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We establish a theoretical method which goes beyond the weak-coupling and Markovian approximations while
remaining intuitive, using a quantum master equation in a larger Hilbert space. The method is applicable to all
impurity Hamiltonians tunnel coupled to one (or multiple) baths of free fermions. The accuracy of the method is
in principle not limited by the system-bath coupling strength, but rather by the shape of the spectral density and
it is especially suited to study situations far away from the wide-band limit. In analogy to the bosonic case, we
call it the fermionic reaction coordinate mapping. As an application, we consider a thermoelectric device made
of two Coulomb-coupled quantum dots. We pay particular attention to the regime where this device operates as

an autonomous Maxwell demon shoveling electrons against the voltage bias thanks to information. Contrary to
previous studies, we do not rely on a Markovian weak-coupling description. Our numerical findings reveal that
in the regime of strong coupling and non-Markovianity, the Maxwell demon is often doomed to disappear except

in a narrow parameter regime of small power output.
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I. INTRODUCTION

Many problems in quantum transport are modeled by an
impurity Hamiltonian Hp, linearly coupled to a bath of free
fermions described via

H = Hipy+ Y (tdc] +He)+ Y ecla. (1)
k k

Here, c,(j) annihilates (creates) a fermion of energy ¢ in the

bath, which is tunnel coupled with complex amplitude #; to
the system via a fermionic annihilation (creation) operator
d® of the system. The actual physical system under study is
described by H;pp, which could be one (or multiple) quantum
dots, molecules in mechanically controllable break junctions
or nanoelectromechanical systems, among other possible im-
purity systems.

To treat such systems theoretically, various approximate
or formally exact techniques have been developed, such
as quantum master equations (MEs) [1-3], the formalism
of nonequilibrium Green’s functions [4], or renormalization
group techniques [S]. Whereas MEs easily allow to treat inter-
actions in the impurity even under nonequilibrium situations,
their use is limited to the weak-coupling, Markovian, and
high-temperature (“sequential tunneling”) regimes. Green’s
functions can overcome the latter problem, but have difficulties
to treat interacting impurities (for instance, due to Coulomb
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forces). Whereas this problem can be tackled by using numer-
ical renormalization group approaches, they in turn are hard to
apply far away from equilibrium.

In the first half of this paper (Sec. II), we will introduce a
technique which lies “in-between” these approaches. It allows
to some extent to overcome the limitations of the standard
perturbative approach commonly applied to obtain a ME
while still retaining a description in terms of a ME such that
interactions and nonequilibrium situations can be conveniently
treated. The price to pay is an enlarged Hilbert space, in
which a suitable redefined impurity Hamiltonian Himp includes
particularly chosen dominant degrees of freedom from the
bath, which we will call fermionic reaction coordinates (RCs).
In the context of linear bosonic reservoirs (Caldeira-Leggett or
Brownian motion models), this technique has a longer tradition
[6]. It has found various applications in the theory of open
quantum systems [7-22] and it is also closely related to the
“time-evolving density matrix using orthogonal polynomials
algorithm” (TEDOPA) [23-28]. We remark that, although it
shares many similarities with the bosonic case, the RC mapping
was not studied for fermionic reservoirs before. In addition, our
paper adds additional insights to the recent attempts to find
a meaningful thermodynamic description beyond the weak-
coupling and Markovian regimes [29-46]. In particular, our
work shows that techniques based on a redefined system-bath
partition using RC mappings [34,39,42,46] turn out to be useful
for fermionic reservoirs, too.

In the second half of the paper (Secs. III and IV), we make
use of our method to study two (spinless) Coulomb-coupled
quantum dots in contact with three heat reservoirs. This setup
is raising increasing attention within the context of quantum
thermodynamics, as it provides a prototypical example of a
thermoelectric device transporting electrons against a potential
bias due to an energetic flow from a hot to a cold bath [47,48].
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Itis well studied in the weak-coupling and Markovian regimes,
theoretically [49,50] as well as experimentally [51,52]. More-
over, Ref. [50] identified necessary conditions which guarantee
that this device can be interpreted as an autonomous Maxwell
demon (MD), i.e., a device which is capable of extracting work
(in this case by charging a battery) due to a clever way of
processing information. From this perspective, the device was
further studied theoretically [53,54] and experimentally [55].
Unfortunately, the study in Ref. [50] has revealed that a
proper operation of the device as a MD requires a strong cou-
pling to a cold reservoir and structured (i.e., non-Markovian)
spectral densities for the hot reservoirs. These three require-
ments challenge the usual range of validity of a ME description,
but the question whether the transparent interpretation of a MD
also holds under these conditions has not been answered yet.
By using the method of fermionic RCs, we will indeed show
that the device can still be interpreted as a MD, albeit in a very
narrow parameter regime restricted to low-power output. Our
results are also in qualitative agreement with a recent study [56]
where cotunneling effects were taken into account. Another
complementary paper studies the impact of strong-coupling
effects for nonautonomous, i.e., measurement-based, feedback
loops on the thermodynamic performance of a MD [57].

II. FERMIONIC REACTION COORDINATES

In this section, we develop the theory of fermionic reaction
coordinates (RCs), which is useful to explore the physics
of open systems beyond the weak-coupling, Markovian,
and high-temperature assumptions. Technically speaking, this
mapping is a unitary transformation applied to the bath
Hamiltonian, which allows to separate out a particular degree
of freedom in the bath, called the RC. The details of this
transformation are reported in Sec. I A.

The hope is then that the original impurity fogether with the
RC is only weakly coupled to a Markovian residual bath such
that it is possible to apply standard master-equation (ME) pro-
cedures to this redefined system-bath partition. Whether this is
possible is case dependent and will be discussed in Sec. IIB.

To make the paper self-contained, we also give a short
review in Appendix A of the ME approach including the
definition of energy and particle currents, which we will use in
the second part of this paper. Furthermore, in Appendix B we
benchmark the fermionic RC method against the exact solution
of the Fano-Anderson model (also known as single-electron
transistor).

A. Mapping

The mapping will work whenever it is allowed to describe
the interaction between an arbitrary impurity Hamiltonian Hjy,
and the fermionic reservoir as in Eq. (1). An important quantity
in the study of such open systems is the spectral density
(SD) (also called hybridization function) of the bath, which
is defined as

J() =27 Z 1128 (0 — ). )
k

It contains the complete information about the way in which the
bath is coupled to the system and will be of central importance
in the following.

For mathematical rigor one often demands that J(w) is
strictly greater than zero for w € [wy,wg] and zero outside
this interval where w; < wp € R are referred to as cutoff fre-
quencies [17]. However, as long as all quantities converge, our
equations also remain valid if the SD decays only exponentially
or polynomially. Convergence problems for infinite cutoff
frequencies arise only when the mapping is applied iteratively
(see below). Furthermore, gapped SDs (having support only at
disconnected intervals) can be treated by applying this mapping
to each sub-SD separately.

