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Casimir effect in QED 0 L1 5B\ R G

vacuum
1948: _T_ bound. condl
vacuum L conducting plates
‘ fluctuations 4 bound. cond?
July 15, 1909 — May 4, 2000

e normal modes of electromagnetic field between plates:

wg=clql; q=(qz,qy,9. =mn/L), meN

o ground-state energy.

he A 2
E(L Z hwg = CAV + CRA—Agid(d) — 2+ | Agen(3) = 5 -
TH |nf|n|t|es universal
L E hc
e (fluctuation induced) force: | Fo (L) = _Z—L —A dAGEN(d)

reviews: Bordaget al, Milton, Mostepanenko & Trunov, Elizalde & Romeo; Golestan& Kardar . ..
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1948: _T_ bound. condl
vacuum L conducting plates
‘ fluctuations 4 bound. cond?
July 15, 1909 — May 4, 2000

e normal modes of electromagnetic field between plates:

wg=clql; q=(qz,qy,9. =mn/L), meN

e ground-state energy:

1 . he A 2
B(L) = 5 Y hwg = CAV + Cf A — Agil(d) = AGeD(3) = 50
q?/’l/ 15 V ”
infinities universal
OE 0013 dyn

e (fluctuation induced) force: | F¢o(L) = A

9L (L/um)* cm?

reviews: Bordaget al, Milton, Mostepanenko & Trunov, Elizalde & Romeo; Goleggan& Mge%h 2008 - p. 2



UNIVERSITAT

Experimental Verification 0,015 B0 R G

S. Lamoreaux, PRB7, 5 (1997);
U. Mohideen and A. Roy, PRRB1, 4549 (1998) parallel plates: G. Bressi al, PRL 99, 041804 (2002)

® polystyrene spherd)(196 . m) and sapphire
plate coated with Au

® plate-sphere separations fr@nl t0 0.9 um
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S. Lamoreaux, PRB7, 5 (1997);
U. Mohideen and A. Roy, PRRB1, 4549 (1998) parallel plates: G. Bressi al, PRL 99, 041804 (2002)

20

Casimir force (10°N)
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solid line; Casimir force for plate-sphere ge-
® polystyrene spherd)(196 zm) and sapphire ometry including corrections due to

plate coated with Au e finite conductivity

® plate-sphere separations fr@nl t0 0.9 um e surface roughness

e finite temperatures
HW Diehl, KITP, Sept 4, 2008 — p. 3



UNIVERSITAT

Important Properties of Casimir Force (QED) Ea3ii

Casimir force (QED)
® isindependendf microscopic details‘(iniversal™)

® dependongross featuresf
® medium space dimensiod, dispersion relation, scalar / vector field,

geometry, ...
® boundariesboundary conditions, geometry, curvature, ...

® usually is described byoninteractind effective Gaussian) field theory
— coupling to matter field: only through boundary conditions
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Important Properties of Casimir Force (QED) Ea3ii

Casimir force (QED)

® isindependenodf microscopic details‘(iniversal” )
® dependongross featuresf

® medium space dimensiod, dispersion relation, scalar / vector field,
geometry, ...

® boundariesboundary conditions, geometry, curvature, ...

® usually is described byoninteractind effective Gaussian) field theory
— coupling to matter field: only through boundary conditions

Interacting Field Theories?
Yes, for condensed matter systems afritical points!
space dimensiord < 4: Ginzburg criterion failsasT — T, !
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M.E. Fisher & P.-G. de Gennes (1978):

© e large-\ modes~ massless
7 e considerconfinednearly criticalsystems
% .
o Cooint B, : area A
0 nearly critical fluid | 7,
K temperature
0 P B, :area A

partition sum:Z = Ze_HW = [Dpe "l = exp [~ Fp a(T)/kpT]
¢

Fra(T)
kpT

= LA fo(T) + A[fo1 (T, ) + foa(T, - )]+ A fees (T, L, ..)

7

Ve

bulk contribution surfacecontributions residual
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DEUS I SSEBNU RG

M.E. Fisher & P.-G. de Gennes (1978):
e large-\ modes~ massless
e considerconfinednearly criticalsystems

oO pressure

® Casimirforce perarea: | Fc(T,L,...)/A = —kgT

anocal B, :area A
nearly critical fluid | 7,
K temperature
B- :area A
I];—(T) = LA for(T) + A[fsi(T,..) 4 foo(T,.. )]+ A fres(T, L, ...)
bulk contribution surfacecggtributions re;aual
afres

oL

® finite size scalingdnly short-range interactions):

fres(T, L7 .

