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Introduction to Quantum Optics [Theory]

quantum control
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University of Innsbruck and IQOQI, Austrian Academy of Sciences

Lectures 3 + 4



Quantum Optical Systems & Control

Lectures 1+2: [solated / Driven Hamiltonian quantum optical systems

« Basic systems & concepts of quantum optics - an overview
- Example / Application: lon Trap Quantum Computer

Lectures 3+4: Open quantum optical systems [a modern perspective]

« Continuous measurement theory, Quantum Stochastic
Schrddinger Equation, master equation & quantum trajectories

- Example 1: Chiral / Cascaded Quantum Optical Systems
& Quantum Many-Body Systems

- [Example 2: Entanglement by Dissipation]



Theory of Quantum Noise:
Quantum Optical Systems

The Quantum Stochastic Schrodinger Equation (QSSE)

e quantum operations, Kraus operators
- formal quantum information theory >

e QSSE, master equations etc.
- quantum Markov processes
- quantum optics

dp _
dt

—i [H,p| + Lp  master equation



Quantum Operations

Evolution of a quantum system coupled to an environment:
open quantum system

system p — — &(p) p — E(p) = tre [U(p ® pp)U']

environment |eo)

— guantum operation

leg){eo]

Operator sum representation:
p — E(p) = tren, [U(p ® leo)eo)U']
= D (ex|Ulp ® leo)eo|)U'lex)
k

_ f - _ operation elements,
; ExpE) With Ex = {ex|[Uleo) Kraus operator

Properties: Y. E.E; =1

e Ref.: Nielsen & Chuang, Quantum Information and Quantum Computations
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Quantum Operations

Measurement of the environment: P, = |e;){e|

state

system p Pk e pi ~ tren(lex)er|U(p ® leo)(eo|)UT)
o I D— = EwpE]

L Pk = Eka,T{/trSys (ExpE}) (normalized)
probability

Pk = trsys+env(|€k><€k|U(P ® leo)eo)U")
. tlﬁsys(E/’prl’Tc)

environment |eo)

Remark: if we do not read out the measurement
p— Ep) = ) pepr

= Y EwpE]
k



Quantum noise & quantum optical systems

e decoherence

_ environment
e state preparation

“bath”

e read out

quantum operations quantum optics

counts

L |

) fime
P E(p) ﬁ out 5
leo) v ( in D-

‘/ .
p — E(p) = ZkEkach master equation

v effect of observation on system:
“‘preparation by quantum jumps”

E—




The Quantum World of Ultra-Cold Atoms and Light:

Book I: Foundations of Quantum Optics

Book Il: The Physics of Quantum-Optical Devices
Book Ill: Ultra-cold Atoms

by Crispin W Gardiner and Peter Zoller
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Methods with Applications to Quantum Optics



“Standard Model’ of Quantum Optics: System + Environment

Hamiltonian

environment

Hiot = Hsys + Hp + Hint “bath”

Hsys unspecified
Hp = |  doob(e)'b(e) with [b(0),b(@")'] = §(@ —@')  harmonic oscillators
Hint = i_fB dox(w)[chb' (@) — c"b(w)]

L system operator e driven two-level system +
spontaneous emission

A e)
¢ = [g)e|
quantum jump laser
operator
13, O

photon detector



“Standard Model’ of Quantum Optics: System + Environment

Hamiltonian

environment

Hiot = Hsys + Hp + Hint “bath”

Hsys unspecified

Hp = |  doob(e)'b(e) with [b(0),b(@")'] = §(@ —@')  harmonic oscillators

Hint = i_fB dox(w)[ch'(®) — c"h(w)]
L system operator (W) A k(@) - \/7//27T

wo W
system frequency

\ v J
wo — U wo + U
reservoir bandwidth B




Examples

e driven two-level system undergoing spontaneous emission

’€> Hyo = 0eg0 e — (iQe_ithGJf T h'C')

sys 2
Cc = |g)(e| laser &

|g) photon detector

e damped cavity mode 4 counts A

time g
|
out % -
> D
photon detector

Hgys = hiwpa' a

A




Time evolution of the system + environment

Y v ¥, Wo) — [¥) = & |0
lvac) — — ¥ Schrodinger equation:
system + environment




Time evolution of the system + environment

Questions:

e We do not observe the environment: reduced density operator

)

lvac)

