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Particle entanglement is a fundamental resource upon which are based many quantum technologies.
In this Article, we introduce a new source of entangled photons based on Resonance Fluorescence
delivering photon pairs as a superposition of vacuumand theBell state ∣Φ�i. Our proposal relies on the
emission from the satellite peaks of a two-level system driven by a strong off-resonant laser, whose
intensity controls the frequencies of the entangled photons. Notably, such a frequency tuning can be
done without decreasing the degree of entanglement between the photons and, unlike current
technologies, the intensity of our source can be increased without the risk of spoiling the signal by
including higher-order processes into the emission. Finally, we illustrate the power of our novel source
by exciting an ubiquitous condensed-matter system, namely exciton-polaritons, and show that they
are left in a maximally entangled steady state.

Resonance Fluorescence, the interaction between a two-level atom and
coherent light, has been the subject of fundamental research from the early
stages of quantum optics1,2. In particular, the observation of photon anti-
bunching from this interaction3 paved the way for investigations regarding
the quantum character of light, as well as the phenomena that has enabled,
for instance, the pursue of optical transistors based on single photons4. In
turn, the latter are a key element for many quantum information
technologies5,6, allowing the possibility to designprotocols for, e.g., quantum
teleportation7 and quantum cryptography8. Typically, Resonance Floures-
cence is implemented when a laser (with a well defined energy) effectively
matches a single atomic transition. Therefore, in practice, one deals with the
excitation of a so-called “two-level system” (2LS). Thus, the laser can only
induce a single excitation in the atom at the time, which has led Resonance
Fluorescence to be regarded as an ultrabright source of quantum light5,9,10,
with high single-photon purity11,12. However, recent investigations that
analysed the luminescence with spectral resolution13, have found that the
emission form a 2LS actually consists of multiple highly-correlated
photons14–20. Such a multi-photon structure is particularly revealed when
the intensity of the driving laser is strong and the 2LS enters into the so-
calledMollow regime21, in which the emission spectrum of the 2LS consists
of a triplet, as illustrated in dashed lines in Fig. 1a. Experimentally, such a
spectrum has been observed in a variety of platforms, including quantum
dots22–27, molecules28, cold atom ensembles29, confined single atoms30,
photonic chips31, and superconducting qubits32–34 (and 2LSs can also be
constructed in other platforms including superconducting circuits35–41 and
photonic structures42–44), thus coveringawide rangeof energies of operation.

In this article, we demonstrate that time-frequency entanglement can
be extracted from Resonance Fluorescence, specifically, from the bare
emission of a Mollow triplet, without the need to recurring to atomic
collections45, nor altering the internal structure of the 2LS by considering its
biexciton structure46 or coupling it to a cavity9,47–51. Our analysis is based on
the recent finding that, although the photons emitted from a 2LS are per-
fectly antibunched, observingfinite frequency regions of the emission allows
to unveil a rich underlying landscape of photon correlations14–16—ranging
from antibunching to superbunching statistics, passing through thermal
and uncorrelated light. In fact, the statistical variability of the photons
emitted by resonance fluorescence allows to design exotic sources of light52,
excite other optical targets53–55, and perform the so-called Mollow
spectroscopy53, whereby, e.g., the internal structure of complex and highly-
dissipative quantum systems can be probed with a minimal amount of
photons, namely, two. Here, instead, we show that when the 2LS is driven
out of resonance, the emission from the sidebands of the triplet behave as a
heralded source of entangled photon pairs, as sketched in Fig. 1b. Thus, we
find that our source can operate at high intensities without spoiling the
entanglement with higher-order processes, and that the emitted photon
pairs follow an antibunched statistics (instead of an uncorrelated one, as in
SPDC sources). Finally, given variety of platforms on which the Mollow
triplet has been implemented, our source is able to operate on a wide gamut
of frequencies (cf. Table 1 in theMethods section for details) and to interface
with, e.g., condensed-matter systems that can benefit from entangled
excitation56, thusmaking resonancefluorescence a compelling alternative to
the existing sources of entangled photons.
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The rest of this Article is organized as follows: We first describe the
dynamics of our source and then we demonstrate that energy-time entan-
glement between photons emitted from the sidebands of the 2LS is unveiled
simply by including the observation of the light into the description of our
system. Next, we use a quantum Monte Carlo simulation to demonstrate
that, as a consequence of the detuned excitation, the entangled photon pairs
are heralded. Finally, we show that our source is able to drive complex
condensed-matter systems (e.g., exciton-polaritons57) into a maximally
entangled steady state, despite them being immersed within a highly-
dissipative environment.

