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Dispersive detection of single microwave photons with quantum dots
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Within a circuit quantum electrodynamics architecture, we theoretically investigate the detection of a single
propagating microwave photon traveling through a resonant microwave cavity dispersively interacting with a
double quantum dot tunnel coupled to a lead. Under suitable conditions, a single photon in the cavity can induce
a measurable change in the electronic occupation of the charge states. We develop a quantum cascade approach
that enables a time-resolved description of a single-photon wave packet impinging on the cavity. We make use
of a simple model of charge detector to assess the efficiency of our photo-detection configuration as functions
of key parameters such as coupling strength, tunneling rate, temperature, and photon resonance linewidth. We
finally highlight a measurement-induced backaction effect on the cavity mode associated with the dispersive,
nonabsorptive detection process.
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I. INTRODUCTION

Circuit quantum electrodynamics (circuit QED) [1–3] has
progressed through remarkable advances in superconducting
devices, which not only serve as qubits for quantum infor-
mation processing but can also be used for manipulation
of quantum microwave fields. Despite major advances in
microwave engineering, quantum photonics in this spectral
domain remains at a much earlier stage compared to its op-
tical counterpart. For instance, detecting a single itinerant
microwave photon remains challenging due to its low energy.
This represents a critical gap, as single-photon detection is
fundamental in quantum optics [4], playing a key role in
correlation measurements [5,6], linear optics quantum com-
puting [7], and remote entanglement protocols [8].

Using Josephson junction circuits, single-microwave-
photon detectors based on absorption processes have been
realized through various schemes. One approach exploits
metastability, as in current-biased Josephson junctions [9–15]
acting as switching detectors [16–19], in SQUID devices with
a double-well potential [20,21], or in Kerr Josephson para-
metric resonators [22]. Another approach relies on engineered
dissipation, such as impedance-matched � systems in one-
dimensional (1D) waveguide circuit QED [23–26], inelastic
tunneling of quasiparticles in voltage-biased superconducting
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junctions [27,28], or four-wave mixing systems incorporating
a strongly damped cavity mode [29–33]. Moreover, bolometer
schemes have also been applied [34–36]. Additionally, non-
absorbing detection has been demonstrated in pulsed-mode
operation using a controlled-phase gate between a super-
conducting qubit and a propagating photon [37,38], or by
reaching the strong dispersive regime [39].

Interesting perspectives for single microwave-photon-
detection are offered by the combination of circuit QED
systems with quantum dots (QDs). These act as artifi-
cial atoms [40–42] interacting with microwave photons in
superconducting circuits [43,44]. The uniqueness of these
systems lies in the seamless integration of quantum-coherent
nanoscale devices, where semiconducting quantum nanos-
tructures can be combined with superconducting elements
and interfaced with a microwave photonic system [45–55].
They provide a framework to study light-matter interactions in
the regime of coherent, far-from-equilibrium single-electron
transport [56–74]. In particular, the regime of strong light-
matter coupling has been reached for both charge [75–79] and
spin qubits [80–83].

Early experiments showed that the absorption of a single
photon can induce photo-assisted single-electron tunneling
events [84–87]. The basic photon detection scheme has been
studied in a double quantum dot (DQD) resonantly coupled
to a microwave cavity mode [88,89]: Photon absorption pro-
motes an electron from the DQD ground (bonding) state to
an excited (antibonding) state, from which it can tunnel to the
leads. In this way, for asymmetric tunneling between the DQD
and the left and right contacts, a steady photon flux generates
a continuous, detectable charge current through the DQD. The
experimental realization of this basic scheme was reported
in Ref. [90] and in following related experiments [91–94]:
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FIG. 1. (a) The system consists of an incoming microwave pho-
ton pulse with frequency ωin, which is temporarily stored in a cavity
(detection mode with frequency ωc). The cavity is dispersively cou-
pled (coupling strength λ) to a single-electron state, from which an
electron can tunnel to and from a single lead at temperature T and
chemical potential μ with rate �QD. (b) Concept of the dispersive
measurement by monitoring the electron occupation. Initially, the
energy of the electronic state is ε < μ, so this is almost fully oc-
cupied (in the low-temperature limit; see main text). When a photon
enters the cavity, the energy of the electronic state shifts ε → ε + |λ|,
and the electron can tunnel out into the lead. The system charge
occupation is monitored through a charge detector (not shown in the
figure). Here, we assumed the dispersive coupling λ < 0 (see main
text). The single-electron level corresponds to the bonding level of
the DQD, whereas the antibonding level (not shown) always remains
empty; see Fig. 5 in Appendix A.

While a proof of principle of the process was demonstrated,
the detection efficiency η, defined as the ratio of photocurrent
to photon flux, remained modest. A far improved efficiency
η ∼ 70% was reported in a later experiment [95].

All these experiments were based on photocurrent detec-
tion through a DQD, but individual photon-absorption events
remain challenging to detect using current-based schemes.
Single-electron tunneling events typically generate very short
current pulses with amplitudes several orders of magnitude
below the noise floor of available electronic instrumenta-
tion [96]. To overcome this limitation and enable detection
of single-photon absorption events, an alternative approach
was explored in Ref. [97], where charge-state switching in
DQDs, triggered by a single absorbed photon, is monitored
in real time using a highly sensitive, fast charge sensor capac-
itively coupled to the dots. Although promising as strategy,
the efficiency reported in this work remained as small as
a few percent. Achieving a continuous-mode single-photon
microwave detection continues therefore to represent a sig-
nificant open challenge in the field.

In this work, we analyze a minimal setup for achieving
dispersive single-microwave-photon detection. The scheme
leverages the experimental feasibility of monitoring the
charge states in real time. The basic idea is illustrated in
Fig. 1, providing a qualitative picture as described below. We

consider a DQD corresponding to the most commonly used
architecture for implementing circuit QED. Here, the dipole
moment of the DQD interacts with the electromagnetic field
of a microwave cavity, similarly to an atom in cavity QED.
The effective model reduces to a single-electron level laterally
tunnel coupled to a lead (corresponding to the bonding charge
state of the DQD; see Appendix A). Assuming an initial state
in which the electronic level is well below the lead’s chemical
potential, the electronic state is fully occupied. When the
photon enters the cavity, it induces a positive energy shift
of the electronic state. If this shift is large enough, the elec-
tronic level moves above the chemical potential, allowing the
electron to tunnel out to the lead. Once the photon leaves
the cavity, the electronic state returns to its initial energy
value, and it gets refilled by an electron tunneling in from
the lead. Although this simplified picture strictly holds only at
vanishing temperature, it motivates a detailed analysis of the
system dynamics at finite temperature, to explore the param-
eter ranges (temperature, interaction strength, etc.) and assess
its actual promise as photon detector.

The paper is structured as follows. In Sec. II, we describe
the effective model, formed by a single-electron level tunnel
coupled to a macroscopic lead and dispersively interacting
with a resonant mode of a microwave cavity. The full quantum
dynamics of the system is governed by a Lindblad-like master
equation. To model the dynamics of a single-photon wave
packet traveling toward the cavity, we use the quantum cas-
cade approach [98,99]. For the electron tunneling to the lead,
we derive the corresponding dissipative superoperator in pres-
ence of the dispersive interaction with the microwave mode.
In Sec. III, we present the results for the quantum dynamics
of the system in the single-photon regime, explaining the
behavior of the cavity and electron occupations as functions
of the relevant parameters and highlighting a measurement-
induced backaction effect on the cavity photon occupation.
In Sec. IV, we analyze the detection efficiency based on a
simple phenomenological model for the charge detector. In
Sec. V, we critically discuss the challenges and experimental
feasibility of our proposal. Finally, we draw our conclusions
in Sec. VI.

II. THEORETICAL MODEL

The dispersive interaction between the DQD and the cavity
mode reads

Ĥdis = ωcn̂c + ε n̂QD + ε′ n̂′
QD + λ n̂c(n̂′

QD − n̂QD), (1)

with the energy ε, ε′ of the bonding and the antibonding
levels, respectively, and ωc is the frequency of the cavity mode
and dispersive interaction strength λ. Hereafter, we denote the
resonant mode coupled to the DQD as the detection mode.
The number operators read n̂QD = d̂†d̂ (n̂′

QD = d̂ ′†d̂ ′) and

n̂c = b̂†b̂ in terms of the creation and annihilation operators
of the electron levels (fermionic operators) and the detection
mode (bosonic operators). We set h̄ = kB = 1 throughout the
paper.

A derivation of the effective dispersive Hamiltonian of
Eq. (1) from the full Rabi model, a DQD coupled to a
single microwave mode, is given in Appendix A (see also
Refs. [100–102]). There, we also show that in a suitable
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parameter regime the antibonding state is irrelevant as its
occupation remains unaffected by the photon occupation in
the cavity (see Fig. 5). Then, we can study the effective system
composed by a single-electronic level (the bonding state of the
DQD) whose energy depends on the cavity photon occupation
described by the following Hamiltonian:

ĤS = ωcn̂c + ε n̂QD − λ n̂cn̂QD. (2)

Hereafter, we refer to the bonding state of the DQD as the
effective “QD single-electron level” throughout the paper.
Moreover, for definiteness, we choose for the rest of the dis-
cussion the bonding to antibonding energy transition in the
DQD on the red side of the cavity mode, � < ωc, so that we
have λ < 0. As a consequence, we consider the initial level of
the bonding state ε (with no photon in the cavity) to be below
the chemical potential (ε < μ) of the lead to which the DQD
is laterally tunnel coupled. Alternatively, one can assume that
λ > 0 and set ε > μ for the initial state of the bonding state
(see Fig. 5).

