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Abstract

We consider the exact time-evolution of a broad class of fermionic open quan-
tum systems with both strong interactions and strong coupling to wide-band
reservoirs. We present a nontrivial fermionic duality relation between the evo-
lution of states (Schrddinger) and of observables (Heisenberg). We show how
this highly nonintuitive relation can be understood and exploited in analytical
calculations within all canonical approaches to quantum dynamics, covering
Kraus measurement operators, the Choi-Jamiotkowski state, time-convolution
and convolutionless quantum master equations and generalized Lindblad jump
operators. We discuss the insights this offers into the divisibility and causal
structure of the dynamics and the application to nonperturbative Markov ap-
proximations and their initial-slip corrections. Owur results underscore that
predictions for fermionic models are already fixed by fundamental principles
to a much greater extent than previously thought.
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1 Introduction

The dynamics of open quantum systems is a problem of interest in a range of research
fields. Their higher complexity as compared to closed systems evolving unitarily continues
to motivate the development of new frameworks and approximation schemes to make
further progress. Complementary to this, it has become more important to maximally
reduce this complexity within existing well-developed approaches using basic symmetries
and other general structures, see, e.g., Ref. [1] and references therein. For closed quantum
systems, simplification by exploiting symmetries for some fized set of system parameters
is a highly developed subject and builds on the unitarity of transformations and the
corresponding Hermicity of its generators. When turning to dynamics of open systems
one runs into interesting new problems because the latter properties are lost in a reduced
description.

In this paper we instead consider a different kind of simplification offered by a duality
mapping in which the dynamics of a fermionic open system of interest is associated in a
simple way to the dynamics of a similar system governed by different parameters.

What is fermionic duality? The idea of the duality mapping is particularly easy to
describe for a closed quantum system evolving unitarily with a time-constant Hamilto-
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nian H. In this case the mapping explicitly constructs the adjoint Heisenberg evolution
(superscript H) from the Schrédinger one by a substitution of physical parameters:

UR(t) = M = U ()t = et = et = T(1). (1)

We will denote such a parameter mapping by an overbar. In the present simple example
of a duality, the required relation between the Hamiltonian evolution generators,

HY=H=-H, (2)

is achieved by inverting the signs of all energies H — —H: all local energies, all hopping
amplitudes and all many-body interactions. To motivate this duality mapping consider
the computation of the evolution of an arbitrary state, [(t)) = >, |us)ui(t)(us|?(0))
which requires both the right eigenvectors {|u;)} of U(t) and its left eigenvectors {(u;|}.
Equivalently, one needs the right eigenvectors of U(t) and of U'(t) = U(t) where we
consider the Heisenberg evolution “as” a Schrodinger evolution at different parameter
values. The duality mapping (1) makes explicit that these two sets of eigenvectors are
related in a simple way through their parameter dependence allowing unnecessary algebra
to be bypassed.

Having outlined the key idea, we immediately observe that for closed systems with
time-constant H this trick is completely pointless because there is an obvious shortcut:
the eigenvectors of U(t) are time-constant and coincide with the eigenvectors of H = H
which are related by taking the Hermitian adjoint, (u;| = (hs| = [|h:)]T = [Jui)]T. Since
[H,U(t)] = 0, time-dependence arises only through the eigenvalues u;(t) = e~*"* where h;
are the constant energy eigenvalues. Also, one may hesitate to work with the Hamiltonian
H since it is clearly unphysical: inverting energies destabilizes any physical system which
does not have an upper bound on its energy spectrum. Notably, for a fermionic system
with a finite number of modes this latter objection is not really an issue since its spectrum
is bounded by the Pauli exclusion principle.

However, when considering an open system with evolving density operator p(t) =
II(t)p(0) the above mentioned shortcut completely breaks down. Although it turns out
that non-unitary open-system evolutions can still be generated time-locally [2-5] as 9yp(t) =
—iG(t)p(t), new problems arise because the generator is a time-dependent, non-Hermitian
superoperator G(t) # [G(t)]T even though the total system evolution is generated by a
time-constant, Hermitian Hamiltonian operator. Physically, these new complications de-
rive from memory (retardation) and dissipation effects, hallmarks of open-system dynam-
ics. They cause the left and right eigenvectors of the generator G(¢) to be distinct, time-
dependent and different from the eigenvectors of the evolution propagator II(t) which is
ultimately of interest: [G(t),II(¢)] # 0. This implies that for an open system the transfor-
mation between the Schrodinger and Heisenberg generators is highly nontrivial (Ref. [4],
p. 125) unlike the relation (2) for the underlying closed total system. An alternative simple
mapping between the Schrodinger and Heisenberg picture evolution would dramatically
simplify time-evolution calculations by providing a link between the left and right vectors.

Transposing the simple duality mapping for fermions from a closed to an open system
does not seem to be possible at first: it is unclear how to evaluate the average of the simple
relation (1) or (2) over the reservoir degrees of freedom (partial trace), even when making
specific microscopic model assumptions. This is in contrast to other closed-system duality
mappings [6-8] which are distinct from the one considered here [9]. It is therefore remark-
able that for a very large class of fermionic open systems there does exist a nontrivial and
useful extension of the duality which applies to the reduced time-evolution superoperator
II(t). Anticipating its later detailed discussion [Eq. (23)], it provides an elegant formula
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for the adjoint Heisenberg evolution analogous to Eq. (1) [10]:

() == [1(1)]" = e TP TI(E) P. (3)

Here P is a linear transformation involving the fermion parity. Its presence hints at
fermion parity superselection—forbidding quantum superpositions of states with even and
odd fermion parity—as one fundamental principle on which the duality (3) is based [10].
I’ is the lump sum of microscopic tunneling constants—known by inspecting the under-
lying model Hamiltonian—and the overbar again denotes a parameter mapping. This
generalization of Eq. (1) is truly dissipative. For example, for a resonant level coupled
to a reservoir the parameter mapping inverts not only the sign of the level energy ¢ and
the electrochemical potential p, but also the dissipative tunnel-rate constant I'. The rela-
tion (3) was first derived in Ref. [10] without making weak coupling and / or “Markovian”
assumptions, requiring the techniques of Refs. [11-14] to explicitly consider all orders of the
expansion of II(¢) in the system-environment coupling. In the following we will denote this
direct consideration of the exact propagator II(¢) as approach (i) to duality. The involve-
ment of microscopic parameters and the applicability to dynamics with strong memory
effects sets apart the fermionic duality (3) from the dissipative PT-symmetry [Prosen 2012,
van Caspel 2018] which applies to the more restricted class of Lindblad quantum master
equations.

Applied to weakly coupled but locally interacting open systems, the fermionic dual-
ity (3) has already provided several interesting insights and predictions [10,15-17]. For
example, the time-dependent response of a “kicked” quantum dot with repulsive Coulomb
interaction was shown to exhibit effects of electron-attraction. This surprising effect can
be nicely understood from the duality mapping which involves the inversion of the local
interaction parameter as in Eq. (2). This explains pronounced effects in the measurable
time-dependent heat current which is sensitive to interactions. The same formulas are
very difficult to understand directly in terms of the real repulsive interaction, but are eas-
ily rationalized by electron-pairing induced by the attraction in the fictitious dual system
defined by the duality mapping. More generally, the thermoelectric response of a quantum
dot—although studied long ago—entails several features that turned out to have a very
simple explanation in terms of an effective attractive model that is dual to the repulsive
system of interest [15,16]. Conversely, it was also shown that the response of a physically
attractive system can be understood better by exploiting its repulsive dual system [17].
These conclusions hold even beyond linear response to electro-thermal biases where, e.g.,
Onsager relations no longer apply, and the effects can be understood by extending the
weak-coupling fermionic duality beyond the wide-band limit [16]. In all these cases, the
original system is analyzed by a dual system, an effective system with at worst unconven-
tional properties. Conversely, it was also shown that the response of a physically attractive
dual system can be understood better by exploiting its repulsive original system [17]. Thus
in the weak-coupling limit the duality can also be used in reverse.

Extension to other approaches. So far, these applications were in fact all based on a
different formulation of the duality which we will denote by approach (ii) in the following.
It differs from Eq. (3) by relying on the time-nonlocal quantum master equation (QME)
also called Nakajima-Zwanzig (NZ) [18,19] or time-convolution type QME. By introducing
a memory kernel it anticipates the time-convolution structure of the higher-order system-
reservoir coupling terms encountered in the microscopic derivation of the duality [10].
Whereas in the weak-coupling limit approach (ii) recovers various other types of quantum
master equations, for the interesting regime of stronger coupling it differs in essential
points. So far it has remained unclear what the implications of the fermionic duality
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are in general for other approaches to open-system dynamics. This problem is solved in
the present paper: besides extending the propagator approach (i) and the memory kernel
approach (ii), we establish the fermionic duality for three additional approaches which are
fundamentally different and complementary as we now outline.

(iii) The Sudarshan-Kraus or measurement-operator approach [20-22]—ubiquitous in
quantum-information theory—also directly addresses the time-evolution superoperator
I1(t). However, it is an operational approach which decomposes the evolution into inde-
pendent physical processes conditioned on possible outcomes of measurements performed
on the system’s environment. Theoretically, this has the distinct advantage that approx-
imations formulated in terms of these operational building blocks automatically preserve
the positivity of quantum states, also in the presence of initial entanglement with a ref-
erence system (complete positivity). From these measurement operators acting only on
the system one can furthermore compute the evolution of its effective environment and
quantify the exchange of information as illustrated in Ref. [23]. Barring special limits
where simpler Lindblad equations [24,25] apply (Markovian semigroups), for most sys-
tems of interest the insights offered by this approach seem practically impossible to gain
in other formulations. The same applies to the so-called Choi-Jamiotkowski state, which
is closely related to the measurement-operator sum by a well-known isomorphism [26-28].
The microscopic calculation of Kraus operators has received recent attention [29-33] but
remains very difficult, motivating our search for analytic simplifications.

(iv) The time-convolutionless (TCL) or time-local quantum master equation approach
[2,3,34] has the advantage that it allows the Markovianity of the evolution to be scrutinized
more conveniently through the time-local generator G(t) mentioned earlier. It is thus
closely tied to the question of the divisibility of the dynamics [35,36]. In practice, time-local
QMES also arise naturally from the time-nonlocal QMEs of approach (ii) when consistently
accounting for frequency dependence of the memory kernel in decay problems [37,38]—
recently generalized in Ref. [5]—or in adiabatic expansions for situations with external
driving [9,39-41]. The microscopic calculation of G(t) is, however, very challenging making
additional analytic insights valuable [34,42,43].

(v) The closely related jump-operator approach decomposes the time-local generator
G(t) into “quantum jumps” with intermittent renormalized Hamiltonian evolution occur-
ring at infinitesimal time steps. Although this is similar to the measurement-operator ap-
proach (iii) it provides distinct insights by primarily making the conditions for divisibility—
rather than complete positivity—explicit. Importantly, this approach is also at the basis
of the successful stochastic simulation method for open-system dynamics [44-51] and in-
cludes the familiar Markovian Lindblad QMEs as a special case. In the present work the
jump-operator approach is particularly interesting because it most explicitly generalizes
the closed-system duality (2) discussed above.

In none of the approaches (iii)—(v) the implications of fermionic duality have been
explored. Doing so is of particular interest since these methods are pivotal for the continued
fruitful application of ideas from quantum information theory to open-system dynamics [4,
50,52-56]. One should note that although approaches (i)—(v) are exactly equivalent, they
define completely different starting points for approximations and formal considerations.
Thus, having a formulation of fermionic duality in hand for each case will enable attaining
independent insights. This holds true even when applied to the simplest, explicitly solvable
transport model of a strongly coupled resonant level as was recently highlighted in Ref. [23]
and we will draw on this reference for illustration. Even though this model has been
studied for decades [57] the fermionic duality relations presented here went unnoticed.
Importantly, our results continue to hold for a large class of much more complicated
models whose detailed discussion is however beyond the present scope.
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Fermionic duality: Useful but unphysical? Before proceeding it is important to
neutralize two potential points of confusion. An immediate worry is that the fermionic
duality for open systems maps some physical parameters to unphysical values as noted
above. In fact, for open systems the unphysical destabilization of the system by inverting
the signs of all local energies discussed after Eq. (1) becomes more prominent. For one, the
duality mapping even makes the system-reservoir coupling Hamiltonian anti-Hermitian,
Ht — iHp. Although no real physical parameters become imaginary, this does invert the
sign of all dissipative decay rates. As mentioned, for a resonant level this means that the
decay constant is inverted I' — —I". This does not lead to divergent quantities since in the
duality relation (3) the negative decay rates are explicitly compensated by an exponentially
decaying prefactor e I'*. Moreover, in the weak coupling limit close inspection reveals [10]
that one can use fermionic duality to set up a relation between two dual physical systems
which both have nonnegative decay constants but otherwise different physical parameters.
This simplification facilitated the applications in the weak coupling limit cited earlier. In
the present paper we will, however, focus on the general case of strong coupling where this
simplification fails' and this non-physicality must be confronted. We will furthermore show
that the anti-Hermitian coupling Hamiltonian causes I1(¢) to violate complete positivity. In
the duality relation (3) this is compensated by the parity transformation P. Although this
may sound disastrous at first, it will become clear that in none of the discussed approaches
these unintuitive features limit the practical usefulness of fermionic duality.

We will show that the anti-Hermitian coupling Hamiltonian causes the reduced dynam-
ics TI(t) to violate complete positivity, giving a clear operational meaning to the vague
notion of an “unphysical” system. This is important since it will allow us to identify which
contributions to the evolution of the dual system are unavoidably unphysical, a question
that cannot be answered directly using the original derivation of the duality in Ref. [10].
Instead, by leaving aside the derivation and only considering the duality relation (3) as
such, this paper shows that the loss of complete positivity is associated with the fermionic
parity transformation P, a key ingredient of the duality. Hence, unlike in the weak cou-
pling limit, the dual evolution has no statistical meaning anymore and one can no longer
refer to an effective, physical dual system which simulates the original system. Although
this may sound disastrous at first, it will become clear that in none of the discussed ap-
proaches these unintuitive features of fermionic duality limit its practical usefulness. Since
in each of these approaches the fundamental property of complete positivity is expressed—
if at all—by different constraints, a careful discussion what is unphysical about the dual
equations will be a recurring side-theme. It will emerge that the general unphysicality
of fermionic duality is instead of an artifact a key feature unveiling its unconventional
insights as compared to ordinary symmetries, see Sec. 6.

One should also realize To avoid confusion about the domain of applicability we note
that the fermionic duality (3) is primarily important for analytical calculations where
one obtains some quantities of interest as functions of physical parameters. By a simple
substitution of parameters it allows one to bypass very complicated and nonintuitive al-
gebra. The ultimate importance of fermionic duality lies therein that this simplification
allows the analysis of physical effects [10,15-17] to be pushed much further. Unlike do-
ing algebra, solution by parameter substitution has the advantage that it preserves the
compact form of an expression that has already been calculated, simplified and physically
well-understood. For example, it makes explicit which quantities have a similar functional
dependence: if one knows that some contribution is an exponential function of time then
generically the dual contribution obtained by a parameter substitution is exponential as
well. Loosely speaking, one can thus distinguish individual nontrivial contributions to

!see footnote 20 at Eq. (70).
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Table 1:  Duality relations for the approaches numbered (i)—(v) mentioned in the in-
troduction. By = we indicate equalities that are valid only in the special case where
the evolution commutes with its generator, [G(¢),II(t)] = 0, which includes the weak-
coupling limit where II(t) = e~%9 with constant G. Hat denotes the Laplace transform
f (w) = fooo dte™!f(t). Bar denotes the duality mapping of parameters which effects
H — —H, Hr — iHt and pu, — —p,. Z is the identity superoperator.

Finite evolution approaches Infinitesimal evolution approaches
Super- (i) Propagator II(t) [Sec. 3.1] (ii) Time-nonlocal memory kernel [Sec. 4.3]
operator et =) k)" =kM()
approaches i = S
=e PIE)P =iI'Zé(t)—e "PK(t)P
f(—w") = (W) R(~w*)" = Ki(w) = il — P K(w +il) P
= PI(w +il) P
(w+eD) (iv) Time-local generator [Sec. 4.1]
' =¢"(1) = e~ geme)]’
=il T-PG@t)P
Operational  (jji) Measurement operators (v) Jump operators and
approaches [Sec. 3.2] effective Hamiltonian [Sec. 4.2]
t

Ma(t)" = Mo (t) Ja®) = JE() = Ju(
ma(t) = e T (=1)Ne g (t) ) U om

Ja(t) = ja (t) = (=1)

)

Ht) = H(t) =

)
Na/jo/ (t)
(t)

the dynamics (exponential time dependence) from trivial (exponential) ones. The dual-
ity mapping also implies the concept of self-dual quantities: Despite being physical, such
quantities are mapped onto themselves by the generally unphysical duality relation, and
are thereby constrained in ways that are impossible to see with common physical dualities,
symmetries or intuition.