Results
Description of the source
Our source of entangled photons is based on the excitation of a 2LS with
natural frequency ωσ driven off-resonantly by a laser with intensity Ω and
frequencyωL =ωσ−Δ, namely, the detuning between the 2LS and the laser
is Δ = (ωσ−ωL). Formally, the dynamics of our source is described by the
Hamiltonian (we take ℏ = 1 along the paper)

Hσ ¼ Δσyσ þΩðσy þ σÞ; ð1Þ

where σ† and σ are the creation and annihilation operators of the 2LS, which
follow the pseudo-spin algebra. The dissipation of the system is taken into
account through the master equation

∂tρ ¼ i½ρ;Hσ � þ
γσ
2
LσðρÞ: ð2Þ

Here,Hσ is the Hamiltonian in Eq. (1), γσ is the decay rate of the 2LS and
LσðρÞ � 2σρσy � ρσyσ � σyσρ. When the intensity of the driving is
sufficiently large (that is, when Ω > γσ), the system enters into the so-
calledMollow regime21, which is characterized by its emission spectrum
in the shape of a triplet, with a central line flanked by a pair of symmetric
peaks. An archetypal spectrum of a driven 2LS with Δ = 0 is shown as a

dashed line in Fig. 1a. The origin of the three peaks has a natural
explanation in the context of the “dressed atom” picture58: the energy
structure of the 2LS becomes “dressed” by the laser, thus creating a ladder
of energy manifolds, each of them composed of two energy levels, which
we note as ∣þi and ∣�i. Such a picture allows us to relate each of the four
possible transitions between consecutive energymanifolds [shown in the
inset of panel (a), where the transitions are indicated with colored
arrows] to the emission peaks. Namely, the transition ∣þi ! ∣�i
(shown in blue) gives rise to the high-energy peak at frequency ω+, the
transition ∣�i ! ∣þi (shown in red) originates the low-energy peak at
frequency ω−, and the degenerate transitions ∣± i ! ∣± i (shown in
green) correspond to the central peak at the frequency of the laser. The
intensity of these peaks, as well as the energies ω±, vary when the driving
laser is taken out of resonance from the 2LS. Namely, the triplet splits
further and the satellite peaks become the dominant feature of the
spectrum, as the central line loses its intensity. This is shown in solid
lines in Fig. 1a. In general, the transitions that yield the spectrum are
obtained through the diagonalization of the Liouvillian of the system55.
Namely, rewriting the master Eq. (2) as ∂tρ =−Mρ, one can find the
energy of the transitions as the imaginary part of the eigenvalues of the
matrixM (their real parts correspond to the linewidth of the transition,
whichwe show in theMethods section). Figure 1c shows in solid lines the
three energy lines available for the emission of the 2LS driven out of
resonance. For comparison, we also show in dashed lines the energies
that unfold when the excitation is resonant [and which give rise to the
spectrum shown in dashed lines in panel (a)]. The main distinction
between these two cases is that in the detuned case the lines are always
splitted, even in the limit when Ω/γσ→ 0. In the opposite regime, when
the intensity of the excitation dominates over the detuning, i.e., when
Ω≫ Δ, the splitted lines coincide again. For intermediate intensities, the
energy lines are approximately given by ω± ¼ ωL ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Ω2 þ Δ2

p
(the

exact expression that takes into account the dissipation is given in ref. 16).
Finally, note that the transitions with energies ω± are associated to
quantum jumps that change the quantum state of the 2LS, and therefore
the same transition cannot take place twice in a row. In fact, in the next
section, we will show that such a behavior can be exploited as a scheme
for photon heralding in the regime with Δ≳Ω, where the transitions
∣± i ! ∣∓i become the dominant emission process.

Measurement of the photons
A key aspect of quantum mechanics is that measurements affect the
quantum state of the system under observation. Thus, a correct description
of the emission from the 2LS should also incorporate into the dynamics the
effect of the observation by a physical detector. Such a description can be
done with the theory of frequency-resolved correlations13, implemented
through the formalism of cascaded systems59,60. Thus, the detection of
photons emitted from the 2LS at frequencies ω1 and ω2 by detectors of
linewidth Γ1 and Γ2 can be described through the upgradedmaster equation
(cf. Section I of the supplementary material for the derivation of the master
equation for a single detector, and the generalization to N detectors)

∂tρ ¼ i½ρ;Hσ þ Hd� þ γσ
2 LσðρÞ þ Γ1

2 La1
ðρÞ þ Γ2

2 La2
ðρÞ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γσΓ1=2

p
½ay1; σρ� þ ½ρσy; a1�

n o

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γσΓ2=2

p
½ay2; σρ� þ ½ρσy; a2�

n o
;

ð3Þ

where Hσ is the Hamiltonian in Eq. (1), Hd ¼ ðω1 � ωLÞay1a1 þ ðω2 �
ωLÞay2a2 is theHamiltoniandescribing the internal degrees of freedomof the
detectors (namely, their free energy), and ayk and ak are the bosonic creation
and annihilation operators associated to the kth detector.