For later reference, we start by considering the Heisenberg
equation of motion for d and ¢; (suppressing the time depen-
dence on all operators and setting & = 1 throughout):

d = i[Hmp.d] +i)_ tic, 3)
k

Cr = —l€pcy +itd. “4)

We Fourier transform them according to the definition f(z) =
[72. dt e f(t) [with Im(z) > O]. This yields (again dropping
the explicit z dependence) to

—izd = i Humpod) +1 Y 1784, )
k
—izé = —iely +ind. (6)

After some algebra we obtain a formally exact expression for
d, which reads as

- — i A
—izd = i[Himp,d] + EWO(Z)d' (7
Here, we introduced the Cauchy transform
1 [or J(w
Wo(z) = —/ dw (@) . ®)
T Jo, w—z

By the Sokhotski-Plemelj theorem this fulfills for v € R
Wy (@) = lim Wo(w + i€)
e\0

*f do J() ©)

7 9
w, T O —w

=iJ(@) +P

where P denotes the Cauchy principal value.

We now perform the mapping by introducing a new set of
fermionic creation and annihilation operators {C,(j)} via C =
» , Aric; where A is a unitary matrix fulfilling AAT = 1such
that the fermionic anticommutation relations are preserved. In
particular, we fix the first row of A by the requirement

MCi =Ko, (10)
k

where the parameter A is fixed by the requirement {C,C I} =
1, which implies

“R dw
rol? = t2=/ — J(w). 11
|20l ijm e () (11)

In analogy with the bosonic case, we will call C; a fermionic
RC or collective coordinate. Furthermore, we demand for/ # 1
andm # 1that ), ex A A%, = 8;,, E;. Hence, in terms of the
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new fermions, the Hamiltonian (1) becomes
H = Himp + 20dC| 4+ 33C1d" + E ClC,
+ Z(Tk*C;[Ck+chgcl)+ZEkCZCkv (12)
k k

with Tp = Y, €mtm Apm /1o and

1 |? R dw w]
E1:Z€k|k| :/ ®o (w)_ (13)

. |Ao? 27 |Agl?

The complex phase of the constant A is not fixed by this proce-
dure, but it can be fully absorbed by redefining the operator C,
adding only an additional phase to the renormalized couplings
Ty. We will therefore consider X positive in our numerical
investigations. The effect of the residual modes {Cy}ixz; is
specified by the residual SD Ji(w) = 27 Y, |Ti|*8(w — Ep),
which we now finally determine as a functional of the original
SD J(w).

For this purpose, we look again at the Heisenberg equations,
but now within the transformed coordinates. After Fourier
transformation, we obtain analogously to Egs. (5) and (6)

—izd = i[Himp,d] + i23C1, (14)
N

—izél = —iElél +i)»062—l.ZTk*éks (15)
k=2

—izC = =i ExCr —iTiCy (k #1). (16)

Again, we can formally solve for Cy and C; to obtain an exact
expression for d:
oA e |20l 5
—izd = i[Himp,d] +i —————d. a7
" El—z—3Wi(2)
Since both Egs. (7) and (17) are exact, they must coincide.
Thus, by comparison we obtain

Wi = 2(E, —2) — ol (1)
1Z) = 1 e WO(Z)’
and due to relation (9), we get
4)201* J (@)

This finally completes the mapping: performing a specific
normal-mode transformation on the Hamiltonian (1) yields a
new Hamiltonian (12). The new parameters Ao, £ and the new
SD Ji(w) are given by Egs. (11), (13), and (19), respectively.
They are all completely specified in terms of the initial SD
J(w). We remark that this mapping is formally exact; no
approximation has been made. The mapping is summarized
in Fig. 1.

Before proceeding, we remark that the impurity
Hamiltonian Hy, is allowed to be explicitly time dependent
without invalidating any point in the derivation above as the
explicit form of Hiyp never entered the derivation. In fact,
even a global time dependence of the tunnel Hamiltonian
H; of the form «a(#)H; does not invalidate any point of our
derivation above as we can include the time dependence «(¢)
in the definition of the operator d’(¢) = «a(¢)d. The reason

SD eneral J(w) | J(w) = — B
8 Y (w—wp)? + A?
. dw TA
RC coupling | |\g|* = / gJ(w) |Ao|? = -
dw wJ
RC energy | Ey = / %ufT(;) Ey =wo
4o (w)
residual SD |Ji(w) = —F——— Ji(w) =2A
W (w)P?

FIG. 1. Pictorial representation of the RC mapping (top) and the
equations determining the transformation for the general case (middle
column) and the example of a Lorentzian SD as used throughout the
text (right column). The shaded gray area in the sketch indicates which
part is treated as the impurity, whereas the remaining part is treated
as the bath in spirit of the ME approach outlined in Appendix A. We
used different colors for the free fermions in the original/residual bath
to emphasize that they are not the same before and after the mapping.

for this generality comes from the fact that the mapping is
a unitary transformation in the bath Hilbert space alone and
does not touch the system Hilbert space.

Finally, we investigate what happens if we apply the
mapping iteratively. In fact, if we define a new impurity
Hamiltonian

Ay = Himp + 20dC] +25C1d" + E\CICy . (20)
a new tunnel coupling H = Zk (Tk*ClTCk + TkCZCI) and a
new residual reservoir Hg = >k EkC,iCk, we see that the
Hamiltonian (12) has the same structure as (1). Thus, applying
the mapping iteratively we obtain a chain of RCs with coupling
constants Ag,Aq, ..., energies Ej,E,, ..., and residual SDs

Ji(w), J2(w), . ... These can be determined recursively in full
analogy
wR d
o ? =/ & ), 1)
w, 2T
“R dw
En = Jn w), 22
N /w St 22)
4|)\n|2Jn(w)
Jnp1(w) = 23)

[P o S35 T + o

where we have additionally inserted Eq. (9). In analogy to the

bosonic case_[17], it is therefore natural to ask what is the

limiting SD J(w) obtained after n — oo iterations.
Assuming that the limit exists and denoting

[_7E7W(Z)] = nli)ngo[)"nvEﬂan(Z)]7 (24)
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we obtain from Eq. (18) the condition

W(z)=2E —2) Ll (25)
7) = —7)— ——

W(z)
with the two possible solutions Wi(z)=FE —z =+

(E — z)2 — 4|A|%. The SD for (E — w)*> < 4||* therefore

becomes
J(@) = \/4[L]> — (E — w)?, (26)

where the requirement of positivity fixes a unique solution of
the square root. Thus, the limiting SD describes a semicircle
with radius 2|A| centered around w = E. In fact, E and |X| are
fixed by the initial cutoff frequencies via E = (w; + wg)/2
and 2|A| = wg — w;. Indeed, if this were not the case, one
would obtain a contradiction. This follows from Eq. (19)
together with our initial assumption that the SD is strictly
greater for w € (wp,wg) and zero outside this interval. We
remark that our reasoning here does not allow to draw any
conclusion about the behavior of convergence. In particular, it
could happen that the sequence of SDs does not converge (e.g.,
for infinite cutoff frequencies). The necessary conditions for
convergence were studied by Woods et al. [25].

B. Advantages of the RC mapping

The previous section described how to apply a unitary
transformation to the bath such that it can be mapped to a new,
redefined impurity coupled to a residual bath. It is different
from the conventional bosonic mapping [17]. There, the final
Hamiltonian is described in terms of position and momentum
operators and has a different quadratic form, which, rewritten
with creation and annihilation operators, displays counter-
rotating terms which are absent in the fermionic case. See also
Ref. [25] for further details on this point.

