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Fluctuation and dissipation in memoryless open quantum evolutions
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The von Neumann entropy rate for open quantum systems is, in general, written in terms of entropy
production and entropy flow rates, encompassing the second law of thermodynamics. For memoryless open
quantum systems, whose evolutions correspond to one-parameter quantum dynamical semigroups, we find a
decomposition of the infinitesimal generator of the dynamics that unveils the fluctuation-dissipation structure of
these evolutions. Thus, the fluctuation part of this decomposition allows to relate the von Neumann entropy rate
with the divergence-based quantum Fisher information, at any time. Applied to continuous-in-time quantum
Gaussian channels, our decomposition leads to the quantum analog of the generalized classical de Bruijn
identity, thus expressing the quantum fluctuation-dissipation relation in that kind of channels. Finally, from this

perspective, we analyze how stationarity arises.
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I. INTRODUCTION

The study on quantum communication channels that de-
scribe the input-output maps corresponding to quantum
mechanical operations is at the core of quantum information
theory (see, e.g., Ref. [1]). Formally, these maps are given,
in the Schrodinger picture, by completely positive and trace-
preserving operations acting on density operators, whereas, in
the Heisenberg picture, they are given by identity-preserving
operations acting on observables. A physically interesting
property of these maps is that their composition is also a
quantum channel. Accordingly, the set of quantum channels
forms a semigroup. Moreover, quantum channels have an
inverse only when they describe a unitary evolution. A unitary
quantum channel requires for its implementation a quantum
system completely isolated from its surrounding environ-
ment. In practice, the implementation of unitary channels is
a great challenge. Consequently, the most common situation
corresponds to nonunitary quantum channels that lead to a
degradation of information during their use. To be able to
assess the degradation effects, it is important to describe the
evolutionary trajectory of the system that implements the
channel. The description is possible through continuous maps
over time. This is the point where quantum information theory
meets open quantum systems theory.

We focus in this work on memoryless quantum channels
that are continuous in time [2]. Therefore, the correspond-
ing open quantum evolutions correspond to one-parameter
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semigroups. The density operator p, of the evolved quantum
system is the solution of a time-independent Markovian mas-
ter equation [3]. These solutions are described by a linear map
that forms a one-parameter quantum dynamical semigroup in
the case of finite-dimensional Hilbert spaces [4] as well as in
the case of Gaussian channels in continuous-variable systems
[3,5,6], i.e., channels in infinite-dimensional separable Hilbert
spaces.

In general, an open system dynamics, given by the interac-
tion between the system and its environment, is modeled by a
combination of both deterministic and random effects. One of
the main approaches to the systematization of these random
and deterministic effects lies in the so-called fluctuation-
dissipation relations, both in the classical [7-11] and quantum
domains [12—-17] (see also Ref. [18]). Roughly speaking, these
are relations that connect the deterministic characteristic of a
system with its fluctuating aspects, both in the equilibrium and
nonequilibrium regimes. Examples of these relations are the
linear and nonlinear Markov fluctuation-dissipation relations
[18]. In classical theory, these relations appear within Markov
processes where the probability distribution of the variables
of interest satisfies a Fokker-Planck equation. In particular, in
the case of a linear Fokker-Planck equation the corresponding
fluctuation-dissipation relations are just a set of identities that
link the correlations between the variables of interest with
the intensities of the fluctuation and dissipation effects in a
stationary regime [18]. Also in open quantum systems the
identification of diffusive (fluctuation) and dissipative terms in
master equations was performed, as for example in Ref. [19].

On the other hand, the ubiquitous notion of entropy is
transversal to physical and information theories, since it arises
naturally as a measure of uncertainty, randomness, or lack of
information about the state of a system [20]. For a quantum
system described by a density operator p, the von Neumann
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entropy is defined by S[p] = —Tr(p In p) where Tr denotes
the trace of an operator (see, e.g., Ref. [21]). This quan-
tity plays a key role in different contexts as in the study
of entropy production in open quantum systems in general
(see, e.g., Ref. [22]) and of quantum communication chan-
nels where different entropic quantities serve to characterize
the information-processing performance of the channels (see,
e.g., Refs. [23,24], among others). Here, we are interested in
the rate of change of the von Neumann entropy S[0;] in one-
parameter semigroups. The analysis of the temporal behavior
of this entropy is of crucial importance, for instance, in order
to improve the communication rates of quantum channels, as
well as for studying stationary situations.

In open quantum theory, the study of the rate of change
of S[p;] is usually oriented by a thermodynamic perspective
[22,25]. In this framework the focus is on the decomposition
of the rate of change into two parts: one corresponding to
the so-called entropy production rate I1,, and the other one to
the entropy flux rate ®,. From this point of view, the second
law of thermodynamics is nothing but the statement IT, > 0.
Considerable progress has been made in recent years from
this perspective in particular in a general definition of I,
for general quantum processes (see Ref. [22] and references
therein). However, those approaches do not focus on the char-
acterization of the fluctuation and dissipation aspects of the
dynamics.

At this point a natural question arises: Is it possible to
identify generically random and deterministic effects in the
master equation for the density operator and for the rate
of change of the von Neumann entropy in one-parameter
semigroups? Here we provide a positive answer for all finite-
dimensional one-parameter memoryless quantum channels
and for all infinite-dimensional Gaussian one-parameter quan-
tum channels. Both situations are described by Lindblad
master equations whose solutions form quantum dynami-
cal semigroups [3-6,26,27]. Our approach is inspired by a
well-established result in classical information theory known
as the de Bruijn identity [28,29], which quantifies the rate
of change of the Shannon entropy of a classical random
variable, the output of an additive Gaussian noise channel.
More precisely, this identity quantifies how fast the chan-
nel becomes more random in terms of the nonparametric
Fisher information. The fact that a de Bruijn identity can
also be formulated for quantum systems was first posed in
Ref. [30] for the quantum diffusion process, a useful result
for formulating quantum entropy power inequalities [30-32].
However, the quantum diffusion process is a special subclass
of the Gaussian one-parameter quantum channels that does
not have dissipation effects. Therefore, our framework is also
inspired by the recently established generalization of the de
Bruijn identity for more general classical channels modeled
by Langevin forces described by stochastic differential equa-
tions, called Fokker-Planck channels [33,34], capturing the
trade-off between the diffusion and dissipation terms of the
evolution.

First, we propose a decomposition of the nonunitary
infinitesimal generator for any one-parameter quantum dy-
namical semigroup into two terms. The first one allows us
to relate the time derivative of the von Neumann entropy
with the divergence-based quantum Fisher information [35].

Accordingly, this term will be associated with the fluctuations
due to the noise introduced by the open quantum dynamics. In
addition, the second term will be connected with the dissipa-
tive contributions of the dynamics.

Afterwards, we focus on Gaussian channels, which are
among the most important channels in information processing
in both classical [28,36] and quantum [37-41] domains, as
they provide a faithful model for attenuation and noise effects
in most communication schemes, modeled by linear Lindblad
master equations [3]. For these channels, we find the fully
quantum counterpart of the generalization of the de Bruijn
identity for Fokker-Planck channels [33,34]. In these cases,
our proposal captures in a clear manner the diffusion and dissi-
pation contributions to the rate of change of the von Neumann
entropy given by the open quantum dynamics. Finally, we
analyze stationary situations, associated with thermal states
or not, within our framework.

