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Maxwell’s equations in free space

V -B(r) =
V -E(r) =

V x E(r) = —B(r)

. ) 1 : .
Maxwell's equations V x B(r) = C%E(")

0
0

s
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Maxwell’s equations in free space

’ ) V- B(r)=0 V x E(r) = 7B(r)
[ : :
Maxwell's equations: V.E()=0 VxB(r)= C12 E(r)

@ introduce vector potential in Coulomb gauge B(r) = V x A(r) and E(r) = —A(r) with
V - A(r) = 0 (transversality condition)
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Maxwell’s equations in free space

V-B(r)=0 V xE(r)=—B(r)

. ) 1 . .
Maxwell's equations: V.E()=0 VxB(r)= C%E(")

@ introduce vector potential in Coulomb gauge B(r) = V x A(r) and E(r) = —A(r) with
V - A(r) = 0 (transversality condition)

® wave equation for vector potential

1 .
AA(r,t) — SA(r,t) =0
C
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Maxwell’s equations in free space

V-B(r)=0 V xE(r)=—B(r)

. ) 1 . .
Maxwell's equations: V.E()=0 VxB(r)= C%E(")

@ introduce vector potential in Coulomb gauge B(r) = V x A(r) and E(r) = —A(r) with
V - A(r) = 0 (transversality condition)

® wave equation for vector potential
1 .
AA(r,t) — S A(r, 1) =0
C

@ separation of variables (mode decomposition)

A(r,t) =Y Ax(r)ux(t)
By
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Classical Hamiltonian

® Mode decomposition in cartesian coordinates
d3k . .
— (k-r—wt) —i(k-r—wt)
A(r,t) = EU / 2n)2 e, [ukoe' U tug e w ]
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Classical Hamiltonian

® Mode decomposition in cartesian coordinates
d3k . .
— (k-r—wt) —i(k-r—wt)
A(r,t) = EU / 2n)2 e, [ukoe' U tug e w ]

@ classical Hamiltonian
_1 3 2 i 2 _ 3 2 2
H=3 [ dr|=oE*(r) + —B2(r) =20y [ d*kw?|uo|
Ho p
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Classical Hamiltonian

® Mode decomposition in cartesian coordinates
dk i(ker—wt) x —i(k-r—wt)
A(ht):;/weg [ukoe +nge e ]
@ classical Hamiltonian

H= %/d"’r |:€0E2(r)+iB2(r):| :2502/d3kw2|uka|2
Ho >

® define g, = \/Eo(uko + 1y, ) and p, = —iw\/Eo(tks — Uy ,)
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Classical Hamiltonian

® Mode decomposition in cartesian coordinates
d*k i(ket—wt) | o —i(kr—wt)
A(r,t) = %:/ Weo [ukoe + ug, e ]
@ classical Hamiltonian

H= %/d"’r |:€0E2(r)+iB2(r):| :2502/d3kw2|uka|2
Ho >

® define g = /Eo(uko + up,) and piy = —iw/Eo(tko — uf,)
@ Hamiltonian turns into

= infinite sum of uncoupled harmonic oscillators with frequencies w = |k|c
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@ replace c-number functions gy, Pk DY Operators i, Pko
® postulate equal-time commutation relations [Gy , P’ o/] = iRI(k — k')
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Quantization

@ replace c-number functions gy, Pk DY Operators i, Pko
® postulate equal-time commutation relations [Gy , P’ o/] = iRI(k — k')
@ (efine creation and annihilation operators

N w [ iPro . w [ iPro
320 =57 (9o + 22 ) 3100 =[5 (a0 = o)

2h 2h w

with equal-time commutation relations

® shorthand notation X = (k, o) = A(r) = SJ[Ax(r)ax + hc]
)
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Quantization

@ replace c-number functions gy, Pk DY Operators i, Pko
® postulate equal-time commutation relations [Gy , P’ o/] = iRI(k — k')
@ (efine creation and annihilation operators

w ip w ip
3209 = 57 (e + 22 ) a0 = [ (a0 - )

2h

with equal-time commutation relations

® shorthand notation X = (k, o) = A(r) = SJ[Ax(r)ax + hc]
)

® Hamiltonian
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Quantization in absorbing media — naive approach

naive introduction of a (necessarily complex) refractive index n(w) leads to decaying commutation rules

