DISSERTATION

SUBMITTED TO THE
COMBINED FACULTIES FOR THE NATURAL SCIENCES AND FOR MATHEMATICS
OF THE RUPERTO-CAROLA UNIVERSITY OF HEIDELBERG, GERMANY
FOR THE DEGREE OF
DOCTOR OF NATURAL SCIENCES

presented by
Alexej Weber
born in Dushanbe, Tajikistan
Oral examination: 23. June 2010






1



INTERPLAY BETWEEN GEOMETRY AND TEMPERATURE
IN THE CASIMIR EFFECT

Referees:  Prof. Dr. Holger Gies
Prof. Dr. Michael G. Schmidt



Wechselwirkung zwischen Geometrie und Temperatur
im Casimir Effekt
Zusammenfassung

In dieser Arbeit untersuchen wir die Wechselwirkung zwischen Geometrie und Tem-
peratur im Casimir-Effekt. Dabei betrachten wir insbesondere die Konfigurationen
der geneigten Platten und einer Kugel, bzw. eines Zylinders iiber einer Platte. Wir
verwenden den Weltlinienzugang, welcher einen stringinspirierten quantenfeldtheoretis-
chen Formalismus mit Monte Carlo-Techniken vereint. Der Weltlinienformalismus er-
moglicht eine prézise Berechnung der Casimir-Energien in beliebigen Geometrien. Wir
analysieren die Abhéngigkeit der Casimir-Energie, der Kraft und des Drehmoments vom
Abstandsparameter und von der Temperatur und finden Casimir Phénomene, welche
von langreichweitigen Fluktuationen dominiert werden. Es zeigt sich, dass in so genan-
nten offenen Geometrien thermische Energie-Dichten typischerweise iiber Bereiche von
Grofsenordnungen thermischer Wellenldngen verteilt sind. Als Folge dessen werden
Néherungsverfahren fiir die thermischen Korrekturen, die auf lokalen Abschétzungen
der Energie-Dichte basieren, als unzuverldssig erkannt — sogar im Grenzwert kleiner
Abstédnde. Warend sich Casimir-Energie, Kraft und Drehmoment bei hohen Tempera-
turen immer proportional zur Temperatur verhalten, findet sich bei tiefen Temperaturen
ein vielfdltigeres Bild. Als Spezialfall zeigen wir thermische Kréfte auf, die ein nicht-
monotones Verhalten entwickeln. Es werden viele neue numerische und analytische

Ergebnisse présentiert.

Interplay between geometry and temperature in the Casimir effect
Abstract

In this thesis, we investigate the interplay between geometry and temperature in the
Casimir effect for the inclined-plates, sphere-plate and cylinder-plate configurations. We
use the worldline approach, which combines the string-inspired quantum field theoretical
formalism with Monte Carlo techniques. The approach allows the precise computation of
Casimir energies in arbitrary geometries. We analyze the dependence of the Casimir en-
ergy, force and torque on the separation parameter and temperature 7', and find Casimir
phenomena which are dominated by long-range fluctuations. We demonstrate that for
open geometries, thermal energy densities are typically distributed on scales of thermal
wavelengths. As an important consequence, approximation methods for thermal correc-
tions based on local energy-density estimates, such as the proximity-force approximation,
are found to become unreliable even at small surface-separations. Whereas the high-
temperature behavior is always found to be linear in 7', richer power-law behaviors at
small temperatures emerge. In particular, thermal forces can develop a non-monotonic

behavior. Many novel numerical as well as analytical results are presented.
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1 Introduction

1.1 Casimir effect and its applications

The subject of this thesis is the physical phenomenon which is named after the
Dutch physicist Hendrik B. G. Casimir. In his seminal paper from 1948 [1I],
Casimir predicted an attractive force between a pair of neutral parallel conducting
plates placed in empty space. For such parallel plates made of an ideal metal, the
attractive force per unit area, i.e. the pressure, is given by

7% he

Pi(a) = =5 = (1.1)

Here, h is the Planck constant, ¢ the velocity of light and a the distance between
the plates. As an example, for a = 1um, the Casimir pressure is P. =~ 1.3 mPa.
According to Casimir’s prediction, the force results from the modification of the
electromagnetic vacuum by the presence of the plates. The attraction between
neutral metallic plates was first observed experimentally in |2]; for a discussion of
this and other recent experimental developments, see for example [3-5]. Today,
the Casimir effect, being a purely quantum effect, is commonly understood as a
direct physical manifestation of the vacuum energy and vacuum fluctuations 4, /.

In the last fifteen years, the Casimir effect has become a field witnessing rapid
experimental as well as theoretical progress. Originally closely related to the
phenomenon of van der Waals attraction, the Casimir effect has developed into a
broad interdisciplinary subject being relevant on all physical scales. It plays an
important role in virtually all fields of modern theoretical and applied physics such
as nanotechnology, condensed matter physics, quantum field theory, chemistry
and molecular physics, gravitation and cosmology, see |3, 4, I6-{18]. It continues
to stimulate mathematical physics and string theory, and has been applied in



1 Introduction

unification theories beyond the Standard Model, see |3, 4, 6, [19, 20| for further
details and references.

Measurements of the Casimir force lead to strong constraints on long-range in-
teractions between neutral macrobodies in addition to Newtonian gravity which
many extensions to the Standard Model predict, see [21H32|. These extensions are
for example approaches which exploit the Kaluza-Klein unification, where in ad-
dition to four spacetime dimension, compactified extra dimensions are believed to
exist. The Casimir effect also provides a possible mechanism for compactification
of these extra dimensions and may give rise to the cosmological constant [A].

Exploring the Casimir and van der Waals forces is essential for the understand-
ing of atom-atom and atom-wall interactions [33]. Both of these closely related
forces play an important role in the absorption of atoms by various microstruc-
tures as for example carbon nanotubes [34]. A promising application of carbon
nanotubes is the proposed possibility of storage of great amounts of hydrogen [35].
A profound knowledge of the interaction details between graphite and hydrogen
is indispensable for the solution of this problem and requires extensive theoretical
as well as experimental investigation.

In condensed matter physics, the Casimir effect gives rise to forces in layered
systems, has implications on properties of thin films and plays a role in surface
critical phenomena. Measurements of the Casimir force use test bodies composed
of real materials and bounded by rough surfaces. To compare a real experiment
with theory, a number of material properties have to be taken into account. In
general, the resulting corrections to an idealized situation are far from trivial.
New theoretical concepts have been developed in recent years — in many respects
especially because of the experimental advances. Fortunately, theory and experi-
ment go hand in hand here and are mutually influencing each other.

The Casimir force is strongly distance-dependent and is increasingly more rel-
evant at smaller separations. Advances in modern technology steadily allow
to shrink dimensions of mechanical and electromechanical devices. Thus, the
Casimir effect is becoming more important also in nanoscience and nanotechnol-

ogy.



1.2 Geometry-temperature interplay

1.2 Geometry-temperature interplay

The Casimir effect features a decisive geometry dependence: the fluctuation-
induced interaction between test bodies or surfaces depends on their shape and
orientation. This is because the Casimir effect arises from the fluctuation spec-
trum in presence of the surfaces relative to the vacuum fluctuations. The spectral
properties in turn are a direct consequence of the geometry.

The geometry dependence becomes even more pronounced at finite tempera-
ture T thermal fluctuations can be predominantly associated with a character-
istic length scale, the thermal wavelength Ay ~ hc/(kgT). Thermal fluctuations
contribute to the Casimir force, whenever the scale set by the thermal wavelength
is commensurate with a mode of the fluctuation spectrum as defined by the ge-
ometry. Therefore, thermal corrections to the zero-temperature Casimir effect
generally cannot be described by universal additive terms or other simple recipes
but require a careful analysis of the interplay between geometry and temperature
(the so called geothermal interplay), as first anticipated in [36].

The purpose of the present thesis is to develop the general physics picture un-
derlying the geothermal Casimir phenomena. The origin of a nontrivial interplay
between geometry and temperature in the Casimir effect can be understood in
simple terms. Consider the classic parallel plate case: as the wavelengths of the
fluctuations orthogonal to the plates have to be commensurate with the distance
a between the plates, this corresponding relevant part of the spectrum (we use
natural units from now on, meaning i =c = kg = 1)

wy’(a) = pj + (Tm/a)®

has a gap of wave number kg, = 7/a. As is obvious, for example, from the
partition function (for one mode p)

Z, = nileXp (J"p(“)(?;r 1/2)) |

the gapped modes are exponentially suppressed at small temperatures T < Kgap-

In D = 4 spacetime dimensions, the integration over the parallel modes p; and
summation over m converts this exponential dependence into the low-temperature
power law T* for the parallel-plate Casimir force. The corresponding thermal
contribution to the free interaction energy (apart from a distance-independent
term) is

2
AE|(T) = g—o AaT®, o <1, (1.2)
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where A denotes the plate’s area. The argument for a suppression of thermal
contributions given above applies to all geometries with a gap in the relevant part
of the spectrum — for example concentric cylinders or spheres, Casimir pistons
and so forth. These geometries are called closed.

By contrast, open geometries with a gapless relevant part of the spectrum have
no such suppression of thermal contributions. Any small value of the temperature
can always excite the low-lying modes in the spectrum. Therefore, we expect a
generically stronger thermal contribution ~ (a7)* with 0 < a < 4.

Another argument for the fundamental difference between open and closed
geometries and thermal corrections is the following: Eq. ([L2) can also be written
as

AE(T) =V ess,

where V' = aA is the volume between the parallel plates, and esp is the Stefan-
Boltzmann free energy density of the radiation field. Hence, we can understand
the low-temperature correction in the parallel-plate case as an excluded volume
effect: the thermal modes of the radiation field at low temperatures do not fit in
between the plates, and therefore the corresponding volume does not contribute
to the total thermal free energy. By contrast, open geometries by construction
cannot be associated with any unambiguously defined excluded volume, such that
significant deviations from a 7 behavior can be expected.

These considerations immediately point to the possibility that the thermal part
of the low-temperature Casimir effect can be dominated by long-range fluctu-
ations. This is because a temperature much lower than the inverse distance,
alT < 1, sets a new length scale which can be much larger than the plate distance
as well as any other length scale of the geometry (such as a sphere radius).

In closed geometries, this length scale is effectively cut off by the gap in the
spectrum, implying the parametric suppression of thermal effects. In open geome-
tries, this length scale sets a relevant scale that can, for instance, reflect the spatial
extent of the distribution of the thermal energy density. The total thermal energy
thus can receive dominant contributions from long-range modes corresponding to
significantly extended thermal energy distributions.

The considerations have so far concentrated on the low-temperature limit.
In fact, the high-temperature limit exhibits a universal linear dependence on
the temperature for the following reason: At high temperature in the imaginary-
time formalism, only the zeroth Matsubara mode can contribute as all higher
modes acquire thermal masses ~ 77T and hence are largely suppressed. The ze-
roth Matsubara mode has no temperature dependence at all, such that the only
temperature dependence arises from the measure of the fluctuation trace, which
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is linear in T'. A less technical argument with the same result can be based on the
underlying Bose-Einstein distribution governing the bosonic thermal fluctuations
of the radiation field. This distribution increases as ~ 1" in the high-temperature
limit, inducing this linear temperature dependence directly in the free energy.
The properties of the geometry only enter the prefactor in the high-temperature
limit.

1.3 Field theoretical approach

The investigation of geothermal phenomena demands methods which can tackle
arbitrary geometries. The calculation of Casimir energies for more involved ge-
ometries is a complicated task. It should be clear that for more complex con-
figurations, the Casimir energy can only be evaluated numerically. However, the
general expressions for the Casimir energy contain infinite sums and integrals,
from which ultraviolet divergences have to be separated first before a numerical
evaluation even becomes possible. Finding and separating these divergences is a
delicate business, such that in almost all cases a direct numerical treatment is
next to impossible.

A powerful numerical method which does not contain any divergences at in-
termediate steps is worldline numerics [31-40]. Worldline numerics originates
in the string-inspired approach to quantum field theory [41-44] and is based on
a mapping of field-theoretic fluctuation averages onto quantum-mechanical path
integrals [45-50]. It is independent of the Casimir geometry and can easily deal
with finite temperature. The problem of determining the fluctuation spectrum
with the followed summation is elegantly circumvented and substituted by one
single step. In this thesis, we choose worldline numerics for the investigation of
geothermal phenomena. Surprisingly, it turns out that wordline numercis can also
be used to find novel analytical results.

In addition to the worldline methods [37-#40, 51-61] used in this work, a variety
of approaches has been developed in recent years, such as a functional integral
approach [62-64] and scattering theory [65-82]. An extension of these methods
to finite temperature is usually straightforward and highly worthwhile in view of
the geometry-temperature interplay.

As we pointed out in the previous section, geothermal phenomena can be dom-
inated by long-range fluctuations in open geometries. An important consequence
can already be anticipated at this point: approximation methods that are based
on local considerations will generically fail to predict the correct low-temperature
correction in open geometries. An example is given by the proximity force ap-
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proximation (PFA) which is based on the assumption that the Casimir energy
can be estimated by integrating over local parallel-plates energy densities [83, 184].
Whereas this approximation may or may not work at zero temperature depending
on the geometric details of the configuration, it is even conceptually questionable
at finite temperature, as open geometries should not be approximated by closed-
geometry building blocks. Quantitatively, such a procedure is expected to fail, as
local energy-density approximations will not be able to capture the contributions
from larger length scales induced by long-range modes.

The temperature-geometry interplay is not an academic problem: experimen-
tally important configurations such as the sphere-plate or the cylinder-plate ge-
ometry belong to this class of open geometries, but thermal corrections have so far
been approximated by the PFA. Whether or not a potentially significant geother-
mal interplay may exist in the relevant parameter range a7’ ~ 0.01...0.1 is a
technically challenging problem, which will be addressed in this thesis.

1.4 Organization of the thesis

The present thesis is organized as follows: In chapter Bl we review the classic
Casimir configuration of two ideal parallel plates and relate the Casimir effect to
van der Waals forces.

Chapter B presents the worldline approach to the Casimir effect.

Chapter Hlis devoted to a study of the zero-temperature Casimir effect for the
inclined plates configuration. We extend the analysis of inclined plates to finite
temperatures in chapter Bl

The sphere-plate and cylinder-plate configurations at zero temperature are
studied in chapter B We develop an approach to direct force computation, rather
than calculating the interaction energy. This leads to enormous simplifications in
the numerics and enables us to extend the parameter range studied so far.

We show the great advantage of the algorithm for the direct force calculation
in chapter [ Here, the sphere-plate and cylinder-plate configurations are studied
at finite temperature.

In chapter B we deduce the PFA from the worldline path integral. This helps
to understand the differences between the exact and approximate treatments.
For comparison, we also work out the PFA estimates for the sphere-plate and
cylinder-plate configurations in great detail.

For the sake of completeness, we present and prove the Poisson summation in
appendix [AL

The conclusions of the thesis are provided in chapter



2 Essentials of the Casimir effect

2.1 Connection with the van der Waals-London
forces

Let us consider the classical Casimir configuration consisting of two parallel, un-
charged and perfectly conducting plates at a distance a. Nowadays, it is common
to emphasize the spectacularity and the mystery of the fact that the two neutral
plates do indeed exhibit a force in the vacuum. Intuitively, it should be no sur-
prise that an attractive force between the plates arises. Long range forces, other
than gravity but acting between neutral atoms, are well-known. These are the
dispersion forces, also called van der Waals-London forces |83, 86]. Van der Waals
forces play an important role in biology and are particularly significant for surface
phenomena.

The origin of the dispersion force can be understood in simple terms. For a
non polar atom, the expectation value of the dipole moment in the ground state
is zero. Due to its quantum mechanical nature, however, the mean value of the
dipole moment squared is different from zero, such that the interaction between
fluctuating dipoles gives rise to a weak attractive force.

The quantum theory of the van der Waals interaction was presented by London
in 1930 [86]. The London theory was entirely quantum mechanical (since it con-
tained k) but it was not relativistic (since ¢ was absent). London considered only
dipole moments induced instantaneously and the theory was therefore valid for
relatively small separations. The force between two neutral atom at the distance
a was found to be ~ 1/a”.

The relativistic theory of the van der Waals attraction was considered for the
first time by Casimir and Polder in 1948 [33]. They considered retarded inter-
actions and were able to show that the van der Waals force between two atoms
changed from ~ 1/a” to ~ 1/a® as the separation a increased.

Of course, the generators of the van der Waals attraction, the fluctuating
dipoles, generate fluctuating electromagnetic fields, and they themselves induce
fluctuating moments. In principle, the dispersion force can then be attributed to
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the fluctuating electro-magnetic field alone, without a reference to the atoms as
the generators of fields.

In 1948 Casimir calculated an attractive force between two idealized parallel
plates by considering only the fluctuating fields in the vacuum. He used a novel
technique and derived the attraction between the plates from the zero point en-
ergy of the fluctuating electromagnetic field. This, indeed, was an equivalent
description of the same physical effect.

One should not forget that the force was derived for an ideal metal, thus leading
to an universal result. Dealing with realistic materials, the Casimir force should
transform to the van der Waals-London force at short separations, and above all,
the force will disappear if the plates were made transparent for the fluctuating
field.

2.2 The mystery of the Casimir effect

Note that the apparently trivial shift of emphasis from fluctuating dipoles to
fluctuating fields not only facilitates the calculation of forces by allowing the use
of quantum field theoretic techniques, it also leads to new theoretical predictions
which by no means can be related to van der Waals forces. This is the mystery of
the Casimir effect [20]. The prominent example is the Casimir effect for a single
spherical shell. The interest in this boundary is enormous for a number of reasons.

One application was given by Casimir himself. In 1953, he proposed a model for
the electron. The charge of the electron was assumed to be uniformly distributed
over a conductive spherical shell. Since the Casimir force between two parallel
plates was attractive, Casimir hoped that the resulting electrostatic self-repulsion
of the charge could be balanced by the Casimir force arising from the conductive
shell. Unfortunately, the Casimir force for a conducting shell turned out to be
repulsive. This was shown first by Boyer 1968 [87]. The result has since been
independently confirmed [88-91]].

The Casimir effect for spherical shells also appears in Kaluza-Klein theories in
4+ N dimensions, where the extra dimensions are compactified into a sphere. For
a fluctuating scalar field and a single sphere SV, the Casimir energy is divergent
for even NV, negative for N = 1 and positive for odd N up to N = 19. For N > 21
the energy becomes increasingly negative |6, 92].

In particle physics, the Casimir effect for a sphere is used in the phenomenologi-

cal bag model of hadrons [, 93-99|. In this model, a hadron is modeled as quarks
confined to the interior of a spherical cavity. The interior of the cavity is assumed
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to be a chromomagnetic vacuum, while the exterior is a perfect chromomagnetic
conductor. Given Boyer’s repulsive result for the spherical shell, this model seems
to be physically unsatisfactory, however, the repulsive result in this situation is
less clear since there are no exterior modes.

Another reason for the interest in repulsive spherical geometries is the hope of
finding a repulsive Casimir force between real bodies. If found, it would provide
a mechanism to reduce stiction in nanomechanical systems [4].

In the course of time the Casimir effect also developed from being an alternative
explanation for the retarded van der Waals force to being evidence of the reality of
the quantum fluctuations and the quantum vacuum [4, 6, [100-104]|. The question
of whether zero point fluctuations are real, or of whether the Casimir effect can
be used as evidence for their reality, is beyond the scope of this thesis, see for
example [100, [1054107]. We will, however, make use of the modern definition
of the Casimir effect as the dependence of the vacuum energy of a field on the
boundary [6].

In our case, the boundaries are represented by rigid bodies. The boundaries
restrict the modes of the fluctuating field and give rise to a measurable force
between the bodies. This force then depends on the nature of the field, on the
geometry of the boundary and on the dimension of spacetime.

2.3 Basic recipe for the Casimir calculations

The roots of the Casimir effect trace back to the most fundamental principles of
quantum mechanics. According to quantum mechanics, a harmonic oscillator has
discrete energy levels

En:hw<n+%), (2.1)

where n = 0, 1, 2, ... and w is the angular frequency of the oscillator. The

ground (vacuum) state energy of the oscillator is
1
which, escpecially, is not equal to zero.
In the quantum field theory, any quantized field is considered as a set of oscil-
lators of all frequencies. Then, using Eq. (Z3), the vacuum energy of a field is

given by

h
E=3 ;w, (2.3)
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which is the sum over all ground state energies, or zero point oscillations. The
index J in Eq. (Z3) labels the quantum numbers of the field modes. For in-
stance, for the electromagnetic field in free space, the index J contains a contin-
uous component k (the wave vector) and a two-valued discrete component which
characterizes the polarization state.

Introducing rigid bodies into the free space, we impose boundary conditions
on the field, thus restricting the possible field modes w. For two parallel plates,
for example, one component of the wave vector k becomes discrete. The basic
procedure to calculating the Casimir energy E for two ideal parallel plates is
similar for many different approaches. The recipe can be formulated in two steps:

1. find the mode spectrum of the fluctuating field;

2. sum up the mode spectrum to obtain the Casimir energy.

Obviously, the two steps can be performed for a few highly symmetric configura-
tions only. The parallel plates configuration is one of them. In general, however,
the mode spectrum cannot be found analytically, and if found, the summation
itself would be far from obvious. One therefore has to retreat to approximate and
numerical methods.

In the next section, we perform the calculation for Casimir’s parallel plates.
The final result turns out to be of key importance for worldline numerics, as
will become clear in Sect. 4. At the end of this chapter, we then present the
proximity force approximation (PFA), which, using the analytic result for two
parallel plates, approximates a given geometry by infinitesimal parallel plates.

2.4 Casimir’s parallel plates

Let us consider two idealized perfectly conducting parallel plates in D = d +
1 dimensions. The surface area of the plates is then d — 1 dimensional. The
separation between the plates is a. For simplicity, let us take a massless scalar field
to be the fluctuating field. We assume that the field satisfies Dirichlet boundary
conditions on the plates, and therefore vanishes there. We set h = ¢ = 1 and
label the modes of the field by the integer n > 0 and the transverse momentum
k. The Casimir energy per unit transverse area is obtained by summing over the
zero-point energies of all modes,

E1(4a) _ i Z/ ;1: ;kQ 2y n:zr?' (2.4)

10
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The integral is terribly divergent for large k. Introducing a cutoff A and using

de B 27TD/2

=10/ EP-1dk, (2.5)

we can express the integral in terms of hypergeometric functions.

A finite Casimir energy can then be obtained by expanding the result around
A = oo and taking the A independent contribution only. This contribution can
then be summed up to produce the correct result.

In order to get rid of the A divergent terms, we subtract from Eq. ([ZZ) the free
value E(a — o0). Let us take an arbitrary b > a, and subtract E(b) from E(a).
The value of b will be sent to infinity at the end. Using Eq. (Z4) and (Z3), this

gives
E(a) — E(D) i /°° dk kP=322-D 71-D/2 \/k2 N n’r? \/]€2 N n2m?
A = ['(—1+ D/2) a? b2

mP=D20 (B=1) ((1— D) ( 1 1 ) .

2D HpP—-1 aP-1

Actually, the integral in Eq. (Z8) converges for 2 < D < 3 only, but we use
analytical continuation in D and treat Eq. (1) as a formal answer for all D.

For D > 1, we can safely perform the b — oo limit. Using the reflection
property of the ¢ function,

1-D D

((1-D)T (%) rP=V/2 — ¢(D)T (5) P2, (2.8)

we finally get

E(a) - E(b »c0)  I(D/2){(D)
— = ot (2.9)

in agreement with [10&, [109]. The force per unit area, F//A, is obtained by taking
the negative derivative with respect to a. Especially for D = 4, the force per unit
area becomes

F(a) w2
A 480a*

(2.10)

This result represents the Casimir force for a fluctuating scalar field. The cor-
responding result due to an electromagnetic field is obtained by multiplying the

11
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scalar case result by a factor of 2, which accounts for the two polarization states
of the photon.

It is tempting to try to approximate an arbitrary Casimir configuration by
small parallel plates. Then, using Eq. (Z8) and (wrongly) assuming additivity
of the Casimir force, one would have a simple approximate method. This widely
used technique, the proximity force approximation (PFA), is subject of the next
section.

2.5 The proximity force approximation

The standard and the most simple approximation method for estimating Casimir
energies between separated rigid bodies is the proximity force approximation
(PFA) [83, 84]. The PFA is still widely used for comparison of experiment and
theory, since the resulting estimates can easily be generalized to the case of bodies
made of real materials. In this thesis, we will compare our most important results
with the PFA estimates as well.

The PFA treats the Casimir configuration as a superposition of infinitesimal
parallel plates and then integrates them up

EPFA(q) — /Z PP (h) do. (2.11)

Here, one integrates over an auxiliary surface ¥, which should be chosen appro-
priately. We have introduced e"F(h) which denotes the energy per unit area of
two parallel plates at a distance h apart, see Eq. (9). At zero temperature and
for D = 4, this quantity reads

Cpp
e"P(h) = —=3 (2.12)
where cpp = m2/1440 for the Dirichlet scalar case. Of course, by definition,

EPFA(a) is ambiguous since there is no prescription on how to choose the auxiliary
surface Y. There is also no reference to boundary conditions, therefore, all PFA
formulae are analogously valid for the electromagnetic case as well, with the
restriction that all force or energy formulae must be multiplied by a factor of
two accounting for two polarization modes.

The distance is conventionally measured along the normal to ¥. The two ex-
treme cases in which ¥ coincides with one of the two bodies provide us with a
region spanning the inherently ambiguous estimates of the PFA.

Strictly speaking, the PFA contradicts the Heisenberg’s uncertainty princi-
ple [52]. The quantum fluctuations, acting via the parallel plates prescription,

12



2.5 The proximity force approximation

are supposed to probe the configuration pointwise, thereby neglecting the whole
neighborhood. However, the fluctuations should not be localizable.

As we will see in the next chapter, the worldline approach respects this quantum
mechanism: the sum over modes of a field is represented by a sum over non
local space-time trajectories (worldlines) of quantum fluctuations, which directly
sample the geometric properties of the surfaces. The PFA then turns out to be
the one-dimensional version of worldline numerics, where instead of complicated
multi-dimensional worldlines one uses simple straight lines.

13
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3 Casimir effect in the worldline
formalism

This chapter provides an introduction into the worldline approach to the Casimir
effect. For simplicity and clarity, we study the Casimir effect induced by a fluctu-
ating real scalar field obeying Dirichlet boundary conditions (“Dirichlet scalar”).
We start with the field theoretic framework and show how the problem of com-
puting the Casimir energy can efficiently be treated numerically.

These concepts have been originally presented by Gies et al. (2003) in [37] and
are based on the “string-inspired” worldline formalism, in which field-theoretic
fluctuation averages are mapped onto quantum-mechanical path integrals [41-
A8]. For arbitrary backgrounds, this worldline integral representing the spacetime
trajectories of the quantum fluctuations can straightforwardly be computed by
Monte Carlo methods [39]. As the computational algorithm is generally indepen-
dent of the background, i.e., the Casimir geometry, Casimir problems for arbitrary
configurations can straightforwardly be tackled with this method.

In contrast to the worldline approach, standard strategies perform the Casimir
calculations in two separate steps, namely by identifying the mode spectrum of
the quantum fluctuations in a given geometry and then by summing it up. In
the worldline approach, these two steps are combined and are performed not sep-
arately but simultaneously. This is particularly advantageous, since both steps,
being highly non trivial and increasingly difficult for more involved Casimir con-
figurations, combined become geometry independent and quite easy to perform
in the worldline approach.

The worldline approach can also be straightforwardly extended to non zero
temperature by the Matsubara formalism. As it will become clear in this chapter,
the geometry-dependent part of the calculation remains the same for zero and
finite temperature. Thus, the modifications to the technical realization of the
numerical algorithms are rather minor compared with other methods.

In the worldline picture, quantum fluctuations are represented by closed trajec-
tories of virtual particles allowing for an intuitive approach to the Casimir effect
and quantum phenomena in general. Computing the Casimir force between two
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3 Casimir effect in the worldline formalism

rigid bodies for a Dirichlet scalar, we will see that only trajectories intersecting
both bodies contribute to the Casimir force. With this in mind, many geometry
specific features of the Casimir force, such as the dependence on the separation
and the sign of the interaction, the role of curvature and of the edges, and es-
pecially the geometry-temperature interplay can be understood in the worldline
picture.

The worldline approach has proven to be very successful yielding many surpris-
ing predictions for various Casimir geometries |37, 51-60].

3.1 Field theoretic framework

Let us consider a real scalar quantum field ¢. The field ¢ is coupled to a back-
ground potential V(z). The Casimir effect is then defined as the dependence of
the vacuum energy of the field ¢ on the potential V' (z). In this work we focus
on the Casimir forces between disconnected rigid bodies Y1, 3, ... which can be
represented by the background potential V. The functional form of V' in general
allows modeling many physical properties of real materials and types of boundary
conditions. For instance, the Dirichlet boundary conditions imply that all modes
of the field ¢ are suppressed on V and thus can be modeled by idealized delta
potentials in space as a special case, see Fig. Bl for an illustrative example. For
now, let us take V' as general as possible and postpone the discussion of its specific
form.

Coupling the fluctuating field ¢ to the background potential according to ~
V(x) ¢?, we can write the field theoretic Lagrangian as

L= % ¢ (—0°+m* +V(z)) ¢. (3.1)

This implies that the potential V() has mass dimension 2 and can therefore be
considered to form a spacetime dependent contribution to mass squared. As we
work in D = d + 1 dimensional Euclidean spacetime, we use

2 2 2 2
=0+ +0,, +0;,. (3.2)

Not considering further fields or couplings, the classical action becomes
S = /de L. (3.3)

The complete unrenormalized quantum effective action I' is then given by the
relation

exp(—I') = /D(b exp(—59). (3.4)
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3.1 Field theoretic framework

Figure 3.1: A schematic illustration of the Dirichlet boundary conditions in d = 1. The delta
potentials V', shown as narrow peaks, live on the boundaries and cause the fluctuating quantum
field ¢ (dotted line) to vanish there. In between the field propagates freely.

The path integral in Eq. (B]) states that to obtain the effective action I'; we
have to sum over all field configurations, where the statistical weight of a given
configuration is exp(—S). The (unimportant) normalization constant in front of
the path integral has been omitted for clarity.

For time-independent Casimir configurations, the Casimir energy £ is related

to the effective action via
B r
N deL’D’

so that our main aim in this section is to compute I'.
Since the path integral in Eq. ([B) is Gaubian, we obtain for I'

HV]Z—Jn(/IWemK—SO==—h1(kt(_8%+2i+L%@)é>, (3.6)

where we used the familiar formula for Gauftian integrals. Using the relation

£ (3.5)

Indet = Trln (3.7)

and normalizing I" to satisfy

TV =0] =0, (3.8)

!Both T' and S have of course the same dimension of an action, (energy x time), such that
the exponents in (B4 shall be divided by Planck’s constant %, which we, however, have set
to 1. Also Eq. (B3) is in agreement with the dimensional analysis as ¢ = 1 has been used.
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3 Casimir effect in the worldline formalism

gives the complete unrenormalized quantum effective action:

1 —*+m? +V(z)
IV]= §Trln 5 o

(3.9)

Next, we want to rewrite Eq. (BX) using the propertime representation of the
logarithm. To derive this representation, we observe that for a positive number

A we have
d 1
and also
d [* _exp(=AT) [~ 1
1 i dT#—/O d7T exp(—AT)—A, (3.11)

where we have interchanged differentiation and integration. Thus, formally, for
positive A and B we can write

In <%) =— i d;: (exp(—AT) —exp(—BT)). (3.12)

Eq. (BI2) is a special case of a Frullani’s integral, see [110].