)

~ L Dy o(p/e atT. o © fees = A =1
\ ,( /5 , ) , f C

universal Casimir amplitude

HW Diehl, KITP, Sept 4, 2008 — p. 5



UNIVERSITAT

Experimentall Verification: “He wetting films RE3E.

® indirect: wetting experiments
® Garcia & Chan (Helium)
#® Fukuto, Yano & Pershan (binary liquids)
# Rafai, Bonn & Meunier (binary liquids)

® direct: Hertlein, Helden, Gambassi, Dietrich & Bechinganéry liquids)
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Experimentall Verification: “He wetting films

copper plate
‘L
¥
He vapor
2204 ~ - === mmw e S -------_-_:____._*wupc) ||C]U|d He
: 5.:20 T(I;.)
Yvdw 1 =(L/E)
h = kgT
&9 I3 1+ L/Li, +U\B =
gravitation —~ ~ s ~
van der Waals retardation Casimir
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Thinning of “‘He films near T),

—

420'3’-#-\ : =
— 415 | : i
= [ i (a)
B .
i of -
405'. ¥
40
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DEUS I SSEBNU RG

Experiment:
Garcia & ChanPRL83,
1187 (1999)

T-1, K]

68030 0.015 0000 0015
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Thinning of “He films near7,  [ASXEE

2 ¢ ¥ | T ¥ !
420 I : = Experiment:
i : g Garcia & ChanPRL 83,
— 415 4 o ! 1187 (1999)

<
o 410 F (@) -
405 : g -
4 Y
8030 0. 015 o.ooo 0.015
T- TJk (K]

® Theory: inrather modesstate

® Krech & Dietrich 1991/921 > T,
Li & Kardar 1991:T < T (Goldstone modes)
Zandi, Rudnick & Kardar 2004: interface fluctuations
Monte Carlo simulations: A. Hucht (PRL 2007); Vasilyev, Qaassi,
Maciotek & Dietrich (EPL 2007)

L I I
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&
k=)

|
&
in

-1.0 -1.0

9(x) ~ BFceTL) L* (1 + g LY (1 4 1, p?)
&) ~ BFeaT L L2 A+ g, L (1 + 1 p?)

L =14

15 15} -8 -6 -4 -2 ]
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x=t (LN U+ g, L)Y+ 11 p) x=tLIE)" 1+ g, L)1 +n o)

Figure 2: Universal finite-gize scaling function ¥(z) of the Cagimir force, for systems with L =8 (m), L = 12 (§), and L = 16 (A),
with aspect ratios p = 1:8 (open) and p = 1:16 (filled), plotted with aspect ratio corrections. The results are compared to the
experimental results () of Garcia and Chan [5, Cap. 1], rescaled in y-direction to match 9(z) at the minimum (left), as well as
with the results of Ganshin ef al. [7] (right). The capillary waves value —11¢(3)/(32x) proposed in [4] is shown as dotted line.
(color online)

A. Hucht (U. Duisburg-Essen): PRR9, 185301 (2007)

HW Diehl, KITP, Sept 4, 2008 — p. 8



UNIVERSITAT

DEUS I SSEBNU RG

&
o

|
&
tn

I
—
(=

O(x) ~ BFceTLY L (1 + g LY (1 4+ 13 p7)
8(x) ~ BFe TP 1+ 2, L1+ o5
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Relevant Issues D15 BU R G

bulk critical behavior af. . asL — oo

confined critical fluctuations, boundary field theory

finite size and boundary effects

pseudo-critical or critical behavior in slab’Bt(L) < T, .. whenL < oo
dimensional crossover

low-T" Casimir force from confined Goldstone modes

oo 000 b

Interface fluctuations

HW Diehl, KITP, Sept 4, 2008 — p. 9
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Relevant Issues D15 BU R G

HERE:

® Restriction to
a) disordered phases
b) T'> T, o,
C) generic non symmetry breakifpundary conditions
= focus directlyfluctuation-inducedorces!

» Synopsis:
(1) breakdown ot = 4 — d expansiorat, ., for someboundary conditions

(i) boundary conditions= scale-dependenproperties!
#® = Neumanrboundary condition — Dirichlet bc!

L—o0

® = crossoventtractive«~ repulsiveCasimir forces

(i) effects of long-range (van-der-Waals-type) forces
(see paper with Dantchev)

HW Diehl, KITP, Sept 4, 2008 — p. 9
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® microscopic model, e.qg. Ising model

H = —ZKij SiS5 _HZSj
J

17]

® mesoscopic modely = order parametdield (|g| < A)
_ d l 2 i 2 E 4 y
H_/dx[2(v¢)+2qb +4!¢ ho|,

® behavior forg < A: via renormalized field theoryl — oo, requires renormalizations

® dimensionless (renormalized) coupling constdpts= 7, u, h, ...}

o=y Zuw N pu,  Fie=Zepr, h=p 2020 6= 72 R .

