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Abstract

We study one-mode Gaussian quantum channels in continuous-variable sys-
tems by performing a black-box characterization using complete positivity and
trace preserving conditions, and report the existence of two subsets that do not
have a functional Gaussian form. Our study covers as a particular limit the case
of singular channels, thus connecting our results with their known classification
scheme based on canonical forms. Our full characterization of Gaussian chan-
nels without Gaussian functional form is completed by showing how Gaussian
states are transformed under these operations, and by deriving the conditions
for the existence of master equations for the non-singular cases. We show that
although every functional form can be found in the vicinity of the identity, one
of them does not parametrize unitary channels.

Keywords: Gaussian quantum information, quantum information, continuous
variable quantum information, singular Gaussian channels, quantum channels,
Gaussian quantum channels

1. Introduction

Within the theory of continuous-variable quantum systems (a central topic of study given their
role in the description of physical systems like the electromagnetic field [1], solids and nano-
mechanical systems [2] and atomic ensembles [3]) the simplest states, both from a theoretical
an experimental point of view, are the so-called Gaussian states. An operation that transforms
such family of states into itself is called a Gaussian quantum channel (GQC). Even though
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Gaussian states and channels form small subsets among general states and channels, they have
proven to be useful in a variate of tasks such as quantum communication [4], quantum compu
tation [5] and the study of quantum entanglement in simple [6] and complicated scenarios [7].

Writing Gaussian channels in the position state representation is often of theoretical con-
venience, for instance for the calculation of position correlation functions. Thus, an interesting
way to proceed is to characterize the possible functional forms of GQC in such representa-
tion. First attempts in this direction were given in reference [8], but their ansatz is limited to
only Gaussian functional forms (denoted simply by Gaussian forms or GF). Going beyond
such restrictive assumption, in the present work we characterize another two possible forms
that can arise directly from the definition of Gaussian channel in the one-mode case. We thus
give a complete characterization of GQC in position state representation, and study the spe-
cial case of singular Gaussian quantum channels (SGQC), i.e. the operations for which the
inverse operation does not exist. There are works that study similar representation problems.
For example, in reference [9] the authors studied the position state representation of Gaussian
unitaries, suitable for close dynamics. We study Gaussian channels, which include Gaussian
unitaries. However, our approach uses the quantum channel formalism (in the position state
representation), which includes open system dynamics and allows for singular forms in con-
trast to reference [9]. In the same context of quantum channels, in reference [10] the authors
studied the well known operator sum representation of Holevo’s canonical forms, which char-
acterize the action of one-mode Gaussian channels upto Gaussian unitaries [11]. On the other
hand, our characterization goes over the full parametric space of one-mode Gaussian quantum
channels, using the position state representation.

One surprising result of the present study is that key properties of Gaussian channels that
contain delta-like factors cannot be reproduced by their smoothed form. This is particularly
clear when considering binary properties like unitarity, as we will explicitly show.

The paper is organized as follows. In section 2 we discuss the definition of GQC and intro-
duce functional forms beyond the GF that emerge from singularities in the coefficients that
define a GQC with GF. In section 3 we give a black-box characterization of such channels,
using complete positivity and trace preserving conditions. In section 4 we study functional
forms that lead to SGQC and derive their explicit form. Finally in section 5 we derive conditions
of existence of master equations and their explicit forms. We conclude in section 6.

2. Gaussian quantum channels

Gaussian states are characterized completely by first (mean) and second (correlations)
moments encoded in the mean vector d and the covariance matrix o. Therefore, a Gaussian

state S can be denoted as S = § (0’, 3), where for the one-mode case we have

and
= v T
d = ((9).(p))
with ¢ and p denoting the standard position and momentum (quadrature) operators [12].
To start with, we recall the following definition [13]:
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Definition 1 (Gaussian quantum channels). A quantum channel is Gaussian (GQC) if
it transforms Gaussian states into Gaussian states.

This definition is strictly equivalent to the statement that any GQC, say G, can be written as

Glpl = trg [U(p ® pp) U'] (1)

where U is a unitary transformation, acting on a combined global state obtained from enlarging
the system with an environment E, that is generated by a quadratic bosonic Hamiltonian (i.e.
U is a Gaussian unitary) [13]. The environmental initial state pg is a Gaussian state and the
trace is taken over the environmental degrees of freedom.

