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Abstract

Advanced protocols of the contemporary quantum information pro-
cessing rely on non-Gaussian operations such as the single photon
subtraction. The current level of technology permits only condi-
tional realizations of such operations, hindering their usefulness in
experimental practice. In this work we focus on improving the
success rate of these operations using an iterative approach based
on recycling the signal until the conditional operation succeeds.
We analyse the properties of the improved subtraction procedure
in two distinct scenarios. We apply the operation to superposed
coherent states to investigate the preservation of quantum super-
position and we employ the improved procedure in a basic quantum
entanglement distillation protocol to determine its possible practi-

cal impact.
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Abstrakt

Pokrocilé protokoly soudobého kvantového zpracovani informace
hojné vyuzivaji negausovské operace, jako je napriklad odebrani
jednoho fotonu. Soucasna uroven techniky umoznuje jen podmi-
néné realizace takovych operaci, coz znesnadnuje jejich vyuziti v
experimentalni praxi. V této praci se zabyvame zlepsenim pravdé-
podobnosti tspéchu téchto operaci a vyuzivame iterativniho pri-
stupu zalozeného na recyklaci signalu do té doby, nez podminéna
operace uspéje. Vlastnosti takto vylepsené procedury odebrani jed-
noho fotonu zkoumame ve dvou odlisnych situacich. Aplikaci ope-
race na superpozici koherentnich stavii ovérujeme zachovani kvan-
tovych superpozic a konecené vyuzitim takto vylepsené operace
v zakladnim protokolu destilace kvantové provazanosti zkoumame

jeji mozné praktické dopady.

Klicova slova

kvantova optika, spojité proménné, Wignerovy funkce,
Gausovské stavy svétla, odebréni jednoho fotonu,
adaptivni operace, destilace kvantové provazanosti,

koherentni kocici stavy
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Introduction

Over the past few decades quantum optics witnessed a rapid development and se-
cured a well deserved position in many areas of the contemporary theoretical, ex-
perimental, and applied research, including but not limited to quantum information

theory, quantum communications, and quantum cryptography [1, 2, 3].

One of the most appealing aspects of light is its relative resilience to decoherence.
However, the very same property is one of its greatest weaknesses as it renders
most physical interactions nearly impossible. As a consequence, fields of light in
contemporary experiments may usually be manipulated only with linear optical

elements constituting a subset of the class of Gaussian operations.

The quantum optical realizations of various concepts of the continuous variable
information theory and quantum cryptography employ Gaussian states and conse-
quently rely on Gaussian operations, i.e., elements of linear optics and squeezing.
Unfortunately such states and operations are not applicable in some of the more
advanced concepts of quantum information theory, e.g., universal quantum compu-
tation and quantum entanglement distillation [4, 5, 6, 7, 8, 9, 10]. It was shown
that using only Gaussian states and Gaussian operations leaves no room for improve-
ment in entanglement distillation strategies [8, 9, 10]. Similarly universal quantum

computation requires at least cubic non-linear interactions [4, 5, 6].

A lot of effort was therefore devoted to circumventing these limitations. Methods
based on projective measurements on number states [11], single photon addition [12],
and single photon subtraction [12, 13, 14] were successfully implemented, yielding
strongly non-Gaussian states of light. Methods based on non-Gaussian operations
were devised for entanglement distillation as well, one in particular making use
of single photon subtraction [15]. The method was subsequently implemented in
experimental setting [16, 17, 18].



In our previous work [19] we focused our attention on the single photon subtraction
[13, 14] which was originally presented as a “degaussification” protocol, i.e., a feasible
approach to generating non-Gaussian states from pulses of squeezed light.

We proposed an improved version of the subtraction procedure with the intention of
enhancing its success rate along with improving its general performance. We anal-
ysed the effects of the improved procedure on squeezed vacuum states and conse-
quently demonstrated a significant improvement of performance and a considerable
increase in success probability compared to the original subtraction procedure.

In this work we extend our analysis to include a broader variety of scenarios. Firstly
we apply the subtraction procedure to superposed coherent states in order to deter-
mine how well the procedure conserves superpositions of pure states. Secondly we
analyse an adaptation of a basic entanglement distillation protocol [15] employing

the improved subtraction procedure on two mode squeezed vacuum states.

This document comprises five chapters. In the first chapter we introduce the math-
ematical formalism of continuous variable quantum optics and give a brief overview
of Gaussian states and operations used in later chapters. In the second chapter
we review the original and the improved subtraction procedures, and in the third
chapter we develop a suitable mathematical description. The preservation of super-
position is analysed using coherent cat states in the fourth chapter. The quantum
entanglement distillation procedure is analysed in the fifth chapter and finally we
close with a conclusion and outlooks, followed by a pair of appendices providing

detailed derivations of mathematical formulae used in the fifth chapter.



Chapter I

Theoretical framework

A pair of distinct approaches is traditionally used in the quantum information theory.
The first technique exploits observables of discrete spectra such as polarization states
of single photons or excitation levels of individual atoms to encode information
in a digital manner. The second technique takes advantage of observables with
continuous spectra instead, including generalised position and momentum describing
oscillatory behaviour of electromagnetic waves.

The latter approach is commonly referred to as the quantum information theory

with continuous variables [4, 5, 6, 20, 21].

1 Continuous variables

An arbitrary quantum physical system is called a continuous variable system if the
dimension of the associated Hilbert state space is infinite [5, 6, 22].

A typical continuous variable system common in quantum optics is the quantised
electromagnetic field, which can be modelled as a collection of non-interacting har-
monic oscillators with different oscillation frequencies and polarizations [22, 23].
Each individual oscillator is usually referred to as a mode of the field [4, 5, 22, 23].

The mathematical structure of a single mode of the photonic field is identical to the

structure of a one dimensional harmonic oscillator [23, 24] and may be described



using a pair of field operators satisfying the bosonic commutation relation
[a,a'] =1. (I.1)

The product of the field excitation creation a' and annihilation @ operators makes
up the number operator
n=da'a, (1.2)

which is used to define the number basis. The field operators lead to the generalised

quadrature operators

a+al a—al
T = , 1P = 1.3
V2 V2 ()
satisfying the commutation relation
[Z,p] =1. (1.4)

Multiple modes of the photon field are described in the very same fashion, each
mode characterized with a unique pair of field operators a; and d} acting on the
mode [22, 23|. The field operators then satisfy the commutation relations

[y, a%] = osp
lag, ap] = [a},al] =0

VI (L.5)

The quadrature operators related to each mode are defined similarly as

Cag+al  ap—al

z , WP = 1.6
f \/5 P \/5 ( )
and give the standard commutation relations
(g, Ppr] = 050
VI (1.7)

[Zf, 2] = [Py, D] =0

2 Wigner quasiprobability distribution functions

Phase space description is often used to characterize classical physical systems, the
associated distribution functions giving the probability of finding the system in a
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particular state. Unfortunately this powerful approach can not be directly tran-
scribed to quantum physical systems due to the uncertainty relations arising from
the fundamental exclusivity of the observable physical quantities used in character-
ization of quantum physical states.

This problem may be circumvented with generalised probability distributions relax-
ing some of the usual requirements such as regularity and positivity. One of the
possible generalisations is the Wigner quasiprobability distribution function [4, 5, 6,
22].

The Wigner function of a physical quantum state characterised by a hermitian den-

sity operator 9 is given by Wigner’s transformation formula
Wyle,p) =7 [ exp (2) (o = ¢l g +) dc (18)

The resulting quasiprobability distribution W (x, p) is properly normalised

// Ws (z,p) de dp=1, (1.9)

the marginal probability distributions of the phase space quadratures read

ummszmmw

(1.10)
(plolp) = /W@(wap) dp .
The distribution associated with a physical state is regular and bounded
Wy (ep)l <7tV (e,p) €R2. (111)

The Wigner function is real due to the hermicity of the density operator g. An
overlap between two operators ¢ and IT is obtained using the overlap formula

v o] =2 [ [ waewae) . (L12)

where the operators are not necessarily physical, i.e., normalised or regular. The
transformation formula (I.8) may be extended to arbitrary multipartite operators.



Consider now a y-partite operator g. Its Wigner function is obtained in the form of

Wi(e) =7 [[exp (2 ) (o= ¢l +) dXC. (113)
where the vector & of phase space coordinates reads

E= (1,15, Ty, Py)" - (I.14)

The simple overlap formula (I.12) may be adapted to account for partial overlaps,

i.e., partial traces over some subsystem ~

e, [oft] =2n [ [ WiWi(o) (L15)
where the vector £, comprises the phase space coordinates of the subsystem ~

& = (2, py)" - (1.16)

3 Gaussian states

The common definition of a Gaussian state uses the concept of Wigner functions.
An arbitrary multipartite quantum state characterized by the density operator o
is a Gaussian state if and only if the corresponding Wigner function is a Gaussian
distribution

1

(2m)XV/det o

where  gives the number of modes of the system. Every Gaussian state is completely

W;5(£) = exp (—%(f —mw)To (€~ u)) , (L17)

characterized by its first two statistical moments, namely by its 2x dimensional
vector of mean values p and its real, invertible, symmetric, and positive definite
2y x 2x variance matrix [5, 6].



4 Gaussian operations

Gaussian operations map the set of Gaussian states onto itself. The effective Hamil-
tonians of such operations are at most quadratic in the quadrature operators and the
Heisenberg equations essentially result in affine transformations of the quadrature

operators preserving the canonical commutation relations (1.7).

The phase space coordinates (I.14) respective to the quadrature operators are trans-
formed in the same way, following the relation

£ VETA (1.18)

where V' is a real 2y x 2y symplectic matrix of the underlying linear transformation,
its symplectic property thereby ensuring the transformation respects the commu-
tation relations (1.7) [5, 6]. The 2y dimensional vector A represents of the affine
displacement.

The Wigner function of an arbitrary state ¢ transforms counter to the respective

phase space transformation, i.e.,
W5(€) = Wa(V™HE = A)) . (L.19)

The matrix V is invertible by the virtue of its symplecticity. In the case of a Gaussian

state, only the respective displacement vector and the variance matrix
p—=Vp+A, o= VoVT (1.20)

are transformed. This conclusion can be achieved by reorganizing the quadratic
form within the exponential (I.17) in the chain of algebraic identities

VHE-A) =)o ' (VHE-A) —p) =
E=(Vu+A)TVT) o Ve = (Vu+A)) = (I1.21)
= (Vu+A)T(VaVT) T (E— (Vu+A))

with the aid of the matrix inverse product rule (AB)™! = B7'A~! and the inverse

transpose rule (AT)"! = (A™1)T in each step.

10



5 Measurement

Quantum physical measurement process is usually described using the positive
operator valued measure formalism [5, 6]. The possible measurement outcomes f

are associated with positive Hermitian operators I ¢+ satisfying the closure relation

dIp=1. (1.22)
!

