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'Chiral' Quantum Optics

A Novel Driven-Dissipative
Quantum Many-Body System



‘Chiral' Interactions

e interactions mediated by photons

- quantum optics we know

VIV 00000000009 V> left - right
symmetric

v dipole-dipole interaction H~o70, +070, by integrating out photons

- chiral quantum optics

broken left - right
VaVaVaVaVaVy = VaVAVAVAVAV, = symmetry

¥ unidirectional interaction H~o,0,

Theory: ‘Cascaded Master equation’ = open quantum system



'Chiral' Quantum Optics

v photonic nanostructure

v atoms, spin, ...

[} 2 10 15 20
C Dlaska, B Vermersch, PZ, arXiv:1607.01154 (in print)
Robust quantum state transfer via topologically protected edge channels in dipolar arrays



'Chiral' Quantum Optics

chiral coupling between light and quantum emitters

Nanophotonic devices: chirality appears naturally ...
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atoms & nanofibers

atoms & CQED

quantum dots &
photonic nanostructures

P Lodahl, S Mahmoodian, S Stobbe, P Schneeweiss, J Volz, A Rauschenbeutel, H Pichler, PZ
Chiral Quantum Optics, arXiv:1608.00446 (submitted as Nature Review)


https://arxiv.org/abs/1608.00446

SCIENCE Sciencemag.org 3 OCTOBER 2014 « VOL 346 ISSUE 6205

NANOPHOTONICS

anophotonic waveguide

interface based on spin-orbit
interaction of light

Jan Petersen, Jiirgen Volz,* Arno Rauschenbeutel”

nanofiber: spin-arbit coupled light

D\,
S Jjj atom

out

R. Mitsch, A Rauschenbeutel et al., Nature Communications (2015)

I. Sollner, P. Lodahl et al., Nature Nanotechnology 10, 775-778 (2015)

chirality natural / generic feature of photonic nanostructures



‘Chiral' Quantum Optics

— Many-Body Quantum Physics

* Theory ...

K. Stannigel, P. Rabl, and PZ, NJP 2012

T. Ramos, H. Pichler, A.J. Daley, and PZ, PRL 2014

H. Pichler, T. Ramos, A.J. Daley, PZ, PRA, 2015

T. Ramos, B. Vermersch, P. Hauke, H. Pichler, and PZ, PRA 2016
B. Vermersch, T. Ramos, P. Hauke, and PZ, PRA 2016



‘Chiral' Quantum Optics
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fiber boundaries
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left-moving photon right-moving photon

v ‘chiral’ atom-light interface:

broke % metry



‘Chiral' Quantum Optics

fiber
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open
boundaries

YR

right-moving photon

v ‘chiral’ atom-light interface:

‘chirality' ~ open quantum system

T

+ photons never return /
are never reflected
 carry away entropy



‘Chiral' Photon-Mediated Interactions

fiber

Oy @
9) 9)

- =165

v ‘chiral’ interactions

broken left-right symmetry

atoms only talk to atoms on the right

open
boundaries



Theory
Quantum Optical Master Equation
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| open
fiber % % boundaries

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

- Master equation for reduced dynamics:
density operator of atoms

\ o
P__% [HSYS»P] +Zp



Theory
1. ‘Bidirectional’ Master Equation

9) 9)
_'® I C open
— B % > << DC > T boundaries

e Master equation: symmetric

driven atoms 1D dipole-dipole
W e
p = —i[Hsys+ysin(klx; —x2)) (0705 +0507),p]

_ 1 _
+2y ) cos(klx; = x;D (07 po; — s{o7 07, p}).
§j=1,2 - 2

collective spontaneous emission

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



2.'Cascaded’ Master Equation 3 : iﬁd

|€> ‘€> H Carmi(;hael CW éérdiner
9) 19)

_ON open
— L% > L% > boundaries

o Master equation: unidirectional

0=2Lp=—i(Hep — pH;Lff) + apaT
Lindblad form

* non-Hermitian effective Hamiltonian

Hepr= Hy + Hy — ig (0701 +050, +20,07)

« quantum jump operator: collective

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

e general casesdNiatoms ichirtains does not matterH. Pichler et al., PRA 2015



Our Model System:
‘Chiral' Many-Body Quantum Optics
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drive

v ‘chiral’ photon-mediated interactions
v laser driving

v open quantum system

Driven-dissipative quantum many-body system



Markovian Quantum Network Theory

many-body
quantum system

drive

Born-Markov Approximation

Many body Quantum Optics

in/out

- Dynamics: Master equation - Steady state:
. 1 t— 00
p(t) = =+ [Hays, p(t)] + Lp(2) p(t) —= pas

validity ...



