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Resonance Fluorescence from an Artificial Atom in Squeezed Vacuum
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We present an experimental realization of resonance fluorescence in squeezed vacuum. We strongly
couple microwave-frequency squeezed light to a superconducting artificial atom and detect the resulting
fluorescence with high resolution enabled by a broadband traveling-wave parametric amplifier. We
investigate the fluorescence spectra in the weak and strong driving regimes, observing up to 3.1 dB of
reduction of the fluorescence linewidth below the ordinary vacuum level and a dramatic dependence of the
Mollow triplet spectrum on the relative phase of the driving and squeezed vacuum fields. Our results are in
excellent agreement with predictions for spectra produced by a two-level atom in squeezed vacuum
[Phys. Rev. Lett. 58, 2539 (1987)], demonstrating that resonance fluorescence offers a resource-efficient
means to characterize squeezing in cryogenic environments.
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I. INTRODUCTION

The accurate prediction of the fluorescence spectrum of a
single atom under coherent excitation, comprising canoni-
cal phenomena such as the Mollow triplet [1,2], is a
foundational success of quantum optics. As the Mollow
triplet provides a clear signature of coherent light-matter
coupling, in recent years such spectra have been widely
applied to probe quantum coherence in artificial atoms
based on quantum dots [3] and superconducting qubits
[4,5]. Resonance fluorescence is predicted to offer analo-
gous spectroscopic means to identify and characterize
atomic interactions with squeezed light [6—-10], which is
known for its potential to enhance measurement precision
in applications ranging from gravitational wave detectors
[11] to biological imaging [12]. However, it remains a
challenge to demonstrate that exciting atomic systems with
squeezed light strongly modifies resonance fluorescence, in
part because of the stringent requirement that nearly all the
modes in the atom’s electromagnetic environment must be
squeezed [13].

Recently, the circuit quantum electrodynamics architec-
ture has emerged as a compelling platform for studying
squeezed light-matter interactions. The low dimensionality
of microwave-frequency electrical circuits naturally limits
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the number of modes involved in atomic interactions [14],
such that squeezing a single mode can have a significant
effect. Experiments have thus demonstrated that micro-
wave-frequency squeezed light can modify the temporal
radiative properties of an artificial atom, leading to phase-
dependent radiative decay [15]. However, these experi-
ments lacked a means to probe the resulting fluorescence,
and predictions for the spectrum of resonance fluorescence
in both the weak [6] and strong [7,8] driving regimes
remain unexplored. Here, we employ two superconducting
parametric amplifiers, one to generate squeezing and one
to detect the resulting atomic fluorescence, to perform a
systematic study of the dependence of resonance fluores-
cence on the properties of squeezed vacuum. We observe
subnatural fluorescence linewidths and a strong depend-
ence of the Mollow triplet spectrum on the relative phase
of the driving and squeezed vacuum fields, in excellent
agreement with theoretical predictions. These results
enable experimental access to the many theoretical studies
on atomic spectra in squeezed reservoirs that have followed
[9,10] and demonstrate the utility of resonance fluores-
cence for the characterization of itinerant squeezed states,
an important capability for the development of proposed
schemes to enhance qubit readout with microwave-
frequency squeezed light [16,17].

Our experimental implementation integrates recent
advances in parametric amplifiers and superconducting
artificial atoms [Fig. 1(a)]. We produce itinerant squeezed
microwaves using a Josephson parametric amplifier (JPA)
[18], which can be understood as a frequency-tunable LC
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FIG. 1. (a) Simplified experimental setup. A qubit-cavity

system is driven by a coherent drive combined with squeezed
vacuum from a JPA. The resulting fluorescence is amplified by a
JTWPA. (b,c) False-colored photomicrograph and schematic of
the JPA. The port (red) at left flux-couples a pump tone to the
JPA, producing quadrature squeezing. (d) Coupling to the qubit
splits the cavity states into polariton states. Driving Rabi
oscillations between |0) and |1, +) splits each state into a doublet.
The three distinct transition frequencies produce the Mollow
triplet spectrum. (e) Mollow triplet spectra in ordinary vacuum,
normalized by the power spectrum with no coherent drive to
account for the JTWPA’s gain ripple.

