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The purpose of these lecture notes is twofold. First we aim at introduc-
ing the reader to the basic concepts pertaining to Casimir forces, starting
from the seminal work of Casimir. In a broader sense, we also review some
aspects of dispersion forces, in particular the status of van der Waals forces
in vacuum as well as in a finite density and non zero temperature medium.
The Lifshitz theory of forces between dielectric bodies is briefly described.
In the second place, the course deals with a more recent analysis of the
Casimir force for metals based on an exact microscopic statistical mechan-
ical treatment of matter and field fluctuations. It reveals that charges
fluctuations inside the conductors cannot be ignored (as is done in the
conventional Casimir calculation). It also helps clarifying present day con-
troversies about the contribution of thermal fluctuations to the force and
the proper way to recover the metallic case in the framework of the Lifshitz
theory. Finally the occurrence of Casimir forces in critical phenomena is
illustrated in the case of the Bose—Einstein condensation in a free Bose gas.
The Casimir effect in other contexts (general quantum field theory, particle
physics, cosmology, ...) is not considered here.

PACS numbers: 05.20.Jj, 05.30.—d, 11.10.Wx

1. Introduction

Hendrik Brugt Gerhard Casimir (1909-2000) was born in The Hague
(the Netherland). He studied physics and obtained his Ph.D in 1931 at
the University of Leiden. He visited Bohr in Copenhagen and was an as-
sistant to Pauli in Ziirich in 1938. Then he became a physics professor at
Leiden University. In 1942, during World War II, he moved to the Philips
Research Laboratories in Eindhoven where he remained an active scientist.
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He became a member of the board of directors of the Philips company in
1956. In addition to his professional life in industry, Casimir was a deep
and broad-minded theoretical physicist. He was active in pure mathemat-
ics (Lie groups), in low temperature physics, irreversible phenomena, and
fluctuation induced forces (the so-called Casimir effect).

The seminal papers that lead to the Casimir effect were motivated by
discrepancies between theory and experiments on colloidal particles in sus-
pension. In 1947 Verwey and Overbeek, applying the London—van der Waals
theory to their observations on the attraction between large particles in sus-
pension, concluded that this theory was not in agreement with their exper-
imental results. The discrepancy could be removed if the potential between
the particles decreased more rapidly than »—6. They suggested that the
influence of retardation on the interaction should be taken into account.
In [1], Casimir and Polder indeed found that the finiteness of the speed of
light causes the asymptotic potential to decay as r~7. The (ultimately sim-
ple) result follows from an elaborated 4th order perturbation calculation in
quantum electrodynamics and will not be presented in these notes. Looking
for a simpler derivation, Casimir discovered [2] that the change of the zero
point quantum energy due to the presence of two metallic plates generates a
macroscopic force between the plates. That was a striking macroscopically
observable manifestation of the effects of vacuum fluctuations in quantum
electrodynamics. Then Casimir applied similar ideas to the derivation of the
retarded van der Waals forces [3] that we will discuss in Section 4.3.

Nowadays the field of Casimir forces has grown immensely wide. The
Casimir effect could be tentatively defined as the change of the vacuum
energy (zero point energy) by external constraints and its consequences. In
condensed matter physics it covers the field of induced forces by vacuum
and /or thermal fluctuations on atoms, molecules and macroscopic bodies.
One can distinguish

e FElectromagnetic Casimir effect
at the macroscopic level, the forces between conductors and dielectric
bodies; at the atomic level, dispersion forces, van der Waals forces,
molecular attractions, atom-walls interactions,

o Casimir effect in general quantum field theory
modification of the vacuum energy in presence of external sources or
geometrical constraints,

o Casimir effect in particle physics

e.g. in the bag model of hadrons,
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o Casimir effect in cosmology

e.g. modification of the zero point energy in topologically non trivial
spaces compared to Minkowski space,

o Casimir effect in critical phenomena

forces between boundaries and layers due to long range order at critical
points and in phases with broken continuous symmetry,

o Dynamical Casimir effect

time dependent Casimir forces generated by moving boundaries or con-
straints.

The large number of text books and extended reviews (not mentioning
research papers) bears testimony for the activity and broadness in the sub-
ject. A non exhaustive list, focusing on one or the other aspect of Casimir
forces, can be found at the end of these notes [4-14].

It is obviously not possible to cover the whole domain in six one hour
lectures, and we shall therefore mainly concentrate on the traditional elec-
tromagnetic Casimir effect. We will, however, focus attention on a more
detailed and complete statistical mechanical treatment than that usually
found in the above mentioned texts, hoping to show that some new infor-
mation can still be brought to this by now old and venerable subject.

In Sections 2.1-2.2 we review the standard treatment of the Casimir force
between two metallic plates at zero temperature. The plates are character-
ized by the boundary conditions of macroscopic Maxwell fields at metallic
interfaces, namely the vanishing of the part of the electric field tangent to
the surface. This geometrical constraint modifies the field eigenmodes de-
pending on the distance d between the plates. The d-dependence of the
modified zero point energy is the source of the Casimir force. The gener-
alization of Casimir’s calculation to non zero temperature is presented in
Section 2.3. Each field mode is now a thermalized quantum mechanical os-
cillator with frequencies obtained from the previously described macroscopic
boundary conditions. The total force between the plates, due to the sum of
vacuum and thermal fluctuations of the field, is normalized in such a way
that a single plate immersed into an infinitely extended radiation field does
not experience any force. It is of interest to note that the high temperature
asymptotics of the force is purely classical i.e. independent of the Planck
constant. This is the classical regime of the Casimir force. We stress again
that all these considerations are based on the premises that the conductors
are treated as macroscopic bodies without internal fluctuations, namely the
microscopic charges and field fluctuations inside the conductors are ignored.
Only the photons outside the conductors are subjected to a statistical dis-
tribution. In this situation we refer to conductors as being inert or dead.
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In Sections 3.1-3.2, we study a purely classical model for the Casimir
force [15]. Classical charges are confined into two globally neutral slabs
separated by a distance d. All the charges are in thermal equilibrium and
interact by means of the pair-wise Coulomb interaction. We then proceed
to a direct calculation of the average Coulomb force by unit surface using
the standard methods of classical statistical mechanics of fluids (integral
equations and Mayer graph summations). We find that the asymptotic force
is half the value of that found following Casimir’s method based on dead
conductors. This confirms the result of alternative calculations previously
made for similar classical models [16,17]. In these works the premises are
very different: the field fluctuations (here of purely electrostatic nature) are
generated by those of the charges in the conductors. When the microscopic
charge fluctuations inside the bodies are taken into account we will speak of
liwing conductors.

The factor 1/2 of discrepancy between the Casimir force for dead and
living conductors in the classical regime could be attributed to the fact that
in purely classical models, the transverse part of the electromagnetic field
responsible for the radiation does not come in. This leads us to consider a
more complete model where the force between two quantum plasma slabs
is computed in the framework of non relativistic quantum electrodynam-
ics including both quantum and thermal fluctuations (Section 3.3). The
analysis, based on the path integral representation of the quantum gas [18],
shows that in the semi-classical regime, quantum corrections do not alter the
asymptotic form of the force previously found in the classical models. The
quantum effects manifest themselves as tiny corrections of diamagnetic type
occurring at the subdominant order. The conclusion (see a more thorough
discussion in Section 3.3.3 and in [19,20]) is that the treatment of conductors
as dead, prevailing in the whole literature, is not physically correct as soon
as the temperature is different from zero. Fields and particles do fluctuate
in the conductors which make the enforcement of inert boundary conditions
inadequate.

The Section 4 is devoted to some aspects of dispersion forces. After
briefly recalling the standard non retarded van der Waals—London forces be-
tween two atoms in vacuum, we report in Section 4.2 on the status of these
forces in a dilute medium having non zero temperature and density [21].
Here the situation is not quite elementary because one has to treat in a
coherent way both the quantum mechanical binding leading to the forma-
tion of atoms and the collective screening effects that are always present as
soon as there is a fraction of ionized charges. In the proper scaling regime
called the atomic limit (high dilution and low temperature) we can give the
exact asymptotic form of the correlations up to exponentially small terms
as T — 0. One finds that large distance atomic correlations reduce to the
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standard van der Waals—London potential » 6 with some polynomial correc-
tions in temperature inherited from collective screening effects. It turns out
that unbound charges and atom-charges both undergo van der Waals type
of interaction as a consequence of the fact that correlations between quan-
tum charges always have a r~¢ decay (exponential screening never holds in
quantum plasmas).

Following Casimir’s original ideas about the effects of vacuum fluctua-
tions, we present in Section 4.3 an elegant derivation of the retarded van der
Waals forces at zero temperature. The derivation relies on the assumption
that in addition to the electromagnetic field radiated by the sources there
is always an underlying free quantum electromagnetic field present whose
vacuum fluctuations are at the origin of the van der Waals forces.

Finally Section 4.4 gives a short account of forces between dielectric
bodies essentially following the famous Lifshitz semi-macroscopic theory.
Details and developments can be found in text books.

In Section 5 we touch the subject of the Casimir effect in critical phe-
nomena by considering the simplest quantum system that exhibits a phase
transition, the free Bose gas [22]. It is shown that the grand-canonical poten-
tial of a Bose gas in a slab at the critical value of the chemical potential has
finite size corrections of the standard Casimir type. They can be attributed
to the existence of long range order generated by gapless excitations in the
phase with broken continuous symmetry.

2. The historical calculation

2.1. The metallic cavity

Here we follow partly [4], Sec. 2.7, and [5] (B. Duplantier), see also [14].

We consider an empty cubic box A with perfectly conducting boundaries.
It has thickness d and lateral sizes of surface L?: A = {x = (z,y,2) [0 <
z <d, —% <y< %, —% <z< %} The electric field in the box is solution
of the Maxwell equations in empty space (Gauss units)

V2E(x,t) — =——=22=0, V-E(z,t)=0 (1)

with the boundary conditions
Ei(x,t) =0, xec0A (2)
since the tangential components of the field Ei; have to vanish on per-

fectly conducting walls. The eigenmodes are found by setting E(zx,t) =
Re(E(x,w)e”™!) in (1) leading to the eigenvalue equation for the complex
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amplitudes E(x,w) (the Helmotz equation)

2
V2E(z,w) = —uc}—zE(m,w), V- -E(x,w) =0, Eg(x,w) =0, xecdd.
(3)
The solutions, labelled by wave numbers k and polarization indices A, are

Eg yez(N) |78‘ cos(kgx) sin(kyy) sin(k, 2)
Epa(z) = Ek,Aey()\)\/%sin(kxx) cos(kyy)sin(k,z) (4)
Eg yex () \/%sin(kxx) sin(kyy) cos(k;2)

where \/8/|A|, |A] = L*d, is a normalization factor, e(\) {e(\)-k = 0,e())-
e(N) =6y, A =1,2)} are two polarization unit vectors orthogonal to the
wave number k, and Ej ) is a complex amplitude. The wave numbers and
the eigenfrequencies are of the form

on TNy ™,
k:c = s ky = y kz =

d L L
TNy \ 2 TN\ 2 TN, \ 2
K=oy (77) + (7)) + (5
clk| C\/ 7 + 17 + 17 (5)
The corresponding magnetic field amplitude B(x,w) is obtained from Fara-
day equation B(x,w) = —itV A E(x,w). One sees in (4) that if one of
the integers ng,ny,n, vanishes, Ey \(x) is necessarily directed in a single

direction, i.e. there is only one possible polarization state in this case. The
energy of one mode is

Ng,Ny,n, =0,1,2,...,

Wk

1 (EpaErx+ ExnEyp
87 2 '

o [ e [Re(Era@)P + [Re(Ba(e))]
A

(6)
The electric and magnetic energy contribute the same amount and we have
kept the order of the products as they occur in the calculation.
The quantized electric field (still noted E x(x)) is obtained as usual by
replacing the classical amplitude

Ek,)\ — <\/ 87T77Ldk> a;m, E;;’)\ — (\/ 87rhwk) CLZ,)\

by the (dimensionless) annihilation and creation operators of photons with
the commutation relations [ag,x, ay, /] = g gOr 1
Then the quantized energy of one mode takes the form

U Ao, + AR 2O, . 1
H/l,k:,)\ = ﬁwk < 5 > = h(,dk <ak’)\ak,)\ + 5) . (7)
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Finally the total energy results from the summation over all modes k, A is
(taking into account that the mode eigenfunctions in (4) are orthogonal and
normalized)

/ ! N 1 !
H/l:ZHAvkyA:Zhwkak,Aakv)\+§Z hwy, . (8)
kA kA kA

The notation Z/ means that only one polarization is possible when one of
the wave numbers k;, ky, k, is equal to zero. The (infinite) last term of (8)
represents the zero point energy of the quantum electromagnetic field. There
are two ways of thought about it. It merely appears in (8) as an additive
constant to the total photon energy so that one can dispense with it by
redefining the energy of the photon vacuum state |0 > to be equal to zero.
This is commonly done by writing the creation and annihilation operators in
(7) in normal order. More fruitful is Casimir’s view that the vacuum energy

&r=Olg- [ de [|IE@)F +1B@)] 0) = 53 o (9)
4 ke,

also represents mean square fluctuations of the fields in the box A that exist
even in the absence of photons. These pure vacuum fluctuations may have
physically observable effects since they depend on the geometry (shape, size)
of the spatial domain that constrains the field.