U

pr = trg|¥ X'V

master equation:

v'decoherence

v’ preparation of the system
(e.g. laser cooling, optical pumping)

* We measure the environment: continuous measurement

ly) ——

lvac)

U

B WC(t»ﬁ counts
—D-4 [l |

i fime

conditional wave function:
v’ counting statistics

v effect of observation on system
evolution (e.g. preparation of the
(single quantum) system)



Integration of the Schrodinger Equation

technical step: interaction picture with respect to bath:
¥,) - e B |P,) interaction picture

Schrodinger equation

%P’PO — [_iﬁsys ™ \/yb‘f)%\ﬂcfb(t)]m—’»

N 1 +0 .
kK(w) - Jy2r b(t) := —/ b(w)e '@~w0) g,
‘/ V271 | Ao—0
/ noise operators

/ [b(l‘),bT(s)l =5S(t—s)e‘><”‘5)

> [ H H ”
wo w white noise on scale 1/B

system frequency

\ v J
wo — U wo + U
reservoir bandwidth B

rotating frame



e We integrate the Schrodinger equation in small time steps

At

«—>

0 time t

W(t = tp)) = UAtL)... UAL)U(ALo)P(0))

Q.: size of time step? hierarchy of time scales (see below: "coarse graining")



>
time t

At
O\~

* First time step: we start with the first interval and expand U(A{) to

second order in At

UAD|F(0)) = {i —iHy At + [y c j j’ b'(di— Jfyc' j %dt

i) yele | jt d | ; dt' BB () +... }|‘{’(O)>

[“ar [ at' by b' (ivac)
0 0

!

"\ y) ® [vac)

.l'z

de | dt'[b(t),b'(¢)]|lvac)
o O o 0
[’ dt [ dt' 6(¢t — t')|vac)
Y0 Y0

%Aﬂvac) first order in At



>
time t

At
O\~

* First time step: to first order in At

W(AD)) = UAD)|Y(0))
— {i —iHe At + [y c Istbf(t) dt}|‘P(O)>

one photon

no photon

time

>
time



>
time t

At
O\~

* First time step: to first order in At

'W(AN) = UAN[¥(0))
= {1 —iHes At+ Jy cAB(D)' }|¥(0))

We define:

e annihilation / creation/operator for a photon in the
time slot Ar :

+At
AB(f) = j b(s)ds



annihilation / creation operator for a photon in the time slot Az :

t+At
AB(f) = j  b()ds At

a
Remarks and properties: ime

e commutation relations:

At t =1t overlapping intervals
0 ¢+t nonoverlapping intervals

[AB(1),AB"(1)] = {

e one-photon wave packet in time slot A¢
AB'

JAt

e number operator of photon in time slot

AB'(t) AB(?)
JAt  JAt

AB (1) lvac) = [1); (normalized)

N(p) =

e N(¢) as set up commuting operators, [N(¢),N(#')] = 0
which can be measured "simultaneously"



>
time t

At
O\~

* Summary of first time step: to first order in At

WA = [1-iHgAt+ Jy cAB'(0) ||¥(0))
= vac) ® (1 - iHyAt)|w(0)) +]1) ® (JyAtcly(0)))
= |vac> 2 Eo|l//(0)> + |1>t X E1|l//(0)> operation elements

where we read off the operatign elements

Eo=1-1H A
0 _l eft A time
E, = ‘/yAtc
>
time
lv) — u wileo) — [¥) = Uly)leo)

'¥)
o) — — = ) lexXex|Uleo)lw)
k




Discussion:

e We do not read the detector: reduced density operator

V) — U(AY p(Az) = trp|'V(A1))'Y (A7)
= Eop(0)E) + E1p(0)E"

- (1 B iHefrAf)P(O)(l - il'ifeﬁAt)T +7vep(0)e'At

no photon one photon

lvac) —

master equation:
p(AD) = p(0) = ~i(Hegp(0) — p(O)HL ) At + yep(0)e'At
= ~i[ H, 5, p(0) ]At + %y(ch(())c* —ctep(0) — p(0)c' )AL

lv) — — p — E(p) = tre [U(p ® leo)eo)U"]
leg) —— — = > EvpE,;




Discussion:

e We read the detector:

) — U(AY — [v.(0)

vac) — —D- ik

quantum jump

e Click: resulting state \r‘ operator
Eily(0)) = |y®k(Ar)) = JyAtcly(0)) (quantum jump)

with probability
poick = tr  (E1p(0)E1) = yAt [ley(0)]?