Outline. The outline of the paper is as follows. In Sec. 2 we first consider the simplest,
exactly solvable open system that exhibits fermionic duality beyond the weak-coupling
limit [16], the resonant level. This provides the simplest yet nontrivial illustration of
the general results derived in the subsequent sections. In Sec. 3 we consider the fermionic
duality in its most basic form (3) obtained in Ref. [10] as a mapping between the finite-time
Schrédinger and Heisenberg superoperators. From this we derive a fermionic duality for the
set of Kraus measurement operators using the Choi-Jamiotkowski state associated with the
dynamics. In Sec. 4 we consider fermionic duality for the infinitesimal-time generators of
the evolution, either via a time-local or time-nonlocal quantum master equation. Whereas
the time-nonlocal formulation allows for a solution in the Laplace-frequency domain, the
time-local formulation allows for a further decomposition into jump operators. This leads
to some unexpected insights into the divisibility of the dynamics and its causal structure.
Finally, in Sec. 5 we combine these approaches to gain deeper insight into a generally
applicable nonperturbative semigroup approximation [5,23] and its correction by an “initial
slip”. Here we combine the fermionic duality with a recently found exact functional relation
between the time-local generator G and the time-nonlocal memory kernel K [5]. In Sec. 6
we conclude and outline directions for follow-up work. Table 1 provides a guide to the
paper by summarizing the duality relations for all discussed approaches. Throughout the
paper we set h = kg = 1.
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2 Simple example: Fermionic resonant level

The general fermionic duality is best illustrated for the simple model of a resonant level
with arbitrary tunnel coupling I to a single reservoir at temperature 1" and electrochemical

potential p,
—od i I . 4+ bt
Hioy =ed'd+ | dwwbl,b, + o dw(d b, + bwd), (4)
T

where d and b, are fermionic annihilation operators. This gives only a very basic descrip-
tion of the time-dependent (dis)charging of quantum dot systems realized in a range of
heterostructures including molecular junctions [58-60] and atomic impurities [61]. Because
it ignores Coulomb interaction effects this model is exactly solvable for strong coupling I"
whose effects are primarily of interest here. Although the solution is known since Ref. [57],
several interesting aspects of the dynamics of the density operator p(t) were overlooked
until recently [23], including measurable effects of the breakdown of two different notions
of Markovianity. In the present paper we complement the study [23] by pointing out fur-
ther interesting properties of this model which are implied by fermionic duality and which,
importantly, turn out to be more generally valid. For example, the spectral properties of
the various time-evolution quantities of approaches (i), (ii) and (iv) were noted in Ref. [23]
to display striking regularities which could not be rationalized by any symmetry of the
resonant level model. The measurement- and jump-operators of approach (iii) and (v)
were likewise found to exhibit a pronounced pattern and to obey an unexpected sum rule
whose form depends only on one microscopic parameter and time. These formal regulari-
ties indicate that there is still more to be said about the physical properties of this model,
for instance, its degree of (non-)Markovianity as introduced below. As we will see in Sec. 5
this ties in with the practical task of constructing Markovian semigroup approximations
to the solution and their corrections. All these points—and more—will be explored step
by step in this paper.

Physical properties of the dynamics. To appreciate these implications of fermionic
duality, we, however, first need to give a summary of the various analytical forms of the
resonant level model dynamics for later reference. Further details on the latter are given
in Ref. [23]. Explicitly, all nontrivial dependence on the level detuning e — p, temperature
T and tunnel coupling I' is captured by three related functions of time:

o sin((E - 0)b)
k(t) _2TW (5)
Blt) = [ dse "Gy (6)
o(t) = T | dse g @

These functions contain pronounced damped oscillatory contributions at low 7. Fortu-
nately their complicated precise form given in Ref. [23] is not needed here.

We first review how the functions k, g and p encode basic physical properties of the
dynamics which will be important later on. For fixed time ¢, the state-evolution map
p(0) — p(t) = 1I(t)p(0) has two fundamental properties, namely trace-preservation (TP),
TrII(t)p(0) = Tr p(0) for all initial states p(0), and complete positivity (CP)—reviewed in
App. A—which implies II(¢)p(0) > 0 for all p(0) > 0. Although TP imposes no restrictions
on k, g and p, the CP property is fully encoded in the range of values that the function
p(t) can take at any time: II(¢) is CP if and only if |p(¢)| < 1. This nontrivial constraint is
indeed [23] satisfied by formula (7) for all times ¢t and all physical values of the parameters
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Figure 1: CP-divisibility for the resonant level model. The maximal value max;>o|g(t)| is
plotted as function of level detuning € — 4 and temperature 7' in units of tunnel coupling I".
Whenever |g(t)| > 1 for some time ¢ the dynamics is not CP-divisible. The black curve
marks where the maximal value equals 1. Note that max;>¢ |g(¢)| depends only on the
ratios (¢ — u)/I" and T'/T", whereas g(t) like k(¢) depends on all parameters separately.

e, i, T, T of the model, as it should. Depending on these parameters, the dynamics may be
Markovian in two different ways with different observable consequences as we now explain.

(1) The dynamics may be divisible by itself, II(t) = II(t—¢)II(¢'), for all t > ¢/, which is
the case if and only if the function g(¢) = constant for ¢ > 0. Despite the simplicity of the
model, this semigroup-divisibility always breaks down except at resonance, |e — pu|/T — 0,
where p(t) = 0 (which always holds in the limit of a hot reservoir, T — 00), or, when the
level is completely off-resonance, |¢ — u|/T — oo, where p(t) = £0O(t) is a step function.
Thus, the dynamics is virtually never Markovian in the semigroup sense and cannot be
described by a Lindblad quantum master equation. The breakdown of this property is
witnessed by an anomalous transient enhanced level occupation when decaying to a more
depleted stationary state [23].

(2) In a less strict sense, the dynamics may still be divisible as TI(¢) = TI(¢t, t")II(t')
for all t > t' by another physical evolution II(¢,t'), a CP-TP map [35,36]. This CP-
divisibility turns out to occur if and only if |g(¢)| < 1 for all £. This nontrivial condition is
mapped out in Fig. 1 as function of level position and temperature relative to the coupling
energy. One sees that the dynamics fails to be Markovian in the sense of CP-divisibility
whenever the level is off-resonant by more than the tunneling and thermal broadening,
le — p| 2 max{I',T}. For the resonant level this distinct property can be observed in
transport by checking whether there is no reversal of the measured current as function of
time for any initial level occupation [23].

Evolution. Having outlined some of the physics of this model, we now describe how
the functions (5)—(7) explicitly determine the structure of the exact dynamics of p(t). The
evolution can be written in three different ways and features the function p(¢) [Eq. (7)]:

(1) = exp (—ilH, o]t + 3Tt > [1 = np()] D) (8)
3 =+
=Y mi(t)|mi(D) (xi(t)] (9)
=0
= 3 1 (6) My () @ Mivy (1) (10)
N=0,11==%
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By [H,e] we denote the commutator of the system Hamiltonian? H = ed'd with argu-
ment e, and the dissipator D, will be defined in Eq. (11). Also, we write (A‘o .= Tr Afe and
’B) := B for operators A, B. Throughout the paper we will label each right eigenvector
by its eigenvalue and the corresponding left eigenvector is distinguished by an additional
prime as in Eq. (9).

The exponential form (8) is particular to this simple model. Due to the nontrivial
dependence of p(t) on time [Eq. (6)] it is not the exponential solution of some Lindblad
equation, despite the appearance of the familiar dissipator superoperators

Dy = dy e dl — 3{dldy, e}, n =+, (11)

where we defined d; = df, d_ := d. The more general spectral decomposition (9) is
natural to approach (i). The eigenvalues and their distinct left and right eigenvectors for
this model are listed in Table 2. Finally, the Kraus operator sum (10) of approach (iii)
always exists and in the present case the measurement operators read

1 1
Moy (t) = ny/vy(t)e 2%t dd" + (/v (t)e 2% d"d, My, = d, (12)

with nonnegative coefficients

moy(t) = 67%“ {cosh(;l“t) + 77\/1 + p(t)? sinh(%Ft)2 , (13a)

miy(t) = 3(1— ™) [L - np(t)], (13b)
and the shorthand

1 n  p(t)sinh(3T¢)
vp(t) = -+ 3 .
W=3%3 \/1+ p(t)2sinh(41')2

Quantum master equations. The above dynamics is the solution of the exact time-
nonlocal QME of approach (ii),

%p(t) = —i/o dt'KK(t —t")p(t), (15)

(14)

whose memory kernel features the function k(¢) [Eq. (5)],
1
—iK(t) = ~i[H, o] 6(t) + ATy [5@) - nm“k(t)]pn. (16)
n

Note that we included the system Hamiltonian H into X and used the normalization
fot ds §(s) = 1. Finally, the dynamics is also the solution of an exact time-local QME that

defines approach (iv),
d

ot) = =i (1)o(1) (1)
with a generator that features the function g(t) [Eq. (6)],
—iG(t) = —i[H, o] + 3T > [1 - ng(1)] Dy (18a)
n

= —i Z gi(t)|gi(1)) (gi(t)]. (18b)

2Throughout the paper we consider the action of the map TI(¢) on arbitrary initial states p(0) since this
enables the techniques of Refs. [11,13,14] which lead to the neat exponential form (8), see Ref. [23]. Also,
this allows us later on [Eq. (61)] in the jump-operator approach (v) to generalize Eq. (2) of the introduction.
If one restricts the action of the map II(¢) to operators p(0) which are fermionic states commuting with the
parity, [p(0), (=1)"] = 0 (superselection), then the contribution of the system Hamiltonian in Eq. (8) is not
relevant in this model. For this restricted map one can also find a simpler set of measurement operators.

10
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Table 2:  Time-dependent eigenvectors and eigenvalues of the evolution II(¢) and its
time-local generator G(t) derived in Ref. [23]. Observe that the eigenvalues are trivial ex-
ponentially decaying functions and constants, respectively, fixed by the T" = oo semigroup
limit of the model. All nontrivial time-dependence is due to finite-T" effects [23] and enters
the dynamics through the functions p(t) and g(¢) which appear only in the eigenvectors of
II(t) and G(t), respectively. Note that here the normalization of the eigenvectors of G(t)
differs from the normalization fixed in Eqs. (50b) and (50c). The duality relation for the
coherences can be seen from P’dn) = —n|dn).

Spectral decomposition of II(t)

’ (@] m#)  |m)

0 (1] 1 2[[1) + PO (=1)")]
1,2 (df| elme=aDtal)
3 S[(EDY[-p@)(1]] e |(=D)Y)

Spectral decomposition of G(t)

i (gi()] 9i(t) |9i(1))

0 (1] 0 3[|1) +e®)](-1)")]
1,2 (dh| —ne—iir |d)
3 SO -e®)(]] - (DY)

The eigenvalues and eigenvectors in Eq. (18b) are listed in Table 2. Although Eq. (16)
and Eq. (18a) look similar to the exponent of Eq. (8), they involve the three very different
functions (5)—(7).

Having summarized the exact equations for this model to be discussed, we note that
in the weak coupling limit it is not difficult to reveal a simple structure. For example,
in the time-local QME (17) one can simplify 1 — ng(t) ~ f(n(e — u)/T) where f is the
Fermi function and one then directly derives a fermionic duality relation using the formal
replacement f((e —p)/T) — 1 — f((e — pn)/T) as explained in Ref. [16]. However, this is
not possible in the case of arbitrarily strong coupling I' considered here. Thus, despite the
simplicity of this solvable model none of the above representations of its exact dynamics
seems to exhibit an obvious general structure. In the following we will derive such a
structure and illustrate it for each of the above expressions.

3 Fermionic duality for exact time-evolution

We now extend the scope to the much broader class of models of the form Hiot = H+ HR+
Hrt where only the following assumptions are made: (I) The multiple fermionic reservoirs
described by Hg are noninteracting with structureless, infinitely wide bands, each one
being separately in equilibrium at the initial time. (II) The coupling to the fermions in
the system (indexed by [) is bilinear in the field operators, Hp = , [ dwt, d;rcm +h.c.,
and independent of the energy w of the fermionic modes in the reservoirs (indexed further
by 7). (IIT) The system Hamiltonian H obeys parity superselection, [H, (—1)"] = 0, and
as a result so does the total system. More explicit formulas are not needed anywhere
in the paper and we refer to Refs. [10,16] for further discussion of these assumptions
and examples. The only microscopic quantity that explicitly plays a role in the fermionic

11
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duality is the lump sum of tunnel-coupling constants over the system and reservoir indices:

=21 |tu|* (19)
rl

Here [ (r) includes all relevant quantum numbers (spin, orbital moment, etc.) on the
system (reservoir) which need not be conserved by Hr, unlike the fermion number.

Based on these three assumptions the duality was established in Ref. [10]. However,
the detailed derivation given there does not lead to the insights reported in the present
paper. The conditions (I)~(III) do not help to understand the results obtained here by
starting from the established duality relation Eq. (3). We refer to Refs. [10,16] for further
discussion of these assumptions and the derivation and to Refs. [10,13-17,62] for numerous
detailed illustrations of how the duality can be technically applied and physically exploited
in the weak coupling limit.

No other assumptions are necessary: in particular, the system, described by H, may
consist of any finite number of levels with any type of multi-particle interaction of arbitrary
strength, including superconducting pairing terms that break particle conservation but
preserve parity. Also, the magnitude of the couplings, temperatures and electrochemical
biases can be arbitrary assuming that the employed perturbation series converges. Thus,
the following results apply to a very large class of actively studied models which are rel-
evant to nonequilibrium quantum-impurity physics, quantum transport and open-system
dynamics. We also note that for weak coupling, the duality relation can be generalized
beyond the case of structureless wide bands [16].

Of central interest is the superoperator II(¢) describing the state evolution, i.e., the
Schrodinger propagator,

p(t) = TI(£)p(0) = Tr {e~Hort p(0) pei Pt} (20)

It is obtained by tracing out the fermionic reservoirs, assuming that each of these is initially
uncorrelated with the system and separately in an equilibrium state. The propagator is
thus a function of the parameters specifying the system Hamiltonian H, the coupling
Hr, and the different electrochemical potentials of the reservoirs, collected in u = (p).
This dependence is important in the following and will be denoted by II(¢, H, u, Hy) when
required. The dependence on the different reservoir temperatures 7, need not be indicated.

The superoperator II()T describes the time-evolution of system observables A, i.e., the

Heisenberg propagator,
Aty =TT A =T1(t) 4, (21)

such that <A(t)T>p(0) = (A(t)|p(0)) = (Alp(t)) = (AT>p(t) for expectation values. Here
the superadjoint of a superoperator, indicated by bold f, is defined by Tr {AT(HB)} =
Tr {(HTA)TB } and is of central importance in this paper. It is defined relative to the
Hilbert-Schmidt scalar product between operators (A|B) = Tr A" B and therefore distinct
from the ordinary adjoint 1 of an operator relative to the scalar product between vectors
(Y|Ap) = (ATep|¢). For superoperators with the special form e — (L e R) of a left and
right multiplication by operators L and R, respectively, the two distinct adjoint operations
are related in a simple way:

(LeR)t = LT e R (22)

In the following these distinctions will be clear in the context and we will talk about
adjoints, eigenvectors, and orthogonality without further specification (“super”). Since
generally the evolution TI(¢) is a not represented by a normal matrix, [TI(¢)T, TI(¢)] # 0, its
left and right eigenvectors are not simply related by taking the adjoint §. As both sets
of vectors are required in the analysis of dynamics, this presents a crucial complicating

12
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factor in any (semi-)analytical treatment of open quantum systems. This is what fermionic
duality addresses.

3.1 Evolution superoperator

The fermionic duality establishes a relation between It (t) = II(¢)T and II(t) evaluated
at different parameter values which is denoted by II(¢). By first explicitly evaluating the
wide-band limit, this relation can be derived within a renormalized perturbation expansion
of all finite-T" corrections of the propagator II(¢) around the 7' — oo limit [10,13,14]. For
the considered class of models the propagator obeys the fermionic duality relation

(1) = ()]’ = e TP TI(E) P (23)
order-by-order. Here I is the lump sum of couplings (19) and the superoperator
P=(-1)"e (24)

denotes the left multiplication with the system parity operator (—1)" = exp(irN). By
the overbar we denote the following parameter substitution of some function X:

X(H,p, Hr) = X(—H, —p,iHr). (25)
For example, for the resonant level model of Sec. 2 this parameter mapping corresponds to
(e,1,T) = (—&, —p, —T') which transforms the functions encoding all nontrivial parameter
dependence as follows®:

k(t) = —k(t) (26)
t)=e"[—g(t) + (1 —e)p(t)] (27)
(t) = —p(t). (28)

The fermionic duality (23) expresses an exact restriction on the possible parameter de-
pendence of TI(¢) based only on the quite generic physical assumptions (I)—(I11I) mentioned
at the beginning of Sec. 3 and two fundamental physical principles, the Pauli exclusion
(anticommutation relations) and fermion-parity superselection applied to the total system.
One may think of TI(¢) as a continuation of II(t)—considered as function of microscopic
parameters—from a physical domain to a larger domain of unphysical values. This is
not uncommon in physics, cf. for example, the complexification of angular momentum
in scattering theory (Regge theory). In the present case, the system-reservoir coupling
Hamiltonian is mapped to anti-Hermitian values, Hy — iHrp. This corresponds® to a
Wick-rotation t,;, — it together with inversion of the relative sign between the two
tunneling terms in Hp. The fermionic duality is the imprint left behind in the reduced
description (after tracing out reservoirs) of the mentioned physical assumptions and prin-
ciples (before tracing). It takes the form of a restriction (23) on the continuation beyond
the physical parameter domain. It is not required—or to be expected—that the superop-
erator I1(t) resulting from the parameter substitution (25) should be a physical evolution.
The construction as a continuation guarantees that II(¢) is still a TP map, but we will
see that it is not CP. Nevertheless, approximations that break fermionic duality are in-
consistent with the physical assumptions and principles governing the underlying total
system, see Sec. 6. After presenting all our results we will compare with other works in
the discussion [Sec. 6].

SRelation (27), written as (1 — e "*)p(t) = g(t) + e T'g(t), is obtained by inserting (7) on the left and
partially integrating using p(0) = 0. Relation (28) follows by taking the overbar of Eq. (27).

4The substitution Hr — iHt means that we treat the conjugate pair of tunnel constants in Ht =
Do Jdw (trld;cm +t:lciwdl) as independent parameters: t,; — it,; but t;; — ity; = (—it,;)*. This inverts
the sign of all spectral densities ¢rt),, — —tnt,,;, determining the decay rates, see Ref. [10].
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3.1.1 Cross-relation left and right eigenvectors

We now first explain the usefulness of relation (23), extending the analysis of Ref. [10]. It
implies that if |7;(t)) is a right eigenvector of II(t) with eigenvalue m;(t) then

m(t) = e T A (t)* (29a)
is also an—in general different—eigenvalue, numbered j # i, with left eigenvector
(7 ()] = (m:(0)|P = [Plm(e))]". (29b)

Similarly, right eigenvectors are related to left ones by

Im;(t)) = Pl7it) = [(7H(1)|P]T. (29¢)

Thus, although II(¢) is not a unitary matrix [cf. Eq. (1)] its left and right eigenvectors
are nevertheless related by conjugation up to parity signs (P) and a parameter substitu-
tion (25) (overbar).