2.2. Force between macroscopic metallic plates induced
by vacuum fluctuations

We are interested in the force by unit surface f(d) = F(d)/L? induced
by vacuum fluctuations between two faces of the metallic box at distance d.
Since there are only two fundamental constants ¢ and A available in the
problem, dimensional analysis shows that f(d) ~ hc/d*, the point being to
determine a finite proportionality coefficient. There are several ways to reg-
ularize the infinite energy (9) to extract physically meaningful quantities. A
perfect metal has a static dielectric constant € = co. One argument consists
in observing that a real metal is characterized by a frequency dependent
dielectric function €(w) such that e(w) — oo, w — 0, but which tends to
the vacuum value ¢y as w — oo, namely when w > w,, w, a characteristic
atomic frequency. Hence high frequencies should not contribute to the force,
and for this reason one introduces a cut-off function g(w/w,) in (9) such that
g(0) =1 and g(w/we) — 0 as w — oo
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1 w
Eq= 52 hwig (w—’:> . (10)
P\
The cut-off function will be removed at the end of the calculation by letting
Wq — 00.
Extending the plates to infinity in the y, z directions gives the energy
per unit surface

() = lim 2

L>o00 L2
— 2%070%@,070%2 Eg’mn (\/W) , wn (x/j§+k§>

-2 0/ @ (222, wnl) = ey () + a2
(1)

where g is the two dimensional wave number vector in the (y,z) plane,
q = |q| and the second line results from the integration in polar coordinates
in this plane with angular sector 27/4. The prefactor 2 is due to the two
polarization states and Y’ means that the term n = 0 must have an addi-
tional factor 1/2. With the change of variable ¢ — w = wy(q), wdw = cqdgq,
u"?¢(d) can also be written as

0 (d) = Flczni)l 7 dww [hwg<wi>] (12)

" ern/d

hem? S
= Wz F(n), (13)
n=0

where we have defined

F(s) = 7dvv2g < dzv> . (14)

s

Finally the work required to bring the plates from a large separation d ~ oo
to the actual separation d and the force between the plates are

: vac vac 8 vac : a vac
w(d) = u**(d) — dli)nolou (d), [f™(d)= ~ g% (d) + dlin;o Yk (d) .
(15)
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One sees in (13) that

u"(d 1 g/dv/dww[hwg( >],d—>oo
2red Wa
0

(2

her?
0

Using the above definitions w(d) can be cast in the form

o0

7T2 C >
w(d) = 2—;‘» Z;F(n)—i— %F(O) — / dsF(s)| . (17)

0

In (17) we have explicitly singled out the n = 0 term of the >/ sum. The
asymptotic evaluation of the difference between the sum and the integral
(17) is provided by an application of the Euler-MacLaurin theorem [23,24]
Sec. 6.6.4

1 B
SoFm) = [ arr) - 3F0) - S2FV(0)
n=1 0 ’
B B
—2LFG)0) — Z2FO)(0) + . .. (18)
4! 6!
with B; the Bernouilli numbers By = %, B, = —%, .... The derivatives
FU)(s) are easily calculated from (14

FU(s) = —s g(dzc ) =

W/ G ¢ G () — c S
FO0) = 0, F®(0) = 2+o<de>,F 0) o<d%>,g_5.
(19)

This holds under the assumption that the cut-off function verifies g(0) = 1,
all its derivative are finite at the origin and vanishing at infinity. With (18)
and (19) and letting the cut-off w, — oo we obtain Casimir’s result:

n2he vac m2he
wld) = =50 P = 5501

In this calculation, the electromagnetic field is entirely enclosed in the cavity,
the outside of it being void of matter and of electromagnetic energy. We can

(20)
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take the alternative equivalent view that there is also a field in the space ex-
ternal to the cavity. Then the external face of the plate at d will be subjected
to a force in the opposite direction due to the vacuum fluctuations in the
semi-infinite space to its right, namely f2¢ = — (—limg_ %u"ac(d)), S0)
that the total force — 2 u"*(d) + f32(d) is the same as (15). This amounts
to normalize the force so that a single plate in infinite space feels no resulting

force.
2.8. Force induced by the thermal fluctuations

If the walls of the cavity have a certain temperature T # 0, the photons
inside the cavity are thermalized at the same temperature by their inter-
actions with the atomic matter constituting the metal. Assuming that the
thermalization process has taken place, the photon-atoms interactions are
no more described at the microscopic level in the standard treatment of
blackbody radiation, but replaced by the macroscopic boundary condition
(2) of Maxwell fields at a metallic interface. Hence, each mode of the field
behaves as a quantum mechanical oscillator at temperature 7T

When temperature is introduced in this way there is a new typical length
in the problem, the thermal wave length of the photon Ghc providing the
dimensionless parameter
Brhe

7
The large values of « correspond to low temperature or short distances where
the quantum aspects of the electromagnetic field play a dominant role. The
small values of a (high temperature or large distance) will yield the classical
limit.

The free energy of one photon of frequency wy with energy levels hwgn,
n=0,1,2,...is (disregarding the zero point energy hwyg/2 at the moment)

o= (21)

[e.e]
—3!In (Z e‘ﬁh“’k”> = 871X (Bhwy) x(v)=In(1—¢e"). (22)
n=0
Hence the thermal free energy of the electromagnetic field in the metallic
box is ,
Dra=Y B x(Bhwy). (23)
kA
The free energy per unit surface between two faces at distance d is ob-
tained by performing exactly the same steps as in (11)—(13) replacing there

shwg(w/wa) by B~ 1x(Bhw)

P
pr(d) = lim 54— WZ /dww B . (24)

cn/d
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The radiation pressure due to the thermal photons inside the cavity on the
plate at d can be written in terms of the parameter « as

PR = (@) = s Y nafane) . (2)
n=1

This pressure is positive since x(v) is negative.
The pressure on the plate due to thermal radiation in an infinite half
space is given by the well known formula

2
d T d . s 1
pr(c0) = lim pr(d) = R (26)

It is obtained by taking the continuum limit of the sum (25) as o — 0

1 [eS)
rad _ . 2 —v
Pr <°O>—‘d1££‘om/d”“ o (1 =€) 1)
0

The result (26) follows when we insert the expression of o (21) and use the
relations

Ip:/dvvpln(l—e_”):p!C(p+2) (28)
0
with ¢ the Riemann function

1
p) =) —, C4)=—. (29)
p ;np 90

2.3.1. Short distance or low temperature limit

The large o expansion is obtained by noting that x(na) ~ —e "¢,

a — oo. Keeping the dominant term n = 1, (25) gives

digpy — T o[- -2

iZd (d)—%[e T+O0 ()] - (30)

Thus the pressure of a very thin black body is exponentially small at fixed
T (or at fixed d in the low temperature limit).
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2.3.2. Long distance or high temperature limit

In order to obtain the small & expansion of the sum in (25) one uses the
Poisson summation formula which in our case reads!

+ZF +27TZO (27n), (31)

n=1
where C(k) are the Fourier coefficients of F(s)
1 o0
— / dsF(s)cosks. (32)
T
0

With F(s) = s?x(as) = s2In (1 — e~**) one finds

10 [a = k

k)=——— |- coth .

Clk) 7 Ok? [k‘Q E© < o >] (33)
The value of C'(0) = %fooo dss?In (1 — e %) = 4523 can be found from

(28) or simply by expanding coth z for small argument. For k = 27n, n # 0
one uses cothz = 1 + O(e™%*) leading to

L 3a
(2mn)3  w(2mn)4

C(2mn) = o) (exp (—b%)) . b>0.  (34)

This is inserted in Poisson formula (31) with F'(0) = 0 and the definition
(29) of the Riemann function

ZF - 45;3 - ifg - 30;(44) o (eXp <_§>> (35)

and finally

2 2
cad T o ¢(3) w*he b
Pre(d) = 15333 anpd T 2a0at T Olewl-3)) 9

This is the radiation pressure (26) together with additional high temperature
or finite distance corrections. One notes that the d~* term has a temperature
independent coefficient which is exactly the same as that of the vacuum
Casimir force (20) in magnitude but with the opposite sign.

! This is the version of Poisson formula adapted to the evaluation of sums on positive
integers.The Euler-MacLaurin formula is not adapted here because the derivatives
of the function In (1 — e_”) diverge at v = 0 and therefore an exact summation is
needed.
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2.3.3. The total force

The quantity of interest is the total force f(d) on the plate at d when it is
also submitted to black body radiation from the infinite half space to its right
producing the pressure —pfﬁd(oo). Thus adding also the vacuum Casimir
force that was not taken into account in the above thermal calculations one
has

F(d) = p(d) — pFi(c0) + f7(d). (37)

This amounts to consider that a single plate immersed in an infinitely ex-
tended radiation field experiences no net force and f(d) is the force that
develops when a second plate is present at finite distance d. From (20),
(26), (30) and (36) one finds the large and small o expansions of f(d)

w2he 72 1

7T o .
1) =-5pa " mawat @glle?), a—e. (39

and

£(d) = —45%3 +0 <eXp <_§>> a0, (39)

Concerning the latter result there is a number of remarkable points: the
dominant order d=3 has a purely classical expression independent of Planck’s
constant and it is still attractive; moreover at next order d % there is an exact
compensation of the Casimir vacuum force.

2.4. Some experimental results

We first discuss the order of magnitude of the Casimir force. For a
separation d ~ 107% m = 1 pm and at room temperature 7 = 300 K
one has a« = frhc/d ~ 24. We are thus in the large « regime and the
temperature corrections (last term of the r.h.s. of (38)) have a factor e 24!
Then the ratio of the blackbody pressure (second term of the r.h.s. of (38)
to the Casimir force (20) is 16m4a*/3 ~ 1.5 1073 so that vacuum fluctuations
dominate the black body pressure. One can therefore observe a macroscopic
electromagnetic force between the plates at room temperature entirely due to
vacuum zero point enerqgy!

Direct experiments in the planar geometry are difficult because of a num-
ber of perturbations and have only be performed recently with sufficient
accuracy. The parallelism of the plates has to be perfect, corrections due
to additional electrostatic charges, to the roughness of the surfaces and to
their finite conductivity have to be taken into account. We quote the recent
results of Bressi et al. [25]. The agreement with the d=* decay is excellent.
Moreover, the calculated value of the Casimir amplitude K¢ = 72hc/240
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is Kc = 1.3 10727 Newton m~2 whereas these authors have measured the
value K¢ = 1.22 4+ 0.18 10727 Newton m?. One concludes that the Casimir
formula (20) for the zero temperature force is now experimentally validated.

2.5. Non planar geometries

The calculation of the Casimir force for other types of geometries is not
easy because of the need to determine the electromagnetic eigen modes with
metallic boundary conditions on non planar surfaces. Earlier experiments
were performed on the force between a sphere and a plate. With this ar-
rangement one avoids the problem of controlling the parallelism of plates.
A common approximation for the force is provided by the Derjaguin con-
struction [4,6]. It amounts to decompose the sphere into a succession of
concentric cylindrical shells with axis perpendicular to the plate. The force
between each of the cylinder is assimilated to the Casimir planar formula
(20), and the total force on the sphere is recovered be summation of all
these force elements. Within this approximation the zero temperature force
exerted on the sphere by the plate is

m™he R

F(d,R) = T360 BB

(40)
where d is the distance between the surface of the sphere and the plate, R
is the radius of the sphere and R > d. This formula has received a rather
good experimental verification [26].

An important issue is the sign of the Casimir force. One has seen that the
force between two plates or a plate and a sphere is attractive. Motivated
by the Casimir model of the electron, the question of the vacuum energy
force on a conducting spherical shell was raised. In this model the electron
is regarded as a uniformly charged conducting shell of radius r with total
charge e. The electrostatic repulsive energy of the shell e?/2r could be
balanced by an attractive Casimir energy which should be of the form of the
form —C hc/2r for dimensional reasons. This configuration would be stable
if the dimensionless constant C'is positive and has the exact value C' = e?/hc.
With this beautiful idea the electron constitution would be entirely explained
on the basis of electromagnetic effects. After several works, it was eventually
established by Boyer [27] that in the situation of a spherical shell, the Casimir
force is repulsive (it tends to dilate the sphere), so invalidating Casimir’s
proposal.