The paper is organized as follows. In Sec. Il A we review
the classical de Bruijn identity for channels with additive
Gaussian noise and its generalization for multidimensional
classical channels corresponding to Ornstein-Uhlenbeck pro-
cesses, i.e., modeled by Fokker-Planck equations with linear
drift and constant diffusion. In Sec. IIB we show that the
diffusion term in the generalized classical de Bruijn iden-
tity can be written in terms of the Fisher information of the
probability distribution under the action of Langevin forces.
This provides an alternative interpretation of the diffusion
term as a measure of the noise introduced by these forces.
We also show that the second term in the generalized clas-
sical de Bruijn identity corresponds to the average flux of
the dissipative forces, i.e., a measure of the change of the
probability distribution in the directions opposite to these
forces. In Sec. III we present our first main result, namely,
a decomposition of the nonunitary infinitesimal generator
for any quantum dynamical semigroup that splits the dy-
namics into two different parts: fluctuation and dissipation.
Section IV A is devoted to the presentation of the notion
of divergence-based quantum Fisher information and some
of its properties. In Sec. IVB we present our second main
contribution, namely, the application of the results of Sec. III
in order to obtain a closed formula for the von Neumann
entropy rate of change for quantum dynamical semigroups,
where we discriminate the contributions of fluctuation and
dissipation. In Sec. V A, we present the basic formalism used
to describe one-parameter Gaussian channels. In Sec. VB,
we apply our results of Sec. IVB to obtain the quantum
counterpart of the generalized classical de Bruijn identity
in the case of one-parameter Gaussian channels. We also
show that the diffusion and dissipation terms of the iden-
tity obtained admit an interpretation completely analogous
to that given in Sec. II B for the corresponding terms in the
generalized classical de Bruijn identity. In Sec. V C we spe-
cialize the quantum de Bruijn identity for evolving Gaussian
states and in Sec. VD we study the stationarity conditions
in one-parameter Gaussian channels in light of our formal-
ism. We conclude with Sec. VI where we summarize our
findings. For ease of reading, some auxiliary calculations
and technical proofs are presented in Appendixes A, B,
and C.
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II. RATE OF SHANNON ENTROPY FOR A LINEAR
FOKKER-PLANCK EQUATION

A. Generalized de Bruijn identity

In classical information theory [28,36], the additive Gaus-
sian noise is probably the most used noise model to describe
many “natural” random processes viewed as a large sum of
noise sources and due to the central limit theorem [36,42,43].
The Gaussian noise channel corresponds to X; = Xy + JiZ,
where Z ~ N(0, 1) is a normally distributed random variable
with zero mean and unit variance, independent of the input
random variable X, (that admits a finite variance). Here, t > 0
is a parameter (usually time) that controls the amount of ran-
domness added to the system. The evolution with respect to ¢
of the probability density function p;(x) of the output random
variable X, is ruled by the heat equation 42 (X) =1 d 5’;?‘) The
de Bruijn identity plays a fundamental role in classical infor-
mation theory [29,36,44], as it quantifies the rate of change
of the Shannon entropy h[p;] = — fR p:(x)1In p,(x)dx at the
output of the channel, in terms of the Fisher information
JIpd = [ (P22 py (x)dx = — [, B2 b (x)dix [45].
More prec1sely,

dh[p:]
dt

1
= 571pl. D

Because J > 0, the fundamental interpretation of this equality
is that X; becomes more and more random as ¢ (time) in-
creases, with J quantifying how fast. Applications of de Bruijn
identity include derivation of relevant information-theoretical
inequalities [44,46—48], definition of an entropic temperature
[49], and proof of monotonicity of some statistical complexity
measures [50], among others [51].

The de Bruijn identity extends to the multivariate case
[33,36], and its form has recently been obtained for slightly
more general channels modeled by Langevin forces described
by stochastic differential equations [33,34]. A similar ex-
pression for the rate of change of Shannon entropy was
previously given in the thermodynamic context [52,53], but
without pointing out its link with Fisher information. In par-
ticular, consider a multidimensional channel corresponding
to an Ornstein-Uhlenbeck process. It is characterized by an
N-dimensional random vector X, that follows a stochastic
differential equation with linear drift u(X;, r) = AX; — & and
constant diffusion parameter ¥ (X;, 1) =%

dX, = (AX; — &)dt + X dW,. 2)
Here A and ¥ are real constant matrices with dimensions
N xNand N x M (M < N), respectively, where ¥ is of full
rank, & is an N-dimensional constant real vector, and W; is an
M-dimensional standard Wiener process [54-57]. For 4 = 0
(null vector), the N-dimensional Gaussian additive channel is
recovered. Note that the drift corresponds to the deterministic
effects, whereas the diffusion term ¥ dW, characterizes the
random contributions in the dynamics.

The probability density function of the random variable X,
satisfies the Fokker-Planck equation [55-57]:

dp, !
Pdf") - _—«/Ax —Hp )+ za_TD px), G)

where zaix = (8%, el ai)T is the gradient with respectto x =
1 XN

(x1,...,xy)T and D =237 is the diffusion matrix, which

is symmetric and positive semidefinite of rank M. For this

channel, the generalized de Bruijn identity is [34]

dh[p;]
dt
where h[p;] = — [pv p;(x)In p(x)d"x (dVx = dx; - - - dxy)

is the Shannon entropy, tr denotes trace of matrices, and the
Fisher information matrix is defined as

I ]_/ 0 In p;(x) 0 1In p,(x)
Pl = RY 0x oxT

which, under regularity conditions, can be written in the form
[36]

1
= ztr([DJ][Pt]) + tr(A), “4)

pi(x)d"x

Jipd = —/ pi(x) Hiln p,(x)]d"x, ®)
]RN

with H = -~ == the Hessian matrix operator. The multivariate
de Bruijn 1dent1ty is recovered when A = 0 (null matrix) and
& = 0 (null vector), whereas the original (scalar) de Bruijn
identity is recovered when in addition N =1, D = 1,. For
a continuous-variable system with an underlying symplec-
tic structure, N = 2n with n the number of classical modes
described by the canonically conjugate variables of position
Xx; = ¢; and momentum Xx,; = p;, i = 1, ..., n. Typical ex-
amples of this type are the description of Brownian motion
and the electric field in a laser where g; and p; are the classical
quadratures of the electric field [55,58].

In the next section we dissect the fluctuation-dissipation
structure of the generalized de Bruijn identity.

B. Fluctuation-dissipation relation in the generalized
de Bruijn identity

Let us rewrite the generalized de Bruijn identity (4) so as to
highlight the contributions of the fluctuations and dissipation.
More precisely, by expressing the Ornstein-Uhlenbeck pro-
cess as % =F4 +Fy, where Fy, = AX; — & = u(X;, 1) are
the drift forces and Fy = % are the fluctuating or Langevin
forces, the first term on the right-hand side (rhs) of Eq. (4) can
be explicitly identified as induced by fluctuations due to the
Langevin forces, and the second one by dissipation due to the
drift forces.

To this end, let us first rewrite the diffusion matrix under
the form

M
D= Z %, 2T, (6)

m=1

where X, are the column vectors of ¥. From the linearity
of the trace and the relation tr(X%,, X1 J) = X1 J X,,, the first
term on the rhs of Eq. (4) can therefore be expressed as

M
1 1
— (©.Zm).
Su(@JIlpD) = 5 ; Jp =01, (7
where p@ %) = p,(x — 86 £,,) is the translated probability
distribution (660 =6 —¢), and indeed XT J[p]X%, =

J[p®E¥;0]l¢—, is the Fisher information J[p;6]=
f]RN p ( g lnp )2dN x for the translated distribution.
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We remark that the rhs of Eq. (7) makes explicit the de-
pendence on the Langevin forces, X,,, and also on the rank
M of the diffusion matrix D. From the unicity of D = 3 7,
Y is unique up to an orthogonal transformation, i.e., D =
23T = ¥¥Tifand only if ¥ = YQ with Q an arbitrary M x M
orthogonal matrix; such a transform is equivalent to use any
other Langevin forces, ¥.,, which are the columns vectors of
Y . Furthermore, this also holds for any M x M matrix Q of the
Stiefel manifold (M > M), i.e., such that Q QT is the M x M
identity, so that the stochastic differential equation (2) with ¥
is the equivalent Langevin equation of that with the full rank
Y. This shows that we can also express each particular matrix
D with an expression like in Eq. (7) but with the M (M > N)
columns of a matrix Y. However, the Langevin forces turn out
to be not all independent. This kind of situation arises for the
diffusion matrices D that come from linear Lindblad master
equations [see Eq. (30)].

