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Classical scheme of communication

Alice Bob

Insecurity of classical scheme
Even Eve eavesdrops secure message during Alice and Bob communicate,

Alice and Bob cannot notice Eve.
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Quantum key distribution
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General structure of quantum key distribution

Quantum key distribution can be expressed as quantum state
discrimination. For example, if Alice and Bob perform B92 protocol,
then this scenario can be expressed as unambiguous discrimination.

G. Cariolaro, Quantum Communications (Springer, 2015). orF ety
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Multiparty QKD based on sequential state discrimination
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Multiparty QKD based on sequential state discrimination
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Multiparty QKD based on sequential state discrimination
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J. A. Bergou et al., Extracting information from a qubit by multiple observers:
Towards a theory of sequential state discrimination, Phys. Rev. Lett. 111, 100503 (2013).
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Multiparty QKD based on sequential state discrimination
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J. A. Bergou et al., Extracting information from a qubit by multiple observers:
Towards a theory of sequential state discrimination, Phys. Rev. Lett. 111, 100503 (2013).
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POVM for unambiguous discrimination

l— p(jli) = Trp;M; —l

Born's rule POVM condition
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POVM for unambiguous discrimination

4 ; )
. M;=0,M;=M vie{0,,n}

. My+M, +-—+M, =1

\III. TrpiM; = 6;; Trp;M Vi #]j y

Theorem 1. [T. Rudolph et al.] If supp(p;) satisfies supp(p;) & U;.; supp(p;)
for all p; € §,,, then there exists POVM that performs unambiguous discrimination on §,,.

T. Rudolph, R. W. Spekkens, and P. S. Turner, Unambiguous discrimination of mixed states, Phys. Rev. A 68, 010301R (2003). HV-lJ OHQFL Tyl

A. Chefles, Unambiguous discrimination between linearly independent quantum states, Phys. Lett. A 239, 339 (1998). HANYANG UNIVERSITY.
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for all p; € S, then there exists POVM that performs unambiguous discrimination on S,,.

\I Il Trp;M; = 0 jTrpiM Vi# ) Y However, exploiting Theorem 1 is quite difficult.
4 LR A Theorem 2. [A. Chefles] If S,, is a set of linearly independent pure states, then there
. M;=0,M; =M vie{0,,n} A n y indep p '

exists POVM that performs unambiguous discrimination on S,,.
. My+M;+--+M,=1
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Theorem 1. [T. Rudolph et al.] If supp(p;) satisfies supp(p;) & U;.; supp(p;)
for all p; € S, then there exists POVM that performs unambiguous discrimination on S,,.

However, exploiting Theorem 1 is quite difficult.

L

Theorem 2. [A. Chefles] If S,, is a set of linearly independent pure states, then there
exists POVM that performs unambiguous discrimination on S,,.

Simplified Proof. M; = ai|1/3i)(1/3i| i=1-,n), =0 A a;ER
[D. Ha and Y. Kwon]

|1/) ) = Z G]z [¥j), G = {<¢ |¢1>}U —1: Gram matrix

MO_I_Ml MZ Mn

D. Ha and Y. Kwon, Analysis of optimal unambiguous discrimination of three pure quantum states, Phys. Rev. A 91, 062312 (2015). HVIJ OHQFL Tyl
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POVM for unambiguous discrimination

Power of Theorem 2.
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POVM for unambiguous discrimination

Power of Theorem 2.

POVM
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POVM for unambiguous discrimination

Theorem 3. [D. Ha and Y. Kwon] Let define Hermitian matrix M = {(¢i|M0|¢j)}?J_=1 and all m x m (m < n) principal submatrices M,,.

M, is positive-semidefinite if and only if every M and VM,,, is positive-semidefinite.

D. Ha and Y. Kwon, Analysis of optimal unambiguous discrimination of three pure quantum states, Phys. Rev. A 91, 062312 (2015). OHQFL Tyl
R. Bhatia, Positive Definite Matrices (Princeton University Press, 2006). HANYANG UNIVERSITY
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?]_1 and all m x m (m < n) principal submatrices M,,.

M, is positive-semidefinite if and only if every M and VM,,, is positive-semidefinite.

Theorem 3. [D. Ha and Y. Kwon] Let define Hermitian matrix M = {(1;|Mo|;)}. .

Example. Let consider POVM < Pt Pl Pt Pl >

M, M, My -

‘m 000,
M, /O N O
M, = Q

Q are positive-semidefinite.