Following definition 1, a GQC is fully characterized by its action over Gaussian states,
and this action is in turn defined by affine transformations [13]. Specifically, G = G (T, N, T)
is given by a tuple (T,N, 7) where T and N are 2 x 2 real matrices with N = NT [13] act-
ing on Gaussian states according to G (T, N, 7) [S (a, c?)} =S (TO’TT + N, Td + F). In the
particular case of closed systems we have N = 0 and T is a symplectic matrix, which cor-
responds to linear canonical transformations. Their unitary representations in the position
state basis, together with their composition rules, was already studied in reference [9]. The
authors showed that Gaussian unitaries have always a complex exponential form, while the
superoperator representation of Gaussian unitaries (i.e. p — UpU') does not (see lemma 1).

Let us note that although channels with Gaussian form trivially transform Gaussian states
into Gaussian states, the definition goes beyond GF. Introducing difference and sum coordi-
nates with the notation used in reference [14], x = g, — ¢, and r = (¢, + ¢,)/2, such that
p(x,r) = (r— 3 p|r+ %), a quantum channel

pr(xr,rp) = /2 dxidrid (xr, xi; e, 1) pi (i Xi) 5 (2)
R

maps an initial p; into a final pr state linearly through the kernel J(xy, xi; ¢, 7;). In order to see
how a channel without GF can be constructed as a limiting case of a quantum channel with
GF, consider the general parametrization of the latter as given in [15]

b
Jo(xg, xi3 11, 1) = ﬁ exp [z (b1x¢rs + boxer; + baxirg + baxiri + c1x¢ + ¢2X;)
— aiX{ — axxeXi — asx; |, 3)

where all coefficients are real and no quadratic terms in ri¢ are allowed due to the hermiticity
and trace preserving conditions. Now it is easy to see that if the coefficients of the quadratic
form in the exponent of Jg in equation (3) depend on a parameter € such that for € — O they
scale as a, < ¢ ! and b, o< ¢ '/2, then

lim Ja (xe, i 75, 73) = Ny — fap)e™ 0, @)

where o, 3 € R and ¥'(xy, x;; 7, ;) is a quadratic form that now admits quadratic terms in ri.
This is the first example of a §GQC, namely a Gaussian quantum channel that contains Dirac-
delta functions in its coordinate representation. This particular example is not only of academic
interest. Physically, it can be implemented by means of the ubiquitous quantum Brownian
motion (QBM) model for harmonic systems (damped harmonic oscillator) [14]. In such sys-
tem 0GQC occur at isolated points of time, defined in the limit of the antisymmetric position
autocorrelation function tending to zero.
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Since the form of equation (4) admits quadratic terms in riy, it suggest that a form with
an additional delta can exist and can be defined with the usual limit of the Dirac delta using
a Gaussian function. In order to avoid working with such limits, in this work we provide a
black-box characterization of general GQCs without Gaussian form. In particular we study
channels that can arise when singularities on the coefficients of Gaussian forms GF occur,
that lead immediately to singular Gaussian operations. We characterize which forms in §GQC
lead to valid quantum channels, and under which conditions singular operations lead to valid
singular quantum channels (SGQC). We will show that only two possible forms of §GQC hold
according to trace preserving (TP) and hermiticity preserving (HP) conditions. The channel of
equation (4) is one of these forms, as expected. Later on we will impose complete positivity
in order to have valid GQC, i.e. completely positive and trace preserving (CPTP) Gaussian
operations, going beyond previous characterizations of GQC in position state representation
[15].