Rem.: density matrix p;(0) = E,p(0)E /tr(...)

w) — u [ Vi) = (Exly))len)/]]... |

0)— —D- ) = 1Ew




Discussion:

e We read the detector:

lv) —

lvac) —

U(AY

. |l//c(t)>

- D_ “no click”

e No click: resulting state

with probability
POk = tro (Eop(0)Eo) = ||y (0) ||

lv) — U

le0) —

— |Yi) = (Exlw))ler)/||... ||

—D- ) o = 1Ew

decaying norm

Eolw(0)) = [y (an) = (1-iHgAt )y (0)) ~e ey (0))



At
LT

AV AV time t

* Second and more time steps:

stroboscopic

W(nAD) = [1 — iH g A + J?CABT((H — 1)At)]|‘P((n — 1)A7) integration

= [1 - iHgAt+ fy cAB"((n— 1)A?) | x
X[ 1=iHAt + Jy cAB'(0) ||¥(0))

v’ Note: remember ... commute in different time slots

At t =1t overlapping intervals
[AB(1),AB' ()] = bping T
0 ¢+t nonoverlapping intervals



2nd time step etc.

At
LT

0 \onons - time t

* Second and more time steps:

stroboscopic

W(nA)) = [1-iHegAt+ J7 cAB'((n~ 1A J[¥((n = DAY integraion

e Ito Quantum Stochastic Schrodinger Equation
(1) dt|¥(t)) = {—iHsysdt +7dBI(t)c} [¥(t)  (J2(0)) = [thyys) @ |vac))
with Ito rules

AB(t)ABT(t) [vac) = At [vac) — dB(t)dB'(t) = dt




e Wave function of the system + environment: entangled state

W(6)) = |[vac) ® e |y (0))
F (A2 31, ) @ e e e Ment ]y (0))

1) \ /1‘1

+...

+ (yAD)"™? Z 11:10,...14,) ® ejHeff(t_t”)c...ce_iHeﬁt1|w(O)l

tn>... >t
NSRS RRRRO RN
., h t tn t
1. system time evolution |y (¢|t,1,...¢,)) for a
specfic count sequence click:

W) > J7 ClW )
2. photon count statistics: probability densities

2
Poatitz,....t) = |lw(t|tita... 1) ||

noclick:  |yo) - |w,) = e_iHefft|l//0>



Tracing over the environment we obtain the master equation

v) — U(AD)

lvac) — — %

L p(t) = =i[ Heysr p()) ] + 27 Qep(t)c’ = c'ep(t) = p(t)c'e)

master equation

v Lindblad form

v’ coarse grained time derivative

Proof: %p(t) = Trp {...dB(t) [U) (U] +...|U) (U|dB'(t) + dB'(t) |¥) (V| dB(t)}

! =0 =0 K/

dB(t)dB'(t) = dt



Some Simple Examples



Example 1: Two-level atom + spontaneous emission
Master Equation

e two-level system Hamiltonian
Al e) Hyyy = 0egOee — (%Q(t)e‘iw”o'+ + h.C.)

and in the rotating frame

laser Y f) Hyy = ~AGee - (%Qa+ + h.C.)