resonator [Figs. 1(b) and 1(c)]. A dilution refrigerator cools
the experiment to below 30 mK such that the microwave
field incident to the JPA is very nearly in its vacuum state.
Modulation of the JPA’s resonant frequency by a pump tone
at twice that frequency squeezes the vacuum fluctuations in
one quadrature of the resonator field while amplifying
those in the other. Ideally, the JPA’s output field is an ellipse
in phase space described by the parameters N and M, with
quadrature phase variances V(6) given by

VO) =5 [N+ Meos@(0-@) +5|. (1)

where M? = N(N + 1). The squeezing axis lies along the
angle @ = ¢ + 7/2 in phase space, at which the minimum
quadrature variance occurs (see Appendix B for

definitions). In practice, N and M are diminished from
their ideal values by a factor 7 < 1 because of dilution of
the itinerant squeezed state with vacuum noise via micro-
wave component loss or other imperfections.

Our artificial atom consists of a transmon superconduct-
ing qubit coupled to an aluminum microwave waveguide
cavity [19]. As the qubit is nearly resonant with the cavity’s
fundamental mode, their strong coupling produces well-
separated polariton states described by the Jaynes-
Cummings Hamiltonian [Fig. 1(d)] [14,15,20]. When only
two of these states are coupled to squeezed radiation, the
system is expected to exhibit the same dynamics as a single
two-level atom in squeezed vacuum [21]. We drive the
system via two ports (antennas) coupled to the cavity mode,
where one port is coupled more than 4 times as strongly as
the other. Squeezed vacuum from the JPA is directed by a
circulator to the cavity’s strongly coupled port, while the
weakly coupled port allows for application of a coherent
tone to drive polariton Rabi oscillations. Relatively weak
coupling at the latter limits dilution of the squeezing by
vacuum fluctuations in the connecting transmission line,
such that the two inputs sum to a squeezed vacuum
displaced in phase space by the coherent drive. Most of
the resulting fluorescence exits the cavity through the
strongly coupled port. This fluorescence, in combination
with the squeezed radiation reflecting off of the strongly
coupled port, then passes through the circulator towards the
first stage of amplification.

To detect the fluorescence with high precision, we utilize
the recently developed Josephson traveling wave para-
metric amplifier JTWPA) [22]. Previous polariton Mollow
triplet studies have relied on cross-correlation of two
measurement chains and data processing using a field-
programmable gate array (FPGA) to overcome the added
noise of following semiconducting amplifiers that would
otherwise necessitate prohibitively long averaging times
[20]. Here, the JTWPA acts as a superconducting pre-
amplifier with near-quantum-limited noise performance
that mitigates the effect of this added noise and thus
facilitates direct fluorescence measurements with a micro-
wave spectrum analyzer. Moreover, the high dynamic range
of the JTWPA ensures that squeezed vacuum power
reflecting off of the cavity does not cause compression
of the amplified fluorescence spectra. Figure 1(e) plots
resonance fluorescence spectra measured in ordinary vac-
uum over a 50-MHz span as a function of the coherent drive
amplitude applied at the upper polariton frequency (@ . ).
For large drive amplitudes, we see a three-Lorentzian
Mollow triplet spectrum, reflecting the polariton Rabi
oscillations.

