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Abstract

We develop a microscopic Markovian description of measurement-induced decoherence
in semiconductor charge qubits monitored by a biased quantum-dot detector. Motivated
by recent experiments showing detector-current—dependent decoherence, we model the dou-
ble quantum dot (DQD) and the detector within a unified transport framework, where the
detector tunneling rates depend on the DQD charge configuration via capacitive couplings.
As a baseline, we first study a capacitively coupled single-dot sensing module and derive a
Lindblad master equation that reduces to a Pauli rate equation, capturing state-dependent
detector transport through interaction-conditioned tunneling channels. We then consider a
coherent DQD coupled to the detector, derive a Lindblad master equation (using a secular
treatment in the presence of DQD coherences), and evaluate the steady-state detector cur-
rent together with an effective dephasing measure. In the fast-detector regime, a time-scale
separation leads to an effective two-state dynamics for the DQD, where coherent inter-dot
tunneling gives rise to incoherent transitions with rates proportional to |g|> and suppressed
by detector effective dephasing measure. Both the current and the dephasing exhibit thresh-
old features associated with the opening of transport channels through the detector, and
the dephasing does not necessarily peak at the bias points of peaking charge sensitivity.
This delineates operating regimes in which continuous readout remains informative while
measurement backaction is relatively weak.
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Disclaimer

In the course of composing this thesis, we utilized Al tools (primarily ChatGPT and DeepL
Write) in a limited and supportive manner. Their use was mainly confined to refining sentence
structure, improving clarity of expression, and enhancing overall readability. In addition, Al
tools were occasionally used to assist with technical tasks such as identifying potential coding
errors, suggesting debugging strategies, and improving code documentation or formatting.

It is important to emphasize that the core ideas, modeling choices, derivations, numerical
implementation decisions, research findings, and analytical insights contained within this work
are the result of our own efforts. The use of Al was strictly limited to aiding the articulation
and presentation of these contributions and to streamlining routine technical troubleshooting;
it did not generate the underlying scientific content nor replace independent reasoning.
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1 Introduction

Quantum bits (qubits) constitute the fundamental units of quantum information processing,
providing a physical realization of a controllable two-level quantum system that can exist in co-
herent superpositions of its basis states. Over the past decades, a variety of solid-state platforms
have been developed to implement qubits, including superconducting circuits [1], spin qubits in
semiconductor quantum dots [2, 3], and charge qubits [4, 5]. These systems offer complementary
advantages in terms of coherence times, controllability, scalability, and integration with existing
fabrication technologies.

Among solid-state qubit platforms, charge qubits realized in semiconductor double quan-
tum dots provide a conceptually simple and experimentally accessible implementation. In such
systems, a single excess electron is confined to a pair of tunnel-coupled quantum dots, and the
charge configurations [1,0) and |0, 1), corresponding to the electron occupying the left or right
dot, forming an effective two-level system. Coherent tunneling between the dots hybridizes
these charge states, giving rise to delocalized eigenstates whose energy splitting is controlled
by the interdot tunnel coupling and the electrostatic detuning. The resulting dynamics can be
described by a minimal two-level Hamiltonian, where the detuning acts as a longitudinal field
and the tunnel coupling induces coherent transitions between the charge states. Owing to their
strong coupling to electric fields, charge qubits can be efficiently controlled and read out using
purely electrical means, making them an attractive platform for studying quantum coherence
and measurement in mesoscopic systems.

The same strong coupling to electric fields that enables efficient control and readout of
charge qubits also makes them particularly sensitive to environmental fluctuations. In contrast
to spin-based qubits, where decoherence is often dominated by magnetic noise, charge qubits
primarily suffer from charge noise originating from nearby electrodes, background impurities, and
dynamical charge rearrangements in the device environment. Fluctuations in the electrostatic
potential directly translate into variations of the energy detuning between the charge states,
leading to dephasing and limiting the coherence time. As a result, charge qubits typically exhibit
shorter coherence times compared to other solid-state qubit platforms, despite their favorable
controllability. Understanding the microscopic origins of these noise sources and their impact
on qubit coherence is therefore essential for both improving device performance and elucidating
the fundamental mechanisms of decoherence in electrically sensitive quantum systems.

Beyond uncontrolled environmental noise, an additional and conceptually distinct source
of decoherence arises from the measurement process itself. In solid-state charge qubit experi-
ments, the charge state is commonly monitored using nearby charge detectors, such as quantum
point contacts [6, 7] or single-electron transistors [8, 9], which are capacitively coupled to the
qubit. While such detectors enable high-fidelity, time-resolved readout, they are not passive
elements: the detector constitutes an open quantum system with its own internal dynamics and
fluctuations. Through capacitive coupling, charge fluctuations in the detector induce temporal
variations of the qubit energy levels, giving rise to measurement backaction. This backaction
can manifest as dephasing, relaxation, or excitation of the charge qubit, thereby directly affect-
ing its coherence properties. Understanding how continuous charge detection influences qubit
coherence is therefore crucial for interpreting experimental measurements and for assessing the
fundamental limits imposed by quantum measurement in electrically sensitive qubit platforms.



1 Introduction

Recent experimental progress has provided direct access to the coherence of charge qubits
under continuous charge detection. In particular, experiments on double quantum dots capac-
itively coupled to a nearby quantum dot detector have enabled the controlled investigation of
detector-induced backaction on an electronic two-level system [10]. By monitoring the qubit co-
herence using microwave spectroscopy while tuning the operating point and current of the charge
detector, these studies have demonstrated that the decoherence rate of the charge qubit increases
approximately linearly with the electric current through the charge detector. This observation
provides clear evidence that continuous charge sensing constitutes a significant and tunable
source of decoherence. Furthermore, a microscopic theory based on detector-induced detun-
ing fluctuations captures the qualitative trends observed in the experiment, but quantitatively
underestimates the measured decoherence rate. This discrepancy indicates that a complete the-
oretical understanding of measurement-induced decoherence in charge qubits remains an open
challenge.

Motivated by this open discrepancy, in this work, we revisit the theoretical description of
detector-induced decoherence in charge qubits from a modeling perspective. Rather than treat-
ing detector backaction as an effective noise source acting on the double quantum dots system,
we explicitly consider the combined system of the double quantum dots and the charge detector
within a unified Markovian framework. In contrast to previous theoretical descriptions [10],
where the detector dynamics are assumed to be unaffected by the charge configuration of the
double quantum dots and the detector current is treated as independent of it, our model ac-
counts for the dependence of the detector current on the double quantum dots’ charge state (see
Supplemental Material therein). This allows us to capture the mutual backaction between the
double quantum dots system and the detector and to distinguish more clearly between detector-
induced charge fluctuations and decoherence associated with state-dependent charge detection.
We first analyze the case of a single quantum dot subject to continuous charge detection, where
the detector-induced dynamics can be characterized in a controlled and fully classical manner.
Building on this foundation, we then extend the framework to a double quantum dot, which
constitutes a genuine charge qubit, and investigate how detector backaction affects its coherence.
By clarifying the assumptions underlying the effective description of measurement backaction,
our work aims to provide a more transparent theoretical framework for interpreting recent ex-
periments and for assessing the role of continuous charge sensing in electrically sensitive qubit
platforms.
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2.1 Overview and scope

This chapter establishes a detailed Markovian description of a capacitively coupled single-dot
sensing setup, which will serve as the baseline building block for the DQD-detector analysis in
Chapter 3. The system consists of a detector quantum dot biased by two electronic reservoirs (Dp,
and Dpg) and a target quantum dot S coupled to a third reservoir B, with the two dots interacting
only through an ideal capacitive coupling Unpng (Fig. 2.1). The capacitor forbids particle
exchange between the dots while allowing electrostatic interaction, such that the occupation of
one dot conditionally shifts the level of the other. In particular, the detector level is shifted
from ep to ep + U depending on whether the target dot is empty or occupied. This conditional
energy shift is the minimal mechanism by which the detector current becomes sensitive to the
charge state of the target dot.

The primary goal of this chapter is not to develop open-system theory in general, but to
provide a transparent and reproducible dynamical model for the detector—target module under
non-equilibrium bias, including: (i) a master equation for the dot occupations under Born—
Markov and weak-coupling assumptions, (ii) a consistent procedure to obtain the steady state
and time-dependent populations, and (iii) explicit expressions for experimentally relevant ob-
servables such as stationary currents through the detector dot and their dependence on bias,
temperature, and capacitive coupling. Because the Hamiltonian of the single quantum dot
(SQD) module contains no coherent tunnelling between distinct charge configurations, the re-
duced density matrix remains diagonal in the occupation basis, and the dynamics reduce to a
Pauli rate equation for the four charge states {|00),|01),|10),|11)}. This simplification is not
merely technical: it cleanly isolates the detector’s transport-induced fluctuations and sets a
controlled reference point before introducing coherence in the DQD system.

The outputs of this chapter will be used in two ways later. First, they provide a calibrated
description of how detector transport depends on electrostatic shifts and reservoir parameters,
which is essential for interpreting detector operation in the non-equilibrium regime. Second—
and more importantly for the overall motivation of this thesis—the SQD module clarifies how
a state-dependent current can emerge already at the level of classical charge configurations.
Chapter 3 will build on this foundation by replacing the target dot with a coherent DQD system
and by allowing the detector dynamics to depend on the DQD charge configuration, enabling a
unified treatment of backaction beyond an effective-noise description.

2.2 Model and assumptions

The physical realization of the capacitively coupled setup is shown in Fig. 2.1. No particle ex-
change between the two dots is allowed; instead, they interact solely through an ideal capacitive
coupling.