A measurement with outcome II s performed on a single mode v of a larger system
characterized by the density operator o projects the state of the remaining parts of
the system onto the marginal density operator

. . —1
¢ =Tr, [Hf@] (Tr [Hf@]) . (1.23)

It is normalized with the probability of actually measuring the outcome I 5
Py =Tr [M1;0] . (L.24)

The above relations may be adopted in the Wigner representation using the general
formula (I.15). Suppose the Wigner functions of the measured state W;(€) and the
outcome element Wy (&) are given by the relation (1.13). The Wigner function after
the measurement process reads

JIWa(€ ) dQSA,
JI- ffW (€) d*x¢

with the probability of the measurement outcome given by

Py = 27r// //W £) d*x¢ (1.26)

where the vectors of the respective phase space variables comprise

Wy (£) = (L.25)

5 = (xlvplv s 7$X7px)T )

/ i (L.27)
g = ('Tlapla s 7‘7:7717]9’7*17 x’y+17p’y+17 s 7IX7pX)

11



6 Measures of quantum entanglement

In the decades following its inception [25], quantum entanglement has cemented
its important position in many areas of research, including quantum information
theory, quantum key distribution and quantum metrology. While the notion of
quantum entanglement is one of the fundamental properties of quantum objects
and one of the most essential resources in a myriad of applications, it is — unfor-
tunately — incredibly hard to determine whether a quantum system is entangled
or not. No entanglement criterion that would be both necessary and sufficient for a
general quantum system is known to this very day. Similarly the quantification of

entanglement proves to be equally challenging.

One of the most powerful tools presently available is the positive partial transpose
criterion [6, 26, 27] which gives the necessary condition for separability of general
multipartite quantum systems. Consequently the violation of the separability crite-
rion may be used to measure the strength of the entanglement present in the system.
The positive partial transpose condition was eventually derived for continuous vari-
able systems [27, 28].

In particular the entanglement of bipartite Gaussian systems may be rather straight-
forwardly quantified with the aid of the continuous variable version of the separa-
bility condition [27, 28]. The entanglement measure

A = max {0, —logv_} , (1.28)

aptly christened Gaussian logarithmic negativity [27], is defined in terms of the

scalar symplectic invariants

A =deta+det —2dety,
s 1
= deto (1.29)

ui:4(Ai,/A2—%)

12



of the 4 x 4 variance matrix ¢ of the Gaussian state in consideration. The matrix

_[* 7
o= (vT ﬁ) (.30)

comprises four 2 x 2 blocks with the o and 8 corresponding to marginal variance
matrices of the individual modes and the matrix ~ representing their correlations.

Furthermore the bipartite system is entangled for A > 0.

Another useful and quite straightforward entanglement measure is defined in the
spirit of the original entanglement paper [25]. The EPR correlations

T = % [var(x; — z3) + var(p; + po)] (1.31)

of a bipartite state are defined [27] as the variance of the analogues of the relative
position and total momentum. The system in question is entangled for T < % The
formula (1.31) rewritten in terms of the elements of the variance matrix (1.30) reads

T
T = =27+ covlpi,pa) — covlar, ) (1.32)

7 Overview of Gaussian states and operations

In this section we provide a brief overview of the common active and passive Gaussian
operations and review several of the relevant Gaussian states and reproduce some
of their properties.

A Beam splitter

Beam splitters are common elements of linear optics. An ideal beam splitter is char-

acterised by a single parameter only — its transmittance rate. The transformation

13



is linear, characterized solely by the orthogonal matrix

NG : 1—71

B . N 1—7
Vir) =1 _ Wi . Jr ' (1.33)
—Vi-7 VT

with 7 giving the intensity transmittance rate.

B Single mode squeezing

Gaussian operations include active optical elements such as the single mode squeezer

with 2 x 2 transformation matrix

V(y) = (exw exp.—7> . (1.34)

where v gives the amplification parameter.

C Two mode squeezing

The two mode squeezing operation, also known as optical parametric amplification,
is an active transformation. As the name suggests, the operation acts on a pair of
modes, the transformation represented by a 4 x 4 symplectic matrix

cosh . sinh ~y
. cosh ~y . — sinh
Viy) = | . . (1.35)
sinh y . cosh .

—sinh v . cosh ~y

where v gives the amplification parameter.

14



D Vacuum state

The state |0) is associated with the zero eigenvalue of the number operator [22]. It
is only natural to expect the number of excitations to never reache negative values.
Speaking in mathematical terms we expect the condition

al0) =0 (1.36)

to hold. This relation may be exploited to obtain the wave function f(x) of the vac-
uum state. Expressing the annihilation operator in terms of the canonical position

and momentum operators
T+
V2

and multiplying the condition (1.36) with (x| from the left we arrive to an ordinary

(1.37)

a =

differential equation
(x|Z24+wp|0)=0
(1.38)

x(x|0>+%<x|0)=0.

The wave function f = (x|0) is obtained by solving the differential equation and

enforcing the normalisation (0]0) = 1 in the exponential form

vf(x) + f'(z) =0

= f(z) = %exp <_%I2> ' (1.39)

The Wigner function of the vacuum state is obtained directly using the transforma-
tion formula (I.8). Setting ¢ = |0) (0] we obtain the distribution in the form

1
Wiy (2,p) = —exp (=2* = p°) . (L.40)

E Coherent state
Coherent states are defined [22] as the eigenstates of the annihilation operator

ala) = ala) (1.41)

15



with their respective eigenvalues equal to their amplitudes. Alternatively they may
be described as displaced vacuum (ground) states

D(a)|0) = exp (ad’ — aa) 0) = |a) (I.42)

where the displacement « is equal to the desired amplitude of the coherent state.
The wave function of a coherent state may be obtained directly from the first defining
equation. Suppose the scaling of the complex amplitude

Ty + 2o
o= ——

V2

matches the scaling of the annihilation operator which may be expressed in terms

(1.43)

of the canonical position and momentum operators

T+
75

Multiplying the defining eigenvalue equation from left with (x| and using the ex-

i= (1.44)

pression for the annihilation operator we obtain a differential equation

a> (1.45)

z{z|a) + o (wla) = (20 + o) (x| a) .

The wave function f,(z) = (z|«) is obtained by solving the differential equation

and enforcing the (o | o) = 1 normalisation condition in the form
zfa(x) + fo(2) = (zo + 1po) fa (@)
fo(@) = (=2 + 39 + 1p0) fa (¥) (1.46)

— fule) = —= exp <—@_—W+@p0x) .

Jr 2

16



The Wigner function of a coherent state is obtained directly using the transformation
formula (I.8). Setting ¢ = |a) (| we obtain the distribution in the form

Wiay(2.p) = (m/m) ! / exp (2pC) ( — ¢ @) (|2 +C)
— (wy/m)! / exp (200) fule — O +¢) d¢
= A e (-l af?) [ e (m(p - po>¢) ac

= (m)"texp (—(z — 20)” — (p —po)*) -

(1.47)

Alternatively the Wigner function may be obtained without any effort by displacing
the vacuum state as the second definition (I1.42) of the coherent state suggests.
Taking the Wigner function of vacuum state and applying the phase space shift

r—=>rT+x9, P— P+ Po (1.48)
we readily obtain the Wigner function in the form of

Wiay(2,p) = Wiy (x — 20, p — Po)

1.49
= (m)"texp (—(z — 20)® — (p — po)?) -

where the Wjg)(z, p) denotes the Wigner function (1.40) of the vacuum state.

F Two-mode squeezed vacuum state

In the number basis the two mode squeezed vacuum state |¥,) reads
W) = 5(7)10) |0)
— exp (s — yalad) |0) |0)

=VI=XY NN

£=0

(1.50)

17



with the factor A given as A = tanh ~ for real values of . The normalisation factor
v/1 — A2 then equals sech ~y, rendering the formula

1 o
hy fz;(tanhv)f Y1) (L51)

v ) =
Ts) = —

Because the two-mode squeezing operation is Gaussian, the Wigner function of the
state is Gaussian and may obtained in a straightforward fashion by applying the
two mode squeezing operation (I1.35) on a two mode vacuum state. The variance

matrix o of the two-mode squeezed vacuum state therefore reads

cosh 2y . sinh 2+
s=o1| . cosh 2 . — sinh 2~ ' (1.52)
sinh 2~ . cosh 2~ .

— sinh 2~ . cosh 2+

18



Chapter 11

Improved subtraction procedure

In our previous work [19] we focused our attention on the single photon subtraction
[13, 14] and proposed an improved version of the subtraction procedure with the
intention of enhancing its success rate along with improving its general performance.
In this chapter we briefly review both the original and the improved subtraction
procedures and develop a general description in the Wigner representation.

1 Original subtraction procedure

In its original conception (depicted in the Figure II.1a) the subtraction procedure
transformed the signal mode by tapping off a fragment of light using a strongly
unbalanced beam splitter. The reflected fragment was then measured using an ideal
on-off detector and the procedure was considered successful if and only if the detector
clicked, i.e., the fragment of light was registered by the detector.

In order to model detectors of limited quantum efficiency a slight modification to
the scheme (c¢f. Figure II.1b) was made, namely a virtual beam splitter and a
virtual ancillary mode were added to account for the losses due to the inefficiencies.
The detailed description of the revised procedure may be formally divided into the
following four logical units.

19



Ws

Wa

(1) (2) CINENC)

W+ n DIT,
¢ D app We-=2 ¢ BS ] oM APD
BS - W*x Wy-——8S - TV*
(a) Ideal detection (b) Realistic, inefficient detection

Figure I1.1: The signal mode (S) interacts with an empty idler (A) on the primary beam

(1)

splitter of high transmittance (. A fragment of light is reflected into the
idler, which is then measured using an on-off detector. The subtraction is
considered successful if the detector clicks. The output Wigner function
WX represents both possible outcomes.

The on-off detector used in the part (a) is an ideal avalanche photodiode
(APD). The inefficient APD in the part (b) is modelled using a virtual
beam splitter and a virtual ancillary mode (L). The virtual mode interacts
with the idler (A) on the virtual beam splitter with transmittance n equal
to the quantum efficiency of the APD. The virtual mode is discarded right
away, representing the losses due to the reduced efficiency.

The input signal mode is prepared in an arbitrary state (W), while both the
idler and the virtual mode are prepared in vacuum states (W, Wp). The
Wigner function of the joint state is factorized, obtained as a product of their

respective Wigner functions

Wsar(§) = Ws(Es)Wala)Wr(&r) , (IL.1)

with the vector of phase space coordinates given by the direct sum

§=E8sDEsDEL

(IL.2)
= (l’s,ps, TaA,PA, :L‘LapL)T

of the individual phase space coordinate pairs {5 = (zg,ps)T, a4 = (Ta,pa)T
and &, = (z,pr)"-

The signal mode interacts with the idler mode on the (primary) beam splitter
of transmittance ¢ € (0,1). The transmittance ratio affects the amount of light

reflected into the idler, which in turn affects the quality of the approximation
of the annihilation operator and consequently the probability of successful

20



subtraction. Similarly the idler then interacts with the virtual mode on the
virtual beam splitter of transmittance n € (0,1), the virtual transmittance
ratio equal to the quantum efficiency of the realistic detector.