— 9)

c — oy = leXg|

jump operator

c — oy = le)g]

e a quantum jump (detection of an emission) prepares the atom in the
ground state

w(@®) — lw(t+d)) ~oly@) =g

probability for click in time interval (t,t+dt]  p(1un = vlely (£))|*dt

e master equation (Optical Bloch Equations)

%p — —i[Hsys,p] + %y(ZG_p(n —040-p— PC40-)



Example 2: Two-level atom
Evolution conditional to observation

O |

)
r

photodetector

g)

photon count trajectory (single run)

N

\

%

> time

Evolution of the atom, given this counting trajectory?

conditional time evolution / wave function



Example 2: Two-level atom
Evolution conditional to observation

Fig.: typical quantum trajectory (upper state population)

(0.3
]
M, i A SN
()7-/\ / /\ /\ /\/\_
¢ WA ’f / oy TNee— - / \
0.1 / ¥ / / / v/ / .
0! i/ N/. L | | b l/
0 s 1{"1 IS 20 25 3 35 40 45 S0
click: Yt
“quantum jump” = effect of
detecting a photon on system
[sys()) = /70 |Ysys (1))
no click: with Wigner -Weisskopf Hamiltonian

— p—tHest 1
|¢Sys<t)> o Heeet |¢Sys<0>> Heff: (a)eg— 15')/) O'ee+,,,



Example 2: Two-level atom
Evolution conditional to observation

Fig.: typical quantum trajectory (upper state population)

(). J
0s 1A N NN
- 0.1 / \/ \J/ /H \”/ \ S ST T / / \&
! i/ Ifl/' ) | | ! l/
) S 10} 5 2() 25 i) 35 24) 45 SH

 Monte Carlo wave function simulation

stochastic wavefunction |¢(t))... (dim d)

Sys

reduced density matrix p(t) = (|tsys(t)) (Vsys ()] ),

DMRG + wave function simulation < » density matrix psys(t) (dim d x d)




Example 3: Two-level atom
Evolution conditional to observation initial state:
—e—|e)

photodetector Q/

At >time ’g>

@ [9(0)) = cq4lg) + cele)

Outcome of experiment:
We observe NO photon up to time t

Question: what is the state of the atom
conditional to this observation after time t?

e_iHefft/h|¢c(O)> . Cg|g> + Cee_’yt/2|€>

Answer: [1.(1))

— |g) for t — oo

We learn that the system is in the ground state



poor man’s way of creating entanglement

Preparation of 2 atoms in a Bell state via measurement

e System: two atoms with ground states |0), |1) and
excited state |r)

atom A atom B
atom A
laser A AAAPAAAAA r ‘T T|T>
‘/low efficiency
photodetectors
] ]
atom B ‘\ - 1) - 1)
laser A~ A~AA~AA~AASRAAA ‘O> >

- Weak (short) laser pulse, so that the excitation probability is small.
- If no detection, pump back and start again.

- If detection, an entangled state is created.

~10,1) +{1,0)



atom A atom B

Process:
—lr) =)
e preparation (by optical pumping) \
'F(z = 0)) = |vac)|0),(0): — —
1) 1)
e excitation by a weak short laser pulse 0) 0)

'W( = 07)) = [vac) (|0)2 + €[r)2)(|0)2 + €[r)2)
= [vac) [[0)1]0)> +e(|7)1]0)2 +10)1[r)2) + O(e?) ]
e spontaneous emission
[Pt > 0%)) = [|0)1]0)2 + e 7*(|r)110)2 + |0)1]7)2)] ® |vac)

+ Y AB{(t1)vac) ® e fy e 7?|1)1]0),

5}

+ AB;(Z‘1)|VBC> X 6\/7 e‘”l/2|0>1 |1>2 + 0(62)

e We observe the fluorescence through a beam splitter ~ ~"""" """
atom A ',
AB|, — —_(AB} + AB})
; ‘/2
e Observation of a click prepares Bell state atom B ‘\
|1>1|O>2+|0>1|1>2 ANNNANNANANA




Engineered Dissipation — Examples

Open Quantum Many-Body Systems
Example 1:

Chiral Quantum Optics

Example 2:

Entanglement by Dissipation [& lon Experiment]
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Example 1:

Chiral Quantum Optics

Theory: Cascaded Quantum Systems

\
\h""%m.c

channel

node
/ * unidirectional couplings appear

naturally in nanophotonic devices

nanofiber: spin-orbit coupled light




P Zoller, CIRM Preschool: Measurement & Control of Quantum Systems, 2018-(

'Chiral' Quantum Optics & Nanophotonics

: : : Quantum communicdtion
What is Chiral Quantum Optics? with chiral edge/state

’ qubit 2

v photonic nanostructure

v atoms, spin, ...

