid confusion with the traditional
multiplication sign x, which denotes multi-line multiplication throughout this thesis.
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be each Cartesian axis in turn, and summing the results). The renormalized torque

worldline path integral is

K= dS, —Ro)A - :
2(2m D/2/ Ti+D/2 j{ 0 [(x0 = R} Afa(oo)] << R C >>x(t)

o9 (X() Rz) 0

(6.19)

This has a similar form to the force path integral (6.8). Here the integrand is weighted
by the cross product of the vector from the body’s center the surface, and the surface
normal. If the spatial integrand in Eq. (6.8) is loosely interpreted as a force density,
then the torque integrand for each patch of the surface can interpreted as the local
torque density. This is in direct analogy with the expression for the torque K =r A F

from classical mechanics.

6.1.4. Casimir—Polder Force

An alternative expression for the Casimir—Polder force on an atom near a surface
can be found in analogy to the potential curvature in Eq. (6.14). The force on the
atom due to the TE Casimir effect is F..) = —7; - Vi, Vée". In Section 5.2.3.3
the derivatives of the path integral were taken directly, and the only contribution to
the derivative came from the Gaussian probability distribution. Alternatively, one
can change the coordinates to x(t) = r, + y(¢), where y(¢) is a Brownian bridge

starting and returning to the origin, y(0) = y(7) = 0. Then after taking the desired

derivatives with respect to the components of r,, the force is

heo < dT
E(TE):_ 0 <<721Vr € 3/2>> , (620
4(27T)D/2 0 7’1+D/2 A< > Y (8) )
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where 7; is a Cartesian unit vector. This path integral considers the change in energy
as the whole path is rigidly translated, while the results in Section 5.2.3.3 correspond
to shifting only the origin of the path, while keeping the rest of the path fixed. The
derivatives create delta functions for piece-wise constant media. In analogy with
the potential curvature, since the starting point is fixed, it is necessary to average
over pinning other path points to the dielectric surface for each of the bodies. The

Casimir—Polder force, after summing over all force components, is

N, N-1

B 3hcag < dT
Fo’ == 8(2m)D/2 Z Z N/ Fron 4%
oi(x—R;)=0
i (Xk)
X <<Q[rA — Xy, k(N — k)T/NQ} PNEE >>U‘(Xk ) ; (6.21)

where we have reverted to using x(t), and G is given by Eq. (6.15). In this method
the paths are constrained to touch the bodies. This must be taken into account
numerically by averaging over which index along the paths is constrained. By
contrast, the Hermite-Gaussian method discussed in Section 5.2.3.3 can use the same
ensemble of paths regardless of the dielectric background. While the path-pinning
method requires more complicated methods for path generation, it does not suffer
from diverging fluctuations as the path resolution is increased. The Gaussian factor
G exponentially suppresses contributions from pinning small indices k£, which would
be the problematic terms as A7 — 0, and thus this method does not require careful
handling as N increases. This is in contrast to the Hermite-Gaussian method which
required partial averaging to avoid growing statistical errors as IV increased. However,

any further derivatives would require the techniques used in Section 5.2.3.3.
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6.2. Occupation Number

The preceding methods offer an intuitive picture of the Casimir force, however
they are poorly behaved in the strong-coupling limit. For a typical discrete path of N
steps pinned to the surface, a substantial fraction of the path will lie inside the body.
For x > N, the denominator (e,)~(®*!) dominates the integrand, so the estimated
derivatives decay as x~* for almost all paths, where a = 1/2 for Casimir energies.
Only rare paths that start on the surface, but do not enter the bulk of the body will
contribute substantially. As a result, the numerically estimated force will likewise
decay in the strong-coupling limit. In this section we develop alternative expressions
that behave better in the strong-coupling limit. This method also makes contact
with the work by Weber and Gies (2009, 2010b) on forces and torques for Dirichlet
worldlines.

The spatial path integral (6.2) can be written in exponential form via the inverse-

moment theorem (4.22),

1 a—1,-s// ,—(>; xiOi(x =22 xi©i(x
W:m/dxo/dss e (e (252100 — g™ 2ix (0)>>x(t)’ (6.22)

where we have introduced the shorthand notation ©;(x) = O[o;(x — R;)]. After
the single body energies e~ X:®:)) have been subtracted, the renormalized two body

energy can be factorized as

1
W = m /dxo/ds Sa—le—s<<(e—<><1®1(x)> — 1)(6—<m92(x)> —1)

— (7O (el ) (6.23)

x(t)
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The exponentials can be simplified as

N—-1 N—-1
D= [ e @O = I [1+ i) (e~ — 1] . (6.24)
k=1 k=0

(The results in Section 6.1 can be recovered when y/N < 1.)
The force on the second body can be computed by differentiating the energy
with respect to the body position Ry. The spatial part of the force integral can be

written

:—VR‘2

R O ()

N—

X { ‘%/N )n2(Xj)5[02(Xj — Ry)] H [1 o Oaixi) (Y - 1)} }>>x(t)7

Jj=0 k#j

,_.