Both the interactions are Gaussian operations, each resulting in a linear trans-
formation (I1.33) of the quadrature coordinates. Because a sequence of Gaus-
sian operations is a Gaussian operation itself, the effect of the interactions
may be described with a single transformation matrix

V(G =[1eVn]V()eI] (IL.3)

obtained as a properly padded product of the individual transformation ma-
trices, where 1 denotes a 2 x 2 identity matrix. The joint Wigner function

transforms accordingly into

Wiar(€) = Wsar(V(¢,m) 7€) (IL.4)

following the relation (I.19) governing Gaussian operations.

The virtual idler is discarded, representing the losses due to the detector in-
efficiency. This is equal to tracing the respective mode out, i.e., projecting it
onto the respective identity operator 1. With the aid of the formula (I.15) for

partial traces we readily obtain the marginal Wigner function

WéA _/ WéAL(ﬁ) d2fL (IL5)
where the vector of phase space coordinates ¢ reduces into

§=E8s D&,

I1.6
= ($57PS,$A7PA)T . ( )

It is worth remarking that the probability associated with the 1 projection
takes the intuitively expected value

P[] ][] [[ Wi a6 @eu e =1 (IL7)

since W{,,(€) describes a normalised physical state of the post-interaction

21



system.

The measurement of the idler determines whether the subtraction procedure
was successful. An ideal avalanche photodiode is utilized in the detection
process, its inefficiencies already contained within the W§, state. The mea-
surement process is completely characterized with a pair of positive operator
measure elements. The negative outcome is associated with the projection on
the vacuum state, represented by the operator

I, = 0) (0] | (IL8)

I, = 1 - |0) (0]
PO (I1.9)
=1-1L .
The Wigner function respective to the negative outcome element reads
W =71 texp (—a% — p?
I, (fA) p ( A pA) (H.lO)

=7 "exp (—€h&a) -

The Wigner function Wy _(€a) is clearly Gaussian and properly normalised.
Similarly the Wigner function respective to the positive outcome reads

Wi, (€a) = (2m) ' — 7 Vexp (=% — ph)

(IT.11)
= (27r)_1 — 7 lexp (—&%&a) -

This Wigner function is not normalised as it no longer represents a physi-
cal state. The subtraction procedure is considered successful if the positive

detection outcome occurs. The probability of this detection event reads

P* =27 /// Wi () Wy, (€a) d€a d*Es . (I11.12)

Consequently the Wigner function of the successfully subtracted state takes
the standard form (I1.25), resulting in

W@ P
T T Wsa(©)Wy, (€a) d2€a d26s

W*(&s) (I1.13)
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The converse detection outcome advertises the subtraction procedure was in-
deed unsuccessful. The probability is given as

=2 [[ [[Waowico @er s (11.14)
while the Wigner function of the unsuccessfully subtracted state reads

WO Wa (€) d
W) = T T WL (W (€4) PEn T6s (I1.15)

2 Improved subtraction procedure

In our previous work an improved version of the original subtraction procedure was

proposed with the intention of enhancing its success rate [19].

The central idea of the improved method lies in the way the unsuccessful subtraction
attempts are handled. In contrast with the original protocol, where the output
is simply discarded if the subtraction fails, we keep recycling the unsuccessfully
subtracted states until the procedure either succeeds or a reasonable, predetermined

number of attempts is eventually reached.

The basic outline of the improved subtraction procedure is presented in the Fig-
ure I1.2. In the depicted iterative chain the first 1...(f — 1) subtraction attempts
fail before ultimately succeeding in the final iteration f. The conditional probability

Py =Py P;_ P}

- ) (IL.16)
=P Py (11— P})

associated with the iterative chain represents the first (f — 1) failures followed by
the final success, the individual probabilities P° and P* given by (I1.14) and (I1.12).
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(1) 2 @-f=1 ()

I s S A

Figure II.2: When the subtraction procedure fails, the output is iteratively recycled until
the procedure finally succeeds.

In the presented case, the procedure succeeds in the fth attempt. The
conditional probability associated with this iterative chain is denoted Py,
the respective Wigner function of the output state Wy.

The number of subtraction attempts is not indefinite. The maximal number of
iteration steps, albeit arbitrary, reflects the properties of the signal state, the char-
acteristics of the subtraction procedure (detection efficiency, primary beam splitter

transmittance) and other constraints such as timing requirements.

The improved subtraction procedure either succeeds in any of the iterations under
consideration or it fails completely. Because the first successful iteration is not
known beforehand, we take all the possible iterative chains into account.

WS > > 4’P2€5W2

I [N

Figure I1.3: Each line shows a single iterative chain where the subtraction succeeds in
different iteration. On the first line the subtraction succeeds in the 1st
attempt, on the second line in the 2nd one. A number of iterative steps in
the range of 3... (N — 1) is omitted. Finally the iterative chain depicted on
the last line succeeds in the Nth attempt.
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This approach is outlined in the Figure I1.3 where each line represents an iterative
chain where the subtraction succeeds in different iteration. Each of the iterative
chains is statistically independent. The overall probability of the improved subtrac-
tion procedure succeeding is therefore obtained in the additive form

N
Qv=> P, (I1.17)
f

where N represents the maximal number of subtraction attempts. The individual
probabilities Py of the iterative chains are given by the formula (I1.16). The overall
Wigner function emerges as a weighted average

Wi (&s) = Qy' Z PrW(&s) (IL.18)
f

over the entire statistical ensemble. In essence we have traded the eventual state
purity for the increased probability of success of the subtraction procedure.
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Chapter 111

Improved mathematical

formulation

The previous chapter concentrated on a brief review of the original subtraction
protocol and on a proposal of an improvement aiming to increase the subtraction
probability at the expense of purity of the output state. The central idea of the
improvement was an iterative application of the original subtraction procedure and
an evaluation of the resulting statistical ensemble.

We derived a number of relations (I1.12), (I1.13), (I1.14), (I1.15), (II.17), and (II.18)
describing both the original and the improved subtraction procedures in a general
Wigner representation.

Our further analysis of the improved procedure relies heavily on Gaussian states,
rendering the use of fully general Wigner functions an unnecessary complication.
This is thoroughly addressed in this chapter, where we introduce a simpler descrip-
tion based on Wigner functions of Gaussian states and their linear combinations.
We also aim to provide an approach guaranteeing a fast, numerically stable solutions

in the numerical simulations used in chapters IV and V.

The mathematical framework is built incrementally in the following sections to suit
both the original and the improved subtraction procedures. We start with a descrip-
tion (section III.1) based solely on Gaussian Wigner functions and quickly discover
it is incomplete as it fails to cover the successfully subtracted states. We overcome

this issue by taking an alternative approach (section II1.2) and show the class of
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states under our consideration forms a complete set in respect to both the original

and the improved subtraction procedures.

1 Keeping up with the Gaussians

In the spirit of the original procedure we start our investigation with Gaussian signal

states. We start with a single mode squeezed vacuum state and examine each part

of the original subtraction procedure depicted in the Figure I1.1b.

(1)

The first part of the procedure consists of preparation only. The product state

is Gaussian, the joint variance matrix
oc=05Pos Doy (TT1.1)

is obtained in the form of a block-diagonal matrix as the modes do not interact
with each other at this time.

In the second part the modes of the system interact with each other. The
interaction is Gaussian, resulting in a transformation of the phase space coor-
dinates (I.18). The interaction is completely characterized by the orthogonal
matrix (II.3). The joint Gaussian state is transformed accordingly, its variance

matrix mapped into

osar — V(¢,n)osacV (¢, n)T (ITL.2)

as the relation (I1.20) suggests.

Nothing notable happens in the third part. The projection onto the identity
operator preserves the Gaussian nature of the state. The rows and columns
of the variance matrix (and the rows of the vector of mean values) pertaining
to the virtual mode are simply removed, yielding the marginal variance og4.

The negative outcome element (I1.10) is clearly Gaussian as the projection
operator is identical to the density operator of vacuum state. The product of
the two Gaussian Wigner functions in the relation (II.15) reads

exp <_%£§AUS}1£SA) exp (—%Q%f&x) (I11.3)
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with the variance matrix of the vacuum projector I1, denoted V4. The inverse
matrix ;' must be zero-padded to match the dimension of the og) matrix in
order for them to be added together, giving an augmented variance matrix of
the product Gaussian state

o= (ogh + [diag(0,0) ®~3']) " . (I11.4)

The overlap integral preserves the Gaussian nature of the output state, the
variance matrix o is stripped of the rows and columns related to the ancillary

mode, yielding the resulting variance matrix o°.

The positive outcome element (I1.11) is not Gaussian as it consists of two
operators. The first one, an identity operator, results in a behaviour formally
identical to the part (3) of this analysis. The other operator is equal to the
previously described negative outcome projector (I1.10). The Wigner function
(I1.13) of the output state is therefore a properly normalised weighted linear

combination of two Gaussian functions with variance matrices og4 and o°.

In conclusion a Gaussian signal state remains Gaussian if the subtraction proce-
dure fails. Conversely it becomes a linear combination of Gaussian functions if the
subtraction procedure succeeds.

2 Journey beyond Gaussian states

The improved subtraction procedure serves as a key element of the entanglement
distillation protocol described in chapter V. The protocol works with a two mode
squeezed vacuum state. In essence the subtraction procedure is repeatedly applied
on one of the entangled arms until it either succeeds or some arbitrary number of
attempts is reached. Once successful, the same process is repeated for the other
arm.

This mode of operation inevitably leads to a fundamental issue after the first suc-
cessful subtraction as the state is no longer Gaussian, yet the subtraction has to be
repeated for the other arm. The current description of the procedure is therefore
insufficient and has to be extended to support more general signal states.

We have to, at least, consider signal states that may be expressed as weighted linear
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combinations of Gaussian functions

Ws(&s) = ZWfGof (€s) (I1L.5)
!

with the weights 7; € R adding up to unity to preserve the normalisation of the
Wigner function. The individual Gaussian function G, (§) is defined as

1 (-
G, (&) = mexp (—55 o > : (I11.6)

where y represents the number of modes in the signal state.

Unfortunately this decomposition is not suitable for the Wigner functions (I1.10)
and (IT1.11) of the negative and positive detection outcomes. Furthermore this de-
composition requires a large amount of inversion operations, making it unsuitable

due to reduced numerical stability and increased computational complexity.