A. Tunneling dynamics with dispersive interaction

As mentioned above, the single QD level is tunnel coupled
to the lateral lead that is modeled as a free Fermi gas. Then,
starting from the Bloch-Redfield-Wangsness equation [103]
containing the tunneling between the lead and the single QD
level dispersively coupled to the detection mode, we trace
out the degrees of freedom of the lead. We thus derive the
following superoperator, valid in the single-photon regime:

LQD[ρ̂]

�QD
= − f (ε)[{
̂0d̂ d̂†; ρ̂} − 2
̂0d̂†ρ̂d̂
̂0]

− f (ε + |λ|)[{
̂1d̂ d̂†; ρ̂} − 2
̂1d̂†ρ̂d̂
̂1]

− (1 − f (ε))[{
̂0d̂†d̂; ρ̂} − 2
̂0d̂ ρ̂d̂†
̂0]

− (1 − f (ε + |λ|))[{
̂1d̂†d̂; ρ̂} − 2
̂1d̂ ρ̂d̂†
̂1]

+ [ f (ε)+ f (ε+ |λ|)](
̂0d̂†ρ̂d̂
̂1+ 
̂1d̂†ρ̂d̂
̂0)

+ [2 − f (ε) − f (ε + |λ|)](
̂0d̂ ρ̂d̂†
̂1

+ 
̂1d̂ ρ̂d̂†
̂0). (3)

Here, �QD is the tunneling rate of the QD describing the elec-
tron exchange with the lead and the Fermi function f (ε) =
{1 + exp[(ε − μ)/T ]}−1 with temperature T and chemical
potential μ of the lead. The two projectors 
̂0 = 1 − n̂c and

̂1 = n̂c define the projection onto the Fock states of the
detection mode with zero- or one-photon occupation. The
first four terms of Eq. (3) correspond to a Lindblad dissipator
conditioned on photon occupation of the detection mode. The
Fermi function appearing in the electron tunneling rate is
adjusted accordingly, depending on the photon occupation.
The remaining terms capture the coherences between the zero-
and one-photon subspaces. In the limit |λ| → 0, one recovers
the Lindblad operator for a single QD level coupled to a
Fermi reservoir. The full derivation of Eq. (3) is given in
Appendix B.

In deriving Eq. (3), we assume that the QD electronic
state is weakly tunnel coupled to the lateral lead, so that the
interaction can be treated perturbatively to first order (i.e., in

the sequential tunneling regime). Higher-order (cotunneling)
terms, corresponding to quantum fluctuations of electron tun-
neling and leading to renormalization effects, are negligible.
In our setup, when a photon enters the cavity, the QD is in a
metastable state, assuming the single QD level predominantly
occupied. An electron can then tunnel out with the simple
transition rate ∼�QD even in the low-temperature limit. We
argue that this perturbative Markovian approach, where cotun-
neling and non-Markovian corrections are negligible, is valid
under the following conditions: (1) The transparency of the
barrier is low; i.e., the tunnel resistance is much larger than the
quantum resistance. (2) The electron conducting bandwidth
of the contact is much larger than �QD, (3) The linewidth
of the single-electron level is smaller than the distance from
the chemical potential, �QD � |ε − μ|, which implies that
statistical, fermionic correlations are irrelevant.

B. Quantum cascade model

In order to describe the incoming photon entering the de-
tection cavity, we use the quantum cascade approach [98,99].
It allows for a time-resolved description of a single-photon
wave packet impinging on the cavity and captures both the co-
herent evolution and the interaction-induced modifications of
the quantum state during the scattering process. This approach
is based on a microscopic model involving an ancillary cavity
mode (source mode) and a detection mode, both coupled to a
chiral transmission line at zero temperature.

The source mode has frequency ωin and bosonic operators,
annihilation and creation, (â, â†), with occupation number
n̂in = â†â , and we set

Ĥin = ωinn̂in. (4)

The decay of this source mode into the transmission line
provides the incoming photon that hits the detector and sets
its spectral linewidth.

After tracing out the transmission line, one obtains an
effective dissipative, nonreciprocal interaction between the
detection and source modes. The corresponding superoperator
involving the two modes’ operators reads [98,99]

Lcas[ρ̂] = −γin[{â†â; ρ̂} − 2âρ̂â†] − γc[{b̂†b̂; ρ̂} − 2b̂ρ̂b̂†]

− 2
√

γinγc[b̂†âρ̂ + ρ̂â†b̂ − b̂ρ̂â† − âρ̂b̂†], (5)

where {·; ·} denotes the anticommutator. The parameter γin

represents the bandwidth of the source, whereas γc corre-
sponds to the photon losses of the detection mode. Although
the derivation of Eq. (5) was given in Refs. [98 ,99], for
completeness, we provide another independent derivation in
Appendix C starting from a Bloch-Redfield-Wangsness equa-
tion [103] containing the coupling between the two modes
and the chiral line. Note that it is also possible to rewrite the
dissipative interaction of Eq. (5) in Lindblad form using jump
operators given by a linear combination of the bosonic oper-
ators and introducing an effective coherent coupling between
the source and the detection mode [98].

C. Equation for the density matrix

Combining the dissipators for electronic and photonic
parts, the full time evolution of the composite system is gov-

033034-3



STEPHANIE MATERN et al. PHYSICAL REVIEW RESEARCH 8, 033034 (2026)

FIG. 2. Example of time evolution of the QD occupation p(1)

(purple), the source mode 〈n̂in〉 (gray), and the detection mode 〈n̂c〉
(solid orange line) for ωin = ωc + |λ|, �QD = 4γc, ε = −|λ|/2, γin =
γc = 0.01ωc, γc = 0.1 |λ|, and T = 0.01 |λ|. To show the effect of
the backaction due to the dispersive interaction, which always leads
to a decrease of 〈n̂c〉, the detection mode occupation for λ = 0,
〈n̂c〉(λ=0), is plotted for comparison (orange dashed line).

erned by the master equation for the density matrix

d ρ̂

dt
= − i[HS + Ĥin; ρ̂] + LQD[ρ̂] + Lcas[ρ̂], (6)

where [·; ·] denotes the commutator. Then, Eq. (6) generates
a set of coupled and closed linear equations for the matrix
elements (see Appendix D), which can be solved exactly.

III. DISPERSIVE MEASUREMENT AND BACKACTION

The goal is to detect a single photon by monitoring the
alteration of the QD occupation in response to the presence of
the photon in the cavity. The dispersive nature of the coupling
between the detection cavity mode and the QD ensures that
the photon is not destroyed by the measurement process.

Fixing the chemical potential of the lead μ = 0, we assume
that the system is initialized as follows. The QD level is
set to ε = −|λ|/2 and the QD is in its stationary state with
occupation probability p(1)(t = 0) = p(1)

s and p(0)(t = 0) =
p(0)

s . The subscript s denotes the stationary state that is given
by p(0)

s = 1 − f (ε) and p(1)
s = f (ε) for a given temperature

T of the lead. In the limit T → 0, the QD is fully occu-
pied and p(1)

s = 1. The detection mode with frequency ωc is
empty, 〈n̂c(t = 0)〉 = 0, whereas the source mode is occupied,
〈n̂in(t = 0)〉 = 1. The source mode is on resonance with the
cavity mode when its frequency ωin is set to ωc + |λ|, as the
QD is initially occupied. If now the incoming photon occupies
the detection mode, the QD level shifts ε → ε + |λ| = |λ|/2.
With an energy above the Fermi level of the lead, the electron
on the dot can leave on a timescale set by 1/�QD.

A. Time evolution

The time evolution of the system can be obtained by
solving Eq. (6). The transient dynamics of the relevant observ-
ables, i.e., the QD probabilities p(1)(t ) (p(0)(t ) = 1 − p(1)(t )),
the occupation of the detection mode 〈n̂c(t )〉, and the source
mode 〈n̂in(t )〉, are shown in Fig. 2 for the initial conditions
discussed above.

The average photon occupation of the source mode 〈n̂in(t )〉
decays exponentially on a timescale ∼1/γin. Due to the uni-

directional interaction between source and detection mode,
〈n̂in(t )〉 is independent of all other system parameters:

〈n̂in(t )〉 = e−2γint . (7)

The evolution of the average occupation of the detection
mode, in the limit |λ| = 0, when its evolution fully decouples
from the QD, is given by

〈n̂c(t )〉(|λ|=0) = 8γinγc

(γin − γc)2 + 
ω2
e−2(γin+γc )t

× {cosh [(γin − γc)t] − cos (
ωt )}, (8)

with the detuning 
ω = ωin − ωc. The initially empty cavity
becomes populated with increasing time. The maximal oc-
cupation has an upper bound n(0)

max = 4/e2 for 
ω = 0 and
γin = γc. Then, for long times t 	 1/γc, 〈n̂c(t )〉 decays
exponentially.

In presence of the dispersive interaction with the QD
|λ| 
= 0, 〈n̂c(t )〉 has a similar, nonmonotonic behavior. The
full evolution now depends on all system parameters. Further
analytical expressions are given in Appendix D. The crucial
general feature is that, overall, the probability of the detection
mode occupation is suppressed in presence of the dispersive
coupling with the QD. We will analyze this measurement-
induced backaction in the next section.

The evolution of the QD occupation is correlated with that
of the detection mode, with p(0)(t ) = 1 − p(1)(t ) behaving
similarly to 〈n̂c(t )〉. The electron in the QD level can tunnel
out when the photon is in the cavity. Once the photon leaves
the cavity, the state of QD level relaxes to the initial state that,
in the limit of low temperature T � |λ|, corresponds to the
occupied state (as shown in Fig. 2).

B. Backaction of the dispersive measurement

As shown in Fig. 2, we observe a backaction effect due to
the dispersive coupling with the QD: The photon occupation
of the detection mode is significantly reduced compared to
the uncoupled case. This can be explained as a suppression of
the coherence in the transfer of the photon into the detection
cavity.

To analyze this result in detail, it is useful to analyze the
behavior of the density matrix components, which we define
as

ρcc̃
nsnd ,ñs ñd

= 〈ns, nd , c|ρ̂|ñs, ñd , c̃〉. (9)

Here, c, c̃ = {0, 1} denote the occupation of the QD, ns, ñs =
{0, 1} is the occupation of the source mode, and nd , ñd =
{0, 1} the number of photons in the detection mode. The
equations of motion for each density matrix component are
given in Appendix D.

