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Mach-Zehnder interferometer
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Minimum-error measurement
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Maximum distinguishability for p+p=1
« Equiprobable input states
» Symmetric errors
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Visibility




Trade-off

B.-G. Englert, Phys. Rev. Lett. 77, 2154 (1996)

Which-way information

D = /1 — [(egle1)?

Interference visibility

V| = [{e1leo)]

D%+ V|2 <1




For polarization-independent beam splitters
and detectors we expect




Projective spin filtering

Fractional visibility \/V atthe v th pair of output ports:

PL(8) = 31 -

Conjecture:

d—1
I el
=0

- Re(e'?VY)]

2
VY[l <1




W) = L(0)g + [1)9) ® [¥)s

A(Jw) (W]) = 3(10)(0l ® 5T + 1) (1| ® 315
+(10)(1] + 1) (0D ® 3(|¥) s (wDT)




Channel properties

For any choice of projective filters,

% No stringent bound
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Alternative realization of the channel:
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Environment states
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Channel

As the interaction with the environment does not transfer the particle
between the arms of the interferometer:

A(li)g (il ® 65) = li) (il ® Ay(Gs), i,j=0,1
A007 All — spin channels for individual arms

AOl — characterizes coherence between arms
(not necessarily a positive map!)

Example:

Aoo(o) = Aq1(0) =
Ap1(c) = Aqp(0) =




Result

K. Banaszek, P. Horodecki, M. Karpinski, and C. Radzewicz,
Nature Commun. 4, 2594 (2013)

Trade-off:
D? 4+ V2 <1

where generalized visibility is defined as:

Ve = dH(I@AQl) ((T®\/§70)‘¢+> <CD+‘(T®\E))H

@o, @1 — conditional input spin states in individual arms

/P4 ) - normalized maximally entangled d & d state

| - || - trace norm




Examples

1) Nonoise: Ag; =1
Independently of spin preparation, VG — \/ Tr@OTrél — 4l

2) A01(8) = (Tr&)&o, where Trog = 1.

The generalized visibility is given by fidelity:

Ve = |[Veovelll = Tr\/\/éoélx/éo

and reaches one iff oo = 01

3) Ao1(6) =51/d

I g - g
Ve = —llveoll llveill VTréoTro; = 1

For a pure preparation Vi = % Equality holds iff 00 =




Choi-Jamiotkowski isomorphism

Maximally entangled state of two replicas of the system:

Aosqgrsr = T M) (I1P4) og0s(P+|)




Purification

Purification:
/’\QSQ/S/ — TI’E(‘/\>QSQS/E</\‘)

Because the particle is not transferred between paths:

N oso's'E = %(\OO>QQ/V\O>SS/E+\11>QQ/V\1>SS/E)

Equivalent channel representation:

A(@) st = 2dTrgse(IN gsose(Mags)




Environment states

o) = dTrgg((@) 5N sgriNl),  i=0,1

Environment states can be purified

o = Tres (IED)smte?)

Ei)ss'E = gg/\/d(gz)T‘/\> SS'E>

7 (%)

SS’ are arbitrary unitaries.




Distiguishability bound

Because adding subsystems can only increase distinguishability,

D = 313} — &5V) < /1 — [(€olen)?

The strongest bound is obtained by maximizing over scalar products

Va = max [(Egl€
o= max [(Eoley)
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Fractional visibility measurement
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Estimating generalized visibility

Forany UTO < T wehave [|4]] > |TI’(UAA)|. Consequently,

Vo > | Tr{[/ef ® DO/EE & D] (1 & Ao1) (14 (41)}
Fractional visibilities can be written as:

v = ave [ (i) 1) @b bl o) (104) (041}

Take a set of complex oy,
satisfying
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Projective filtering

Maximization over arbitrary phases ¢, yields

Vo > > VY]
174




Experiment

K. Banaszek, P. Horodecki, M. Karpinski, and C. Radzewicz,
Nature Commun. 4, 2594 (2013)

hh hv vh vv

Preparations = hh, hv, vh, vv
Fiters v = hh, hv, vh, vv

Theoretical detection probability pH* = =




Fractional visibilities
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Fractional visibilities cont'd
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Mixed input polarization
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and zero otherwise




Experimental data

Uncertainty
.489(0.476|| hh, vv|0.512]0.104 =< 0.003

(
0
(
(

hh, hh
hv,vh
).511(0.479||vh,vh|0.490|0.032
).48910.478||vv, hh|0.512{0.100

51310.488 || hv, hv]0.490|0.039
vh,ho |0,

VU VU

Pure preparation: Vi > 0.580(6) at most.

Completely mixed preparation:
VG > %(lvhh,hhl 1L |th,vh| + |Vvh,hv| 18 |V’U’U,’U’U|)
— 0.960(6)

from just four measurements of fractional visibilities!




Conclusions

Which-way information can be protected
by introducing noise in the internal degree of freedom

Stringent bounds on the amount of which-way
information can be obtained from few visibility
measurements

Prepare-and-measure quantum cryptography
with composite quantum systems: noise may
be needed to ensure security

A non-trivial set of preparations and measurements
may be required to verify security




Choi-Jamiotkowski isomorphism

)QSQ' S’

Aosgrsr = T M) (|1P4) ogos(P+])




Bipartite state

= 304)gq P+l ® a5k

Path (qubit) states:

i) = %qom@@, +[11)o0/)

Measurements in the 0/1 basis
/ —

Cryptographic key?
are random and perfectly correlated G 4




Spin states
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 States Qg‘g) and o & S’ — Key obtained from qubits

/ .
are orthogonal... QQ)" is secure

- ...but they cannot be Distillable entanglement,
distinguished unambiguously bounded by log-negativity
by local operations and — Ep <logr,3—-1

classical communication is strictly less than the key rate!




Private states

General theory:

K. Horodecki, M. Horodecki, P. Horodecki, and J. Oppenheim,
Phys. Rev. Lett. 94, 160502 (2005);
IEEE Trans. Inf. Theory 55, 1898 (2009)

QQ' - key subsystem
SS’ - shield subsystem
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Dobrzanski, K. Banaszek,
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K > 0.690

Key rate (cqqg scenario)
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K. Dobek. M. Karpinski

Distillable entanglement
Ep < 0.581(4)