[é(w, t),af (W', t)] = e MUt (w — W)
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Quantization in absorbing media — naive approach

naive introduction of a (necessarily complex) refractive index n(w) leads to decaying commutation rules

[é(w, t),af (W', t)] = e MUt (w — W)

common solution: ad hoc introduction of Langevin noise: from time evolution of expectation values

. d
(a(t)) = e~ (iw+T/2)t(3(0)) and corresponding differential equation I(9) = —(iw+T/2)(3)
it does not follow that & = —(iw + I'/2)3
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Quantization in absorbing media — naive approach

naive introduction of a (necessarily complex) refractive index n(w) leads to decaying commutation rules

[é(w, t),af (W', t)] = e MUt (w — W)
common solution: ad hoc introduction of Langevin noise: from time evolution of expectation values
d
(a(t)) = e~ (iw+T/2)t(3(0)) and corresponding differential equation I( 3) = —(iw +/2)(a)
it does not follow that & = —(iw + I'/2)3
instead:

(t
aty), f1(t2)

: R f(t1), F1(t2) | ei(t—12) = T6(ty — ¢,
b= —(iw+T/2)a+ [ D (2? (- t2)
=0, b>th

16, 613th HI minar, Bad Honnef Introduction to macroscopic QED and its applications
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Fluctuations in electromagnetism — Rytov’s approach

linear response of polarisation to electric field is not complete without adding fluctuations:

P(r,w) = eox(r,w)E(r,w)+Pn(r,w)

noise polarisation P (r, w) with correlations (linear fluctuation-dissipation theorem)

2kg T
(Px(r,w) @ PX(r,0)) = T2 im x(r,w)é(r — r')(w — ')
W
modified macroscopic Helmholtz equation:
wz wz
V x V x E(r,w) — C—zs(r,w)E(r,w) =La Pn(r,w)

S.M. Rytov, Theory of Electrical Fluctuations and Thermal Radiation (Acad. Sci. Press, Moscow, 1953); Sov. Phys. JETP 6, 130 (1958).
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Langevin forces and open quantum systems

simplest (Caldeira-Leggett) model of harmonic oscillator & coupled to a large number of reservoir
harmonic oscillators b;

I:I = FISys + I:Ires + I:Iint ) F’res = ZEN:B,TB: ) I:Iint = hzgiﬁTBi + hc.
i i

Heisenberg’s equations of motion after formal integration of b; in Markov approximation:
3(t) = —(iw + idw 4+ [/2)a(t) + F(t)
with

Fr=2ry |giffd(w—w), dw=>)_|g*P

Fe)=—i Zg e~ with;(0)

)
wj

G.W. Ford, M. Kac, and P. Mazur, J. Math. Phys. 6, 504 (1965); H.-P. Breuer and F. Petruccione, The Theory of Open Quantum Systems (Oxford University Press,
Oxford, 2002).
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Huttner-Barnett model of absorbing dielectrics

Electromagnetic field o Matter polarization v(m) Reservoir variables
a(k), d'(k) b(k), b'(k) b(kw), b'(k.o)

N .

Electromagnetic field A® Dressed-matter field
a(k), d'(k) B(k),B* (ko)

Polariton-type field

C(kw).C*(kw)

two-step Fano diagonalisation provides construction of noise fields from microscopic (Hopfield) model of
absorbing dielectrics = microscopic justification of the validity of noise polarisation, i.e. Rytov theory

B. Huttner and S.M. Barnett, Phys. Rev. A 46, 4306 (1992); L.G. Suttorp and M. Wubs, Phys. Rev. A 70, 013816 (2004).
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Green function expansion of the electromagnetic field
Helmholtz equation
2

2
V x V x E(r,w) — w—zs(r,w)ﬁ(r,w) = Pn(r,w)
c

Czao

polariton field connected to electromagnetic fields via Green function of the Helmholtz equation

A w? 3 A~ A~ w? h o
E(r,w) = Zeo d°sG(r,s,w) Pn(s,w), Pp(r,w)= iz W—an,(r,w)f(r,w)

T. Gruner and D.-G. Welsch, Phys. Rev. A 53, 1818 (1996); T.D. Ho, L. Kndll, and D.-G. Welsch, Phys. Rev. A 57, 3931 (1998); S. Scheel and D.-G. Welsch, Phys.
Rev. A 58, 700 (1998); T.D. Ho, S.Y. Buhmann, L. Knéll, D.-G. Welsch, S. Scheel, and J. Kastel, Phys. Rev. A 68, 043816 (2003); S. Scheel and S.Y. Buhmann, Acta
Physica Slovaca 58, 675 (2008).
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Green function expansion of the electromagnetic field
Helmholtz equation
2