(6.25)

where the constant term from renormalization has zero derivative. The integral over s
can be carried out more easily if the integrand is rearranged into terms with a definite

number of points n inside each body . We define the indicator functions as

N—

)_l

(6.26)

2&)

:ZZ Y eix)0u(x) - Oi(x;) (02 1), (6.27)

Ji=1j2>5 Jn>Jn—1

where 1) = 1 when there are exactly n points inside body i, and zero otherwise;
there are n sums over indices j,, each of which terminates at j, = N. There are

further restrictions on which of these terms contribute to the integrand. Due to the
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presence of the delta functions, only N — 1 points are free to enter the bodies. This
further implies that the number of points inside both bodies must be less than N —1.
Finally, due to the renormalization, only paths with at least one point inside the first
body contribute. Using the indicator functions, the rearranged spatial path integral

for the force is

Fo=— dxo/ds s“les<< Jgﬁz(xj)ﬂ@(xj - Ry)]

N—-n—1
% (e_s(n+1)X2/N N e—snxz/N) ]122) Z (1 — e_sz1/N) ]L;ll) >> . (628)
x(t)

m=1

=2

i
o

The s integral can be carried out term by term, and the delta function can be used
to pin paths onto the surface. The cyclic-permutation invariance of the integrand
can be used to remove the path-average over pinning, as in Eq. (6.5). The force path

integral becomes

N—1 N—-m—1
heN < dT
- _ 5 172
F 202m) D72 |, TI+DP2 f{dSO a(x0) 3 <<ﬂm Lf m7">>x<t)‘
m=0 n=1
o2(x0—R2)=0
(6.29)
where the material dependence is carried by the factors
fm,n = Cmn — Cmn+1l — Copn + Co,n+1, (630)
e 1= (14 ) (631

which come from computing the change in the renormalized energy integrand as
another point enters the second body. When x2/N < 1, an expansion of f,,, to

leading order in x2/N, recovers the earlier result, Eq. (6.8) for the force.
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In this result, the indicator functions carry the geometry dependence of whether a
given number of points are within each body, while f, ,, carries the dependence of the
material properties based on the number of points inside each body. This expression
is well-behaved in the strong-coupling x — oo limit, where only the terms where
n = 0 and m > 0 contribute. In the strong-coupling limit, the main contribution to
the force comes from paths that “graze” the second surface, while also overlapping
the first body.

For completeness we note the analogous expressions for the torque and potential
curvature. The manipulations and reasoning used in Section 6.1 for the torque
and potential curvature apply here—the only difference is the form chosen for the
derivative, and the use of the indicator functions in the integrand. The torque path

integral is

heN < dT “
Ky =~ 2(2m)D72 |, TD/2 deo Z
R

=0 mn=1
o2(x0—R2) m "

x <<[(x0 ~ Ry) A fia(x0)] 10 fmn>> " (6.32)

The potential curvature is given by

heN o dT o o
_ 27T D/2 Z/ T1+D/2 fdso T nl(XO) %dSk Y’j . nQ(Xk)

o1(xo—R1)=0 o2(x—R2)=0
N—-2N—-m—2
X > << xo — Xi, k(N — k)T /N*) 1V 12 >gm,n>> , (6.33)
m=0 n=0 o2(x;—R2)=0
where
Imn = Cm+1,n+1 + Cmn — Cm+1,n — Cmn+1, (634)
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accounts for the change in the energy integrand as the number of points in the first
and second bodies increase. In the strong-coupling limit, the potential curvature is
dominated by terms with n = m = 0, which correspond to paths that graze both
bodies.

The formulation for the Casimir force in Eq. (6.29) is analogous to the
construction of paths employed by Weber and Gies (2010b) for computing forces in
the sphere-plane and cylinder-plane geometries in the Dirichlet limit. In that work,
the paths are shifted so that they start on the plane, but do not pass through the
plane. The force on the planar surface is computed by integrating over the values of
T when the path intersects the other surface. The expressions presented here extend
their expressions by accounting for finite x, and accounting for arbitrary geometries.

