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What Is entanglement?

Schrddinger's Cat(1935):.

Einstein et al's description(1935):

[EPR) = 12(m> 4,1)

|S-Cat) = i(| excited, alive) +|decayed, dead))
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How to generate a macroscopic GHZ-state?

---Experimentally constantly-coupled Josephson circuits

~ coupler
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1. Three-step scheme for generating GHZ-state

E, =E, =0,6E, =E,,

cos(E, t, / 20) =1/ 2

S

J2

| 000)

(/000) + i |100))

to keep the state | 000) unchange, we need the length of pulse further satisfies

2 2
the condiditon sin(t, \/ (E, 12) + E., /7) = 0 bysetting E, properly.

%
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E, =E, =0.08(E, t,/2) =0,6E, =-E, +E,,

confirmflip the second quibit

to keep the state | 000) still unchange, we need the length of pulse further satisfies

2
the condiiciton sin(ts\/ (E,, 12) + By 1) = obysetign E, propery.

1
IWGHZ)Zﬁ

(1000)-]110))

E, =E, =0.08(E, t,/2%) = 0,0, =-E,,

confirmflip the third quibit

(]000) —i[111))




The generated GHZ-state is long-lived!, if
n, =1/2,®, =®,/2. In fact, for Hamiltoian

g
E E
H =——25 0 ——2 0. o, ,We have
INt 2 Zl 22 2 22 Z3

E

E
Hii [Wenz) = (= 212 5t 223)|WGHZ>




2. Confirm the generated state is just the expected GHZ-state

VGaHZ) = \f(|000> +i[111))

Uy = exp(iwa§/4)@

5(/000) —[101) 4[010) +i[111))

Slngle-s-hot measuring three Py = [1)(1]
boxes simultaneously

02) ® \%(\0103) +[1113))
Hj:1,3 eXp(iWU;C/4ﬁQuantum interference!

)

1
0113) + (110
three qubits at the same logic states: \/§(| 1 3> | 1 3>)

This is necessary but not enough, as
mixture state a|000><000|+b|111><111]|

may also Single-shot measurements: ----
: | two qubits are not at the same
logic states!



How to implement the single-qubit rotations?, e.g.,
Us = exp(imo3/4)
Let the circuit evolves under the Hamiltonian

Hy = = —2¢j,05 + Eg 1 J,J+1 ]+1
Go=Kj2/2¢;, < ﬂApproximately

eff = —¢1,[1 4 202, + 2%; + 4(12(p30% 0%

@In GHZ-state Uiaé =1

AT = ) [1 4962, 4 2%, 4 40l



3. Application: Testing Bell's theorem without inequalities
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Experimental test of guantum
nonlocality in thhree-photon
Greenberger—Horne—Zeilinger

entanglement

Jdian-Weid Panm™, Dik Bouvemeester i, NMatthevw Damiell =,
Harald Weinfurteri & Anton Feilinger™

Figure 1 E<xperimental set-up for Greenberger— Home—Zeilinger (GHL) tests of guantum
nonlocality. Pairs of polarization-entangled photons®® (one photon & polarized and the
other ¥} are generated by a short pulse of ultraviolet light (— 200 fs, A = 394 nm).
Observation of the desired GHS comrelations reqguires fourfold coincidence and therefaore
two pairs®®. The photon registered at T is alway s S and thus its partner in b mustbe . The



A proposed experiment with solid-state systems:-principle

It is easily proven that the generated GHZ-state
| Wenz) = C
GHZ \/E

Is an eigenstate of the operators o, o, o, ,0, 0, 0, ,and o, o, o, .

(]000) —i |111))

Gyl ze Gxg | l//GHZ> = le O-yz Gx3 | WGHZ> = le Gyz Gxg | l//GHZ>
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In the other hand,
( Y1 Xz X3)( X1 Y2 Xs)( X1 Xz Y3)

( Y1 Xz X3)( X1 X1 Y2 X2 X3 Y3)

( Y1 Xz Y2 Xz Y3) 7 -Gylﬂych
Thus,
( y1 x2 x3 )( x1 y2 x3 )(le(jx2 GyB )| l//GHz> 7 | WGHZ>’

results in the following quantum equality

0,0, 0, | Wenz) = | Wonz)



