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London (1930): Dispersion force due to charge fluctuations
(d) = 0, but (d?) # 0 = Dipole-dipole force
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Dispersion force: Effective electromagnetic force
between neutral, polarizable objects

London (1930): Dispersion force due to charge fluctuations
(d) = 0, but (d?) # 0 = Dipole-dipole force

Casimir (1948): Dispersion force due to field fluctuations
(E) = 0, but (E?) # 0 = Radiation pressure force

Physical origin: Correlated charge and/or field fluctuations

F. London, Z. Phys. 63, 245 (1930),
H.B.G. Casimir, Proc. K. Ned. Akad. Wet. 51, 793 (1948)



QFEXT11 Imperial College
London

Repulsive dispersion forces?

Direction of ground-state dispersion forces between electric
objects in vacuum = typically attractive!




QFEXT11 Imperial College
London

Repulsive dispersion forces?

Direction of ground-state dispersion forces between electric
objects in vacuum = typically attractive!

Repulsive dispersion forces:
e ODbjects in a medium

e (0)m

J.N. Munday, F. Capasso, V.A. Parsegian, Nature 457, 170 (2009);




QFEXT11 Imperial College
) ) ) London
Repulsive dispersion forces?

Direction of ground-state dispersion forces between electric
objects in vacuum = typically attractive!

Repulsive dispersion forces:
e ODbjects in a medium
e EXxcited or amplifying objects
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J.N. Munday, F. Capasso, V.A. Parsegian, Nature 457, 170 (2009);
A. Sambale, S.Y.B., D.-G. Welsch, T.D. Ho, PRA 80, 051801(R) (2009)
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Repulsive dispersion forces?

Direction of ground-state dispersion forces between electric
objects in vacuum = typically attractive!

Repulsive dispersion forces:
e ODbjects in a medium
e EXxcited or amplifying objects
e Magnetoelectric objects

) (v )m

J.N. Munday, F. Capasso, V.A. Parsegian, Nature 457, 170 (2009);
A. Sambale, S.Y.B., D.-G. Welsch, T.D. Ho, PRA 80, 051801(R) (2009)
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Duality invariance: a < 8/c?, ¢ < p (e - m, m —e)
= Opposites repel!

S.Y.B., S. Scheel, Phys. Rev. Lett. 102, 140404 (2009)



QFEXT11 Imperial College
London

Unusual material properties

Simplest magnetoelectric: permittvity e(r,w),
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Unusual material properties

Simplest magnetoelectric: permittvity e(r,w),
permeability u(r,w)

Generalisations:
e nonlocal media: (r,r",w) (— metals)
e anisotropic media: e(r,w)
(— crystals, metamaterials, birefringence)
e bi(an)isotropic media: cross-susceptibilitities £&(r,w), ((r,w)
(— chiral media)

e nonreciprocal media: violation of Onsager theorem
(— external magnetic fields, spontaneous symmetry
breaking, moving media)
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Onsager theorem

Onsager reciprocity:.
current 5 along e; at rq causes field E along e» at ro
& current 5 along ep at ro causes field E along eq at rp

Formally:
E(r,w) = ipgw [ &' G(r, ', w)-§(r',w),

G' (', r,w) = G(r,r,w)
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QED in nonlocal,

nonreciprocal media
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Maxwell equations Ohm’s law

Maxwell equations:
V.-B=o, VxE+ B=0,
_ 0 _ 1 - N
V-E=""" VvxB- 3 E=uojin
€0 C

Linear constitutive relations:
~ O ~ ~
Jin(r,) = [ dr [ @®' Qer,7',1)-B(r' t = ) + G (r, 1),
—00
Q(r,r’,7)=0 for cr < |r — 7| (causality)

Frequency components:
Jin(rw) = [ @%' Q(r,v,w)-E(r',w) + jy (r,w)

Solution:
E(r,w) = inow [ d>'G(r,7/,w)-Gy (', w)



QFEXT11 Imperial College
London

Green tensor

Helmholtz equation:

2
V xV x _w_2 G(r,r,w) — ’L',uow/d3sQ('r',s,w)-G(s,r’,w)
c

=6(r—171")



QFEXT11 Imperial College
London

Green tensor

Helmholtz equation:

2

V xV x _w_2 G(r,r,w) — 'L',uow/d3sQ(r,s,w)-G(s,r’,w)
c

=6(r — 7))

General properties: Reciprocal media [QT (v, 7, w) =Q(r, 7, w)]
e Schwarz reflection principle: G*(r,r',w)=G(r,7r, —w®)
e Onsager reciprocity: G' (v, r,w) = G(r,r,w)

e Integral relation:

,uow/d3s/d3S’G(r,s,w)-Re Q(s,8,w)-G*(s', 7, w)

=ImG(r,r, w)
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Green tensor

General properties: Nonreciprocal media [QT (v, r,w)#Q(r, 1, w)]

e Schwarz reflection principle: G*(r,r',w)=G(r,7r, —w®)
e Onsager reciprocity: G' (r',r,w)#AG(r, v, w)

e Integral relation:

uow/d3s/d3s’G(r,s,w)-ReQ(s,sl,w)-G*(s/,r/,w)

=ImG(r,r’, w),
ReT(r,r") = %[ (r,r") + TT(T,ﬂ“)],
1

ImT(r,r") = [T(r,r’) — TT(r',’r)}

1
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Commutation relations:

- n h
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- o 7

Fundamental variables: [f('r,w), ﬁ(r’,w’)] =6(r —r")é(w—w)

jN(T,W) — \/%/d?)T,R(T‘,T/,W)f(T‘/,W),

with /d3s R(r,s,w) - RI(r s,w) = ReQ(r, 7, w)
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Field quantisation

Commutation relations:

(), AN = ReQ(r 1, )3 — )
o o 7

Fundamental variables: [f('r,w), ﬁ(r’,w’)] =6(r —r")é(w—w)

jN(T,W) — \/%/d?)T,R(T‘,T/,W)f(T‘/,W),

with /d3s R(r,s,w) - RI(r s,w) = ReQ(r, 7, w)

Medium—field Hamiltonian:

HrF = /dsrfooodwhwﬁ(r,w)-f(r,w)

Consistency: Maxwell equations / free-space QED ./
fluctuation—dissipation theorem ./



QFEXT11 Imperial College
London

Local bianisotropic media



QFEXT11 Imperial College
London

Local bianisotropic media

Maxwell equations:

V-B =0, VxE + —iwB =0,
V.-D =0, VxH+4+ivD =0
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Maxwell equations:

V-B = VxE + —iwB =0,

V-D = VxH+ivD =0

Constitutive relations: D=coE+P, H=B/ug— M

—1'B+EN7
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Local bianisotropic media

Maxwell equations:

V-B = VxE + —iwB =0,
V.-D = VxH4+iwD =0
Constitutive relations: D=coE+P, H=B/ug— M

. _ 1 . _
P = €o(€—€-u_1-C—l)-E—F—OE-M_l-E—FBN,
1
Lt B+ 1-pY) B+ My
A 1)

Alternative form:

_ _ 1 - _ 1 ~
D = 805'E+25'E+£N ‘|‘E€‘MN7

_ 1. . _ _
B = ;C-E—I—uo#-ﬂ—l—uou'MN
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Relation to conductivity

Conductivity:

QUrr' W)= - Vx(ul-D)-6(r—r)x ¥’
L UOW

) 4 L e Ly
Z0 Z0

—jeqw(e—&-p - ¢=D)-8(r—7")

Noise terms: j, =—iwPN+V x My

Green tensor:

VX,LL_l-Vx —%qu_l-c- —I—%ﬁ-u_l-Vx

w2
- 5 (e=&p Q| G(r 7, w) = 8(r—1")
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Commutation relations

Py (r,0), BRG] = 52 Tm(e—6-u 1000 — )i — ),
NN (r,w), MY (r, o)) = —W—;Imu‘l-é(r —1")0(w — W),
P (r,w), M, )] = zwzlzo (T =g p™1)-8(r —rNs(w — o)
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Commutation relations

Py (r,0), BRG] = 52 Tm(e—6-u 1000 — )i — ),
NN (r,w), MY (r, o)) = —W—;Imu‘l-é(r —1")0(w — W),
P (r,w), M, )] = zwzlzo (T =g p™1)-8(r —rNs(w — o)

Basic variables: [ Arlr,w), £1,0, w/)] = 5,0 (r — r)é(w — W)

Py(r,w) | _ \/E fe(r,w)
(MN<r,w>> WR(fmw,w))

foy=1t_ .1
| (8OIm(e—£-u_1-C) ¢tp 21205“ \
with R-"R'! =
pol.¢—p1tgt ZImp?