M,
(OO0) (O }
> (0 Ifandonlyif M = OQ M, = Q
O
O

L- O [“ L
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Power of Theorem 3.
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Constructing Kraus operator
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Constructing Kraus operator

POVM

Kraus operator

-

\_

+ p
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i #0

K; can be obtained using singular value decomposition:

K; = Un/M;

M; = K]'K;
Kily;) o |¢;) where
{lp1), -, |,)} : linearly independent

J
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4 + p
POVM . M;=0,M;=M' vie{0,-,n}

. My+M,+-—+M, =1

\III. (Wi M;|wi) = 6:5(hi I M; ;) Viij/

i=0

K; can be obtained using following lemma:

Lemma. [M. Namkung and Y. Kwon]
My = KKy ifandonly if (;|Mo|;) = (w;| K Ko|w)).

4 )
Kraus operator . M; =K'K;

1. K;|ly;) «|¢p;) where

{I¢p1), -+, |P,)} : linearly independent
\§ ! )

M. Namkung and Y. Kwon, Analysis of Sequential State Discrimination for Linearly Independent Pure Quantum States, OHQFL Tyl
Scientific Reports, 8, 6515 (2018). HANYANG UNIVERSITY
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Property of Kraus operator

Bob |
(Non-optimal UD)

(e, a®) € ¢

int

A

Bob 1+1

If Bob I performs non-optimal UD,
Bob | +1 can obtain partial information
from Bob I's post-measurement state.

) > (I+1)
aq aq
M. Namkung and Y. Kwon, Analysis of Sequential State Discrimination for Linearly Independent Pure Quantum States, OHQFL Tyl
Scientific Reports, 8, 6515 (2018). HANYANG UNIVERSITY
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Property of Kraus operator

Bob |
(Non-optimal UD)

(e, a®) € ¢

int

A

> 3 (a§1+1)

Bob 1+1
,aéIH)) € Ci(rllzrl) s. t. a§1+1),a§”1) >0

If Bob I performs non-optimal UD,
Bob | +1 can obtain partial information
from Bob I's post-measurement state.

> (U+1
b +D)

M. Namkung and Y. Kwon, Analysis of Sequential State Discrimination for Linearly Independent Pure Quantum States,

Scientific Reports, 8, 6515 (2018).
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Property of Kraus operator

(

Bob |
(Optimal UD)

P, ai’) e ac®

>a§1)

(I+1)
N
Bob I+1
If Bob | performs optimal UD,
Bob | +1 cannot obtain partial information
CcU+1) from Bob I's post-measurement state.
A
: » (I+1)
*;

M. Namkung and Y. Kwon, Analysis of Sequential State Discrimination for Linearly Independent Pure Quantum States,

Scientific Reports, 8, 6515 (2018).
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Optimization problem (result)

( n
maximize pS(Bl"”'BN> = Z qla( )a( )a(S)

=

subject to (agl), --,a(’)) ec?) VI<N-1

int

(ag), --,am) eaCcW)

\_

x ™

Remark: al.(l)

is probability that Bob | obtains outcome i, given that Alice prepares |y;).

HANYANG UNIVERSITY
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Optimization problem (two pure states, three receivers)

- )
. - B4,B>,B
maximize ps( 1B2,B3) _ q1a101V1 + q2a,657-

subjectto (1 — a)(1 — ay) > [(Y1|Y,)|?
(1— B —By) > < @) éBg)
A-yDA—yy) = < 1(Bz> §82>>

2

2

HANYANG UNIVERSITY




athematical Aspects in Current Quantum Information Theory 2019

COnStrUCtlng OptlmlzatIOﬂ prOblem at Seoul National University

Optimization problem (two pure states, three receivers) V2
= q101P1V1 T G202027>

- )
. - B4,B>,B
maximize ps( 1B2,B3) _ q1a101V1 + q2a,657-

(1, 72)

subjectto (1 — a)(1 — ay) > [(Y1|Y,)|?
(1= B0 = ) > [(9°|9™)

1—yDA—y,) = < {#2) §BZ)> 1-yDA—y2) = ‘ §BZ)>

L Y > V1

2

2 2

(Bz2)
1

Remark: (y1,72) is obtained by finding a tangential point between a plane Ps(Bl‘BZ'B3) = q1101Y1 + 225272

(B) (Bz)> ’
( .

2

and a surface (1 —y)(1 —vy,) = ‘<

HANYANG UNIVERSITY
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Optimization problem (two pure states, three receivers)

-

\

. - B4,B3,B
MaxXimize PS( 1:82,B3) = qlalﬂl + anzﬂz - 2|<l/)1|¢2>|\/

subjectto (1 — a)(1 — ay) > [(Y1|Y,)]?

q192a1a231 57

(1—a))A—az)(1-B)A—p2)

p1(1 — B1)
P2 = B1(1 =)+ X(ay,az) X(ay, ar) =
B2(1 = B>)

qr%>

[(Y112)?

qia; (1 —a)(1 —ay)

qd1a4

(Y1 192)1°

f1 =

Bo(1—B) +Y(ag,a3)’

Y(all aZ) =

q202 (1 —a;)(1 — ay)

\_

Remark: In general, this optimization problem can be solved by using nonlinear programming,
including random search method, sequential linear programming, and penalty function method.

