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Abstract: In thistalk, | will show how to efficiently generate graph states

based on redlistic linear optics (with imperfect photon detectors and source), how to do scalable quantum computation with probabilistic atom
photon

interactions, and how to simulate strongly correlated many-body physics with ultracold atomic gas.
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Scalable quantum information
with linear optics
Quantum simulation of many-body physics with
ultracold atoms

Luming Duan
FOCUS center and MCTP, University of Michigan
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Linear optics device I
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Linear optics device I
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Linear optics device I
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Post-selection by single-photon detectors I

coincidence
photon
detection

State evolution in
Post-selected subspace

Nontrivial!

But generally inefficient (non-scalable)!
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Make things scalable! I

* Linear optics computation scheme (Kknill, Laflamme, Milburn, Nature, 2001)

#» Through quantum error correction
» Require minimum detector efficiency (threshold)
> Improvements (Nielsen, Yoran. Reznik Browne. Rudolph etc.)

» Latest threshold (efficiency > 99.7%, Nielsen group. PRL 2006)
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Make things scalable! I

* Linear optics computation scheme (Kknill, Laflamme, Milburn, Nature, 2001)

#» Through quantum error correction
> Require minimum detector efficiency (threshold)
> Improvements (Nielsen, Yoran, Reznik Browne. Rudolph etc.)

» Latest threshold (efficiency > 99.7%, Nielsen group, PRL 2006)

* Scalable quantum communication (Duan, Lukin, Cirac, Zoller, Nature, 2001)

# Divide and conquer (quantum repeater)
» No requirements on minimum detector efficiency
» More specific purpose
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Combine the advantages I

* No stringent requirement on detector efficiency

* More general applications
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Combine the advantages I

* No stringent requirement on detector efficiency

* More general applications
Results:
* Scalable quantum state engineering

¥v" GHZ state (Duan, PRL, 2002)
v Any graph states of tree shape (Bodiva. Duan. PRL, 2006)

* Scalable quantum computation
¥" Need atoms
¥" Probabilistic atom-photon interaction

v" Low efficiency photon detector, high efficiency atom detector
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Combine the advantages I

* No stringent requirement on detector efficiency

* More general applications

Results:

* Scalable quantum state engineering
¥v" GHZ state (Duan, PRL, 2002)

¥ Need atoms
¥" Probabilistic atom-photon interaction

v Low efficiency photon detector, high efficiency atom detector
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Input state I

ps = (1 — 0s) pvac + Ns |¥) 19 (¥| ,
“—-—‘_\‘_‘—:‘\

Source efficiency

|‘[’}12 = (|HH )12 + |VV )12) \,'_7

SPDC :
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Input state I

Ps = i l - Is } Pvac T s ‘\pl) ‘II‘ y
“—-\,_‘\‘_‘—:‘—‘_

Source efficiency

W) 1o = (|HH )12 + [VV)12) /V2

SPDC :
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Input state I

ps = (1 — 0s) prac + s | V)15 (],
“—-—‘\____‘_:‘—‘_

Source efficiency
W), = (|HH )12 + [VV)12) /V2

SPDC

A

Atomic ensemble

X

Trapped ion
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A PBS gate I

H,V H, V
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A PBS gate I

Virtual!
g ﬂd:q-“-“"’x

——

H,V H,V
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A PBS gate I

Virtual!
._-r-".:m-h""‘-_a,

State evolution in

Post-selected subspace:

P=|HH),, (HH| +[VV),, (VV]
H,V H,V
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Cluster-state (Graph-state) Quantum computing




Cluster-state (Graph-state) Quantum computing

4—th—rC C :O: :O: -C--i—hlo: :{l\:
L]

Raussendorf and Briegel. PRL 86, 910 (2001), PRA ( 20



Construction of graph states with PBS gates I

Iz* HWP N
1 S G— e e
- PBS gate
F 4
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Construction of graph states with PBS gates I

]:- HWP
. -"_.{]_, S — o> e
1 B s oo
¥ | 1
PBS gate
4
I 4
T S>> — > =1
' Ty = - a 1 2 4
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Construction of graph states with PBS gates I

]:- HWP
; ..J-_.u_. S — o >
1 e e
\3 \
PBS gate
b 4
I : |
— e — > =1
' T - a i 2 4
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Construction of graph states with PBS gates

L T
la) ! 2 = 3 —
L] L] ]
4 ]
pe-—
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Construction of graph states with PBS gates

Idx'.
1] ‘r‘ rf '-‘ LY PRy
4 %
peass=
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More efficient Construction of tree graph states I

Connection qubits
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More efficient Construction of tree graph states I

Connection qubits e —
= e e > —n A
' E et . a ;E i - T

M
Measurement!
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More efficient Construction of tree graph states I

Connection qubits e —
. .; _. - “ ! - |::: H” H
i -"} """ . - T I p—— ;E;
Measurement!