II. RESONANCE FLUORESCENCE IN
SQUEEZED VACUUM

We next examine the artificial atom’s fluorescence when
the polariton is excited only by squeezed vacuum with no
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coherent drive. In the reflection geometry, nonclassical
correlations must exist in the driving field to observe any
fluorescence peak amidst the broadband noise. To quanti-
tatively analyze the power spectra, we adapt the prediction
of Gardiner [6,23] to the case of a two-port cavity measured
in reflection, leading to the expression

N M_(l _WC)N Yy
278k (@) = —
T R(CU) 77C+7|: ON + 1 (1)2_~_}/5

St ) e

Here, N and M describe the squeezed state inside the cavity
and y is the radiative linewidth in ordinary vacuum. As
predicted for a single-port cavity [6,23], the spectrum is the
sum of a broad background representing reflected noise
power, a broad negative Lorentzian with half width
Y = }/(% + N + M), and a narrow positive Lorentzian with
half width y, =y(3+ N — M). The negative Lorentzian
represents absorption of correlated photon pairs at +w
which are then reemitted at the atomic resonance frequency
to produce the positive Lorentzian. Thus, if all the incident
power is reflected, the areas of the two Lorentzians are
equal. However, in practice, some power escapes through
the second cavity port, which enhances the relative spectral
weight of the negative dip and couples in unsqueezed
vacuum modes that dilute the squeezing inside the cavity
by the factor 7.. Experimentally, we determine the total
linewidth y = 304 kHz from fits to the Mollow triplet
spectra in ordinary vacuum and the factor 7, = 0.81
through reflection measurements of the polariton resonance
(see Appendix A 1 for details).

We observe reflection spectra in good agreement with
Eq. (2)—a representative spectrum for 1.4 dB of JPA signal
gain (Gjp,p, see Appendix A 2) and a corresponding fit are
shown in Fig. 2(a). From the fit, we determine y,, indicating
2.4 dB of squeezing below the standard vacuum limit for
these conditions. While the spectra exhibit negative dips as
expected, the small amplitudes and broad spectral range of
these features limit the reliable determination of y, through
this measurement. Notably, all of these spectral features
rapidly diminish when the squeezer pump is detuned by an
amount comparable to y [Fig. 2(b)]. Although much
smaller than the squeezer bandwidth, the detuning causes
the squeezed state to appear as thermal noise in the frame of
the artificial atom. By removing the symmetry of two-mode
correlations about the atomic transition, the detuning
suppresses the two-photon process by which off-resonant
power can be absorbed and then resonantly emitted,
thereby suppressing the squeezing induced fluorescence.

We next drive the polariton to generate a Mollow triplet
spectrum [Fig. 3(a)]. The sideband splitting is kept small so
that when the JPA is pumped for gain, the squeezing
spectrum can be approximated as constant over the Mollow
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FIG. 2. (a) Reflected power as a function of frequency for

excitation with only squeezed vacuum (Gjppy = 1.4 dB). The
spectrum is normalized by a measurement in ordinary vacuum to
account for the JTWPA’s gain ripple. Zero relative power
corresponds to the background level of the broadband squeezed
power. The red ellipses are phase-space representations of the
squeezed states inside and outside the cavity as inferred from the
fit to Eq. (2). (b) Reflected power measured over a constant
frequency span as the frequency of the JPA pump is varied. The
peak in the spectrum diminishes and broadens as the JPA pump is
detuned from the polariton resonance.

triplet spectral range. As the polariton’s coherent drive and
the JPA’s flux pump are generated from the same micro-
wave source, their relative phase can be controllably varied
(Fig. 3 insets). This configuration facilitates observation of
the Mollow triplet’s strong dependence on this relative
phase as predicted by Carmichael, Lane, and Walls [7,8]: at
modest JPA gains, all three peaks can be resolved with the
center peak oscillating between subnatural [Fig. 3(b)] and
supernatural [Fig. 3(c)] half linewidths of y, and y,,
respectively. To further demonstrate the phase dependence,
we first fit the data with an approximate model of three
Lorentzian peaks; example fits appear as black dashed
curves in Fig. 3(a)-3(c). The results of these fits exhibit the
expected out-of-phase oscillations of the center peak and
sideband linewidths as a function of this relative phase
[Fig. 3(d)].
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FIG. 3. Reflection spectra for excitation with a coherent drive

