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Introduction

* The photon loss limits long distance QKD.
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Scarani et al., Rev. Mod. Phys. 81, 1301 (2009)
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« General unpper bound on the secure key rate  R<log,( 1_:)’“2-8811

- PRI <1
« Exponential decay with distance n=e kb (n<1)

Takeoka, Guha, Wilde, arXiv:1310.0129; IEEE Trans. Inf. Theo. 60 4987 (2014).
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* Quantum Repeater <Two Way Communication >
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* Quantum Repeater <TWO Way Communication >
1% generation
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Introduction

 Classical Communication
Phase insensitive amplifier (PIA) extends transmission distance

Am—tir{pin_ >« - = PIA i3
Lossy channel | Lossy channel Lossy channel

e Quantum Communication:
3" generation quantum repeater

What could those black boxes be?
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Single center station between lossy channel

How does a center station modify the total channel?
« Simplest tool box: Gaussian operations

» Could phase insensitive amplifiers (PIA) or generally
Gaussian quantum channels work as a qguantum
repeater?

--------------------------------------------------------------------
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Single center station between lossy channel

How does a center station modify the total channel?
« Simplest tool box: Gaussian operations

» Could phase insensitive amplifiers (PIA) or generally
Gaussian quantum channels work as a qguantum




Quantum states of Light: harmonic oscillators

n-mode bosonic field

Gaussian states

« Displacement vector
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e Covariance matrix
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Gaussian channels

Def. Transform Gaussian states to Gaussian states

—(Galn Noise)
(v,d) — (K,a) —
d K d
Yy K+a
Q00Qa)] QQQQq]
K= gggg o= 8888 2nX2n canonical uncertainty relation
aaaa) aaaa]
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Identity matrix; I,
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Gaussian channels

Def. Transform Gaussian states to Gaussian states

= (Gain, Noise)

(v,d) — (K,a) —

o e {

a0034d] aa0aaq|
K= 8888 o= 8888 2nX2n canonical uncertainty relation
aaaay] Qaaa]
i — O In
YZZG, o. (I,, 0)

Physical Condition for channels )
< |
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Gaussian channels

Def. Transform Gaussian states to Gaussian states

o (K,oc):(Gain, Noise)
(Y’d) - (K,O() — (Y ’d)

-

| d'=K"d,
Y=K yK+«a

e Multi-mode Pure lossy channels; transmission n
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Setting

» Gaussian channel sandwiched between lossy
channel segment
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Main theorem

« Decomposition of Gaussian center station

A@n A@n
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Main theorem
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« Decomposition of Gaussian center station
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Main theorem

« Decomposition of Gaussian center station

XN Rn
A Anl Cl CQ A??2 B
D O—> N G De
Total loss is collected
into the center of channel
A o Ay A 1

N

B
G5

The operation at
the receiver end is unitary
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Implication for many stations

A S S0 B

A = B
A._ N(l;'”—l A e >°1—/\/(2; e 3

-Effect of loss cannot be reduced!
-Cannot be improved by Interspersing many stations!

A-i)» ->-—712h)~> Demmm) ¢ o o m==)Dg) ”ﬁk—)‘B

i B
A.D n=mnz...Nk »DXB

*» No difference in Gaussian or Non-Gaussian input states




No-Go result for Gaussian repeater

Center station — Modification of transmitter and receiver.

Choice | C [
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of Input >‘—>NG—>' De Measurement
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No-Go result for Gaussian repeater

 Center station - Modification of transmitter and receiver.

( Choice 1 m C C5 7o /

of Input re—> N> De Measurement
states
r _ N p
" Choice Al n = n11ns B
of Input = N [Po—— 0 N [ Measurement
_ states L
. y

Input source
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No-Go result for Gaussian repeater

 Center station - Modification of transmitter and receiver.

E Choice } m Ch Cs o

of Input O—) 0= \[ ) [ ——)0 Measurement
states

J

Choice A 1= 1112 B
of Input > NZ Measurement
states




No-Go result for Gaussian repeater

 Center station - Modification of transmitter and receiver.

