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We address the structure of the Liouvillian superoperator for a broad class of bosonic and fermionic Markovian
open systems interacting with stationary environments. We show that the accurate application of the partial
secular approximation in the derivation of the Bloch-Redfield master equation naturally induces a symmetry on
the superoperator level, which may greatly reduce the complexity of the master equation by decomposing the
Liouvillian superoperator into independent blocks. Moreover, we prove that, if the steady state of the system is
unique, one single block contains all the information about it, and that this imposes a constraint on the possible
steady-state coherences of the unique state, ruling out some of them. To provide some examples, we show
how the symmetry appears for two coupled spins interacting with separate baths, as well as for two harmonic
oscillators immersed in a common environment. In both cases the standard derivation and solution of the master
equation is simplified, as well as the search for the steady state. The block diagonalization does not appear when

a local master equation is chosen.
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I. INTRODUCTION

Open quantum systems are nowadays a well-established
framework whose theoretical aspects have been investigated
in depth [1-3]. An important branch is represented by Marko-
vian open systems [4,5] and quantum dynamical semigroups
[6]. In particular, the generator of a quantum dynamical
semigroup is a time-independent Liouvillian superoperator L,
such that if pg(0) is the initial state of the system, the state at
time ¢ is given by pgs(t) = exp(Lr)[ps(0)]. The solution of the
master equation providing the dynamics of the system relies
on finding the Liouvillian L.

The evolution of a dynamical semigroup is described
by a master equation in the so-called Gorini-Kossakowski-
Sudarshan-Lindblad (GKLS) form [7-9]. This form has been
extensively studied during recent years [10-19], with a par-
ticular attention on the steady-state structure, given the im-
portance of, for instance, steady-state coherences in quantum
thermodynamics [20-22] or of information-preserving steady
states [23]. The form of the steady state is also crucial
to understand the process of quantum thermalization [24].
The investigation of the role of symmetry in the semigroup
evolution has been very active as well [25-33]. Given the
simplicity of the GKLS master equation, a thornier issue has
been to characterize which microscopic physical models of
systems and environments lead to a reduced system evolution
described by this master equation. In 1965 Redfield derived
a Markovian master equation by assuming weak coupling
between system and environment and making some consider-
ations about the relevant timescales of the evolution [34]. This
derivation and the subsequent Bloch-Redfield master equation
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are still commonly employed nowadays [1,2,35]. A more
formal derivation has been provided by Davies [36,37], show-
ing that the semigroup evolution is perfectly recovered when
the coupling between system and environment is infinitesi-
mally small. In some situations, e.g., in the case of two slightly
detuned spins [38,39], the Davies’ limit cannot be performed,
since it corresponds to applying a “full secular approxima-
tion” removing all the oscillating terms in the interaction
picture dynamics without discriminating which of them are
fast and which are slow, instead of a more accurate partial
secular approximation. The latter was implicitly suggested
by Redfield himself [34], and an extensive study about it
has been performed in the very recent past [35,39—43], in
particular showing that applying an accurate partial secular
approximation to the microscopic derivation of the master
equation allows one to recover the GKLS form [40,41].

In this work we show how a symmetry on the superoperator
level arises due to the partial secular approximation. Our dis-
cussion is valid for a broad class of systems that can be recast
as M noninteracting fermionic or bosonic modes weakly cou-
pled to stationary Markovian environments. The symmetry
consists of the invariance of the Liouvillian superoperator un-
der the action of the total-number-of-particles superoperator.
We stress that the symmetry is on the superoperator level,
i.e., it is not a symmetry of the system Hamiltonian, but of
the full master equation of the open system. Following the
formalism discussed in Ref. [27], we can exploit it to block
diagonalize the Liouvillian superoperator and greatly reduce
the complexity of the master equation. Complexity reduction
of abstract GKLS master equations in fermionic or bosonic
systems has been also addressed in some extensive works by
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Prosen et al. [12,14,15], while Torres exploited a symmetry
of the Hamiltonian to find the solution of master equations
without gain [44]. Once having exploited the symmetry to
obtain the block diagonalization, we observe that, if the steady
state of the system is unique, one single block contains all the
information about it. This not only helps to find it, but also
imposes a constraint on the corresponding steady-state coher-
ences. Curiously, the symmetry arises only when considering
a global master equation, while it is not valid anymore when
using a local one [39,45,46].

We review the derivation of the Bloch-Redfield master
equation and subsequent partial secular approximation in
Sec. II, as well as the theory of symmetries and conserved
quantities in Lindblad master equations. Section I1I is devoted
to the discussion of the symmetry on the superoperator level
and to the block diagonalization of the Liouvillian. In par-
ticular, Sec. III A discusses the class of systems for which
our analysis is valid, while Sec. III B presents the main result
and Sec. III C its consequences. We provide some illustrative
examples of the action of the symmetry in Sec. IV, distin-
guishing between fermionic and bosonic scenarios. Finally,
we conclude in Sec. V with a discussion about our results.

II. FORMAL FRAMEWORK

A. Markovian master equations with partial secular
approximation

Let us consider an open quantum system S with associated
Hilbert space Hg of dimension N, described at time ¢ by
the N x N density matrix ps(¢). S is coupled to an external
environment E through the interaction Hamiltonian 1-71, and
throughout the work we restrict ourselves to stationary envi-
ronments. The full system-bath Hamiltonian can be written as

H=H,+Hg + H

=Hs+He + 1) Ay ® B, (1)

where ﬁs is the free Hamiltonian of the system, 1-75 is the
free Hamiltonian of the environment, Aa are system operators,
while B, are bath operators. y is a coupling constant with
units of energy, and in the weak-coupling limit considered
here we assume p far smaller than the other characteristic
energies of the system. We set 7 = 1, so that the units of
measure of time are [time] = [energy] ™.

We term |e,,) the eigenvectors of the free Hamiltonian of
the system, which may be degenerate as well, such that Hs =
Y €nlen)(enl. The jump operators of the system are defined
as [1]

Au@)y="Y" lex)(enlhalen) (eml. )

€m—€En=w

We assume that the open system S follows a Markovian,
nonunitary evolution due to the coupling to the station-
ary environment E. The master equation describing a time-
independent dynamical semigroup is written as

d
Eps(t) = L[ps(1)], 3)

where L is the Liouvillian superoperator acting on the N>-
dimensional Hilbert space L of the linear operators on Hyg,
called Liouville space [27], which contains the convex sub-
set of the density matrices. In particular, for the Bloch-
Redfield master equation in partial secular approximation
(PSA) [1,2,39]:

L = —i[Hs + His, -1+ D[ -1, 4)
where Hi s is the Lamb-shift Hamiltonian given by
As=Y Y Seplw,o)Al@)ip@), (5)
o,B (w,0)ePSA
while the dissipator reads

Dlpsl=)_ >

o,B (w,0)ePSA

Yap(@, @ )Ag(w)psAl (@)

1 . n
- E{Al(w/)Aﬁ (@), ps))- (6)

Sap(w, ") and yup(w, ') are functions of the autocorrelation
functions of the bath operators B,.! The PSA removes all the
terms in the summation with frequencies w and ’ such that

3¢* such that |w — o'| 7' € t* K 1, (7N

where 1z is the relaxation time of the system, i.e., the time
in which pg approaches the dynamical equilibrium [1,39].
We can express Eq. (7) as | — o'| # O,*(IR_I), where for
convenience we introduce the notation O,-, defined as

x = Op(y)if Br* such that x 1 « ¥ < y~ L. )
In the weak-coupling limit considered here we have
= 0(u") ©)

being the master equation of the second order in u [3].
Appendix Al discusses why Eq. (3) with Liouvillian in Eq. (4)
can be recast in the GKLS form:
N2—1 1
Llos®)] = ~iIlH', psO1+ Y Fips@F = S{FFr ps(@)),
I=1
(10)
where A’ = A'" is the effective Hamiltonian including the
Lamb shift, and {£})"7" are the Lindblad operators [1].
From now on we will use calligraphic letters (such as £) to
indicate superoperators acting on L, while we will use capital
letters, with hats when needed to avoid confusion, (such as H)
for operators living in L, which for instance may act on the
Hilbert space of the system Hg. The density matrices pg are
elements of L as well. Appendix A2 discusses the language of
superoperators in more detail.