We can generalize Eq. (BI2) to positive definite operators A, B. The parameter
T is then usually called Fock-Schwinger propertime.

Let us return to Eq. (B3). Performing the trace in x space,
Tr[. .. ] :/de (x]...|x), (3.13)
and using Eq. (BI2), we get

< dT
_ __/ /dD <.T‘ (—0%24+m2+V (z)) ‘SL’> _ <x|€7T(782+m2)|x>:|

a2 T

© a7 T 2am? . emeT
_ __/ /dD <{L‘|€ T(—0°+m+V( ))|l‘> — W] . (314)

Here we have taken into account the UV cutoff A at the lower bound of the 7
integral for the sake of definiteness only. It will not be present in the end formula
for the Casimir interaction energy.

Now, let us compare the matrix element (x| ... |z) with the quantum mechanical
transition amplitude in propertime 7, which can be written in terms of path
integrals.
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3.1 Field theoretic framework

For a particle of mass m in a time-independent potential ‘7, this transition
amplitude reads [44, [111, [112|

z(t)=x' t
(2| exp(—itH)|x) = N/ Dx exp (z/ de) : (3.15)
T 0

(0)=z
where
P
P (3.16)
and
mi* -
L ="~ V(). (3.17)
Using in (B13)
-~ 1
Vi) =m*+V(z), m= 3 it="T, (3.18)
we conclude that the matrix element (z|...|z) in Eq. (B4) can be written as

Y (T /i)=x T/i T1 ~
(x]e” T +m™ V) 2y — N/(o Dz exp i/o dt [ZxQ —m? — V(x(t))}

)=x
z(T)=x T 1
=N Dz exp <— / dr [—3'72 +m? + V(:L’(T))]) .
z(0)=x 0 4
(3.19)

This is a path integral over all closed paths, or worldlines, starting and ending at
x(0) = 2(7) = x fixed. In Eq. (BI4), the trace operation induces an integration
over all possible z representing an integration over all starting (and end) points
of worldlines. Thereby, everywhere in spacetime closed worldlines are generated.

For practical purposes, it is useful to shift z,
T — Tom + X, (3.20)

and not to integrate over the initial points = but over the centers of mass xcy.
This shift implies

/T drz,(r) = 0. (3.21)
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3 Casimir effect in the worldline formalism

The normalization constant N in Eq. (BIJ) can be found by taking the limit
V' — 0 since for zero potential the matrix element can be evaluated analytically:

> 1 T
z|e??|z) = ———n :N/ Dz exp (—/ dT—i‘2> : 3.22
(rle™ ) (4nT)P/2 2(0)=(T) o 4 (3.22)

This form of A allows us to interpret the path integral in simple terms, namely
as an expectation value of exp(— fOT dr(m? + V) with respect to an ensemble of
worldlines with Gaufsian velocity distribution,

T
N/ Dz exp (—/ dr FxQ +m® + V(zem + ‘T(T))})
z(0)=z(7) 0 4

The quantum effective action (BId]) then eventually reads

1 < dT
Nl=-———__ - —m?T
V1= =570}, e 0 (-°T)

X /dDa;CM <exp <— /OTdT V(zem +x(7‘))) - 1>$, (3.24)

where the expectation value is given by

(e (- " Ve + ) >

_ fm(O):m(T) Dx exp (— fOT dr [12% 4+ V(zom + :L’(T))]) 3.25)

T .
fx(O):x(T) Dz exp (_ I driﬂ)

3.2 The Casimir interaction energy

As we have stated above, in this work we are merely interested in calculating
Casimir forces between disconnected rigid bodies >, >, ... Furthermore, we
want to consider only static configurations. A configuration ¥ consisting of such
static disconnected bodies may be written in the form

=X+ + ... (3.26)
and can be represented by a time-independent background potential Vi (x) as

Va(x) = Vs, (x) 4+ Vi, (x) + . .. (3.27)
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3.2 The Casimir interaction energy

The potentials Vi, (x) for the single bodies shall not overlap, meaning that at each
point x we have

Ve, (x) Vg, (x) =0, for i#j. (3.28)
The Casimir energy is then obtained from the effective action by dividing the
latter by the time integration, see Eq. (BE)H This Casimir energy may be
infinite due to self energies of the single bodies. However, these self energies do
not contribute to the Casimir force between the bodies, such that it suffices to

study the interaction Casimir energy E., defined by subtracting the self energies
Es, of the single bodies from the total Casimir energy Ey:

C[Vg] =T[Vg,| = T[Vs,] — ...
fd$CM,D

—E— &, —Es, — ... (3.29)

E. =

The Casimir interaction energy FE. then only depends on the relative positions of
the objects. The Casimir forces F; or torques D, are obtained by differentiating
the (negative) interaction energy with respect to parameters characterizing the
separation or orientation of the bodies. These are, e.g., distances a or angles
. As the subtractions drop out by taking the derivative, the Casimir force and
torque can also be obtained from the total interaction energy

F. = —%EC = —%82, D, = —%EC = —%52. (3.30)
Subtracting the self energies also removes the field theoretic UV divergences in
Eq. (B24) since any divergence induced locally by the potentials is canceled. We
can therefore take the limit A — oo. Also from the numerical point of view, the
interaction energy F. is favorable as it allows us to deal with comparably “small”
numbers.

The definition of the interaction energy in Eq. (B29) shall not be confused
with renormalization. The interaction energy can be well defined even if the
self energies might be ill-defined in the ideal boundary-condition limit, where the
examples are the perfect conductivity or infinitely thin surfaces [114-118].

2This can be seen by remembering how the vacuum-persistence amplitude (0| exp(—iHT)|0) =
exp(—iEyT) is related to the path integral f Doe=5. In absence of external sources, one
finds [113] the relation lim, .o (0] exp(—iHt)|0), . ,, = limy_.oexp(—Eopt) = [Dpe 5 =
exp(—T"), and thereby Ey = I'/( (time)). Here, H denotes the quantum mechanical Hamil-
tonian and Ejy the ground-state energy.
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3 Casimir effect in the worldline formalism

Eq. (BZ9) is a procedure to find the exact Casimir force between rigid bodies.
The question as to whether the local Casimir energy densities are well defined
is circumvented and remains unanswered. Therefore the computation of Casimir
stresses of single bodies, as e.g. a sphere, can not be tackled by the concept of in-
teraction energy and the renormalization procedure has to be carefully performed,
see [13, 87, 119-127].

Let us return to the form of the background potential Vs, in Eq. (B2Z1) and con-
fine ourselves to an idealized situation where the boundary conditions are realized
on infinitely thin surfaces. A simple way to model the Casimir configuration X
would then be to choose the following background potential

Va(x) = )\/Zda 6D (x — x,). (3.31)

Here, the Casimir configuration ¥ is taken to be a d — 1 dimensional surface,
do denotes the integration measure, and is assumed to be re-parametrization
invariant, and x, shall point onto the surface. The positive coupling constant A
has mass dimension 1.

Eq. (B3T) merely says that if x is on 3, the value of the potential is A. For all
other x the potential is zero. Sending A to infinity, A — oo, causes all modes of
the field ¢ to vanish on Y. In this limit the potential implies Dirichlet boundary
conditions on ¥ [126, [127]. The coupling constant can therefore be considered as a
kind of plasma frequency of the boundary material: if A is infinite, all fluctuation
frequencies are perfectly reflected. For finite A on the other hand, the Casimir
boundaries become transparent for frequencies w > A [31].

At first sight, the realization of Neumann boundary conditions shall be similar.
One would follow the approach for the Dirichlet case and to impose the Neumann
boundary conditions, one would include terms which are proportional to the nor-
mal derivative of the § function. However, due to these highly singular objects,
the numerical realization becomes very expensive, and also non local terms have
to be taken into account. No simple form for the Casimir energy (similar to the
one which will be given in Eq. (B34])), suitable for the fast numerical evalua-
tion, has been found so far to our best knowledge. We will not pursue Neumann
boundary conditions in this work, for further details, see [128, [129].
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3.3 The worldline functional

3.3 The worldline functional

Let us now insert the potential (B33) into Eq. (B24) and evaluate the 7 integral.
Using the familiar rule for the integral with a ¢ function, we find

1
%1 (76)]

Infx(r)] = /0 V) =2 Y (3.32)

{70; x(75)€X}

where %, (7,) denotes the component of the 7 derivative perpendicular to the
surface at an intersection point and we sum over all intersection points x(7,) of
the worldline with the surface. If a worldline does not pierce the surface, then
Is[x(7)] is zero. There are also worldlines which merely touch ¥. In this case,
the inverse velocity 1/|%, (7,)| diverges on the surface. The value of Iy, then also
diverges, but since it occurs in the argument of an exponential function, the latter
becomes zero. These worldlines, however, form a null set and can be neglected
anyway.

Let the Casimir configuration ¥ now consist of two disconnected bodies, > =
31 435. Then the potential is Vs, = Vi, 4+ Vs, and the argument of the expectation
value (...), in Eq. (B2Z4) for the interaction energy (B2Z9) becomes

(e Portma X 1) — (e 1) — (7Pl — 1) € [0, 1]. (3.33)

Eq. (B33) is only non zero if the worldline x(7) does intersect both bodies ¥ =
Y1 + Xo. Indeed, if x(7) does not intersect ¥, then we have

1-1)-(1-1)=(1-1)=0

since all I's are zero, Iy, 15, = In, = Iy, = 0. If only one body is intersected by
x(7), say Yy, then

Iy, [x(7)] = I, [x(7)] and - I, [x(7)] = 0,

and the sum in Eq. [B33) again becomes zero. Thus, we learn that only those
worldlines which intersect both surfaces contribute to the interaction energy, see
Fig.

In the Dirichlet limit A — oo, Eq. (B33)) becomes exactly 1 if both ¥; and 3,
are intersected. Introducing the worldline functional Oyx[x(7)] allows us to write
the interaction energy in a compact form [37, 51|

1 /°° d7T exp (—m?*T)
0

E.= ~ 3 (@) T1iD) /ddIL‘CM<@E[X(T)]>x. (3.34)
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3 Casimir effect in the worldline formalism

Figure 3.2: Worldline contribution to the Casimir interaction energy between a plate (dashed
blue line), denoted by X1, and a sphere (dashed blue circle), denoted by ¥3. A worldline which
does not intersect any surface, case (a), does not contribute to the Casimir energy at all, it is an
ordinary vacuum fluctuation. If a worldline intersects only one surface, case (b), it contributes
only to the local energy density, but not to the interaction energy. Only wordlines which see
both surfaces, case (c¢), contribute to the interaction energy, and thereby to the Casimir force.

The worldline functional then has the following property

1 if the worldline x(7) intersects both boundaries
Ox[x(7)] = (3.35)

0 otherwise

One realizes that the worldline functional Oy is analogous to the standard step
function.

The expectation value in Eq. [B34) is taken with respect to an ensemble of d-
dimensional closed worldlines with a common center of mass xcy and a Gauflian
velocity distribution, see Eq. (B29),

f Dx ... e Jg dr¥3(r)
— XCM

[ Dxe il a2
XcMm

(..) (3.36)

Eq. (B34) has an intuitive interpretation: All worldlines intersecting both sur-
faces do not satisfy Dirichlet boundary conditions on both surfaces. They are
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3.4 Temperature in the worldline formalism

removed from the ensemble of allowed fluctuations by the Oy functional and thus
contribute to the negative Casimir interaction energy.

The auxiliary parameter 7, the so-called propertime, effectively governs the
size of a worldline: In the process of the 7 integration, the propertime parameter
T scales the extent of a worldline by a factor of v/7. Large 7 correspond to long-
wavelength or IR fluctuations, small 7 to short-wavelength or UV fluctuations.

Within the worldline picture, it becomes intuitively evident that for a Dirichlet
scalar the Casimir interaction energy is negative. The interaction energy then
monotonously increases with the (suitably defined) distance a between the sur-
faces, meaning that the resulting force is always attractive. This is in agreement
with a theorem stated in [7(].

3.4 Temperature in the worldline formalism

Finite temperature can be implemented with the aid of the Matsubara formalism
[130], which is equivalent to compactifying Euclidean time on the interval [0, 3].
For bosonic fields, as in the present case, we furthermore have to impose periodic
boundary conditions. As a consequence, the closed worldlines now live on a
cylindrical surface S' x R? and can carry a winding number. The worldlines
x(™(7) winding n times around the cylinder can be decomposed into a worldline
x(7) with no winding number and a winding motion at constant speed,
n—qﬁj@p,

where the Dth component corresponds to Euclidean time. Let us confine ourselves

2(r) = &) + (3.37)

to a massless scalar field. The Casimir interaction energy (B:34]) now becomes
1 47 e _ n22 J
Ee==5umpr |, 708 2. /d zom (Os[x(T)]).  (3.38)

n=—oo

The finite-temperature worldline formalism for static configurations thus boils
down to a winding-number prefactor in front of the worldline expectation value
together with a sum over winding numbers:

(..) = <1+226—”§?2> (...). (3.39)

The winding-number sum is directly related to the standard Matsubara sum by
a Poisson resummation,

o n2 2
(1 + 2267 i
n=1

) _ V4nT i o (3)'T (3.40)

5
6

m=—0oQ
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3 Casimir effect in the worldline formalism

The Poisson ressumation turns out to be a crucial tool for studies of high temper-
ature effects, see Appendix[Al The winding-number sum converges rapidly in the
low- and intermediate temperature range, where this range depends on the config-
uration parameters. At high temperatures on the other hand, the Matsubara sum
converges rapidly, such that fast convergence is provided for all temperatures.

This is already sufficient to understand the high-temperature limit of generic
Casimir configurations: at high temperatures § — 0, only the zeroth Matsubara
frequency survives as higher modes receive thermal masses of order ~ 27 /3 = 27T
and decouple. All remaining temperature dependence arises from the dimensional
prefactor 1/3 = T, and the dependence on the Casimir geometry only enters the
prefactor. The calculation of the latter is a dimensionally reduced problem in
D — 1 dimensions. This is a general mechanism of dimensional reduction in
high-temperature field theories. The linear high-temperature asymptotics is also
clear from the fact that the Bose-Einstein distribution governing the distribution
of bosonic thermal fluctuations increases as ~ T in the high-temperature limit.
Universal features of thermal Casimir energies with an emphasis on the high-
temperature limit have been systematically studied in [131-134].

3.5 Worldline numerics

For numerical as well as analytical calculations, it is advantageous to rescale the
worldlines such that the velocity distribution becomes independent of 7,

~(t) == %X(Tt) —  exp (—i/jx?dr) = exp (—i/olsﬁdt), (3.41)

where the dot always denotes a derivative with respect to the argument, e.g.,
4 = dv(t)/dt. In terms of these normalized worldlines « and the center-of-mass
coordinate Xy, the Oy functional reads more explicitly

Ox[x] = Ox[xcum + VT A(1)). (3.42)

The involved worldline integrals can be evaluated numerically by Monte Carlo
methods in a straightforward manner. For this, the path integral over an operator
O is approximated by a sum over a finite ensemble of ny, loops,

O — — > Oh, (3.43)

where £ counts the worldlines in the ensemble. Each worldline ~(¢) is furthermore
discretized by a finite set of N points per loop (ppl),

y(t) = vi=~(t:), ti=—, i=0,...,N, (3.44)
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3.5 Worldline numerics

where 9 = -y are identified as the worldlines are closed. Various efficient ab
initio algorithms for generating discretized worldlines with Gaufian velocity dis-
tribution have been developed, see, e.g., [37, [135]. In this work, the worldlines
were generated using the “v-loop” algorithm [37|, which we present in Sec. Bl

We conclude that for the numerical evaluation of the Casimir energy (B35),
two discretizations have to be performed: The path integral is approximated by a
finite sum over an ensemble of ny, worldlines, where each path is discretized, i.e. is
represented by N points. The discretization error then depends on two parameters
nr, and N. The number of worldlines in the ensemble determines the statistical
error of the arithmetic mean. The statistical error is therefore ~ 1/,/ny, as the
worldlines do not depend on each other. The systematic error is related to the
number of points per worldline N. The generated worldlines are systematically
too small, where the systematic error is ~ 1/ V/N, see next section.

The number of points N has to be chosen appropriately, such that the system-
atic error is less than the statistical one. Depending on the configuration, N can
be much smaller, equal or much larger than ny. For instance, in some cases, the
systematic error can be partially canceled by an appropriate normalization of the
Casimir force to a result which can also be calculated analytically. For example,
the Casimir force for a sphere above a plate at small separations is related to the
worldline extent A\ as

As we will see in chapter B, (A\*) can be evaluated fully analytically, such that
normalizing F, to (\) allows us to use large np, along with comparable small N
for high precision calculations. A counter-example to this case is a sphere above
a plate, where the separation a is much larger than the radius. In order to resolve
the sphere, “high” values for N have to be chosen, such that for the case where
the systematic error is equal to the statistical one, we nevertheless have N > np,.

In this work we have used ensembles with up to ny, = 1.5-10% and N = 60-10°.
The computational effort scales only linearly with N and ny,.

Notice that despite the described discretization, spacetime is still treated as a
continuum. In this sense worldline numerics is superior to conventional lattice
computations. Indeed, using a discrete spacetime lattice for resolving a smoothly
curved or sharp edged boundary, necessarily a tiny lattice spacing is required,
resulting in a huge numerical effort.

Although, intrinsically, worldline numerics is completely independent of the
background geometry, the computational time can be considerably reduced by
adapting the algorithms to a given configuration. We will present such algorithms
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3 Casimir effect in the worldline formalism

for various non-trivial Casimir configurations in the chapters to follow. In many
cases, we even obtain novel analytical results using, actually, a numerical method.

In the remainder of this chapter we describe an efficient method for the gener-
ation of worldline ensembles, the “v-loop” algorithm [37].

3.6 The “v-loop” algorithm

In this section, we give a possible numerical realization of the worldline integrals in
Eq. (BZ3), the “v-loop” algorithm, as it was originally proposed in [37]. Our aim
is to approximate the analytical integrals over infinitely many closed worldlines by
an ensemble average over finitely many closed loops obeying a Gaufian velocity
distribution P[v(t)],

Ply()] = 6 (/01 dt'y(t)) exp (—i /01 dt'j/Q) C withy(0) = (1), (3.45)

The condition (0) = ~(1) ensures that the worldlines are closed. Due to the
0 constraint, the worldlines are centered upon a common center of mass. Here,
we work with rescaled worldlines ~(t), as introduced in Eq. (BZ]), such that the
velocity distribution becomes independent of 7. We also have dropped the nor-
malization of the distribution since it becomes irrelevant when taking expectation
values.

As stated in Eq. ([B44]), we discretize the propertime parameter ¢ and thereby
the wordline () as,

Y(t) — {v}€R?, t — % dt — % i=0,...,N, (3.46)

where 49 = vy and N is the number of points per worldlines.

By discretizing 4 in the exponent of Eq. (8:43),

¥ — N(’Yz‘ - 7i—1)a

the probability distribution P[+y(t)] becomes
N
Ply#)] — P{vit=d(n+...+vn) exp <_Z > (- %_1)2> . (347)

i=1

Now, we want to perform a linear variable transformation

{w} — {o},
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3.6 The “v-loop” algorithm

such that the discretized distribution (BZ1) becomes purely Gaukian. This is at
heart of the “v-loop” algorithm: The purely Gaufian numbers can be straight-
forwardly generated by standard methods, as e.g. with the Box-Mueller method;
the {~x} can then be obtained by the inverse transformation.

Let us now perform this linear transformation. Because of the § function, we
may express for example vy as

This gives

N
P{~:}] =exp ( 1 ((2’)/1 +Y+ ..+ ?/1\/—1)2 +(v+y2t...F 2’)’]\/—1)2)

2

-1

N

(vi — %—1)2> = exp ( - — P) (3.49)

N
4 4

IX
N

i

In order to diagonalize the quadratic form I' in the exponent, let us define

3 3
5’)’1 +vo+vs+...FYN_2+ 5’)’1\/—17

61 =
Vi =7 — Yi-1, Z:2,3,,N—1 (350)
It is also useful to introduce

Vii=vi+ v+ .. v =y —, fori>j=12...,N—1  (3.51)

The quadratic form I' now takes the form

1 2
<51—§UN—1,1) +<U1+ SUN- 11) +Zv =205 + UN 11+Z . (3.52)

We shall denote variables appearing purely quadratically, as it is the case here
for 71, by an overline. From the last two terms of Eq. (B52), we can construct
another purely quadratic variable. Using the definition (BXl), we note

UN-1,1 = UNn—1 T UN_21.

From the last two terms of Eq. (B52) we then obtain

1 N-1 1 N—2
5”]2V—1,1 + Z v = 2(UN |+ on—21)’ + VR F Z (3.53)
i=2 =2
3 1 N-—2
= 55?\771 + 5”12\/72,1 + Z vi, (3.54)
=2
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3 Casimir effect in the worldline formalism

where the purely quadratic vy_; has been defined as

5]\7_1 = UN_1 + ng—le' (355)

The same form can be achieved for the remaining vy ...vy_s by the following
prescription

_,iE i - —i—1.1, :17,N—2 3.56

UN UN +Z+2UN L1, ¢ ( )

The quadratic form I" then becomes purely Gaufsian, and one finds

o 3 4_ 1+ 2_ N
F:2v§+§v§wl+§U§V72+...+H—1v§\,7i+...+N_l

5. (3.57)

Of course, the variable transformation will generate a Jacobian, however, this
(non zero) Jacobian will only modify the normalization of the distribution, being
irrelevant for the expectation values. Thus, we will not discuss this issue.

For the construction of a {~;}, all steps have to be performed backwards. The
“v-loop” algorithm consists of four steps:

1. generate N — 1 numbers w;, ¢ = 1,..., N — 1, distributed according to
exp(—w});

2. compute the v;, i =1,..., N — 1, by normalizing the w;:

. 2
U1 = Nwh

4(N +1—1)

T = W i=2.. N-1
TN NEN 22—

3. compute the v;, 1 =2,..., N — 1 according to
i—1
_ Vi-1,1
vV, =V — —————, Wherewv,_;; = E Vj

N2
7j=2

4. construct the v;, i =1,..., N via

N-1
1 1
’Yl:N(@l_'Q (N—Z+§>Ui>,

7

'yi:'yi,1+vl-, ’iI2,...,N—1,

N-1
YN = — Z Yi -
i=1
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3.6 The “v-loop” algorithm

A d-dimensional worldline can be build up using one-dimensional worldlines for
each of the d components. Of course, repeating the algorithm d times, one has to
use each time new random numbers. For the generation of an ensemble consisting
of ny, (d-dimensional) worldlines, the algorithm has to be repeated (d X ny,) times.

The complexity of the “v-loop” algorithm is O(N), such that the numerical
effort scales linearly with d, N and ny. The systematic error for the maximal
extent of a worldline is aboout the average spacing (|7; —i_1|), which is roughly

(Jva|) = (Jwa])r/4/N ~ \/1/N, and therefore O(1/v/N).
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3 Casimir effect in the worldline formalism
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4 Inclined plates at zero
temperature

In this chapter, we investigate the Casimir effect for inclined Casimir plates in
D dimensions using the worldline formalism. We start with a detailed analysis
at zero temperature, which will be extended to finite temperature in the next
chapter.

We compute the Casimir energy, force and torque for the case of a fluctuating
scalar field obeying Dirichlet boundary conditions on the plates and compare our
results with two other established approximate schemes, the proximity force ap-
proximation and the optical approximation. These alternative schemes are found
to be applicable for very small angles of inclination only. For larger inclinations,
the PFA and optical estimates totally disagree with worldline numerical results.
Only recently, results for the inclined plate configuration have been obtained at
zero temperature using scattering theory [136]. This recent solution nicely agrees
with our studies for all angles and therefore confirms worldline numerics.

In the sections to follow, we present many numerical as well as analytical world-
line results, which were published in [57, 58]. We also provide more details of the
calculations.

4.1 Introduction

The dependence of the Casimir force on the separation a between two infinitely
extended parallel plates can be determined by dimensional analysis alone, as long
as the plates are considered as ideal metals and no other dimensionful quantities
are taken into account, as for example temperature or surface roughness. However,
the prediction of the sign of the force (the exact prefactor let alone) is impossible
without a detailed calculation. Since the dimension of Ac is that of (energy X
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4 Inclined plates at zero temperature

length) we conclude that the force per unit area in four spacetime dimensions
takes the form

F, d E. hc
A A" 41

where A is the plates’ area and a the separation distance. The constant of propor-
tionality is a dimensionless number, which does not depend on the microscopic
details of the interaction since ideal metals are characterized by the vanishing
absorption wave length. Therefore, the force law (Il is universal and should
apparently be valid for arbitrary separation a.

However, at “small” separations, the Casimir force becomes a van der Waals-
London force which depends differently on a, see Sec. EZIl This seeming contra-
diction has a simple explanation. Since no microscopic details were considered by
deriving Eq. (EI), the transition to the non relativistic London-van der Waals
forces at small separations cannot be obtained from the idealistic force law (ETJ).
A unified theory of both the van der Waals-London and Casimir forces for a con-
figuration of two parallel plates was developed by Lifshitz (1956) [137], which,
however, is not subject of the present thesis.

In this chapter we will determine the correct universal prefactors for the Casimir
force F, and the Casimir torque D, for two ideal inclined plates. Unlike the case of
two parallel plates, the force for inclined plates is proportional to the plate’s length
L,. The dependence of F;, and D, on the separation a can again be obtained from
dimensional analysis:

he

E

¢~ = 4.2
e (42)
D, d E. h
D._ d B he )
L, deL, a?

where ¢ is the angle of inclination. For the idealized Casimir configuration, the
prefactors then only depend on the configuration itself, i.e. the angle of inclination
©, the nature of the fluctuating field, and the boundary conditions imposed. For
instance, the coefficient in (1)) is twice as large for a fluctuating electromagnetic
field, if compared with the corresponding coefficient for a fluctuating real scalar
field. Of course, we keep in mind that the obtained results lose their validity at
very small separations when dealing with real materials.

For simplicity, we restrict ourselves to the Casimir effect induced by a fluctuat-
ing scalar field obeying Dirichlet boundary conditions. Therefore, our results do
not directly predict the Casimir force induced by the fluctuating electromagnetic
field, the universal coefficients will differ quantitatively. However, the qualitative
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4.2 PFA for inclined plates

behavior is expected to be similar. Examples are the edge effect and the transition
from finite to vanishing angles of inclination, see following sections.

Very recently, results for inclined plates have been obtained for the electromag-
netic case at zero temperature within scattering theory [136]. The coefficient for
two perpendicular plates was found to be nearly the same as in the Dirichlet-
scalar case, whereas in the limit of two parallel plates the result is, as expected,
exactly twice as large to the leading order.

The two limiting cases of the inclined plates configuration, namely perpendic-
ular plates and a semi-infinite plate parallel to an infinite one, were studied in
[54, 56| at zero temperature using worldline numerics. We review and generalize
those known results and exemplify how the Casimir effect can be understood in
terms of simple geometric properties of the worldlines.

Before we start with worldline analysis, let us consider a much simpler approx-
imate method, the proximity force approximation (PFA). This simple method is
widely used for comparison. We have already made contact with the PFA in the
introductory chapter.

4.2 PFA for inclined plates

Here we restrict ourselves to four-dimensional spacetime and give the PFA esti-
mates for the configuration of inclined plates, which is studied in the following
sections using worldline numerics. The configuration is shown in Fig. BTk the
upper semi-infinite plate is above an infinite plate at an angle ¢. The minimal
distance between the plates is a = h(r = 0). Both plates are assumed to be
perfectly thin. The semi-infinite plate has an edge with a length L.

As we have seen in Sec. [Z3 the proximity force approximation is directly
related to the parallel plates result. In the PFA scheme, the inclined plates
geometry is approximated by infinitesimal parallel plates. However, the PFA is
ambiguous. We can either take the lower plate as a “basis” and approximate the
upper plate by parallel plates as illustrated in Fig. Bl or we approximate the
lower plate as in Fig.

Both cases are not identical and indeed, the Casimir force depends differently
on ¢. On the other hand, the dependence on the minimal distance a between the
plates is universal and is determined by dimensional analysis alone.

The Casimir energy per unit area for two parallel plates, according to the
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4 Inclined plates at zero temperature

Eq. &) is

El' ] 2

A @ 9T 1m0

(4.4)

for a fluctuating real scalar field.

In the first case, we use the lower plate as a basis and obtain for the height
hip(r) = a+rtan(p). (4.5)

Integrating with this height over the lower plate we find

Eip--PFA-LP /Oo dr ¢ cos(yp)
- =c =— —
L "Jo BEe(r) 2 sin(p)a?

(4.6)

)

On the other hand, using the upper plate for the determination of the height we
get

Ei.p.—PFA—UP [e8) d 3
' _ c”/ ¢ cos’(p) (47)
0

L, Re(r) 2 sin(p)a®

Eq. (D) can be deduced from Eq. () by replacing in Eq. ([8) a by a/ cos(p).
According to the PFA, the true behavior shall lie somewhere in between these
two results. We will compare these two estimates with the worldline result in
Fig. E8 There, we will see that the PFA and worldline results only agree to
leading order in ¢. However, the force per unit length diverges for vanishing .
Replacing the divergent energy per unit length by finite energy per unit area, we
will obtain a contribution arising from the the edge of the upper plate in the
worldline approach. This so called edge effect is missing in the PFA results.

For two perpendicular plates, ¢ = m/2, the PFA predicts no force at all, whereas
the worldline result remains finite. A systematic treatment of the PFA, specializ-
ing to sphere-cylinder configurations, is given in chapter [, where we also compare
the PFA with the worldline approach. Let us now return to worldline numerics.
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4.2 PFA for inclined plates

Figure 4.1: The inclined plates and the proximity force approximation. The lower plate is taken
to be infinite and the upper plate semi-infinite. The upper plate is inclined at an angle .
The plates’ depth L, (out of page) is assumed to be infinite. The minimal distance between
the plates is @ = h(r = 0). In this figure, the PFA scheme replaces the upper plate by a
superposition of infinitesimal parallel plates.

Figure 4.2: In this figure, the PFA sees the lower plate as a superposition of parallel plates
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4 Inclined plates at zero temperature

4.3 Worldline numerics

In the following, we will thoroughly use the worldline representation of the Casimir
interaction energy, which we derived in the previous chapter. For a configuration
Y consisting of two rigid bodies with surfaces ¥; and X5, this representation in
D = d + 1 dimensional spacetime reads

E, = —Q(Tl)m OOO s / Aoy (Os[x(7)]) (48)

Here, the generalized step functional obeys Ox[x]| = 1 if a worldline
x(7) = xom + VT(7)

intersects both surfaces ¥ = »;UX,, and is zero otherwise. The expectation value
in Eq. () is taken with respect to an ensemble of d-dimensional closed worldlines
with a common center of mass xcy and a Gaufsian velocity distribution.

