Title: Light and matter: towards macroscopic quantum systems
Date: Nov 20, 2013 02:00 PM
URL: http://pirsa.org/13110060

Abstract: <span>Advances in quantum engineering and material science are enabling new approaches for building systems that behave quantum
mechanically on long time scales and large length scales.&nbsp; | will discuss how microwave and optical technologies in particular are leading to
new domains of many-body physics, both classical and quantum, using photons and phonons as the constituent particles.& nbsp; Furthermore, | will
highlight practical consequences of these advances, including improved force and acceleration sensing, efficient signal transduction, and
topologically robust photonic circuits.& nbsp; Finally, | will consider how such large quantum systems may help us measure and constrain theories
of quantum gravity and gravity-induced decoherence.</span><span></span>
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Outline

( ( Photonics and phononics

Engineered particles:
Quantum hall with light

Optical
feedback and

v f readou :
&\gfj e Noise and entanglement
Superconducting o< 1K &) i with harmonic oscillators

shield ( fl,

Platinum weights
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Engineered quantum particles:
photons and phonons

Consider a crystal: each atom a harmonic oscillator

900000000
<P

Moving a neighbor: force
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Engineered quantum particles:
photons and phonons

Continuum limit? Phonons

A collection of harmonic
osclllators described
by a wave equation
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A collection of harmonic : :
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Engineered quantum particles:
photons and phonons

Continuum limit? Phonons

P

. : New normal modges:
A collection of harmonic . .
: . harmonic oscillators for each
oscillators described
by a wave equation

solution of the wave equation
with appropriate boundaries

By engineering propagation
properties (material, dielectric)
and boundary conditions...
We control the nature of
excitations in the system
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Engineered quantum particles:
photons and phonons

Continuum limit? Phonons

: : New normal modes:
A collection of harmonic : .
: . harmonic oscillators for each
oscillators described . .
. solution of the wave equation
by a wave equation : . :
with appropriate boundaries

By engineering propagation Photons: repeat,
properties (material, dielectric) using Maxwell’s
and boundary conditions... equations
We control the nature of / \

excitations in the system \ /
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Recent examples of
phononic and photonic systems

Silicon nitride Superconducting
strip line resonators

membranes
Harris, Regal, Polzik, .. Haroche, Schoelkopf, ...

Whispering-galley
mode optical resonators
Vahala, Kimbel, Srinivasan ...

Glass flexures - -
Orett Sher. Photonic-phononic crystals

Painter, Cleland, Tang, ...
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A familiar electromechanical system

Microphones and loudspeakers
Electrical signal <=> mechanical motion

Voltage

Capacitor
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A familiar electromechanical system

Microphones and loudspeakers
Electrical signal <=> mechanical motion

Voltage

Capacitor

Change in V <=> change in C <=> change in x

Pirsa: 13110060 Page 13/70



Pirsa: 13110060 Page 14/70




A familiar electromechanical system

Microphones and loudsp Example: heramin’s Thing

Electrical signal <=>1

Capacitor

Change in V <=> change In C <=> change In x
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A familiar electromechanical system

Microphones and loudsp Example: Theramin's Thing

Electrical signal <=>r r

"
Change in V <=> change In C <=> change In x

Voltage

Capacitor
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Optomechanics: photons coupled to phonons

—

Spring  Optical cavity Pump laser
R €T
Radiation pressure force 2nw =N+ (1 = z)
V ~ ‘Elz;ff
B ‘Ep‘)im + B3 > Opto-
— E,e"'E# mechanics

Small non-linear coupling => large linear coupling
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Applications of linear systems:
quantum interfaces

¢ & ©o

Good quantum
memory

Good quantum

Quantum
memory

interconnect?