Moreover, from the expression Dgyl[ p(e,):,,,) lp:(x)] =
%J[p(e'z"‘);9]|9:,892 + 0(86?%), where D, is the Kullback-
Leibler divergence, or relative entropy [36,59], the first term
on the rhs of the classical de Bruijn identity (4) is essentially
a measure of the noise induced by the Langevin forces X, on
the probability distribution p,(x).

Second, from the definition of F;,(x) = Ax — &, its diver-

gence is given by aF”’(X) = tr(A), which gives, together with
(), = [ () Y,
oF, (x
tr(A) = Far ) (8)
oxT »

From the fact that p,(x) F;,(x) vanishes in the boundary of
RY (X, admits a mean), so that the integral of w =

% p(xX)+ % F,,(x) vanishes, one equivalently has
ap,(x
tr(h) = — / P B x) dVx, 9)
RN oxT

Note that this result can be recovered directly from the expres-
sion of F;,.(x), together with the identity

/ xOPX) vy g (10)
]R,N

oxT

This is because X p;(x) vanishes in the boundary of RN X;
admits a mean), so that the integral of % =1p,(x)+
X % vanishes. Therefore, the quantity tr(A) can be inter-
preted as minus the total amount of change of the probability
distribution p;(x) in the direction given by the linear drift
force F;,(x), or as the average of the drift force flux [52]. In
addition, by expressing A = Ag + Asg with Ag = (A + AT)/2
and Ays = (A — AT)/2, we have tr(A) = tr(Ag). Accordingly,
we rewrite the drift force as F;,.(x) = Fg(x) + Fa5(x) with
Fs(x) = Agx and Fag(x) = Agsx — &, in order to highlight
that only the symmetric part contributes to the drift force flux.
Moreover, whenever tr(A) < 0, we associate Fg with a dissi-
pative force and F4g5 with a nondissipative one. These names
are justified because in the context where the Fokker-Planck
equation (3) describes a mechanical system, Fg represents the
force in the phase space of the system that does not conserve
the energy and Fug corresponds to the Hamiltonian phase-
space force that conserves the energy.

Finally, we collect the expressions given in Egs. (7) and (8)
to obtain

M
dhlp,] 1 (0 0. oF 4, (x)

= - E 9 . 11

dt 2 — |9=t + oxT . an

Let us observe that the first term on the rhs of the de
Bruijn identity (4) [or equivalently Eq. (11)] is strictly
positive, because each Fisher information is positive, i.e.,
J[p®%;0]l¢—, > 0. On the other hand, the second term
has no definite sign due to its dependence on the sum of
the eigenvalues of Ag, which can be negative, positive, or
zero. Therefore, a necessary condition for the existence of a
stationary solution of the Fokker-Planck equation (3) is the
entropic balance between these quantities. This can happen
only if Eq. (8) is negative, which leads to a condition on the
eigenvalues of Ag. Recall that the existence of a stationary
solution also requires the matrix A to be asymptotically stable;
that is, all its eigenvalues must strictly have negative real part.
In principle, this condition does not have a direct connection
with respect to the one on the eigenvalues of Ag.

In the sequel, we will obtain an analogous generalized de
Bruijn identity for the rate of change of the von Neumann
entropy in Gaussian channels whose Wigner function satisfies
the Fokker-Planck equation (3). Before that, in the next sec-
tion we will show that such a fluctuation-dissipation relation
in the quantum case has its origin in a particular decomposi-
tion of the nonunitary infinitesimal generator of the evolution
in quantum dynamical semigroups.

III. FLUCTUATION AND DISSIPATION IN QUANTUM
DYNAMICAL SEMIGROUPS

Here we consider memoryless quantum channels that are
continuous in time, which are described by one-parameter
semigroups. The density operator p, of the evolved quantum
system is a solution of a time-independent Markovian master
equation [60]. The general form of these equations, whose so-
lutions satisfy the completely positive condition, is known at
least in finite-dimensional Hilbert spaces. In the Schrodinger
picture, this corresponds to a Lindblad master equation (LME)
of the form [4,61]

ap . N N
d_tt = L[p] = Lulp] + Laulprd, (12)
where
A l ¥ A
EU[pt] = E[I-L o] (13)
and
1 X
A Foo bt — i o — »iff
Lyulp] = 52 ;(ukp,Lk — Lt = BL{Ly  (14)

are the infinitesimal generators of the unitary and nonunitary
evolution, respectively, with H the Hamiltonian of the system
and {Lk}k , the Lindblad operators. When L is tlme inde-
pendent, the formal solution of Eq. (12) is p; = ¢' ,00, where
{A; = e’ﬁ}@o is a quantum dynamical semigroup (QDS). At
least for finite dimension, any QDS is precisely described by a
LME [4]. Here, L could be bounded, or unbounded as happens
for QDSs in continuous-in-time Gaussian channels [3,5,6].

062207-4



FLUCTUATION AND DISSIPATION IN MEMORYLESS ...

PHYSICAL REVIEW A 104, 062207 (2021)

In the Heisenberg picture, observables O, evolve accord-

ing to do‘ = Ly[0,] + LnulO,], where £ denotes the adjoint
superoperator of L [6,62].

QDSs are also called quantum Markov semigroups [63].
These denominations emphasize the Markov semigroup prop-
erty: Ay = Ay Ay [6], which is the quantum version of an
analogous semigroup property in time-homogeneous classi-
cal Markov processes [64]. Accordingly, in the same way
as classical Markov processes describe classical memoryless
channels, QDSs are suitable for describing memoryless quan-
tum channels.

We propose a general decomposition of Lyy, which, in
the context of Gaussian channels, encompasses the notions of
diffusion and dissipation, as follows:

Lyu = L1+ L2143,

Loz =Ly + L3, (15)

with £, £,, and L3 real superoperators [65] given by

. 1 & o . I
Li[0) = — 2 3 (A [y, Ol + [Bi. By, 01D, (162)
k=1 1 < 1 |
Ll01= ; S, £1, 0}, (16b)
1 K
L5001 = o > (@kOL] — L[OLy). (16¢)

k=1

This follows from the Cartesian decomposition of the Lind-
blad operators L; = Ay + 1By via the Hermitian operators Ay
and By defined by Ay = L(£x + L)) and By = L(Lx — L)).

Notice that L£; is self-adjoint, i.e., El_[OA]Az L1101, as
is Lo, while L3 is anEisxmmetricl ie., Lg[OA] = —L’3A[0].
For the unit operator, £;[1] = £,[1] =0, L,[1] = L,[1] =

s St Lk, L)1, and £3[1] = —£3(1]1 = —£[1]. Conse-
quently, £1 and £, 3 are infinitesimal generators of QDSs in
themselves. Moreover, £; is the generator of a unital QDS
[66].

We recall that the infinitesimal generator £ does not
uniquely determine the form of the Hamiltonian A and Lind-
blad operators Ii (see, e.g., Sec. 3.2.2. of [67]). On the one
hand, LME (12) is invariant under the unitary transformation
of the Lindblad operators:

~ A,
Lk_)Lk:

K
> Wik, (17)
j=1

where W ; are the entries of an arbitrary unitary matrix W.
We obtain that £y, £,, and £; remain invariant under this
transformation (see Appendix A).

On the other hand, LME (12) is also invariant under the
inhomogeneous transformations

[:k—) [:k+Olki, (183.)