Balian and Duplantier have treated the problem of a number of per-
fectly conducting shells of general shapes [28]. The shells are idealized as
smooth surfaces on which the field has to satisfy the macroscopic metal-
lic boundary conditions. The authors provide the general form of the free



The Casimir Effect 2517

energy at all temperatures and depending on the topology of the surfaces.
The eigenmodes enter through the density of states, itself given by the spec-
tral function associated to the electromagnetic Green functions. The latter
can be calculated in a perturbative scheme called “multiple scattering expan-
sion”. Previously known particular cases corresponding to simple geometries
are recovered, and results for more general shapes are obtained in terms of
curvatures and genders of the surfaces. A description of this mathematically
nice and general theory can be found in [5] and [14]. One should remember
that all the results quoted in this section were based on the hypothesis of
“inert” conductors, i.e. neglecting charge and field fluctuations inside the
conductors. We come to this point in the next section.

3. Statistical theory of the classical Casimir effect

3.1. The model

Our goal is to analyse the Casimir force at a more fundamental level
by introducing in the description the microscopic degrees of freedom of the
atoms constituting the plates. For simplicity, and motivated by the high
temperature result (39), we shall first present a purely classical model. The
transverse part of the electromagnetic field is not considered here and the
forces are purely electrostatic. This model is treated in detail in [15].

The two plates A and B consist of classical point charges confined to
two planar slabs A4(L,a) and Ag(L,b) in three-dimensional space. One can
think of them as weakly coupled plasmas or electrolytes that are conducting
in the sense that they are characterized by a microscopic screening length
£p which is of the order of interparticle separation.

The slabs have thickness a and b, surface L?, and are separated by a
distance d:

Aa(L,a) = {r:(w,y) |z € [—a,0], yE€ [—%,%]2},
Ap(L,b) = {r:(aj,y) lx € [d,d+b], ye[—g,gf} (41)

and we shall assume that all the lengths a, b, d are much larger than ¢p.
Plasma A (B) is made of charges e, (eg) of species o € Sq (8 € Sp)

where Sy and Sp are index sets for the species in A4(L,a) and Ap(L,b),

respectively. We assume both plasmas to be globally neutral, i.e. carrying

no net charge,
D e =) ez =0, (42)
a b

where > (D,) extends on all particles in A4(L,a) (Ap(L,b)). For a par-
ticle located at r we will use the generic notation (yr) where v € S4 if
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r € Aa(L,a) and v € Sp if r € Ag(L,b). The space external to the slabs is
supposed to have no electrical properties, its dielectric constant being taken
equal to that of vacuum. The charges are confined in the slabs by hard walls
that merely limit the available configuration space to the regions (41).

All particles interact via the two-body potential

V(s lr =r')) = eyeqo(r — ') +osr (v, [r = '), (43)

where v(r —r') = 1/|r —r'| is the Coulomb potential (in Gaussian units) and
vsr (7,7, 7—7r’) is a short-range repulsive potential to prevent the collapse of
opposite charges and guarantee the thermodynamic stability of the system.

The total potential energy U consists in the sum of all pairwise inter-
actions, separated into three contributions according to whether they take
place between two particles of A, of B, or between a particle of A and a
particle of B:

U=Us+Up+Upp. (44)

On the microscopic level, the force between configurations of charges in
the two plasmas is the sum of all pairwise forces exerted by the particles of
A on the particles of B:

FAA—>AB = ZZ [eaaeﬁb| |3 +FSR(aaaﬁbara - Tb)
re € Aa(L,a), v, € Ap(L,b) (45)

and F'sg is the force associated to the short-range potential vgr. For sim-
plicity we assume that the range of vgg is finite so that F'sgr(aq, By, Ta — Tb)
vanishes as soon as d is large enough, and we will omit it in the following.

Both plasmas are supposed to be in thermal equilibrium at the same
temperature 7. The statistical average (---) is defined in terms of the
Gibbs weight exp(—3U), 8 = (kgT)™!, associated with the total energy
(44). There is no need to explicitly specify the ensemble used here (canonical
or grand canonical) provided that the global neutrality constraint (42) is
taken into account. The average particle densities pr(y7) are expressed
as averages of the microscopic particle densities p(yr) = >, 94-,0(r — 73)
where the sum runs over all particles

pr(yr) = (p(y7r))L- (46)

We keep the index L to remember that averages are taken for the finite-
volume slabs (41). Hence expressing the sums in (45) as integrals on particle
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densities p(y ), the average force reads

/ dr / dr’ T_T/|3 cp(r,r'), (47)

A(L)  Ap(L)

where cr(r,r’) is the two-point charge correlation function
() = (@) N, o) =S enply 7). (48)
g

We now consider the average force by unit surface between two infinitely
extended slabs at distance d by letting their transverse dimension L tend
to infinity. We assume that the plasma phases are in fluid states homoge-
neous and isotropic in the y directions, namely the charge correlation has
an infinite-volume limit of the form

Llim cp(r,r’) = (é(r)é(r)) = c(z, 2/, |y —¥|). (49)
—00
For symmetry reasons, (F'); has no component parallel to the slabs and is
directed along the perpendicular z axis. We therefore consider the
z-component of the force per unit surface

(f) := lim (Fe)r

L—oo L2
. 0 dtb
= Lh_rgo—ﬁ/dy /dm/dw’/d 'ﬁ Lz, y, 2" y)
L2 a d 12
0 dtb )
= —/da:/dx'/dy[ m;x 2]3/2 c(z, ', |yl). (50)
(z —a')? + |yl
—a d

The last line results from the y translational invariance of the integrand in
the limit L — oo. Formula (50) remains valid if one replaces c¢(x, z’, |y|) by
the truncated charge—charge correlation function

S(x, 2’ y) = <é(r)é > <c > , r=(z,y), v =(2',0) (51)

with ¢(7) the microscopic charge density as in (7). Indeed, the y-Fourier
transform of the Coulomb force reads

—ik z—a . . N, —k|lz—a’
/dye y[(:p—x’)2—|—|y|2]3/2 — 27 sign(z — 2')e 1zl (52)
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and reduces to —27 when k = 0 and x < z’. This implies that the charge
density profile (¢(r)) = ¢(x) does not contribute to the force because of the
global neutrality of both plasmas

0 d+b
/da:c(:n) = / dzxc(r) =0. (53)
“a p

To take full advantage of the translational invariance in the y direction
we represent the y-integral in (50) in Fourier space :

1 0 d+b
(f) = 5 | d / da:’/dk:e_kz_x/S(x,w',k), (54)
—a d

where k = |k| and S(z,2',k) = [dke *¥S(z,2,y). The dependence of
(f) = (f) (d) on the separation d between the two slabs occurs explicitly in
(54) as well as implicitly in the charge correlation function S(z,z’, k). The
d dependence of the correlations between the two slabs A and B originates
itself from the Coulomb interaction term U4p occurring in the total Gibbs
thermal weight.

3.2. The charge correlation between macroscopic conductors

3.2.1. Mayer graphs and resummation of Coulomb divergences

To determine the asymptotic behaviour of (f) (d) as d — oo, we need to
know that of the charge correlation between the sabs. For this we can use
the technique of summation of Mayer graphs for Coulomb systems [29]. We
recall that the two-point Ursell function, related to the densities p(), p(j)
and the two-particle density p(i, 7)

W)= 29— =) 59)
) SR

can be expanded in a formal power series of the densities by means of Mayer
graphs. The basic Mayer bonds are

fi,j) = e PVED 1, (56)

where V' (4, j) is the potential (43) and the weights at vertices are the densities
p(i). Here i is a shorthand notation for the point (v;7;) in configuration
space, and integration on configurations Z% J dr; includes the summation
on particle species. Diagrams have two root points ¢ and j and m internal
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points which have to be integrated over. Each pair of points is linked by at
most one f-bond and there are no articulation points?. Because of the long-
range of the Coulomb interaction, the integrals occurring in every diagram
diverge in the thermodynamic limit. The well known procedure to cure these
divergences is to resum the chains built with pure Coulombic interaction
bonds —fe,, e, v(r; — ;). The chain summation leads to the following
integral equation which defines the screened (or Debye-Hiickel) potential

S(r,r') = v(r — ') — ﬁ /dn K2(r) v(r — 1) B(re,r) = B(r',r)

which in turn is equivalent to the differential equation
AD(r,r') — K2(r)D(r,7") = —4md(r — 7). (58)
In (57) and (58)

1/2
K(r) == <47rﬂ Z eip(’y r)) (59)
g

can be interpreted as the local inverse Debye screening length ¢p(7) in the
inhomogeneous system. Once the screened potential has been determined,
the original Mayer series for the Ursell function is reorganized into a series
of prototype graphs which involve the two integrable bonds

F(Z7]) = _Be"/z’ e’Vj ¢(Ti> T]) ) (60)
FR(Z7]) = exp[—ﬁe%e%. ¢(Ti> Tj) - ﬁUSR(’Viv Vi |TZ' - Tj|)]
=1+ Bey,eq; D(ri,75) (61)

The rules for prototype graphs are the same as for the original Mayer graphs
except for the excluded convolution rule, namely the convolution of two
F(i,7) bounds is forbidden (to avoid double counting of original Mayer
graphs). Vertices receive density weight p(yr). In fact the particle den-
sities are not known at this point, but they can be found self-consistently
in principle from the first equation of the BGY hierarchy which links the
densities to the two point correlation functions. Finally, the charge—charge
correlation function (9) is related to the Ursell function by

S(r, ) =Y eyeyp(yr)p(y Ty, v +6(r =) > e2p(yr). (62)
7Y Y

2 An articulation point, when removed, splits the diagram into two pieces, at least one
of which is disconnected from the root points.
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The second term in the r.h.s. of (62) is the contribution of coincident points.
Taking into account the sole bond F'(4, j) (60) defines the Debye-Hiickel or
mean field approximation.

In our model the particle densities p(v, z) as well as k(z) do not depend
on the variable y. Written in Fourier space with respect to the y directions,
the integral equation (57) and equivalent differential equation (58) become

@(w,x’,k) = ’U(.’L’,:L’I,k) - 4i /dxlﬂ2(xl)v(w7x1’k)@('rl’g;/’k) ’ (63)
7I8
82
k)] ot k) = —male ), (61
X

with

b(z,2' k) = /dye‘ik'yd)(x,x',y),

' 2 /
oo, 2 k) = / dye MV (z, o' ) = e K (65)

Since the particles densities vanish outside the slabs one has
k(z)=0, if z<—-a, 0<zx<d, or x>d+b. (66)

At the boundaries z = —a, 0, d, d+b, @(z,2’, k) and its z-derivative must
be continuous and @(z,z', k) — 0, x — +oo.

Solving (63) by iteration yields a series that can be shown to be con-
vergent in the weak coupling regime. In particular @(z,x’, k) has a bound
uniform with respect to k£ and d, so that

lim &(z,2', k) = ¢(x,2',0) < c0. (67)

—0

This means that the screened potential is short ranged (integrable) in the y
direction?.

When d = oo, the system reduces to the single plasma slab A 4. Its
screened potential

P (z, 2’ k) = lim &(z,2' k), z,2 €Ay (68)

d—oo

3 For finite d, &(x,z’,y) decays faster than any power of |y|. For d = oo the system
reduces to a single plasma A with a hard wall without electric properties, for which
&(z,2’,y) decays as |y|~? in the y-plane.
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satisfies, of course, the integral equation

1
& (x, 2 k) = v(z, 2’ k) — pp /dwl(n%)Q(a:l)v(x,xl, k) 3% (z1, 2 k),
T
(69)
where k% (z) = limg_.o k(z), * € Ay, is the inverse screening length in the
single plasma slab without any other electrical influence.

3.2.2. Electroneutrality sum rules
An important relation that holds in great generality in conducting phases
is the electroneutrality sum rule [30]. It states that the total charge of the

screening cloud around a specified charge e, at 1’ compensates it exactly.
In terms of the Ursell function, it reads

/ dr) eyp(y,r)h(yr,y ) = —ey, (70)
>

where the integrand in the left-hand side is the charge density at r condi-
tioned by the presence of a charge e at r'. From (62) one immediately sees
that the charge—charge correlation obeys the sum rule

/drS(r,r') = /dw/dyS(w,m’,y) =0 (71)
or, in Fourier space with respect to y
/da:S(x,a:’, k=0)=0. (72)

An elementary derivation of (72) in the mean field approximation can be
obtained from the differential equation (64). Integrating (64) on z leads to

7 s

o0 9 k2

—00

and in particular, for k =0

7@”2("”)@(:1; 2 k=0)=1 (74)
P

In the Debye—Hiickel approximation the Ursell function is given by the sole
link (60) hPH(v,2,v',2', k) = —Bee, &(x,2', k) and from (62)
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K2(x) K2(2)
A 4w

K (x)
4

SPH(z 2’ k) = -p3 &(x,2' k) + 6(x — 2') (75)
so that (74) implies (72) in this approximation.