Using the master Eq. (3), we gain access to the frequency-resolved
correlations of the emission from the Mollow triplet. In particular, we are
interested in the second-order correlation between photons emitted at the
frequencies of the satellite peaks (with energiesω±, c.f. the scheme in Fig. 1)
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Fig. 1 | TheMollow triplet driven out of resonance. a Emission spectrumwhen the
laser is resonant (dashed) and detuned (solid) from the 2LS. The emission lines are
identifiedwith the four possible transitions (two of themare degenerate) between the
dressed states (shown in the inset). b Scheme of our proposed source of entangled
photon pairs emitted from the sidebands of the Mollow triplet. c Energy transitions
enabling the emission from the 2LS as a function of the driving intensity. In the
detuned case (solid, dark lines), and as opposed to the resonant one (dashed, light
lines), the satellite peaks become the dominant feature of the spectrum, and the
dynamics is given by transitions that change the quantum state of the 2LS, i.e., by
transitions of the type ∣± i ! ∣∓i (shown in red and blue). For the figure we used γσ
as the unit, Ω/γσ = 4 (marked in (c) as an horizontal dash-dotted gray line) and
(ωσ− ωL)/γσ = 25/2.
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separated by a time τ, i.e., we compute

gð2ÞΓ ðτ;ω1;ω2Þ ¼
hay1ay2ðτÞa2ðτÞa1i
hay1a1ihay2a2i

; ð4Þ

for the case whereω1 =ω+ andω2 =ω−. When the 2LS is driven resonantly,
its gð2ÞΓ ðτ;ωþ;ω�Þ is completely symmetric, as shown inFig. 2a. Such a shape
indicates that there is no causal relation in the emission from the sidebands,
and the photons are emittedwithout a preferential order.Note, however, that
the inclusion of detection into the description of the emission leads to a loss of
antibunching of the signal61, as gaining knowledge about the frequency at
which the photons are emitted spoils their perfect temporal resolution. The
symmetric shape of the correlation is broken when the driving laser is taken
out of resonance from the 2LS. Figure 2b shows the case forΔ = 1.85Ω, where
it is clear that the emission from the high-energy sideband occurs after the
emission of a photon from the low-energy one (the reverse situation occurs if
the detuning becomes negative). While the type of correlation shown in
Fig. 2b is indicative of a heralded emission, it does not necessarily imply that
the emission consists of singlephotons.To showthat this is in fact the case,we
performed a frequency-resolved quantum Monte Carlo simulation62 of the
emission from the two sidebands of the Mollow triplet to compare the cases
when the 2LS is driven in and out of resonance. Thus, from the simulations,
we are able to obtain the probability p(n, τ,Δ) to detect n photons of energy
ω+within a time-window τ after a photon of energy ω− has been measured,
provided that thedetuningbetween the2LSand the laser isΔ. Figure2c shows
the ratios r(n, τ) = p(n, τ,Δ)/p(n, τ, 0), which illustrate that the detuning
enhances the probability to detect one photon by about 20% (blue line) while
simultaneously decreases the probability to detect two or more photons (red

line).Note that the ratio r(1, τ) becomes less thanone for timewindows larger
than τ* ≈ 2/γσ, shown as a vertical dashed line in Fig. 2c. Thus, the heralded
photons aremore likely to be emittedwithin the timewindow τ ≤ τ*when the
2LS is driven out of resonance. Together, Fig. 2b, c are the evidence that
demonstrates that a 2LS driven out of resonance by a laser is a source of
heralded single photons, whose frequencies correspond to the energies of the
sidebands of the Mollow triplet.

Source of entangled photon pairs
Now that we have established that the emission from the satellite peaks of
the detuned Mollow triplet is composed of highly correlated pairs of single
photons, and that their emission can be observed in a heralded fashion, we
investigate another type of quantum correlation: entanglement. It has been
theoretically predicted17 and experimentally observed15 that pairs of photons
emitted from the Mollow spectrum at various frequencies violate the
Cauchy–Schwarz inequality (CSI), which can only happen in systems dis-
playing entanglement63. Thus, in our article, we quantify entanglement
through the so-called logarithmic negativity N ðρÞ64–66, which is an entan-
glement monotone67 that quantifies the degree to which the partial trans-
position of the quantum state violates the criterion of positivity68.