K
- PN A 1 N A
’ ’_ 2 : t
H—H+H (H = ﬁ k:l(OlZLk — O[](Lk)>, (18b)

for any set of complex numbers {o}%_,. Under these transfor-
mations, it is straightforward to show that the superoperators
transform as follows:

Ly — Ly, (19a)
Ly — L, (19b)
| SN
Ly — L3 — —h[H/, 1. (19c¢)
1

In Sec. IV B we prove that, whereas £, is the infinitesimal
generator of fluctuations in one-parameter quantum dynami-
cal semigroups, L£,13 = £, + L3 is the infinitesimal generator
of dissipation. The justification of this characterization lies
in the contributions that these generators give to the rate of
change of the von Neumann entropy of the evolved quantum
states of the system.

IV. RATE OF VON NEUMANN ENTROPY FOR QUANTUM
DYNAMICAL SEMIGROUPS

A. Divergence-based quantum Fisher information

As seen in Sec. 11, the Fisher information is a key measure
to quantify the rate of change of the Shannon entropy in the
additive Gaussian channel or in the channel described by the
Ornstein-Uhlenbeck process, via the classical de Bruijn iden-
tities (1) and (4), respectively [29,34]. The first attempt, to our
knowledge, to find a quantum counterpart of Eq. (1) is given
by Konig and Smith in Ref. [30], where the divergence-based
quantum Fisher information (DQFI) is related to the rate of
change of the von Neumann entropy for an evolution governed
by the quantum diffusion semigroup. The DQFI is one of
the forms of the Fisher information defined in the quantum
domain, and is precisely that appearing in the rate of von
Neumann entropy in QDSs, in general.

The DQFI is defined as the second derivative of the relative
entropy [35], i.e.,

d*S[poll s, ]
do? 9:90’

with S[pgl pg,] = Tr(pe(In Py — In pg,)). As noticed in [35],
this DQFI is greater than the quantum Fisher informa-
tion based on the symmetric logarithmic derivative [68-70],
whereas the respective classical versions coincide [36].

In the particular case of the family of density operators
Po.ey = =U,_ 0 Doy Ue b0’ generated by the unitary U,_ g, With

Jq[i)G;@]lg:go = (20)

a generator Csp = z d9 it Ug_go (where 60 = 6 — 6)), we have
(see Appendix B)

JQ['@@,CM ]|@ 0 Tr(p(,o [CO’ [CO’ In '090]]) 2n

where € = C‘,gg|9=90. It can be seen that when Csp is inde-
pendent of 6, expression (21) reduces to the one given in
[30]. In what follows we consider the family p, » generated

from pg, = p; by unitaries of the form Usy = e~ 0C (with
30 =6 —1).

In the next section we show how the DQFI appears in the
fluctuation-dissipation structure of the rate of change of the
von Neumann entropy in QDSs.
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B. The rate of change of von Neumann entropy

By exploiting the decomposition (15) with £, £,, and
L3 given in Egs. (16), we obtain that the rate of change
of the von Neumann entropy, S[p;] = —Tr(p; In p;), can be
written in terms of the divergence-based quantum Fisher
information (21). Note first that [% = —Tr((%) Inp,) =
—Tr(L[p] In p,) = =Tr(p; L[In p,]). Consequently, from the
expression of £ = Ly + Lny given by Egs. (13) and (15) and
(16), together with the self-adjoint character of £ and £,, and
the antisymmetry of L3, we obtain

dS[p]
dt

with A, = =Tr(p,L1[In p]) and W, = Tr(p,(Lr —
£3)[In p,]). Notice that we used the fact that

= A - (22)

Tr(p [H,In p]) =0 (23)

(this can be established by simple algebra) so that the contri-
bution to Eq. (22) from the unitary evolution, Ly, vanishes.

Now, from the expressions of £ [Eq. (16a)] and of the
DQFI in the form (21), we can express the first contribution
on the rhs of Eq. (22) in terms of the DQFI as follows:

A =

| =

K
> ol yia 01+ JulPo. iz 0] lo=n  (24)
k=1

where p, ¢ are generated by the unitaries Usg = e 799€ (50 =
0 — 1), with C = v/hA; or ~/nB; being the Hermitian genera-
tors of the unitaries. From S[p, #110:] = %Jq[,bg,@; 0110—86% +
0(86?) (see Appendix B or Refs. [30,35]), we conclude that A,
is essentially a measure of the noise induced by unitaries U,
with generators v/7iA; and ~/7iBy, on the state p,. Accordingly,
A, plays a role analogous to that given by the first term,
Eq. (7), on the rhs of the classical de Bruijn identity.

In addition, let us emphasize that both quantities A, and
W, are invariant under the transformations given by Eqgs. (17)
and (18). This is due to the invariance of the superoperators,
L1, L5, and L3, under the transformation in Eq. (17) and the
effects (19). These effects, together with Eq. (23), justify that
the energy-conserving contributions coming from A’ induce
no contribution in ¥,. As a consequence, W, characterizes the
contributions of dissipative forces to the rate of change of von
Neumann entropy. Accordingly, decomposition (22) reflect a
fluctuation-dissipation relation in the rate of change of the von
Neumann entropy for QDSs, analogous to the one given by
Eq. (11) for the Shannon entropy rate in classical channels
corresponding to Ornstein-Uhlenbeck processes.

We highlight that the fluctuation-dissipation relation (22)
is a direct consequence of the decomposition (15) for the in-
finitesimal generators in the LME. In this respect, we can say
that the decomposition (15) is itself a fluctuation-dissipation
relation for QDSs in its own, where the infinitesimal generator
L, is associated with the fluctuation part of the evolution
and L,;3 with the dissipation part. This decomposition de-
termines the fluctuation-dissipation structure not only of the
rate of change of the von Neumann entropy in QDSs, but
also of the rate of change of the mean value of any time-
independent observable, O, of the quantum system being

described, i.e., 402 = Tr(p, £,[07) + Tr(p, (Ls — L)IO),

with (0),, = Tr(p; O).

Notice that our way to express the rate of change of the von
Neumann entropy, Eq. (22), differs from the usual decompo-
sition

ds[p]

=TI, — 25
o / / (25)

given in terms of the rate I1, = % > 0 of the entropy pro-

duction ¥,, and the rate ®, = dd% of the entropy flux @,
[22]. This decomposition is one way to write the second law
of thermodynamics. Although there is a general proposal for
the form of the entropy production ¥, and the entropy flux
®,, for a general system-environment evolution (see Ref. [22]
and references herein), the entropy production, in general,
depends on the evolved reduced state of the environment,
which is not available in open quantum systems. However,
for QDSs this problem was overcome long time ago by Spohn
[25], but only in the cases when these semigroups have an
invariant state p*, i.e., p* = €' L p°, ¥t > 0. In this situation the
entropy production rate is [T, = —% > 0.

The decomposition in Eq. (25) is useful to study station-
ary states, not necessarily thermal equilibrium ones, arising
when II; = Cb,. Furthermore, these states, p°®, are thermal
equilibrium states if and only if II, = &, = 0. In the case
of QDSs, IT; is also a monotonic convex function of time as
a consequence of —S[p;||p*] being an increasing function of
time. This determines also how the approach to the stationary
state is.

Our decomposition (22), that it is still valid for QDSs
without a stationary state, is also useful to study stationarity
in this type of open systems but on a different perspective
from that given by Eq. (25). In our framework, stationarity,
associated with thermal states or not, arises when W, balances
A, since each DQFI in Eq. (24) is always positive. As we have
already established, our decomposition (22) is a fluctuation-
dissipation relation; therefore, the balance between A, and W,
can be interpreted as a fluctuation-dissipation equilibrium. We
will confirm this point of view in Sec. V D for quantum Gaus-
sian channels that admit a QDS description [3] that we call
Gaussian dynamical semigroups (GDSs). This is the quantum
counterpart of the fluctuation-dissipation equilibrium balance
we found in the classical de Bruijn equation in Sec. II B.