We will see that the electroneutrality sum rules will be at the microscopic
origin of the universality of the Casimir effect.

3.2.3. Asymptotic chain summation for large separation

It is not easy to solve Eq. (64) for two reasons: first the particle density
profiles p(y,x) in the slabs are not explicitly known, and in any case the
matching of solutions by continuity in the boundaries of different regions
leads to cumbersome algebra. We shall instead follow another route by
performing the chain summation only for the asymptotic part of the screened
potential as d — oo. For this it is convenient to split the Coulomb potential
V into parts according to the location of its arguments

vaalz, 2’ k), a<z,2 <0,
, vap(z, 2’ — d, k), a<r<0<d<z' <d+b,
v(z, ', k) = ) )
vpa(x —d, 2’ k), a<x'<0<d<zr<d+b,

vpp(x —d, 2’ — d, k), d<z, v <d+0,
(76)

and the same decomposition for the screened potential @ 4. We can think
of —fBvaa,—Pvap = —PBvpa, —Bvpp as an expanded set of Coulomb bonds
that will enter into the chain resummation®. According to (65) the vap
potential can be written as

omeble=2'=dl  pe—kd [om 2T iy
vap(z, 2’ k) = z = - <?e '“c> (?e i >

k‘e_kd
= vaa(z,0)vpp(0,2'),

vaA(z,0) = v44(0,2) =vpp(0,z). (77)

We call —fv 4p a traversing bond and the chains constituting —3® 4 p travers-
ing chains. Traversing chains have necessarily an odd number of traversing

4 The functions vag, vsr, Pan, Pp --- (depending on d) refer to the system of
the two plasmas under mutual influence with the z-location of particles in plasma B
measured by their distance from the boundary at d (i.e. from 0 to b).

5 Cases when z,x’ are outside of the plasmas do not need to be considered since the
potential will always be multiplied there by vanishing density factors.
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bonds. Let @Xg be the sum of traversing chains having n traversing bonds.
Then introducing (77) and summing all chains of AA (BB) bonds attached
to z (z') one obtains

qe™ 1
2rd

Note that because of the factor v44(z,0) the AA chains have necessarily an
extremity located at the boundary z = 0 of plasma A (likewise for plasma

B). Thus, the dominant part of @Sé(m,x’, 1) behaves as (see (68))

o) (2,0, 9) = T d,44(2,0,9) 50,7, 9). (78)

o) (a,2, 4) ~ qedqs (2,0,0)8%(0,2,0), d— oo. (79)

One can obtain @1(4 ])3 (, ac’ %) by first attaching a traversing Coulomb bond

to cach extremities of & A B( #’, %) and summing the AA (BB) chains in
plasma A (B) as before

_ 2
3 ge "
i) = (5g) eantao0

K2 (x k% (x
X </da:1/da:21)AA(0,x1) A4(7T1) @Sé(ml,xg,%) AZJL(WQ)UBB(.T2,0)>

—g\ 3
e 4
X@BB(O,%I,%) = <q27Td> ¢AA($7O7%)

[

[/dmgﬂle(:Q)vBB(O xg)@AA(a:Q,O,d)] QSBB(O ! %), (80)

UAA(O x1)Paa(z1,0, d)}

where the second equality comes from (78) and rearranging the factors. By
(69) the first square bracket in (80) is equal to

2rd
v44(0,0,%9) = $44(0,0,%) = % +0(1) (81)

since the screened potential @44(0,0,k) is finite at &k = 0 (see (67)), and
the same estimate holds for the second bracket®. This yields a factor

g1\’ (2rd)* _ ge=9 2
27wd q T 27d
5 Strictly speaking, here k?(x),z € Aa still depends on the influence of the second

x
plasma Ag, but $44(0,0, k) tends to 99 (0,0, k) as d — oo and this does not modify
the argument.
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and leads to

@S’;(az,x', %) ~ q;;; e 2 @%(:r, 0,0) @%(O,x',(]), d— 00. (82)

Continuing by induction one sees that @fgﬂ)(a:,x’ ,4) receives a factor

%6_2”‘1 and summing all the traversing chains gives the final result

© _ 49(x,0,0)8%(0,2,0), d—oo.  (83)

P Iy — 1
AB($’$’d) 47dsinh g A

The screened potential of the joint system factorizes, up to a factor, in the
screened potentials of the individual plasmas with a charge located at their

inner boundary.

3.2.4. The asymptotic force

We can now insert this behaviour into the basic formula for the force
(54)

0 b
1 |z —a —
£y (d) = W/da:/dw’/dq exp <w> S(x, 2’ —d, %)
—a 0

0
2,—q 02
1 /dqzq ¢ /dwwqﬁg(m,o,ﬂ)

~  81Ad3 / sinh ¢ 4
[ ) ()
1\Fp)\T) 50 / _
y /da: P a0.0,0) | =205 d— oo (81)
0

To obtain the first equality we have changed the integration variables z’ —
2 —d, k = q/d in (54) and the second line follows from (75). In the last
line we observe that both parentheses are equal to 1 because of the elec-
troneutrality sum rule (74), whereas the ¢ integral yields the value ((3) of
the Riemann (-function.

This result deserves the following comments:

e The asymptotic value of the force has been calculated here within
the Debye—Hiickel approximation using only the bond (60). It can
be shown that the result (84) holds in full generality. In fact all the
other Mayer graphs involving the bond (61) do not contribute to the
asymptotics of the force. The factorization property (83) holds for the
complete Ursell function as d — oo in the form
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q GY (v, 2,74,0,k = 0)

hag(y, =, 2', %) ~

a 47 (d sinh ¢ [
GY 0,7,2', k=0
« 3(767 YT, )7 (85)
e“/b

where G%, G% are correlations functions in the individual slabs A4 4, Ap
involving charges e,,, e, at their inner boundaries that can be shown
to satisfy the sum rule

0 0

PA(Y, ©)G) (7, 2,74,0,k = 0)

/de 4 4 . =1 (86)
,y a

as a consequence of electroneutrality.

The result (84) exhibits universality in the sense that the asymptotic
force does not depend on the microscopic composition of the plasma
(chemical species, masses, charges) nor on the typical microscopic
lengths (screening lengths ¢p, interparticle distances p~ 1/ 3). More-
over it does not depend either on the thickness a and b of the slabs:
the Casimir force is entirely due to the charge fluctuations at their in-
ner boundary. In this respect, if one neglects the microscopic lengths
compared to their separation d, slabs of arbitrary thickness behave
as infinitely thin conducting foils. Universality is a consequence of
electroneutrality sum rules in the conductors.

If one compares (84) with (39) one sees that the extrapolation of
Casimir calculation to the classical regime is larger by a factor 2 than
what is obtained in the present classical microscopic model. The two
approaches are based on different premises: (39) was derived from the
electromagnetic field fluctuations but treating the metal as a macro-
scopic body without internal structure. Formula (84) for the force
originates exclusively from the atomic fluctuations inside the metals,
but since the dynamical degrees of freedom of the electromagnetic field
have not been introduced, the force is purely electrostatic (longitudi-
nal field) and the effects of the transverse components of the field (in
particular the Lorentz force between fluctuating currents) are missing,.
This calls for a more complete model where quantum mechanics and
photons are taken into account.
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3.8. Quantum corrections to the classical Casimir effect
3.3.1. The complete model

We consider the same two plasma slabs system A 4, Ap as before, but now
containing non relativistic quantum charges (electrons, ions, nuclei) with
appropriate statistics immersed in a thermalized quantum electromagnetic
field. The field is itself enclosed into a large box K with sides of length
R, R> L,a,b. The Hamiltonian of the total finite volume system reads in
Gaussian units

H— Z pz c Z ‘rl = r]| _’_zlszalls ’}’z;rz) +Hrad (87)

The sums run on all particles with position r; and species index -y;;
Vwalls(’}’i,ri) is a steep external potential that confines a particle in A 4 or
Ap. It can eventually be taken infinitely steep at the wall’s position imply-
ing Dirichlet boundary conditions (i.e. vanishing of particle wave functions
at the faces of the slabs).

The electromagnetic field is written in the Coulomb (or transverse) gauge
so that the vector potential A(r) is divergence free and HE is the Hamil-
tonian of the free radiation field. For it we impose perlodlc boundary con-
ditions on the faces of the big box K 7. Hence expanding A(r) in the plane

2
waves modes k = (27;’%“, 7;;%‘, 2”"Z) gives

Alr) = <47Z’;c2>1/2zg(k)f/k% (a;;,)\ ik o )\ezk:ﬂl‘) o (88)
kA

Hy' = > " hwg aj, s, (89)
5

In (88), g(k), g(0) =1, is a form factor (ultraviolet cut-off) needed to make
sense of the Hamiltonian (87) 8. In our case we are concerned with the
asymptotics d — oo which is related to the k — 0 behaviour, hence the final
result is expected to be independent of this cut-off function.

We suppose that the matter in the slabs is in thermal equilibrium with
the radiation field and therefore introduce the finite volume free energy of
the full system at temperature T'

dppa=—kpTInTre PH (90)

7 Periodic conditions are convenient here. We could as well choose metallic boundary
conditions as in chapter 1. Since the field region K will be extended over all space
right away the choice of conditions on the boundaries of K are expected to make no
differences for the particles confined in the slabs.

8 Removing this ultraviolet cut-off is still an open problem.
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where the trace is carried over the particles’ and the field’s degrees of free-
dom. The force between the slabs by unit surface is now defined by

f(d)= lim lim fr1(d) (91)

L—o00 R—oo
with

1 0

Tro(d) = —135;

PR.Ld - (92)
Adding and subtracting the free energy of the free photon field in (90) leads
to

Tre AH

@R,L,d = —kBTln <W

> kT In Z24, (93)

where Zéad is the partition function of the free photon field in the volume
K. Since the last term of (93) is independent of d, it does not contribute to
the force (92). Therefore one has

19 (Tre P
s = i Jin g () o

The thermodynamic limit is expected to exist when one at least of the species
is fermionic (say the electrons) without regularization of the Coulomb po-
tential at the origin.

The situation is very similar to that considered by Casimir: The field
extends over all sides of the two conducting plates, but the latter are now
described at the microscopic level including all the particle-field interactions.
At this point, the following observation is important. The Bohr—van Leeuven
theorem [31] states that classical matter in thermal equilibrium decouples
from the transverse part of the (classical) electromagnetic field. We recall
the central argument which is very simple. In the phase space integral of
the classical Gibbs weight

e r 2
/dr/dpexp[ ;A( ) ]exp(—ﬁU(r)) (95)

one can perform the momentum integration first, shifting the variable p
to p — £A(r) fot fixed r so making the integral independent of the vector
potential A. It is therefore expected that in the classical limit the thermal
statistical averages calculated with the QED Hamiltonian (87) reduce to
those obtained by the purely classical model of Section 3.1 based on the
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sole Coulomb electrostatic interaction. It is thus of interest to study the
Casimir force from the full quantum model (87) in the semi-classical (or
high temperature) regime.

In addition to the photon thermal wave length Ghc, quantum mechanics

1/2
introduces particles’ de Broglie thermal wave lengths A, = h (W% . The
semi-classical regime is the situation where all thermal wave length are much
smaller than d and the slab thicknesses a, b and the parameter « (21) is also
small. We establish below that, in this regime, the quantum corrections to
the classical Casimir effect are small. More precisely, they do not contribute

to the dominant order d—3 so that one can write

¢(3)
d) = — R(B,h,d
R(3,h,d) = O(d™"), (96)
The remainder R(f, h, d) includes the quantum effects, but it cannot modify
the amplitude of the d~3 term to match the high temperature result — 4frg’c)l3

(39) obtained by Casimir’s method ignoring the microscopic fluctuations
inside the conductors.

