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Many-body contributions to Green’s functions and Casimir energies
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The multiple scattering formalism is used to extract irreducible N-body parts of Green’s functions
and Casimir energies describing the interaction of N objects that are not necessarily mutually disjoint.
The irreducible N-body scattering matrix is expressed in terms of single-body transition matrices. The
irreducible N-body Casimir energy is the trace of the corresponding irreducible N-body part of the
Green’s function. This formalism requires the solution of a set of linear integral equations. The irreducible
three-body Green’s function and the corresponding Casimir energy of a massless scalar field interacting
with potentials are obtained and evaluated for three parallel semitransparent plates. When Dirichlet
boundary conditions are imposed on a plate the Green’s function and Casimir energy decouple into
contributions from two disjoint regions. We also consider weakly interacting triangular and parabolic
wedges placed atop a Dirichlet plate. The irreducible three-body Casimir energy of a triangular and
parabolic wedge is minimal when the shorter side of the wedge is perpendicular to the Dirichlet plate. The
irreducible three-body contribution to the vacuum energy is finite and positive in all the cases studied.
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L. INTRODUCTION

The total energy E;, of two static disjoint objects may be
decomposed as,

E12 = EO + AE] + AEZ + AEIZ: (1)

where E; is the energy of the vacuum (medium) without
objects, AE| and AE, are (self)-energies required to create
the objects individually in isolation, and AE;, is the
change in energy due to their interaction. The interaction
energy AE|, is finite for disjoint objects if it is mediated by
an otherwise free quantum field whose interaction with the
objects is described by local potentials. It is the only
contribution to the total energy that depends on the position
and orientation of both objects and determines the forces
between them. Casimir found that the electromagnetic
force between two parallel neutral metallic plates does
not vanish [1] and that the associated Casimir energy
AE|, may be interpreted as arising from changes in the
zero-point energy due to boundary conditions imposed on
the electromagnetic field by the metallic plates. Zero-point
energy contributions to the energies AE; of individual
objects in general diverge but the change AFE;, due to the
presence of two disjoint objects is finite.

Reliable extraction of finite Casimir energies for a long
time appeared to be restricted to very special geometries,
like parallelepipeds [2—4], spheres [5,6], and cylinders [7].
A multiple scattering formulation for computing Casimir
energies of smooth objects was developed by Balian and
Duplantier [8,9] but it relied heavily on idealized boundary
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conditions. Kenneth and Klich only recently observed [10]
that AE,, may be computed independent of single-body
contributions to the energy and is always finite for disjoint
objects. This two-body interaction energy is compactly
expressed [10,11] in terms of the free Green’s function,
Gy, and transition operators, T, T,, associated with the
individual objects,

1 [ d
AEIZ = - f_ 2—§Trln[l - G0T1G0T2]

2 00 27T
1 0 d ~ ~

=_ ¢ Trin[1 — T,7,], (2)
2 ) _w2m

where we have defined partly amputed transition operators
T, = G,T;,i = 1, 2. For potential scattering the interaction
energy may equivalently be expressed [12] in terms of the
potentials V; and the corresponding Green’s functions G;
Satisfying GiVi = GQTi.

In deriving Eq. (2) one formally subtracts divergent self-
energies and avoids the question of whether these diver-
gences have any physical significance. One, in particular,
circumvents the issue raised in [13,14] of how they should
be treated in the context of gravity, a problem that has so
far only been considered for parallel plates [15-17].
Although it does not address such conceptual points, the
irreducible contribution of Eq. (2) suffices to explain ex-
perimental measurements of Casimir forces between two
disjoint objects. Since the interaction energy for disjoint
objects is finite, errors due to numerical or other approx-
imations to Eq. (2) can be controlled. This has now been
demonstrated by explicit calculations for a number of
geometries and physical situations [18-21].

In this article we examine a recently proposed extension
of these ideas to more than two bodies. It was shown in [22]
that the irreducible N-body part of the total energy remains
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finite if the N objects have no common intersection. We
here explicitly evaluate the irreducible three-body part,
AE,3, of the total energy,

E123 = EO + AEl + AEz + AE3 + AE]Z + AE23
+ AE3; + AE o3, 3)
in several cases and verify that AE|,; remains finite even as
irreducible two-body contributions diverge. The formal

expression for AE|,; given in [22] is considerably more
involved than Eq. (2),

1 [~ d -
AE123 = = ’[7 —gTrln[l +X12{T|T2T3X23

2 00 27T
+ 111510 Xs — T\ 12T\ Ts — T\ T5T,T3X03
= 1 T2 T3 T2 X501 X05], “4)

where the X;;’s are solutions to the integral equations,
[1-T.T]1X; =1 (5)

We here obtain and evaluate alternate expressions for
irreducible Casimir energies that do not involve a loga-
rithm. The article is organized as follows. In Sec. II we
derive Faddeev-like equations for the scattering matrix
associated with N-objects and extract their irreducible
N-body parts. The associated N-body Green’s functions
are expressed in terms of one-body transition matrices
describing scattering off each object individually. The
procedure is illustrated for N = 2, and N = 3, for which
explicit solutions are obtained. The method is generaliz-
able to higher N. The general solutions of Sec. II are used
to obtain the Green’s functions for two and three semi-
transparent plates in Sec. III. The irreducible three-body
contribution to the Green’s function for three semitrans-
parent plates is found to exactly cancel the two-body
interaction of the outer plates when Dirichlet boundary
conditions are imposed on the central plate.

In Sec. IV we express the irreducible N-body contribu-
tion to the Casimir energy in terms of the N-body part of
the transition matrix. This avoids the computation of the
logarithm of an integral operator, but requires one to solve
a set of linear Faddeev-like integral equations for the
N-body transition matrix. In Sec. V we use this formalism
to obtain irreducible two- and three-body contributions to
the Casimir energy of two and three semitransparent plates.
The three-body contribution again cancels the two-body
interaction from the outer plates when Dirichlet boundary
conditions are imposed on the central plate.

In Sec. VI, we specialize to the case when two of the
three potentials are weak. For point potentials we prove
that the irreducible two-body Casimir energy is always
negative whereas the irreducible three-body contribution
is positive. The proof immediately generalizes to any form
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of the weakly interacting potentials. We also derive ex-
pressions for irreducible two- and three-body contributions
to the Casimir energy when the weak potentials have trans-
lational symmetry and the third potential represents a
Dirichlet plate parallel to the symmetry axis. Some of the
expressions for the irreducible two-body contributions ap-
pear to not have been noted in earlier studies. We obtain the
irreducible three-body contribution to the Casimir energy
in this semiweak approximation, and verify independently
that it is positive and finite.

In Sec. VII we use these results to investigate the irre-
ducible three-body Casimir energy of a weakly interacting
wedge placed atop a Dirichlet plate forming a waveguide
of triangular cross section. The potentials forming the
triangular waveguide overlap and the irreducible two-
body contributions to the vacuum energy diverge. How-
ever, the irreducible three-body Casimir energy is well
defined as long as the supports of the three potentials
have no common overlap. The irreducible three-body
Casimir energy is minimal (and vanishes) when the shorter
side of the wedge is perpendicular to the Dirichlet plate.
Inspired by the study in [23], we investigate the depen-
dence of the irreducible three-body Casimir energy on the
cross-sectional area and perimeter of the triangular wave-
guide. To emphasize that the finiteness of the irreducible
three-body Casimir energies is not only due to the sub-
traction of corner divergences, we, in Sec. VIII, consider a
waveguide with weakly interacting sides of parabolic cross
section that touch a Dirichlet plate. The conclusions for
weak triangular wedges generalize to parabolic wedges
with only minor changes in interpretation.

The explicit calculations in this article support the gen-
eral results of [22]. The irreducible three-body contribution
to the Casimir energy in the examples considered here is
always positive. It furthermore is continuous (and in this
sense is analytic in the corresponding parameter) when two
of the bodies approach each other and intersect.