3. Complete positive and trace-preserving § —Gaussian operations

Let us introduce the ansatze for the possible forms of GQC in the position representation,
to perform the black-box characterization. Following equation (1) and taking the continuous
variable representation of difference and sum coordinates, the trace becomes an integral over
position variables of the environment. Then we end up with a Fourier transform of a multivari-
ate Gaussian, having for one mode the following structures: a Gaussian form equation (3), a
Gaussian form multiplied with one-dimensional delta or a Gaussian form multiplied by a two-
dimensional delta. Thus, in order to start with the black-box characterization, we shall propose
the following general Gaussian operations with one and two deltas, respectively

Ji(xe, 15 xi, 1) = Nio (@0 — B T )eRCrsine) )

Juxe, vy xi, i) = Nud(AT; — Bajy) 005, (6)
where the exponent reads

S(xg, xi5 75, 17) = 2 (brxpre + baxeri + baxirg + baxiri + c1 X + €2Xi)

2 2 2 2
— a1 X; — AaXgXi — a3Xxi — e(r; — exreri — esr; — diry — dori, (7)

with Uiy = (i), Xi)- A and B are 2 x 2 matrices, & and E are two-dimensional vectors, and
Nin are normalization constants. They provide, together with equation (3) all possible ansitze
for GQC. Note that the coefficients in the exponential of every form must be finite, otherwise
the functional form can be modified.

Let us study now CPTP conditions, since complete positivity implies positivity and in turn
it implies hermiticity preserving (HP). For sum and difference coordinates HP reads

J(—=x¢, rey —xi, 1) = J(xg, 13 X3, 11)" (8)

Following this equation, it is easy to note that the coefﬁgients a,, b,, c,, e, and d,, must be real,
as well the entries of matrices (and vectors) A, B, &, 3. The delta function in equation (5) is
reduced to (i) d(axs — Bx;) or (ii) 6(ars — Bry) when fulfilling condition equation (8). For the
case of equation (6), the two-dimensional delta is reduced to (iii) §(yr; — nr;)d(axe — Bx;).
Let us now analyze the trace preserving condition (TP), which for continuous variable systems
reads
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/drff(xf =0, 75 x3, 11) = 6(x3). 9
R

This condition immediately discards (ii) from the above combinations of deltas, thus we end
up with cases (i) and (iii). For case (i) TP reads

2
zf%—ea> 7
N / ard(—Bx) e = 0 [T 50 e< VA (10)
|5 | €]
thus the relation between the coefficients assumes the form
&
4—81—63:0, d1:0, d2:0, (11)

and the normalization constant N} = [§],/% with 3 # 0 and e; > 0. For case (iii) the trace-
preserving condition reads

/\fu/drf5(7rf _ nri)é(_ﬂxi) eE _ %5()‘?1) 67(61(¥)2+62%l,+e3) 127(d1£,l,+d2)ri.
v

Thus, the following relation between e, and d,, coefficients must be fulfilled:

2
e1<”> telve=0, 4l +d =0, (12)
v v v

with v, 8 # 0 and NV = |37|. In the particular case of n = 0, equation (12) is reduced to
e3 = dy = 0. As expected from the analysis of limits above, we showed that §GQCs admit
quadratic terms in 7.

Up to this point we have Hermitian and trace preserving Gaussian operations; to derive the
remaining CPTP conditions, it is useful to write Wigner’s function and Wigner’s characteristic
function, which we now derive. The representation of the Wigner’s characteristic function
reads

x(k) = exp [—%%T (QoQ") k— z(Q(fc})le} (13)

and its relation with Wigner’s function

1 - _ZTor - 1 X
W _ dke Qk (k) _ _/ dxe?* < Y
X = Z02 /Rz © X L U

where k = k1, k)T, % = (1, p)T and i = 1 (we are using natural units). Using the previous
equations to construct Wigner and Wigner’s characteristic functions of the initial and final
states, and substituting them in equation (2), it is straightforward to get the propagator in the
Wigner’s characteristic function representation

b

rr §> (14)

7 (12}, 1&) - / drk (T) J(@r, B, (15)
R

where the transformation kernel reads

K (Z’) _ 1 e [1 (kgl'f—kfpf—kizfi-i-kil Pi—PiXi +Pfxf)]
(2r) '
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with
dl’ = dpfdpi de dxidrfdri and
= (pr, pis X6 X, 15, 77)

By elementary integration of equation (15) one can show that for both cases

i (77 T : . ;
Jim (kf, ki) =9 (k‘l N BH) 5 (k‘2 — qgflllkf) ePrm (16)

where Py (kp) = Zij:l Pg’m)kfk§ + 37 PEEE with ngm) = P?i’m). For case (i) we obtain

2 2 2
b « 1b,b b
po _ _ @ 3 10103 L.
1 ((6 = 461 B @ 2 €] @ 461

b b
po— _ (&2 o))
12 (ﬂ 26‘1 + 26‘1

1

P =——. 17
22 de, (17)
For case (iii) we have
o\’ @
P(111H) == ((6) az + Baz +a1> )
PLY =PiV =0, (18)
(LI __ a (LI e .
And for both cases we have Py =1 (ECZ + cl) and Pg; ' = 0. Vectors ¢ are given by
T
« bzes bies €
o1 = by——— | —5—+by,—5—),
5 261 2@1 2 1
z an a n n !
¢m = <b3 + —bs+ —b1 + by, ) : (19)
By B Y gl

We are now in position to write explicitly the conditions for complete positivity. Having a
Gaussian operation characterized by (T, N, 7), the CP condition can be expressed in terms of
the matrix

C =N +1Q —TQT", (20)
0 1Y). . . . . . .
where (2 = 1 o) the symplectic matrix. An operation G (T, N, 7) is CP if and only if

C > 0[13, 16]. Applying the propagator on a test characteristic function, equation (13), it is
easy to compute the corresponding tuples. For both cases we get (Tl,m, Ny, 7?1,111) :

—Py P
N - 2 s’
L ( Pa —P11>

T
TLm = (0, 1P gim)) , (21
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while for case (i) matrix T is given by

€

0
T) = j_fl al. (22)
1,1 ﬁ

where (51,1 denotes the first component of vector (El, see equation (19). The complete positive
condition is given by the inequalities raised from the eigenvalues of matrix equation (20)

2
\/ a2el + 4afese; + 462} <4P§22 + (PR -PR) + 1)

+ e — (Ph+PR) 0.
1
(23)
For case (iii) matrix T is
oy,
Tu={ 5 7ol (24)
mi 3
B
and complete positivity conditions read
2
\/ — an)? + F242pI
n (B n? + By Py _P(IIIII) > 0. (25)

By

Note that in both cases complete positivity conditions do not depend on 5 These results will
be discussed in the next section for the singular case.

4. Allowed singular forms

There are two classes of Gaussian singular channels. Since the inverse of a Gaussian channel
G(T,N,7)is G (T’l, —TINT T, —T’IF) , its existence rests on the invertibility of T. Thus,
studying the rank of the latter we are able to explore singular forms. We are going to use the
classification of one-mode channels developed by Holevo [11].

For singular channels there are two classes characterized by its canonical form [17],1.e. any
channel can be obtained by applying Gaussian unitaries before and after the canonical form.
The class called ‘A;’ correspond to singular channels with Rank (T) = 0 and coincide with the
family of total depolarizing channels. The class ‘A;’ is characterized by Rank (T) = 1. Both
classes are entanglement-breaking [17].

Before analysing the functional forms constructed in this work, let us study channels with
GF. The tuple of the affine transformation, corresponding to the propagator Jg, equation (3),
were introduced in reference [15] up to some typos. Our calculation for this tuple is

_ba 1

_ b b
To=low ", b |

bs 2 b
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% @ _ 2azb,

b2 by B
NG - @ _ 2613b1 ) _a3bf Clzbl —a ’

by b3 b by
T
. ¢ bicy
— (-2 e ). 26

TG ( by’ bs Cl) (26)

It is straightforward to check that for b, = 0, T is singular with Rank (Tg) = 1, i.e. it belongs
to class A,. Due to the full support of Gaussian functions, it was surprising that Gaussian
channels with GF have singular limit. In this case the singular behavior arises from the lack of
a Fourier factor for x;r;. This is the only singular case for GF.

It is instructive at this point to analyze the physical meaning of the transition from non-
singular to singular Gaussian channels in the context of QBM [14]. There, a central harmonic
oscillator is linearly coupled through its position with a bath of harmonic oscillators initially
at thermal equilibrium. The coupling of the central system to the bath causes dissipation of
energy and decoherence in the position basis. At any time ¢ the quantum channel of QBM
has the Gaussian form given by equation (3), with time-depending coefficients. Excluded here
are particular times with divergent coefficients that need to be treated differently, as already
mentioned in section 3.

For a specific form of the bath spectral density all these coefficients are calculated in ref-
erence [14], and in particular the coefficient b, is found to be proportional to e /2 sin(t),
where 7 is the damping parameter characterizing the interaction strength and 7 is a coefficient
related with the natural frequency of the central oscillator. It is clear that for any finite v, b, — 0
when t — oo, and then for long times the matrix Tg becomes singular. It is precisely at r — oo
when the particle reaches the state of equilibrium in the QBM model (the reduced density
matrix of the particle reaches a stationary state). Moreover, it can be shown that the quantum
channel in the QBM model acquires the form Jy, with b, = b; = ¢; = ¢, = 0, which actually
defines a singular channel, as shown above. Finally, it is easy to see that the determinant of the
Tg matrix in QBM is proportional to *¢ =7, and thus Tg becomes singular only when ¢ — co.
This shows the deep relation between dynamical irreversibility and singular channels in this
context.

Now we analyze functional forms derived in section 3. The complete positivity conditions
of the form J, presented in equation (25), have no solution for o — 0 and/or v — 0, thus this
form cannot lead to singular channels. This is not the case for J 1, equation (16), which leads to
singular operations belonging to class A, for ae, = 0, and to class A; for e; = o = b, =0.
For the latter, the complete positivity conditions read

e < a. 227)

By using an initial state characterized by o; and d; we can compute the explicit depen-
dence of the final states on the initial parameters. For channels belonging to class A,
(see equation (26) with b, = 0 and equation (22) with e, = 0) the final state only depends
in one combination of the components of ¢j, and in one combination of the components of

Ei}, i.e. Zmnlmn(a,-)m,, and Zmnm (3,) , respectively, where [, and n,, depend on the chan-

nel parameters. See the appendix for the explicit formulas and figure 1 (right panel) for an
schematic description of the final states. From such combinations it is obvious that we cannot
solve for the initial state parameters given a final state as expected; this is because the paramet-
ric space dimension is reduced from 5 to 2. The channel belonging to A; (see equation (22)

8
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Class A, Class A,

7

Figure 1. Schematic pictures of the channels belonging to classes A; and A, (right and
left panels, respectively), acting on pictorial Wigner’s functions of Gaussian states (rep-
resented with ellipses). The coordinate system corresponds to the position variable r and
its conjugate momentum, p. The figure shows how every channel in class A| maps every

—

initial quantum state, in particular GSs characterized by (J,—, d,-) , to a Gaussian state that

depends only on the channel parameters. The values of the first and second moments of
the final Gaussian state are indicated by a gray ellipse. Similarly, for class A,, we indi-
cate the form of the final moments for initial Gaussian states. In this case they depend on
two combinations of the initial parameters, s; and s,, whose explicit formulas are given
in the appendix, together with the form of the final moments.

with e; = a = b, = 0 and equation (27)) maps every initial state to a single one characterized
by oy = N and d = (0, —cl)T, see figure 1 (left panel) for a schematic description.

According to our ansatze (see equations (5) and (6)), we conclude that one-mode SGQC
can only have the functional forms given in equations (3) and (5). This is one of the central
results of our work and can be stated as:

Theorem 1 (One-mode singular Gaussian channels). A one-mode Gaussian quan-
tum channel is singular if and only if it has one of the following functional forms in the position
space representation

b 2 2
(a) 5> exp [z (brxere 4 b3xire + baxiri + c1X¢ + c2Xi) — a1Xf — aaXpXi — a3xi],

(b) |B]+/e1/mo(axs — Bx;) exp |:_a2.Xin —ayx} — azx?
2 (byxery + barexi + byrexe + barixi + ¢ X + c2X;)

> e2r? .
— ey — exrili — —4281' , with e;ae = 0.

Corollary 1 (Singular classes). A one-mode singular Gaussian channel belongs to class
A\ if and only if its position representation has the following form:

Ve /mo(x;) exp [—alx% + 1 (box¢ry 4 byrexe 4 c1xg) — 6#?] .

Otherwise the channel belongs to class A,.

As a particular example of theorem 1, choosing the case (ii) with e; = 2¢; = (27 4+ 1)},
a=0=b; =by,=0,a; = (2n+ 1)/2 one gets the Holevo’s canonical form of class A,, see
reference [13]. The parameter 7 is the average of the number of excitation in the mode. Notice
that the canonical form cannot be obtained using the Gaussian functional form, while elements

9
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Table 1. The first and second columns show the functional forms of J® and J®,
respectively. The last column shows the resulting form of the concatenation of them
[see Equation (28)]. See main text for symbol coding.

JO J?® Jo
0%, Gu Ga,
Gy %, %,
O, o Op,
Oy 4, O,
0% Gu 0%
Gu 5222 Ga,
6:22 O 5;22
O 6:23 5;23
Gu NG NG
52; 2 Gu Ga,
Su 52’;2 52’;2
e Su NG
ou-Gu oA, OA,

A, ouGu Oa,

in A, enjoy both (i) and (ii) forms of theorem 1 (see table 1). Additionally the operator sum
representation of this canonical form is given in reference [10].

Since channels on each class are connected each other by unitary conjugations [11], a conse-
quence of the theorem and the subsequent corollary is that the set of allowed forms must remain
invariant under unitary conjugations. To show this we must know the possible functional forms
of Gaussian unitaries. They are given by following lemma for one mode

Lemma 1 (One-mode Gaussian unitaries). Gaussian unitaries have only GF or the one
given by equation (6).

Proof. Recalling that for a unitary GQC, T must be symplectic (TQTT = Q) and N = 0.
However, an inspection to equation (17) lead us to note that N # 0 unless e; diverges. Thus,
Gaussian unitaries cannot have the form Jy (see equation (5)). An inspection of matrices
T and N of GQC with GF (see equation (26)) and the ones for Jyj (see equations (18) and (24))
lead us to note the following two observations: (i) in both cases we have N = 0 for a, = 0Vn;
(ii) the matrix T is symplectic for GF when b, = b3, and when an = [~ for Jy. In particular
the identity map has the last form. This completes the proof. ([

One can now compute the concatenations of the SGQCs with Gaussian unitaries. This can
be done straightforward using the well known formulas for Gaussian integrals and the Fourier
transform of the Dirac delta. Given that the calculation is elementary, and for sake of brevity, we
present only the resulting forms of each concatenation. To show this compactly we introduce
the following abbreviations: Singular channels belonging to class A, with form J; and with
a=0,e;=0and a = e, =0, will be denoted as d3 , 6;22 and 61‘:’;2, respectively; singular
channels belonging to the same class but with GF will be denoted as Ga,; channels belonging
to class A; will be denoted as d4,; finally Gaussian unitaries with GF will be denoted as Gy
and the ones with form Jyj as &;. Writing the concatenation of two channels in the position
representation as

TOCer, 7 x4, 77) = / Al (e ) I () (28)
R

10
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the resulting functional forms for J® are given in table 1. As expected, the table shows that
the integral has only the forms stated by our theorem. Additionally it shows the cases when
unitaries change the functional form of class A,, while for class A, J© has always the unique
form enunciated by the corollary. This table also constitutes another proof for our theorem 1
and the corollary 1.

The central results of this section are the following. The three functional forms existing for
one-mode Gaussian channels in position state representation allow specific types of channels.
We proved that only channels with GF or Jy; can be unitary, whereas channels with GF or J;
can be singular. To show the relevance of this result, we introduce the following example in
which the transition from one functional form to another determines the change from unitarity
to non-unitarity.

Example 1 (Unitary transition). Let §(ry — rin/7)0(x¢y/n — xi)exp(X) be a family of
unitary channels with functional form Jy;, fulfilling equations (12) and (25) with @, = 0, Vn.
Substituting (¢ — 1/7y) — expl—(rr — rin/7)?/€*]/(ey/7) with € > 0, we recover the men-
tioned family of channels in the limit of € — 0. However, for finite ¢ we have a family of valid
channels with form Jy, see equation (5). It is easy to check that equations (11) and (23) are
fulfilled, the latter for v # 0 and 3 # 0. Since the form Jy cannot describe unitary channels,
the transition Jy <+ Jy coincides with the transition non-unitary/unitary.