Previous investigations on theMollow triplet have shown that one can
alwaysfindpair of frequencies ~ω1 and ~ω2 forwhich theCSI is violated

17, even
when the laser is resonant to the 2LS. However, although such a violation is
an indication of entanglement, the logarithmic negativity only becomes
nonzero when the laser is taken out of resonance from the 2LS. Figure 3a
shows the maximumN ðρÞ that can be extracted from photons emitted at
the sidebands, depending on both the intensity of the driving Ω and the
linewidth of the detector Γ. Here, each point is obtained for the optimum
detuning Δopt between the laser and the 2LS, which we display in Fig. 3b.
While formost of thefigure, thedetuning that optimizes the entanglement is
around Δ ~ 2Ω, in the upper left corner of the panel we find a region for
which the optimal condition is found near resonance. However, looking at
the map of the CSI violation, shown in Fig. 3c, we find that such a region is
compatible with a classical state, as the ratio R (cf. Eq. (10) in the Methods
section) falls below one. For visual aid, we have added theR = 1 contour as a
red dashed line in all the panels. The behavior of the CSI, together with the
artificial disruption in the logarithmic negativity, can be understood as a
consequence of the competition of the detectors for photons emitted from
the two sidebands. We parameterized such a contest through the ratio
between the spectral window of detection Γ and the detuning between the
entangled photons and the laser Δ+ = (ω+−ωL), as shown in Fig. 3d: the
CSI violation starts precisely when this ratio becomes strictly less than one,
and the photons emitted from the lateral peaks become distinguishable in
frequency. Finally, in Fig. 3e, we show the emission rate of our source, i.e.,
I = Γ〈a†a〉, as a function of the intensity of the laser and the linewidth of the
detectors [the detuning between the 2LS and the laser is taken as in panel
(b)], thusmaking evident the interplay between the quantity and the quality
of the signal: the highest degree of entanglement is foundwhen the peaks are
very well separated from each other (i.e,Ω/γσ≫ 1) and the linewidth of the
observer is narrow (with Γ/γσ as small as possible), which in turn comeswith
the price that such a narrow linewidth decreases the emission rate of the
source. In fact, in the configurations realized in the bottom right corner of
the panels of Fig. 3, the quantum state of the pairs of entangled single
photons is described—with 97% fidelity—as the superposition of the
vacuum and the state ~ρ � ∣Φ�i Φ�h ∣ (cf. theMethods section). The latter is
given by the Bell state

∣Φ�i ¼ 1ffiffiffi
2

p ∣0; 0i � ∣1; 1ið Þ; ð5Þ

with a purity of 91.6%, and a contribution to the full quantum state of 0.6%.
Such a small percentage indicates that, although the photons are maximally
entangled, one needs to wait for them to be emitted. Furthermore, we find
that entanglement is spoiled as the linewidth of the detectors becomes large
as compared to the emission linesof the triplet. This is becausewidedetectors
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Fig. 2 |Heralded single photons observed through a frequency-resolved quantum
Monte Carlo simulation. a, b Crossed-correlations between photons detected with
frequencies ω+ and ω−, showing the agreement with theoretical prediction (solid
blue lines) and the quantumMonte Carlo simulation (black bars).When the driving
laser is resonant to the 2LS, the correlation function is completely symmetric (cf.
panel a). When the driving is taken out of resonance, the shape of the correlation
function resembles a λ, indicating that the emission of a photon with frequency ω+

heralds the emission of a photon with frequency ω− (cf. panel b). c Ratios r(n, τ)
= p(n, τ, Δ)/p(n, τ, 0) of the probability to detect one (blue) and two or more (red)
photons after detecting the heralding photon, when the driving is made out of
resonance and in resonance. Taking the laser out of resonance enhances the single-
photon heralding probability within a time-window τ* of almost two lifetimes of the
2LS, as indicated by the dashed vertical line. Additionally, the probability to herald
two or more photons is suppressed when the driving is done out of resonance. For
the figures, we used γσ as the unit,Ω/γσ = 1, Γ/γσ = 1, and the optimal detuning that,
as we shall show in the next section, optimizes the entangled emission,
namely Δ = 1.85Ω.
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effectively erase the spectral information of the photons, and the emission
from the sidebands becomes indistinguishable. However, one can overcome
such an issue by driving the 2LS deeper into the Mollow regime, i.e.,
increasing the intensity of the laser, and thus taking the satellite peaks further
away from each other. Notably, the pair of parameters (Ω,Δ) that optimize
the logarithmic negativity between the photons from the sidebands of the
triplet do not optimize the violation of the CSI nor maximize their second-
order correlation function (cf. Section II of the Supplemental Material).