The initially occupied source mode ρcc̃
10,10 acts as source

term in the equations of motion for ρcc̃
10,01 (off diagonal in the

photon subspace). The latter is itself coupled to the occupa-
tion of the detection mode ρcc̃

01,01, such that we end up with
sequential coupled equations for the components,

ρcc̃
10,10 −→ ρcc̃

10,01 −→ ρcc̃
01,01. (10)

A reduction of ρcc̃
10,01 translates into a decrease of ρcc̃

01,01, there-
fore reducing the probability of absorption in the detection
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mode. Thus, to explain the backaction, we focus hereafter
on the behavior of the density matrix components ρ00

10,01 and
ρ11

10,01, which are diagonal in charge and off diagonal in the
photon subspace. They capture the coherence of the photonic
part of the system, playing a crucial role for the photon injec-
tion.

To qualitatively capture the main features, we consider the
limit of T → 0, where

ρ̇00
10,01 = −2

√
γinγcρ

00
10,10 + �QD

2
ρ11

10,01

−
[
�QD

2
+ γin + γc + i
ω

]
ρ00

10,01,

ρ̇11
10,01 = −2

√
γinγcρ

11
10,10 + �QD

2
ρ00

10,01

−
[
�QD

2
+ γin + γc + i(
ω − |λ|)

]
ρ11

10,01. (11)

Setting |λ| = 0, the evolution of the QD and photon modes de-
couples. In this case, Eq. (11) admits factorized solutions and
one can consider the single equation of motion for the pho-
tonic off-diagonal component ρ10,01 = ρ00

10,01 + ρ11
10,01 (fully

independent of �QD). Increasing the detuning 
ω leads to a
decrease of ρ10,01.

For |λ| 
= 0, in particular, setting 
ω = |λ| in Eq. (11), we
see that the evolution of ρ11

10,01 is independent of |λ|, since
the resonance condition between the detection mode and the
incoming photon is fulfilled when the dot is occupied. In
contrast, for ρ00

10,01 with |λ| = 
ω, the dispersive coupling acts
similarly to a detuning since the frequency of the detection
mode is no longer on resonance with the incoming photon
when the dot is empty. Consequently, increasing |λ| has,
qualitatively speaking, the same effect of reducing the cavity
absorption probability as increasing the 
ω in the uncoupled
case. This effect is significant when photon-induced detuning
is comparable to the linewidth |λ| � γc.

Another important observation is that the detection mode
occupation does not vanish in the limit |λ| → ∞, since there
is always a finite probability that the electron does not tunnel
to the lead for finite values of �QD, (i.e., ρ11

10,01 is indepen-
dent of |λ|) and, in this case, the photon frequency remains
unperturbed. In fact, when the tunneling process is slow (i.e.,
the tunneling rate is low �QD � γc), the QD single-level does
not have enough time to transfer its electron to the lead and
therefore remains occupied even if the photon stays inside the
cavity. In this case, the photon cannot be detected. Conversely,
when tunneling is fast �QD 	 γc, the electron quickly jumps
to the lead, shifting the cavity mode out of resonance. This
possibility of rapid measurement significantly destroys coher-
ence for |λ| 	 γc, lowering the probability that a photon will
enter the cavity.

All the qualitative features discussed so far for 〈n̂c(t )〉 are
consistent with the full solution that is stated in Eq. (D9).

C. Maximum photon occupation and QD depletion

As the incoming photon only occupies the detection mode
for a finite amount of time, the dispersive measurement relies
on a transient effect. To summarize the dependence on var-
ious parameters, in the following we show: (1) the maximal

detection mode occupation nmax = maxt 〈n̂c(t )〉 and (2) the
maximal change in QD occupation over all times t , 
pmax =
maxt [p(0)(t ) − p(0)(t = 0)] (see Fig. 3). In the following,
we analyze for these two quantities the interplay between
the different parameters, namely, the detuning 
ω, the QD
rate �QD, and the bandwidth of the incoming photon pulse
γin, for given ranges of the dispersive coupling |λ| and the
temperature T .

1. Dependence on the detuning �ω

The left panel in Fig. 3(a) illustrates the matching condition
needed to maximize the occupation of the detection photon
mode for an initially occupied QD at T � |λ|. As expected,
for a given |λ| this resonance occurs at 
ω = |λ|.

As a function of |λ|, the general trend is, as mentioned
before, that the height nmax of the resonance peak decreases
for increasing |λ|. The reduction predominantly depends on
how |λ| compares to γc: For small enough |λ|, the shift of the
cavity’s resonance frequency between ωc and ωc + |λ| due to
coupling to the QD is within the linewidth of detection mode.
As |λ| increases to |λ| 	 γc, the dispersive frequency shift
becomes larger than the linewidth and the coherence between
the photon modes is suppressed, as explained in the previous
section.

The maximal detection mode occupation is bounded from
above by n(0)

max. The lower bound is attained in the limit
|λ| → ∞, remaining strictly positive for finite value of the
QD lifetime 1/�QD. As explained before, for |λ| → ∞, the
photon occupation does not vanish due to the finite probability
that the QD remains occupied without inducing a frequency
shift of the cavity mode.

Concerning the QD, shown in the left panel of Fig. 3(b),

pmax mirrors the behavior of nmax. The strong correspon-
dence shows that by monitoring the QD depletion, we have
access to the occupation of the detection mode. Notice that,
for |λ| ∼ T , thermal fluctuations of the QD smear out 
pmax

(see the discussion in Sec. III C 4).

2. Dependence on the tunneling rate �QD

The central panel of Fig. 3(a) shows nmax for varying �QD

and |λ|, assuming the resonant condition 
ω = |λ|.
Here, we observe a first regime in which nmax remains

almost unperturbed by the dispersive measurement, nmax ≈
n(0)

max. This occurs for |λ| � γc, when nmax is almost unaffected
by �QD. In this case, the dispersive frequency shift of the
detection mode induced by the QD charge depletion is smaller
than the photon linewidth. As discussed in the previous sec-
tion, the cavity occupation is thus unaffected by the charge
dynamics and does not depend on �QD.

The second regime occurs for |λ| 	 γc, where one recov-
ers the expected behavior discussed earlier: For �QD < γc, the
tunneling process is slow; the QD’s occupation does not have
enough time to switch within the photon lifetime in the cavity,
resulting in an effective nonmeasurement. Thus, the photon
occupation remains almost unaffected by the dispersive inter-
action. As �QD increases, �QD 	 γc, the photon occupation
diminishes due to the QD measurement.

The central panel of Fig. 3(b) shows 
pmax as a function of
�QD and |λ|, assuming the resonant condition 
ω = |λ|. The
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FIG. 3. (a) nmax as function of |λ| and system parameters 
ω (left), �QD (middle), and γin (right). (b) 
pmax as a function of the same
parameters as in panel (a). (c) T dependence of nmax and (d) 
pmax along cuts of constant |λ|. Constant parameters in all subfigures are set to
T = 0.1γc, ε = −|λ|/2 and γc = γin = 0.01ωc, �QD = 4γc, and 
ω = |λ|.

effect of the finite temperature is again visible at small value
of coupling |λ| ∼ T , where thermal fluctuations of the QD
occupation are comparable to the QD depletion caused by the
photon cavity occupation (see the discussion in Sec. III C 4).
Excluding this region affected by temperature, the behavior
of 
pmax is correlated with that of nmax shown in the cen-
tral panel of Fig. 3(a), and we summarize it in two distinct
regimes.

In the first regime, when |λ| > γc, the dispersive interaction
can affect the photon occupation. However, at slow tunneling
rates, �QD < γc, the charge switching is slow, and the charge
depletion 
pmax remains small: The QD occupation has a
low probability of switching, i.e., 
pmax = 0 for �QD → 0,
and the photon entering the cavity is almost unperturbed. At
fast tunneling rates, �QD > γc, the charge can tunnel readily,
allowing the measurement to occur. This induces backaction,
which reduces the photon occupation and, in turn, decreases
the probability that the electronic level is shifted to allow the
electron to tunnel. The interplay of these two effects leads to a
nonmonotonic behavior of 
pmax as a function of �QD when
|λ| > γc.

In the second regime, when |λ| < γc, the dispersive inter-
action cannot affect the photon occupation, as visible in the
central panel of Fig. 3(a). At the same time, at sufficiently fast
tunneling rates, �QD > γc, one may argue that the charge can
tunnel readily, allowing the measurement to occur, as visible
in the central panel of Fig. 3(b). In other words, in this region,
we may expect to have both: (1) The probability of the photon
entering the cavity remains unperturbed by the coupling to the
QD (i.e., no backaction) and (2) high internal efficiency, i.e.,
the probability to detect the photon assuming that it is in the
cavity is high. Note, however, that in this region, defined by
T � |λ| and |λ| < γc < �QD, which a priori should be the

optimal regime, our approach can unfortunately provide only
a qualitative picture, since |ε − μ| = |λ|/2 is comparable to
or smaller than �QD and non-Markovian effects can become
significant (see discussion in Sec. II A).

3. Dependence on the bandwidth γin

The right panels of Figs. 3(a) and 3(b) show the depen-
dence of nmax and 
pmax on γin.

Regarding the cavity, nmax reaches its maximum around
γin = γc, as discussed earlier. For larger values of the disper-
sive interaction |λ| > 0, the photon occupation as a function
of γin exhibits the same qualitative nonmonotonic behavior;
however, the peak value of nmax is suppressed as |λ| increases,
as discussed above.

Overall, the behavior of 
pmax shown in the right panel of
Fig. 3(b) reflects that of nmax in most of its features. As a main
exception, a marked difference is again visible in the region
|λ| � T where, as mentioned above, the finite temperature
washes out the effect of the photon.