4.4 Parallel plates

We start with Casimir’s classic configuration of two infinitely extended parallel
plates. Let the lower and upper plate lie in the z = —a and z = 0 planes,
respectively, see Fig. In d space dimensions the surface area A of the plates
is then d — 1 dimensional. The worldline functional © for this configuration reads

O [zcm + \/'?’Yz,e] =0 (ZCM + ﬁ’)’zmax,z> 0 <_ZCM VT, — a) . (4.9)

where -, 4 is the z coordinate of the ¢’th worldline (measured with respect to the
center of mass). The quantities 7, .. ¢, ¥z, denote the worldline’s maximal and
minimal extent in the z direction, respectively, see Fig. The total maximal
extent )\, of the ¢’th worldline then is

)\f = ’)/th)a)(7£ - ’)/Zmin,e' (410)

In order to obtain Eq. (f9), we note that the worldline functional for two parallel
plates O is only non zero if both plates are intersected by the inserted worldline.
This clearly is the case when zoy + V7 Yemax,t 15 @bove the upper plate,

|
zom+VTA.y0 >0, (4.11)
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4.4 Parallel plates

Figure 4.3: Sketch of the parallel-plates configuration. A worldline only contributes to the
Casimir energy if it itersects both plates. All information needed for the evaluation of the
Casimir energy is then contained in its extent A =, ..+ |Vzu | along the z direction, see Eq.

(imis }

and zov + VT Yemine PlOow the lower plate,

!

zom + VT, 0 < —a. (4.12)
The conditions ({EIT]) and (1) are formulated in terms of the two 6 functions

in (E£9).

Now, we can do the integral in Eq. ([£S),

All spatial integrals apart from the zcy one are trivial and result in the plates’

d — 1 dimensional area A. For the zcgy integral one obtains

/ N dzen 0 (ZCM + ﬁ’)’zmax,e> 0 (—ZCM VT — a)

:@@M—@e@@M—@.@M)

With this result we can evaluate the remaining propertime integral analytically,

B _ 1 </°° i (\/ﬂea)>, (4.15)

A 2(47T)D/2 2/32 T1+D/2
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4 Inclined plates at zero temperature

10000 ¢ ;
K s
1000 £ P
- 4 3
i = ]
~ - s ]
Q,< 100 @E/;@’ﬁ E
10 * " worldline result —
- e analytic result - E
1 i | | | ]

0 2 4 6 8 10

D

Figure 4.4: Dth moment of the maximum spatial extent A of a worldline as a function of D.
This geometric object (which is the same in any target dimension of the worldline) is related
to the Casimir energy of the parallel-plates configuration in D spacetime dimensions by Egs.
E&ETD) and The plot compares the exact analytical result with the worldline numerical
computation based on 1000 worldlines with 2 x 10° ppl (points per loop) each.

and obtain the Casimir energy density (suppressing the index ¢ from now on)
El (AP)
A D(D—1)(4m)P/2 aP-1"

We observe that the D-dimensional parallel-plate Casimir energy is related to the

(4.16)

Dth cumulant of the extent of the worldlines [53]. This is a first example for
a relation between Casimir energies and geometric properties of the worldlines.
Instead of computing these cumulants directly, let us simply compare Eq. (EI6)

with the well-known analytic result [L08, [109], which was derived in Sec. Z7]
E! I'(D/2)¢(D)

- _ 4.17

A (4m)P/2 qP-1’ ( )

yielding
(\P) = D(D — 1)T'(D/2)¢(D). (4.18)

A comparison of the analytical result to a numerical evaluation of the cumulants
is displayed in Fig. B4 Also, the Casimir force density can straightforwardly
be obtained as the derivative of Eq. ([ZI6]) with respect to a. Incidentally, the
connection between Casimir energies and worldline properties also induces a rela-
tion between Casimir energies and questions in polymer physics, as first observed
in [53].
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4.5 Perpendicular plates

Figure 4.5: Sketch of the perpendicular-plates configuration. The upper semi-infinite plate,
lying in the 2 = 0 plane, is perpendicular to an infinite plate (blue lines). The minimal distance
between the plates is a.

4.5 Perpendicular plates

Let us now shortly review the perpendicular plates’ configuration, as studied at
zero temperature in [54, 56]. Both plates are again assumed to be perfectly thin.

The perpendicular-plates configuration consists of a semi-infinite plate perpen-
dicular to an infinite plate, see Fig. The semi-infinite plate has an edge with
a (d — 2 dimensional) length L,. The infinite plate has a (d — 1) dimensional
area AEI Let a be the minimal distance between the plates. The lower plate
shall lie in the 2z = —a plane. The upper plate shall cover the z = 0 plane for
positive z values. In the following, we omit the center-of-mass subscript CM and
the index /.

The full worldline functional for this configuration reads

@L:9<—z—ﬁ’yzmin—a>

x 0 <z T (—%)) 0 (2 = VTa) 0 (24 VT Vi) - (4.19)

LOf course, the labels “semi-infinite” and “infinite” imply that both L, and A are considered
in the limit L,, A — oo.
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4 Inclined plates at zero temperature

The © functional is non zero if both plates are intersected by a worldline. This
happens if, first, the the lower end of the worldline zey + V7 7., is below the
lower plate,

!

zom + VT, < —a. (4.20)

The condition ([EZ20) agrees, of course, with the condition (EIZ) for two parallel
plates and corresponds to the first 6 function in Eq. (EI9). The lower plate
is then automatically intersected if the upper plate is also intersected, which is
ensured by the last three 6 functions.

These 6 functions are non zero if the worldline crosses the x = 0 plane (last
two 6 functions), and if at x = 0 its z coordinate is positive.

Now, we can do the integral in Eq. ([E8) for the Casimir energy,

Ef = —2(473)17/2 000 7?45)/2 /dd:p (O, [x(1)]). (4.21)

All spatial integrals apart from the x and z integrals are trivial. They result in

the upper plates’ d — 2 dimensional edge, which we denote by L,,.

We can rescale © as  — —v/T'z, then the last two 6 functions become the upper
and lower bounds of the x integral and the z integral can be done analytically:

|40 (== VT = a) 0 (s 4 VT @)

—00

ﬁ’yzmax ($)
-/ 420 (VT (e () = ) — )

ﬁ‘/zmin +a

= (VT (awae®) = V) = @) 0 (VT (Yo (8) = 7o) — @) . (4:22)

The 0 function in Eq. ([E22) bounds the propertime integral from below.

Rescaling 7 as

(12

T — T,
('Yzmax (x) - 7zmin>2

we eventually obtain

Es- 1 0 ﬁ_ 1 Yzrmax D—1
L = _2(47T)D/2aD_2 \Z T(D_l’_l)/Q dT </ d'r (72max<x> - ’Yzmin)

y ’Yxmin

! e D—-1
= T 4m)PR(D — 1)(D — 2)ab- </7 A2 (Vanan () = Vo) > . (4.23)

Tmin
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4.5 Perpendicular plates

Note that all relevant information needed for the evaluation of the Casimir energy
is contained in the function =, () — ..., see Fig. B, where

’Yzmin = ’Yzmin ((p = 7T/2)

For D =4, the Eq. (EZ3) reads

Eg‘ C|
y

For the universal coefficient ¢, we obtain

cp =6.03(2) - 1077, (4.25)
in agreement with the value

¢ =6.00(2)-107°

from previous worldline studies [54, 56] and a recent result obtained using scat-
tering theory [136], where
c. =6.0484-107°.

The statistical error in (20 is about 0.33%. We used 50000 worldlines with
2.5-10° ppl each.

The computational time for determining the function =, . (z) — 7., is rela-
tively short. For example, a modern desktop PC needs roughly 0.6 seconds per
loop with 2.5 - 10° ppl. The time for the numerical integration is then negligible.
As a comparison, for the corresponding evaluation of the Casimir energy of two
parallel plates, the determination of the maximal extent A in z direction requires
roughly 0.2 seconds for the same loop.

Since for a given worldline (v,(t),~.(t)) there exists a corresponding worldline
in the ensemble with (7,(t), —v.(t)), it is advantageous to reflect a worldline on
its z axis, i.e. to evaluate the v, . (z) — 7,,.. function as well. This results in an
effective doubling of the worldline ensemble.

The Casimir force can easily be obtained from (E23]) upon differentiation with
respect to a.
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4 Inclined plates at zero temperature

4.6 Inclined plates

The inclined-plates (i.p.) configuration consists of a perfectly thin semi-infinite
plate above an infinite plate at an angle ¢, see Fig. As in the perpendicular
plates configuration, the semi-infinite plate has an edge with a (d —2 dimensional)
length L, and the infinite plate’s area A is (d — 1) dimensional. Again, the labels
“semi-infinite” and “infinite” imply the limit L,, A — oco. The minimal distance
between the plates is a.

This configuration can be obtained from the setup of perpendicular plates by
rotating the infinite plate in the x, z plane. We note that the conditions for the
intersection with the semi-infinite plate are identical for both configurations. The
corresponding condition for the intersection with the infinite plate can be obtained
by a coordinate transformation. Therefore, to obtain the worldline functional
Oip.o, We can use Eq. (EIH), where only the first 6 function (belonging to the
infinite plate) has to be modified. The ©;,, ., functional for the inclined plates
configuration then reads

Oip.o =0 (—:p cos(p) — zsin(p) — ﬁ’)’xmm(@) - a)

x 0 <z VT Yo (—%)) 0 <—x - ﬁvxmm) 0 (w + ﬁwmx) :
(4.26)

where the first # function ensures the intersection of the worldline with the infinite
plate. The remaining three ones account for the intersection with the semi-infinite
plate and are the same as in (EI9 ). In Eq. ([E20]), we have used

Vomin (¢) = min (7(1) cos(p) +7:(1) sin(e)) , (4.27)

where t parameterizes the worldline; i.e., in the discretized version, we have t =
1...N with N being the number of points per worldline loop (ppl). Trivially, it
holds that

’Ymmin <0> = ’Ymmin and ’Ymmin <7T/2> = ’Yzmin' (428>

In other words, =, (¢) measures the minimal extent of the worldline in the «
direction of a coordinate system rotated by the angle p. In Eq. ([E20), we also
encounter =,_. (z), denoting the x-dependent envelope of the worldline in positive
z direction. All these geometric properties of a worldline are displayed in Fig. 71

The ©; ., functional in Eq. (B228) generalizes the case of perpendicular plates (L)
for ¢ = /2 and the case of one semi-infinite plate parallel to a infinite one (1si)
for ¢ — 0; both edge configurations were studied in detail in [54, |56].
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4.6 Inclined plates

Figure 4.6: Sketch of the inclined-plates configuration. The infinite plate (dashed line) is rotated
in the x, z plane by an angle ¢. As special cases, ¢ = 0 corresponds to the configuration of one
semi-infinite plate parallel to an infinite plate (1si configuration), whereas ¢ = 7/2 yields the
perpendicular-plates configuration.

Inserting ©;,, , for ¢ # 0 into Eq. (1) leads to the Casimir energy density of
the inclined plates

Eivee 1 = T [
= == SDn / d’Ti:{L;/Q dz
Ly 2 (47T) T *\/T’YZmax (:13)
Vomax
X / dz 6 <—a — VT, (@) + VT cos(p) — zsin(<p)>> , (4.29)
Yomin

where = was rescaled as * — —x/V7.

For sin(y) # 0 the 6 function translates to an upper bound on the z integral.
Doing the z integral for sin(yp) # 0 results in,
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4 Inclined plates at zero temperature

Figure 4.7: All relevant information for the evaluation of the Casimir energy of the inclined
plates, [E32), is encoded in the function vy, (), which has to be integrated from vy, .. t0 Yz,...-

Eé.p-,@ 1 o0 dT \/'h?max d
- —— [ T
Ly 2(47T)D/2 0 T (1+D)/2 o

Tmin

sin(e)

y (ﬁ(m CoS(¥) = Ve (P)) — a i ﬁ'yzmax(f’?)>

w (ﬁ(x cos(9) = Y () — @ + ﬁﬁyzmax(g;)) > . (4.30)

sin(¢p)
Let us define

Y () = 2 c08(p) + SI(P) Vo () = Ve (0)- (4.31)

The function 4y, (z) is shown in Fig. B

The 0 function in Eq. (E30) imposes a lower bound a?/~2 () on the 7 integral.
With 7 — T a?/~v2%(x) we eventually obtain
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4.6 Inclined plates

By csc(y) Yemax .
L,  (mPR(D—-1)(D-2) aP? <[/ dz v, (:c)> L (4.32)

Tmin

Actually, the integrand in Eq. (E32) should be multiplied by 0(vyn(x)). As Ym(z)
is never negative, see Fig. 27, this 6 function can be omitted.

We can write Eq. ([£32) as

Ere oD,y
=

— 4.33
T sinlg)ad 3

where the function ¢(D), ¢) depends only on D and .

For ¢ = 7/2 and D = 4, we rediscover the perpendicular plates result [54, 56|
as a special case. Incidentally, the integral in Eq. (E32) can be done analytically
for ¢ = 0 resulting in

(A?)
5 = (D —1)I'(D/2)¢(D). (4.34)
We therefore find an analytical expression for ¢(D, ¢ = 0)

L(D/2)¢(D) — ¢(D)
c(D,csz):(47T)D/2(D_2):lg_2, (4.35)

where ¢(D) is the parallel plates coefficient, see Eq. (EID).

The function ¢(D, ¢) , normalized to its value at ¢ = 0, is shown as a function
of ¢ in Fig. for D = 4. In Fig. we also plot the naive PFA estimate,
a result from optical approximation [36, [138| (see appendix [Bl) and a solution
found recently for inclined plates at zero temperature by Graham et al. using
scattering theory [136]. In all these cases the Casimir energy can be written as in
Eq. #33), where only the coefficient ¢(D, ¢) is characteristic for a case chosen.
Our data nicely agrees with the latter solution [136]. On the other hand, the PFA
and the optical approximation fail to predict even the correct sign of the small ¢
correction. .

Note that together with the ¢-dependent prefactor, Eq. (E32) diverges as ¢ — 0
as it should, see Eq. ([E30) This is because Eq. ([E32) corresponds to the energy
per unit edge length, whereas for ¢ — 0 the Casimir energy becomes proportional
to the area of the semi-infinite plate. At first glance, at least the divergent ¢ = 0
behavior is described correctly by the PFA. We devote the whole next section to
analyzing how the limit ¢ — 0 yielding the 1si configuration can be obtained.
In this 1si configuration configuration, a subleading contribution arising from the
edge emerges, which is not seen by the PFA| even in the limit ¢ — 0.
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4 Inclined plates at zero temperature
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Figure 4.8: Normalized inclined plates coefficient ¢(D, o) for D = 4 versus the angle of inclination
for different approximation schemes. Our worldline data nicely agrees with the Graham et al.
solution |136] (double dashed black line). The blue area corresponds to the PFA prediction: for
the upper bound, we have used the infinite plate as a basis, for the lower bound the semi infinite
plate, yielding cos() and cos? () as bounding curves, respectively (see Sec. BE2). For the optical
approximation (pink circles), we have plotted the first four terms of the full result, which can be
found in appendix We expect the full result to be slightly greater, such that the normalized
coefficient becomes 1 for all curves at ¢ = 0. Surprisingly, in the optical approximation, the
coefficient ¢(4, ) diverges for ¢ — m/2, resulting in a vanishing coefficient for ¢ ~ 1.15 and an
attractive Casimir force for ¢ 2 1.15. Around ¢ = 0, the optical approximation is very well
described by the upper PFA bound. For the worldline points, we have used 50000 worldlines
with 2.5 - 10% ppl each and have plotted the errorbars five times larger.

4.7 Inclined plates, ¢ — 0 limit

It is instructive to study the limit of a semi-infinite plate parallel to an infinite
plate (1si), ¢ — 0, as it involves a subtle limiting process. Recalling the general
considerations of [54, |56 for the 1si case, the total Casimir interaction energy
decomposes into

Eclsi _ ECISLH + Eclsi,edge’ (436)

where EgSi’ll/A is the usual Casimir energy per unit area of two parallel plates
Eq. (EI7), with A now being the area of the semi infinite plate. The so called edge
energy E!9°dg¢ measures the contribution that arises solely due to the presence
of the edge.
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4.7 Inclined plates, ¢ — 0 limit

In the limit ¢ — 0, this decomposition is naturally achieved by inserting
Oip.o=0 of Eq. ZH) into Eq. (E1]) and performing the z integral first. This
leads to

e 1 M p-2\ (437
L o (477-)D/2(D — 2)aD72 /y T Vemex (.’,U)(SU B ’Ymmin) . ( . )

Y Zmin

This representation can straightforwardly be computed numerically. For D = 4,
we find with 50 000 worldlines and 2.5 - 10% ppl

Eclsi,edge B Cedge(D —_ 4)

- 4.38

L, a? ( )
2.63(1) - 1073

== (4.39)

in agreement with 0.00262(1) in [54]. Within the scattering approach [136], the
authors obtain 0.0025. However, their data suggests that the result should be
rather greater and agree with Eq. ([E39), see Fig. LA

Of course, for truly infinite plates, the edge effect being proportional to the
length of the edge is completely negligible in comparison with ECISi’”, the latter
being proportional to the area of the plates. However, dealing with finite plates,
the edge effect contributes to the Casimir force, effectively increasing the plate’s
area [H4].

Of course, the same result has to arise from the general inclined-plates formula
Eq. @32) in the limit ¢ — 0. However, this representation naively exhibits
a divergence in this limit. To find the origin of the divergence, we decompose
Eq. (@32) into the parts corresponding to the edge effect F¢4%%¥ and the semi-
infinite-plates energy Ell,so’ characterized by the integrals

0 L./2
/ ... dz and / ..o dz,
~Yzmax (l‘) 0

respectively . Here L, /2 denotes the (infinite) length of the semi-infinite plate in
z direction. The result for £¢4&&% reads

L Yrmax
Eedge,tp — Y » D-2 d 4.40
c (47)P/2(D — 2)aP—? </7 Vemax (T) Y~ (2)dT ), ( )

Zmin

which becomes E°%°® in Eq. @30) as ¢ — 0; Eq. ([@A0) is therefore valid for
p=0.
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4 Inclined plates at zero temperature

On the other hand, if we naively expand the result for E!* for small Y, we

obtain
c (47)P/2(D — 2)(D — 1)DaP~2yp
)\Dfl / ' =0)\L

(4m)P72(D — 2)(D — L)aP-2

which is only valid for ¢ # 0 and does not reproduce Eq. ([EI0) in the limit
¢ — 0. (We argue in the end of this subsection that the second term is zero.)

Instead of the energy per area, we have obtained the energy per length, which
of course diverges in this limit. In order to rediscover the Casimir energy for the
1si configuration, the limits ¢ — 0 and the implicit limit L, — oo have to be
taken in the right order. In Eq. (EZI), the limit L, — oo has implicitly been
performed first, which precisely leads to the divergence of the energy per edge
length. Therefore, we need to first perform the limit ¢ — 0 at finite L, in order
to obtain the desired energy per area. Starting from El® at small v,

o0 Lz/2
Elle—0 — _71’9 7(17 / dz
¢ 2(4m)b/2 o TW+y/2 |

Yrmax
X / dz 6 (—a + VT —2p— \/?7$min>> . (4.42)
.

Tmin

we do the 7 integral first and obtain

Ly(AP)(a*™" — (a + L.p/2)*"")

Bt = (4m)P72(D — 2)(D — 1) Dy

(4.43)

For small (L,p), i.e., finite L, and ¢ — 0, we can expand the last factor in ¢,

L,{(\P) 1, 1 _
Ele—0 o Y —a' PL,—-aP(D-1)L> 4.44
c @m)P72(D — 1)D <2“ -—g¢ (P-DL ) (4.44)

which for ¢ = 0 corresponds exactly to the parallel-plates contribution ESSi’”

in Eq. (@TI4). From Eq. (EZ43), we also observe that the other order of limits,
taking first L, — oo while keeping ¢ finite, reproduces the divergent behavior
of the energy per edge length in Eq. ([EAT) (as long as Re[D] > 2). The proper
order of limits is similarly important at finite temperature with the additional
complication that another dimensionful parameter occurs.
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4.7 Inclined plates, ¢ — 0 limit
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Figure 4.9: Normalized inclined plates coefficient ¢(D, ) for D = 4 versus the angle of inclination
in the vicinity of ¢ = 0. The small ¢ limit (dashed green line) was calculated using the Eq.
([EZ), resulting in 142 (ceage(4)/c)(4)) ¢ = 1+0.767 . This limit agrees with the Graham et
al. solution [13€] (double dashed black line) and our worldline data, which verifies Eq. ([EZS).
We have used 50000 worldlines with 2.5-10% ppl each and have plotted the errorbars two times
larger.

Let us return to Eq. (@A]). In the following, we argue that its second term
vanishes. Note that

’Y;min (SO = O) = ’yzmin (’Yxmin)' (445)
As ., . (Vz,.,) is the z coordinate of the worldline at the very left end, its average
is zero by symmetry arguments,

Vemin Varin)) = 0- (4.46)

Since the extent in z-direction A\, of a worldline and its z coordinate at the left
end, v, . (V.. ), are uncorrelated, it follows that

AL ™ Vi Vomin)) = A7 ™) Vi (Vi) = 0, (4.47)

such that the O(y) correction to Eq. ([E3H) consists only of the edge effect. We
conclude that for small ¢, the coefficient ¢(D, ¢) in ([33) can be written as

e (D
oD, = M) 4 (D)o + O (4.48)
The coefficient ¢(D, ¢) and the expansion (248 are shown for small ¢ and D =4

in Fig. 9 together with the Graham et al. solution [136].
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4 Inclined plates at zero temperature
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Figure 4.10: Normalized Casimir torque per edge length T % aP~2 of the inclined-plates
configuration in D = 4 and its expansion around ¢ = 7/2 (Eq. @20)) and ¢ =0 (Eq. @X21)),
respectively, versus the angle of inclination ¢. We have used 10000 worldlines with 10% ppl each.

4.8 Casimir torque of inclined plates

The Casimir torque D:P+¥, referring to rotations of one of the plates about the
edge axis, can easily be obtained by taking the derivative of the Casimir energy
E32), (or Eq. (#A3) for small ), with respect to the angle of inclination:

dELP-#
dp

Lp.,p
Dy =

(4.49)

For ¢ near 7/2, we can even set dv, . (¢)/dp = 0 before taking the average
with respect to the loop ensemble, simplifying the calculations. This is, because
the derivative dv,_. (¢)/de changes its sign for perpendicular plates ¢ = 7/2 if
the worldline is rotated by an angle m about the normal axis of the lower plate,
see Fig. EEBl Therefore, the sign correlates with the position of the minimum
on the z axis of the lower plate. But the position = of the minimum -, _. (¢)
does not correlate with the value of the integral in Eq. (£32) leading to a mutual
cancellation of terms involving dv,_. (¢)/dep.

For ¢ < 7/2, we have to rotate the worldline about the normal axis of the
inclined lower plate. Then, the correlation between the position of the minimum
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4.8 Casimir torque of inclined plates

and the involved integrals does not vanish any more since the original and rotated
worldline contribute differently to the integral.

In general, expressions containing derivatives of 4, . () cannot be neglected
even at ¢ = 7/2. Since the worldlines are not smooth, the convergence of av-
erages of such expressions will be very slow. This is the case when calculating
the coefficients of an expansion of Eq. [Z49) near ¢ = 7/2. Since the second
derivative already appears in the first expansion coefficient, more confident val-
ues are obtained by a numerical fit to Eq. (E49). There, only the first derivative
is present.

For D = 4, we obtain (see Fig. EE10)
Dic.p.,cp—>7r/2 )

- ~ 0.00329(5) (g - go) +0.0038(5) (g — 90)3 . (4.50)

Y

This should be compared to the worldline average based on the expansion of
Eq. (Z9) around 7/2: the linear coefficient in Eq. (L) then yields 0.003 +
0.0002. If we neglect all derivatives of 7y, _. (¢) the worldline result reads 0.00285
+ 0.00003. In all three cases 10000 worldlines with 10° ppl were used.

For ¢ — 0, the Casimir torque diverges. The expansion about ¢ = 0 can easily

be obtained analytically from (E43)

Di.p.,lpﬂo ~ LyP(D/Q)C(D)

~ (4m)P2(D — 2)aP-2p?’ (4.51)

where we have used Eq. (LI8). For D = 4, Eq. ([EX]]) yields

7L, L
——2 — ~(.00343 2
2880 a?p? a?p?’

being excellent approximation to Eq. () for ¢ not too close to /2.

The divergent Casimir torque per length can be converted into finite torque
per unit area by means of Eq. (EA3)). Note that Eq. (EZ3) leads to the classical
result for the torque,

AL.T(D/2)¢(D)(D - 1)

Dlhe—=0 —
¢ 2(47r)D/2aD ’

(4.52)

where A and L, denote the semi-infinite plate’s area and extent in z direction,
respectively.

For D =4, Eq. (EL2) becomes

AL, 7 ~0 0103ALZ
960at at
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4 Inclined plates at zero temperature
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Figure 4.11: Normalized edge energy per edge length $ x P2 of the inclined-plates con-

figuration in D = 4 and its expansion around ¢ = 0 versus the angle of inclination . We have
used 10000 worldlines with 108 ppl each.

A new characteristic contribution emerges from the edge effect Eq. ({E40). Unlike
the total inclined-plate Casimir energy

ip.e — ple edge,p
EC - Ec + EC )

the edge energy (BE40) decreases with the angle of inclination ¢, see Fig. LTIl
This leads to a contribution which works against the standard torque (EE52).

For D = 4, the correction to Eq. (E52)) emerging from the edge effect reads

edge,p— 3 L
Dedeev=0 — _3.66(4) - 1073 a—g (4.53)
where we have used 10000 worldlines with 10° ppl each. The coefficient in
Eq. (ER3) was calculated by expanding Eq. (40) around ¢ = 0. Equation
(ER3) is shown in Fig. 11 We will see a similar subleading repulsive torque

effect in the next section, where we investigate finite-temperature contributions.
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4.9 Conclusions and summary of results in D = 4

4.9 Conclusions and summary of results in D =4

In this chapter, we have presented a systematic treatment of the Casimir effect for
the inclined plates geometry in D dimensions and at zero temperature. We have
developed efficient worldline numerical algorithms that allow a fast calculation of
all relevant physical quantities. We have also related the Casimir effect to simple
geometric properties of worldlines.

Our worldline results nicely agree with a recent solution using scattering theory
[136]. Also the special case of perpendicular plates and of semi-parallel plates
confirms previous worldline studies [54, 56]. On the other hand, the widely used
proximity force approximation is found to be valid to leading order in ¢ only.
The other approximate scheme, the optical approximation, is very much similar
to the PFA at small ¢ and becomes invalid for larger inclinations.

We will study the Casimir effect at finite temperature for the inclined plates
configuration in the next chapter.

Let us summarize our most important results, specializing to 3+ 1 dimensional
spacetime and concentrating on the Casimir interaction energy; the corresponding
force can straightforwardly be derived by differentiation. At zero temperature,
the classical Casimir energy of two parallel Dirichlet plates at a distance a reads

Eil C||hC 7T2
_ — —_— cl| = —
A a3 T 1440

where A is the area of the plates. We use natural units, setting o = ¢ = 1.

~ 0.00685, (4.54)

The Casimir energy of inclined plates (i.p.) can be parameterized as

L, sin(p) a? '

where the coefficient ¢(4, ) is shown in Fig. as a function of ¢. The extent
of the inclined plate in y direction along the edge is L,,.

For small ¢, the coefficient ¢(4, ¢) can be written as

+ Cedge ¢ + O(ch). (4.56)

For all ¢ the coefficient ¢(D = 4, ¢) nicely agrees with the the Graham et al.
solution [136].

At ¢ = 0, the energy per edge length (ER0) diverges and has to be replaced by

1si
A CH LyCedge

EC151 — EC151,|| + Eclsuadge —
a3 a?

, (4.57)
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4 Inclined plates at zero temperature

where Eol is the Casimir Energy ([ER4) with A'! being the semi-infinite plate’s
area and E(}Si’edge the so-called edge energy. The numerical value of ceqge is
0.00263(1) in agreement with [54, 56, [136].

The Casimir torque is obtained from Eq. (EE5H) by

B

Di.p.,cp —
c dQO

(4.58)
For D = 4, the torque D:P+¥ as a function of ¢ is shown in Fig. EET0. At ¢ = 0,
the Casimir torque per unit length diverges as well but can be converted into
finite torque per unit area. Remarkably, for ¢ = 0 the standard torque obtained
from the Casimir energy of parallel plates (E2hd)

AL, 2 AL,

I = — — =~
Dl = oo ~ 00103 —

(4.59)

is reduced by a repulsive contribution &~ —0.003660L,/a® arising from the edge
effect.
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5 Inclined plates at finite
temperature

In this chapter, we continue our analysis of the Casimir effect for the inclined
plates induced by a fluctuating real scalar field obeying Dirichlet boundary con-
ditions (“Dirichlet scalar”) by extending the formalism to finite temperatures.
Whereas the high-temperature behavior is always found to be linear in 7" in ac-
cordance with dimensional-reduction arguments, different power-law behaviors at
small temperatures emerge due to the geometry-temperature interplay. We refer
to this interplay as geothermal phenomena. Unlike the case of infinite parallel
plates, which shows the well-known TP behavior of the force, we find a TP~!
behavior for inclined plates. In the limit where the plates become parallel, the
behavior of the edge effect is found to be in between 7°~! and TP. The strongest
temperature dependence ~ TP~2 occurs for the Casimir torque of inclined plates.
Numerical as well as analytical worldline results are presented. The results of this
chapter were published in [57, 5§].

5.1 Introduction

A distinctive feature of Casimir forces between test bodies is the dependence on
the geometry, i.e., the shape and orientation of these bodies. For a comparison
between theory and a real Casimir experiment, a number of properties such as
finite conductivity, surface roughness and finite temperature have to be taken
into account in addition. Generically, these latter corrections do not factorize but
influence each other.

For instance, the interplay between dielectric material properties and finite
temperature [139] is still a subject of intense theoretical investigations and has
created a long-standing controversy [140-143]. Also the role of electrostatic patch
potentials has been suggested as a potentially problematic issue [144, [145], which
has become a matter of severe debate [146, [147)|.
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5 Inclined plates at finite temperature

Here, we do not mean to resolve these controversies. On the contrary, this work
intends to draw attention to another highly nontrivial interplay which on the one
hand needs to be accounted for when comparing theory and a real experiment
and on the other hand is another characteristic feature of the Casimir effect: the
interplay between geometry and temperature.

As first conjectured by Jaffe and Scardicchio [36], the temperature dependence
of the Casimir effect can be qualitatively different for different geometries, as both
the pure Casimir effect as well as its thermal corrections arise from the underlying
spectral properties of the fluctuations. First analytical as well as numerical ev-
idence of this “geothermal” interplay in a perpendicular-plates configuration has
been found in |55] using the worldline formalism.