21

~ Choice C C 4 A
11 1 2 7)2
of Input re—> Ng>e De Measurement
states N )
r _ N = )
" Choice A, n = mns B, ( |
of Input AP =N NG I Measurement
states |
\_ : J \ - >,

Another protocol with the original lossy channel!

Input source

Receiver settings
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No-Go result for Gaussian repeater

» Center station - Modification of transmitter and receiver.

states

Choice C C
1 1 2 72
E of Input j_)‘—) NG _>._).{ Measurement }

Choice
of Input
states

~
NZ Measurement ]
y,

/V

Another protocol with the original lossy channel!




Remarks

 The performance may or may not improve

If the transmitter and receiver are the same.
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Remarks

* The performance may or may not improve
If the transmitter and receiver are the same.

« Mathematically equivalent, not technically or economically.

Ao 9.1_>NG_02 B 3

/// \\\ EQ@e nt

A = B
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Remarks

* The performance may or may not improve
If the transmitter and receiver are the same.

« Mathematically equivalent, not technically or economically.

A 11 )C.’1_> NG _02 712 e B

/// | EQ@ent

A = B
A._ Ncl; _>.—1 '] Uiy ).1— NC% =>0 B

-Classical Communication
Phase insensitive amplifier (PIA) extends transmission distance

A"—m’ PIA PIA pup + + + mmd{ PIA e[
// L /
Lossy channel Eossy channel Lossy channel
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Single center station between lossy channels

 How does a center station modify the total channel?

-Single-mode Gaussian channels
-Entanglement breaking (EB) conditions

4

A —

Equivalent
decomposition

<

A m >C-1>NG—02 B BB

As a single module.... >
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Single center station between lossy channels

 How does a center station modify the total channel?

-Single-mode Gaussian channels
-Entanglement breaking (EB) conditions

Break any quantum correlation

No entanglement / No secret key

Curty, Lewenstein & Lutkenhaus, Phys. Rev. Lett. 92, 217903 (2004).

C C
A M1 >.1_ 2 7]2 >e 3
Y /
\p
As a single module.... ? >
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Single center station between lossy channels

 How does a center station modify the total channel?

-Single-mode Gaussian channels

-Entanglement breaking (EB) conditions
EB center station yields total EB channel.
All we have to concern about is non-EB center stations!

Pure lossy channels are not entanglement breaking

A Mo i Non-EB e BB

N J
Y

— EB

As a single module....
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Single-mode Gaussian channels

e Unitary equivalent classification

decompose
— ke > W) Pl
~ Standard form + Unitary
Sufficient to consider two standard forms! :
\/
(1) Phase insensitive channel (PIC) - (K,
(I1) Additive noise channel (ANC)
= (KII’aII) >

Holevo, Probl. Inf. Trans., 43, 1 (2007); Probl. Inf. Trans., 44, 171 (2008)
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Non-entanglement breaking center stations

(I) Phase insensitive channel (PIC)

- Phase insensitive amplification/attenuation

Phase insensitive noise addition

— (K I> 0‘1)

(I1) Additive noise channel (ANC)

- Addition of a rank-1 noise

/ N (KH,OCH) >

Holevo, Probl. Inf. Trans., 43, 1 (2007); Probl. Inf. Trans., 44, 171 (2008)




31

Single-mode Gaussian channels

e Unitary equivalent classification

decompose

_ (K, o) — :> Vi (K,,a,) U

~ Standard form + Unitary

Sufficient to consider two standard forms!