In general, different classes of paths are important in the finite-y and strong-
coupling cases. At small y, the most important path statistic is the sojourn time,
while in the strong-coupling regime, the first path time when the path intersects
the bodies is the most important statistic. This correspondence was used to discuss
the numerical convergence properties of the method as the path length was varied.
[There is a brief discussion on this point in Section 5.1.3.1, and an extended discussion
in Mackrory et al. (2016).] More practically, these different requirements make it
difficult to use a single class of path to efficiently evaluate the potential at all x. In
weak coupling, the paths should enter all of the bodies, while in strong coupling the
most important paths are those that just touch the surfaces.

It is important to distinguish between two facets of the different methods. The
first is the choice of starting points for the paths, and the second is the form of the
integrand. In the path-pinning or occupation methods, we are free to consider a single

path {B;} starting at zo: z; = zo + \/TBj. There is also an associated family of
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paths starting at z, that translate the original Brownian path by —v/T By, such that
:cg.k) = 20 + VT(B; — By,). This transformation effectively shifts the bridge so that
By is at the origin. This sampling is essential for strong-coupling limits where only
paths that graze the bodies contribute to the force or potential curvature. However,
the choice of how to shift that paths is distinct from the choice of the integrand. In
the strong-coupling limit, all of the path-pinning estimates are zero, regardless of the
ensemble of paths used. In the occupation methods that is not true, but some care

is required to ensure that both types of paths are used in the strong-coupling limit.

6.3. Force and Curvature Numerics

The numerical computations were carried out in planar media with the dielectric
function,

&) =1+ xO(—z +di) + xO(z — dy). (6.35)

This allows us to compare the numerical results to the TE Casimir force. For a
non-dispersive material the Casimir force is proportional to the energy, and thus
the same efficiency factor (4.51) is the appropriate normalized result. Figure 6.2
shows the numerically calculated force on two dielectric planes of equal dielectric
constant, normalized to the total EM force between perfect-conducting plates.
This computation was carried out for the pinning, occupation and finite-difference
methods. In all cases, the paths were generated using the v-loop algorithm (5.10), and
the dielectric path averages were calculated using the trapezoidal method (5.19). Note
that in computing path averages for the occupation method, only points inside the
body contribute—any points pinned to the surface do not contribute to the dielectric

path-average.

203



| | |
0.5 —
e Finite Difference
0.4 — + Occupation —
= Pinning
> ' L]
03 - _
£a) L]
E
< 02— . —
L&
0.1 *.
0 | | b
10° 107 10 10° 10°

FIGURE 6.2. (Preliminary data) Numerically computed TE force for pinning
(squares), occupation (diamonds), and finite difference (circles) methods. The finite
difference used a step-size § = d/ V/N. The calculations used N = 10* points per
path, and 10® trajectories.

The pinning methods discussed in Section 6.1 start to fail for y = IV, as expected.

~1/2 decay. For a finite

For x > N, the estimate of the force shows the expected x
susceptibility, it should be possible to carry out the calculation for large enough N,
but if one is interested in the strong-coupling regime of this theory, then the pinning
method is unsuitable.

By contrast, the occupation method is better behaved in the strong-coupling
limit. The occupation-method estimate for the force is computed by generating an
initial path {y}, and translating it via x; = y,—y;+d, so that that each point x; lies
on the surface. The results are then averaged over all such pinnings. However, naively
implementing this method leads to N evaluations of the path integral, which could be
inefficient. It may be possible to capture both strong-coupling and general-coupling

regimes with only two samples. First, in order to capture the strong-coupling limit

the path integral can be computed for a path where only one point is on the first
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surface, and no points are inside the first body. Second, to capture the remaining
x-dependence, the integrand should be calculated again for a path where a randomly
selected point is pinned to the first surface, without any constraints on the other
occupation numbers. The strong coupling estimate for the force f,, and the general-
X estimate f,, are combined with weights N~ and (N — 1)/N respectively, which
account for enforcing the restrictions.

In the absence of that step to explicitly capture the strong-coupling limit, only
very rare paths will contribute, since most random paths starting on the surface are
equally like to explore both positive and negative regions. Most paths will intersect
both bodies, and contribute zero to the force. For small ensembles (Npatn < 107) this
causes similar convergence problems to the pinning methods at large x. However, this
would be a statistical error due to insufficient sampling, as opposed to the intrinsic
problems in the pinning method. Similar methods will be discussed in more detail
regarding the potential curvature.