A Gaussian kernel decomposition
While the approach outlined in (II1.5) is a good idea in general, it can not describe

the Wigner functions of the detection outcomes. A slightly broader class of Wigner

functions is therefore required.

Consider a generalisation of the Gaussian decomposition (III1.5) where the Wigner
function decomposes into a linear combination

W (&) =) 7rKe, (&) (111.7)
f
of weighted Gaussian kernels Kg(&) defined by the relation

Keo(£) = exp <—%§T@£) , (I11.8)

where the characteristic matrix © is symmetrical and not necessarily regular.
The matrix characterizes each Gaussian kernel completely. Gaussian functions and
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Gaussian kernels are closely related. In fact the following identity

1
G, (§) = W—dmf{a—l(ﬁ) VG, (§) (I11.9)

holds for every Gaussian function as the inverse of the variance matrix exists. The
converse relation does not hold in general, i.e., not every Gaussian kernel has a

Gaussian function counterpart.

This is actually quite beneficial to our use case because it allows us to express
certain singular Wigner functions in terms of Gaussian kernels. Consider the Wigner
function of the identity operator

Wi(z,p)=7" /exp(%p() (x—plx+p) dC
. / exp(2ipC) 5(2C) A (I1L.10)
= (2m)!

obtained using the general definition (I.8). Clearly this Wigner function does not
represent a physical state. It is not Gaussian, however, it may be easily represented
using the decomposition formula (I11.7) with a single kernel, its respective weight

and the singular characteristic matrix reading
v=(2r)"', © = diag(0,0) . (ITL.11)

We may also easily express both the relations (I1.10) and (II.11) in these terms. The
weight and the regular characteristic matrix of (I1.10) are easily obtained as

7 =at, ©°=diag(2,2), (I11.12)
while the weights and characteristic matrices of the positive outcome (I1.11) read

=2, 0% = diag(0,0) ,

IT1.13
=—7", O)=dag(2,2). ( )
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B Original subtraction procedure revisited

Equipped with these observations we follow the white rabbit down the hole. Once
again we are going to follow the path we took in the previous section and examine
the effects each part of the subtraction procedure has on the class of states in our
consideration. We are going to develop the necessary mathematical formulae on our
journey through the original subtraction procedure depicted in the Figure II.1b.

(1) The states are prepared in the first part of the procedure. The joint state

Wsar(§) = Ws(Es)Wa(€a)Wr(&r) (I11.14)

is obtained as a product of the individual Wigner functions characterising the
signal, the idler and the virtual ancillary modes. Assuming that the signal
mode is characterized by the relation (II1.7), the joint Wigner function reads

Wsar(§) = ZWKef(f) (III.15)
f

with the weights v¢ obtained as a product of the individual weights
(I11.16)

The joint characteristic matrix written in the form of direct matrix sum

O;=0700"®0" =07 diag(2,2)® diag(2,2) . (I11.17)

(2) In the second part the modes of the system interact with each other. The
interaction is Gaussian, the transformation completely characterized by the

orthogonal matrix (I1.3).

The joint Wigner function transforms according to the formula (1.19) into

Wear(V(¢,m)™'€) =D 7pKe, (V(¢,n)¢) | (I11.18)
f

where the effect of the phase space transformation propagates down to the in-
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dividual Gaussian kernels. The exponential argument of an arbitrary Gaussian
kernel Kg(§) defined in (II1.8) transforms into

(Ve =€gr(vhTevie

(111.19)
— VOVTE

assuming the transformation matrix V' is orthogonal. This shows that the

characteristic matrix © transforms in the same way a variance matrix would,
00— VOevT. (I11.20)

The joint Wigner function (IT1.18) therefore undergoes the transformation on

the level of individual characteristic matrices of the Gaussian kernels

Wear(§) = ZVfKV(g,n)er(g,n)T(i)
f

(I1.21)
f
where each characteristic matrix transforms according to (II1.20) into
O = V(¢ mO V()T (IT1.22)

However, the transformation matrix V' characterizing the Gaussian operation
is not orthogonal in general, it is merely symplectic. In the general case the
transformation of the characteristic matrix is governed by the relation

0~ (V" Hrev, (I11.23)

where the inverse of the transformation matrix V' is no longer necessarily
equal to its transposition. In the following, the simple relation (I11.20) holds
as only the beam splitter interactions (I1.33) are involved. For instance neither
transformation matrix of the active Gaussian operations (1.34) nor (1.35) is
orthogonal as both involve scaling of the phase space.

The state (II1.21) is essentially projected onto the identity operator associated

with the virtual ancillary mode.
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In a general case we would be looking at the product of two Wigner functions

Wa W) =D > vpKe,(§)Ka, (&)

ot (I11.24)
=D > uipKs (),
o
where the product of two Gaussian kernels Keg (£) and Kq ,(£) reads
Ko, (§)Ka,, (§) = exp (—£70 ) exp (—£TQ2p/€)
= —£T(Of + Qp
exp (=€7(Of + 2p)¢) (111.25)

= exp (—{T=;p:€)
= KEff/ (é) :

Here the Wigner function (II1.11) of the identity operator consists of a single,
constant element v = (27)~! only. The partial trace integral (I1.15) therefore
boils down to the expression

Waal®) = [ [ Weant®) e =3y [[ Koy 6. (aiizo)
f

that is into a sum of planar integrals of the individual Gaussian kernels Key, (€)

over the virtual ancillary mode (d%¢y).

We are going to derive the formulae describing integral transformations such
as the one recently introduced in (II1.26). We start our derivation with a
single dimensional integral over an arbitrary one dimensional subspace of the
phase space and then move to planar, two dimensional subspaces. Consider
a particular Gaussian kernel Kg(¢) and suppose the integration is performed

over the fth phase space variable, that is over the &

/ Ko(€) dé; = / exp (—%e@s) ag; | (111.27)

The integration preserves the exponential nature of the kernel, the integral
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transformation reading

/exp (—%fT@f) dés — /;—;Tfexp (—%{T@'f) : (TI1.28)

where the integration induces a non-linear transformation © — ©" of the

characteristic matrix

0;10y;

=0~ Ory

v (i, 5) (I11.29)

It also produces a multiplicative factor proportional to the diagonal element
O s respective to the integration variable. These results follow from the chain

1
[ (- 5¢7e¢) ags -

/exp (—% Zz&@ijfj d¢y =
(2N
/ exp (—%@ffgi — &) &0 - %Z > 6056 | dgy =

i#f i#f %]

1 1 (IIL.30)
exp (—5 ZZ@@j@) /exp <_§@fffj2” — & Z&@if déy =

iAf §ES it f
2
§j¢@ﬁ

—exp __ZZ& zg§J
V © iAf G i#f
2f9fa
N (—-zz@[ L H
Iy Oy

of identities employing the Gaussian integral formulae and the symmetry of

the characteristic matrix ©.

Strictly speaking the integral map (II1.28) is valid only in combination with
the relation (II1.29) as the integration variable £; remains on the right side of
the integral mapping. This could pose a formal issue, however, the elements
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of the characteristic matrix pertaining to the integration variables cancel out
by the virtue of the relation (II1.29)

OOy

i = Oif — = 0;; — iy =0 Vi (IIL31)

effectively removing the integration variable {; from the right hand side.

The planar integral is acquired with some effort using the relation (II1.29)
twice. Assuming the integration is performed over the variables £; and &,
the integral transformation formula reads

[[ew (—%5%) ags dépr s

which may be further improved. After a little algebraic endeavour we obtain

2 1
T exp (—559”5) . (1IL.32)
Oy O

the numerator of the multiplicative factor in the relation (II1.32) as

and a slightly more convoluted formulation of the matrix transformation

OOy, Oy
@;/- :@z — J X
! T Oy OOy — Oy Oy -
v (i, ) . (I11.34)

(@if/ B @if@ff’) <@f,j B @f’f@fj)
Oy Oy

With some additional effort we may come to the conclusion we are already

familiar with: the rows and columns corresponding to £; and & cancel out.

The planar integrals we are interested in are performed over phase space vari-
ables related to specific modes of the system. For instance the planar integral
in (I11.26) relates to the virtual ancillary mode, i.e., to the vector &, = (zr,pp)T
of phase space variables.

In conclusion, the planar integral transformation of a general Gaussian kernel
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Kg(&) over the xyth mode of the system simply reads

/ / exp (——5@5) d%¢, — L T ———exp (—%@@”5) , (I11.35)

with ©” defined by the relation (III.34), where the symbol |©], denotes the
2 x 2 submatrix respective to the xyth mode.

The formula (II1.35) applied onto the expression (II1.26) therefore yields
— 27T _ 1
Wsa(€) = Zf: G, Ken) = Xf: 7 Ken(€) (IT1.36)

with the © obtained using (IT1.34) and the associated 7y factors reading

_2m

I1I.

The idler is measured in the final part of the subtraction procedure. For-
tunately we have already collected all the necessary formulae. We use the
product formula (II1.24) and the overlap relation (II11.35) to our advantage for
both the positive and the negative outcomes in the detection processes.

We have already performed a rather similar derivation in the previous stage
with the virtual ancillary mode where we have projected onto the identity
operator (I11.11).

In essence the measurement process results in a projection of the state ei-
ther onto the positive (III.13) or the negative (II1.12) outcome elements in
the measured mode. Consequently the weights in the resulting linear com-
bination change and the output state must be renormalised as the original
transformation relations (I1.13) and (II.15) suggest.

In our further treatment of the detection process we introduce an abstract ver-
sion of the relations (I1.13), (I1.12), (II.15), and (I1.14) governing the probabil-

ity and the resulting Wigner function respective to the positive and negative
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outcomes

ST Waa(©)Wy, (§) d*€a
S T Wea(©Wy, (§) d2€a d2Es

=) [[ [[ Wi, © @ des

where the symbols % € {e, 0} represent both the negative and positive detec-

W* (&) =
(IIL.38)

tion outcomes. In the following paragraphs we presume the Wigner functions

of the detection outcomes decompose into
=2 17 Kex () (IIL.39)
fl

with the concrete characteristic matrices @;‘, and weights 'y;f given by the
relations (II1.12) and (III.13).

Starting with the probability formula P* and following the intermediate Wigner

function (I11.36) from the previous step we observe

r— ][] 3D Rep(O)Key ©) e s
=2m ; ;’y}’v}f / / Kz, (§) %€ d°¢s (I11.40)

with the aid of the relation (II1.24) giving the joint characteristic matrices
Ep =0} +07% (T11.41)

and the integral formula (II1.35) used in the last step. The Wigner function
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W*(£) is obtained in a similar fashion

ffZZVf’Yf/Ke”( )K@;‘,(O dng
HUZZ#%%%M@@ﬁ&ﬁ&

W*(&s) =

Z Z’Y}"Y}t [f Kz, (§) d*a

:§§wwﬁﬂ‘w,dﬁw% (IT1.42)
(2w§§7ﬁ%ﬁ =0 (65)
— (o ) |

"/f’Yf/
Z Z \/detEg g
The relations (II1.40) and (II1.42) apply to both the positive (o) and the
negative (o) outcomes.