Following the structure established in the overview, the total Hamiltonian of the composite
system and its fermionic environments is given by:

f{tot = ﬁS + Z <ﬁa + Va) (2'1)
a=Dr,Dg,B
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Figure 2.1: Schematic of the capacitively coupled single quantum dot (SQD) sensing setup.
The detector dot (D) is tunnel-coupled to the left (D) and right (Dpg) reservoirs, which are
characterized by chemical potentials y1p, , up, and temperatures Tp, ,Tp,, respectively. A bias
voltage Vionst drives a stationary particle current through the detector. The target dot (5) is
coupled to an independent reservoir (B) with chemical potential up and temperature Tz. The
two dots are isolated from particle exchange and interact solely through an ideal capacitive
coupling U, which induces a conditional shift in the energy levels depending on the mutual
occupation np and ng.

where H, describes the non-interacting fermionic reservoirs and V, the tunnel coupling
between each dot and its respective reservoir. The dot Hamiltonian reads

ﬁSZEDﬁD+€Sﬁ5+UﬁD-ﬁS, (2.2)

with n; = d}tdj the occupation operator of dot j. The interaction term Unp - ng accounts for
the electrostatic coupling mediated by the capacitor and leads to a conditional energy shift: the
detector level is located at ep when the target dot is empty and at ep + U when it is occupied.

Each reservoir « is modeled as an equilibrium fermionic bath characterized by a chemical
potential u, and temperature T,

, = Zeaéquémq, (2.3)
q
and is coupled locally to its corresponding dot via standard tunneling Hamiltonians of the form
Vo = Z (gaquﬂéég,q - gz,qchéOMQ) : (2.4)
q

Throughout this chapter, the reservoirs are assumed to remain in thermal equilibrium at all
times, and their influence on the dot dynamics is fully characterized by Fermi—Dirac distributions
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The reduced dynamics of the detector—target system is derived within the standard Born—
Markov framework for open quantum systems. [11, 12] In this approach, the influence of the
reservoirs on the dot dynamics is treated perturbatively.

We first introduce the Born approximation, which assumes weak coupling between the dot
subsystem and the reservoirs. Under this condition, correlations between the system and the
reservoirs remain negligible at all times, and the total density matrix can be approximated as

ﬁtot (t) = ﬁ(t) X ﬁres» (2'5)

where p(t) denotes the reduced density matrix of the dot subsystem and pres is the stationary
equilibrium state of the reservoirs. Physically, this approximation requires the tunneling-induced
energy scales to be small compared to the intrinsic energy scales of the dot system, such that
higher-order tunneling processes can be neglected.

Next, the Markov approximation is applied. The reservoirs are assumed to exhibit rapidly
decaying correlation functions, characterized by a correlation time

h
kBToz ’

Ta (2.6)
which is much shorter than the characteristic timescale of the dot dynamics set by the tunneling
rates. Throughout this thesis, we adopt natural units by setting A = 1.

To K Koo (2.7)

This separation of timescales allows memory effects to be neglected and leads to a time-local
master equation for the reduced density matrix.

The dot Hamiltonian contains no coherent tunneling between the detector and target dots.
The two dots interact exclusively through a capacitive coupling term Unpng, and the system—
reservoir coupling operators act only on individual dot occupations. Consequently, the reduced
density matrix remains diagonal in the charge occupation basis,

(75, p(t)] = 0. (2.8)

This property implies that the dynamics of the SQD detector setup is purely incoherent and can
be fully described in terms of occupation probabilities and transition rates.

Under these conditions, the Born—Markov approximation yields a master equation for the
dot subsystem, which forms the basis for the transport and steady-state analysis presented in
the following sections.

2.3 Markovian master equation

In this section we derive a Markovian master equation for the reduced density matrix of the dot
subsystem (detector dot D and target dot .S) within the Born-Markov framework introduced in
Sec. 2.2. The derivation closely follows the standard interaction-picture treatment, specialized
to fermionic reservoirs and to the capacitive coupling structure of the present model.

Based on the Hamiltonian in Sec. 2.2, we move to the interaction picture with respect to

Hy=Hs+ Y Ha, (2.9)
(03

so that operators transform as O(t) = etiflotOe=iflot and the total density matrix peot(t) evolves
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according to

Ouron(t) = =iV (1), prot (B)],  V(8) =D Valt). (2.10)

Under the Born approximation, pot(t) =~ p(t) ® pres, with p(t) the reduced density matrix of the
dots and pres = @, fo the stationary reservoir state.

To apply the standard Born—Markov procedure, we write each coupling Hamiltonian in the
form

Vo= Sak® Bax. (2.11)
k

For fermionic tunneling couplings it is convenient to choose two system operators per reservoir:

A

S'%O = CZg(a), S’ml = dJr

e (2.12)

where ¢ € {L, R} labels the left and right detector reservoirs, then the corresponding bath
operators
a,0 = Zgaqéjﬂp Boz,l = Zg;qéaq- (213)
q q
Denoting the reservoir correlation functions by
Cii(s) = Tra | B 1(5) Ba (03] . (2.14)

the standard Born—-Markov equation in the interaction picture can be written as [11, 12]

%00 =33 [ s {06 [Suselt = 9008, 4(0) ~ 3L (05t~ 51900
+ O (=9) [Sap (OA)S] 4t = ) = 5(1)SL 4t = 9)San ()] .
(2.15)

Eq. (2.15) is the starting point for obtaining a time-local master equation for the dot subsystem.
The central model-specific ingredient is the interaction-picture form of the dot operators
dp (t) and Jg(t) under Hg. Because Hg contains the interaction term Ufipfig, the annihilation
operators acquire different phases depending on the occupation of the other dot, leading to
multiple Bohr frequencies.
For the detector-dot annihilation operator,

Spyo(t) = etfistpeitlst, (2.16)

one obtains (using the Baker-Campbell-Hausdorff expansion and the projector structure of ng),
see Appendix A. o ' R
dp(t) = e7Pldp(1 — ) + e 2T dpng. (2.17)

Similarly,
dh(t) = etert 41 (1 — ng) + ettt gl ag. (2.18)

For the target-dot operator cZS we obtain the analogous conditional evolution,

ds(t) = e st dg(1 — ap) + e ST doinp, (2.19)

and
di(t) = eTiest (1 — ap) + e s GLa . (2.20)
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Egs. (2.17)-(2.20) show explicitly that each tunnel coupling contains two characteristic fre-
quencies per dot: the bare level €¢; and the Coulomb-shifted level €¢; +U. This frequency splitting
is the origin of the fast oscillating factors e**U* that appear when different Bohr frequencies are
coupled in the non-secular treatment.

To proceed, we write the interaction-picture system operators as sums of eigenoperators
oscillating with definite Bohr frequencies,

t)=> e t5Y (2.21)
i

where the set of frequencies is w; € {ep,ep + U} for o € {Dp, D} and w; € {eg,e5 + U} for
a = B. Inserting this decomposition into Eq. (2.15), one arrives at

0(t) =y > > T T (wy) [S‘é{;&ﬁ(t) (SC(ZL)T - (Sé{;)TSgQ,ﬁ(t)} tHe, (2.22)

a kk" g5

with the one-sided Fourier transforms of reservoir correlations
> ) 1
ng./ (CU) = /(; dS ewscgk/(s) = ifygk/ (CU) + ZAgk/ ((U) (223)

Here 7./ (w) are dissipative rates and A%, (w) generate the Lamb-shift Hamiltonian.
For fermionic reservoirs in equilibrium, the cross-correlations vanish for k& # £/, and the
non-zero dissipative rates take the form [12]

100(w) = Fa [l =npW)], (W) = Kank(w), (2.24)

where nf(€) = [1+ e(e_“a)/(kBTa)] ~is the Fermi function and K, is the (wide-band) tunneling
rate. The dispersive contributions generate a Lamb-shift Hamiltonian Hig in the Schrodinger
picture. Since Hi.g does not affect the transport observables considered in this thesis, we neglect
it in the following.

If the secular approximation is performed under the condition x, < U, only terms with j = j
survive in Eq. (2.22). This simplification yields a master equation in the Gorini-Kossakowski-
Sudarshan-Lindblad (GKLS) form:

ai(t) = Y A (w)DISY)IA(), (2.25)
a,k,j

where the dissipator is defined as D[L]p = LpLt — %{ﬁTﬁ,ﬁ}. This structure, named after
Gorini, Kossakowski, Sudarshan [13] and Lindblad [14], represents the most general linear, trace-
preserving, and completely positive (CPTP) generator for the dynamics of an open quantum
system.

Transforming back to the Schrédinger picture gives

dup(t) = —ilHs, p(0) + 3 4 () D[SV 5(t). (2.26)

a,k,j

Without the secular approximation, Eq. (2.22) contains terms with j # j’ accompanied by
oscillating factors @i~ For the present SQD setup, however, the reduced density matrix
remains diagonal in the charge-occupation basis (Eq. (2.8)) and no coherences between different
charge states are generated. As a consequence, the non-secular cross terms do not contribute,
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and the master equation reduces to a time-independent GKLS form without invoking the secular
approximation. This simplification is specific to the incoherent SQD setup and does not apply
to the coherent DQD case discussed in Chapter 3.

Using Egs. (2.17)—(2.20) and the dissipative rates in Eq. (2.24), one obtains an explicit
Schrédinger-picture GKLS equation of the form

Op(t) = —i[Hg, p(t)] (2.27)
+ Y [ﬁa(1 —n%(ep)) D [dDa - ﬁs)} p(t) + Kan%(ep) D[d}u - fzg)] (1)
a€{Dy,Dr}

+ ko (1= n%(ep +U)) D [CZDﬁS] H(t) + KanS(ep + U) D[d}ﬁs} f)(t)}
+rp(1—nP(es)) D [ds(l - ﬁD)] p(t) + kpnP(es) D [czgu —an)| pt)

+rp(1—nB(es+U))D [dsﬁD] p(t) + kpnB(es + U) D [d}ﬁD} H(t). (2.28)

[E—

Eq. (2.28) is the central result of this section. It has a transparent interpretation in terms of
conditional tunneling channels. The dissipators proportional to kg [1 — n%()] describe electron
extraction from the detector dot into reservoir a € {Dp, Dr}, while the terms proportional to
kanG(-) describe injection from reservoir o into the detector dot. The factors (1 — fig) and ng
act as projectors on the charge state of the target dot and select whether the detector level is
at ep (for ng = 0) or shifted to ep + U (for ng = 1). Analogously, the last four dissipators
describe tunneling between the target dot and its reservoir B. Here (1 —np) and np project on
the detector occupation and select whether the target level is at eg or shifted to eg + U.