Entangling polaritons
A direct application of the results presented in the previous section is the
excitation of one of the most ubiquitous systems in condensed matter
physics; namely a pair of coupled bosonic fields. While the latter can
represent a large variety of quantum systems, in the following, we will
associate them to the so-called exciton-polaritons (henceforth, simply
polaritons); which are pseudo-particles arising from the strong coupling
between a photon and an exciton, either within a semiconductor
microcavity57 or on an organic sample69,70. The Hamiltonian describing
polaritons can be written as

Hp ¼ ðωa � ωLÞayaþ ðωb � ωLÞbybþ gðaybþ byaÞ; ð6Þ

where the photons and excitons have frequenciesωa andωb, respectively; and
they are coupledwith strength g. Here, a† (a) and b† (b) are, correspondingly,
the creation (annihilation) operators associated to the photonic and excitonic
fields. Thus, the dynamics of polaritons driven by resonance fluorescence is
given by the master Eq. (3), replacingHd with the polariton Hamiltonian in
Eq. (6), letting a1→ a, a2→ b, and introducing Γ1 = Γa and Γ2 = Γb, as the
decay rates of the photon and exciton modes of the polaritons. For the
followingdiscussion,we assume that the polaritons are in the strong coupling
regime, in which the energy states become dressed and the light emitted is
observed at the frequencies of the lower- and upper-polariton branches (cf.
the full derivation in theMethods section). Figure 4a shows the concurrence
between the polariton branches after the vacuum contribution has been
removed through a post-selection process. We find that for entanglement to
be observed, it is necessary that: (i) the polariton light-matter coupling should
be larger than the decay of our source (we find that g/γσ≈ 50 is typically
enough) and (ii) the photonic decay rate has to be of the order of magnitude
or larger than the rate at which the source is emitting light, namely Γa/γσ ≥1.
The first condition prevents the excitations to the localized in a single
polariton branch, while the latter guarantees that there are at most two
polaritons in the system, thus maintaining strong correlations between the
particles. The polariton quantum state that yields themaximumconcurrence
is shown in Fig. 4b before and in Fig. 4c after a post-selection process
removing the vacuum contribution (see the Methods section for the details).

Here,wefind that the quantumstate of thepolaritons has a 0.997fidelitywith
a superposition between vacuum and the Bell state ∣∣Ψ�ii ¼
1ffiffi
2

p ∣∣0; 1ii � ∣∣1; 0iið Þ, where we have used the notation ∣∣m; nii to label a
Fock state of polaritons (cf. the Methods section). These remarkable results
show the power of our source of entangled photons, while providing further
evidence supporting the observation that polaritons sustain entanglement56,
which makes them an attractive platform to perform, e.g., quantum
communication and cryptography. These applications, however, lay outside
the scope of this article and will be left for future research.

Discussion
We have described a novel source of entangled photon pairs, based on the
Mollow triplet regime of Resonance Fluorescence. In fact, we showed that
when the laser driving the two-level system (2LS) becomes detuned from the
natural frequency of the 2LS, the lateral peaks of the triplet become the
dominant feature of the emission spectrum. Thus, using the theory of fre-
quency resolved correlations13 we showed that, when one focuses on the
photons emitted from such lateral peaks, one finds that their emission is
heralded. Considering the dressed-atom picture, we showed that these
photons, emitted at frequencies ω+ and ω− (cf. the scheme in Fig. 1), are the
result of two atomic transitions that change the quantumstate of the 2LS, and
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Fig. 3 | Characterization of our source of entangled pairs of single photons.
aMaximum logarithmic negativity that can be reached as a function of the linewidth
of the detectors and the intensity of the driving laser, which indicates that the optimal
condition for extracting entanglement is to have narrow detectors observing a
Mollow triplet with a very large splitting (namely, the bottom right corner of the
panel). b The optimum detuning at which the 2LS must be driven depends both on
the intensity of the driving and the linewidth of the detectors or, equivalently, the
optical targets receiving the entangled photons. c Violation of the CSI showing the

regions where the negativity obtained in (a) is not an artifact of the competition
between the detectors for the photons of the sidebands. d The ratio between the
linewidth of the detectors and the splitting between the sidebands. It shows that the
best configurations are those for which this ratio is as small as possible, and that it has
to be less than 1 to violate the CSI. e Emission rate from the detectors, thus com-
pleting the mapping of the quality and the brightness of the source of entangled
single photons based on the Mollow triplet. The red, diagonal, dotted line on each
panel indicates the boundary above which the emission does not violate the CSI.
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therefore cannot take place twice in a row. Instead, they alternate in such a
way that the emission of a photon ω+ favors the emission of a photon ω−

(note that theoppositeorder canbeachieved if the laser is blue- insteadof red-
shifted with respect to the 2LS). We have used a quantum Monte Carlo
simulation to show that, taking the laser out of resonance from the 2LS, not
only leads to the heralding behavior, but also suppresses emissions consisting
of more than one photons; namely, our system operates as a source of her-
alded single photons.