Ref.: topological quantum optics, Perczel, Lukin et al., PRL 2017; Hafezi, Segey, ...
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'Chiral’ Quantum Optics & Nanophotonics

chiral coupling between light and quantum emitters
cted by symmetrys
not topology

pro’te

Nanophotonic devices: chirality appears naturally ...

_—— e —— e —— —— — —

atoms & nanofibers atoms & CQED quantum dots &
photonic nanostructures

P. Lodahl, A. Rauschenbeutel, PZ et al., Nature Review 2017



SCIENCE Sciencemagoorg 3 OCTOBER 2014 « VOL 346 ISSUE 6205

NANOPHOTONICS

anophotonic waveguide
interface based 0
interaction of light

Jan Petersen, Jiirgen Volz,* Arno Rauschenbeutel®

_ nanofiber: spin-arbit coupled light
n AN

A,.’FS}(
¢ O — atom
-

~
/| L :1(

| Nanofiber-based two-color dipole trap

Boff @

> = — >
et o0 00O /
/ \_ dichroic

tapered ® 500nm mirror
silica fiber ~ push-out beam 5

780 nm

852 nm

1064 nm

1064 nm
>

yhotonic nanostructures
———_—

Lukin-Vuletic-Park, Orozco, ... + solid state



Chiral Quantum Optics -
O
9)

fiber A% '\

YL VR

left-moving photon right-moving photon

v ‘chiral’ atom-light interface:

broke w metry



Chiral Quantum Optics

=

e)
9)
fiber = A
YR

right-moving photon

v ‘chiral’ atom-light interface:
metry

‘chirality' ~ open quantum system



Chiral Photon-Mediated Interactions

O @
9) 9)

fiber AJ&& A Hﬁw bofnpde;ries

v ‘chiral’ interactions

broken left-right symmetry

atoms only talk to atoms on the right



‘Chiral' Interactions ... How to Model?

 interactions mediated by photons

- quantum optics we know

PV VYV 00000000003 VAN left - right
symmetric

v dipole-dipole interaction H~oj0, +0]j0, by integrating out photons

- chiral quantum optics

broken left - right
VAVAVAV, VoV = VAVAVaV VoV = symmetry

¥ unidirectional interaction H~o,0,

Theory: ‘Cascaded Master equation’ = open quantum system



Theory - Master Equation

fiber ngb % op=T

boundaries

+ We integrate the photons out as ‘quantum reservoir’
In Born-Markov approximation

« Master equation for reduced dynamics:
density operator of atoms

\ o
P = 7 [Hsys;P] +Zp



1. Bidirectional Master Equation

(L3, (B
9) 9)

P ‘A%" ‘AH jﬂ%‘» boSr?c?:ries

 Master equation: symmetric

driven atoms 1D dipole-dipole
W e
p = —i[Hsys+ysin(klx; —x2)) (0] 05 + 0501_) 0]

+2y ). cos(klx; —x;)) (0o po; ——{0 a7, P}
[,j=1,2 \

collective spontaneous emission

“Dicke" master equation for 1D: D E Chang et al 2012 New J. Phys. 14 063003



2. Cascaded Master Equation

\6> \6>
9) 9)

i open
P L% " Lﬁjﬂ% " boundaries

e Master equation: unidirectional

0 =2Lp=—i(Hep — pH;Lff) + O'pO'T
Lindblad form

 non-Hermitian effective Hamiltonian

Hepr= Hy + Hy — ig (070] +0,0, +20,07)

« quantum jump operator: collective

B B C.W. Gardiner, PRL 1993;
0O =0, + 0, H. Carmichael, PRL 1993

* general casepbbiaitomst ithieabms does not matterH. Pichler et al., PRA 2015
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Theory Appendix

« QSSE for Cascaded / Chiral Systems
- Cascaded Master Equation



Cascaded Quantum Systems

Cascaded quantum systems: first system drives in a unidirectional
coupling a second quantum system

unidirectional coupling

o

* Quantum Stochastic Schrédinger Equation <
N\

e Master Equation

N=2 Cascaded Theory: C.W. Gardiner, PRL 1993; H. Carmichael, PRL 1993



Cascaded Quantum Systems

Example:
A counts N\
in 1 out 2 photon counting time ~_/
Y N
>out 1 = in 2 > S
Y unidirectional coupling A
system 1: system 2:

"source" "driven system"



The Model

unidirectional coupling

Hamiltonian
H = Hgys(1) + Hsys(2) + Hp + Hint
w0+19
Hp = / dww b’ (w)b(w)
wo—19

" only right running modes

Interaction part /
Hint= i [ dox;(w) llﬁ(a))e‘i‘“/"‘x1 c1 — cIlo(a))e”“’/cx1

+i [ dwky(w) le (w)e iw/cxac, c;rb(a))eJri“’/Cx2

(x2 > x1)

unidirectional coupling



The Model

unidirectional coupling

time delay

N\

Hine(£) = i /77 | b (£ — b(t)c” iV [b*(t—r)cz _ b(t—r)c;f] (T —0")

Interaction picture

where time ordering / delays reflects causality, and

1 [ o
b(r) = \/T_n/a dwb (w)e " ™" it noise operator



The Model

unidirectional coupling

Stratonovich Quantum Stochastic Schrodinger Equation with time delays

d
(S) WD) = {1 (Hays(1) + His(2) +\/ﬁ[bT(t)C1—b(t)c”

+ \/Y_zle(t—T)Cz—b(t—T)c;rl} P () (1—07)

N/

time delay

where time ordering / delays reflects causality

Scaling: /yici — ¢



Integrating the Schrodinger Eq.

n 1 out 2
At >1/9

Nnm
1

>
time

First time step: (for time delay 7 — 07)

At
W (AP)) = {i— I Hsys (1) AT+ 61/ b(dt— CI /><t) dr+ first system
0 0
At A
—iHSyS(Z)Ach/ bT(t‘)dt—cg/%dt second system
0 0

53



Integrating the Schrodinger Equation

At> 1/9

t|me

quantum

First time step: (for time delay 7 — 07) c=c1+0Co

jump
A /
W(AD) = {1 —iHug AL+ ﬁcABT(O)} ¥ (0))

» effective (non-Hermitian) system Hamiltonian coherent
interaction:

Hefr = Hgys(1) + Hgys(2) — [ — Cl c1—1Il= 62 C2 _./ asymmetric

.. and more steps (as before in Lecture 2)

54



Cascaded Systems

Master Equation for Cascaded Quantum Systems
Version 1:

d : 1 & bt
ap = —1[Hgys, p] + 3 Z {ZCipCl. —pPC; Ci —C; c,-p}
i=1

—{[ g,clp]+[pcI,cz]} asymmetricin 1 and 2

R counts N\
: >
in 1 out 2 photon counting time ~_/
Y N
>out 1 — in 2 > >
\''4 unidirectional coupling A
</ \ <
system 1: system 2:

"source" "driven system" 55



Cascaded Systems
Master Equation for Cascaded Quantum Systems

Version 2: Lindblad form

d ’ 1- )
77 =—1 (Heffp — pHeff) + .cpcC
coherent

with jump operator ¢ =c; + ¢z and / interaction

_ N O N
Heff—HSys+12 C,C2—C,yC1 zzcc

R counts TN

A

_ >
in 1 out 2 photon counting time 4
Y N

> >out 1 — in 2 > S
\''4 unidirectional coupling A
< / \ <

system 1: system 2:
"source" "driven system"

56
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End of Theory Appendix



Applications of Chiral Atom-Light Interfaces

1. Quantum Information: Chiral Quantum Networks

O
9)

=

)

9)
| open
fiber M B \ % boundaries

quantum state transfer protocol

(@lg); +Ble)1) 10,18, — 18, (@10}, + BI1), )18y, — 18),10), (alg), + Ble)s)

qubit 1 wavepacket in waveguide qubit 2

... with chiral coupling in principle perfect state transfer

theory: Cirac et al. 1997; Rabl et al. PRX 2017, Vermersch et al., PRL 2017, Gorshkov et al., PRA 2017
exp: Ritter, Rempe et al, Nature 2012; Schoelkopf et al, 2017; Wallraff et al. 2018



Applications of Chiral Atom-Light Interfaces

2. Driven-Dissipative Many-Body Quantum Systems
D) D) D)
N C)e @)@

:)/ :}/ open

boundaries

e Unique, pure steady state:

Entanglement by dissipation /
non-equilibrium quantum phases

p(t) —= [T)(T].

product of pure quantum spin-dimers/EPR |¥) = &, |D)ai_1 2

T. Ramos, H. Pichler, A.J. Daley, B Vermersch, P. Hauke, P.O. Guimond, K. Stannigel, P. Rabl, PZ,
PRL 2014, PRA 2015, PRA 2017, PRL 2017 - see also: A Gorkov, D Chang, ...