2
V x V x E(r,w) — w—zs(r,w)ﬁ(r,w) = Pn(r,w)
c

Czao

polariton field connected to electromagnetic fields via Green function of the Helmholtz equation

A w? 3 A~ A~ w? h o
E(r,w) = Zeo d°sG(r,s,w) Pn(s,w), Pp(r,w)= iz W—an,(r,w)f(r,w)

read as linear response relation between electric field and noise polarisation with Green function acting
as response function

(E(r,w) @ ET(r, ")) o< Im G (r, ¥, w)d(w — w')

T. Gruner and D.-G. Welsch, Phys. Rev. A 53, 1818 (1996); T.D. Ho, L. Kndll, and D.-G. Welsch, Phys. Rev. A 57, 3931 (1998); S. Scheel and D.-G. Welsch, Phys.
Rev. A 58, 700 (1998); T.D. Ho, S.Y. Buhmann, L. Knéll, D.-G. Welsch, S. Scheel, and J. Kastel, Phys. Rev. A 68, 043816 (2003); S. Scheel and S.Y. Buhmann, Acta
Physica Slovaca 58, 675 (2008).
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Consistency checks

® ETCR between electric field and magnetic induction Vv

[E(r), é(r’)] = _;;'Zv x 8(r—v')U
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Consistency checks
® ETCR between electric field and magnetic induction Vv
[E(r), é(r’)] g -y
€0

® consistent with fluctuation-dissipation theorem Vv

2
ImG(r,r', w)d(w — ')

o N hw
(O[E(r, w)ET (', 0")[0) = 2
TEQC

16, 613th H minar, Bad Honnef Introduction to macroscopic QED and its applications
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Consistency checks

® ETCR between electric field and magnetic induction Vv

[E(r), é(r’)] = _;;hv x 8(r — v )U
0

® consistent with fluctuation-dissipation theorem V4
. . w2
(0|E(r, w)ET (', ")[0) = SImG(r, v, w)s(w — w')
TEQC
® Maxwell's equations follow from bilinear Hamiltonian 4

oo
I:I:/d3r/dwhwﬁ(r,w)~f(r,w)
0

Infroduction to macroscopic QED and its applications
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General linear dielectrics

Most general linear constitutive relation:
oo

finr, t):/ dT/d3r’ Qv 7) - B(W,t — ) +jn(r 1)
— 00

with causal conductivity tensor Q(r, ¢, 7) = O forcr < |r —r’|

C. Raabe, S. Scheel, and D.-G. Welsch, Phys. Rev. A 75, 053813 (2007); S.Y. Buhmann, D.T. Butcher, and S. Scheel, New J. Phys. 14, 083034 (2012).

its applications |
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General linear dielectrics

Most general linear constitutive relation:

oo
finlr, 1) = / dT/d3r’ Qv 7) - B(W,t — ) +jn(r 1)

— 00
with causal conductivity tensor Q(r, ¢, 7) = O forcr < |r —r’|
generalised inhomogeneous Helmholtz equation:

2

[V x V x _%] G(r,r',w) — iuow/d3s Q(r,s,w) G(s,r',w) =8(r—r')

C. Raabe, S. Scheel, and D.-G. Welsch, Phys. Rev. A 75, 053813 (2007); S.Y. Buhmann, D.T. Butcher, and S. Scheel, New J. Phys. 14, 083034 (2012).
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General linear dielectrics

Most general linear constitutive relation:

oo
finlr, 1) = / dT/d3r’ Qv 7) - B(W,t — ) +jn(r 1)

— 00
with causal conductivity tensor Q(r, ¢, 7) = O forcr < |r —r’|
generalised inhomogeneous Helmholtz equation:

2

[V x V x _%] G(r,r',w) — iuow/d3s Q(r,s,w) G(s,r',w) =8(r—r')

linear Hamiltonian with bosonic amplitude operators: H = /d3r/ dw hw FT (r,w) - f(r,w)
0