Analysing the quantum correlations between the single photons
emitted from the lateral peaks of the detuned Mollow triplet, we find that
they are emitted in a superposition of vacuum and the Bell state ∣Φ�i.
Furthermore,wehavedelimited the region in theparameter space forwhich
the photons violate the Cauchy–Schwarz inequality. Thus, we find that for
thephotons todisplayquantumenergy-timeentanglement, the linewidthof
the detector—or, more generally, the optical target of the emission—has to
be narrower than the separation between the lateral peaks of the triplet.
Otherwise, the degree of indistinguishability of the photons emitted from
the two peaks decreases, which in turn leads to the loss of entanglement.
Furthermore, we showed the relation between the emission rate of our
source and the degree of entanglement, as measured through the loga-
rithmic negativity. In theMethods section,we have provided a tablewith the
emission rate that our source would have if implemented with already-
made experiments showing the appearance of the Mollow triplet. In all the
cited cases, our source is able to provide, at least, tens of thousands of
entangled photon pairs per second. Thus, our manuscript can be used as a
road map for the experimental implementation of a source of entangled
photons based on Resonance Fluorescence.

Lastly, to demonstrate the power of our source, we used it to excite an
ubiquitous quantum system, commonly recurring in condensed-matter
physics, namely a pair of coupled harmonic oscillators embedded in a dis-
sipative environment. Thus, we use the example of exciton-polaritons
(although our results are also applicable to systems composed or containing
phonons, plasmons, bosonic nanoparticles, and photonics in general) and
showed that our source is capable to inject entangled particles into the
polariton system, and that, in turn, they are able to maintain such quantum
correlations in spite of the decoherence introduced by spontaneous decay.
We note that our model for polaritons has already been used to explain
experimental results56, and while further elements of decoherence may be
relevant in the analysis of the entanglement in polaritons, their considera-
tion would take us far away from the scope of the present paper and,
therefore, they are left for future references.

Methods
Quantum optical formulation of the Cauchy–Schwarz inequality
The Cauchy–Schwarz inequality (CSI) is a fundamental result of mathe-
matical analysis,which states that the inner product between twovectors, u!
and v!, cannot be larger than the product between the norms of each of the
vectors, namely

jh u!j v!ij2 ≤ h u!j u!i � h v!j v!i; ð7Þ

where 〈 ⋅ ∣ ⋅ 〉 indicates innerproduct. In the context of optics, theCSI applies
to the intensities and correlations between fields, and Eq. (7) becomes

jhI1I2ij2 ≤ hI21ihI22i; ð8Þ

where I1 and I2 are the intensities of (fluctuating) fields, and 〈 ⋅ 〉 indicates
mean value.While classical states satisfy Eq. (8), in quantummechanics one
can encounter stateswhose correlations are larger than those allowed by the
CSI71,72. Therefore, the violation of the CSI is used as an indicator of non-
classicality. In fact, the violation of the CSI has been recently linked with the
appearance of entanglement73,74.

In thisArticle,wedealwith the entanglement betweenphotons emitted
fromthe lateral peaksof theMollow triplet, namelywith frequenciesω±.The
observables of these photons are unveiled by letting them excite a pair of

detectors, which have afinite linewidth, have natural frequencies thatmatch
the energy of the sidebands, and are described with annihilation operators a
and b, both following Bose algebra. Thus, using the formalism of the second
quantization, the inequality in Eq. (8) can be formulated in terms of the
equal-time second-order correlation function of the operators of the
detectors, namely

Gð2Þ
a;b

h i2
≤Gð2Þ

a;aG
ð2Þ
b;b; ð9Þ

where Gð2Þ
c;d ¼ hcydydci for c, d∈ {a, b}. Thus, to quantify the degree of

violation of the CSI, we introduce the coefficient

R ¼
Gð2Þ
a;b

h i2
Gð2Þ
a;aG

ð2Þ
b;b

; ð10Þ

which is larger than one when the CSI is violated, i.e., when the state of the
detectors is non-classical.