V. RATE OF VON NEUMANN ENTROPY FOR GAUSSIAN
DYNAMICAL SEMIGROUPS

A. Gaussian dynamical semigroups

In what follows, we focus on GDSs, which are the most
general form of one-parameter Gaussian channels [3]. The
attenuator, amplifier, and additive Gaussian noise channels are
relevant examples of GDSs [3,71,72]. GDSs are also useful to
describe damped collective modes in deep inelastic collisions
[73]. Also, GDSs appear in all processes which can formally
be described as decomposition and production of noninteract-
ing particles or quasiparticles which can be treated at least
approximately as bosons [60]. In this context GDSs are known
as quasifree completely positive semigroups.
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The kinematics of a quantum Gaussian channel of
n bosonic modes is described by a (2n)-dimensional

vector of canonically conjugate operators, X =
(G1s -+ Gns D1, .-, Pn)7, such that [X;, %] = thd 1, with
J= (_(])l %") the 2n x 2n real symplectic matrix where

1, is the n x n identity matrix, with J=! = —J = JT. The
dynamics of a GDS is given by LME (12) with a Hamiltonian
up to quadratic order in X and linear Lindblad operators,

H= %ﬁT[Bﬁ +%7Jé and L, =17J%, (26)
respectively, where B > 0 (Hessian matrix), £ is an arbitrary
(2n)-dimensional real vector, and the I s are (2n)-dimensional
complex vectors. Usually master equations of this type are
called linear LMEs [74].

In the Weyl-Wigner representation, the symbol
of p, is the Wigner function W(x,t), where x =
(q1,---»Gns P1,--., pn)7T are phase-space coordinates [75].
The time evolution of W is given by a Fokker-Planck equation
of the Ornstein-Uhlenbeck form (3), with drift A and diffusion

D matrices given by
A=JB - CJ, D = hRe(N), 27)

= ZkK:l lklz is the matrix that establishes the connection

with the Lindblad operators given Eq. (26), and C = Im([")
is the dissipation matrix. By definition, [' > O so that
Al =D+ :hC > 0, (28)

which can be interpreted as a generalized fluctuation-
dissipation relation [74]. This matrix inequality implies that
D > 0, because D and C are symmetric and antisymmetric real
matrices, respectively.

A few observations and remarks are in order here. First,
defining the real vectors

= VIRe(ly),

the diffusion matrix can be expressed as

% = VAlm(L,), (29)

K
D= (%3] + %5 (30)
k=1

If we compare Egs. (6) and (30), we immediately recognize in
the set {Zy, Xy} ¢ Langevin forces. However, all these
forces are not necessarily linearly independent like those in
Eq. (6). Because the complex vectors l; are usually linearly
independent (with K < 2n), K is the rank of the matrix [". But
the rank of the matrix D expressed in Eq. (30) could range
from K < rank(D) = M < min{2n, 2K} being K for example
when all pairs ¥;, X are composed with vectors proportional
to each other, and being M = 2K < 2n for example when
all these vectors are linearly independent. Conversely, the
rank of the dissipation matrix C = Im(I") could range from
0 < rank(C) < min{2n, 2K}. Therefore, it is not possible in
GDSs to have a dynamics without diffusion while it is possible
to have a dynamics without dissipation as it is the case of a
quantum diffusion process. The latter is a particular case of a
GDS where D = %]1 and C = 0, which is precisely the GDS
considered in the context of the quantum de Bruijn identity in
Ref. [30].

Recall that in GDSs the Fokker-Plank equation, Eq. (3),
propagates the Wigner function W (X, ¢), that is a quasiproba-
bility distribution that describes completely the quantum state
of the system. However, in the classical mechanics context
the same Fokker-Plank equation (3), with the drift A and
diffusion D matrices given in Eq. (27), is also used, for
example, to describe the Brownian motion in a harmonic
potential. In this case the drift force in phase space can be split
into Fy,.(x) = Fg(x) 4+ F45(x), where Fa5(x) = JBx — & and
Fs(x) = —CJx are the conservative and dissipative forces,
respectively. Note that, in this case, as commented below
Eq. (8), SFBAXST(X) = tr(Ass) = tr(JB) = 0 because J is antisym-
metric and B is symmetric, and BFS (X) =tr(As) = —tr(CJ).

Finally, using successively (1) the expression for the
drift matrix A =JB— CJ in Eq. (27) so that —2&X-8 —
—tr(A) = tr(CJ), (ii) the quadratic classical Hamlltonlan
H(x) = —xT[BX + xTJé—the Weyl symbol of the quantum
Hamlltoman Eq. (26)—together with J~!' = —J =JT so
that (Ax — §)T = agi(f)d (CJx)T and (judiciously) aTh =
bTa = tr(ba") for any vector, the Fokker-Planck equation (3)
for the Wigner function W (x, ¢) of the system can be rewritten
under the form

dW(x 1)
dr

=[HX), WX, 1)]a + —tr([DH[W(X Hh

+tr(CHW(x, 1) + tr(CJ] XM), 3D
oxT

where the first term is the Poisson bracket, tr(J BWB(;‘ 1) gg ),

between the Wigner function and the quadratic classical
Hamiltonian.

Let us now write the corresponding LME of a GDS in
terms of the decomposition of the infinitesimal generator
given Eq. (15). More precisely, in Appendix C, we show that

A 1 A A
L,[0] = Etr(DH[O]), (32a)
A 1 A
Lo[0] = Etr(JC)O, (32b)
L5[0] = tr(CIV[O]) + L2[O], (32¢)
where we define the superoperator matrices
N 1 A a 0
— R )T -
H[O] Z[Jx, [(JX)T, O]l = TSR (33a)
M[O] = —x[(Jx)T 0]1=%x a (33b)
a%T’

with the matrix notation ([X, [¥T, 0]]),- i =i, by, O]], and
&[T, 0])ij =xlyj, O]. The last equalities in Egs. (33) fol-
low from the identity (:/7)[(J%)T, O(X)] = d0(X)/d%T given
in Ref. [76]. Then, the linear LME is

dp, | N 1 N

— = —[H, —tr(DH[p

di lfl[ Pl + ) 1"( [Pt])

+ tr(C)p, + tr(CIV[p,]). (34)

For one mode (n = 1), this expression reduces to that given in
Ref. [73].
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Notice that Eq. (31) is nothing but the Weyl-Wigner repre-
sentation of Eq. (34). Moreover, a direct comparison of both
evolution equations follows from the correspondences

b WX, 1), (35a)
% o x, (35b)
a/MIUR)T, - 1=08/087 < 9/0xT (35¢)
A/l 1 < [, -la, (35d)
Tr(:) < -d¥'x. (35e)

BN

In this way, we can go back and forth between both
Egs. (31) and (34). In the next section, we will see that these
correspondences also allow to go back and forth between the
generalized classical de Bruijn identity (4) and the quantum
de Bruijn identity for the von Neumann entropy rate in GDS
[see Eq. (36) below].

B. Quantum de Bruijn identity for Gaussian
dynamical semigroups

As we have seen, decomposition (15) for a GDS splits the
dynamics into diffusive and dissipative contributions, given
by the corresponding superoperators £; [Eq. (32a)], and £,
and £; given in Egs. (32b) and (32c), respectively. From
this decomposition, we obtain the quantum version of the
generalized de Bruijn identity for GDSs,

dS|[p:]
dt
where

=AY = %tr(lDJ]q[lbt]) —w(CIM[AD,  (36)

Jglti] = =Te(p,Hln py1) (37)

is the DQFI matrix, a quantum version of the Fisher informa-
tion matrix (5), and

MIp] = —Tr(p,M[n p,1). (38)

We observe that the result (Eq. (82) of Ref. [30]) obtained for
the quantum diffusion process (for which D = %]1 and C = 0)
is recovered from Eq. (36) evaluated at t = 0 and performing
the trace operation. This is the quantum analog of the classical
de Bruijn identity (1). As with its classical counterpart, this
result is used in the derivation of quantum entropy power
inequalities [31,32].