.

Failure: restart over
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More efficient Construction of tree graph states I

Connection qubits

- -

f

“\
v

T

Measurement!

.

Failure: restart over
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More efficient Construction of tree graph states I

succe
Connection qubits
. .; ‘. - %y ! -
i B > a T

Measurement!

.

' M
Connection qubit el ? Failure: restart over
M
n.:"'
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More efficient Construction of tree graph states I

Connection qubits
o—=o oo
s e ) S

Measurement!

.

M
Connection qubit el @ Failure: restart over
M
e
/-5\»
"
B
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Scaling I

Total preparation time:

T ~ quw)—ln[uagg n—1)/2+logs(1/na—1/2)]

\‘\““mﬁel‘ of qubits

detector efficiency

source efficiency

Pulse duration
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Total preparation time:

T ~ to(n.ng) ! nlllesa n—1)/2+ogy(1/na—1/2)

\‘\ﬂﬂﬂﬂlﬂ' of qubits

detector efficiency

source efficiency

Pulse duration SPDC
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Improvement in efficiency I

Example: preparation of 32-qubit graph state

The above method: e _
I'/tg ~ 3.0 x 10"

with 73, ~ 1%

Na ~ 33%
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Improvement in efficiency I

Example: preparation of 32-qubit graph state

The above method: = _
.l f“ ~ 3.0 x 10*

with 733 ~ 1%
Ndg ~ 33%
Direct preparation:

T he— ”;32{2}

T 32932/2—1 __ 1{,32

Pirsa: 06110012 Page 34/98



Probabilistic entanglement between 1 ion and 1 photon

P3;2

ES1;2

Blinov, Moehing, Duan, Monroe Nature 428, 153 (2004).
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Probabilistic entanglement between 1 ion and 1 photon

P3;z

pulsed
excitation

S1;2

Blinov. Moehing, Duan. Monroe Nature 428. 153 (2004).
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Probabilistic entanglement between 1 ion and 1 photon

P3;2

Quantization
Axis

S1;2

ly =9IV + IT)IH

Blinov. Moehing, Duan. Monroe Nature 428. 153 (2004).
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Probabilistic Gate (Madsen et al., PRL, 2006 Duan et al, PRA, 2006)
between a single atom and single photon
Frequency Qubit

2I:’1/2

Fast pulse

Go=T

2Suz
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Probabilistic entanglement between 1 ion and 1 photon

P3;z

| T Quantization
Axis

lv = 1HIV + IT)IH

Blinov. Moehing, Duan. Monroe Nature 428, 153 (2004).
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Probabilistic Gate (Madsen et al., PRL, 2006 Duan et al, PRA, 2006)
between a single atom and single photon
Frequency Qubit

2I:’1/2

Fast pulse

00="T

2S1/2
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Probabilistic Gate (Madsen et al., PRL, 2006 Duan et al, PRA, 2006)
between a single atom and single photon
Frequency Qubit

2p112 o

Fast pulse

Go=T

251/2
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Probabilistic Gate (Madsen et al., PRL, 2006 Duan et al, PRA, 2006)
between a single atom and single photon
Frequency Qubit

select only
n—polarization

ZS1/2
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Probabilistic Gate (Madsen et al., PRL, 2006 Duan et al, PRA, 2006)
between a single atom and single photon
Frequency Qubit

P,
T
Given photon is emitted
into polarizer
select only hy) = col)|blue) + i T)lred

n—polarization

Keep track of information of
the mutial state !

251/2
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Probabilistic gates on remote ion qubits

Duan et al., PRA, 2006

Joint measurements of emitted photons

¥" jons in arbitrary initial states
¥v" A detection shows one ion in |0> state, and one ion in |1> state
with coherence between two possibilities (probabilistic ZZ gate)

¥" Probabilistic ZZ 1s a gate that 1s universal and efficient for quant. Computation
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Efficient computation with probabilistic gates I

Problems for computation with probabilistic gates

Exponentially small success probability: 2°
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Efficient computation with probabilistic gates I

Problems for computation with probabilistic gates

Exponentially small success probability: 2

Our main result: (Duan, Raussendorf, PRL, 2005)

® Efficient quantum computation is possible no matter how
small the success probability p is.