OHF T Oty

HANYANG UNIVERSITY

S. S. Rao, Engineering optimization: theory and practice (Wiley, 2009).
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Optimal success probability (two pure states with equal prior probabilities, N receivers)

Discriminating two states: PS(Bl""'BN)Opt — (1 — |(1/)1|1/)2)|1/N)N (1 |1,)] < (21/N _ 1)N

1 N N
Discriminating one out of two states: P21 BNIOPL _ 5(1 — (W11 )1?/N) (1 [0 = (2N — 1)

(Bli“"BN)Opt 1
PS

Remark 1: Optimal success probability satisfies
the result of [J. A. Bergou et al.], and [C.-Q. Pang et al].

Remark 2: Sequential state discrimination of two pure states
is suitable for multiparty QKD, when the number of
receivers is not too many.

“—>useful for

QKD

> [P [P)l

J. A. Bergou et al., Extracting information from a qubit by multiple observers: Towards a theory of sequential state discrimination, OHQFL Tyl
Phys. Rev. Lett. 111, 100503 (2013). HANYANG UNIVERSITY

C.-Q. Pang et al., Sequential state discrimination and requirement of quantum dissonance, Phys. Rev. A 88, 052331 (2013).
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Extending problem to mixed states case

p1 = | Ny | + 7|7 X7 |
P2 = 1|12 | + 1[I N7

(Sketch of POVM)

|71)

orthogonal
|72)

|7'1>

|7'2>

U. Herzog, Optimum unambiguous discrimination of two mixed states and application to a class of similar states, OHQFL Tyl
Phys. Rev. A 75, 052309 (2007). HANYANG UNIVERSITY
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Constructing optimization problem

Extending problem to mixed states case

p1 = 1y | + 7|7 (7 |
P2 = 1|12 | + 1[I N7

(Sketch of POVM)

CZ (CZ
P
|r1> :> |r1>
orthogonal
( 72) |72)
|f1> p
T- 2
I72) C % |71)
|7"_2> (CZ

U. Herzog, Optimum unambiguous discrimination of two mixed states and application to a class of similar states,

Phys. Rev. A 75, 052309 (2007).

HYU
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Extending problem to mixed states case

p1 = | Ny | + 7|7 X7 |
P2 = 1|12 | + 1[I N7

(Sketch of POVM) (M; ® M)’

O
=
~—t
>
o
(]
o]
-}
QO

- M M, M, -

U. Herzog, Optimum unambiguous discrimination of two mixed states and application to a class of similar states, OHQFL Tyl
Phys. Rev. A 75, 052309 (2007). HANYANG UNIVERSITY
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Extending problem to mixed states case

p1 = | Ny | + 7|7 X7 |
P2 = 1|12 | + 1[I N7

(Sketch of Kraus operator)

(CZ
|71)

72)

|71)

|f2) CZ

M. Namkung and Y. Kwon, Optimal sequential state discrimination between two mixed quantum states, OHQFL Tyl
Phys. Rev. A 96, 022318 (2017). HANYANG UNIVERSITY
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Extending problem to mixed states case

p1 = | Ny | + 7|7 X7 |
P2 = 1|12 | + 1[I N7

— 12
(Sketch of Kraus operator) (K@K},
~ N
(CZ
|T1) < O AR o
|72) - |l 1l -l
KO Kl KZ g
- I
|71)
- ! o
o ‘m) | m-m .
\ _

I?O I?l KZ -

M. Namkung and Y. Kwon, Optimal sequential state discrimination between two mixed quantum states,
Phys. Rev. A 96, 022318 (2017).
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COnStrUCtlng OptlmlzatIOﬂ prOblem at Seoul National University

Extending problem to mixed states case

p1 = | Ny | + 7|7 X7 |
P2 = 1|12 | + 1[I N7

— 52
(Sketch of Kraus operator) (K@K},
~ N
C?
Ir2) e e R A R %
) s AU RS IR 51)
o KO Kl KZ o <
~ ~ |52)

= 51)

: [ <o P N ::} —

|75) C2 . . . 152) C2
-

I?O I?l KZ -

M. Namkung and Y. Kwon, Optimal sequential state discrimination between two mixed quantum states, OHQFL Tyl
Phys. Rev. A 96, 022318 (2017). HANYANG UNIVERSITY




Constructing optimization problem

athematical Aspects in Current Quantum Information Theory 2019
at Seoul National University

Extending problem to mixed states case (result)