In the local world, each operator corresponds to a classical quantities:
Quantum: oy, — classical: m_,=+lor-1; m; , =1

Quantum: Gyl ze Gx3 | l//GHZ> o le O-yz GX3 | WGHZ> = le Gyz Gx3 | l//GHZ> v | l//GHZ>

{

Classicakmm m =1m m m, =1mmm =1
Classical locality: m m, m m m m mm m, =1
DuclsD) HGE Ty - -
=m, m,m, m.m, m, =1, resulting in the classical locality
mYl mYz mYs = 1’
which is In contradiction with the guantum prediction:

— = %91
Jyl Gyz Gysl WGHZ> b | WGHZ> — rny1 rny2 my3 1



So, experimentally,

) Generating the expected GHZ state and measure o, 0, O,

li) Generating the expected GHZ state and measure ¢, o, o,

i) Generating the expected GHZ state and measure 99,9y,

: s
Calculating m,m, m, m m _m, m, m, m, =-:

IV) Generating the expected GHZ state
and perform the fourth tested experiment. measuring ©,,9,,0y,

Quantum result m m m_=-1 conflicts the classical onem m m =1
w4y Ay T L E )



e Fundamental physical motivation:
Entanglement lies at the heart of quantum mechanics.
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Superconducting circuit to test
quantum theories

INevice could form basis of powerful guantum computer

A simprle circuit that tests the boundaries
of quantuirm physics has been dewvised by
RIKEMN scientists. The proposed device
could also be a key element of a future
quantum computer, where information
is stored and processed wusing the
quantum properties of sub-atomic
particles.

The circuit relies on three tiny
superconducting dewvices that camn
carry electrical current., in the form
of pairs of electromns, with wvirtually no
resistance (Fig. 1). If trapped within the
superconductor, odd or even numbers
of electron pairs can represent the
opposing states of binary logic that
match the stream of "‘ones’ and ‘zeros’
used in conventional computers.

The data can be retrieved by counting
the total number of electron pairs held
in each superconducting "box?

But theres a catch. Although each
box contains billions of electron pairs,
malking it far from sub-atomic. the
behawvior of the electrons is governed
by the rules of the guantum world.
This makes it possible for the overall
quantum state of each box to become
entangled wwith its meighbors so thart
they share the same information., as
if thhey wwere part of a unified whole.
Einstein himself dubbed this strange
entanglement as "spooky action at a
distance’, and it means that changing—
or even measuring—rthe status of one of
the superconducting electron- pair boxes
can instantanecusly affect the other twwo.

So each box essentially behawves
as a unigque quantuimm particle, and
linking the three in this way is kKnown
as Greenberger-Horne-Zeilinger
entanglement, named atter the scientists
who first described it in 1989,

“wWve propose that these phenomena
can also be observed in the macroscopic

@ | RIKEMN RESEARCH
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Figure 1: The three superconducting dewvices linked together in this circuit could form a key element of a

future gquantum comp uter.

world, using circuits, and not only in the

microscopic realm.”” explains L. F. Wei

of RIKEN's Frontier Research Swvstermmn

in “Walko, who dewvised the circuit with

his colleagues Yu-xi1 Liu and Framco

MNori, whao is also at the TUniversity
of Michigan, TUSA . Their proposal is
published in Plfryvsical Review Lefterst.

The three superconducting boxes
should be much easier to manipulate
into specific quantuirm states than
individual electrons, and controlling
these "macroscopic’ quantum states
provides a way to test some fundamental
lawws of guantum mechanics, such as
entanglement, at the macroscopic lewel,
says IMNori. “But it is also a key step to
building future quantum computers,”
he adds.

Since guantum states can exist
in variowus combinations knowmn as
superpositions, there are many more
configurations awvailable to the three
superconducting boxes thhan if they were
a simple series of classical computer
bits. which substantially increases the
systernm’s computing power. " WWe believe
thhat the proposed system could be
experimentally built in the near future”
says WWei. L

1. Wi, L. Fo. Liw, W-X_ 2 Mori. . Genaeration
and control of Greenberger-Horme-
Zeilinger entanglemeant in superconducting
circuits. SAhsical Review Lelfters a6,
2aaBoz (Zooa).

www.rikenresearch.riken.jp



Towards to Quantum Computer




Quantum Computer?
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