p>0, orp =1-p<l00%=p,,

® Computational overheads scale polynomially both with
1/p and n (n: the number of qubits)
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Efficient construction of 1D cluster states I

« Step 1: Start from scratches

se e (e > [ — N
“Prob. gate—

» Step 2: The cluster chain grows

Prob. gate
~
Eail Re-connect

Prob. gate
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Efficient construction of 2D cluster states I

Key idea: transfer the 2D problem to effective 1D connection

« Step 1: prepare the building blocks (“cross” state)
% f _Center qubit
- \‘\Long tails

« Step 2: connect the cross states

l =3 [ H :Center qubits

connected
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Efficient construction of 2D cluster states I

Step 3: Form 2D lattice

Efficiency

)

Continue connection of center qubits

M x<n 111(?’3

E
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Summary I

« Quantum state engineering

¥" A single PBS is a powerful gate in post-selected subspace.
¥v" Any graph states can be constructed with PBS gates

¥" Tree graph states can be constructed efficiently with any low
detector efficiency

* Quantum computation

¥" Probabilistic gates on atoms with linear optics

¥v" Scalable computation is possible with probabilistic gates
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Input state I

ps = (1 — 0s) prac + s | V)10 (V] .
‘_-—‘_‘\-—._‘_\

Source efficiency

9) 10 = (|HH)12 + [VV)12) /v/32

SPDC :
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Input state I

ps = (1 — 0s) pvac + Ns |¥) 19 (¥| ,
‘_-—‘_‘\-—.-\

Source efficiency

I‘[’}'lg = (|{HH )12 + |VV )12) V-E

SPDC :
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Input state I

ps = (1 — 0s) pvac + s | ¥) 10 (¥,
“—-\,_‘\‘_‘—‘_\

Source efficiency

i‘[’}'lg = (|{HH )12 + |VV )12) VE
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Quantum simulation I

Cell, Biology A hierarchy of
/‘/\\ effective theories

ﬁ Molecules, chemistry
Atomic theory ﬁ

|

nuclear theory

]

Standard modell
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Condensed matter theory




Probabilistic gates on remote ion qubits

Duan et al., PRA, 2006

Joint measurements of emitted photons

¥" jons in arbitrary initial states
¥v" A detection shows one ion in |0> state, and one ion in |1> state
with coherence between two possibilities (probabilistic ZZ gate)

¥" Probabilistic ZZ 1s a gate that 1s universal and efficient for quant. Computation
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Quantum simulation I

Cell, Biology A hierarchy of

/;\ effective theories
ﬁ Molecules, chemistry

Atomic theory ﬁ

]

nuclear theory

]

Standard model'
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Quantum simulation I

Cell, Biol A hierarchy of
3ondensed SR 3 i effective trill(eories
¢ A

effective v -
Molecules, chemistry

Atomic theory ﬁ

L~ P -

2
“fundamental”

nuclear theory

]

Standard model‘
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Quantum simulation I

Condensed matter theory C?“’ E— 2;:;;1?:#922%
- A

effective v :
Molecules, chemistry

Atomic theory ﬁ

/f/' <
“fundamental” Effective | [ Effective || Effective
theory 1 theory 2 || theory 3

nuclear theory
Quantum
ﬁ Simulation

Feynman

Fundamental theory

Standard modell
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Ultracold atoms I
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Control for ultracold atoms I

« Features of Ultracold atoms: quantum material

--- remarkable controllability and diversity

» Various geometry of optical lattice and superlattice

» Both Bosons and fermions, different internal (spin) states

» Interaction strength well controllable

» Dynamical properties (kinetics) as well as equilibrium properties
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A few illustrative examples I

- Simulation of gauge fields and spin Hall effects
« Simulation of quantum magnetism and anyon model

« Simulating Kondo Physics

« Simulation of t-J model and RVB (resonating valence
bonds) physics
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A few illustrative examples I

- Simulation of gauge fields and spin Hall effects
« Simulation of quantum magnetism and anyon model

« Simulating Kondo Physics

« Simulation of t-J model and RVB (resonating valence
bonds) physics
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A few illustrative examples I

Simulation of gauge fields and spin Hall effects

! Optical lattice

Simulating Kondo Physics

Optical lattice+ Feshbach resonance
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A few illustrative examples I

Simulation of gauge fields and spin Hall effects

! Optical lattice

Simulating Kondo Physics

Optical lattice+ Feshbach resonance

irsa: 06110012 Page 68/98



Optical lattice I

Hansch-Bloch’s group

Experimental superfluid-Mott insulator
transition etc.