Many-body effects can give significant corrections to
two-body contributions. The three-body correction for the
interaction of an atom with a bilayer, discussed in [24], can
amount to 15% [22]. Further, it is possible to envision
scenarios in which all two-body contributions are nullified
[25] and many-body interactions dominate. This could be
of interest for precision experiments that seek to minimize
extraneous influences.

II. MANY-BODY GREEN’S FUNCTIONS

The free Green’s function of a massless scalar field
in Euclidean space-time satisfies the partial differential
equation

[-V? + Z1Go(x, x) = 8P (x — X)), (6)

where V? is the Laplacian of flat three-dimensional space.
It is related to the corresponding free Green’s function of
Minkowski space-time by a Euclidean (Wick) rotation.
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The “one-body” Green’s function, G;, associated with the
time-independent potential, V;(x), describing the interac-
tion with the i-th object satisfies

[—V2 + 22+ V.(x)]G,;(x,x) = 6@ (x — x/).  (7)

The two-body Green’s function G;; solves a similar equa-
tion with the potential (V; + V;) associated with a pair of
objects, G;j; denotes the three-body Green’s function to the
potential (V; + V; + V}), etc. The potentials V;(x) of this
model [26,27] are proportional to §-functions that simulate
the interaction of the scalar field with classical objects.
Infinitely strong &-function potentials enforce Dirichlet
boundary conditions at the surface of the objects.

One obtains a formal solution to Eq. (7) by consi-
dering the differential operator as an integral kernel, and
manipulating the kernels as if they were matrices. To
emphasize the correspondence between integral kernels
and matrices, we replace: [—V2 +¢2]6®) (x —x) > G, !,
Vi(x)6®(x — x') — V;, and 6% (x — x’) — 1. Using ordi-
nary matrix algebra one obtains the formal solution to
Eq. (7) in the form

G; = Gy — GyT:Gy, (8)
where the transition matrix 7; is given by
T; =Vl +GyV)™' =1+ VGV,
=V, = V,GyV; + V,GyV;GyV; — ... 9

The second term in Eq. (8) is interpreted as due to
scattering off the i-th object. It corresponds to the integral
operator,

GoT,Go— ] &y, / P! Golx — x1)Ti(x;, X )Gol(x! — x7).

(10)
In the following, symbolic equations often are more com-
pactly written' in terms of partly amputated operators.
Equations for the physical operators are obtained by re-

placing every partly amputated Greens-function G;, poten-
tial V;, and scattering matrix 7, by,

Gi i GiGal, Vi i G()Vl', and Ti g GOTi‘

1D

A. Many-body scattering theory

The partly amputated N-body Green’s function satisfies
the equation

[1+V,+V,+...+VyIG, y=1 (12)

The numbers in the subscript of G, y relate to the respec-
tive potentials. We may treat the sum of potentials in

"This is like setting G, = 1.
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Eq. (12) as a single potential and thus proceed as for a
single-body. The solution may again be written in the form

GL.N =1- Tl...N’ (13)

where the N-body transition matrix T, , satisfies the
equation

(14)

The solution to Eq. (14) is an infinite series similar to the
one in Eq. (9), whose terms can be regrouped into compo-
nents 7} ,, that begin with the i-th potential and end with
the j-th potential. For N potentials we have N? such
components representing transitions from the i-th to the
Jj-th object. This decomposition of the N-body transition
matrix is of the form,

N N
T\n= Z Z TY n = Sum[T, ] (15)
i=1 =1

where the symbol Sum[A] stands for the sum of all ele-
ments of the matrix A. The matrix form of the N-body
transition operator is

o Ty - T

~ Iy Tvn - Tily

T, v= . . . : , (16)
™y 17 (R

where each component is an integral operator.

Inserting Eq. (15), and introducing Kronecker-0 integral
operators, Eq. (14) is equivalent to the following set of
integral equations:

S8y + VATY y = V.éy, (17)
k
In matrix notation this set of equations is
[1 + vdiag + @)YN] : Tl...N = Vdiag’ (18)
where we have introduced general matrix symbols
/ O Al A1 tt Al
A2 0 A2 tet A2
@?N — A3 A3 0 te A3 ,
\Ay Ay Ay - 0
N Ay Ay (19)
A 0 O
0 A O
Adiag = 0 0 A3
\o 0 0 - Ay
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Using these definitions with Eq. (9) we write,

[1 + Vdiag] ' Tdiag = Vdiag and [1 + vdiag] : (:){N = (:)Y...N’
(20

and use in Eq. (18) to derive
[1+0] \]-T\y= Toiag- (20

The set of linear integral equations of Eq. (21) are often
referred to as Faddeev’s equations [28,29] for nuclear
many-body scattering, but apparently have been known
[30,31] in the context of ‘“‘optical models” for atomic
nuclei since the 1950’s and may have been used in earlier
optical studies. The closely related approach in [32,33] is
known as Martin-Schwinger-Puff many-body theory.

Equation (13) relates the N-body Green’s function Gl,... N
to the N-body transition matrix Tl,...N satisfying Eq. (14).
Faddeev’s equations of Eq. (21) reduce the problem of
solving Eq. (14) for the N-body transition matrix to that
of inverting [1 + @] ] by solving a set of N linear
integral equations. Remarkably, @ . depends only on
single-body transition operators. The norm of @7 , is
less than unity (because the norm of single-body transition
matrices is) and Faddeev’s equations can, at least in prin-
ciple, be solved by (numerical) iteration [29].

B. N = 2: Two-body interaction

Using Eq. (12) the Green’s function equation for N = 2
has solution given by Eq. (13), where the transition matrix
is obtained by inverting the Faddeev’s equation in Eq. (21)
to yield

T, =[1+060]" 'Tdiag
_[X2 O ] T, ~-1,T,
s ol AP @
The integral operators X;; in Eq. (22) satisfy Eq. (5).

Summing the components of T, we obtain the total tran-
sition matrix as

T, =Sum[T,] =[1 - X;,G ]+ [1 - X5,G,]. (23)

The total two-body transition matrix T, can be decom-
posed into its irreducible one- and two-body parts,

le == Tl + T2 + Ale, (24)
with
~ 7, 0 ~ 0 0
Tl = > T2 = ~ 5
0 0 0 7,
3 X, O [ 7,7,7, -T,T
Ale — 12 1~2~1 ~ ~l ~2 ) (25)
0 X21 —T2T1 T2T1T2
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The irreducible two-body transition matrix AT}, includes
all contribution with scattering off both potentials.
Equation (24) and the definition in Eq. (13) imply the
following decomposition of the partly amputated two-
body Green’s function

Gp=1-T,-T,— AT, (26)

where AT, = Sum[AT),]. Summing the four indepen-
dent two-body transitions of Eq. (25), the irreducible
two-body transition operator in terms of the single-body
transition matrices 7, and T, is

AT, = Sum[AT )] = (1 — X15)G; + (1 — X5)Go.
(27)

C. N = 3: Three-body interaction

One proceeds similarly for three bodies. In this case the
formal solution to the Faddeev’s equation, of Eq. (21), is

5 X1[23] 0 0
T = 8 Xy O

0 X
y ~T1~ _T16§T2X32 _fl(:;zf3xz3
X —T2G3T\ X5y Ty —T1,G,T5Xy3 |,
—T3G, T Xy —T5G, 12Xy, T3
(28)

where the G;’s are related to 7,’s by Eq. (8) and the

two-body effective Green’s functions, Xijs (i # J), solve

Eq. (5). The three-body effective Green’s functions, X,

(i # j # k), satisfy the equation

Xl = T:T 3] = X[l — 1.6, 10X — TG T X3,
=1 (29)

The total transition matrix in this case is

T 123 = Sum[Tm]
=[1=Xip31G1 1+ [1 = Xop311Gol +[1 — X31121G3 1
(30)

The transition matrix may again be decomposed into
irreducible parts

Tin=T,+T,+ T3+ AT, + AT,; + ATy, + ATy,
(€29)

where
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— X T,T,
X3, 15T

Ale + ATz} + AT31 ==
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X T\ Ty _X13f1f3
—X53T,T5 (32)