In fact, the general-xy samples were gathered using stratified sampling, where
the path index k was broken into uniform strata. This basically splits the sum into

multiple pieces and samples from each of those sub-pieces. For example,

Nstrata Nsub

N
dar= )" niin. (6.36)
k=1

j=1 n=1

where Ngu, Nsirata = IN. Each stratum was then sampled from uniformly. In the
calculations in Figure 6.2, ten strata were used.

Given the deficiencies of the pinning method for finite paths, we will compute
the potential curvature using the occupation method. Since the potential curvature

requires paths pinned on two different surfaces, and will exhibit similar convergence
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issues at strong coupling, we will develop two different approaches to generating paths

and sampling times.

6.3.1. Direct Path Construction for General-y Coupling Method for

Potential Curvature

In a method suitable for general coupling, all of the paths start on the surface
of the first body, and are explicitly constructed to intersect the second body after
k steps, where the index k is also sampled randomly. The paths can be explicitly
constructed as Brownian bridges from = = 0 to z;, = d, using Eq. (5.8). The Gaussian
factor G[d, k(N — k)T /N?] in Eq. (6.33) is used to sample path times by treating
it and 7-(*P/2) as the gamma distribution in 7. Path times can be sampled from
Eq. (5.39), with 7o = N2d?/[2k(N — k)] and a = 1+ (D + 1)/2. The pinned point
k can be sampled from the combination of 7,'~® for normalization P(7) and the

normalization constant from G[d, k(N — k)T /N?], with distribution

P

05 N) = N (M)M,

- (6.37)

where N, = 3o, P(k; N) ~ N/30 for large N. In addition for planar surfaces, the
integral over the transverse dimensions amounts to an area factor.

The expression for the potential curvature for general-x coupling is

N-1

heN 3Npin[f'i . ﬁl (Xo)][fj . ﬁg(Xk)]
2(2m)D/2 Z %dso << ]{dsk X0 — Xk [?
- crl(xo R1)=0 o2(xr—R2)=0
N—-2N-—-n—-2
> ll&”ﬂﬁi)gm,n» , (6.38)
n=0 m=0 k, T ,x0¢>Xg
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where the ensemble average is over path times, pinning separations k£, and Brownian
bridges from xg to x;, where xg is on the first surface, and x, is on the second surface.

In Figure 6.3, we have used this general-y coupling method to compute the
potential curvature without special treatment for strong coupling, with two different
ensemble sizes to show the effect of additional averaging. The general-y coupling
integrand does eventually lead to the correct answer in the strong-coupling limit once
enough averaging has taken place. However, achieving that convergence requires a
large ensemble to capture the relatively rare, but important, paths that just graze both
surfaces. Performance can be improved by introducing separate estimates adapted
for the strong-coupling limit.

This suggests a two-fold approach: First, paths should be generated under the
constraint that they touch both surfaces without regard for their occupation time
(which will capture general x). Second, another set of paths should be generated

which just touch the bodies (which will capture large y).

6.3.2. Softened Delta Function Pinning for Strong-Coupling Limit for

Potential Curvature

An alternative method to the one presented in Section (6.3.1), one more suited
to the strong-coupling limit, arises from a different treatment of the second delta
function d[oa(xx — Ro)]. In this case, the first delta function oy (xo — Ry)], is still
used to pin the paths to start on the first body. Although the paths are assumed to
start on the surface of the first body, they do not enter the bulk of that body. In
order to contribute to the curvature path integral in the strong-coupling limit, the

paths should move towards the second body, and just graze its surface.
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FIGURE 6.3. Numerically computed second derivative of potential for two planar
surfaces as function of dielectric, for N = 10°, each with 10" and 10° trajectories.
cd All results are computed using the “occupation” method with general-y coupling
method presented in Eq. (6.33).

The goal of this method is to develop a way of handling delta function constraints
within a path integral without having to drastically change the way the paths are
generated. This would be particularly useful for handling pinning in an application
involving paths that are hard to construct, such as the TM-Gaussian paths discussed

in Section 5.2.1.1. In the resulting method, any path can in principle contribute, even

if only a few of them will give an important contribution.