. Fieo .
from decomposition of current jx (r, w) = 1/ — / d3r' R(r,r',w) - f(r' W) with R a square
™

root of the positive definite tensor field Re @

C. Raabe, S. Scheel, and D.-G. Welsch, Phys. Rev. A 75, 053813 (2007); S.Y. Buhmann, D.T. Butcher, and S. Scheel, New J. Phys. 14, 083034 (2012).
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Properties of the Green tensor

® Schwarz reflection principle G*(r,r’, w) = G(r,¢', —w*)
® do not require reciprocity, G T (r/, r,w) # G(r, v, w)
® integral relation for Green tensor:

uow/d"’s/ d3s’ G(r,s,w) - ReQ(s,s',w) - GI(r s, w) = ImG(r,r w)
with generalised real and imaginary parts of a tensor field:

ReT(r,v') = %[T(r7 )+ TT(r’,r)},
ImT(r,v') = L[T(r,¢') — TT(r',r)]

® field fluctuations (generalised linear fluctuation-dissipation relation):

({AE(r,w), AET(rF,0)}) = Zlm[yosz(r, v, w)]6(w — w')

16, 613th HE Seminar, Bad Honnef Introduction to macroscopic QED and its applications
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General linear media and duality
Maxwell’'s equations in dual-pair notation:
2D\ _ (0 EN . [0 1\(zD)_/ 0
v (%)) v an) (S o) (8)-6)
constitutive relations:
Zoﬁ _l 1> {) ( E ) (I 5) (ZoﬁN>
(é)_c(c ,U'*ZoﬂJrO H*/LomN
Maxwell's equations invariant under duality transformation

() =p@(2). b= (=2 o)

reciprocal media: discrete symmetry with © = nm/2
nonreciprocal media: continuous symmetry!

S.Y. Buhmann and S. Scheel, Phys. Rev. Lett. 102, 140404 (2010); S.Y. Buhmann, D.T. Butcher, and S. Scheel, New J. Phys. 14, 083034 (2012).
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Classification of media
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® sotropic media (€ =el, p=pul, & =¢ =0): Onsager reciprocity holds; generalised real and
imaginary parts reduce to ordinary ones; discrete duality symmetry.

® Biisotropic media (e =el, p=ul, € =¢&1, ¢ =(I): generalised real and imaginary parts
reduce to ordinary ones; continuous duality symmetry.

® Anisotropic media (€ = ¢ =0): discrete duality symmetry.
important examples:

® Non-reciprocal media: x =(¢+£7)/2 # 0
® Chiral media: k=(¢—€7)/(2i) #0

Infroduction to macroscopic QED and its applications
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Example: LDOS near a spatially dispersive nanosphere
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dyadic Green function from Huygens’ principle and extinction theorem with Maxwell boundary conditions

Ejn(rw)

Vi

E,u(r,w)

04 06 08 10 12 14 16
wiw,

radial LDOS near Na nanosphere with 2nm radius from local and nonlocal Mie theories

R. Schmidt and S. Scheel, Phys. Rev. A 93, 033804 (2016).

Infroduction to macroscopic QED and its applications
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Dispersion forced from macroscopic QED
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Examples of dispersion forces

He -surface potential [arb units]

cegf’”"l

16, 613th H minar, Bad Honnef
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Examples of dispersion forces

_surface potential [arb.units]

He
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Examples of dispersion forces

_surface potential [arb.units]

i
Resarvoir Rb
— | —T

Reservoir oven

He
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Examples of dispersion forces

a A Laser baams
surtac®

@
S0mm ‘e | §

H
Wadge — il
_ Reservoir @
‘—-\lh“‘h — Reservoroven

servoir oven
Cell oven E

_surface potential [arb.units]

Hey

Optical density

I

|

|

|

™

8

f

|

|

Zie

Tite TivieE
Photon energy (eV)
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Examples of dispersion forces

a A Laser baams
urtas® g -

S0mm

<urface potential [arb.units]

He

Optical density
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Examples of dispersion forces

surae?