| Good measurement
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Acceleration sensing via a mechanical
oscillator at NIST

motion
e
— mass

eaf-style springs

Motion changes N
cavity resonance :(> Detect position

rigid support

[ Kumanchik, Guzman-
Cervantes, Pratt, JMT ]
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Acceleration sensing via a mechanical
oscillator at NIST

motion
—
— mass

eaf-style springs

Motion changes =
cavity resonance :> Detect position

rigid support

Self-calibration to the Sl via optomechanics

a
(5:17:—2
9,

[ Kumanchik, Guzman-
Cervantes, Pratt, JMT ]
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Acceleration sensing via a mechanical
oscillator at NIST

motio

= O 5600000
2 ng/rt-Hz .~

i .
Change in wavelength of light [ Kumanchik, Guzman-
Cervantes, Pratt, JMT ]
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Efficient detection of astrophysical rf photons

Pirsa: 13110060 Page 24/70



Efficient detection of astrophysical rf photons
[ R. Curley, JMT ]

Consider case of a
Antenna = ,
high-Q’antenna
N pointing at sky
// 500 Micro’ns
"% Tant << 300 K
B A J Can we measure this
= =/, without inducing additional
. A / noise from room temperature
WV sorm circuits?
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A universal interface?
OptO— [ JMT, Sorensen, Marcus, Polzik, PRL (2011) ]
mechanics
V x ]E|2.r
= |Bple™ Ei

«PEO],, UOJ0UJ
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A universal interface?

OptO— [ JMT, Sorensen, Marcus, Polzik, PRL (2011) ]
mechanics - - -
i Quantum regime?
V x |E|*x
L Can transduce a cold
— |Ey e EX : U
1 source when dephasing g
slow: < =
> O
Electro- ‘ E =
, w > y(ngn + 1/2) =
mechanics e
vl e or —w > k{/}T &
& Ts C dx | / I

Versatile optical interface
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Experimental evidence:
mechanically-induced transparency

-
<o~

¥ e 1
Optical

Readout Low
Opamp

50nm Aluminum Coated SiN Membrane
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Lock-in Amplifier

RF drive
coil @ High Q Voltage

Ferrite Readout g
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Bias RF driVe
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Experimental evidence:
mechanically-induced transparency
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Linear and non-linear systems

When is quantum mechanics fAnmritk;grs
necessary to describe your system? s

Operators
a;
Linear case H = Z(U}L a;)Mi; ( t )

- a;
”

J
-;'[H, (1,,i] = 7 ([F,-J-uj > = G,'_,'U.J-)

Exactly solvable a;

Enhrenfest’s : : ( i )
theorem exact (di) = ¢ J <”J> + G <”_;>
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Quantum hall: a review

Magnetic field induces ., 10 Py
Landau levels rsq 7| o8 hig?

= > = f“ﬁ * B

0 *f‘; | | J \ e

- |
i ] |
E Vil I | Jl
0.0 gir d g, . 00
0 2 4 6 8 10 12 14

Magnetic Field (T)

d.o.s.

At a band insulator-topological insulator
boundary, transport occurs on the edge
(Laughlin; Halperin)
[ Klitzing, Tsui, ... |
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Building a topological system:
Synthetic gauge fields

Generator of (magnetic) translation:
exp|—i(p — A)al

[ Photons: Haldane, Soljacic, Girvin;
Atoms: Cooper, Spielman, Bloch, Dalibard, ... ]
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Building a topological system:
Synthetic gauge fields

Generator of (magnetic) translation:
exp|—i(p — A)al

Translation over a closed path (on a lattice)

A-dl —exp(—i) A-dl)
1 3

e

[ Photons: Haldane, Soljacic, Girvin;
Atoms: Cooper, Spielman, Bloch, Dalibard, ... ]
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Building a topological system:
Synthetic gauge fields

Generator of (magnetic) translation:
exp[—i(p — A)a]

Translation over a closed path (on a lattice)