Eq. (2.28) provides a complete Markovian description of the SQD detector module, where
tunneling events through each reservoir occur through two interaction-conditioned transport
channels, corresponding to energies €¢; and €; + U.

In the next section we use Eq. (2.28) to derive the rate equations for the charge-state pop-
ulations, compute the stationary state, and evaluate the detector and target currents in the
non-equilibrium regime.

2.4 Steady-state solution and transport currents

The Markovian master equation derived in Sec. 2.3 provides a complete description of the reduced
dynamics of the SQD detector setup. In this section we exploit the structural properties of the
model to obtain rate equations for the charge-state populations, determine the steady state, and
evaluate the particle currents through the detector and target dots.

As discussed in Sec. 2.3, the absence of coherent tunneling between the dots and the purely
capacitive interaction imply that the reduced density matrix remains diagonal in the charge
occupation basis, see Eq. (2.8). Consequently, coherences between different charge sectors are
neither generated nor sustained by the dynamics. The reduced density matrix can therefore be
written as

p(t) = poo(t) [00){00] + por (¢) [01)(O1] + p1o(?) [10)(10] + pra(2) [11){11], (2.29)

where |npng) denotes the state with occupation numbers np,ng € {0,1} of the detector and
target dots, respectively.

Inserting Eq. (2.29) into the GKLS master eq. (2.28), the dynamics reduces to a Pauli-type
master equation for the populations p;;(t). Each dissipator contributes a transition between
two charge configurations, with rates determined by the corresponding Fermi functions of the
reservoirs.
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Collecting all gain and loss terms, the population dynamics reads

Poo = 1o ,00P10 + A1o00P10 + 0001 — Bogs10P00 — Bags10P00 — Bl—01Po0s
Po1 = a1 01P11 + aionpin + B —01Po0 — abie0por — Barsaipor — Bt 1ipots
P10 = a 10011 + Baaks 10000 + BaoRs10P00 — Ao 00P10 — 1efs00P10 — Bhy_11P10,
P11 = Borbs11po1 + By por + Bl 11010 — 0P — aopin — ab1opii. (2.30)

Here o i and (5 X denote particle extraction and injection rates associated with reservoir «.

The explicit expressions follow directly from the dissipative rates in Eq. (2.24):

D,

1000 = KDy {1 - ”?Z(GD)} , 5(%@10 = ﬁDz"gz(GD)a (2.31)
P01 = K |1 =g (ep + U))| Biton = kpnp(ep+U),  (2.32)
0‘(?1%00 = kB [1 - n?(es)] ; 5£]>3(H01 = "ﬁBng(ES)a (2.33)
o 0 =kp 11— nB(eg + )], BE 1 =kpnBles + U). (2.34)
The steady state p is defined by p;; = 0 together with the normalization condition
Poo + po1 +pio +pu1 = 1. (2.35)

This yields a linear system of equations for the steady-state populations {p;;}, which can be
solved analytically in limiting cases or numerically for general parameters.

The steady-state occupations encode the conditional dynamics of the detector: the occupa-
tion of the target dot .S controls which transport channel of the detector dot D—at energy ep
or ep + U—is available, thereby modulating the detector current.

The particle current associated with a given reservoir is defined as the rate of change of its
electron number. For the left detector reservoir Dy, the current is formally defined as:

d o A4 s
Ip, =~ (Np,),  Np, = > e, Jepia (2.36)
q

With this convention, Ip, > 0 corresponds to a net flow of electrons from the reservoir
Dy, into the detector dot. In the steady state, charge conservation strictly implies Ip, =
—Ip,.Within the Markovian master equation framework, transport is fully encoded in the dissi-
pative terms. The current can be evaluated directly from the reduced density matrix by taking
the trace over the associated quantum jump superoperators, J [O]p = OApOAJr. Since electron
tunneling into the detector corresponds to ci})—type jumps and tunneling out of the detector
corresponds to dp—type jumps, the steady-state current from Dy evaluates to

Ip, = =eTr | 3 (Th, noTldhPus) = Th, o TldpPas]) | (2.37)

ng=0,1

where P, = |ns)(ng| projects onto the target dot charge state, and the state-dependent tunnel-
ing rates I'%/! are given by the injection/extraction coefficients defined in Eqs. (2.31)-(2.34). This
abstract trace becomes physically transparent when evaluated in the occupation basis |np,ng).
Because the jump operators strictly toggle the detector occupation between 0 and 1, the trace
reduces to a classical balance equation depending only on the joint populations p,, ng. Using

10
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the explicit rate definitions, we recover the intuitive result:
Dy - DL - D _ D _
Ip, = —e [5003101‘700 + Bor11Po1 — %,00P10 — 0‘11L—>01p11} : (2.38)

Similarly, the current associated with the target-dot reservoir B reads

B - B - B B
Ip =—e [500—>01p00 + B1o-11P10 — g1 s00P01 — a11->10p11}~ (2.39)

These expressions make explicit that transport through each reservoir is governed by a bal-
ance between particle injection and extraction processes, weighted by the corresponding steady-
state occupation probabilities. In particular, the detector current depends sensitively on the
occupation of the target dot, illustrating how charge sensing emerges naturally from the capac-
itive coupling between the two dots.

Throughout this work, energies are expressed in units of the interaction strength U. Tem-
peratures are given explicitly in units of kg7'/U. This includes the dot energies €p, €g, the
interaction strength U, the chemical potentials p,, and the applied bias voltage

V= KUDy, — UDg- (2'40)

The tunneling rates kp, , kpg, and kp are expressed in the same units.
We define the total detector tunneling rate

F:FLDL + KDp, (2.41)

which sets the characteristic timescale for charge transfer through the detector dot. All currents
are presented in dimensionless form as I/(el).

In the following section, we analyze the steady-state currents as functions of the bias voltage,
source chemical potential, and temperature, and discuss the resulting transport regimes and
phase diagrams.

2.5 Steady-state transport characteristics

In this section, we analyze the steady-state transport properties obtained from the rate equations
derived in Sec. 2.4. We focus on the detector current and its dependence on the applied bias
voltage, the source chemical potential, and temperature, and discuss the physical mechanisms
underlying the observed features.

Figure 2.2 summarizes the transport regimes of the SQD detector setup in the plane spanned
by the detector bias voltage and the source chemical potential. The diagram reflects the inter-
play between the two relevant detector transport channels at energies ep and ep + U, whose
availability depends on the occupation of the target dot S.

When the source chemical potential satisfies ugs < €g, the target dot remains predominantly
empty. In this regime, the detector dot effectively behaves as an isolated single-level system at
energy €p, and transport through the detector occurs only when ep lies within the bias window
defined by up, and pup,. Conversely, for ug > es+U, the target dot is almost always occupied,
shifting the effective detector level to ep+U and suppressing transport through the lower-energy
channel.

In the intermediate regime eg < ug < es+U, the target dot is partially occupied. As a result,
both detector channels contribute to transport, leading to a coexistence region in which the
detector current reflects stochastic switching between the two Coulomb-shifted configurations.
This conditional modulation of the detector conductance constitutes the basic charge-sensing
mechanism in the SQD setup.

11
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Figure 2.2: Schematic illustration of the coupled SQD—detector system. The detector is tunnel-
coupled to two reservoirs with chemical potentials p; and pg, generating a current when its
energy level falls within the transport window. Due to capacitive coupling, the detector/SQD
energy level shifts by an interaction energy U depending on the occupation of the detector/SQD,
enabling charge sensing through current modulation.

The detector current as a function of the bias voltage V/U = (up, — ppy)/U is shown in
Fig. 2.3 for several values of the source chemical potential pg. The current exhibits step-like
features characteristic of sequential tunneling through discrete energy levels.

For values of ug such that the target dot remains empty, a single current step appears when
the bias window opens around ep. When the target dot is occupied, the current onset is shifted
to higher bias, corresponding to the Coulomb-shifted level ep + U. In the intermediate regime
of partial target-dot occupation, two current steps are observed, reflecting the simultaneous
contribution of both transport channels.

These features demonstrate that the detector current is not determined solely by the applied
bias, but is strongly influenced by the charge state of the target dot. The capacitive interaction
thus converts charge fluctuations of the target into measurable current variations in the detector.

The effect of temperature on the transport characteristics is illustrated in Fig. 2.4, and
the current and the differential conductance dI/dV are shown in Fig. 2.5 for moderate and
low temperatures. At finite temperature, thermal broadening of the Fermi distributions allows
partial occupation of the target dot even when ug is close to €g. As a result, the detector
current displays two broadened steps and the differential conductance exhibits two finite peaks
corresponding to the two transport channels.

In the low-temperature limit, the Fermi functions approach sharp step functions. Once
s > e€s + U, the target dot becomes fully occupied, and transport through the lower-energy
detector channel at ep is completely suppressed. This leads to a pronounced Coulomb blockade
of the detector current and the disappearance of the corresponding conductance peak. The
remaining current step at ep + U reflects transport through a single, interaction-shifted channel.