<urface potential [arb.units]

Reservoir cven

He

Optical density

Zie TivieE
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Dispersion forces as average quantum Lorentz forces

g
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average of quantum Lorentz force
£ / ¢3r [6()E(r) +3(r) x B(r)]
v

seems to vanish in the ground state because (0|E(r)[0) = (0|B(r)|0) = 0 as well as
(0]2(r)|0) = (0[3(r)[0) =0

i12016, 613th HE ninar, Bar ef Introduction to macroscopic QED and its applications
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Dispersion forces as average quantum Lorentz forces

average of quantum Lorentz force
£ / ¢3r [6()E(r) +3(r) x B(r)]
v

seems to vanish in the ground state because (0|E(r)[0) = (0|B(r)|0) = 0 as well as
(0[(r)[0) = (0[3(r)[0) =0

But: it acquires nonzero average even in the absence of external electromagnetic fields due to
correlated zero-point fluctuations (0|E2(r)|0) # 0

16, 613th HI minar, Bad Honnef Introduction to macroscopic QED and its applications
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Dispersion forces as average quantum Lorentz forces

average of quantum Lorentz force
£ / ¢3r [6()E(r) +3(r) x B(r)]
v
seems to vanish in the ground state because (0|E(r)[0) = (0|B(r)|0) = 0 as well as

(0[4(r)[0) = (0[j(r)|0) =0

But: it acquires nonzero average even in the absence of external electromagnetic fields due to
correlated zero-point fluctuations (0|E2(r)|0) # 0

=> relate charge and current densities to electromagnetic fields and use field correlation functions to
obtain nonzero average force:

(E(r,w)ET(r,w")) o< w2ImG(r, ¥, w)d(w — o’ )[Agn (w) + 1]

16, 613th HE Seminar, Bad Honnef Introduction to macroscopic QED and its applications
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Universal scaling laws for dispersion interactions

- R 1
® Casimir stress: T(r,r) = lim,/_,, [@(r, o) — 5Tr@)(r, r')]

oo
h 2
o(r,r') = 7/dw {‘% Im G(r,r',w) — V x ImG(r,r', w) x V}
7 c
)
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Universal scaling laws for dispersion interactions

- R 1
® Casimir stress: T(r,r) = lim,/_,, [@(r, o) — 5Tr@)(r, r')]

oo
h 2
o(r,r') = 7/dw {‘% Im G(r,r',w) — V x ImG(r,r', w) x V}
7 c
)

@® Casimir—Polder potential: U(ra) = %/dﬁﬁzaA(iﬁ)TrG(s)(rA,rA,i§)
s
]
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Universal scaling laws for dispersion interactions

- N 1
® Casimir stress: T(r,r) = lim,/_,, [@(r, o) — 5Tr@)(r, r')}
oo
’ h w? ’ ’
@(r,r):f/dw — ImG(r,r',w) = V xImG(r,r',w) X V
s c
]

@® Casimir—Polder potential: U(ra) = %/dﬁﬁzaA(iﬁ)TrG(s)(rA,rA,i§)
s
]

@ van der Waals potential:

i
Ulrare) = 52 [ déc*an(i€)aslie)Tr [69(a.ra.i€) - 6 e, ra. i6)]
o

16, 613th HI minar, Bad Honnef Introduction to macroscopic QED and its applications
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Universal scaling laws for dispersion interactions

(i) (ii)

e @

® scaled arrangement with £(r, w) = e(r/a,w) and fa(r,w) = p(r/a,w)

@ atomic positions ¥4 = ary and g = arg

16, 613th HE Seminar, Bad Honnef Introduction to macroscopic QED and its applications
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Long-distance (retarded) limit

approximate response functions by static values
o(w) ~ a,e(r,w) ~ e(r)

Green tensor of the scaled arrangement obeys
wz _ — ’ ’
V X V X _CTE(r) G(r,r',w)=46(r—r)
renaming r — ar, w — w/a:

2
— — 1
{V x V X —w—z s(r)} aG(ar,ar',w/a) = 8(r — ') = G(ar,ar’ ,w/a) = =G(r,r',w)
c a

16, 613th H minar, Bad Honnef Introduction to macroscopic QED and its applications
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Long-distance (retarded) limit

approximate response functions by static values
o(w) ~ a,e(r,w) ~ e(r)

Green tensor of the scaled arrangement obeys
wz _ —= ’ ’
V x V x —C—ze(r) G(r,r',w)=46(r—r)
renaming r — ar, w — w/a:
w? — — 1
{V XV X—— s(r)} aG(ar,ar’,w/a) = 8(r —r') = G(ar,ar’ ,w/a) = = G(r,r',w)
C a
® T(ar)=(1/a*)T(r)

® U(ara) = (1/a*)U(ra)
® U(arp,arg) = (1/37)U(ra,rB)

16, 613th HI minar, Bad Honnef Introduction to macroscopic QED and its applications
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Short-distance (nonretarded) limit

distance shorter than all characteristic wavelengths

Born series for dyadic Green function for electric bodies:

2
’ _ (0) ’ w 3 (0) ’
6(r.v',w) = 6Ot @)+ 2 [ Psx(s.0)60rs,0) - Gls.r )

. . - 2[1 -3 2
in short-distance limit: G©(r, ', w) = _clr=3e, ®ep] 8(p)
4rw?p3 3w?