The physical reason for this interplay can be understood in simple terms (also
see Sec. [[2)): for the classical parallel-plate case, the nontrivial part of the fluc-
tuation spectrum is given by the modes orthogonal to the plates. This relevant
part of the spectrum has a gap of wave number kg,, = 7/a, where a is the plate
separation. For small temperatures T < kgap, the higher-lying relevant modes
can hardly be excited, such that their thermal contribution to the Casimir force
remains suppressed: the resulting force law for the parallel-plates case scales like
(aT)*. This argument for a suppression of thermal contributions applies to all ge-
ometries with a gap in the relevant part of the spectrum (e.g. concentric cylinders
or spheres, Casimir pistons, etc.). These geometries are called closed|

This reason for a suppression of thermal contributions is clearly absent for open
geometries with a relevant gapless part of the spectrum. For these geometries,
relevant modes of the spectrum can always be excited at any small temperature
value. Therefore, a stronger thermal contribution ~ (a7)* with a < 4 can be
expectedE Since experimentally important configurations such as the sphere-
plate or the cylinder-plate geometry belong to this class of open geometries, a
potentially significant geometry-temperature interplay may exist in the relevant
parameter range a1 ~ 0.01...0.1.

An illustrative example for open geometries is also the inclined plates configu-
ration, which was studied in detail at zero temperature in the previous chapter.

LOf course, parallel plates as well as concentric cylinders are not closed in the sense of com-
pactness. Also, they have a gapless part of the spectrum along the symmetry axes. However,
this part of the spectrum does not give rise to the Casimir force and hence is not a relevant
part.

2Since the thermal correction has to disappear for T — 0, the exponent o must be positive,
a > 0. A better lower bound for o can be found using our general argument presented in
Sec. [[3, where we show that the thermal correction remains finite at finite temperatures.
From this, we find o > D — 1 for inclined plates using dimensional analysis.
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5.2 Worldline numerics for finite temperatures

This configuration turns out to be an ideal scenario for the investigation of the
nontrivial geothermal interplay since the transition from open to closed geometries
and the role of long-range fluctuations become particularly transparent.

A reliable study of “geothermal” Casimir phenomena requires a method that is
capable of dealing with very general Casimir geometries. The worldline approach
to the Casimir effect |37 is splendidly suitable for such investigations.

In order to overcome standard approximative tools based, e.g., on the proximity-
force theorem [83], a variety of new field-theoretical methods for Casimir phenom-
ena have been developed in recent years, ranging from improved approximation
methods [36, 131, [138, 148, [149] to exact methods mainly based on scattering
theory [65-82| or a functional integral approach [62-64|. It will certainly be
worthwhile to generalize these methods to finite temperature for a study of the
geometry-temperature interplay.

In this chapter, we extend our investigation of the Casimir effect for the inclined
plates to finite temperatures. We work in D = d + 1 dimensional spacetime,
yielding many analytical as well as numerical results for the Casimir force and
energy as well as for the torque. We demonstrate that the worldline approach
can also be used to obtain novel analytical results (see also [61] for an analytical
worldline approximation technique).

5.2 Worldline numerics for finite temperatures

Let us briefly review the worldline approach [37] to the Casimir effect as it is
needed for the present line of argument; for details of the formalism, see chap-
terB. We consider a fluctuating massless scalar field satisfying Dirichlet boundary
conditions on the Casimir surfaces. For a configuration ¥ consisting of two static
surfaces >; and Yo, the worldline representation of the Casimir interaction energy
reads

Fe= 5o | s | dem (Osfx(), 6.1)

where D = d + 1 denotes the spacetime dimensions. The worldline functional
obeys Ox[x] = 1 if a worldline x(7) intersects both surfaces ¥ = 3; U ¥y, and is
zero otherwise.

The expectation value in Eq. (BJ) is taken with respect to an ensemble of d-
dimensional closed Gaufian worldlines with center of mass xcy. In Eq. (&),
the © functional removes from the ensemble of allowed fluctuations all worldlines
intersecting both surfaces. These fluctuations do not satisfy Dirichlet boundary

29



5 Inclined plates at finite temperature

conditions on both surfaces and thus contribute to the negative Casimir interac-
tion energy.

The worldlines in Eq. (BJ) are already rescaled such that the velocity distri-
bution is independent of 7. We then have

x(7) = xem + VT (7).

The auxiliary propertime parameter 7 scales the extent of a worldline by a factor
of /T . Large T correspond to long-range, small 7 to short-range fluctuations.

Finite temperature

=3

in the Matsubara formalism is equivalent to a compactified Euclidean time on the
interval [0, 3]. The worldlines now live on S xR? and can carry a winding number.
Summing over all winding numbers, the Casimir free energy (B1]) becomes

1 © 4T e J
EC=—2(47T)D/2 - Fn <1+2Zle 4T>/dxCM<@z[X(T)]>- (5.2)

Dealing with finite temperature, therefore, leads to an additional winding-number
prefactor in front of the worldline expectation value for static configurations.

Decomposing the Casimir energy at finite temperature 7' = 1/ into its zero-
temperature part E.(0) and finite-temperature correction AE.(T),

E(T) = E.(0) + AE(T), (5.3)

is straightforward in the worldline picture by using the relation (&22). The finite-
temperature correction is purely driven by the worldlines with nonzero winding
number.

As the winding-number sum does not take direct influence on the worldline av-
eraging, the complicated geometry-dependent part of the calculation remains the
same for zero or finite temperature. This disentangles the technical complications
arising from geometry on the one hand and temperature on the other hand in a
convenient fashion. The same statement holds for the Casimir force

F.(T) = F.(0) + AR(T).

For convenience, we show the inclined-plates (i.p.) configuration again in Fig. Bl
We recall that it consists of a perfectly thin semi-infinite plate above an infinite
plate at an angle ¢. The infinite plate has a (d — 1) dimensional area A and the
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5.3 Parallel plates

S
H"yxrnin | nywmang

Figure 5.1: Left panel: sketch of the inclined-plates configuration. The infinite plate (dashed
line) is rotated in the z, z plane by an angle . As special cases, ¢ = 0 corresponds to the
configuration of one semi-infinite plate parallel to an infinite plate (1si configuration), whereas
© = /2 yields the perpendicular-plates configuration. Right panel: all relevant information for
the evaluation of the Casimir energy #32) of inclined plates is encoded in the function vy, (),
which has to be integrated from 7, ., 10 Vo, -

semi-infinite plate a (d — 2) dimensional edge with a length L,. The minimal
separation between the plates is a.

As we have found in the last chapter, the Casimir effect for this configuration
can be understood in terms of simple geometric properties of the worldlines. All
relevant information of a worldline needed for the evaluation of the Casimir energy
is also shown in Fig. Bl

5.3 Parallel plates

In order to demonstrate the simplicity of the worldline method, let us calculate the
well-known thermal contribution to the Casimir effect for parallel plates. In the
following, we use the dimensionless parameter

¢ =al, (5.4)

which distinguishes between the high-temperature & > 1 and low-temperature
¢ < 1 parameter region.

Evaluating the general worldline formula for the Casimir energy Eq. (22) using
the parallel-plates © functional of Eq. (EZJ) results in

AENT) 1 ) [ NT -1 —n2)\2
A :_<47T)D/2apflz A /1 dT T1+D/2 exp<4£27,) , (55)

n=1
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5 Inclined plates at finite temperature

where and A\ again denotes the maximum extent of the worldline in the direction
orthogonal to the plates. Doing the propertime integral, we obtain

© VT -1 n?\2 26 D-1 26
[ e (i) -(R) 1 (55)- () ()

A2n?
ECOR

where the exponential integral function £, (z) is given by

E,(z) = /1 e (5.7)

tn

For D > 2 the sums over n converge. Normalizing the thermal correction to the
zero temperature result yields

AElE) T (52 (D - 1) (6"
El0) I(D/2){(D)

(3 vz e (o) e (S2)]) o

In the low-temperature limit,

26 < \/(N2) =7/V3~ 18, (5.9)

the exponential integral functions vanish exponentially and can be neglectedﬁ

—(2¢)"

We then obtain the small-temperature correction to El‘(T =0) in D dimensions
fully analytically:

AENE—0) D (25Y) r¢(D - 1) (26)°7

Eloy T(D/2)C(D) - (26)". (5.10)

The term (2£ )D agrees with the standard textbook result |]. It dominates the
thermal correction to the Casimir force, yielding a comparatively suppressed
power law dependence on the temperature for small T

AFNT) ~TP.

This is an immediate consequence of the gap in the relevant part of the fluctua-
tion spectrum in this closed geometry. This term can also be understood as an
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5.3 Parallel plates
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Figure 5.2: Parallel plates: temperature dependence of the thermal contribution to the Casimir

energy AE) &/ El (0) normalized to the zero-temperature result in D = 4-dimensional space-
time versus the dimensionless temperature variable & = aT. The worldline result for 1000
worldlines with 2 x 10° points each is plotted together with the analytic expressions (BI0)-

ED.

excluded-volume effect: the volume in between the plates cannot be thermally
populated by photons at low temperature due to the spectral gap.

Incidentally, the leading contribution to the energy ~ £P~! is much less known.
It does not contribute to the Casimir force, since it is independent of a when
multiplied by the normalization prefactor El'(()) As we will see in section B4l
a-independent terms in the energy should not be viewed as mere calculational
artefacts but can also contribute to observables such as the Casimir torque. To the
best of our knowledge, Eq. (EI0) represents the first exact analytic formula for
this leading small temperature correction to the free energy.

The high-temperature limit of (E8) can be obtained by a Poisson resumma-
tion of the winding-number sum (which is identical to returning to Matsubara

3 Actually, the low temperature limit is already obtained for £ < 0.5, see Fig. Above
& =~ 0.5, the behavior is given by the high temperature limit.
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5 Inclined plates at finite temperature

frequency space). Our result agrees with [6] and reads:

AE! 2T (21) ¢(D — 1
—ﬁ —o) Ly AR W, (5.11)

E¢(0) I'(D/2)¢(D)
For arbitrary £ and D > 2, Eq. (8) can be evaluated numerically. Figure
shows the worldline result together with the analytic asymptotics (EI0), (1)

and the known exact analytic formula for D = 4, see e.g. [15(]:

AE! (€) 90€ = coth(2nmé) + 2nmé csch?(2nné)
Ho T

i . (5.12)
n=1

Note that the result obtained in [150] for the electromagnetic field is twice as
large as the result for the scalar field (212).

Of course, taking the derivative of (&), (I0) or (E21T]) with respect to a also

gives immediate access to the thermal corrections AF) (T') to the Casimir force

ARl D)y 1 <ADi B (A_n)> (5.13)

A xD/2 (47T)D/2CLD 452

such that for instance the low-temperature limit results in

[(D/2)¢(D)A

AF (aT < 1) = — b2

", (5.14)

again revealing the power-law suppressed temperature dependence which is char-
acteristic for a closed geometry. Both magnitude and sign of the thermal force
correction can be understood as an excluded-volume effect: as the temperature
is small compared to the spectral gap, thermal modes in-between the plates can-
not be excited. Hence, the thermal Stefan-Boltzmann energy density outside the
plates is not balanced by a thermal contribution inside. Thermal effects therefore
enhance the attractive force between the plates.

Let us finally remark that the comparison between the small-temperature limit
of (E12) (calculated with the help of the Poisson summation) and our analytic
formula (B210) closes a gap in the literature. With this comparison, we can find
the exact value of the integral occurring in the prefactor of the leading low-
temperature term in the energy,

/00 d:cL [—2 + z(cothz + = csch’z)] = ¢3) (5.15)

24 o oor2’

numerically corresponding to ~ 0.060897. This result has been observed numer-
ically in the sum over odd reflection contributions to the parallel-plates Casimir
energy in the optical approach to the Casimir effect [3€].
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5.4 Inclined plates

5.4 Inclined plates

5.4.1 Casimir energy and force
Whereas the inclined-plate geometry is much more difficult to deal with than

the parallel-plate case when using standard methods, there is comparatively little
difference in the worldline language. Inserting the inclined-plates © functional

EZ0) with

Y () = 2 c08(¢) + SIN(L)Vapmae (T) = Vargin (©)

as in Eq. (E31) into the general worldline formula (B2) yields
ELP () = EE9 4 AEP(S), (5.16)

where AEP-#(€) is the thermal contribution to the energy. In order to calculate
AEP#(£), we proceed as in the last section. Doing the z integral as in (EE30)
results in

dz vy '(x)

AEé-p-ﬁO B CSC((’O) Yzmax
L, o (47T)D/2aD72

YT min
< ATV -1) ()

The propertime integral can be done analytically,

*dT(VT - 1) (@)
/1 T (14+D)/2 exXp <_ 18T )_

<7m2(§:)n) o <D2_ 2) - <wm2<§c>n)D_1F <¥)

Yo (2)0 Yo ()0’
cryg (Bt ) - me (BE). 1)

such that the thermal contribution to the energy, AE:P+¢(£), can be written as
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5 Inclined plates at finite temperature

AEP#(€) = = [An)P72a0 2 4%’)?;22@)2{ (5.19)

20w -or (257 < JE vm<a:>>

2
([ ke e (B) e (520) D)

Here and in the following, we confine ourselves to spacetime dimensions D > 3,
where all expressions exhibit well-controlled convergence.

In the low-temperature limit, the exponential integral functions can be ne-
glected as long as v, (z) # 0 for all x. This is certainly the case for ¢ # 0, but
not necessarily for ¢ = 0. The latter case is again identical to the semi-infinite
plate parallel to an infinite one, and is being considered separately in the next
sections.

For ¢ # 0, the low-temperature limit is then given by the first two terms
(second and third line) of Eq. (EIJ). Note that the first €272 term does not
contribute to the Casimir force, since it is an a-independent contribution to F. if
read together with the normalization prefactor. This term is shown in Fig.
From the second term, we obtain the low-temperature thermal correction to the
Casimir force upon differentiation with respect to a,

F(55)¢D-1)

D—1
A (5.20)

AFP-970 = T cse(yp)

The temperature dependence differs from the parallel-plates case by one power
of T', implying a significantly stronger temperature dependence at small temper-
atures. This is a direct consequence of the fact that we are dealing with an open
geometry. We emphasize that the result has been obtained fully analytically. In
D = 4 and ¢ = 7/2, our result agrees with the perpendicular-plates study of
[55] where this nontrivial interplay between temperature and geometry has been
demonstrated for the first time. As shown therein, the thermal correction for this
open geometry at experimentally-relevant large separations can be an order of
magnitude larger than for a closed geometry.

For the sake of completeness we also give the full expression for the thermal
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5.4 Inclined plates

Figure 5.3: Integrals appearing in Eqs. (BI9) and (B22) for D = 4. We have defined ¢, 1, =

<f,;yz"‘_““‘ dx 'ym(x)> and c, 7. = <f;’”m‘“‘ dz 'yﬁl(z)>, see also Eqgs. (BE10), (&) and (B7H).
Employing Eq. I8), we can evaluate cy,—o,1, = ((2) ~ 1.645 and cp—o,7.. = v/7¢(3) ~ 2.131
analytically. We have used 10* worldlines with 10® ppl each.

correction to the Casimir force:

I (24 ¢p-1)

2
9r(D-1)/2

+$§g@)1i<[ﬂax dz v2 ™M (2)Es_p (%» (5.21)

n=1 z

AFi'p"WéO(T) =— L, csc(yp) T7h-1

min

The high-temperature limit of Eq. (219) can again be obtained by Poisson sum-
mation. The result is:

L2VE (Lo o))
(4m)P/2aP=2(D — 3)(D — 2) sin(yp)

ABP#(¢ — o0) = —E2P#(0) — £ (522)
The remaining worldline average in this expression yields some positive finite num-
ber. Irrespective of its precise value for a given angle ¢ and spacetime dimension

D (the precise value of the integral for a specific ¢ can be read off, for instance,
from Fig. for either D = 3 or D = 4 and Fig. for D = 5), we stress that
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5 Inclined plates at finite temperature

we observe the same linear dependence on temperature £ = a7" as in the parallel
plate case. This is nothing but the familiar phenomenon of the dominance of the
zeroth Matsubara mode at high temperatures, implying dimensional reduction,
as discussed above. This mechanism is obviously geometry independent. Also the
Casimir force remains attractive for high temperatures.

5.4.2 Casimir torque

Whereas the a-independent first term of Eq. (EEI9) does not contribute to the
force, both terms in the first line of Eq. (BI9) contribute to the low-temperature
limit of the Casimir torque. The thermal contribution to the torque is

. dAEIP-2(€)
ADPP(E) = ————== 5.23
) = S, (523)
which at low temperature reads
, L, cos(p) D2 D -2
ADP?(¢& —0)=— d 2T D-2)| —
s o 0) = - e (et - o (2

X (Vo () Aa) — tan(o) (v, . () As))

+aC(D—1)(2T)°'T (%) \/7?) , (5.24)

Yzmax
/ xdr ) =0 (5.25)
YZmin

has been used, and we have introduced

where

)\1' = ’Yl'max - ’Yxmin' (526>

The expression (B24]) depends on only one nontrivial worldline average. In
limiting cases, this average can be given analytically, as it reduces to the case

described by Eq. ([EI8): we find

(Vo (P = 0)As) = <A2”C> - % (5.27)
and
B (A2)? .
~Yowin (9 = T/2)N0) = = = 5 (5.28)
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5.4 Inclined plates

For arbitrary ¢, this average can be well approximated by

™ 7T2

Vewin(P)Ae) & =5 sin*(p) — = cos (), (5.29)

as we will explain in the following. With Eq. ({EZ1), we can write
Vomin () = Va(t) cos(ip) + 7. () sin(p), (5.30)

where # denotes the value of ¢ that satisfies the minimum condition in Eq. (#2T).
Together with

Vewin(P) = —a(f) sin(0) +7:(f) cos(p), (5.31)

we can interpret (¥, (), 7.....()) as the coordinates of the point (,(t),~. (%))
in the (p-rotated system.

Since the -, and =, coordinates of each loop are generated independently of
each other, v,(#) and ), are not correlated. We therefore obtain

AaVamin (9)) = (Aa¥a(B)) cos(0) + (Ao} (:(1)) sin(e). (5.32)

By symmetry, the average (... (¢)) vanishes, and we get from Eq. (B31I)

(72 (1)) sin(p) = (7:(1)) cos(p). (5.33)
On the other hand,
Az
eaal)) =~ (5.31)
Substituting Eq. (233)) into the average of Eq. (30) leads to
_sin(p) (Aa) _ cos(p){Ax)

<'72(£)> = 9 and <'7x(£)> = 9 ) (535)
such that the desired Eq. (229) can be motivated by Eq. (E32). We would like
to stress that only the second term in Eq. (B29) has been estimated with the
constraint imposed by the exactly known result for ¢ — 0, see above. The first
term is exact and dictates the behavior of the perpendicular-plates limit. This
result is compared to the numerically obtained data in Fig. B4l

For the v-loop algorithm [53] used here to generate the loops, the expectation
value of the maximal extent )\, is systematically smaller. This error is about the
average spacing

(Yo (tir1) — va(t:)]) = (5.36)

=
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5 Inclined plates at finite temperature

1.645—*5\:\:\\ worldline result +——-—
1 oo Eq. (5.29) -—-—---
B 52> modification of (5.29) -

1.62 N -

1.6 [ RN .

~{(Vmin () )
|
A
|

1.58 | AN 7

156 | | | | | |

Figure 5.4: Angle dependence of the worldline average occurring in the Casimir torque [E24):
(Yamin (©)Az). The numerical result is compared to the estimate ([E2Z9) (dashed line). The
worldline result shows a small systematic error due to the finite discretization. We can include
the systematic error into (.2Z9) by taking worldline estimates for the boundary values at ¢ =0
and ¢ = 7/2 (i.e. 1.567sin?(¢) + 1.641 cos?(p)), respectively, which are smaller than 7/2 and
72 /6. This yields the dot-dashed curve. The worldline result has been obtained from 5 x 10*
loops with 106 ppl each.

see Eq. (B44)) and Sec. Bl As a consequence, the systematic error of (A\2) /2 and
(A\z)?/2 is about

) or s
N ~ 1.84-10 (5.37)
at N = 10°. We observe a good agreement of the data with Eq.([529) at ¢ = 0 and
¢ = m/2 if the systematic error is taken into account. However, the agreement
is actually perfect for all ¢ when using worldline estimates for the prefactors in
Eq. (E29) instead of 7/2 and 72/6, see the modified curve in Fig. B4 This shows
that Eq. (2Z9) will well fit the data in the continuum limit N — co.

Let us return to the calculation of the Casimir torque. In the vicinity of the
perpendicular-plates configuration, ¢ = 7/2—Jp, we can now obtain an expres-
sion to first order in d¢p:
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5.4 Inclined plates

Ly(s%@
(47)D/?

(o2 (257 [§- (o2 (5) )

+2aT¢(D - 1)T (%) \/%). (5.38)

ADiC.p.,t,/J:W/?*&P(g —0) =— (2T)D_2

Here, we have used

Apart from (v, (7/2)A;), Eq. (E38) is an analytical expression. Using (£29),

we obtain
2

~ (5) ) = G —m 088, (5.39)

which is about ten percent of the dominating analytical term in square brackets
~ m/2. We observe that the first term, which dominates in the limit a7" — 0, gives
a contribution to the torque which drives the system away from the perpendicular-
plates case ¢ = 7/2. Zero- and finite-temperature contributions thus have the
same sign. The fact that ¢ = 7/2 is a repulsive fixed point is also in agreement
with naive expectations.

For D =4, Eq. ([&38) reads

ADiC.p.,ap:w/2f&p (f N 0)
L

which should be compared with the first-order term arising from the T" = 0
contribution Eq. (EEA0), which reads

= T2 (0.0716 — 0.0957¢) §¢p, (5.40)

Y

Dic.p.,ip:ﬂ/Qf&p 580
~ 0.00329—.. 5.41
L, a? ( )
Thus, for D = 4 we obtain to first order in d¢
ADiC-P-#P:W/Q_‘S‘P 0
E=0) e (21.8 — 29.1¢) . (5.42)

Dgp-v‘P:W/Q*&P(())

In the validity regime of the low-temperature expansion, ¢ = a1 < 1, the positive
first term is always dominant, hence the perpendicular-plates case remains a re-
pulsive fixed point. Most importantly, we would like to stress that the quadratic
dependence of the torque on the temperature ~ T? (~ TP~2 in the general case)
for the inclined-plates configuration represents the strongest temperature depen-
dence of all observables discussed in this thesis.
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5 Inclined plates at finite temperature

5.5 Semi-infinite plate parallel to an infinite plate

A particularly interesting example for the geometry-temperature interplay is given
by the semi-infinite plate parallel to the infinite plate (1si configuration). In this
case, the angle of inclination ¢ in Fig. B0 is zero. Analogously to Eq. ([E30), the
finite-temperature Casimir energy can be decomposed as

EF(§) = B () + B(9), (5.43)

where
EI(T) = B¥(0) + AES(T)

corresponds to the standard parallel-plate formula as given in Eqs. ([I7) and
(EX), with A now being the surface of the semi-infinite plate. Approaching the
1si limit of AE&SL”(T) from the inclined-plates configuration in the limit ¢ — 0
is again a delicate issue, as the proper order of limits ¢ — 0 and L, — oo has
to be accounted for, see Sect. 7l Since the analysis is technically involved, we
defer it to Sec. B8 Let us here concentrate on the temperature-dependent edge
contribution

AEclsi,edge(T) — Eclsi,edge(T) o E&Si’edge(()).

We set ¢ =0 in Eq. (E20) and evaluate Eq. (22). The result is (here and in the

following, we confine ourselves to D > 3):

. L
si,edge _
AEee(¢) = — Am)02aD 2 /Zanz{ (5.44)

@@”4a0—2w(9§3)<[rmﬁuvmgm>

min

oo Yzmax _ T — ’Yl'min 2n2
- Z </ d'r ('r - ’Yl'min)D 27Zmax (x)EQ—% (%) > }
n=1 v

Tmin

Note that the first term (second line), being the main contribution to the Casimir
energy at small 7', does not contribute to the Casimir force since it is a indepen-
dent. Contrary to the case with ¢ # 0, the exponential integral functions cannot
be neglected in the low-temperature limit, since the argument of E,(z) becomes
zero at the lower bound of the integral for any £ > 0. This results in a correction
~ P71 with a > 0, to the low-temperature limit of the first term.

Here, however, we concentrate on the last term, as it gives rise to the thermal
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5.5 Semi-infinite plate parallel to an infinite plate

0.7 I

</yzmax (/Y:L‘min + x)>
-
w
[
s
B
|

0.1r% worldline result -
0 4 | | | | Faq. (549)
0 01 02 03 04 05 06 0.7 0.8

X

Figure 5.5: Numerical result of the worldline average (7., (V... + )) obtained by 5 x 10*
worldlines with 10 points each compared to the fit function of Eq. (E4d) obtained on the
interval = [0,0.7]. The error bars have been plotted ten times larger. The observed small-z
power law x®* with a; ~ 0.74 directly translates into a non-integer small-temperature behavior
of the thermal edge contribution to the force, AFlsiedge ~ PDP—1ta1

correction of the Casimir force. In the low-temperature limit, we find

. 2L
1si,edge _ Y
AFC & (5) - (47T)D/2QD71 (545)

0o s b xan
X Z <A dx X a ’Yzmax (’Yxmin + x) eXp (_ 452 ) > .
n=1

For small £, the main contribution to the integral comes from its lower bound

as the exponential function rapidly decreases for large arguments. At the lower
bound, we can take the worldline average (7., .. (V2. +)) first, yielding a smooth
function. We assume that we can expand the latter in a power series,

(Vemax Vo +2)) = Z ", (5.46)

n=0

where the exponents «,, do not necessarily have to be integers. Inserting (BZ0))
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5 Inclined plates at finite temperature

into (B-4H) leads to

Ly (5.47)

(47)D/2gD-1

AFSSi,edge(g N 0) - _

o icn (26)P+en—i <%) C(D+ay — 1),

n=0

where we have neglected exponentially suppressed contributions. For the lowest-
order term, we obtain

YVemax (Vamin)) = €0 =0, (5.48)

since for a given worldline (7, (t),.(t)) there exists a corresponding worldline in
the ensemble with (7,(¢), —7.(¢)). This allows the conclusion that the coefficient
of the TP~! term vanishes.

We determine the higher coefficients ¢,, from computing (v.,... (Vz.., + 2)) in
the vicinity of x = 0 by worldline numerics. Figure depicts the form of
(Youe Yz + ) near the lower bound z = 0. A global fit to this function
including two coefficients ¢y, ¢5 is given by

<'7zmax (’Yxmin + .T)) ~ 0.9132 (%(1500 . .T))O'7423
~ 123427 — 0.61062" ™%, (5.49)

where we have kept as — oy = 1 fixed. The resulting thermal correction to the
force is shown in Fig. (B0) for D = 4, where we compare the full numerical
solution with different orders of the expansion (-49) and the high-temperature
asymptotics, see below.

As the low-temperature asymptotics is directly related to the lowest nonvanish-
ing coefficient «1, we have also performed local fits to the function (v,_. (Ve +
x)) in the vicinity of 2 = 0. Depending on the fit window, the leading exponent
can grow up to oy ~ 0.8. (Of course, the fit window must be large enough to avoid
that the worldline discretization becomes visible; otherwise, the exponent trivially
but artificially approaches oy — 1 as the discretized worldline is a polygon on a
microscopic scale).

In any case, we conclude that if we assume the expansion (£46), the low-
temperature regime of the 1si edge effect is well described by a non-integer power
law,

Apclsi,edge ~ TD*1+0¢1 ~ 1713*037 (550)
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Figure 5.6: Thermal contribution to the Casimir edge force in the 1si configuration,
—AFMtedse () plotted for a = 1 and D = 4. WL: worldline result Eq. (f-4H) obtained using
1000 loops with 10¢ ppl each. LTy, LTy: leading and next-to-leading low-temperature correc-
tions 0.1098£3742% and 0.1098£3-7423 — (0.131881£* 7423 respectively, obtained from Eqs. (5410)
and (E49), using 5 x 10* loops 10° ppl each. HT: high temperature limit obtained from
Eq. ERH), using 5 x 10* loops 10° ppl each; a fit to the HT curve is provided by
—5.24062(£0.0222)10~3 + 1.591(£0.004138)102¢. The inlay displays a magnified interval
£=10,0.2].

where the fractional exponent arises from the geometry-temperature interplay
in this open geometry. Of course, our numerical analysis cannot guarantee to
yield the true asymptotic behavior in the limit & — 0, but our data in the low-
temperature domain 0.01 < ¢ < 0.4 is well described by the non-integer scaling
at next-to-leading order.

Our analysis so far has been based on the expansion (B8 for (7., .. (Ve,.. +2)).
However, for small x, the form of (v, . (V... + 2)) could also be for instance

Femox (Vamin + 7)) ~ @ In(2). (5.51)

Eq. (BRI can not be expanded in a power series at = 0. Nevertheless, like our
approximation (249), the form (BRI also leads to (v.,.. (V2. )) = 0 and

<7zmax (’Yzlllill _'_ x>> N
T

00, (5.52)
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5 Inclined plates at finite temperature

for x — 0.

Assuming
<’7Zmax (’Yxmin + x)) R El z ln (Z2 x) ? (553>

and inserting Eq. (h3)) into Eq. (B2ZH) leads to

7D/2

%r (g) <(ln (4€%) + ¢ (g)) (D) + 2€’(D)) } :

where 1) is the digamma function. We again have neglected exponentially sup-

Apclsi,edge(é N 0) - _ M {F (%) ]n<52)<<D) (554)

pressed contributions. The leading correction to AF!sede¢ is then given by

. L,ciaTP _ (D
AFC131,edge(aT N O) ~ _ yC1a r <

o7 5) (D) (aT).  (5.5)

For the constants ¢;, ¢, we find
& = —0.62(1), (5.56)
& = 0.32(5). (5.57)

Let us finally turn to the high-temperature limit of Eq. (B244]) which can again be
obtained by Poisson summation. The result for the edge energy reads

AEclsi,edge(é N OO) - _ Egsi,edge<0> (558)

2\/mLy <foA“ do 2Py, (o + %:min)>
B (47)P/2aP=2(D — 3) 3

where the worldline average is subject to numerical evaluation. The resulting high-
temperature limit of the Casimir force is shown in Fig. (B8 for D = 4. The high-
temperature limit is again linear in 7' in accordance with general dimensional-
reduction arguments.
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5.6 The ¢ — 0 limit for inclined plates

5.6 The ¢ — 0 limit for inclined plates

We have analyzed the ¢ — 0 behavior of inclined plates at zero temperature
in Sect. EE7l Here, we consider the same limit for the thermal correction to
the energy. The decomposition of the 1si Casimir energy into bulk and edge
contributions can also be performed for the thermal corrections,

ABS(€) = AF#2() + AEI(€),

where

aBe() = - ool (-1 (252) <0 - 91297 A 0)

D -1

~co-1r (251 9P va

e e}

=3 [T {0y () ose) = )

n=1 A/xmin

with
Y () = 2 co8(p) + SIN(P) Voo (T) — Virrin (P)
and
L, D -2 _ TYomax
ABES(E) =~ s [P (7572) co - 220 < | i, <az>>

- i < L :zmtix Yo (2)E,_p (71217@(3:)) vzmax(x)>] . (5.60)

min

Whereas AFE8%9 () remains finite, AEQ’“’(&“ ) shows a divergent behavior as ¢ —
0. Let us therefore concentrate on AEﬂ’“’(f ), in order to isolate the source of the
apparent divergence which is related to the order of limits of L, — oo and ¢ — 0.
In the case of inclined plates, (L.p) is infinite for all ¢ # 0, resulting in a 1/
divergent energy density (energy per length) for ¢ — 0. Parallel plates, on the
other hand have a finite energy density (energy per area) and (L.p) = 0.