(a) in ordinary vacuum, (b) with ® = z/2 (G;pp, = 1.5 dB), and
(c) with ® =0 (Gypp = 1.5 dB), where ® + z/2 is the phase
angle between the coherent drive and the squeezing axis (see
Appendix B for definitions). The spectra are normalized to
account for the JTWPA’s gain ripple such that the background
level in ordinary vacuum is 1; the parabolic backgrounds (orange
dashed line) in (b) and (c) result from the reflected JPA noise
power. (d) The black dashed curves are fit using an approximate
three-Lorentzian model; linewidths of this fit are plotted in (d) as
a function of ®. Error bars reflect fit uncertainties. The two
dashed curves are out-of-phase sine functions fit to the central-
peak and sideband linewidths inferred from measurements in
squeezed vacuum, while the dashed horizontal lines indicate the
corresponding linewidths inferred from measurements in ordi-
nary vacuum.

III. SQUEEZING CHARACTERIZATION

While the approximate Lorentzian model clearly illus-
trates the phase dependence of the spectra, we quantita-
tively characterize the squeezing levels through fits to
analytic expressions for the power spectra having both
Lorentzian and small non-Lorentzian dispersive constitu-
ents [Appendix B, Eq. (B20)]. These expressions extend
the results of Refs. [7,8] to arbitrary relative phases and do
not assume observation through unsqueezed vacuum
modes. We find that these analytical expressions are able
to accurately model the measured power spectra even at
large Gypp when the sidebands are significantly broadened
and the frequency dependence of the squeezer background
becomes prominent.

Figure 4 plots M-N, which indicates the squeezing level,
as a function of Gjp,, comparing results from fits of the
Mollow triplet spectra (red points) to corresponding results
from fits of spectra measured with no Rabi drive (blue
points). Both measurements of M-N are well described by a
one-parameter fit with overall efficiency n = 0.55 (orange
dashed line), comprising losses due to both 7. and
component loss (see Appendix A 1). For the range of
Gpa measured here, we observe cavity squeezing levels as
high as 3.1 dB below the standard vacuum limit; factoring
out cavity losses corresponding to 7, suggests up to 4.4 dB
of squeezing in the itinerant squeezed state incident to the
cavity. While the results of the measurements with and
without a Rabi drive are in reasonable agreement, the
simplicity, speed, and relative insensitivity to back-
ground features of the measurements with no Rabi drive
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FIG. 4. The squeezing level in the artificial atom’s environment
as a function of gain Gjps. The quantity M-N determines the
minimal quadrature variance of a squeezed state as indicated in
the inset. The values of M-N are inferred from measurements of
the fluorescence spectrum in squeezed vacuum with (red) and
without (blue) a coherent Rabi drive. The error bars reflect fit
uncertainties. The measurements with no Rabi drive give a more
reliable indication of the squeezing level as they are less sensitive
to background effects and experimental drift. The dashed orange
curve is a one-parameter fit to the blue data points yielding
n = 0.55.
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recommend that technique as a resource-efficient detector
of squeezing, which could be implemented in a single-port
cavity to further improve precision.

Both generating and characterizing the squeezing in a
superconducting qubit’s environment are of central
importance to proposed schemes for enhancing qubit
measurement via interferometric readout [16,24]. The
ratiometric methods presented here achieve this charac-
terization through spectral measurements that are consid-
erably simpler to implement than alternative detection
methods that require time-domain qubit control [15].
Moreover, as subnatural fluorescence linewidths are also
expected to occur in two-mode squeezed vacuum [25],
these metrological techniques are similarly relevant to
measurement schemes employing two-mode squeezed
light [17].