Engineering Chiral Coupling (1): nano-photonics

spin-orbit coupling in nano-photonics

| open
fiber AQ:D&&A boundaries

left-moving photon right-moving photon




Engineering Chiral Coupling (2): synthetic gauge fiele

'meta-atom’'

master atom
dipole-dipole

quantum reservoir

| open
fiber M M A boundaries

two emitters: constructive / destructive interference

... could be implemented ‘as is’ with
superconducting qubits / microwave

Can we do this in ‘free-space’ / no waveguide? ¥ 1D
v chiral



Simulating open system dynamics with spin waves |l uibk

chwalcase
0.018
reservoir o= 2012
spins: 0.006
0.000
1.00
0.75

system: "
SpinS & 0.50
0.25
0.00

two system spins with smooth absorbing boundary

GEDINS 3 6 6 61 63 0 & 6

T O

magnons
("’R { L )l =0.0

¢ 1 2 3 4 5 6 7

real space i

(Ve )

0.3 -magnons

0.2
=@

0.1

0.0
-3.0 =15 00 25 3.0
momentum k
1.00 =l

« Markov inf
— 0.75 —  Num full
: «+ Num zrunc
=2 0.50 - = Markov sink
bt

= 0.25

0.00

0 8 16 24

(Yr +7L )t



Engineered Dissipation — Examples

Open Quantum Many-Body Systems
Example 1:

Chiral Quantum Optics

Example 2:

Entanglement by Dissipation [& lon Experiment]



Entanglement by [Engineered] Dissipation

theory:

Reviews

« M. Mdller, S. Diehl, G. Pupillo, and P. Zoller,

Engineered Open Systems and Quantum Simulations with Atoms
and lons, Advances in Atomic, Molecular, and Optical Physics (2012)

e C.-E. Bardyn, M. A. Baranov, C. V. Kraus, E. Rico, A. Imamoglu, P. Zoller, S.
Diehl, Topology by dissipation, arXiv:1302.5135

experiments:

J. Barreiro, M. Muller, P. Schindler, D. Nigg, T. Monz, M. Chwalla, M. Hennrich, C. F. Roos, P. Zoller & R. Blatt

Nature 470, 486 (2011)
P. Schindler, M. Mduller, D. Nigg, J. T. Barreiro, E. A. Martinez, M. Hennrich, T. Monz, S. Diehl, P. Zoller, and R. Blatt,
Nat. Phys. 9, 1 (2013).

Krauter et al., Polzik & Cirac, PRL 2011 -- atomic ensembles
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Open System Dynamics [& Decoherence ®]

e open system dynamics

system 0 —— U — 5<p)

i — — not
environ-
ment Penv observed

completely positive maps:
p— &(p) =Y ExpE]
k

I

Kraus operator

guantum control theory: open-loop [vs. closed loop = measurement + feedback]
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Entanglement from (Engineered) Dissipation

e open system dynamics

system 0 —— U — W)y

- — — not
environ-
ment Penv observed

engineering Kraus operators:
_ T
p—&p)= ;Ekak

2 1w

desired (pure)
quantum state

“cooling” into a pure state
- non-unitary
- deterministic
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Entanglement from (Engineered) Dissipation

e open system dynamics

U

system ) — — |y (w

— Not
observed

environ- penv

ment

engineering Kraus operators:
_ T
p—&p)= ;Ekak

2 1w

desired (pure)
quantum state

“cooling” into a pure state
- non-unitary
- deterministic

e Markovian

— Q1
UAt UAt

master equation:

F

— _i[Hv /0]