The duality only ensures proportionality of the vectors in Egs. (29b)—(29¢). The pro-
portionality constants were chosen such that binormalization imposed for pair ¢ is pre-
served for pair j: (7 (t)|m;(t)) = (7;(¢)|7i(t))* = 1. One is then still free to gauge the right
hand side of Eq. (29¢) by any nonzero time-dependent complex scalar 6;(t) and correspond-
ingly Eq. (29b) by 1/60;(t). If an eigenvalue happens to be self-dual, m;(t) = e 1t 7;(t)*,
we have i = j in Eq. (29a). In this case the gauge freedom is fixed by binormalization
(wi(B)lms() = 1:

1 1
(@ [Pm) (m OO

with related factors (7;(t)|P|m(t)) - (7 (t)|P|7i(t)) = 1.

Table 2 shows that for the resonant level model all eigenvalues are indeed cross-related
by the duality relation (29a). The nontrivial, non-exponential time-dependence is located
in the eigenvectors. The duality relation (29b) now dictates that if the right eigenvector to
eigenvalue my(t) = 1 depends nontrivially on time through p(t), then the same must hold
for the left eigenvector to eigenvalue m3(t) = e~'*, see Table 2 and Eq. (28). Analogously,
the time-constancy of the left and right eigenvectors ¢ = 1 dictates the time-constancy of
the ¢ = 2 eigenvectors. Thus, duality provides a fine-grained insight into the location of
nontrivial contributions to the dynamics.

In an analytical calculation of the spectrum of II(¢) one may, for example, determine
for each dual pair only one eigenvalue and its left and right eigenvector algebraically, and
then obtain the remaining eigenvalues and eigenvectors via a mere parameter substitution
[Eq. (25)] and parity transform P [Eq. (24)]. This is much simpler and, moreover, preserves
the compactness of analytical expressions already obtained. For models only slightly more
complicated than the resonant level this already leads to significant simplifications and
some surprising insights as shown in the weak coupling limit [10,15-17].

(m(t)|P, mi(t)) = P|7i(1)). (30)

3.1.2 Constraints on evolution of states and observables

We have seen for the resonant level that the duality (29) dictates that terms with quali-
tatively similar time-dependence in the spectral decomposition of II(¢) occur pairwise on
opposite ends of the real part of the eigenspectrum. In the general dynamics,

|p(t)) = T1()|p(0)) = D mi(t)|mi(#)) (wi(¢)]0(0)), (31)
1=0
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one pair of contributions is of particular interest.

The right eigenvector to eigenvalue my = 1 is a time-dependent fized point®, I1(t)|mo(t)) =
’wo(t)), which is guaranteed to exist by the evolution’s TP property, (wé‘ﬂ(t) = (776} Writ-
ing (ﬂ()‘ = Tr. Often the operator ‘71’0(75)) is unique and can then be scaled to a positive,
trace-normalized physical state®. For simplicity we assume throughout the paper that
the eigenvalue 7 is nondegenerate. The time-dependence of the fixed-point is important
and its significance was recently highlighted [23]: If one initially prepares [p(0)) = |mo(t;))
where the reentrance time ¢, > 0 is a parameter, then the nontrivial evolution is guaranteed
to ezactly recover this state at the preset time t = t,, II(,)|p(0)) = |mo(t:)), even though
the environment state for ¢ = 0 generally differs from the one at ¢ = ¢,.. For the resonant
level model this reentrant behavior signals the breakdown of semigroup-Markovianity [23].

The duality cross-relation (29a) now dictates that the dynamics has another funda-
mental eigenvalue 7, (t) = e Tt with trivial time-dependence at the opposite end of the
spectrum. Here we number i = 0, ..., n where n := d*>—1 and d is the system Hilbert space
dimension. The right eigenvector |m,) = (—1)" is the time-constant parity operator,

IH)[(-1)N) = e | (-1)N). (32)

We note that this follows directly from the fact that the dual propagator II(t) is also a
TP map’, (]1|1:[(t) = (]1’ The corresponding left eigenvector can be expressed via the
zeroth right eigenvector, (7,(t)| = Tr{7o(t)(—1)" e}, where 7y(t) denotes the self-adjoint
operator specifying ‘7‘70(75)). It determines the amplitude in the expansion of the time-
dependent state:

16(0) = [70() + . +e T Telmo(t) (—1)V p(0)} - | (—1)Y). (33)

Thus, the nontrivial time-dependence of the coefficient of the fast I'-decay is also deter-
mined by the time-dependent non-decaying fized-point component ‘wo(t)), namely through
its functional dependence on parameters. For semigroup dynamics this coefficient is time-
constant, but in general it is time-dependent, even in the resonant level model, see ‘wo(t))
in Table 2. The result (33) implies that the expectation value of a system observable A can
be decomposed into an instantaneous expectation value in the time-dependent fized-point
state plus corrections:

(A) oty = (Ao + -+ T Te{7o () (=1) p(0)} - Tr{A(-1)"}. (34)

The corrections with the fast I'-decay appear only for observables which overlap with
the fermion-parity, Tr{A(—1)"} # 0. Such operators A depend multiplicatively on the
occupations of all fermionic orbitals in the open system, i.e., they probe global correlations
within the system. The above insight into the general dynamics extends the weak-coupling
results of Ref. [16].

3.2 Measurement operator sum

We now turn to an entirely different formulation of the same dynamics which is ubiquitous
in quantum information theory. We can apply this approach here since we are assured
that TI(t)—being the exact evolution—is a CP map®. It can therefore be written in the

5For a given time, the fixed point of a dynamical map relates to the disturbance caused by its measure-
ment operators [63].
See Chap. 6. of Ref. [64] and discussion in Ref. [23].

"This follows from [T1(¢)|(~1)™)]" = (1|PTI(1) @ e AP = e (1))
8The CP property is very difficult to maintain when performing approximations, see Ref. [33] for a
discussion and references.
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form of a Sudarshan-Kraus operator sum [20-22]

Zma ) o M (1) (35)

Without loss of generality we choose to normalize the measurement operators using the
Hilbert-Schmidt scalar product, Tr M, (t)T M, (t) = 1. The coefficients mq (t) are then real
and positive by CP, see App. A, and the TP property of T1(¢) is equivalent to

Z me(t )V My (t) = 1. (36)
By taking the trace this implies a scalar sum rule: the coefficients must sum to the Hilbert

space dimension d,
> ma(t) =d. (37)

Each term in the operator sum (35) describes a physical process in which outcome «
is obtained by a measurement on the environment R in some basis. For each different
choice of a basis, there is a set of measurement operators {M,(t)} and thus a different
operator-sum representation. We fix this freedom by considering canonical measurement
operators which are orthonormal, Tr M, (t)T My (t) = 04ar. If the mq () are nondegenerate,
this fixes the set {M,(t)} uniquely up to trivial changes by phase factors which cancel
out term-by-term in the sum (35), see App. A for the case of degeneracy. Importantly,
for fermionic systems the operators must have a definite parity denoted by (—1)"e, i.e.,
(—1)N M, (=1)N = (=1)Ne M, since the operators describe measurements®.

3.2.1 Cross-relation of Heisenberg and Schrédinger measurement operators

From the operator sum (35) it is easy to find the measurement operators for the Heisenberg
evolution 1 (¢) = II(¢)T by using Eq. (22),

T—Zma )T e M, (t). (38)

To see the nontrivial implication of fermionic duality (23), we insert Eq. (35) and Eq. (38)
and show that the individual terms in the two operator sums must be equal up to
a permutation of the summation index «. This follows most elegantly by the Choi-
Jamiotkowski (CJ) correspondence for which the fermionic duality is worked out in App. A.
We obtain the key result that pairs of orthonormal measurement operators with the same
parity obey

Mo (t)" = Mo (2) (392)

and their corresponding coefficients fulfill
ma(t) = e TH(=1)No' g (t). (39b)

where o = o is allowed. In Eq. (39a) the only freedom left in the relation between the
operators M, and M, is a complex phase factor, which we set to 1.

The fermionic duality relation (39) implies that if a coefficient is self-dual, m, =
e 1t (=1)Nem,,, the measurement operator is a strongly constrained function: its adjoint
must correspond to dual parameters, Ml = M. In all other cases, for each pair a, o’ of

OIf the parity is initially definite, [p, (—=1)"] = 0, then for individual processes conditioned on outcome
a, parity is still well-defined, [MspMJ}, (—1)"] = 0. This holds for any p, giving Ma(—1)" x (1)~ M,.
Applying this twice we find that the proportionality constant is some sign (—1)V*. See also App. A.
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dual coefficients one needs to determine only one of the measurement operators, obtaining
its dual operator for free. Thus, very similar to the relation (29) between left and right
eigenvectors of II(¢), the difficult task of analytically finding the measurement operators
and coefficients for nontrivial fermionic open systems is significantly simplified.

3.2.2 Additional fermionic sum rule for measurement operators

Since the dual propagator TI(t) = 3. maMa(t) ® M,(t) is also a TP map, the dual
measurement operators also obey a sum rule: Y. Mo Mq(t)TM,(t) = 1. Notably, this
is not an obvious consequence of the TP sum rule (36) for II(¢): inserting Eq. (39) we
instead find!'” that the original measurement operators of the fermionic systems must obey
an additional, independent sum rule:

D (1) Ny (8) Mo (8) Mo ()T = 71 (40)

«

This shares with Eq. (32) the remarkable feature of depending only on a single detail
of the microscopic model, the lump sum of couplings I', independent of interactions and
external controls such as temperature, and chemical potentials. Unlike the familiar sum
rule (36), the adjoint appears on the right operator and the difference of even and odd
parity terms is constrained to a time-dependent operator.

The trace of Eq. (40) implies an extra scalar sum rule

> (=D)Nemy(t) =de (41)

«

where we used that Tr M, (t)T M,/ (t) = 04 for canonical measurement operators. To-
gether with Eq. (37) we obtain separate sum rules for the coefficients of the even and odd
measurement-operators as functions of time:

S L+ (DN ma(t) = d A1+ e, (422)

[0}

Yo sl = (DY ma(t) =d

[0}

[1—e 1. (42b)

D=

Whereas for ¢ = 0 the even operators must contain all the weight to produce I1(0) = 1 o1,
the even and odd weights coincide in the stationary limit ¢ — oo, evenly splitting the
standard sum rule (37). In other words, the stationary evolution gives equal weight to
parity changing and parity preserving processes.

For the resonant level model the measurement operators are indexed by o = N
with level occupation N = 0,1 for even or odd parity and n = +. The operators (12)
and coefficients (13) have a simple explicit dependence on I', €. All nontrivial parameter
dependence is contained in the function p(¢) [Eq. (7)] which has a simple transform p(t) =
—p(t) [Eq. (28)] under the parameter mapping (&, u,I') — (—&, —p, —I'). Thus, duality
strongly restricts the functional form of the coefficients (13) for even parity, and for odd
parity pairs them up:

moy = +emoy, My = —€ M. (43)

19T this end, multiply I(t)(-1)Y = 3 maMa(-1)"M] = e T (-1)Y by (-1)Y and use
(—1)N Mo (—=1)N = (=1)Ne M,. Note that not every eigenvalue equation II(£)X = >, ma Mo XML = AX
can be converted to a sum rule of this form: it requires that the operator X is invertible and commutes
up to a scalar factor with all measurement operators M, X = ko X M.
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Correspondingly, the even-parity operators (12) are self-dual and the odd ones are dual
partners,

My, = Moy, M{, = My, (44)

The self-duality strongly constraints the coefficients of dfd and dd' inside the operator
Mgn: the substitution (e, u,I") — (—&, —p, —I') maps the coefficients to their complex
conjugates. We stress that without the unphysical inversion of the decay rates I' — —I"
one cannot explain this puzzling “symmetry” of this exact result. Furthermore, it is by no
means obvious from the explicit solutions (12)—(13) that the additional simple sum rule
(40) indeed holds. Also, the scalar sum rule (42) implies for fixed level occupation N = 0
or 1 that any nontrivial time-dependence of the coefficients (13) for n = £+ must be the
same up to a sign. All these structural features of the measurement operators were left
unexplained in Ref. [23].

3.2.3 Unphysicality of the duality mapping

Of all the approaches to be discussed, the measurement-operator formulation (39) most
clearly reveals that the dual propagator II(t) is unphysical. 1t is not CP whenever TI(t)
and TTH(¢) are CP: the fermion-parity signs in Eq. (39b) imply that for operators M, with
odd-parity the coefficients m,s are strictly negative. This means that due to the inversion
of coupling constants, I' — —I", TI(#) cannot correspond to the evolution of any physical
system. In the duality relation (23) this is reflected in the parity transformation P.

We stress that this unphysicality in no way obstructs the derivation of Eq. (23) or its
useful application to physical problems. On the contrary, it makes the duality map-
ping particularly interesting: by continuation of parameters to non-physical domains
[Eq. (28) ff.] it points out functional dependencies which are not just physically “un-
intuitive” but even impossible to motivate by strictly physical parameter mappings.

4 Fermionic duality for exact quantum master equations

We now consider how fermionic duality constrains equivalent exact quantum master equa-
tions which generate the evolution II(¢).

4.1 Time-local quantum master equation

The dynamics can be described by a time-local QME [5]
d
%H(t) = —iG(¢t) II(¢), I1(0) = 7. (45)

Importantly, the time-local generator G(t) is in general time-dependent even though it
derives microscopically from a time-constant Hamiltonian generator Hio; for system plus
reservoirs. The generator of the corresponding Heisenberg evolution acts from the left,

d

—II

dt
in order to generate the evolution of observables (21) as $A(t) = iGH(t)A(t). As a
consequence, it is not'! simply equal to the adjoint of the generator:

Gty = ) 'emn)t # gt (47)

"'"The adjoint equation LII(¢)" := ilI(t)TG(¢)" suggests to identify G(¢)" with the generator. However,
since it acts on the right one verifies that it is not the generator in the equation of motion for an observable
A(t) = II(t)T A(0) which is instead G (¢).

(O = ig" ()t (46)
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This difference implies that for open systems one cannot switch from the equation of mo-
tion in the Schrodinger picture, £p(t) = —iG(t)p(t), to the Heisenberg picture, 4 A(t) =
iGH(t) A(t), without first solving the dynamics. This is a known complication (Ref. [4],
p. 125) of the analysis of open-system evolutions not commuting with their generator [65].

This nontrivial problem—specific to open systems—is solved by fermionic duality and
will play a role in the construction of approximations in Sec. 5. Only in the simple
cases where [G(t),T1(t)] = 0 do we have GH(t) = G(t)T. This includes the familiar case of
Markovian semigroup dynamics where a time-constant G generates I1(t) = e~*9t. However,
already for the resonant level model we have GH(t) # G(t)T since time-ordering of the
generator matters except for special parameters (7' = oo or € = pu, see Sec. 2).

The TP property of the Schrédinger evolution, Tr G(¢) = 0, by Eq. (47), corresponds
to the Heisenberg evolution being unit-preserving or unital,

G"(1)[1) = gH 1)) = [(1|g@m)]" = o, (48)

Physically this means that trivial measurements stay trivial.
Taking the time-derivative of relation (23) one obtains the fermionic duality for the
time-local generator:

Gi(t) = [ 'g@n()" = ir T — PG(t)P (49)

This relation is another key result of the paper which we again stress is exact, in particular,
it is not based on any time-local approximation. It solves the nontrivial task of obtaining
the Heisenberg generator G (t) directly from G(t), without computing II(t). Already for
the resonant level model this presents a significant simplification: instead of performing
quite some superoperator algebra!? as required by Eq. (47), we obtain GH(¢) by the simple
parameter substitution g(t) — g(¢) given in Eq. (27).

4.1.1 Cross-relation left and right eigenvectors of the generator

The time-local fermionic duality (49) immediately implies that if | 9i(t)) is a right eigen-
vector of G(t) with eigenvalue g;(t) then

9;(t) = [it = g:(t)]" (50a)

is also a—generally different—eigenvalue g; with left eigenvector

2 (g0)] = @OPIn " = [ )elam)] (50b)
Similarly, for right eigenvectors:
e g,(1)) = Plgie) = (@ [Paent] (50¢)

As before [Eq. (29) ff.], the proportionality factors were chosen to ensure that the binor-
malization of pair i is passed on to pair j: (g;(¢)|g;(t)) = (gi(t|gi(t))* = 1. For self-dual
eigenvalues g;(t) = [il' — g;(¢t)]* biorthonormality (g}(¢)|gi(t)) = 1 implies

o 1
(1) = (g:(t) [PIL(t) g (1))

1 _/
FomPlgm) O TIEO) (51b)

“Insert Eq. (8) and use PD}P = —D_, — I, [L,D,] = 0, [L,II] = 0 and the general relations LT = L,
and PLP = L.

(gi(t)\PH(t)‘l (51a)

‘gi(t)) = (
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where (g;(t)|PIL(t) 7| gi(t)) - (gi(t)|TI(£)P|gi(t)) = 1. It is expected that fermionic duality
takes a more complicated form here since the generator G(t) incorporates a great deal of
the complexity of the solution II(¢) into the QME (45) in order to eliminate the memory
integral of QME (15). In this respect, the simplicity of the eigenvalue duality (50a) is
surprising and presents a definite advantage for analytical calculations. It generalizes the
relations of Refs. [10,16] which for weak coupling imply that I is always the largest decay
rate [16].

As expected the cross-relation (50b)—(50c) of the eigenvectors is more complicated due
to the involvement of TI(¢). Only the special case [G(t),II(¢)] = 0 leads to a simpler duality
relation G(t)T = i['Z — PG(t)P that directly relates left and right eigenvectors of G(t):
(gg(t)} = (3:i(t)|P and |g;(t)) = P|gi(t)). This includes the Markovian-semigroup limit
with time-constant G, recovering the weak-coupling results of Ref. [16].

Table 2 shows that for the resonant level model, the eigenvalues of G(¢) indeed satisfy
the cross-relation (50a). Yet, since [G(t),II(t)] # 0 for this model, the eigenvector rela-
tions (50b)—(50c) remain nontrivial: their verification requires the transformation (27) of
the function g(¢) and some algebra to verify Eq. (49). We note that G(¢) and its eigenvec-
tors also satisfy another, simpler relation which is, however, specific to the model and not
related to general principles, see App. B.

