


Generating a large-scale entanglement at a time is difficult. �

→ (1) Put a new qubit (new qubits) to the existing entangled state. �
and/or �

   � (2) Merge two existing entangled states into one. �

A trivial (but not easy to do) method: !
bring all qubits at a place and recreate the desired state. �

What is the problem?�
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Expansion gate!
(2-qubit gate) �

Fusion gate!
(2-qubit gate) �

What is the problem?�
Previous works �

When two entangled states share a subset of qubits in the same !
marginal state, then the two states can be converted by only touching !
the rest of the qubits.  �

GHZn and GHZn+m satisfies this. → deterministic exp/merge possible.  �
Cn and Cn+m satisfies this. → deterministic exp/merge possible.  �

Wn and Wn+m do not. →  Is probabilistic expansion possible?  �
Dicken and Dicken+m do not. →  Is probabilistic expansion possible?  �

ρ1 
ρ2 

If so, how large is the maximum probability?  �
Possible within linear optics?  If so, how is the probability?  �

Open questions↓�



Marginal (partial) density operator of an entangled system �

The marginal density operator of a maximally entangled state is a maximally mixed state.!

By the way, a Bell state can be transferred to any Bell state by only rotating qubit A (or B).!

An MES is transferred to any other MES by only rotating system A (or B).!

This means that GHZN can be enlarged to GHZN+1 by interacting a component qubit 
with an attached ancilla qubit.!
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Proposal:  An expansion gate (using ordinary BSs) for Wn → Wn+2 !

Proposal of an optimal expansion gate for expanding Wn  → W n+1 !

Proposal and experimental: A fusion gate that fuses W2 + W2 → W3 !

Experimental demonstration of [1] (W1→W3 and W2→W4) !

Proposal of an optimal gate for Wn→W n+m with a Fock-state resource!

Proposal of a fusioning W states with/without recycling!

Proposal of a universal gates that transforms Dicke(nm)→Dicke(kj) �
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One photon from Wn!

Prepare two horizontally 
polarized photons!

Post-select single-!
photon counting in !
modes 4, 5 and 6.!

Then, photons 4, 5, 6 
and the remaining n-1 
photons form Wn+2.!
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Prepare one horizontally and one 
vertically polarized photons!

Post-select single-!
photon counting in !
modes 4, 5 and 6.!

Then, photons 4, 5, 6 and 
the remaining n-1 photons 
form GHZn+2 .!

By the way, interestingly, ・・・!
GHZn+2  �

GHZn  �
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EPR + EPR → W3!

In other words,!

W2 + W2 !
→ W3 (+ detecting 1 photon)!
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Prepare two horizontally 
polarized photons!

Post-select single-!
photon counting in !
modes 4, 5 and 6.!

Then, photons 4, 5, 6 
and the remaining n-1 
photons form Wn+2.!
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Demo of [1]!
n = 1, 2 cases �
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Check whether method [1] gives the largest probability. �

・ Thoery of the largest probability within linear optics. �

・ Actually, the prob given by [1] is not the largest, !
���but very close to it. �

[6] NJP 13 103003 (2011): “An optical fusion gate for W-states”!
S. K. Ozdemir, E. Matsunaga, T. Tashima, T. Yamamoto, M. Koashi & NI �

Some failure cases provide recycling of the photons.!

→ Let’s recycle them!!

→ Theory of clever way of recycling!
����（slightly complicated）�
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Ex) D4
2 =（｜0011〉 ＋ ｜1100〉 ＋｜0101〉 ＋｜1010〉 ＋｜0110〉 ＋｜1001〉）／√6      �

Scenario: Alice can use k qubits from DN
M1 and combine n new qubits.!

Question: Can Alice and Bob hold DN+n
M1+m1? �

Answer: (assuming that N, M1, k, m1 are reasonable, then) It is possible.!
(But, we only showed the existence of such gate.) �
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First proposal of an expansion gate (using ordinary BSs) for Wn → Wn+2 �

Proposal of an optimal gate for expanding Wn → Wn+1 �

Proposal and demonstration of a fusion gate that fuses W2 + W2 → W3�

Demonstration of [1] （W1 → W3 and W2 → W4 ） �

Proposal of an optimal gate for Wn → Wn+m with a Fock-state ancilla �

Proposal of a fusion gate for W states with/without recycling �

Proposal a universal gates that transforms Dicken
m → Dickek

j �


