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Quantum fluctuations of the

electromagnetic field

vacuum energy from modes radiation pressure

vacuum fluctuations under the influence of boundary conditions
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MEMS and NEMS

colloids

e search for fifth fundamental force



Scattering theoretical approach )
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in one dimension Univoray

change of vacuum energy due to a scatterer
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for a pedagogical presentation see GLI, A. Lambrecht, Am. J. Phys. 83, 156 (2015)



Scattering theoretical approach >
with dissipation UND

det(Dn)
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Casimir energy at zero temperature
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o 27
R. Guérout, GLI, A. Lambrecht, S. Reynaud, Symmetry 10, 37 (2018)

Casimir free energy at finite temperature
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UFRJ group (2015)

Lamoreaux group (2001)
Decca (2016)
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Capasso group (2001) ~ Mohideen group (1998) Munday group (2018)

thy: Casimir (1948)
exp: Sparnaay (1958)

plane/plane plane/sphere sphere/sphere
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L < distance plane-sphere

R < sphere radius

I Ether et al. (2015)

I Torricelli et al. (2011)

I Chang et al. (2012)

I Jourdan et al. (2009)

I Banishev et al. (2013)

I Elzbieciak-Wodka et al. (2014)

I I I - I aspect ratio

I Bimonte et al. (2016)
I Krause et al. (2007)

I Decca et al. (2007)

I Mohideen, Roy (1998)
I Munday et al. (2008)
I Munday et al. (2008)
I Chan et al. (2001)

I Decca et al. (2003)

I Garrett et al. (2018)

I Man et al. (2009)

I Zwol et al. (2008)

I van Zwol et al. (2008)
[ ] I Garcia-Sanchez et al. (2012)
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— I Lamoreaux (1997)
[ | I Sushkov et al. (2011)
[ ] I Masuda, Sasaki (2009)
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M. Hartmann, GLI, P. A. Maia Neto, Phys. Scr. 93, 114003 (2018)
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27c
plasma wavelength —— (for gold)
Wp

h
thermal wavelength e @ 300K
ks T

T 2mc
dissipative wavelength —— (for gold)
Y

distance L

radius R

HHH— —+H ]
pm  100uym 1Tmm Tcm 10cm Tm

y .

I - ——HHH
100nm  Tpm 10

> even room temperature can be a very low temperature
> the sphere radius is often the (by far) largest length scale
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proximity force approximation (PFA)
Trirl] » Casimir force is non-additive
> PFA from semiclassics in k space and
its leading correction

. I" intermediate aspect ratios
R - . . .
L I"|IIIIII|I||I'I > accurate description of experiments

107

. i > theoretical understanding of corrections to PFA

M. Hartmann, GLI, P. A. Maia Neto, Phys. Rev. Lett. 119, 043901 (2017)
Phys. Scr. 93, 114003 (2018)

multipole expansion

> fmax increases linearly with aspect ratio
> numerics for larger aspect ratios becomes demanding
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sphere-plane geometry Oniversiy

R
proximity force approximation (PFA)
Trirl] » Casimir force is non-additive
> PFA from semiclassics in k space and
its leading correction

. I" intermediate aspect ratios
R - . . .
L I"|IIIIII|I||I'I > accurate description of experiments

0%

. i > theoretical understanding of corrections to PFA

M. Hartmann, GLI, P. A. Maia Neto, Phys. Rev. Lett. 119, 043901 (2017)
Phys. Scr. 93, 114003 (2018)

multipole expansion

> {¢max increases linearly with aspect ratio
> numerics for larger aspect ratios becomes demanding
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free energy

k TR 2nkg T
Forn = —— Z Z / dKle r(1)r(2)e_2"L) , &n= ﬂh B

n=—co pe{TETM} ¥ 1énl/c

force
Fpra = 27TR Fpp(L, T) Lifshitz formula

with free energy in plane-plane geometry

keT _ 0@ g2t
S S [T S e

n=-co pe{TE,TM}

> finite temperature
> arbitrary materials through Fresnel coefficients r,



Augsburg
University

Zero temperature and lN.k Universtit

perfect reflectors

Casimir energy at zero temperature for perfect reflectors
L -1
8:8pFA 1+ﬂ1E+O(R )

proximity force approximation

& o hcr®R
PPA T 72012
NTLO correction
1 20
ﬁ1_5——zz—1693

> polarization mixing?
» diffraction effects?
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z polarizations
R Z2xK . R N
érg = ——, eém = ére XK

|2 X K|

wave vector

K, = @R, R, = | = — I

basis function
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Wick rotation

free energy

_ ReT > triog[1- M(I& )]

round-trip operator
M = TpRpTpsRs

round-trip expansion

BT S S Teme)

n=-—oo r=1
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4r
P1s---sP2r (Zﬂ)

X <k1’ P, +|RP|k2r, Par, _> e (kz’ P2, _|R5|k19 P, +>

> reflection matrix elements

> plane: Fresnel coefficient, k conserved
» sphere: Debye expansion

> saddle-point evaluation of the momentum space integrals
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polarization bases

Fresnel plane N

. ZxXK . .