In the following, we show how to obtain an analytic transition from (L,p) — oo
to (L,¢) — 0 for small ¢ by working with large but finite L,, and taking L, — oo
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5 Inclined plates at finite temperature

at the end of the calculation. The first limit results in a divergent energy density
per unit edge length of the inclined plates as ¢ — 0,

a 2aD—2£éJ47T)D/2 [0\2 (

2(2)° (0 - r (232 ) ()<<D><25>D
(e o () () o )

+O(1). (5.61)

AE#=0(¢) = —2)(26)"-

\_/

The second limit corresponds to the finite energy density of exact parallel plates (B.8).

In Egs. (EhMHR6T), the 2 integration was performed first. Let us now do the
proper time integration first. The 6 function (42), valid for small ¢, provides
the lower bound of the proper time integral:

52$2n2
- I oo €XP (—74,[((”2@2) d7T
AE!"P 0((1/7 ﬁ) = _(47T)?JD/2 <Z/1 T%

For Re[D] > 1, the proper time integration yields

D+1

2
/oo exp (_747@(%2@)2) dT
1 T =
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5.6 The ¢ — 0 limit for inclined plates

Inserting Eq. (B63) into Eq. (E62) leads to

¢(nB)P

_2 AZn232 —2  A2n2p32
A <F <¥7 4a? ) -T (%7 (2a+¢)2>)
4p(n3)P~2
_ )‘2;77/262 _ A§n262
ady (P (Tl> 4a? ) -T <%’ (2a+¢)2>>
P(nB)P-1
A2n232
o(r(2) -1 (2,222))
4(nB)P

1 )\2 262 D )\2 262
A F( 2 (2a+¢>) ) aF( (2a+¢>) )>

_ 2 >\;2ch62 . 2 )‘92077/262
mAE”“" *(a, B Z< <F<2’ da? ) F<2’(2a+¢’>2)>

+

_|_

2(nf)P- - (p)P

AT (DzT—ﬁll))gl(D —1) (%)DC(D), (5.64)

where

L,L.

p=L,p and A= 5

One can show that the first three terms of Eq. (B.64)) are of order O(¢?). The forth
term is clearly O(¢). The last four terms can be converted into the parallel-plates
energy density (B.8) by neglecting ¢ with respect to a and using the identity

2B _o(2) = T(a, 2);

the error is of order O(¢?). The first-order correction to the parallel-plates case is
therefore encoded in the fourth term. The second-order correction is in the first
three terms since the ¢? terms cancel each other in the remainder. In this limit
(|¢| < 1), all sums converge for Re[D] > 2.

Let us rearrange (.64]) so as to investigate the ¢ — oo case with ¢ being small
but finite:
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5 Inclined plates at finite temperature

TEAEN (0, 8) _ i <(4a o) (F (z)-T <§’ éi‘f’»

i 2(nB)P1
_ )‘92077/262 _ >\;2ch62
Al (TQv (2a+¢>)2) N asT (%, (2a+¢)2>
4¢(nB3)P—2 Pp(nB)P-1

1 (B, 25 yar (52, et

2 7 4a?

SmAP | dg(nB)P2

oA (212550 ) e (5,457
. (5.65)

T @A T PP

A sketch of this formula for D = 4 and a = # = A\, = 1 ignoring the worldline
average is shown in Fig. B The larrﬁe—¢ behavior of the first two terms can be

obtained through Poisson summationl] and reads

(4a+¢)(c1 +c22a+ @) | (cs+ca2a+¢))
(2a + ¢)P (2a +¢)P~1 7

(5.66)

where ¢y, ..., ¢4 are constants, the values of which are of no importance. We see
that (B66) vanishes for D > 2. For D > 3 the terms vanish even if multiplied
by the infinite length L,. Remember that the inclined-plates formulae at finite
temperature are valid for D > 3 as well.

In order to keep the remaining terms of Eq. (Bi63) finite, we multiply both
sides with the infinite length L, converting the vanishing Casimir energy per area
into the finite energy per length. The Poisson summation of the second line of

4The large-z limit of 3.°° | f(n/z) yields (—f(0) + v27 f(0) z)/2 where f is the Fouriertrans-
form of f.
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Figure 5.7: Qualitative behavior of the thermal Casimir contribution of the bulk in the inclined-
plates case Eq. (BBH) (red line) and its small-¢ (dashed blue line) and large-¢ (dot-dashed
magenta line) limit, respectively. Note the divergent 1/¢ behavior of the large-¢ limit which
corresponds to the divergent (as ¢ — 0) energy per edge length in the inclined-plates formulae.
For this illustration, we have chosen D =4, a = 8 = A\, = 1, ignoring the worldline average in

Eq. (EE3) for simplicity.

Eq. (B60) results in
o (B2 ) r (B aS) g (b )

lim B ’ (2a+¢)? n T2 0 (2a+9)? B 2 (2a+6)2 _

900 £~ 4p(n3)P-2 p(n3)P- p(n3)P

_RD(EE)AD =) oA (B D1 @l (B)D)

4ppP-2 ppP-1 ©BP
d1 + d2(2a + (b) d3 + d4(2a + (b) d5 + d6(2a + (b) (5 67)
P2at+0)P7 | pRa+o)P 1 | pa+@P |
where di, ..., dg are constants. These terms containing d;’s vanish for D > 3 and

¢ — 0o. Applying the identity
2E1_4(2) =T(a, 2)

to the last three terms in Eq. (EBH), we rediscover the inclined-plates formula

EXT) from Egs. (B6H), (B67) valid for small angles ¢. From Egs. (B.60) and
(EET), one can infer that the first correction to Eq. (61 is of order O(1/¢P~3).
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5 Inclined plates at finite temperature

5.7 Summary of results in D =4

Let us summarize our most important results. We confine ourselves to 3 + 1
dimensional spacetime. We give the results for the Casimir interaction energy
— the corresponding force can be easily obtained by differentiation. As we have
seen, thermal fluctuations modify the Casimir energy, yielding the free energy

E(T) = E,(0) + AE,(T), (5.68)

where AE.(T') is the temperature correction. For (aT) — 0, the correction
AE) (T — 0) to the well-known parallel-plates energy reads
AENaT —0)  ¢3)T3 n2aT*

1 R + 00 (5.69)

which is ~ —0.09577T% 4 0.110 aT*. Note that only the 7% term contributes to
the force as the first term vanishes upon differentiation.

For (aT) — 0, our result for the thermal correction AE!"P+#(T) to the inclined-

plates energy reads

SEESGT 0 et | e
L, 24sin(p)  4msin(p)

where ¢, 7, is shown in Fig. as a function of ¢. The second term which is a
purely analytical result is the generalization of a result for perpendicular plates,
¢ = /2, found in [53]; numerically, this term evaluates to =~ 0.0957aT"?/ sin(y).

Again, Eq. (EX0) denotes an energy per edge length and diverges as ¢ — 0. It
has to be replaced by the formula for the energy of a semi-infinite plate above a

parallel one,
EM(T) = Elsedee(T) + BIHI(T).

The thermal part of Ee™! (T) is as in (B69), where A is the area of the semi-infinite
plate. The leading thermal correction to the edge effect’s energy AEMd8(T) is
AEclsi,edge(T) Co T T2

7 = _Zefo (5.71)

y 24

However, this leading correction is independent of a and therefore does not con-
tribute to the force. The leading correction to the force arising from the edge
effect is numerically consistent with both

AFclsi,edge (T)

7 = —0.11a"™73™ (5.72)

Y
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and

AFclsi,edge (T)

7 = 0.068aT* In(aT). (5.73)

y

We prefer the second solution since it is more stable for (a7") — 0.
For (aT) — oo, all thermal Casimir energies increase linearly in 7' due to

dimensional reduction. For instance, the Casimir energy Eﬂ (T") for parallel plates

becomes

AC3)T

El(aT — o0) = — v
na

(5.74)

which is & —0.0478 AT'/a®. Note that Ell(aT — 00) is independent of hc as the
dimensional analysis easily shows. The energy at large (a7) can therefore be
interpreted as a classical effect.

The same holds for the large (a7") behavior of the inclined-plates case as well
as for semi-infinite plates. For inclined plates, we get

EP(aT — 00) = _M (5.75)
c (47)%a sin(p)’

where ¢, 1. is shown in Fig. as a function of ¢.
The edge effect at large (aT') reads

0.016L, T

Eclsi,edge(aT N OO) —
a

(5.76)

The long-range nature of Casimir phenomena also becomes visible at the ther-
mal correction to the torque. This is immediately transparent from Eq. (B70).
Whereas the a-independent first term of Eq. (Z0) does not contribute to the
force, both terms in Eq. (EX0) contribute to the low-temperature limit of the
Casimir torque, the thermal contribution being dAELP-#(T)/dp. Concentrating
on the limit a1 — 0 for small deviations from the perpendicular-plates case,
w = m/2—0p, an expansion to first order in d¢p yields:

ADEP#=T20% (g )
L

= (0.0716 — 0.0957aT) T?5 . (5.77)

Y

In the validity regime of the low-temperature expansion, aT" < 1, the positive first
term is always dominant, hence the perpendicular-plates case remains a repulsive
fixed point. Most importantly, we would like to stress that the quadratic depen-
dence of the torque on the temperature ~ T? (~ TP~2 in the general case) for the
inclined-plates configuration represents the strongest temperature dependence of
all observables discussed here.
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5 Inclined plates at finite temperature
5.8 Conclusions

In this chapter, we have provided further numerical as well as analytical evidence
for the nontrivial interplay between geometry and temperature in the Casimir
effect. Whereas closed geometries such as the parallel-plates case exhibit a com-
paratively strong suppression of thermal corrections at low temperatures, open
geometries such as the general inclined-plates geometry reveal a more pronounced
temperature dependence in this regime. The terminology open and closed corre-
sponds to the absence or presence of a gap in the relevant part of the spectrum
of fluctuations which gives rise to the Casimir effect. In closed geometries, the
spectral gap inhibits sizable fluctuations at temperatures below the scale set by
the gap. By contrast, open geometries allow for sizable thermal fluctuations at
any value of the temperature.

Concentrating on the inclined-plates geometry in D dimensions, the tempera-
ture dependence of the Casimir force can become stronger by one power in the
temperature parameter (implying thermal corrections which can be an order of
magnitude larger than for a closed geometry). The inclined-plates geometry is
particularly interesting as the limit of a semi-infinite plate parallel to an infinite
plate (1si configuration) is somewhat in-between open and closed geometries: the
open part of the spectrum only arises due to the edge of the semi-infinite plate. In-
terestingly, the resulting thermal correction numerically shows a low temperature
behavior which lies in-between TP~ and T as well.

The strongest temperature dependence ~ TP~2 in the low-temperature limit
occurs for the Casimir torque of the inclined-plates configuration. This is, because
it arises from the leading thermal correction of the interaction energy which con-
tributes to the torque but not to the Casimir force.

Our results have been derived for the case of a fluctuating scalar field obey-
ing Dirichlet boundary conditions on the surfaces. Whereas this model system
should not be considered as a quantitatively appropriate model for the real electro-
magnetic Casimir effect, our general conclusions about the geometry-temperature
interplay are not restricted to the Dirichlet scalar case. On the contrary, all our
arguments based on the presence or absence of a spectral gap will also be valid for
the electromagnetic case. Whether or not the case of Neumann or electromagnetic
boundary conditions leads to different power-law exponents for the temperature
dependence of the “geothermal” phenomena remains an interesting question for
future research.

In view of the fact that most (strictly speaking all) experiments are performed
in open geometries, e.g., the sphere-plate geometry, at room temperature, an
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5.8 Conclusions

analysis of the geometry-temperature interplay of these experimentally relevant
configurations is most pressing.

We will therefore adress the sphere-plate and cylinder-plate geometries in the
next two chapters.
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6 Sphere-plate and cylinder-plate
at zero temperature

In this chapter, we compute Casimir forces at zero temperature for the idealized
sphere-plate and cylinder-plate configuration induced by scalar-field fluctuations
obeying Dirichlet boundary conditions. We make contact with earlier results for
the Casimir effect of a cylinder and sphere above a plate [39, 52, 53, 56, 65,
61, 68). The main purpose of this chapter is to develop powerful algorithms to
directly compute the Casimir force instead of the interaction energy. This leads
to significant simplifications compared to previous energy calculations and allows
us to calculate the Casimir force with high precision for a wide parameter range.
Our procedure for the direct calculation of the Casimir force will be generalized to
finite temperature in the next section. The content of this chapter was published
in |59, 6]

6.1 Introduction

Although the configuration of two parallel plates is more accessible theoretically,
high-precision measurements of the Casimir force rather prefer the configuration
of a curved surface, such as a lens, sphere or cylinder, in front of the plate. For
an extensive reference list, see [3-].

As we have seen in chapter B, the power law for the Casimir force of inclined
plates is different from the corresponding law of two parallel plates. Precise
measurements of the Casimir force between two parallel plates are very difficult
since it is an enormous challenge to maintain the plates perfectly parallel on the
nanometer scale.
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6 Sphere-plate and cylinder-plate at zero temperature

Clearly, the use of curved surfaces elegantly avoids this problem. It spares
investigators the difficult task to preserve parallelity and allows close approach
of the surfaces. At the same time, however, this setup suffers from insufficient
theoretical understanding. In order to compare theory and experiment, power-
ful theoretical methods are required which are capable of dealing with general
geometries.

In recent years, a better understanding of the dependence of the Casimir force
on the separation for the idealized sphere-plate and cylinder-plate configurations
was achieved for the case of zero temperature |39, 52, b3, 56, 65, 167, 68, 72—
74, 151]. We note that the limit of small separations between a sphere and a
plate is the most important from the experimental point of view.

Our results agree excellently with the recently obtained analytic solutions for
different limiting cases [65, 67, 68|, from which Casimir force for the whole param-
eter range can be reconstructed at zero temperature. We also compare our results
with the proximity force approximation, which is still widely used for comparison
between theory and experiment.

6.2 Worldline numerics

We start with a short reminder of the worldline approach to the Casimir effect
for a massless Dirichlet scalar, confining ourselves to 4 dimensions; for details, see
chapter Bl For a configuration ¥ consisting of two rigid objects with surfaces ¥;
and Yy, the worldline representation of the Casimir interaction energy in D = 4
dimensional spacetime reads

E. = —3217T2 /0 N dT—?; / Bren (Os[x(t)]) . (6.1)

The worldline functional ©x[x(7)] reads more explicitly
O[x(t)] = Oxcm + VT (1)]. (6.2)

It is 1 if the worldline x(7) intersects both objects ¥ = ¥, UX,, and is zero other-
wise. The expectation value in Eq. (1) is taken with respect to an ensemble of
3-dimensional closed worldlines with a common center of mass x¢y; and obeying a
Gaufiian velocity distribution. During the 7 integration, the extent of a worldline
is scaled by v/7. Large propertimes 7 correspond to IR fluctuations, small 7 to
UV fluctuations.
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6.3 Sphere above a plate

Figure 6.1: Sketch of the sphere-plate configuration. The infinite plate (blue line) is in the
z = —(R + a) plane. The sphere of radius R is in the origin. The center of mass xcm of the
worldline is in (r,0, —a— R—+/T~.,,,). During the propertime integration the worldline always
touches the plate, while all its points move on rays passing through (r,0, —a — R). Only points
lying inside the cone will pass through the sphere.

6.3 Sphere above a plate

We begin with the configuration of a sphere above a plate. The sphere of radius
R is centered around the origin x = 0. The infinitely extended plate lies in the

z = —(a + R) plane, where a is the minimal distance between both objects, see
Fig.

Since the configuration has a rotational symmetry with respect to the z axis, the
three-dimensional xcy; integration reduces to a two-dimensional one. The Casimir

energy (BE1]) reads

1

E,=———
167 J,

h (;,—IZ;/dT dzemr (Os[x(1)]), (6.3)

where we have switched to cylindrical coordinates (r, zcy) with

2 2 2
T =Tom + Yom-
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6 Sphere-plate and cylinder-plate at zero temperature

The Og[x(t)] functional factorizes,
@z[X(t)] = @S[XCM + \/?’)’] @p[XCM + \/?’7] (64)

Here Og and ©p account for the intersection of a worldline xcn 4+ V7~ with the
sphere and the plate, respectively. Notice that Og is independent of a, whereas
Op reads

where 7, . denotes the worldline’s extremal extent into the negative z direction.

As we are interested in calculating the Casimir force,

dE.

Fc:_ ’
da

the derivative acting only on ©p produces a § function which eliminates the zcy
integral. The Casimir force thus simplifies to

Fo= 7 </ /drr@sx+\/_7]> (6.6)

Here, we have introduced

r
X = 0 (6.7)
—a— R
and
Yz
Y= Yy . (6'8)
72’ - ’YZmin

The transition from worldline calculations of the force does not only lead to
technical simplifications. The classification of relevant worldlines also changes
slightly: for the Casimir energy in Eq. (BJ]) the worldlines are scaled by the
propertime /7 with respect to their center of mass which is finally integrated
over. For a given center of mass, all points on a worldline xcm + V7 ~(t;) lie
on rays originating from the center of mass. These rays are traced out by the 7°
integral running from 7 =0 to 7 = oc.

By contrast, the Casimir force in Eq. (G) results from worldlines which are
attached to the point X on the plate. For a given point X, all points on a worldline
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6.3 Sphere above a plate

X+ /7T A(t;) lie on rays which now originate from X. Again, these rays are traced
out by the 7 integral.

Now, the plate is always touched by construction for all values of 7', the remain-
ing problem being the detection of intersection events with the sphere. Adapting
methods from [53|, it is clear that only those points of a worldline lying on the
rays intersecting the sphere eventually pass through the sphere for some values of
T. Let {~(tx)} denote the set of points on such rays intersecting the sphere, with
k labeling these rays for a discretized worldline. Those values of propertime 7°
for which this point lies exactly on the sphere can be obtained from the equation

&+ VT (1)) = R (6.9)

Equation (629) has two solutions,

/];:I: —_ m + \/<i : :;I<tk>)2 _ ‘i‘Q - r? ) (610)

()2 [ () |7 ()2

For T € (7,7, 7,7) the point X + /T 4(t;) lies inside the sphere. The point X
can be viewed as a tip of a cone that wraps around the sphere with the opening
angle 2a, with sin(a) = R/|x|. The value of the square root in Eq. (EI0) varies
between zero and R. The square root is zero if the ray merely touches the sphere,
and R if the ray lies on the cone’s axis, i.e., if it coincides with the direction
spanned by X, see Fig. Bl

For a given r, the worldline intersects the sphere if the propertime 7 is in one
of the intervals bounded by Eq. (EI0) for all possible values of k. Let us denote
these intervals by

T =17, 77) (6.11)
The total support of the propertime integral then is

S(r)=JT (6.12)

The r dependence of this support arises from the fact that the set of k rays lying
inside the cone depends on the position r where the worldline is attached to the
plate. The Casimir force (E4]) now reads

1 & < d7
o —— d N, 6.13
167 </0 TT/S(T) 73 > (6.13)
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6 Sphere-plate and cylinder-plate at zero temperature
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Figure 6.2: The (negative) radial force density f.(a,r) for a sphere above a plate for various
separations a in units of R = 1, see Eq.(@Idl). For small a and r the radial force density
is well approximated by by 27 x 727/480a* ~ 0.13/a* (dotted-dashed cyan line). The slope
corresponds to the parallel plates’ force density times 2w. The statistical error is below one
percent.

The (negative) radial force density f.(a,r),

©dT
fela,r) = 16%7’ </3(7») T3 >, (6.14)

is shown in Fig. We observe that for small a and r, the slope of f.(a,)
corresponds to the parallel plates’ force density times 27. For small a, the force
density is very sharp and the peak position is underneath the sphere. With
increasing a, the peak moves outward, such that the force density spreads out
over large regions.

The most time-consuming part of the algorithm is the process of determining
S(r). To reduce the computational time, it is advisable to reduce the N points per
worldline to the subset of £ < N points on the above mentioned rays intersecting
the sphere. For a given r, all points on rays outside the cone can immediately be
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6.4 Cylinder above a plate

dropped. Furthermore in the process of taking the r integral from zero to infinity,
the opening angle of the cone shrinks. All points on rays which leave the cone
through its upper half can then be dropped completely from the calculation, as
they will never enter the cone again. Only rays below the cone, i.e., between the
cone and the plate, can enter the cone for larger values of 7.

With these optimizations and with one integral less, the computational time
for Casimir force calculations is significantly reduced compared with those of the
Casimir energies studied in previous worldline investigations. These simplification
facilitate to extend the previously studied parameter range to even larger a/R
ratios with higher statistics.

6.4 Cylinder above a plate

In many respects, the cylinder-plate configuration is “in between” the sphere-
plate configuration and the classic parallel-plates case. This also holds for the
experimental realization: the effort of keeping the cylinder parallel to the plate
is less than it is the case for two parallel plates [152]; for the sphere-plate case,
this issue is simply absent. As a clear benefit, the force can, in principle, be made
arbitrarily large, since it is proportional to the length of the cylinder.

The geometry of the cylinder-plate configuration can be parameterized anal-
ogously to the preceding sphere-plate case: we consider the symmetry axis of a
cylinder of an (infinite) length L, and radius R to coincide with the y axis. The
infinite plate lies in the z = —(R + a) plane, with a being the distance between
the cylinder and the plate.

The Casimir force can be obtained directly from Eq. (61I), where we use the
fact that the Oy functional factorizes (cf. Eq. (64))

Ox[x(t)] = Ocyi[Xem + VT Y] Op[xem + VT ). (6.15)

Here O¢y; and Op account for the intersection of a worldline xcn + VT~ with the
cylinder and the plate, respectively. Again, only ©p depends on a and is given in
Eq. (&3).

The y integral in the Casimir energy (B6.1) is now trivial due to translational
symmetry. The Casimir force can then be obtained directly from Eq. (E8) and

</0°° dT_TB /OOO dr Ocy [;‘ +VT ﬂ > (6.16)

reads

F.=

L,
1672
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6 Sphere-plate and cylinder-plate at zero temperature
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Figure 6.3: Force density f.(a,r) for a cylinder above a plate for various separations @ in units
of R =1, see Eq. [I4). In the limit a — 0, the force density becomes 72/480 a* ~ 0.021/a*
(dotted-dashed cyan line) around » = 0. This value corresponds to the parallel plates’ force
density. Note that for larger separation a, the force density first stays nearly constant, and
surprisingly, increases slightly with r, such that for » = 0 a local minimum is formed. The
statistical error is below one percent.

where r = |zcy| and

- r - Ve
* ( —a = R ) ’ ’Y < ’YZ - ’)/szin ) ( )

As in the case of the sphere, the worldlines X + v/7 7 are attached to the plate
at the point X. The only difference is that the worldlines are now 2-dimensional
— a fact which reduces the computational cost. Only those points of a worldline
lying on the rays intersecting the cylinder pass through the latter for some values
of 7. The construction of the support of the 7 integral is identical to that for
the sphere-plate case, such that the total Casimir force on the cylinder can be
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6.5 Proximity force approximation

written as in Eq. (I3

L °° d7T
F= / dr </ —> 6.18
167T2 0 S(r) 7—3 ( )

The (negative) force density f.(a,r) per unit L, then reads

1 a7
fela,r) = 15 </S(r) ﬁ> : (6.19)

The force density is shown in Fig. for various a as a function of . Notice that

for small a, the force density has a sharp peak at » = 0. In the limit a — 0, the
maximum becomes 72/480 a* ~ 0.021/a*, which corresponds to the force density
of two parallel plates. Surprisingly, for larger a, the force density develops a
local minimum at » = 0. We therefore conclude that on average, the cylinder
is intersected by worldlines earlier at some r # 0 rather than at » = 0. The
force density becomes broader with increasing a, and remains nearly constant to
eventually disappear for large 7.

6.5 Proximity force approximation

It is instructive to compare our results not only with analytic estimates, but
also with the much simpler proximity force approximation (PFA). The latter is
used by default for the data analysis of geometry corrections in most experiments.
It derives from a classical reasoning for generalizing the parallel-plate case; thus,
deviations of the exact result from the PFA estimate also parameterize genuine
geometry-induced quantum behavior.

Roughly speaking, the PFA subdivides the surfaces into small surface elements.
It then applies the parallel-plate force or energy law to pairs of surface elements
and integrates the resulting force density. The PFA is inherently ambiguous as
the measure for this final integration is not unique: possible alternatives are the
surface measures of one of the involved surfaces or any intermediate auxiliary
surface. Later on, we will refer to the “sphere-based” or “plate-based” PFA as two
generic options for the integration measure. The PFA for the present configuration
is discussed in detail in Sec.

The concept of the PFA can also be translated into the worldline picture: as
an approximation to the ensemble of complicated multi-dimensional worldlines,
we may reduce the worldlines to one-dimensional straight lines. The length of a
line then corresponds to the average extent of a worldline into a certain relevant
direction in a given geometry.
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6 Sphere-plate and cylinder-plate at zero temperature

This picture also explains the occurrence of deviations from the PFA as well
as the sign of these deviations in the Dirichlet case. Indeed, due to their spatial
extent, the worldlines generically intersect both boundaries for smaller values of
7 than simple straight lines would. As small propertimes yield quantitatively
larger contributions, this then results in a greater force.

More precisely, the size squared of a worldline is proportional to the propertime
parameter which is in the denominator of the worldline formula, see Eq. (E1I).
This explains why worldline results are typically underestimated by the PFA for
small separations of the objects. For very small separations, the upper bound
of the propertime integration can effectively be set to infinity, whereas the lower
bound is a measure for the first (proper-)time, when a worldline intersects both
objects.

For large separations, the PFA breaks down dramatically. Using for example
the “plate-based” PFA, we have to stop the integration at the end of the sphere
or cylinder. However, the real force density is spread out over regions which can
exceed r ~ R by many times, as is shown in Fig. and The “plate-based”
PFA will therefore predict the Casimir force to be much smaller for larger sepa-
rations, compared with worldline numerics. A systematic study of the PFA, also
from the worldline point of view, is given in chapter B Let us now move on to
the worldline results for the Casimir force.

6.6 Zero-temperature results for the Casimir
force

The Casimir force for the sphere and cylinder is compared to the PFA estimates
in Fig. and respectively. For similar comparisons for the Casimir energy,
see [53]. We have normalized the force to the leading-order PFA, which is exact
in the limit of vanishing separation a.

We observe that the normalized force obtained with worldline numerics does
not lie inside the range spanned by the ambiguity of the PFA estimates. Most
prominently, the sign of the deviations from the a — 0 limit is different in the
Dirichlet scalar case, as can be understood in the worldline picture described
above. These observations have been frequently made in the literature before
137, 52, 165, 167, 1138].

In the remainder of this section, we discuss both configurations separately.
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Figure 6.4: Casimir Force of a sphere of radius R = 1 above an infinite plate vs. the distance a.
The force is normalized to the leading-order PFA formula. We observe an excellent agreement
with the exact asymptotic solutions for small a [68] and for large a |65] up to a = 100. For larger
a, the number of N points per loop has to be increased far beyond N = 2-107 used for this plot;
otherwise, the sphere falls through the rough mesh provided by the insufficiently discretized
worldline, leading to a systematically underestimated force as is visible here for a > 100 (pink
triangles).

6.6.1 Sphere above a plate

Figure shows the Casimir force for a wide range of the distance parameter a.
The force is normalized to the leading order of the PFA prediction

™R

ngA(Q) = TT0d3

(6.20)
At small separations, the leading order PFA and the worldline result show reason-
able agreement. The same can be said for the full sphere- and plate-based PFA
estimates, which bound the blue area. However, this agreement holds for the
leading order only: with increasing a, the full normalized PFA result decreases,
whereas the corresponding worldline result increases. Using the analytical result
for the next-to-leading order [6§|, the Casimir force at small separation can then
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6 Sphere-plate and cylinder-plate at zero temperature

be written as

™R a

The corresponding results for the full “plate-based” and “sphere-based” PFA esti-
mates on the other hand read

3
PFA _ _ﬂ _ la
FifMa = 0) = =2 (1 SEt ) (6.22)
and
3R 3a
FPFA — T (22 ) 2
55 (0= 0) = =575 2R (6:23)

We see a more drastic difference in the large distance limit. The Casimir force
behaves as ~ R/a®, whereas the full PFA predicts a different power law decay,
namely ~ R?/a*. The large a limit can be calculated analytically [66] and reads

180 7R
~ 1.85 F[E*(a — o0). (6.25)

We observe an excellent agreement with the exact asymptotic solution for small
a [68] and for larger a [65] up to a = 100.

In order to obtain Fig. we have used ensembles with up to ny, = 1.6 - 10°
and N = 2-107. At very small distances a the number of points per loop is not
very important, since part of the systematic error is reduced by normalizing to the
leading order result; thus, even N = 5000 is sufficient for example for a = 0.0333
at a precision level of 0.1%. On the other hand at a = 100 the number of points
per loop used was 1.5 - 107. For larger distances the number of points per loop
has to be increased far beyond 2 - 107, otherwise the systematic error from the
discretized worldlines becomes large, leading to smaller results for the force, see
Fig. for @ > 100 (pink triangles). It turns out that even such high resolution
is not sufficient to resolve the small sphere for larger distances.

Already anticipating our results for finite temperature, this observation gives
us a rough estimate for the validity limits at small temperatures. In the next
chapter, we observe that for a/R < 1, the maximum of the thermal contribution
to the force density at low temperatures 7' < 1/R lies outside the sphere, and
that the position of the maximum increases with decreasing temperature. From
the fact that ensembles with N = 1.5 - 107 are reliable for those cases where the
dominant contribution to the force density lies within r» < 100, we conclude that
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Figure 6.5: Casimir Force of a cylinder of radius R = 1 above an infinite plate vs. the distance a.
The force is normalized to the leading-order PFA formula. We observe an excellent agreement
with the exact asymptotic solutions for small a |68] and for large a [61] up to a = 1000.

temperatures above Ty, =~ 0.01/R are accessible also in the limit a — 0. For
smaller values of N, the corresponding value of T,,;, is larger.

6.6.2 Cylinder above a plate

From an algorithmic point of view, the sphere-plate and cylinder-plate config-
urations differ with respect to computational efficiency also beyond the trivial
dimensional factors: for a sphere at large separations, a large fraction of points
of a worldline can be dropped right from the beginning, as they never “see” the
sphere, i.e, they never lie on a ray inside the cone. The situation is different
for a cylinder. Dealing with a two-dimensional problem, we use two-dimensional
worldlines and the number of points per worldline, which now have to lie in a
wedge, is higher than those lying in a cone for the sphere-plate case.

Using comparable worldlines with a large number of points per loop, we thus
expect the worldline numerics to break down at far larger distances a than in the
case of a sphere. This is indeed the case as is visible in Fig.

Figure also compares the Casimir force for a cylinder above a plate with the
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6 Sphere-plate and cylinder-plate at zero temperature

PFA estimates. As for the case of a sphere, it is convenient to normalize the result

to the leading order PFA estimate, which for the present configuration reads (see
chapter B)

FEEAMa) _ VaR .
L, 768v/2 at

(6.26)

Comparing Eq. (620) with the full PFA formulae, we again observe that they
all agree to the leading order only. There also exists an analytic result for the
next-to-leading order [68], such that for small a we have

F(a—0) _ n*VaR (1 T a +) (6.27)

= — + [

Ly 7682 a’ 60 R
The corresponding results for the full “plate-based” and ‘“cylinder-based” PFA
estimates on the other hand read

FFP,EA(CL — 0) _ m™vVa R <1 . ig + .. ) (6.28)
L, 768+/2 a* 20 R
and
Fgt(a—0) _ 7°VaR (1 _Ha ) _ (6.29)
L, 768v/2 a* 20 R

Again, the full PFA estimates predict the wrong sign of the next-to-leading order
correction. Comparing these results with the corresponding ones for the sphere,
we notice that the next-to-leading order correction is much smaller for the cylinder
than for the sphere, meaning that the cylinder configuration is better approxi-
mated by the PFA than the one for a sphere.