6.3.2.1. Softened Delta Function Pinning

Let us consider the term involving d[o2(x; — R2)] from the curvature path

integral (6.33). After suppressing the integrals over Sy and T, as well as the leading
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constants, the remaining spatial path integral can be written in a schematic form as

1= e (et ) ) (639

T N e (ki) (2AT)
( (2rAT) DD/

)5[f(xk)]<I>(x1, Ce O XNC1), (6.40)

where f(x;) and ® are placeholders for the constraint oy(x; — Rs), and integrand
Yo dom 1M1 Gm.n, respectively. There is no Gaussian term, since that only arises
after pinning the paths, and normalizing for pinned Brownian bridges.

Instead of just evaluating the integral over x; (which pins the paths), the integral
can be multiplied by a factor of unity of the form:

(2rAT) =P [ dy, e=0oke1=¥1)*/ AT)~(vi—xk1)*/ (2AT)

b= (4r AT)~(P-1)/2 e~ (Xkr1—xx—1)2/(4AT)

(6.41)

This involves multiplying and dividing by an unconstrained integral connecting
X;_1 and Xp.1 via a new coordinate yi. The integral has been evaluated in the

denominator. Then the constrained integral (6.40) can now be written

/ 4 N_ld N-1 ef(xk+1ka)2/(2AT) ef(xk“*Yk)Q/(ZAT)*(Yk*Xk—lf/(ZAT)
- / Y / g n kHO (27 AT)D-1/2 (2rAT)P-1

x (A AT)P=D/2 rir=xe1)* /AT T £(x )] D (X1, . X, - - Xv1)- (6.42)

The label for the constrained coordinate x;, and the unconstrained coordinate y; can
be swapped using x; <> yr. The unconstrained coordinates x; will then be used
with all of the other coordinates to create free Brownian bridges, and o[f(yx)] is

now isolated in an auxiliary integral. The path integral can be written in ensemble-
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averaged form,

1 e~ (Ve—%k)? /AT
I= (27 T)D-D/2 << /d}’kmﬂf(yk)]@(xl, ey Yy ,XN_1)>>, (6.43)

where X := (X3_1 + Xz41)?, and the exponential terms were combined using

2
X — Xp_
(Xps1 — yr)* + (Yo — Xp-1)” — (41 5 ko) =2(y — Xp)*. (6.44)

Now the delta function can be integrated over using Eq. (6.6), with the result

) . » 1 bt
~ (27T)D-1/2 << f;(y):(@ %, 7] ATy DD Yo ’XN_1)>>x(t>'

(6.45)

There is an integral over the surface of constraint f(y), and the functional ® is
constrained such that its kth coordinate is on the surface. The paths can be
constructed without any concern for the constraints, but they will be suppressed
by the Gaussian if they strongly violate the constraint that y ~ X;. In effect, this
manipulation has “softened” the constraints. Previously, x; had to lie exactly on the
surface, whereas now X, should be within v/AT of the surface to contribute to the
path integral. Since a broader class of paths can be considered, it maybe easier to
find sample paths where that almost obey the constraint y ~ X;. Those paths can

then contribute to the path integral in regions where ® is nonzero.

6.3.2.2. Splitting the Potential Curvature

Since the strong-coupling limit in the curvature (6.33) comes from the terms

proportional to ]1(()1)1(()2), those terms can be separated out, and treated using the
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softened delta function approach. The remaining terms will be treated using the
generic coupling discussed in Section 6.3.1. The curvature can be split into a strong-

coupling and general-y coupling term
()
Ciy =Cy;" + C’U , (6.46)

where the strong-coupling term is

heN < dT
S ~ ~ ~ ~
C’i(j ) = 2(27T)D/2 T1+D/2 f dSO TNy (Xo) de(y) Tj - Ta (y)
0
o1(xo—R1)=0 o2(y—R2)=0
N=L o —(y—%)2/AT
€ 1) 1@
(E ), oo
1 (mAT)P/2 x(t)

and the general-x coupling term C’Zgg)

heN > dT PR PR
Ci(jg) “2(2m)D2 Z/ T1+D/2 %dSo P (o) %dSk P Palb)

o1(x0o—R1)=0 o2(x;—R2)=0

x Y <<g(x0—xk,k:(N k)T /N?)1d ﬂ()gmn>> . (6.48)

m,n;éO UQ(Xk—RQ):O

The integral (6.47) is only substantially nonzero under two conditions. First, the
path must pass within a distance VAT of the surface, and second the paths must
not enter either body. Note that due to the pinning, the indicator functions IL(()l) 1(()2)
are currently defined with y in the kth spot. This means that if x; lies inside either
body, that does not influence the integrand. The indicators only go to zero when one
of the other points on the path crosses into the bodies.