4.1.2 Constraints on time derivatives of states and observables

Analogous to the fermionic duality (31) for the propagator, its time-local version (49)
provides general insight into where nontrivial (non-exponential) contributions occur in
the dynamics. In this case it concerns the time-derivative of the state:

&lp(t)) = —iG(OTI(¢)|p(0)) (52a)
= =i 9:(®)]gi(t)) (i (OT(®)|p(0)) (52b)

= —ie 23" gi(0)]gi(t)) ()| P(0)) (52¢)
ij

The prime indicates that we sum over pairs of dual eigenvalues ¢ and j keeping only one
term for self-dual ones. Here there is a catch because the evaluation of Eq. (52¢) requires
that the normalization of ‘ gi(t)) is known, which we implicitly fixed in the duality relation
Eq. (50). This is not an issue for two important contributions which we now discuss.

The first one is the missing contribution: the time-dependent zero-mode of the gen-
erator, G (t)| go(t)) = 0. Such a right eigenvector with eigenvalue go(t) = 0 always exists
since by trace preservation (gy|G(t) = 0, writing (gj| = Tr = (7(|. At finite times |go(t))
is distinct from the time-dependent fixed point |mo(t)) of II(t) [Eq. (31)], even though
asymptotically both converge to the stationary state |p(cc)) = |go(c0)) = |mo(00)) when-
ever it is unique'®. In fact, for the resonant level }go(t)) even fails to be a positive operator
in time intervals where |g(¢)| > 1 [Table 2], which happens precisely in parameter regimes
where the dynamics is not CP-divisible shown Fig. 1. In contrast, !770 (t)) is always positive
since |p(t)| < 1 for all ¢, see Sec. 2.

The fermionic duality (50a) implies that there is another fundamental contribution to
Eq. (52¢) with eigenvalue g, (t) = —il" at the other end of the spectrum. Remarkably, it
only depends on I' and its right eigenvector does not depend on any microscopic detail:

GO|(-1)Y) = —il|(-1)") (53)

13This agrees with the stationary state obtained from the memory kernel, |IAco(0)) = |go(c0)) [Eq. (79)].
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This follows from ’gn(t)) = eFt/QH(t)’(—]l)N) = e‘Ft/zl(—]l)N) [Eq. (32)]. Note that this
also follows from the fact that G(t) generates a TP map, (]I}C; (t) = 0. The corresponding
left eigenvector is (g,’l(t)‘ = e T2 T {go(t)(—1)NTI(t) " 'e} [Eq. (29b)] where Go(t) denotes
the self-adjoint operator specifying ‘ go(t)). It inherits the parameter dependence of the
zero-mode which in general is complicated,

o) = = "TI(=1)N) (90(8)[P]p(0)) + ... (54)

For the time-derivative of the expectation value of an observable A the nontrivial time-
dependent prefactor of the I'-decay rate,

4(4) = —e T T{A(-1)N} - Tr{go () (~ 1)V pl0)} + ... (55)

is completely determined by the parameter dependence of the zero-mode of the generator,
‘ gg), the missing term in the expansion (52c¢).

This remarkable structure is a generalization of the weak-coupling result of Ref. [16]
which introduces a new distinction: whereas the fixed-point of II(¢) determines this fast
contribution to p(t) and expectation values (A)(t) [Eq. (34)], it is the distinct zero-mode
of G(t) that determines the fast contribution to %p(t) or currents %<A>(t) [Eq. (55)].
Whereas for [G(t),I1(t)] = 0 (including Markovian semigroups) the fixed point and zero
mode coincide at any time, they are in general different, ﬁo(t)) # ’ 3o (t)) This illustrates
that fermionic duality leads to independent insights when formulated in complementary
approaches.

For the simple resonant level model this leads to an interesting insight into the transport
current by taking A = N, the level occupation operator. Using Eq. (52¢) one can verify
that the omitted terms in Eq. (55) are zero because (N|g;(t)) = 0 except for j = 3. The
normalization of the eigenvector { gg(t)) can then be calculated'® by taking the trace of
Eq. (50c) and we obtain from Eq. (55)

F(N) =Te 5 [g(t) + (-1)™]p(0))] - (56)

Thus, the observable transport current is automatically decomposed in two contribu-
tions of which one is a trivial exponential decay depending on the initial state through
%((—]I)N|p(0)) = % — (N)(0). All nontrivial time-dependence is captured by the single
function g(t) from the generator G(t) but evaluated at dual parameters. Note that this
relation does not follow from Eq. (34) unless one laboriously uses identities connecting the
nontrivial functions g and p.

4.2 Jump operator sum

As mentioned in the introduction, a distinct advantage of the previous time-local QME
approach is that it connects to the divisibility properties of the dynamics (Markovianity).
These are, however, only revealed when decomposing the generators G and GH(¢) [Eq. (47)]
appearing in the time-local fermionic duality (49) into jump-operator sums, analogous to
the decomposition of II(¢) into a measurement-operator-sum.

4.2.1 Causal and anti-causal divisibility

This approach requires some preliminary discussion. We first note that the Hermicity- and
trace-preservation properties of the dynamics alone already imply the following structure

1n this case we can circumvent the calculation of TI(t) in Eq. (50c) because we only need the normal-
ization of |go(t)) which can be fixed using the known left eigenvector (L|II(¢) = (1|.
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of the generator [App. C] due to Lindblad, Gorini, Kossakowski and Sudarshan [24,25]

—iG(t) = —i[H(t), 8] + Y ja(t)Da(?). (57)

The dissipators D, (t) = Jo(t T—f{J Ja(t), ®} contain jump operators J,(t) and
are weighted with real coeﬂiments Jal(t) Wthh we assume to be nondegenerate, see App. C
for the degenerate case. Their structure guarantees that the generated dynamics is TP
(Tr Dy (t) = 0). The coefficients j,(t) need not be positive, in contrast to the coefficients
of measurement operators [Eq. (37)]. The effective Hamiltonian H(t) is Hermitian but
differs from the bare one, H, which we indicate by the time argument.

Similar to the measurement operators [Sec. 3.2], we eliminate gauge freedom by working
with canonical jump operators, which are orthonormal, both mutually Tr J,, (¢)7J5(t) = dug
and to the identity, Tr J,(t) = 0. Importantly, the canonical jump operators J,(t) have a
definite parity (—1)Ne, ie. (=1)NJ4(t)(—=1)N = (=1)NeJ,(t) and the canonical effective
Hamiltonian has even parity, (—1)Y H (t)(—1)Y = H(t) [App. C].

The dynamics is CP divisible, II(t) = II(¢, ¢)II(¢') for all 0 < ¢’ <t < oo, if and only if
the condition!® j,(¢) > 0 holds for all a and ¢ > 0 [35,36]. In this case the jump operators
have an operational meaning: J,(t) is a measurement operator for outcome a measured on
the environment with infinitesimal probability j,(t)dt > 0 during infinitesimal evolution.
For example, in the resonant level model, the two jump rates j,(t) = 3[1 — ng(¢)|l" are
positive if and only if |g(¢)| < 1 which holds true for the parameter in the divisible region
mapped out in Figs. 1 and 2(a). In this case the corresponding odd-parity jump-operators
Jy = dy [cf. Eq. (11)] represent a jump of a particle to or from the level induced by a
measurement in the environment in an infinitesimal time §t. The effective Hamiltonian
coincides with the original one, H(t) = H = ed'd [Eq. (18a)]. The relation to stochastic
simulation methods will be discussed in Sec. 6.

Divisibility also has a clear operational meaning in terms of a simulation task. The
condition states that the full evolution up to time ¢ can be simulated by stopping the
evolution earlier at —decoupling and discarding the environment—and then applying to
the output some postprocessing device described by I1(¢,¢). Such a physical device exists
if and only if the latter is a CP map, see Sec. III of Ref. [23] for a discussion. If such
a simulation is possible for every ' and every ¢, then II(¢) is called CP divisible. This
indicates that the input-output correlations of the dynamics are weak. For this purpose
we only need to inquire into the possibility of such a simulation, not its implementation.

To derive a fermionic duality for jump coefficients and operators, we need to decompose
the Heisenberg generator G (t) appearing in Eq. (49) in a similar way,

iG1(t) = i[H™(t), o] + Y _ ja (1)Da (1), (58)

with Hermitian H H( ). The different structure of the Heisenberg dissipator, DI (t) =
JH(t) o JH ()T — 5 {JH JH®)T o}, now ensures that the Heisenberg evolution is unit-
preserving [Eq (48)]. Moreover, the coefficients jH(t) are distinct from the j,(t) and
related to a different type of divisibility: jil(¢) > 0 is the condition'® for what can be called
anti-causal CP divisibility of the state dynamics, II(t) = II(¢/)II,(¢,¢') for all ¢’ € [0,t] by
some CP-TP map II,(¢,t') on the right, in contrast to the usual division of the dynamics

151f G(t) satisfies this condition of CP-divisibility, it implies that TI(t) = TI(t,0) is CP. Note that if G(¢)
does not satisfy this condition, it is not known which sufficient conditions the J,(¢) and ja(t) should satisfy
to ensure that II(¢) is CP.

167f GH(¢t) satisfies this condition, then it implies that TI(t) = I1,(¢,0) is CP.
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Figure 2: Regions of causal and anti-causal CP-divisibility for the resonant level model.
The Heisenberg jump rates jgl(t) = 2[1 — ng(t)]l" are positive if and only if |g(t)| < 1.
(a) maxy>0|g(t)| as function of level detuning ¢ — p and temperature T'. The black line
marks max;>q |g(t)| = 1, forming the boundary of the anti-causally divisible region. The
dashed line limits the causally divisible regime by marking max;>o |g(t)| = 1, see Fig. 1.
(b) Continuation of max;>o|g(t)| from physical (I' > 0) to dual parameters (I' < 0)
shows the connection of causal and anti-causal divisibility revealed by fermionic duality.
In (a) this connection is hidden in the T/T' — oo limit. At resonance (¢ = p) the
evolution is a semigroup which is trivially both causally and anti-causally divisible. As
one tunes further away from resonance, the evolution first looses the anti-causal and then
the causal divisibility. For T' < I'/(27) (white regions) max;>¢ |g(t)| = oo, reflecting that
the stationary limit of G'(#) does not exist even though the limit IT"(c0) is well defined.
This is a peculiarity of the time-local description.

by postprocessing to the left. Whereas semigroup dynamics is both causally and anti-
causally CP divisible, this does not hold for more general dynamics as studied here. For
the resonant level model the parameter regime of anti-causal divisibility is mapped out in
Fig. 2(a) and does not coincide with the regimes of causal divisibility.

The operational meaning of anti-causal divisibility becomes clear when viewed as a
simulation task: The condition states that the full evolution II(¢#) up to time t can be
simulated by preprocessing its input by some device described by II,(¢,t'), and then after-
wards running the evolution II(¢') only up to time ¢'. Also here, a physical preprocessing
device exists if and only if I, (¢,¢') is a CP map. If such a simulation is possible for every
t' and every t, the evolution can be called anti-causally CP divisible. This indicates that
the input-output correlations of the dynamics are weak and additionally that the causal
ordering is weak, i.e., the dynamics is robust against interruption at ¢’ and reversal of
causal ordering. As for causal divisibility, we only inquire into the possibility of such a
simulation, not its implementation.

These two types of divisibility are not related in an obvious way. It is in general
possible to express H(t), JI(t) and ji(¢) in H(t), Jo(t) and j,(t) using the measurement
operators M, (t) and mq(t) of the solution of the dynamics II(¢t). However, just like the
relation between G(t) and G (t), this relation is highly nontrivial whenever [G(t), I1(t)] # 0.
As a result, anti-causal divisibility cannot be easily related to causal divisibility. The
fermionic duality for jump operators solves this nontrivial problem by relating the two
jump operator sums, as we will explain below.
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4.2.2 Fermionic sum rule for jump operators

To derive the duality relation for the jump operator sum, we first note a special implication
of Eq. (49), the exact fermion-parity zero mode of G(t), Eq. (53). This is equivalent to a
fundamental sum rule for the jump operators:

D dalt) [Ja(®)Ja(t) = (~1)¥Ju(t)Ju(®)] = TL. (59)

This is remarkable since in general the jump operators are not constrained by any sum rule
independent of model details, and here the only such detail is the lump sum I". Taking the
trace, we find that the time-dependent coefficients j,(¢) of the odd-parity jump operators
sum to a constant,

Zja(t)%[l - (_l)Na] = %dP7 (60)

leaving the even parity jump coefficients unrestricted. Although Egs. (59) and (60) are
clearly analogous to the additional sum rules (40)—(41) and originate from the same
fermionic duality relation they are mot simple consequences of each other. In the res-
onant level model there are only odd-parity jump operators [Eqgs. (11) and (18a)] and the
fermionic sum rule for jump operators (59) is obeyed, >, jn(t)[d;gd77 + dnd;r]] =I'l, which
in this case is a multiple of the scalar sum rule (60), >, j,(t) =T.

4.2.3 Cross-relations between Heisenberg and Schrédinger jump operators

Inserting Eq. (57) into Eq. (49) and using the fermionic sum rule (59) we obtain'” G*(¢)
in the form (58) where the effective Heisenberg Hamiltonian equals minus the Schrédinger
one evaluated at dual parameters,

HY(t) = —H(t). (61a)

We thus explicitly recover the closed-system fermionic duality (2) extended nontrivially by
the inclusion of the time-dependent renormalization by the environment (H(t) # H). In
close analogy to the measurement-operator duality (39), the Heisenberg jump operators
are related pairwise to Schrédinger jump operators at dual parameters:

JA(E) = T (t) (61b)
whereas their corresponding coefficients obey

Ja (t) = (1) jar (t). (61c)

This duality relation implies that the distinct anti-causal divisibility of the dynamics (all
jH(t) > 0) can be decided by the parameter dependence of the coefficients determining
the causal divisibility properties (all j,(f) > 0). For the resonant level model, this is
achieved by simply replotting Fig. 2(a) in units of temperature while varying the coupling
I' as shown in Fig. 2(b). The continuation of the causal divisibility boundary to negative
coupling I" precisely gives the anti-causal divisibility boundary that was shown in Fig. 2(a).

The duality relation (61c) tells us precisely when causal and anti-causal divisibility
coincide: jq(t) > 0 for all @ must imply (—1)™ej, > 0 and vice versa. This imposes a very
strong constraint on the parameter dependence of the dynamics. This always holds when

In Eq. (49) the parity transformation 7 e P inverts the sign of the odd parity jump coefficients in
Eq. (57). Combined with the I'-shift in Eq. (49) it transforms the trace-preserving property of G(t) into
the unit-preserving property of G¥(t) as it should.
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the evolution commutes with its generator, which includes the case of Markovian semigroup
evolutions. We then have GH(t) = G(t)T, implying by Eq. (22) that HY(t) = H(t),
JH(t) = Jo(t)T and jH(t) = ja(t). Moreover, Eq. (61a) becomes H(t) = —H(t): the
effective Hamiltonian is constrained to change sign under the duality mapping. In this
case equation (58) addltlonally strengthens to a cross relation between the jump operators
of G(t) alone: Jo(t)t = Ju(t) and their coefficients jo(t) = (—1)Ne’jo/(t). This extends
the results of Ref. [16] for the weak-coupling generators G in Lindblad form (57).

Beyond this trivial case the two types of divisibility need not coincide, as evidenced
by the resonant level model [Fig. 2(a)]. Thus, fermionic duality strongly suggests that
anti-causal divisibility generically differs from causal divisibility by an explicit strong
constraint on model parameters. This is in line with the general intuition that this type of
divisibility additionally requires weak causal ordering of the dynamics and is thus a more
fragile property. This motivates further investigation, for example in relation to recent
work on causal ordering in quantum information theory [66,67].

We stress that although the duality relations (39) and (61) have a common origin,
for general dynamics one cannot derive the jump-operator duality by using the trick of
“linearizing” the measurement operators in Eq. (39) as it is possible in the Markovian semi-
group limit [68]. The analogy between (39) and (61) is best seen in the Choi-Jamiotkowski
correspondence to G(t) (instead of II(¢)) as discussed in App. C.

4.2.4 Unphysicality of the duality mapping

To conclude we verify that G(t) is the generator of the dual evolution II(¢): using Eq. (23)
and (49) we find

ATY(t) = —iG(4)TI(H). (62)

What is interesting here is that G(t) generates II(¢) in the same causal order as the
Schrédinger evolution TI(t). On the other hand the dual propagator II(t) is related to
the propagator in the Heisenberg picture ITH () = e T*PII(¢)P. This implies that G(t) is
related to the generator GH(t) acting from the left in the Heisenberg evolution [Eq. (46)]
and not to G(t)T acting from the right. This explains why in Eq. (61c) the jump-coefficients
ja(t) are related to the coefficients ji() characterizing the anti-causal divisibility of the
evolution [Eq. (58)] and not to the j,(t) describing ordinary causal divisibility. Note that
the generator G builds up the Heisenberg evolution in anti-causal order in contrast to
GT. These observations are gratifying since they tie the physical divisibility properties of
the dynamics to a key step in the derivation of the duality (23), the formal reversal of the
causal ordering [Eq. (S-71) of Ref. [10]], within a completely different formalism.

We also observe that the relation between ITH(¢) and II(¢) is reflected by their genera-
tors appearing in the duality (49). Written as jump operator sum similar to Eq. (58), the
dual generator reads

_ig_(t) = _i[ﬁ(t)7 .] + Zja(t)ﬁa(t)' (63)

The TP property of II(t) corresponds to TrG(¢t) = 0 which is ensured by Eq. (53).
Eq. (63) thrs property 1s ensured by the causal structure of the dual dissipators D (¢ )
Jao(t) @ Jo(t)T — 3{Ja(t t), e} which differs from the Heisenberg dissipators DI (¢) by
the posrtlon of the adjo1nt in the anticommutator [cf. Eq. (58) ff.].

Even though G(t) has the causal structure and the TP property of a Schrodinger
picture generator, we know that the dynamics II(¢) it generates is never CP [Sec. 3.2.3].
This general conclusion is not readily seen from the jump expansion (57) of G(t), which
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is tailored to reflect divisibility properties.'® However, it can be seen in the special case
where G is time-constant: then II(t) = et is CP-TP if and only if j, > 0. Since in
this case we also have j, = (—1)Vo’j, [Eq. (61) ff.] this implies j, < 0 for all odd-parity
jump-operators and thus the generated map II(t) = e~9 is not CP.