The sharpening of the conductance features at low temperature highlights the discrete nature
of the transport channels and emphasizes the role of the Coulomb interaction in controlling

12
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Figure 2.3: Current Ip vs V/U = (up, —ppy)/U, Other parameters are ep /U =1, eg/U = 0.5,
kp,/I' = kp,/T'=1/2,and kp/T" = 2.
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Figure 2.4: Normalized detector current Ip, /(el') as a function of the bias voltage (up, —
ppg)/U for several values of the source chemical potential pus/U. (a) kgT/U = 0.1. (b)
kgT/U = 107°. The right detector chemical potential is fixed at iy /U = 0.1, while pup, is
varied to generate the bias. Other parameters are ep/U =1, €s/U = 0.5, kp, /T = kp, /T = 0.5,
and kp/I' = 2.
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Figure 2.5: Differential conductance dIp, /dV at moderate and near-zero temperatures. Other
parameters are same as Fig. 2.4

detector conductance. In this regime, the SQD setup operates as an effective charge switch,
where the occupation of the target dot deterministically enables or disables transport through
the detector.

The results presented above illustrate that the SQD detector operates as a conditional con-
ductor, whose transport properties depend explicitly on the charge configuration of a spatially
separated quantum dot. Importantly, this behavior arises entirely from incoherent sequential
tunneling processes and does not rely on quantum coherence or entanglement between the dots.

These results lead to two primary implications for the SQD sensing setup. First, the model
demonstrates that the fundamental mechanism of charge sensing—mnamely, the conditional mod-
ulation of detector conductance—is effectively manifested through a classical stochastic evolution
of occupation probabilities. This is consistent with the charge-diagonal structure of the master
equation in the absence of coherent inter-dot tunneling. However, while this classical frame-
work captures the dominant transport features observed in sequential tunneling, it remains a
simplified description; in a realistic experimental environment, higher-order tunneling processes
or non-Markovian environmental effects may introduce corrections not accounted for by this
baseline model. Second, the SQD module provides a well-defined reference for identifying gen-
uinely quantum-coherent effects in more complex configurations, such as the double quantum
dot system treated in the next chapter.

In the next chapter, we extend the analysis to a double quantum dot system, where coher-
ent inter-dot tunneling introduces superpositions between charge states. As will be shown, this
qualitatively modifies the structure of the master equation and necessitates additional approxi-
mations beyond those employed in the SQD case.

14



3 Double Quantum Dot: Coherence and Detector
Backaction

3.1 Motivation and Overview

Building on the classical sensing mechanism established in Chapter 2, this chapter extends our
framework to a double quantum dot (DQD) system. The system consists of a detector quantum
dot (D) biased by two electronic reservoirs, and a coherently coupled DQD (sites L and R)
isolated from particle exchange. As illustrated in Fig. 3.1, the two subsystems interact solely
through electrostatic capacitive couplings Uy, and Ug, which shift the detector level condition-
ally based on the DQD charge configuration. Restricting the DQD to the single-excess-electron
regime, it forms an effective two-level system where the electron can occupy coherent superpo-
sitions of the left and right states.

const
|
Energy Energy
Particles Particles

Ur

Ur

:3 Energy Z
Particles

Figure 3.1: Double quantum dot (DQD) capacitively coupled to a quantum dot detector. The
detector is tunnel-coupled to two reservoirs with chemical potentials y1p, and pup,. The DQD
is isolated from the reservoirs but supports coherent inter-dot tunneling with amplitude g.

We investigate the competition between coherent inter-dot tunneling and measurement-
induced backaction. To achieve this, we follow a similar trajectory as in the previous chapter,
including: (i) the derivation of a Markovian master equation for the coupled DQD-detector sys-
tem under non-equilibrium bias, (ii) the evaluation of the steady-state detector current and the
extraction of the effective dephasing rate, and (iii) the introduction of a time-scale separation
(TSS) approach to analytically capture the effective DQD dynamics in the fast-detector limit.
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8  Double Quantum Dot: Coherence and Detector Backaction

The outputs of this chapter aim to identify the optimal operating regime for continuous
charge sensing. In Chapter 2, we established that the device only functions as a valid detector
within a specific bias voltage window where the current becomes highly sensitive to the target
charge state. Comparison of the full Liouvillian solution with the T'SS model shows that while
the measurement information is exclusively extracted within this specific voltage window, the
induced dephasing is actually not maximized there. This reveals that efficient charge detec-
tion can be achieved with a relatively low measurement backaction on the coherent quantum
dynamics.

3.2 Model and Hamiltonian

Following the physical setting introduced above, we now formalize the model algebraically. The
three relevant fermionic modes are described by the annihilation operators dp (for the detector),
and dr,dg (for the left and right DQD sites). The total system Hamiltonian reads:

ﬁg = EDGZTDCZD + ELCZTLJL + ERdNIr%CZR +g(iECZR + g* CZJ;%CiL + ULCZTDCZD CZEJL + URJTDCZD CZ;JR (3.1)

The first three terms describe the on-site energies of the detector and the two DQD sites.
The fourth and fifth terms represent coherent tunneling between the left and right dots of the
DQD, with complex amplitude g. This term is responsible for coherent charge oscillations within
the DQD.

The last two terms describe the capacitive coupling between the detector and the DQD. If
the left (right) dot is occupied, the detector level is shifted by an energy Uz, (Ugr). Importantly,
these interaction terms conserve particle number in each subsystem separately, reflecting the
absence of direct tunneling between detector and DQD.

The detector dot is tunnel-coupled to two fermionic reservoirs,

Hy =) €aglhfaq. =Dy, Dg, (3.2)
q

with coupling Hamiltonian
Vo= 3 (00Dl g — Gl ) - (3.3)
q

The reservoirs are characterized by Fermi distributions

1
e(w_.“oz)/kBT +1 !

ne(w) = (3.4)
where 1, and T' denote chemical potential and temperature. A finite bias voltage V' = up, —up,
drives transport through the detector.

The full Hilbert space of the coupled DQD—detector system is spanned by the occupation
basis

‘ij> = ‘Z>D ® ’]>L & |k>R7 i7j7k € {07 1}

In principle, this yields eight basis states. While the full local occupation basis of the three
modes contains 23 = 8 states, the single-excess-electron restriction formally reduces the relevant
DQD Hilbert space to the subspace spanned by:

|L)y = |10) 1R, |R) = [01)LR.

Within this subspace, coherent superpositions a|L) + b|R) are allowed and play a central role in
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8  Double Quantum Dot: Coherence and Detector Backaction

the following analysis.

The detector occupation np = (ﬁDcZ p remains dynamical due to its coupling to the reservoirs.
Consequently, the dynamics of the full system involves both coherent DQD oscillations and
dissipative detector tunneling processes.

Throughout this chapter, all energies (including dot levels ep, €r, r, charging energies U, g,
and chemical potentials up, . ), as well as the inter-dot coupling ¢ and tunneling rates KDy, ps
are expressed in the same energy units. To facilitate comparison across different parameter sets
in our numerical results, these quantities are typically scaled by a characteristic energy, such as
the left capacitive coupling Uy,.

3.3 Master equation for the coupled DQD—-detector system

We now derive the Markovian master equation describing the dynamics of the coupled DQD-
detector system under non-equilibrium bias.

Following the standard derivation outlined in Chapter 2, we assume weak coupling between
the detector dot and its reservoirs. Under the Born approximation, the total density matrix
factorizes as

pron(t) = ps(t) @ Py, © g (3.5)

where each reservoir remains in thermal equilibrium,

e_B(IA{a _HaNa)

- a4 =D.,Dg 3.6
Tr[e*ﬁ(Ha*ﬂaNa)] L R ( )

Pa

The Markov approximation further assumes that reservoir correlation functions decay on a
time scale much shorter than the intrinsic system dynamics. As in Chapter 2, this leads to a
time-local master equation for the reduced density matrix pg(t).

The interaction Hamiltonian can be written in the standard form

ﬁint = Z (ga,o & Ba,O + Sa,l X Ba,l) ) (37)
a=Dr,Dg
with system operators R R
Seo=dp,  Sa1=db, (3.8)

In the interaction picture,

Sok(t) = €518, e~ iHst, (3.9)
Because the detector level is shifted by the DQD occupations through the interaction terms
Urnpnr +Ugrnpng, the time evolution of dp depends on the DQD charge configuration. Using
the Baker—Campbell-Hausdorff expansion (Appendix A), we obtain
Sao(t) = e Pldp(1 — i)l — fig)
+ €_i(6D+UL)thﬁL(1 —NR)
+ €_i(€D+UR)tCZD(1 — ﬁL)fLR
+ 67i(€D+UL+UR)tCZD7A‘LLTAZR. (310)

Each term corresponds to a detector tunneling event conditioned on the occupation state of
the DQD. The four possible Bohr frequencies are therefore

wi=¢€p, wy=€ep+Ur, w3=€ep+Ugr, wsg=¢€p+Ur+Upg. (3.11)
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8  Double Quantum Dot: Coherence and Detector Backaction

However, as established in Sec. 3.2, the strong Coulomb blockade restricts the DQD to the
single-excess-electron subspace spanned by {|L),|R)}. Consequently, the probability of finding
the DQD completely empty (n;, = ng = 0) or doubly occupied (n;, = nr = 1) is strictly zero.
The jump operators associated with w; and wy vanish within the single-excess-electron subspace
when acting on the relevant reduced density matrix, and we only retain the conditional transport
channels corresponding to ep 4+ Uy, and ep + Ug.