This can be explained by recalling that the cylinder-plate geometry is effec-
tively a two-dimensional problem since the y integration is trivial. Thus, two-
dimensional worldlines were used for the calculation of the Casimir force. The
sphere above a plate, on the other hand, despite the rotational symmetry, remains
a three-dimensional problem and also requires three-dimensional wordlines. To
obtain the PFA result we can use worldline numerics with one-dimensional straight
lines. Therefore, the configuration for the cylinder is approximated better by the
PFA in the small a limit, where the force density is concentrated underneath the
compact object.

The force law in the large a limit differs qualitatively from the one of the
sphere-plate configuration. For the cylinder, the behavior of the force changes
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6.6 Zero-temperature results for the Casimir force

from ~ v Ra/a* at small a to ~ 1/a®In(a/R) at large a. The exact asymptotic
form can be calculated analytically [67] and reads

F.(a — ) 1
— , 6.30
L, 8m(a + R)?In (“£E) (6.30)
whereas the full PFA predicts
F. R
L, a*

Comparing our worldline results with known exact asymptotic solutions, we ob-
serve an excellent agreement for small a [6&] and for larger a [67] up to a = 1000,
see Fig.

For the Fig. we have also used ensembles with up to n;, = 1.1-10° and
N =2-10". At a = 100, the number of points per loop used was 3 - 10%, and
increased to N = 1-107 for a = 333 and up to N = 2107 for a = 1000. As
expected, the required number of points per loop for a certain a is less here than
in the case of a sphere. Even at such large separations as a = 1000, our results
agree nicely with [67].

The corresponding estimate for the validity limits at small temperatures for
N =2-107 then is T > 0.001/R.
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7 Sphere-plate and cylinder-plate
at finite temperature

In this chapter, we investigate the nontrivial interplay between geometry and
temperature in the Casimir effect for the sphere-plate and cylinder-plate con-
figurations. At low temperature, thermal fluctuations on scales of the thermal
wavelength lead to a delocalization of the thermal force density, implying that
standard approximation techniques such as the PFA are inapplicable even in the
limit of small surface separation. As a consequence, the temperature dependence
strongly differs from naive expectations. We perform a comprehensive study of
the geothermal phenomena for sphere-plate and cylinder-plate configurations us-
ing analytical and numerical worldline techniques for Dirichlet scalar fluctuations.
The results of this chapter were published in [58-60].

7.1 Introduction

Investigating finite temperature effects for inclined plates, we observed that the
free energy contains temperature dependent terms which, however, do not depend
on the separation of the plates and thus do not lead to a force. Moreover, at
low temperature, these distance independent terms form a leading contribution
to the thermal part of the free energy. Fortunately, the configuration of the
inclined plates allows us to identify these terms analytically, without the need
of performing this task numerically, such that distance dependent and distance
independent contributions can be evaluated independently.

For the configurations studied in the present chapter, this separation is ana-
lytically not possible within worldline numerics. The dependence of the force on
temperature is then to be found by numerical differentiation of the thermal free
energy with respect to the distance parameter. Given that the distance dependent
contribution may be only subleading, this procedure leads to a loss of precision
for the numerical results for the thermal force.
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7 Sphere-plate and cylinder-plate at finite temperature

Fortunately, we found a method of direct calculation of the Casimir force in the
previous chapter. In the following sections, we generalize this method to finite
temperature and then perform investigations for the Casimir force rather than
for the free energy.

The use of the worldline approach to the Casimir effect on the one hand provides
for a highly intuitive picture of the fluctuations, and on the other hand facilitates
analytical as well as numerical computations from first principles [37-47).

For instance, the failure of local or additive approximation techniques can di-
rectly be inferred from the temperature dependence of the force density: the
latter tends to delocalize for decreasing temperatures on scales of the thermal
wavelength [5846(]. Local approximation techniques may only be useful at fi-
nite temperature if the strict weak-coupling limit is taken [164], or in the high-
temperature limit.

We analyze the thermal force density distributions, compute thermal forces for a
wide nonperturbative range of parameters, and determine asymptotic limits. This
facilitates a careful comparison with local approximation techniques, and, most
importantly, yields new and unexpected results for the geometry dependence of
thermal forces. For instance, the pure thermal force, i.e., the thermal contribution
to the Casimir force, reveals a non-monotonic behavior below a critical temper-
ature for the sphere-plate and cylinder-plate case [59|: the attractive thermal
force can increase for increasing distances. This anomalous feature is triggered
by a reweighting of relevant fluctuations on the scale of the thermal wavelength
— a phenomenon which becomes transparent within the worldline picture of the
Casimir effect. Whereas these non-monotonic features already occur for a simple
Dirichlet scalar model, non-monotonicities can also arise from a competition be-
tween TE and TM modes of electromagnetic fluctuations in configurations with
side walls [153, [154].

While there are a number of impressive verifications of the zero-temperature
Casimir force [27, 28, [155-157], a comparison between theory and thermal force
measurements suffers from the interplay between dielectric material properties
and finite temperature [139], still being a subject of intense theoretical investi-
gations [140-143, 158, [159]. In view of the geothermal interplay, we expect that
the full resolution of this issue requires the comprehensive treatment of geom-
etry, temperature and material properties, possibly also including edge effects
[54, 57, 136, 1160, [161]. First results on the sphere-plate configuration using scat-
tering theory and specific dielectric models demonstrate this nontrivial interplay
182, 1162, 163)].
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7.2 Worldline approach to the Casimir effect

7.2 Worldline approach to the Casimir effect

Let us shortly review our approach to the direct calculation of the Casimir force
as presented in the previous chapter and generalize the approach to finite tem-
peratures.

Introducing finite temperature 7= 1/ by the Matsubara formalism is equiva-
lent to compactifying Euclidean time on the interval [0, 3]. At finite temperature
and four-dimensional spacetime, the Casimir free energy induced by a fluctuating
Dirichlet scalar reads for any configuration

Bm g [ S e (<5 [@renesio). )

n=—oo

Here, (...) denotes an average over an ensemble of worldlines v with Gaufian
velocity distribution and with a common center of mass xcy. The auxiliary prop-
ertime parameter 7 acts as a spatial scaling factor and governs the size of the
worldlines. The sum over winding number n counting the round trips of a world-
line around the finite-temperature torus takes care of thermal fluctuations, with
the n = 0 term corresponding to the zero-temperature 7' =1/ — 0 result. The
O functional obeys Oy = 1 if a given worldline intersects two or more interacting
surfaces, and Oy = 0 otherwise.

In the following, we are exclusively interested in the thermal contribution n # 0,
serving as the interaction potential for the thermal force,
AF(T) = —iEC . (7.2)
da Inzo
Here, a is a distance parameter between disjoint bodies. For instance, for a
sphere above a plate, a configuration that allows to cancel the zero-temperature
forces is sketched in Fig. [Z1] [165]. Alternatively, the zero-temperature force
could be balanced by applying suitable electrostatic potentials to a single-sphere
setup. We stress that the thermal-force phenomena discussed in the following are
dominated by the corresponding zero-temperature forces in the standard setups
where a < R. After removing the zero-T' contribution, the thermal force for the
sphere-plate configuration reads

F Z/ dTexp( M> /Ood'r'r(@s>, (7.3)

0

where r is the polar center-of-mass coordinate on the plate.
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7 Sphere-plate and cylinder-plate at finite temperature

dy dy

Figure 7.1: Setup for a measurement of the thermal force for the sphere-plane configuration: by
tuning the sphere positions to identical distances a; = a2, the zero-temperature force on the
tightly connected pair of plates cancels. Placing the two sphere-plate subsystems into two heat
baths at different temperatures T7 and T5, the different thermal forces induce a net force on the
pair of plates. We assume that all distances between the (blue) Casimir surfaces and the (black)
heat-bath boundaries are large, e.g., di 2 > a2, such that corresponding Casimir interactions
can be neglected.

As we have found in the previous chapter, for the calculation of the Casimir
force, ©g measures whether a worldline which is attached to the plate also inter-
sects with the sphere for certain scaling sizes ~ 7, see Fig. Therefore, the
classification of relevant worldlines has changed now. They are scaled not with
respect to the center of mass (as it was the case in Eq. (1)), but with respect
to the tip of the cone, which lies on the plate, see Fig. Also, the spatial inte-
gration does not run over all space. For example, worldlines whose lowest point
is underneath the infinite plate are not taken into account at all. The details can
be found in the previous chapter.

For the cylinder-plate case, the factor of r has to be replaced by the (infinite)
length L, of the cylinder divided by =, leading to

L e o exXp (_njé??) 00
AF, =——% T———~ . 4
=g ; /0 d = /0 dr (©c) (7.4)
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7.2 Worldline approach to the Casimir effect

Figure 7.2: Sketch of the sphere-plate configuration. During the propertime integration, the
worldline is always attached to the plate, while all its points move on rays originating from
the projection of its center of mass xcy on the plate at polar coordinate . Only points lying
inside a cone wrapping around the sphere with the tip of the cone at r (thick dashed lines) pass
through the sphere for increasing 7 and thus contribute to the Casimir force. In general, for
every T > R there exists a maximal separation a, such that the sphere can be intersected by
the worldline. If the sphere separation is reduced (dotted red circle), it can become invisible for
a given worldline, such that the worldline stops contributing to the Casimir force. This induces
the phenomenon that the thermal force can increase for increasing separation.

For the sphere, the expectation value in Eq. ([Z3) is taken with respect to an
ensemble of 3-dimensional closed worldlines. For the cylinder, it is sufficient to
use 2-dimensional worldlines, due to the trivial y coordinate.

Here, we use the same set up as in the previous chapter: the infinite plate
lies in the z = —(R + a) plane, the minimal distance between the objects is a.
The sphere of radius R is placed in the origin, see Fig. The cylinder-plate
configuration is analogous: the symmetry axis of a cylinder of an infinite length
L, and radius R coincides with the y axis.
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7 Sphere-plate and cylinder-plate at finite temperature
7.3 General considerations

7.3.1 The a — 0 limit

At finite temperature 7' = 1//3, the Casimir free energy can be decomposed into
its zero-temperature part E.(0) and finite-temperature correction AE (7)),

E.(T) = E.(0) + AE.(T). (7.5)
The same relation holds for the Casimir force
F.(T) = F.(0) + AF.(T).

Within the worldline representation of the free energy (IZ1]), the finite-temperature
correction is purely driven by the worldlines with nonzero winding number n.
Most importantly, the complicated geometry-dependent part of the calculation
remains the same for zero or finite temperature.

Let us first perform a general analysis of the thermal correction for a generic
Casimir configuration following our argument given in [58]. We start from the
assumption that the Casimir free energy can be expanded in terms of the dimen-
sionless product aT’,

Ec(T)

E.(0) =1+ caT + cy(aT)* + cs(aT)® + . .. (7.6)

No negative exponents should be present in Eq. ([ZH), since the thermal part of
the energy disappears as T' — 0.

Generically, the T'= 0 Casimir energy FE.(0) diverges for surfaces approaching
contact a — 0. From Eq. ([ZH), we would naively expect the same for the thermal
correction. If, however, sufficiently many of the first ¢;’s in Eq. ([C8) vanish, then
the thermal part of the Casimir energy is well behaved and without any divergence
for a — 0.

This indeed turns out to be the case for two parallel plates, where

1
cp=cy=0 and FE(0)~ —, (7.7)
a
and for inclined plates, where
1
cg =0 and FE.(0)~ L (7.8)

as we have seen in chapter Hl
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7.3 General considerations

Consequently, an extreme simplification arises: the low-temperature limit of
the thermal correction can be obtained by first taking the formal limit a = 0.
This was first observed in [58] and then successfully applied in [167].

In the following, we argue that there is no divergence in the local thermal force
density in the limit @ — 0 for general geometries. For a generic geometry, the
a-divergent part can only arise from the regions of contact as a — 0. The diver-
gence for these regions at T' = 0 is due to the diverging propertime integral over
1/TP/% which is bounded from below by ~ a?. This is because for worldlines
smaller than a the worldline functional is always zero. At finite temperature the
divergence in the thermal correction for a — 0 is removed since one now inte-
grates over exp(—n?3?/47)/T'*P/2, which is zero for every n > 0 in the limit
7 — 0. The only nonanalyticity could arise from the infinite sum. That this is
not the case can directly be verified: instead of integrating over the support S,
we integrate over 7 from zero to infinity, yielding

00 oo exp [ =128
> %M:@Nrw/mw). (79)

For finite temperature 7" > 0, Eq. ([Z3) is a finite upper bound for the original
local thermal force density.

This procedure corresponds to substituting the critical regions of contact by
broader (and infinitely extended) parallel plates, see |58]. The thermal contri-
bution is estimated from above by flattening the surfaces in the contact region.
The local thermal contribution to the Casimir force of the original configuration
is clearly smaller than the finite thermal contribution of parallel plates. As the
latter does not lead to divergences for a — 0, there can also be no divergence for
the general curved case arising from the contact regions.

Of course, infinite geometries may still experience an infinite thermal force,
as it is the case for two infinitely extended parallel plates, but the local thermal
contribution to the force density will be finite. From a practical viewpoint, taking
the limit @ — 0 first simplifies the calculations considerably.
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7 Sphere-plate and cylinder-plate at finite temperature

7.3.2 Delocalization of the thermal force density

Another important feature of low-temperature contributions to the Casimir effect
is the spread of the thermal force density over regions of size ~ 1/T" even for
very small separations a. This phenomenon has first been demonstrated for the
configuration of two perpendicular plates at a distance a [5?]'3]

The thermal force density

Af(r,T) = fo(r,T) — fe(r,0)

for this case as a function of the coordinate r on the infinite surface measuring the
distance from the edge (i.e., the contact point at a = 0) can indeed be obtained
analytically on the worldline from the thermal force,

00 exp BQ)
d a7 ). 1
167r2 / " /,,W (7.10)

Here, \; is a worldline parameter measuring the extent of half a unit worldline,

i.e., the distance measured in x direction from the left end to the center of mass.
It is clear from Fig. that the lower bound in the 7 integral in Eq. ([CI0) is
given by r?2/A%: this is the minimal scaling value for which the worldline intersects
the semi-infinite vertical plate. From Eq. (LI0), we read off the following force
density:

Afe(r,T) « T4 n?\? T T\
L T w2 Z e )\ T ) ) (7.11)

Y

Analytic results for the thermal force can be obtained by rescaling the radial
coordinate
r— AT
per worldline and using
™
o0 =5

The force density in Eq. ([ZII]) then becomed]

Afe(r,T) T2 T - n? ™ 77
Sl = ) [+ == ). (712
L 180 + 273/2 ; FPN T n4 + 4An2r? ( )

In this configuration, the sphere in Fig. is replaced by a vertical semi-infinite plate ex-

tending along the positive z axis and an edge at z = 0.
2Equations (ZI1) and ([ZIZ) possibly differ by a total derivative, but both provide for a
reasonable thermal force density.
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7.3 General considerations

The thermal force between the perpendicular plates in the limit a — 0 upon
integration then yields
L,T3
4

in agreement with [55].

The thermal force density of two perpendicular plates at a = 0 can also be
calculated for arbitrary spacetime dimension D. All we have to do is to replace
the prefactor in Eq. (ZI0) by 1/(47)”/? and the propertime exponent in the
denominator by 1+ D/2. This gives

o D )\%n2
Af(r,T,D) D\ , _ F<?74r2T2)
e\ (DY 2 /2D D/2pD S NV O
» (o) (g) PRI 4 DR

(7.13)

This force density can also be made independent of A\; by rescaling r — A r.
Integrating Eq. (CI3) and using (A1) = y/7/2 we obtain

AF 1 D -1
. c _ —§7T(1_D)/2 C(D _ 1)F (T) TD_l, (714)

Y

in agreement with our result for perpendiculat plates in D dimensions, see Eq. (E20).

The perpendicular-plates configuration is special as it features a scale invariance
in the @ — 0 limit: Eq. ([CII]) remains invariant under

T—Ta, r—r/a, Af.— Af./a (7.15)

for arbitrary a. As a consequence, knowing ([ZTTl) for a single temperature value,
say T = 1, is sufficient to infer its form for all other T'. Equation ([ZI]) is shown
for T = 1/R, R = 1 in Fig. [[3 For r < 1/T, the force density stays nearly
constant, corresponding to the first term in ([ZI1]). It rapidly approaches zero
for r > 1/T. From this, we draw the important conclusion that the region of
constant force density in r direction can be made arbitrarily large by choosing
sufficiently low T

Similar consequences arise for temperature effects in other geometries. We plot
the thermal force densities for the sphere-plate and cylinder-plate configuration
in Fig. [[3 The thermal force density for a cylinder above a plate at a = 0
has a shape similar to the one of two perpendicular plates, whereas the radial
force density of a sphere above a plate exhibits a maximum due to the cylindric
measure factor r, see Fig. [[3

Although these force densities are not scale invariant due to the additional
dimensionful scale R (sphere radius), its maximum nevertheless moves away from
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7 Sphere-plate and cylinder-plate at finite temperature

0.6 , | |
sphere
051 cylinder |
L plates -

04 r
&o\
S 03¢
°
<

0.2r

0.1 7/~

0 e o |
0 0.5 ) 7 ,

Figure 7.3: The (negative) thermal force density Eq. (LIl for perpendicular plates (dashed
blue line), cylinder above plate (dotted dashed line) and sphere above plate (solid red line)
both of radius R = 1 in the zero-distance limit @ — 0 for 7" = 1. The sphere-plate curve
represents the radial density including the radial measure factor ~ 27r. The thermal force
densities of cylinder and perpendicular plates at r = 0 are equal to the force density of two
parallel plates, 72/90 ~ 0.1097. The thermal force density in the sphere-plate case has a
maximum of &~ 27 x 72/90, where the factor 27 arises from the cylindrical measure. Note that
a considerable fraction of the force density lies outside the sphere which only extends to r = 1.
As the temperature drops, the maximum moves monotonously to the right.

the sphere as the temperature drops. We conclude that no local approximate tools
such as the PFA will be able to predict the correct thermal force in particular
at low temperatures. The fact that the force densities for sphere and cylinder
are not scale invariant leads to different temperature behaviors for 7' < 1/R and
T > 1/R, even in the limit a — 0.

The spread of thermal force density can be easily understood in the worldline
picture: at zero temperature, the Casimir force is generically dominated by small
propertimes, i.e., small worldlines with a minimal extent such that the worldlines
can intersect with both surfaces. As a consequence, the energy density is typically
peaked in the region near minimal separation. By contrast, the peak of the finite-
temperature propertime factor ~ e "*#%/(47) /T3 moves to larger 7 values for
decreasing temperature. Therefore, as larger worldlines can contribute, the free-
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7.3 General considerations

Afe(r,T,a)/T*

Figure 7.4: Radial (negative) thermal force density Af.(r,T,a) for a sphere above a plate for
different temperatures 7" in units of R = 1. The peak position as a function of r increases with
decreasing temperature. Notice also that the thermal force density corresponding to T' = 0.1
and a = 3 lies clearly above the one corresponding to T' = 0.1 and a = 0 for sufficiently large r,
resulting in a stronger thermal force for a = 3. The statistical error is below one percent.

energy density is potentially distributed over a larger region of space. Whether or
not this broadening occurs depends on the details of the geometry, as worldlines
at larger distances still have to intersect the Casimir surfaces.

In Fig. [ we plot the radial distribution of the thermal force density of a
sphere above a plate for various temperature values. Its peak position increases
with decreasing temperature. This corresponds to the fact that low temperatures
can still excite long-wavelength modes if the spectrum is not gapped. Figure
[4 also demonstrates that any local approximation of the Casimir force such
as the proximity force approximation (PFA) is generically bound to fail for a
proper description of the geometry-temperature interplay; see, however, [164]
for semitransparent surfaces. For experiments at low temperature, our results
indicate that the idealized sphere-plate configuration requires the plate to be much
larger than the sphere. Otherwise thermal edge effects have to be accounted for,
being more severe than edge effects at T' = 0.
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7 Sphere-plate and cylinder-plate at finite temperature

7.3.3 Non-monotonic thermal forces

For standard materials, the Casimir force is generally attractive [70] and decreases
monotonically with distance. The latter seems intuitively clear from spectral
properties of the fluctuations: in this picture, the Casimir effect arises from the
difference between the fluctuation spectrum in the presence of the surfaces and
that of the trivial vacuum (at infinite surface separation). For increasing separa-
tion, the spectrum is expected to monotonically approach the vacuum spectrum,
implying a monotonic force depletion.

A first non-monotonic behavior has been observed in a more involved piston-like
geometry of two squares moving between metal walls [153]; similar observations
hold for two cylinders near a sidewall [154]. Here, the non-monotonic behavior
arises from a competition between the TE and TM modes of the electromagnetic
fluctuations. Its strength is governed by the dependence of the force on a lateral
geometry parameter. The example demonstrates that an unexpected behavior of
the Casimir force may occur in the presence of competing scales (in this case:
normal and lateral distances).

Here, we show that a non-monotonic behavior already exists for a single fluc-
tuating scalar obeying Dirichlet boundary conditions on the surfaces (similar to
a TM mode in a cavity-like configuration). This anomalous phenomenon requires
a nonzero temperature and occurs for the thermal contribution to the Casimir
force. This phenomenon is a prime example of the geothermal interplay.

Typical configurations used in experiments involve spheres or cylinders above
a plate, which are open geometries without a spectral gap. Investigating the
geothermal interplay for these geometries therefore is an urgent problem. For the
fluctuating electromagnetic field, first results for the thermal Casimir force in the
sphere-plate configuration have recently been obtained [82, [167| using scattering
techniques.

In the limit of temperature being smaller than both the inverse sphere radius,
T < 1/R, and the inverse sphere-plate distance, T' < 1/a, the thermal force in
[167] is always attractive for any value of a/R and monotonically decreasing with
increasing separation a. By contrast, the thermal force derived in [82] using a
truncated multipole summation shows a repulsive behavior for smaller distances
and becomes attractive at larger distances. From their data, a non-monotonic
behavior of the thermal force at larger distances a/R > 1 and low temperatures
TR < 1 can be anticipated. Whereas both studies nicely agree in the limit of
low temperature and small spheres, the seeming disagreement beyond the strictly
asymptotic validity regimes of the two different expansions requires clarification.
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In this chapter, we demonstrate that non-monotonic thermal forces indeed oc-
cur unambiguously for the sphere-plate and cylinder-plate configuration in the
low-temperature region. Dealing with Dirichlet scalar fluctuations, we avoid ad-
ditional complications from competing polarization modes. Most importantly,
the occurrence of this anomalous behavior can be understood as a temperature-
induced reweighting of different relevant fluctuations in a given geometry. This is
at the heart of the geothermal interplay.

In the worldline picture, formalized by Eq. (L3)) and (Z4]), the Casimir force
arises from all worldlines that are attached to the plate and intersect the sphere
(cylinder). Consider a worldline with center of mass polar coordinate 7 in the
sphere-plate geometry at separation a, see Fig. 2 Upon integrating over prop-
ertime 7, the size of the worldlines is scaled but the center of mass projection
onto the sphere stays fixed at r. Therefore, the worldline points that eventually
intersect the sphere have to lie inside a cone with its tip attached to the plate
at r, wrapping around the sphere, see Fig.

Let us now reduce the sphere-plate separation a for a given worldline. As this
moves the corresponding cone towards the plate (red dotted lines in Fig. [[2), all
points of a given worldline may drop out of the cone such that this worldline no
longer contributes to the Casimir force. This is the mechanism that potentially
reduces the Casimir force for smaller separations. The same arguments apply to
the cylinder-plate configuration.

While this geometric argument is independent of any temperature, this loss
mechanism of relevant fluctuations is negligible at zero temperature: the effect is
outweighed by small worldlines intersecting sphere and plate near the point of clos-
est separation, which dominate the zero-temperature Casimir force. By contrast,
the finite-temperature propertime factor ~ e~n*A*/(4T) /T3 favors the contribution
of larger worldlines at low temperature and thus emphasizes the relevance of the
loss mechanism at larger separations. Compare, for example, the force density
for a = 0 and T = 0.1 with those for a = 3 and same temperature 7" = 0.1 in
Fig. [C4

Whether or not a non-monotonic thermal force law arises then is a competition
between small worldlines in the region of close separation and large worldlines
on the scale of the thermal wavelength. If the contribution of the latter to the
thermal force is dominant, the thermal force can increase for increasing distance
as more and more worldlines can contribute, i.e., become relevant fluctuations.

With this general considerations in mind, let us now turn to a detailed analysis
of the Casimir effect at finite temperature for the sphere-plate and cylinder-plate
configurations.
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7 Sphere-plate and cylinder-plate at finite temperature
7.4 Sphere above a plate

7.4.1 Expansion of the thermal force for« < Rand T'< 1/R

We start with the expansion of the thermal force for « < R and for small tem-
perature 7' < 1/R. Following our general argument given above, no singularities
in a appear in the limit a — 0. Also, we expect that the thermal force decreases
with decreasing R. This motivates an expansion of the thermal force with only
positive exponents for a and R. Assuming integer exponents, dimensional analysis
permits

AF.(T) = coRT? + cyaT?
+ o R°T* + c3aRT* + O ((a/R)?, (TR)°) . (7.16)

From our numerical results in the limit @ — 0, we observe a T* behavior of the
thermal force, see Fig. We conclude that ¢y =~ 0 is negligible with respect to
co in the regime 7' > 0.01, where numerical data is available.

In fact, we conjecture that ¢y vanishes identically, ¢y = 0; if so, also ¢; vanishes,
since the configuration would otherwise be more sensitive to temperatures at small
a than at a = 0. Our conjecture is supported by the following argument based
on scaling properties: the dimensionless ratio of the thermal correction and the
zero-temperature force has to be invariant under the rescaling

a—a/a, R— Rla, T —aT. (7.17)

The same holds for the ratio of AF.(a,T') at a = 0 and the zero-temperature force
at a # 0. For a < R, we can use the PFA for the zero-temperature force, which
to leading order yields ~ R/a3. If ¢y # 0, this leading ratio would be ~ cy(aT)?
which is invariant under the rescaling ([ZI7); in addition, this ratio would be
invariant under (ZI7) with R fixed. If ¢y = 0, then this ratio is ~ ¢y Ra*T* which
is invariant only under the full transformation ([ZIT).

The result that for ¢y # 0 the thermal correction would exhibit the same R
dependence as the zero-temperature force for small distances a < R is counter-
intuitive: whereas the radial force density in the small-distance limit at 7" = 0
is peaked right under the sphere near r ~ 0, the thermal correction arises from
contributions at much larger r, cf. Fig. [[ 4

As a simple estimate, we expect that the thermal correction is proportional to

an effective area of the sphere,

R2
At ~ (a + R)2R + ”7
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Figure 7.5: Thermal Casimir force of a sphere above a plate in the limit a — 0 and for R = 1.
The worldline result and the PFA predictions are normalized to the leading-order PFA, cf.
Eq. (Z20). The leading-order PFA predicts a T behavior of the thermal force for all 7. On
the other hand, for small T the plate-based PFA and the worldline result see a T behavior,
whereas the sphere-based PFA sees a T*In(T') one. For large 7' > 1/R the behavior is T for
all curves. All predictions agree in the large T limit. For very small T', the worldline result runs
into the blue area which spans the PFA predictions.

as seen by the worldlines. This estimate then is compatible with
Co = C1 = 0

and

The question arises why the leading-order PFA approximation yields a 7% be-
havior despite the additional scale R. The reason is that R appears only in the
combination r?/R in the force density, such that

T —aT, r—r/a?

leaves the force density invariant up to a multiplicative constant.
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Figure 7.6: Low-temperature behavior of —AF,(T)/T* for the sphere-plate configuration in the
limit @ — 0 for R = 1. For 0.03 < T < 0.1, we observe a linear behavior which can be fitted to
AF.(a = 0,T) ~ —3.96 R?T* + 11.66 R*T°. We have used 40000 loops with 2 - 10% ppl each.
For T' < 0.03, the number of points per loop used is not sufficient to resolve the sphere properly,
inducing systematic errors (black triangles).
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Figure 7.7: Plot of the a-dependent part of the (negative) thermal Casimir force for a sphere at
a = 0.1 and R =1 in the low-temperature regime. In the range 0.03 < T' < 0.08, the worldline
data for —(AF.(0.1,T) — AF.(0,7)) is well approximated by 0.268 7% — 1.57T° (dashed blue
curve), corresponding to a c3 coefficient in Eq. (ZIH) ¢z = —2.7. Note that the absolute value
of the Casimir force has increased with a. We have used 40 000 loops with 2 - 10% ppl each.
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7.4 Sphere above a plate

Let us return to Eq. ([CIH). For cs and ¢3, we obtain numerically (see Fig.

and Fig. [[7)
o~ —3.96(5), 3 —2.7(2). (7.18)

These numbers can be confirmed by the exact T-matrix representation [166].

Note that both coefficients have the same sign, implying that the absolute
value of the thermal correction to the Casimir force increases with increasing
a for sufficiently small @ and 7. This apparently anomalous behavior can be
understood in geometric terms within the worldline picture [39], see also Sec.
(0.0

7.4.2 Critical temperature

The sphere-plate configuration has a critical temperature

0.34(1)
o

For T' > T.,, the thermal force decreases monotonically for increasing sphere-plate

T, ~

(7.19)

separation a in accordance with standard expectations. For smaller temperatures
T < T, the thermal force first increases for increasing separation, develops a
maximum and then approaches zero as a — oco. The peak position is shifted to
larger a values for increasing thermal wavelength, i.e., decreasing temperature.
In all cases, the force remains attractive, see Fig. [[.8

As an example, room temperature 7' = 300K corresponds to the critical tem-
perature for spheres of radius R ~ 2.6um. For larger spheres, room temperature
is above the critical temperature such that the thermal force is monotonic. For
smaller spheres, the thermal force is non-monotonic at room temperature. If, for
instance, T" = 70K and R = 1.6um, the thermal force increases up to a >~ 9um.

7.4.3 Comparison with the PFA

The high-temperature limit 7" > 1/R agrees with the PFA prediction for a — 0
and reads

B3R
2

In the limit a — 0, the leading-order PFA yields Eq. (C20) for all T. This is
because geometrically the leading-order PFA corresponds to approximating the

AF, (T — o0) = — . (7.20)

sphere by a paraboloid, which is a scale-invariant configuration at a = 0. At
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Figure 7.8: Thermal correction to the Casimir force of a sphere for various temperatures 7" and
R = 1, normalized to the thermal force at a = 0. For sufficiently small temperatures, the
absolute value of the thermal force correction AF(T) first increases with increasing a. For T' <
0.05 the small a behavior is well described by 1+ a(2.68RT* — R?15.7T°)/AF(a = 0,T). This
verifies the fit used in Fig. [ with coefficient linear in ~ a in front of T'°. From this prediction,
we would expect the curves to be monotonically decreasing for T' > 2.7/15.7R = 0.17/R in the
leading order. Due to higher-order terms, the 7" = 0.2 curve still increases slightly first. The
statistical errors of the worldline calculation are of the order of the thickness of the curves.

finite a, the scale invariance is broken and a term ~ +Rw3aT*/45 appears on the
right-hand side of Eq. (C20) at low temperature in the leading-order PFA.