4.3 Time-nonlocal quantum master equation

We now turn to the expression of fermionic duality in the last approach discussed in this
paper, which will be particularly important for the application in Sec. 5. We now exploit
that the evolution II(t) is also the solution of the completely different time-nonlocal QME

Sy = /0 ARt — )II(E). (64)

In contrast to the time-local QME (45), its convolution structure matches the one obtained
in the microscopic derivation of the evolution [10-14,18,19]: the propagator decomposes
into a geometric series of convolutions of memory-kernel blocks —ikC(t — t') of duration
t —t', giving a self-consistent Dyson equation: denoting (f x g)(t) = fg dt' f(t —t)g(t'),

D=Z+Zx(—iK)«ZT+Zx(—iK)*«T*(—ik)«xZT+...=Z+ZLx(—iKk)=Il. (65)

Taking the time derivative gives Eq. (64) [Eq. (15)].

By definition we included the time-local closed-system dynamics L = [H,e] into the
memory kernel K(t) = L§(t) + K'(t) with the normalization fg dsd(s) = 1. Using the
adjoint of Eq. (64) and (65) we obtain the time-nonlocal Heisenberg QME

d t
SUOT =i [drk(e -yt (66)
dt 0
noting that under the convolution one may commute!® TI(#') and (¢t — ).

Inserting the propagator duality (23) and Eq. (64) on the left-hand-side of Eq. (66) we
obtain the fermionic duality for the memory kernel

K@)t =T Z6(t) — e TP R(E) P (67)

For the resonant level model the memory kernel (16) indeed obeys this relation: this
follows from the parameter dependence of the nontrivial function k(t) = —k(t) [Eq. (26)]
and the parity transformation of the dissipator PDI,P =-D_, -1

4.3.1 Complex-frequency representation of dynamics

An advantage of the time-nonlocal QME (64) is that it allows a particularly simple explicit
expression of II(£) in terms of the Laplace transform K(w) = [ dte™'K(t) of the memory
kernel which facilitates further analysis:

A 1

(w) = m (68)

8For time-dependent generators which commute with the evolution, [G(t),TI(t)] = 0, we still have a
direct relation jq (t) = (—=1)Na’ 5o/ (t). If TI(¢) is CP-divisible, i.e., j4(t) > 0 for all £ > 0 then jo(t) < 0 for
all odd-parity operators. As mentioned in footnote 15 this does not allow to infer whether TI(t) is CP or
not. If II(¢) is not CP-divisible, the signs of j.(t) are unrestricted and we cannot conclude either.

9The identity I * IT = II % K follows from the two ways of writing the Dyson equation, IT = 7 + T *
(—=iK)« TN =Z+ % (—ik)*Z =T+ Z*[ll x(—ik)] and taking the time derivative.
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Laplace transforming relation (23) gives the fermionic duality in frequency-domain re-
ported in Ref. [10]:

M(w)" = PIED — w*) P. (69)
This relates ﬁ(w) and II(w) in complex-frequency regions where either both their Laplace
transforms converge, or in regions where both are defined by analytical continuation. The
mapping of the complex frequency argument reverses the real energy part of w, while
maintaining the sign of the dissipative imaginary part of w up to a shift ¢I" into the upper
half plane. The fermionic duality for the frequency-domain memory kernel has the same
structure:?"

K(w)t =TT — PKHT — w*)P. (70)

4.3.2 Unphysicality of the duality mapping

While the above discussed operational approaches concern algebraic properties at each
instance of time, the analytical structure of the memory kernel makes explicit how phys-
ical properties evolve in time. This makes fermionic duality in the frequency domain of
independent interest (see below). It also reveals another way in which the dual propagator
is unphysical as follows. Since a physical evolution II(¢) in general shows oscillations and
decay or a combination thereof, its Laplace transform converges only for complex frequen-
cies in the upper half plane. The obtained function ﬂ(w) has a unique extension to the
lower half plane where in general it has both poles and branch points. This is illustrated
for the resonant level model in Fig. 3. Integrating along any clockwise oriented contour
C enclosing the poles and branch cuts (parallel to the imaginary axis) gives the general
solution for the real-time evolution [11,12]:

I(¢t) = /c d—we_i“’tf[(w) =— ZRes [f[(wp)e_wpt] + /b.c ;L:e_i“’tﬂ(w) (71)

where Res f(wp) denotes the residue of f(w) at w = wy. In view of our later application in
Sec. 5.2, we note that the first term on the right hand side of (71) sums up contributions
from two types of poles: those that arise due to the frequency-dependent eigenvalues
#i(w) = i/[w — ki(w)] obeying the pole equation k;(w,) = w, where k;(w) is an eigenvalue
of l@(w), and the remaining poles which also involve the eigenvectors.

Since the parameter map I1(¢) — II(¢) appearing in the duality relation (23) inverts the
sign of dissipative decay rates, the Laplace transform of I1(¢) converges only for frequencies
above an imaginary cutoff in the upper half of the complex plane which is at least I,
the fundamental parity eigenvalue: If TI(¢) converges to some stationary value II(co) this
implies by Eq. (23) that II(¢) diverges at least as fast as e!* which must be suppressed by
e™* in the Laplace transform. Thus, also its analytical structure proves clearly that the
time-dependence of the dual propagator I1(t) is not physical, complementing the discussion
of the algebraic, operational constraints of CP and TP [Sec. 3.2.3] which are independent
of time, see also [33].

4.3.3 Cross-relations frequency-dependent left and right eigenvectors

Laplace transforming II(¢) and IC(t), analytically continuing and diagonalizing gives

fiw) = S a@|aw) @@l K = S k@) FEe)l (2)

20In the weak coupling limit T enters in K(w) only as a prefactor, K(w) o I'. In this case it is possible to
consider a physical dual system without inversion of the coupling I" by directly including the sign change
of K in a modified duality relation [10,16,17].
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Figure 3: Resonant level model for strong coupling and detuning ¢ — u = I'/2. Plotted is
the modulus of the complex valued matrix element (0|TI(w)|0) in units of T in the complex
frequency plane where |0) = |0)(0| denotes the unoccupied state. (a) Finite temperature
T = T'/4: distinct from the two infinite sets of equidistant poles there are four poles
(marked x) at w = 0, w = —iI"’ and w = £e —i['/2. The last two poles are not visible
here but appear in other matrix elements. (b) For 7' — 0 two branch cuts develop from
the sets of equidistant poles. At resonance (¢ — p < T') these poles (branch cuts) cancel
exactly leaving just a single pole at —iI" whereas off-resonance (¢ —p > T, T") they move to
the sides where they become suppressed in amplitude. Only in these two limits four poles
remain and the dynamics is a semigroup [23]. For T"— oo the first case always applies.

Inserted into the memory-kernel duality (70) we obtain for the eigenvalues
i (w) = [iT = ks(i0 — w*) ]* (73a)
with the duality between left and right eigenvectors
(B (w)| = (k:(iT = w*)|P, |y (@) = PlEGT — w"). (73b)

Due to the simple relation (68) in the frequency domain the eigenvectors coincide, (#}(w) ‘ =
(l%;(w)‘ and |f;(w)) = }l;:z(w)), with eigenvalues #;(w) = i/[w — ki(w)]:

#i(w) = 7i(i0 — w*)* (74)

in agreement with Eq. (69). We stress that the frequency-domain fermionic duality re-
lations (73)—(74) are of independent interest: they are mot trivial consequences of the
time-domain relations (29) since the Laplace transformation and diagonalization do not
commute. The w-dependent eigenvectors (eigenvalues) of II(w) are not the Laplace trans-
forms of the t-dependent eigenvectors (eigenvalues) of II(¢).

For the resonant level model, Laplace transforming Eq. (8) gives (App. D of Ref. [23]):

i) = 3 Sl G [+ ke e o
+ DY) [((C1)N] =k + i) (1] (75)
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The left and right eigenvectors are indeed cross-related as dictated by Eq. (73b). In
particular, the (non)trivial frequency dependence of the left (right) eigenvector for the
eigenvalue with pole w = 0 necessarily implies that the right (left) eigenvector for the
eigenvalue with pole w = —iI" is (non)trivial as well. Thus, also in the frequency domain
duality provides fine-grained insight into the location of nontrivial (non-exponential in
time) contributions to the dynamics. In particular, the frequency dependence of the
eigenvectors through the Laplace transform of k(t) [Eq. (5)],

k(w) = % > (; - ZW) , (76)

n==

generates infinitely many additional poles at w = £(e—p)—iI'/2—inT(2n+1),n =0,1,...
due to the digamma function 1. For T — 0 the poles merge to form two branch cuts as
shown in Fig. 3. In our application in the next section this analytic structure turns out to
provide crucial insights.

5 Nonperturbative semigroup approximation and initial slip

Finally, we consider an application of fermionic duality where the insights of several of
the discussed approaches come together. We consider analytic approximations to the
solution of the time-local QME (45), %H(t) = —iG(t)II(t), constructed from the generator
G(t) which we assume to be exactly known (best case). This equation naturally suggests
a nonperturbative semigroup approximation which does not rely on any weak-coupling
assumption [5, 38]:

N (t) = 790N = Z e g;(00)) (g (o0) |, (77)

requiring only that the generator converges to a stationary value G(oo), which is diagonal-
izable. It is not in general clear how accurate this approximation and corrections to it are.
We will show that the quality of these approximations can be deeply understood using its
exact relation to the corresponding time-nonlocal QME (64) and its memory kernel K(t)
combined with fermionic duality. This effort is motivated by two attractive properties of
the approximation (77):

(i) For the large class of evolutions which are CP-divisible in the stationary limit, i.e.,
Ja(oco) > 0 in Eq. (57), the approximate evolution (77) is both CP and TP. This is in
general very difficult to achieve for nonperturbative approximations [29-33]. This class
includes dynamics which is not a trivial semigroup described by a Lindblad equation,
which is already the case for the resonant level model (except for 7' = oo or € = u, see
Sec. 2). It also includes dynamics which is not CP-divisible as long as j, () < 0 occurs
only for finite times.

(ii) The approximate evolution (77) converges to the exact stationary state as we
demonstrate below, e*ig(oo)t‘ﬂo(oo)) = |mo(00)) = |p(c0)).

5.1 Fixed-point relation between generator G and memory kernel

To address this problem, we will make use of a recent exact result [5] which shows that
the stationary generator obeys the self-consistent equation [App. E]

G(c0) = / Tt K(t)e'9(>), (78)

0
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Here the superoperator G(oo) takes the role of the complex frequency w in the Laplace
transform of the memory kernel IC(¢). Inserting the spectral decompositions, this implies
Klgi(o0)] !gl(oo)) = gi(oo)’gi(oo)), and a careful analysis shows that the eigenvalues of

the stationary generator G(co) are eigenvalue-poles®! of Tl(w), i.e., w, = kj(w,) [Eq. (68)].
Equation (78) thus states that G(co) “samples” the Laplace transform KC(w) of the memory
kernel precisely at complex frequencies given by the eigenvalues of G(oc0):

G(oo0) = Zk (9:(00))| k5. (9i(00))) (g} (o0)] (79)

Here l%ji (gi(00)) = g; where j; denotes the index of the eigenvalue l%j (w) of K(w) which
equals g; at frequency w = g;. By trace-preservation, the frequency sampling always
includes zero, go(oo) = 0, and thus G(co) and K(0) have the same stationary state eigen-
vector, proving property (ii) mentioned above. However, also nonzero complex frequencies
are sampled. Thus, only the set of eigenvectors {‘l;:jl (gz(oo)))}, collected from different
superoperators [K(w) at different frequencies w = g;(c0)] provides the full set of right
eigenvectors {|g;(00))} of the single superoperator G(oc). This in turn determines the left
eigenvectors {(g/(c0)|} of G(c0) and thus, remarkably, G(co) can be directly constructed
from the memory kernel K(w) once one knows the eigenvalues g;(co). For the resonant
level model this surprising construction was verified explicitly in Ref. [5].

Ref. [5] focused on the implications of relation (78) assuming that one knows K and
alms to compute G. Here we focus in a sense on the converse question: Using a known
G to construct an approximation for II(¢), what general insights into the quality of the
approximation does K provide, and how does fermionic duality help in this analysis? We
consider the simplest approximation beyond the semigroup approximation (77), a corrected
semigroup which aims at improving the description of the evolution at long times. To
illustrate the simplest type of such a correction we assume in the following that the poles
of II(w) at the eigenvalues of G(oc) are of first order.?? We start by noting that by Eq. (79)
the eigenvalues of G(co) must be poles in the eigenvalues of TI(w) [first term of Eq. (71)].
Their contribution to the exact evolution can be expressed as

() = —i Z e~ 9>t Res TI(g; (00)) (80a)

=: ¢ W9(0)tg (80b)

Here the sum over i runs over distinct values of g;(c0). This indeed looks like an initial
slip correction to the semigroup approximation. We will now discuss the quality of the
two approximations IIV) and II® and then derive an exact restriction on this procedure
imposed by fermionic duality.

5.2 Nonperturbative semigroup approximation

The quality of the semigroup approximation (77) can be investigated using the result (80a)
of the time-nonlocal QME approach. We observe that in the complex-frequency domain
the error II(w) — I (w) has in general the same poles as the exact dynamics except for
the pole at zero frequency. Thus, the approximation captures only the stationary state
systematically.

21 Because we assume that G(00) exists and Eq. (78) holds, (g;(c0)) cannot have poles in its eigenvectors.

2Qur assumption is equivalent to dk;, (w)/dw|y=g, (o) # 1. Higher order poles would require a time-
dependent slip superoperator S(t) = S1 + Sat + S5t + -+ where S, is constructed from the residues of all
n'h order poles of I1(w) at eigenvalues of G(c0).
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Figure 4: Error analysis for approximations to the resonant level model for coupling I' = 4T
and € — p = I'/2. Plotted is the amplitude of one matrix element (0|[IT(w) — I (w)]|0)
(left) and (0|[II(w) —II?) (w)]|0) (right) for the unoccupied state |0) = [0)(0] in the complex
frequency plane. Whereas the semigroup approximation H(l)(t) — ¢79(9)t does not fully
cancel the pole at w = —iI, the initial-slip approximation II(?) (t) = e 19(0NS exactly
cancels all four indicated poles of II(w) in Fig. 3.

In Fig. 4(a) this is illustrated for the resonant level model. The reason becomes clear
when comparing Eq. (77) with Eq. (80a). Although the decompositions of II(!)(¢) and
I1®)(t) share the same coefficients and right vectors, only in II(?)(#) the different pole con-
tributions appear with the correct left eigenvectors. In Eq. (77) all eigenvalues are expo-
nential functions with prefactor one, while the coefficients in Eq. (80a) may include prefac-
tors from the residuals II(g;(c0)) due to the frequency-dependence of K(w) [cf. Eq. (82b)].
Also, the left eigenvectors in Eq. (77) are biorthogonal to the right eigenvectors, while the
left eigenvectors of the residuals in Eq. (80a) are collected from kernels K (w) at different
frequencies and do not need to obey such restrictions, as is indeed the case for the resonant
level model [5].

5.3 Nonperturbative initial slip correction

Within the time-local QME approach one may set up a nonperturbative correction of the
semigroup approximation by an initial slip [69-73] using some superoperator S:

) (1) = e 9N, (81)

This initial-slip approximation is precisely what is obtained in the time-nonlocal QME
approach when selecting the exact poles g;(c0) in the contour integration (71) of the
inverse Laplace transform. This relation can be used to investigate how well one can do

in the time-local approach: we know from Eq. (80) that such a correction can be achieved
by

S=—i Z Res I1(gi(o0)) (82a)

) |9i(00)) (], (93(00))]- (82b)

1
IR
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Figure 5: Resonant level model: Nonperturbative semigroup [Eq. (77), dashed| and initial
slip approximation [Eq. (80), dash-dotted] compared to the exact occupation dynamics
(solid line). (a) For generic level positions ¢ and couplings I' < 27T the slip-corrected dy-
namics coincides with the exact result well before reaching the stationary value, while the
semigroup approximation converges much later. In this case the time-nonlocal QME (64)
solved by selection of the poles [Eq. (83)]—automatically including semigroup plus initial
slip—is advantageous. (b) Surprisingly, near isolated points in the e, -parameter space
the initial slip correction worsens the reliable semigroup approximation (77) based on
the time-local QME. The precise positions at which this failure occurs are predicted by
fermionic duality: As explained after Eq. (85), they are a consequence of the constraints
it imposes on the slippage superoperator. The increased error introduced by the slip cor-
rection can also be understood as a failure to account for cancellation by eigenvector poles
responsible for the branch cuts of the dynamics at T = 0.

Note that this expansion is not the spectral decomposition of S, since the sets of left
and right eigenvectors are not biorthogonal. This is in fact the best one can do for an
approximation in the long time limit since in the frequency domain this approximation
for the resolvent reads

(2

showing that now the exact poles g; are completely canceled in the error ﬂ(w) —11® (w)
as illustrated in Fig. 4(b). Here we assumed that the eigenvalues g;(co) are nondegenerate
as is the case in the resonant level model, see App. D for the degenerate case.

In Fig. 5(a) we illustrate that for the resonant level model the inclusion of the exact
initial slip & may indeed lead to a much faster approach to the exact dynamics than the
nonperturbative semigroup. In Eq. (80b) this is achieved by first mapping the initial state
using S to a possibly nonpositive density operator—reflected in the plot by the unphys-
ical occupation > 1—and then applying the semigroup evolution (77). Indeed, although
S and 112 (t) are both TP maps?®, the map S is not CP. Thus, the initial dynamics is
unphysical whenever the slip is nontrivial, since by construction I1?)(0) = S # T [74-76].
For the same reason, the slip-approximated dynamics (81) is not a semigroup: even
though the decay is exponential, any nontrivial slip obstructs addition of the exponen-
tials: e 19(0)t' §e=iG(0)t G £ =iG(0)(t+1) S Although this is not a problem—the exact
dynamics II(¢) is not a semigroup either—it may be overlooked that summing isolated

#TrS = Tr since Trg; = (g5lg:) = i0 and (mp| = Tr.
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Figure 6: Time after which the initial slip approximation (80b) to the resonant level evo-
lution becomes completely positive, in units of inverse temperature. For | — p| — oo the
semigroup approximation is exact and the slip correction vanishes. Arbitrarily close to the
discrete parameter points (87) [Fig. 5(b)] the correction diverges even though the semi-
group is very accurate. In between these points the correction remains small [Fig. 5(a)].

pole contributions [Eq. (80a)] in the time-nonlocal QME approach, one does not obtain a
Markovian semigroup approximation.