® -l = |g; — g;j(¢)| runninginteraction constants

d

0=59(0) = B;(gO1 |, B;(9) = ndul, 9,

HW Diehl, KITP, Sept 4, 2008 — p. 10
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2-Scale-Factor Universality DU I5SB\U R @

Bu d=4—e<4 u(l) e u* 4 const(u — u™) £
universal
1%
_ ~ B _
7(4) it (u) T
o) =~  Ep(u) 72V
£—0 N——
nonuniversal

G(xz,...;m hu)~ %16 Bo(u) Gz/E,...;1,hENY u*)|, e~r
N / (. - 4 T—Te¢c, 00

powers ofEy, , ., scaling function

® universality (crit. exponents, scaling functions, amyulg ratios)

® ?2-scale-factor universality
® corrections to scaling from terms (v — u*) £«
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Finite Size Scaling (¢ < o) 0I5B R &

® M.E. Fisher (1971): | PL(7)/Poo(7) = f( L/€ss )|, 7= (T —Tono)/Tr.00
——

relevant ratio

® requires thaho other lengthsnatter!

X universa)
~ X(hL*'",7 L") | butdependent on
boundary conditions

F(h,r,L)
kgT

® Privman & Fisher (1984):

® nottrue ford > d* = 4: 3 2nd (thermodynamic) length

(VAL d=4—¢T4
& Brézin (1982)n — oo: & (Te,oo) ~{ L(InL)V*, d=4
~—
X1/? L LU=/ g >4
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DEUS I SSEBNU RG

free propagatorGP* Y (z12) = Y Goo(z12 + ML) — |1,
meZd )__
L
m=0 m=0 m=#0
XX+ XX+
m=0 m+#0 m#0
uv singular(bulk) + uv finite + uv finite

bulk renormalizations (“counter terms”) sufficient to absorbsingularities
(Symanzik 81, Brézin 82)

= bulk RG equations carry ovek, notrenormalized!

G(CU, - ';LaTa h,U) ~ S_dG_nG EG(U) G(CE/&,L/ﬁ ce 17h€A/V7U*)

fs scaling function

problems: lim G — G|,»?, computation of scaling function!

u—u*

RG-improved perturbation theory?e-expansion? /n expansion?

HW Diehl, KITP, Sept 4, 2008 — p. 13
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I, x Ood—l Slabs DU ISBURG

® n-component*-model, ¥ = R4 x [0, L]

|
U

l — periodic bc—
. d l 2 i 2 E 4
Higl= [ d'n |5V + Tot s o

® antperiodic bc| ¢(x) = +p(x + L 2)

no new counter terms
L notrenormalized=- dependence oh/¢ !
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free bc

Hlat = —K Z SiS;

(7".]>$%1U%2

K — Ky Z sis; — Ko Z SiS;

(i,4)€B 1 (1,7)EB o

K> freebc

HW Diehl, KITP, Sept 4, 2008 — p. 15
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free bc

Hlat = —K Z SiS;

(7"]>$%1U%2

K — Ky Z sis; — Ko Z SiS;

(1,J)€B 1 (i,j)EB o
K> freebc
B 1 T O 2 &
e e LA E R TR T ED Sk R
pij J:]- %J
P4

¢ =1-2(d-1)[K;/K —1]/a
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free bc

Ha = —-K Z 8iS;

(7"]>$%1U%2

K — K; Z SiSj — Ko Z SiS;

<Z’J>E%1 <'L?J>€%2

Ko free bc

o ° 2
%1T H[¢]:/dd$ [%(V¢)2+%¢2+%¢41+Z%/dd17“¢2

—
D J B ;

¢c;=1—-2(d—1)[K;/K —1]/a

(fluctuating) boundary conditiono,,¢ = ¢; ¢

. {oo : Dirichlet
C; =

0 : Neumann
HW Diehl, KITP, Sept 4, 2008 — p. 15



Semi-infinite n-Vector Model

surface enhancement -—c
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Semi-infinite n-Vector Model

SD/BD

special

ordina

surface enhancement -—c
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Semi-infinite n-Vector Model

==
B:.z=0

m(z) extraordinary

Z—ﬁ/v

surface enhancement -—c
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Semi-infinite n-Vector Model

jdV2

2, Ty o Uy Cy
(V9) +5¢+4!¢}+€£M[2¢]

l:t(z ) extraordinary

" Z—ﬂ/v

surface enhancement -—c
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Semi-infinite n-Vector Model

SD/BD &~ |C|'

_ specia/
ordina

surface enhancement -—c
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surface enhancement -—c
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surface enhancement -—c
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.. ? i ]
Boundary Conditions «<» Universality |Eak

. ? .
Boundary conditions=> universalA¢, Y etc?