« Entanglement breaking (EB) conditions: \

)[VH (Kpo) Hul—e

1 M 72
\/det((XANC) E<1+T‘|11]2> = (KANC’aANC)-> = Oe—) V = (KH’O‘H) -El_).

Holevo, Probl. Inf. Trans., 43, 1 (2007); Probl. Inf. Trans., 44, 171 (2008)

Ui

. 1
\/det<aPIC) 2(“‘9‘11“2) _(KPIC)OCPIC>_> = e
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Examples: Quantum limited amplifiers

 Squeezer (Phase sensitive amplifier:PSA)

) R 4 p VG >1
N M M VG +F
>o—>| S = »e B
R | K=Diag[x@+\/G—1,\E—\/G—1]
Y a=0

—>e

Unitary equivalent to a pure lossy channel
- = Not EB!

S
I
. N
=
\V)
%/—/
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Examples: Quantum limited amplifiers

 Squeezer (Phase sensitive amplifier:PSA)

A m \) .

>o—>| S | —

(G

EB if the gain fulfils

11

_)‘—}

n,=1 i>
712

]/]1=1 => | S F>o—)e 7

S

- Ap2 VG —G— >1
= 5 1) ¢
>e
| K=Diag[\E+\/G—1,\E—\/G—1]
oa=0
_ . Uil
Gpsa > 1+
TRA = (1 —m1)(1 —12)

=>0 1 Unitary equivalent to a pure lossy channel

A middle unitary operation renders the channel entanglement breaking!
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Examples: Quantum limited amplifiers

Squeezer (Phase sensitive amplifier:PSA)

N o A P2 VG —~G— -
M {\\,,,/“ o VG + \/7
A »o—>| S | = e I3
. y K=Diag[@+VG—1,JE—@]
e oa=0
T

EB if the gain fulfils ~ “Ps2 =1 50—

Quantum-limited phase insensitive amplifier (PI1A)

A U \ (K,oc) - 7]2 ).B Xoutput=\/E
1/ \\‘ X input

J/ | K=+GI,
"2 «=|1—G|I,/2
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Examples: Quantum limited amplifiers

Squeezer (Phase sensitive amplifier:PSA)

— R A p *_[NG—=AG >1
M ﬂ\\w J - \/7+ G
A >o—>| S | — e I3
R | K=Diag[x@+\/G—1,\E—\/G—1]
Y oa=0

T T
EB if the gain fulfils ~ “Ps2 =1 50—

Quantum-limited phase insensitive amplifier (PI1A)

A /'71 ) (K,Q) 772 ).B XOUtpUt=\/E
“ = ] Xinput
| K=+\GI,

EB if the gain fulfils Gpia = -

a=|1-G|I,/2
1 —m
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Examples: Quantum limited amplifiers

 Squeezer (Phase sensitive amplifier:PSA)

O <> A p2 \/7 >1
A 5 | oty B I+F
R , K=DiagNE+\/G—1,\E—\/'G—1]
e o=0

- , m
EB if the gain fulfils Gpsa =1+ (1 —n)(1 =)

* Quantum-limited phase insensitive amplifier (PI1A)

A 7)1 N (K,oc) 7)2 e 3 Xoutput=\/E
“ = ] Xinput
| K=+\GI,

EB if the gain fulfils Gpia = -

1 —m
For a long distance n,,n,<<1 = G>1
- asmall gain amplification renders the channel entanglement breaking!

a=|1-G|I,/2
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Conclusion
o Useful black boxes do exist!
Break the linear scaling R ~ n M

* NoO-go result for Gaussian center stations

General multi-mode Gaussian channels A L &,NG.QQ_L).B

A = B
A Né"‘% N’é >e 5

e Conditions that a single-mode Gaussian station make whole
channel entanglement breaking (EB)

Special cases: quantum limited amplifier

- A small amplification could make the channel entanglement breaking
Better off using amplifiers as repeater stations

il Q 72
A Do=>| S | =Demmmmmi—)e |3
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Construction

Sketch of Proof
. The total channel action
. Existence of a noise term and a unitary matrix

|. Choose a gain term

A L y{ (K, 01 ) oo |3

o, — 04 )
y = tl_‘hﬂz , MTY MZ%IZ,»,
UERIP:

Aesl

L
K

ﬂ) M .>.B = 1 (MT(X M_l_rllrb