B. Symmetries and conserved quantities in the Lindblad
formalism

In this section we introduce the concepts of symmetries and
conserved quantities in the Lindblad formalism following the
recent work by Albert and Jiang [27]. Let us assume that the

"We refer the reader to Ref. [39] for their precise form.
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Lindblad evolution of an open system § is described by the
Liouvillian superoperator £ as discussed in Sec. IT A. Given
an observable J = JT acting on Hg and living in L, we have
the following definitions:

(1) J is a conserved quantity if it is a constant of motion
under the nonunitary evolution generated by the master equa-
tion, i.e., if Ef[f(t)] = 0 for all 7.

We construct the one-parameter unitary group whose el-
ements are lj¢ = exp(id)f ) with ¢ € R, and then we define
the associated superoperators Uy as L{;[OA] =U (g 0U,, with
O € L. We can analogously write Uy = exp(i9pJ ), where J
is the superoperator associated with J through J = [/, -].
In the language of the isomorphism introduced through the
tensor product notation in Appendix A2, we have J =J ®
Iy — Iy ®JT.

(2) J generates a continuous symmetry on the superopera-
tor level if U;EZ/{¢ = L for all ¢, or equivalently [ 7, £] = 0.
The continuous symmetry is also called covariance [47-49],
given that it corresponds to the equivalence lA/; L[,os]l7¢ =

E[ﬁ(;psm,], for any state of the system ps.

If the evolution of the system were unitary and driven only
by the Hamiltonian Hg, according to Noether’s theorem a
conserved quantity would always generate a symmetry and
vice versa. In the framework of open systems this is no longer
true, since for instance a symmetry on the superoperator level
not always implies a symmetry on the operator level. In
particular, if the master equation is in the Lindblad form as in
Eq. (10), we can consider the following three propositions:

() J,H1=U,F1=0 VI,
(i) $J()=LIJ0)] =0,
(iii) U;£U¢ = L V¢ € R, orequivalently [7, L] = 0.

Then we have that (i) implies (ii) and (iii), but no other
logical implications are present [27]. This tells us that an
observable J may be a conserved quantity but not generate
a symmetry on the superoperator level, and vice versa.

For the purpose of this paper we are interested in the ob-
servable representing the total number of particles in a system:
suppose we have a system of M bosonic or fermionic modes;
then the Hilbert space of the system is the tensor product of the
Hilbert spaces of the M modes. The total-number-of-particles
operator reads

M
N=> . a1

where 7y is the particle number operator of the kth mode. N
generates the one-parameter group Uy = exp(i¢N). If we set
¢ = m, we obtain the parity operator:

P = exp(inN). (12)

The parity operator satisfies the properties P> =T and PT =
P, and as a consequence it only has two eigenvalues, +1. Par-
ity is an observable which can generate a discrete symmetry
on the superoperator level.> In analogy with the definition of

Discrete symmetries in the Lindblad formalism deserve a separate
discussion, and we refer the interested reader to Ref. [27].

a continuous symmetry, we write the parity superoperator as
P = exp(itN), (13)
where N is defined as
N=I[N,-1. (14)

Equivalently, using the tensor product notation (see Appendix
A2) we have

N=NeI-1eN". (15)

Being different objects, symmetries and conserved quanti-
ties play a different role in the analysis of the evolution of open
quantum systems [10,11,25,27]. Conserved quantities are of
fundamental importance to identify the structure of the space
of stationary states of the systems [27], related to the problem
of finding decoherence-free subspaces [50]. Symmetries can
help in simplifying the form of the Liouvillian superoperator,
and thus in solving the master equation. Indeed, if we identify
a symmetry such that [7, £] = 0, we can block diagonalize
the Liouvillian with each block labeled by a different eigen-
value of 7. As we will see in the next section, this can greatly
reduce the complexity of the master equation.

III. THE BLOCK STRUCTURE OF THE LIOUVILLIAN IN
PARTIAL SECULAR APPROXIMATION

In this section we will show how, for a broad class of
models, the partial secular approximation naturally induces a
symmetry on the superoperator level, which can be exploited
to simplify the master equation. Note that we can apply the
concepts of Sec. II B, introduced in the Lindblad formalism,
to the Bloch-Redfield master equation in partial secular ap-
proximation, since as explained in Appendix Al the latter can
be brought to the GKLS form.

We start by introducing the suitable class of Hamiltonians
in Sec. III A, and then we focus on the identification of the
symmetry in Sec. IIIB. Section III C discusses a series of
interesting applications and consequences of the main result.

A. Delimiting the suitable class of systems

Our analysis applies to all systems that can be cast as the
sum of the free Hamiltonians of M noninteracting bosonic or
fermionic modes, with

M M
Hs = ZEk@,{@k = Ei, (16)
k=1 k=1
and Ej, is the energy quantum of the kth mode.

Equation (16) describes a broad class of Hamiltonians
which are particularly relevant in the fields of condensed
matter and optical physics. For instance, any quadratic Hamil-
tonian, that is to say any Hamiltonian of the form

M
Hs =) (apdlay + Bijax + He), (17)
Jik=1

where 4, is an annihilation operator, can be rewritten as a sum
of noninteracting modes as in Eq. (16) [51,52]. This is just
a sufficient but not necessary condition, since more complex
Hamiltonians may be taken into the form of Eq. (17). In
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the case of bosons, all Hy preserving Gaussian states can be
recast as Eq. (16). These Hamiltonians contain linear and/or
bilinear terms and can be reduced into the form of Eq. (17)
through displacement transformations. Systems of uncoupled
spins can be trivially seen as noninteracting fermions via
Jordan-Wigner transformation [51,53], and thus are suitable
for our discussion. The same holds for interacting spin chains
in which the total number of spin excitations is conserved
(see Appendix C). Two coupled qubits can be transformed
into free fermions as well, as discussed in Appendix D, while
extensions to wider systems of interacting spins (such as the
Heisenberg model) are tricky and must be considered case by
case.

We now set the relevant assumptions on the interaction
Hamiltonian H; in Eq. (1). First of all, recalling that u is the
system-bath coupling constant defined in Eq. (1), we set E; #
O« (1?) Y k, where we have used the notation introduced in
Eq. (8). Then, the interaction Hamiltonian is suitable for our
analysis if at least one of the following conditions holds:

(1) Condition I. Each system operator A, in Eq. (1) in-
volves only single excitations, that is to say, each A, is a first-
degree polynomial in the creation and annihilation operators
& For instance, A, = ¢, + 62 is a valid system operator,
while A, = élég or Ay = &,¢, are not.

(i1) Condition II. Let us consider the set of energies K =
{Ek}ﬁil. Create two new sets by randomly selecting some
elements of K that can be repeated as well, and term them
X and Y; assume that they have different cardinality (number
of elements): |X| # |Y|. Then we exclude situations such
that ) p oy Ew = D g ey Bt + Or (1?). This condition can be
relaxed depending on the structure of the system operators in
the interaction Hamiltonian, as we will show in the proof in
Appendix B. Notice that condition II comprises condition 1
together with the assumption E; # O, (u?).

B. The symmetry of the partial secular approximation

We will now show that, if the requirements of Sec. IIT A
are satisfied, the number superoperator A/ defined in Eq. (14)
commutes with the Liouvillian in partial secular approxi-
mation Eq. (4), and therefore generates a symmetry on the
superoperator level.

Proposition 1 (Symmetry). Let £ be the Liouvillian su-
peroperator describing the Markovian evolution of a quan-
tum system that can be written as a collection of bosonic
or fermionic noninteracting modes. If £ has been derived,
starting from the microscopic model of system-+environment,
through the Bloch-Redfield master equation in partial secular
approximation, then it commutes with the number superoper-
ator:

[N, L]1=0, (18)

provided that one of the conditions I or II on the interaction
Hamiltonian H; discussed in Sec. ITI A holds.