3.3.2. The path integral representation and the effective electric and magnetic
potentials

For the sake of simplicity, we shall sketch the procedure with the follow-
ing specifications (for more details, see [32]).

e The spins of the particles are ignored (as it is already the case in the
Hamitonian (87)). They could be introduced but we expect that their
contributions will not modify the asymptotic force.

e The Fermi or Bose statistics of the particles will not be taken into
account. The use of Boltzmann statistics is in order in the non degen-
erate regime that we are considering, but requires the presence of a
short range repulsive potential vsr(7i,7j, |ri — 7;|) to assure stability
as in the classical case. Anyway, exchange effects across the two slabs
will be negligible at large separation.

e We treat the electromagnetic field classically, which is justified by
Bhe < d (i.e. a < 1, see (21)). This amounts to replace the photon
creation and annihilation operators by complex numbers aj, 5, o,

The formalism adapted to the investigation of the high temperature (or
semi-classical regime) is the Feynman—Kac-It6 path integral representation
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of the Gibbs weight. For a single particle in an external potential V< (r)
the formula for a configurational diagonal matrix element is

(r|exp (-5@ - ﬁve"t) lr) = <27T1A2>3/2/D(£)

1

1
xexp [ —f /dsVeXt((r—i-)\{(s)) — i\ G /A(r—i—)\{(s)) - d&(s)
0

0

(97)

Here £(s), 0 < s < 1, £(0) = &(1) = 0, is a closed dimensionless Brownian
path and D(&) is the corresponding conditional Wiener measure normalized

de(s) 2) [1, d&(s), with

to 1. It is Gaussian, formally written as exp <—% fol ‘ P

Z€ero mean and COVariance
/ D(€)6u(51)6 (52) = 8y (min(st, 52) — s152) (98)

where £, (s) are the Cartesian coordinates of £(s).

In this representation a quantum point charge looks like a classical-like
structured charge at r with an internal degree of freedom, the random
charged filament &(s) whose extension is given by the de Broglie length
A (the quantum fluctuation). The magnetic phase in the bracket of (97) is a
stochastic line integral: it is the flux of the magnetic field across the closed
filament.

This is readily generalized to a system of n interacting particles: the two
first terms of (87) yield the following expression of the Gibbs weight in the
space of filaments

n n > 1
€xp <_ﬁZe"/ie"/jv(riagivrjvgj)—{_iZ\/ Tf::i2 /‘A(’I‘J—F)\%EJ(S))CZE](S)),
1<J 7=1 0

(99)

where
1

1
‘/C(rhEiJTj’&j) - !d8|ri + )\7151(3) U )"735](8”

(100)

is the Coulomb potential between two filaments.
A remarkable fact about the representation (99) is that the exponent is
linear in A and its Fourier amplitudes (contrary to the Hamiltonian (87)
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written in operatorial form). Since the statistical weight e PHF is a Gaus-
sian function of these Fourier amplitudes, it makes it possible to perform
the partial trace over the field degrees of freedom in (94) by the fact that
the Fourier transform of a Gaussian is a Gaussian, namely for a n X n pos-
itive definite Hermitian matrix C' and complex vectors z = {z;}, J = {J;},
i1=1,...,n

m 2z 1 1
&2 —(2,C2)+(J2)+(zJd) — _ ~  (J,CTH) ] 101
/Hl T C Det(C) (101)

This formula is applied to the calculation of this partial trace in the form of
the normalized Gaussian average

1 oy _ 2
(- >rad - Zrad H/ ™ ekl (102)
0 kA

The result is

1
n e 2
<exp 83\ [ Al hg() - de) >
J=1 0 rad
n e2.
_ <H R ;z Wm(O,Ei,O,Ei)) e—ﬁZ?<j ey Win (ri,€3,75,€5) (103)
i=1

In (103) W), is a double stochastic integral

1
Wn(ri:8in73:8)) = G
7 J
1

></ dk /dgzy(Si)e—ik(m-i-)wiﬁi(si))
0

(2m)3
1
x /di}j(Sj)eik'(”“”jEf(sj)) G" (k), (104)
0
where
o) = IO, o = o - S o)

is the free field covariance and 4}, (k) the transverse Kronecker symbol.
Summation on the Cartesian component indices u,v = 1,2, 3 is understood.
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We see from (103) that W, can be interpreted as a pairwise effective mag-
netic interaction between the random filaments §; and §; mediated by the
vector potential A ?. This interpretation becomes manifest when we look at
the long distance behaviour of W,

1 1
1
Wm ) ) 9 e — d : d
(r1,&1,72, &) 5\/WC2O/ &1(s1) 0/ £2(s2)

1

X (AM&1(51) - V) (A2€a(s2) - Viry) i —ra|

(106)

as |r; — ry] — oo. This is obtained by keeping the most singular term in
the small k expansion of the exponentials in the integrand in (104). (Here
we have omitted additional O(r~3) terms coming from the transversality
condition in (105).) Since filaments are closed one has fol d€(s) = 0, and
this implies that the first non vanishing term is bilinear in £; and &,5. If one
interprets formally

1

Jjlx) = e/dsé(a: —r—X(s))v(s), wv(s)= W (107)
0

as the current density carried by a wire at 7, one sees that (106) has (up
to a factor) precisely the form of the classical magnetic energy of such a
pair of current wires. A comparison of (100) and (104) shows that the ratio
Win/Ve ~ (Bmc?)~! is a small quantity at high temperature so that purely
electrostatic effects will be dominating.

Having now identified the basic effective pair interactions between the
filaments, namely the electrostatic potential (100), the magnetic potential
(104) and a possible non electric short range potential as in (43), it is possible
to proceed as in the classical treatment of Section 3.2.1. Indeed if one consid-
ers the auxiliary system of filaments 7, & described in an enlarged phase space
of classical-like particles equipped with an internal degree of freedom & and
the above pair interactions, all concepts and methods of classical statistical
mechanics apply. In particular we have the density p(v,r, &) of filaments of
species v and the filament-Ursell function h(vy,r,€&,~',7’, &) which can be
expanded in Mayer graphs. The Coulomb part (100) still decays as r ! so
that graphs still suffer from the long range divergences, and chain summa-
tion have first to be performed. There is an important observation to be
made at this point: from the Feynman-Kac formula the potential (100) in-
herits the equal time constraint, i.e. every element of charge e; \1d€;(s1) of

¥ The product in (103) contains the magnetic self energies of the filaments.
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the first filament does not interact with every element esAod€,(s2) as would
be the case in classical physics, but only if s; = s9. It is therefore of interest
to split the Coulomb potential into

V(i,5) = Vetec(i, 7) + We(i, 5), (108)

where

1 1
1
elec { ] /dsl/d52 (109)
) / 70 + Ay €i(s1) — 75 — Ay, € (s2)]

is a genuine classical electrostatic potential between two charged wires and
‘ri + )"Yisi(sl) -Tr; = )"Yjsj(SQ)‘

1
/d81
0
(110)

is the part of V (4, j) due to intrinsic quantum fluctuations (We.(7, j) vanishes
if A is set equal to zero). Because of the identities

d82 — 1)

()
—
('IJ
=
|
)
(V)
N—
—

1
d81 81 — 59 ) — 1 d82 81 — 82)) — 1) =0 (111)
ot o= fa

its large distance behaviour originates again from the term bilinear in &;
and &, in the multipolar expansion of the Coulomb potential in (110)

1

1
WC(T1,€17T2,€2 ~ /dSI/dS2 Sl _82)) - 1)
0

o

X (Mi€(s1) - Vry) (A2€(s2) - Viry) (112)

L ]

It is dipolar and formally similar to that of two electrical dipoles of sizes
e1A1€; and eaA2€5. The chain summation of the Coulombic part Ve (4, 7)
will lead to a screened potential Pejec(i,7). Then, as in the classical case,
one can introduce the Mayer diagrammatics in prototype graphs with bonds
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F(Zv.]) = _Be"/ieﬁj ¢elec(ivj) ) (113)
FR(Zvj) = eXp[—ﬁEA{ier(QeleC(Z.,j) + WC(Zvj) + Wm(%]))]
-1+ ﬁe’yie'yj gzselec(ivj) : (114)

Weights at vertices are the filament densities p(v,7,€&) and one has the
excluded convolution rule for the bonds F(4,j). This is similar to (60) and
(61) with the additional occurrence in FR(i, ) of the electric and magnetic
multipolar interaction W, and W,,, due to intrinsic quantum fluctuations of
the filaments.

The rest of the analysis is as follows. The potential Pgje. is a classical
mean field potential for structured charges. Its large d contribution can be

extracted exactly as in Sections 3.2.3 and 3.2.4 leading to the same universal

¢(3)
S Bd3

system of filaments).

In contrast to the classical situation, at large distance the bond F®
has now a dipolar behaviour FR(i,j) ~ —Bey,ey, (We(i,j) + Win(i,§)) ~
|r; — r;|73. Concerning the large separation d, this bond (in the partial
Fourier representation with k = q/d) proves to decay as O(1/d), exactly
like Pelec(g/d). This is easily seen for W.(gq/d): using (65) with k = q/d
and expanding for large d, terms of order O(d) and O(1) identically van-
ish because of (111). Basically the same holds for W, (q/d) except that the
vanishing of these dominant terms follows from the vanishing of the line inte-

result — as (84) (using that electroneutrality sum rules also hold in the

gral over a closed filament fol d€(s) = 0. Therefore, the dominant behaviour
of the complete filament Ursell function hap(y,x,€&,7,2’,€', ) contains in
addition to (85) (expressed with filament degrees of freedom) contributions
built with single traversing links W, ap(1,2) and W,, ap(1,2). To point 1
in A one can attach all possible prototype graphs of system A and likewise
to point 2 in system B resulting in the additional terms

Jar a2 [ 0,1k = 0)+ 8(a. 1] (~5er,e)
X (Wc + Wm) (1,2,9) [0%(2)h% (2, b,k = 0) + 5(2,b)] .

However, these new contributions have no effect at leading order O(1/d?)
when integrated in the force because of the electroneutrality sum rule in the
form (71).

The major difference with the term (85) containing the correlation func-
tions G%, G% and leading to the asymptotic result (84) is that the latter
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functions are constrained by the excluded convolution rule as they are at-
tached to the traversing bond F4ap, and that they satisfy in turn the sum
rule in the form (86), yielding universality (instead of the vanishing) of the
O(d=3) contribution.

3.3.3. Concluding remarks

We have shown that quantum corrections to the classical Casimir effect
can conveniently be worked out from the electric potential W.(i,j) (110)
and magnetic potential W, (7, j) (104) occurring naturally in the functional
integral representation of the system. These potentials account for the ran-
dom charge and current interactions generated by the quantum fluctuations.
The size of these interactions at long distance are measured in terms of the
thermal wave length A of the particles. It is remarkable that the dominant
d~3 term is exactly the universal classical one, still independent of the mi-
croscopic details of the conducting phase (interparticle distance, screening
lengths, thermal de Broglie lengths). This is again a consequence of the elec-
toneutrality sum rules extended to the quantum system. This calculation
strongly confirms that (84) is the correct value of the Casimir force at high
temperature. One must conclude that the discrepancy with (39) is not due
to the omission of the transverse part of the electromagnetic interaction in
the classical Coulombic models, but should be attributed to the very fact
that fluctuations inside the conductors are ignored in the calculation leading
to (39) 0. In other words, the description of conductors by mere macro-
scopic boundary conditions is physically inappropriate whenever the effect
of thermal fluctuations on the force are considered.

On the other hand, recent experiments validate the zero temperature
formula (20). In [25] the authors find an experimental agreement with the
value of Casimir force’s strength 72hc/240 to a 15% precision level. This
indicates that fluctuations in conductors are drastically reduced as the tem-
perature tends to zero and possibly have no more effect on the force at T' = 0.
In (96), quantum effects appear at the subdominant order d~%. One may
imagine the following scenario: as the temperature is reduced, the classical
term (~ T/d~3) decreases whereas the term R(3,h,d) ~ d~* approaches
the Casimir vacuum value —%& (20). Understanding the cross over from
(96) to the zero temperature formula of Casimir is an open problem.

19 In fact it is well known that there are long range field correlations inside the con-
ducting media when T # 0, see [33] for electrostatic potential fluctuations and [32]
for transverse field fluctuations.
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4. Dispersion forces

4.1. Van der Waals—London forces in vacuum

It was a great achievement of the early quantum mechanics to show that
there is a general force of attraction between atoms or molecules even if
neither has a permanent average dipole moment. The force comes from the
intrinsic quantum fluctuations of the charges inside the atoms, distributed
according to the wave function of the atomic states. For this reason such
microscopic forces can also be considered to be of Casimir type. They are
called dispersion forces because they involve the polarizability of the atoms
which is also related to the refractive index of the medium. London’s deriva-
tion is part of the standard education in quantum mechanics [34] and we
just recall its principle.

For instance, for two hydrogen atoms in their ground state 1/)(()’4) and

1/1(()3) with infinitely heavy nuclei located in r 4 and rp the mutual Coulomb
interaction behaves as a dipolar potential at large atomic separation r =
|r| = o0, r=7r4—7p,

at—at

Vat—at (’I") ~

——, Datmat — 2y (D) (B) _ 34y ) (yB) . 3)], (115)

where y4) and y®) are the relative electronic coordinates and # = r/r.
The van der Waals potential uw (1) obtained by treating V32 as a second-
order perturbation reads

C
UW(T):—T—\G;V,
A B)| mat—at| (A B
o w6 @ v 1D @ WHE
W=D Em + E, — 2E, > 0. (116)
(m,n)#(0,0)

In (116) E,,, m = 0,1,..., are the eigen energies of the hydrogen atom
(repeated according to their multiplicities) and the sum runs on all excited
states w%) ® zp,ﬁB), (m,n) # (0,0), of the two atoms (the notation includes
the integral on the continuous part of the spectrum).