4 N N N N R
maximize PPV PN = ¢ [ 1_[ a + 1 1_[ @ | +ax| 1—[ ay) +7 1_[ @’
=1 l= =1 =1
subjectto (1 - a(l)) (1-a?) > lry )12 (1-a®)(1-a”) > KRlm)?
(1-a?)(1- ) (1—1)|S<1—1)> ? (1-2®)(1 a(’)) S -(1—1)|S-(1—1)> ?
2 ) 2 S1 2 5
(N) (N-1)|_(N-1) _(N) (MY _ |[sv-1)] c(v-1)
(1 —ay ) (1 ) = <Sl |S > (1 —a, ) (1 a, ) = <Sl |S >
- J
M. Namkung and Y. Kwon, Optimal sequential state discrimination between two mixed quantum states, OHQFL Tyl I

Phys. Rev. A 96, 022318 (2017).
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COnStrUCtlng OptlmlzatIOﬂ prOblem at Seoul National University

Extending problem to mixed states case (result)

|
4 N N | R
|
maximize p§ v = qml—[af) +q2'r21—[a() I maximize 155( 1BN) - qlrll_[al +q2r21_[
I=1 I=1 |
I -
subjectto (1— V) (1 - ai?) > [(ryIr)I? | subjectto (1 — (V) (1 - &) > (7 17)2
2 I 2
(1) (1-a®) > (s 2]sg))” (1) (1-a) > s )s )
(N) M) _ [{WN-Df . (N-1) ~(N) ~(N)\ _ [[s(N-D)[z(N-1)
(=) (1) =[P (- a) (1) = |
\ ! J
sub-optimization problem 1 ' sub-optimization problem 2

M. Namkung and Y. Kwon, Optimal sequential state discrimination between two mixed quantum states, OHQFL Tyl
Phys. Rev. A 96, 022318 (2017). HANYANG UNIVERSITY
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COnStrUCtlng Optlmlzathﬂ prOblem at Seoul National University

Extending problem to mixed states case (incase of g =q,, nm=r, =1, 1L =7, =7)

Example 1. r = 0.6,7 = 0.4,s = 0.7,5 = 0.0001,N = 3
pBrBNOPt — 0 294443356418367

Useful for QKD Example 2. r = 0.6,y = 0.4,s = 0.7,5§ = 0.0001,N = 4
/ pBrBNIOPL _ ) 182986042905254

Remark 1: Sequential state discrimination of two mixed states
can be performed with large success probability.

{71 172)]

[

Remark 2: Sequential state discrimination can applied to

(2 1) ( 1/;%//{/////////% o Ettjg;p?nrgynfm even if the number of receivers
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COmparlson Wlth Other ScenarlOS at Seoul National University

Quantum reproducing

[+ 0 [+ 0

/ \ | ! I | [ I I I
qi, Pi
e 3

(1) 2,1 p,(1) : (2) 2,2 2,02

- J {Mo My, M, } {Mo My, M, }
Alice 4 N Bob 2 (optimal UD)
Pi j “““““““ '
o J

Bob 1 (optimal UD)

HANYANG UNIVERSITY
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COmparlson Wlth Other ScenarlOS at Seoul National University

Quantum reproducing

4 N\
Sy = 1{p1, P2}
- J

Alice

______ GPi . o Thavefiled.” oW
e LB 3

Bob 1 (optimal UD) Bob 2

HANYANG UNIVERSITY
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COmparlson Wlth Other ScenarlOS at Seoul National University

Probabilistic Qua Nntum Broadcasting L. Li et al., Probabilistic broadcasting of mixed states, J. Phys. A: Math. Theor. 42, 175302 (2009).

[
4 broadcast\ —
4 I ) | |
machine
5 = (51 00] qi, pi pi @
2 = WPuP2s | [T
(1) 3,1 (D
N ) {Mo 'M1 'Mz }
Alice Bob 1 (optimal UD) i

Pi
ANA] =oommmeees e M 2) 27 (2) 1,02
reservoir {MO M, M, }

Bob 2 (optimal UD)

P = |P)P| —--

K / HANYANG UNIVERSITY |
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COmparlson Wlth Other ScenarlOS at Seoul National University

Probabilistic Qua Nntum Broadcasting L. Li et al., Probabilistic broadcasting of mixed states, J. Phys. A: Math. Theor. 42, 175302 (2009).

[
f/ I broadcast\ —
4 N : | |
machine
Sy = {p1, p2) L & @
2 =W P2s | [T e e e A
{Mél),Ml(l),Mz(l)}
N / Bob 1 (optimal UD)
Alice ob 1 (op i
E—
Pi
IANA] oo N Ubr- _________________________________________________ @ (2) 71 s(2) 2,2
reservoir {MO M, M, }
p Bob 2 (optimal UD)
| |
| |
P =|PYP| - >
ancilla S ) {P,I1 - P} HV[J SHOFL Bt
\ - .
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COmparlson Wlth Other ScenarlOS at Seoul National University

Probabilistic Qua Nntum Broadcasting L. Li et al., Probabilistic broadcasting of mixed states, J. Phys. A: Math. Theor. 42, 175302 (2009).