—X3,15T, XT3\ Ts + X5, 15T, T

is obtained using the N = 2 expressions of Eq. (25). The new irreducible three-body part is

3 (1= X = Xi3 + Xipg)Ty [T1 X1 — Xips)T1G3 X317
AT = | [ToX1n — X3 T2 G3 X317 (1~ — X3 — Xy F 2(2[31])7:2
[T5X23 — Xa11T3G 1 X5 1T,

[T5X)5 — X3[12]T3G2X12]T1

The decomposition of Eq. (31) carries over to the decom-
position of the Green’s function

G~123=1_T1_T2_T3_AT12
- AT23 - AT31 - AT123. (34)

Summing the nine independent three-body transitions in
Eq. (33) we find that

A7:123 = Sum[ATm]
=—(1—-Xp—X;3+ Xl[zs])él — (I = X3 — Xy
+ Xo31))Gy — (1 — X3 — X3 + X3012))G5. (35)

Although not quite as obvious as for two-body scattering,
closer inspection reveals that each component of AT),;
indeed involves scattering off all three bodies. A similar
procedure can be used to obtain scattering matrices and
their irreducible parts for more than three bodies.

III. GREEN’S FUNCTIONS FOR PARALLEL
SEMITRANSPARENT 6-PLATES

We now apply this formalism to derive the Green’s
functions for parallel semitransparent plates of infinite
extent described by &-function potentials

Vl‘(X) = )\i(s(Z - a,»), (36)

where a; specifies the position of the i-th plate on the z
axis, and A; >0 is the coupling parameter. In the limit
A; — oo the potential of Eq. (36) simulates a plate with
Dirichlet boundary conditions. The translation symmetry
in the x-y plane can be exploited and Eq. (7) written in
terms of the dimensionally reduced Green’s function,
gi(z, /), defined by

d’k
(2m)
where x | is the component of x in the x-y plane. k | is the
corresponding Fourier component, and «* = {* + k7,
k3 = k2 + k3. Since the potentials of Eq. (36) do not
depend on the transverse dimensions, the Green’s functions

G, _y for N parallel plates also correspond to dimension-
ally reduced g; y.

Gi(x, x5 {) = K61 (7 2 k), (37)

[T1X31 — XipanT1G2 X3 1T5
[T,X3 — X2[31]T261X31]7:3 . (33)
(1 = X531 — X3 + X3p12))75

A. N = 1: Green’s function for a single
semitransparent plate

When substituted in Eq. (7), Eq. (37) implies that
gi(z, ) solves a one-dimensional ordinary inhomogeneous
second order differential equation with a §-function poten-
tial that can be solved explicitly, to obtain,

A; 1
1+ X; (2x)?

! !
—K|Z—Z — —K|Z—a; —K|Z —da;
ozl = Kle=ail g=rlZ=ail

N 1
gi(z, 7)) = P
(38)

where A; = A;/2k, and k was defined after Eq. (37). We
also arrive at this solution by starting from Eq. (8), which
for the dimensionally reduced Green’s function reads

8i(z. ) = golz — 2) — ri(Dt;ri(2), (39)

where g¢(z, z’) is the dimensionally reduced free Green’s
function, and r;(z) = g¢(z — a;). Equation (6) implies that

1 , 1
g0z, 7) = ﬂe—m—z 5 ri(z) = ﬂff"'r“"'- (40)

It will be convenient to define,

7i(z) =2kr(z) =e *lemaland Fij= e wlaimajl = g=xay,
(41)

where for notational convenience we have defined a;; =
la; — a;|. The dimensionally reduced transition matrix in
Eq. (39) is found by summing the series in Eq. (9).
Translational invariance in transverse directions and the
o-function potential render all integrals trivial and the
series can be resummed to give

A;
1+ A
(42)

t:(z, 7)) = 2k1;6(z — a;)6(z' — a,), ti =

In the Dirichlet limit (A; — o0) the transition matrix
simplifies further to 77 = 1. Inserting the dimensionally
reduced transition matrix of Eq. (42) in Eq. (39) reproduces
the explicit solution of Eq. (38).
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B. N = 2: Green’s function for parallel
semitransparent plates

The previous procedure is readily extended to compute
the Green’s function of N semitransparent plates located at
z=a;, i=12,...,N, and described by potentials of the
form given by Eq. (36) with associated strengths A;.
Generalization of Eq. (39) in particular gives the relation

ginzd)=gz—2)—r@" -t _y-r(@), (43)

between the dimensionally reduced Green’s function
g1 n(z 7)) and the corresponding components of the di-
mensionally reduced transition matrix. The vector r(z)
constructed out of the dimensionally reduced free
Green’s function originating or ending at a plate is given by

r(2)" =[r12), n@. ..., rv@)]

1

= _[e—K|Z—al|, e—K|Z—az|’ .

—klz=ayll (44
P e l @4

An advantage of this approach is that the Faddeev integral
equations, Eq. (21), collapse to algebraic equations for the
dimensionally reduced transition matrix t; , due to the
translational symmetry and the &-function potentials.
The transition matrix decouples from the r vector, which
leads to considerable simplification in the evaluation of the
Green’s function. A similar simplification occurs for con-
centric cylinders and concentric spheres.

The dimensionally reduced two-body transition matrix
can be read out from Eq. (22) once the corresponding X;;
has been evaluated. With the single-body transition matri-
ces of Eq. (42) all integrals evaluate trivially and the
solution of Eq. (5) for X;; is

1
X;; —
ij Ji ’
Ajj (45)

Using Eq. (22), the dimensionally reduced transition
matrix for two plates is

it ] (46)

Equation (46) inserted in Eq. (43) gives the Green’s func-
tion for two semitransparent parallel plates. In the Dirichlet
limit, 7, = 7? =1, we have A;; — Af} = (1 — e~ 2K4),
and the transition matrix for two Dirichlet plates simplifies
to

D __ K eKaij _1
th = 7[ L ] 47)

sinhka;; erdii

From Eq. (24) we similarly obtain the irreducible two-body
part of the dimensionally reduced transition matrix as

PHYSICAL REVIEW D 83, 125032 (2011)

Atlj == _2K _
e
oo
=2_K ilflifjfjil_‘i __ii_Filej; (48)
A T

which in the Dirichlet limit simplifies to

P
At3=7[ . ] (49)

SinhKaij e i

The two-plate Green’s function has been obtained pre-
viously [18] in a more direct manner. We reproduced it
using the multiple scattering method because this approach
readily generalizes to more than two plates.

C. N = 3: Green’s function for three parallel
semitransparent plates

The three semitransparent plates i, j, and k, of in-
finite extent and parallel to the xy plane are described
by potentials of the form given in Eq. (36). Without loss
of generality we assume that a; <a; <a; (see Fig. 1).
In the previously introduced notation this implies that
a;; + ay = ay. The vector r(z) in Eq. (44) now has three
components.

The dimensionally reduced three-body transition matrix
is obtained by solving Eq. (29) for Xjj ;) using the X;; of
Eq. (45). For three semitransparent parallel plates one
finds that

1
XX = —
] b
Ajjk
Ajjp = 1 = 1757, — Lty — GFgliFig
+ ZEIFljfjfjkEkal (50)

Using Eq. (50) in Eq. (28) we obtain

i J k

FIG. 1 (color online). Three parallel plates. Plates i and k are
separated by distances a;; and aj;, from the center plate j.

125032-6



MANY-BODY CONTRIBUTIONS TO GREEN’s FUNCTIONS ... PHYSICAL REVIEW D 83, 125032 (2011)

) LA ~LFgml; T flk[]] I It is apparent from the solutions for the N =2 and N = 3
t.., = it R F A, TiF i, case that terms contributing to the transition matrix in the
ijk A Ltk jSki JAUR SN . . . .
ik | =L Rt Bl A multiple scattering expansion erend expOI}entlally. on the
51 length of the path of propagation. Expanding the inverse
GD " eterminants A;; and A;j; gives all paths contributing to
the scattering operator. This is particularly transparent in
where our essentially one-dimensional example.
From Eq. (33) the dimensionally reduced, irreducible,
k] i~ Fad e (52)  three-body transition matrix is similarly evaluated as
|
fl—L_L_Fﬁ fﬁ_;rf[k]“ ;'ﬂ_;ik[/]‘
! A Ay ijk Ha;; A |77 Ay Ajjk k
o= 7L Ltz 7l — L — L A 7o itz
At = 2k t,{ . Ai,k} i t]{l 3, A, + ”k} IJ{A,»k ,-jk} k (53)
70 Tuly 77 Ty I B B
k{ ki Aijk}tl I Ay ijk t/ tk{l Ay Ay + Ai/‘k}
|
It is interesting to consider the situation when Dirichlet 2 P -
boundary conditions hold on the j-th plate between the li N TRk
other two plates. Taking the limit 7; — 72 = 1, the deter- Atjor = 2k 0 0 0 = —Aty,
minant for three parallel plat.es is found to factorize into a fooif 0 Ek{l - AL}
product of two-body determinants, . .
(58)

Ajook = AjooAjeo = (1 = fieizml"j)(l - fkeizm"k), (54)
where replacing the subscript of a plate by oo denotes
Dirichlet boundary conditions on that plate In this situ-
ation, Fik[oo] = (1- t )r,k 0, Fioo[k] = X iAo, T Tkoo[i] =

e kA, and Eq. (51) simplifies to

fi— —fix- 0
too =2kl =liy L 1 kg (55)
icok Do T Ao Ao Ao 'k
-y -
0 kA_ v

This leads to the observation that

ticok = tio t teo — t7 = t; + P+t + Aty + Aty

(56)

Comparing Eq. (56) with the decomposition of the three-
body transition matrix into irreducible one- and two-body
parts in Eq. (31) this implies

Atiook + Atik = 0, (57)
which confirms the notion that modes in the two half-
spaces on either side of a Dirichlet plate are independent
and that correlations between them must vanish. The irre-
ducible three-body correlations in this limit therefore must
cancel irreducible two-body correlations between objects

on opposite sides of the plate. Taking the Dirichlet limit on
the central plate in Eq. (53) this is verified explicitly,

where we have used Eq. (48).
Let us finally consider the case when Dirichlet boundary
conditions are imposed on all three plates. The three-body

determinant  again  factorizes, A, = AJAL =
(1 — e 2xai)(1 — e~ 2%4x), and
Kajji _ 1
2 sienhfial-j 2sinhka;; 0
_ _ 1 Kaj;; Ka ik _ _
tzl;k 2k 2sinha;, 2sienh;:a,»j + ZSienhLa,k 1 2sinhka;
_ 1 Kaji
0 2sinhkay ZSienhKajk
=7+t +tP + Ath + Ath, (59)
in the limit of three Dirichlet plates. This implies
At + Atj = 0, and is explicitly verified by Eq. (53) or
Eq. (58),
e ik 0 —1
K
AP =———— 0 0 O = —Ath,
Y sinhkaj, 10 e !
(60)

using Eq. (49).

IV. MANY-BODY CASIMIR ENERGIES

Casimir energies are finite parts of the vacuum energy
that describe its dependence on configurations of macro-
scopic objects. The interaction of classical objects with
quantized fields at low energies can be described by
background potentials. It is known [14,22,34-36] that
such a semiclassical description for the interaction with
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a quantized field suffers of (local) ultraviolet divergences.
A proper treatment of the interaction at high energies
requires modeling of the quantum fluctuations associated
with the objects. One fortunately sometimes is able to
isolate parts of the vacuum energy that depend only on
global changes of the system and can be reliably computed
in semiclassical approximation. In the following we sys-
tematically determine irreducible parts of the vacuum en-
ergy for a given number of classical objects. These
irreducible N-body Casimir energies diverge only if all N
potentials describing the classical objects have a region of
common support [22].

Let E, be the (infinite) vacuum energy associated with
zero-point fluctuations of a massless scalar field in the
absence of all background potentials, V;(x). The change
in vacuum energy in the presence of N objects associated
with the background potential, V = Y ;V,, can be derived
using field theory techniques, for example, in [18,27], to be

Eyn—Ey=— 2[ 277_ 202 Tr(Gy_y — Go)

= 2 [ —TrlnGl N

dag
=5 [ o Trin(1 — T, p). (61)
These expressions have recently been dubbed the Trace-
G-formula and Trace-Log-G-formula, respectively. For
frequency independent potentials, the relation between
them is established by differentiating Eq. (7),

G =GGaG, (62)

and ignoring a boundary term.

To proceed further we generalize Eqs. (26) and (34) and
decompose a Green’s function involving N potentials into
irreducible N-body parts,

G, n=Gy+ ZAG + 3 AG; +. (63)

i<j

Using Eq. (62), the irreducible one-, two-, and three-body
parts of the Green’s functions can be written in the form
(i#j+k

d G

AG,=G;— Gy = — e In=*, (64a)
d . G;G,

AG;;=G;; —AG,— AG; = ——— In=1—=,  (64b)
J J J dgz GZG]
AGl]k l]k AG AGJk - Ale’ - AGl

d . GyG,G,G
—AG; — AG = —— In L2 (6ac)

d*  G;;GjGLGo'

which is a (cascading) recursive definition that can be
extended to higher N.

PHYSICAL REVIEW D 83, 125032 (2011)

Equations (61) and (63) imply a corresponding decom-
position of the vacuum energy into irreducible N-body
contributions,

E, N—Eo—l-ZAE +YAE; +..., (65)

i<j

where

AE] N = _2f 27T2§2TrAG1 N- (66)

As shown in [22], and as will be explicitly verified in
examples below, the irreducible N-body contribution to
the vacuum energy diverges only if all N potentials have
a common support. One-body vacuum energies thus are
generically divergent, whereas two-body Casimir energies
diverge only if the two bodies intersect (and thus could be
viewed as one). More interestingly though, three-body
Casimir energies diverge only when all three objects
have a common intersection—the three bodies need not
be mutually disjoint and could, for instance, be arranged to
form a triangle.

Equation (13) relates the irreducible N-body contribu-
tion of the Green’s functions to the irreducible N-body
transition matrix,

d

TI'AGIWN = digz

_TI'ATIWNG()GO = TI'AT]NN Go.

(67)

The support of delta-function potentials V; is restricted to
the surface §; of the i-th object and components of the
transition matrix at most have support on the union of two
such surfaces. It is therefore convenient to formally define
a vector R(x), and a matrix R, with components

R ;(x) := Go(x — Y)|yes,., R;; = Go(x — Y)|;§§
(68)
Using these definitions in Eq. (62) we have
d
- aR= f PxR(x) - R(x)T. (69)

Writing the irreducible N-body transition operator in
Eq. (67) in matrix notation and using Eq. (69), we express
the irreducible N-body contribution to the vacuum energy
of Eq. (66) in the form

=)

The trace in the last expression is over matrix indices and
includes integrals over the lower dimensional surfaces of
the associated objects. Note also that Eq. (70) involves the
irreducible N-body transition matrix, T; ,, not its partly
amputated cousin T .