Pirsa: 06110012 Page 69/98



Spin-dependent tunneling I

L.-M Duan, E. Demler, M. Lukin, PRL 91, 090402 (2003).

v Spin-1/2 (two-component) atoms in optical lattice

v Spin-dependent tunneling!

Ql R,
/VWV\NV\JH
y7i

irsa: 06110012 Page 70/98




The effective Hamiltonian

« The effective Hamiltonian in the Mott insulator region

= ] T ) o g PP
H=> " [A‘“_-O'I(Tj. + Ay (O'I(Tj H07,0 ) }

XX7 model

» The parameters , _ , , fully controllable in each direction

» Different magnetic coupling along different directions in lattice

>
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Realization of more exotic magnetic model I

* An exact anyon model (Kitaev)

» Anisotropic spin interaction in
a hexagonal lattice

:__ % W0 o e T, T 7
H /*-:c_. ijeD, UI'UJ' + "’1'.;"’ ;.;_I'J'::ED‘}, UI'U_?' = A

» Properties:

I non-abelian anyon excitations

ll: abelian anyon excitations
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Implementation of the anyvon model I

L.-M Duan, E. Demler, M. Lukin, PRL (2003).

Three steps:

> Forming a 2D hexagonal lattice

> Introduce spin-dependent tunneling

» Different tunneling interactions along different spatial directions
in the lattice
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Feshbach resonance + optical lattice I

+ Optical lattice -- diverse interaction configurations

-- mteraction weak (ulira-low temperature)

* Feshbach resonance - dramatically mcrease mteraction magmtude
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Feshbach Resonance I

l
Resonant
(’_ Coupling ¢ 7
B} 20 IB
atoms
[olecule

levels
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Feshbach Resonance I

‘ L | T =3

Resonant &

(¢ _Coupimgg T Z -

=
B} 28 B £ .
atoms & e
[olecunle =1 -?'/
lET:ELq o -_-l=_- "-:I'L-_ ":IIL'-: :r-u i': :
Magnetic field (G)

Experimental Feshbach resonance e e e

--- Control of interaction strength with magnetic field
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Feshbach resonance + optical lattice I

" Feshbach resonance — magnitude

! | Iversi Expermments: Esslinger, Ketterle efc.
ko Optlﬂﬁl lﬂttlc e i le&l‘Slty errﬂll D ﬁhﬂgef cic

(L.-M Duan, Phys. Rev. Lett. 95. 243202 (2005)

» Derivation of effective Hamiltonian for strongly interacting
fermions in an optical lattice across Feshbach resonance

« Connect t-J model and XXZ models, simulation of RVB physics
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Strong interaction effects I

What is the complication?
* Multi-band populations (Diener, T.-L. Ho, PRL 2006)

On-site f Band gap

coupling rate
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Strong interaction effects I

What is the complication?

* Multi-band populations (Diener, T.-L. Ho, PRL 2006)

On-site f \

coupling rate Band gap ngqr ip u;T L

Different bands
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Strong interaction effects I

What is the complication?

* Multi-band populations (Diener, T.-L. Ho, PRL 2006)

On-site /4 \

coupling rate Band gap ZgPlF' ip :qT =L

Different bands

- Off-site collision couplings (Duan, PRL 2005)

1
Off-site Tunneling off
coupling rate rate

Off-site’coupling
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The lattice Hamiltonian I

» The multi-band Hamiltonian

(am) (aa) 'i T
”f = Z(”p&n z‘u) Z '1Pq"~h’ ipl qu s]is’|

ipas ipgss’

" mm! I}f n IuEJ Hi 3 (:r0 PN 11 rl:{imi b, T f’ -
1 ] Nﬁ p ].P'qﬁbr Pl cl| 1= Js.f =y 151{ Js." ]pSh ljSi JE‘J. | 1
i GENG) | \pse Pgss’ pss’ |
_ [ laa) 5 (aa) T T . : [
= o Z Z u‘}qub ip| rq.”ﬁ“ {ljb,f fi]}q:a'“;pl _}q st IIJ-..; H:,_.-,‘lljh-r 1. {1}

1pass’ j=N1)
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The lattice Hamiltonian I

» The multi-band Hamiltonian

(am) 17 laa) + 3
Hy = Z(”Pﬁbh llis} s fu) Z passLip| ® qu,uf

'pgs 'pgss’
o " o I |r1 til et )+ r'r'um} hi lictll; —f* s
lmﬁb p lqubrii Pl cl| I~ JS" “-_51'[ Jsr .E:FSS; !p[ Jblrjh", balia
i JEN() | \pss' pass’ pss’
laa) lag)  § SRt |
) “2passip) 5103+ Cypasp| gy (1103, ~ i1 W
1pgss’ =N