A-dl —exp(—i) A-dl)
J 3

.
Addition of momentQLJm term equivalent...
H = L +V(z)+p-a
2m

On a lattice |
Hlat = —t Z (I}Ln.fp’“h‘jl

[ Photons: Haldane, Soljacic, Girvin;, <23>
Atoms: Cooper, Spielman, Bloch, Dalibard, ... ]
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Building a top(
Synthetic gaug

Generator of (n
ex])[—i(ﬁ =
Translation ove

% AodlE— exp
Jc

Addition of mon
H

On a lattice

Example on a lattice:
Hofstadter butterfly

‘ + 'f gt -
— ~ . + v ’,.f
" v <y ad Ll
N\ Ny ¥ g7 /
YA Vv 4 Y AT
e A - '4.‘ - i '
LY K, Y. v & * !
> % * & 4
F Aa ' b\
o S
- = 2
\ LN o i -, Tu
> 9 & Yo £
Pab Y FPEN N
N Y Wi
# # & 5
4 A F . -~ A W
/ P ., o i, \
e R N

[ Photons: Haldane, Soljacic, Girvin;

Hl}lt e _"_t 2 (I}Q.J‘(?I‘-l,"}{l
<13>

Atoms: Cooper, Spielman, Bloch, Dalibard, ... ]
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Synthetic magnetic fields with optical
resonators

Coupled resonator optical waveguide

Tight-binding Hamiltonian for photons

| M. Hafezi et al, Nature Phys (2011) ]
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Synthetic magnetic fields with optical
resonators

Coupled resonator optical waveguide

Tight-binding Hamilt

= s ~ 2T ay
s — JE Ay t1,y%2,y€

T,y

Input

[ M. Hafezi et al, Nature Phys (2011) |
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Hofstader butterfly and edge states

1
Pro'be' Py =—iv 3 [ ]
transmission/ w—Hy ug |,

t€in,j€out
reflection =
Calculated transmission

coefficient
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Hofstader butterfly and edge states

Probe
transmission/
reflection

1
r'(w) = —iv Z [ . ]
e gy

tewn,jecout )

N(E)
> i - ' -
15+ ST ,” Magnetic Bands
e e e e L T
5
- e e
o s !
0 5 10

16*16 Lattice 1 atoms. Periodic=0 «=0.25 U=10
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Realization using Silicon-on-Insulator

Tunable
Laser

InGaAs

ccD

Microscope

[ M. Hafezi, S. Mittal, J. Fan, A. Migdall, JMT. Nat. Phot. (2013
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Realization using Silicon-on-Insulator

Tunable
Laser

InGaAs

ccD

Microscope

[ M. Hafezi, S. Mittal, J. Fan, A. Migdall, JMT. Nat. Phot. (2013
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Realization using Silicon-on-Insulator

Measured IR Estimate of field
image amplitude D

_ 210°
| 16
5 08
4
06
- _>
04
1 0.2
0
0

[ M. Hafezi, S. Mittal, J. Fan, A. Migdall, JMT, Nat. Phot. (2013) |
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Clockwise versus counterclockwise

¢

Long edge Short e
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Clockwise versus counterclockwise

¢

Long edge Short e
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Fractional quantum Hall:
the Pfaffian state as quantum memory

A topological phase of matter with anyonic
excitations sufficient for guantum memory...

Exact ground state

Paired Hall State at Half Filling
Martin Gireiter, "’ Xiao-Gang Wen, and Frank Wilczek ( J/ — 1 )
siwval Sciences, institnie for Advarced Skudy, Ofden Lane, Princeton, New Jersey 08548
Roceived 4 Apsil 199

s Vige= Y, 8P —2))8P (2~ z,)

triples
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WANTED e

6.5,

WILLIAM FRARCIS SUTTON

“Why do you rob
banks, Mr. Sutton?”
“Because that’s where
the money is.”

irsa: 13110060
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Microwave nonlinear optics

Small mode volume =>
large electric field per photon

Superconducting material:
low loss per photon

[ Schoelkopf group |
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Microwave domain: 3-body interaction