In a planar geometry, the (D — 2)-dimensional surface integrals can be evaluated.

The integral over S(y) eliminates the transverse Gaussian integrals, and integral over
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the starting surface gives a factor of the transverse area. In D = 4 dimensions,

Eq. (6.47) then simplifies to

hCNA OodT i 67(d27ik)2/AT 1 2
C}S):—/ —<< — 1M1y >> , (6.49)
ERSTCYSEN 2 (AT)I2 70 70 O] ey

k=1

In order to capture the strong-coupling dependence it is necessary to sample from the
set of paths that do not enter either body. For two dielectric planes with dielectric
function (4.39) the paths can be constructed by shifting the paths so they start
on the first surface at * = d;. For paths constructed by scaling unit Brownian
bridges, z; = di + VT By, this can be done by translating the unit Brownian bridge
B(t) — B(t) — Bmin, where By, is the minimum value of the path. This ensures that
the paths start at = = dy, but since v/T B(t) > 0 for all points of the path, the paths
will not enter the first body. Then suppose that the maximum point of the bridge is

Binax, and the maximum point of the path is x. = di + VT Buax. Only this point

will have an opportunity to contribute. Once it passes through the surface, ]lél)]lém
is zero, and so the integrand is also zero. Then the Gaussian e~ (@2=Tmax)?/AT can be

used to sample a path-time, while ensuring that the path does not actually enter the
surface. That crossing time 7., definitely happens when +/7TyaxBmax = d, where
d = dy — dy. The exponential factor in Eq. (6.49) can be written using the definition

of Tax a8

exp ( - ALT[CZ - ﬁémax]2> = exp {— Nd? (%ﬁ - Bza"ﬂ , (6.50)

where Buayx i= (Bme41 — Bme_1)/2, and m* is the index of the maximum value. This

can be regarded as the probability distribution for 7. The normalized probability
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distribution for 1/v/T is

- _ [Na? (1 Bua\ &
PS(TaBmaxad7N)_ 71__,7-36XP|:_Nd (W,_ d ) :|@(Bz —T) (651)

max

The probability distribution can simplified by defining

s = V2Nd? (\/L_T - Bza") : (6.52)

where

ar

Ps(s) = || Ps(T) = \/%632/2@(3), (6.53)

is a one-sided normal distribution. In this case, s is the absolute value of a standard
normal deviate, and the path times can be written in terms of standard normal

deviates as

AL Buax\
T = < E ) (6.54)

The T integral will be computed in Monte Carlo fashion after factoring out the
probability density (6.51), and using Eq. (6.54). The sum over k is assumed to be

dominated by the contribution at the maximum point,

heN A 1 Nd? = 2
o) _ << ( o~ (2 me) /AT) 101 g, O>> ~ (6.55)
I 2@2m)2 \\ T2\ V 7T3 v x(T).wo=ds

Note that there is no explicit pinning on the paths, but this integrand is only non-zero

if the paths do not enter the bodies.
Figure 6.4 shows the effects of including the strong coupling term (6.55). The
strong-coupling term only becomes important for x/N > 1, and there is a transition

between the generic coupling and strong-coupling regimes. The variance of the
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FIGURE 6.4. (Preliminary data) Numerically computed second derivative of TE
potential for two planar surfaces as function of dielectric, for N = 10°, with 108

trajectories. Strong coupling results are shown as blue squares, generic coupling as
red diamonds, and their sum as green triangles. All calculations are carried out using
“occupation” method in Eq. (6.33), and both estimates use the same ensemble of
random numbers.
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total estimated potential is also increased in the cross-over region, dominated by the
statistical error from the generic coupling estimate. The method used here manages
to improve on the generic coupling results significantly, since it does not rely on
rare paths from a very large ensemble to capture the behavior in the strong-coupling
regime. However, the presented results have a larger statistical error than the simpler
generic coupling, but this is perhaps due to a slightly smaller ensemble of paths.
There are N = 10% sample paths in Figure 6.4, versus N = 10° sample paths in
Figure 6.3. This is still under study.