4. Dependence on the temperature T

The T dependence of nmax and 
pmax are shown in
Figs. 3(c) and 3(d). First, we observe that, for |λ| � γc, effect
of the QD on the photon is negligible and nmax results to
be almost independent of T . For larger values of |λ| > γc,
instead, the backaction of the QD is relevant. As the tem-
perature increases, for T ∼ |λ| or higher, the initial thermal
equilibrium probabilities p(0)

s and p(1)
s saturate to 1/2, since

we have fixed |ε − μ| = |λ|/2. On the one hand, such strong
thermal fluctuations of the QD occupation lead to a random
detuning of the cavity mode, resulting in a reduction of the
photon occupation [see Fig. 3(c)]. On the other hand, the ther-
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mal broadening of the lead is large enough that the level shift
due to a photon in the cavity has no effect on the fluctuating
tunneling dynamics, which suppresses 
pmax [see Fig. 3(d)].

5. Summary of the parameter dependence

Here, we summarize the main findings from the analysis
presented in Sec. III C. Essentially, the behavior of photon
occupancy nmax and the change dot occupation 
pmax depend
on the ratios |λ|/γc and �QD/γc in the regime γc ∼ γin. Here,
1/γc can be interpreted as the photon lifetime in the cavity.

(1) Case: |λ| < γc and �QD � γc. The frequency shift lies
within the photon linewidth and nmax is not suppressed by
the dispersive measurement. The tunneling is too slow to fol-
low the photon occupation (slow detector) and consequently

pmax remains small.

(2) Case: |λ| 	 γc and �QD � γc. Although the disper-
sive frequency shift is larger than the photon linewidth, the
charge does not have sufficient time to tunnel (slow detector).
Consequently, the measurement is not effective and nmax re-
mains large. Anyway, since the charge has no time to tunnel,

pmax remains small.

(3) Case |λ| < γc and �QD � γc. The photon occupa-
tion nmax is not suppressed by the dispersive measurement.
But now the charge has time to tunnel efficiently (fast
detector) and 
pmax is significant, allowing detection with-
out measurement-induced backaction. Although this regime
may be sensitive to possible non-Markovian effects, it looks
promising in view of photodetection.

(4) Case: |λ| 	 γc and �QD � γc. In this regime, the the-
ory is reliable, but the photon occupation nmax decreases due
to strong measurement-induced backaction, which suppresses
photon coherence. A priori, the fast detector can readily reveal
the photon, but 
pmax remains correlated with the suppressed
photon occupation, resulting in 
pmax � 1.

(5) At high temperatures (T 	 |λ|), thermal fluctuations
randomize the QD occupation, leading to a fluctuating cavity
detuning and a reduction of the photon occupation. On the
other hand, thermal broadening suppresses the effect of the
photon-induced level shift on tunneling, resulting in a reduced

pmax.

IV. DETECTION EFFICIENCY

Charge detection to measure the QD population is rou-
tinely implemented in modern experiments, for instance, via
monitoring the impedance of quantum nanoconductors ca-
pacitively coupled to the measured QD. A discussion of this
and other experimental issues is given in Sec. V. Here, we
provide quantitative estimates for the detection efficiency of
our proposed scheme by using a phenomenological model of
a charge detector.

This model is based on an additional two-level system
coupled only to the QD, which gets excited when the QD
population changes from full to empty. This process can be
included in the master equation (6) by adding the dissipator,

Ldet[ρ̂]

γdet
= −[{
̂QD

0 σ̂−σ̂+; ρ̂
}− 2
̂

QD
0 σ̂+ρ̂σ̂−
̂

QD
0

]
,

(12)

where σ̂+, σ̂− are the raising/lowering operators for the de-
tector’s two-level system and γdet denotes the charge detector
rate. The operator 
̂

QD
0 = 1 − n̂QD projects onto the unoccu-

pied QD state, so to describe that the detector only clicks
when the QD is empty. Adding this dissipator modeling the
detector has no effect on the dynamics of the system of the
QD and of the cavity mode. In order to estimate the detection
efficiency, we consider that the QD is initially in the occupied
state p(1)(t = 0) = 1. This can be ensured by monitoring the
QD’s occupation (see Sec. V). At the same time, the detection
two-level system is also initialized in its ground state.

At zero temperature T = 0, the long-time limit of the
detector’s occupation 〈n̂det〉 coincides with the efficiency of
detecting the photon, as

lim
t→∞〈n̂det(t )〉 < 1, (13)

where n̂det = σ̂+σ̂−. However, at finite T the QD occupa-
tion can change due to thermal fluctuations and consequently
〈n̂det〉 → 1 for t → ∞, independently of the occupation of
the detection mode. Indeed, even for the QD decoupled from
the detection cavity mode, λ = 0, 〈n̂(|λ|=0)

det 〉 → 1 for t → ∞.
Here, 〈n̂(|λ|=0)

det 〉 denotes the detector’s occupation arising from
the thermal background associated with the dark count rate,
namely, the electron tunneling rate from the occupied QD into
the lead at finite temperature:

pdark = �QD[1 − f (−|λ|/2)]. (14)

For T � |λ|, pdark is exponentially small.
For a proper detector, one requires a very low value of

the dark counts in the typical lifetime of the photon in the
cavity and, at the same time, a fast tunneling rate to detect the
photon:

pdark � γc � �QD. (15)

In this limit, taking into account the thermal noise of the QD,
we define


ndet(t ) = 〈n̂det(t )〉 − 〈n̂(|λ|=0)
det (t )

〉
, (16)

with 
ndet → 0 for t → ∞. Moreover, for sufficiently low
dark count rate [examples are shown in the dark curves in
Figs. 4(a) and 4(b)], a timescale separation can occur: The
effect of thermal dark counts remains small, and the behavior
of 
ndet is primarily determined by the behavior of the QD
level occupation. In such a regime, 
ndet(t ) is (almost) con-
stant for a time during which its value is directly related to
the depletion of the QD level, and therefore correlated with
the photon occupation. In this regime, we define the detector
efficiency as

η = max
t


ndet(t ). (17)

In Figs. 4(a) and 4(b), we show the time evolution of

ndet(t ) for the limiting cases of a slow detector with γdet �
�QD, and a fast detector with γdet 	 �QD, for two temperature
choices: T = 0.01|λ| and T = 0.25|λ|.

In Fig. 4(a), we observe that 
ndet(t ) reaches a
(quasi)constant value for the selected temperature range.
These values are reached almost immediately after the tran-
sient depletion of the QD level, and the probability p(0)(t )
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FIG. 4. Full time evolution of 
ndet(t ) for different temperatures,
for (a) γdet = 0.01�QD (solid lines) and (b) γdet = 100�QD (solid
lines). The evolution of p(0)(t ) is also shown for comparison (filled
areas) for the corresponding choice of T . In panel (a), the dotted
lines correspond to η∗ (see text). (c) Full time evolution 〈n̂det〉 (solid
lines) and 〈n̂(|λ|=0)

det 〉 (dashed lines) for different temperatures and
for γdet = 100�QD. Notice that the curve 〈n̂(|λ|=0)

det 〉 for T = 0.01 |λ|
is so low that it is not visible. Parameters are set to |λ| = 0.1 ωc,
�QD = 4γc, γc = γin = 0.01ωc, ε = −|λ|/2, and with initial QD
state p(1)(t = 0) = 1 in all panels.

(plotted as filled areas in Fig. 4) returns to zero. For low
dark count and when γdet is the smallest rate, we obtain that
the numerical value of η is in very good agreement with the
linear response quantity η∗ = γdet

∫∞
0 dt 
p0(t ) [dotted lines

in Fig. 4(a)].
In Fig. 4(b), for γdet = 100�QD, only in the low-T limit

the timescales remain well separated; the dark count rate is
low and the (quasi)plateau is visible. The dark counts as-
sociated with the thermal noise become relevant already for
T = 0.25|λ|: 
ndet does not show a plateau but simply a
nonmonotonic behavior.

In Fig. 4(c), we plot the full time evolution 〈n̂det〉 (solid
lines) compared to 〈n̂(|λ|=0)

det 〉 (dashed lines) for γdet = 100�QD

for different temperatures. For high T , on the timescale
1/γc, the well-defined plateau that defines η vanishes, as
〈n̂det(t )〉 → 1 rapidly due to the increasing thermal noise. For

intermediate and low T , instead, the single photon yields a
sharp increase up to the plateau and the dark counts are visible
only at later times.

In summary, in the regime in which the dark count remains
low (i.e., 
ndet shows saturation at finite time), Eq. (17) ex-
presses the efficiency for detecting a single photon. Moreover,
high detection efficiency can be reached in the limit of low
temperature and for a sufficiently fast detector monitoring the
state of the QD coupled to the detection mode.

V. DISCUSSION AND EXPERIMENTAL CHALLENGES

A. Radio-frequency charge sensing

To detect single-electron charges in nanostructures, charge
sensors based on quantum point contacts or QDs have long
been established as powerful tools [96,104–106]. The oper-
ation speed and sensitivity of such sensors can be greatly
enhanced by embedding them in impedance-matching res-
onant circuits and monitoring the reflected radio-frequency
(rf) signal, a technique known as rf reflectometry [107–109].
This approach is now routinely employed for fast, high-
fidelity readout of charge and spin qubits in semiconductor
QDs [110]. For a broader tutorial on rf reflectometry princi-
ples, impedance matching, and backaction, see Ref. [110].

An alternative QD charge detection scheme is gate-based
reflectometry, where one of the confinement gates itself forms
the capacitive element of the resonator and senses the QD’s
quantum capacitance [111]; this eliminates the need for a
separate nearby sensor. Both methods increase the charge
detection bandwidth from the kilohertz range of dc conduc-
tance measurements up to the megahertz to gigahertz range
and enable single-shot charge or spin readout on microsecond
timescales [111–114].

Using an rf single-electron transistor (rf-SET) embedded
in a donor quantum-dot circuit and coupled to a resonant tank
circuit operating at approximately 225 MHz, Geng et al. [113]
demonstrated a characteristic rise-fall time constant of the
charge-detector current of about 50 ns at base tempera-
ture. From signal-to-noise ratio (SNR) extrapolations, they
reported an effective sensor integration time of 8 ± 1.5 ns
(corresponding to SNR = 2) at 20 mK, establishing one of
the fastest and most sensitive rf charge-detection schemes
realized to date. More recently, Swift et al. [115] demonstrated
a fully integrated, CMOS-compatible rf-SET matched via a
TiN superinductor, achieving minimum integration times as
short as tmin ≈ 1 ± 0.3 ps with an estimated rise time of tens
of nanoseconds—representing over 2 orders of magnitude
improvement compared to previous rf-SET implementations.