We emphasize that this mapping is formally exact, it does
not touch the system Hilbert space and, thus, it can be applied
to arbitrary (even time-dependent) impurity Hamiltonians and
also to tunnel Hamiltonians H; with a global time dependence.
Furthermore, if the impurity is coupled to multiple reservoirs,
the mapping can be applied to each reservoir separately such
that it can be easily applied to the study of nonequilibrium
scenarios (see Sec. IV).

In principle, the hope is that after the mapping, the problem
is easier to tackle by using any preferred theoretical method.
We here follow the idea to use a Markovian quantum ME for the
extended system with redefined impurity Hamiltonian I:Iimp (as
shaded in gray in Fig. 1) [19,22,34,39,42,46]. To get a feeling
for this approach, let us consider an initial Lorentzian SD of
the form

A2
(@ — wp)? + A%
where I' describes the overall coupling strength and A the
width of the Lorentzian centered around the resonance fre-
quency wg. We will indeed use this SD for our applications
below. By applying Eqgs. (11), (13), and (19), we obtain that the
system couples to the RC with coupling strength Ay = /T’ A /2
and energy E; = wg, which is in turn coupled to a residual
bath described by a SD of the form J;(w) = 2A. Thus, we
see that the residual SD is completely flat, which is commonly

J(w) = (27)

believed to describe Markovian behavior. In order to justify a
ME approach, the redefined impurity should be additionally
weakly coupled to the residual bath, which is exactly the case
if the initial width A of the Lorentzian is small. Therefore,
our method should be especially suited for the study of very
structured SDs (e.g., described by sharp peaks) opposite to the
wide-band limit. The equivalence for the particular example
of a single quantum dot coupled to a bath with Lorentzian SD
and a double quantum dot with flat SD was already noticed
before [58], but we emphasize that our mapping is in general
valid for any impurity system and SD.

Even if the residual bath is not strictly Markovian or weakly
coupled to the redefined system, one might hope that the ME
including the RC provides nevertheless a convenient way to
improve the accuracy of the results (compared to a conventional
ME approach) as it takes a larger part of the model exactly
into account. This is also supported by our benchmark in
Appendix B where the coupling strength to the residual bath is
rather moderate than weak. Moreover, if one is more interested
in weak coupling than Markovianity, it is also possible to split
the support of the SD into multiple intervals and to apply the
RC mapping to each interval separately. This gives rise to more
RCs, but also to a weaker coupling to the residual baths. Fur-
thermore, it should be emphasized that the validity of any ME
approachis likely to break down at very low temperatures. This,
however, does not indicate a failure of the RC method itself.

A benefit of the present approach is that it straightfor-
wardly allows for a consistent thermodynamic interpretation
[34,39,42,46]. In fact, due to the ME approach, we have direct
access to the internal energy and entropy of the redefined
impurity as well as to the energy and matter currents /g and
Iy from the residual reservoir, which are defined in Egs. (A13)
and (A14). If the system is coupled to multiple reservoirs v at
inverse temperature 8, and with chemical potential w,, it is
straightforward to establish the validity of the nonequilibrium
first law (energy balance) and second law (positivity of entropy
production rate %) of thermodynamics:

dy Eimp(t) = Y Qu(t) + Waneen(t) + Wepem(),  (28)

2(1) = diSimp(1) — Y B Qu(1) > 0. (29)

Here, Eimp(t) = tr{Himpﬁimp(t)} is the internal energy and
S’imp(t) = —tr{fimp(?) In Pimp(?)} is the entropy of the redefined
impurity and the heat flows are given by Q,(t) = 1};) —
;LUI,(V;). In case of an explicit time dependence, Wmech(t) =
tr{[d; I:Iimp(t)]ﬁ,-mp(t)} denotes the mechanical work done on
the system. Note that a clean derivation of the positivity of the
entropy production rate, Eq. (29), requires a ME in Lindblad
form although we have numerically observed no violation of
positivity for our ME derived in Appendix A.

The strategy to reformulate the laws of thermodynamics for
an extended system incorporating a part of the previous bath
has been suggested in Refs. [34,39,42,46]. It has the advantage
that it avoids the difficulties faced with other methods such
as Green’s functions [30-32,38,45] or hierarchy of equations
of motions [36,37], where the interaction energy cannot be
unambiguously assigned to the system or the bath when the
system is not at steady state.
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We remark that the RC method allows to treat a larger class
of initial conditions for the redefined impurity. To compare it
with the conventional ME method [1-3], one has to choose the
initial state of the RC to be equilibrated and decorrelated from
the impurity state. In comparison with Green’s function tech-
niques [30-32,38,45], one usually assumes initially a global
equilibrium state instead. Finally, we remark that by applying
counting field techniques to the residual baths, nonequilibrium
fluctuation relations such as those derived in Ref. [59] also hold
for our approach.

To close this section, let us compare our method with the
TEDOPA algorithm [23-28], which can be straightforwardly
extended to fermionic reservoirs [24,25]. The goal of this
method is to provide an exact mapping of the whole reservoir
onto a semi-infinite chain of coupled fermions by using the
theory of orthogonal polynomials. Then, one usually solves the
whole system exactly by using density matrix renormalization
group (DMRG) methods [60]. In principle, our method also
allows by iterative application to obtain a semi-infinite chain
of coupled fermions, but we believe that the strength of our
method lies in the possibility to apply it step by step and to
treat the transformed system by an approximate, yet simple
and intuitive ME approach.

III. AUTONOMOUS ELECTRONIC MAXWELL
DEMON: A REVIEW

We here collect some recent results about autonomous
Maxwell demons (MDs), especially within the context of
electronic transport. We start by giving a simplified argument
in Sec. IITA to underline why it is important to extend the
study of autonomous MDs beyond the weak-coupling regime.
Section IIIB gives an overview over recent activities in the
field with special attention paid to the electronic context. In
Sec. III C we then consider a particular important model, which
we will numerically study using the theory of fermionic RCs
in Sec. IV. For comparison, Sec. IIID finally reviews the
thermodynamics of this model in the weak-coupling regime
and shows under which conditions the device can be viewed
as an autonomous MD. The last two subsections also fix most
of the notation and parameters eventually used in Sec. IV to
explore the non-Markovian regime.

A. A general argument

For readers unfamiliar with the working mechanism of
an autonomous Maxwell demon, we here give a simplified
description of it, which is in direct analogy with the device
studied later on in this section.

Let us start by specifying what we mean by an autonomous
MD. We consider bipartite systems where one part can be un-
derstood as the controlled system and the other part assumes the
role of the detector and controller by the physical interaction
with the controlled system. The complete device should be
autonomous in the sense that there is no time dependence in
the global Hamiltonian. Also, external interventions by means
of measurement and feedback control are forbidden, very
similar to the idea to use “coherent quantum control” to sim-
ulate measurement-based quantum control [61,62]. Thus, all
physically relevant parts of the device are explicitly modeled.
The device should also be a useful thermodynamic machine

allowing, for instance, the extraction of work. These desiderata
are also fulfilled by many other engines, but beyond that we
especially require the following:

(1) The way information is processed in the device should
be particularly transparent and these “informational degrees of
freedom” are called the demon part of the device (whereas the
rest is simply called the system).