AEI‘..N 2§2TI[AT1 N d?ZR] (70)
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V. CASIMIR ENERGIES FOR PARALLEL
SEMITRANSPARENT 6-PLATES

We illustrate this formalism by evaluating the irreduc-
ible (scalar) Casimir energy for semitransparent parallel
plates described by potentials of the form given in Eq. (36).
Exploiting translational invariance parallel to the plates in
Eq. (70), the irreducible N-body Casimir energy per unit
area is described by dimensionally reduced quantities

PHYSICAL REVIEW D 83, 125032 (2011)

where L, and L, are the (infinite) lengths of the plates
in x and y direction, respectively. The integrals on , k,,
and k,, are performed using polar variables, which effec-
tively amounts to replacing ¢? — 2x?/3, where k was
defined after Eq. (37). The dimensionally reduced transi-
tion matrices, At, y, for N =2 and N = 3 are, respec-
tively, given by Egs. (48) and (53). The derivative of the
dimensionally reduced free Green’s function in this case is
the matrix

AE y 1 [ d
L =g Jy s gar) v
|
1 (] + Kalz)e—l(alz (1 + KalN)e—Ka]N
d o 2 (1 + kay)e 1 (I + kayy)e "«
Tt T ) A @t = . a2
dgzr [iw zr(z) - r(2) (2x)? : ‘ : (72)
(1 + KaNl)e_K”Nl (1 + KaNz)e_K“Nz ce 1

where a;; is the distance between the i-th and j-th parallel
plate defined previously.

A. N = 1, 2: Irreducible one- and two-body
Casimir energy for semitransparent plates

The irreducible one-body vacuum energy per unit area
associated with the i-th plate diverges. Equation (71) gives
it as the integral

AE;, 1 o0 27
L.L, 127T2/o Kt

with f; defined in Eq. (42). The one-body vacuum energies
are ultraviolet divergent at any nonvanishing coupling, but
do not depend on the relative position of the plates and
therefore do not contribute to forces between them.

The irreducible two-body Casimir energy per unit area
associated with plates i and j is obtained by inserting
Egs. (48) and (72) (for N = 2) in Eq. (71),

AE;, 1 (o 1
S = — 5 f szKl: - 1]
LxL 1277 0 Al]

X [2ka;; + (1 — 1) + (1 —7))],

(73)

(74)

AEijk o 1 f°°
L.L, 127° Jo

>

i Au ijk

>

+ f{] IR +
! Aji Ajk Aijk
1

_ o Aij
+ 2(1 + Kaij){A“ - 1}{1 - r,»j[k]e"“w Ak}]
ij

1

Ak

- 1 1 A 1 A
szK[ ,-{1 - + "k} +2(1 + Kajk){r - 1H1 — Tiie Ajk}

. . A
lk} + 2(1 + Kaik){L - 1}{1 - f'ik[j]eku"k AAlk} + fk{l - L - L + U}

where the two-body determinant is given by Eq. (45).
Equation (74) for the Casimir interaction energy of two
semitransparent plates was obtained previously in [27]. In
the Dirichlet limit, 7; — 1, Eq. (74) simplifies to the well-
known Casimir energy for a massless scalar field satisfying
Dirichlet boundary conditions on a pair of parallel plates,

L I T
LyLy 1272 Jo e —1 1440 a;’

(75)

Equations (74) and (75) are finite and negative for two
disjoint plates.

B. N = 3: Three-body Casimir energy
for three parallel plates

The irreducible three-body Casimir energy of three
plates is similarly obtained by inserting Egs. (53) and
(72) (for N = 3) in Eq. (71),

jk

(76)
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When Dirichlet boundary conditions are imposed on the
central j-th plate, the relation between irreducible two- and
three-body transition matrices noted in Eq. (57) implies a
corresponding relation between two- and three-body
Casimir energies,

AEiook + AEik = 0. (77)

This is explicitly verified by using the factorization of the
three-body determinant in Eq. (54) and the Dirichlet limits
for 74 given after Eq. (54) in Eq. (76), and identifying the
irreducible two-body energy of Eq. (74) in the result.

In the Dirichlet limit for all three plates the irreducible
three-body Casimir energy cancels the well-known two-
body interaction between the outer Dirichlet plates,

1440 a3, L.L,

1

L.L,

(78)

where a;; is the distance between the outer plates.

This cancellation is to be expected on physical grounds
and serves to check the calculation. For semitransparent
plates the cancellation is not complete and the irreducible
three-body contribution to the total Casimir energy can be
significant for parallel plates. Note that the sign of the

10 0 v,
Th; =101 ‘8 _‘22(1 - fs)‘a
0 0 Xjy —T;5(1 — V)V,

Here X;"[’m satisfies Eq. (29), which to leading semiweak

approximation is solved by
X = 1+ T3(1 = V)V, + T5(1 = V)V,
+ T3V, T3V, + T3V, T, V. (80)
The transition matrix in semiweak approximation of
Eq. (79) may again be decomposed into its irreducible
one-, two-, and three-body parts, leading to the semiweak
version of Eq. (31). From Eq. (25) the irreducible two-body
transition matrices in semiweak approximation are,

) 0 7,77,
AT%?’ = ~‘7%T3~‘71~ o ON .
TV,G3V, T3V,G3V,

where Gy = 1 — T.

PHYSICAL REVIEW D 83, 125032 (2011)

irreducible N-body contribution to the scalar Casimir en-
ergy alternates. Although not apparent from the expression
of Eq. (76), this irreducible three-body contribution to the
Casimir energy is positive for any positive couplings A,
Ay, A3 and any relative position of the three plates. For
parallel semitransparent plates we thus verify the more
general result obtained in [22]. Also, as discussed in [22]
and noted previously, the three-plate Casimir energy di-
verges only if all three plates coincide.

In the following we will see that these generic results for
the sign and analyticity of the three-body scalar Casimir
energy hold in the limit where two of the three potentials
are weak and need only be accounted for to leading order.

VI. THREE-BODY SCALAR CASIMIR
INTERACTION FOR SEMIWEAK COUPLING

We now consider irreducible vacuum energies for three
bodies when two of the three potentials, V| and V,, are
weak and need only be taken to leading order. No restric-
tion is imposed on the potential V53 describing the third
body. To the leading order we thus approximate 7 ~ V;
and 7, ~ V, in Eq. (9). The three-body transition matrix of
Eq. (28) in this semiweak approximation simplifies to

Vil =TV, =Vi(1 =V, + T3V,)T;

5 V2 B 5 _V2(1 - V~1 + T3‘71)f3 (79)
=T5(1 = V)V, T3
|
. 0 -V,\V
AT% _ o 1V2 ’
-V,V; 0
0 v, T 6D
AT% _ o ) ~i ~3 i
’ —T5V; T5VT;

with i =1, 2. Similarly approximating Eq. (33), the
three-body transition matrix in semiweak approximation
becomes,

(82)

— T3V GV, T — T3V,G5V, T

Casimir energies in the semiweak approximation are obtained using Egs. (66) and (67). Inserting Eq. (81) in Eq. (67) we

have to this approximation,

d
d

d
i’ TG, V,GyV,], (83a)
d
—— Ti[Gy VG, T3],

i=12). (83b)

di?
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The corresponding irreducible three-body contribution using Eq. (82) in Eq. (67) is

— TrAG,, = Tr[ATW

»ag d¢

Inserting Eq. (83) in Eq. (66), and integrating by parts, the
irreducible two-body Casimir energies in semiweak ap-
proximation are

1 [ di
AE}, = _Ef_wETTr[GOVIGOVZJ’ (85a)
W 1 [ d{ )
AEf=—5 | S-TGV,GT: (i=12),  (85b)
—o0 £TT

verifying results reported in [12]. The corresponding irre-
ducible three-body contribution to the Casimir energy in
semiweak approximation using Eq. (84) in Eq. (66) is

1 (o di
AEY), = 5 /7 oy Tr GV Gy T5GoV, + GoV2,GoT5GyV,

- G0T3G0V1 G0T3G0V2]. (86)

In the following we evaluate Egs. (85) and (86) for some
special cases.

A. Weak point potentials
Weak point potentials of the form,
Vi(x) = AiS(S)(X —X;), (87)
fori = 1, 2, allow one to explicitly perform the integrals in

Egs. (85) and (86). In this case we have

AA o d
e —g[Go(X1 -x,) <0, (88)
2 —00 277

and, using Eq. (8) in Eq. (85b),

AEY, =

A [ d
2= =5 [7 L4460~ Gitxx)} <0, (i=1.2)
(89)

because the integrand in braces is positive for positive V5.
The irreducible two-body contributions to the vacuum
energy thus are negative for weak point potentials. We
similarly obtain that the irreducible three-body correction
to the vacuum energy,

MAy (o d
ABl, =22 [7 S 1Gyx, - )P
= [G3(x1, %)} > 0, (90)

in this case is positive for any (positive) potential V5. Note
that the irreducible three-body Casimir energy in semi-
weak approximation diverges only if x; = X, is in the
support of V;.

The pattern in the sign of the irreducible N-body
contribution is consistent with the findings of [22].
Furthermore, since any positive potential is a (positive)

d d
R] = — 5 TGy V1GoT3GoV, + GoV2GoT3GoVy — GoT3GoViGoT3GoVal.  (84)

superposition of point potentials, this pattern of the signs of
irreducible N-body contributions extend to any shape of
the objects in semiweak approximation. This is explicitly
verified by the following examples.

B. Weak potentials with translational
symmetry parallel to a Dirichlet plate

We consider a Dirichlet plate and weak potentials that do
not depend on the Cartesian coordinate x,

V;=Viyz), fori=172; and
V3 = /\35(2 - a3), with /\3 — 00, (91)

To evaluate Egs. (85) and (86) for such potentials we
require the operator GT? G, for a Dirichlet plate. In order
to exploit the translational symmetry in x direction we
write the solution to Eq. (6) for the free Green’s function
in the form
d2k ) e_K|ZI_ZZ|
Go(lx; — x,|: &) = ekxi=x)) =
0(| 1 2| g) (277_)2 2
= /oo &eikx(xlfxz) M
o0 27T 27

oIl x|

_ e 92
4mlx; — x| 2)

where d, = /(y; — y2)? + (z; — z,)? is the projected dis-
tance in the x; = x, plane, and &> = k2 + 2. K(x) is the
modified Bessel function of zero order. Note that « defined
after Eq. (37) satisfies k> = &* + k2. Using the first equal-
ity of Eq. (92) and the dimensionally reduced transition
matrix of a Dirichlet plate given in Eq. (42) one can show
that

— AGR(xy, x250) = [GeTY Gol(x1, X2; {)

= Go(lx; — %25
— [00 %eikx(xlfxz)w’ ©93)
—o0 2 2ar

where X, = (x5, 2, —2» + 2a3), and d;, is the length of
the shortest path between x; and X, in the (x; = x,)
plane that reflects off the Dirichlet plate. For a Dirichlet
plate at z = a3, this distance is given by 3%2 =
1 = ¥2)? + (lzy — a3l + |z — a31)>. A geometrical in-
terpretation of d;, and d;, is shown in Fig. 2.
Substituting Eq. (93) in Eq. (8) leads to

GY(x1,%5:0) = GolIx; — X513 0) — Go(Ix; — X,150),
%94)
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! (3/2,2’2)\/ L’ 5“'/\
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FIG. 2 (color online). The distances d;, and d,,. The effective
distance d, is the shortest distance between the two points for a
path that reflects off the Dirichlet plate at z = as. It also is the
shortest distance between (yy, z;) and a mirror image of the point
(y2, z2) with respect to the z = a3 line.

= ag

(y2, —22 + 2a3) v Dirichlet plate

which is antisymmetric under reflection about the Dirichlet
plate. Note that if x; and x, are on opposite sides of the
plate, dj, = dy,, and G¥ vanishes.

Substituting Eq. (92) for the free Green’s functions, and
Eq. (93) for the irreducible Green’s function of a Dirichlet
plate in Egs. (85) and using the identity

o0 1
0 X

the irreducible two-body Casimir energies per unit length
in semiweak approximation for potentials with transla-
tional symmetry are

AEY, _ [dzrl fdz Vl(l'l)Vz(I’z)’ (96a)
L, 027
AEY Vi(r)
2= — d?r—L = 1,2). 96b
L, 3277'2 ,[ d |z]? (i ) (96b)

The Casimir energy in Eq. (96a) for two weakly interacting
objects with translational symmetry was previously ob-
tained in [37]. The Casimir energy for a Dirichlet plate
weakly interacting with an object possessing translational
symmetry was obtained in [12], but was given as a series
involving modified Bessel functions. The expression in
[12] generally is much harder to evaluate than Eq. (96b).
The simplification in Eq. (96b) was achieved by using the
effective Green’s function for a Dirichlet plate in Eq. (93).
For many potentials, the evaluation of the Casimir energy
by Eq. (96b) is immediate. We can, for example, calculate
the two-body Casimir energy for a cylinder of radius a,
described by the weak potential V.,; = AS(r — a), inter-
acting with a Dirichlet plate positioned at 7 = R > a. From
Eq. (96b) one readily finds,

AES pp _ [ f 40 AS(r — a)
L, 32 |rsind — R|?
Aa 1 a-1-3/2)
Epan 97
167 R2[ R2] ©7)
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which reproduces the expression in [12]. A similarly sim-
plified evaluation is expected for an arbitrary surface with
translational symmetry weakly interacting with a Dirichlet
plate parallel to the symmetry axis.

The irreducible three-body Casimir energies for transla-
tionally invariant weak potentials and a Dirichlet plate can
be similarly evaluated using Eq. (86). The first two terms in
Eq. (86) involve the product of the free Green’s function,
Gy, with the irreducible Green’s function for a Dirichlet
plate given in Eq. (93). The last term requires the product
of two irreducible one-body Green’s functions. A useful
identity for the product of two modified Bessel functions of
zeroth order is

[o0] 1 X—Yy 1
[ RdRKy(R3)Ko(RY) = ——— 1n(f)—3—2. (98)
0 xXT =y y 2x

Inserting Eqgs. (92) and (93) in Eq. (86) to write the Green’s
functions in terms of modified Bessel functions, and then
using Eq. (98), we obtain

AEY 1 Vi(r)Vy(ry) (d?
L123 =5 fd2r1fd2r2 | 1672 »(Irp Q(a‘r_éz)
X 12 12
(99)

where the distances d,, and d,, were introduced earlier and
are shown in Fig. 2. The function

21nx

Ox) = -1 (100)
— X

is bounded by 1 = Q(x) =1—2Inx in the relevant
domain 0 < x = 42 d <1 This implies that the three-

body Casimir energy of Eq. (99) is always positive and
bounded by

1 [dzrlfdz Vi(r)V,(r,) AE%}
325 Z, L,
. f dPr ] &2, LTV (r2) rl)zv 2<r2)[1 21n<‘f—i2>].
=3 &, &,

(101)

d,, is the distance between a point on the first object and
another point on the reflected image of the second object
(see Fig. 2). It vanishes only at points where the two weak
objects and the Dirichlet plate are concurrent. The irreduc-
ible three-body Casimir energy in the semiweak approxi-
mation of Eq. (99) thus is finite if the three objects have no
point in common. This contribution, in particular, does not
diverge as the objects approach the plate or each other,
corroborating the findings in [22]. Note that the lower
bound in Eq. (101) is the two-body Casimir energy be-
tween weak potentials of Eq. (96a), but with the reflected
object (d;, — d;,) and of opposite sign. The irreducible
three-body Casimir energy approaches the lower bound for

‘f—iz ~ 1 and thus partially cancels the irreducible two-body
12
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energy if one or both objects approach the Dirichlet plate.
In fact, if the two weakly interacting objects are entirely on
opposite sides of the Dirichlet plate, the lower bound is
achieved because dj, = d,, and the three-body Casimir
energy cancels the two-body interaction energy between
them precisely.