These advances show that rf charge sensors readily achieve
the bandwidth (γdet ∼ MHz–GHz) and SNR needed to resolve
the transient QD depletion p(0)(t ) expected from a single
photon in our scheme.

B. Electron temperature and its impact on
detector performance

We now briefly discuss the parameter regime experimen-
tally accessible in hybrid circuit QED architectures with QDs,
focusing on values relevant to our setup. For typical cav-
ity frequencies of ωc/(2π ) ∼ 10 GHz, an interdot tunneling
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rate of t/(2π ) ∼ 10 GHz, and a bare charge-photon cou-
pling of g/(2π ) ∼ 1 GHz—values that are routinely achieved
in state-of-the-art DQD-cavity hybrid devices [116]—the
resulting dispersive coupling is |λ|/(2π ) ∼ 130 MHz (see
Appendix A). High-quality-factor resonators with linewidths
γc/(2π ) below 1 MHz have been demonstrated [117–119],
placing the system well within the regime where γc < �QD <

|λ|, with a typical QD tunneling rate with the lead �QD in the
tens of megahertz.

As discussed previously, maintaining |λ|/T 	 1 is es-
sential to preserve a large readout contrast. The electron
temperature T of the device is a central parameter governing
the efficiency of our single-photon detector. The estimated
value of |λ|/(2π ) corresponds to a temperature of about
∼6 mK. For semiconductor QDs, achieving and maintaining
T �10 mK already represents a demanding but realistic goal.

In semiconductor nanostructures, the refrigerator base
temperature (10–20 mK) does not directly translate into
the electronic temperature T , which typically saturates at
50–120 mK due to residual heating and the vanishing
electron-phonon coupling. Substantial efforts are therefore
required to reduce the electron bath temperature below this
level. For instance, immersion of the device in liquid He-
lium, combined with extensive low-pass filtering and thermal
anchoring of all electrical leads, has routinely given T of a
few mK as inferred from Coulomb blockade and QD ther-
mometry [120–125]. Pushing further, immersion of GaAs
two-dimensional electron gases in liquid 3He cooled by nu-
clear adiabatic demagnetisation of a copper stage has achieved
sub-mK electron temperature [126,127].

In summary, the electron temperature is a technological
bottleneck for the proposed detector. The steady progress
toward millikelvin and submillikelvin regimes demonstrates
that the thermal conditions required for efficient photon-to-
charge conversion are within reach of contemporary cryogenic
technology, provided that the device is designed to minimize
parasitic heat leaks and to exploit strong coupling between the
cavity mode and the DQD.

VI. CONCLUSIONS

To summarize, we have theoretically explored a circuit
QED platform for nonabsorptive detection of a single prop-
agating microwave photon, based on the dispersive coupling
between a resonant cavity mode and a DQD connected to
a single-electronic lead. The development of a theory based
on a quantum cascade approach has allowed a time-resolved
description of the single-photon wave packet incident on the
cavity.

Specifically, we show how the variation of the electron
level occupation is highly sensitive to the photon occupa-
tion in the regime γc < �QD and T � |λ|. Making use of a
phenomenological model of the DQD coupled to a charge
detector, we have assessed the detection efficiency of the
proposed setup. Our results demonstrate that dispersive in-
teractions on hybrid circuit QED platforms can generate
measurable changes in the electron level occupation that
might be suitable for charge-based readout in the microwave
regime.

At the same time, our analysis highlights the crucial role
of temperature, which remains one of the main experimental
challenges for the proposed scheme. Interestingly, the
theoretical framework—valid in the Markovian limit
�QD < |λ|—naturally leads to a measurement-induced
backaction effect: Our regime implies that |λ| > γc, i.e., the
dispersive coupling exceeds the cavity linewidth, thereby
influencing the mechanism by which photons enter the cavity.

A promising direction for future work is to explore alterna-
tive detection schemes that offer partial immunity to thermal
fluctuations. Examples include approaches based on interfer-
ence effects in tunneling transport [128], architectures relying
on interdot tunneling events in buried QD states, where the
dots are well isolated from the leads by strong tunnel barri-
ers [129], or leveraging the sharpness of the superconducting
density of states at the gap edge using a superconducting con-
tact. Moreover, investigating the full counting statistics of the
proposed detection protocol [130] represents an interesting
and natural continuation of this work, as well as discussing
how the different temporal mode shapes of the incoming pho-
ton modify the efficiency [131].
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APPENDIX A: DERIVATION OF THE DISPERSIVE
INTERACTION BETWEEN THE DQD

AND THE RESONATOR

1. The DQD Hamitonian

We consider a double quantum dot (DQD) coupled to a
single cavity mode via a dipole interaction described by

ĤQED = ĤDQD + ωcb̂†b̂ + g(n̂1 − n̂2)(b̂ + b̂†), (A1)

with

ĤDQD = ε̄(n̂1 + n̂2) + δ

2
(n̂1 − n̂2) − t12(d̂†

1 d̂2 + d̂†
2 d̂1 ).

(A2)
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Here, n̂ j = d†
j d j are the occupations of the first ( j = 1)

and second ( j = 2) dots, with the corresponding fermionic
creation/annihilation operators d†

j , d . Additionally, ε̄ is the
average energy of the two dot levels, δ the DQD detuning,
and t12 is the tunnel coupling between the dots. Introducing
the eigenstates of ĤDQD, namely, the delocalized state of
the electron on the two sites, we cast ĤDQD in terms of the
fermionic operators for the ground and the excited state with
one electron occupation,

ĤDQD = ε̄(n̂e + n̂g) + �

2
(d̂†

e d̂e − d̂†
g d̂g ), (A3)

with the energy splitting � =
√

δ2 + 4t2
12 and the fermionic

operators d̂e = cos θ
2 d̂1 − sin θ

2 d̂2 and d̂g = sin θ
2 d̂1 +

cos θ
2 d̂2 where tan θ = 2t12/δ. We consider the case δ = 0

such that the system is described by a Rabi-like model

ĤRabi = Ĥ0 + Ĥint, (A4)

Ĥ0 = ε̄(n̂g + n̂e) + ωcb̂†b̂ + �

2
(d̂†

e d̂e − d̂†
g d̂g ), (A5)

Ĥint = g(b̂ + b̂†)(n̂1 − n̂2) = g(b̂ + b̂†)(σ̂+ + σ̂−), (A6)

with σ̂− = d̂†
g d̂e and σ̂+ = d̂†

e d̂g . In the limit of weak interac-
tion and far from the resonance,

g � (�,ωc), g � |� − ωc|, (A7)

we can apply a unitary Schrieffer-Wolff transformation to
determine the effective, low-energy Hamiltonian [132,133].
With the condition Ĥint = −[Ĥ0; Ŝ], one obtains to second
order

Ĥ ′ = e−ŜĤRabie
Ŝ � Ĥ0 + 1

2 [Ĥint; Ŝ]. (A8)

Calculating the matrix elements between the unperturbed
states of the Hamiltonian Ĥ0, we find the operator

Ŝ = g

� − ωc
(σ̂−b̂† − σ̂+b̂ ) + g

� + ωc
(σ̂−b̂ − σ̂+b̂†),

(A9)
and the transformed Hamiltonian corresponds to

Ĥ ′ = Ĥ0 + Ĥdis + λ

2
(b̂ b̂ + b̂†b̂†)σ̂z, (A10)

� Ĥ0 + Ĥdis, (A11)

where

Ĥdis = λn̂cσ̂z + g2

� − ωc
n̂e − g2

� + ωc
n̂g, (A12)

with σ̂x = σ̂+ + σ̂− and σz = n̂e − n̂g and the dispersive cou-
pling strength [100–102]

λ = 2g2�

�2 − ω2
c

[
≈ g2

� − ωc
, for |� − ωc| � (�,ωc)

]
.

(A13)

The validity of the Schrieffer-Wolff expansion holds on the
condition

g2

|� ± ωc| � (�,ωc). (A14)

FIG. 5. Energy levels of the DQD without photon (black) and in
presence of a photon (orange). The splitting between the bonding
state with energy ε and antibonding state with energy ε ′ is given
by �. In the presence of a photon, � → � + 2λ. As explained
in Appendix A 2, the antibonding state always remains empty for our
choice of parameters. whereas the bonding state is tuned such that
(a) ε < μ if λ < 0 (i.e., the initial state is occupied) or (b) ε > μ if
λ > 0 (i.e., the initial state is empty).

The σ̂z and n̂ factors in dispersive coupling Ĥdis provide a shift
in opposite directions for the bonding and antibonding states
of the DQD, of magnitude proportional to the photon number.
The third term of Ĥ ′ in Eq. (A10) is negligible as it yields
corrections of the order λ2/(2ωc) � 1.

Notice that we are considering the full Rabi model, so
Eq. (A13) includes both the Jaynes-Cummings dispersive
term as well as the Bloch-Siegert term [100–102]. In other
words, we have not assumed that the resonator frequency and
the energy splitting of the DQD levels are sufficiently close
to neglect the counterrotating term of the Rabi Hamiltonian.
This means that the effective dispersive Hamiltonian is also
valid when, for instance, the detuning 
 = � − ωc is compa-
rable to frequencies of the system 
 ∼ (�,ωc). For example,
when ωc = �/2, we have λ = 4g2/3ωc, which corresponds to
λ ∼ 130 MHz for g ∼ 1 GHz [116], as stated in the main text.

2. Reduction to a single-electron level

The splitting of the two electron levels changes in presence
of a photon in the cavity � → � + 2λ. When coupled to a
lead with chemical potential μ, one can focus on a config-
uration for which the variation of the splitting is important
only for the occupation of one electron level; see Fig. 5 for
a visualization of the energy levels used for photon detection.
We set ε = ε̄ − �/2 and ε′ = ε̄ + �/2 as the bonding and the
antibonding levels.