(i) The energetics associated to the demon part should be
negligible (though not necessarily strictly zero) compared to
the energetics of the system itself, i.e., the device should be
information dominated.

For the moment, let us denote by AEg (AEp) and 75 (tp)
some characteristic energy scale and some typical relaxation
time scale of the system (demon). Furthermore, we assume
that the system (demon) has access to some heat reservoir
at temperature Ts (Tp). Whenever convenient, we will also
use the notation of rates ysp = 7g }3 and inverse temper-
ature fBsp = (kpTy, p)~! in our description. We emphasize
that the relaxation rates ys p are within the conventional
weak-coupling approach proportional to the coupling strength
between the system/demon and their respective reservoir;
compare also with Appendix A.

We start our analysis with the observation that an important
feature of any MD is to extract work from fluctuations. Thus,
in order to have non-negligible fluctuations in the system, we
demand that

AEg ~ kgTs. (30)

Let us assume that the device delivers useful work and let us
approximate the output power via

Wou ~ ysAEs. (€29)

In the nonautonomous version of MD, the second law for

feedback control predicts that the maximum amount of work

in the case of an ideal classical feedback controller is bounded
by [63,64]

BsWou = BsAEs S Is.p, (32)

where Zg. p denotes the mutual information between the system
and the demon,

Zs.p = S(ps) + S(pp) — S(psp)- (33)

Here, psp denotes the density operator of the system and
demon, ps p =trp s{psp} the marginal state, and S(p) =
—tr{pIn p} the von Neumann entropy. Roughly speaking,
Ts.p quantifies the amount of correlations shared between the
system and the demon and it plays an essential role in the field
of information thermodynamics [63]. Based on this insight, the
goal of an autonomous MD will also be to establish a strong
correlation between the system and the demon part in order to
harness it via some intrinsic feedback loop; thus, the demon
part has to act like a detector. This implies that the demon must
be able to react quickly enough to changes in the system, which
naturally leads to the requirement

yp > vys (requirement la), (34)

i.e., the demons typical timescale tp is much smaller than ty.
This requirement inevitably tells us that in order to enhance the
power output of the device by increasing ys, this necessarily
implies a corresponding increase in yp, which in turn implies
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that the demon must be more strongly coupled to its own bath
at temperature Tp.

However, requirement Ia is not enough to guarantee that the
demon adapts with high probability to the correct state: given a
certain state of the system, there should be a unique and stable
state of the demon. Expressed differently, whereas we required
the system to fluctuate relatively strongly, the demon should not
fluctuate more than necessary. Therefore, for any system state
the requirement of a reliable or precise demon translates into

AEp
kBTD

Requirements Ia and Ib are linked to our desideratum (i)
mentioned initially. Point (ii) is fulfilled by the requirement

> 1 (requirement Ib). 35)

AEg > AEp (requirement II). (36)

From requirement Ib and II and condition (30) it also follows
immediately that

kpTs ~ AEs > AEp > kgTp. 37

Hence, the heat reservoir of the demon must necessarily be
much colder than the heat reservoir of the system.

To conclude, the above argumentation shows us that an
autonomous MD needs to be carefully tuned. The fact that
the demon acts like a detector requires it to be fast and precise
and, thus, to be much more strongly coupled to its own bath
than the system. On top of that, a small energy consumption
requires the demon to have access to a low-entropy (or low-
temperature) reservoir. Both requirements, strong coupling
and low temperature, challenge the usual range of validity
of commonly employed perturbative approaches. The rough
estimates given here should be also compared with the analysis
in Sec. IIID.

B. Maxwell’s demon in the electronic context

The central idea of an electronic MD is to find some feed-
back mechanism, which shovels particles against a chemical
gradient instead of a thermal gradient as in the traditional
thought experiment of Maxwell. The big advantage of this
setup comes from recent technological advances, which al-
low to measure and manipulate single electrons in quantum
dots (see, e.g., [51,52,55,65-69]). Direct measurement and
manipulation of individual phonons, which are predominantly
responsible for thermal transport, is much harder instead. Thus,
there have been many theoretical studies how to use charge
fluctuation in mesoscopic conductors to extract work via some
feedback loop, either in an autonomous way [50,54,70-74] or
not [57,64,75-81].

In the following, we will focus on the autonomous MD
introduced in Ref. [50]. Globally, it resembles a thermoelectric
device based on two Coulomb-coupled quantum dots [47,49].
However, by a careful fine tuning of the parameters, it is
possible to show that it resembles the phenomenological
electronic MD introduced in Ref. [75] and, thus, it has a
particularly transparent interpretation in terms of informa-
tion flows [50,53,54,78]. Moreover, very similar experimental
realizations were reported [51,52,55,69] although it remains
unclear whether it is possible to reach the ideal information-
dominated regime.

: I >
V=pr—pur=>0

FIG. 2. Sketch of the autonomous MD device. Two quantum dots
(black circles) with onsite energies €, and €, interact capacitatively
with strength U. The demon dot is tunnel coupled to an electronic
reservoir kept at temperature 7p and chemical potential pp. The
system dot is tunnel coupled to two reservoirs kept at the same
temperature 7, but with different chemical potentials u, — ug =
V > 0. Gray arrows indicate the two independent currents /p and
1), pointing in the direction where they are defined to be positive.
The goal of the demon is to reverse the electric current (i.e., Iy < 0)
with the smallest possible imbalance in the energy flow through the
system.

C. Model

The model is schematically depicted in Fig. 2. The Hamil-
tonian of the impurity (system and demon) reads as

Himp = €,d!d, + e4d}dy + Udld,dld,, (38)

where d j Jd (ds)q) 1s a fermionic creation (annihilation) operator
for the system/demon dot. The Hamiltonian describes two dots
with onsite energies €; and €; and Coulomb interaction U,
which we will treat exactly with our method. Note that there
are no electrons tunneling between the dots.

The noninteracting reservoirs v € {L,R, D} are modeled
as free fermions as in Eq. (1) with Hamiltonian H,(;) =

> ekvc,tvckv. The reservoirs L and R are tunnel coupled to
the system quantum dot via the Hamiltonian

H” =Y (dyel, + t,c0d)) (v e{L.R).  (39)
k

whereas the reservoir D is tunnel coupled to the demon dot via

H” = (pdac] + i peend). (40)

k
The total Hamiltonian then reads as Hy = Higp +
ZVE{L’R’D}(H,(V)—}-H,(;)). Within  the  weak-coupling

approach, each reservoir is assumed to be well described
by an equilibrium distribution according to a temperature T,
and chemical potential u,. Below, we will set for simplicity
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e+ U

- (C]
€d

(2).>%

3) 4

_ Q

N T

FIG. 3. A possible stochastic trajectory which becomes likely in the MD regime as explained at the end of this caption. In contrast to Fig. 2,
we here sketched the transition frequencies €,,€,,€; + U and €, + U in the dots. The Fermi distributions in the baths are shown as density
profiles where the darkness of the color is proportional to the occupancy of that energy. To complete the picture, we also sketched the Lorentzian
SDs of each reservoir whose product with the Fermi function determines the transition rates (see Appendix A). The trajectory starts with a
filled dot of the demon but an empty dot of the system (1). If an electron wants to enter the system, it needs an energy €, + U and, although the
Fermi factor is smaller for the right reservoir, this is overcompensated by the imbalance of the Lorentzian tunneling rates (2). After an electron
has entered the system, it pushes the electron in the demon dot to a higher energy above the chemical potential such that it instantaneously
jumps out of the dot due to requirement (44) (3). Finally, and again due to the imbalance of the Lorentizian tunneling rates, the electron in the
system dot leaves to the left bath and the demon dot gets refilled (4). Overall, one electron was transferred against the bias by harnessing the
correlation between the system and the demon dot and by transferring an energy amount U from the hot to the cold reservoir.

T, =Tg=Tandu;, =€, +V/2and ugr = €, — V/2 where
V = pup — ur = 0denotes the bias voltage across the system.

The SD J™(w) of each reservoir v is modeled by a
Lorentzian as in Eq. (27) with coupling strength T",, peak
width A, and resonance frequency wy,. In the following, we
willsetI'y =g =T'sand A, = Ag = Ag,i.e., thesystemis
coupled with equal strength to the left and to the right reservoir
and only the position of the peaks will be different.

D. Thermodynamics in the idealized limit

Intheidealized picture, the device is weakly coupled to three
Markovian thermal reservoirs as depicted in Fig. 2. Within this
approach, the dynamics of the system is governed by a master
equation (ME) with rates obtained from Fermi’s golden rule
(see Ref. [50] for the full rate ME). Altogether, the system
works as a thermoelectric device [49,50]. If we set Tp < T,
the device is able to convert an energy current I[p = —1 ED) >0
flowing into the reservoir D into an electric current [y =
I,(WL) < 0 flowing against the bias V provided that the SDs
J"(w) and other parameters are chosen appropriately [for a
definition of energy and matter currents, see Eqs. (A13) and
(A14)]. Because the device is out of equilibrium, it produces
entropy at a rate

Y =BVIy+Bp—Ple = 0. (41

Itis also possible to give compact analytical expressions for I,
and /g in terms of the steady state [49,50], but for our purposes
it suffices to note the following proportionality relation:

Iy ~ Ts. 42)

This means that the power output of the device is directly
proportional to the coupling strength I'g in the weak-coupling
regime and, hence, it is desirable to choose 'y as large as pos-
sible. Furthermore, we add that one can associate a second law
to the local dynamics of the system only, which reads as [53]

Yg=pBVIy — Bl —Is > 0. (43)

Here, Zg is the flow of mutual information between the
system and the demon (for a precise definition, see Ref. [53]).
Equation (43) shows that the ability to shovel electrons against
the bias, BV Iy < 0, can be influenced by energetic (B1g) as
well as entropic (Zg) contributions.

More importantly for our discussion, there is a clean limit
in which the system can be viewed as an autonomous MD
and in which the reduced dynamics of the system quantum
dot coincides with the ideal, nonautonomous MD studied in
Ref. [75]. In this regime, the stochastic trajectory shown in
Fig. 3 becomes likely and transport against the bias possible.
We will shortly review here this limit for completeness; more
details can be found elsewhere [50,53]. The three different
limits we need to take are the following (compare also with
Sec. lITA):

la Fast demon. First, the demon needs to be relatively fast
in order to adapt quickly enough to the system state such that
it is guaranteed that the correct feedback loop is applied. This
is ensured by demanding that

Ip > Ts, (44)

implying that the demon is much more strongly coupled to its
reservoir than the system [cf. Eq. (34)]. Within the formal limit
I'p/T's — o0, the demon dot can be adiabatically eliminated
and a closed effective description for the system dot alone
emerges. In the strict limit, the flow of mutual information
becomes exactly identical to Zg = — By I so that the effective
second law coincides with the true second law £g = ¥.

1b Precise demon. In order to use the demon as a detector,
it should also be precise in the sense that it is as correlated
as possible with the system since this increases the mutual
information [compare with Eq. (32)]. Optimal results can be
achieved by choosing the chemical potential of the demon such
that e, = up — U/2 and by requiring [cf. Eq. (35)]

BpU > 1. (45)
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Then, in the strict limit of I'p/T's — oo and BpU — o0, the
demon dot is occupied if and only if the system dot is empty
and vice versa implying a perfect (anti)correlation between the
system and the demon. It should be noted, however, that this
strict limit also implies a diverging entropy production rate
(41). Additional details concerning the use of such setups as
detection devices can be found in Refs. [82,83].

2 Maxwell demon. Within the fast and precise demon limit,
the demon can be reliably interpreted as a detector, yet it still
disturbs the energetic balances of the system at the order of U.
Not very surprisingly, the MD limit consists of demanding that

U
BV ~1 pVHUI~ L, — <1, (46)
s

which is in agreement with Eqgs. (30) and (36) if we note that
the energy current through the system is roughly proportional
to e€sly in the limit of negligible U. Thus, in this limit
the difference in energy transferred from the right to the
left reservoir (which is given by the flow of energy in the
detector bath /) becomes immeasurably small compared
to the energetic current €g/y,. In this regime, the term Slg
becomes negligible and the second law reads as

Y =3s=BVIy—Is >0, A7)

i.e., the ability to shovel electrons against the bias is purely
entropy (or information) dominated.

The above three limits are, however, not sufficient to shovel
electrons against the bias. In order to achieve this, we also
need to break the left-right symmetry of the device even
in the absence of any bias (V = 0). This is most easily
done by choosing different SDs J¥(w) and J®(w) ful-
filling JP (&) > JP (e, + U) and JPB(e;) < TR (e, + U)
as depicted in Fig. 3. More specifically, we choose for our
Lorentzian SDs

woL = €, WoR = €5 T U. (48)
The imbalance in the SDs is then quantified by

JBe)  I®e+U) U?

= 1
TG, + U) +

=1+—, (49
JPB(e) AS

which was previously [50] described by the parameter e°.

Furthermore, we choose to fix the following parameters for
all upcoming numerical calculations: We set the onsite energies
equal €, = €; = €, the inverse temperature to Se = 1, and we
choose a small, but finite positive bias V = 0.01¢. In addition,
we set U = 0.015¢ such that it is small compared to the
system energy [see Eq. (46)]. The SD of the demon is peaked
around wop = up = €4 + U/2 and we choose Ap = 0.01e.
The coupling strength of the demon is set to I'p = 100I"g
ensuring that the demon is fast enough.

Thus, there are three free parameters left: (1) the variance
A of the Lorentzian SD of the left and right reservoir controls
the imbalance of the SDs [see Eq. (49)], thereby having
influence on the power output and the validity of the Markov
approximation; (2) the tunneling rate I'g which controls the
work output [see Eq. (42)] and (via I'p = 100Ty) the strength
of the coupling between the demon dot and its reservoir; and
(3) the temperature ratio 8p /B influencing the precision of the
demon [see Eq. (45)] and, thus, the correlation with the system.

IV. ELECTRONIC MAXWELL DEMON
BEYOND WEAK COUPLING

In this section we report our main findings which are based
on numerical comparison of the ideal (i.e., weakly coupled,
Markovian, and high temperature) model (see Sec. I1I D), with
the extended RC approach able to go beyond these limitations. !
We will focus on the steady-state behavior only and compare
three important quantities.

First, the electric current /), flowing through the system dot
from the left to the right reservoir. It is directly proportional to
(minus) the work output of the device and is therefore an im-
portant quantifier for the overall thermodynamic performance.

Second, we look at the relative energetic imbalance
g/ I)(EL)| where I = —I,(ED) denotes the energy flow into the

demon reservoir and / ‘(EL) the energy flow from reservoir L [for
a definition of energy and particle currents, see Eqs. (A13)
and (Al14)]. If this quantity is large, the device works in
an energy-dominated regime, whereas it goes to zero in the
Maxwell demon limit (46).

Third, we will evaluate the mutual information Zs.p be-
tween the system and the demon dot. It reveals key insights
about the question whether the working mechanism of the
device can be seen as some implicit measurement and feedback
loop, which needs large correlations. Note that for our setup
0 < Zs.p < 21n 2, but the maximum value is attained only for
a pure and maximally entangled state. The classical limit is
instead Igl p < 1In2 such that values relatively close to this
limit signify already strong correlations in our noisy setup. In
our numerical studies we have found that it suffices to restrict
the plots of the mutual information to the interval [0, In2],
although this does not a priori imply that there are no quantum
correlations present.

A. Extended models

The validity of the standard ME approach as sketched in
Appendix A is limited by the coupling strength to the reser-
voirs, the degree of non-Markovianity, and the temperature of
the reservoirs. In principle, all three limitations are challenged
by the electronic MD model from Sec. IIl. We therefore
compare it with three different extended models:

(1) The working mechanism of our device requires a break-
ing of the left-right symmetry, which was achieved by choosing
different SDs J®)(w) and J®(w) peaked around €, and
€; + U, respectively. In the ideal case, where the peaks are very
narrow, the SDs act like perfect electron filters increasing the
thermoelectric performance. Quite problematically, however,
a strongly peaked SD is usually associated with strong non-
Markovianity [3,84]. In order to capture the non-Markovian
behavior of the left and right reservoirs, we introduce fermionic
RCs C](T) and C\" for the left and the right reservoirs in what
we call “model 1.” For the SDs centered at wy; = €; and
wo.r = € + U, the resulting redefined impurity Hamiltonian

"Numerical results were obtained using a Mathematica notebook,
which is available upon request from the corresponding author. To
compute marginal states, as needed for Eq. (33), we used the algorithm
“Partial trace of a multiqubit system” by M. S. Tame.
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extended model (1)

extended model (2)

L5

extended model (3)

FIG. 4. Sketch of the geometry of the extended models studied in the text. Each circle represents a single fermionic site (“quantum dot”).
The tunnel coupling is indicated by straight lines and the Coulomb interaction by a capacitor. The three reservoirs as well as the energy and

electric current are also indicated as in Fig. 2.

reads as

AY\) = Himp + €,C| C) + (¢ + U)C]C,

D8 (Cla, + i+ Cld, +dlC). (50
and the coupling to the residual left and right reservoirs is
described by a flat SD J"(w) = 2As, v € {L,R}. A sketch of
the setup is shown in Fig. 4. We remark that the inclusion of
additional quantum dots to model peaked SDs acting as energy
filters has been used elsewhere, too [49,85,86].

(2) Putting the problem of non-Markovianity aside, the
most pressing problem is that the demon dot must be relatively
strongly coupled to a low-temperature heat reservoir. This
problem becomes more pronounced if we want to enhance the
power output by increasing I's. Model (2) therefore introduces
a fermionic RC C y) for the demon bath in order to study those
effects. When we use wp p = €7 4+ U/2, theresulting redefined
impurity Hamiltonian reads as

+

A2 = Hup+ (e + L) clc
imp — f4imp d P av-d

I'pAp
2

and the coupling to the residual demon reservoir is described
by a flat SD JI(D)(a)) = 2Ap. A sketch of the setup is again
shown in Fig. 4.

(3) In order to capture both problems, model 3 finally uses
a fermionic RC for all reservoirs (see Fig. 4). Within our
framework, this will provide the ultimate test for the simplified
model from Sec. III D. The redefined Hamiltonian is given by
the sum of Egs. (50) and (51) without counting Hjy,, twice,

+ (Cldy + d}Cy) (51)

7% — go

r7(2)
imp imp + H, Himp' (52)

imp
The SDs of the residual reservoirs L, R, and D are given by
2Ag, 2Ag, and 2A p, respectively.

B. Numerical results

In what follows, we will compare the results of our extended
models with the original MD treatment exposed in Sec. III D.
We will refer to the latter as double quantum dot Maxwell

demon (DQDMD) treatment and use red, dashed lines in
the plots. The regime where the simple double quantum dot
treatment and the MD interpretation are valid are shaded in
gray in the plots.

1. RC:s for the system reservoirs

We start with the extended model (1) to answer the question
how narrowly peaked can we choose the SDs J)(w) before
the Markovian description from Sec. IIID breaks down? The
answer is shown in Fig. 5. It clearly shows that there is an
optimum value for the sharpness of the peak, which can be
found by maximizing the power output —V Iy while still
retaining a valid Markovian description.

0.00F

—0.05¢

{ﬁf-—OJo-
I's

—0.15¢

—0.20f mmm-mmmmmmmmmnT
0.5 m2 .

0.4f

Is.p —

IE 0.3F
Iéf) 0.2}

0
1074 1072 1072
0.1} Ag/es

0.0t ]
1074 1073 1072 1071
Ag/es

FIG. 5. Plot of the dimensionless quantities I,/ I's (top), Ig/ 1,(5“
(bottom), and Zs.p (inset) versus the dimensionless sharpness of the
peak of the left and right SDs Ag/e; (note the logarithmic scale).
Results using the extended model (1) are shown with a solid line, the
dotted red line refers to the DQDMD description from Sec. III D. The
shaded gray area indicates the region where the DQDMD treatment
and the MD interpretation are valid. To remain in the strict weak-
coupling regime, we chose 'y = 107%¢,. Furthermore, 8 /8 = 300.
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Is.p |

0 A
107° 1074 1073
Is/es

FIG. 6. Plot of our three relevant quantities versus the dimen-
sionless coupling strength I'g of the system (note the logarithmic
scale again) for the extended model (2) (solid line) and the DQDMD
treatment (dotted red line). The shaded gray area indicates the region
where the DQDMD treatment and the MD interpretation are valid.
Parameters as in Fig. 5 with Ag/e, = 0.01.

For Ag — 0the RC descriptionindeed predicts 7,y — 0be-
cause the coupling to the residual baths is directly proportional
to Ag. It is worth to emphasize that the naive ME treatment
of Sec. III D predicts a monotonically increasing power output
in the limit Ay — 0 in strong contrast to the actual behavior.
We conclude that one has to be very careful if one chooses
strongly peaked SDs (sometimes called “spectral filters”) to
increase the power output of a thermodynamic device.

In the opposite limit, Ag — oo, the engine also breaks
down because the SDs become essentially flat and the left-right
symmetry remains unbroken. Note that the amount of mutual
information between the system and the demon is almost
unaffected by the shape of the SD as expected.

Although the simple DQDMD description becomes inaccu-
rate below a certain critical threshold A§ /e, ~ 0.01, the plot
also shows that a Markovian description is valid even if the
SD is not completely flat but slightly structured [at the critical
value, the imbalance (49) is for the chosen numerical param-
eters roughly 1.18]. Finally, we note that the regime, where
the Markovian description is valid while at the same time the
energetic imbalance is very small (less than 5%), is restricted to
a very narrow window around A%/€; demonstrating the careful
fine tuning needed to ensure a working autonomous MD.

2. RC for the demon reservoir

Numerical results associated to model (2) concerning the
question what happens to the demon in the strong-coupling
and low-temperature regimes are shown in Figs. 6 and 7.

First, Fig. 6 shows our three relevant quantities as a
function of Iy, which (in the weak-coupling regime) is directly
proportional to the power output of the device [Eq. (42)]
and influences the demon coupling strength via our choice
I'p = 100T"s. Numerical parameters are the same as in Fig. 5

0.00f -
—0.05} 0.00
Iy ~0.05
I's —o.10} Tg—0.10
—0.15 i .
—0.15}f 10° 10! 10 10% . 1
_Bp/B ‘ t--
. 0.04 \
\ Ir 003 S —— |
0.06} ' LE ]
' (L) 0.02
I . Ir 0.01 /
- 0.04f ... 0 00100 ST N
Iy - Bp/B .
0.02f
In2 = In2
' Zs:p / "'
IS:D b ;!
0100 10! 10° 10°
Bp/B S
055 1 2 3
10 10 10 107

Bp/B

FIG. 7. Plot of our three relevant quantities versus the dimension-
less inverse temperature Bp /B of the demon reservoir (in logarithmic
scale) for 'y = 10~%¢, (main plots) and 'y = 107¢, (insets). The
rest is as in Fig. 6.

with the choice Ay = A% = 0.01¢,. As expected, the plot
of the electric current I); demonstrates that the DQDMD
treatment is only valid for very small coupling strength I'y <
10~*¢, (shaded gray region), beyond that the demon fails to
work. Also, the plot of the relative energy imbalance /g /IéL)
shows that we are leaving the MD regime of negligible energy
consumption for larger 'y because more transport channels
are opening up. More interestingly, however, is the plot of the
mutual information Zg.p, which reveals the physical reason
why the demon fails. As explained in Sec. III, the working
mechanism is based on a strong correlation between the demon
and the system due to the Coulomb interaction and a careful
tuning of the demon’s reservoir. But, for stronger coupling I'
the electron in the demon dot gets more and more correlated
with its reservoir than with the system, i.e., it becomes more
and more delocalized. The only way to counterbalance this
behavior is by increasing the Coulomb interaction U, but this
increases the energy imbalance pushing us away from the MD
regime. This is the ultimate reason why the MD is limited
to the weak-coupling situation and, thus, due to the required
timescale separation I'p > I's, to very low power output.

To complement the analysis, Fig. 7 shows the same
quantities for varying inverse temperature Sp for relatively
strong-coupling strength I's = 10~%¢, and, shown as insets, for
I's = 10%¢,, which was used in Fig. 5. As expected, for larger
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FIG. 8. Repetition of the plots shown before for the extended model (3). In all plots we chose I's = 107%¢,, Ag = 0.0l¢,, and Bp /B = 300
unless that parameter is varied in the respective plot. The gray shaded area indicates the region, in which the ideal MD interpretation holds.

I's we see stronger deviations from the ideal values confirming
our previous observation. In addition, Fig. 7 demonstrates two
more important features. First, the device works better for
lower temperatures because the formation of correlations is
hindered if the demon is subjected to more thermal noise.
Second, this figure also shows that a DQDMD description
is usually only valid at high temperatures, whereas more
sophisticated methods are needed for lower temperatures. We
stress once more that, although the RC method allows to treat
lower temperatures, its validity also does not extend down to
zero temperature 7p — O.

3. RC:s for all reservoirs

Finally, numerical results using model (3) are shown in
Fig. 8. It is our most accurate analysis and combines models
(1) and (2) and the plots demonstrate that the results, which
we have drawn above in a separate analysis, hold true also
in the complete picture. Furthermore, although the simple
DQDMD picture from Sec. III D fails for most parameters as
expected, it also agrees well if we pay careful attention to
its range of validity. Thus, the analysis of the ideal MD [50],
despite the various limits involved, remains qualitatively and
quantitatively true for a narrow parameter window.

V. SUMMARY

In this paper, we have developed the theory of fermionic
RCs, which provides a tool to extend the range of validity
of the usual ME, especially for very structured, i.e., strongly
non-Markovian, SDs. The benefit of our approach is that the
ME approach still allows to treat interactions in the system
exactly, it can be straightforwardly applied to nonequilibrium
situations and has a transparent thermodynamic interpretation.
One drawback of the method is that not every initial SD can
be mapped to an effectively weakly coupled and Markovian
situation such that the application of the ME has to be justified
on a case-by-case study. Another drawback comes from the use
of a ME itself, which becomes invalid at very low temperatures.
Nevertheless, we believe that the fermionic RC mapping has

the potential to find widespread application in quantum trans-
port as a simple and transparent tool to treat structured SDs.

Asaparticular application we then considered a thermoelec-
tric device, which can be interpreted as an autonomous MD for
a specific range of parameters. Previous analyses in the field of
information thermodynamics were done in the idealized weak-
coupling and Markovian regimes, an exception being Ref. [56].
As we have argued in Sec. III A and as Ref. [50] explicitly
shows, MD lives in a parameter regime where the use of these
idealized assumptions becomes increasingly questionable. We
here addressed systematically the question of what happens to
the performance of an autonomous MD if we relax the weak-
coupling and Markovian assumptions (also see Ref. [57] for the
study of a nonautonomous MD in the strong-coupling regime).

Our numerical results clearly convey two messages: First,
we have proven that it is indeed possible to reach the idealized
MD regime, even if one uses a more sophisticated method,
which is able to take into account strong-coupling and non-
Markovian effects. Thus, MD is not a mere hypothetical being,
but can be found in actual physical systems. On the other hand,
our paper also indicates that the possible parameter regime of
an ideal MD is very narrow and necessarily limited to low-
power output. It therefore still remains a challenge to find out
to what extent MD will play a role in actual, practically useful
devices, where already the use of a model Hamiltonian of the
form (38) amounts to a strong assumption as it neglects, e.g.,
spin and vibrational degrees of freedom as well as multiple
charges on a single quantum dot.
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APPENDIX A: DERIVATION OF THE MASTER EQUATION

In this appendix we briefly state the essential steps to derive
the quantum ME used in the main text. We start by focusing
on an impurity (also often called the “system”) coupled to
a single reservoir with Hamiltonian Hy = Himp + Hy + Hp.
Because within the weak-coupling approach there is no direct
influence between the different reservoirs, we can simply add
the contributions of them at the end. More detailed derivations
of MEs can be found elsewhere [1-3,59]. Note that Hiy,,, Hj,
and Hpy are arbitrary and left unspecified here. For the MEs
usedin Sec. IV, one would indeed need to replace Hiyp, by Himp.

Our starting point is the second-order Liouville—von
Neumann equation in the interaction picture after performing
the Markovian approximation

451 = — / detep (0 H) (1 — D)3(0OR
0

— Hi()p()RoH (1 — 7) + Heel), (AD)

where A(t) = ¢! Him+Hi)t g p=i(Him+Hr) denotes operators in
the interaction picture and Ry = e #Hx=#N®) / 7 describes the
equilibrium density operator of the reservoir with Ng being
the particle-number operator of the reservoir.

For our purposes, it suffices to consider an interaction
Hamiltonian of the form

Hy=d) ncf+)Y tad, (A2)
k k

where d is an arbitrary fermionic system operator. We denote
the eigensystem and transition frequencies of Hiy, as

Hinp = Y Exlk) k|, on = Ex — E, (A3)
k

such that we can write the system coupling operator in the
interaction picture as

Aty =" " e dylk)(l|, du = (kld|]). (A4)
ol

Then, after introducing the SD J(w) =27 ), [t 28(w — €)
of the bath and after moving out of the interaction picture, we
obtain terms like

e~ et tep {1 (1) Hi (1 — T)p(1) Ro)e'mr!

00 J _
= [ aoT 2 Y (e oo
- kil
e L = fdidg i llo®),  (AS)

e~ Ml trp (Hy (1) p(1)Ro Hy (1 — 7)) Pimet

OO J(w) i(w+wy)T *
- /m do 2 ; [T (1 f()ldp(d 1) K]
+ e 7T £ (w)d p(t)dy k) (1]} (A6)

and their Hermitian conjugate. Here, f(ex) = trB{c,tck Ry} =
[eP—1 4 117! denotes the Fermi distribution.
To evaluate the integral over 7, we then use

o0 , 1
/ dt eFT = 78(w) £ iP— (A7)
0 w

and neglect the imaginary principal value part in the following
(cf. Appendix B). After this step, the full ME can be written as

dip(t) = —i[Himp, p(D] + [x p(),d] + [d", p(t)x]
+[6p(t).d"] + [d. p(1)6], (A8)

where we introduced the operators

J
x=Y. (;)’k)f(wlk>du|k><l|, (A9)
k,l

J
p=3 <;)”<>[1 ~ fl@wdulk) .
k.l

(A10)
The ME (A8) is ready for numerical implementation. Note that
we did not perform the commonly employed secular approx-
imation, which guarantees a Lindblad form of the generator
[1-3,59], but often predicts unphysical results especially for
more complex systems (see also Appendix B).

If we include coupling to multiple baths characterized by
a distinct chemical potential or temperature, we can simply
add up the contribution of each bath separately to the ME. The
result is then

dip(t) = —i[Himp, p(1)] + Z L,p(t) (ALD)

with the dissipator

Lo = [x10.d)+ [d], 001 + [0up,di1 + [d,, 00]1.
(A12)

The energy and particle currents into bath v are then given by

I3 = tr{Himp £, p(1)}, (A13)
1) = tr{Nimp Lo (1))}, (A14)

where Nin,, is the particle-number operator of the impurity.

APPENDIX B: EXAMPLE AND BENCHMARK:
SINGLE-ELECTRON TRANSISTOR

To benchmark our approach, we consider the possibly
simplest fermionic transport setup usually called a single-
electron transistor (SET): a spinless quantum dot with onsite
energy € coupled to two fermionic baths v € {L,R}. In this
case, we have Hiyp = ed'd and we model the contact to the
baths again by a Lorentzian of the form (27), which we assume
to be the same for the left and right reservoirs.

Figures 9 and 10 now compare the energy and particle
current through the SET using three different methods. The
first (dotted green) is based on a standard rate equation for the
probability to find the quantum dot empty or filled (i.e., the
ME from Appendix A applied to Himp = €d'd). The second
method makes use of a single RC mapping individually applied
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FIG. 9. Plot of the matter current over the dimensionless coupling
strength BT in logarithmic scale computed using different methods:
the naive rate-equation approach (thin dotted green), the exact solution
(thick red), and the RC approach based on different levels of
approximation for the ME; the Born-Markov treatment of Eq. (A8)
including the Lamb shift terms from Eq. (A7) (RC+BM, thin solid
dark blue curve), Eq. (A8) neglecting the Lamb shift (RC+BM-LS,
dashed bold light blue curve), and Eq. (A8) with an additional secular
approximation (BMS, thin dashed-dotted solid black). Parameters are
A=0.1e, wp=¢€, fe =1land u; =€ = —pug.

to each reservoir and yields the Hamiltonian

Himp = Himp + Y _(AodC], + 25C1d" + EiC],C1). (BI)
v

which now consists of three serially coupled quantum dots. The
second method then treats the residual baths as weakly coupled
and Markovian by using the ME treatment from Appendix A.
In addition, it allows for different perturbative treatments by
either including (solid dark-blue line) or neglecting (dashed
light-blue line) Lamb shift terms or by performing an addi-
tional secular approximation on top (dashed-dotted black line).
Finally, the model also admits an exact solution for the matter
and energy current which reads as (solid red line; compare
with, e.g., Ref. [87])

/ _/o" 2dw J()Jr(@)] fL(@) — fr(w)]
M7 ) T @) + Jr@) + 4 — € — D)2

I — /o" 2do ol (@) r@)[fL(@) = fr@)]
F7 ) 7 i)+ Jr@P + 4o — ¢ — S(@)P

0,04 LA LLL) B A LL) B A1) N S B A1) B AR R LA B R RELL B B R RALL B R AL

energy current

0 bt il il il il il
10 107 10” 10" 10° 10' 10° 10° 10*
dimensionless coupling strength fI"

FIG. 10. Plot of the energy current instead of the matter current
with the same parameters as in Fig. 10.

Here, ¥ = X; + Xy denotes the Lamb shift

= [ 4240

21 w— '

_ I'A(w — wyp)
2l — ) + A?]
w — o
2A

As we can see, the RC method based on the ME (A8) (i.e.,
without secular approximation) gives an excellent agreement
with the exact result for a wide parameter regime. Generally,
we see that over all coupling strengths, including or neglecting
the Lamb shift has little effect. For intermediate-coupling
strengths, including the Lamb shift terms, it is even reduc-
ing the agreement with the exact solution, whereas for the
ultrastrong-coupling regime it is improving the agreement, as
is particularly visible in the energy current. More importantly,
however, we see that the often employed secular approximation
fails completely in the weak to intermediate parameter regimes.
These reasons justify the use of the ME we derived in
Appendix A.

It is nevertheless important to remark that the RC method
is also limited. First of all, in order to justify using a weak-
coupling ME for I:Iimp, the width A of the Lorentzian must
be small enough because it is directly proportional to the
coupling strength of the RC with the residual bath. Second,
even for small A our approach is still based on the use of a ME
invalidating our results for very low temperature. For instance,
the differential conductance of the SET limy _,( ‘ZIL‘“} computed
with the RC method completely fails to reproduce the exact
results for T — 0 (not shown here for brevity).

Jy(w). (B2)
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