It will be useful in the sequel to relate the van der Waals amplitude Cw
to the polarizability a(w) of individual atoms. The latter is defined as the
linear response of the electric dipole ey of the hydrogen atom in its ground

state to an applied oscillating electric field Ege™?:

(o (t)leylto(t)) ~ a(w)Eoe™,  Eq— 0 (117)
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and has the value [35], Sec. 98, [36], Sec. 92

i (Bn — Eo) ¢0|ys\¢n>’2
) = 2e Z B B0 (o) (118)

Taking the 3-axis along #, one has D33t = ¢2(y (A)ygB) + y(A)yéB) —
2y§A)y§B)), explicitating the matrix elements in (116) and exploiting that

1)y is spherically symmetric, one can write Cyy in the form!!

3 |(Wolys' [vom) 2 (o y8 [¥n) ®

Cw = 6et
W= e E,, + E, — 2E,

(119)
m#0,n#0

The connexion between (118) and (119) is provided by an application of the
identity

1 2ab Vi 1
=—[d 120
a+b 7 / u(a2+u2)(b2+u2) (120)
0
yielding the desired relation
sh [ o
Cw=— /du as(iv)ap(iu) . (121)
T
0

4.2. Van der Waals—London forces at finite temperature

The above calculation disregards all many-body and temperature effects
which are present when atoms are in a thermal equilibrium state at tem-
perature T and density p. It is therefore of interest to study the effective
atom—atom potential in a fluid with non vanishing 7" and p. Two questions
arise: does this effective potential still decay as %, and if it is the case, what
are the temperature and density corrections to van der Waals amplitude Cw
(116) for an atom pair in empty space? The first question is in fact not triv-
ial as illustrated by the following simple and apparently sensible reasoning
which turns out to be incorrect. At non zero temperature the gas always
contains a fraction of ionized free charges that will be the source of screening.
As commonly done, one could take the screening effects due to these free
charges in the medium into account by replacing the bare Coulomb potential
between charges of different atoms by the screened potential obtained in the
usual Debye—Hiickel or RPA mean field theory. Since the latter decays expo-
nentially at large distance, the effective attractive interaction between two

" Because of rotation invariance, (118) and (119) could be written in terms of any
Cartesian component of y.
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atoms would also be exponential. This reasoning predicts that the 1/r® van
der Waals forces should disappear as soon as there is a fraction of thermally
ionized charges, a false conclusion. What really happens for the quantum
gas becomes particularly clear when we use the Feynman—Kac path repre-
sentation of the correlations presented in Section 3.3 (here we consider the
pure electrostatic model without the photon field). In this formalism point
particles appear as random charged filaments carrying mutipoles moments.
Then the clue is given by the decomposition (108) of the Coulomb interac-
tion between filaments into a classical part (109) and the proper quantum
fluctuation part W, (110) not reducible to any kind of classical behaviour.
As (112) shows W, decays as a dipolar interaction r ~ and is the source of an
algebraic decay of the correlations between atoms. In fact the bulk particle
correlations decay as r % (because of rotation invariance, W, does not con-
tribute and the dominant part of the decay at long distance is determined
by W2 ~ r=6) (see [37] and [18] for a review and references therein).

It is interesting to discuss the status of the van der Waals forces in the
Saha regime when atoms and free ionized charges are in thermal equilibrium
(equilibrium ionization phases). Such phases occur provided that the tem-
perature is sufficiently low to prevent full ionization and the density is low
enough to have non overlapping atomic wave functions. For instance in the
partially recombined hydrogen plasma the densities of ionized electrons (e)
protons (p) and the density of hydrogen atoms in their ground states (at)
are characterized by the expression that they would have for ideal gases

. . 2 .
id _ id __ Bu — id
= =— " _Pr= 122
with Ae, Ap the thermal wave lengths of the electron and of the proton.
These densities have to be equal because of neutrality and are denoted p}d,
the density of free charges. The ideal atomic density is
id _ —B(Eo—2p) _ 213/2 [ id}2 —BE

Pri 7(27[_)\3‘5)3/26 [27A7] pr| e (123)
with Ey < 0 the ground state energy of the hydrogen atom and A the thermal
wavelength associated with its reduced mass. The chemical potential p
determines the total average particle number. If one sets

w=p(B)=Eo+kgTlnw (124)

with w a fixed parameter 0 < w < oo, one sees on (122)-(123) that the
ideal densities of protons and electrons become of the same order as the
atomic density. The system behaves as a mixture of protons, electrons and
hydrogen atoms in their ground state. This describes the Saha regime of
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equilibrium ionization, with w fixing the relative proportion of free charges
and atoms,
3/2
; Me + M ;
T G (125)

ey, €

We report here without proofs the main result of the work [21]. We

consider the proton—proton correlation pl(fp)T(r) at fixed temperature and

total density p (r is the distance between the two protons). As said before
in the fluid phase and for all positive values of T" and p, pl(gi)T(r) behaves

asymptotically at large distance as [37]

(2)T(T) ~ _ﬁ—lC(Tvp)‘

Ppp v 6

(126)

We show that in the ionization equilibrium regime the coefficient C(T', p)
takes the form of a sum of three contributions

C(T,p) = { [plfl} ’ T + pijflpﬁcf_at(T) + [Pg};] 2 Cat—at (T)}
x (1+0(e=/ksT 197
(1+0 ) (127)

giving rise to three large-distance effective potentials

Cf—f
7«6

Of—at
_ s

Oat—at
;U (r) = — = (128)

Uf_f(T) — ’ uf—at(r) —

The three terms reflect the fact that, in the limit, a proton can be thought
of as either being free or belonging to a hydrogen atom. At lowest order in
density the coefficient is quadratic in the ideal free and atomic densities up to
exponentially small terms O(exp(—c/ksT)), ¢ > 0, that include all higher-
density effects. The factors C*=f(T"), C'=24(T) and C**~8(T) represent the
effective interaction strengths between two free protons, a free proton and
an atom, and two atoms. They are still temperature dependent and have
the asymptotic values as T — 0

o s () ool ) o

f—at h2 1 1 3 f—at 2
C 1) = gz (o ) 50 30 [l 0l ol

m#£0 p=1

1 6kgT 12(kgT)? )
NEn By BB (B —Ee O\ iz ) )] 130
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Oat—at(T) _ Z |<w((Ja) ® T/J(()b)‘Dat_at|¢£g) ® wng)>’2
m#0,n#0

x [EerEln_wo - (Em_;fign_EO) +0 <exp <_/@LT>>] .(131)

The results are the same for the electron-proton or electron—electron correla-
tions: in the atomic limit pﬁ)T(r) and pg)T(r) behave as pg))T(r), with the
same amplitude C(T,p). The temperature power-law corrections in (130)
and (131) come from partial screening due to the presence of free electrons
and protons. The exponentially decaying terms O(exp(—d/kpT)) include
the contributions of the excited states with 0 < § < F1 — Ej.

The first noticeable point is that there is a van der Waals type effective
potential u'~f(r) between unbound charges: quantum screening reduces the
bare Coulomb potential 1 to ¢ but not further because quantum charges
together with their screening clouds behave as fluctuating dipoles. u!=f(r)
has the remarkable property to be independent of the charge species (proton
or electron). Thus it is attractive irrespective of the charge signs.

The potential u!=2t(r) with coefficient (130) results from the coupling
between free-charge and atomic-dipole fluctuations. The quantity ijat
refers to the interaction between the atomic dipole ey at the mass-center
position r;, with a reference dipole e, located at r,. It is defined as in
(115) by

Dy = la? -y = 3(a - ) (y® - 7)), (132)

where for 4 = 1,2,3 wu, is a unit vector along the p-axis. In vacuum the
charge dipole potential decays as 4. More precisely if a charge e is placed
at large distance from an hydrogen atom in its ground state in vacuum (Stark
effect due to a localized charge) one finds

C m Df—at 2
Uy~ -0 gy = 3 HemIPe E'Zf")” >0, (133)
m#£0 m

In the medium the decay changes from r~* to %, becoming again of dipolar
type. Finally the traditional van der Waals contribution (131) reduces to its
vacuum value Cyw as T — 0.

Concerning the temperature dependence of the various amplitudes, a
comparison with the van der Waals coefficient Cyw = O(1) gives

ctr |Eol 30 cf—at(r @0
(T) ~ T W, ( )Nk:BT W - (134)
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The larger size of the coefficients involving free charges has to be traced
back to the larger size of their dipole fluctuations (of the order of \2 ~ T~}
compared to atomic ones proportional to the square Bohr radius ~ azB). Asa
consequence, in the ionization equilibrium phase where pifd and piﬁ: are of the
same order, the large-distance behaviour of the particle—particle correlation
is dominated by the effective interaction between free charges. In the purely
atomic phase (pi? exponentially smaller than pi$), standard van der Waals
forces are the only relevant interactions.

We emphasize that these results are exact: they are derived in [21] by
means of a renormalized virial expansion for the quantum Coulomb gas
taking into account all the different effects stemming from the Coulomb
potential at various scales (atomic binding, collective screening, polarization)
in a systematic and coherent way.

4.3. Retarded van der Waals forces in vacuum

In the London calculation of van der Waals forces only the electrostatic
part of the interaction (the Coulomb potential) has been taken into account.
In fact one has to put at work the full electromagnetic interaction including
the retardation effect due to the finiteness of the velocity of light. For this
one has to add the transverse part of the field by writing the coupling of a
charge to the vector potential as usual

. 2 |p|? e e?
om (P cAM)" = om _%p'A(T)JF 2me2

AP (135)

Casimir and Polder [1] treated the second term of the r.h.s. by the standard
methods of perturbation theory, and were obliged to go up to the fourth
order since the result is expected to be proportional to the fourth power e*
of the electronic charge. In terms of elementary processes it corresponds
to Feynman diagrams where two photons are exchanged between the two
atomic electrons. In order to interact with the field and return to its ground
state each electron must necessarily emit or absorb two photons. After an
elaborate calculation, Casimir and Polder found

23hc
V(r) ~ —aaap —= (136)
where a4, ap are the static polarizabilities of the atoms (each of them pro-
portional to e?).

Following [4], Sec. 3.11, we shall present another derivation, inspired
from Casimir’s second paper on the subject [3] which gives more physical
insight. Here van der Waals forces at zero temperature are also seen as
arising from the vacuum fluctuations of the field. The model is as follows:
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e One treats the atom or colloidal particle at r4 as globally charac-
terized by a classical electric dipole v 4(t) = D ava(t) of orientation
U4, |Da| =1, size va(t), and by a frequency dependent electric sus-
ceptibility a4(w). The second atom at rp is described likewise (the
microscopic electronic structure of these particles are not spelled out).

e These dipoles are fluctuating. They are induced as linear response of
the atoms to the vacuum fluctuations of a free quantum electromag-
netic field.

e Each dipole acts as a source of a radiation field. The total field is
considered to be the sum of a free quantum field (vacuum field ) and
the field due to the sources.

e The energy of the two atoms at distance r = |r4 —r | is calculated as
the energy of the second dipole v at rp in the field due to the first
dipole v 4 at r4 plus the vacuum field.

The free electric field with periodic boundary conditions is obtained from
(88)
10

Eo(r,t) = —EEAO(T‘J) = Z[E(J)r,k,x(r)ewkt + Eg o (r)e k],
kA

(2mhwy, ik _ .
Biiart) = i (T aia(r den(Ne 7 ) = (By,(r.0)', (13

where ET (E™) denotes the positive (negative) frequency amplitudes of the
field. The induced dipole of atom at 7 4 by the k mode of this field at linear
order is

VaRA(l) = Vi€ R vy e TR
VX,k,A = aA(wk)ES_,k,)\(rA) = (V:Lk)\)* (138)

so that I/X k )\ei“kt represents an oscillating dipole of frequency wpg, orienta-
tion &4 = eg(A) and strength v}, \ = aa(wk)Eqdp (T 4).

At this point we can recall the classical formula for the positive frequency
amplitude of the electric field at = radiated by an oscillating dipole v(t)
located at the origin, [38], Sec. 9.2,

E(r) = E™(r)+ E™"(r), r=|r|,

Efar( (s A 3e—ikr
) = [ Av) A,

() = B ol (G ) (199)
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This formula is valid when the typical wave length A = ¢/27w of the radiated
wave is much larger than the atom size'?. For r — oo, E correspond to a
spherical outgoing wave whereas for r small E"**" reduces to the electrostatic
dipolar field.