One can impose, for example, that the antibonding state of
the DQD remains empty assuming that ε′ > μ and ε′ + λ >

μ, with |ε′ − μ| 	 T and |ε′ + λ − μ| 	 T . This holds even
for |λ| 	 T since � 	 λ (see Fig. 5).

Simultaneously, we can have that the bonding state occupa-
tion is strongly affected by the photon in the cavity. For λ > 0
[see Fig. 5(b)], we can assume that ε > μ and ε − λ < μ.
For λ < 0 [see Fig. 5(a)], we can assume that ε < μ and
ε − λ > μ. In the latter case (λ < 0), the bonding state of
the DQD is the single effective electronic level we consider
in the main text. We summarize here the main points of the
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derivation presented in this Appendix: (1) we assume that the
DQD detuning is zero: δ = 0 so that the DQD’s excitation is
twice the interdot tunneling amplitude t12; (2) the coupling
between the DQD and the cavity mode g approaches the ultra-
strong regime g ≈ 0.1 ωc; (3) the frequency detuning between
the cavity mode and the DQD |� − ωc| is much larger than g;
and (4) the chemical potential of the lead is set such that in the
presence of a photon, the energy level of the bonding state is
shifted above (λ < 0) or below (λ > 0) the chemical potential
of the lead.

APPENDIX B: DERIVATION OF DISSIPATIVE
SUPEROPERATOR WITH THE DISPERSIVE

INTERACTION

We consider the model Hamiltonian

Ĥtot = Ĥs + Ĥtun + Ĥlead. (B1)

It is composed by the system of interest, a QD dispersively
coupled to a resonator [equivalent to Eq. (2)]

Ĥs = ε0n̂d + ω0n̂c − λn̂d n̂c, (B2)

where n̂d = d̂†d̂ is the occupation of the single-level QD
and d̂, d̂† the fermionic annihilation and creation operator,
n̂c = b̂†b̂ is the occupation of the single-mode resonator and
b̂, b̂† the bosonic annihilation and creation operators, and λ

the interaction strength of the dispersive coupling. We assume
λ < 0 such that

Ĥs = ε0n̂d + ω0n̂c + |λ|n̂d n̂c. (B3)

The QD is tunnel coupled to a fermionic reservoir (the
contact lead), which is described by

Ĥlead =
∑

k

εk ĉ†
k ĉk . (B4)

The lead is modeled as a free Fermi gas with the energy dis-
persion εk and fermionic annihilation and creation operators
ĉk, ĉ†

k at momentum k. Its interaction with the QD is described
by the tunneling Hamiltonian

Ĥtun =
(∑

k

Vkĉk

)
d̂† + H.c ≡ F̂ d̂† + H.c, (B5)

where Vk is the tunneling amplitude. In the following, we use
the lead operator F =∑k Vk ck .

In the interaction picture, a general operator is transformed
as ÔI (t ) = eiĤ0t Ôe−iĤ0t , where Ĥ0 = Ĥs + Ĥlead. For the lead
(bath) and QD (system) operators, we have

F̂I (t ) =
∑

k

Vkĉke−iεkt ,

d̂I (t ) = d̂e−iε0t
+∞∑
n=0

|n〉〈n|e−in|λ|t

= d̂e−iε0t [
̂0 + 
̂1e−i|λ|t + · · · ], (B6)

where we have introduced the projector operator 
̂n = |n〉〈n|
onto the Fock states of the resonator with n photons. In the fol-
lowing, we consider the subspace with n = 0, 1. The relevant

projectors for n = 0, 1 are then given by


̂0 = 1 − n̂c, 
̂1 = n̂c. (B7)

To derive a master equation for the system’s density matrix
ρ̂I = eiĤst ρ̂e−iĤst in the Markovian limit, we start from the
Bloch-Redfield-Wangsness equation

d ρ̂I (t )

dt
= −

∫ t

−∞
dt ′ TrL[Ĥtun,I (t )Ĥtun,I (t ′)ρ̂Lρ̂I (t )

− Ĥtun,I (t )ρ̂Lρ̂I (t )Ĥtun,I (t ′) + H.c.], (B8)

where TrL indicates the trace over the degrees of freedom
of the lead. The Fermi reservoir is assumed at thermal equi-
librium, such that its density matrix ρ̂L ∝ exp(−Ĥlead/T ).
Therefore, the following correlation functions vanish:

〈F̂ (t1)F̂ (t2)〉L = 〈F̂ †(t1)F̂ †(t2)〉L = 0, (B9)

where we introduced 〈F̂ (t )F̂ †(t ′)〉L = TrL[F̂ (t )F̂ †(t ′)ρ̂L] for
the correlation functions. Then, Eq. (B8) simplifies to

d ρ̂I (t )

dt
= I1 + I2 + I3 + I4. (B10)

The individual terms are given by

I1 = −
∫ t

−∞
dt ′ Rh(t − t ′) d̂†

I (t )d̂I (t ′) ρ̂I (t ) + H.c., (B11)

I2 = −
∫ t

−∞
dt ′ R∗

e (t − t ′) d̂I (t )d̂†
I (t ′) ρ̂I (t ) + H.c., (B12)

I3 =
∫ t

−∞
dt ′ Re(t − t ′) d̂†

I (t ) ρ̂I (t ) d̂I (t ′) + H.c., (B13)

I4 =
∫ t

−∞
dt ′ R∗

h(t − t ′) d̂I (t ) ρ̂I (t ) d̂†
I (t ′) + H.c., (B14)

where we have introduced the correlators

Rh(t − t ′) = 〈F̂ (t )F̂ †(t ′)〉L =
∑

k

|Vk|2[1 − f (εk )]e−iεk (t−t ′ ),

(B15)

Re(t − t ′) = 〈F̂ †(t ′)F̂ (t )〉L =
∑

k

|Vk|2 f (εk )e−iεk (t−t ′ ),

(B16)

R∗
h(t − t ′) = 〈F̂ (t ′)F̂ †(t )〉L =

∑
k

|Vk|2[1 − f (εk )]eiεk (t−t ′ ),

(B17)

R∗
e (t − t ′) = 〈F̂ †(t )F̂ (t ′)〉L =

∑
k

|Vk|2 f (εk )eiεk (t−t ′ ), (B18)

with the Fermi function f (ε). Defining

Rh(E ) =
∫ t

−∞
dt ′Rh(t − t ′) eiE (t−t ′ )

=
∫ t

−∞
dt ′∑

k

|Vk|2[1 − f (εk )]ei(E−εk )(t−t ′ ),

Re(E ) =
∫ t

−∞
dt ′Re(t − t ′) eiE (t−t ′ )

×
∫ t

−∞
dt ′∑

k

|Vk|2 f (εk )ei(E−εk )(t−t ′ ), (B19)
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and using the functional decomposition∫ t

−∞
dt ′ei�(t−t ′ ) = lim

η=0

∫ ∞

0
dτ ei�τ e−ητ

= πδ(�) + iP

(
1

�

)
, (B20)

one obtains

Rh(E ) = [1 − f (E )]�(E ) + i Im[Rh(E )], (B21)

Re(E ) = f (E )�(E ) + i Im[Re(E )], (B22)

with

�(E ) = π
∑

k

|Vk|2δ(εk − E ). (B23)

Hereafter, we only consider the real part of the function Rh(E )
and Re(E ) and neglect the imaginary part corresponding to a
Lamb shift correction. Moreover, we assume that the tunnel-
ing rate is independent of the energy and we set �(E ) ≡ �QD.
Then, the correlation functions are given by

Rh(E ) = [1 − f (E )]�QD, (B24)

Re(E ) = f (E )�QD. (B25)

Using the time evolution of the QD operators in the single-
photon subspace defined in Eq. (B6), we obtain

I1 = −
∫ t

−∞
dt ′ Rh(t − t ′)d̂†d̂eiε0(t−t ′ )[
̂0 + 
̂1ei|λ|(t−t ′ )]ρ̂I (t ) + H.c.

= −[Rh(ε0)
̂0 + Rh(ε0 + |λ|)
̂1] d̂†d̂ ρ̂I (t ) + H.c.

� −�QD{[(1 − f (ε0))
̂0 + (1 − f (ε0 + |λ|))
̂1] d̂†d̂; ρ̂I (t )}.
Similarly, we find for the remaining terms of Eq. (B10),

I2 =� −�QD{[ f (ε)
̂0 + f (ε + |λ|)
̂1] d̂ d̂†; ρ̂I (t )},
I3 � �QD[2 f (ε)
̂0d̂†ρ̂I (t )d̂ 
̂0 + 2 f (ε + |λ|)
̂1d̂†ρ̂I (t )d̂ 
̂1

+ ( f (ε) + f (ε + |λ|))(
̂0d̂†ρ̂I (t )d̂ 
̂1e−i|λ|t + 
̂1d̂†ρ̂I (t )d̂ 
̂0ei|λ|t )],

I4 � �QD[2[1 − f (ε)]
̂0d̂ ρ̂I (t )d̂† 
̂0 + 2[1 − f (ε + |λ|)]
̂1d̂ ρ̂I (t )d̂† 
̂1

+ (2 − f (ε) − f (ε + |λ|))
̂0d̂ ρ̂I (t )d̂† 
̂1ei|λ|t (2 − f (ε) − f (ε + |λ|))
̂1d̂ ρ̂I (t )d̂† 
̂0e−i|λ|t ]. (B26)

The terms I3 and I4 contain an explicit time dependence.
Such oscillating factors are often neglected using the secular
approximation that holds if the oscillations are fast; namely,
|λ| is much larger than the typical timescale evolution of the
matrix elements of the density matrix, which here corresponds
to �QD. Here, we do not apply the secular approximation as we
consider the limit |λ| → 0.

These oscillating factors in I3 and I4 of Eq. (B26) disappear
when transforming the density matrix in Eq. (B10) into the
Schrödinger picture, ρ̂(t ) = e−iĤst ρ̂I (t )eiĤst . This leads to the
master equation

d ρ̂(t )

dt
= −i[ĤS; ρ̂(t )] + LQD[ρ̂], (B27)

where the Liouville superoperator LQD is given by Eq. (3).

