
Lecture I

Basics iBig picture 1Atom's description

Spin model for atom atom
interactions

i Handwavy physical approach
E Properties ofGreen's functions
iii formal quantization

I Basics
i Applications and technology
ii Emergent phenomena out of equilibrium

i Applications quantum communication
computing gales

metrologyLatomic docks
sensing

All this requires strong tight matter coupling
Why Because photons do not interact with

each other in vacuum One needs matter
atom'D Malterproduces

non linearity1 interactions good

dissipation bad

Bulk materials not good as non linearity is weak

Atoms are good very non linear due to anharmonicity

of spectrum due to Coulomb potential

energy T.LY 4dp.eoaycsphonn7
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Typicalenergy sales
but this can change

frequency won 300 THZ dependingon atomand

linewidth P co MHz
level piggatoms

akali

Q w.fr lot very high Q resonators

atoms if not illuminated are in ground state

Atoms interact with light via an induced

dipole moment

us IIgen Fa p Oge
atomic coherence

transitionmath operator 1g cel
element

gier le depends on properties of
the glee wave function

selection rules dipole allowed
transitions

Generally atoms have hyperfine structure

nee 31 212 2 Fe 312

44 Selection rules enforcedby
ng FeFg k debseh Gordan weft
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Simplifications assumptions

a From now on we will consider them 2Level

systems

All atoms will be identical

Goal to describe photon mediated
interactions btw manyatoms in complex

environments

Ei Emergent phenomena out of Equilibrium
Is
000 Dicke 1954
08 Atoms radiate collectively

Superadiance subradiance
longest lived shales

Dicke problem is highly symmetric easy to solve

what happens when
crystal ofatoms

Sobradiant
0 o o c u O 0 state

Hilbert space atoms 2N ground state

Infinite of photon modes
Not easy but we can integrate out photons

and reduce complexity

collectivephenomena in low symmetry
situations i

atom arrays
atoms in nanophotonicstructures
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2 Spinmodel for atom atom
interactions

we
Let s imagine we have atoms in

some given
dielectric medium such

o o

as vacuum cavity or something more

complicated

Traditional approach It that has both atomic
and

photonic degrees offreedom
Find normal.tn decomposition

of field and associate
bosonic at a to each mode

H Hot Hay interactionatom operators
H Hatoms t Hfield

N wave vector

g two tee fatwar athemakepoleitationl res freq
Tee TeejOgie le cel photonoperators

leigl Ig cel
This is fine if only few modes are relevant

like highQ cavity

However it is complicated if there are
many

modes

or if the expressionof
modes is difficult complex

dielectric structures

we want a more general approach quantization using
Green's functions

solve EM problem first
integrate

out photonic degrees of freedom

then do Quantum mechanics 4



Under certain conditions to be discussed later one can trace
of photonic degrees of freedom

Master equation for dipole dipole interacting atoms
environment photons

a

O
e 0

System atoms

2 1 Handwavy approach quantizing classical
dipoles

Collectionof drivendipoles in some dielectric medium

T T
N dipoles

7 pCrj tTEexter t TT

ECri t Eton w
wt E Cr w

eicot
Monochromatic field

E CrewE r w

Maxwell's equations assuming ya

Fx E Trw i w B tr w D E a

Ex II F w i w D CE w t j Ei w
z

currentdensity
5 Crew PE chargedensityBTrott
j B G w 0

Combining s and 2 f
medium relative permittivity

Dx Dx Ea EG EG w iwmJCT
wave equation
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we solve equation usingGf solutionfor
point likeEx Ix w EG Gcn Mw ASK
inhomogeneity