[ M. Hafezi, P. Adhikari, JMT, arxiv:1308.0225 ]
[ P. Adhikari, M. Hafezi, JMT, PRL 2013 ]

Start with a ‘fluxonium’ qubit

E

k

P,

D

Page 51/70



Microwave domain: 3-body interaction

[ M. Hafezi, P. Adhikari, JMT, arxiv:1308.0225 ]
, : [ P. Adhikari, M. Hafezi, JMT, PRL 2013 ]
qubit

Excitation spectrum nearly linear:
analogous to LC resonator

- L2 =
H ~wa'a + Usa'"a? + Usal”a®
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Microwave domain: 3-body interaction

[ M. Hafezi, P. Adhikari, JMT, arxiv:1308.0225 ]
S : [ P. Adhikari, M. Hafezi, JMT, PRL 2013 ]
qubit

Excitation spectrum nearly linear:
analogous to LC resonator

- v2 o
H ~wa'a + Uya'"a? + Usal”a®
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Extending this to fractional quantum Hall

H = .]Z.ﬂ

T,y

r,y+1

Y

| T
A T 3 ~3
”‘~.'-"+] -+ F[I“”-t‘-h‘”
] !

T,y

: H;u- -

i
Ay .y ==

Produce magnetic field?
» tunneling phase

HYSICAL REVIEW A K2 (M)
lime-reversal-symmetry breaking in circuit-QED-based photon lattices

! ¥ Andrew A Howck,” Karvn Le Hur” and S M. Garvir
A ' . ' .

ARTICLES Nt

PUBLISHIED ONLINE: | OCTORER 3913 | D01 70 105 OToN 2012 258 Ph‘ ’ll’lliL'.\

Realizing effective magnetic field for photons by
controlling the phase of dynamic modulation

Kejie Fang', Zongfu Yu' and Shanhui Fan'*

The geal te um-—- arbetrary (omtenl a M flow has motivated much of the recent ressarch on phatonic crystals and
- - e pm.n flow, we Introduce & scheme thal generstes an effective
magnetie Faid f« phetamn W --u-n m-- Iattice in which the coupling comstants between the resonstors are
- e With cholce of Ilu spatial distribution of the modulation phases, an effective
magnetic fiald for photens (an be crested leadeng te a Lorentz force for photons and the emergence of topelogically
protected one-way photon edge states that are robust against disorders —without the use of magneto-optical effocts.
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Synthetic field via frequency conversion

Start with a multi-color (nonlinear) lattice
- - l

e “ H=waa;+ (w+ u)uju,,- +Hay+V
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Synthetic field via frequency conversion

Start with a multi-color (nonlinear) lattice
— > H ~ c,uu.j'u.,-, + (w + )u a; + Hp+ V

‘ Turn on coupling (e.g., flux-flux) via modulated
e } DC squid

V ~ ¢i¢; cos(vt +6) — alaje’” + H.c.

Make rotating wave approximation — get
nontrivial hopping phase!

Practical benefit: frequency fixed, only need
control of relative phase of converters to
produce desired magnetic field (no fine-tuning)
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Force laws as a communication channel
Back to basics: Lorentz invariance => local theory

Alice Bob
4 .

Non-local force ‘law’? Integrate out force carriers
wa'a + Ma + a')(z; + z2)

a
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Force laws as a communication channel
Back to basics: Lorentz invariance => local theory

piice @) @ 5ob
I o

Non-local force ‘law’? Integrate out force carriers
wa'a + AMa + a")(z1 + z2)

a
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Force laws as a communication channel

Back to basics: Lorentz invariance => local theory
piice @) @ 5ob
I To

Non-local force ‘law’? Integrate out force carriers
wa'a + Ma + a')(z1 + x2)

A
U= exp (ip—(.rl - .1'2))
=

a—a— —(x1+ x2)

