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We present a framework for studying bosonic non-Gaussian channels of continuous-variable systems. Our
emphasis is on a class of channels that we call photon-added Gaussian channels, which are experimentally viable
with current quantum-optical technologies. A strong motivation for considering these channels is the fact that it is
compulsory to go beyond the Gaussian domain for numerous tasks in continuous-variable quantum information
processing such as entanglement distillation from Gaussian states and universal quantum computation. The
single-mode photon-added channels we consider are obtained by using two-mode beam splitters and squeezing
operators with photon addition applied to the ancilla ports giving rise to families of non-Gaussian channels. For
each such channel, we derive its operator-sum representation, indispensable in the present context. We observe
that these channels are Fock preserving (coherence nongenerating). We then report two examples of activation
using our scheme of photon addition, that of quantum-optical nonclassicality at outputs of channels that would
otherwise output only classical states and of both the quantum and private communication capacities, hinting
at far-reaching applications for quantum-optical communication. Further, we see that noisy Gaussian channels
can be expressed as a convex mixture of these non-Gaussian channels. We also present other physical and

information-theoretic properties of these channels.
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I. INTRODUCTION

Non-Gaussian states and operations have recently received
much attention with respect to theoretical and experimental
schemes in continuous-variable quantum information theory.
Experimentally realizable non-Gaussian states include Fock
states [1-3], NOON states [4], Schrodinger cat states [5,6],
photon-added coherent states [7,8], and photon-added thermal
states [9,10], among other examples [11-13]. Commonly
used non-Gaussian operations include photon addition [14,15],
photon subtraction [16—18], photon counting [19], cubic phase
gates [20], and Kerr nonlinearities [21].

There are various motivations and uses for going beyond
the Gaussian regime with regard to implementation of quantum
information protocols. These include no-go theorems against
a Gaussian-only toolbox such as distillation of entanglement
from Gaussian states [22-24], use as quantum repeaters [25],
and other quantum information protocols such as cloning
[26], error correction [27], bit commitment [28], computing
with cluster states [29], and universal quantum computation
[30-32]. Also non-Gaussian resources have proven advan-
tageous in many scenarios such as parameter estimation
[33], generation of entangled states [34—37], and teleportation
[38-41].

In this article we generate non-Gaussian operations using
two main ingredients, the commonly used (experimentally
viable) photon addition and the ubiquitous class of Gaussian
unitaries, specifically two-mode squeezing operators and
beam splitters. We call the resulting non-Gaussian operations
photon-added Gaussian channels and this is schematically
represented in Fig. 1. Here photon addition is applied to
the environment state in the Stinespring dilation of the
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underlying Gaussian channel. As a consequence, we generate
non-Gaussian operations on the initial system when the
environment system is ignored.

The method can also be thought of as being one example of
the many protocols and implementations that concern manip-
ulating the environment state in the Stinespring representation
of a channel that have been considered in literature. Some
illustrative examples include implementation of general gates
[42], using mixed environment states for channel simulation
[43], manipulating the environment to generate additional
capacities either as a helper or an adversary [44-46], and using
feedback from the environment to correct for transmission of
information through the channel [47-49].

We stress that although we use the common terminology
“environment system” to denote the additional system in the
Stinespring representation, we think of it as auxiliary ports
one can keep track of as inputs to unitary gates used in the
implementation. Hence the channels that we introduce and
study are implementable non-Gaussian gadgets of potential
use in continuous-variable quantum information processing.

The rest of the article is structured as follows. Section II
introduces the basic framework for quantum channels, the
phase-space techniques, and the phase-space description of
photon-added channels. In Sec. III we present our construction
of photon-added channels and obtain the operator-sum repre-
sentation of three special classes of channels closely related
to attenuation, amplification, and phase-conjugation channels.
We then study in Sec. IV numerous physical, mathematical,
and information-theoretic properties of the photon-added
channels introduced in Sec. III. We summarize in Sec. V.

II. PRELIMINARIES

We now discuss the connection between the unitary Stine-
spring representation and the operator-sum representation of
any quantum channel. Given a channel &, it can always
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FIG. 1. Schematic diagram for the construction of a class of non-
Gaussian channels using two constituent elements of photon addition
and Gaussian unitary gates.

be represented as a unitary dynamics on a suitably chosen
larger system with the ancilla system consequently ignored.
Let the input system be described by a Hilbert space H 4.
Then there exists an environment with Hilbert space Hpg, a
system-environment unitary U, g, and a pure state | ) g € Hg
such that any completely positive trace-preserving map on
system A can be represented in the following way:

®[pal = Tre[Uar(Pa ® W) (W DU L. (1)

To obtain an operator-sum representation [50] we introduce a
suitable complete basis to perform the trace of the environment
system. Since our physical system is that of bosonic modes of
an electromagnetic field or harmonic oscillators, we make use
of the Fock basis. Choosing the Fock basis {|k)g}, we have,
from Eq. (1),

O[pal = Y e(KI[Uar(pa ® W) e (WDUL 1K)
k

=Y e klUap 1Y) £)paCe (YU 1K) )
k

=Y FipaFy, )
k

where {F; = g(k|Uag|¥)g} are the Kraus operators for the
channel .

We first consider the case when the system and the
environment are both single-mode systems. The corresponding
generalization to the case of multimodes can be performed in a
similar way. Let the two-mode unitary operator in the dilation
of a channel ® be written as U[®] with matrix elements in the
Fock basis given by

Ul®l= Y TI®L w2 imum)(nnal. ()
my,my,ny,ny=0

Then by Eq. (2) we have that the Kraus operators {F;} of ®
are given by

oo
Fi = E<k|[ ZT[@]:;?,;:';Z|m1,m2><n1,n2|}|w>E
my,my,ny,npy=0
oo

- >

my,ny,ny=0

T (nalyr) glmy) (ny]. )

In this article we are interested in channels for which there
exists a dilation U, that is Gaussian even if the environment
state |Y) g is not necessarily Gaussian. We call such channels
Gaussian dilatable. We first recall a few points regarding the
Stinespring dilation of Gaussian channels since it is our starting
point as hinted in Fig. 1. We first focus on the case of quantum-
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FIG. 2. Unitary dilation for Gaussian channels. Any quantum-
limited single-mode bosonic Gaussian channel can be realized in the
following three-step method: First one appends a suitable single-
mode environment state that can be taken to be pure Gaussian
(vacuum, without loss of generality), then evolves the system-
environment state through a canonical two-mode Gaussian unitary,
and finally, traces out the environment degrees of freedom.
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limited channels. For the underlying phase-space framework
we refer the reader to [51,52]. An important fact that will play
a crucial role for us is that every single-mode quantum-limited
Gaussian channel can be realized as a canonical unitary
interaction with a suitable single-mode environment taken in a
pure Gaussian state (or vacuum state without loss of generality)
and then ignoring the environment degrees of freedom. This
representation is schematically depicted in Fig. 2. We point
out that for noisy single-mode Gaussian channels one can
follow a similar method with the main difference being that
one requires a two-mode pure environment state. We will
make further comments regarding the case of noisy Gaussian
channels towards the end of the article in Sec. IV H.

Phase-space description of linear bosonic channels

Non-Gaussian channels can be realized by two underlying
schemes in its Stinespring dilation as depicted in Fig. 3. The
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FIG. 3. Basic schemes to construct non-Gaussian channels using
the Stinespring representation. One can use an ancilla non-Gaussian
state |Ymong) and a Gaussian unitary as in scheme 1 (top), which
we label Gaussian dilation scheme. The second option is to use a
non-Gaussian unitary with a Gaussian ancilla as in scheme 2 (bottom),
which we label the general dilation scheme. A third scheme that
combines the use of a non-Gaussian unitary and a non-Gaussian
ancilla state can be reduced to scheme 2. In this article we focus on
scheme 1.
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first scheme is when the non-Gaussian channel is realized
through a Gaussian unitary and a non-Gaussian environment
state, which we call the Gaussian dilation scheme. The
second scheme is when we use a non-Gaussian unitary and
a Gaussian environment state and we call this the general
dilation scheme. The final combination of a non-Gaussian
unitary with a non-Gaussian environment state can be reduced
to the general dilation scheme. For simplicity we consider
the system and environment to be a single-mode system
from both a theoretical and an experimental point of view.
The generalization to the multimode case can be done in an
analogous manner.

We focus on the first Gaussian dilation scheme where we
have a Gaussian unitary and a non-Gaussian environment state.
In particular, as mentioned earlier, we construct a special class
of channels that we call photon-added Gaussian channels.
These channels are constructed through three elementary
building blocks. First we start with the Gaussian unitary in
the dilation of a Gaussian channel and a vacuum state in
the environment as previously depicted in Fig. 2. Next we
apply a suitable photon addition to the environment state.
Finally, we trace out the environment system. We now briefly
discuss the phase-space description of photon-added Gaussian
channels.

Let the Gaussian unitary of the dilation corresponding
to the underlying Gaussian channel induce a symplectic
transformation of the form

- Sit Si2
s = 5
|:521 522i| )
at the level of the characteristic function [53], i.e.,
X(E UISIGULSI)) = x(S7'&:6). (6)

Let pr be the photon-added state of the environment. So we
have by Egs. (1) and (6) that the combined system-environment
output state after the action of the Gaussian unitary is

x(&1.£2: UIS1(p ® pr)ULS])
= x(S11&1 + S1282; D) x (S2181 + S2262;08). (D)

We then obtain the characteristic function of the output state
of the channel corresponding to input state p by setting &, = 0
in Eq. (7), i.e.,

X(E 15 Pou) = X (S11&150)x (S2181; PE). (®)

We now briefly digress to outline the phase-space descrip-
tion of linear bosonic channels of an n-mode system. Let ©
denote a quantum channel and ®' the adjoint of ®. Let 5 be
an input state to ® and let ®(p) = p’ be the corresponding
output state. At the level of displacement operators D(&), or
equivalently the Heisenberg picture, ® is said to be a linear
channel if it can be written as [54]

OID(E)] = DXE)f (&), )

where X is a linear map on the phase-space variables & and f is
an arbitrary function that together with X has to satisfy certain
constraints encoding the fact that & is completely positive
[54]. At the level of the characteristic function we have by
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Eq. (9) the action of ® to be

X(&:p) = T O(P)D(E)] = Tr[pDT(D(&))]
= Tr[pD(XE)1f(§)
= X(X&: D) f(&). (10)

When the function f is Gaussian and satisfies the complete-
positivity condition, the map corresponds to a linear bosonic
Gaussian channel. For a non-Gaussian function f that satisfies
the complete-positivity condition the corresponding channel is
a linear bosonic non-Gaussian channel.

Comparing Eqgs. (8) and (10), we see that S;; plays the
role of X and x($71&1; o) plays the role of f(&;). Note that
we did not make use of any special form for the environment
state. Since the map is completely positive trace preserving by
construction, we have the following proposition.

Proposition 1. All Gaussian dilatable channels, including
the class of photon-added bosonic Gaussian channels, belong
to the class of linear bosonic channels.

We now state in the form of a conjecture a connection
between the set of Gaussian dilatable channels and linear
bosonic channels.

Conjecture 1. The set of linear bosonic channels and the set
of Gaussian dilatable channels are identical.

From the proposition mentioned above, what remains to be
shown is the converse statement that the set of linear bosonic
channels (i.e., linear Gaussian and linear non-Gaussian) is
Gaussian dilatable.