In Fig. 6 we investigate this correction more closely for the resonant level model by
plotting the time at which II(?) (t) becomes CP, a necessary indicator of quality. Interest-
ingly, near resonance, € = p, this time may diverge for specific physical values of the strong
coupling. Fig. 5(b) illustrates that in their vicinity the initial slip may give a very large
correction even though the semigroup approximation is very close to the exact dynam-
ics. This breakdown is easily overlooked when constructing the slip approximation within
the time-local formulation in which the frequency-domain structure is not available. This
crucial insight is enabled by the fixed-point relation (78) of Ref. [5].

We note that in the time-local approach, one might expect the exact slip superoperator
to be expressible as S = lim;_,, €’9(°)!II(¢) but this limit may actually fail to exist. In
the resonant level model this indeed happens when the coupling exceeds a sharp threshold,
I' > 27T. However, one can regularize this expression to recover Eq. (82) by taking the
zero-frequency residual of its Laplace transform £ S = —iRes £[e’9(®)II(¢)](0). We
further note that Markovian approximations can also be performed starting from the
Heisenberg equation of motion 4 A(t) = iGH(t)A(t) as is often done in quantum optics.
However, naively following the same steps in this picture leads to different results with
problematic features. This further subtlety and its resolution are discussed in App. D.

5.4 Fermionic duality for the initial slip

The restrictions imposed by fermionic duality now provide a crucial insight: already for the
resonant level model, divergences of the CP-time quality indicator [Fig. 6] are unavoidable.
This can be understood by taking the stationary limit of the duality relation (49) which,
provided S™! exists, simplifies to

G"(0) = [§71G(0)S] " = iT T — PG(c0)P. (84)

Here G(00) applies the duality mapping after the stationary limit [App. D]. This matters
since although the generator G(oo) exists for all parameters of the model this is not true for
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G (00) and G(00), a further illustration of the nontrivial relation between the Schrédinger
and Heisenberg time-local generators. Importantly, the slip superoperator that appears
here obeys a separate fermionic duality which is another key result of the paper:

St=pPSP. (85)

For the resonant level model, the exact relations (84) and (85), together with the trace
preserving property of S, completely fix the relevant part of the slip superoperator con-
structed from the generator G(oo) [App. DJ:

S=T+1> nkniD)|(-1)V) (1], (86)
n

where R(z’ll“) (2/m)Imy (5 + [T/2 +i(e — p)]/(27T)) [cf. Eq. (76)]. As function of
parameters the expression |A<( %F) dictated by fermionic duality is singular at physical
parameter points

e=p+0", [ = (1+2n)27T (87)

with n = 0,1,2,..., causing the slip approximation (80b) to break down as in Fig. 5(b).
Moreover, the Heisenberg and dual generator diverge here. This illustrates that fermionic
duality can be a useful tool for understanding the often highly nontrivial properties of
time-local generators of quantum evolutions which complicate analytic approximations.

In the time-nonlocal approach the breakdown can be clearly understood in the fre-
quency representation: Close to the values (87), three poles in the exact result for f[(w)
[Eq. (75)] approach the same point (w = —iI'). One pole comes from an eigenvalue of
I1(w) (lowest cross in Fig. 3) and two others come from its eigenvectors (top two unmarked
poles in Fig. 3). The prefactor of the eigenvalue-pole diverges as function of parameters
as 1/(e — p) but in the exact result this is canceled by corresponding divergence of the
prefactors of the two eigenvector poles. However, in the slip approximation the latter two
poles are discarded [Fig. 4], leaving the spurious divergence of the remaining one.

6 Discussion

In this paper we have shown that for a large class of fermionic open systems the nontrivial
relation between state and observable evolution can be completely bypassed by a simple
fermionic duality mapping that exploits and generalizes the functional dependence of the
two evolutions on the microscopic physical parameters. We have shown that this works
for essentially all canonical approaches used in quantum transport, open-system dynam-
ics and quantum information theory without introducing any assumptions (such as weak
coupling, high temperature, various Markovian approximations, etc.) except for wide-
band coupling to the reservoirs. The obtained fermionic duality relations are summarized
in Table 1. In the superoperator-based approaches these imply exact parity eigenvalues
and eigenvectors [Egs. (32), (53)] and nontrivial cross-relations for the entire spectrum
[Egs. (29), (50), (73), (74)]. Correspondingly, in the operational approaches we derived
additional fermionic sum rules for measurement and jump operators [Egs. (40), (59)] and
their scalars coefficients [Eqs. (41), (42), (60)], and nontrivial cross-relations for these en-
tire sets of operators [Egs. (39), (61)]. Combining the latter approaches with fermionic
duality naturally led us to consider a new type of divisibility of the dynamics: We noted
that the Schrodinger and Heisenberg time-local generators through their quantum-jump
coefficients encode both ordinary causal and anti-causal divisibility, respectively. Using
fermionic duality we showed how the operational condition of anti-causal divisibility can
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be inferred from the condition of ordinary, causal divisibility. Dynamics which does not
commute with its generator may be causally divisible but fail to be anti-causally divisi-
ble, as we demonstrated by an explicit example. This provides definite information about
the causal ordering of the dynamics, i.e., whether the ordering of dividing the dynamics
matters.

Throughout we emphasized both the usefulness of duality relations such as H(t)T =
e T*PII(t)P and the unphysicality of mappings such as II(¢) + TI(t). The usefulness
was illustrated by identifying various “symmetries” in the dynamics of the resonant level
model which went unnoticed so far. Importantly, our results apply much more generally
and are therefore relevant for a large class of outstanding dynamical open-system problems
in regimes of strong coupling, strong interactions, finite temperature and nonequilibrium.
This holds in particular for much of the analysis and applications in Sec. 5, which apply to
complex models of high interest for which the calculations are of course very complicated.
Here one should remember that the merit of duality lies in simplifying a calculation given a
method of choice, not in providing this method. In this application we exploited fermionic
duality to provide deeper insight into a nonperturbative semigroup approximation which
respects CP-TP for a broad class of dynamics, using the key result from Ref. [5] that relates
time-local and non-local QMEs. We showed that inclusion of the initial-slip correction
[Eq. (80b)] in the time-local approach (TCL) corresponds precisely to a selection of poles
in the time-nonlocal approach (Nakajima-Zwanzig). We found that even for the resonant
level model this correction unexpectedly fails at specific physical parameters and that
this failure is unavoidable due to fermionic duality constraints. The failure of the slip-
correction is interesting: in the resonant level model it is caused by the poles that form
branch-cuts in the limit 7" — 0. That branch cuts invalidate exponential approximations
at T' = 0 is not unexpected, but here we found that precursors of branch-cuts already
cause havoc at finite temperature T.

The unphysicality of the duality mapping appeared particularly clearly in the opera-
tional formulations tailored to quantum information theory which show that the evolution
I1(t) at dual parameters violates complete positivity. We highlighted this point since it
implies that when tacitly assuming this valid and important restriction in any of the oper-
ational approaches one may easily overlook the powerful constraints imposed by fermionic
duality. For example, in the operational approach evolution maps are invariably writ-
tenas II = > M, e M, (which we avoided doing) by anticipating positive coefficients
in the operator sum and absorbing them into the norm of the measurement operators,
ie., Tr MJ}M, = m,. This automatically eliminates the dual superoperator II(¢) with its
benefits from further considerations since it has no such expression.

Relation to other works. The fermionic duality is most closely related to the extension
of PT-symmetry [77,78] to dissipative systems [79,80]. Unlike ordinary symmetries which
relate for example the evolution to itself by conjugation with a symmetry transformation,
the evolution is related to its adjoint. In the present paper we have emphasized this
relation as a connection between the mathematically and physically distinct evolutions of
states and observables. In the Refs. [79,80] this was achieved under the strong assumption
of Markovianity in the sense of semigroup divisibility (Lindblad). The fermionic duality
which was derived in Ref. [10] is instead based on far less restrictive assumptions and is
applicable to strongly non-Markovian dynamics such as in the resonant level model.

The involvement of the adjoint sets fermionic duality apart from standard symmetry
consideration transposed to Liouville space—called “weak symmetry” in Ref. [81]—where
the time-local generator commutes with the symmetry superoperator. Open systems also
allow for a notion of “strong symmetry” where the Hamiltonian and jump operators of this
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time-local generator commute with a symmetry operator. This stronger notion introduced
in Ref. [81] for semigroup-Markovian systems played a role in our analysis albeit in modified
form (the jump operators may either commute or anticommute with the fermion parity
operator, see Eq. (57) ff. and App. C). However, fermionic duality is distinct from both
these notions of symmetry.

We furthermore note that after the original derivation of fermionic duality in Ref. [10]
subsequent work appeared [82,83] which exploited similar tricks to simplify the calculation
of open system evolutions, such as unphysical, non-Hermitian coupling to reservoirs with
structureless wide bands. However, in addition to focussing on bosonic systems, these
works relate the environment of a system of interest to a simpler, effective environment to
reduce the computational complexity. In contrast, the fermionic duality relates a system
and its environment to an equally complex dual system and environment, in order to
exploit the functional parameter dependence of the evolution.

Finally, our finding of a new type of divisibility of the dynamics raises an interesting
question regarding stochastic simulations as different types of divisibility are at the basis of
different simulation methods. Whereas CP-divisibility of the dynamics enables an imple-
mentation that directly uses the jump operators to generate quantum jumps [51, 84, 85],
P-divisibility allows only for an indirect implementation of the jumps via Diosi’s rate-
operator [51,86,87]. If the evolution has no divisibility property, its simulation is more
complicated, requiring reverse quantum jumps connecting trajectories [51]. However, all
these distinctions are based on causal division of the dynamics. Fermionic duality surpris-
ingly enables conclusions about anti-causal divisibility, an apparently new concept with
a clear operational formulation independent of fermionic duality. It presents a refined
distinction between different types of dynamics. For the resonant level model we found
that anti-causal CP-divisibility is lost while the dynamics remains causally CP-divisible
and thus efficiently simulateable. It is an interesting open question how to detect the loss
of this property on the level of simulated quantum trajectories.

Outlook. Exploiting the results reported here in applications to interacting models with
strong coupling requires that one uses an approach that maintains fermionic duality in
approximations. The renormalized perturbation theory [13,14] which was used originally
[10,16] to derive the duality relation (3) exhibits this feature: It preserves duality order
by order in a renormalized temperature-dependent coupling, see Ref. [88] for a recent
implementation. Ordinary perturbation theory in the bare coupling I' [89-91] already
breaks fermionic duality in the next to leading order I'2. For the Anderson model this
breakage seems specifically related to the electron pair-tunneling contributions [90,92,93].

For calculations involving stronger coupling the renormalization-group approach of
Refs. [11-13,94-99] is well-suited. Its original formulation [11,13] is build on the renormal-
ized perturbation expansion, which explicitly preserves fermionic duality [10]. Although
in Ref. [13] the first implications of fermionic duality were discovered and applied in a
very advanced context, it remains an interesting open question which truncation schemes
for this exact hierarchy of the RG equations maintain the fermionic duality. Moreover,
the potential advantages of the duality for the more recent E-flow formulation [95-97,99]
also remain unexplored. Finally, it is of interest to understand how approximations can
be formulated within other nonperturbative approaches in a way that maintains fermionic
duality, i.e., by which rules. A key step in this direction would be an elementary micro-
scopic derivation of fermionic-duality within these approaches. Our finding that fermionic
duality takes a simple form in each of the canonical approaches to quantum dynamics
suggests that this is possible.
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A Duality for Choi-Jamiotkowski state of propagator I1(t)

CP and CJ operator. A dynamical map p(t) = II(¢)p(0) is completely positive (CP) if and
only if it preserves positivity when evolving the system together a non-evolving auxiliary
system: (II(¢) ® Z)pext(0) > 0 for any initial state pext(0) of the system plus any auxiliary
system. This is equivalent to positivity for the worst case pex(0) = 2|1) (1| of a maximally
entangled state |1) = >, |k)|k) on the tensor product of the system Hilbert space with
an auxiliary copy of itself. Thus, the so-called Choi-Jamiotkowski (CJ) operator should
be positive:

choi[lI(¢)] == (TI(t) ® Z)|1)(1]| (88)

The operators M, (t) in the operator sum (35) for a Hermicity-preserving superoperator
I1(t) are obtained by diagonalizing the Hermitian choi[II(¢)]:

choi[II Zma (8) | Mo (8)) (M (t)]. (89)

When diagonalized with eigenvectors normalized to 1 the real eigenvalues m,,(t) are the co-
efficients in the operator sum (35). If II(¢) is CP they are positive since then choilIl(t) > 0
as noted in the main text. The bipartite eigenvectors |My(t)) = (Ma(t) ® 1)|1) =
>_i;(tlMa(t)]) [)|j) determine the matrix elements of the canonical measurement op-
erators relative to the chosen basis {|i)}.

Parity of measurement operators. Fermion superselection for the total system evolution
and initial reservoir state implies that the reduced system evolution II(¢) commutes with
the parity superoperator (—1)/~ := (—1)Ve(—1)". This implies that choi[II(¢)] commutes
with the bipartite parity (—]l)N ® (—]I)N.

choi[II(t)] = choi [(—1)"~TI(t) YN @ (=1)N choilll(¢)] (=1)N @ (=1)N (90)

] =
This shows that the eigenvectors | M, (t)) have definite bipartite parity and thus the mea-
surement operators must have definite parity: (—1)Y M, (t)(—1)Y = (=1)NeM(t) with
N, = even or odd, as claimed in the main text.
Fermionic duality. Using the property that in the maximally entangled state the action
of any operator on the system is perfectly transposed to its copy, A ® 1|1) = 1 ® AT|1),
the relation (23) implies the fermionic duality for the CJ state

choi[T1(1)T] = S(choi[lI(1)])*S = e M ((—1)" ® (—1)") choi[II(t)] (91)

involving the bipartite swap operator S|i)|j) = |j)|¢). Thus, if |[M(t)) is a right eigen-
vector of choi[ll(t)] with eigenvalue mq/(t), then [S|My (t))]* = |My (t)!) is also a right
eigenvector with eigenvalue mq(t) = e 1(—1)No"my () proving Eq. (39b) in the main
text. Using |[M,) = (M, ® 1)[1) we also establish the fermionic duality (39a) for mea-

surement operators.
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Degenerate coefficients mq(t). If some coefficient mq(t) is a degenerate eigenvalue of
choi[II(¢)] with eigenvectors denoted {|M,z)}rca, then the above argument establishes a
correspondence between Hermitian eigenprojectors, P, = > ), [Max) (Max|. The eigen-
values m/, and mq(t) = e 1(—1)No’my(t) are equally degenerate and the projectors on

their eigenspaces are related by

(SP,S)* = Py. (92)

This means that corresponding partial operator sums for the dual eigenvalue pair @ and
o are equal:
STMI 0 Moy =" My o M), (93)
AEa Aea!

B Relation specific to resonant level model

In addition to the generally valid duality relation (49), the time-local generator of the
resonant level model obeys another, simpler relation. This may be understood also from
the formal similarity of Eq. (8) and Eq. (18). Despite the fact that II(t) = Texp ( —
i fot dsG(t)) and the time-ordering 7 is nontrivial for this model, it holds true that II(t) =
exp(—itG(t))|g(t)—p(t). Inserting this into the relation (23) and using p(t) = —p(t) one
obtains by comparing exponents

G =T L +P G(t)l g4 g0 P- (94)

where on the right we replace “by hand” g(t) — —g(t) in analogy to the transformation of
p(t) under the parameter substitution. As a result, the left and right eigenvectors of G(t)
are formally related by taking the adjoint, multiplying with the fermion parity (—1)" and
replacing g(t) — —g(t), as one can verify in Table 2. Although relation (94) is simpler and
inferred by inspection, it is not valid for the general class of models for which Eq. (50)
holds.

C Duality for Choi-Jamiotkowski operator of generator G(t)

Jump expansion for G(t). The canonical jump-expansion for a time-local generator G(t) is
obtained by constructing its CJ-operator (88) proceeding analogous to II(¢) as in App. A.
However, G(t) is not a CP map (unlike II(¢)) and we can only use that TrG = 0 (instead
of TrII = Tr), and that —iG is Hermicity-preserving and thus choi[—iG(¢)] is Hermitian.
The canonical form

choi[~iG(t)] = [L)(B| + |B)(L| + ) _ jalJa)(Jal (95)

is obtained by diagonalizing the projection of choi[—iG(t)] on the orthogonal space of the
maximally entangled state |1) := >, |k)|k). This gives the last term in Eq. (95) and
the first two terms account for the remaining matrix elements. The projector to this
orthogonal space is denoted as @ := 1 — |1)(1|/d. Splitting B = Re B + i Im B one checks
that the Hermitian part is fixed to Re B = —3 3" jaJdJa by the condition Tr G(t) = 0.
The remaining anti-Hermitian part defines the effective Hamiltonian H(t) = —Im B(t) in
Eq. (57).

Parity of jump operators. In our case we can also use that fermion superselection,
[(—1)E~ T1(t)] = 0, implies [(—1)*¥,G(¢)] = 0. Thus, choi[G(t)] also commutes with the
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bipartite parity since Eq. (90) also applies with IT — G. Since |1) has even bipartite parity,
we have (—1)V @ (=1)¥|B) = |B) or [B,(—1)"] = 0. This shows that the Hamiltonian
part in Eq. (57) commutes with fermion parity [H(t), (—1)"] = 0.

The remaining eigenvectors of the projection with @) have definite bipartite parity of
either sign, (—1)Y @ (-=1)¥|J,) = (=1)V«|J,) for N, being even or odd. These deter-
mine the jump operators through |J,(t)) = (J,(t) ® 1)|1) for which (—1)NJ,(t)(—1)N =
(—1)Ne J,(t) as claimed in the main text. Note that this implies that Re B has even parity
consistent with the above.

Degenerate coefficients jo(t). If some coefficient j, is a degenerate eigenvalue of
@ choi[—iG()]Q in the construction of Eq. (95) then similar remarks apply as for the
measurement operators. The partial operator sums for the dual eigenvalue pair o and o/

are equal,
ZJH,A.J,A = " Jare gy, (96)
Aea’ AEa

instead of the individual jump operators [Eq. (61b)].