APPENDIX C: DERIVATION OF THE CASCADE MODEL

The quantum cascade model was first proposed in
Refs. [98,99]. Here, we give an alternative derivation. We
first recover the equations of motion equivalent to Ref. [99]
(interaction picture) and Ref. [98] (Heisenberg picture), and
then we derive the dissipative superoperator starting from the
Bloch-Redfield-Wangsness equation.

We consider the following model in which two localized
modes are coupled to a chiral transmission line in which the
photon propagates only in one direction, with momentum k >

0,

Ĥcas = Ĥ (0)
cas + Ĥ (I )

cas, (C1)

where

Ĥ (0)
cas = ωaâ†â + ωbb̂†b̂ +

∫ ∞

0
dω ω â†

ωâω, (C2)

Ĥ (I )
cas = ga(â + â†)φ̂(xa) + gb(b̂ + b̂†)φ̂(xb). (C3)

The field operator takes the general form

φ̂(x) =
∫ ∞

0
dω φ(ω)

[
âωei ω

v
x + H.c.

]
, (C4)

with v the velocity of the light in the one-dimensional line.
Using the rotating wave approximation, we write

Ĥ (I )
cas =

∫ ∞

0
dω φ(ω)

[
gae−i ω

v
xa â + gbe−i ω

v
xb b̂
]
â†

ω + H.c. (C5)

1. Equations of motion

By solving the equation of motion for the operator âω in
the Heisenberg picture, one finds

âω(t ) = âω(t0)e−iω(t−t0 ) − i
∫ t

t0

dt ′φ(ω)e−iω(t−t ′ )

× [gae−i ω
v

xa â(t ′) + gbe−i ω
v

xb b̂(t ′)
]
. (C6)
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Then, for the operator of the bosonic mode â the equation of
motion reads

dâ(t )

dt
= − iωaâ(t ) − g2

a

∫ t

t0

dt ′K (t − t ′)â(t ′)

− gagb

∫ t

t0

dt ′K (t + τ − t ′) b̂(t ′)

− iga

∫ ∞

0
dωφ(ω) e−iω(t−t0 )+i ω

v
xa âω, (C7)

where we set τ = (xb − xa)/v > 0 and the response function

K (t − t ′) =
∫ +∞

0
dω|φ(ω)|2 e−iω(t−t ′ ). (C8)

For the function K (t − t ′), we can disregard the imaginary
part that leads to a weak renormalization of the eigenstates
and of the spectrum. We also assume that K (t − t ′) satisfies
causality, i.e., K = 0 for t ′ > t . In the Markovian limit, the
function K (t − t ′) can be treated as a δ function provided that
its characteristic timescale is faster than the typical timescale
in the evolution of the operators â and b̂. In this limit, we write

K (t − t ′) ≈ K0 δ(t − t ′). (C9)

This implies that the third term appearing in Eq. (C7) vanishes
since δ(t + τ − t ′) the time t + τ is out of the integration
range and one obtains

dâ(t )

dt
= −iωaâ(t ) − γ ′

a

2
â(t ) −√γ ′

aâin(t ), (C10)

where the damping coefficients (photon losses) are defined as

γ ′
a = g2

aK0, γ ′
b = g2

bK0, (C11)

and the noise

√
γa âin(t ) = −iga

∫ +∞

0
dωφ(ω)e−iω(t−t0 )+iωxa/v âω, (C12)

such that [âin(t ); â†
in(t ′)] = δ(t − t ′). We remark that we use

the Ito convention
∫ t

t0
dt ′δ(t − t ′) = 1/2. In a similar way, one

can write the equation of motion for the bosonic operator b̂,

which reads

db̂(t )

dt
= − iωbb̂(t ) − g2

b

∫ t

t0

dt ′K (t − t ′)b̂(t ′)

− gagb

∫ t

t0

dt ′K (t − τ − t ′)â(t ′)

− igb

∫ +∞

0
dωφ(ω)e−iω(t−t0 )+iωxb/v âω. (C13)

Notice that, in the third term of Eq. (C13), the time τ appears
with the minus sign and therefore, in the Markovian limit, we
obtain

db̂(t )

dt
= − iωbb̂(t ) − γ ′

b

2
b̂(t ) −

√
γ ′

bâin(t − τ )

−
√

γ ′
aγ

′
bâ(t − τ ). (C14)

Comparing Eqs. (C10) and (C14), it is evident that the reso-
nant mode b̂ is affected by the field of the resonant mode â but
not vice versa.

2. Dissipative operator in the master equation

We switch to the interaction picture and we write

Ĥ (I )
cas (t ) =

∫ ∞

0
dω[Â†

ω(t )Ĉω(t ) + H.c.], (C15)

with

Âω(t ) = φ(ω)e−iωt âω (C16)

and

Ĉω(t ) = gae−i ω
v

xa e−iωat â + gbe−i ω
v

xbe−iωbt b̂. (C17)

Using the Born-Markov approximation, considering the cou-
pling with the line as the interaction (perturbation), one has
the equation for the density matrix of the cascade system ρ̂ (c)

formed by the resonators a and b, in the interaction picture

ρ̂
(c)
I (t ) = eiĤ (0)

cas t ρ̂ (c)(t )e−iĤ (0)
cas t . (C18)

We start from the Bloch-Redfield-Wangsness equation

d

dt
ρ̂

(c)
I (t ) = −

∫ t

−∞
dt ′ Trline

[
Ĥ (I )

cas (t )Ĥ (I )
cas (t ′)ρ̂�ρ̂

(c)
I (t ) − Ĥ (I )

cas (t )ρ̂�ρ̂
(c)
I (t )Ĥ (I )

cas (t ′) + H.c.
]
. (C19)

The chiral photonic 1D line is assumed to be at thermal equilibrium ρ̂
(th)
� . In particular, we consider the zero temperature limit

T = 0 for the line, namely, 〈â†
ωâω〉 = 0 whereas 〈âωâ†

ω′ 〉 = δ(ω − ω′). Then, for the nonsqueezed vacuum, the following
correlation function vanish:

Trline[Âω(t1)Âω′ (t2)ρ̂�] = 0, Trline[Â†
ω(t1)Â†

ω′ (t2)ρ̂�] = 0. (C20)

Then, Eq. (C19) reduces to

d

dt
ρ̂

(c)
I (t ) = G1 + G2 + G3 + G4, (C21)

with

G1 = −
∫ t

−∞
dt ′
∫ ∞

0
dω|φ(ω)|2e−iω
tĈ†

ω(t )Ĉω(t ′)ρ̂I (t ), G2 = −
∫ t

−∞
dt ′
∫ ∞

0
dω|φ(ω)|2eiω
t ρ̂I (t )Ĉ†

ω(t ′)Ĉω(t ),

G3 =
∫ t

−∞
dt ′
∫ ∞

0
dω|φ(ω)|2eiω
tĈω(t )ρ̂I (t )Ĉ†

ω(t ′), G4 =
∫ t

−∞
dt ′
∫ ∞

0
dω|φ(ω)|2e−iω
tĈω(t ′)ρ̂I (t )Ĉ†

ω(t ), (C22)
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where we introduced 
t = t − t ′. Using the definition [Eq. (C8)] for the response function K , we find

G1 = −
∫ t

−∞
dt ′K (
t )

[
g2

an̂aeiωa
t + g2
bn̂beiωb
t

]
ρI (t ) −

∫ t

−∞
dt ′K (
t − τ )gagbeiωbt−iωat ′

b̂†âρI (t ),

G2 = −
∫ t

−∞
dt ′K∗(
t )ρI (t )

[
g2

an̂ae−iωa
t + g2
bn̂be−iωb
t

]−
∫ t

−∞
dt ′K∗(
t − τ )gagbeiωat ′−iωbtρI (t )â†b̂,

G3 =
∫ t

−∞
dt ′K∗(
t )

[
g2

ae−iωa
t âρI (t )â† + g2
be−iωb
t b̂ρI (t )b̂†

]+
∫ t

−∞
dt ′K∗(
t − τ )gagbe−iωbt+iωat ′

b̂ρI (t )â†,

G4 =
∫ t

−∞
dt ′K (
t )

[
g2

aeiωa
t âρI (t )â† + g2
beiωb
t b̂ρI (t )b̂†

]+
∫ t

−∞
dt ′K (
t − τ )gagbe−iωat ′+iωbt âρI (t )b̂†,

where we used that the integrals containing K (
t + τ ) or K∗(
t + τ ) vanish, since K (t − t ′) satisfies causality, i.e., K (t − t ′) =
0 for t ′ > t . Finally, we neglect the frequency and energy dependence of the Fourier transform of the function K (t − t ′). In the
Markovian limit, we use Eq. (C9) and with the definitions of Eq. (C11), one obtains the master equation

d

dt
ρ

(c)
I (t ) = − γa

[{â†â, ρ̂ (c)I } − 2âρ̂
(c)
I â†

]− γb
[{b̂†b̂, ρ̂ (c)I } − 2b̂ρ̂ (c)

I b̂†
]

− 2
√

γaγb
[
e−iδωt b̂†âeiωaτ ρ̂

(c)
I + eiδωt ρ̂

(c)
I â†b̂e−iωaτ

]+ 2
√

γaγb
[
eiδωt b̂ρ̂ (c)

I â†e−iωaτ + e−iδωt âρ̂
(c)
I b̂†eiωaτ

]
, (C23)

with γa = 2γ ′
a and γb = 2γ ′

b, and using the Ito convention
∫ t

t0
dt ′δ(t − t ′) = 1/2, the frequency difference δω = ωa − ωb. We

note that the equation for ρ̂
(c)
I (t ) has an explicit time dependence appearing in the mixed terms containing both the operators of

the two resonators.
Finally, we transform the density matrix from the interaction into the Schrödinger picture

ρ̂ (c)(t ) = e−iĤ (0)
cas t ρ̂

(c)
I (t )eiĤ (0)

cas t , (C24)

and we obtain
d

dt
ρ̂ (c)(t ) = − i

[
Ĥ (0)

cas ; ρ̂ (c)(t )
]− γa[{â†â, ρ̂ (c)} − 2âρ̂ (c)â†] − γb[{b̂†b̂, ρ̂ (c)} − 2b̂ρ̂ (c)b̂†]

− 2
√

γaγb[b̂†âeiωaτ ρ̂ (c) + ρ̂ (c)â†b̂e−iωaτ ] + 2
√

γaγb[b̂ρ̂ (c)â†e−iωaτ + âρ̂ (c)b̂†eiωaτ ]. (C25)

In this way, the explicit time dependence appearing in Eq. (C23) for ρ̂
(c)
I (t ) is removed. In a last step, we apply a unitary

transformation to redefine the phase of the operator â

â −→ âτ = â eiωaτ . (C26)

In the following, as well as in the main text, we use â for the bosonic operator instead of âτ . This corresponds to a shift of the
time origin for the evolutions of the two fields, which is irrelevant as long as one focuses only on the dynamical properties of the
mode b. The cascade master Eq. (C25) is equivalent to the one generated by the dissipator Lcas shown in Eq. (5) changing the
notation γa → γin and γb → γc.