More generally, our results validate the canonical pre-
dictions for resonance fluorescence in squeezed vacuum
and exemplify the JTWPA’s broad utility in microwave
quantum optics. These experimental techniques directly
enable investigations of numerous predicted phenomena
including fluorescence in non-Markovian squeezed reser-
voirs [26] and in parameter regimes expected to produce
qualitatively distinct spectra [27]. Finally, while this area of
experimental study has long been led by theoretical
prediction, combining the fluorescence detection tech-
niques demonstrated here with the wide range of atomic
environments realizable in circuit quantum electrodynam-
ics enables the study of squeezing’s impact on resonance
fluorescence in previously unforeseen settings such as
multimode strong coupling [28] and the ultrastrong cou-
pling regime [29].
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APPENDIX A: EXPERIMENTAL METHODS
1. Qubit-cavity implementation

The qubit was composed of an aluminum transmon
circuit fabricated on double-side polished silicon charac-
terized by Ec/h = 200 MHz and E;/h = 33.1 GHz. The
transmon circuit was coupled to a three-dimensional (3D)
aluminum cavity with resonance frequency /27 =
7.1051 GHz at rate g/2z = 202 MHz. We calculate the
frequency of the bare qubit to be 7.091 GHz. To bring the
cavity close to resonance with the qubit, we placed extra
silicon chips in the cavity as a low-loss dielectric based on
finite-element simulation. Most of the final detuning of
14 MHz was due to aging of the qubit between exper-
imental cycles.

As mentioned in the main text, coupling to unsqueezed
vacuum modes dilutes the squeezing in the artificial atom’s
environment from that which is produced at the JPA output.
We probe the cavity contribution to this dilution by
measuring the |1,+) polariton resonance in reflection
through the strongly coupled cavity port. Through this
port, we measure external and internal quality factors of
O11ext = 26,500 and Qy, i = 110,000, the latter char-
acterizing the total loss rate due to the extra silicon
substrates and the weak coupling of the cavity’s second
port. This coupling to unsqueezed modes limits the
achievable squeezing, corresponding to 7. = Qj in/
(OQ14ext + Q11 i) = 0.81. Given that we experimentally
observe 7 = nstlc = 0.55, we infer #;, = 0.68. This
number is in reasonable agreement with expectations for
the combined effect of internal paramp loss and component
loss in the circulator, hybrid, and cables. In future experi-
ments, 77, could be optimized by reducing the coupling of
the weakly coupled port, with 7, limiting the minimum
achievable linewidth.

Approximating our multilevel qubit-cavity system as a
two-level state requires the use of squeezed light with a
sufficiently narrow bandwidth to avoid exciting the sys-
tem’s higher levels. For a resonant Jaynes-Cummings
Hamiltonian, this imposes the restriction that xjp, < 0.6g
[21]. However, it is important to account for the fact that the
higher levels of the transmon qubit can perturb the
frequencies of the dressed states. We directly characterized
the relevant transition frequencies using two-tone spectros-
copy [30]. When resonantly driving the [0, g) to |1,+)
transition with a coherent tone, we find that the closest
transition is the |1,+) to |2,+) transition at 7.262 GHz,
corresponding to a detuning of -38 MHz. The JPA was
designed to have a single-sided bandwidth smaller than this
detuning.

To confirm that our qubit-cavity system was well
thermalized to the 30-mK base stage of our dilution
refrigerator and that thermal photons were not contami-
nating the vacuum environment, we measured the excited-
state population of the polariton states using a Rabi
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population measurement [31,32]. This measurement indi-
cates the excited state population was less than 1.2%,
corresponding to Ny, < 0.01, thus negligibly impacting the
squeezing levels quoted in the main text.

2. Josephson parametric amplifier

The JPA used in this work was designed to provide a
high degree of squeezing despite operating over a narrow
bandwidth. The JPA’s squeezing performance is expected
to inversely correlate with the dimensionless nonlinearity
A/kpa [33], where A is the Kerr nonlinearity and kjp, is
the resonator bandwidth. Here, xjp, was intentionally kept
small  (Kypa external/27 = 21 MHz  when  wjpp = ;)
through the use of input coupling capacitors to avoid
exciting higher transitions in the qubit-cavity system. To
produce a weak nonlinearity, A was reduced through the
incorporation of geometric inductance, which reduces the
Josephson junction participation ratio (p = L;j/Luy), and
through the use of a two-SQUID array. The former reduces
A by p?, whereas the latter reduces A by 1/N§qyp for fixed
Ly, where Ngquip is the number of SQUIDs. With these
modifications, we estimate A/kjps ~ 5 x 107 at the polar-
iton frequency. For comparison, A/kjps ~ 6 x 1073 for an
ideal lumped-element JPA consisting of a capacitance
shunted by a single SQUID with a 100-Ohm input
impedance (set by the 180° hybrid launch). In addition,
the amplifier was pumped for gain by modulating the flux
through the two SQUID loops at twice the resonator
frequency. Relative to alternative methods such as double
pumping [15], flux pumping allowed us to minimize the
number of passive components between the JPA and the
artificial atom. All of the JPA circuitry, including the flux-
pump input and the hybrid, was shielded by an aluminum
box and cryoperm at the base stage of the dilution
refrigerator.