— 1
/ _ /
= G(ar,ar',w) = = G(r,r',w)

Infroduction to macroscopic QED and its applications
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Short-distance (nonretarded) limit

distance shorter than all characteristic wavelengths

Born series for dyadic Green function for electric bodies:

2
’ _ (0) ’ w 3 (0) ’
6(r.v',w) = 6Ot @)+ 2 [ Psx(s.0)60rs,0) - Gls.r )

. . - 2[1 -3 2
in short-distance limit: G©(r, ', w) = _clr=3e, ®ep] 8(p)
4rw?p3 3w?

= G(ar,ar' ,w) = ;—3G(r, r,w)
® T(ar)=(1/2%)T(r)

® U(ary) = (1/2%)U(ra)
® U(arg,arg) = (1/2°)U(ra,rB)

Infroduction to macroscopic QED and its applications
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Universal scaling laws from the Helmholtz equation

Distance — Retarded
Object i — esre [ e m ecre | erm
Dual object ination — mom [ mo e mom | moe

1 1 1 1

@ - - - + - +—
- ) ) 7 /5

1 1 1 1

(b) . - - +— -—= +—
Td rg rz r;l‘ rf‘
- I
c £a - +—= - t—
8 8 7 5

A A A A

o 1 1 1 1
- - +— - +
foB-—; = | w | m | s

" 1 1 1 1
e @ — -— +— -— +—
ER zi zi xz zi

; 1 1 1 1
R i . +=

() 2z 14 14 13 z

S. Scheel and S.Y. Buhmann, Acta Physica Slovaca 58, 675 (2008).
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Nonequilibrium dispersion forces and heat transfer
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Nonequilibrium dispersion forces

Casimir—Polder force in thermal nonequlibrium from dynamical theory

Casimir-Polder force in perturbative limit [ = 27kg TN /h: Matsubara freq.]

Fn(ra) = —uokBTNZ (1 — %6mo) Eyan(i€n)VaTr G(ra,ra, itn) +
=0

3 % w2 {0(wnk) [Feh (wnk) + 1] — O(wip) Ak (wWip)} [k PV aTrRe G(ra, ra, woy)

® first term: nonresonant (Lifshitz-like) force component, all (Matsubara) frequencies involved

@ second term: resonant force components at atomic transition frequencies
o further division into evanescent and propagating parts
e due to absorption and emission of thermal photons
o for ground-state atoms: resonant force components visible on time scales smaller than
inverse ground-state heating rate I, kl

S.Y. Buhmann and S. Scheel, Phys. Rev. Lett. 100, 253201 (2008).
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Dispersion forces in thermal nonequilibrium

ground-state LiH near a gold surface at room temperature:

2 1.5
——Non-resonant force
- -Resonant force: propagating part 1
1.5 «- Resonant force: evanescent part =
—Total force o
T0D.5
2
_ T 0
=z e
& 1
L /\ £03
2
o )
b3 i
8 !
= — It
o 1.
& 200 100 500 800 1000
Molecule-wall separation {um)
) )
U SR Y I\ z=200pm
zo.s 0.5\
Zos 0.6
. %o o
() 200 00 600 800 1000 Lo D Y
Molecule-wall separation (pm) - -
8.1 T55 500 E I R

15
time (s)

S.A. Ellingsen, S.Y. Buhmann, and S. Scheel, Phys. Rev. A 79, 052903 (2009).
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total potential becomes temperature-independent

SA. Ellingsen, S.Y. Buhmann, and S. Scheel, Phys. Rev. Lett. 104, 223003 (2010).
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total potential becomes temperature-independent

in the spectroscopic high-temperature limit T >> T, = hlwk, |/ ks (temperature of radiation whose
wavelength is of order z4): lowest term in Matsubara sum dominates

SA. Ellingsen, S.Y. Buhmann, and S. Scheel, Phys. Rev. Lett. 104, 223003 (2010).