FEvolution commutes with its generator. In the special case where [G(t),I1(¢)] = 0 things
simplify, iGH(t) = [—iG(t)]T, and we have by Eq. (22) H(t) = H(t), J2(t) = J,(t)T and
jH(t) = ja(t) in Eq. (58). Comparing the latter with the jump expansion for the right
hand side of Eq. (49),

choi[ig(t)T] = choi [-I'Z — iPG(t)P]
= [1) [(B| - (1]} + [|B) — 31) 1!+Z Nojalda)(Jal - (97)

we find the result of the main text H(t) = —H (t), Jo(t)T = Ju(t) and ju (t) = (—1)N' G ()
for nondegenerate coefficients.

D Duality for stationary generator and slip superoperator

Duality for the slip superoperator S [Eq. (86)]. Using the ¢ — oo limit of Eq. (50a),
gj(00) = [il’ — Qi(OO)}*, and Eq. (69) in Eq. (82) we obtain writing g; for g;(co)

PSP = —zZPResH gi))P = —zZRes (=il — g;*)*] (98a)

:zz ReSH —ZF—gi)]T:Z[—zResf[(gj)]T:ST. (98b)

J

Initial slip S for resonant level model. The nontrivial part of the slip A := § —7 obeys
three equations by the fact that S is TP, Eq. (85) and Eq. (84),

(Ia=0, At=PAP,  G(oo)(1+A)=(1+A)—ilT—PG()P].  (99)

Solving these equations for the resonant level model gives Eq. (86) up to an additional term
> an(t) |dyy) (dy| with undetermined function ay(t)* = @y(t). The latter term is irrelevant
for the occupation dynamics, in which the breakdown of the initial slip correction occurs.
Thus duality fixes the relevant part. Note that the evolution of the coherences is already
exact in the semigroup approximation. Setting o, (t) = 0 we obtain the exact result.
Stationary limit of time-local duality (49) [Eq. (84)]. Noting that the left action of
G(00) on the slip operator gives G(00)S = —i ", gi ResTI(g;) by Eq. (82b), we insert the
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dual parameters and follow the same steps as in Eq. (98):

PG(c0)SP = —i > §iP Res1l(g;)P

=i > (il — g5)[ResIl(g;)]" = {[~i — G(c0)]S}. (100)

J
This relation holds generally. When S is invertible, we can insert Eq. (98) on the left hand
side and right-multiply with St to obtain the result Eq. (84):

iTT — PG(c00)P = [S71G(0)S]T. (101)

Note that S is invertible if and only if {(]2;31 (gi(00))|} is a linearly independent set, i.e.,
11®(¢) and TI(t) have the same rank.

Degeneracy of gi(co). In the main part we assume that G(oco) and K(g;(c0)) are
diagonalizable, sharing nondegenerate stationary eigenvalues g;(occ). However, the slip ap-
proximation can also be constructed if G(oo) and K(g;(c0)) share an eigenvalue with the
same degeneracy d;. In the construction of the slip approximation the contributions of dif-
ferent eigenvectors ! gi(00), l), l=1,...,d; to a degenerate eigenvalue g;(c0) can be treated
separately. However, when writing S as a sum of residuals ResII(g;(c0)) in Eqs. (82a)
and (83) we must count these independent contributions only once: the summation index
i must label the different eigenvalues of G(c0), not the eigenvectors.

Inconsistent approzimations using GO (t) and G(t)T. Tt is clear that the equation of
motion %HH(t) = I (¢)G(¢)T, obtained by taking the adjoint of the time-local QME
%H(t) = —iG(t)II(t), leads to the semigroup approximation I (#)T = €90 with
initial slip correction H(Q)(t)T = STei9(%) These approximations are equivalent to those
discussed in the main text, but not related to the observable equation of motion.

Semigroup approzimation in Heisenberg picture. If one instead uses the generator GH
[Eq. (47)] appearing in the observable equation of motion, %A(t) = iG(t)"A(t) to con-
struct a semigroup approximation, one obtains a different result, IT()H ~ eigH(oo)t, which
has several problems. It is not asymptotically exact and the required stationary gen-
erator lim; o, G(t) may fail to exist even when G(oo) exists [Eq. (49)]. This problem
can be circumvented by constructing a generator from the duality relation Eq. (84) as
Gl (00) = [871G(c0)S|T = iI'T — PG(00)P where it is important that the long time
limit limy o0 G(t) = G(o0) is taken before inserting dual parameters, avoiding the trouble
with lim;_,o, G(t). Using this “fixed” stationary generator for observables we then obtain

a semigroup approximation St 1e=198() St with slip approximation e~9x(®)St which
coincide with the above mentioned adjoints of Schrodinger picture approximations a® (t)T
and II®) (1)1, respectively.

E Fixed-point relation generator and memory kernel

Here we verify the consistency of the fermionic duality relations (49) and (67) applicable
to a broad class of fermionic systems with the general, exact connection between the
generator G(t) and the memory kernel IC(t) established in Ref. [5]. This relation takes the
form of a functional fixed-point equation:

G(t) = K[G](t) = /0 t dsK(t — s)T el Js rg®) (102)
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with anti-timeordering 7_,. In Ref. [5] it was shown that for ¢ — oo this gives the stationary
fixed-point relation (78) used in the main text.

Analogous to Eq. (102) the Heisenberg generator GH(t) = [TI(t)~'G(t)T1(¢)]T also obeys
a functional fixed-point equation with the memory kernel KH(¢) = K(t)1:
t
i) = KM —gM (1) = / dsKH(t — s)T e Js drg™ (), (103)
0

The proof of this relation is analogous to the proof of the functional fixed-point equation in
Schrodinger picture in Ref. [5]. In neither of the above general relations fermionic duality
was used and it is thus important to check that it is consistent with these relations. To
see this, substitute (49) and (67) in Eq. (103) to recover Eq. (102) evaluated at dual
parameters:

GH(t) =il T — PG(t)P (104a)

t _
= / ds [iFI&(t—s)—e‘r(t_s)PlC(tfs)P T et ST I=PGOPlr (104
0

t ,
=il'Z — 73/ dsK(t — s)Té’ J drG@r)p, (104c)
0

References

[1] V. V. Albert and L. Jiang, Symmetries and conserved quantities in Lindblad master
equations, Phys. Rev. A 89, 022118 (2014), doi:10.1103/PhysRevA.89.022118.

[2] M. Tokuyama and H. Mori, Statistical-Mechanical Approach to Random Frequency
Modulations and the Gaussian Memory Function, Prog. Theor. Phys. 54, 918 (1975),
doi:10.1143/PTP.54.918.

[3] M. Tokuyama and H. Mori, Statistical-Mechanical Theory of Random Frequency Mod-
ulations and Generalized Brownian Motions, Prog. Theor. Phys. 55(2), 411 (1976),
doi:10.1143 /PTP.55.411.

[4] H.-P. Breuer and F. Petruccione, The Theory of Open Quantum Systems, Oxford Uni-
versity Press, Cambridge, doi:10.1093/acprof:0s0/9780199213900.001.0001 (2002).

[5] K. Nestmann, V. Bruch and M. R. Wegewijs, How Quantum Evolution with Mem-
ory is Generated in a Time-Local Way, Phys. Rev. X 11(2), 021041 (2021),
doi:10.1103 /PhysRevX.11.021041.

[6] G. Iche and A. Zawadowski, Partial cancellation in the electron-hole and electron-
electron correlation in the symmetric anderson model, Solid State Commun. 10, 1001
(1972), doi:10.1016/0038-1098(72)90882-4.

[7] A. Taraphder and P. Coleman, Heavy-fermion behavior in a negative-U Anderson
model, Phys. Rev. Lett. 66, 2814 (1991), doi:10.1103 /PhysRevLett.66.2814.

[8] J. Koch, E. Sela, Y. Oreg and F. von Oppen, Nonequilibrium charge-Kondo
transport through negative-U molecules, Phys. Rev. B 75, 195402 (2007),
doi:10.1103 /PhysRevB.75.195402.

[9] J. Vanherck, J. Schulenborg, R. B. Saptsov, J. Splettstoesser and M. R. Wegewijs,
Relazation of quantum dots in a magnetic field at finite bias — charge, spin, and heat
currents, Phys. Status Solidi B 254, 1600614 (2017), doi:10.1002/pssb.201600614.

41


https://doi.org/10.1103/PhysRevA.89.022118
https://doi.org/10.1143/PTP.54.918
https://doi.org/10.1143/PTP.55.411
https://doi.org/10.1093/acprof:oso/9780199213900.001.0001
https://doi.org/10.1103/PhysRevX.11.021041
https://doi.org/10.1016/0038-1098(72)90882-4
https://doi.org/10.1103/PhysRevLett.66.2814
https://doi.org/10.1103/PhysRevB.75.195402
https://doi.org/10.1002/pssb.201600614

SciPost Physics

[10]

[11]

[14]

[24]

[25]

J. Schulenborg, R. B. Saptsov, F. Haupt, J. Splettstoesser and M. R.
Wegewijs, Fermion-parity duality and energy relaxation in interacting open systems,
Phys. Rev. B 93, 081411 (2016), doi:10.1103/PhysRevB.93.081411.

H. Schoeller, A perturbative nonequilibrium renormalization group method for
dissipative quantum mechanics,  Eur. Phys. J. Spec. Top. 168, 179 (2009),
doi:10.1140/epjst/e2009-00962-3.

H. Schoeller, Dynamics of open quantum systems, arXiv:1802.10014 (2018).

R. B. Saptsov and M. R. Wegewijs, Fermionic superoperators for zero-
temperature non-linear transport: real-time perturbation theory and renormaliza-
tion group for anderson quantum dots, Phys. Rev. B 86, 235432 (2012),
doi:10.1103 /PhysRevB.86.235432.

R. B. Saptsov and M. R. Wegewijs, Time-dependent quantum transport:
Causal superfermions, exact fermion-parity protected decay modes, and pauli ex-
clusion principle for mized quantum states, Phys. Rev. B 90, 045407 (2014),
doi:10.1103/PhysRevB.90.045407.

J. Schulenborg, A. Di Marco, J. Vanherck, M. R. Wegewijs and J. Splettstoesser,
Thermoelectrics of Interacting Nanosystems—FExploiting Superselection Instead of
Time-Reversal Symmetry, Entropy 19, 668 (2017), doi:10.3390/e19120668.

J. Schulenborg, J. Splettstoesser and M. R. Wegewijs, Duality for open fermion
systems: Energy-dependent weak coupling and quantum master equations, Phys. Rev.
B 98, 235405 (2018), doi:10.1103/PhysRevB.98.235405.

J. Schulenborg, M. R. Wegewijs and J. Splettstoesser, Thermovoltage in quan-
tum dots with attractive interaction, Appl. Phys. Lett. 116(24), 243103 (2020),
doi:10.1063/5.0008866.

S. Nakajima, On quantum theory of transport phenomena, Prog. Theor. Phys. 20,
948 (1958), doi:10.1143/PTP.20.948.

R. Zwanzig, Ensemble method in the theory of irreversibility, J. Chem. Phys. 33,
1338 (1960), doi:10.1063/1.1731409.

E. C. G. Sudarshan, P. M. Mathews and J. Rau, Stochastic dynamics of quantum-
mechanical systems, Phys. Rev. 121, 920 (1961), doi:10.1103/PhysRev.121.920.

T. F. Jordan and E. C. G. Sudarshan, Dynamical mappings of density operators in
quantum mechanics, J. Math. Phys. 2, 772 (1961), doi:10.1063/1.1724221.

K. Kraus, General state changes in quantum theory, Ann. Phys. 64, 311 (1971),
doi:10.1016,/0003-4916(71)90108-4.

V. Reimer, M. R. Wegewijs, K. Nestmann and M. Pletyukhov, Five approaches
to exact open-system dynamics: Complete positivity, divisibility, and time-dependent
observables, J. Chem. Phys. 151(4), 044101 (2019), doi:10.1063/1.5094412.

V. Gorini, A. Kossakowski and E. C. G. Sudarshan, Completely positive dynamical
semigroups of n-level systems, J. Math. Phys. 17, 821 (1976), doi:10.1063/1.522979.

G. Lindblad, On the generators of quantum dynamical semigroups,  Com-
mun. Math. Phys. 48, 119 (1976), doi:10.1007/BF01608499.

42


https://doi.org/10.1103/PhysRevB.93.081411
https://doi.org/10.1140/epjst/e2009-00962-3
https://arxiv.org/abs/1802.10014v1
https://doi.org/10.1103/PhysRevB.86.235432
https://doi.org/10.1103/PhysRevB.90.045407
https://doi.org/10.3390/e19120668
https://doi.org/10.1103/PhysRevB.98.235405
https://doi.org/10.1063/5.0008866
https://doi.org/10.1143/PTP.20.948
https://doi.org/10.1063/1.1731409
https://doi.org/10.1103/PhysRev.121.920
https://doi.org/10.1063/1.1724221
https://doi.org/10.1016/0003-4916(71)90108-4
https://doi.org/10.1063/1.5094412
https://doi.org/10.1063/1.522979
https://doi.org/10.1007/BF01608499

SciPost Physics

[26]

[27]

28]

[29]

[30]

[31]

32]

[33]

[34]

J. E. de Pillis, Linear transformations which preserve hermitian and positive semidef-
inite operators, Pac. J. Math. 23, 129 (1967), doi:10.2140/pjm.1967.23.129.

A. Jamiotkowski, Linear transformations which preserve trace and positive semidef-
initeness of operators, Rep. Math. Phys. 3, 275 (1972), doi:10.1016/0034-
4877(72)90011-0.

M.-D. Choi, Completely positive linear maps on complex matrices, Lin. Alg. Appl.
10, 285 (1975), doi:10.1016,/0024-3795(75)90075-0.

D. Chruscinski and A. Kossakowski, Feshbach projection formalism for open quantum
systems, Phys. Rev. Lett. 111, 050402 (2013), doi:10.1103/PhysRevLett.111.050402.

A. J. van Wonderen and L. G. Suttorp, Kraus map for non-markovian quantum
dynamics driven by a thermal reservoir, EPL 102, 60001 (2013), doi:10.1209/0295-
5075/102/60001.

A. J. van Wonderen and L. G. Suttorp, Continued-fraction representation of the
kraus map for non-markovian reservoir damping, J. Phys. A: Math. Gen. 51, 175304
(2018), doi:10.1088/1751-8121 /aab721.

A. J. van Wonderen and L. G. Suttorp, Ezact density matriz of a discrete quantum
system immersed in a thermal reservoir, arXiv:1808.04198 (2018).

V. Reimer and M. R. Wegewijs, Density-operator evolution: Complete pos-
itivity and the Keldysh real-time expansion, SciPost Phys. 7, 12 (2019),
doi:10.21468 /SciPostPhys.7.1.012.

H.-P. Breuer, B. Kappler and F. Petruccione, The time-convolutionless projection
operator technique in the quantum theory of dissipation and decoherence, Ann. Phys.
291, 36 (2001), doi:10.1006/aphy.2001.6152.

A. Rivas, S. F. Huelga and M. B. Plenio, Entanglement and Non-
Markovianity of Quantum Fvolutions, Phys. Rev. Lett. 105, 050403 (2010),
doi:10.1103/PhysRevLett.105.050403.

A. Rivas, S. F. Huelga and M. B. Plenio, Quantum non-markovianity: char-
acterization, quantification and detection, Rep. Prog. Phys. 77, 094001 (2014),
doi:10.1088,/0034-4885/77/9,/094001.

L. D. Contreras-Pulido, J. Splettstoesser, M. Governale, J. Konig and M. Biittiker,
Time scales in the dynamics of an interacting quantum dot, Phys. Rev. B 85, 075301
(2012), doi:10.1103/PhysRevB.85.075301.

C. Karlewski and M. Marthaler, Time-local master equation connecting
the Born and Markov approximations, Phys. Rev. B 90, 104302 (2014),
doi:10.1103 /PhysRevB.90.104302.

J. Splettstoesser, M. Governale, J. Konig and R. Fazio, Adiabatic pumping through
a quantum dot with coulomb interactions: A perturbation expansion in the tunnel
coupling, Phys. Rev. B 74, 085305 (2006), doi:10.1103/PhysRevB.74.085305.

F. Cavaliere, M. Governale and J. Konig, Nonadiabatic Pumping through
Interacting Quantum  Dots, Phys. Rev. Lett. 103, 136801 (2009),
doi:10.1103 /PhysRevLett.103.136801.

43


https://doi.org/10.2140/pjm.1967.23.129
https://doi.org/10.1016/0034-4877(72)90011-0
https://doi.org/10.1016/0034-4877(72)90011-0
https://doi.org/10.1016/0024-3795(75)90075-0
https://doi.org/10.1103/PhysRevLett.111.050402
https://doi.org/10.1209/0295-5075/102/60001
https://doi.org/10.1209/0295-5075/102/60001
https://doi.org/10.1088/1751-8121/aab721
https://arxiv.org/abs/1808.04198v1
https://doi.org/10.21468/SciPostPhys.7.1.012
https://doi.org/10.1006/aphy.2001.6152
https://doi.org/10.1103/PhysRevLett.105.050403
https://doi.org/10.1088/0034-4885/77/9/094001
https://doi.org/10.1103/PhysRevB.85.075301
https://doi.org/10.1103/PhysRevB.90.104302
https://doi.org/10.1103/PhysRevB.74.085305
https://doi.org/10.1103/PhysRevLett.103.136801

SciPost Physics

[41]

[42]

[43]

[47]

[48]

[52]

[53]

[54]

[55]

S. Nakajima, M. Taguchi, T. Kubo and Y. Tokura, Interaction effect on adia-
batic pump of charge and spin in quantum dot, Phys. Rev. B 92, 195420 (2015),
doi:10.1103 /PhysRevB.92.195420.

C. Timm, Time-convolutionless master equation for quantum dots:  Per-
turbative expansion to arbitrary order, Phys. Rev. B 83, 115416 (2011),
doi:10.1103/PhysRevB.83.115416.

M. S. Ferguson, O. Zilberberg and G. Blatter, Open quantum systems be-
yond Fermi’s golden rule: Diagrammatic expansion of the steady-state time-
convolutionless master equations, Phys. Rev. Res. 3(2), 023127 (2021),
doi:10.1103/PhysRevResearch.3.023127.

L. Diési, Stochastic pure state representation for open quantum systems, Phys. Lett.
A 114(8), 451 (1986), doi:10.1016,/0375-9601(86)90692-4.