The derivation of the master equation proceeds analogously to the single-dot case in Sec. 2.3.
However, in contrast to the single-dot setup, the DQD supports coherent superpositions between
|L) and |R). Because the reduced density matrix pg(¢) now contains non-zero off-diagonal co-
herences in the charge basis, the cross-terms in the dissipator associated with different Bohr
frequencies, such as nppg(t)ng in the master equation, no longer evaluate to zero identically.
These terms, oscillating at frequencies e (V2=Ur) would continuously couple different transi-
tion channels and prevent a time-independent GKLS structure. We therefore apply the secular
approximation by explicitly dropping all terms with j # j” in the analogue of Eq. (2.22). Phys-
ically, this is justified when the detector’s characteristic relaxation rates are much smaller than
the conditional energy splitting, satisfying the inequality ko < |Up — Ug|. The resulting com-
pletely positive master equation in the Schrédinger picture reads:

Oips = —ilHs, ps)+ > Y (Fg,/ﬂ)[dﬂlﬂ] + Fé,ﬁp[dEﬁﬁ]) ps; (3.12)
a:DL,DR ,BZL,R

where
rg,ﬁ = Ra [1 - n%’(GD + Uﬁ)] ) F(lx,ﬁ - ﬁan%‘(eD + Uﬁ)? (3'13)

and D[O]p = 0pOt — {010, p}.

3.4 Full system dynamics and detector current

The charge detector is operated under a finite bias V' = pup, — up,, which drives a station-
ary particle current through the detector dot. To characterize this transport response in a
dimensionless form, we normalize the detector current by the total bare tunneling rate of the
detector,

I'=kp, +kDg- (3.14)

The dimensionless steady-state current is thus defined as Ip, = Ip, /(el'). In the following, we
first derive the exact expression for Ip, from the master equation and subsequently evaluate its
dependence on the applied bias.

Following the general trace formalism introduced in Sec. 2.4 for evaluating particle flux, the
specific steady-state current for our coupled DQD-detector system is obtained by tracing over

the relevant jump operators. By utilizing the state-dependent tunneling rates F%/ 11? derived in
Sec. 3.3, the current flowing from the left lead into the detector is explicitly given by:

I, =—¢ Y [Th,sPos—T%h, 5 Pis|- (3.15)
B=L.,R

where we have introduced the detector-resolved populations of the DQD,
P”Dvﬁ = <nD>B|ﬁS|nD75>' (316)

Here, np € {0,1} denotes the detector occupation and 5 € {L, R} labels the relevant DQD
charge localization states, |L) = |10)rr and |R) = |01)pLr. The first term describes injection
events from Dj into the detector (weighted by the probability that the detector is empty),
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8  Double Quantum Dot: Coherence and Detector Backaction

and the second term describes extraction events from the detector into Dy (weighted by the
probability that the detector is occupied). The dependence on f encodes the fact that the
effective detector level, and hence the tunneling rates depend on the DQD charge configuration
through the capacitive coupling.

Figs. 3.2a and 3.2b show the detector I-V curves computed for two different temperatures,
kgT/U, = 107! and kgT/U;, = 1073, while keeping the remaining parameters fixed. The
qualitative role of temperature is to control the sharpness of the Fermi edges in the reservoirs
and thereby the effective broadening of detector transport thresholds. At the higher temperature
(Fig. 3.2a), the same onsets are thermally smeared: the current steps broaden and the contrast
between conditional channels is reduced. At very low temperature (Fig. 3.2b), the current
exhibits sharp step-like onsets as a function of bias, reflecting well-resolved transport channels
associated with the conditional detector energies ep + U, and €p + Ug.

This trend mirrors the temperature dependence observed for the single-dot detector model
in Chapter 2, but here it occurs in the presence of a coherently evolving DQD target.

0.147 — ypu, =01 0.147 — ypu =01
Up/U, =0.5 / UrlU, =0.5
0.121 — UnU =15 0.121 — UnlU =15
— UplU =25 —— UplU =25 |
0.10+ 0.10 !
‘
|
—~ 0.08 — 0.084 |
I} T —
=0.06 =0.061
0.04+ 0.041
0.02+ 0.021
0.00 0.001
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
(L — kR)UL (L — pR)UL
(a) k’BT/UL =10"1 (b) ]CBT/UL =10"3

Figure 3.2: Detector I-V characteristics at different temperature with the same parameters.
The right detector chemical potential is fixed at up,/Ur = 0.1, while pp, is varied to generate
the bias. Other parameters are ep/Ur, = 1.0, €1, /U, = 0.5, eg/Ur, = 0.1, g/Ur, = 0.1, kp, /T’ =
HDR/F =0.5.

To isolate the effect of coherent inter-dot tunneling, Fig. 3.3 compares three representative
curves: (i) a stationary I-V curve obtained for a coherently coupled DQD (g # 0), and (ii) two
reference curves corresponding to the limit g = 0, where the excess electron is fixed on the left dot
(|L)) or on the right dot (|R)). In the strictly static case g = 0, the detector responds to a classical
charge configuration of the DQD, and the current traces therefore reflect two distinct conditional
detector channels. When g # 0, by contrast, the DQD can occupy coherent superpositions of
|L) and |R), and the detector backaction (dephasing and measurement-induced modification of
the DQD dynamics) feeds back into the stationary populations entering Eq. (3.15).

For g # 0, the stationary current can be obtained by solving the linear steady-state condition
L[p%] = 0 together with Trp¥ = 1. In the special limit g = 0, however, the Liouvillian decom-
poses into disconnected invariant subspaces associated with fixed DQD charge localization, and
the stationary solution is not unique unless an initial condition is specified. For this reason, we
evaluate the g = 0 reference curves by time-evolving the master equation from initial states |L)
and |R) and extracting the long-time limit of the current, which selects the physically relevant
steady state for the chosen preparation.

By solving the stationary condition L[pE] = 0, we obtain the steady-state current Ip, as
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Figure 3.3: Comparison of detector I-V curves for g # 0 (coherent DQD) and for g = 0 with
the electron prepared on the left (|]L)) or right (|R)) dot. The g = 0 curves are obtained from
long-time propagation to select the steady state corresponding to a given initial localization,
whereas the g # 0 curve is obtained from the unique stationary solution of the full Liouvillian.
The deviation between g # 0 and g = 0 highlights detector backaction in the coherent regime.
Other parameters are the same as Fig. 3.2

a function of the applied bias V. As shown in Fig. 3.2, the current exhibits distinct transport
thresholds set by the conditional detector energies. For biases below the lowest threshold,
transport is suppressed due to Coulomb blockade. As the bias increases, two successive onsets
appear, corresponding to the channels at ep + Uy, and ep + Ug.

In the intermediate bias window between these two thresholds, the current depends strongly
on the DQD charge configuration. For larger biases, where both channels lie within the transport
window, the current becomes independent of the DQD state.

While the full master equation provides an exact numerical description of the stationary cur-
rent, the measurement-induced backaction is encoded implicitly in the coupled detector dynam-
ics. To obtain a reduced description of the effective DQD dynamics and an analytical expression
for the induced dephasing, we now introduce a time-scale separation (TSS) approach, valid in
the regime where detector relaxation is fast compared to the coherent inter-dot tunneling.

3.5 Time-scale separation and effective DQD dynamics

The full master equation derived in Sec. 3.3 describes the coupled dynamics of three fermionic
modes: the detector dot D and the two DQD sites L and R. While this description is exact
within the Born—-Markov and secular approximations, it contains both fast and slow processes.
In particular, the detector dot is tunnel-coupled to two reservoirs with rates xkp, and kKpg,
whereas the intrinsic DQD dynamics is governed by the coherent inter-dot coupling g.
We consider the regime
KD.,KDg > |g], (3.17)

in which the detector relaxes much faster than the DQD evolves coherently. Physically, this
corresponds to a strongly coupled charge detector that rapidly equilibrates for any instanta-
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neous DQD configuration. The detector therefore acts as a fast subsystem, whereas the DQD
populations evolve on a slower time scale.

This hierarchy allows us to eliminate the fast detector degrees of freedom and derive an
effective reduced dynamics for the DQD alone.

We work within the single-charge manifold of the DQD, spanned by the basis {|L),|R)}
corresponding to one excess electron localized on either dot. Within this subspace, the dynamics
include both charge populations and their quantum coherence.

We use the populations P; 1, P; g defined in Eq. (3.16) and introduce the coherences, defined
as

a; = (i, L|psli, R). (3.18)

Here, i € {0,1} denoting the detector occupation. The equations of motion take the form

0Py = —ilg"a; —gai)+ > (ThiPir—ThiPir), (3.19)
a=Dr,Dgr
OPig = +ilg'al —ga) + 3 (FQ wPir —Th n Py R) : (3.20)
a=Dr,Dg
. ok 1 :
(915&1' = —ZAiOéi —11g (P@R - Pi,L) - 5 Zl“fl’ﬁai, (321)
a7/8

where i =1 — ¢ and A; = E; 1 — E; r denotes the detector-conditioned energy detuning.

On time scales short compared to 1/|g|, the coherent inter-dot coupling can be neglected.
Setting ¢ = 0 in the population equations yields fast relaxation within each DQD subspace.
Imposing 0;F; 1, = 0 for fixed Pr, = Py, + P11 gives

T Zoe Fi\z,L
L= .
' Yol +2alhr

An analogous expression holds for P; . Thus, the detector occupation instantaneously follows
the DQD configuration through conditional steady-state occupancy probabilities 7; g.

The coherences «; are damped by both energy detuning and detector-induced dephasing.
Under the time-scale separation condition (3.17), they relax rapidly compared to the slow evo-
lution of P;, and Pr. We therefore impose dya; ~ 0 in Eq. (3.21), which yields

_ 9" (P, — PiRr)
Ait 520l

Substituting this expression back into the population equations, the coherent term —i(g* o —ga;)
reduces to an effective incoherent transition term of order |g|?:

Pir=mi,LPrL, (3.22)

i

(3.23)

—i(g*af — gay) = —vil9|*(Pir — PiR), (3.24)

where the effective rate is i}
I‘Z
SR XY Y (29
i (Za,ﬁ Fg,ﬁ) + Az2

Summing over detector occupations and defining P, = >, P, Pr = ), P; g, we obtain
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a closed classical master equation
Pr —kr—~r kr-rL ) (PL>
0 = , 3.26
’ (PR> < krsr —kr-sr) \Pr (3:26)

ke = 191> (voTo,0 + M171,L) kror = |9 (voTo,r + M1T1LR) - (3.27)

with

The time-scale separation procedure shows that coherent inter-dot tunneling with amplitude
g is converted into an effective classical transition process between the left and right dots, with
rate proportional to |g|> and suppressed by detector-induced dephasing. In this picture, the
detector acts as a continuous measurement device: it monitors the DQD charge configuration
and induces dephasing that competes with coherent oscillations.