The following examples demonstrate the finiteness,
sign, and analyticity, of three-body contributions to

Vi(y,2) = M8(—z + my(y — @))8,, with
Va(y, 2) = A8(—z + mg(y — b))8,,  with
V3(Z) = /\36(2), with /\3 — 00,
The sides of the wedge have slopes m, = — cota and
mg = —cotf3, and lengths VA + a® and Vh? + b?, re-
spectively. The constraint m,a = mgh = —h forces the

sides to intersect at (y = 0, z = h), where £ is the height of
the triangle. The base of the triangle formed then measures
|b — al. Note that the Dirichlet plate at z = 0 is of infinite
extent. This triangular wedge on a Dirichlet plate is de-
picted in Fig. 3. Suitable parameters for describing the
triangular waveguide are (h, a, B8), or (h, @ = a/h, b =
b/h). Without loss of generality we measure all lengths
in multiples of the height /. The triangle then has height
h = 1 and the parameter space for the triangle is —oo0 < g,
b < o0, or, equivalently, —7/2 < o, B < 7/2.

Observe that all irreducible two-body Casimir energies
in Eq. (96) diverge due to ultraviolet contributions from the
corners of the triangle where pairs of potentials overlap.
More precisely, the integrand AE}, diverges when d;, ~ 0
near the vertex of the wedge. The integrand of AE)
diverges when z; ~ 0 near the corner with the Dirichlet
plate. The irreducible three-body Casimir energy, AEY),, in
Eq. (99) on the other hand is finite because d;, never
vanishes in the integration region. Substituting the poten-
tials of Eq. (102) for the semiweak triangular waveguide in
Eq. (99) and evaluating the z integrals gives

(0,h)
L RRTS
Y
z -
I
(a,0) (b,0)

FIG. 3 (color online). Weakly interacting triangular wedge on
a Dirichlet plate. The objects are of infinite extent in the
x-direction. The weakly interacting sides of the wedge (in red)
have finite length.
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Casimir energies for cases in which irreducible one-and
two-body contributions to the vacuum energy diverge.

VII. TRIANGULAR WEDGE
ON A DIRICHLET PLATE

We first consider a triangular wedge with two sides
described by weak potentials atop a Dirichlet plate at z =
0, forming a waveguide of triangular cross section:

0, = 6(y — min[0, a])0(max[0, a] — y), (102a)
0, = 60(y — min[0, b])6(max[0, b] — y), (102b)
(102¢)
o AE‘I};:% )\1A2 -1
Ela B) == [3273]

2
=1abl ' [ diirduy o(42) a0y

0 Jo Up Ui

where we have rescaled the integration variables,
vi = lalu; and y, = |b|u, by the respective lengths. All
distances have been expressed in units of h: dy, = hu,
and 6?12 = hlx_tlz, with

=2

ity = (au, — buy))* + 11— uy| + |1 — w2, (104a)

w3y = (au; — buy)? + (uy — uy)™ (104b)
With the function Q(x) defined in Eq. (100) the three-body
interaction energy of Eq. (103) is finite and can be eval-
uated numerically. In Fig. 4 we plot £(a, B) as a function
of the angles « and 8. The three-body interaction energy is
always positive and vanishes (and is minimized) only for
a = 0, or B = 0. It is minimal when the shorter side of the
wedge is perpendicular to the Dirichlet plate. Wedges with
angles <0< a or a <0< are energetically pre-
ferred over wedges with angles a, 8>0 or «a, 8<0.
The three-body Casimir energy diverges only when all
three sides of the triangle have a point in common, i.e.
when @ = B,ora = —3 = *7/2.

Abalo, Milton, and Kaplan, recently [23] investigated
the dependence of the Casimir energy on the area and
perimeter of triangular waveguides on which Dirichlet
boundary conditions were imposed. Although only interior
modes were taken into account and divergences associated
with corners and single-body vacuum energies were re-
moved ad hoc, they found that the dimensionless Casimir
energy of their triangular wave guides closely follow a
universal function of the dimensionless ratio (P?/A) of
the perimeter P and area A of the cross section. This would
imply that the Casimir energy of triangular wave guides
depends on just one, rather than two, dimensionless pa-
rameters. Although we cannot expect a similar depen-
dence, the universal behavior observed in [23] prompted
us to also investigate the dependence of the semiweak

13
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FIG. 4 (color online).
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Casimir Landscape: £(a, B) as a function of the opening angles a and B for a weakly interacting triangular

wedge on a Dirichlet plate. The valley connecting the a >  region with the @ < 3 region is an artifact caused by limited numerical
accuracy. The valley should be replaced by a very thin and infinitely high wall describing the sharp change in energy when all surfaces
overlap. On the right, the shapes of the triangles are matched to the respective regions of the a-f plane.

three-body Casimir energy on the dimensionless perimeter
p = (P/h) and dimensionless area § = (A/h?) of the
triangular waveguide. It is also of interest to inquire for
what configuration the energy of a triangular waveguide is
minimized if the cross-sectional area is kept fixed. The
dimensionless area § and perimeter p of the triangular
wedge are given by

16 — al,

I
oY

1
3 (105a)

p=1b—al+V1+a+v1+5b%

(105b)

=~ T >

The parameter space of a triangular wedge in this case is
§=0, and p = 25 + 2V1 + 52 = Max(2, 43). See Fig. 6.
The inequality, p > 45, is a consequence of the triangle
inequality. In Fig. 5 we plot the energy as a function
of a for fixed area: A=h% or |b—al=2, or
| tanB — tana| = 2. The three-body Casimir energy for a
waveguide of given cross-sectional area is minimal when
the shorter side of the wedge is perpendicular to the
Dirichlet plate (& = 0 or 8 = O[a = tan"!(—2)]). In the
intermediate region the energy is extremal for an isosceles
triangle (—a = b = 1) with &(—1, 1) = 0.893112.... The
dashed curve in Fig. 5 represents the approximation
£(a, b) ~ |ab| obtained by setting the dimensionless in-
tegral in Eq. (103) to 1. Remarkably, this extremely simple
expression for the irreducible three-body energy is accu-
rate to better than 10% everywhere. We also show reflec-
tions of the curves to illustrate that the discontinuities in
the slope are entirely due to the absolute value in the
prefactor | b | and the integral itself is analytic.

We rewrite the irreducible three-body Casimir energy as
a function of the cross-sectional area and perimeter by
inverting Egs. (105) to obtain

i —3§ if b>a
a={ a—soirb=a (106a)
+a+5  if b<a,
. +@+ 5 if b>a
b={ ars irb=a (106b)
Qi -5, if b<a,
where
L (P28 L e
B= 55 (n g lPP — 4900p(p — 45 — 412 (107

Substituting Eqs. (106) in Eq. (103), the three-body
Casimir energy as a function of perimeter and area is

FIG. 5 (color online). £(a, b) as a function of a for fixed area,
A = h?. The irreducible three-body Casimir energy is minimal
when the shorter side of the wedge is perpendicular to the
Dirichlet plate (& =0 or b = 0). The maximum in the inter-
mediate region corresponds to the unstable equilibrium of an
isosceles triangle. The dashed curves are the approximation
£(a, b) ~ |a b | obtained by replacing the integrals in Eq. (103)
with unity. The dotted curves are reflections about the £ = 0
line.
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FIG. 6 (color online).
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Irreducible three-body Casimir energy of a semiweak triangular waveguide as a function of the cross-sectional

area and perimeter. This energy vanishes and is minimal along the line p = 1 + 2§ + v1 + 435>,

g5 =1pt -2l [ [P0 o(UE) o)

”12 Ui

where the rescaled distances in terms of area and perimeter
are given by

iy, = [@(u; — up) + §(u; + up) P+ [11 — ul
+ 11— |, (109a)
udy = [a(uy — uy) + 5y + ux) PP + (uy — up)®. (109b)

In Fig. 6 the irreducible three-body contribution to the
vacuum energy of a semiweak wedge is plotted as a
function of dimensionless area and perimeter of the cross
section. The energy now is minimal along the curve

2+ 25+ 0252 25<1,

~ ~ 2 _
p=1H 25N+ 4S {1+4§+(9(;§) 25> 1,
(110)

which corresponds to right-angled triangles. The energy
diverges along the line p = 2, § = 0, which corresponds to
the two sides of the wedge coinciding (o = (). In Fig. 6

the curve p = 1 + 25 + +/1 + 432 for s = 0 corresponds

Vl(yr 7) = )\15(_2 + 01()’ - a)2)61’
Va(y, 2) = M8(—z + By — b)),

V3(z) = A38(2), with A3 — oo

The parameters « and B here give the foci of the parabolas
and have dimensions of inverse length. The constraint
aa’ = Bb* = h implies that the two parabolas intersect
at (y =0, z = h). See Fig. 7. As in the case of the wave
guide with triangular cross section, the base has length
|b — a| and the height of the wedge above the Dirichlet
plate is /. The parameter regions are: —o0 < a, b < 00, or,

to right triangles of minimal energy, and the boundary of
the parameter space at p = 25 + 2v/1 + §2 for § =0 is
associated with isosceles triangles.