Hopeless to solve!
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How to simplify ???
- Separation of different energy scales (Duan. PRL 2005)
Large energy scale: g > E

Small energy scale: 8,4 21

Energy scale separation: gm-»Egg >> ggﬁf.ﬁ{
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How to simplify ???
« Separation of different energy scales (Duan. PRL 2005)
Large energy scale: g > Ebg

Small energy scale: 8,4 21

Energy scale separation: £.,- Eg.g >> 8ol
B.~2E_ K, ~63E.

ngr - UOQE,— Er iz dﬁ;’Er
for V;, = 10E, and 40f
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How to simplify ???
- Separation of different energy scales (Duan. PRL 2005)
Large energy scale:

8 on E.. Ebg

Small energy scale: 8,4 21

Energy scale separation: £.,- Eg;.g o [
E,. ~ 23E,, E,, ~ 63E,.

Eﬂ._ff - OOQ'E;- Er e 60‘251‘
for V, = 10E, and 40}

First solve the single-site problem!
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Lattice Resonance I

» Resonance between atoms and dressed molecules

!
A

P=@®.P.

A

Projection:

P; = |0), (0| +1); (T1+10): (L] +1d), (d].
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Effective Hamiltonian I

» Effective Hamiltonian (Duan. PRL. 2005)

Hyp = Za Bjdld,+ Y t;Pdld;P
I.}EN(I')

- Z Z (taPaLaj,P - tdad:dja}#aig)

IJE;‘J(I) a

+ Z (gd!(aﬂaﬂ-ﬂi[ﬂn)+h.c.). (2)

t‘:jEN(i]
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Effective Hamiltonian I

« Effective Hamiltonian (Duan. PRL. 2005)

Hy; = Y A(B)dld;+ )  tsPdld;P

I;}EN'(I')

- Z Z (tEPaLaJ{,P+td¢.dfdjaLaw)
ijeN() © -

- Z (gdf(a:rﬂn-ﬂilaﬂ)+h-f-)~ (2)

iEeN(i)
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Efftective Hamiltonian I

« Effective Hamiltonian (Duan. PRL. 2005)

Hy; = Y A(B)dld;+ Y tyPdld;P

I:.JE?':('II-)

- Z Z (taPaLa}{,P - tdadfdja;aw)
igeN(z) @ i
1JEN(3)
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t-J model for atoms I
 Limiting case 1: atom limit

Atom effective Hamiltonian: W

Hey = Z [fﬂ Z ILr:jﬂruﬁ,Pﬂ +J (85 -8 —mm; 1)]

:3=Ni(z)
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Efftective Hamiltonian I

- Effective Hamiltonian (Duan. PRL. 2005)

H, _ZA Bydld,+ Y tyPdld;P

11EN(i)

+ Y Y (ePdotsoP + tuddsal, WWW
igeN(x) @ T

- Z (94((1::0;1-ﬂita;r)+h-f-)4—lH\AAf:>WV\’
17eN(1)
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t-J model for atoms I
« Limiting case 1: atom limit

Atom effective Hamiltonian: W

Hyy = Z [ ZP:: e Fo+ J(8% -8 —mn; 1}]

::3=Ni(z)
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t-J model for atoms I

- Limiting case 1: atom limit

Atom effective Hamiltonian: W

Hey = Z ta Z F:‘”ja'“jﬂpa + Jis; - s; —n;n;/4)

t:3=N(2) a

Temperature (K)

0.0 0.1 0.2 0.3

Dopant Concentrannonx Page 93/98
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NN 7 model for dressed molecules I

» Limiting case2: molecule limit

fiyxz =G/, Hef%*Zj-;xq-u'i-\'e-‘fi*}1}}*"':Z=7-;-'] WV\’

CDW (Chgpkerboard) phase

Duan, Demler, Lukin

Lb PRL 2003

z.az A

- Superfluid phase

1 Chin et al., Ketterle’ group
u‘ | Cond-mat/0607004,
. | Nature (2006)
-1 v «—Mott phase
_! i - i . -
0 1 2 3
1 R iZh,
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—_—  Swwmary 0 |

* Quantum simulation of many-body physics with
ultracold atoms

» Quantum magnetism and anyon model

» Feshbach resonance + optical lattice (t-J model and
RVB physics)
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