C Embracing displaced states

So far we have described the subtraction procedure in terms of linear combinations
of Gaussian kernels. This description permits subtraction from multiple modes of
a multipartite system. Unfortunately no matter how versatile this decomposition
seems to be so far, it does not cover displaced states. This lack of compatibility

follows the initial presumption of zero vectors of mean values.

The inclusion of displaced states essentially boils down to three problems. First we
must extend the description of linear transformations (induced by Gaussian oper-
ations). Second the product of two displaced Gaussian kernels must be found and
finally, the integral transformation has to be taken into account.

The problem with linear transformations was addressed in (II1.20) and (II1.23).
Under the assumption of orthogonal transformations the characteristic matrix of a
Gaussian kernel transforms the same way the regular variance matrix would. The
same applies to the vector of mean values, the transformations reading

O—VOVT  u—Vu. (111.43)
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In order to address the second problem, consider a displaced Gaussian kernel

Ki(€) = oxp (~5(€ - wro(e ) (1.44)

where the vector of mean values p defines the displacement and © denotes the
respective characteristic matrix. Suppose there is a product

Kue(§)Kuva(é) (I11.45)

of two Gaussian kernels (II1.44), the first one characterized by the (i, ©) pair and
the other one by the pair (v, ). We are going to show that the product relation

Kyl Kin(€) = oxp (56 ) Kizl©) (11.46)

holds for all Gaussian kernels satisfying that at least one of the matrices is invertible.
The Gaussian kernel and the factor on the right hand side of (II1.46) comprise

==0+0Q

A=0u+Q

j o . Y (IIL.47)
C=puOu+viQr—ATZTA

We may therefore extend the product relation (II1.24) to account for more gen-
eral Wigner functions decomposing into these generalised Gaussian kernels. Their
product then reads

WoOWi(€) =D iy Kue,(9)K,,q, ()
f o r
1
- Z vaﬁf/ CXp (—§Cff’) Ks;2,,0(6)
fof

with the ff’ components obtained using the relations (II1.46) and (I11.47). The
expressions in (II1.47) become clear if we expand the left hand side of (II1.46). The

(I11.48)
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product of the two Gaussian kernels gives a sum of their respective quadratic forms,

(=)0 —p) + (1)U —v) =
108 — ETOu — PO + pTOu + 706 — T — vTQE + vy =
E1(O+Q)&—2T (Ou+ Qu) +u"Op +vQv .

= A

(111.49)

Where we have exploited that the matrices © and €2 are symmetrical. Consider an
arbitrary Gaussian kernel characterized by (9, Z) with symmetrical Z. The expansion
of its quadratic form

(€ —0)TE(E — ) = ETEE — ETES — §TEE 4+ 6720

= ET2¢ — 2(T(26) + 0726 (HLL50)

may be compared to right hand side of (II1.49). We may notice the striking simi-
larities in the second terms of both expressions, yielding

A =¢T(Z6) = A=55

I11.51
— §=Z="!A. ( )

It is therefore possible to express the right hand side of (II1.49) using a single
quadratic expression and a constant additive factor

ETEE —280A 4+ p"Op + v Qv =
(= 0)T2(E = 0) + P Ou+ v — 675 . (I11.52)
<

This result allows us to reuse some of the old tricks in our hat and resolve the third
problem. The integral induced transformation (II11.27) of the kernel product (I11.46)
becomes rather straightforward

exp <—%C) /Kaa(f) déy , (IIL.53)

where the substitution 7 = £—4 gives the well known integral transformation (111.28)

/ Kz () dryp b | 2Kz (7). (I11.54)
—=ff
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This integral map has to be treated the same way as the one obtained earlier in
(II1.28) to resolve the potential formal issues. The transformed Gaussian kernel
(I11.46) accompanied by the all the multiplicative factors reads

1 2
exp (—§§> K= (7) :—;Tf (I1L.55)

with the inverse substitution 7 = £ — § putting § back into the play, yielding the
1 1 2m

implying the vector of mean values § is invariant in respect to the integral trans-
formation. This method may be effortlessly repeated again to obtain the planar
integral (II1.35) over the xth mode

v (-3¢ [ Km0 @6 o (50) 2K (@

with the transformed characteristic matrix = defined by the relation (II1.34) and
the symbol |©], denoting the 2 x 2 submatrix respective to the xth mode.

We have therefore obtained a decomposition of a Wigner function into general Gaus-
sian kernels defined by (II1.44)

W(E) = 7Kue, ). (IIL.58)
f

In this general formulation the subtraction procedure outlined in the subsection I11.2.B
requires only some minor changes in each part of the procedure.

(1) The non-zero vectors u]Sc of mean values of the signal state have to be taken

into account, the joint vector
pp = pf & (0,07 @ (0,0)7 (I11.59)

given by the direct matrix product of the individual vectors. The equivalent
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to the Wigner function (II1.15) reads

Waar(§) =D v Kue, (), (I11.60)
!

where the 77 factors and © y matrices follow the relations accompanying (II1.15).

The analogue of the transformed Wigner function (III.21) reads
War(§) =D vKuwer(€) (I11.61)
f

with the joint vector of mean values transformed by the interaction into

prp =y = Vg . (I11.62)

The components of the product state now obey the relation (I11.46) instead of
the formula (II1.25). The marginal Wigner function (II1.36) therefore becomes

2T
Wsa(§) = ZWWKH}@" va' @u (I11.63)
f

where the cumulative factors 7 comprise

2

1I1.64

The relation (II1.42) describing the resulting state now incorporates the vector
of mean values as well, the product of the underlying Gaussian kernels now
obeys the relation (I11.46), the final Wigner function consequently reads

5%
'Yf')’f/ 1 , _,
* 1;; NTIETra. %P ( 2<:ff)K‘sff’:ff/(gs)
W*(&s) = (2m)~ — (I11.65)

XY ik, o (~36r)

with the factors v} coming from (II1.64) and 7}‘,’ from (II1.39). The joint
characteristic matrices ¢, the joint vectors of mean values d¢4 and the ad-
ditional factors exp (—%C ff/) are governed by the product relation (I11.46),
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starting with the individual matrices and vectors of (I11.63) and (I11.39). Fur-
thermore the characteristic matrices =, result from the subsequent planar
integral (II1.57).

Consequently the probability relation associated with (II1.65) reads

7}’7}'5 1
27T E E exp | —=Crpr | . I11.66

3 Improved subtraction procedure revisited

In the previous sections we demonstrated the insufficiency of a description based
solely on Gaussian Wigner functions and introduced an approach aiming to resolve
its shortcomings without straying too far from the Gaussian nature of the descrip-
tion. We focused on the analysis of the original subtraction procedure, a building
block of the improved version of the protocol.

Our efforts bore fruit and we developed a decomposition (I11.58) of a Wigner function
into general Gaussian kernels defined by the relation (I11.44) and most importantly
demonstrated the effects of the original subtraction protocol on this class of states.
It is clear from the formulae (II1.58) and (II1.65) that the set of states described
by Wigner functions that may be decomposed into arbitrarily displaced Gaussian
kernels (II1.58) is closed in respect to the original subtraction procedure.

The Wigner function (II.18) describing the state after the successful execution of
the improved subtraction procedure is a weighted linear combination of Wigner
functions, which are in essence given by repeated application of the formula (II1.65)
as each W;(€) in (I1.18) describes an individual chain (¢f. Figure I1.3) of the original

subtraction procedures.

In each iterative chain the original subtraction procedure is repeated until it finally
succeeds (cf. Figure I1.2) and the respective Wigner function W;(€) of the resulting
state is given by the general relation (II1.65) where % = e denotes a successful
subtraction. The elements of the intermediate input state (II1.58) in this final it-
eration f are given by the very same relation (II11.65) with % = o standing for an
unsuccessful subtraction attempt in the preceding iteration (f — 1). The elements
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in each prior iteration (f —1)...1 are obtained in the same fashion.

The Wigner functions Wy (§) describing the iterative chains can be decomposed into
(II1.58) again and the set of Wigner functions (II1.58) is therefore closed in respect
to the chain of subtraction attempts and consequently so is the improved subtraction
procedure (II1.18).
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Chapter IV

Superposed coherent states

Quantum superposition is one of the fundamental principles of quantum physics and
consequently states in quantum superposition play a vital role in many applications
including the quantum information theory. It is therefore only appropriate to explore
how well the improved subtraction procedure preserves quantum superpositions.
We make use of superposed coherent (Schrodinger cat) states in our subsequent
investigation of the subtraction procedure due to their relative fragility.

The Schrodinger cat states in quantum optics are defined as coherent superpositions
of two coherent states with opposite phases [29], their definition permitting two
distinct types of such states in general

o) £ [—)

V) = 2+ 2exp(—2/af?) (IV.1)

The |U,) is called the even cat state as it only comprises even number states,
while the odd cat state |V_) is composed solely of odd number states.

The transition between the two cat states ¥ ) and |¥_) may be facilitated using the
annihilation operator a. This may be immediately seen from the definition (1.41) of a
coherent state. The improved subtraction procedure is essentially an approximation
of the annihilation operator and the ideal transition relation |¥y) = |¥;) may be

therefore exploited to quantify the preservation of quantum superpositions.

Suppose the subtraction procedure is applied to one of the cat states. In the ideal
case the transformed state should be identical to the other cat state. The difference
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between the expected and the acquired states can be measured in the usual way using
fidelity [20, 22]. Suppose the Wigner function of the expected state reads Wi (x,p)
and the acquired state is described with W (x, p). The fidelity of the process reads

Fo=2rm // Wz, p)Wi(z,p) dz dp . (IV.2)

In the following paragraphs we are going to derive the Wigner functions W (z,p)
of both the coherent cat states (IV.1) in a formulation compatible with the decom-
position developed in the chapter III and analyse the fidelity of the transformation
W, (x,p) — W_(x,p) facilitated by the improved subtraction procedure (chapter II).

1 Coherent cat states in phase space

representation

We are interested in the Wigner functions W, (x, p) respective to both the even and
odd cat states |¥y). Starting with the transformation formula (I1.8) we obtain

Woele.p) = 7! / exp(2upC) (1 — ¢ | W) (U |2+ ) dC

T 24+ 2exp(—2|af?

[ exptzm) (o= clap o<l -a) )

)X

((a|x+§>i<—a|x+§>)d§ (IV.3)

T 2+ 2exp(—2|af?