Proof. In Appendix B. |

Note that Proposition 1 may be considered as the ex-
tension to systems of M modes of the concept of phase-
covariant master equation [49,54-56]. By now, the latter
has been addressed as the problem in which a system of
a single qubit follows an open dynamics described by the

Liouvillian £ which is covariant under a phase transformation,
ie., e % L[psle®% = Lle % pge'®%], which corresponds
to Eq. (18) in the case of a single fermionic mode. Therefore,
the symmetry group generated by A is isomorphic to U(1). A
complete characterization of the single-qubit phase-covariant
master equation can be found in the Supplementary Material
of Ref. [54].

C. Consequences of the symmetry

In this section we discuss a list of interesting consequences
of the symmetry presented in Proposition 1. We start with a
simple corollary:

Corollary 1 (Parity). If the conditions for Proposition 1
hold, then the parity superoperator P is a symmetry on the
superoperator level as well: [P, L] = 0.

Proof. If the conditions for Proposition 1 hold, then
[V, £] = 0. But according to Eq. (13) P = exp(iw '), thus
the parity superoperator must commute with the Liouvillian
as well proving the assertion. ]

Notice that the symmetries in Proposition 1 and Corollary
1 are, in general, only on the superoperator level. Indeed, we
are not imposing any further condition on the form of the
interaction and on the spectral density of environment, that is
to say, the result of Eq. (18) is an interesting consequence of
the partial secular approximation only. This includes cases in
which the parity of the number of particles (on the operator
level) is modified by the interaction with the environment.
For instance, the very common decay of a single mode of the
electromagnetic field, described as p = apa’ — 1/2{a'a, p}
[1], clearly does not conserve either N or P, while as it holds
the partial secular approximation it fulfils Eq. (18).

How can we exploit Eq. (18) for the analysis of the open
system? As already mentioned in Sec. IIB, the symmetry
generated by the number superoperator allows us to block
diagonalize the Liouvillian in a way that is particularly con-
venient for the solution of the master equation. Indeed, the
eigenvectors of AV in the representation expressed by Eq. (15)
are given by the tensor product of the diagonal basis of Hs
with itself. That is to say, if we rewrite the system Hamiltonian
as Hy = > €nlen)(en], we choose the basis of the space of
superoperators {|e,) @ |en)},.m- This is exactly the basis we
work with when deriving the Bloch-Redfield master equation,
since it is the basis in which we write the jump operators
[1,2,39]. Therefore, if we express £ as a matrix in the basis
len) ® |en), and we regroup all the elements of the basis
which are eigenvectors of N with the same eigenvalue d, we
naturally find the blocks of the Liouvillian in such basis. Note
that d is the difference between the number of particles in the
state |e,) and the number of particles in |e,,). We can express
this fact in the following proposition:

Proposition 2 (Blocks). In a system of M bosonic or
fermionic modes in which Proposition 1 holds, the Liouvillian
superoperator can be divided into blocks as £ =D, L4,
where Ly is the block labeled by the eigenvalue d of N. Let
us write £, as a matrix in a basis {|e;) ® |e,)};« which spans
its space, where |e;) and |e,) are eigenvectors of Hs. Then,
if we write £_; as a matrix in the basis {|e}) ® |e;)};« these
matrices satisfy £, = L* ;.

042108-4
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Proof. The Liouvillian can be block diagonalized thanks to
the symmetry expressed by Eq. (18), generated by N whose
eigenvalues label the blocks. £ describes the dynamics of
the density matrix of the system pg as in Eq. (3), but since
(ps)jk = (,os)zj, we have in the chosen bases £, = £* ;. W

Proposition 2 tells us that the symmetry in Eq. (18) not
only provides a block division for the Liouvillian, but also
reduces the number of independent blocks, e.g. for fermions
from 2M + 1 to M + 1. This may greatly simplify the solution
of the master equation, which now would live in spaces of
lower dimension. We will show in Sec. IV some examples of
this block diagonalization and complexity reduction.

Each block of the Liouvillian superoperator may give us
important insight about a certain physical phenomenon of
interest. If we know that a given block contains all the relevant
information about such phenomenon, we may indeed analyze
only this block and neglect all the rest, thus working in a far
smaller space than the one in which £ lives. This happens,
for instance, in Ref. [57], where two independent blocks of
the Liouvillian superoperator describing the decay of two
spins (corresponding to the blocks discussed in Proposition 2)
contain all the information about two different physical phe-
nomena, namely superradiance and quantum synchronization.
Besides, note that all the populations of the state of the system
belong to the block L.

Finding the unique steady state of a relaxing Lindblad
dynamics is another example of the advantages entailed by
the block structure of L: a steady state of the open dy-
namics is a state py such that L[p,] = 0. It always exists
at least one steady state for finite systems [3,11] and, if it
is unique, then the semigroup is relaxing, i.e., any state is
driven toward pg for ¢+ — oo, and no oscillating coherence
survives.

The unique steady state “lives” in the subspace of the
block Ly only. Indeed, let us call I, the projector over the
eigenspace of A associated with the eigenvalue 0. Then the
following proposition holds:

Proposition 3 (Steady state). If the conditions for Propo-
sition 1 hold and the semigroup generated by L is relaxing
toward a unique steady state pg,, then Ip[pg] = pss- 1.€., the
only nonzero elements of the density matrix representing 0y
in the excitation basis are the ones with equal number of
excitations in the ket and in the bra.

Proof. Let us suppose that the steady state pg has a
nonzero component in a subspace projected by I1,; with
d # 0: Tly[ps] # 0. Coming back to the space of den-
sity matrices, this means that the density matrix of the
steady state in the excitation basis has some nonzero el-
ements with different number of particles in the bra and
in the ket. Therefore, there exists a block £; with d #
0 having a zero eigenvalue. Furthermore, the block L
must have a zero eigenvalue as well, since for p; to be
a physical state it must possess diagonal elements. We
now build a new state p; such that ITo[p;,] = Io[ps] and
Ii[p,] =0 for all kK #0. p;, is a physical state (since
we have obtained it by removing coherences from pyy)
and is a steady state as well, since it has the same ele-
ments of pg in the space projected by Ily whose evolu-
tion must be independent from the one of the elements in

the space projected by I1,. Therefore, the steady state is
not unique anymore and we have proven the assertion by
contradiction. ]

Proposition 3 implies the corollary that £ is the only block
having an eigenvalue equal to zero, while all the eigenvalues
of the remaining blocks have negative real part. Another
immediate consequence is the following.

Corollary 2 (Steady-state coherences). If the conditions
for Proposition 1 hold and the semigroup generated by L is
relaxing toward a unique steady state, then the only nonzero
steady-state coherences in the excitation basis must have the
same number of excitations in the ket and in the bra.

Proposition 3 is telling us that, when the semigroup dynam-
ics is relaxing toward a unique steady state as it is often the
case, we only need to find the eigenvalues and eigenvectors of
the block L to characterize the stationary state. In particular,
this restricts the range of possible steady-state coherences in
which we may be interested, e.g., for thermodynamics tasks.
Proposition 3 does not give information about scenarios with
a broader space of steady states, such as in the presence
of decoherence free subspaces and/or oscillating coherences.
Further studies are needed toward this direction.

Finally, let us comment that Proposition 1 and Eq. (18)
are not valid if we choose the local approach to derive the
master equation [39,45,46] of a system composed of inter-
acting subsystems (that can be rewritten as noninteracting
normal modes). Indeed, the local basis used to find the jump
operators would not coincide anymore with the diagonal basis
of the normal modes of HS [39,58], and this would create
extra terms in the Liouvillian superoperator which would not
respect the rules discussed in Sec. III B. For some particular
cases, this fact may turn the global approach computationally
more convenient than the local one.