For each JPA pump amplitude, the JPA power gain
(Gypa) was characterized using a vector network analyzer.
These Gjps values refer to phase-preserving gain of the
amplifier, as the gain was characterized for a signal that was
slightly detuned such that the measurement bandwidth was
small compared to the detuning. For an ideal squeezed
state, Gjp, is related to the power gain in the amplified and
squeezed quadratures by the expression

2<N:‘:M+%> = (\/Grpa = V/Gra—1)>. (Al

3. Data acquisition and analysis

Figure 5 displays a full schematic of the experimental
setup. The polariton drive and the JPA flux pump were
phase locked by generating them from the same micro-
wave source and doubling the flux-pump frequency. This

allowed the relative phase between the two tones to be
controllably varied by adjusting the bias voltages on an IQ
mixer. All spectra were directly acquired using a micro-
wave spectrum analyzer. As our analysis focuses on the
incoherent portion of the fluorescence spectrum, we kept
the spectrum analyzer resolution bandwidth much smaller
than any of the relevant spectral linewidths such that the
coherent portion of the spectrum could be omitted by
dropping a small number of points around the polariton
frequency. In addition, each spectrum was normalized by
an equivalent measurement with both the JPA pump and
coherent drive off in order to eliminate background trends
originating from the gain ripple of the JTWPA [22] and
following amplifiers. We note that, as we are working in
the photon blockade regime, we expect the fluorescence
intensity in the Mollow triplet measurements (not includ-
ing the background squeezed noise power) to be

approximately Awy = —140 dBm. For all measurements,
the JTWPA was pumped to provide roughly 20 dB of
power gain.

After normalizing the data, we determined the squeez-
ing levels using the analytic fit expressions outlined in the
main text. Here, we describe additional details of the
fitting procedures. For Fig. 2(a), the squeezing level was
inferred by fitting the data to Eq. (2) from the main text,
including an overall scaling and offset. In addition, the fit
includes a parabolic background term to account for the
frequency dependence of the squeezed noise power
produced by the JPA. Although small in Fig. 2(a), this
background becomes important when analyzing such
spectra at large gains as is done to determine the squeezing
levels presented in Fig. 4. To determine the total linewidth
(y) used to constrain the inputs to Eq. (2) in the main text,
we fit the Mollow triplet spectra in ordinary vacuum using
the methodology described in Appendix B to account for
dispersive spectral features and the weakly coupled cavity
port. In Fig. 3, to illustrate the phase dependence of the
Mollow triplet, the spectra were approximated as the sum
of three Lorentzians and a parabolic background.
Approximating the peaks neglects the aforementioned
dispersive features. Therefore, to more rigorously char-
acterize the squeezing level through this measurement, we
perform nonlinear regression using the analytic expres-
sions in Appendix B. In Fig. 4, we focus on characterizing
M-N by measuring spectra at four relative phases between
the coherent drive and squeezed vacuum fields near the
phase that minimizes the center peak linewidth. For each
gain point, the four spectra were fit with joint parameters;
only background and scaling terms were allowed to vary
among the four traces to compensate for small experi-
mental drift. As in Fig. 2(a), for these fits, y was
independently determined by fitting the Mollow triplet
spectrum in ordinary vacuum.
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Power from the same generator is split off before doubling to create the phase-locked coherent drive at (3). The relative phase of this
drive is controlled through dc voltages on the IQ mixer. Each time the phase is stepped, the two switches just before the spectrum
analyzer are thrown such that the analyzer samples the drive power, which is fed back on to ensure power flatness versus phase. These
switches are toggled back before measurement of fluorescence spectra on the spectrum analyzer.