The diffusion contribution A, in Eq. (36) can also be ex-
pressed as Eq. (24) with A; = \/LEZ,IJ)A( and B; = JLE)_:,IJ)A(,
where X; = Re(ly) and X; = Im(l;). Therefore, the family of
density operators in Eq. (24), i.e.,

po.c=Uso b Uy =Ty i T, (39)
with € = X]J% or 31J%, is generated by phase-space trans-
lation operators [75], T,,, with n = X80 or £;80. These
translations in the phase space can be directly related to the
Langevin forces Oy = X, ¥.. Indeed, if we consider the
classical counterpart of the Hamiltonian generator C, i.e.,
C = O,IJX, from the Hamilton equation of motion we have

% = J% = Oy. Following the discussion below Eq. (24), we

conclude that in this case the diffusion term A, in Eq. (36)
is a measure of the noise produced by these Langevin forces,
¥ = Re(l;) and ¥; = Im(l;), in the quantum evolution.

Finally, from the correspondences (35) and replacing the
von Neumann entropy by the Shannon entropy into the quan-
tum de Bruijn identity (36), we can recover the classical de
Bruijn equation (4), and conversely we can obtain Eq. (36)
from Eq. (4). Moreover, the correspondences in Egs. (35)
imply J,[p:] < J[p;] for the quantum and classical infor-
mation matrices given in Eqgs. (37) and (5), respectively, and
MIp] < — [pv W(x, 1) x HPXD g21x = 1 [see Eq. (10)],
as well. Therefore, we conclude that the dissipation term W,
in Eq. (36) measures the total amount of change of the density
operator due to the dissipative force Fy(x) = —CJk.

In the next section we focus on evolutions in GDSs starting
with initial Gaussian states.

C. Gaussian states

The Fokker-Planck equation (3) associated with a linear
LME propagates any initial Wigner function that describes the
initial quantum state of the system [77]. Generally, these are
quasiprobability distributions; i.e., they can take negative val-
ues but still f]RN W(x,t) d*”x = 1. Here, we discuss Eq. (36)
specialized to Gaussian states 6,, which are quantum states
whose Wigner functions are probability distributions. Indeed,
the Wigner function of a Gaussian state &; is a multivariate
Gaussian distribution with mean (X), = Tr(p,X) and covari-
ance matrix V, = %Tr(,?),(f( —X)HE = X)),

1 o —1 N
Wo(x,t) = e~ mE=RDTY; (X—<X>,)/Wt’ (40)

where W, = 2rn h)"+/det(V,). Moreover, the density operator
of a Gaussian state can be expressed as [1,78]

6, = e—ﬁ(i—(ﬁ%)TUz(fi—(ﬁ)x)/Zt 41)

with Z; = \/det(V; + 5J) and U; = 2:J coth™'(2:1V,J). No-

tice that matrices V, and U, satisfy
UJ[V[J - JW[UJ{. (42)

The main reason to focus on Gaussian states is that they
represent the universe of stationary states (thermal or not) in
GDSs [58].

The evolution of the covariance matrix and first moments
of any state in linear LME is then determined by the differen-
tial equations

ldvl—[D—l-l(WAT—i—AV) (43)
2dt  2n 20! e
and
d(X) .
7’ = A(X), — &, (44)

respectively, with A and D given by Eq. (27) and & as in
Eq. (26). These equations completely determine the evolution
of Gaussian states in GDSs.

The Shannon entropy of a Gaussian state &; is well defined
(since Wg is a probability distribution) and given by A[w;] =
% Indet(V,) + nln(2we). Therefore, the rate of change of the
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Shannon entropy is given by

dhlws] 1 \

which is directly obtained from Eq. (4) with J[ws] = V'Tl and
tr(A) = —tr(JC). As in Eq. (36), there is no contribution in
Eq. (45) of the Hamiltonian evolution.

We emphasize here that Eq. (45) is simply the classical
Bruijn identity (4) for a probability distribution that corre-
sponds to the Wigner function of a Gaussian quantum state.

In Sec. IIB we showed that the first term in the classical
de Bruijn identity (4) can be rewritten as in Eq. (7). However,
in this case it is more interesting to rewrite the first term in
Eq. (45) using the expression for D in Eq. (30) that contains

the Langevin forces Oy = X, 3 ie.,
Le(p¥) = li (I[WEE0s0] + J[WE6])],_,.
2 hi 2 & ¢ G 7=

(46)
Here, O] J[W510; = J[W%101—,, where J[Wg;6]=
f]Rzn We (%)zd”’x is the Fisher information of the Wigner
function of the translated state given by Eq. (39), WG(G’O") =
We(x — 800, t).
Finally, for Gaussian states, we obtain that the quantum de
Bruijn identity (36) reduces to

dsié,] 1 U
dt’ = 5&(@#) — tr(JCU,V,), (47)
where we used that (i) F[Iné,] = —1U, 1 and M[Iné&;] =

%ﬁ(f( — (%))TU,, so that M[6;] = —V,U; — 5JU,, and that, in
general, Tr(p,R%T) — R), R)] =V, + 54, that (i) (U, J) =
0, because U, is symmetric and J antisymmetric, and (iii)
relation (42).

In the next section we analyze the stationary situations in

GDSs.

D. Stationary states in Gaussian dynamical semigroups

In GDSs if there exists a stationary state, 6°, this one

is unique and for any initial state py we have p, — 65

t—+400

[58,79,80]. In particular, starting with an initial Gaussian
state, the evolved states remain Gaussian. Therefore, station-
ary states are necessarily Gaussian. A stationary Gaussian
state corresponds to a thermal equilibrium situation when its
density operator, 65 = 6" in Eq. (41), is a Gibbs state of the
Hamiltonian A of the QDS in Eq. (26) or of a Hamiltonian
that commutes with this.

Remarkably, the quantum de Bruijn identity given by ex-
pression (36), for whatever initial state, together with the
one given by Eq. (47) for an initial Gaussian state, allows
a description of stationary situations. Indeed, from our ap-
proach we observe that the stationary state arises when the
environment, described by D and C, allows the balance be-
tween the diffusion term A; > 0 and the dissipative term W,

ie., % — 0. While A, describes the increase in noise
t——+00

due to Langevin forces, W, represents the contribution due

to the dissipative forces. Particularly for any initial Gaussian

state, the convergence 6, — & happens in such a way that
t—+00

% - dhg}tv(’] H—J:oo 0. This is a consequence of
dS[6,] _ dhlws] av,
= © 48
dt a T2 ( ' > (“48)
d av,

dr
between von Neumann and Shannon entropy rates results

= 0 in Eq. (43) when 6, = &5. Relation (48)
t——+00 ——+00

from
dsisl _ 1 (y dv
= U 49
a2 ( ’dz) (49)
dh 1 av
el _ 1y V=), (49b)
dt 2 dt
and the expansion U, = \/,’1 +©;, where 0O, =

;ool zfn’_‘:l("JZ' Y"1 To recover de Bruijn identity (47)

from the time derivative of S[&;] given Eq. (49a), we use
Eq. (43), tr(U,AVY,) = tr(U,V,AT), tr(JCU,V,) = tr(CIV,U,),
and tr(JBY,U,) = 0. The time derivative of A[w;] in Eq. (49b)
directly follows from dlindet(V:)) tr(V, 1%) (see Chaps. 1
and 9 of Ref. [81]).