This example shows how the regularization of delta like factors in quantum channels leads to
lose key properties, such as unitarity. This motivates investigating if other quantum information
properties are lost when performing regularizations.

5. Existence of master equations

In this section we show the conditions under which master equations, associated with the chan-
nels derived in section 3, exist. To be more precise, we prove that, under a simple condition,
the functional forms derived above parametrize channels belonging to one-parameter differ-
entiable families of GQCs. The latter, together the result given in reference [15], implies that
channels with any functional form can be found in the vicinity of the identity map. As a first
step to derive the condition of existence of a differentiable family, we let the coefficients of
forms presented in equations (5) and (6) to depend on time. Later we derive the conditions
under which they bring any quantum state p(x, ;) to p(x, r; t + €) (withe > O and 7 € [0, c0))
smoothly, while holding the specific functional form of the channel, i.e.

p(x, 13t +€) = p(x, ;1) + €L, [p(x, ;D] + O(e?), (29)

where both p(x, r; ) and p(x, r; t 4 €) are propagated from ¢ = 0 with channels either with the
form J; or Jy, and £, is a bounded superoperator in the state subspace. This is basically the
problem of the existence of a master equation

Op(x,rst) = Ly [px, r; 0], (30)

for such functional forms. Thus, the problem is reduced to prove the existence of the linear
generator L, also known as Liouvillian.

To do this we use an ansatz proposed in reference [18] to investigate the existence and derive
the master equation for GFs,

L = L(t)+ (0x, 0)X(1) <gx> + (x, 1Y) (%c) + (x, n)Z(t) (i) 31

1
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where L.(¢) is a complex function and

(X)X
X0 = (X,x(o X,-,-<r>> 32)

is a complex matrix as well as Y(f) and Z(¢), whose entries are defined in a similar way as
in equation (32). Note that X(#) and Z(#) can always be chosen symmetric, i.e. X, = X, and
Z.r = Z,x. Thus, we must determine 11 time-dependent functions from equation (31). This
ansatz is also appropriate to study the functional forms introduced in this work, given that the
left-hand side of equation (30) only involves quadratic polynomials in x, r, 9/0x and 9/0r, as
in the GF case.

Notice that singular channels do not admit a master equations since its existence implies
that channels with the functional form involved can be found arbitrarily close from the identity
channel. This is not possible for singular channels due to the continuity of the determinant of
the matrix T.

For the non-singular cases presented in equations (5) and (6), the condition for the exis-
tence of a master equation is obtained as follows. (i) Substitute the ansatz of equation (31) in the
right-hand side of the equation (30). (ii) Define p(x, r; f) using equation (2), given an initial con-
dition p(x, r; 0), for each functional form Jyy. (iii) Take ps(x¢, re) = p(x, r; 1) and p;(xi, i) —
p(x, r;0). Finally, (iv) compare both sides of equation (30). Defining A(r) = a(r)/(f) and
B(t) = (1) /n(1), the conclusion is that for both J; and Jyj, a master equation exists if and only
if ¢1(NA(r) = A(D)(¢1 (1) + A(f)ea(n)), this can be easily simplified, by adding A(DA(f)c, (1) in
both sides the equation and integrating respect to #, to

c(t) o< A1), (33)

where c(f) = ¢ () + A(f)c,(¢). Additionally, for the form J; the solutions for the matrices X(¢),
Y(#) and Z(t) are given by

A
YXX - X,
Nz
»Cc - Yrr - =
el ()
e e
er - 75 —

N[ e e Mo A A .
Zo=2 =L )+ [ 22-) 203 — A,
’ 2 (elez Ze% + e A 2 A 3

A 61)\2 )\1 /.\1 >.\2€1 )\2 éz é]
Zo=1|5s(—=-F)+5-Z=+2Z(=-=]]. 4
Z(A(ez 2)+2 2 +2<€2 e1>> o

where we have defined the following coefficients: A\ = b; + Ab3, Ay = b, + Abs and
N3 =a, +Aa —|—A2a3.
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For the form Jy; the solutions are the following

»Cc :Xxx :er:er:er: er - Yxr:()’
A
Yx.x ) Yrr - §
A B
2a1(HA(1)

Zw = ax(DA(D) + — A1)

A(t)
—a3(t) — A(Dax(1) — ar (1),

1. MN(A B

where A = by + Abz + B(b, + Aby).