[ exp(m0) (£t~ £ e =) ) »

)X

(Fule+ Q% Fralo+))
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where the fi,(z £ () = (z £ (| £a) wave functions and their complex conjugates
follow the defining relation (1.46). The expansion of the product reads

™

Wi<x7p) = _ X <

24 2exp(—2|af?)

[ exp(2p) fale — Ol — ) dc

- O

/ exp(20pC) folz — O F-alz +¢) ¢

J/

(IV.4)

- ®)

/ exp(21pC) foalz — O falz +C) dC+

J/

(@)

/exp(leC)f—a(ﬂ? — () f-alz+ () dé)

-~~~

@

with the individual (numbered) elements of the product comprising the wave func-

tions (1.46). After some algebra the elements are obtained in the form

@ = % exp [—(z — 20)?] exp [—C* — 2upo(]

@)= % exp [—(z —1po)?] exp [—(C + x0)?] exp [—pj]
. (IV.5)

@ = ﬁ exp [—(x + zpo)Q] exp [—(( — 1:0)2] exp [—pg}

@ = L exp [~ (2 + 20)2] exp [~ + 2upoc]

H
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their subsequent integral transformations inevitably yielding the components

[ exp(2me) (D d¢ = exp [~ (@~ au)” = (o~ )]
/eXp(ZZpC) @ d¢ = exp [—(z — wo)* — (p + 10)?] exp [—2]a|’]

(IV.6)
[ () B dc = exp [ (o + 190 = (0 = 10] exp [~2Jaf’
[ exp(2ime) (D 6 = exp [~ + 7o) =+ )]
of the respective Wigner functions of both the even and odd cat states
o1
We(z,p) = 53 2exp(—2ya|2) % {
exp[ x—xo (p— pOQ]i
exp [—(z — Zp0)2 P+ 139)°] exp [—2[al?] + (IV.7)
exp [—(z + 1po)” — wo)?] exp [—2|af*] +
exp [—(z + z9)* — (p +po)2}

The Wigner functions (IV.7) seem to be ill defined as their ranges appear to be

complex. Fortunately the two complex components add up in a way that eliminates
their complex nature, yielding a modulated harmonic interference pattern [30].

Furthermore the Wigner functions (IV.7) may be directly decomposed into a set of
four Gaussian kernels with different weights and different displacement vectors

"= v, M= (zo,p0)" , ©7 = ©
8= ke [Aaflr. w= () = 0
7= xexp[2af]y, p= (-womo) . OF= O
7= v, = (=zo,—po)", ©f= ©
where the common factor v and the common characteristic matrix © read
a1
v= © = diag(2,2) . (IV.9)

2 + 2exp(—2|al?) ’

48



2 Quantification of superposition preservation

The preservation of quantum superpositions by the improved subtraction procedure
is quantified using the fidelity of the transition

Wi(x,p) — W_(x,p) . (IV.10)

We start with the signal Wigner function Wg(z, p) = W, (z, p) decomposed into

4

Ws(z,p) = Wi(e,p) = Y 77 Kuses(@.p) (IV.11)
=1

with 7}? : uf and @? given by the values (IV.8). This Wigner function is then
transformed by the improved subtraction procedure into (II.18). The result may be

decomposed into (II1.58), the final linear combination reading

8XN

Wx(z.p) = K ef(x.p) . (IV.12)
f

where N denotes the maximal number of iterations under consideration. The
fidelity (IV.2) of the transition is then given by the overlap integral

Fy = 27r/ W (x,p)W_(z,p) dz dp (IV.13)

which may be evaluated in a straightforward fashion with the aid of the product
formula (II1.48) and the integral formulae (II11.56), and (II1.35).

The fidelity is computed numerically for the signal state W, (z,p). The computa-
tion is evaluated for different settings of the improved procedure, i.e., for different
numbers N of iterations, different transmittances ¢ and detection efficiencies 7.

The implicit mapping between the overall success probability ¢ (I1.17) and the
fidelity F' (IV.2) of the transition W, (z,p) — W_(xz, p) is shown in the Figure IV.1.
The curves are obtained by varying the transmittance ¢ and plotting the respective
values of probability and fidelity. Each curve is associated with a different number
of iterations N and detection efficiency 7.
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Figure IV.1:

The overall probability — fidelity mappings are obtained for the subtrac-
tion procedure employing an ideal avalanche photodiode (efficiency n = 1,
on the left) and a realistic, inefficient photodiode (7 = 0.64, on the right).
Both the plots are computed for the transition between coherent cat states

with complex amplitudes (1.43) given as ay = :l:%.

The higher fidelities of the W, (z,p) - W_(z,p) transition are obtained
with negligible probabilities for the original procedure (N = 1) which is,
in comparison, clearly outperformed by the improved procedure (N > 2).

Consider for example the ideal case (on left). Fixing the fidelity F' ~ 0.92,
the respective probabilities read Qn—1 ~ 0.15 and Qy=100 ~ 0.92, the lat-
ter probability roughly six times larger. A similar comparison can be made
for the realistic case.

The improved subtraction procedure outperforms the original subtraction protocol

in terms of the transition fidelity, i.e., in terms of preservation of quantum super-

position of coherent states. The performance of the improved procedure increases

with the maximal number of iterations (subtraction attempts) in consideration as

can be immediately seen from the Figure IV.1. The first few iterations are most

significant in both the ideal and the inefficient detection regimes. The inefficiency

of the detection negatively impacts the attainable fidelity of the transition. This

can be suppressed but not surpassed with a higher number of subtraction attempts,

ultimately making an efficient (n — 1) detection a necessary requirement.

20



Chapter V

Entanglement distillation

The notion of quantum entanglement [25] was originally introduced long before the
advent of the quantum information theory and quantum cryptography (quantum
key distribution). It is now a crucial ingredient of both [4, 6, 20, 21, 31, 32]. En-
tangled states are susceptible to decoherence, resulting in decay and eventual loss
of their entanglement [33, 34]. This fragility is a particularly significant obstacle in
quantum communication utilizing lossy channels over long distances [35, 36]. The
decay of entanglement may be suppressed with entanglement purification strate-
gies employing local operations and classical communication to increase the mutual
entanglement using either single or multiple copies of the insufficiently entangled
states [4, 6, 37]. It was proven that it is fundamentally impossible to distil entangle-
ment from any number of copies of a bipartite Gaussian state using only Gaussian
operations and classical communication [8, 9, 10]. Since the quantum optical real-
izations of concepts of the continuous variable information theory such as quantum
teleportation [38, 39] and quantum key distribution [32, 40, 41, 42] utilize Gaus-
sian operations and Gaussian two mode squeezed states, the search for alternative

methods of entanglement distillation becomes necessary.

One such method in particular exploits subtraction of a single photon [15]. The
method in question was originally introduced as a technique of conditionally im-
proving the continuous variable teleportation and was subsequently implemented
on various occasions in experimental setting [16, 17, 18]. In essence the subtraction
procedure (described in the section I1.1) was applied to both arms of an entangled
two mode squeezed vacuum state. The entanglement distillation was considered
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successful if both subtraction attempts were successful.

In this chapter we investigate the consequences of employing the improved photon
subtraction procedure (introduced in section II.2) instead of the original one the
distillation method was conceived with. In our present analysis the entanglement
distillation procedure [15] is used to enhance entanglement in a single copy of a
Gaussian two mode squeezed vacuum state.

Both the original and the improved subtraction procedures are employed in the
distillation protocol and their effects are quantified using the Gaussian logarithmic
negativity and EPR correlations (cf. section 1.6). Furthermore the results are com-
pared with an idealised realisation of the subtraction procedure directly employing
the annihilation operators.

1 Idealised photon subtraction with annihilation

operators

The entanglement measures in our consideration rely on variance matrices of quadra-
ture operators of the entangled bipartite systems. In this section we obtain the ana-
lytical form of the variance matrix of quadrature operators of a two mode squeezed
vacuum state transformed by the entanglement distillation procedure [15] employing
the ideal single photon subtraction.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure V.1: A pair of annihilation operators is applied to the entangled two mode
squeezed state |V, ), yielding the state |®).

In the spirit of the distillation procedure presented in the Figure V.1 a pair of
annihilation operators is applied to both arms of the bipartite signal state

B) = Nz |7,) | (V.1)
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where |U,) represents the two mode squeezed state (1.50)—(1.51). Because neither
operator preserves normalisation, the resulting state has to be renormalised. Fol-
lowing the standard interpretation of quantum mechanics the normalisation reads

N = 1 — L (V.2)

\/<\I/7|d£did2d1|\117> v <‘I’7‘ﬁ1ﬁ2]\117>

where the commutation relations (I.5) permit the reordering of the creation and

annihilation operators, yielding the respective number operators
hp=dhay  Vf=12. (V.3)

We may obtain the exact value of the normalisation factor N by expanding the two
mode squeezed vacuum state (1.50) in the number representation. The expectation
value in the denominator of the relation (V.2) becomes

(T, |Ania| W) = (1= X)) S MM (il f) (F el f)

rf
o f

= (1=X)) N
!

with A = tanh v following the relation (I1.50). The summation on the right hand side
converges for |A| < 1 and its value may be found in the closed-form (A.3). Finally
an explicit formula for the normalisation factor is found
1— )2
Ne -2 V.5

A1+ A2 (V-5)
which may be substituted back into the original expression (V.1) for the subtracted
two mode squeezed state. Using the expansion (I.50) for |U.) again, we readily
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obtain the state in the number representation

@) = Narag [Vy)
=NVI=XY NfIf=1)If-1)
f

— VIR V(1IN )
f
=2 s 1NI1F)
!

where the cumulative weights ¥; in the summation consequently read

Ip=NVL—XNT(f+1)

1— )2

— _ f+1

= I )\2\/1 NNTH+1)
(1—A2)3

(V.7)

We are now in a perfect position to derive the variance matrix of the quadrature
operators of the state (V.6). Consider a vector of the quadrature operators (1.6) of
both arms of the entangled system first

~

§= (21,01, %2,P2)" (V.8)

The elements o;; of the respective 4 x 4 variance matrix o are given by the formula

PNEPN

(G&+68) — (E)&)  Vig=1...4, (V.9)

1
O-ij:§

where the first quadratic (symmetrical) expression reflects the general lack of com-
mutativity of the operators in question.

Because the state (V.6) is defined in the number representation it is convenient to
restate the quadrature operators in terms of the creation and annihilation operators
of the optical field. Consequently the elements of the variance matrix ¢ comprise

expectation values of the field operators and their quadratic products.

With some effort we may show that the expectation values linear in the field oper-
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ators simply vanish. Consider the annihilation operator a; of either mode
@)=Y 0pds (Flalf) (F11)
rf
= D 9IS = DA
rr

(V.10)

where the inner products on the right hand side lead to a pair of conflicting condi-
tions (f = f'— 1) A(f = f’) which may never be satisfied simultaneously. A similar
conflict occurs in the case of the expectation value of the conjugate operators <€LT>.