III. KRAUS DECOMPOSITION FOR PHOTON-ADDED
GAUSSIAN CHANNELS

For simplicity, we now consider the case of the photon-
added bosonic Gaussian channels as depicted in Fig. 4, i.e.,
when the initial environment state is a vacuum state and
the underlying Gaussian channel is quantum limited. The
case of photon addition to noisy Gaussian channels will be
considered towards the end of the article in Sec. IV H. We
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FIG. 4. Scheme for obtaining photon-added Gaussian channels.
Starting from the underlying unitary representation for quantum-
limited attenuator, amplifier, and phase-conjugation channels, we
obtain the corresponding photon-added version by applying photon
addition to the vacuum state to generate a Fock state in the
environment. The resulting channels fall under the class of linear
bosonic non-Gaussian channels. In the absence of photon addition we
have the underlying single-mode quantum-limited bosonic Gaussian
channel.
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TABLE I. Notation used for the various quantities. Here A(x; n)
(k 2 1), B(k;n) (k < 1), and C(k;n) (¢ > 0) denote the photon-
added amplifier, attenuator, and phase-conjugation channels, respec-
tively. The argument « stands for the corresponding underlying
quantum-limited Gaussian channel parameter and » for the resulting
number state of the environment post photon addition. In addition, U
denotes the unitary matrix in the dilation of the underlying Gaussian
channels and T represents its Fock basis matrix elements [Eq. (4)].

Channel Unitary Kraus Fock matrix elements
[ U[®P] operators of U[D]

Al n) U[A(x;n)] {Ae(c;n)} T[AG; )yl 52
Bk n) UlB(k;n)] {Be(k;n)} T[B;m)l,1 02
Clk;n) UlC(k;n)] {Celic; n)} T[CUe; Iy

will consider three main classes, the photon-added quantum-
limited amplifier, attenuator, and phase-conjugation channels,
and study their properties in subsequent sections. It turns
out to be useful to work completely in the Fock basis.
For example, computing output states in a certain basis or
evaluating entropies and other information-theoretic quantities
all require working in a specific basis as opposed to a global
picture. The reason some of these necessities can be bypassed
for the Gaussian case is because many of the quantities are
directly computable from the phase-space picture, which also
contains the covariance matrices.

As mentioned earlier, these special illustrative classes
both have theoretical importance and are also practically
implementable. We will see later that these special classes
of single-mode quantum-limited attenuator, amplifier, and
phase-conjugation channels all have a Stinespring dilation
where the unitary acting on the larger Hilbert space is either
a two-mode beam splitter or a two-mode squeezing operator.
Also, turning on and off this photon addition takes one from
the Gaussian to the non-Gaussian regime and hence leads to
a comparison of the two regimes in a systematic way. There
are other such properties that we explain in the rest of the
article.

Before we begin with our specific examples of non-
Gaussian channels we briefly comment on the notation that
we use in the rest of the article; this is outlined in Table I. We
use the calligraphic letters A, B, and C to denote the amplifier,
attenuator, and phase-conjugation channels, respectively, with
k denoting the channel parameter of the underlying quantum-
limited channels and n denoting the Fock state (or number of
photon additions applied) of the environment. The italic letters
A, B, and C denote the respective Kraus operators, U denotes
the unitary operator of the dilation of the Gaussian channels,
and T denotes the matrix elements of this unitary operator in
the Fock basis.

The rest of this section is dedicated to the derivation of
an operator-sum representation of the photon-added quantum-
limited amplifier, attenuator, and phase-conjugation channels
of a single mode taken in their respective canonical forms.

A. Photon-added amplifier A(x; n)

We first consider the case of the photon-added quantum-
limited amplifier depicted in Fig. 5. From the scheme
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P A(x:n)[p]

I

FIG. 5. Realization of the photon-added amplifier channels
A(k;n). Here « denotes the channel parameter coming from the
two-mode squeezing (TMS) operator unitary and n denotes the photon
addition.

mentioned above we have to evaluate the appropriate matrix
elements of the unitary operator to obtain the operator-sum
representation. The Gaussian unitary in the dilation of an
amplifier channel is a two-mode squeezing operator and its
matrix elements were previously evaluated to be [55]

T[AG ),

ny,ny

nylmy! & ny\ (mi Aot j—r
- mi!ny! ZZ( >< >( Y ety

r=0 j=0

X (V 1 - K_Z)ml+r_j8n1,r+j8m2,nz+m]—r—jv (1 1)

where (;‘,) =x!/(y!(x — y)!) is the binomial coefficient. As
outlined in Sec. II and Fig. 4, to compute the Kraus operators
we set my = £ and n, = n and eliminate j using §,, ,4; to
obtain

TLAG: I
_1 | mle!
K gl(l’l nlvmvi)(SKJrn] mi+n» (12)
my!n
where
gi(n,ny,my; k)
min{n,n;} n m;
— Z <r) (n B r)(_l)r(K—l)lH-n]—Zr
r=max{0,ny—m} 1
x (V1 — g=2ym+2r=m (13)
By Eq. (4), we then obtain the Kraus operators A,(k;n) as
nl'ﬁ'
Z 81 nnLm k)
my,n1=0

Aglksn) =k~

X (Sli,m1+tl—n1 |my)(n|

. i Y
=K _—
_ In!
1 =max{0,n—£} (6 —n+npln!

x g1(m,n1,£ —n+ng;i)|ng + (€ —n)){ng|.
(14)

As a preliminary observation we see that each Kraus
operator has nonzero elements only along a line parallel
to the diagonal. We find a demarcation into three regions
depending on |¢ — n|. For the case when the Kraus index
¢ < n this line falls above the diagonal and for ¢ > n it
falls below the diagonal. For the case £ = n we see that the
corresponding Kraus operator is diagonal in the Fock basis.
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FIG. 6. Structure of Kraus operators for the photon-added ampli-
fier channels. Each Kraus operator has nonzero elements only along
a line parallel to the diagonal whose location depends on ¢ — n|,
where £ is the Kraus index and n the number of photon addition.

This is schematically depicted in Fig. 6. If we set n =0 in
Eq. (14) we obtain {A,(x;0)}, which are the Kraus operators
for the quantum-limited amplifier channel A(k; 0) [55].

B. Photon-added attenuator B(«; n)

We next consider the case of the photon-added attenuator
channel, which is depicted in Fig. 7. The unitary in the dilation
of the attenuator channel is the beam splitter. The matrix
elements of the two-mode beam-splitter unitary operator was
previously evaluated as [55]

T[B(k;n)ly ">

ny,ny

ml‘mZ ni ny—j
nylny! ZZ( )( ) I O

r=0 j=0

X (" T = k27T i (15)

As in the earlier case, setting m, =¥ and n, =n and
eliminating j using §,,, ,4; we have

mq'e!
TIBGc )l = [~ o L k) e (16)
1:n:

where

min{¢,n;}

g lai)= Y

n n o4y
()" e
r=max{0,{—n} r r

X (K)n1—2r+€(m)2r+n—€. (17)

|n)

=)

P— B(n)le]

w

FIG. 7. Realization of the photon-added attenuator channels
B(k;n). Here « denotes the channel parameter coming from the
two-mode beam-splitter unitary and n denotes the photon addition.
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FIG. 8. Structure of Kraus operators for the photon-added attenu-
ator channels. Each Kraus operator with index £ has nonzero elements
only along a line parallel to the diagonal, whose location depends on
|€ — n|, where n is the photon-number state of the environment.

We then evaluate the Kraus operators By(k;n) to be

ad ml‘E'
> 820 Lnik)

my,n1=0

B(ic;n) =

X 8m|,n|+n—l|ml><nl|

00
(ny +n—20)e!
= E —|‘g2(”767n1;’()
ny=max{0,£—n} y-n:

x|np 4+ (n = 6)(n]. (18)

We notice that, as in the photon-added amplifier case, each
Kraus operator has nonzero elements only along a line parallel
to the diagonal whose location depends on |[¢ — n|, but the
situation is now reversed when compared with the photon-
added amplifier channel as depicted in Fig. 8. This line is
located in the upper triangle for £ > n and in the lower triangle
for ¢ < n.

C. Photon-added phase conjugator C(«; n)

The last example we consider is the photon-added phase-
conjugation channel depicted in Fig. 9. The unitary operator
in the dilation of the phase-conjugation channel has matrix
elements given by [55]

T[Cl;m)]

np,ny
nz'mz ZZ (ml)(n.l)(m)—(nﬁr—j)
mlynl r=0 j=0 J

X (_l)j(V 1 + Kﬁz)i(m]7r+j)6n2,r+j8m2,n]+m1—r—ja
(19)

P C(k;n)[p]

[n) 2

FIG. 9. Realization of the photon-added amplifier channels
C(x;n). Here k denotes the channel parameter coming from the
two-mode phase-conjugation unitary (PCU) and n denotes the photon
addition.

062309-5



KRISHNA KUMAR SABAPATHY AND ANDREAS WINTER

— Il+n —

FIG. 10. Structure of Kraus operators for the photon-added
phase-conjugation channels. Each Kraus operator has nonzero ele-
ments only along a particular antidiagonal whose location depends
on ¢ 4 n, where ¢ is the Kraus index and n is the value of photon
addition.

where d, = (v/1 +«2)7! and the unitary is obtained by
following the two-mode squeezing operator with a mode-flip
operator, a fact that will be discussed in more detail in
Sec. IVC. As before, by setting m, = ¢ and n, =n and
eliminating j using 8,, ,4; we have

TICUk; MMt = dye [ gs(m,ny,mi; )80 my—ninys  (20)

ny,n K\ myng!

where

{n,m}
-y (n?) (n’ﬁ r) (/1 o—2)-m=2r+m

r=max{0,n—n}

x (_l)l’l—r( /1 +K_2)—(7!1+2r—n)‘ (21)

We then obtain the Kraus operators Cy(k;n) as

g3(n,ny,my;k)
min{n,m
{

n!e!

m1!n1!

Colisn) =de Yy

ml,n|=0

g(n,ny,my;k)

X 8[,m17n+n1 |m1) (nll

Ak} nle!

=d, S S
Z:O € +n—ny)lny!
ny=

x g3(m,ni L +n—n;; )l +n—n)ngl.
(22)

We observe that {Cy(«x;n)} are of finite rank for finite n,£.
Furthermore, we note that unlike the photon-added amplifier
and attenuation channels, each Kraus operator has nonzero
elements along a line parallel to the antidiagonal as depicted
in Fig. 10.

We emphasize that for each of the photon-added amplifier,
attenuator, and phase-conjugation channels there exists an
operator-sum representation in the Fock basis in which all
the Kraus operators are real. We summarize the results of this
section in the following theorem.

Theorem 1. The collections {A,(x;n)}, {B¢(x;n)}, and
{Cy(x;n)} given in Egs. (14), (18), and (22) are a set of Kraus
operators for the photon-added channels A(x; n), B(k; n), and
C(k;n), respectively.
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IV. PROPERTIES OF PHOTON-ADDED CHANNELS

In this section we derive various properties of photon-
added channels whose operator-sum representation we de-
rived in the preceding section. We emphasize the fact that
the Fock basis plays an important role in describing the
properties of these non-Gaussian channels. We now begin
with the action of the photon-added channels in the Fock
basis.

A. Action on Fock states

From the operator-sum representation of each of the
photon-added channels we study their action on the Fock
basis and this turns out to reveal many important structural
properties. We first begin with the action of the photon-added
attenuator channel on a given Fock state | j) (j|. We have, from
Eq. (18),

Be; w7l

=Y Bu(ic;m)| j)(j|BeGie; n)f

=0
_i i i [(ny +n— 00!
- !
£=0 ny=max{0,n—£} m;=max{0,n—¢} npn:
my+n—£0)L!
X ugz(n,ﬂ,m;K)gz(n,ﬁ,ml;lc)
mi'n!

X(nilj)(jlmi)lny +n —£)(my +n — £

j+n .
(j +n—0)'¢! R |
=) LR 0 =)
=0 o

(23)

We observe that states diagonal in the Fock basis are mapped
to states that are also diagonal in the Fock basis irrespective
of the amount of photon addition. Furthermore, we see that
states having a finite Fock support are also taken to states
with finite Fock support. An analogous observation for the
Gaussian channel case n = 0 [55] played an important role
in the resolution of an output entropy optimization problem
[56].

We next consider the case of the photon-added amplifier
and consider its action on an input Fock state | j)(j|. We have,
by Eq. (14),

A m)7) (G 1

=" Al m)| ) (1Al n)f
=0
ny!e!

m(nlljﬂjlml)

=0 ny=ng my=ny

my!e!
X mgﬂn,m,ﬁ—n—i-mm)
— 1)in!

x gi(n,my, —n+my;)ng + € —n){my + £ —n|,
no = max{0,n — £}. (24)
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TABLE II. Largest and smallest Fock state supports of an output
state P,y for a given input state p;, for each of the photon-added
amplifier, attenuator, and phase-conjugation channels. Here N.«[/]
and Npyin[p] denote the largest and smallest Fock states in support
of p.

Channel Nmin [laoul] Nmax [,OAoul]
Alics n) max{Npin[fin] — 1,0} 0

B(K; I’l) 0 Nmax [ﬁin] +n
Clicn) max{n — Nmin[fin],0} o0

This expression evaluates to

Al ml1) (1

o]

10!
t=max{n—j,0} (6 —n+ jn!
x gi(n,j,L —n+ j;6)* 1€ —n+ j) (€ —n+ jl.

(25)

Finally, for the case of the action of the photon-added
phase-conjugation channel on an input Fock state, we have,
by Eq. (22),

Cle;mI1) (1

= Colsm)|j){jCelic: )

=0

0o n+l n+t e
=d? I B
KZXQZOZO G )
=0 m;=0n;=

nle!
X mg3(n,nl,£+n—n1;/<)
—my)!m;!

x gy(nmyb+n—myi)ll+n—n)(€+n—mi
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=d2 _— "’e _ , 2
D }(E+n—j)!j!g3(n] +n—JjiK)

{=max{j—n,0
x[+n— ) e+n—j|. (26)

From the action on an arbitrary Fock state one can deduce
some properties of the action of the photon-added channels
on a general state . For this let us denote by Np.«[/0] and
Nnin[0] the largest and smallest Fock states in the support of
some given state p.

Let an input state gy, to either of the photon-added channels
be mapped to an output state d,,. Then, by Egs. (23), (25), and
(26), we have the following proposition regarding the action
of photon-added channels on pj,; this is also summarized in
Table II.

Proposition 2. The n-photon-added attenuator produces
an output With Nmax[fou] = Nmax[Oin] + 71 and Niyin[fou] =
0, the n-photon-added amplifier produces an output with
Nmin[,éoul] = maX{Nmin[ﬁin] - I’l,O} and Nmax[:éout] = 00, and
finally the n-photon-added phase-conjugator outputs a state
with Npin[fou] = max{n — Nuin[fin],0} and Nimax [ fout] = 00.

So we see the effect of photon addition with respect to the
restrictions on the Fock-support ranges for the outputs of each
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of the channels. Also we note that photon addition gives rise
to different properties of the output states as compared with
the Gaussian (n = 0) case through its dependence on n. As a
consequence of Proposition 2, we observe the following.

Corollary 1. There does not exist any fixed point with finite
support in the Fock basis for the photon-added attenuator,
amplifier, and phase-conjugation channels.

For a comparison with the fixed points of the corresponding
Gaussian amplifier, attenuator, and phase-conjugation chan-
nels, i.e., in the absence of any photon addition (n = 0), we
refer the reader to [55]. As a final comment, the action of the
channels on input Fock states helps us understand aspects of
Fock-basis coherence, which we discuss in Sec. IV E.

B. Activation of quantum-optical nonclassicality

We now present a consequence of photon addition with
respect to nonclassicality in the quantum-optical context and
it is well known that nonclassicality of light is an important
resource in many situations such as entanglement generation
[57-59] and use in laser interferometers [60]. We illustrate
with a useful example that nonclassicality can be activated at
the outputs of certain channels, through our scheme of photon
addition to the environment state, that would otherwise output
only classical states. Before we begin with a specific example,
we briefly recall the notion of quantum-optical nonclassicality
that we are dealing with in this section.

Any state p can be described in terms of its Glauber-
Sudarshan diagonal weight function ¢(a; p) [61]:

. d*a A
b= / ¢(a; p)ler) (el 27)

n—l’l

Then p is said to be classical if its associated ¢(e; p) function
is everywhere non-negative over the phase space @ € R?" ~
C™; otherwise it is said to be nonclassical. In other words, a
classical state is a convex mixture of coherent states.

It is known that the quantum-limited phase-conjugation
channel is nonclassicality breaking [51,52,55,62]. In other
words, the output corresponding to any input to the phase-
conjugation channel is rendered classical. Let us now con-
sider the effect of photon addition, i.e., the corresponding
photon-added phase conjugator, on the output states of the
corresponding channel and we have the following proposition.

Proposition 3. The photon-added phase-conjugation chan-
nel C(k;n) is nonclassicality breaking only for n = 0. For
n > 0, i.e., under any nontrivial photon addition, nonclassical-
ity is activated at the output of the corresponding channel.

Proof. As mentioned earlier, it is known that the phase-
conjugation channel C(x;0) (with no photon addition) is
nonclassicality breaking [51,52,55,62]. We now consider the
case n # 0. Let us consider as input the vacuum state |0)(0|.
Having seen the action of the photon-added channel in the
Fock basis, we have by Eq. (26) that the corresponding output
is given by

Cle; mI10)(01]

o0
— 2§ n'e! .2
_dK £ mg3(n,0,£+n,/() |£+n><£+n| (28)
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So it clear that

(t]Cx;m)[10)(0]]]zr) =0V T =0,1,....n—1 29)

and in particular for t = 0. This implies further that the QO
function defined as Q(a; 0) = (a|p|a) is zero when evaluated
at o = 0. It then immediately follows that the corresponding
output state C(«; n)[|0)(0]] is nonclassical for each n > 0 [63].
Hence we see that photon addition to the environment has
activated nonclassicality at the output of the corresponding
photon-added phase-conjugation channel. ]

We have shown that nonclassicality can be activated at
the output of a phase-conjugation channel through photon
addition in the ancilla port vacuum state. We also highlight that
this activation is measure independent since it deals directly
with the notion of quantum-optical nonclassicality described
in Eq. (27). We now extend this property to all input classical
states, thereby proving a form of strong activation.

Theorem 2. All classical states are mapped to nonclassical
states under the action of the photon-added phase-conjugation
channel C(x; n) for every n > 0.

Proof. The crucial observation is that for any classical
state pi,, 1.e., a state with everywhere non-negative diagonal
function ¢(a; Oin), the support on the vacuum state is strictly
positive. Alternatively, (0|5|0) = Q(0) > 0. If this is not the
case, then the state is nonclassical as mentioned in the proof
of Proposition 3.

Therefore, for any classical state the minimum Fock state
with nonzero Fock support is zero, i.e., Npin[0in] = 0. Then
by Proposition 2 or equivalently Table II we have that

Nmin[e(K;n)(lain)] =n—- Nmin[lain] =n. (30)

So (0]C(k;n)(Pin)|0) = 0 for n > 1. By arguments used in the
proof of Proposition 3 we have that the output corresponding
to a classical input for the photon-added phase-conjugation
channel is nonclassical. ]

C. Complementarity

Consider a channel @ that has a Stinespring representation
as given in Eq. (1). Then the complementary channel, denoted
by ®¢, is given by tracing out the system degrees of freedom,
ie.,

O[pal = TralUae(pa ® W) e(WDULL (3D

Therefore, the complementary channel maps states of the
system to states of the environment. We make the following
observation with respect to complementarity of photon-added
channels.

Proposition 4. The complementary channel corresponding
to the photon-added amplifier channel A(k;n) with k > 1 is
the photon-added phase-conjugation channel C(+/k2 — 1;n)
for every n. Similarly, the photon-added attenuator B(«;n)
with 0 < ¥ < 1 is complementary to another photon-added
attenuator B(+/1 — k2, n) for every n > 0.

Proof. The proof follows by comparing the matrix elements
of the corresponding unitary operators in the dilations as
explained in Appendix B and schematically depicted in
Fig. 11. |

We have a straightforward implication regarding the mini-
mum output entropies.
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FIG. 11. Relation between the unitary operators in the Stinespring
dilation of the amplifier channel denoted by TMS and that of the
phase-conjugation channel with parameters « and k' = +/«x2? — 1
(top), and the two unitaries (beam splitters) in the Stinespring dilation
of the corresponding attenuator channels with parameters x« and
k' = +/1 — k? (bottom), respectively. The pairwise unitaries in each
case are connected by the mode-flip operator.

Corollary 2. The minimum output entropy of the photon-
added amplifier channel A(«x; n) and the photon-added phase-
conjugation channel C(+/k2 — 1;n) are identical. Similarly,
the minimum output entropies of photon-added attenuation
channels B(k;n) and B(x/1 — k2;n) are identical.

This can be seen easily from two facts. First, the minimum
output entropy is achieved on input states that are pure. Second,
for pure inputs the channel and its complement have identical
output entropies and therefore this also holds true for the
pure optimal state that minimizes the output entropy of the
channel. ]

D. Activation of quantum and private capacities

We now make a few remarks regarding the quantum
and private classical capacities of the photon-added phase-
conjugation channels and present a phenomenon of activa-
tion of these capacities. Given a quantum channel, one of
its defining characteristics is its usefulness in transmitting
information. Depending on the resources available and the
specific information-theoretic task to accomplish, a host of
capacities have been discussed and studied in the literature.
We focus on the fundamentally important quantum and private
classical capacities [64].

The quantum capacity Q(®) of a channel ® is the rate
(qubits per channel use) at which the channel can reliably
transmit quantum information in the asymptotic limit of
channel uses and can be expressed as

1
Q(®) = lim —QW(@®m),
n—oon
QN (@) = sup Lon(®. ),
P

Leoh(®,0) = S(P(D)) — S(P°(D)). (32)

Here, I.0h(®, 0) denotes the coherent information for a given
channel ® and input state p [65], S(-) stands for the
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von Neumann entropy of the state, and ®¢ stands for the
complimentary channel (see Sec. IV C).

On the other hand, the private capacity P(®) is the rate (bits
per channel use) at which & can transmit classical information
reliably in the asymptotic number of channel uses such that
the information is secret from an eavesdropper and can be
expressed as

1
P(®@) = lim —PY(d®),
n—-oo n

PR(@) = sup I([1 @ @1(&) — I([1 ® PU6)).,  (33)
PxPx
where & = ) pi|x){x| ® p, is a classical-quantum state and
I1(pap) = S(Pa) + S(Op) — S(Pap) is the mutual information
of a bipartite state p4p. Further, it is also known that both
the quantum and private classical capacities are zero for
entanglement breaking channels [64,66].

With respect to the phase-conjugation channel C(x;0)
we know that it is not only nonclassicality breaking but
also entanglement breaking [51,67]. This implies further that
the quantum capacity and the private classical capacity of
C(x;0) are zero [52]. We have seen by Theorem 2 that
the corresponding photon-added channels C(k;n) are not
nonclassicality breaking for all » > 0. Hence we take this
as evidence that not only nonclassicality is activated at the
output of the phase-conjugation channel after photon addition
applied on the ancilla state but also both the quantum and
private classical capacities are activated as well. We find that
indeed this is the case with specific numerical examples.

We have seen in Sec. IV C that for the photon-added phase-
conjugation channel C(x;n), the complementary channel is
given by the photon-added amplifier channel A(v/x2 + 1;n).
This is important for evaluating the coherent information
I.on(®,0) that appears in the evaluation of the quantum
capacity of @ as given in Eq. (32), where ®¢ denotes the
complementary channel of ®.

Numerical examples

As our first example we consider the photon-added phase-
conjugation channel C(k;n) (k = 4/1.52 — 1 = 1.11803 and
n varying), with input state 0.6]0) (0| 4+ 0.4|1)(1| (diagonal in
the Fock basis). The corresponding photon-added amplifier
channel has ¥’ = 1.5 with the same value of n. We compute
the coherent information for this state and we depict the same
in Fig. 12 for n varying from 1 to 10, values that are of
practical relevance as well. We see that for this input state
the coherent information decreases with increasing value of
photon addition. Further, for n = 0 or no photon addition, the
coherent information evaluates to —0.2239, as expected. We
note that the coherent information provides a lower bound to
the quantum capacity (32), i.e.,

AP) = Leon(P,P), (34)

and hence the quantum capacity Q(C(k;n)) >0 for « =
v/1.52 —1landn = 1,2, ...,10. We note that the output states
of the photon-added phase-conjugation channels are of infinite
rank and hence their numerical evaluation required a truncation
of the output Hilbert space. For the case n = 1, Fig. 13 depicts
the entropy S(C(x; D)[p]), k = /1.5 — 1, and S(A(1.5; 1)[0])

PHYSICAL REVIEW A 95, 062309 (2017)
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FIG. 12. Coherent information [I.,(C(x;n),p) as a function
of photon addition n with k¥ = +/1.52 —1 and p = 0.6/0)(0| +
0.4]1)(1]. The coherent information is positive for n varying from
1to 10.

with p = 0.6]0)(0] 4+ 0.4|1)(1] as a function of the truncated
value of the output Fock state. The numerically evaluated
entropies in Fig. 12 and Table III (which we explain in the next
paragraph) were for output states truncated at value n = 110.

As a second example we consider different input states
that are all diagonal in the Fock basis and evaluate the
corresponding entropies similar to the method outlined above
and tabulated in Table III. We reiterate that any positive
coherent information /., > 0 is a already a lower bound to
the quantum capacity.

Hence we see that photon addition to the environment
(vacuum) state leads to the activation of quantum capacity.
Since the quantum capacity is a lower bound to the private
capacity [64], i.e.,

Q(P) < P(P), (3%

we have that the private capacity is also activated for the
phase-conjugation channel. This is a clear phenomenon where

3.5—

«

=9

—
I

w

w

———
L

w
=y
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Output entropy
w w
w.ow T \. T ‘.N‘ T

20 40 60 80
Truncated output Fock support
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FIG. 13. Variation of entropy as a function of the truncated value
of the output Fock state. The top line (in blue with circle plot points)
corresponds to S(C(k; 1)[A]) and k = +/1.5% — 1 and the bottom line
(in red with square plot points) corresponds to S(A(1.5; 1)[0]), with
p = 0.6]0)(0] 4+ 0.4]1)(1].
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TABLE III. Output entropies and coherent information for various input states and values of photon addition. Here x = +/1.5 — 1 and
k' = 1.5. Note that A(x’; n) is the complementary channel to C(«; n). Further, I.;,(®) > 0 = Q(®) > 0.

n Pin

S(C(k;n) pin])

S(\A(K/;I’l)[/’)\m]) Icoh(e(/(;n)1ﬁin)

0.6/0) (0] + 0.4]1)(1
0.4]0Y(0] -+ 0.3[1)(1] + 0.4]2)(2
0.35]0) (0] + 0.35/1) (1] + 0.32) (2|
0.35(0) (0] 4+ 0.35/1) (1] + 0.3]2) (2|
0.3(10)(0] + [1)(1]) 4+ 0.2(12) (2| + |3)(3])

O N O B N

3.46527 3.35954 0.10573
4.12843 4.02385 0.10458
4.36985 4.27853 0.09132
4.54768 4.48032 0.06736
4.86302 4.78464 0.07838

no amount of photon addition (or any operation) on the input
state to the phase-conjugation channel would give a nonzero
quantum capacity, whereas even a single-photon addition to
the environment already activates its quantum and private
capacities.

As a final example we set both the input state pi, =
0.6]0)(0] + 0.4|1)(1| and the amount of photon addition equal
ton = 1. However, now we vary the channel parameter x and
we plot the coherent information in Fig. 14. We note that our
examples were constructive in nature and we believe that this
phenomenon holds true for all values of ¥ > 0 and n for the
photon-added phase-conjugation channel C(k; n) and we state
this as the following conjecture.

Conjecture 2. The quantum capacity Q(C(k;n)) and the
private classical capacity P(C(k;n)) for the photon-added
phase-conjugation channels C(k; n) are positive for all n > 0.

If this conjecture is proven it would imply that the quantum
and private classical capacities of the phase-conjugation chan-
nels are activated alongside the output nonclassicality. This
could have far-reaching practical implications for quantum-
optical communication.

E. Fock-basis coherence and resource theories

The study of the resource theory of coherence has garnered
much attention in recent literature [68—70] with motivation
taken from the resource theory of entanglement. A crucial
element in these resource theories is the description of the set

c 0.0} ]
S
5 [
g L J
£
g I
S 0.00
L
O
o [
-0.05¢
0.5 1.0 15 2.0

Channel parameter

FIG. 14. Variation of coherent information I.,,(C(k; 1), 5;,) as a
function of the channel parameter « with gy, = 0.6]0) (0| 4+ 0.4|1) (1]
andn = 1.

of free operations, i.e., operations that can be implemented
without incurring costs, for manipulation among resource
states; local operations, and classical communication being
examples in the resource theory of entanglement. We make
a few remarks regarding the resource theory of coherence in
the Fock basis and photon-added Gaussian channels. This is
further application of the action of the channel in the Fock
basis considered in Sec. IV A.

Let us denote the set of positive operators diagonal in the
Fock basis by D, i.e.,

o0
Di=16=) puln)(nl.pn >0V ny.
n=0

(36)

From the action of the photon-added channels in the Fock
basis we can obtain its behavior with respect to generating
coherence in the Fock basis. By Egs. (23), (25), and (26) we
immediately see that states diagonal in the Fock basis are taken
to states that are diagonal in the Fock basis. Such channels are
known as Fock-preserving channels [71] and we then have the
following proposition.

Proposition 5. The photon-added attenuator, amplifier, and
phase-conjugation channels are Fock preserving, i.e., ®(0) €
D for p € D.

In the language of resource theory of coherence [68—70],
states that are diagonal in the Fock basis (the basis under
consideration) are known as incoherent states (which are
the common free states). Operations that map incoherent
states to incoherent states are known as maximally incoherent
operations. By Proposition 5 we have that the photon-added
amplifier, attenuator, and phase-conjugation channels are all
maximally incoherent operations for every n > 0.

We can refine the specific class to which these non-Gaussian
operations belong. From the structure of the Kraus operators,
we have by Egs. (14), (18), and (22) that each individual
Kraus operator takes states diagonal in the Fock basis to
operators diagonal in the Fock basis, i.e., Fg,éFgJr € D for
0 € D. Operations where not only the map as a whole but also
each Kraus operator takes incoherent states to incoherent states
are known as incoherent operations. Thus the photon-added
channels we consider are not only maximally incoherent but
also incoherent operations [70].

Furthermore, it is also easy to see that the action of
each individual Kraus operator commutes with the completely
dephasing map A (in the Fock basis), which is defined as

o]

A(p) =) _(nlpln)In)(nl,

n=0

(37)
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Gaussian
Unitary

FIG. 15. Scheme for environment-assisted error correction for
transmitting classical information through the photon-added attenua-
tor, amplifier, and phase-conjugation channels. Here the label x stands
for classical information encoded into Fock states and input to the
channel. Conditioned on classical feedback y from the environment
that results from a measurement, a recovery map R, is applied at the
output of the channel to achieve error correction.

ie., A(F,pF)) = F((A(P)F) V £ for F = A,B,C. Channels
for which each individual Kraus operator action commutes
with the completely dephasing map are known as strictly
incoherent operations. Due to this fact the photon-added
channels that we have considered belong to this class and
we state it in the following remark.

Remark 1. The photon-added attenuator, amplifier, and
phase-conjugation channels belong to the class of strictly
incoherent maps acting on the Fock basis for each n > 0.

Note that the set of strictly incoherent operations is
contained in the set of incoherent operations, which is in turn
contained in the set of maximally incoherent operations [70].

We now observe a few properties of the photon-added
channels with respect to other resources. We have seen that
the photon-added channels are Fock preserving or coherence
nongenerating in the Fock basis. Further, when the resource
is quantum-optical nonclassicality, by Theorem 2 the photon-
added phase-conjugation channel is resource generating, since
its action on classical input states generates nonclassicality at
the output. As a third example of a resource let us consider
non-Gaussianity. Then we see by Eq. (10) that any Gaussian
input state is necessarily taken to a non-Gaussian state at the
output. In other words, the photon-added phase-conjugation,
amplifier, and attenuator channels are all resource generating
where input Gaussian states are taken to non-Gaussian states.
To summarize, the photon-added channel are resource non-
generating on incoherent Fock states and resource generating
on Gaussian states. Further, examples of channels exist that
are resource generating on classical states.

F. Environment-assisted error correction

We now briefly discuss the notion of environment-assisted
error correction for photon-added Gaussian channels. We
follow the formalism that was introduced by Gregoratti and
Werner in Ref. [47]. A schematic of the protocol is provided
in Fig. 15. Classical information is encoded in some chosen
basis states and sent into the communication channel. We
assume that there is classical feedback from the environment
that contains information about the exact Kraus operator that
has acted on the input state based on a measurement outcome.
Conditioned on this information, one can apply a recovery map
at the output of the channel to correct for loss of information.

It turns out that the structure of the quadratic operators
{(We = Fg Fy} detailed in Appendix A, where {F;} are the
Kraus operators of a given channel, has consequences for
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the existence of an error correction scheme for environment-
assisted information transmission. We first begin with a propo-
sition regarding these quadratic operators corresponding to
photon-added Gaussian channels that follows from Egs. (A2),
(A3), and (AS) in Appendix A.

Proposition 6. The positive operators {W[D], =
FJ[CD]FL;[CD]} corresponding to the Kraus operators {F,;[D]}
of each of the photon-added amplifier, attenuator, and phase-
conjugation channels are all diagonal in the Fock basis for
every n > 0.

As mentioned earlier, the above proposition has
an information-theoretic consequence with respect to
environment-assisted communication that we now state as a
theorem.

Theorem 3. For the photon-added attenuator, amplifier,
and phase-conjugation channels there exists an environment-
assisted error correction scheme that restores classical infor-
mation encoded in the Fock basis for every value n > 0 of
photon addition.

Proof. Consider the following scheme. Let {|n ;) }3":0 denote
the Fock basis with j representing the encoding of a classical
message taken from a given message set. Let ® denote one of
the photon-added amplifier, attenuator, or phase-conjugation
channels, with Kraus operators {F)}. Let |n,)(n.| be a
particular input state to ® encoded with classical message
x. The output operator conditioned on classical feedback from
the environment, say, y, i.e., conditioned on the action of a
particular Kraus operator F), is given by Fy|n,)(n, |F; .

We then construct the recovery map (completely positive
and trace preserving) as

Ry(P) =) In))(®;|pl¢;)(nj| + E,PE,,  (38)
J

where |¢;) denotes the normalized state

l6;) = (|Fyln;) D" Fyln;) (39)

for all [|Fy|n;)|| #0 and E, denotes the projection onto
the orthogonal space corresponding to span{Fy|n;)Vj}. Then
conditioned on a particular y we have that

Ry(Fylny)(n|FY)

Nyl T .
— Z |nj> (n]|FyFy|nx> <nx|FyFy|n_/> <nj|
- (IFy )1 (1Fylnp)D
+ Ey(Fylny) (n| F))Ey. (40)

By Proposition 6 we have that this equation reduces to
Ry(Fylny) (n,|F)) = (0 Ff Fyln)lng) il (41)

Therefore, the action of the corrected channel @y, =
>_, Ry o F, considering all the Kraus operators (or equiva-
lently labels y) on any basis vector |n,) is then given by

Deonln) (ne]) = D Ry(Fylny) (ne| F))
y

= <nx|[2 EJE‘}|nx>|nx><nx|
>

= |ny) (ngl. (42)
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So we have that every vector {|n)}3° in the Fock basis that
is input to ® can be restored by a correction map applied
to the output with the help of classical feedback from the
environment. In other words, the fact that the positive operators
{W,}5° are all diagonal in the Fock basis guarantees that the
output states conditioned on a Kraus operator are orthogonal
for input Fock states. This implies that these outputs can be
reliably distinguished and hence useful for transmission of
classical information encoded in them. |

G. Connection between photon-added channels
and noisy Gaussian channels

For this section we introduce some notation. Consider a
single-mode bosonic Gaussian channel represented by the
matrix pair (X,Y), with X and Y real and Y > 0. Its action at
the level of the characteristic function y (§; p) with & € R? is
given by [55,72]

x(&; ") = x(X&; p™)exp [—1ETYE]. (43)

Let the noise matrix ¥ be decomposed as Yor. + ¥, where
Yqr, QL stands for quantum limited, is the minimum amount
of noise as required by the complete positivity condition
for the given X and Y stands for the additional noise in
the channel over and above the amount that makes the
channel quantum limited. For consistent notation we denote
by ®(X,Y;n) an n-photon-added noisy Gaussian channel
represented by the matrix pair (X,YqL + Y) and we suppress
the Yqr, term and denote only the extra noise Y. We will
explicitly consider photon-added noisy Gaussian channels
in Sec. IVH. Therefore, a photon-added quantum-limited
channel as considered in earlier sections will be denoted by
O(X,0;n) or simply &(X;n).

We now present a straightforward connection between
photon-added Gaussian channels and noisy Gaussian channels.
We first begin with the following fact that every noisy Gaussian
channel can be obtained by using a thermal state in the
Stinespring representation of these noisy channels [55,72].
In other words, we have that any noisy Gaussian channel
(X, Yqu + Y (7)), with additional noise denoted by Y (#), can
be written as

(X, Y(71);0) = Trp[Ung(pa ® pu(@)HU ], (44)
where py(77) is the thermal state

ah

vy @

pu() =Y pa(@n(nl,  pu(i) =
n=0

and 71 = (a'a) 4 18 the average photon number in the state
Om(n). By Eq. (8) we have that the amount of additional
noise in the Gaussian channel ®(«x;0) is Y (7) = 2 Y, (with
the quantum-limited channel corresponding to 77 = 0, or the
vacuum state in the environment).

Substituting the Fock-basis representation of Eq. (45) in
Eq. (44), we have that

(X, Y (7); 0)
= Tre[Uap(pa ® (1 — a)a" |n)(n)U} ;]

PHYSICAL REVIEW A 95, 062309 (2017)

=(1- a)Za"TrE[UAE(ﬁA ® [n)(n))U} ;]
n=0

=Y P@OXina = e (46)
n=0

where ®(X;n) are the photon-added Gaussian (quantum-
limited) channels. To summarize we have

QXY ();0) = ) pu(MP(X;n), (47)
n=0

which is expressed as the following proposition connecting
noisy Gaussian channels and the non-Gaussian photon-added
channels.

Proposition 7. The noisy attenuator, amplifier, and phase-
conjugation channels can be decomposed into a convex
mixture of their corresponding photon-added channels as given
in Eq. (47).

Thermal states can be thought of as noisy Gaussian states
and these can be decomposed in the Fock basis with a
suitable geometric distribution as given in Eq. (45). Likewise
Proposition 7 provides a representation for the channel analog
wherein a noisy Gaussian channel can be decomposed into
a convex mixture of photon-added Gaussian channels also
with a geometric distribution, where photon-added Gaussian
channels take on the role of Fock states. So we see how
these photon-added channels are fundamentally related to the
ubiquitous noisy Gaussian channels.

H. Photon addition to noisy channels: Complete framework

Up to now we have considered photon-added quantum-
limited Gaussian channels. In this section we generalize the
scheme to incorporate photon addition to noisy Gaussian
channels in a systematic way. To achieve this, we start from
the unitary dilation of noisy Gaussian channels. There are
two possible implementations for photon addition that one can
take, depending on the choice of the environment state being
pure or mixed. For the first case of a pure vacuum state we
have the following proposition [55].

Proposition 8. Noisy attenuator, amplifier, and phase-
conjugation channels of a single-mode can be realized with
a two-mode vacuum environment state followed by a suitable
two-mode squeezing transformation before the application of
the channel unitary.

(P

Gaussian

Unitary

FIG. 16. Schematic for photon-added noisy Gaussian channels
with a vacuum environment state. In the absence of photon addition
we obtain the underlying noisy Gaussian channel with the noise
parameter tuned by the squeezing parameter of the TMS operator.
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FIG. 17. Schematic for photon-added noisy Gaussian channels
with a mixed environment state. Here PATS stands for the photon-
added thermal state.

o
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With this realization of noisy Gaussian channels, one
can then apply a photon addition to obtain the photon-
added noisy Gaussian channels as schematically depicted in
Fig. 16.

Equivalently, we can choose to trace out the second
environment mode resulting in a mixed thermal state for the
first environment mode to which one applies photon addition.
We recall that this scheme was mentioned in Sec. IVG to
connect noisy Gaussian channels and photon-added Gaussian
channels. Then by photon addition we get a photon-added
thermal state [9,10] for the environment as depicted in Fig. 17.
With respect to the resulting photon-added channel, the two
schemes are identical.

To summarize, we provided a uniform framework that
includes four special cases. We focused on the first scheme
with a pure environment state (Fig. 16), with equivalent
statements that can be easily inferred for the case of a mixed
environment state. First, in the absence of both the photon ad-
dition and the two-mode squeezing we have the representation
for a quantum-limited Gaussian channel. Second, to obtain
the noisy version of the Gaussian channel one can tune the
squeezing parameter of the TMS and with no photon addition.
Third, to obtain photon addition to the quantum-limited
Gaussian channels we switch off the TMS. Finally, with all
elements in place, we have photon addition to noisy Gaussian
channels. We thus have a consistent description of photon
addition as in the earlier cases of photon addition to quantum-
limited Gaussian channels. Also in this way the role of each
component is made transparent. We do not consider the proper-
ties and applications of photon-added noisy Gaussian channels
here.

V. CONCLUSION

We presented a systematic framework to study linear
bosonic non-Gaussian channels of continuous-variable sys-
tems. We focused on a special class of channels we call photon-
added Gaussian channels. Photon-added Gaussian channels
are realized by extending quantum-limited Gaussian channels
with photon addition applied to the environment state in the
Stinespring dilation of these channels. The resulting channels
are linear and non-Gaussian in nature. We considered the
cases of the photon-added attenuator, amplifier, and phase
conjugator as our main examples as these channels can be
realized using either a beam splitter or a two-mode squeezing
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operator, both of which are very important and practically
realized with current quantum-optical technology. We first
obtained the operator-sum representation of the photon-added
channels and studied various implications.

Our most interesting application is to the case of activation
of quantum-optical nonclassicality at outputs of channels
that would otherwise output only classical states. This was
achieved through the use of photon addition in the ancilla
modes. Further, we also report activation of the quantum
and private capacities of these channels. This has potentially
far-reaching applications in quantum-optical communications.
We emphasize that no operation on the input state could have
achieved this phenomenon of activation of the said quantities,
giving a clear distinction and use of our scheme of photon
addition to the ancilla states.

The action of the channels on Fock states revealed the
ranges of the Fock support for the output states corresponding
to any input states. We also see that the photon-added phase-
conjugation channel is complementary to the photon-added
amplifier channel and the photon-added attenuator channel is
complementary to another photon-added attenuator channel
with different attenuation parameter, leading to an immediate
implication on the minimum output entropy of these channels.
From the structure of the Kraus operators we also showed that
all photon-added Gaussian channels that we considered allow
for environment-assisted classical information transmission
through them.

The photon-added amplifier, attenuator, and phase-
conjugation channels are also coherence nongenerating in the
Fock basis when acting on incoherent states. With respect to
the resource theory of non-Gaussianity, it was also noted that
input Gaussian states are mapped to non-Gaussian states at
the output and therefore are resource generating, in contrast to
their behavior with respect to Fock-basis coherence.

We then provided a decomposition of noisy Gaussian
channels in terms of their respective photon-added quantum-
limited channels analogous to the Fock basis representation of
a thermal state, thereby providing further motivation for study-
ing these non-Gaussian channels as they are fundamentally
related to noisy Gaussian channels. Furthermore, our method
allows for tuning between the Gaussian and non-Gaussian
regime in the space of channels through photon addition
where n plays the role of the tuning parameter, with n = 0
corresponding to a Gaussian channel and n > 0 corresponding
to a non-Gaussian channel.

The present study is one approach contributing to the
systematic study of non-Gaussian operations that not only
have proved advantageous for many quantum information
protocols but are also necessary due to many Gaussian no-go
theorems as mentioned in the Introduction. In light of recent
interest in quantum resource theories, it would be useful to
quantify the resource-theoretic properties of the photon-added
channels for resources such as quantum-optical nonclassicality
and non-Gaussianity [73-76], whose resource theories are
still important open problems in continuous-variable quantum
information theory.

The photon-added channels considered in this article are
experimentally realizable as gadgets with potential use in
quantum protocols since they only use simple Gaussian unitary
elements along with photon addition. We believe that there
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are many applications of the present work in light of the
increasing and indispensable use of non-Gaussian resources
in continuous-variable quantum computing, cryptography, and
communications tasks.
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APPENDIX A: STRUCTURE OF QUADRATIC OPERATORS
{F] F;} AND EXTREMALITY

For a given channel ® there are many useful properties
that can be inferred from the structure of the corresponding
quadratic operators {FiT[CI)]Fj[CD]}U, where {F;[®]}; are the
Kraus operators of ®. Extremality is one such example and
another application to environment-assisted communication
was presented earlier in Sec. IV F.

J

PHYSICAL REVIEW A 95, 062309 (2017)

The set of all channels on a single-mode system forms
a convex set. Extremal channels are those that lie on the
boundary of this convex set and cannot be expressed as
a convex combination of other channels. Starting from the
structure of the Kraus operators, we state the following
conjecture with respect to the photon-added channels and
extremality.

Conjecture 3. The photon-added amplifier, attenuator, and,
phase-conjugation channels are extremal in the set of all
completely positive trace-preserving maps for every n > 0.

The conjecture was shown to hold true for the case n = 0,
i.e., the Gaussian channel case, in Ref. [55] using a theorem by
Choi [77,78] that tells us that a channel ® with Kraus operators
{F¢[®]}, is extremal if and only if the set of associated matrices
{W[P]se}e.e defined as

WPl := FJ[CD]F[[q)], L0 =0,1,...,00, (AD)

are linearly independent.

We now compute the quadratic operators for each of the
channels beginning with the photon-added phase-conjugation
channel:

n+l n+t’

,83(’1,"1,5 +n—nik)gs(nmy ' +n—my;k)

n'e! n'e!
W(C(k;  =d?
[Cli;m)]ee K,“X:‘B”;O (@—l—n—nl)!nll\/(€/+n—m1)!m1-
X (L +n—ni|l +n—m)|n){m|
n+t —
RS R0 — €+ ny)!!

(¢ — 12
ny=max{0,£—¢'} m (E n+ nl)'

g3l —Ll+ny L+n—ny;6)g3(n,ny L+n—ny;i)ng) (€ —L+n].

(A2)

We next consider the quadratic operators {W[B(«k;n)]ee} for the attenuator channel. We have by Eq. (18) that

[e.¢]

WIB(~k;m)lee = Blc;m)Bu(ksm)= > >

ny=max{0,£—n} m;=max{0,£—n}

x(ny+n—~Llmy+n— £ n)m

ny=max{0,{—n,l—{'}

(n +n — 02010
ni!n'%(n; + £ — 0)!

— 0! -0
(i +n-0 \/(ml o g(n.ni;6)ga(n, ' my; k)

ni'n! my!n!

g ,ni;6)g(n .l ny + 0 — Li0)|ny)ng + £ — . (A3)

As the final case the operators quadratic in the Kraus operators for the photon-added amplifier channel are given by Eq. (14)

to be
o0

WA n)]ee = A;[(K;VZ)AZ/(I{;I/Z) =2 Z

ny=max{0,n—£} m;=max{0,

x gi(n,ni € —n+nise)gi(n,my ' —n+mi;k)

Upon simplifying this equation we evaluate W[A(k;n)]ee to be

-2 - n W\ (ny +£—4¢)
) Z (¢ —n+np)2n!? gi(n,ny +

ny=max{0,n—¢,0'—¢}

/ nle!
_ n!
nt) & —n+ny)n!

ml!K’!

0 —n +ml)'l’l‘<nl + £ —nlm; +20 —n)|ng)(mq|.

(A4)

=t —n+n;6)g(nn, L —n~+nie)ln)(ng+€—L0].  (A5)
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We see that there are three natural branches corresponding
to £ <{, £>1¢, and £ =¢ in which the corresponding
quadratic operators are mutually linearly independent. Proving
that the quadratic operators within each branch are also linearly
independent would settle Conjecture 3 by the above-mentioned
theorem of Choi.

Remark 2. We reiterate that demonstrating a channel to be
extremal implies that the channel is fundamentally one that
cannot be decomposed into a convex combination of other
constituent channels.

APPENDIX B: PROOF OF PROPOSITION 2

We begin at the level of the Fock-basis matrix elements
of the associated unitary operators in their respective channel
dilations. We first prove the relation

UIC(Vk? — D] = U[A(x)] o UIB(0)] o Uk, (B1)

where U), is a product of local unitary operators and is given
by

<ml,mle10|}’l1,n2) = (_1)n28m1,n18m2,n2- (BZ)

Equivalently, we have that

U =1® Y (—1)"|na)(ns. (B3)

np

Its role is to compensate for the phases. Furthermore, we have
by Eq. (15) that

(m1,ma|U[BO)]|n1,n2) = (=18, 0,0, m, - (B4)

We have the product of U[B(0)] o U, to be the flip operator
Ugip, which is given by

(m17m2|Uﬂlp|n17n2> = 8m1,n28m2,n]- (BS)
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By Eq. (11) we see that U[A(x)] o Ug;p, is given by
(my,ma|U[A(x)] o Ugip|ny,na)
= (m1,m2|U[A(K)]|nz,n1)

nylms! ni\ (m IR
- mi'ng! ZZ( >< >( l)j( l) "

j=0 r=0

/ _o\m+j—r
X( 1 —x ) ' Snz,r+j8m2,111+m]7r7j'

We substitute ¥ = +/1 + 2, which can always be done since
k > 1. We have that (m,m,|U[A(t)]|ny,n1) is given by

W1+

mi

nalmy! mz iz( >(m)—(m+r—j)

j=0 r=0

ni i/ —(my+j—r
X (r)(_l)j( 1+172) bm1ty )(Snz,rJrj(sz,nmLml*r*j

= T[C@)]™™ (B6)

ny,ny ?

where the last line followed from Eq. (19). Hence, we recover
the matrix elements of the phase-conjugation unitary. It is
then a simple consequence that the n-photon-added phase
conjugation C(+/k% — 1; n) is complementary to the n-photon-
added amplifier A(k;n) for eachn > 0.

The proof of the second part of the theorem regarding
attenuators also follows in a similar way to the above proof
since

UIB(V1 —«k?)] = Upip o UIB()], (B7)

as can be seen by Eq. (15). Hence the photon-added attenuator
B(k; n) is complementary to another photon-added attenuator
B(v/1 — k%, n) forall n > 0. The relation between the unitary
operators of the photon-added amplifier and the photon-added
phase conjugation and the relation between the two beam
splitters are represented in Fig. 11. |

[1] M. Hofheinz, E. M. Weig, M. Ansmann, R. C. Bialczak,
E. Lucero, M. Neeley, A. D. O’Connell, H. Wang, J. M.
Martinis, and A. N. Cleland, Generation of Fock states in a
superconducting quantum circuit, Nature (London) 454, 310
(2008).

[2] C. Sayrin et al., Real-time quantum feedback prepares and
stabilizes photon number states, Nature (London) 477, 73
(2008).

[3] K. R. Motes, R. L. Mann, J. P. Olson, N. M. Studer, E. A.
Bergeron, A. Gilchrist, J. P. Dowling, D. W. Berry, and P. P.
Rohde, Efficient recycling strategies for preparing large Fock
states from single-photon sources: Applications to quantum
metrology, Phys. Rev. A 94, 012344 (2016).

[4] I. Afek, O. Ambar, and Y. Silberberg, High-NOON states by
mixing quantum and classical light, Science 328, 879 (2010).

[5] M. Sasaki and M. Suzuki, Multimode theory of measurement-
induced non-Gaussian operation on wideband squeezed light:
Analytical formula, Phys. Rev. A 73, 043807 (2006).

[6] A. Ourjoumtsev, H. Jeong, R. Tualle-Brouri, and P. Grangier,
Generation of optical ‘Schrodinger cats’ from photon number
states, Nature (London) 448, 784 (2007).

[7]1 G. S. Agarwal and K. Tara, Nonclassical properties of states
generated by the excitations on a coherent state, Phys. Rev. A
43,492 (1991).

[8] A. Zavatta, S. Viciani, and M. Bellini, Quantum-to-classical
transition with single-photon-added coherent states of light,
Science 306, 660 (2004).

[9] G. S. Agarwal and K. Tara, Nonclassical character of states
exhibiting no squeezing or sub-Poissonian statistics, Phys. Rev.
A 46, 485 (1992).

[10] T. Keisel, W. Vogel, V. Parigi, A. Zavatta, and M. Bellini, Ex-
perimental determination of a nonclassical Glauber-Sudarshan
P function, Phys. Rev. A 78, 021804(R) (2008).

[11] J. Wenger, R. Tualle-Brouri, and P. Grangier, Non-Gaussian
Statistics from Individual Pulses of Squeezed Light, Phys. Rev.
Lett. 92, 153601 (2004).

062309-15


https://doi.org/10.1038/nature07136
https://doi.org/10.1038/nature07136
https://doi.org/10.1038/nature07136
https://doi.org/10.1038/nature07136
https://doi.org/10.1038/nature10376
https://doi.org/10.1038/nature10376
https://doi.org/10.1038/nature10376
https://doi.org/10.1038/nature10376
https://doi.org/10.1103/PhysRevA.94.012344
https://doi.org/10.1103/PhysRevA.94.012344
https://doi.org/10.1103/PhysRevA.94.012344
https://doi.org/10.1103/PhysRevA.94.012344
https://doi.org/10.1126/science.1188172
https://doi.org/10.1126/science.1188172
https://doi.org/10.1126/science.1188172
https://doi.org/10.1126/science.1188172
https://doi.org/10.1103/PhysRevA.73.043807
https://doi.org/10.1103/PhysRevA.73.043807
https://doi.org/10.1103/PhysRevA.73.043807
https://doi.org/10.1103/PhysRevA.73.043807
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nature06054
https://doi.org/10.1038/nature06054
https://doi.org/10.1103/PhysRevA.43.492
https://doi.org/10.1103/PhysRevA.43.492
https://doi.org/10.1103/PhysRevA.43.492
https://doi.org/10.1103/PhysRevA.43.492
https://doi.org/10.1126/science.1103190
https://doi.org/10.1126/science.1103190
https://doi.org/10.1126/science.1103190
https://doi.org/10.1126/science.1103190
https://doi.org/10.1103/PhysRevA.46.485
https://doi.org/10.1103/PhysRevA.46.485
https://doi.org/10.1103/PhysRevA.46.485
https://doi.org/10.1103/PhysRevA.46.485
https://doi.org/10.1103/PhysRevA.78.021804
https://doi.org/10.1103/PhysRevA.78.021804
https://doi.org/10.1103/PhysRevA.78.021804
https://doi.org/10.1103/PhysRevA.78.021804
https://doi.org/10.1103/PhysRevLett.92.153601
https://doi.org/10.1103/PhysRevLett.92.153601
https://doi.org/10.1103/PhysRevLett.92.153601
https://doi.org/10.1103/PhysRevLett.92.153601

KRISHNA KUMAR SABAPATHY AND ANDREAS WINTER

[12] J. S. Neergaard-Nielsen, B. M. Nielsen, C. Hettich, K. Mglmer,
and E. S. Polzik, Generation of a Superposition of Odd Photon
Number States for Quantum Information Networks, Phys. Rev.
Lett. 97, 083604 (2006).

[13] J. Stanojevic, V. Parigi, E. Bimbard, A. Ourjoumtsev, P. Pillet,
and P. Grangier, Generating non-Gaussian states using collisions
between Rydberg polaritons, Phys. Rev. A 86, 021403(R)
(2012).

[14] V. Parigi, A. Zavatta, M. S. Kim, and M. Bellini, Probing
quantum commutation rules by addition and subtraction of
single photons to/from a light field, Science 317, 1890 (2007).

[15] J. Fiurdsek, Engineering quantum operations on traveling light
beams by multiple photon addition and subtraction, Phys. Rev.
A 80, 053822 (2009).

[16] A. Kitagawa, M. Takeoka, M. Sasaki, and A. Chefles, Entangle-
ment evaluation of non-Gaussian states generated by photon
subtraction from squeezed states, Phys. Rev. A 73, 042310
(2006).

[17] N. Namekata, Y. Takahashi, G. Fujii, D. Fukuda, S. Kurimura,
and S. Inoue, Non-Gaussian operation based on photon subtrac-
tion using a photon-number-resolving detector at a telecommu-
nications wavelength, Nat. Photon. 4, 655 (2010).

[18] K. Wakui, H. Takahashi, A. Furusawa, and M. Sasaki, Photon
subtracted squeezed states generated with periodically poled
KTiOPOy, Opt. Express 15, 3568 (2007).

[19] C. Guerlin, J. Bernu, S. Deléglise, C. Sayrin, S. Gleyzes, S.
Kuhr, M. Brune, J. Raimond, and S. Haroche, Progressive field-
state collapse and quantum non-demolition photon counting,
Nature (London) 448, 889 (2007).

[20] K. Miyata, H. Ogawa, P. Marek, R. Filip, H. Yonezawa,
J. Yoshikawa, and A. Furusawa, Implementation of a quan-
tum cubic gate by an adaptive non-Gaussian measurement,
Phys. Rev. A 93, 022301 (2016).

[21] T. Tyc and N. Korolkova, Highly non-Gaussian states created
via cross-Kerr nonlinearity, New J. Phys. 10, 023041 (2008).

[22] J. Eisert, S. Scheel, and M. B. Plenio, Distilling Gaussian States
with Gaussian Operations is Impossible, Phys. Rev. Lett. 89,
137903 (2002).

[23] J. Fiurasek, Gaussian Transformations and Distillation of En-
tangled Gaussian States, Phys. Rev. Lett. 89, 137904 (2002).

[24] G. Giedke and J. I. Cirac, Characterization of Gaussian opera-
tions and distillation of Gaussian states, Phys. Rev. A 66,032316
(2002).

[25] R. Namiki, O. Gittsovich, S. Guha, and N. Liitkenhaus,
Gaussian-only regenerative stations cannot act as quantum
repeaters, Phys. Rev. A 90, 062316 (2014).

[26] N. J. Cerf, O. Kriiger, P. Navez, R. F. Werner, and M. M. Wolf,
Non-Gaussian Cloning of Quantum Coherent States is Optimal,
Phys. Rev. Lett. 95, 070501 (2005).

[27] J. Niset, J. Fiurasek, and N. J. Cerf, No-Go Theorem for
Gaussian Quantum Error Correction, Phys. Rev. Lett. 102,
120501 (2009).

[28] L. Magnin, F. Magniez, A. Leverrier, and N. J. Cerf, Strong
no-go theorem for Gaussian quantum bit commitment, Phys.
Rev. A 81, 010302(R) (2010).

[29] M. Ohliger, K. Kieling, and J. Eisert, Limitations of quantum
computing with Gaussian cluster states, Phys. Rev. A 82, 042336
(2010).

[30] S. Lloyd and S. L. Braunstein, Quantum Computation over
Continuous Variables, Phys. Rev. Lett. 82, 1784 (1999).

PHYSICAL REVIEW A 95, 062309 (2017)

[31] S. D. Bartlett and B. C. Sanders, Universal continuous-variable
quantum computation: Requirement of optical nonlinearity for
photon counting, Phys. Rev. A 65, 042304 (2002).

[32] N. C. Menicucci, P. van Loock, M. Gu, T. C. Ralph, and
M. A. Nielsen, Universal Quantum Computation with
Continuous-Variable Cluster States, Phys. Rev. Lett. 97, 110501
(2006).

[33] G. Adesso, FE. Dell’Anno, S. De Siena, F. Illuminati, and
L. A. M. Souza, Optimal estimation of losses at the ultimate
quantum limit with non-Gaussian states, Phys. Rev. A 79,
040305(R) (2009).

[34] A. Ourjoumtsev, A. Dantan, R. Tualle-Brouri, and P. Grang-
ier, Increasing Entanglement Between Gaussian States by
Coherent Photon Subtraction, Phys. Rev. Lett. 98, 030502
(2007).

[35] H. Takahashi, J. S. Neergaard-Nielsen, M. Takeuchi, M.
Takeoka, K. Hayasaka, A. Furusawa, and M. Sasaki,
Entanglement distillation from Gaussian input states, Nat.
Photon. 4, 178 (2010).

[36] K. K. Sabapathy, J. S. Ivan, and R. Simon, Robustness of Non-
Gaussian Entanglement Against Noisy Amplifier and Attenuator
Environments, Phys. Rev. Lett. 107, 130501 (2011).

[37] C. Navarrete-Benlloch, R. Garcia-Patrén, J. H. Shapiro, and
N.J. Cerf, Enhancing quantum entanglement by photon addition
and subtraction, Phys. Rev. A 86, 012328 (2012).

[38] T. Opatrny, G. Kurizki, and D.-G. Welsch, Improvement
on teleportation of continuous variables by photon subtrac-
tion via conditional measurement, Phys. Rev. A 61, 032302
(2000).

[39] S. Olivares, M. G. A. Paris, and R. Bonifacio, Teleportation
improvement by inconclusive photon subtraction, Phys. Rev. A
67, 032314 (2003).

[40] L. Mista, Jr., Minimal disturbance measurement for coherent
states is non-Gaussian, Phys. Rev. A 73, 032335 (2006).

[41] F. Dell’Anno, S. De Siena, L. Albano, and F. Illuminati,
Continuous-variable quantum teleportation with non-Gaussian
resources, Phys. Rev. A 76, 022301 (2007).

[42] S. Ghose and B. C. Sanders, Non-Gaussian ancilla states for
continuous variable quantum computation via Gaussian maps,
J. Mod. Opt. 54, 855 (2005).

[43] B. M. Terhal, I. L. Chuang, D. P. DiVincenzo, M. Grassl,
and J. A. Smolin, Simulating quantum operations with mixed
environments, Phys. Rev. A 60, 881 (1999).

[44] S. Karumanchi, S. Mancini, A. Winter, and D. Yang, Quan-
tum channel capacities with passive environment assistance,
IEEE Trans. Inf. Theory 62, 1733 (2016).

[45] S. Karumanchi, S. Mancini, A. Winter, and D. Yang, Classical
capacities of quantum channels with environment assistance,
Probl. Inf. Transm. 52, 214 (2016).

[46] J. A. Smolin, F. Verstraete, and A. Winter, Entanglement of
assistance and multipartite state distillation, Phys. Rev. A 72,
052317 (2005).

[47] M. Gregoratti and R. F. Werner, Quantum lost and found,
J. Mod. Opt. 50, 915 (2003).

[48] M. Gregoratti and R. F. Werner, On quantum error-correction
by classical feedback in discrete time, J. Math. Phys. 45, 2600
(2004).

[49] P. Hayden and C. King, Correcting quantum channels by
measuring the environment, Quantum Inf. Comput. 5, 156
(2005).

062309-16


https://doi.org/10.1103/PhysRevLett.97.083604
https://doi.org/10.1103/PhysRevLett.97.083604
https://doi.org/10.1103/PhysRevLett.97.083604
https://doi.org/10.1103/PhysRevLett.97.083604
https://doi.org/10.1103/PhysRevA.86.021403
https://doi.org/10.1103/PhysRevA.86.021403
https://doi.org/10.1103/PhysRevA.86.021403
https://doi.org/10.1103/PhysRevA.86.021403
https://doi.org/10.1126/science.1146204
https://doi.org/10.1126/science.1146204
https://doi.org/10.1126/science.1146204
https://doi.org/10.1126/science.1146204
https://doi.org/10.1103/PhysRevA.80.053822
https://doi.org/10.1103/PhysRevA.80.053822
https://doi.org/10.1103/PhysRevA.80.053822
https://doi.org/10.1103/PhysRevA.80.053822
https://doi.org/10.1103/PhysRevA.73.042310
https://doi.org/10.1103/PhysRevA.73.042310
https://doi.org/10.1103/PhysRevA.73.042310
https://doi.org/10.1103/PhysRevA.73.042310
https://doi.org/10.1038/nphoton.2010.158
https://doi.org/10.1038/nphoton.2010.158
https://doi.org/10.1038/nphoton.2010.158
https://doi.org/10.1038/nphoton.2010.158
https://doi.org/10.1364/OE.15.003568
https://doi.org/10.1364/OE.15.003568
https://doi.org/10.1364/OE.15.003568
https://doi.org/10.1364/OE.15.003568
https://doi.org/10.1038/nature06057
https://doi.org/10.1038/nature06057
https://doi.org/10.1038/nature06057
https://doi.org/10.1038/nature06057
https://doi.org/10.1103/PhysRevA.93.022301
https://doi.org/10.1103/PhysRevA.93.022301
https://doi.org/10.1103/PhysRevA.93.022301
https://doi.org/10.1103/PhysRevA.93.022301
https://doi.org/10.1088/1367-2630/10/2/023041
https://doi.org/10.1088/1367-2630/10/2/023041
https://doi.org/10.1088/1367-2630/10/2/023041
https://doi.org/10.1088/1367-2630/10/2/023041
https://doi.org/10.1103/PhysRevLett.89.137903
https://doi.org/10.1103/PhysRevLett.89.137903
https://doi.org/10.1103/PhysRevLett.89.137903
https://doi.org/10.1103/PhysRevLett.89.137903
https://doi.org/10.1103/PhysRevLett.89.137904
https://doi.org/10.1103/PhysRevLett.89.137904
https://doi.org/10.1103/PhysRevLett.89.137904
https://doi.org/10.1103/PhysRevLett.89.137904
https://doi.org/10.1103/PhysRevA.66.032316
https://doi.org/10.1103/PhysRevA.66.032316
https://doi.org/10.1103/PhysRevA.66.032316
https://doi.org/10.1103/PhysRevA.66.032316
https://doi.org/10.1103/PhysRevA.90.062316
https://doi.org/10.1103/PhysRevA.90.062316
https://doi.org/10.1103/PhysRevA.90.062316
https://doi.org/10.1103/PhysRevA.90.062316
https://doi.org/10.1103/PhysRevLett.95.070501
https://doi.org/10.1103/PhysRevLett.95.070501
https://doi.org/10.1103/PhysRevLett.95.070501
https://doi.org/10.1103/PhysRevLett.95.070501
https://doi.org/10.1103/PhysRevLett.102.120501
https://doi.org/10.1103/PhysRevLett.102.120501
https://doi.org/10.1103/PhysRevLett.102.120501
https://doi.org/10.1103/PhysRevLett.102.120501
https://doi.org/10.1103/PhysRevA.81.010302
https://doi.org/10.1103/PhysRevA.81.010302
https://doi.org/10.1103/PhysRevA.81.010302
https://doi.org/10.1103/PhysRevA.81.010302
https://doi.org/10.1103/PhysRevA.82.042336
https://doi.org/10.1103/PhysRevA.82.042336
https://doi.org/10.1103/PhysRevA.82.042336
https://doi.org/10.1103/PhysRevA.82.042336
https://doi.org/10.1103/PhysRevLett.82.1784
https://doi.org/10.1103/PhysRevLett.82.1784
https://doi.org/10.1103/PhysRevLett.82.1784
https://doi.org/10.1103/PhysRevLett.82.1784
https://doi.org/10.1103/PhysRevA.65.042304
https://doi.org/10.1103/PhysRevA.65.042304
https://doi.org/10.1103/PhysRevA.65.042304
https://doi.org/10.1103/PhysRevA.65.042304
https://doi.org/10.1103/PhysRevLett.97.110501
https://doi.org/10.1103/PhysRevLett.97.110501
https://doi.org/10.1103/PhysRevLett.97.110501
https://doi.org/10.1103/PhysRevLett.97.110501
https://doi.org/10.1103/PhysRevA.79.040305
https://doi.org/10.1103/PhysRevA.79.040305
https://doi.org/10.1103/PhysRevA.79.040305
https://doi.org/10.1103/PhysRevA.79.040305
https://doi.org/10.1103/PhysRevLett.98.030502
https://doi.org/10.1103/PhysRevLett.98.030502
https://doi.org/10.1103/PhysRevLett.98.030502
https://doi.org/10.1103/PhysRevLett.98.030502
https://doi.org/10.1038/nphoton.2010.1
https://doi.org/10.1038/nphoton.2010.1
https://doi.org/10.1038/nphoton.2010.1
https://doi.org/10.1038/nphoton.2010.1
https://doi.org/10.1103/PhysRevLett.107.130501
https://doi.org/10.1103/PhysRevLett.107.130501
https://doi.org/10.1103/PhysRevLett.107.130501
https://doi.org/10.1103/PhysRevLett.107.130501
https://doi.org/10.1103/PhysRevA.86.012328
https://doi.org/10.1103/PhysRevA.86.012328
https://doi.org/10.1103/PhysRevA.86.012328
https://doi.org/10.1103/PhysRevA.86.012328
https://doi.org/10.1103/PhysRevA.61.032302
https://doi.org/10.1103/PhysRevA.61.032302
https://doi.org/10.1103/PhysRevA.61.032302
https://doi.org/10.1103/PhysRevA.61.032302
https://doi.org/10.1103/PhysRevA.67.032314
https://doi.org/10.1103/PhysRevA.67.032314
https://doi.org/10.1103/PhysRevA.67.032314
https://doi.org/10.1103/PhysRevA.67.032314
https://doi.org/10.1103/PhysRevA.73.032335
https://doi.org/10.1103/PhysRevA.73.032335
https://doi.org/10.1103/PhysRevA.73.032335
https://doi.org/10.1103/PhysRevA.73.032335
https://doi.org/10.1103/PhysRevA.76.022301
https://doi.org/10.1103/PhysRevA.76.022301
https://doi.org/10.1103/PhysRevA.76.022301
https://doi.org/10.1103/PhysRevA.76.022301
https://doi.org/10.1080/09500340601101575
https://doi.org/10.1080/09500340601101575
https://doi.org/10.1080/09500340601101575
https://doi.org/10.1080/09500340601101575
https://doi.org/10.1103/PhysRevA.60.881
https://doi.org/10.1103/PhysRevA.60.881
https://doi.org/10.1103/PhysRevA.60.881
https://doi.org/10.1103/PhysRevA.60.881
https://doi.org/10.1109/TIT.2016.2522192
https://doi.org/10.1109/TIT.2016.2522192
https://doi.org/10.1109/TIT.2016.2522192
https://doi.org/10.1109/TIT.2016.2522192
https://doi.org/10.1134/S0032946016030029
https://doi.org/10.1134/S0032946016030029
https://doi.org/10.1134/S0032946016030029
https://doi.org/10.1134/S0032946016030029
https://doi.org/10.1103/PhysRevA.72.052317
https://doi.org/10.1103/PhysRevA.72.052317
https://doi.org/10.1103/PhysRevA.72.052317
https://doi.org/10.1103/PhysRevA.72.052317
https://doi.org/10.1080/09500340308234541
https://doi.org/10.1080/09500340308234541
https://doi.org/10.1080/09500340308234541
https://doi.org/10.1080/09500340308234541
https://doi.org/10.1063/1.1758320
https://doi.org/10.1063/1.1758320
https://doi.org/10.1063/1.1758320
https://doi.org/10.1063/1.1758320

NON-GAUSSIAN OPERATIONS ON BOSONIC MODES OF ...

[50] K. Kraus, in States, Effects, and Operations: Fundamental
Notions in Quantum Theory, edited by K. Kraus, A. Bohm,
J. D. Dollard, and W. H. Wootters, Lecture Notes in Physics
Vol. 190 (Springer, Berlin, 1983).

[51] J. S. Ivan, K. K. Sabapathy, and R. Simon, Nonclassicality
breaking is the same as entanglement breaking for bosonic
Gaussian channels, Phys. Rev. A 88, 032302 (2013).

[52] K. K. Sabapathy, Quantum-optical channels that output only
classical states, Phys. Rev. A 92, 052301 (2015).

[53] R. Simon, Peres-Horodecki Separability Criterion for Continu-
ous Variable Systems, Phys. Rev. Lett. 84, 2726 (2000).

[54] A.S. Holevo and R. F. Werner, Evaluating capacities of bosonic
Gaussian channels, Phys. Rev. A 63, 032312 (2001).

[55] J. S. Ivan, K. K. Sabapathy, and R. Simon, Operator-sum
representation for bosonic Gaussian channels, Phys. Rev. A 84,
042311 (2011).

[56] G. De Palma, D. Trevisan, and V. Giovannetti, Gaussian
states minimize the output entropy of the one-mode quantum
attenuator, IEEE Trans. Inf. Theory 63, 728 (2017).

[57] M. S. Kim, W. Son, V. BuZek, and P. L. Knight, Entanglement
by a beam splitter: Nonclassicality as a prerequisite for entan-
glement, Phys. Rev. A 65, 032323 (2002).

[58] J. S. Ivan, S. Chaturvedi, E. Ercolessi, G. Marmo, G. Morandi,
N. Mukunda, and R. Simon, Entanglement and nonclassicality
for multimode radiation-field states, Phys. Rev. A 83, 032118
(2011).

[59] Z. Jiang, M. D. Lang, and C. M. Caves, Mixing nonclassical
pure states in a linear-optical network almost always generates
modal entanglement, Phys. Rev. A 88, 044301 (2013).

[60] R. Schnabel, Squeezed states of light and their applications in
laser interferometers, arXiv:1611.03986.

[61] E. C. G. Sudarshan, Equivalence of Semiclassical and Quantum
Mechanical Descriptions of Statistical Light Beams, Phys. Rev.
Lett. 10, 277 (1963).

[62] K. K. Sabapathy, Process output nonclassicality and nonclas-
sicality depth of quantum-optical channels, Phys. Rev. A 93,
042103 (2016).

PHYSICAL REVIEW A 95, 062309 (2017)

[63] N. Liitkenhaus and S. M. Barnett, Nonclassical effects in phase
space, Phys. Rev. A 51, 3340 (1995).

[64] M. M. Wilde, Quantum Information Theory (Cambridge Uni-
versity Press, Cambridge, 2013).

[65] B. Schumacher and M. A. Nielsen, Quantum data processing
and error correction, Phys. Rev. A 54, 2629 (1996).

[66] P. W. Shor, Additivity of the classical capacity of entanglement-
breaking quantum channels, J. Math. Phys. 43, 4334 (2002).

[67] A. S. Holevo, Entanglement-breaking channels in infinite
dimensions, Probl. Inf. Transm. 44, 171 (2008).

[68] A. Winter and D. Yang, Operational Resource Theory of
Coherence, Phys. Rev. Lett. 116, 120404 (2016).

[69] T. Baumgratz, M. Cramer, and M. B. Plenio, Quantifying
Coherence, Phys. Rev. Lett. 113, 140401 (2014).

[70] E. Chitambar and G. Gour, Comparison of incoherent operations
and measures of coherence, Phys. Rev. A 94, 052336 (2016).

[71] M. G. Jabbour, R. Garcia-Patrén, and N. J. Cerf, Majorization
preservation of Gaussian bosonic channels, New J. Phys. 18,
073047 (2016).

[72] F. Caruso, V. Giovannetti, and A. S. Holevo, One-mode bosonic
Gaussian channels: A full weak-degradability classification,
New J. Phys. 8, 310 (2006).

[73] M. G. Genoni, M. G. A. Paris, and K. Banaszek, Quantifying the
non-Gaussian character of a quantum state by quantum relative
entropy, Phys. Rev. A 78, 060303(R) (2008).

[74] M. G. Genoni and M. G. A. Paris, Quantifying non-Gaussianity
for quantum information, Phys. Rev. A 82, 052341 (2010).

[75] J. S. Ivan, M. S. Kumar, and R. Simon, A measure of non-
Gaussianity for quantum states, Quantum Inf. Process. 11, 853
(2012).

[76] A. Mandilara and N. J. Cerf, Quantum uncertainty relation
saturated by the eigenstates of the harmonic oscillator, Phys.
Rev. A 86, 030102(R) (2012).

[77] M. D. Choi, Completely positive linear maps on complex
matrices, Linear Algebra Appl. 10, 285 (1975).

[78] S.-K. Tsui, Completely positive module maps and completely
positive extreme maps, Proc. Am. Math. Soc. 124, 437 (1996).

062309-17


https://doi.org/10.1103/PhysRevA.88.032302
https://doi.org/10.1103/PhysRevA.88.032302
https://doi.org/10.1103/PhysRevA.88.032302
https://doi.org/10.1103/PhysRevA.88.032302
https://doi.org/10.1103/PhysRevA.92.052301
https://doi.org/10.1103/PhysRevA.92.052301
https://doi.org/10.1103/PhysRevA.92.052301
https://doi.org/10.1103/PhysRevA.92.052301
https://doi.org/10.1103/PhysRevLett.84.2726
https://doi.org/10.1103/PhysRevLett.84.2726
https://doi.org/10.1103/PhysRevLett.84.2726
https://doi.org/10.1103/PhysRevLett.84.2726
https://doi.org/10.1103/PhysRevA.63.032312
https://doi.org/10.1103/PhysRevA.63.032312
https://doi.org/10.1103/PhysRevA.63.032312
https://doi.org/10.1103/PhysRevA.63.032312
https://doi.org/10.1103/PhysRevA.84.042311
https://doi.org/10.1103/PhysRevA.84.042311
https://doi.org/10.1103/PhysRevA.84.042311
https://doi.org/10.1103/PhysRevA.84.042311
https://doi.org/10.1109/TIT.2016.2621748
https://doi.org/10.1109/TIT.2016.2621748
https://doi.org/10.1109/TIT.2016.2621748
https://doi.org/10.1109/TIT.2016.2621748
https://doi.org/10.1103/PhysRevA.65.032323
https://doi.org/10.1103/PhysRevA.65.032323
https://doi.org/10.1103/PhysRevA.65.032323
https://doi.org/10.1103/PhysRevA.65.032323
https://doi.org/10.1103/PhysRevA.83.032118
https://doi.org/10.1103/PhysRevA.83.032118
https://doi.org/10.1103/PhysRevA.83.032118
https://doi.org/10.1103/PhysRevA.83.032118
https://doi.org/10.1103/PhysRevA.88.044301
https://doi.org/10.1103/PhysRevA.88.044301
https://doi.org/10.1103/PhysRevA.88.044301
https://doi.org/10.1103/PhysRevA.88.044301
http://arxiv.org/abs/arXiv:1611.03986
https://doi.org/10.1103/PhysRevLett.10.277
https://doi.org/10.1103/PhysRevLett.10.277
https://doi.org/10.1103/PhysRevLett.10.277
https://doi.org/10.1103/PhysRevLett.10.277
https://doi.org/10.1103/PhysRevA.93.042103
https://doi.org/10.1103/PhysRevA.93.042103
https://doi.org/10.1103/PhysRevA.93.042103
https://doi.org/10.1103/PhysRevA.93.042103
https://doi.org/10.1103/PhysRevA.51.3340
https://doi.org/10.1103/PhysRevA.51.3340
https://doi.org/10.1103/PhysRevA.51.3340
https://doi.org/10.1103/PhysRevA.51.3340
https://doi.org/10.1103/PhysRevA.54.2629
https://doi.org/10.1103/PhysRevA.54.2629
https://doi.org/10.1103/PhysRevA.54.2629
https://doi.org/10.1103/PhysRevA.54.2629
https://doi.org/10.1063/1.1498000
https://doi.org/10.1063/1.1498000
https://doi.org/10.1063/1.1498000
https://doi.org/10.1063/1.1498000
https://doi.org/10.1134/S0032946008030010
https://doi.org/10.1134/S0032946008030010
https://doi.org/10.1134/S0032946008030010
https://doi.org/10.1134/S0032946008030010
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevLett.116.120404
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/PhysRevA.94.052336
https://doi.org/10.1103/PhysRevA.94.052336
https://doi.org/10.1103/PhysRevA.94.052336
https://doi.org/10.1103/PhysRevA.94.052336
https://doi.org/10.1088/1367-2630/18/7/073047
https://doi.org/10.1088/1367-2630/18/7/073047
https://doi.org/10.1088/1367-2630/18/7/073047
https://doi.org/10.1088/1367-2630/18/7/073047
https://doi.org/10.1088/1367-2630/8/12/310
https://doi.org/10.1088/1367-2630/8/12/310
https://doi.org/10.1088/1367-2630/8/12/310
https://doi.org/10.1088/1367-2630/8/12/310
https://doi.org/10.1103/PhysRevA.78.060303
https://doi.org/10.1103/PhysRevA.78.060303
https://doi.org/10.1103/PhysRevA.78.060303
https://doi.org/10.1103/PhysRevA.78.060303
https://doi.org/10.1103/PhysRevA.82.052341
https://doi.org/10.1103/PhysRevA.82.052341
https://doi.org/10.1103/PhysRevA.82.052341
https://doi.org/10.1103/PhysRevA.82.052341
https://doi.org/10.1007/s11128-011-0314-2
https://doi.org/10.1007/s11128-011-0314-2
https://doi.org/10.1007/s11128-011-0314-2
https://doi.org/10.1007/s11128-011-0314-2
https://doi.org/10.1103/PhysRevA.86.030102
https://doi.org/10.1103/PhysRevA.86.030102
https://doi.org/10.1103/PhysRevA.86.030102
https://doi.org/10.1103/PhysRevA.86.030102
https://doi.org/10.1016/0024-3795(75)90075-0
https://doi.org/10.1016/0024-3795(75)90075-0
https://doi.org/10.1016/0024-3795(75)90075-0
https://doi.org/10.1016/0024-3795(75)90075-0
https://doi.org/10.1090/S0002-9939-96-03161-9
https://doi.org/10.1090/S0002-9939-96-03161-9
https://doi.org/10.1090/S0002-9939-96-03161-9
https://doi.org/10.1090/S0002-9939-96-03161-9