Markovian Quantum Network Theory

many-body
quantum system

drive

Engineer system-reservoir coupling! in/out

Many body Quantum Optics

- Dynamics: Master equation - Steady state:
. 1 t— 00 !
p(t) = =+ [Hays, p(t)] + Lp(2) pt) == pos = [U)(U] |
validity ... T

pure & (interesting) entangled state
(dark state of dissipative dynamics)



Dynamics of spins coupled to a chiral waveguide
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Special case:

e Distance commensurate with e Equal Rabi frequencies and

photon wavelength staggered detunings
kd = 277 i
o 0 = —bis1

— | ——

For 0, =0, YL = YR —  Purely dissipative Dicke model
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Two-Level Atoms with ‘Chiral' Waveguide Coupling

open
boundaries

T

entropy carried
t—o00 away

e Unique, pure steady state: p(t) —— |[V)(¥].

e Quantum Dimers

N | ~ product of pure quantum
W) = ®i:1 ’D>2@—1,2z spin-dimers
V20
Dy = 1 { + <= (|ge) — |e Q= :
D) J1tal 99) \/5(’9 >| ”LP?) 6 —i(vyr —L)/2
singlet

singlet fraction

* Note: only for Neven ~ Entanglement by Dissipation
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N even: cascaded

* |[terative solution from left to right:

Q¢
E>:Jj>ﬁ

destructive quantum interference

K. Stannigel et al. NJP (2012)

YL

19



|
-

N spins? Consider cascaded case first YL

* |[terative solution from left to right:

@ &
o J :

ﬂ(\

Dark manifold

t—00

p12 — [D)(D|
Dark state pumping
No output on the right!

|
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N even: cascaded

* |[terative solution from left to right:

D)

M

YL

= J, & J

Dark state No input from
No output on the left
the right! — |D)

quantum interference: no light




N even: cascaded

* |[terative solution from left to right:

D) D)

YL

s J & J

= J

Dark state Dark state

No output on _.  Nooutputon
the right! the right!

No input from
the left

— |D)
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N even: cascaded YL

* |[terative solution from left to right:
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N odd: cascaded

YL
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* |[terative solution from left to right:
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Last spin cannot pair up, but still
dimers are formed

— = o m— — — —
f—-

Sj.j+1

60 80
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N even: Chiral waveguide
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System purifies
“as a whole"
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300
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N odd: chiral waveguide

YL Z YR

e Odd number of spins?

/\ A\ /\ /\

@V‘@V‘@V‘@V‘@V' \ Y@V
—<\ =< > P—<
gﬂ% gib ﬁg ot &L o

e Any unpaired spin destroyed the formed dimers: No dark state!
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Dynamics of TLS coupled to a chiral waveguide

D)

01 02 —01—02 d3 04 —I3—04
e e—e—e—e

purity

0 5I0 160 150 260 250 0 160 2(50 300
YRt time YRt time

State of many-body spin system cools / purifies to a
pure state of spin dimers, tetramers, hexamers, ...
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Other realizations ... and more insight?

'Chiral' Couplings & 'Chiral’ Networks with ...

* “photonic" wave-guides
e "phononic”

» e spin waves [quantum spintronics]

»- theory beyond Born-Markov using tDMRG techniques

28



'Chiral' Quantum Optics with Spin Waveguides

e spin waveguide

/ dipole-dipole J i

spin wavequide
P J ] dipole-dipole

T. Ramos, B. Vermersch, P. Hauke, H. Pichler, and PZ, PRA 2016
T. Ramos, B. Vermersch, P. Hauke, and PZ, PRA 2016



'Chiral' Couplings with Spin Chains

e spin waveguide

Hipt ~ S_(aze_w + a}f%ew) + h.c.

AN INGOOOS

gp%ﬂ/ll

Strong Chirality ! I
= synthetic gauge field 4. /\N 7/ '/ =
—7/Qa m/a




‘Chiral’ exponential decay into the spin waveguide
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Dimer formation: system + reservoir dynamics

e RN

90 —90
chlral case @ Q




Dimer formation: system + reservoir dynamics
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tDMRG + quantum trajectories [beyond Born-Markov]
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'Wiring Up' Quantum Modules:
‘Chiral’ Quantum Circuits with Photons & Spins

jn1 —-’—L outq
1no -I--# outso

input -I output
ing 49— L——J —P-outs

‘chiral' quantum channel



'Wiring Up' Quantum Modules:
‘Chiral’ Quantum Circuits with Photons & Spins

‘chiral’ quantum channel



Photonic Circuits: Quantum Feedback with Delays

* Model 1: two driven atoms with a delay line

A a da

< < > >

VT = 72_d % 1 So far neglected
C

e Model 2: driven atom in front of mirror = quantum feedback

7
S

2d
’}/T:’}/? > 1

. i H. Pichler, P.Z., PRL 2016
We use tDMRG techniques to solve for the dynamics. s grimsmo, PRL Aug 2015



Conclusions

e Chiral Quantum Optics &
Quantum Many-Body Physics
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dissipative formation of pure quantum dimers

H Pichler T Ramos B Vermersch
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e Physical realization with atoms / solid state emitters + photons,
spins, ...

* Theory: dynamics of chiral quantum networks with t-DMRG
techniques / beyond Markov approximation

e 2D ...
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