Infroduction to macroscopic QED and its applications |



Universitéat ( "I“I "

Rostock
INSTITUT FUR PHYSIK

Quantum optics of macroscopic systems

Temperature invariance despite large photon numibers

Traditio et Innovatio

total potential becomes temperature-independent

in the spectroscopic high-temperature limit T >> T, = hlwk, |/ ks (temperature of radiation whose
wavelength is of order z4): lowest term in Matsubara sum dominates

and the geometric low-temperature limit T < T, = he/(zakg) (temperature necessary to
noticably populate the upper level): exponential ~ 1, sum can be performed

SA. Ellingsen, S.Y. Buhmann, and S. Scheel, Phys. Rev. Lett. 104, 223003 (2010).
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Quantum optics of macroscopic systems

Temperature invariance despite large photon numibers

total potential becomes temperature-independent

in the spectroscopic high-temperature limit T >> T, = hlwg,|/ ks (temperature of radiation whose
wavelength is of order z4): lowest term in Matsubara sum dominates

and the geometric low-temperature limit T < T, = hc/(zaks) (temperature necessary to
noticably populate the upper level): exponential =~ 1, sum can be performed

(1) |Typical (ii)|Typical
molecule atom kgT » hoy,
_

~ To kT » hoy, ~ To
© B 7 ko o ksT « he/z

- =

Iel < 4‘_:; B e |

5 ksT « hc/z T, 0] T

] 2 D z

S Temperature 8 Temperature

S.A. Elingsen, S.Y. Buhmann, and S. Scheel, Phys. Rev. Lett. 104, 223003 (2010).
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Casimir-Polder interaction with large molecules

a) Source Diffraction Detection

ccb

C. Brand, J. Fiedler, T. Juffmann, M. Sclafani, C. Knobloch, S. Scheel, Y. Lilach, O. Cheshnovsky, and M. Arndt, Annals of Physics 527, 580 (2015); J. Fiedler and
8. Scheel, Annals of Physics 527, 570 (2015).
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Spectral energy density of the electromagnetic field

spectral energy density from fluctuation-dissipation theorem (Rytov):
th
~ one?

u(r,w) = < (r w) - E(r,w))r negn(w) Trim G(r, r,w)

integrated density (G = G(® + G(5)):

/dwu (rw)= 20 /dww nth(w)—l- /dww Fien (w) Trim GO)(r, 1, w)

1
=zoT4 ~mfdwnth(w)lmrp(w)

near-field LDOS dominates free-space LDOS, scaling laws equivalent to dispersion forces

16, 613th HE Seminar, Bad Honnef Introduction to macroscopic QED and its applications
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Heat fransfer between dielectric objects
heat flux between bodies at different local temperatures (justification from microscopic theories)

heatflux = (S} 72)r — (S271)
average Poynting vector (§(r)) T = (E(r) x A(r))

fluctuations of individual bodies

4
(E(r,w) ® B(F, ) 7 /dwnth(w S /d3sa,(s,w)G(r,s,w) LG (5,1, w)
TEQC

v

=> heat flux from local integrals of LDOS (i.e. dyadic Green function)

A.l. Volokitin and B.N.J. Persson, Rev. Mod. Phys. 79, 1291 (2007).
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Summary

@ macroscopic quantum electrodynamics from microscopic Hopfield models equivalent to statistical
theories (Rytov theory) in thermal equilibrium

@ Green function formalism provides unified approach to dispersion forces and heat transfer

® (dispersion forces in thermal nonequilibrium require dynamical theory provides by macroscopic
QED

® near-field heat transfer follows the same scaling laws as dispersion forces (both related to LDOS)

ninar, Bad Honnef Introduction to macroscopic QED and its applications |
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Summary
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@ macroscopic quantum electrodynamics from microscopic Hopfield models equivalent to statistical
theories (Rytov theory) in thermal equilibrium

@ Green function formalism provides unified approach to dispersion forces and heat transfer

® (dispersion forces in thermal nonequilibrium require dynamical theory provides by macroscopic
QED

® near-field heat transfer follows the same scaling laws as dispersion forces (both related to LDOS)

@ extensions to nonequilibrium (stationary) fluctuation-dissipation theorems possible (e.g. for
quantum friction)

@ theory only applicable for macroscopic bodies (definition of permittivities possible, tricky for
particles smaller than 1nm)

11th April 2016, 613th HE ninar, Bad Honnef Introduction to macroscopic QED and its applications |
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