- N f/ N\ broadcast\
machine
S, ={pup} | Pl 3.-‘.‘3‘}???_ failed to broadcast..”
\ /
Alice Bob 1

ANA] === o ybr ~

reservoir a

[—p Bob 2

P = |P)P| - >

ancilla \ / {P' - P} HV-lJ ?II;JED::GEII!I%II;SJI.—TIL\'
\_ / '
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COmparlson Wlth Other ScenarlOS at Seoul National University

Optimal success probabilities

e Example.7 =03, =07, s =05, §=5x 1078, N € {1,--,7)
o8 |
= sequential state
0.7 discrimination o ,
S \ ~ (probabilistic quantum broadcasting)
O o6 \ -~
S Y
% 0.5 N S, jﬁ » Bob 1
wn e QBM
O oat S Alice B > Bob 2
()] . —
S N ~< QBM
v .3 1'\~ - > BOb3
© \‘x.\Q broadcasting QBM
£ % S | B > Bob 4
5 e QBM
O o1f ~- -
@) " T — — » Bob 5
0 . = QBM
1 2 3 4 5 6 7 — > Bob 6
N QBM
> Bob 7

Remark : Sequential state discrimination outperform
quantum reproducing and quantum broadcasting strategies.

HANYANG UNIVERSITY
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ReahSth QKD at Seoul National University

Realistic QKD based on coherent states

J
// N\ 4 N\ \ | [ [ I
[ q;, la;) Decoding message
{1,---,n} > lay) | | [ R by performing POVM
\ J \ / {M1!M2'"'!Mn}
Classical message Encoding a bit
\_  Preparation into a coherent state / Bob

Alice
Realistic quantum key distribution

Realistic quantum key distribution can be expressed as quantum state discrimination
of coherent states. For example, B92 protocol can be expressed as unambiguous
discrimination of coherent states.

G. Cariolaro, Quantum Communications (Springer, 2015). HV[J orF ety
HANYANG UNIVERSITY
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Realistic QKD

at Seoul National University

Introduction: coherent state and operations

Definition. [R. J. Glauber] , i
|a) = e~lal®/2 z \/—_' In) , n : number of photons
n!
n=0

Lemma 1. D(y)la) = e’V @ |a) = |a +y)

Lemma2. |VRa+V1—Rp)

T

la) — — |[V1 — Ra — VRB)

o

1B)

R. J. Glauber, Coherent and Incoherent States of the Radiation Field, Phys. Rev. 131, 2766 (1963).
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ReahSth QKD at Seoul National University

Introduction: coherent state and operations

Definition. [R. J. Glauber] , i
|a) = e~lal®/2 z —|n), n : number of photons
— \/n!
n=0
Lemmal — Hy)|a) = eyd—y*d”a) ~ |a + y) Theorem. trace out
Lemma 2. |\/Ea+\/1—R,8) la) ' Dy)l|a) = |a+vy)
I R
1  VJI-R
= — — a
jy— " > |[V1—Ra - VRp) v VR VR
R T \ /

1B)

R. J. Glauber, Coherent and Incoherent States of the Radiation Field, Phys. Rev. 131, 2766 (1963). HV-lJ OHQFL Tyl
HANYANG UNIVERSITY
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|mp|ement|ng Sequentlal State dISCrlmlnathn at Seoul National University

Requirement for implementing sequential state discrimination

O Optical design should implement optimal unambiguous discrimination

O Optical design should produce
non-orthogonal post-measurement states

M. Namkung and Y. Kwon, Sequential state discrimination of coherent states, Scientific Reports 8, 16915 (2018). HVl_J OHQFL Tyl

HANYANG UNIVERSITY
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|mp|ement|ng Sequentlal State dISCrlmlﬂathn at Seoul National University

Banaszek model /ﬁ\
1

D(=VRB:)

1B I
: D(—V1=Rp,)
K. Banaszek, Optimal receiver for quantum cryptography with two coherent states, Phys. Lett. A 253, 12 (1999). HV-lJ OHQFL Tyl

HANYANG UNIVERSITY
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v
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Implementing sequential state discrimination T e e e Seoul Nattonal unversty
Banaszek model /ﬁ\ _
1 [1
f, 2 off on
- % inconclusive correct
D(—VRB,)
- error .
S | (forbidden) | (forbidden)
1B:) > > » 11,
R D(—V1—R§,)

K. Banaszek, Optimal receiver for quantum cryptography with two coherent states, Phys. Lett. A 253, 12 (1999). HV-lJ OHQFL Tyl