L. Diési and W. T. Strunz, The non-Markovian stochastic Schrodinger equation for
open systems, Phys. Lett. A 235(6), 569 (1997), doi:10.1016/S0375-9601(97)00717-2.

W. T. Strunz, L. Didési and N. Gisin, Open System Dynamics with Non-
Markovian Quantum Trajectories, Phys. Rev. Lett. 82(9), 1801 (1999),
doi:10.1103 /PhysRevLett.82.1801.

H.-P. Breuer, B. Kappler and F. Petruccione, Stochastic wave-function method
for non-Markovian quantum master equations, Phys. Rev. A 59(2), 1633 (1999),
doi:10.1103 /PhysRevA.59.1633.

J. Piillo, S. Maniscalco, K. Héarkonen and K.-A. Suominen, Non-
Markovian Quantum  Jumps, Phys. Rev. Lett. 100(18), 180402 (2008),
do0i:10.1103 /PhysRevLett.100.180402.

Q. Ficheux, S. Jezouin, Z. Leghtas and B. Huard, Dynamics of a qubit while si-
multaneously monitoring its relaxation and dephasing, Nat. Commun. 9, 1 (2018),
doi:10.1038 /s41467-018-04372-9.

L. Li, M. J. W. Hall and H. M. Wiseman, Concepts of quantum non-Markovianity:
A hierarchy, Phys. Rep. 759, 1 (2018), doi:10.1016/j.physrep.2018.07.001.

A. Smirne, M. Caiaffa and J. Piilo, Rate Operator Unraveling for Open
Quantum System Dynamics, Phys. Rev. Lett. 124(19), 190402 (2020),
doi:10.1103 /PhysRevLett.124.190402.

A. Rivas and S. F. Huelga, Open Quantum Systems. An Introduction, Springer,
Berlin, Heidelberg, doi:10.1007/978-3-642-23354-8 (2012).

Y. Utsumi, Full-counting statistics of information content in the presence of coulomb
interaction, Phys. Rev. B 92, 165312 (2015), doi:10.1103/PhysRevB.92.165312.

J. Goold, M. Huber, A. Riera, L. del Rio and P. Skrzypczyk, The role of quantum
information in thermodynamics - a topical review, J. Phys. A: Math. Theor. 49(14),
143001 (2016), doi:10.1088/1751-8113/49/14,/143001.

F. Buscemi, S. Das and M. M. Wilde, Approximate reversibility in the context of
entropy gain, information gain, and complete positivity, Phys. Rev. A 93(6), 062314
(2016), doi:10.1103/PhysRevA.93.062314.

44


https://doi.org/10.1103/PhysRevB.92.195420
https://doi.org/10.1103/PhysRevB.83.115416
https://doi.org/10.1103/PhysRevResearch.3.023127
https://doi.org/10.1016/0375-9601(86)90692-4
https://doi.org/10.1016/S0375-9601(97)00717-2
https://doi.org/10.1103/PhysRevLett.82.1801
https://doi.org/10.1103/PhysRevA.59.1633
https://doi.org/10.1103/PhysRevLett.100.180402
https://doi.org/10.1038/s41467-018-04372-9
https://doi.org/10.1016/j.physrep.2018.07.001
https://doi.org/10.1103/PhysRevLett.124.190402
https://doi.org/10.1007/978-3-642-23354-8
https://doi.org/10.1103/PhysRevB.92.165312
https://doi.org/10.1088/1751-8113/49/14/143001
https://doi.org/10.1103/PhysRevA.93.062314

SciPost Physics

[56]

[57]

[58]

[66]

[67]

S. Das, S. Khatri, G. Siopsis and M. M. Wilde, Fundamental limits on quan-
tum dynamics based on entropy change, J. Math. Phys. 59(1), 012205 (2018),
doi:10.1063/1.4997044.

C. Caroli, R. Combescot, D. Lederer, P. Nozieres and D. Saint-James,
A direct calculation of the tunnelling current. (ii). free electron description,
J. Phys. C: Solid State Phys. 4(16), 2598 (1971), doi:10.1088/0022-3719/4/16/025.

S. Elke and C. Cuevas, Molecular Electronics: An Introduction To Theory And Exper-
iment, World Scientific Series In Nanoscience And Nanotechnology. World Scientific
Publishing Company, doi:10.1142/7434 (2010).

0. Adak, R. Korytar, A. Y. Joe, F. Evers and L. Venkataraman, Impact of Electrode
Density of States on Transport through Pyridine-Linked Single Molecule Junctions,
Nano Lett. 15, 3716 (2015), doi:10.1021/acs.nanolett.5b01195.

R. Gaudenzi, M. Misiorny, E. Burzuri, M. R. Wegewijs and H. S. J. van der Zant,
Transport mirages in single-molecule devices, J. Chem. Phys. 146, 092330 (2017),
doi:10.1063/1.4975767.

T. Skeren, N. Pascher, A. Garnier, P. Reynaud, E. Rolland, A. Thuaire, D. Wid-
mer, X. Jehl and A. Fuhrer, CMOS platform for atomic-scale device fabrication,
Nanotechnology 29, 435302 (2018), doi:10.1088/1361-6528/aad7ab.

J. Schulenborg, J. Splettstoesser, M. Governale and D. Contreras-Pulido, Detection
of the relaxation rates of an interacting quantum dot by a capacitively coupled sensor
dot, Phys. Rev. B 89, 195305 (2014), doi:10.1103/PhysRevB.89.195305.

T. Heinosaari and M. M. Wolf, ondisturbing quantum measurements, J. Math. Phys.
51(9), 092201 (2010), doi:10.1063/1.3480658.

M. M. Wolf, Quantum channels and operations — guided tour (lec-
ture notes), URL https://www-mb.ma.tum.de/foswiki/pub/M5/Al1lgemeines/
MichaelWolf/QChannelLecture.pdf (2002).

C. A. Riofrio, P. S. Jessen and I. H. Deutsch, Quantum tomography of the full hyperfine
manifold of atomic spins via continuous measurement on an ensemble, J. Phys. B:
At. Mol. Opt. Phys. 44, 154007 (2011), doi:10.1088/0953-4075/44/15/154007.

S. Milz, F. A. Pollock, T. P. Le, G. Chiribella and K. Modi, FEntanglement, non-
Markovianity, and causal non-separability, New J. Phys. 20(3), 033033 (2018),
doi:10.1088/1367-2630/aaafee.

G. Rubino, L. A. Rozema, D. Ebler, H. Kristjansson, S. Salek, P. Allard Guérin,
A. A. Abbott, C. Branciard, C. Brukner, G. Chiribella and P. Walther, Ezperimental
quantum communication enhancement by superposing trajectories, Phys. Rev. Res.
3(1), 013093 (2021), doi:10.1103/PhysRevResearch.3.013093.

S. Haroche and J.-M. Raimond, Ezxploring the Quantum:  Atoms, Cavi-
ties, and Photons, Oxford University Press, USA, Oxford, England, UK,
doi:10.1093/acprof:0s0/9780198509141.001.0001 (2006).

U. Geigenmiiller, U. M. Titulaer and B. U. Felderhof, Systematic elimination of
fast variables in linear systems, Physica A 119, 41 (1983), doi:10.1016/0378-
4371(83)90144-9.

45


https://doi.org/10.1063/1.4997044
https://doi.org/10.1088/0022-3719/4/16/025
https://doi.org/10.1142/7434
https://doi.org/10.1021/acs.nanolett.5b01195
https://doi.org/10.1063/1.4975767
https://doi.org/10.1088/1361-6528/aad7ab
https://doi.org/10.1103/PhysRevB.89.195305
https://doi.org/10.1063/1.3480658
https://www-m5.ma.tum.de/foswiki/pub/M5/Allgemeines/MichaelWolf/QChannelLecture.pdf
https://www-m5.ma.tum.de/foswiki/pub/M5/Allgemeines/MichaelWolf/QChannelLecture.pdf
https://doi.org/10.1088/0953-4075/44/15/154007
https://doi.org/10.1088/1367-2630/aaafee
https://doi.org/10.1103/PhysRevResearch.3.013093
https://doi.org/10.1093/acprof:oso/9780198509141.001.0001
https://doi.org/10.1016/0378-4371(83)90144-9
https://doi.org/10.1016/0378-4371(83)90144-9

SciPost Physics

[70]

[71]

[72]

73]

[74]

[75]

[76]

[84]

[85]

F. Haake and M. Lewenstein, Adiabatic drag and initial slip in random processes,
Phys. Rev. A 28(6), 3606 (1983), doi:10.1103/PhysRevA.28.3606.

F. Haake and R. Reibold, Strong damping and low-temperature anomalies for the har-
monic oscillator, Phys. Rev. A 32(4), 2462 (1985), doi:10.1103/PhysRevA.32.2462.

P. Gaspard and M. Nagaoka, Slippage of initial conditions for the Redfield master
equation, J. Chem. Phys. 111(13), 5668 (1999), doi:10.1063/1.479867.

T. Yu, L. Diési, N. Gisin and W. T. Strunz, Post-Markov master equation
for the dynamics of open quantum systems, Phys. Lett. A 265(5), 331 (2000),
doi:10.1016/S0375-9601(00)00014-1.

S. Gnutzmann and F. Haake, Positivity violation and initial slips in open systems,
Z. Phys. b 101, 263 (1996), doi:10.1007/s002570050.

F. Benatti, R. Floreanini and S. Breteaux, Slipped nonpositive reduced dynamics and
entanglement, Laser Phys. 16(10), 1395 (2006), doi:10.1134/S1054660X06100021.

R. S. Whitney, Staying positive: going beyond Lindblad with perturbative mas-
ter equations, J. Phys. A: Math. Theor. 41, 175304 (2008), doi:10.1088/1751-
8113/41/17/175304.

C. M. Bender and S. Boettcher, Real Spectra in Non-Hermitian Hamil-
tonians Having P  Symmetry, Phys. Rev. Lett. 80(24), 5243 (1998),
doi:10.1103 /PhysRevLett.80.5243.

C. M. Bender, Making sense of non-Hermitian Hamiltonians, Rep. Prog. Phys. 70(6),
947 (2007), doi:10.1088/0034-4885/70/6/r03.

T. Prosen, PT-Symmetric Quantum Liouvillean Dynamics, Phys. Rev. Lett. 109,
090404 (2012), doi:10.1103/PhysRevLett.109.090404.

M. van Caspel and V. Gritsev, Symmetry-protected coherent relaxation of open quan-
tum systems, Phys. Rev. A 97, 052106 (2018), doi:10.1103/PhysRevA.97.052106.

B. Buca and T. Prosen, A note on symmetry reductions of the Lindblad equa-
tion: transport in constrained open spin chains, New J. Phys. 14(7), 073007 (2012),
doi:10.1088/1367-2630/14/7/073007.

D. Tamascelli, A. Smirne, S. F. Huelga and M. B. Plenio, Nonperturbative Treatment
of non-Markovian Dynamics of Open Quantum Systems, Phys. Rev. Lett. 120(3),
030402 (2018), doi:10.1103/PhysRevLett.120.030402.

N. Lambert, S. Ahmed, M. Cirio and F. Nori, Modelling the ultra-strongly cou-
pled spin-boson model with unphysical modes, Nat. Commun. 10(3721), 1 (2019),
doi:10.1038/s41467-019-11656-1.

J. Dalibard, Y. Castin and K. Mglmer, Wawve-function approach to dis-

sipative processes in quantum optics,  Phys. Rev. Lett. 68(5), 580 (1992),
doi:10.1103 /PhysRevLett.68.580.

M. B. Plenio and P. L. Knight, The quantum-jump approach to dissi-
pative dynamics in quantum optics, Rev. Mod. Phys. 70(1), 101 (1998),
doi:10.1103/RevModPhys.70.101.

46


https://doi.org/10.1103/PhysRevA.28.3606
https://doi.org/10.1103/PhysRevA.32.2462
https://doi.org/10.1063/1.479867
https://doi.org/10.1016/S0375-9601(00)00014-1
https://doi.org/10.1007/s002570050
https://doi.org/10.1134/S1054660X06100021
https://doi.org/10.1088/1751-8113/41/17/175304
https://doi.org/10.1088/1751-8113/41/17/175304
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1088/0034-4885/70/6/r03
https://doi.org/10.1103/PhysRevLett.109.090404
https://doi.org/10.1103/PhysRevA.97.052106
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1103/PhysRevLett.120.030402
https://doi.org/10.1038/s41467-019-11656-1
https://doi.org/10.1103/PhysRevLett.68.580
https://doi.org/10.1103/RevModPhys.70.101

SciPost Physics

[36]

[87]

88

[89]

[90]

[95]

[96]

[97]

M. Caiaffa, A. Smirne and A. Bassi, Stochastic unraveling of positive quantum dy-
namics, Phys. Rev. A 95(6), 062101 (2017), doi:10.1103/PhysRevA.95.062101.

L. Diési, New results on non-CP dynamics unearthed from urtexts of quantum state
diffusion, J. Phys. A: Math. Theor. 50(16), 16LT01 (2017), doi:10.1088/1751-
8121/aa6263.

K. Nestmann and M. R. Wegewijs, The connection between time-local and time-
nonlocal perturbation expansions, (in preparation) (2021).

J. Konig, H. Schoeller and G. Schon, Zero-bias anomalies and boson-
assisted tunneling through quantum dots, Phys. Rev. Lett. 76, 1715 (1996),
doi:10.1103/PhysRevLett.76.1715.

M. Leijnse and M. R. Wegewijs, Kinetic  equations for transport
through single-molecule transistors, Phys. Rev. B 78, 235424 (2008),
doi:10.1103/PhysRevB.78.235424.

J. Splettstoesser, M. Governale, J. Konig and M. Bittiker, Charge and spin
dynamics in interacting quantum dots, Phys. Rev. B 81, 165318 (2010),
doi:10.1103/PhysRevB.81.165318.

M. Leijnse, M. R. Wegewijs and M. H. Hettler,  Pair tunneling resonance
in the single-electron transport regime, Phys. Rev. Lett. 103, 156803 (2009),
doi:10.1103 /PhysRevLett.103.156803.

S. Koller, M. Grifoni, M. Leijnse and M. R. Wegewijs, Density-operator approaches
to transport through interacting quantum dots: Simplifications in fourth-order pertur-
bation theory, Phys. Rev. B 82, 235307 (2010), doi:10.1103/PhysRevB.82.235307.

S. Andergassen, M. Pletyukhov, D. Schuricht, H. Schoeller and L. Borda, A
renormalization-group analysis of the interacting resonant level model at finite bias:

Generic analytic study of static properties and quench dynamics, Phys. Rev. B 83,
205103 (2011), doi:10.1103 /PhysRevB.83.205103.

M. Pletyukhov and H. Schoeller, Nonequilibrium Kondo model:  Crossover
from weak to strong coupling, Phys. Rev. Lett. 108(26), 260601 (2012),
doi:10.1103 /PhysRevLett.108.260601.

O. Kashuba, D. M. Kennes, M. Pletyukhov, V. Meden and H. Schoeller, Quench dy-
namics of a dissipative quantum system: A renormalization group study, Phys. Rev. B
88(16), 165133 (2013), doi:10.1103/PhysRevB.88.165133.

F. Reininghaus, M. Pletyukhov and H. Schoeller, Kondo model in nonequilibrium:
Interplay between voltage, temperature, and crossover from weak to strong coupling,
Phys. Rev. B 90, 085121 (2014), doi:10.1103/PhysRevB.90.085121.

C. J. Lindner and H. Schoeller, Dissipative quantum mechanics beyond the
Bloch-Redfield approximation: A consistent weak-coupling expansion of the Ohmic
spin boson model at arbitrary bias,  Phys. Rev. B 98(11), 115425 (2018),
doi:10.1103 /PhysRevB.98.115425.

C. J. Lindner, F. B. Kugler, V. Meden and H. Schoeller, Renormalization
group transport theory for open quantum systems: Charge fluctuations in multi-
level quantum dots in and out of equilibrium, Phys. Rev. B 99(20), 205142 (2019),
doi:10.1103 /PhysRevB.99.205142.

47


https://doi.org/10.1103/PhysRevA.95.062101
https://doi.org/10.1088/1751-8121/aa6263
https://doi.org/10.1088/1751-8121/aa6263
https://doi.org/10.1103/PhysRevLett.76.1715
https://doi.org/10.1103/PhysRevB.78.235424
https://doi.org/10.1103/PhysRevB.81.165318
https://doi.org/10.1103/PhysRevLett.103.156803
https://doi.org/10.1103/PhysRevB.82.235307
https://doi.org/10.1103/PhysRevB.83.205103
https://doi.org/10.1103/PhysRevLett.108.260601
https://doi.org/10.1103/PhysRevB.88.165133
https://doi.org/10.1103/PhysRevB.90.085121
https://doi.org/10.1103/PhysRevB.98.115425
https://doi.org/10.1103/PhysRevB.99.205142

	Introduction
	Simple example: Fermionic resonant level
	Fermionic duality for exact time-evolution
	Evolution superoperator
	Cross-relation left and right eigenvectors
	Constraints on evolution of states and observables

	Measurement operator sum
	Cross-relation of Heisenberg and Schrödinger measurement operators
	Additional fermionic sum rule for measurement operators
	Unphysicality of the duality mapping


	Fermionic duality for exact quantum master equations
	Time-local quantum master equation 
	Cross-relation left and right eigenvectors of the generator
	Constraints on time derivatives of states and observables

	Jump operator sum
	Causal and anti-causal divisibility
	Fermionic sum rule for jump operators
	Cross-relations between Heisenberg and Schrödinger jump operators
	Unphysicality of the duality mapping

	Time-nonlocal quantum master equation
	Complex-frequency representation of dynamics
	Unphysicality of the duality mapping
	Cross-relations frequency-dependent left and right eigenvectors


	Nonperturbative semigroup approximation and initial slip
	Fixed-point relation between generator  and memory kernel 
	Nonperturbative semigroup approximation 
	Nonperturbative initial slip correction
	Fermionic duality for the initial slip

	Discussion
	Duality for Choi-Jamiołkowski state of propagator (t) 
	Relation specific to resonant level model
	Duality for Choi-Jamiołkowski operator of generator (t)
	Duality for stationary generator and slip superoperator
	Fixed-point relation generator and memory kernel
	References

