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Quantum Internet

A

I

F

E

D

C

B

H
G

• Quantum network consisting of channels, repeater stations and
end users. Goal: distribution of entanglement by adaptive
LOCC protocol. Possible target target states:

• Bell states |Φd〉 = 1√
d

∑d
i=1 |ii〉.

• Private states γd = U twist|Φd〉〈Φd| ⊗ σU twist†.

• GHZ states |ΦGHZ,d〉 = 1√
d

∑d−1
i=0 |i〉 ⊗ · · · ⊗ |i〉.

• Multipartite pdits γd = U twist|ΦGHZ,d〉〈ΦGHZ,d| ⊗ σU twist†.

Bipartite User Scenarios
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• Quantum and private network capacities:

Q,Pnetwork = lim
ε→0

lim
m→∞

sup
Λ

{
log d

m
:
∥∥∥ρ(m)

AB − θ
d
target

∥∥∥
1
≤ ε
}
.

• Upper bounda:

Pnetwork ≤ max
{puv}

min
S↔T

∑
uv∈E:{uv}∈S↔T

puvE(N uv),

for E = Esq, Emax or ER for teleportation stretchable channels

• Apply max-flow min-cut Theorem: Flow optimization in network
with edge capacities puvE(N uv).

• Lower bound on Qnetwork: Aggregated repeater protocolb: Distill
Bell pairs across each edge with asymptotic rate puvQ↔(N uv)
and swap along paths: Flow optimization in network with edge
capacities puvQ↔(N uv).

• Efficiently computable bounds:

fa→bQ↔ ≤ Qnetwork ≤ Pnetwork ≤ fa→bE ,

with the linear program

fa→bc = max
∑

v:{av}∈E′

(fav − fva)

∀{vw} ∈ E′ : fwv + fvw ≤ pwvcwv + pvwcvw

∀w ∈ V : w 6= a, b,
∑

v:{vw}∈E′

(fvw − fwv) = 0,

where the maximization is over edge flows fvw ≥ 0 and usage
frequencies 0 ≤ pe ≤ 1,

∑
e pe = 1.

aAzuma et al. 2016, Pirandola 2016, Rigovacca et al. 2017.
bAzuma, Kato 2016

Multiple pairs of users: Worst Case
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• Q,Pworst case
network : Smallest rate that can be achieved by all user pairs

concurrently.

• Pworst case
network ≤ max{puv}minV1↔V2

∑
V1↔V2

puvE(Nuv)

# pairs divided by V1↔V2
.

• Relax to concurrent multicommodity flow optimization
LPa. Gap of O(log k).

• Lower bounds by concurrent aggregated repeater protocol.

• Efficiently computable bounds:

fworst case
Q↔ ≤ Qworst case

network ≤ Pworst case
network ≤ O(log k)fworst case

E .

aAumann, Rabani 1998

Total Throughput
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• Q,Ptotal
network: Maximize sum of concurrent rates.

• Ptotal
network ≤ max{puv}min{S}↔{T}

∑
{S}↔{T} puvEsq(N uv).

• Relax to max total flow optimization LPa. Gap of O(log k).

• Lower bounds by concurrent aggregated repeater protocol.

• Efficiently computable bounds:

f total
Q↔ ≤ Qtotal

network ≤ Ptotal
network ≤ O(log k)f total

Esq
.

aGarg et al. 1993

Multipartite User Scenario
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• Q,PSnetwork: Maximum rate for distribution of GHZ or multipar-
tite private states among set S of users.

• PSnetwork ≤ max{puv}minS-cut Si↔Sj

∑
Si↔Sj

puvEsq(N uv).

• S-connectivity can be transformed into flow LP using max-flow
min-cut Theorem.

• Lower bounds: Entanglement swapping → ‘GHZ-swapping’,
paths → Steiner trees.

• Steiner tree packing problem NP hard, but can be relaxed to
S-connectivitya, which can be transformed into flow LP.

• Efficiently computable bounds:

1

2
fSQ↔ ≤ QSnetwork ≤ PSnetwork ≤ fSEsq

.

aGünlük 2007