HANYANG UNIVERSITY




Implementing sequential state discrimination ol [y
P g S€(q

Banaszek model m e _

1 o ﬁll’[z off on
D(—VRB,) Receiver's guess : |5;) 5 | inconclusive correct
- 1
error .
S (forbidden) (forbidden)
|51) > > » T, | on
g D(—VT—RB,)

K. Banaszek, Optimal receiver for quantum cryptography with two coherent states, Phys. Lett. A 253, 12 (1999). HV-lJ OHQFL Tyl

HANYANG UNIVERSITY
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Implementing sequential state discrimination

at Seoul National University

Banaszek model /ﬁ\ _
- on ﬁlﬂz off on
ver' % | inconclusive crror
B(—VRB) Receiver’s guess : [f;) O (forbidden)
S correct (forbidden)
1B2) > > » I, | off
g D(—VI—Rp,)

K. Banaszek, Optimal receiver for quantum cryptography with two coherent states, Phys. Lett. A 253, 12 (1999).
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|mp|ement|ng Sequentlal State dISCrlmlﬂathn at Seoul National University

Banaszek model _
I off

~ Receiver cannot guess.
D(—VRBy) )
15;) > > » I, | off
R D(—V1—=RB,)

K. Banaszek, Optimal receiver for quantum cryptography with two coherent states, Phys. Lett. A 253, 12 (1999). HV-lJ OHQFL Tyl

HANYANG UNIVERSITY
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|mp|ement|ng Sequentlal State dISCrlmlﬂathn at Seoul National University

Huttner-like model

’D\(_\/Eﬁl —V1-— ngaux)
1B:)

Alice's
coherent state
|,81> |,3aux>
T/ A /
/| / 1 J
|ﬂaux> PBS Rot.
auxiliary light

B. Huttner et al., Quantum cryptography with coherent states, Phys. Rev. A 51, 1863 (1995). HV-lJ OHQFL Tyl
HANYANG UNIVERSITY
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|mp|ement|ng Sequentlal State dISCrlmlﬂathn at Seoul National University

Huttner-like model off

D(—VRB; — VI = RBau) Receiver’'s guess : |3;)
1B:)

// I > A’D M, on

R D(—VI = RB; — VR Baux)

Alice's
coherent state
|,81> |,3aux>
T/ A /
/| / 1 J
|ﬂaux> PBS Rot.
auxiliary light

B. Huttner et al., Quantum cryptography with coherent states, Phys. Rev. A 51, 1863 (1995). HV-lJ OHQFL Tyl
HANYANG UNIVERSITY
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|mp|ement|ng Sequentlal State dISCrlmlﬂathn at Seoul National University

Huttner-like model on

D(—VRB; — VI = RBau) Receiver’'s guess : |f3,)
1B:)

// I . @ A, off

R D(—VI = RB; — VR Baux)

Alice's
coherent state
|,81> |,3aux>
T/ A /
/| / 1 J
|ﬂaux> PBS Rot.
auxiliary light

B. Huttner et al., Quantum cryptography with coherent states, Phys. Rev. A 51, 1863 (1995). HV-lJ OHQFL Tyl
HANYANG UNIVERSITY
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|mp|ement|ng Sequentlal State dISCrlmlﬂathn at Seoul National University

Huttner-like model off

D(—VRB; — V1 — RBayy) Receiver cannot guess.
|1B:)

// I . @ A, off

R D(—VI = RB; — VR Baux)

Alice's
coherent state
|,81> |,3aux>
T/ A /
/| / 1 J
|ﬂaux> PBS Rot.
auxiliary light

B. Huttner et al., Quantum cryptography with coherent states, Phys. Rev. A 51, 1863 (1995). HV-lJ OHQFL Tyl
HANYANG UNIVERSITY
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at Seoul National University

n® ' _ M. Namkung and Y. Kwon,
1 Q Bob I (<N)'s receiver

Sequential state discrimination
of coherent states,
Scientific Reports 8, 16915 (2018).

p(- |1 - RO)RPVKTDg) \

—1__/ discrimination part
producing
post-measurement part
( )
- )

W&-)

output port

A

BSS" -

T
> =|_| >
i
Bs\| PS y

D(~ (1~ RP)(1 - ROWKT D)

¢)) ) D HANYANG UNIVERSITY
BS BS} I

‘Wﬁi)

\ 4
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Implementing sequential state discrimination S e
)

n® [ } ' _ M. Namkung and Y. Kwon,

1 ry Bob N 's receiver Sequential state discrimination

of coherent states,
Scientific Reports 8, 16915 (2018).