By contrast, we observe that the true @ — 0 limit is characterized by a 7%
behavior for small 7" and T° behavior for large 7. Also, the sign of the correction
at finite a is different: the full worldline result predicts an increase whereas the
PFA correction reduces the absolute value of the force, see Fig. [

It is interesting to compare our results to another PFA scheme beyond the
leading-order PFA: the plate-based PFA. This scheme is not scale invariant at
a = 0, as the low-temperature limit for ¢ < R is also quartic and given by

2T
Equation (Z21]), in fact, corresponds to the thermal force density of two parallel
plates integrated over the area of the region below the sphere, 7 R2. Numerically,
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7.4 Sphere above a plate

the corresponding worldline coefficient is more than ten times larger than the
PFA prefactor 73/90 ~ 0.345.

In Eq. ([ZZI), the low-T" behavior at finite a is exponentially suppressed, im-
plying that the plate-based PFA prediction for cs is zero — which is again in
contradiction with our worldline analysis.

In the other PFA scheme, the sphere-based PFA, the coefficient in front of 7%
is T dependent itself,

R*(2¢'(4) + ¢(4)(3 + 2In (1))

AFPMa< R, T —0) =
m

T (7.22)

For very small temperatures, this becomes ~ T*In(T), such that the absolute
value of the thermal force is larger than the worldline result as T" — 0.

The formulae (C20)-([Z22) are derived in the next chapter. The thermal force
at a = 0 is shown together with the PFA predictions in Fig. [[3.

7.4.4 High temperature limit

We now turn to the high-temperature limit, in a strict sense corresponding to

1 1
T> — d T>—. 7.23
> . an > R ( )
The second requirement is automatically fulfilled in the small-distance limit a <
R. Quantitatively, for large a, it turns out that the high-temperature regime is

already approached for

1 1
T> o and T < ok (7.24)
A special case arises for a — 0, where the high-temperature limit agrees with the
PFA prediction Eq. ((C20) in the leading order. For a > 0, the high-temperature
limit is linear in 7" and the total force becomes classical, i.e., independent of
he. This behavior is rather universal being a simple consequence of dimensional
reduction in high-temperature field theories, or equivalently, of the linear high-
temperature asymptotics of bosonic thermal fluctuations [57, 131134, [150]. In
order to find the high-temperature limit, we perform the Poisson summation of
the winding sum. The Poisson summation for an appropriate function f reads

Y fn/T)=V2rT > f@2rkT), (7.25)

n=-—00 k=—o00
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7 Sphere-plate and cylinder-plate at finite temperature

where f is the Fourier transform (including a 1/v/27 prefactor) of f, see ap-
pendix [Al Applying Eq. ([LZ3) to the winding sum, we obtain

2ﬁ2
QZeXp( >:—1+2T\/ﬂ

+4TVTr i exp (=7 (27kT)?). (7.26)

For finite a, the propertime integral is bounded from below and the last term is
exponentially vanishing as T — oco. Evaluating the worldline integrals for the
first two terms, we obtain

AF,(a,T) = —F.(a) + TF(a). (7.27)

The evaluation of F(a) is analogous to Eq. (EI2),

F.(a) = T [ d572 : (7.28)
8\/_ s T

where the support S(r) is the same as in the 7" = 0 case, see Eqgs. (EI0) and
E12).

The Casimir force remains attractive also for high temperatures. The function
F.(a), normalized to the leading-order PFA prediction

= R¢(3)
FEMa) = - 7.29
ro (@) 8aZ ( )
is shown in Fig. 0 The function a2F,(a) is monotonically increasing on 0 < a <
100 (similar to ach( )). At small a, we obtain

M =1+ (0.14 £0.015)a. (7.30)
Fi&*(a)

In analogy to the zero-temperature force, we conjecture that also CLQﬁC<a) remains
monotonically increasing and finally approaches a constant for a — oco. A con-
sequence of this conjecture is that the high-temperature limit then has a simple
form, T' > 1/a, without any relation to R. Indeed, demanding

AF,(a,T) = —F,(a) + TFy(a,T) < 0 (7.31)

for a fixed 7', the limit @ — oo corresponds immediately to 7' > 1/a, since
a®F.(a) itself approaches a constant. Our numerical data shown in Fig. [ is
indeed compatible with this conjecture. However, the large-a limit is difficult to
assess due to the onset of systematic errors for a > 100.
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7.4 Sphere above a plate
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Figure 7.9: High-temperature coefficient ﬁ'c(a) for the sphere-plate configuration normalized
to the corresponding PFA coefficient. At large a, the normalized coefficient is conjectured
to approach a constant. For small a, the behavior is well described by 1 + (0.14 + 0.015) a.
For a > 100, systematic errors similar to those of Fig. set in (black triangles); at finite
temperature, these errors are even more pronounced due to a softer propertime exponent 5/2.

7.4.5 Normalizing thermal force to zero temperature force

Comparing Fig. and [C9 we notice that the zero-temperature force F,(a) and
the high temperature coefficient fc(a) behave similarly. This is not surprising
since Fy(a) in D = 4 Minkowski space corresponds to F.(a) in D = 3 Euclidean
space due to dimensional reduction in the high-temperature limit.

For finite a, the high-temperature limit is already well reached for T' 2 1/2a.
In the PFA approximation, the weaker thermal force at not too small tempera-
tures is normalized by the weaker zero-temperature force, leading to an accidental
cancellation, such that for T 2 1/2a

AFa) 1 90CB) 13 4947, (7.32)
F.(a) 3
independently of R. A comparison between the full worldline result and the
leading-order PFA for the normalized force is shown in Fig. for various a
and T'. Since for small separations a < R, the leading-order PFA is a reasonable

approximation already at medium temperature
1/2a >T > 1/2R,

see Fig. [[H we observe that the ratio between the thermal Casimir force and the
zero-temperature result is surprisingly well described by the PFA for quite a wide
parameter range. We stress that the PFA is inapplicable for each quantity alone.
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7 Sphere-plate and cylinder-plate at finite temperature
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Figure 7.10: Thermal correction to the Casimir force for a sphere with R = 1 normalized to the
zero temperature force for various temperatures and a < R. The worldline results (symbols)
should be compared with the leading-order PFA estimate (lines). We observe that this ratio of
thermal to zero-temperature force is surprisingly well described by the PFA for a wide parameter
range, especially in the high-temperature regime. This happens because both ﬁc(a) and F.(a)
increase with respect to the PFA with roughly the same rate, see Fig. 4 and Fig. [

7.5 Cylinder above a plate

The case of a cylinder above a plate is different from the sphere-plate case in two
respects: first, the missing polar measure factor r reduces the weight of distant
worldlines. Second, the probability for a given worldline to intersect the infinitely
long cylinder is larger than for a sphere. We observe that these two effects seem
to balance each other, leading again to a 7% behavior at low 7.

7.5.1 Expansion of the thermal force for« < Rand T'< 1/R

In analogy to the sphere-plate case, we start with the expansion of the thermal
force at low temperature 7" and for a« < R as in Eq. ((CI7). Again, we allow only
for positive exponents for a and R. Even though v/R terms appear in an a /R <1
expansion at zero temperature, our numerical results at small finite temperatures,
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Figure 7.11: Low-temperature behavior of —AF.(T)/T* for a cylinder above a plate for R = 1
in the limit a — 0. For 0.02 < T < 0.06, we observe a linear behavior. In the range 0.03 < T <
0.05, our data can be fitted to the form AF.(a = 0,T)/L, ~ —1.0065 RT* + 3.163 R>T®. For
T < 0.02, systematic errors due to worldline discretization artifacts lead to a fast decrease of
the data (black triangles). We have used 44 000 loops with 2 - 10° ppl each.
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Figure 7.12: Plot of the a-dependent part of the (negative) thermal contribution to the Casimir
force for the cylinder-plate configuration at @ = 0.1 and R = 1 in the low-temperature regime.
In the range 0.025 < T < 0.05, the worldline data for —(AF;(0.1,T) — AF,(0,T)) is well
approximated by 0.04125 T4—0.335187 7. We thus conclude that the c3 coefficient in Eq. (Z33)
is & —0.4125. Note that the absolute value of the Casimir force has increased with a. We have
used 44 000 loops with 2 - 10° ppl each.
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7 Sphere-plate and cylinder-plate at finite temperature

somewhat surprisingly, are consistent with an expansion of the type

AF (T
% = uRT* + czaT* + O (T?). (7.33)
y
The potential leading-order terms ¢ov/RT™/? and ¢;1/aT™/? are expected to be zero
similar to the sphere-plate case, see above, since the configuration of a cylinder
above a plate is not invariant unter

a—af/a and T — oT.

We have no evidence for a term ~ \/ET‘% which would lead to a nonanalytic
increase of the force. Thus at small temperatures, the powers of T are found to
be integers in leading order. Similar to the sphere-plate case, we expect the low-
temperature contributions to the thermal force to be proportional to the effective
area

Aeg ~ L,(2R + a)
seen by the distant worldlines. This results in the rough estimate

C2
“ =2

Y

C3

which also implies that both coefficients have the same sign.

In the limit @ — 0, our data in the regime 7" > 0.01 is compatible with a 7%
behavior of the thermal force. For ¢y and c3, we obtain (see Figs. [Tl and [ZT2)

ey~ —1.007(7), c3~ —0.41(4). (7.34)

As in the case of the sphere, both coefficients have the same sign, i.e., the absolute

value of the thermal Casimir force increases with increasing a for sufficiently small
aand T < Tg,.

For the critical temperature, we obtain

0.31(1)

T ™~
R

(7.35)

As in the case of a sphere, the thermal force decreases monotonically with increas-
ing a for T' > T¢,; below the critical temperature, the thermal force first increases
up to a maximum and then decreases again approaching zero for a — oco. The
position of the maximum depends on 7" and increases with inverse temperature,
see Fig. In both cases, however, the thermal force remains attractive.
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Figure 7.13: Thermal correction to the Casimir force of a cylinder above a plate for various
temperatures 7' and R = 1 normalized to the thermal correction at @ = 0. For sufficiently small
temperatures, the absolute value of the thermal force AF(T) first increases with increasing a.
For T < 0.05, the small-a behavior is well described by a(0.4125T* — 3.35187 RT®%)/AF(a =
0,7T). This verifies the fit found for Fig. with a coefficient linear in a in front of 7°. From
this form, we would expect the curves to be monotonically decreasing for T' > 0.41/3.35R ~
0.12/R to leading order. Due to higher-order terms the T'= 0.2 curve still increases slightly at
the beginning.

7.5.2 Comparison with the PFA

The high-temperature limit 7' > 1/R agrees with the PFA prediction in the limit
a — 0 as expected,

AR(T = 00) _3(1/2)C(1/2)VE
L, B 421

~ — 0.278VRT5.

As for the sphere, the leading-order PFA predicts the same force law ([Z30) in
the limit a — 0 for all T'. At finite a, the scale invariance is broken and a term
~ +0.185a+/RT®/? appears on the right-hand side of Eq. ([Z36) in leading-order
PFA at low temperature.

[SIE

T (7.36)

By contrast, we observe different power laws for different temperatures in the
limit @ — 0: a T* behavior for small 7" and 77/ behavior for large 7. Also, the
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Figure 7.14: Normalized thermal contribution to the Casimir force of a cylinder above a plate
for R = 1 in the limit @ — 0. The worldline result and the PFA predictions are normalized
to the leading-order PFA Eq. (Z36). The leading-order PFA predicts a T7/2 behavior of the
thermal force for all 7. On the other hand, worldline numerical data is compatible with a 7%
behavior for small 7' < 1/R and a T behavior for large 7' > 1/R. This is also observed in the
plate-based PFA, whereas the cylinder based PFA goes as T In(T) for small T'. All predictions
agree in the high-temperature limit. The worldline result enters the blue area for small 7" into,
which is the region spanned by the different PFA approximations.

sign of the finite-a correction of the full result is opposite to that of the PFA, see
Fig. [[T2 all of which is reminiscent to the sphere-plate case.

Incidentally, the beyond-leading-order PFA schemes reflect the correct behavior
much better. We observe that the cylinder-based PFA turns out to be the better
approximation (as for the sphere-based PFA in the preceding section). This is
different from the zero-temperature case.

For the plate-based and cylinder-based PFA, we obtain

AFFEA(0,T — 0) T4
= ———2R 7.37
L, 90 (7.37)

~ —0.219 RT*,
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7.5 Cylinder above a plate

ARENO.T ) _ AT (550 200 (52) 4 150010
L, - 9072

(7.38)

~ (0.22In(RT/27) + 0.32) RT*.

The plate-based result is equal to the thermal force of two parallel plates inte-
grated over an area 2RL,. The plate-based coefficient is more than four times
smaller than the worldline coefficient, whereas the leading coefficient of the cylinder-
based formula becomes arbitrarily large as " — 0. The formulae (37) and ([Z35))
are derived in the next chapter. The thermal contribution to the force in the limit
a — 0 is shown together with the PFA predictions in Fig. [[T4l

7.5.3 High temperature limit

Let us now investigate the high-temperature limit, which can be obtained by
Poisson summation of the winding-number sum as in Eq. (C20). A special case
arises in the limit @ — 0, where the high-temperature limit corresponds to the
PFA prediction Eq. (Z38) in leading order. For a > 0, the high-temperature limit
is again linear in 7" and the total force “classical”, i.e., independent of (hc),

AF,(a,T) = —F,(a) + TF,(a), (7.39)
as in Eq. (ZX0). For F,(a), we obtain

~ L o < dT
Fc(a) = _877';!/2 <A dr /S(r) W>’ (740)

where the support S(r) is the same as in the 7' = 0 case, see Eq. (EI3).

The Casimir force remains attractive also for high temperatures. The function

F,(a), normalized to the leading-order PFA prediction

3VR((3)

32/2a%/2’
is shown in Fig. [ZIA The function a® 2fc(a) is monotonically increasing for
0 < a < 1000 and is reminiscent to a”/2F,(a). At small a, we obtain

FESMa) = (7.41)

F.
# =1+ (0.125 £ 0.017)a. (7.42)
Fot(a)
At large a, we find using Eq. (C3T]) and the analytical zero-temperature law |67],
ﬁc 5/2
) 4609 . . (7.43)
FPEA () (a+ R)*In(a + R)
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Figure 7.15: High-temperature coefficient ﬁc(a) normalized to the corresponding leading-order
PFA coefficient for a cylinder above a plate. The large-a behavior is well described by Eq. ([ZZ3).
At small a, we find a behavior ~ 1+ (0.125 £ 0.017)a.

7.5.4 Normalizing thermal force to T = 0 force

Let us finally remark that also in the case of a cylinder the thermal Casimir
force normalized to the zero temperature result is well described by the PFA
for T2 1/2a. Analogously to Eq. ([L32), we conclude from the dimensional-
reduction argument, that the ratio of thermal to zero-temperature force in the
high-temperature limit 7" 2 1/2a is approximately

AF(a) . 72((3)

Fo(0) = aTl ~ 2.79aT. (7.44)

Also at medium temperatures this ratio is surprisingly well-described by the PFA,
even better than in the case of a sphere, see Fig. [Tl The normalized thermal
force is shown in Fig. for various a and T
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Figure 7.16: Thermal correction to the Casimir force for a cylinder with R = 1 normalized to
the zero-temperature force for various temperatures and a < R. The worldline results (symbols)
are in a better agreement with the leading-order PFA estimates (lines) than in the case of a
sphere, see Fig. [LTOl The normalized PFA results agree with the worldline results for not too
low T' because again both F. (a) and Fi(a) increase with respect to the PFA with roughly the
same rate, see Fig. and Fig.

7.5.5 Comparison with the result of Emig et al.

We can compare our results with those of an analytical result [67] in the limit
R< H=R+a. (7.45)

The leading-order thermal contribution to the Casimir force in this computation
based on scattering theory reads

—2¢q(R+a) st (q)
In(¢R)

AF,(a,T) = L,T / q¢ dg, (7.46)
0

where the integrand has been approximated to leading order in In"*(¢R). Here,
st(q) is a 27T periodic sawtooth function which in the range from 0 to 277 is
given by

+ (7.47)
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7 Sphere-plate and cylinder-plate at finite temperature

The authors of [67] have given a simple estimate of the integral for the limit
R < 1/2xT by replacing In(¢R) by In(2rRT') and carrying out the resulting
integral. We compare our worldline results with Eq. (L40) as well as with the
simple estimate in Fig. [ 17 and

Here, we propose another estimate which is valid for arbitrary 7' > 1/(R+a). In
this case, the sawtooth function is approximately constant for ¢ < 1/(R+a). We
approximate the logarithm by inserting the value ¢y for which gexp(—2¢(R+ a))
is maximal:

1 1
=——, for T> .
1 2(R+a)’ o R+a

(7.48)

In turn for T < 1/(R + a), the logarithm can be approximated by insertion of the
value gy where gexp(—2¢(R + a))st(q) has its first maximum:
w1 1

f T < .
9 R+a

qo = (7.49)

We choose the first maximum, as the integrand is oscillating for ¢ > ¢g, such that
cancellation can be expected to occur. However, choosing ¢y ~ T always leads
to a regular T*/In(T) behavior for small T', whereas Eq. ([T46) changes sign at
very small T'; see Figs. [ T1 and We thus conclude that Eq. ([Z40) is valid

for not too small 7.

The thermal contribution to the Casimir force then reads

~TL, d coth(2m (R + a)T') — m

AF.(a,T)~ — ) 7.50
& ¥ ilqoR) da S(R+a) (7.:50)
where
go = 27T (7.51)
in the Emig et al. approximation [67], whereas
1
=—— f T>1 D2
ey e (7.52)
and
T
o = % for T <1/(R+a) (7.53)

in the approximation proposed here. See Figs. [[T7 and for the results at
a = 10R and a = 100R respectively.

In the small 7" limit, Eq. (Z20) reads
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Figure 7.17: Thermal contribution to the Casimir force for a cylinder above a plate for a = 10 and
R =1 compared with the analytic result (ZZ6) (“Emig et al.” [67]) and various approximations
as discussed in the text. Here, we use the abbreviation H = R 4 a. Remarkably, our proposed
estimates using qo = 7RT/2 and g9 = 1/2H, cf. Eq. ([C20), describe the actual behavior far
better than the analytic result ([CAH), which changes sign as T — 0. Also the T > 1/(R + a)
approximation using qo = 1/2H remains a reasonable estimate even for T' < 1/(R + a). For the
worldline data, we have used 5000 loops with 2 - 107 ppl and 7000 loops with 2 - 105 ppl.

2m3(a + R)T*
AF.(a,T)=L,———F—F— 7.54
(a ) Yy 451n(q0R) ( )
Writing this as
AF.(a, T
% — ¢(T,a,R) T, (7.55)
y

the T* coefficient ¢(T), a, R) always disappears for g ~ T as T — 0. In our nu-
merical worldline analysis, the systematic discretization errors lead to a vanishing
of the corresponding coefficient as well, since the number of points per worldline
becomes insufficient for resolution of the cylinder at very small 7. For an increas-
ing number of points per worldline, however, our data actually appears to point
to a non-vanishing coefficient, see Figs. [[LT7 and In any case, we expect the
leading-order multipole expansion which is behind the asymptotic result ([Z46]) to
break down at low temperatures due to the geothermal interplay.
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Figure 7.18: Thermal contribution to the Casimir force for a cylinder above a plate for a =
100 and R = 1 compared with the analytic result (ZZ0) (“Emig et al.” [61]) and various
approximations as discussed in the text. Even at such large separations, we observe that the
analytic result ([(ZZ8) becomes invalid and even changes sign as the temperature approaches
zero. Incidentally our simple T" > 1/(R + a) approximation using gy = 1/2H describes the
actual behavior rather well also for smaller temperatures. For the worldline data, we have used
2500 loops with 6 - 107, 5000 loops with 3 - 107 ppl and 14000 loops with 3 - 10% ppl.

For large T on the other hand, Eq. (Zh0) becomes

L,(1-Tr(a+R)
8 In(qoR)(R + a)3

AF,(a,T) = (7.56)

We observe that the negative of the T-independent part approaches the zero-
temperature limit of the Casimir force for large a/R faster if we choose

B 1
" R+a

o (7.57)

rather than ¢y = 1/2(R + a). This choice of ¢y = 1/(R + a) then constitutes our
second estimate for "> 1/(R + a).

For not too small 7', the analytic result and the various gy approximations nicely
agree with our worldline data, see Figs. [[ 11 and [LT8 For higher temperature,
the behavior becomes ~ T and the different results acquire different slopes which
partly disagree for T' — oo.
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7.5 Cylinder above a plate

For a = 10 and high 7', the analytic result ((ZZ0) becomes
AF.(a,T) ~ 0.000424L,T, (7.58)
the go = 1/(R + a) approximation yields
AF.(a,T) ~ 0.000431L,T, (7.59)
and the ¢y = 1/2(R + a) approximation
AF,(a,T) ~ 0.000334L,T. (7.60)
The numerical worldline result is
AF,(a,T) ~ 0.00041(3)L,T. (7.61)
At a = 100 and high 7', the analytic result is
AF.(a,T) ~2.57-107°L,T, (7.62)
the go = 1/(R + a) approximation yields
AF.(a,T) ~2.66-107°L,T, (7.63)
and the ¢y = 1/2(R + a) approximation
AF.(a,T) ~2.31-107°L,T, (7.64)
The worldline result is
AF.(a,T) ~2.4(9)-107°L,T. (7.65)

For large a + R, the temperature coefficient becomes 0.125/(R + a)*In(R + a)
for both ¢ = 1/(R + a) and 1/2(R + a). For the analytic result the correspond-
ing prefactor is greater than 0.123 and may become 0.125 for H — oo. The
corresponding worldline prefactor is 0.116(2), see Eq. ([ZZ3).
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7 Sphere-plate and cylinder-plate at finite temperature

7.6 Conclusions

In this chapter, we have analyzed the geometry-temperature interplay in the
Casimir effect for the case of a sphere or a cylinder above a plate. Since finite-
temperature contributions to the Casimir effect are induced by a thermal pop-
ulation of the fluctuation modes, the geometry has a decisive influence on the
thermal corrections as the mode spectrum follows directly from the geometry.
A strong geometry-temperature interplay can generically be expected whenever
the length scale set by the thermal wavelength is comparable to typical geometry
scales.

Within our comprehensive study of the Casimir effect induced by Dirichlet
scalar fluctuations for the sphere-plate and cylinder-plate geometry, we observe
several signatures of this geometry-temperature interplay: the thermal force den-
sity is delocalized at low temperatures. This is natural as only low-lying long-
wavelength modes in the spectrum can be thermally excited at low T'. As a conse-
quence, the force density is spread over length scales set not only by the geometry
scales but also by the thermal wavelength. This implies that local approxima-
tion techniques such as the PFA are generically inapplicable at low temperatures.
Quantitatively, the low-temperature force follows a 7% power law whereas the
leading-order PFA correction predicts a T® behavior. Only for ratios of thermal
to zero-temperature forces, we observe a potentially accidental agreement with
the PFA prediction for larger temperatures. Here, the errors introduced by the
PFA for the aspect of geometry appear to cancel, whereas the thermal aspects
might be included sufficiently accurately.

In the past, the analysis of experimental data has conventionally been based on
the T° behavior as predicted by the leading-order PFA. As typical experiments
operate in a parameter range of a/R = 0(0.01...0.001) and TR = O(10...100),
our results suggest that the error on the thermal correction from PFA-estimates is
only on the percent level. Once, T'R approaches TR ~ 1, the difference between
PFA estimates in various forms and the full result of the thermal correction can
exceed the 10% level. In such a case, our results suggest that the influence of
the geometry can be estimated by using the PFA only for the ratio between the
thermal correction and the zero-temperature force, cf. Figs. [0 and [ZT0

Another signature of this geometry-temperature interplay is the occurrence of a
non-monotonic behavior of the thermal contribution to the Casimir force. Below
a critical temperature, this thermal force first grows for increasing distance and
then approaches zero only for larger distances. This phenomenon is not related
to a competition of polarization modes as in [153, [154], but exists already for the
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7.6 Conclusions

Dirichlet scalar case. The phenomenon can be understood within the worldline
picture of the Casimir effect [59, 60| being triggered by a reweighting of relevant
fluctuations on the scale of the thermal wavelength. From this picture, it is
clear that the phenomenon is not restricted to spheres or cylinders above a plate;
we expect it to occur for general compact or semi-compact objects in front of
surfaces, as long as the lateral surface extension is significantly larger than the
thermal wavelength. In fact, another consequence of the delocalized force density
is that edge effects due to finite plates or surfaces will be larger for the thermal
part than for the zero-temperature force.

Furthermore, we have presented a general argument that low-temperature cor-
rections to Casimir forces become much more easily accessible by taking the
(formal) contact limit @ — 0 (only for the thermal contributions), as thermal
corrections remain well behaved in this limit. Whereas the existence of this limit
is well known for parallel plates, we have argued that the same result holds for
general geometries. The existence of this limit is also a reason why thermal
corrections, for instance in the perpendicular-plate case, can be determined ana-
lytically. We expect that this observation will be useful for many other geome-
tries as well. This should lead to practical simplifications also in other field the-
ory approaches, such as functional-integral approaches [62, 63|, scattering theory
[67, 170, 72, 175, [79], and mode summation [77].

Our results have been derived for the case of a fluctuating scalar field obeying
Dirichlet boundary conditions on the surfaces. For different fields or boundary
conditions, the temperature dependence can significantly differ from the quan-
titative results found in this work. This is only natural as different boundary
conditions can strongly modify the fluctuation spectrum. For instance, the ther-
mal part of the free energy in the sphere-plate case exhibits different power laws
for Dirichlet or Neumann boundary conditions in the low-temperature and small-
distance limit [167]. For future realistic studies of thermal corrections, all aspects
of geometry, temperature, material properties, boundary conditions and edge ef-
fects will have to be taken into account simultaneously, as their mutual interplay
inhibits a naive factorization of these phenomena.
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8 PFA from the worldline
approach

For reasons of comparison, we work out in detail the proximity-force approxima-
tion (PFA) for the sphere-plate and cylinder-plate case in a self-consistent way.
In addition to explicit formulae, we relate the PFA to an approximate treatment
of the worldline path integral. This helps to understand the differences between
the exact and approximate treatments.

8.1 The proximity-force approximation (PFA)

The proximity force approximation is a scheme for estimating Casimir energies
between two objects. In this approach, the surfaces of the bodies are treated as
a superposition of infinitesimal parallel plates, and the Casimir energy is approx-
imated by

EPPA(g) = /E PP (h) do. (8.1)

Here, one integrates over an auxiliary surface >, which should be chosen appro-
priately. The quantity e"¥(h) denotes the energy per unit area of two parallel
plates at a distance h, which at zero temperature reads
PP Cpp
e (h) = R (8.2)
where cpp = 72/1440 for the Dirichlet scalar case.

As the PFA does not make any reference to boundary conditions, all the for-
mulas in this chapter are analogously valid for the electromagnetic case; all force
formulae then have to be multiplied by a factor of two for the two polarization
modes.

At finite temperature, the corresponding expression is

AePP(h) 1 90T i coth(2nwhT) + 2nmhT csch?(2nmhT) (8.3)
Cpp N h3 h2 — 7r3n3 i ’
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8 PFA from the worldline approach

The distance has to be measured along the normal to >. The two extreme cases in
which ¥ coincides with one of the two surfaces provides us with a region spanning
the inherently ambiguous estimates of the PFA.

For a sphere at a distance a above a plate, we thus integrate either over the
plate (“plate-based” PFA), or over the sphere (“sphere-based” PFA), see Fig.
The Casimir force is then obtained by taking the derivative of (8II) with respect
to a. However, for the “sphere-based” PFA, dh/da # 1 (see below). This implies
that deriving the force estimate from the PFA of the energy in general is not the
same as setting up the PFA directly for the force. The latter would correspond
to a surface integral over the parallel-plates force per unit area. In this work, we
use the derivation via the energy (BII).

The dependence of the PFA prediction on the choice of ¥ disappears in the
limit @ — 0 at zero temperature to leading order. This result shall be called
“leading-order” PFA. It can also be obtained by expanding the surface of the
sphere/cylinder to second order from the point of minimal distance to the plate
and then using the “plate-based” PFA for this expansion.

The corresponding expressions for h read

hpB:(l+R—VR2—T2, (84)

a+ R
hsg = hcg = — )
7‘2
hLO = Qa + ﬁ (86)

For hpg, we integrate over [—R, R], for hyo over all r and for hgg, hcp over
[—7/2,7/2] with an appropriate measure. Note that right underneath the sphere
(cylinder) all k are equal to a. Demanding df = dr for § — 0 we can transform the
integration over 6 into an integration over r in a simple way by the substituting
sin(f) — r/R. The integral then goes from —R to R, and the corresponding h
reads

a+ R
hsg = hcg = R+ R———. 8.7

Also a measure factor resulting from Rd§ = R/v/ R? — r? and dh/da have to be
taken into account. At zero temperature, we can absorb these factors into the
new effective height

VER(a+R—VEE—7)
(RQ_T2)1/4

hsp—ei = heB—eff = . (8.8)
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8.1 The proximity-force approximation (PFA)
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Figure 8.1: The proximity force approximation (PFA) for a sphere above a plate. The distance
to be put into the parallel plates formula is conventionally measured along the normal to an
auxiliary surface. The two extreme choices for this surface are either the plate or the sphere.
Taking the lower plate as a “basis” (left panel) leads to the distance function hpp (“plate-based”
PFA). Taking the sphere as a basis (right panel) leads to a different distance function hgp
(“sphere-based” PFA). These two choices are not equivalent and result in different force laws.

With or without the prefactors, hsp/cp is always greater than hpg and hio and
diverges for » — R. Since the factor approaches 1 for small r, all functions h
coincide in this limit.

The PFA can also be developed within worldline formalism. Calculating the
Casimir force density for two parallel plates, we have to determine that value
of propertimes 7 for which one-dimensional worldlines, attached to one of the
plates, touch the other plate for the first time. This event is encoded in the lower
bound of the proper time integral, whereas the upper bound is set to infinity.

