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Entanglement of condensed atoms

Applications

Non-classical states of atoms ?
1. Precision measurement

2. Quantum information science
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Coherent Spin States
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Manybody entanglement

correlated states from controlled dynamics

Atomic quantum gases
1. Many atoms (internal and external degrees of freedom),
2. Controlled interactions

3. Highly efficient quantum detections
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Identical particle entanglement

Single particle (mode) entanglement ?
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Separable for the modes,
but particle entangled?
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Two fermions

Schmidt expansion in terms of orthogonal
Slater determinant
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John Schliemann, Daniel Loss A. H. MacDonald, Phys. Rev. B 63, 085311 (2001).
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Is this useful entanglement or correlation ?
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Two bosons

Schmidt expansion in terms of orthogonal
2-boson modes
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Inseparable correlations beyond what is required
from exchange symmetry among identical particles Eg
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Entanglement and spin squeezing
of three bosons in two modes

L. You

D. L. Zhou
B. Zeng, Z. Xu (Tsinghua Univ.)

Three distinguishable qubits

Generalized Schmidt decomposition:
| ,|000) + | ,@7]100) + | ,|101) + | ,|110) + | , |111)

A. Acin, A. Andrianov, L. Costa, E. Jane, J.1. Latorre,
and R. Tarrach, Phys. Rev. Lett. 85, 1560(2000).

3-qubit entanglement, SLOCC,
Two types of entanglement:

1
|GHZ) = E(| 000) + |111))

1
W)= —(|001) + |010) + |100
W)= (1001 + |010) + |100)
W. Dur, G. Vidal, and J.1. Cirac, Phys. Rev. A 62, 062314(2000). %f
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Three bosons in two modes

Generic form:

a|000) + b(|100) + |010) + |001))
+ ¢(|110) + |101) + | 011)) + d|111)

Single particle basis rotation (unitary transformation),

|0)® a|0)+ b|1)
ID® - b |0)+ a |1)
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Three bosons in two modes

Standard form:
r |000) + s@ (|100) + |010) + |001)) + t |111)

Two types of entanglement:

|GHZ) = z, |aaa) + z, |bbb)
tt 0
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Encoding a physical qubit
into a logical qubit

L. You

D. L. Zhou,
B. Zeng, Z. Xu (Tsinghua Univ.)
C. P.Sun (ITP)
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Errors (single qubit)

any 1-bit error:
E =g, +e,X,+8,Z +8,X,Z,
bit-flip: X,: al0)+B|1) - ali)+p|o)

phase-error: . 16 gJy - alo)- gl
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Error correcting codes

bit-flip code phase-flip code
0) ~10,) =|000) 0) ~[0)=[+++)

) - 1) =1y B -)=-—)

Initial state H = qu
 (0)) = (a]0) + B|1)) O |9 FID)
Cavity QED _ N ar:\lcilla bits
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Three qubit bit-flip code

|O> _’|q_> E|O(D> 1hit error rate p<1,
|]> _,|]L> E|1]_’|> (3bit) error rate  p*+3p*(< p),

error-detection (quantum measurement):

R =000 (000G g ey
P E|1CD><1CD| +|O]_’I><OZL’I.| bit fli p on qubit one
R= 010><010| +|10]><101 bit flip on qubit two
_ bit flip on qubit three
R =/ 001) (001} +/110) (110
Reawovery: flip the flipped qubit again %
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Three qubit phase-flip code

0) ~[0)=]+++
3 - )=l

error-detection (quantum measurement):

Reawovery: flip the flipped qubit again

R =[++H)(++++==)(== noerror

R E|—++><—++|+|+“><+——| phase flip on qubit one
B =|+=+)(+ =+ =+ =)=+ qubit two
B =) (s ool --shfoo it free
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The Shor code

_ fooo) +[111)01°
o) -Jo) = fEHE
_ fjooo) -|111) O
9= B

P. Shor, PRA 52, 2493 (19%).
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Our encoding scheme

N+1

a|0)+ B|1) — a|g D) + B|L.HEY)
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Initial state

@ (0)) = (al0)+ B[1) T |9, D)

N ancilla bits
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First protocol
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Alternative protocol

el

H=uJ’

647 48

Measure 1st qubit
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Experimental systems

lon traps
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Cavity QED
Josephson junctions
Atoms in an optical lattice
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