Summing the two equations in Eq. (3.26) yields

8t(PL + PR) =0 = PL(t) + PR(t) =1, (3.28)

so the reduced dynamics remains normalized.
Using Pr(t) =1 — Pr(t), Eq. (3.26) reduces to

PL(t) = —(krsr+kr-r)Pr(t) + kr—1. (3.29)
Solving this linear equation gives
Pr(t) = P§ + (Pr(0) — P)e~Feorthran)t - pp) =1 Py(t), (3.30)

with steady-state populations

k‘R_> L k’L—>R
pPP=— rPp=— 3.31
b kR + ko B kpsr +kpo (3:31)
The relaxation time of the slow dynamics is therefore
1
Tslow = (332)

kr—r+kror’

Within the TSS description, the detector current (see Eq. (3.15)) from the left lead reads
In, (t) = —¢[Th, r7o.rPR(t) + Th, 170, PL(t) = T, g71pPr(t) ~ Th, i Pu(t)].  (3.33)

In steady state, inserting Eq. (3.31) yields the closed expression

AR(V) kL r(V) + AL(V) kp (V)

5 (V)= —e¢ , 3.34
5. (V) ko (V) 1 Frsr(V) (3:34)

where
AR(V)=Tp, rTor — ', rT1R; AL(V)=Tp, 1700 —T'D, 171.L- (3.35)

To rigorously justify the validity of this TSS approximation, in Fig. 3.4, we compare the
detector current derived above with the numerical solution obtained from the full Liouvillian.

The TSS description is valid as long as the detector relaxation rates dominate over the
coherent coupling, |g| < kp,,kp,. When |g| becomes comparable to the detector relaxation
rates, the full master equation must be used to capture coherent oscillations and their feedback
on transport. Having validated the TSS framework through the steady-state transport, we can
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Figure 3.4: Comparison of the steady-state detector current Ip, obtained from the full master
equation (solid lines) and the analytical time-scale separation (T'SS) approach (dashed lines). (a)
Current evaluated outside the strict TSS limit (|g| is comparable to kp, , kp,,), showing visible
deviations due to the feedback of coherent oscillations on transport. (b) Current evaluated in
the fast-detector limit (|g| < kp,,kpy), demonstrating excellent quantitative agreement.

now use this reduced description to explicitly extract the measurement-induced dephasing rate,
a task we shall undertake in Sec. 3.6

3.6 Effective Dephasing Rate

In the time-scale separation (TSS) regime, the detector acts as a fast environment for the DQD
and induces a strong suppression of the inter-dot coherence. To quantify this measurement
backaction in a compact way, we extract an effective dephasing strength by the slow DQD
populations obtained from the TSS effective dynamics.

From the population—coherence equations in Sec. 3.3, the coherence «; in detector occupation
i € {0,1} obeys Eq. (3.21). Here we define the total tunneling rate out of the current detector

occupation as: )
A= ) Y T (3.36)
a€{Dr,Dr} Be{L,R}

where i = 1—1i denotes the complementary detector occupation. With this shorthand, Eq. (3.21)
becomes A
atai = —iAi o — ig*(PLR — ]Di,L) — ?Z (6788 (337)

Given the fluctuations in detector occupation, the DQD dynamics are distributed across
the occupations ¢ = 0,1 according to the probabilities P;(t) = P; ,(t) + P r(t). We therefore
define the effective measurement-induced dephasing strength as the average of the population
probabilities

L(t)= Y P(t)Ni,  P(t)=Pr(t)+ Pr(t). (3.38)
i=0,1
This definition captures the intuitive idea that the instantaneous coherence decay rate depends
on the occupation of the detector the system occupies, and the observed dephasing is an average
over these occupations.

Under the time-scale separation condition kp,,kp, > |g|, the detector relaxes rapidly to
its conditional steady state for a fixed DQD configuration. As derived in Sec. 3.5, this leads
to the factorization P;(t) = 7,1 Pr(t), Pir(t) = 7ir Pr(t), where Pr(t) = >, P;r(t) and
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8  Double Quantum Dot: Coherence and Detector Backaction

Pr(t) =", P r(t) are the slow DQD populations, and the conditional occupancy probabilities
are derived above, see Eq.(3.22) and 7; g is analogous to 7; 1. Using Eq. (3.22), the probabilities
for detector charge occupation become

Pi(t) = P 1(t) + P, r(t) = 73, L PL(t) + 75 RPR(t). (3.39)

Substituting Eq. (3.39) into the definition Eq. (3.38) yields the closed expression

D(t)= Y (riLPL(t) + mirPr(t)) Ai. (3.40)
i=0,1

This shows that, within TSS, the time dependence of the dephasing strength is fully controlled
by the slow two-state dynamics of Pr(t) and Pr(t).
Substituting Eq. (3.30) into Eq. (3.40) gives an explicit closed form:

P = Y [mePu® + 7ir(l - PL®)|As

= Ti,r + (Ti,L — Ti,R)PL(t)} A

=S [rir+ (riL — in) (st + (PL(0) — st)e%’%wmﬁ)} A (3.41)
i=0,1

This expression makes explicit that f(t) relaxes exponentially to its steady value on the same
slow time scale Tgoy-
Taking t — oo in Eq. (3.41) yields

=) [Ti,LPES + Tz‘,RPﬁzS] A
i=0,1

k k
=> <’7"7 B2l | R )A (3.42)

1,L i, R
Par) kr—r+kr-L kr—r+ kr-L

which is the analytical T'SS prediction for the bias-dependent dephasing strength once the voltage
dependence of the rates is inserted.

The detector-induced rates entering A; inherit their bias dependence through the Fermi
functions of the detector reservoirs. With

Fg”@’ = Kq [1 — ’n%‘(ﬁD + Uﬂ)]a Fé,ﬁ = Ra n%’(ED + U/B)’ (343)

and i = 1 — i, Eq. (3.36) gives

A= > > Ths= > ka > nf(en+Us), (3.44)

aE{DL,DR}BE{L,R} aG{DL,DR} ﬁE{L,R}
A= Y Y = Y ke Y [1-nS(en+Up). (3.45)
ae{Dr,Dr} Be{L,R} a€{Dr,Dr}  Be{L,R}

Consequently, both I'**(V) and the effective transition rates kz_,z(V), kr_r(V) acquire a char-
acteristic step-like dependence on the bias through the reservoir occupations n%.

The effective dephasing strength fSS(V) derived above is not an abstract quantity, but linked
to the transport properties of the detector. In particular, both the steady-state current and the
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Figure 3.5: Comparison between steady-state detector current and effective dephasing rate. (a)
Steady-state current I}5 and (b) effective dephasing rate ' as a function of the bias voltage
V' (in units of Up). Solid lines represent the numerical results from the full master equation,
while dashed lines correspond to the analytical TSS expressions derived in Eq. (3.15) and Eq.
(3.42). The two transport thresholds associated with the conditional detector levels ep + Uy,
and ep + Ug are clearly visible in both panels. Parameters: g = 0.01, kp, /I = kp, /T = 0.5,
ep/T =1, ¢€,/T =05, eg/T =0.1, kgT /U, =5 x 1073,

dephasing strength are controlled by the same voltage-dependent tunneling rates Fg/ ;} through

the Fermi functions n%(ep + Up).
For larger inter-dot coupling g, coherent oscillations modify the steady-state populations,
leading to visible deviations between the full and reduced descriptions. Comparing I}5 (V') and

f‘ss(V) in Fig. 3.5 shows that both quantities are set by the same voltage-dependent rates FZ/ é
The current is most sensitive to the DQD charge configuration in the bias range between the
two transport thresholds associated with the conditional detector energies ep + Uy, and ep + Ug.
However, fSS(V) does not necessarily peak in the same bias range. Within the present TSS
description, I is controlled by the total tunneling rates entering A;, whereas the stationary
current depends on the imbalance between injection and extraction processes. This identifies
operating points where charge sensitivity is substantial while the induced dephasing remains
comparatively weak.

Compared to the theoretical model used in Ref. [10], our description makes the detector
response explicitly state dependent. In the model of Ref. [10] (see Supplemental Material),
the detector backaction is captured through charge-induced detuning fluctuations, while the
detector transport is treated to leading order as independent of the instantaneous DQD charge
configuration. In contrast, our Markovian treatment keeps the conditional detector tunneling
channels associated with ep 4+ Uy, and ep 4+ Ug, such that both the stationary current and the
effective dephasing measure f‘SS(V) are governed by the same set of state-dependent rates I' Z/ é

This additional feedback mechanism leads to a bias dependence of f‘SS(V) that can deviate
from a simple scaling with the net detector current, and it naturally allows regimes in which the
detector current changes while the induced dephasing varies only weakly.

As shown in Fig. 3.6, the resulting steady-state dephasing rate exhibits a monotonic linear
dependence on the detector current over the considered bias range. This behavior is consistent
with the experimentally observed scaling reported in Ref. [10], in particular with the linear fit
to the decoherence rate as a function of current. A quantitative comparison requires device-
specific parameters and goes beyond the scope of the present work, but the qualitative trends
indicate that including the DQD-state dependence is important for capturing the structure of

25



8  Double Quantum Dot: Coherence and Detector Backaction
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Figure 3.6: Steady-state dephasing rate I'S as a function of the detector current I;. The
numerical results (dots) show a monotonic increase, consistent with the experimental trend and
the linear fit reported in Ref. [10].

measurement backaction.
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4 Discussion and Conclusions

Summary of the Present Work. In this thesis, we have developed a microscopic transport
model for a double quantum dot (DQD) capacitively coupled to a continuously biased charge
detector. The motivation of this work was to provide a self-consistent theoretical framework for
understanding measurement-induced decoherence in continuous charge sensing experiments.