</OO i s dT> (8.9)
(h/2)? T3 ' '

n=—oo

Thus, we obtain

1
PP
h,B) = —

fC ( Y /8) 327T2
The representation (83 is suitable for zero and low temperatures, whereas for
high temperatures one should use in (89) the Poisson resummed winding sum
[CZd). We encounter cumulants of worldline extents A in low and high temper-
ature limits which can be determined via the analytic expression [53], also see

Eq. [@I8),

(A\P) = D(D —1)I'(D/2)¢(D). (8.10)
Let us now point out the difference between the PFA and the worldline approach.
In the PFA, we always use one-dimensional worldlines to determine the distance,

whereas the worldline dimension in the full formalism corresponds to the dimen-
sion of the geometry. To obtain the Casimir force for configurations containing
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8 PFA from the worldline approach
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Figure 8.2: The effective heights predicted by the PFA for a = 0, R =1 and T' = 0 compared
with those of worldline numerics for a sphere and a cylinder, respectively, obtained from the
T = 0 force density. The PFA predictions lie in the blue area which is bounded by Eq. (&4)
from below and by Eq. ([BJ) from above. The effective heights seen by worldlines are well
approximated by the leading order PFA for r not too large. We conclude that for small a/R
the force is described best by the leading order order PFA, since for small a/R the force density
is concentrated around r = 0.

one infinite plate in the worldline formalism, we integrate over this infinite plate
as in the plate-based approach. However, the integration does not stop at the end
of the second body, which in the present case is a sphere or cylinder. At arbitrar-
ily large distances, there are still worldlines which see the sphere/cylinder, i.e., we
have to integrate to infinity. We therefore expect the leading-order PFA to reflect
best the exact force laws. However, the propertime support is not the same, and
thus worldlines see an effective height different from the one of the leading-order
PFA, see Fig. and

The shape of the effective worldline height is roughly the same for zero and
high temperatures. But at low temperature, the worldlines are reweighted. Only
worldlines for large propertimes contribute considerably and thus worldlines at
larger distances from the sphere become increasingly more important. Also their
inner structure comes into play. Using the “plate-based” PFA, we ignore these
effects and take into account only the region below the sphere/cylinder with the
same function hpg; hence, the result is expected to be too small.
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8.1 The proximity-force approximation (PFA)
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Figure 8.3: The effective heights predicted by the PFA for a = 10, R = 1 and T' = 0 compared
with those of worldline numerics for a sphere and a cylinder, respectively, obtained from the
T = 0 force density. Note that the effective height for the cylinder is in a local maximum at
r = 0. At greater separations the heights seen by worldlines are on average lower than the PFA
predictions resulting in greater Casimir force. Also at larger separations the leading order PFA
reflects best the actual situation, while the “sphere/cylinder based” PFA turns out to be the
worst.

Incidentally, using instead of one-dimensional straight lines two-dimensional
circles improves the PFA predictions: the next-to-leading order correction to the
Casimir force at zero temperature obtains a correct sign, and also non monotonic
thermal Casimir force arises. The corresponding height is then given by the
diameter of the circle intersecting both surfaces. The predictions are improved
due to the fact that the two-dimensional circles reflect the spatial extent of the
worldlines, and d-dimensional worldlines are d-dimensional spheres on average.
However, whereas in general the full PFA underestimates the Casimir force at
zero temperature, the “circle-PFA” overestimates the worldline results for sphere-
and cylinder-plate configurations in the small distance limit. The “circle-PFA” is
illustrated in Fig. We will not pursue the “circle-PFA” in the remainder of
this chapter.

In the following, we apply Eq. (B3) (multiplied by dh/da if necessary) to find
the PFA expressions for the sphere and cylinder above an infinite plate, respec-
tively.
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8 PFA from the worldline approach

Figure 8.4: Sketch of the “circle-PFA” approximation for the sphere-plate configuration. The
worldlines are approximated by circles (dashed line). Only those worldlines intersecting both
boundaries contribute to the Casimir force. If the sphere-plate separation is reduced (blue
sphere), the sphere can become invisible for a given worldline. This is the underlying mechanism
for the non-monotonic thermal force, see Sec. [Z33 This mechanism remains valid if instead of
worldlines one uses circles.

8.2 Sphere above a plate

8.2.1 Leading-order PFA

For the sphere, the evaluation of the leading-order PFA results in an especially
simple expression,

d _ppa d /°° rdr
- = 27 cpp— —_— 8.11
d [~ dhro
= 2WRCPP£\/G E
=27Re"(a).

Obviously, the relation

FPEA = 27 RePP(a)
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8.2 Sphere above a plate

remains valid also at finite temperature. We thus obtain

27TRCPP . 7T3R

PFA =
F5*a, T =0)=— e TR (8.12)
At finite T and small T (aT < 1/2), Eq. (B) yields
3
AFPRA (0 ) = BB g AR 1y (8.13)
2 45
For large aT' (aT Z 1/2), the expression ([B3) leads directly to
‘R R((3)
AFFEMa,T) = oo — T 8.14
o (0.7) =200 ~ 52 (8.14)
= —F{5Ma,0) + TEEa). (8.15)

Note that at a = 0 the leading-order PFA predicts a T behavior of the thermal
force for all T. At finite a, the validity of the low-temperature limit is indepen-
dent of R. With increasing a, the absolute value of the PFA thermal force is
always reduced, irrespective of T', quite the contrary to the full worldline results
as discussed in the main text.

8.2.2 Plate-based PFA

Using Eq. (BY), we obtain

—AFpg" (0, T) = o / <Z/h o/ = >

~ 25222 _ n2p2x2
A
o ﬂﬁ4 T n4 4 nd 34

V7(a+ R)AErfc (%2) V(a+ R)AErfc (2(2@%)) .
203 P * SRERE - (816)

Let us first analyze Eq. [8I6) for a = 0,

2
AFPEMa =0,T) = _CWE
s
| & e e R, JTRAEMc (22)
€ 4T2R ===
+;Z< o T — S T3>. (8.17)
n=1
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8 PFA from the worldline approach

Equation (BI7) distinguishes low- (T'<1/R) and high-temperature (7°>1/R)
regimes. The low-temperature regime is already well approached for T' g 1/2R.
For higher T, the thermal force is in the high-temperature regime, 7' Z 1/2R.

At low temperatures, we have a T* behavior which is given by the first term
in Eq. (BI). For higher T', this 7% term is canceled by the T* term with the
exponential function, such that the leading behavior is given by the 7% term.
Then, expanding Eq. (&IT), we get a T? contribution:

C(B)R

2
AFpgt(a=0,T) = =>5=T"+ % (N 17

:_MT3+M

2 2T

Subtracting Eq. (8I8) from Eq. (8I7) and performing the Poisson resummation,
we obtain the full 7Z1/2R behavior at a = 0

CBRT® | =1 (BT =
2 72 8R 1440R?"

Thus, the leading large-T behavior at a = 0 is ~ T3.

T2 (8.18)

AFEMN0,T) = — (8.19)

Let us now consider the case a # 0. For ¢ < R and low temperature

~2(R+a) 2R’
we have a T behavior given by the first term in Eq. (8I6). The dependence on
a is exponentially suppressed. This corresponds to the case of two parallel plates
with an area of mR?, where the dependence on a is suppressed exponentially as
well.

At medium temperature,

1
2(R+a)%2R§T§2a,

only the second and fourth term in Eq. (8If) are exponentially suppressed and
can be neglected. The leading order can be found by expanding the remainder
and considering only the converging sums.

To find the subleading terms, we again perform the Poisson resummation. For
medium temperature 2R 2 1/T £ 2a and a < R, we then obtain

ala+2R)m3T*  (a+ R)C(3)T?
90 B 2
3T ¢(3) 7
72 S+ R) T 140(at R?

AFpg*(a,T) =

(8.20)

+
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8.2 Sphere above a plate

The high-temperature limit,
1

T
can be performed irrespective of the actual value a/R by summing up the whole

Eq. (BI6). The result reads

QA

2a,

R (3a+2R)  R?((3)

AFPFA T = .
pr (0 T) 1440a3(a + R)?  8a2(a + R)

(8.21)

— —FYENa,0) + TESEM a). (8.22)
Note that Eq. (BZ1]) reduces to Eq. (814) for a — 0 as it should.

For a larger than a ~ R, the following temperature behavior occurs. At
low temperature 1/T 2 2(R + a), a T* behavior arises from the first term in
Eq. (BTd). At higher temperatures, the behavior becomes rapidly linear as given
by Eq. (820), being valid for 1/T 5 2a.

The plate-based force can be obtained in closed form from Eq. (B3) also
without using the worldline language:

SR2(3a+2R) T = [coth(2nm(a+ R)T)
AFPFA(, Ty = T _ 4
ve (0 T) = o0 s R S nz::l (a+ R)n?

Jr(:sch2(26m7rT) [2antRT + (R — (a + R)/2) sinh(4annT)]
a’*n?

. (8.23)

8.2.3 Sphere-based PFA

For the sphere-based PFA, the thermal Casimir force is given by

2 w/
AFspgA(a,T):—<§—7T /0 sin(0) hgp(a)dd /h /AQZ =5 dT> (8.24)

where hgg(a) is given by ([8H). For a = 0, we obtain the PFA approximation
using the worldline language

2R*In (24T 2¢(4
AFSPBFA<CL — O,T) — < Il4( ni )T4 o fyR C( )T4 _'_ RC<3)T3
n*m T 2
Z R?*T* n2\? n?\? o nA B n2\?
— dnin t e ) P\ Taege ) \ ™M 9RT "\ 1reT? ’

147



8 PFA from the worldline approach

where v is Euler’s constant. The expansion in 7" does not terminate after a few
terms, so we concentrate on the two leading coefficients. The coefficient in front
of T* contains the worldline average (In \). For an analytical expression, we note
that

In A =mln\Y™,

For large m, we get A"/ — 1, such that we can expand the logarithm,

(In ) = (lim m(AY™ = 1)) = =1 — /2 + In(27), (8.26)

m—00

where we have used Eq. ([&I0).
Thus, the small-T" limit of Eq. (82H) reads

R(2¢'(4) 4+ ¢(4)(3 + 21n (£L)))

™

AFEAM0,T) = T* — R3(5)T°. (8.27)

At a = 0, the PFA estimate |[AFE(a = 0,T)| lies above |[AFYEA(a = 0,T),
see Fig. [[3 For not too small T', the worldline result lies above both these PFA
predictions, but due to the logarithm in the T* coefficient, the sphere-based PFA
becomes larger at smaller T', such that the worldline force enters the area spanned
by the PFA prediction, see Fig.

The high-temperature limit can be obtained by expanding Eq. (&2Z0) about
T = oo. The converging terms give the leading-order behavior. For the sub-
leading orders, one has to perform the Poisson summation. However, the integral
involved is rather complicated and may still be inflicted with artificial convergence
problems. The leading-order behavior for a = 0 and large T reads

RC<3) 3 U 2
_TT +5T + O(T),

and corresponds to the leading behavior of the plate-based limit (8I9).

Let us turn to the case of finite a. Expanding Eq. (824), we obtain the a
dependent part of the thermal force,

AFEA0,T) = (8.28)

2aRC(4)T4
AFYAa, T) — AFEEA0,T) = —
a a? a’
X<1—§%+W—4—R3+...>. (829)

The series in parentheses has a form of (R/a)In(1 + a/R), which we verified
explicitly to 10th order. Assuming that this form holds to all orders, we get

R27m3T*
In <

AR5 a.T) - AFF0.1) = 7

1+ %) . (8.30)
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8.2 Sphere above a plate

Note that the first two terms in Eq. (B2ZH) agree with the 7% coefficient of the
plate-based formula ([B2Z0); we also see that the absolute value of the thermal
force decreases with increasing a. As Eq. (830) was obtained by interchanging
summation and integration, we cannot expect Eq. ([830) to describe the full a
dependence for all @ and T. Indeed at a fixed, the thermal correction AFIEF (a, T)

becomes ~ T as T' — oo, which is clearly not the case for Eq. (&30).

We can estimate the range of applicability of Eq. (830) as follows. At high
temperature and a ~ 0, all PFA estimates agree. For large T', the leading behavior
is ~ T3, see e.g. Eq. BZF). With increasing a the force is still attractive.
Demanding AFE(a,T) < 0, we see that that Eq. (B30) leads to a positive
thermal force for a 2 1/T. On the other hand, in the low-temperature regime, the
a = 0 contribution is given by Eq. (82Z7). Taking only the leading contribution
into account and demanding AFE(a, T) < 0, we again obtain that the force
becomes positive at a = 1/T. These rather rough estimates demonstrate that
the validity range for a becomes narrower with increasing temperature. For very
small a, however, the thermal correction is linear in a irrespectively of T', whereas
the dependence on a in the plate-based PFA is exponentially suppressed for small
T<1/(R+ a).

At large temperatures T > 1/a, we have the familiar situation

AFS™(a,T) = —F2™(a,0) + TFEM(a), (8.31)
where
3(6a2 — 3aR 4 2R%) ™ n (%)
FPFA __r ( _ a+R 39
58 (a,0) 144063 R 240R? (8.32)
and

- —%a In (-2 3
FSPBFA((I) — (R 2 )C(3) . (GZS%) C( ) (833)

8a?
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8 PFA from the worldline approach
8.3 Cylinder above a plate

8.3.1 Leading-order PFA

Unfortunately, a simple relation similar to FfE* = 2rRePP(a) does not hold any
longer for the cylinder, such that the resulting formulae are not related to the
known results of parallel plates and are rather complicated. For arbitrary a and
T, we obtain

Fi§Aa,T) _ i<)\2\/aRT2 <2F2 <3 5.3, N )

L - 420202 44772 4a2T?

Y n=1
353 An?
LR (2,52 -2 8.34
2 2(474727 ) 4a2T2)>>’ ( )

where oF} is the hypergeometric function in the standard notation. Eq. (&34
does not distinguish between a < R and a > R, since the relevant parameter for
different temperature regions is a7'. For small aT (aT < 1/2), we can expand

Eq. (B34), resulting in

Figta,T) _ 3\/54(7/2)4(1/2%7/2
L, 4o

_ 150V/R(9/2)¢(-1/2)
427

For large aT', the Poisson resummation of Eq. (834) leads to

~ 7aR  3vVaR((3)
©768v2at 32v/2a3

T2 + O(a?). (8.35)

AFEa,T)

T, (8.36)

which is, of course, —FF54(a,0) + Tﬁng(a). Note that at @ = 0 the leading-
order PFA predicts a T7/2 behavior of the thermal force for all 7. At finite a, the
validity of the low-temperature limit is independent of R. With increasing a, the
absolute value of the thermal force is always reduced, irrespective of T', quite the
contrary to the full worldline results.
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8.3 Cylinder above a plate

8.3.2 Plate-based PFA

Here, we give only the analytic expressions for special limits, since no general
expression could be found in a closed form. At a = 0 and 7' < 1/R, the thermal
force can be found from the result of two parallel plates with an area of A = 2RL,,

2
AFEPEM (g = 0,T) = —zRLyg—OT‘*. (8.37)

As temperature rises, the T’ behavior changes from 7% to T7/2. For T > 1/R and
a = 0, the plate-based PFA agrees with the leading-order PFA, and the thermal
force is given by the first term in Eq. (835). At low temperatures and a < R, the
dependence on a is exponentially suppressed, just as in the case of the plate-based
PFA for the sphere.

Finally, at finite @ and T' > 1/a, the force becomes classical
Bt = =i (a,0) + TFEE (a),

with

Fipt(a,0) (154 2a(2 +a)(11 + 3a(2 + a))) 7
L B 1440a3(1 + a)2(2 + a)?

Y

(5 +4a(2 + a))m?
9600722 1 a)7/2

(8.38)

2 1
(5+ 4a(2 4 a))m*ArcTan l a(ﬂ@)}

480a72(2 1 a)72 !

and

FEEMa)  3(1+a)(3) ~ (3+4a+2a*)¢(3)
L

T 16d52(2+a)5?  8a2(1+a)(2 + a)?w

Y

3(1 4 a)ArcTan [ . ] ¢(3)
B a(2+a) 3 39)
8(15/2(2 + a)5/27r ’ ( :

In Egs. (B38) and ([839), we set R = 1; general expressions can be reconstructed
by simple dimensional analysis.
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8 PFA from the worldline approach

8.3.3 Cylinder-based PFA

For the cylinder-based PFA, the thermal Casimir force is given by

RL, [
AFERNa,T) = /O By (a)d0 /h 2 /AQZ T, (8.40)
CB

where hcg(a) is given by Eq. (BH). At a = 0, the thermal force can be found in
closed form,

AFEEA(a=0,T) = c 22 a3 z? z?
L = (2 g7 (30 Fme (L 5 ) T g

Y n=1
3 31 2
—1260V2r (2) (F (22—
\/_ <4) 141 <47 27 4 )
3/2 3
— 16z —35 2F2 1,5,

5
4
3 .9 11 2 3
—|—16 2F2< 2 -, —, — )+33F3 <1,1,§,2,

T 11 22
PRI VR
3 5739 a2
— 50422 (=) oFy (=, - =, = ——
0422 (4)2 (4’4’2’4’ 4)
3 575 11 a2
V2T (=2 Ry (2,52 22 8 D 8.41
+\[‘%(4) (4424 4) (8.41)

where I, is the modified Bessel function of the first kind, ,F, the generalized
hypergeometric function, ¢ = 2RT*/n*n? and x = n\/2RT. At small T, the
expansion of Eq. (82]) leads to

AFEEM0,T) _ RT* (3n" +2n'In (57) +180¢'(4))  R*T°((5) L OT)
L, 9072 T '

(8.42)

As temperature rises, the T' behavior changes to 77/2. For T >> 1/R and a = 0,
the cylinder-based PFA agrees with the leading-order PFA and the thermal force
is given by the first term in Eq. (83H). For sufficiently small a, the difference to
the a = 0 result reads

AFEEMa, T) — AFEEA0,T)  an®

4 6
I = =T o). (8.43)
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8.3 Cylinder above a plate

At finite @ and T > 1/a, the force becomes classical, —FEEA (a, 0) + TFEEA (a),
with

FggA(a’O) (15+8a+4a2) 2 aj(2+a) (5+6a+3a2) 3

L, 1440a3(2 + a)? 960a*(2 + a)*
(5 + 6a + 3a%) m*ArcTan [\/aé—ﬂ)] oa
480a/2(2 + a)7/? ’ '
and
Fgha) _ 3(B)  (¢®+20+3)((3)
L, 8a?m(a+2)2 16(a(a + 2))5/2
(a® 4+ 2a + 3) ArcTan [ﬁ] ¢(3)
(8.45)

8a/2m(a + 2)5/2

In Eqgs. (B44) and (B4H), we set R = 1, general expressions can be reconstructed
by dimensional analysis.
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8 PFA from the worldline approach
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9 Conclusions and outlook

In this thesis, we applied worldline numerics to obtain a general understanding
of geothermal Casimir phenomena. Worldline numerics [37-40] is a unique tool
for computing quantum energies. It originates in the string-inspired approach
to quantum field theory [41-44] and is based on a mapping of field-theoretic
fluctuation averages onto quantum-mechanical path integrals [45-50]. Worldline
numerics is independent of the Casimir geometry and is readily applied to systems
at a finite temperature. These are the main advantages over other approaches to
the Casimir effect.

We started our analysis with the classic configuration of two parallel plates.
Although this configuration is the most accessible theoretically, precise measure-
ments of the Casimir force turn out to be an enormous challenge for experimen-
talists since the plates must be maintained in perfect alignment on a nanometer
scale. The necessity to preserve parallelity of the plates is circumvented by using
a curved surface in front of the plate. In this context, the sphere-plate configu-
ration is most important for modern experiments measuring the Casimir force.
Another promising geometry is the cylinder-plate configuration. We therefore
performed a comprehensive analysis of both the sphere-plate and cylinder-plate
configurations.

A distinctive feature of Casimir forces is, however, the strong dependence on
the geometry — the shape and orientation — of the test bodies. For instance,
investigating the Casimir effect for two inclined plates, we observed that even at
zero temperature the dependence of the Casimir force on the separation exhibits
a different power law to the case of parallel plates. General setups nevertheless
suffer from insufficient theoretical understanding. For comparison between theory
and experiment, powerful theoretical methods are required which can deal with
arbitrary geometries. In addition to the worldline methods [37-40, 51H61] used in
this work, many approaches have been developed in recent years. Two prominent
examples are the functional integral approach [62-64| and scattering theory [65-
87].
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9 Conclusions and outlook

Moreover, for real materials, properties such as finite conductivity, surface
roughness and finite temperature have to be taken into account. Generically,
these corrections do not factorize but influence each other.

In this thesis, we drew attention to the highly nontrivial interplay between
geometry and temperature, which is at the same time a characteristic feature of
the Casimir effect. The geothermal interplay yields new and unexpected results for
the geometry dependence of thermal forces. For instance, the pure thermal force
reveals a non-monotonic behavior for the sphere-plate and cylinder-plate case,
and can increase for increasing distances. This anomalous behavior is caused by
a reweighting of relevant fluctuations, and has a transparent explanation within
the worldline picture of the Casimir effect. This phenomenon is not restricted to
spheres or cylinders above a plate and is expected to occur for general objects in
front of surfaces, as long as the lateral surface extent is sufficiently larger than
the thermal wavelength.

Another example is the delocalization of the thermal force density at low tem-
peratures. The width of the force density is dictated not only by the geometry
scales but also by the thermal wavelength. As a consequence, local approxima-
tion techniques such as the proximity force approximation (PFA) in general break
down at low temperatures. The thermal force for a sphere-plate configuration, for
example, follows a T* power law at low temperatures, whereas the leading-order
PFA correction predicts a T° behavior. Another consequence of this delocaliza-
tion is that edge effects emerging from surfaces will be larger for the thermal force
than for the zero-temperature force.

Geothermal phenomena become most pronounced in geometries where the rel-
evant part of the spectrum is gapless. In these so-called open geometries, any
small value of the temperature can excite low-lying thermal modes, giving rise
to thermal corrections. Open geometries, thus, support a stronger influence of
long-range fluctuations on thermal Casimir phenomena. By contrast, a gap in the
relevant part of the spectrum of closed geometries suppresses thermal excitations
at low temperature.

The transition from open to closed geometries and the role of long-range fluc-
tuations can be illustrated best by the inclined-plates configuration. Here, at low
temperature 7' the thermal corrections to the Casimir force at finite inclinations
become an order of magnitude larger, ~ TP~ in D spacetime dimensions. In a
closed geometry of two parallel plates, the thermal behavior is ~ 7.

The limit of zero inclination is particularly interesting since here the configu-
ration is somewhat in-between open and closed geometries — the open part of the
spectrum only arises due to the edge of the semi-infinite plate. Numerical eval-
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uation of the thermal contribution resulting from the edge shows a temperature
dependence which also lies between ~ TP~! and ~ TP. The strongest tempera-
ture dependence, ~ T”~2 in the low-temperature limit, was found for the Casimir
torque of the inclined-plates configuration.

Incidentally, the Casimir effect for the inclined plates configuration can be
understood in terms of simple geometric properties of the worldlines. All relevant
information of a worldline needed for the evaluation of the Casimir energy is
encoded in the boundary curves of worldlines. For the special case of two parallel
plates, only the worldline extent is important. This connection between Casimir
energies and worldline properties also relates Casimir energies to questions in
polymer physics [53].

The observation that only the boundary of worldlines are relevant for the
Casimir effect in the inclined-plates configuration helped us to develop powerful
numerical algorithms for fast Casimir computations. Our investigation general-
ized earlier studies of edge-configurations [54, 56].

For the sphere-plate and cylinder-plate configurations, on the other hand, an
efficient approach to direct force computation was found. This lead to strong sim-
plifications compared to previous energy calculations [52] and allowed us to deter-
mine the Casimir force with high precision for a wide parameter range. At finite
temperature, our procedure automatically removes distance-independent terms
which build up the leading contribution to the thermal Casimir energy, eliminat-
ing the necessity of taking the derivative numerically. Thus, first unambiguous
and consistent predictions for the thermal Casimir forces in the sphere/cylinder-
plate configurations could be achieved.

Surprisingly, worldline numerics can also lead to novel analytical results. The
main examples are the exact temperature and separation exponents, and the
first exact low-temperature result of the thermal force for the inclined plates in
arbitrary spacetime dimensions. For arbitrary dimensions, we also obtained the
exact leading low-temperature correction to the thermal energy for parallel plates;
to the best of our knowledge this is the first such exact analytic formula.

Furthermore, we argued that for general geometries, low-temperature correc-
tions to Casimir forces are much more easily accessible in the (formal) contact
limit @ — 0, since in this limit thermal corrections do not exhibit any divergences
and remain well-behaved. The existence of this limit allows, for instance, the ana-
lytic calculation of the thermal correction for the inclined-plate case. It also helped
us devise the low temperature behavior of the Casimir force for sphere/cylinder-
plate configurations. This observation will be equally useful for many other ge-
ometries. We also expect the occurrence of similar strong simplifications in other
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9 Conclusions and outlook

field theoretical approaches, such as functional-integral approaches [62, 63|, scat-
tering theory 67, [70, [72, [75, [79], and mode summation [77|.

Our numerical and analytical results have been derived for the case of a fluctu-
ating scalar field obeying Dirichlet boundary conditions on the surfaces. Although
this model should not generally be considered as a quantitatively appropriate es-
timate for the real electromagnetic Casimir effect, our general conclusions about
the geothermal phenomena are not restricted to the Dirichlet-scalar case. On the
contrary, all our arguments, based on general considerations about the spectral
gap, will also be qualitatively valid for the electromagnetic case. Of course, for
a realistic description of the Casimir effect, all aspects of geometry, temperature,
material properties, boundary conditions and edge effects will have to be taken
into account simultaneously. Their mutual interplay inhibits a naive factorization
of these phenomena and is a challenge for future research.

In the present work, we have developed a general picture underlying geother-
mal Casimir phenomena. However, the particular geothermal interplay which we
have observed in the context of the Casimir effect is certainly not restricted to
Casimir physics. The crucial ingredients are a gapless fluctuation spectrum in a
spatially inhomogeneous background — though small gaps may not necessarily ex-
ert a strong quantitative influence. We expect that similar phenomena can occur
for the thermal response of a system with an inhomogeneous condensate and an
(almost) gapless fluctuation spectrum.

We conclude this thesis with the remark that the interplay between geome-
try and temperature is only one out of several highly nontrivial interferences
between deviations from the ideal Casimir limit. For instance, the interplay be-
tween dielectric material properties and finite temperature [139] is still a subject of
intense theoretical investigation and has created a long-standing controversy 140
143, 158]. Additionally, the interplay between dielectric properties and geometry
has also shown to lead to significant deviations from ideal curvature effects [162].
Whereas we have concentrated on Casimir forces and interaction energies between
disconnected surfaces, also Casimir free energies of single bodies can exhibit a so-
phisticated temperature dependence, as has recently been analyzed for wedges
and cylindrical shells [168]. All of this exemplifies the beauty and richness of
Casimir phenomena.
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A The Poisson summation
formula

The Poisson summation formula is a powerful method to speed up the convergence
of certain slowly converging series.

Let f: R — C be a continuous function and ¢y, ¢o, £1,€9 > 0, such that

Cq C2
< < Al
@I < o and 1@< i (A1)

for x # 0. Here, f is the Fourier transform of f,

=7 / f(z) e du, (A.2)

which exists because of the condition on f. Then for T" > 0 the Poisson summation
formula is stated as

Ty f(nT)=v2r) f (?) . (A.3)

nez keZ

In order to prove this formula, we construct a 27 periodic function ¢ as follows,

=>f < (z + 2m)) : (A.4)

nez

and expand ¢ in a Fourier series. The corresponding Fourier coefficients then are

~ o Z/ < (z + QW)) e " da. (A.5)
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A The Poisson summation formula

We substitute © — 27 ¢/T and Eq. ([AX]) becomes

1 4 —ikZZt
Ck:fz/o ft+nT) e dt

nez
L [ g e
= — ft)y e rtde
anEZ nT

1 e . T
= ?/ F(t) e %t

A (4.6)

V2T (2%).

We thus obtain for all =

e V2T s 2Tk .
o(r) = che - T f (T) ek, (A.7)
nez kEZ

For z = 0, we find with ([A4)) the Poisson summation formula [A3)). For mathe-
matical details and justifications of the steps (A3)-([AD), see [169)].

The functions f and f in (A3) are vanishing as |z| — co. For small T the right
hand side of ([A3]) converges very rapidly, for large 7" the left hand side does.
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B Inclined plates in the optical
approximation

The inclined plates geometry studied in chapter Bl can be obtained from the ge-
ometry of the so called “Casimir torsion pendulum”; see Fig. Bl if we substitute

1
h —a-+ 5w sin(¢) (B.1)

and then take the limit w — oco. The Casimir torsion pendulum was studied in
[36, [138] using the optical approach. Here, we give the expressions from which
the function representing the result of the optical approximation in Fig. can
be reconstructed. The following expressions can be found in [36]. However some
of them, unfortunately, are misprinted. We give here their, in our opinion, correct

version.

According to [36, [13&], the Casimir force per unit length can be obtained from
the following fast convergent series

Fopt
LC = Flutsu + Fouyod + Fraqsa + Faygaa + -+, (B.2)
Y

where F1, 3, dominates for small . The contributions in (with the notation
defined in Fig. [Bl) should read

_ cos(yp) 1 B 1
Fussn == 62 () ((h/sin(<p)—w/2)3 (h/sin(<p)+w/2)3)’ (B3)
cos®(ip 1 1

_ ) 3
Fourad = = 0o 02 (0) ((h/ Sn(p) —w/2P  (hfsm(e) +w/2)3) (B4

_ 1 cos®(2¢p) 1 B 1

Fusss =~ 15 uitog) Gl —wpap ~ s Ty B
_ cos’(2¢) 1 B 1

Fusss =~ orsas (Gl —w ~ Gy rares). B9

Notice that the force per length diverges when the upper plate touches the lower
plate, i.e. if

w>2h and h/sin(p) —w/2=0. (B.7)

161



B Inclined plates in the optical approximation

Figure B.1: The configuration for the Casimir pendulum. The lower plate is assumed to be
infinite. The upper plate is inclined at an angle ¢ and is held at its midpoint at a distance h
above the lower plate. The length of the upper plate is w. The plates’ depth L, (out of page)
is taken to be infinite. This configuration becomes for h — a + 3 w sin(¢) and then w — oo the
inclined plates configuration shown in Fig. EE6] and studied in detail in chapter @l

However, there is another source of divergence, independent of the upper plates
length w. The contributions Fsgy54 and Fy,,4q diverge at ¢ = 7/2.

The reference [36] also gives the Casimir energy &1, 3, and torque 71, 3,, which
are misprinted as well. In [138| the authors notice that the optical approximation
predicts a non vanishing Casimir torque at ¢ = 0, which seems to be quite

counterintuitive. Here we would like to mention that the torque does vanish at
¢ = 0 if calculated for the first four terms (Eq.(B3])-([B.4)) of the expansion (B.2]).

Let us now substitute
1
h —a+ Jw sin(yp),

and then take the limit w — oo to obtain the expressions for the inclined plates

geometry. Eq. (B3)-([B8) become

Frutsu = — %&2, (B.8)
Fuping = - 2202, B.9)
Prguay = - Al ely) (®.10)
Fayyaa = — cos3(2gol)gs§;(2<§§ tan(gp). (B.11)

At small ¢, the Casimir force (B2) per unit length diverges as it should, since
for ¢ — 0 the force becomes proportional to the area of the upper semi-infinite
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plate. For vanishing ¢, the force should diverge like the worldline- and the PFA
result,

Fopt 2
Sle=0 T (B.12)
L, 1440 a3 ¢
Indeed, expanding the force at small ¢, we obtain
FoP'(p — 0) 1 1
-~ S~ [14+ —=+... B.13
L, 1672 a3 i 16 * ’ ( )

where the series in round brackets becomes ¢(4) = 7*/90.

Note that the leading force obtained from (B.§))-(B.I1l) also diverges (with a
change of sign) for ¢ = 7/2. This divergence is not due to the infinite length of
the upper plate, as we have observed above.

The force calculated from (BS)-(B.I) is shown in Fig.
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B Inclined plates in the optical approximation
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