tensor
with GG ri w 0

r r't a

Fundamental solution of wave equation

EE w iuowJd3r GGT w JLT w

one can check this is solution by plugging it into
wave eg

Gf is the propagator of
EN field

Now current is created by point dipole
JG w iwp Str Fo

E CE w Iho WZELTFo
w p ro w

Green's function is atensor polarization indices

Generally for collection of dipoles

ECrew E4twthrow Ganj w pGj w
drive scattering

2 2 Properties of Green's functions
i G Crew Glr w causality 1 field is real

E Gcr Now GTG1 r w reciprocity

iii WI fdsImffcs.ws GapCris
a GILSir's w

Im Gar Cr r w
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Generally the Green's function is not easy to
calculate

trivial for vacuum

doable for hogh sym cases a fiber sphere half
can be obtained numerically using

space

Maxwell's of Solvers i e Lumenical

Now handway
Hamiltonian

Hr pCrj E
ECrj E

n g pcrj.tf.EE
Crjt

thinTeach
on

ty.aejpLz
it GCrg ri w Phi t

resonance freq
of dipole

For an atom pix p e

Markov approx

n n

H nm wi f
GG irj.no F EigogE

at 4
Non Hermitian It flip flop interaction

input output of hat them up n

E Ee't th w f GG rj
w Tgi

Eg for quantum field operator identical to
classical one as 9 and classical fields propagate

identically 7



2.3 Formal approach

Following Buhmann Dispersion forces book

Also i Gruner Welsch PRA 53 1818 1996

Dung
InoUi Welsch PRA 66 063810 2002

Bohmann Welsch Prog Quantum Electron 31 51 12007

Rigorous approach valid for arbitrary dispersive 1absorbing
medium We now assume it is reciprocal and isotropic

DCrew foECTw ELF w t PNCF w

deterministic noise associated with losses

wave equation

Tx Bx E EE w E G w who PI CT w

E Ecw p at J dir G Cr n w FnCTw

we introduce linear delta correlated operators dozen to

fulfill field commutation
relations fundamental variables

H ffdijodwtwfIE.ws fair
w

f Cnw ff Criss Sir a SG a Sap

face w f Cri w D o

and
En if tf ImLEGDI f CT w prefactoryieldscorrect

commutationrelations

Feld Einstein convention
L A

Efi wt weofdrigfr rt.si hEImIEcnw7ffpEiw
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so

Efird f du Eau w t h c

n

Etat EI
annihilation creation

we consider multipolar coupling and just tows on dipole
term

N

H SgpCrj Eirjat n
Ent E retaining non rotating

8TgEtP g
terms

we want to integrate out photonic degrees of freedom
photons become bath Once you trace irreversible

dynamics
needs density matrix

p Trfield Paf
it fat I f Pat

pa fat 6 gift Htt pasLt Dt

Born approx payG pCt to lol Substituting again and

tracing and making Markov's approx
N

P tf Tracey J de Haft i HadLt 27pct
to lol

p r J p
in interactionpicture Born Markovonlydepends

on atomicdegrees

of freedom
Born Markov

perturbative
2nd order

reservoir has broad bandwidth shortmemory 9



we drop oscillating terms suc as wk

And use J de eidk nscwo twdt ipw.twu
p p

we get terms like
Im GCwo re Gcw

regtge.rg.EE FEIGE If If

We do RWA and kill fast rotating terms
beware do not do it at H level

problems with Casimir
termsand find Spindel

f if Xp It Icp casimir
x

coherent H two Deed t t Jig Tegi Tgif t Kc

gdft fjrizilzogieprego oeijogep poej.BE
dissipative Lindblad

g
Markov

Tig Mogipit Re Geri rj.ws p

Pij 2Mof p't Im GLriorjewgo p

Hc regiogE duuwzwto w.p trelbcrirj.int F

If Epiof duuwzwtowptrelbcriirj.int F

F it j Hc o
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XY model with long range interactions open
To avoid dealing with Lindblad operator we

define
and density matrix

theft Mowt p Gtrirj ooo P TejOgi

non Hermitian but conserves number of exit
to evolve apply jumps

non unitary dynamics

Non Hermitian QM i complex symmetric matrix
non normal modes

Input output

E Ein the word Gtr rj w p Bei

classical quantum
M

o
o
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