® various scales

1. microscopic: lattice (@min = a)
® free bc;K,; # K in general

2. mesoscopicccontinuum theorydmin 2 7/A)
® 0,¢ = ¢ d=3:
® ¢; =00 & Dirichlet

» éj:()

<  Neumann

tia=1—4(K;/K —1)

(nonuniversal fctn)
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.. ? i ]
Boundary Conditions «<» Universality |Eak

. ? .
Boundary conditions=> universalA¢, Y etc?

® various scales
1. microscopic: lattice (@min = a)
® free bc;K,; # K in general
2. mesoscopicccontinuum theorydmin 2 7/A)

» 8n¢:éj¢; d=3: 5ja:1—4(Kj/K—1)

¢; = oo <« Dirichlet

(nonuniversal fctn)

o
® ¢,=0 < Neumann < |K,;,/K=5/4| < ¢>0 sukritical
o

¢j=ép < (MC,d=3) |K;/K~15
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.. ? i ]
Boundary Conditions «<» Universality |Eak

. ? .
Boundary conditions=> universalA¢, Y etc?

$ various scales
1. microscopic: lattice (@min = a)
® free bc;K,; # K in general
2. mesoscopicccontinuum theorydmin 2 7/A)
® 0,¢ = ¢ d=3: |¢a=1—-4(K;/K — 1) |(nonuniversal fctn)
® ¢; =00 & Dirichlet
® ¢,=0 < Neumann < |K,;,/K=5/4| < ¢>0 sukritical

9 éj:ésp ~ (MC,CZ:?)) KJ/K21.5
3. large length scalesia <« z < &

a) ¢ > 0 (subcritical, ordinary trans.): ¢(x) ~ Cod(z;) On¢(x;) Dirichlet!
\ 7 A\ ~~ J/ \ . ~ S/
I AN C e O VIS
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.. ? i ]
Boundary Conditions «<» Universality |Eak

. ? .
Boundary conditions=> universalA¢, Y etc?

$ various scales
1. microscopic: lattice (@min = a)
® free bc;K,; # K in general
2. mesoscopicccontinuum theorydmin 2 7/A)
® 0,¢ = ¢ d=3: |¢a=1—-4(K;/K — 1) |(nonuniversal fctn)
® ¢; =00 & Dirichlet
® ¢,=0 < Neumann < |K,;,/K=5/4| < ¢>0 sukritical

® ¢éi=¢p ©  (MC,d=3) K;j/K ~1.5
3. large length scalesia <« z < &
a) ¢ > 0 (subcritical, ordinary trans.): ¢(x) ~ Cod(z;) On¢(x;) Dirichlet!

N~ e a'e
I AN C e O VIS
b) ¢ = 0 (critical, special transition): ¢(x) ~ Csp(25) Pl
N——

— (8- /v
NZj — 0O

c) Neumanrbc: no (stable or unstabld)xed pt associated!
HW Diehl, KITP, Sept 4, 2008 — p. 17
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Previous Field TheOry RG Results Dl !SSP\ R G

RG analysis inl = 4 — e dimensions:

® Symanzik 1981t ALY (¢, n) /n = af? + i (n) e
for Dirichlet-Dirichlet (D-D) boundary conditions¢f = ¢2 = 00)
® Krech & Dietrich 1991, 19927 % (¢, n) andY ®® for T' > T.. .. t0 O(e)

free bc
- 7> N < 0 bc= per, D-D, sp-s
for bc = periodic, antiperiodicD-D, D-sp, sp-sp Ag’c) P P-SP
> 0 bc= aper, D-sp

“sp” = “special’ = “critically enhanced”
C = O <~ ésp — ésp(A) # O

HW Diehl, KITP, Sept 4, 2008 — p. 18
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Previous Field TheOry RG Results Dl !SSP\ R G

RG analysis inl = 4 — e dimensions:

® Symanzik 1981f ALY (e, n) /n = al™® + a{*(n) €

for Dirichlet-Dirichlet (D-D) boundary conditions¢f = ¢2 = 00)
® Krech & Dietrich 1991, 19927 % (¢, n) andY ®® for T' > T.. .. t0 O(e)

free bc

- 7> N < 0 bc= per, D-D, sp-s

for bc = periodic, antiperiodicD-D, D-sp, sp-sp | ALY P P-SP
> 0 bc= aper, D-sp

“sp” = “special’ = “critically enhanced”
c=20 <~ Csp = Csp(A) # 0

® Loop expansion—— kBT O 8 + O(3-loops
d¥1p (zIm)Y(ml|z2")  ip.r—p’
° YN, :/ ip-(r—v')
o—o0 =G; '(xz;x) —(27T)d_1 a pQ—I—k%l—l—%e

HW Diehl, KITP, Sept 4, 2008 — p. 18
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Free Propagator Oty 5B R @

d—1 /
@, .. ~n_ [ d7p (zlm)(m|2") i e
Gbc (CB, CB/) - / (27.‘.)d—1 p2 + k%ﬂ + T e ( )

® periodicboundary conditionsi zero mode at =0 (1" =T, )

(zlm) = L™Y2¢e*mz ko —2rm/L, m=0,+1,42,...

$® antiperiodic boundary conditionap zero mode
® Dirichlet-Dirichlet bc:no zero mode
2
(z|m) =4/ 7 sin(ky,2), km=mm/L, m=12,...
® Dirichlet-Neumann bcno zero mode
® Neumann-Neumanbc: 3 zero modeat7 =0 (I' =T, o)

2 — 6mm
<z\m>=\/ - 2 cos(kmz), km=mm/L, m=0,1,2,...

HW Diehl, KITP, Sept 4, 2008 — p. 19
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Problems: for periodic and sp-sp bc e sl

-0.04

e®e) (L) /n

® n dependence of scaling function
(periodic bc)

\:'\//”'; n= 1
-0.12°7 "n=2
7 n= 3
- Noo
) d=3 |~ n- oo (exact)
-0.1 ‘ ‘ ‘
0 2 4 6 8
L/éo =L

HW Diehl, KITP, Sept 4, 2008 — p. 20
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DUISBURDG

Problems: for periodic and sp-sp bc ka3

0
-0.04"‘7
S !
. . S)
® n dependence of scaling function 3 008
(periodic bc) > b S —
-0.120, - n=2 -
/ Tons3
d=13 |- n- oo (exact
-0.1 ‘ —
0 2 4 6 8
L/éo =L

® = theory ill-defined beyond 2 loops
periodicandsp-spboundary conditions involveero modeat 7, !

K ) CXX) — . +CH>+ ... = infrared singular af;.

® violation of analyticity requirements dt. . whenL < oo

HW Diehl, KITP, Sept 4, 2008 — p. 20
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Revised Field Theory XOLLYLY

9 o(r,2) = gi@ ta(r,2), [ dz(r,z)=0.

0-mode contribution

® effective @ — 1)-dimensional FT: | e tefl?) = Tr,, ¢~ 7tle+Y]

Hett|p] = Fy + H[p] — In (e~ Thmlewly

o @Qgp gives shiff # — #\7) = # + 575
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Revised Field Theory 0I5B0 R §

® o(r,z)= &(Q +Y(r,z), fOL dz(r,z) =

0-mode contribution

® effective @ — 1)-dimensional FT: | e tefl?) = Tr,, ¢~ 7tle+Y]

Hett|p] = Fy + H[p] — In (e~ Thmlewly

o ¢Q¢ gives shiff # — #\7) = # + 575

® F=F,+ 8
N(u*)(3 e)/2

® RG improved perturbation theory infrarectll-behavedtT = 7. !

® ...notatl.; = mustrequirél’ > T. .. (asfornonzero-modéc)

o = ¢3/2 €5/2 5/2 1ne, ... contributions to Casimir amplitudes

(in conformity with exacth — oo solution)
HW Diehl, KITP, Sept 4, 2008 — p. 21
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Results: Casimir Amplitudes DU 1S BV R G

A%er 71_2 7T2€ 26/(4) 5n_|_2
n 90+18()[ VT +2n+8]
2 9\ 3/2
- 97:/6 (ZiS) /2 + O(e?)
AZP 2 e 5n+2 20(4)
= - 1 — v — In(4n) + =
n 1440+288()[ E G P ) §(4)]
2 n 4+ 2 3/2
- (BE2) ervoe,

HW Diehl, KITP, Sept 4, 2008 — p. 22



extrapolated e-expansion results:
periodic boundary conditions Dl |sSgBU R O

0 0
_ 005 . _ 009 | Krech &
3 3 Dietrich 91
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