The covariance matrix VS of a stationary state &5 is a
solution of a Lyapunov equation [32], i.e., setting <7 ‘N’ =0in
Eq. (43), so

D
= +V5(—=BJ —JC) + (JB — CHV* = 0. (50)

The solution of this Lyapunov equation gives VS as a function
of B, D, and C, and this dependency determines the type
of Gaussian state 65 is. Notice that, according to Eq. (45),
% = 0 is equivalent to the trace of this Lyapunov equa-
tion, since tr(BJ) = 0. Therefore, there is a direct connection
between the Lyapunov equation that determines V5, and hence
&3, and the stationarity of the Shannon entropy for the Wigner
function of 65, i.e., % = 0. Besides, for a stationary state

we have A, = ¥, in Eq. (47); therefore, % = 0. However,
let us see that, for a family of thermal states, there is another
way to establish the stationarity of the von Neumann entropy,
i.e., % = 0, which has a direct connection to the Lyapunov

equation for V5. Indeed, rewriting Eq. (47) as
ds|é;]

1
d;l =tr<tu,v,< hv, D— JC)) (51)

we obtain a solution of ‘% = 0 solving the Lyapunov equa-
tion

%(\/S)*HD —JCc=o. (52)

Let us see that this equation is a particular instance of Eq. (50)
whose solution corresponds to the covariance matrix, as a
function of D and C, of a family of thermal states. Indeed,
the solution is given by V$ = —3-DC~!J, with the condition
DJC = CJD for VS to be symmetric. This covarianc; matrix
VS = V' is indeed that of the thermal state " = th ,

Zh = Tr(e’ﬁH ), with B the inverse temperature, and A given
by Eq. (26) where & must be zero [83]. This is because
the Lyapunov equation (50) for this thermal state reduces
to Eq. (52), using that U/l = BB [with U" the matrix in
Eq. (41)] together with U"v"J = JV"U" and DJC = CJD.

where
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An example of an equilibrium state of this type is that appear-
ing in the quantum optical master equation, for whichD = y1
and JC = a1, where y > 0 and « is a real number [84].

VI. CONCLUSIONS

For memoryless continuous-in-time quantum channels,
whose dynamics is described by one-parameter quantum dy-
namical semigroups, we have provided a decomposition given
in Eq. (15) of the infinitesimal generator of the nonunitary
evolution. This extends the concepts of diffusion and dissi-
pation in these kind of open quantum systems and allows
us to obtain a compact formula for the rate of change of
the von Neumann entropy for quantum states, Eq. (22). We
emphasize that this constitutes one of the main results of our
contribution. The first term A, of that formula clarifies that
L in Eq. (15) is the infinitesimal generator of diffusion in
the dynamics, and the second term W, indicates that £, is
the infinitesimal generator of dissipation. Indeed, while the
positive contribution A,, rewritten as in Eq. (24), corresponds
to the increase of noise measured by the divergence-based
quantum Fisher information, the term W, measures the con-
tribution of dissipative forces to the rate of change of von
Neumann entropy. We highlight that an analogous approach,
using £, and L3, can be done to separate the fluctuation
from the dissipation contribution in the rate of change of the
mean value of any time-independent observable of a quantum
system that follows a one-parameter QDS dynamics.

We have then focused on channels that form Gaussian
dynamical semigroups, paramount in the description of the
most useful quantum channels in the data-transmission and
data-processing systems in modern quantum information the-
ory. For these channels, we have first obtained the expression
(32) for the infinitesimal generators of the dynamics from
our decomposition, where the dependence with the diffusion
and dissipative matrices appears explicitly. Besides, from this
decomposition, we have provided a series of correspondences
(35) that maps the Lindblad master equation for the evolution
of the density operator (34) into the Fokker-Planck equation
for the evolution of the Wigner function (31), and vice versa.
Finally, we obtained the rate of change of the von Neumann
entropy for Gaussian dynamical semigroups (36), where the
first term of our identity quantifies the contributions of diffu-
sion due to Langevin forces, whereas the second one is the
contribution due to dissipative forces. Identity (36) is nothing
but the quantum counterpart of the generalized classical de
Bruijn identity (4), which can also be obtained from the latter
from the series of correspondences (35) (and vice versa).

In addition, we have provided an alternative perspective
to study the stationarity of quantum dynamical semigroups
and in particular for Gaussian dynamical semigroups. Such a
study is usually addressed from the balance of the rates of the
entropy production and entropy flux, whereas we considered
here the balance between diffusion and dissipation in such
quantum channels.

Finally, we highlight that Eq. (22) [with A, given by
Eq. (24)] is a quantum de Bruijn identity valid for any quan-
tum dynamical semigroup. It is remarkable that this identity
has a very similar structure to that of the classical generalized
de Bruijn identity in Eq. (11), even in the case of finite-

dimensional quantum systems. Thus, we believe that, like the
quantum de Bruijn identity in Eq. (36), without dissipation, is
a key ingredient in the derivation of entropy power inequalities
in continuous variable systems, Eq. (22) with null dissipative
term, i.e., W; = 0, could be useful to define and prove entropy
power inequalities in finite-dimensional systems. Besides, the
quantum de Bruijn identity (22) reveals the central role played
by the divergence-based quantum Fisher information in the
quantification of the amount of noise produced by the random
effects into the dynamics suffered by systems that imple-
ment quantum communication channels. In this respect, our
framework opens an avenue in the study of time evolution in
quantum channels from a fluctuation-dissipation perspective
that allows to quantify the degradation induced by noise in
the information transmitted.
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APPENDIX A: UNITARY INVARIANCE IN EQ. (17)

Here we prove that the superoperators £, £, and L3 are
invariant under the unitary transformation of the Lindblad
operators in Eq. (17).

1. Invariance of £,

First, notice that the operators A, = (f,k + ﬁZ)/Z, B, =
(L — iZ) /21, and equivalently definitions to A;{ and 3}(, with
L; givenin Eq. (17) and (L) = )" W jI:;, transform as

Ay —> A =31 (ReWij) A; — Im(W, ;) B),
By — B, =Y (Im(Wy. ;) A; + Re(WL;) B)).

Second, using the identities Re(zw*™) = Re(z)Re(w) +
Im(z)Im(w) and Im(zw*) = Im(z)Re(w) — Re(z)Im(w) and
some algebra, we arrive at

[A;. [A,. O1] + B, [B;. O]
K

= ) Re(Wi ;Wi )IAL [A;. Ol
=1

K
+ Y Im(Wi W )IBI, [A;, 011
=1
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K
+ Y Im(We ;W )IAL [B;, O]
Jil=1

+ Re(Wy ;W)IBy, [B;, O11.
Finally, we obtain
a 1

0] = — hZA’k, [A}. Ol + [B;. [B. O1]

1

N

K
k=

K
> " Re(s,)[A. [4;. O]]

=1

§|~

+ Z Im(8;)[B1, [4;, Ol
jil=1

K
+ Z Im(3;,)[4,, [B;, Ol

=1

K
+ Y Re(;)1B1, [B;, Ol
jil=1

| X
:_ﬁg

=L,[0],

ON+[B;,[B;, 01

K . . .
because ) ,_, Wi ;W,*, = §;,,i.e., W is unitary.

2. Invariance of £, and L;

On the one hand, we have

K K K
DI BT =" Wi W LiL
k=1 jil=1 k=1
K K
- Z ZWk,JWk*ZLl’LJ
=1 k=1

Therefore, we obtain
| K
L4101 = —th (L. L)'1. 0}

A

{lLs, L]1, O} = £,[O1.

l\)l>—‘

L
=—th::

On the other hand, we have

K K
Zﬁ,ﬁé(ﬁ,’( )= Z Z W, L;0 Z AT
k=1 k=1 ) ]

K K .
Z Z Wk,.iWk’fllz.iéizT

jl=1 k=1

K
> LOL.