IV. EXAMPLES

In this section we will propose a couple of physical exam-
ples (one for fermions, one for bosons) in which the symmetry
of Eq. (18) appears, and we will show how it significantly
reduces the complexity of the master equation by a block
diagonalization of the Liouvillian superoperator. We choose
as examples some simple low-dimensional cases, whose so-
lution is in general already known, in order to show how to
identify and employ the symmetry also in familiar scenarios.
Of course, more cumbersome situations would exhibit an even
more drastic dimensionality reduction. For simplicity, from
now on we will drop the hat sign over the operators living
in the Liouville space L.

A. Fermions

Consider a system of M noninteracting fermions, with
Hamiltonian:

M
Y Ef i (19)
k=1

If we let the fermions interact with local and/or collective
baths through an interaction Hamiltonian H; which satisfies
one of the conditions discussed in Sec. III A, the Liouvillian
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superoperator will be block diagonal with each block labeled
by the eigenvalues of the operator N in Eq. (14). We will
provide the explicit form of such a Liouvillian for M =2
fermions in Sec. IV A 1, being this case of utmost importance
in different fields such as quantum computation or quantum
thermodynamics. Before that, let us establish the dimension
of each block for any M. Let us term d an (integer) eigenvalue
of A assuming valuesd = —M, ..., —1,0,1, ..., M. The di-
mension of the block £, is given by the number of excitation-
basis vectors, written in the tensor notation of Eq. (A3), which
have a difference between the number of excitations on the left
and on the right of the tensor product equal to d. Taking into
account all the possible combinations of suitable excitations in
the vectors and all their possible permutations, the dimension

of L, reads
, YoM/ M
e = 3 () (. 2\)

k=|d|

(20)

Two interacting spins as decoupled fermions

Consider a system of two interacting spins with Hamilto-
nian

H w1 Z + w?

= —0

ST T

By employing the Jordan-Wigner transformations, a rotation

and a Bogoliubov transformation (see the discussion in Ap-

pendixes C and D), we can rewrite the system Hamiltonian

as

—0j + Aojoy. 21

Hs = E\Qf] fi = )+ E22f fo — 1 (22)

J

where f; and f, are fermionic operators satisfying the
fermionic anticommutation rules: {f;, fkT} = §jx, while the
expressions of the energies E; and E, can be found
in Eq. (D10). The interaction eigenbasis of Hg is
{100) ¢, [01) ¢, |110) £, |11) ¢}, and its relation with the canonical
spin basis can be found in Egs. (D17) and (D18). Although
this transformation may appear redundant in the simple case
of two qubits, it is fundamental for the purpose of diagonal-
izing more complex chains of interacting spins [53], see for
instance Appendix C.

We couple each qubit to a separate thermal bath, such that
the Hamiltonian of the environment is Hr = Zk QkaZak +

> Q;bj b; and the interaction Hamiltonian reads

Hy =Y gwoi(al +a)+ Y go3(b] +b).  (23)
k l

where g, and g, determine the spectral densities of the baths
[1]. As mentioned before, these are not relevant for the present
discussion and are assumed to display fast decaying correla-
tion functions, inducing a Markovian evolution. We assume
that the both baths are in a thermal state with temperature
respectively 77 and 7,. Such as a system is of fundamental
importance, e.g., for the understanding of quantum heat trans-
port in quantum thermodynamics [46].

Using Egs. (D11) and (D12) we can rewrite the interaction
Hamiltonian as

Hy =) g(cos(® + ¢)(f + fi) +sin(@ + $)(f] + f2))a]f + )
k

+ 3" gl(cos(@ — p)P(f)
l

where P is the parity operator, and we notice that each
separate bath plays now the role of a common bath between
the two fermionic modes. Note that Eq. (24) satisfies the
second condition on the interaction Hamiltonian presented in
Sec. IIT A.

The interacting Hamiltonian Eq. (24) leads to the following
master equation:

d
Eﬂs(f) = —i[Hs + Hys, ps(t)]

1
2 (fips(t)ff—E{ffﬁ,ps(t)})

i,j=1,2

+ Z V,,( Si ps@®)fj — {f,/‘fiT’Ps(f)})

i,j=1,2

>k (P s f] P — —{f fi psm})
i,j=1,2

> ol fTPesPf; - {f,ﬂ,ps<t)}),<2s>

i,j=1,2

— ) +sin(® — ¢)P(f

— VB! +by), (24)

t

where the Lamb shift ~Hamiltonian reads HLS
Z” 12(sl/f fi+s; f,fT) The coefficients yl], yU, nl],
’7, i i j, and sT depend on the spectral densities of the baths,
on the temperature and on the weights of each term in the
interaction Hamiltonian. We do not provide their explicit
value here, and we refer the interested reader to the derivation
in Refs. [1,39].

We now find the Liouvillian superoperator representing
the master equation (25) in the tensor product notation,
as in Eq. (AS). We identify five symmetry blocks of L,
associated with the following bases: [11); ® [11)/, [10); ®
[10) 7, [10)f ® [O1)f, |01) r ® |10)f, [01)r ® |01) ¢, |00) r ®
|00) corresponding to N =0; [11);® [10),|11); ®
|01)f [10) r ® |00) 7, |01) f ® |00) y corresponding to N =1,
110); ® [11)7.101); ® [11);, [00); ® [10) 7. [00) ; ® [01)
corresponding to N = —1; [I1); ®|00); corresponding
to N'=2; |00); ® |11) corresponding to N = —2. The
Liouvillian can be written as L = @32_2 Ly, where
the matrices representing each block in the associated
basis are
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. 4 gl ) 1y et . L gt
_’731 - Vzll IS12 — g“Izglz —i(w] — o)) — 2 2‘§0 0 —IS12 — 52125.2 Vsz + 771T2
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V1¢1 + 771¢1 0 —isy — is;y — 5 _52¢2 - 51T1 Vsz + ’7;2
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0 Vit T Yio 012 Va1 T3 Y T 15 —Yo — Mo
. £+ . £h—¢)
—iw) — 1¢1 — = isy) — =5+ ’7; - V2T1 VlTl - ’71T1
; &~/ : £+
L= is;p — 252 —iw) — 5;2 — ’7;2 - V2T2 Vsz - ’hTz 2
= A { 2 | TN 1 5#1*51?1 : 531751?2 ’ @7
M1 = Va1 N — V2 —iw) — &, — =5 12 — =5
, £h—&7 . £)+&5
V1¢1 - ’71¢1 Vliz - ’71¢2 —isy — 4 —iw) — 1T1 -

Loy=LF L= —i(w| +wh)—& —& and L_,=L5
When convenient, we have used the abbreviations w)

2E, + sh - STls wh =2E, + s%z - ng, Sij = S;'Lj - SJT'is VoH =
T S N N S SR S W
Vit By g =0ty & =yt and & =

V()M + 77(%-

Note that assuming a local master equation instead of
Eq. (25) would lead to extra terms connecting, for instance,
the block Lo with the blocks £, [39]. Therefore, the block
decomposition would not be valid in this case.

A very similar structure was found for the Liouvillian of
two uncoupled spins in a common bath [57], where the block
separation was exploited to find the analytical eigenvalues de-
scribing the decay of the system. We thus understand the help
brought by the symmetry in Eq. (18) to the present example:
instead of having to find the eigenvalues and eigenvectors of
a 16 x 16 matrix, we restrict ourselves to the analysis of a
6 x 6 and a 4 x 4 matrix. Figure 1 depicts how the elements
of the density matrix of the system written in the excitation
basis appear in separate blocks of the master equation (each
color representing an independent block).