APPENDIX D: EQUATIONS FOR THE DENSITY MATRIX ELEMENTS AND ANALYTIC FORMULA FOR 〈nc(t )〉
We define the matrix element of the density matrix as

ρcc̃
nsnd ,ñsñd

= 〈ns, nd , c|ρ̂|ñs, ñd , c̃〉, (D1)

with ns, ñs = 0, 1 and nd , ñd = 0, 1 the occupation number for the source and the detection mode in the single-photon space,
respectively, and c, c̃ = 0, 1 are the QD’s occupation states. The full system’s density matrix, including both the source and
detection modes, as well as the QD, is block diagonal. It splits into a 2 × 2 (zero-photon sector) and a 4 × 4 block (one-photon
sector)

ρ̂ →

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ρ00
00,00 ρ01

00,00 0 0 0 0

ρ10
00,00 ρ11

00,00 0 0 0 0

0 0 ρ00
01,01 ρ01

01,01 ρ00
01,10 ρ01

01,10

0 0 ρ10
01,01 ρ11

01,01 ρ10
01,10 ρ11

01,10

0 0 ρ00
10,01 ρ01

10,01 ρ00
10,10 ρ01

10,10

0 0 ρ10
10,01 ρ11

10,01 ρ00
10,10 ρ11

10,10

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (D2)
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The full equations of motion for each component of the density matrix are generated by Eq. (6). First, we consider the
components diagonal with respect to a photon in the source mode ρ00

10,10 and ρ11
10,10. We only report the diagonal elements

with respect to charge as the off-diagonal entries, ρcc′
10,10 with (c 
= c′), are decoupled from the diagonal ones, as for a single QD.

This also holds for the other subblocks with different photon occupation. The corresponding equations read

ρ̇00
10,10 = −( f (ε)�QD + 2γin)ρ00

10,10 + (1 − f (ε))�QDρ11
10,10,

ρ̇11
10,10 = f (ε)�QDρ00

10,10 − [(1 − f (ε))�QD + 2γin]ρ11
10,10. (D3)

The coupled equations for ρ00
10,10 and ρ11

10,10 are closed as expected from the unidirectional interaction between source and
detection modes. Using the initial conditions, ρ00

10,10(t = 0) = 0, ρ11
10,10(t = 0) = 1 and p(1)(t = 0) = 1, the factorized solutions

are

ρ00
10,10(t ) = e−2γint (1 − e−�QDt )(1 − f (ε)), ρ11

10,10(t ) = e−2γint [e−�QDt (1 − f (ε)) + f (ε)]. (D4)

From this, we find the average occupation of the source mode

〈n̂in(t )〉 = ρ00
10,10(t ) + ρ11

10,10(t ) = e−2γint , (D5)

as shown in Fig. 2. This solution is independent of the initial choice ρ00
10,10(t = 0), ρ11

10,10(t = 0), as long as ρ00
10,10(t = 0) +

ρ11
10,10(t = 0) = 1 holds. Second, we consider the equations for the blocks with off-diagonal photon states (photon coherence),

ρ00
10,01 and ρ11

10,01. For those, we find

ρ̇00
10,01 = −2

√
γinγcρ

00
10,10 −

[
�QD

2
( f (ε) + f (ε + |λ|)) + (γin + γc + i
ω)

]
ρ00

10,01 + �QD

2
(2 − f (ε) − f (ε + |λ|))ρ11

10,01,

ρ̇11
10,01 = −2

√
γinγcρ

11
10,10 + �QD

2
( f (ε) + f (ε + |λ|))ρ00

10,01 −
[
�QD

2
(2 − f (ε) − f (ε + |λ|)) + (γin + γc + i(
ω − |λ|))

]
ρ11

10,01.

(D6)

The equations for ρ00
01,10 and ρ11

01,10 are given by the complex conjugate of Eq. (D6). Third, we consider the components diagonal
with respect to having a photon in the detection mode,

ρ̇00
01,01 = −4

√
γinγc Re

{
ρ00

10,01

}− (�QD f (ε + |λ|) + 2γc)ρ00
01,01 + �QD(1 − f (ε + |λ|))ρ11

01,01,

ρ̇11
01,01 = −4

√
γinγc Re

{
ρ11

10,01

}+ �QD f (ε + |λ|)ρ00
01,01 − [�QD(1 − f (ε + |λ|)) + 2γc]ρ11

01,01. (D7)

From this, one finds the equation of motion for the occupation of the detection mode

d

dt
〈nc(t )〉 = ρ̇00

01,01 + ρ̇11
01,01. (D8)

This shows the dependence of 〈nc〉(t ) on the coherence between source and detection modes [first term in the equation of motion
of ρ00

01,01 and ρ11
01,01 in Eq. (D7)].

Solving the equations of motion of Eq. (D6) and inserting the solutions into Eq. (D8) leads to an involved expression for
〈n̂c(t )〉. We state here the closed-form solution for T → 0,
ω = |λ|, γin = γc, which is given by

〈n̂c(t )〉 = 16γ 2
c

�2
QD

e−2tγc (t�QD − 2) + 16γ 2
c

|λ|2 e−2tγc

− 16γ 2
c

�2
QD|λ|2 e−2tγc−t�QD/2 cosh

(
t

2

√
�2

QD − |λ|2
)[

2
(
�2

QD − |λ|2) cos (t |λ|/2) + 3|λ|�QD sin (t |λ|/2)
]

+ 16γ 2
c

�2
QD|λ|2 e−2tγc−t�QD/2

sinh
(

t
2

√
�2

QD − |λ|2
)

√
�2

QD − |λ|2
[
�QD

(
3|λ|2 − 2�2

QD

)
cos (t |λ|/2) + |λ|(2|λ|2 − 3�2

QD

)
sin (t |λ|/2)

]
.

(D9)

In the limit |λ| → 0 (independent of T ), i.e., the QD system is decoupled from the photon, the general solution of Eq. (D8)
yields

〈n̂c(t )〉(|λ|=0) = 8γinγce−2t (γin+γc )

(γin − γc)2 + 
ω2
{cosh [(γin − γc)t] − cos (
ωt )}

=
⎧⎨
⎩

4t2γ 2
c e−2tγc , for γin = γc and 
ω = 0,

16γ 2
c


ω2 sin2
(

t
ω
2

)
e−2γct , for γin = γc and 
ω 
= 0.

(D10)
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For the optimal conditions of maximum photon occupation of the detection mode, i.e., γin = γc and 
ω = 0, the maximum is
〈nc〉(|λ|=0)

opt,max = 4/e2 is at t = 1/γc. The impact of the detuning becomes apparent from the prefactor (16γ 2
c /
ω2) that suppress

the detection mode occupation. A similar prefactor (16γ 2
c /|λ|2) appears in Eq. (D9) for 〈n̂c〉(t ) when 
ω = |λ|, supporting

the idea that the dispersive interaction suppresses the occupation by dynamically detuning the detection mode from resonance.
Note that Eq. (D9) to zeroth order in |λ| and �QD reduces to Eq. (D10) for [γin = γc and 
ω = 0, i.e., 〈n̂c(t )〉 = 〈nc(t )〉(|λ|=0)

opt +
O(|λ|, �QD]. In the limit of |λ| → ∞ (and T → 0, γin = γc), we find for 
ω = |λ| that

〈nc(t )〉(|λ|→∞) = 16γ 2
c

�2
QD

e− t
2 (4γc+�QD )[2 + e

t
2 �QD (t�QD − 2)], (D11)

and its maximum

〈nc〉(|λ|→∞)
max = 8γc

�QD(4γc + �QD)
e−(4γc+�QD+4γcW (z))/�QD [4γc + �QD + 4γcW (z)], (D12)

where W (z) is the Lambert W function at z = − exp[−1 − �QD/4γc](4γc + �QD)/4γc. For completeness, we report the equa-
tion for the zero-photon subspace, diagonal in the QD charge

ρ̇00
00,00 = �QD

[
ρ11

00,00 − f (ε)
(
ρ00

00,00 + ρ11
00,00

)]+ 2
[
γinρ

00
10,10 + 2

√
γinγc Re

{
ρ00

10,01

}+ γcρ
00
01,01

]
,

ρ̇11
00,00 = �QD

[
f (ε)

(
ρ00

00,00 + ρ11
00,00

)− ρ11
00,00

]+ 2
[
γinρ

11
10,10 + 2

√
γinγc Re

{
ρ11

10,01

}+ γcρ
11
01,01

]
.

(D13)

From the solutions for all the components with photons, one can in turn find the solutions for the zero-photon sector in Eq. (D13),
and finally for the occupation of the QD:

p(0) = ρ00
00,00 + ρ00

10,10 + ρ00
01,01, p(1) = ρ11

00,00 + ρ11
10,10 + ρ11

01,01. (D14)
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