1 1
[ | _ oyt
+ Ea Yo (capca 2coécoé,o P caca>

P

quantum jump operators

p(t) =22 |9) (Y]

pumping into a pure “dark state”
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Entanglement from (Engineered) Dissipation

e open system dynamics

system 0 —— U — W)y

- — — not
environ-
ment Penv observed

engineering Kraus operators:
_ T
p—&p)= ;Ekak

2 1w

desired (pure)
quantum state

“cooling” into a pure state
- non-unitary
- deterministic

e atomic physics: single particle

optical pumping
Ql/F 15161.
- —O—

|8—1> \./' g41)

p(t) == |D) (D]

7

pumping into a pure “dark state”

Q.: generalize to entangled states?
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Dark States: Single Particle

e optical pumping

f \%\ p(1) == 1g.1) (gl
95 I //
oL ~o—

g1 S 7 lg11) pumping into a pure “dark state”

e Optical Bloch Equations

6 = —ilH,p] / quantum jump operator (nonhermitian)

1 1
+ZY&(CaPC _ECTCaP P CTCa)

o steady state as a pure “dark state”

H|D) = E|D)

o(t) == |D)(D|
Ya cq|D)=0 :>

conditions pumping into a pure state

69



Example: Bell state or stabilizer pumping

e concepts

e ... and an ion trap experiment

70



Bell State Pumping 6 6

o Bell States two spins / qubits
YAVY,)

1 -l T) = (|01 + [10
) = f(| ) +[10))
+1| &7 | ¥T #) = 2 (00) ~ 1)

X1 X5 \(
— B B o — (|01 10
1| @ | P ) = f<| ) — 110))
Bell states as eigenstates of (commuting) o) = \7(|00> +|11))

stabilizer operators X; X, and 7, 7,



Bell State Pumping 6 $

o Bell States two spins / qubits
YAVY,)

1 -l T) = (|01 + [10
) = f(| ) +[10))
+1| &7 | ¥T #) = 2 (00) ~ 1)

X1 X5 \(
— B B o — (|01 10
1| @ | P ) = f<| ) — 110))
Bell states as eigenstates of (commuting) o) = \7(|00> +|11))

stabilizer operators X; X, and 7, 7,

e Goal: Bell state pumping p(?) — |V )(¥V7|

&t | pt P = |
%
L oY W v
quantum jump i =X, (1+ 2 2) c2=71(1+X71X5) <«— 2-particle operators ®

operators



.
Bell State Pumping %é 5 &

e quantum circuit : a_ncilla System qubits
environmen

one pumping cycle

ancilla EL ) o®
t T 1e |
system S _
= 2@ \ | vy
mapping eigenvalue  controlled .
pptogancgilla “correction” dissipation
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Bell State Pumping: lon Experiment ! o \

environment system

e two step deterministic pumping

Pel/A I W
(7)) i —
S oelohiii @
T
(@) :
o
v 4 v o § ¥
2 3
state Pumping cycles
start here

J. Barreiro, M.Mdller, P. Schindler, D. Nigg, T. Monz, M. Chwalla, M. Hennrich, C. F. Roos, P. Zoller and R. Blatt, Nature 2011
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Bell State Pumping: lon Experiment ! O \

environment system

e master equation limit: probabilistic pumping

’ one pumping cycle

pumping probability p T
0.8 |

ypulations

= —i[Hp]
1 1,

+Zya(capc @~ 5CaCal =P cca1 2 3

Pumping cycles
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Bell State Pumping: lon Experiment

v |w) ”Sp v, )| |w_) ”E}tep v, |w_)
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Stabilizer pumping: 1+4 ions

024 Re(pfnixed)

h completely
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J. Barreiro, M. Mdller et al., Nature 470, 486 (2011)



Summary B it

Quantum Optical Systems & Control

Lectures 1+2: [solated / Driven Hamiltonian quantum optical systems

« Basic systems & concepts of quantum optics - an overview
- Example / Application: lon Trap Quantum Computer

Lectures 3+4: Open quantum optical systems [a modern perspective]

« Continuous measurement theory, Quantum Stochastic
Schrddinger Equation, master equation & quantum trajectories

- Example 1: Chiral / Cascaded Quantum Optical Systems
& Quantum Many-Body Systems

- [Example 2: Entanglement by Dissipation]