Furthermore, if we are interested in finding the steady
state of the evolution and the latter is unique, we just have
to analyze the matrix L£o. To be sure that the condition on
the uniqueness holds, one has to check that no decoherence-
free subspaces are present. Their appearance can be de-
tected a priori using different conditions on the interaction

P11,11 £11,00
| Pioa1 Pro,10  P1o,01
ps =
Poi,11 Poiio  Po1,01
£00,10 00,01 00,00

FIG. 1. Density matrix of the state of the system with Hamilto-
nian equation (22) in the fermionic interactions basis. The master
equation driven by the Liouvillian £ couples only elements of the
density matrix with the same color. In particular, the elements of the
block L are represented by the color red, of £; by the color green,
of £_; by the color blue, of £, by the color purple, and of £L_, by
the color orange.

(

Hamiltonian or on the master equation [50], otherwise they
can be revealed by the presence of more than one null eigen-
value in the spectrum of the Liouvillian superoperator. Since
we have set nonzero, unbalanced temperatures of the baths,
the steady state may contain coherences as well, but only the
ones corresponding to the eigenvalue 0 of A/, namely pjg o;
and po1,10. The same steady-state coherences were found
using a nonsecular master equation in a couple of recent
works [22,59]. We will provide an example of the appearance
of these coherences below and in the next example about
harmonic oscillators.

Note that, if we had performed the full secular approxi-
mation instead of the partial one, we would have introduced
a broader symmetry on the superoperator level, dividing the
block £, into two additional parts. Indeed, if the spectrum of
Hg is nondegenerate, the full secular approximation decouples
coherences and populations [1]. The symmetry generated by
N is therefore providing us with new “selection rules” that in-
dicate the allowed transitions between elements of the density
matrix: in the partial secular regime some of the coherences
may exchange “amplitude” with the diagonal elements. We
can visualize this through a concrete case of the two-coupled-
qubits example: let us consider a scenario with w; = 1, w, =
1,2 =0.01, Ty = w1 /kp, T, = w1 /10kg, and Ohmic spectral
densities (from now on for simplicity we use dimensionless
units for time and energy). Using these values, the fermionic
energies read 2E; = 1.01005 and 2E, = 0.99005. u denotes
the strength of the qubit-bath coupling, and considering the
weak-coupling limit we set . = 10~'. According to Eq. (9),
g &~ 1000 and therefore the partial secular approximation
must conserve the terms in the master equation associated
with the frequency difference 2E, — 2E, = 0.02, which does
not satisfy the condition in Eq. (7). Using the above values,
we can calculate the coefficients of the master equation (25)
according to the discussion in Ref. [1] and we can compute
the dynamics of the two qubits. According to the suitable
conditions [50], we have checked that no decoherence-free
subspace is present in this scenario.

We now want to visualize how the partial secular approx-
imation induces selection rules between different elements
of the density matrix: we consider the evolution of the two
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FIG. 2. Mean value of different two-qubit observables as a func-
tion of time, when the evolution starts in the state |11), and we
use the master equation (25) in partial secular approximation. As
defined in the main text, we plot Py;(¢) (solid red), Pyo(¢) (dashed
red), Co(t) (dotted red), C,(¢) (dashed green), and C,(¢) (solid
purple). C; and C, remain null during the evolution, while using
the master equation in partial secular approximation C, varies and
stabilizes to a nonzero value after the thermalization time, showing
the appearance of steady-state coherences. On the contrary, the full
secular approximation would keep C; null as well. The units are
dimensionless.

qubits starting from the excited fermionic state |11);, i.e.,
ps(0) = [11) {11], whose dynamics is driven by the block L.
‘We monitor the expectation value of some observables which
pertain to different blocks of the Liouvillian superoperator as
a function of time, in particular we choose:

() Pr1(t) = Trlps@)I11) {11]] = p11,11(2),
(ii) Poo(2) = Tr[ps(2)]00) £00|] = p00,00(t),
(iii) Co(t) = Trlps()(f f + f1 )]

= 2Re[po1,10()],
(iv) Ci (1) = Tr[ps()(fi + £

= 2Re[p11,01(1)] + 2Re[p10,00(1)],
V) C(t) = Trlps) (S A + fofD]

= 2Re[p11,00()].

Py, Py, and Cy depend on elements of the block L,
while C; of the block £; and C, of the block £,. Figure 2
depicts their evolution: Py; is the only nonzero mean value
at time 0. Therefore, the symmetry brought by the partial
secular approximation [N, £] = 0 denies the possibility that
C; and C; may change their value during the evolution, since
their dynamics is driven by blocks different from £,. On
the contrary, Cy increases and stabilizes to a nonzero value
at infinite time, since it is the mean value of the observable
expressing the exchange of excitations between the fermions,
whose dynamics is driven by L.

Let us now briefly discuss how things would change if we
applied the full secular approximation to derive the master
equation (25), i.e., if we removed the terms with i # j. The
full secular approximation decouples coherences and popula-
tions [1], therefore, in the scenario discussed before, not only
would it inhibit any transition that may “activate” C; and C,,
but it would also keep Cy null, given that the latter depends on
the density matrix element pg; 19. This means that, in Fig. 2,
the full secular approximation would make the dotted red line

(Co) overlap with the green and purple lines (C; and C,), thus
proving itself not suitable to treat the current scenario [39].

B. Bosons

If we consider a generic bosonic system for which Eq. (18)
holds, we will still have a block diagonalization of the Liou-
villian superoperator which will simplify the resolution of the
master equation, but each block will have infinite dimension.
Here we want to focus on a simpler case in which the symme-
try expressed by Eq. (18) leads to a dimensionality reduction
as well: we restrict ourselves to the space of Gaussian states
[60] and we consider only a master equation conserving
Gaussianity. Therefore, we only need to analyze the dynamics
of the covariance matrix, neglecting any displacement which
may be eliminated through a suitable transformation.

Let us consider a system of M noninteracting bosons with
Hamiltonian:

M

Hs =" Ewalay. (28)
k=1

Given the presence of local or common baths leading to
a Gaussian Markovian master equation, we want to study
the dynamics of a Gaussian state with no displacement. For
convenience, we choose to write the covariance matrix of
the state using the creation and annihilation operators, i.e., a
generic element of the covariance matrix may be written in
one of these three forms:

(ala) or (ala;) or (aa;), (29)

where the average is performed on the chosen Gaussian state.
We define as § the difference between number of creations
and number of annihilations in an element of the covariance
matrix Eq. (29), assuming values 2, 0, —2, respectively.

It is easy to understand what the symmetry defined by
Eq. (18) is telling us about the evolution of the covariance ma-
trix: the dynamics of an element of the covariance matrix with
value § can only be a function of elements of the covariance
matrix with the same value 8.> We can collect the elements
of the covariance matrix Eq. (29) (which cannot be trivially
obtained through commutations of the other elements) in a
vector X. The evolution of x as a function of time is then given
by the formula

X _ peib (30)
— = DX .
dt

The matrix B is block diagonalized labeling each block with
the value 6: B = P;__, ( , Bs. Furthermore, (aja;) = (a;a;)*
and the symmetry assures us that these two moments do
not couple in the master equation, therefore the block B, is

3This property can be extended to non-Gaussian states, where

the nth moments must be taken into account: the master equation

describing the evolution of the nth moment (a;rai ... ...aya; ) with
/ ——

1 creation n—I annihilations
8 = 2] —n can only be a function of mth moments with the same
value of § (difference between number of creations and number of

annihilations in the moment).
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trivially obtained by the block B_,. We can now calculate the
dimension of each block Bj:

dim(By) = M?,

M+2—1)

(1)
dim(By) = < 5

Two bosons in a common bath

As an example we consider the system of two displaced
noninteracting bosons with Hamiltonian:

_ T « 1t
Hg = E (oragar — oar — agay).
k=1,2

(32)

The Hamiltonian can be recast in the standard form of
Eq. (16) through a suitable displacement operator D(a) [60]:
D(o) ayD(et) = ay + . Therefore we have
HS = Z Ekaiak,
k=12

(33)

which describes two noninteracting harmonic oscillators. We
couple the system to a common bosonic environment Hg =
Zl Qlc;rcl in a thermal state with temperature 7' > 0. The
system-bath interaction Hamiltonian is

Hy = Zgl(al _,_a;r + az +a£)(c/ +C,T),
/

(34)

where g; determines the spectral density, which is not relevant
for the present discussion. The evolution of the system cou-
pled to the environment is given by the master equation with
Liouvillian:

L1[0] = i[Hs + Hys, O]

1
+ Y y,j(ajOa, - E{a,.*a,-,0}>

ij=1,2

where O is an operator acting on the Hilbert space of the
system, and VJ and yi; are, respectively, the coefficients
describing the decay and the absorption, which depend on the
spectral density and on the temperature of the environment
[1]. The Lamb-shift Hamiltonian reads

— § : T
HLS = Sija;d;.
ij=12

(36)

The elements y;, and y,; are different from zero only if the
harmonic oscillators are slightly detuned (or not detuned at
all) [39]. We remind that, assuming that the initial state is
Gaussian, then it will remain Gaussian due to the form of
Eq. (35).