> érg = —— €m =€ XK
|2 < K|

) (out) (in) ]

> é\gl_n) _ K i X KA ¢

|K(out) X K(in)|

slout _ Kout) ¢ Klin)
+ |K(©ut) 5 )|

cos (,(("”)) =ér (K(i”)) - cos (X("“t)) = ére (K("“t)) N

at saddle point: Fresnel plane and scattering plane coincide (y{i"/°u = o)
for NTLO correction: tilt needs to be accounted for (y("/°u « o)
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scattering amplitude — geometrical optics
R 2ER
SWKB — (1 pf_ ——sin
P =1 2c c 2

with leading corrections

AR sin(©/2)

Sp =Sy (1 + %sp +0 (R_z))
_c cos(©)
~ 2&sin%(0/2)
__c 1
I = T sin(0)2)
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N 7R 2R . (©
(Ko, pou Rk, pl, 4) = oy P [T > (E)] Ppep

perfect reflectors (ry = 1, rre = —1)

1 1
PM™M = (A — B) + E (AS” - BSJ_) PTETE = —(A — B) - E (ASJ_ - BS”)

1 1
prem = (C—D) + R (Cs. =Dsy)  pmm=(C-D)+ R (Cs) —Dsy)

A= COS(X(OUt)) COS(X(in)) B = Sin(X(OUt)) Sin(X(in))
¢ = sin(x"*"") cos(x ™) D = —cos(y ") sin(x ")
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R r
trM' = (4—) / dk . . . dk—1 g(Ko, . . . , ky_q)e FftkorKer)
JT

saddle-point manifold
ko =--- =k Eksp

consequences for leading order (PFA)
> scattering plane and Fresnel planes coincide (X“”) = X("“t) =0)

> no polarization mixing(A =1,B=C=D = 0)
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M = (E) / dk . . . dk—1 g(Ko, . . ., Ky_q)e Ff(Korket)

_R OodK k! [F +1F +o(R_1)]
or g/c sp Rsp 0 R 1
with
Fo = glsp
Zfijkfffk + 3fijfffkk fll}} g lfu} gii
F, = - + =
1=k (%: 26 Z A, Z 20k LN

A;: eigenvalues of Hessian i=r—i
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saddle-point approximation (Fp)
— Lifshitz formula for the Casimir force

F =~ 27 ResTop(L, T)
free energy per area in plane-plane geometry

FoolL,T) = 22T z 3 / L

n=—c0 pe{TE,TM}

X log (1 - rs)rf,z)e_z'd)

effective radius
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> change of k = |k| allowed by
Gaussian width
H 1
Sk ~
P VLR,

> relevant angles for § < 1

8= Za_ki
> cutoffon k,
kR, ~1/L
effective area A~RL<KR <Ry
contribution from thermal fluctuations A £R1
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R r
trM' = (—) / dko . . . dk—1 g(Ko, . . ., Ky_q)e R (Koroket)

4L
R [ 1

= — dkep K- [F +—F+o0 R_1]
2r Jyse sp ®sp |70 R1 ( )

> diffractive corrections in Fy = glsp

> higher-order saddle-point approximation
exploiting symmetry of functions f and g —

fifijk fii i
Fr=gls - -y
1=glsp (Z 12 Z 8AiA; " — 2

ijk ij




Diffractive correction

contribution arising from Fy = g|sp
> leading term: proximity force approximation

> leading correction: diffraction

perfect reflectors, zero temperature

1 L
Ep = Epma (E + :Bd,pE)

diffractive contribution from the two polarizations

25 5

:Bd,TE:_ﬁ ,Bd,TM:_

total diffractive correction 5

fo=-—
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fifiz Tiij gi
Fi = - =i
1= ko (Z 2, Zs/l,-/lj T Lo

ijk ij

> only the last term can account for
polarization mixing

; 0 : (i) > one finds that the polarization mixing

terms cancel each other

> F; can be interpreted as arising from
specular reflection, but at a tilted tangent
plane [process (ii)]

both polarizations contribute equally with a sum of

1 5

Po=3-=

3 ;2
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. . 25
diffraction, TE -
272
. . 5
diffraction, TM -
272
trical optics, TE ! >
eometrical optics, -——
8 P 6 272
trical optics, TM ! >
eometrical optics, -— —
8 P 6 212

total correction



Relevance of diffraction

Casimir energy at zero temperature for perfect reflectors

her®R (1 20) L ®)
= -——]=-+4o0
72012 3 n?/R
leading correction
TE ™
diffraction 74.8% 15.0%

geometrical optics  51%  51%

N

» dominant contribution due to diffraction in the TE mode

> diffraction contribution depends on polarization

> geometrical optics contribution independent of polarization
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Electromagnetic vs. scalar field

leading correction to PFA based on electromagnetic field

1 15 1 5
TE= -~ — ™== =
P 6 2 A 6 2
leading correction to PFA based on scalar fields
G. Bimonte, T. Emig, R. L. Jaffe, M. Kardar, EPL 97, 50001 (2012)
L. P. Teo, M. Bordag, V. Nikolaev, Phys. Rev. D 84, 125037 (2011)

1
Dirichlet boundary conditions ~ Bpp = :
.. 1 20
Neumann boundary conditions Byy = -
Vg
total leading correction to PFA
1 20

Bi=Pre+Pm=Poo+Pw=7—-—

3 2

N
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> The Casimir free energy in the sphere-plane geometry has been
calculated semiclassically in momentum space for large spheres
accounting fully for the electromagnetic field.

> The results allow for an interpretation in terms of geometrical
optics and diffraction.

> The proximity force approximation has been derived for arbitrary
temperatures and materials.

> The leading correction has been derived for perfect reflectors at
zero temperature highlighting the role of diffraction.
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