1,
e

wa'a — —(z2 + 32
w

a
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An example screen:
measure both quadratures

A -
— A D
Incoming boson
(harmonic oscillator mode) &\

wnNNoeA
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An example screen:
measure both quadratures

a
* Create a
I | coherent state
) nc.omlng.”boson p ~ to mimic these
(harmonic oscillator mode) A outcomes
. c‘i}“);rrc—é;f‘p ’0>
<
AV
O
e
e
3

This procedure unavoidably adds noise
[x,p] 2 0 => ‘amplifier’ noise
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A circuit model for force laws

Geometric ‘phase’ gate approach from ion trappers

4 \/,‘r A /7B Want an interaction
between Alice and Bob

| e
?T:/ —f‘rAB AT
,'L v Consider a set of
\/T A

< > interactions with an
v =g+ al “ancillary harmonic oscillator

exp(—ivVTrA) ‘copy’ A information
exp(—ivTpB) ‘copy’ B information
exp(ivTrA)  Remove ‘A’ information
exp(ivTpB)  Remove ‘B’ information
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Noise for classical (non-entangling) forces

. : | Kafri & Taylor, arXiv:1311.4558]
A few (non-essential) points:

- Let Alice and Bob be harmonic oscillators

(mass m, frequency )
- They interact via gxaxo
- They have conjugate momentum pa,po

Then: Alice and Bob interacting ‘classically’
(over all possible non-entangling channels) =>

Oy (Var(e)(pa) ¥ Var(e)(pb)) > 2|g|lhmw
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Testing entanglement generation via gravity:
coupled Cavendish-style torsional oscillators

| | Optical
P|at|nurlwelght8 feedback and
readout

Gravitational

> \eg coupling

Superconducting
shield
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Testing entanglement generation via gravity:
coupled Cavendish-style torsional oscillators

| | Optical
p|at|num\we|ght8 feedback and
readout

Gravitational

| \w coupling

Superconducting
shield

10~5Hz*
g <Gnjw~ : => one phonon every 3,000 s

W
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Testing entanglement generation via gravity:
coupled Cavendish-style torsional oscillators

Procedure

(1) Verify g is due to gravity
01 (2) Estimate heating rate
over 3000 s

\ (3) Repeat 107 times

Superconducting =
P J (/!E Hard experiment but

Platinum weights
b

shield :
embarrassingly parallel
10~ 6Hz2 = i
g <Gnjw~ ‘ => one phonon every 3,000 s

W

Thermal background at 10 mK ~ one phonon every 10 s
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Outlook

il Better mechanics and optics for a
( | ( room temperature quantum
.| interface; Sl-calibrated detectors

r 50 nm

Circuit QED simulation of fractional
quantum Hall, lattice gauge
theories, and beyond

Optical

Platinum weights | (e dback and Noise-based entanglement tests:
th readou i é
"\!) 7 tool for quantum information,
Supercohducting =/ Q2P testing the quantum nature of

shield ( fl,

gravity
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Quantum information group @ JQl

» Postdocs Students

+ Mohammad Hafezi * Prabin Adhikari

* Vanita Srinivasa * Dvir Kafri

* F. Guzman-Cervantes + Haitan Xu

« Utku Kemiktarak * Xunnong Xu

* Michael Gullans + Sunil Mitall
@quantum_jake » Chiao-Hsuan Wang

http://aroups.jai.umd.edu/taylor

- Steven Ragole

NIST @ « Zachary Epstein

MNational Institute of

U Owprmant o conmeee MARYLAND

w%” (I 3 h1| “im

JQI: C. Lobb, S. Rolston, L. Orozco, F. Wellstood, A.
Migdall, J. Fan, G. Solomon, E. Waks, C. Monroe
NIST: G. Strouse, J. Pratt, G. Shaw, K. Srinivasan
Harvard: M. D. Lukin, E. Demler

Caonanhanan/hBR]- Ro
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