The relevant elements of the covariance matrix can be
collected in a vector x of dimension 10. In particular, we
choose to parametrize it according to the basis (aIaI), (alai),
(alal) with s = 2. (aya1), (ara), (@1a2) with 8 = —2. (ala,),
(aiaz), (a;raz), (agal) with § = 0. The master equation de-
scribing the evolution of x has the form of Eq. (30). The vector
b can be written as b = ®s=_5 02bs. We have that by, =0,
while

1
Y11

Vsz
by

37
1
Y12
1
V21
The matrix B describes how the elements of the covariance

matrix are coupled together in the master equation, and it is
block diagonal according to B = P;__, ( , Bs. The blocks are

Sy i Lo i -
+ Yij <a,~0aj — E{aiaj’ 0}, 35) given by
ij=1,2 |
" s : Lot
_ b —2isn—yr 1V 2isa1—yy1+v1p
41 0 2 2
0 —yb 2isp—yih+v —2isn—yy +7
2 2 2
By = . . , 38
0 _2”21_1’;1"'1’1?2 2”21_}’;1 ""Vsz iAo — vy 0 (38)
2 2 2
2551275#2*7;1 72[51272V1¢2+7/2¢1 0 —iAw — Vlb‘;yzb
ol b : 1 t
—2iE] — =2is12 — Y5 + Vo 0
Sy byb y_ 0
_ . Va1 = . Yty . Yo~V
B, =| —isy; — A —i(E{ +E}) — =2 —isp— R 39)
. N 1 ol b
0 —2is01 — Vo1 + Via —2iE; — v,

and B, = B*,. We have defined E{ = E| + 511, E; = E, +
s, Aw = E| — Ej, y}’ = yfj — yfj. To find the steady state
of the system we have to solve the equation Bx; +b = 0.
Therefore, the elements of the covariance matrix with 6 # 0
vanish in the steady state. On the contrary, in the case in which
the harmonic oscillators are slightly detuned and y, # 0,
all the elements with § = 0 have a nonzero component for
t — 00, and in particular (a;raz)m and (a;al)ss do not vanish,
i.e., we observe steady-state coherences. The analytical form

(

of the steady state can be obtained by solving the system of
four differential equations given by Box*=% + by = 0.

V. DISCUSSION AND CONCLUSIONS

In this paper we have shown how the Liouvillian super-
operator £ of a broad class of open quantum systems can be
block diagonalized through a symmetry on the superoperator
level, namely the invariance under the action of the number
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superoperator A/, defined in Eq. (14), such that [\, £] = 0.
This symmetry arises when we derive the standard Bloch-
Redfield master equation of the open system applying a suit-
able partial secular approximation whose condition is given
by Eq. (7). The requirements for the microscopic model are
that the system Hamiltonian can be recast as M noninteracting
bosonic or fermionic modes [Eq. (16)] and that the system
operators in the interaction Hamiltonian satisfy the conditions
discussed at the end of Sec. III A, which are usually fulfilled
in the majority of physical systems of importance to quan-
tum information or condensed matter physics. This includes,
for instance, any system with Hamiltonian quadratic in the
bosonic or fermionic operators, and coupled to a thermal bath
through operators which are linear in the field operators, as
well as some spin systems.

The existence of the symmetry is formalized and proven
in Proposition 1. Corollary 1 states that such symmetry im-
plies the invariance under the action of the parity super-
operator as well. Proposition 2 shows that we can exploit
Proposition 1 to decompose the Liouvillian superoperator
into blocks, and that in the fermionic case only M + 1 of
them are independent. This greatly reduces the complex-
ity of the master equation. Furthermore, each block may
be the only part of the Liouvillian we have to manipulate
in order to find a certain physical quantity, for example
Proposition 3 shows that, when unique, the steady state is
determined only by one single block. This implies that the
allowed steady-state coherences in the excitation basis of
an unique steady state are only the ones with equal num-
ber of excitations in the ket and the bra, as formalized in
Corollary 2.

A couple of examples are also discussed. In Sec. IV A we
have found the dimension of each block £, of the Liouvillian
superoperator in the case of a system of M fermionic modes
[Eq. (20)], and we have shown how to apply this to a system
of two coupled qubits. In this scenario, an originally 16 x 16
Liouvillian is decomposed into five blocks of dimension 6, 4,
4,1, and 1. The information about the steady state is contained
in the 6 x 6 block only. The decomposition greatly simplifies
the master equation and also allows us to obtain some analyt-
ical solutions. Then, in Sec. IV B we have discussed the case
of bosons, focusing in particular on Gaussian states. We have
shown how to decompose the equation for the evolution of
the covariance matrix employing the symmetry of the number
superoperator, and we have applied it to study the case of two
harmonic oscillators in a common bath. In the presence of
small detuning, we have detected steady-state coherences by
focusing on a system of only four linear equations, instead of
the original system of ten equations.

These results may be relevant in disparate fields. For
instance, reducing the complexity of the master equation
describing transport in quantum systems is of great impor-
tance [61], and our discussion may be especially relevant for
materials which exhibit quasidegeneracies in the Hamiltonian
spectrum and thus require a master equation in partial secular
approximation [62]. The latter is also important to study the
heat current from two unbalanced reservoirs, since it solves
any deficiency that a global master equation may display with
respect to a local one [39]. The symmetry generated by N may
be also relevant in the field of quantum metrology. Indeed, as

discussed in Sec. III B it may be seen as a generalization of
the concept of phase-covariant master equation, which plays
a fundamental role in defining the limits for the frequency
estimation of a single qubit [54,63—65]. Therefore, a protocol
for the frequency estimation of multiple detuned qubits should
rely on our result to distinguish between the possible noise
models and their origin. Finally, Proposition 3 and Corollary
2 are very relevant in quantum thermodynamics and quantum
thermalization. Indeed, they define a strict law on the possible
steady-state coherences that may appear in the steady state of
a Markovian process. The relation between coherences and di-
agonal elements is also important to improve the performance
of quantum thermal machines [66].

Possible extensions of this work could address other situa-
tions where the number superoperator symmetry can arise. In
particular, beyond stationary environments considered here,
nonstationary autocorrelation functions of the bath would add
a temporal dependence to the coefficients of the Lamb-shift
Hamiltonian and of the dissipator in Egs. (5) and (6). This
would affect the way in which we perform the partial secular
approximation. As a consequence, there may exist scenarios
in which the symmetry is broken. Consider for instance a
single-mode electromagnetic field in a squeezed bath [1]:
the master equation would contain terms of the form apsa,
where a is the annihilation operator of the field. Clearly,
in this case [N, £] # 0. Note however that we would still
recover the symmetry of the parity superoperator [P, L] = 0.
Different scenarios may arise considering different states of
the environment, and further investigation is needed to extend
our work to these cases.