We do not observe that £(3, p) is a function of $%/5 only.
The rather good approximation obtained by ignoring the
dependence on the integral in Eq. (108), suggests that the
energy approximately is given by

_ ) = P2 — P — 45
4p(p — 43) ’
(111)

E( p)~ g2

a somewhat involved function of the perimeter and area.

VIII. PARABOLIC WEDGE
ON A DIRICHLET PLATE

To explicitly verify that not just corner divergences have
been subtracted in the irreducible three-body contribution
to the vacuum energy [22], we also consider a weakly
interacting parabolic wedge on a Dirichlet plate. It is
described by the potentials

with 6, = 6(y — min[0, a])0(max[0, a] — y), (112a)
with 6, = 8(y — min[0, b])#(max[0, b] — y), (112b)
(112¢)

equivalently, 0 = «, 8 < c0. We measure lengths in multi-
ples of i and use parameters (h, @ = a/h, b = b/h) to
describe it.

We proceed exactly as for the triangular wedge and find
that the three-body Casimir energy of a parabolic wedge is
also given by Eq. (103), except that the distances now are
given by
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FIG. 7 (color online).
Dirichlet plate.

Weakly interacting parabolic wedge on a

i3, = (au; — buy) + [(1 — up)? + (1 — uy)*P,
Uy = (auy — buy)® + [(1 — uy)?> — (1 — up)*

(113a)
(113b)

The three-body Casimir energy of a parabolic wedge
on a Dirichlet plate also is minimized when either @ = 0,
a=o0, or b=0, B = oo. Because of the constraint,
aa’> = Bb*> = h, the shorter side of the parabolic wedge
in this case degenerates to a straight line perpendicular to
the Dirichlet plate. Most of the analysis of the waveguide
with two sides of parabolic cross section is the same as for
a triangular one with only minor changes in interpretation.
We note that the rescaled area and perimeter of the para-
bolic wedge are

1 -
§==1b—al, (1142)
3
. - oara* . 2 4
p=|b—a|+—|:751nh 1?4— 1~|—?]
+5|: zsmh’1 2 + 41+ 4] (114b)
21 2 1;2 4

The three-body Casimir energy of a semiweak parabolic
wedge is shown in Fig. 8. The approximation of replacing
the integral by unity is not very accurate in this case,
but the overall dependence of the irreducible three-body

PHYSICAL REVIEW D 83, 125032 (2011)

energy of a parabolic waveguide on the parameters @ and b
is qualitatively similar to that of a triangular one.

IX. DISCUSSION

In Casimir studies one generally is interested in depen-
dence of the vacuum energy of massless quantum fields on
the presence of objects whose interaction with the quantum
fields is treated semiclassically, with quantum fluctuations
of the fields describing the objects themselves being dis-
regarded. This leads to an effective action with ultraviolet
divergent contributions associated with geometrical prop-
erties of the objects reflected by the coefficients [38,39] in
the asymptotic expansion of the heat kernel [34,40,41].
The corresponding ultraviolet divergences in the vacuum
energy are proportional to the spatial volume, surface
areas, curvatures, as well as number and type of corners
or intersections of the objects. They depend only on local
geometric properties of the system.

Fortunately, there also are nonlocal contributions to the
vacuum energy that do not depend on the high energy
description of the model and can be reliably obtained in
semiclassical approximation. The best known of these is
the force between disjoint classical objects due to vacuum
fluctuations, first obtained for parallel metallic plates by
Casimir [1]. It has since been shown that this force is
always finite [10] and that the associated finite contribution
to the vacuum energy may be computed for arbitrary
objects in terms of the single-body scattering matrices
with Eq. (2). The investigation of generalized pistons in
[42,43] suggested that one may isolate finite parts of the
vacuum energy that describe the forces between objects
even if these are not mutually disjoint. These ideas were
formalized in [22] where irreducible N-body contributions
to the vacuum energy were defined recursively and shown
to be finite unless the N-bodies have a common intersec-
tion. For a scalar field whose interaction with N-objects are
semiclassically described by positive local potentials, the
irreducible contribution to the vacuum energy furthermore
was found to be positive for an odd, and negative for an
even, number of objects.

We have here put these general considerations on a much
more practical and concrete footi -

-+-+ Reflections

FIG. 8 (color online). Irreducible three-body Casimir energy
for a parabolic waveguide of given cross-sectional area. See
Fig. 5 for description.

malism to extract and compute irreducible N-body contri-
butions from the single-body transition matrices. Starting
from Faddeev’s equations in Eq. (21), the irreducible parts
of the N-body scattering matrix were extracted recursively.
We used this formalism to compute several examples of
irreducible two- and three-body Casimir energies. All our
two-body results have been obtained previously, but we
were able to reproduce some of them in a much simpler and
direct manner. Our three-body results for irreducible
Casimir energies are new. The irreducible three-body con-
tributions to the Casimir energy of parallel semitransparent
plates was obtained analytically and indeed remains finite
when two of the three plates overlap. We showed explicitly
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how the irreducible three-body contribution precisely can-
cels the irreducible two-body Casimir energy of the outer
plates when Dirichlet boundary conditions are imposed on
the central plate—providing a raison-d’étre for both, the
existence and sign, of the three-body contribution to the
force. For semitransparent plates the cancellation is not
complete but can be sizable.

In Sec. VI we analyze the irreducible three-body inter-
action in semiweak approximation. In this approximation
we are able to compute the irreducible three-body Casimir
energy for objects that are not mutually disjoint and whose
irreducible two-body contributions diverge. The irreduc-
ible three-body contributions to the vacuum energy of a
waveguide constructed by placing a weakly interacting
triangular or parabolic wedge on top of a Dirichlet plate
was found to be finite and computable without intermediate
regularization. Our examples demonstrate that not only
corner divergences, but also divergences related to curva-
ture are subtracted by this procedure. We also explicitly
verified that the irreducible three-body contribution to the
vacuum energy of a massless scalar field is positive.

To develop a better understanding in a nonperturbative
setting, we are currently investigating the irreducible three-
body vacuum energy of a triangular waveguide formed by
imposing Dirichlet boundary conditions on three intersect-
ing infinite planes (the geometry is similar to that of Fig. 3,
but with sides of infinite extent). In the limit of an

PHYSICAL REVIEW D 83, 125032 (2011)

extremely flat triangular cross section, we intend to com-
pare the numerical results with analytic calculations. We
further wish to extend these methods to the physically
relevant electromagnetic case. Although irreducible
three-body contributions to the vacuum energy are ex-
pected to remain finite, we so far have no rigorous state-
ments about their sign for vector fields. They may be
responsible for catalytic dissociation of van der Waals
molecules near conducting surfaces. In [44] the interaction
of two objects in the presence of conducting walls is
analyzed and nonmonotonic behavior of the Casimir force
is observed. The analysis has been extended to situations
where the two objects are immersed in fluids to attain
repulsive effects [45]. The scalar analog of this setup for
two weakly interacting point potentials near a Dirichlet
plate was illustrated in [25] using Egs. (88) and (90) of
Sec. VI A. Interestingly, it is at least conceptually feasible
to directly measure irreducible electromagnetic three-body
contributions to the vacuum energy by balancing off irre-
ducible two-body parts [25].
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