There is yet another way of treating the delta function in terms of restricting 7. If
the paths are assumed to start on the surface of the first body, and not enter, then the
delta function can be interpreted as a delta function in the path time 7. (Since there is
only one 7T integral in the path integral, only one of the delta functions can be handled
in this manner. The remainder should be accounted for in the spatial integrals.) For
a given Brownian bridge By, the times 7, that it intersects the surfaces, or satisfies
03(x0 + VT.Br — Ry) = 0 could be found. This has not yet been implemented,
but would be much simpler. However, the softened delta function approach may be
also be useful in handling other constraints. For example, it may be useful when
computing the potential in a complicated geometry. It might be hard to construct
paths that touch both surfaces, and yet enter neither from randomly constructing
Brownian bridges. This softened style of pinning could allow a broader class of paths

to contribute in that case.
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CHAPTER VII

CONCLUSION

The goal of this thesis was to develop a general purpose numerical method
employing the worldline method to calculate electromagnetic Casimir energies. We
have been partially successful in those aims.

Following Bordag et al. (1999, 1998), we developed a full vector path
integral (2.50) for the EM field. So far it has not be implemented as a numerical
method. Instead, we developed an approximate worldline description for the EM
field in terms of two independent scalar fields, corresponding to the TE and TM
polarizations. Although the decoupled scalars are adapted to a planar geometry,
they share some similarities with the potentials in the full vector path integral, and
are a useful test case in their own right.

We showed analytically and numerically that the polarization worldline path
integrals recover the known expressions for the Casimir-Polder and Casimir energies
in planar geometries, at zero and high temperature. Doing so involved regularizing
singular TM potentials, and finding analytical solutions to the path integral in certain
geometries. The analytical expressions for the path average of the TM potential are
essential for numerical computations with this method.

Even with regularized solutions, it was necessary to develop techniques to
efficiently sample the worldline path integral. The TE integrand was relatively simple
to evaluate, while the TM integrand is much more challenging and still under study.
The birth-death method for sampling paths was essential for bringing the statistical

errors under control, and the partial averaging method also allowed us to evaluate
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the derivatives required for the TM method. The numerical methods we developed
are in agreement with the expected analytical results.

The methods that were developed could be used as an (uncontrolled)
approximation to the Casimir effect in a general geometry. They will also probably
be useful in handling the vector path integral. In cases where path integrals can
be analytically solved for open Brownian bridges [such as Dirichlet (3.29) and TM
boundary conditions (3.52)], those expressions can be applied locally at each step
of the path. At each step, the potential could be computed using a local planar
approximation to the exact solution. The local solutions joined together along the
path, could form a basis for solving a path integral in general, based on the local
approximations throughout the path.

Another possible approach to leveraging the results contained here into a general
method is to consider how the two scalar polarizations are coupled. At each point
along the path, the EM field could be split into the TE and TM polarizations based
on the nearest surface normal. The weights for the polarizations are the components
of an auxiliary two component vector that travels along the path. At each step, the
terms acquire the appropriate TE or TM potential, and are then coupled together
via a rotation matrix where the rotation angle depends on the change in the surface
normal.

The worldline method has not yet been generalized to full electromagnetism.
However, the worldline has a number of attractive features such as its simple
parallelism, and the possibility for superior performance in very complicated
geometries. Given the progress thus far, I believe that this method is worth
developing further, where it could complement existing methods and may have uses

in electromagnetism beyond just Casimir physics.
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APPENDIX

DETAILED CALCULATIONS

This appendix collects a couple lengthy, but tedious calculations required in the

main text.

A.1. Integrated Renormalized Two-Body Feynman-Kac Formula

The following calculation is required for the renormalized two-body energies for
both TE and TM. Since TE and TM mimic each other in the form of their solutions,
most of this can proceed in parallel. Only at the end is the exact form of the solution
required. The form of the two-body solutions are given in Egs. (3.31) and (3.60).

The spatial integral over the solution fi5 in region I is

dy
Ji =/ dzo (fr2(x0) — f13)

—0o0

‘ —2v/2Xd
= / 1 iy e~ 2V 20Hx)(di1—a0) ro€ o
- 200 + x1) (1 — ryrpe—2V2Ad)
roe 2V
) ' (A1)
AN+ x1) (1 = rirpe—2v2Md)

The equivalent one-body expressions can be found by setting one of the susceptibilities

to zero. The spatial integrals over the other regions are

da
Jrr = / do [ f12(x0) — fl(g)]

di
/d2 ; {2T1T262\/ﬂd + Tlewﬁ(dﬁxo) + 7«26*2\/5(@*10)
= T
o VN1 — ryrge-2V2M)
2d 7 ree2V2M (r1 + 7o) (1 — edx/ﬁd)