A further direction could be exploring nonlinear scenarios
beyond quadratic system Hamiltonians, even if the latter
include many bosonic and fermionic systems of interest to
quantum information. In particular, for systems of many
coupled spins where the number of spin excitations is not
conserved, even if diagonalization through the Jordan-Wigner
transformations is possible, the resulting fermionic Hamilto-
nian generally depends on a collective phase, violating the
“noninteracting” condition. In these scenarios, the validity
of the symmetry [N, £] = 0 must be checked case by case,
using the physical considerations discussed in Sec. III. On the
contrary, the block decomposition holds for any excitation-
preserving system of spins in common or separate thermal
baths (with a final requirement on the interaction Hamilto-
nian).

The extension of Proposition 3 to scenarios with more than
one steady state, e.g., in the presence of decoherence free
subspaces or oscillating coherences, would also be interesting.
In particular, some open questions not addressed here are:
does the block L contain all the information about any steady
state of the system? If not, are there particular cases in which
this holds? Can we find an analogous theorem for oscillat-
ing coherences? Investigation about the same symmetry for
non-Markovian master equations in the weak coupling limit
may be interesting as well. In particular, we expect to find
the same results for the case of a time-local non-Markovian
master equation in the secular regime [67], while nonsecular
terms would break the symmetry. Finally, it would be useful
to employ our findings to implement a fast, manageable
code to solve the dynamics of the open system by exploit-
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ing its symmetry, as already done for the case of identical
atoms [29].
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APPENDIX A: THE FORMALISM OF GKLS MASTER
EQUATIONS

1. From the Bloch-Redfield to the Lindblad equation

The fact that, in general, the Bloch-Redfield master equa-
tion does not preserve positivity and is not in the GKLS
form (or Lindblad form) [7,8] is a very well-known issue
[68]. The standard procedure to derive a Markovian master
equation makes use of the full secular approximation [1,3],
i.e., removes all the terms with @ # ' in Egs. (5) and (6), in
order to recover the semigroup structure of a master equation
in the Lindblad form. This, however, may lead to major
mistakes when the condition in Eq. (7) is not fulfilled [39].
Nonetheless, some recent studies have shown that the PSA
performed through a suitable coarse graining does lead to
a GKLS master equation [40,41], as can be also found in
a previous work which did not mention the PSA [69]. This
method of applying the PSA is analogous to the one used in
the present paper, based on the condition in Eq. (7), up to a
negligible error. A related discussion is provided in Ref. [43].
As a matter of fact, the Bloch-Redfield master equation does
follow the dynamics of a GKLS master equation up to an error
due to the approximation of the dynamics of the microscopic
model to a Markovian evolution. A significant deviation of the
Bloch-Redfield master equation from the Lindblad form must
be considered as a signature of the failure of the Born-Markov
approximations to describe the physical model, and not vice
versa, as proven in Ref. [42].

For the reasons explained above, we are allowed to assume
that the master equation in PSA with Liouvillian Eq. (4) can
be rewritten in the GKLS or Lindblad form as in Eq. (10).
The Lindblad operators become linear combinations of the
jump operators A,, and can be obtained for each specific case
by diagonalizing the matrix y,p(w, ') in Eq. (6) [40,41].
Analogously, we can write the master equation in the Lindblad
form in the Heisenberg picture [1]:

do o
7/ O =iH, J@)]
(A1)

N-—1
PN | A
T i
+ ; EUF = SR, 1),

where J = J1 is an observable living in L, whose expectation
value can be found as (J (1)) = Tr[J(t)ps] = Tr[fps(t)].

2. Working with superoperators
It is very convenient to extend the bra-ket notation to the
Liouville space L [27,57]. Suppose that {|e;) j—1 s a basis of

the Hilbert space Hs. Then any operator O (or equivalently
density matrix) in L can be written as

N
O="Y" Oule;)exl.

k=1

(A2)

We now perform the following isomorphism, passing from a
description of O as an operator acting on Hg to a description
as a N2-dimensional vector:

N
0= [0) =) Oule;) ® lex).
jik=1

(A3)

Given O, R € L, the reader can verify that this N 2_dimensional
space is furnished with the Hilbert-Schmidt scalar product
(OIR) = Tr(O'R), and that the following properties hold:

|OR) =0 ® Iy|R), |RO) =Iy® O"|R), (A4)

where Iy is the N x N identity matrix.

Using Eq. (A4), we can now write the explicit form of
the Liouvillian superoperator starting from the Bloch-Redfield
master equation in Egs. (3), (5), and (6):

L = —i((Hs + His) ® Iy — Iy ® (Hs + His)")

D DD DR CROSEY A

o,B (w,0)ePSA
1 . o o "
—E{Al(w/)Aﬁ (@)RIy+1Iy® [Al(w/)Aﬂ(w)]T})
(A5)

APPENDIX B: PROOF OF PROPOSITION 1

We want to prove that [\, £] = 0. For convenience we
work using the isomorphism “flattening” matrices into vectors
[see Appendix A2, Eq. (A3)], so that £ can be written as in
Eq. (A5) and V as in Eq. (15). Looking at the structure of £,
we recognize four different parts of the Liouvillian that must
commute with N in particular, to proof the statement it is
sufficient to verify the following four assertions:

(1) [NV, Hs ® Iy] = [N, Iy ® H{ ] = 0.

(2) NV, Ag(w) @ A% (/)] =0 for all , B and (v, @') €
PSA.

(3) NV, Al(0)Ag(w) ® Iy] = 0foralla, B and (w, ') €
PSA.

@) [N, Iy ® Al (@)As(w)"1=0 for all «,B and
(w, ") € PSA.

This means that the value of the coefficients of the master
equation does not play a role in the appearance of the symme-
try.

Assertion (1) is easily proven: the system Hamiltonian
Eq. (16) cannot change the number of particles in any
mode, since [HS, fix] = 0 Yk, and thus [ﬁs, N ] = 0, therefore
[V, Hs ® Iy] = 0.
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Given the Hamiltonian of a system of M modes, Hs =
22421 E;fi,, we write an eigenvector as |e), with Hsle) =
ele) and e = Y 4L Eyn¢, where n¢ is the number of exci-
tation in each mode of |e) = |nf, ..., nj,). The total num-
ber of particles in |e) is given by n® = ZZI:] ng. Using
the same notation for generic eigenvectors |¢’), |€), |€"), we
write the jump operators as Aﬂ (@)= e |e)(e|/i,3 le'Y (€],
Ay(@) =3 _, l€)(elAyl€')(€]. Let us now consider As-
sertion (2): we write the commutator as

[V, Ap(w) ® Al ()]
= NAg(w) ® AX () — Ag(w)N @ A% ()
+Ag(w) @ AL (INT — Ag(w) @ NTA% ()
= ) (= n)le)(elAgle)e'| @ AL ()

¢—e=w

—Ap@)® Y (" —n)le)(elAsle ) (€] (B)

€' —e=w'

Since (w, ') € PSA, according to Eq. (7) we must
have w — o’ = O (u?), therefore ZQ/IZI Ek(nf —ny — n; +
nE) = Op(u?) or 4L Ex(n +nf) = Y0, Ex(nf +ng ) +
Oy« (?). But, assuming condition II on the interaction Hamil-
tonian defined at the end of Sec. IITA (which comprises
condition I as well), the last line means that Zi”zl (ni’ +np) =
Zgl:l(n,‘; + n;/), that is to say, (n° — n®) = (n — n), for any
couple of |e), |¢’) or |€), |€') in Eq. (B1). Therefore, the com-
mutator in Eq. (B1) vanishes and we have proven Assertion
(2). This proof shows us how we can relax condition II on
the interaction Hamiltonian: it is sufficient to assume it only
on the energies which enter in the expression of each possible
(w, ") € PSA. For instance, suppose we have a system of
two modes and all the A, are second-degree polynomials in
the creation and annihilation operators of the modes. Then we
just need to require that 2E; # E» + O,-(u?) or vice versa,
in order to eliminate all the “unbalanced” terms through the
partial secular approximation.
Next, we consider Assertion (3):

WV, Al (0"Ag(w) ® Iy]
= NAL (0)Ag(0) ® Ty — Al (0)Ag(0)N ® Ty

= Y @ —nO)le)eldlle) e Asle) (el @ Ty. (B2)

e—e'=a'
e—€'=w

Applying condition II on the energy difference w — o’ as
for Assertion (2), we find that n° = n¢ and the commutator
in Eq. (B2) vanishes, proving Assertion (3). Assertion (4) is
verified analogously, and we have proven Proposition 1.