In Chapter 2, we first analyzed a single quantum dot (SQD) detector coupled to fermionic
reservoirs. Starting from a Born-Markov master equation, we derived a time-local GKLS gen-
erator and established the voltage dependence of the detector current. This part served two
purposes: (i) to benchmark the transport description, and (ii) to clarify how detector tunneling
processes generate state-dependent jump operators through capacitive interactions.

In Chapter 3, we extended the analysis to the full DQD—-detector system. We derived the
master equation for the coupled three-mode system (detector dot D and DQD sites L and R),
and studied both the steady-state transport properties and the effective dephasing induced by
continuous measurement. We compared two levels of description: the full Liouvillian solution
and a reduced time-scale separation (TSS) approach. This allowed us to identify the parameter
regime in which the detector acts as a fast subsystem that converts coherent inter-dot tunneling
into an effective incoherent hopping process.

The central physical result is that the detector backaction is strongly bias dependent. Both
the steady-state current I(V) and the effective dephasing strength T'5(V) inherit their struc-
ture from the opening and closing of transport channels in the detector. By tuning the bias
voltage, one can therefore identify operating regimes where the detector remains sensitive while
the induced decoherence is not maximum. This demonstrates that continuous charge sensing
does not inevitably lead to maximal decoherence, but rather that an optimal trade-off between
measurement contrast and backaction exists.

Conceptual Contributions. Compared to Ref. [10], the present work introduces several con-
ceptual improvements. First, the DQD and the detector are treated within a unified microscopic
master-equation framework. The detector current and its fluctuations are not calculated inde-
pendently of the DQD state. Instead, the detector tunneling processes explicitly depend on the
D@D occupation through the interaction terms Urnpny and Ugrnpng. As a result, transport
and decoherence are determined self-consistently from the same steady-state density matrix.
Second, the model directly links measurement-induced dephasing to the microscopic jump oper-
ators responsible for detector transport. The effective dephasing rate, see in Eq. (3.38), emerges
naturally from the population-weighted damping rates, rather than being introduced through
an external noise spectrum. Third, the comparison between the full Liouvillian solution and the
time-scale separation approximation clarifies the physical regime in which the detector can be
viewed as a fast measurement device. The coherent inter-dot tunneling amplitude g is converted
into an effective classical transition rate proportional to |g|?, suppressed by detector-induced de-
phasing. This provides a transparent interpretation of how continuous measurement transforms
coherent dynamics into incoherent transport.

Relation to Experimental Observations. The experimental study that motivated this
work reports a bias-dependent decoherence rate extracted from microwave spectroscopy mea-
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4 Discussion and Conclusions

surements. Overall, the extracted decoherence rate increases with detector operating point (e.g.,
detector current), yet it can also display a plateau-like regime where the decoherence remains
essentially unchanged even as both the detector current and the charge sensitivity continue to
increase (see Fig. 3(b) in Ref. [10]).

In the present model, the effective dephasing strength follows the same threshold structure
as the detector transport channels. Regions of enhanced charge distinguishability coincide with
increased backaction, reproducing the qualitative voltage dependence observed experimentally.
This indicates that the present model, while self-consistent, still overestimates the effective
measurement backaction.

Limitations of the Model. Several simplifying assumptions were made in the present work.
First, the detector reservoirs were treated within the standard Born—Markov approximation,
assuming energy-independent tunneling densities and neglecting memory effects [15]. Non-
Markovian corrections could modify the effective noise spectrum experienced by the DQD and
potentially reduce the predicted dephasing strength [16].

Second, the capacitive interaction was modeled as a purely electrostatic density—density cou-
pling. In realistic devices, screening effects and higher-order correlations may partially suppress
charge fluctuations, thereby reducing measurement backaction [17].

Finally, the present treatment assumes idealized single-level quantum dots (and effectively
neglects spin and excited-state structure). In experimental devices, additional orbital /spin states
(and possible valley degeneracies) as well as energy-dependent tunneling amplitudes can reshape
the transport characteristics and thereby significantly modify the transport-induced noise spec-
trum [18].

Weak-measurement regime. A further limitation concerns the measurement strength im-
plied by our approximations. To obtain a time-independent completely positive master equation
for the coherent DQD, we employed a secular treatment, which is justified when the conditional
detector energies are well separated, |Ur, — Ug| > k, where k denotes a typical detector relax-
ation scale. In this regime, detector tunneling events efficiently distinguish the DQD charge
configuration and therefore strongly suppress inter-dot coherence. It is natural to ask how this
picture changes in a weaker-measurement regime, where |U;, — Ug| becomes comparable to or
smaller than the detector relaxation scale.

However, reducing |Uy, — Ug| also challenges the assumptions underlying the Born—-Markov
rates. In particular, the Markovian wide-band description relies on reservoir quantities being
slowly varying on the relevant energy-resolution scale, such that ngp(E + §) ~ np(E) when
0 is within that scale. As a consequence, if |Uy, — Ug| < k, the two conditional transport
channels become indistinguishable within the present approximation, and the detector current
loses its dependence on the DQD state. A consistent theory of weak continuous measurement
therefore requires going beyond the strictly secular GKLS limit and/or beyond the energy-
independent rate approximation [19], e.g., by employing a partially secular or coarse-grained
master equation [20-25] or by explicitly accounting for finite energy resolution of the detector
transport.

Outlook. Future extensions of this work could address these limitations in several directions.
A natural improvement would be to incorporate non-Markovian effects by deriving a general-
ized master equation with frequency-dependent rates. This would allow for a more accurate
description of the detector charge fluctuation spectrum.

Furthermore, combining the present transport-based description with a microscopic calcula-
tion of the detector charge correlation function would enable a direct comparison with experi-
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mentally extracted decoherence spectra.

Ultimately, a quantitatively accurate model of continuous charge sensing requires a unified
description of transport, measurement backaction, and environmental noise. The present work
represents a step toward such a framework by treating detector and DQD dynamics on equal
footing.
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A Jump operators

This appendix supplements Chapter 2 by providing the intermediate steps that are omitted
from the explicit construction of the jump operators via the interaction-picture evolution of dot
operators using the BCH expansion.

In the interaction picture with respect to the dot Hamiltonian

Haots = €phip + esivg + Unpig, (A.1)

the relevant system coupling operators are ciD, CZ;), dg, and a?TS (see main text, Sec. 2.3). We
compute their interaction-picture form using the BCH expansion

eXye X = i [Xn}'/]” (X, Yo=Y, [X,Y],=[X,[X,Y]._1], (A.2)
n=0 ’

with X = +iHgotst.
We first note the commutators

[ﬁDydD] = 7dD) [ﬁ57 CzD] = 07 [ﬁDﬁ'S,JD] = 7’&SCZD’ (AB)

and similarly ) ) ) ) )
[ng,ds] = —dsg, [Mp,ds] =0, [iphs,ds| = —npds. (A.4)

It is convenient to use the projector decomposition of the opposite-dot occupation,
g =ns, (L-ns)’=(1—ns),  As(l—ns) =0, (A-5)

and likewise for np.
Using Eqs. (A.2)—(A.3), one finds that dp splits into two components that acquire different
phases depending on ng:

Cip(t) = e“HdOtSthDe*inO“t = ¢~tent CZD(l —ng) + e Ut g g, (A.6)
dh(t) = eT Pt dl (1 — fg) + eTilert gl p g, (A7)
Analogously,
I5(t) = et dg(1 — ap) + e STV dgnp, (A.8)
di(t) = etiest dL(1 — ap) + et gLi . (A.9)

Equations (A.6)—(A.9) provide the required frequency decomposition into eigenoperators
(Bohr-frequency components) used in the main text. They directly imply the jump operators
appearing in Eqs. (2.17)-(2.20): for detector reservoirs (Dy, Dpr) the channel at w = €ep is
associated with dp(1 —fg) and derj(l —ng), while the channel at w = ep + U is associated with
dphg and czgﬁs (and analogously for the target reservoir coupled to dot S).
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B Calculation of the non-secular part

This appendix has two parts: Sec. B.1 derives the non-secular contributions for the SQD model
of Chapter 2, and Sec. B.2 derives the non-secular contributions for the DQD-detector model
of Chapter 3.

B.1 SQD model

In Chapter 2, we omitted the intermediate steps leading to the GKLS master equation for
the SQD model. For completeness, this appendix presents the corresponding derivation, with
emphasis on the contributions arising when the secular approximation is not applied.