Calling E 4(r) the field (139) due to the dipole (138) located at 7 4, the
total field at r is then

E(r)=Eq(r)+ Ex(r). (140)
This field in turn induces a dipole

vh i = aB(Wk)EY \(T5) (141)

on atom B at rp. The energy of the dipole pair is obtained in bringing
the second atom B from infinity to rp in the field (140), keeping the first
atom fixed at r4. This energy is —ivp - E(rg), r = |ra — rp|, see [38],
Sec. 4.7 13, so that with (141) the contribution to the energy of the k, A mode
is —3ap(wk)|Era(rp)®. Finally, to obtain the total average interaction
energy V' (r), we have to sum over all modes and take the mean value in the
vacuum state |0) of the photon field

V(r) = —%;:QB(%XOI Bk (rs)l? 10). (142)

Since the vacuum |0) is invariant under the free field time evolution, V' (r)
is time independent. In fact, we have already set ¢ = 0 along its derivation.

Keeping only the terms that are bilinear in the polarizabilities gives 4,

V(r) = —% ;: ap(wk)(O[[Eo(rp) - Ea(rp) + Ea(rg) - Eo(rp)]|0). (143)

From now on to find the r dependence of V(r) is a matter of calculation
(see [4]). The explicit formulae for the fields are introduced from (137),
(138) and (139). Since the expression to be averaged is quadratic in the
photon creation and annihilation operators, the vacuum expectation is easily

12 Tn our situation, the dipole is an operator proportional to a;c \ Since the Maxwell

equations governing the quantum field (in the Heisenberg picture) depend linearly on
the amplitude of the source, the solution for the radiated field is the same as in the
classical case.
13 The factor 1/2 is due to the fact that the dipole v5 is induced and not permanent.
4 To keep the term |Ea(r5)|*> quadratic in aa(wy) would not be consistent with the
linear response assumption.
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computed from (0]ag ray, ,|0) = 1. One finds in the infinite volume limit and
performing the polarization sums

h yi | |
V(T) = —WRG /dk) k5wkaA(wk)aB(wk)€_Zkr/d,Qicelk'T
0

x 1 (k- 7)?] %+[1—3(I§:'%)Q] (ﬁJrﬁ)} (144)

The angular integration can be performed with the final result ( wg = ck)

h r 6 wr
V() = ——Re /dww ax(w)apw)D (<) ¢,
0
D(z) = e <—;+;+g_ﬁ_ﬁ ' i

In order to find the asymptotic behaviour of V(r) as r — oo one needs to
specify the w dependence of the polarizability. To keep the discussion simple
consider a single term of the expression (118)

(En — Eo)|(¥olyslin)?
(En - E0)2 - (hw)2

assuming that a particular atomic transition between the two states 0,n
gives a dominant contribution to the polarizability. One notes that o(w)
has no poles in the complex w plane and its value is real on the imaginary
axis w = iu. Then by a 7/2 rotation of the integration line (0,00) we can

a(w) ~ 2t (146)

carry the integration in (145) along the imaginary axis w = iu giving1?
h o0
V(r)= @Re i/duu6 aa(iv)ap(iu)D (22) 5 . (147)
0

e Long distance

Since the function D (%) has a factor exp(—* ) it is clear that only
the static susceptiblities « = «(0) will contribute as soon as r >
he/|Ey — Ep| . Indeed changing the variable “f = v one has

hc . T 6 . 23 he
Vir) ~ WaAaBRe z/dvv D(iv) p = T 7 Ads, T 00
0

(148)
which is the result of the Casimir and Polder calculation.

5 The large quarter of circle closing the positive quadrant does not contribute.
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e Short distance

For small r the dominant contribution comes from the z =% term in

(145). This gives in (147)

sh [ : o Zur
V(r) ~ ——% duay(iv)ag(iu)e” ¢
0
~ —m/dua,q iu)ap(iu) . (149)

The last line holds when r < hc¢/|E,, — Ey|. This is London’s result
(121): it can be formally obtained from (147) by taking the static
limit ¢ — oo where only the contribution of the near field term in
(139) survives.

4.4. Forces between dielectric bodies

This topic is the subject of a very large literature and we will only sum-
marize some main lines of the theory.

4.4.1. Dilute dielectric bodies at zero temperature

One can easily obtain an information on the type of interaction between
two dielectric slabs containing polarizable atoms at very low density. If
correlations between atoms are ignored one can simply sum all the van der
Waals potentials between atoms pairs. Let pa, pp be the atom densities
in the two slabs and fore sake of generality, assume that the pair potential
behaves as —T% at large distance for some n > 4, B > 0. Then the total
potential energy per unit surface is

PAPB
u(d) ~ L_m / /dr Py

= —BpApB/da:/dx /dy 2y g2

0 00

= —BpApB—7r dw/da:'

—$,|77 2

= 27TBPA,OB
T (=2 -3)n—4) dn—4 : (150)
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The force is f(d) = _815551) and we find from (116) the short distance (non
retarded) behaviour (n = 6)

wCh 1
J(d) ~ =R (151)

and from (148) the long distance (retarded) behaviour (n = 7)

23hcpaaappap
40d4

F(d) ~ - (152)

Whereas the powers of decay laws are correct, it was experimentally rec-
ognized in the early 1950s that the amplitudes found from (151) and (152)
were not. This is not astonishing since this calculation is performed at low-
est order in the atomic densities disregarding all correlations between atoms.
This motivated Lifshitz in 1956, [39] and [40] Sec. 90 (and many authors af-
ter him) to develop a theory taking into account the physical properties of
the dielectric by means of its frequency dependent dielectric function e(k,w).
This theory is not fully microscopic in the sense that the effects of the micro-
scopic degrees of freedom inside the dielectric are embodied in the dielectric
function but otherwise not explicitly described, and the Maxwell fields are
subjected to the macroscopic boundary conditions at the surfaces of the di-
electrics. Some insights on this theory and related approaches are given in
the Section 4.5.2. Let us just quote here the specification of the Lifshitz
formula to the short distance case corresponding to (151) 6

[e.e] [ee] 2
) ~ {5z 2d30/dso/duAA Ap(in)es — 1
Ap(w) = Z‘Ez) Ap(w) = % (153)

Higher order density contributions are now included in the dielectric func-
tions. It is interesting to recover (151) by expanding the dielectric function
to the lowest order in density

e(w) ~1+4mpa(w), p—0, (154)

16 Here the dielectric functions e(k,w) = e(w) are assumed to be independent of k and
magnetic polarization effects are not considered.
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where a(w) is the electric susceptibility. Then A~(w) ~ 2mpa(w) and

hpApB 0o 0o
f(d) ~ Vi / /duaA iu)op (iu)
0
_ _heaps /duaA iu)ap(iu) . (155)
2d3
0

This is precisely the expression (151) obtained in the elementary additive
theory. Similarly, taking the appropriate form of Lifshitz formula for long
distance one can show that it reduces to (152) at low density, as it should.

It is remarkable that by the observation of the force (155) at the macro-
scopic level one can infer in principle by comparison to (151) the exact form
of the microscopic van der Waals potential —Cyyr~6 for a single atom pair.

4.4.2. Dielectric bodies at non zero temperature

The Lifshitz theory can be worked out at finite temperature. In the high
temperature-long distance regime characterized by o — 0 (21) one finds

i 2
1 s
D ~o e g
f(d) 167rﬁd3/ Aalpe —1
0
_ 1 i (Aadp)"
- 8rd3 nd 7
n=1
ea+1 ep+1
AjQ = Ap = 156
A €A — 1’ B €EB — 1’ ( )
where now €4 = e4(w = 0), eg = ep(w = 0) are the static dielectric
constants. In the perfect conductor limit of electrostatics e 4, eg — 00, Ay =
Ap = 1 one recovers from (156) the classical Casimir effect f(d) ~ — 8&%23

derived in Section 3 on a microscopic basis. We emphasize that Lifshitz
has obtained the formula (156) by performing the large T asymptotics first,
keeping the dielectric functions finite. The perfect conductor limit € — oo
is taken in a second step. Schwinger et al. [41] have proposed to take the
limits in the reverse order, yielding the twice larger high-temperature force
formula of Casimir (39). In view of our result of the microscopic analysis
of Section 3, we see now that the Lifshitz procedure is the correct one to
recover the high-temperature regime for conductors.
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4.5. Theories

All the theories are based on macroscopic Maxwell equations for the
quantized electromagnetic fields E, D, B, H in a dielectric medium. The
system carries no net charge density and magnetic properties are ignored,
so H = B. For oscillating fields E(x,t) = E(xz,w)e ! B(z,t) =
B(z,w)e ™! D(zx,t) = D(z,w)e ™! the equations for the frequency de-
pendent amplitudes are

V.-D =0, V/\E:z'%B, (157)

V-B =0, V/\B:—z'%D. (158)
One assumes that D is related to E by the linear and local relation
D(z,w) = ¢(z,w)E(x,w). (159)

The dielectric function e(x,w) is piecewise constant in the bodies. From
(157), (158) and (159) results the Helmoltz equation

w?

V2E(z,w) = —C—QE(w)E(w,w), V- -E(x,w)=0 (160)
valid in each dielectric domain characterized by the appropriate function
€(w). The eigenmodes are determined by solving (160) under the usual
boundary conditions for dielectrics:

6Z'(W)Ei,norm(w) = €j(w)Ej,n0rm(W) (161)

for the normal component of the electric field at the interface between the
domains ¢ and j and all the other field components are continuous.

4.5.1. Zero point energy method (Casimir’s method)

This approach is the simplest and follows Casimir’s original idea that the
force is generated by the modification of the zero point energy due to the
presence of the dielectric bodies; it is presented in [4], Sec. 7.2, and in [10].
Here €(w) is assumed to be real which amounts to neglect the absorbtion of
electromagnetic energy in the media. The new eigen frequencies are obtained
from the zeros of the secular equation, say R(w) = 0, determined by the
Helmoltz eigenvalue problem (160), (161); they lie on the positive real axis
of the complex w-plane. They are generically noted {wy,}, and repeated as
many times as required by their multiplicity. For two slabs at distance d,
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the eigenfrequencies w,, = wy,(d) depend on d and on the dielectric functions
€A(w), €eg(w). By the residu theorem the total energy can be written as

B(d) =Y %hwn(d) _ % /dw Bm} %lnR(w), (162)

n

where C is the contour consisting of the imaginary axis of the complex
w-plane closed by a large semicircle in the right half plane enclosing the
eigenvalue. Then the force is defined by F(d) = —%E(d). Of course the
non trivial calculation (which we do not present here) is that of R(w) for
given geometries and dielectric functions, as well as the discussion of various
points concerning the convergence of integrals. For the slab geometry this
leads to the same general formula as that of Lifshitz. Some special cases of
it have been given above.

When the temperature is different from zero, one introduces the free
energy formula for each oscillating mode as in (22) (including the zero point

energy)

flw) = %hw — 7 n(1 — e Py = g1 [2 sinh ( w—%)] (163)

and the total free energy @(d) is given by (162) with [%hw] replaced by f(w).
Notice that the calculation of the frequency spectrum is entirely classical and
Planck’s constant is introduced through (162) (apart from a dependence that
can occur in an explicit expression for the dielectric functions €(w)).

4.5.2. Fluctuating fields (Lifshitz method)

The Lifshitz theory [39,40] is formulated in the framework of stochastic
electromagnetic fields. In the basic relation D(x,w) = E(x,w)+47P(x,w),
the polarization of matter P(x,w) = P(z,w) + w is supposed to be
the sum of two contributions, a deterministic part P and a random part %

which has zero average: % = 0. The random part embodies all the quantum

fluctuations effects arising from matter and fields. The relation (159) still
holds for the averaged field

D(z,w) = ¢(z,w)E(z,w), (164)

where the dielectric function is the same as before, so that for the fluctuating
field (159) is replaced by

D(z,w) = ¢(x,w)E(z,w) + K(z,w) . (165)
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Then the macroscopic Maxwell equations in the form (157), (158) are sup-
posed to hold only for the average fields E and B. Taking into account
the random polarization in (165), the actual random electric field generated
from K obeys the equations with source

VAE(x,w)= igB(:c,w) ,
c

V A B(z,w) = —i%D = —i%e(w)E(w,w) - i%K(m,w). (166)

The spirit is very much the same as in the Langevin theory for the Brown-
ian motion where systematic effects of the medium (deterministic force and
friction) are separated from the stochastic force (having zero average) due
to microscopic collisions. As in the Brownian motion theory one has to de-
fine the correlations of the random force, due here to the zero point field
fluctuations. They are taken of the form

Ki(z,w)Kj(z',w') = 2hIm[e(w)]d; j6(w + w')d(x — ) . (167)

Different Cartesian coordinates and frequency components of K are not
correlated and the spatial correlations have zero range. This is equivalent
to the white noise assumption for the stochastic force of Brownian motion
based on the different time scales for microscopic collisions and macroscopic
motion. Here the spatial scales are the intermolecular distances compared
to the range of variation of the macroscopic Maxwell fields. The inhomo-
geneous Maxwell equations (166) are solved with the dielectric boundary
conditions providing the fields E and B in terms of the random polarization
K (together with the dielectric functions and the geometry of the bodies).
For two slabs at distance d, the force per unit area on the first plate is given
by the za component of the Maxwell stress tensor Ty, (2, w)|,—o integrated
over all frequencies and averaged on the random polarization according to
(167)

fd) = — / AT () o (168)
where . .
T,. = — |E*>+ B2 - =(|E|> + |B|*)| . 1
B B2 J0mE + 18P (169)

When the temperature is different from zero, (167) is replaced by the state-
ment of the fluctuation-dissipation theorem (taking into account quantum
and thermal fluctuations)
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Ki(z,w)K;(z',w') = 2hIm[e(w)]d; j6(w + w')d(x — ') coth (@) (170)

which reduces to (167) as 7" — 0. This is the way i and T enter in the
theory.