D(~ |~ RIDRIVED)

\ J discrimination part

A

\ 4

D(~ |1 - R (1 - R{)KEDp)
VK®=5,) (

HANYANG UNIVERSITY
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Implementing sequential state discrimination at Seoul National University
) . t M. Namkung and Y. Kwon,
Bob I (<N)’s receiver / \ Sequential state discrimination
/  _ N\ \ of coherent states,
I, 9 v Scientific Reports 8, 16915 (2018).
discrimination part
: =(I
producing pY)
post-measurement part
( )
/] 3 I : Doz @ n:
I A
BS§) Bsg)

output port

Y,
‘\/mﬂi> g ‘W&-) A

- AN

|Baux) PBS BSg') Rot. PBS
T \_ J

N HYU zames

Y
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|mp|ement|ng Sequentlal State dISCrlmlnathn at Seoul National University

Bob N's receiver

4 /7 \M, )
T discrimination part
Dgy’
A I | Cindk
R A
- _/

‘\/K(N—U ,Bi> |Baux)
%
,/l / l / M. Namkung and Y. Kwon,

|ﬂ ) Sequential state discrimination
aux PBS Rot. of coherent states,

Scientific Reports 8, 16915 (2018).

HANYANG UNIVERSITY
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|mp|ement|ng Sequentlal State dISCrlmlnathn at Seoul National University

Optimal success probability

(three receivers) (four receivers)
D4B T T T T T T T T T DE T T T T T T T T T T
0.46 (.48
0.44
0.46
0.42
0.44
0.4
P P
S S 0.42
(.38
0.4
(.36
0.34 (.38
032 1 1 1 1 i 1 1 1 1 DB‘E 1 1 1 1 1 1 1 1 1 1
7 72 7.4 76 7.8 ) 8.2 8.4 8.6 8.8 9 124 126 128 13 13.2 134 136 138 14 14.2

|ﬂ1_,82|2 |ﬁ1_182|2

HANYANG UNIVERSITY




Sequentlal State d|Scr|m|natlon In nOISy Chaﬂnel athematical Aspects in Current Quantum Information Theory 2019

at Seoul National University

Noisy channel in Banaszek model

oo Tm mm mm mm o=y,
o~
~—
-— o - -
HZ }
om mm mm fem o =y,
v
-—ee e - - -—
om mm mm fem o =y,
v
-—ee e = = -

Photon loss channel
(or malicious eavesdropper)

R. A. Campos et al., Quantum-mechanical lossless beam splitter: SU(2) symmetry and photon statics, Phys. Rev. A 40, 1371 (1989). OHQFL Tyl
S. J. D. Phoenix, Wave-packet evolution in the damped oscillator, Phys. Rev. A 41, 5132 (1990). HANYANG UNIVERSITY
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at Seoul National University

Noisy channel in Banaszek model

v

v

oo Tm mm mm mm o=y,
N.:
~—
-— o - -
om mm mm fem o =y,
-—ee e - - -—
om mm mm fem o =y,
-—ee e = = -

NaB, "B, B,

R. A. Campos et al., Quantum-mechanical lossless beam splitter: SU(2) symmetry and photon statics, Phys. Rev. A 40, 1371 (1989). OHQFL Tyl
S. J. D. Phoenix, Wave-packet evolution in the damped oscillator, Phys. Rev. A 41, 5132 (1990). HANYANG UNIVERSITY
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athematical Aspects in Current Quantum Information Theory 2019
at Seoul National University

Noisy channel in Banaszek model

Example. [3,) = |a), |B2) = |—a)

In view of noisy channel:
Photon loss noise can be compensated,
but success probability decreases.

In view of eavesdropping:

Eavesdropping decreases success probability.

PS(BliBZ)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Optimal success probability
in theory

Uncompensated success probabilit
of noisy Banaszek model

» Compensated success probability
. of noisy Banaszek model

0 02 0.4 0.6 0.8

1 12 1.4 1.6 1.8 2
(n)

M. Namkung and Y. Kwon, Sequential state discrimination of coherent states, Scientific Reports 8, 16915 (2018).

HANYANG UNIVERSITY
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Sequential state discrimination in noisy channel FETEHEE R e Seoul National Uniersity
Noisy channel in Huttner-like model ! p N
1 J) 1
i U i
Photon loss(eavesdropping) v
on Alice's coherent state only ! e
PBS ___________________________ P BS
i' N
Photon loss(eavesdropping) N
on Alice’s coherent state v
and auxiliary light <5 > —
\_PBS ] PBS
i’ Ns
Photon loss(eavesdropping) v
on auxiliary light only g . |,
" PBS " PBS

M. Namkung and Y. Kwon, Sequential state discrimination of coherent states, Scientific Reports 8, 16915 (2018). HV-lJ OHQFL Tyl

HANYANG UNIVERSITY
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Sequentlal State dISCrlmlnatIOﬂ |n nO|Sy Chaﬂnel at Seoul National University

Noisy channel in Huttner-like model 0.8 -

0.7 Uncompensated success probability
of noisy Huttner-like model

Photon loss(eavesdropping) 06T .
on Alice’s coherent state only .
SO ﬁ\\ — 0.5 [ . " . °
| n | § 04T
| | SQ_:A
\..PBS ] P BS 0o . Compensated success probability

: : . of noisy Huttner-like model
In view of noisy channel:

Compensation decreases large amount of 0.1
success probability.