As a consequence the expectation values at hand cancel out completely
(a)=(aly=0 VI=1,2. (V.11)

Following the definition (I.6) we obtain the same results for the quadrature operators,
(Z)) =(p) =0 Vi=1,2. (V.12)

Turning our attention to the quadratic products of the field operators we can show
that some of the expectation values vanish as well. Consider the operators acting
on the same modes first. Their expectation values

(@1a1) = (a202) = <d1&1> = <d£&£> (V.13)

are identical since the structure of the state is symmetrical in both modes. Similarly
the mixed quadratic products involving annihilation in one mode and creation in the
other give identical results (a1al) = (alay). Tt is therefore necessary to only consider

the following pair of relations

(aran) = > Y 0 pdy (faréal £) (f'|f)
o f
=SS0V -1 =2 (1)
o f

(@ab) =Y > "0 pd, (flanl f) (Fa31f)
o f

N IV ES N S T
o f

(V.14)
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which suffer from similar, impossible to satisfy, conditions. As a consequence the
expectation values (V.14) cancel out completely

(a1a1) = (alal) = (asa0) = (aba}) = (wma}) = (alas) = 0. (V.15)

The remaining quadratic products of the field operators lead to actual non-zero
expectation values. Consider the expectation values of the number operators first

ZZﬂfﬂf Pl £) (1)

:Zzﬁf’ﬂff LI wi=1,2. (V.16)
o

=D Vi
f

The expectation values of the reverse ordered quadratic products are acquired with
the aid of the commutation relations (I.5), giving the values

(dde (azal +1)

The final pair of the quadratic expectation values is obtained straightforwardly
o) = Y Y gy (f'laa| f) (flas] £)
o r
=3 D 0 (I - DI - D)
o r
=Y O0pal(f+1),
f
jah) = Z Zﬂffﬁf (F'ladlf) (f'1as)f)
= ZZWW — 1N =111)

:Zﬁfﬁfﬂ f+1).
!

(V.18)

We are now equipped with enough information to complete the variance matrix. As
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we saw the expectation values linear in the quadrature operators vanish. Conse-
quently the formula (V.9) yielding o;; elements simplifies into

(&5 + &) - (V.19)

The commuting diagonal elements are evaluated with the aid of the relations (V.14),
(V.16) and (V.17). We therefore obtain a quadruplet

A Lo s At 1 .
g11 — <l’1l‘1> = §<(Z1&J{ + aial +aja; + GJ{GD = 5 + (n1> ,
L Lot atr an ata L
099 = (P1P1) = —(alai + aich —a1ay — GJ{GD = -+ (M),
2
1 1 (V.20)
N P YIS e N S
033 = (Tada) (G2Gd + a3as + GG + aYay) = 5+ (Na) ,
L Looov e . s L.
044 = (p2p2> = 5(&2(12 + a£a2 — ag09 — CL;CLD = 5 + <TL2>
of clearly identical values. Hence the diagonal of the variance matrix reads
1 9 :
aii:§+zz9ff Vi=1...4. (V.21)
!

The off-diagonal elements are derived in a similar fashion. Most of the correlations

simply cancel out following the relation (V.15)

Lo . A A ata
O12 = 021 = 5(931171 +p1d1) = Z(alal + aJ{aD =0,

o A .. At n
034 = 043 = 5(1’2])2 + Pola) = 2—<a2a2 + a£a§> =0,
? (V.22)
014 = 041 = 5(52"1252 +2523AC1> = 2_Z<d1d2 - &J{dT> =0,
023 = O3z = 5@2151 + p1io) = Z<d1&2 - &J{‘A@ =0.

Finally, the only non-zero off-diagonal elements of the variance matrix read

TS Lo ot
0'1320'31:§<J]1l'2+l’1l‘2> :+§<a1a2+a1a2), (V 23)

~

1, . o 1,. i
094 = Oy = §<p1p2 +pipe) = —§<a1a2 + agag) .
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It is clear that their absolute values are identical, given by the relation (V.18)

013 = 031 = —0924 — —0yg = Z§f0f+l(f + 1) . (V24)
f

We can obtain explicit expressions for its the non-zero elements. The summation
on the right hand side of (V.21) may be expanded into

E ﬁfvfz E BLI(f+1)
1+6

f
(-

1+5 Zﬁf fH2f 4 %)

(V.25)
_ =0y B(2+6>

1+4 (1-p)
_,82+5)

1—p2 7

where we set 3= A? < 1 and used the closed-form formulae (A.2), (A.3) and (A.4)

derived in the appendix A. Similarly the summation in (V.23) becomes

(1-
1+5
NCEYE

- 1+5 Zﬁf 2+5f +47+ f%)

ZﬁfﬂfﬂfH)—A Zﬁff+2(f+ 1)”

(V.26)
—6)? 1+2ﬁ

1+8 (1-p)?

1+23

1—p2°

In conclusion the variance matrix of the quadrature operators reads

2)\(

=2\

= I (V.27)
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with A and § given by the relations (V.21), (V.25), (V.23) and (V.26) as

L

1428
T P

Clearly the variance matrix of the distilled state has the same structure as the input

(V.28)

signal mode (I.52), however, its values have changed.

2 Subtraction with the improved subtraction

procedure

In this section we investigate the consequences of employing the improved subtrac-
tion procedure in the entanglement distillation protocol. In the following paragraphs
we adapt both subtraction procedures that were previously introduced in chapter II
to accommodate the two mode signal state and to reflect its entangled nature. Sub-
sequently we extend the conclusions of chapter III to provide a suitable description
of the subtraction procedure in context of the entanglement distillation protocol.

The central idea of the improved subtraction procedure revolves around the way the
unsuccessful subtraction attempts are handled. Because the original subtraction
procedure is but a building block of the improved procedure we start with analysis
of its necessary modifications first.

A basic scheme of the procedure is depicted in the Figure V.2. The principal dif-
ference (c¢f. Figure I1.1b) lies in the number of the signal modes; the first signal
mode S; that does not take a part in the interaction directly is dashed out. Its
physical properties are, however, affected due to its entanglement with the second,

interacting mode Sy;.
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Figure V.2: The scheme is similar to the Figure II.1b with one difference. There is a pair
of entangled signal modes present. Only one arm (S7;) directly participates
in the interactions with the ancillary modes (A, L).

The interactions leading to the subtraction with outcome II4 (where % €
{o, e} denote the positive and negative outcomes, i.e., the successful and
unsuccessful subtraction attempts) remain the same.

Similarly to the previous analysis (cf. Figure II.1b) the scheme of the procedure is
divided into four logical units. We are going to describe each part of the scheme in
the spirit of the analysis performed in chapter III and adapt the general formulation
of subsection II1.2.C to match the present circumstances.

(1) The input state comprises the entangled pair of signal modes and the factorized
pair of idlers. Suppose the Wigner function Wgs(&g) of the signal state is given

in the form of a Gaussian decomposition (II11.58) as

Ws(és) = 77 Kuses(és) (V.29)
!

with the 4 x 4 characteristic matrices @;f and the 4 x 1 vectors of mean values
;L}q . In general these characteristic matrices may not be decomposed into a
direct matrix sum due to the presence of correlations between the modes.

The Wigner function Wear(€) of the joint state is then given by the familiar

decomposition (II1.60). The joint vector of phase space coordinates reads

=8B (V.30)
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with the vector g respective to the two mode signal state

gS = (xsjupS[amSprSH)T . (Vgl)

The second mode (Sy) of the signal interacts with the idler (A) on a beam
splitter of transmittance (. The idler then interacts with the virtual ancillary
mode (L) on a beam splitter of transmittance 1, which models the inefficient

avalanche photodiode detector in our consideration.

Both the interactions are Gaussian in their nature and can be represented by

a sequence of transformations

Vi) =leleVm)lleV()eI] (V.32)

where the elements of the product are properly padded matrices (1.33) charac-
terising the individual beam splitters and 1 represents a 2 x 2 identity matrix.

The Wigner function of the transformed state then reads
War(§) =D vKuwer,(€) (V.33)
f

with the characteristic matrices and vectors of mean values transformed using
the resulting matrix V' (¢, n) according to the relation (II1.43).

In the third part, the virtual ancillary mode (L) is traced out. The Wigner
function WY 4, (€) is consequently transformed according to the relation (I11.63)

WSA Z’de ¢ @/ @// Zﬁ/f, @// (V34)

where the cumulative factors vf comprise

2m

V= WdetL TS (V.35)

The Wigner function Wg4(€) is transformed again in the detection process.

Its transformation is governed by an equation similar to (II1.65) in structure
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with a different normalisation due to the number of signal modes

Y o1
* 2;; WGXP( 2Cff/) Kéff/“ff’ (&)
W = (27)" V.36
(&) = (2m) = ) (V.36)
Ef: ; Taes o P (—3¢r)

with the factors 7} coming from (V.35) and 7}‘,’ from (II1.39).

The joint characteristic matrices Z;y, the joint vectors of mean values oy
and the additional factor exp (—%C ¥ f/) are governed by the product relation
(II1.46), starting again with the individual matrices and vectors of (V.34)
and (II1.39). Furthermore the characteristic matrices =, result from the

subsequent planar integral (I11.57).

Finally the probability relation has to be scaled appropriately, reading
*
Vg ( 1 )
(2m) exp | —=Crp | . V.37
Z Z Nk (V.37)

In conclusion the only significant differences with the original relations (II1.65) and
(II1.66) lie in the normalisation of the final expressions (V.36) for the Wigner func-
tion respective to detection outcome % € {o, e} and the corresponding probability
relation (V.37).

In the improved procedure introduced in the section I1.2 we consider iterative chains
where the signal state is recycled until the subtraction finally succeeds or a prede-
termined, reasonable number of attempts is eventually reached.
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Figure V.3: The subtraction is repeatedly attempted on the first (S7) arm of the entan-
gled state until it succeeds in the fth step. Subsequently the subtraction
process is repeated for the second (Syr) arm until it finally succeeds in the
f'th step. The Wigner function of the resulting state is denoted Wy (&s)
and the respective probability Py .

Because the signal modes are entangled they can not be considered separately. The
basic outline of the improved procedure adapted to reflect the entanglement of the
signal mode is presented in the Figure V.3. In this iterative chain the subtraction
finally succeeds in the fth attempt on the first mode (S;) and in the f’th attempt
on the second mode (Sy;) of the entangled system. The conditional probability

Pff’ :PIO(S[) s P;_l(SI)P;(SI)

(V.38)
PP(Sir) - Pp_y(S1) Py (Str)

associated with the iterative chain represents the first (f —1) failures followed by the
final success on the first mode and similarly for the second mode where the success
occurs after (f’ — 1) failed attempts. The individual probabilities Pf* () are given
by the relation (V.37) with the symbols S; and S;; distinguishing the interacting
mode in the underlying subtraction procedure Figure V.2. The Wigner function
respective to this chain is denoted Wy (&g).