Linewidth of the entangled photons
In themain text,we indicatedhowtoobtain the energy and linewidthsof the
energy transitions that arise from the Hamiltonian of our system. The
strategy consists of writing the Master equation, e.g., given in Eq. (2), in a
matrixwayas∂tρ =−Mρ, whereρ is the vector representationof thedensity
matrix our the system, andM is the matrix representation of the Liuvillian,
e.g., the left-hand side of Eq. (2). The matrix M can be understood as a
generalization to lossy systems of the Hamiltonian. As such, the (complex-
valued) eigenvalues ofM, which canbewrittenasωj+ iγj, correspond to the
energy (real part) and linewidth (imaginary part) of the emission lines of the
system. Thus, in Fig. 5, we show the dependency of the linewidth of the
peaks of the Mollow triplet, as a function of the intensity of the driving,Ω,
and the detuning between the driving laser and the 2LS, Δ. There, we show
the linewidths of the lateral peaks (solid blue) and the central line (dashed
red) as a function of the detuning Δ, for the case in which the peaks of the
triplet are well defined, namely, whenΩ > γσ. Note that the linewidth of the
sidebands startwith γL = 3γσ/2 at resonance, and transitions toγL = γσ in the
limit of large detuning, showing that the latter matches the almost bare
emission of the 2LS. In the regime at which our source operates, namely
withΔ ≈ 2Ω (note the vertical grid line), the linewidth of the lateral peaks is
γL ≈ 5γσ/4. Interestingly, the observed linewidth of the photons is modified
by the detectors. In the limit where Γ→∞, the detector cannot distinguish
the frequencies of the emitted photons, and as a consequence one would
observe the “theoretical” emission spectrum,with the lateral peaks retaining
their γL linewidth. In this scenario, the emission behaves as if it were not
observed at all. In the opposite regime (which is where our source works the
best), where the linewidth of the detector is very small, namely Γ≪ γσ, the
emitted photons would have the linewidth inherited from the detector, i.e.,
Γ.Of course, the latter canbe tunedusingdetectorswithdifferent linewidths
or, equivalently, using filters before the detectors.

Bell state contribution
The steady-state solution of the master Eq. (3) provides us with the full
density matrix, ~ρfullss , of our source, as observed by two detectors. Thus, the
quantumstateof the light emitted fromour source is obtainedby tracing out
the degrees of freedom of the 2LS, namely, we define

ρsourcess � Trσf~ρfullss g; ð11Þ

where Trσf�g indicates the partial trace over the Hilbert space of the 2LS.
In the configurations realized in the bottom right corner of the panels

of Fig. 3, the quantum state of our source can be approximated as

ρsourcess ≈ð1� αÞ∣0; 0i 0; 0h ∣þ α~ρ; ð12Þ
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which reaches a fidelity of 97%with a mixture between the vacuum and the
Bell state ∣Φ�i, namely

ρth ¼ ð1� αÞ∣0; 0i 0; 0h ∣þ α∣Φ�i Φ�h ∣; ð13Þ

withα = 0.6%. Finally, keeping αfixed, we are able to determine that~ρ in Eq.
(12) has a purity of 91.6%.

Concurrence from polaritons
The polariton Hamiltonian (6) describes the coherent interaction between a
photon and an exciton. In the strong coupling regime, the energy levels of
Hamiltonian hybridize, and the luminescence of the system takes place at the
frequencies of the so-called dressed states of the system (mathematically, they
are the states that diagonalise the Hamiltonian). Commonly, such states are
referred to as the upper- and lower-polariton branches, and they are formally
described with annihilation operators u and l, respectively. The latter two are
related to the operators of the photon and of the exciton in the following way

l ¼ χþa� χ�b; ð14aÞ

u ¼ χ�aþ χþb; ð14bÞ

where we have introduced the so-called Hopfield coefficients

χ ± ¼ 1ffiffiffi
2

p 1 ±
δffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δ2 þ 4g2
q

0
B@

1
CA

1=2

; ð15Þ

and we have used the notation notation δ =ωb−ωa. Using the transfor-
mation in Eq. (14) the Hamiltonian in Eq. (6) becomes Hp = (ωl−ωL)
l†l+ (ωu−ωL)u

†u, with the energies of the polariton branches defined as

ωl ¼
1
2

ωa þ ωb �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2 þ 4g2

q� �
ð16aÞ

ωu ¼
1
2

ωa þ ωb þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2 þ 4g2

q� �
: ð16bÞ

Naturally, using the operators defined in Eq. (14), one can define Fock states
of polaritons as

∣∣m; nii ¼ 1ffiffiffiffiffiffiffiffiffi
m!n!

p lymuyn∣∣0; 0ii; ð17Þ

namely, a state with m and n particles in the lower and upper branch,
respectively.