4.5.3. Source theory (Schwinger’s method)

J. Schwinger, together with a number of physicists, were dissatisfied
by derivations of the Casimir force relying on the mechanism of vacuum
fluctuations. He proposed to derive the results of the Lifshitz theory from
a “more sound” basis where electromagnetic vacuum fluctuations are not
invoked [41]. The description (following [4], Secs. 7.4, 7.5) starts now at a
microscopic level by noting that a dielectric medium is characterized by a
microscopic polarization density P(r,t) = > . v;(t)0(r — r;), where v;(t)
are the induced dipole moments of atoms located at positions r;. These
dipoles act as a source of a (microscopic) electric field obtained by solving

the Maxwell equations yielding
B (r,t) = 87 / ' dt' G (1| VPO (1) (171)

where G is a Green function. The total electric field Ey + E, is the sum of
a free quantum field Eq plus the field E; due to the dipole and the total
energy

A

dr E(r,t))

N = N =

[aripr.n):
/dr((E+(r,t) -P(r,t)+ P(r,t)- E (r,t))  (172)

is understood as the average energy of these dipoles in the field that they

themselves produce. Here E+(r,t), E (r,t) denote the creation and anni-
hilation parts of the field (see (137)). The average is taken on the vacuum
of photons and on the state of the atomic variables'”. The order of operator
in (172) is in principle irrelevant since matter and field operators refer to
independent degrees of freedom and thus have zero equal time commutators.
The choice of order is however not innocent in subsequent calculations. Here
the choice is normal order, placing the annihilators to the right of the cre-
ators. It is then evident that there is no contribution of the vacuum field

7 In a stationary state U will be time independent.
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in (172) since agr|0 >= 0, < Olaj,, = 0. Then inserting the positive and
negative frequency parts of (171) in (172) gives

U = —87Re { / dr / dr’ / dt'G+’”"(r,t]r',t')(P“(r,t)P"(r’,t')>} (173)

with G the positive frequency part of the Green function.

To continue the calculation one has to know the atomic dipole correlation
function (P*(r,t)P?(r',t")). For this one makes the simplifying assumption
that atoms form perfect gases of uncorrelated identical dipoles. To obtain
the force one must further adapt the formula (173) to the two slab system
and evaluate the Green function in this geometry. Within this scheme one
eventually arrives at the Lifshitz main formula without any intervention of
vacuum fluctuations.

Other types of ordering can be used in (172), e.g. symmetrical ordering
where the vector potential is not split in positive and negative frequency
parts along the calculation. In that case the Lifshitz force can be seen to
arise exclusively from vacuum fluctuations '®. The final form of the Lifshitz
force is, of course, independent of the ordering convention, and can therefore
receive different interpretations according to different choices and to the taste
of the readers.

5. Casimir effect in critical phenomena
5.1. Introduction

It is well known that at a critical point or in a phase with broken continu-
ous symmetry, a statistical mechanical system in its bulk phase exhibits long
range correlations (decaying algebraically rather than exponentially fast).
This can be interpreted as generating a long range effective potential in the
system. If this system is now confined to a slab of thickness d (e.g. a lig-
uid film), then the development of these long range fluctuations as d — oo
may be the source of a force of Casimir type between the faces of the slab
(film). More precisely the effect is reflected in the behaviour of the finite
size corrections to the thermodynamical potential in the confined geometry.

Let ¢r(d,T) be the thermodynamical potential for the slab of surface
L¥~1 and thickness d in dimension v and

P4, T) = lim 6 (0, T) (171

[e.9]

'8 As an example, the computation of the retarded van der Waals forces from vacuum
fluctuations in Section 4.3 involves the symmetrical order, see (142).
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the corresponding thermodynamical potential by unit surface. The finite
size scaling analysis in the critical regime shows that its large d asymptotics
has usually the form

ALT)
du—l

So(d> T) = dgpbulk(T) + sturf(T) + + - (175)

Here wpux(T) is the potential density in thermodynamic limit and @gu¢(7")
is the surface potential correction. The coefficient A(T") in the third term in

(175) is called the Casimir amplitude. The Casimir force between the slab
faces is defined as

A(T)

f(d) == alp(d, T) = dppunc(d, T)] = (v = 1) —7

... (176)

At a critical point or in phases with long-range correlations generated by
the broken symmetry, the value of A(T) is expected to be non-zero and
universal, depending only on the system and the boundary condition uni-
versality classes. Out of the critical regime the finite size corrections are
expected to be exponentially small, thus the Casimir amplitude A(T) = 0.
The tractable quantum models with phase transition where these ideas can
be checked are not so numerous. A candidate, the free Bose gas that shows
the phenomenon of Bose condensation, will serve as an illustration. For a
thorough discussion of the subject, see the books [12,13].

5.2. The free Bose gas

Here we report on a joint work [22| with Zagrebnov. We consider a
free Bose gas in a slab of thickness d with faces of surface L? and periodic
boundary conditions in all directions. As it is well known from the standard
treatment of the free Bose gas, the finite volume grand canonical pressure
&1,(d, T, 1) at temperature 7' and chemical potential p < 0 is

B1(d, T, 1) = % S nf1 — exp(—B(e(k) — )] (177)
k

with the wave numbers and energy given by

2mn 2mn 2mn
kz = —= ky = - kz = 27
d Y L’ L

[ R R 1 B

Ny Ny, Ny € 7L
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The potential per unit surface is then

1
o(d, T, p) = hm — &r(d, T, 1)

o L2
= 25/dq Z In [1 exp< Be(q)—2m2\>2 (d) —i—ﬂ,u)] )
(179)
where ¢ = (¢y,4:),¢ = |q|, is a two dimensional wave vector, fe(q) = ’\22‘]2
and A = hy/(3/m the thermal wave length. Writing in radial coordinates
[dq---=2m [dqq--- and performing an integration by parts one can also
0
write
e(q)
P(d.T.1) =~ Z /dq :
ﬁn— o exp ﬁe ) +2m2A2 ()7 — ﬁu} -1
1 / 1
= —— dvv , (180)
= Y (d ), (181)
where we have introduced the dimensionless variable v = fBe(q) = )‘22’12 and
the function
U(w) = 5 7d : (182)
w= 2732 vy exp [v+ 2m2A\2u? — Bu] —1°
0

5.2.1. The normal phase

The regime p < 0 characterizes the normal phase (absence of Bose con-
densation). In this regime, the function w(u) is infinitely differentiable
so that we can represent the sum by the Euler—-McLaurin formula. Since
Y(u) = 9(—u) and using (18) one has

S wd ) = 23 6t +w(0) :d2/duw(u)
n=0

n=—oo

By

2[5+ k90 +

21d 5‘”(5 (0)+

6ld
(183)
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Coming back to the definition (182) of 1(u), one sees that the first term
of the large d expansion (183) equals —d ppux(7, ) where ppuk(T, 1) =
—limg_,oo limy 00 ﬁ &r(d, T, ) is nothing else than the bulk pressure, as
it should be. Clearly all odd derivatives of the even function t(u) vanish
at the origin, implying that finite size corrections to ¢(d, T, ) vanish faster
than any inverse power of d,

1
o(d, T, u) = —dppuk(T, 1) + O <W> forall »>0, pu<0. (184)

One therefore concludes that A(T, 1) = 0, u < 0 in the normal phase (in the
particular case of periodic boundary conditions, there are no surface terms).

5.2.2. The condensed phase

Bose condensation occurs in the free gas when the chemical potential
is set equal to zero. Then the situation is very different: when p = 0
derivatives of ¥ (u) diverge at the origin and one needs a different method.
We first expand for p < 0 the fraction in (180) (the Bose distribution) in
power of the activity e®* and perform the v-integral. This yields

:ioo exp <—27r2A2 (3)2 7“) . (185)

The n-sum can be dealt with a version of the Jacobi identity stating

> 5 1 > xk?
> e v 14+2) e a |, a>0 (186)

n=—oo

ePur

(dTﬂ 2ﬁ)\2z

2 \2r
d2

so that, setting a = , we obtain the following exact representation of

the slab potential

Bur 2d2
(&
572 +2ZeXp< o\ >]

efnr k22
= —d prux(T, p) — \/ﬁ)\ ZZ 573 %P <—m> (187)

k=1r=1

d 00
So(d,T,;u) = _ﬁ(m)\)3;

since the first term yields the familiar low fugacity expansion of the bulk
pressure. It can be checked that when p < 0 the finite size correction term
is O(exp (—v/—pd/2)), thus giving a precise exponentially small estimate of
the remainder obtained from the Euler-McLaurin formula (184).



The Casimir Effect 2557

For y1 = 0 the r-series in (187) is convergent and we can write it in the

form
k2 2 k2
[dQZ (rjd2yz p<_2_v7>] d2/d$ < N2z >
12\ Ood 1 1 ; 188
=57z T /exp ~ ) — 0. (188)
0

The value of the integral is /7/2 and when this is inserted in (187), one
obtains the final result

¢(3) 1
T = — T, 1) — — 1
Qp(da 7#) dpbulk( mu) e 2 + 0O 3 ( 89)
which yields a non zero Casimir amplitude A(T,u = 0) = —%?6’) according

to the general definition (175).
One can impose different boundary conditions on the faces of the slab,
e.g. Dirichlet, k = @, or Neumann, k = =7, n = 0,1,2,... and find
¢(3)
T,

out by the same methods the value — %5 for the Casimir coefficient in these

cases (there are additional surface term contributions which are not present
when periodic boundary conditions are used).

Now few remarks and comments are in order.

The grand potential of a free Fermion gas does not have a Casimir term
for any value of the chemical potential. Indeed replacing the Bose by the
Fermi distribution in (181) gives a corresponding (u) function (182) that
is infinitely differentiable at « = 0 for all p. Since the function and all
its derivatives vanish at © = 0 the Euler-MacLaurin formula always yields
corrections smaller than any inverse power of d.

We note that the Casimir terms found in (189) are classical and uni-
versal, namely they do not depend on the Planck constant and the particle
mass. In fact, for the free Bose-gas, it follows from a simple dimensional
analysis that such a term is necessarily of the form C kT /d? where C is a
numerical constant. It is present at all positive temperature provided that
the density p of the gas is higher than the critical density p.(3). Accord-
ing to common wisdom, the Casimir force is due to Goldstone modes (i.e.
low energy excitations) that will occur in the bulk limit when a continuous
symmetry is spontaneously broken. In the grand canonical free Bose-gas it
is explicitly seen that the excitations (k) — u become gapless when p = 0.
It is known that this generates long-range particle—particle correlations

PP (r1,m2) = p* ~ po(T) |y — o ™, (190)
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as |ry — re| — oo in the condensed phase (London—Placzek formula [42]).
Here py denotes the Bose-Einstein condensation density of the perfect Bose-
gas. Casimir forces are usually attributed to such correlations in the critical
regime.

In the case of electromagnetic interactions, the Casimir term is always
present as a result of the long range of the forces. In the standard cal-
culation of the zero-temperature Casimir force between perfect conductors
(Section 2.2) the Casimir term appears because the third order derivative
(19) occurring in the Euler-MacLaurin expansion does not vanish, contrary
to the case at hand (183). This is due to the linear form hwy = hclk| of
the photon spectrum (non analytic at k = 0). Massive photons hwg =
c/(h|k])2 + (mc)? do not produce Casimir forces for the same reasons as
for fermions.

We have studied in detail the classical electromagnetic Casimir effect
in Section 3. In the spirit of the present analysis, one can say that such
Coulomb systems are critical at all temperatures because the potential fluc-
tuations are always of a long range, although charge correlations are them-
selves of a short range as a consequence of screening.
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