0 0.2 0.4 0.6 0.8 1 12 14 16 1.8 2

In view of eavesdropping: 0
Because of decreasing, receivers notice eavesdropping.

M. Namkung and Y. Kwon, Sequential state discrimination of coherent states, Scientific Reports 8, 16915 (2018). HV[J OHQFL Tyl

HANYANG UNIVERSITY
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Sequential state discrimination in noisy channel FETEHEE R e Seoul National Uniersity
Noisy channel in Huttner-like model 0.8 -
0.7 [
: 06 [
Photon loss(eavesdropping)
on auxiliary light only
TS s ~ 0.5
/ Mg
&Q‘:‘ 0.4 |
« . Al 0al Compensated success probability
! n of noisy Huttner-like model
“.__PBS PBS
""""""""""""""""""""" 0.2 |
In view of noisy channel:
Compensation does not decrease success probability. 01
In view of eavesdropping: o= ' ' ' ' ' ' '

Eavesdropper cannot obtain any information. 6 02 04 O 08 1 12 14 18 18 2

M. Namkung and Y. Kwon, Sequential state discrimination of coherent states, Scientific Reports 8, 16915 (2018). HV[J OHQFL Tyl

HANYANG UNIVERSITY




Comparison with probabilistic cloning strategy
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at Seoul National University

50:50BS
|\/§“i) la;)

)

ub

A 4

» »
>

la;)—

M
—

~——

Bob 1

)

» UD

ancilla —— 4.D ______ ;)
\ ) feedforward

projective
measurement

quantum amplification

~——

Bob 2

Probabilistic cloning using linear optics
Transforming an unknown coherent state |a) into |\/§a)
Is a challenging task.

J. Ho et al., Experimental noiseless linear amplification using weak measurements, New J. Phys. 18, 093026 (2016). HV[J OHQFL Tyl
HANYANG UNIVERSITY
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COmparISOﬂ Wlth prObab”lSth ClOnlﬂg Strategy at Seoul National University

Optimal success probabilities

-7
9 =10
E -
5l According to this graph, sequential state discrimination
outperforms quantum probabilistic cloning strategy
6 .
sequential state
g 5 discrimination
AL 4
2l ]
obabilistic
: cloning
ik
_--'—'"F'f-##
0 I —r— I I
0 0.005 0.01 0.015 0.02 0.025 0.03
|al

M. Namkung and Y. Kwon, Sequential state discrimination of coherent states, Scientific Reports 8, 16915 (2018). HV[J OHQFL Tyl
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COﬂClUSIOﬂ at Seoul National University

O Part | : Theory

e We express sequential state discrimination for N receivers in mathematical optimization problem.

e Sequential state discrimination of two pure states can be applied to multiparty QKD,
when the number of receivers is not too many.

e Sequential state discrimination of two mixed states can be applied to multiparty QKD,
even if the number of receivers is too many.

e Optimal success probability of mixed states sequential state discrimination excesses that of
quantum reproducing and quantum probabilistic broadcasting strategy. This means that
sequential state discrimination is more suitable for multiparty QKD than other two strategies.

HANYANG UNIVERSITY
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Conclusion

at Seoul National University

O Part Il : Application

e We propose the method to implement sequential state discrimination of two coherent
states using linear optics.

Probabilistic cloning cannot be performed using linear optics except for weak coherent
states. Therefore, this strategy is difficult to be implemented technically.

Optimal success probability of sequential state discrimination excesses that of
probabilistic cloning strategy.

These two facts mean that sequential state discrimination of coherent states
is more suitable for realistic multiparty QKD than probabilistic cloning strategy.
Especially, Huttner-like model confirms security in realistic situation.

HANYANG UNIVERSITY
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at Seoul National University

This talk is based on following works and recent results prepared in submission:

e M. Namkung and Y. Kwon, Phys. Rev. A 96, 022318 (2017).
e M. Namkung and Y. Kwon, Scientific Reports 8, 6515 (2018).

e M. Namkung and Y. Kwon, Scientific Reports 8, 16915 (2018).

We plan to investigate sequential state discrimination of N quantum states. In case of three pure states,
we may exploit following reference:

e D.HaandY. Kwon, Phys. Rev. A 91, 062312 (2015).

HANYANG UNIVERSITY
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