Although polaritons are described as a bosonic field, when we excite
them with the source of entangled photons described in themain text, we
can safely assume that there are, at most, two excitations within the sys-
tem. This means that one can limit the Hilbert space of the system and
study the polariton entanglement by turning to a so-called detection
matrix �θ56. The latter is constructed from mean values of the density
matrix ρss obtained as a steady-state solution to the master Eq. (5) of the
main text, namely

�θ � 1
N

0; 0h ∣h ∣ρss∣∣0; 0ii 0; 0h ∣h ∣ρss∣∣1; 0ii 0; 0h ∣h ∣ρss∣∣0; 1ii 0; 0h ∣h ∣ρss∣∣1; 1ii
h:c: 1; 0h ∣h ∣ρss∣∣1; 0ii 1; 0h ∣h ∣ρss∣∣0; 1ii 1; 0h ∣h ∣ρss∣∣1; 1ii
h:c: h:c: 0; 1h ∣h ∣ρss∣∣0; 1ii 0; 1h ∣h ∣ρss∣∣1; 1ii
h:c: h:c: h:c: 1; 1h ∣h ∣ρss∣∣1; 1ii

0
BBB@

1
CCCA:

ð18Þ

In thedefinitionof thedetectionmatrix,wehave included thenormalization
constant N which guarantees that Trð�θÞ ¼ 1, and h. c. indicates the her-
mitian conjugate of the matrix element. Then, from the matrix in Eq. (18),
we obtain the concurrence as Cð�θÞ � maxð0; λ1 � λ2 � λ3 � λ4Þwhere the
λi are the eigenvalues in decreasing order of the matrix

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�θ

p
~θ

ffiffiffi
�θ

pp
, where

~θ � ðσy � σyÞ�θ
T ðσy � σyÞ, and σy is a Pauli spin matrix. Finally, the post-

selection consists in dropping from the matrix in Eq. (18) the terms
involving the vacuumpolariton states (i.e., thefirst rowand thefirst column)
and renormalizing the resulting matrix.

Experimental parameters for implementation
Our source of entangled photons relies on the coherent excitation of a two-
level system. The latter can be implemented in a variety of platforms, thus
endowing our source with the ability to tune the energies of the entangled
photons. In Table 1, we show the parameters extracted from experiments
where theMollow triplet has been successfully observed.Although thedecay
rates are overall comparable across the various platforms,with differences of

Lateral peaks

Central peak

Fig. 5 | Linewidth of the lateral and central peaks of the Mollow triplet (which is
obtained forΩ > γσ), as a function of the detuning between the driving laser and
the 2LS. In the regime at which our source operates, namely with Δ ≈ 2Ω (note the
vertical grid line), the linewidth of the lateral peaks is γL ≈ 5γσ/4.

Table 1 | Relevant parameters extracted from experimental
realizations of the Mollow triplet in various platforms, includ-
ing semiconductor quantum dots (S.Q.D.), molecules, cold
atoms and artificial atoms (A.A.) implemented in super-
conducting circuits

Platform λ0 γ/2π (MHz) Δλ I (photons/s) Ref.

S.Q.D. 925 nm 180 0.05 nm 5.65 × 105 22

914 nm 1000 0.31 nm 31.41 × 105 23

915 nm 337 0.11 nm 10.59 × 105 24

780 nm 343 0.08 nm 10.78 × 105 25

914 nm 287 0.09 nm 9.02 × 105 26

914 nm 1000 0.31 nm 31.41 × 105 27

Molecule 590 nm 17–20 2 pm 6.28 × 104 28

Cold atoms 780 nm 6.07 1 pm 1.91 × 104 29,30

A.A. 29.4mm 57 20.6 mm 1.79 × 105 32

46.9mm 26 3.48mm 8.17 × 104 33

62.5mm 13 19.6 mm 4.08 × 104 33

41.1mm 21 13.74 mm 6.59 × 104 34

Here we show λ0, the resonance wavelength of the 2LS, the natural decay rate γ, the separation in
wavelength Δλ between the entangled photons (whose wavelengths are given by λ± = λ0 ±Δλ/2),
and the pair emission rate I, for whichwe have assumed the optimal detuning condition (i.e.,Δ = 2Ω)
and we have usedΩ ≈ 10γ, which is a value easily accessible in all the experiments (in some of them
Ω can even be considerably larger) of the table.
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at most an order of magnitude, engineering artificial atoms to shift their
resonant frequencies deeper into the infraredor even themicrowave regions
of the electromagnetic spectrum, allows to further split the wavelengths of
the entangled photons. Finally, the emission rate has been obtained by
assuming the parameters of Fig. 3 that provide a high degree of entangle-
ment; namely, we have assumed Γ/γσ = 10−1, Ω/γσ = 10 and taken the cor-
responding value Γ〈a†a〉 = 5 × 10−3, which translate to tens to hundreds of
thousand of entangled photon pairs per second.

Data availability
The data that supports the plots within this paper and other findings of this
study are freely available at theHarvardDataverse Repository as Supporting
Data for “Entanglement in Resonance Fluorescence” (https://doi.org/10.
7910/DVN/TLBG9X).

Code availability
The various codes used for modeling the data are available from the cor-
responding author upon reasonable request.
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