=1

b

~.

A similar result is obtained for Zszl(lA,,’()TOAlA,,’( =
S lA,]i OL. Therefore, we obtain

K
oA 1 A b A
£y101 = o 3 (GO — () 0Ly
k=1
1 K
= — Y @OL] — £[0L,) = L3100,

2h =

APPENDIX B: PROOF OF EQ. (21)

Let Usy be a unitary operator describing the evolution of
the state of a system with respect to a parameter 66 = 6 —
6o, i.e., Do = 059 ,?)90 0;9 with 059 0;9 = 0;9 059 = i the unit
operator, l70 = i, and 6, a fixed value.

Let us consider the quantum relative entropy of the state pg
from pg, that serves as a reference,

S[psl1pa,] = Te(Po (10 5 — In pg,))- (B1)

Notice that the quantum relative entropy is positive and zero,
its minimum with respect to 6, if and only if py = pg,. Thus,
both the relative entropy and its first derivative with respect to
6 vanishes at 6 = 6.
In order to obtain expression (21), we have to calculate the
second derivative of the quantum relative entropy at 8 = 6.
The first derivative of the relative entropy is given by

dpg . . .
20 S[pollpe,] = Tr(%(ln Po — In ,090)>

d
+Tr<,bgﬁ In pe). (B2)

Because Usy is unitary, In py = Usg In pg, LA/;(9 Thus,

d . dOy .. . dU}
%11’1,032 70 In pg, Ugy + Use In g, 70 (B3)

Now, tracmg Eq. (B3) and using successively (i) both
Ugg,OgnUw and U53U59 =1, (ii) Tr(AB) = Tr(BA) (judi-
cmusly) together with U(;gU,;@ = 1, (iii) the fact that pg, and
In pg, commute, and (iv) UsoUss =1 so that its derivative
vanishes, we obtain

A

Lod . dUy, o
Tr pgﬁlnpg = Tr( Usy Da, Use 70 In pg, Uy,

L dU
+Tr| Use g, In D4, 70

. 0
= Tr| In pg, Pg, Uy

_ . duf,
+Tr( P, In pg, 70 Use
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(A4
=Tr (pgo In pg, #
=0. (B4)

Consequently, the second term of Eq. (B2) vanishes and thus
the first derivative of the relative entropy reduces to

d dpg . .
%S[POHP%] = Tr(E(ln Po —In ,090)>, (B5)

which indeed vanishes at 6 = 6.
Now differentiating expression (B5), the second derivative
of the relative entropy is written

2

do?

2/\

d-p
—S[PolPa,] = Tr( 102 % (In py — lnﬁ90)>

dpy d
e[ 222 L 1)
+ r( d6 do np@)’

2

do? (B6)

——>S[Pe |l Pe, ]

Let Csy be the Hermitian generator of the unitary transforma-
tion Usy, that is,

Coo = dU”U 10 4Us (B7)
0= T g T T e T

Then, we use expression (B3) for % In pg, and similarly for

% Do (just replace In py by py) so that, after some algebra
in the same line as previously (property of the trace, unitary
property of Usg, commutativity of In pg, and pg,, together with

J

n n
RTQO% =) > Q0% =

j=1 I=1 j=1 I=1

dU;a dUs _ dUw i dUs :
0 de = Uag Uae T8 ), one obtains

dpg d N A A .
Tr (d@ 70 lnp9> = Tr(0g,[Css, [Cso, In g, ]])

(B3)
Taking Eq. (BS) at § = 6, where we define Cy = Cyy lo=g, and
plugging the expression into (B6), we finally achieve Eq. (21).

APPENDIX C: £,[0], £,[0], AND £3[0] IN GDSS

Let us start writing A; = %(ﬁk + ﬁz) = Re(lZ)Jf( =
Re(ap)™P —Re(by)™§ and B = +(L; — L)) = Im(A))J% =
Im(a;)TPp — Im(b;)T§ with £ in Eq. (26) and 1T = (al,b]).
Therefore, using these expressions in Eq. (16a) we obtain

1 o & .
o7 2 2 (Re(@onRe((@))lpr, [p;, Ol

L£i[0] = —
k=11,j=1
— Re((bx))Re((@))l4r. [p;, O11
— Re((a))Re((by) I pr. [4;, O11
+ Re((bo))Re((b) )41 [3;. O1D).
Now, wusing the identity Re(zw*)= Re(z)Re(w) +

Im(z)Im(w) we get to the final result,

Li[0] = 5 Z Z (ﬁZRe(aw 0)m) )

s 1 m=1
X —2[(JX)m, [(JR);, O1]

2n  2n

= Z Z (hRe(I)); ,n (ALO1)pn. s

s=1 m=1
= %tr(u)[ﬂ[é]). (C1)

Here, we used the definition in Eq. (33a), that D =
hRe(l), and we define the matrix notation: ([¥, [§7, O] =
Bs: B> O11.

In the following we will need the identity

n n
DO QL. 15, Ol + (f1%;, O} — £,0%; — 1hJ;;0)

= — Fr(QJHOJ) + r(Q{xx", O}) — tr(QxOx") — 1 Atr(QJ)O

— RPtr(QJH[O
where we used the canonical commutation relation [%;, ;] =
17i(J);,;1 and the identity

R&T h(\? + %Ji), (C3)

with ¥ the operator matrix V=
when O = 1 we have

RTQ% = 2Atr(QV)

(XXT + (XXT)T)/2. In the case

— tr(QRRT)

= htr(QV) — %tr(QJ)i, (C4)

01) + htr(QV) O + 1 O r(QV) — tr(QROKT), (C2)

(

using Eq. (C3). Identities in Eqgs. (C2) and (C4) are valid for
arbitrary matrices Q, but the interesting case here is when Q
is antisymmetric. Indeed, when Q is antisymmetric, because
JH[O]J and V are symmetric, we have

KTQO% = —tr(QROKT), (C5)

RTQK =

—2r(QI)1. (C6)
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Using the definition for £; in Eq. (16a), we have

L£,[0] =

{—XTILL IR + KTIELT IR, O}

1 1 K K
i IS T _ T T A
2ﬁ{xJ z(kg;lklk kg}:lklk>Jx ,0}

l_{,u (T - [r)JﬁT,O}
2h 21

_ l_ & T O
2h{XJ(IZ.Jx , 0}

1 h ah A 1 A
= —ﬁ{—l Etr(JCJ )], O} = Etr(JC)O, (C7)

where we used C = (I'™* — [")/21, that J? = —1, and the iden-
tity in Eq. (C6).

For L3 in Eq. (16¢) we can write

K
1 C st span
5 Y (LkOL] — L OLy)
k=1

L3[0] =

TI(-LI] +TI)J0%

Il
SIS
gle
>

1 A 1 A
b N 1O% — _ LeT .
= 5% J(=I 4+ M)Jox X JCJOx
= %tl‘(JCJXOXT). (C8)

—X[X O] + &7 O where we define the matrix
O] )sm - y_w [ym, O] Therefore

But, X0%” =
notation: (¥, [§7

L£3[0] = ﬁtr(Jq:JxéxT)
- —%tr(JCJf([f(T, O + 1tr(JCIOV) — %tr(JCJZO)
= —%tr(@dﬁ[f;T, 01) + 10t (JCJIV) + %tr(JC)O
= t(CIM[O]) + L,[0], (C9)
where we define the superoperator matrix M[O] =

F(OUX)T, O] and we used Eq. (C7), that tr(JCJIV) = 0,
J?=—1, and
2n 2n

J)lj - Z Z Jlrxr[xs’

r=1 s=1

2n 2n

= Z Z Jlrxr[JSJ-xsv 0]

r=1 s=1

=- ZJ,,x, [Z Jjk, }

(JX[(JX) Ol (C10)
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