Summarizing, letting the coefficients of forms J; and Jy depend on time to define one-
parametric families, we have derived the condition for such families to be smooth, see
equation (33). Additionally we have found the explicit expressions for the ansatz coefficients
for both functional forms, see sets of equations (34) and (35). In particular for Jy; the generator
is simpler than the one for Ji; this is expected because channels with form Ji; depend on less
parameters than Jy. Let us notice that although singular channels do not admit master equations
for the reasons described above, it must not be confused with the fact that they can be reached
by smooth quantum processes.

6. Conclusions

In this work we have critically reviewed the deceptively natural idea that Gaussian quantum
channels always admit a Gaussian functional form. To this end, we went beyond the pioneer-
ing characterization of Gaussian channels with Gaussian form presented in reference [15] in
two new directions. First we have shown that, starting from their most general definition as
mapping Gaussian states into Gaussian states, a more general parametrization of the coordi-
nate representation of the one-mode case exists, that admits non-Gaussian functional forms.
Second, we were able to provide a black-box characterization of such new forms by imposing
complete positivity (not considered in reference [15]) and trace preserving conditions. While
our parametrization connects with the analysis done by Holevo [17] in the particular cases
where besides having a non-Gaussian form the channel is also singular, it also allows the study
of Gaussian unitaries, thus providing similar classification schemes. We completed the classi-
fication of the studied types of channels by deriving the form of the Liouvillian super operator
that generates their time evolution in the form of a master equation. Surprisingly, Gaussian
quantum channels without Gaussian form can be experimentally addressed by means of the
celebrated Caldeira-Legget model for the quantum damped harmonic oscillator [14], where
the new types of channels described here naturally appear in the sub-ohmic regime.
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Appendix A. Explicit formulas for class A,

The explicit formulas of the final states for channels of class A, with the form presented in
equation (6) with e, = 0 are

1
(Uf)n = 2e,’
a\? [ b? o bib »
(Uf)zz = (E) (2_631 + 2‘13> + 3 (2612 + %) +2a; + Z_ell + 51,
(o)), =20 b
! 127 5 26‘1 26‘1’
T
C?f (s3) = (0, _%CQ —c1 + sz) , (A.1)
where
2 « « 2 2 a o 2 o 2
§1 = bz +2Bb2b4 + (ﬁ) b4 (O’,‘)H -2 Bbz —+ <5> b4 (Ui)12 + <5> (Ui)zz,
5 = (gm + b2> (d) — %(d,»)z. (A2)

The explicit formulas of the final states for channels of class A, with the form presented in
equation (6) with aw = 0 are

(1) = 2o +
)1 46% i)11

2¢;’
(e bies b
(af)lz - ( 2e, 46% (01 2,
b1€2 2 b%
(Uf)zz = 2a; + <b2 - 2—e1> (o) + 2o’ (A.3)

and

T
- €y [— b1€2 -
d; = —(d,»), by — 22 (di) ) . A4
! <2e1 1 ( 2 2e > 1 “ A9
The explicit formulas of the final states for channels of class A, with Gaussian form are

2
(o7),, (s1) = % + 51,
3

an _ 2a3b1

(7)1, (1) = by B bisi,
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_ by (b3 (b1b3s1 — 2a;) + 2a3by)

(O-f)zz (sl) b% + 2611,
- C2 (5] T
di(ss)=(s— —,b;| ——s | —c s A5
7 (s2) (2 by 1<b3 2) 1) (A.5)
where
b2 2b 1
s = b*%(lfi)u - T;(Ui)lz + F%(Ji)ZZ,
1 by
— )y — 22, A6
52 b3( )2 b3( ) (A.6)
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