APPENDIX C: JORDAN-WIGNER TRANSFORMATIONS

In this Appendix we briefly present the well-known Jordan-
Wigner technique [51,53] to represent spins as fermions, and
we show how to employ it to recast the Hamiltonian of
an excitation-preserving spin chain in a quadratic fermionic
Hamiltonian. Given a system of M spins, we apply the follow-
ing Jordan-Wigner transformations to write each spin operator

as a function of fermionic operators:

z _ . 1
O’k—Cka 75

of = cf i, (1)

o, =cre " ik

The reader can verify the anticommutation rules {c;, c;g} =
8k, {cj, cx} = 0. . . o

Let us now suppose that the spins are interacting in an
excitation-preserving chain, with Hamiltonian

M M-1

Wy —
Hse=Y 00+ > (o 00 +He).  (C)
k=1 k=1

Using the Jordan-Wigner transformations in Eq. (C1), we can
express it as

M—1
+ Y Jilc], €™ e + He), (C3)
k=1

where we have used [¢™ Zi«™ ¢, ] =0 for k > 1. Noticing
that €™ c;|0); = 0 and ™" c|1); = ck|1)x, we observe that
the phase e has no effects and can be removed from the
Hamiltonian. Therefore, Eq. (C3) is quadratic in the fermionic
operators and can be recast in the form of Eq. (16), thus being
suitable for the analysis in Sec. III.

APPENDIX D: TWO COUPLED SPINS AS FREE
FERMIONS

In this Appendix we show how to employ the Jordan-
Wigner transformations to write a system of two coupled
spins as noninteracting fermions (part of the discussion was
already addressed in Ref. [70]). For convenience, we rewrite
the Jordan-Wigner transformations Eq. (C1) for two spins as

or=1-— ZCICI, oy =1-— 26;6‘2,

(D1)

oy = C}L +cq, oy =(1- 2cJ{c1)(c£ + ),

where ¢ and ¢, are fermionic operators. The free Hamiltonian
of the coupled qubits, given in Eq. (21), is now transformed
following Eq. (D1):

w1 t w7 1
HS = 7(1 — 261C1) + 7(1 — 2C2C2)

+ el —enel + e

In order to diagonalize Hs written in terms of fermionic
operators, we first perform the Bogoliubov transformation

(D2)

¢y =cosf & +sin9§;,

(D3)
¢y =cosf& — sinGSlT,
and then the rotation
& =cose f] +sing f),
(D4)

& =cose ff —sing f.
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Let us now write Eq. (D2) after having applied the Bogoliubov transformation:

Hg = +%[1 — 2(cos> 0 /&) + sin® 0 £&] + sin 6 cos 0(5,6, 4+ Hee.))]

w)

+ —2[1 —2(cos® 0 £ & + sin® 0 £, & + sin 6 cos (£, + H.c.))]

2

+ A[2cos 0 sin O(£1E] + £8]) — 2cos 6 sin 6 + (cos> 6 — sin® 0)(526, + H.c.) + (5] & + Hee.)l.

We set 6 so as to delete all the double-excitation terms in
Eq. (D5):

. 2 ) 21
—w4 sinf cosf + A(cos“ 0 —sin“0) =0 = tan20 = —,
w4

(Do)

with w1 = w1 + w;.
Using the condition in Eq. (D6), we now write Hs after
having performed the rotation:

Hy = +%[1 — 2((sin® 0'sin® ¢ — cos? @ cos? p)f fi
+ (sin® 6 cos® ¢ — cos® 0 sin® qb)szfz
+ sin ¢ cos q)(f]f; +H.c.) + cos®0)]
+ %[1 — 2((sin® @ sin” ¢ — cos’ 6 cos> ¢)f;f2
+ (sin® 6 cos® ¢ — cos® 0 sin® ¢)f1Tf1
— sing cos p(fify +H.c.) + cos?6)]
FAsin20(f) fi + £ o) +sin 2 (f fr — £ )
+ (cos® ¢ — sin® @)(fi fi +H.c.) —sin260]. (D7)

In order to eliminate the remaining cross terms, we set the
value of ¢:

2
—w_sing cos ¢ + A(cos’ ¢ —sin® p) = 0 = tan2¢ = —,
w

(D8)

with w_ = w; — w;.

By employing the relations cos? & cos? B — sin® a sin® 8 =
(cos2a +cos2B)/2 and cos’asin® B —sin’a cos’ B =
(cos2a — cos2p)/2, we finally obtain the Hamiltonian

Hs = E\Qf] fi = )+ EQf) fo — 1), (DY)
where
SRkt 12+ w2/
E, = :
2
R N R
E, = 5 . (D10)

We can now proceed to write the spin operators in terms of
the fermionic operators. Let us start with o7

of = cos(0 + $)(f + f1) +sin0 + )£ + ). (DI

(D5)

(

By noticing that (1 —2cle;)(1 = 2cler)(er — ) = of, we

can readily obtain

o} = cos(6 — P)P(f) — f2) +sin(@ — @P(fT — f),

(D12)
where
P=(1-2cjen)(1—2cfer) = Qff fi = DA A -1
(D13)

is the parity operator, which tells us whether the number of
excitations in the system is even or odd. The Hamiltonian Hs
conserves the parity of the excitation number, i.e., [Hs, P] =
0, thus we are sure that P has the form presented in Eq. (D13).

The form of the operators of and o5 is more involved, since
they inevitably contain the “double emission” and ‘“double
absorption” terms f; f> and flT f; , which we could find in the
coupling of the original Hamiltonian Eq. (21) Ac{o;. In some
particular scenarios, it is possible to perform a rotating wave
approximation on such direct interaction, and to write it as
Mo, o, + 0, 05), which does not add excitations into the
system. In this case, diagonalizing the system Hamiltonian is
easier and can be done by just a single rotation [4]. Anyway,
with the aim at a more complete description, we keep the
counter-rotating terms in the Hamiltonian and we write the
operators as

of = (c05260 4 cos 2¢)f; fi 4 (cos 26 — cos 2¢)f; />
— €08 26 — 2[cos ¢ sin (]5(]”1]”2Jr + H.c.)
+ cos O sin6(f1 f>» + H.c.)].
0 = (c05260 + cos2¢) f fo + (cos 26 — cos 2¢) ] fi
— €08 20 — 2[cos ¢ sin qﬁ(fffz + H.c.)
+ cos O sin6(f1 f> + H.c.)]. (D14)

Finally, we find the new basis that diagonalizes Hy as a
function of the canonical basis {|11), [10), |01), |00)}, which
corresponds respectively to both spins up, first spin up and
second down, etc. To represent the excitation basis of each
couple of fermionic operators, we employ a subscript indicat-
ing to which operator we are referring, while we do not use
subscripts for the canonical basis; for instance from Eq. (D1)
we understand that

|00)c = [11),
110)c = 101),

|01), = [10),

D15
[11)c = 100). i

From Eq. (D4) we see that the vacuum state of fi, f> is the
fully excited state of &, &, i.e., |00) s = |11)¢. In order to find

|00) 7, i.e., the ground state of Hg, we thus impose that & lT and
SZT applied on a linear combination of the states in Eq. (D15)
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read 0. For instance,

&) agplap)e =0

a,p=0.1 (D16)
= cosBOag = —sinba;;, ag =0.
Finally we have
|00) = +sinf[11) — cos £]00). (D17)

The remaining states are obtained by applying flT and sz on
the ground state, and they read:

01) s = —sin @|10) + cos ¢|01),
110) ; = —cos ¢|10) — sin ¢|01), (D18)

I11); = +cos 0]11) + sin 6]00).
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