\ 2miZg Mo )
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Duality Invariance

Maxwell equations in dual-pair notation:

ZoD \ _1(e & E 41
B T ¢ p Z()E 0

Duality transformation:

w®—D0 T DO) — cosf siné
y) ()y’ (0) = —sin® coso
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Transformation of response functions

e\® [ cos?6 sinfcos®  sinfHcosh sin20 \ (e
£ | —sinfcos6 cos2 6 —sin?f sinfcosd | | &
¢|] ~ |—sinfcosf® —sin?@ cos2f  sinfcosf | | ¢
v \  sinZ¢ —sinfcos§ —sinfcosd cos?f | \m
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Transformation of response functions

e\® [ cos?6 sinfcos®  sinfHcosh sin20 \ (e
£ | —sinfcos6 cos2 6 —sin?f sinfcosd | | &
¢|] ~ |—sinfcosf® —sin?@ cos2f  sinfcosf | | ¢
v \  sinZ¢ —sinfcos§ —sinfcosd cos?f | \m

Discrete vs continuous symmetry:
e Isotropic media (e=el, p=ul, £E=(=0): discrete
e Biisotropic media (e=c¢el, p=ul, £€=¢I, (=(_I): continuous
e Anisotropic media (€= (=0): discrete

e Reciprocal media (e" =g, ¢ =—¢, u' =p): discrete
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Casimir—Polder potential

of chiral molecules
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Perturbation theory

Idea: System in ground state |g) = & ® |{0}) “oo

Interaction A g = —d-E(r4) — m-B(r,) = energy shift AE
= Casimir-Polder potential U(r4) =AFE(ry)

N Z' g|HAF|w>\2

2nhd_order perturbation theory: -
(2

H.B.G. Casimir, D. Polder, PRA 73 360 (1948)
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Perturbation theory
Idea: System in ground state |g) = |0) . ® [{0}) 7

Interaction A g = —d-E(r4) — m-B(r,) = energy shift AE
= Casimir-Polder potential U(r4) =AFE(ry)

UCra) = =" [ de ex(i6) Tr[Vx G (1,7, i6)]
@ Chiral polarisability:
() Scattering Green tensor:
'LWROk
— |lim :
x(w) = h e—0 Zk: wk — w2 — jwe G(l)(ra r, w)

ROk = Im(dgg-myo)

H.B.G. Casimir, D. Polder, PRA 73 360 (1948)
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Curie principle: need chiral body to detect chiral molecule

Perfect chiral mirror: rs—p = F1, rp—s = %1
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Example: Atom near perfect mirror
Curie principle: need chiral body to detect chiral molecule
Perfect chiral mirror: rs—p = F1, rp—s = %1

Chiral Casimir—Polder potential:

_ h >  x(i€) —2€z4/c gz_A
Uza) = j:87r25ozA/ d © ! (1 2 C >
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Example: Atom near perfect mirror
Curie principle: need chiral body to detect chiral molecule
Perfect chiral mirror: rs—p = F1, rp—s = %1

Chiral Casimir—Polder potential:

— i ® e X8 _oez,/c §24
U(zA)—i8W28ozi/ d¢ e 1425

Long-/short-distance limits:
f 1 R
- Ok

U(z4) = | 1 | )
Ror In(wizy/c
1%280%5,12]63 ok IN(wrz4/

\
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Summary

Macroscopic quantum electrodynamics
e Nonlocal, nonreciprocal media: conductivity
e [ocal bianisotropic media: cross-susceptibilities
e Duality: continuous (if Onsager violation allowed)

Chiral Casimir-Polder potential
e Perfectly chiral plate: left- vs right-handed molecules

Outlook
e [ ocal duality: force maximal for opposite dual pairs?
e Nonreciprocal media: CP-violating systems?
e Moving systems: symmetrise Green tensor?

Further Reading:.
S.Y.B., Dispersion Forces I + II, Springer Tracts in Modern
Physics, to appear spring 2012