The improved subtraction procedure either succeeds in any of the iterations under
consideration or it fails completely. Because the first successful iteration is not
known beforehand, we take all the possible iterative chains into account. Each of
the iterative chains is statistically independent. The overall probability of successful
subtraction is therefore obtained in the additive form

N N
Q=>) Py, (V.39)
rr

where N represents the maximal number of subtraction attempts on each
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mode of the signal. The overall Wigner function of the subtracted state
N N
W(s)=Q ' D D PrpWp(Es) (V.40)
ror

describes the result of the modified distillation procedure [15] under our considera-
tion. In line with the section V.1 and the distillation protocol itself we start with a
signal two mode squeezed state which was briefly introduced in the subsection [.7.F.
The state is Gaussian and its decomposition into Gaussian kernels is straightforward

Ws(&s) = VIquf (€s) (V.41)
with the characteristic matrix © obtained as an inverse of the variance (1.52)

cosh 2~ . — sinh 2~

cosh 2y . sinh 2y

07 =2 : (V.42)

— sinh 2y . cosh 2y
sinh 2+ . cosh 2

the vector of mean values 7 = 0 and the normalisation (weight) factor given as

S
s_ VdetOy (V.43)

= (2m)?

3 Probability and performance assessment

In our analysis of the distillation protocol we compare the effects of the improved
subtraction procedure with the results obtained for the ideal subtraction. The per-
formance of the distillation is assessed using the Gaussian logarithmic negativity

and the EPR correlations introduced earlier in the section 1.6.

The effects of the improved subtraction procedure for different maximal numbers
of subtraction attempts NV are presented in the Figure V.4 and the Figure V.5,
where the mappings of the logarithmic negativities A and EPR correlations T are
shown as functions of the overall success probability (V.39). Both the entanglement

measures are functions of second moments of the quadrature operators of the distilled
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states. In the case of the ideal subtraction the variance matrix is defined by the
relation (V.27). In the case of the improved subtraction procedure the overall Wigner
function (V.40) is simply decomposed into a linear combination of Gaussian kernels
and the overall variance matrix can be straightforwardly extracted with the formula
(B.6) derived in the appendix B.

The entanglement measures are computed numerically for an initial two mode
squeezed vacuum state (1.52) with the squeezing rate v = 1.00. The numerical sim-
ulation is performed for both the ideal (n = 1.00) and the inefficient (n = 0.64)
detection models.

The effects of the improved subtraction procedure measured in terms of the log-
arithmic negativity A are shown in the Figure V.4. We can see that the success
probability ) can be improved by an order of magnitude by taking as little as 10
subtraction attempts into account. The probability can be further improved by in-
creasing the number of attempts, however, the difference is not as significant. We
can also see the distillation procedure is not negatively impacted by inefficient de-
tection in terms of achievable logarithmic negativity. The inefficient detection only
impacts the success rate of the distillation and decreases the improvements otherwise

attainable by the improved procedure.

The Figure V.5 represents the effects measured in terms of the EPR correlations
T. Similarly to the previous case we can see that the success probability ) can be
improved by an order of magnitude by taking as little as 10 subtraction attempts.
Likewise the inefficient detection does not negatively impact the attainable EPR

correlations.
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Figure V.4: The success probability () can be improved by roughly on order of magnitude
by taking as little as ten subtraction attempts in both the ideal (left plot)
and realistic (right plot) detection models.

We show the mapping of Gaussian logarithmic negativity A for N =1,
N =10, and N = 75 for detection efficiencies n = 1.00 and n = 0.64.

Furthermore we can see in the far right region of each plot that the procedure
may succeed with negativity lower than it was in the beginning, effectively
failing to distil any entanglement.

The horizontal START line indicates the logarithmic negativity of the initial
state. The IDEAL line indicates the negativity of the state obtained with the
ideal distillation procedure, giving an upper boundary on the performance
of improved subtraction procedure.
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Figure V.5: The success probability () can be improved by roughly on order of magnitude
by taking as little as ten subtraction attempts in both the ideal (left plot)
and realistic (right plot) detection models.

We show the mapping of EPR correlations T for N =1, N =10, and
N =75 for detection efficiencies n = 1.00 and n = 0.64.

Furthermore we can see in the far right region of each plot that the procedure
may succeed with negativity lower than it was in the beginning, effectively
failing to distil any entanglement.

The horizontal START line indicates the EPR correlations of the initial state.
The IDEAL line indicates the correlations of the state obtained with the
ideal distillation procedure, giving an upper boundary on the performance
of improved subtraction procedure.
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Conclusions and outlooks

We have introduced an improved single photon subtraction procedure and developed
a mathematical description suitable for numerical simulations. We focused on two
applications of the procedure; first we explored the preservation of quantum super-
position by exploiting the properties of superposed coherent states and determined
the preservation of quantum superposition to be considerably hindered by inefficient
detection. In the case of ideal detection the procedure indeed preserved quantum
superpositions with a high rate of success.

The second application involved quantum entanglement distillation. We compared
the performance of the improved procedure for different maximal number of subtrac-
tion attempts. We observed an improvement of roughly one order of magnitude in
success probability in comparison with the original, single step subtraction protocol.
Unlike in the first application the inefficient detection was not fatal in respect to
the attainable increase of entanglement and the only negative effect was a slightly

lower success rate of the distillation procedure.

Further extensions to the work may include optimization of the procedure in terms
of optimal parameters (primary beam splitter transmittance rate) under constraints
imposed on the number of subtraction attempts and intensity of the signal mode.
Furthermore the procedure could be extended to include additional losses and noise
mixed into the signal mode in each subtraction attempt. In our current consideration
the parameters of the improved procedure remain fixed for each subtraction attempt.
A particularly interesting extension could be to adaptively change these parameters

and search for their optimal values.

Moreover the current mathematical description supports a broader class of condi-
tional operations comprising any number of ancillary modes and interactions char-

acterised by Gaussian operations and measurements on avalanche photodiode de-
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tectors. This makes, for example, description of a single photon addition quite
straightforward task.

Furthermore our methodology may be used to model any quantum optical network
consisting of linear optics, squeezing, and avalanche photodiode detectors, which
essentially encompasses all existing quantum optical experiments. This ultimate goal
would require a more robust, faster and scaleable implementation of the underlying
numerical simulations.
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Appendix A

Closed-form formulae of select

series

In the chapter V we relied on closed-form formulae of a number of series. In this

appendix we provide a step by step derivation of their final expressions.

Suppose |A| < 1. Then the following series converge and their respective sums may
be obtained as closed-form formulae

YoM = b (A1)
f

.
;/\ff = ﬁ (A.2)
Xf:Afo — ?1(1_—1?2 , (A.3)
zf:)\f o gg;v) | (A.A4)

We are going to derive the formulae in the following paragraphs. We may recognize

the geometric series (A.1) which converges for |A\| < 1 and the sum reads

S0)=> M= % . (A.5)
f
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We may employ a simple trick to obtain the closed-form expressions for the rest of
the series. Consider the derivative of a single element of the geometric series

0 _
5% = fA! (A.6)

which may be multiplied by the common ratio A to yield

)\(%)\f = fA. (A7)

The second series (A.1) may be rewritten with the aid of this relation into
> Nf= N >N = AQS(O) = \S(1) (A.8)
- O\ - 1)) ’

where the symbol S(f) denotes the fth derivative of the geometric series expression

o7 1!
S(f)_ﬁ)\f_(l—/\)f“' (A.9)
Higher orders of f in the series lead to a general closed-form expression
a X
d M= <>\—> 5(0) . (A.10)
O\
f
Consequently we may rewrite the series (A.3) and (A.4) into the following forms
9\2
NP = ()\5) S(0) = AS(1) + A25(2) , (A.11)
f
a 3
SN = (Aa—/\) S(0) = AS(1) 4+ 3A25(2) + A3S(3) . (A.12)
f
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The closed-form formulae of (A.2), (A.3), and (A.4) then clearly read

1 A
;Aff =AW= 7

DN =AS(1) + X°5(2) =

A 272 A1+ A)

A—n2 " a=ap  (=ap

f
DN =AS(1) + 3X3°5(2) + A*S(3)
f

A 62 6)3

BRSNS VERCI T
A1+ 44X+ \?)

A=
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Appendix B

Statistical moments of quadrature

operators

The first two statistical moments of quadrature operators play an important role in

a wide range of cases, including entanglement quantification (cf. section 1.6).

A great advantage of Gaussian states is that the first two moments are well known as
they completely characterise such states. The states in our consideration, however,
decompose into linear combinations of Gaussian kernels (¢f. chapter III) which makes

the extraction of the first two moments a slightly more involved process.

We have shown that for every Gaussian function there exists a Gaussian kernel as
its characteristic matrix is regular. Each decomposition (I11.58) of a physical state
may be equivalently represented by a linear combination of Gaussian functions

W(E) =Y v Ko,
f

2m)X
= Zf:w \/(ﬁ Gt (B.1)
= Zﬁf G,ufcrf(§>
f
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with the weight factors 3y including the normalisation factors

(27m)X

Bf :’Yf \/det@f

following from the correspondence between Gaussian kernels and Gaussian functions

(B.2)

1
Guo(§) = (2n)/dote Kuo-1(§) - (B.3)

Ultimately we are interested in the expectation values (§1> and (fzf]) in respect to
states described with the (B.1) distribution. These expectation values comprise the

variance matrix and the vector of mean values.

Our knowledge is, however, limited to the individual vectors of mean values py
and variance matrices oy in respect to the individual Gaussian functions in the
decomposition (B.1).

We start with the linear expectation values of the phase space variables
=[] [[ &> BrGuue &) d¢
I ] 52 m
=D By [[ o | ] &G, (&) d*
1 [ ] 6o
=> By
f
= Z Brpg)s
f

(B.4)

where the operator (-); denotes the expectation value in respect to the G, ., (&)
and the symbol (jr); represents the ith element of the vector uy. The quadratic
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expectation values read
)= [ [ s 51 Gl 6)
-3 ]+ ] 6iGuate) ae
= Efj Br{&i&s) s (B.5)
- ;@f(@@f + (6565} )
= ij Bi(os)i + Efj B (pg)i(ps);

where (0);; yields the ijth element of the variance matrix oy. The total variance
in respect to the Wigner function (B.1) may now be obtained without any extensive
effort using only the statistical properties of individual Gaussian functions

var(€, &) = 5 (6 + &6) — (E(E)
= (&&;) — (€)(&5) (B.6)
= Bilop)is+ Y Belup)ilis); = > Brlug)i > Brluy);
7 7 7 7

where all the elements are immediately known from the expression (B.1).
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