= + , A2
\/ﬁ(l — 7”17”26_2md) AN(1 — T1T26—2\/ﬁd) (4.2)
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and

Jrr = /OO dzo (fr2(x0) — ffg))

d2
oo —2V2)d
- / dazg €2V 200x) (2 —0) (re ™ = 1) (A.3)
s V2 x2) (1 = ryraem2V2M)
_ (e o) (Ad)

AN 4 x2) (1 = ryrpe2v2Md)

The total spatial integral for the fully renormalized two-body solution is found by
adding together Eqs. (A.1)—(A.4), and subtracting off the one-body integrals. The

result is

/ " dao [(fm(x()) — 1) = (Fi(x0) = 7)) = (falx0) — ) (A.5)

B T26_2\/ﬂd o . - Tze—wﬁd
4()\ + X1)(1 - TlrQe*Z\/ﬂd) 4()\ + Xl) 4\
2d riroe~ 22N (ry + 7o) (1 — 6*2‘/ﬁd)

+ +
V2A(1 — rlrge—Q\/ﬁd) AN(1 - rlrge—de)
(7"1 + r2)(1 . e—%/ﬁd)

4\
N TlefZ\/ﬁd iy T1672\/ﬁd . T (A.6)
A+ xa) (1 = ryrpe2V22d) 4N AN+ x2) .

Pairs of common terms can be simplified by using a/(1 — z) —a = az /(1 — ), with

a=r; and x = ryree 2V,

2d 7 ree2V2M roe~ 2V r
:\/ﬁ(l — ryrpe=2V2Md) - 4N+ x1) (1 = ryrge—2V2X) " 4N +x1)
(r1 4 79)(1 — e72V22d) () 4 1y) re2V2Md _ L
AN(1 — 7yroe—2V2Ad) 4\ AN+ x2) (1 = ryrge=2V2d)  A(A + xa)

(A7)
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The exponential pieces are common to all terms and can be factored out. The terms

can be grouped by their denominators

J e—2V2Md 2drire o[l — (r1)?]  (ri+re)[=1+rire] [l — (r2)?]
(1 — rirge=2V2M) | \/2) 4N+ x1) 4\ 4(A + x2)
(A.8)

The middle term with denominator A can then paired with the terms in (A + x;)~*

and (X + x2)7 !,

J . 6_2\/ﬁd 2dr1T2 + r [1 o (T' )2] (; o i)
(1= e 2V2a) | 20 ? ! 4N+x1)  4A

Frll = (1)) (m - %) ] (A.9)

After factoring out 717y, the result is

7“17‘2672md 2d _1 X1 —1 X2
/= NV — [ = )l [ — ()l |-
(1 — ryree=2V22d) [ /2 AN+ x1) AN+ x2)

(A.10)

At this point, the exact form of the reflection coefficients must be used to proceed

any further.
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A.1.1. TE Reflection Coefficients

For TE reflection coefficents (3.23), the integrated, renormalized two body

solution is

JTE) —

TﬁTE)réTE)efm/ﬁd [ i <4\/—1 /N + Xz) Xi
(1= r{™ry™e2v2d) [ 2N At ) JAAA )
r{" e e 2V (Qd + V2 V2 ) :

+
V2A(L — ™ e=2v2Md) VAtxr VAtxe

] (A.11)

(A.12)

This will be used to compute the Casimir energy between two dielectric half-spaces.
The extra terms will be allow an integration by parts to occur, that considerably

simplifies the expressions.

A.1.2. TM Reflection Coefficients

In contrast, for the TM polarization, the v — e2=v/\, but /X + y is unchanged.
Note that the post-factor of x;/[4\(A+x;)] in Eq. (A.10) came from the integrating the
the exponentials, rather than the reflection coefficients. The TM reflection coefficients

are given by Eq. (3.57). After combining "™ — 1/7{"™ the result is

) TﬁTM)TéTM)e*Q\/ﬁd 2d 2 [ 425 \/_m Xi
J T™M — (2 7
(1 _ T;TRI)TETM)e—Qﬁd |:\/ﬁ 22:1: ( ed=i — /\ + Xz) 4)\(/\ + Xz))}

(A.13)

(TM)TéTM)e—Z\/ 2\d

/r.l |:2d i f€2uZXZ
V2A(1 — ™™ e—2v2Xd) — A+ xi[Ae= = (A + xi)]

} (A.14)

Again, the extra terms allow an integration by parts to proceed, and for the Lifshitz

form of the energy to be recovered.
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