Secular approximation (GKLS form). Under the secular approximation, the interaction-
picture master equation takes the GKLS form

ap(t) = Y Ai(wy) DI 1] (D), (B.1)

a,k,j

where D[A] p = ApAt — %{fﬂfl, p}. Transforming back to the Schrodinger picture yields

0up(t) = —i[Hs + His, p(t)] + > i (wy) D[S ] A(1). (B.2)
a,k,j

Without secular approximation. If the secular approximation is not invoked, the interaction-
picture generator contains additional oscillatory cross terms coupling different Bohr frequencies:

ap(t) =323 > e T ) [S2p(0)(S20)" = (82,)187,5(1)| + He.

a kK gj
= Y )DL 60) + 30N et rg (w;) [ﬁikﬁ(t)(gi’kf — (83,187 e )} +He.
a’k7j:jl ark .]75‘7,

=" (en) DSD, o] A(t) + 71" (en) DISB, 11 A(1)
+90% (ep + U) DISH, o] (1) + 71" (ep + U) DISH, 4] 4(t)
+ 707 (ep) DISD .0l (1) + 777 () DISH 1] A(t)
+ 90" (ep + U) DISh , o] A(t) + 1" (ep + U) DISh . 1] A(%)
+ ’yg’(fs) [SS ol A(t) + 1 (GS) [Sg,l] p(t)
+96 (s + U) D[S o] p(t) + 77 (es + U) DISS 1] (1)
+ 0N ey (wy) {Si:kﬁ(t) (82 )" = (52,)187 alt )] +He.

ak j#j’
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B Calculation of the non-secular part

Explicit form of the non-secular contribution. We now evaluate the cross terms (j # j'),

3OS e (w;) [s;k A (ST )" = (82,187, ﬁ(t)} +He.
ak j#j’
for a=Dy, 4,7/ =01, k=0:

+e U (e 1 U) {CZD&TSdS p(t) dsdidl, — dsdidl dpdLds ﬁ(t)}
4 MU () 1 1) [jDCZSd”g p(t) didsdl — p(t) dﬁfgcfscflgdnczsd&é}
for a=Dg, j,j’=0,1, k=1:
eI (e + U) [dlydlds (1) dsdldn — dsdldpd]ydlds (t)|
+ MUY (e + U) | dydsd p(t) diydsdp — () diydsdpd,dsd]]
for a=Dg, j,j’=1,0, k=0:
+ eFUIPL (ep) [‘iDcha?E p(t) didsdl, — didsd},dndsdlp (t)}
+ e UL (ep) [CZDquCZs p(t) dsdLdly — p(t) dsdgcﬁ)dDdg‘ZS}
for a=Dg, j,j’=1,0, k=1:
i e+iUtI‘]1)L (en) [CZ]T)JSCZL p(t) dg&sdD - dldstdgdsdEﬁ(t)}
+ e (ep) |dlydlds (1) dsdldp — p(t) dsdldpdlydlds|
for a=S§,

for « = Dg,

Cancellation of the non-secular terms for the SQD. From the explicit expressions above
(illustrated here for the Dz-bath contribution), one encounters terms of the form (S’é k)TSil wP(t)
and its Hermitian conjugate. For the SQD setup considered in Chapter 2, the relevant reduced
state remains diagonal in the occupation-number basis (i.e., no coherence is generated between
different charge sectors), which can be expressed as

[dj-czj,ﬁ(t)] =0 (for the relevant modes j in the SQD). (B.3)

Using fermionic anticommutation relations, the non-secular cross terms proportional to e**U* can
then be rearranged into products containing repeated creation operators, and therefore vanish.

For instance, for « = Dy, j,5' = 0,1, and k& = 0, we obtain

eiiUth)L (ep+U) dAD ﬁ(t) Cz]T) dATSCzsczsng + €+iUtFODL*(€D + U) CZD ﬁ(t) dulr) dASCZngATSCZS =0. (B~4)
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Consequently, the master equation reduces to the secular (GKLS) contribution only:

0up(t) =5 " (en) DISB, o] A(t) + 1" (en) DISH, 1] (t)

+9 " (ep + U) DS, o] 5(t) + 1" (ep + U) D[S, 1] ()
+ 707 (€0) D[S, 0] A(1) + 71" (en) DISD , 1] A(t)
+70" (ep + U) DISh , o] A(t) + 1 (ep + U) DISh , 1] A(%)
+ 75 (es) D[SY 0] A(t) + 7 (es) DISE 1] A(t)
+ 75 (es + U) D[SS o] (1) + 13 (es + U) D[SE 1] 4(1).

Finally, transforming back to the Schrédinger picture gives
p(t) = —i [eDcZ]BdD + esdlids + Udlydp dids + Hys, [)(t)]
+ 70" (ep)DISD, o] p(t) + 71" (en)DISD, 1] (1)
+70 % (ep + U)DISD, o] () + 11  (ep + U)D[SH, 1] (t)
+ 70" (ep)D[SD . o] A(t) + 71" (ep) D[S, 1] A(2)
+90 " (ep + U)D[Sh,, o) p(t) + 71" (ep + U)D[Sh 1] (1)
+ 75 (es)D[SS 0] A(t) + 77 (es)DISE 1] A(2)
+ 75 (es + U)D[SS o] A(t) + 77 (es + U)DISE 1] ().

B.2 DQD model

The derivation above illustrates how the GKLS master equation is obtained for the SQD model.
We now outline the corresponding construction for the DQD case.
Similarly to the SQD case, the coupling Hamiltonian for bath « is written as

Va = a,OBa,O + Sa,lBa,l- (B5)
The corresponding jump operators are obtained from the interaction-picture system operators

using the Baker—-Campbell-Hausdorff (BCH) expansion.

Spo(t) = e “rtdp CiLdi CZRJE + e UeptULI g dA,T;ch JR@Z

+ e~ UotUnt g dy df dydp + e oHULAURE 4 df dy dYd, (B.6)
S'L’l(t) _ e-i-iEDt dTD CiLdTL d\Rd}'—_{ 4 €+i(6D+UL)t CZTD dEdL dARCZ"}-%
+etilotUnt gty dt it dp + etileotUL+Unt gt gt ) it dp. (B.7)

We then decompose S’mk(t) into Fourier components,

= et (B.8)
J
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which yields the four jump operators (shown here for k£ = 0):

Slo=dpdrd} drdl, (B.9)
S2 o =dpd}dy dpdl, (B.10)
Sg,o = C2D CZLdNrL CZLOZRv (B.11)
Sty =dpdldy dhdg. (B.12)

These four operators correspond to detector tunneling events conditioned on the occupation
configuration of the DQD:

. S'é’[) = CZDCZLdAEdRCZL describes the annihilation of a detector electron when the DQD is
empty (ny = ng = 0), with energy €p.

. SZ,O = JDJTLJLJRJE corresponds to ny, = 1,ng = 0, with energy ep + Uy,
. 33,0 = CZDCZLJECZ}CZR corresponds to ny = 0,ng = 1, with energy ep + Ug.

. Si,o = cfpcfzchdEdR corresponds to ny, = ng = 1, with energy ep + U, + Ug.

In summary, the four jump operators implement detector tunneling processes conditioned
on the four charge configurations of the DQD (empty, left occupied, right occupied, and doubly
occupied). Each configuration produces a different electrostatic shift of the detector level via
capacitive coupling.

Master equation and separation into secular/non-secular parts. The interaction-picture
master equation reads

apst) = 3 Zei(wj"“j’)tl“g’k,(wj)[Sik,ﬁs(t)(gikf — (8,078 ps(t)] + He.

ak,k 5.5
- Z Vi (w;) D ak Ios(t +ZZ Hgmey trkz wﬂ[%i@“”(%,kﬁ - (gi,k)TSi/,kﬁS(t)} + H.c.
ak,j=j’ ak j#£j5’
=76 (en) D[S olps (t) + 11 (en)D[Sh 1155 (1)
+ 76 (ep + UL)D[S2 g ps(t) + 41 (en + UL)D[SZ 115 (t)
+ 76 (en + Ur) DS olps () +

7
ps v (ep + Ur)D[S3 1]ps(t)

+70(6D+UL+UR) [Sa0lps(t) + 1 (e + Uz + Ur)D[S4 1175 (1)

T Z Z e (w )[ kpS( )(Sa,k) - (Sik) s akPs(t )} +H.c.

ak j#£j’

Non-secular contribution. As an example, for the pair (j,j') = (2,3) and k = 0, one obtains
an oscillatory term at frequency Uy, — Ug,

o i RN AN
53 ) | $7is(0) (82) - ($1,) $is(0)] + e -
ak j#j’
for j,7/=2,3 k=0:

+ e WL=URNDS (e + UL)[dpl(1 — np)nglps(t)[ne (1 — ng)ldh — [nL(1 — ng)ldhdp[(1 — ny)nglps(t)]
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for a=D; 5,5 =01 k=0:
e VDL (ep + Uy )dpdldsps (t)dsdidl + e T UITHE (ep + Up)dpdsdl ps (t)dbdsd),
for a=D; 5,5 =01 k=1:
e UITPL (e + Up)[d] dlds s (t)dsdldp + e VIR (ep + Up)dl dsdl ps (t)dbdsdp
for a=D; j,57/=10 k=0:
HUPDL (e ) dpdgd ps (t)dh dsdl + e VTP (ep)dpdlds g (t)dsdl d
e 1" (ep)dpdsdpps(t)dpdsdy, + e 17 (ep)dpdgdsps(t)dsdgdy,
for a=D; j,7/=10 k=1:
UL (ep)dl dsdl ps (1) dlydsdp + e VTP (e p)dldlds ps (1) dsdldp
Substituting Eq. (2.24) into the master equation, we obtain
Ops(t) = —i[Hs + Hys, ps(t)]
n [KL [1 = nk(ep + Up)| Dldpirlps(t) + kink(ep + UL)DldhnL)ps(t)
+ K, [1 — n%(ED + UR)]'D[CiDﬁR]ﬁs(t) + HLn}L?(fD + UR)'D[dATDﬁR]ﬁs(t)}
+ [/’vR [1 = nf(ep + Ur)|Dldpirlps(t) + krnfi(ep + Ur)Dldpnglps(t)
+ KR [1 — ng(eD + UL)]'D[CZDﬁL]pAs(t) + IiRng(eD + UL>/D[CZTDTALL]pAS(t)} (B.13)

= —ilfls + us, ps®]+ > > (105 Dldping] + Tk 5 Dldhins]) ps(t). (B.14)
ae{L,R} Be{L,R}

Here,
Fg76:ﬁa[1—n%(eD+U5)], I‘iﬁ = ko ny(ep + Up). (B.15)
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