APPENDIX B: NUMERICAL MODELING OF
FLUORESCENCE SPECTRA

In the papers of Carmichael, Lane, and Walls [7,8], an
expression for the resonance fluorescence spectrum of a
two-level atom driven by broadband squeezed light is given

or the limiting cases 2® = 0, z, where @ is the relative phase
between the Rabi drive and the squeezing angle. Note that
here, as depicted in Fig. 6, an angular factor of 2 has been
introduced compared to Refs. [7,8] to simplify the phase-
space picture. In order to analyze the experimental data for
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(a) X

) Xo

¥
Xi S

Xi

FIG. 6. States of light can be fully described by quasiprobability distributions (here, Wigner functions) in phase space, where X and
X, are the two quadratures of the light field. (a) The vacuum state is described by a circular Gaussian distribution of width 1/2 centered
at the origin. The red disk indicates the area in which the distribution is greater than its half-maximum value. (b) The distribution for a
squeezed vacuum state has an increased width along the amplification axis at angle ¢ and a decreased width along the squeezing axis at
angle ¢ + 7/2. A slice of this distribution taken through the origin at angle € has a variance given by Eq. (1) of the main text, with the
amplified variance given by 1/2(N + M + 1/2) and the squeezed variance given by 1/2(N — M + 1/2). Note an angular factor of 2 has
been introduced in Eq. (1) in the main text compared to Refs. [7,8] to simplify the phase-space picture. (c) Similarly, ®, as used in Fig. 3
of the main text, indicates the angle of the amplification axis of a displaced squeezed state relative to the displacement angle, ¢...

Experimentally, ¢, is set by the phase of the coherent Rabi drive.

an arbitrary phase ®, we generalize these analytical
expressions. In Appendix B 1, we define the notation used
and give the optical Bloch equations. In Appendix B 2, we
obtain the resonance fluorescence spectrum using the Bloch
equations and the quantum regression theorem. Finally, in
Appendix B 3, we discuss the calculation of the reflection
spectrum and the broadband squeezing approximation.

1. Definitions and steady-state solutions of the optical
Bloch equations

When an atom is strongly coupled to a cavity with dipole
coupling g, the eigenstates of the system are the dressed
states called polaritons formed by a superposition of the
bare atom and cavity states: |+,n)=[|g,n)+|e,n—1)]/
V2,|=-n)=]|g.n)—|e,n—1)]/+/2, with vacuum Rabi split-
ting 2g+/n. It has been shown that for a strong g, each
vacuum-Rabi resonance behaves as a two-level system
[34]. As described in the main text, the system is driven
at the upper polariton |4,1) = [|g, 1) + |e,0)]/V/2 fre-
quency. As long as no other dressed states are excited,
the ground state |g,0) and |+, 1) behave as an effective
two-level system. The next-closest transition frequency
corresponds to the |+,1) to |+,2) transition, with
wyy— @, =(2—+/2)g~0.6g. As aresult, the two-level
approximation holds for kjps, Q < 0.6g, wWhere «kjp, is the
linewidth of the JPA acting as the source of squeezing and
Q the coherent drive amplitude.

Working in this limit, we only consider the two-level
system {|g,0), |+, 1) }, driven in resonance in a broadband
squeezed vacuum environment, Kjps > Q, y with y the
linewidth of the two-level system. With this approximation
and working in the rotating frame of the drive, the master
equation describing the two-port system is [35]

. i -
pP= 7 [6+ + 6—’p] + 7imD[6—]p + }/ext(N + 1)D[6_]p

+ YextND[5+]p - YextMS[6+]p - }/extM*S[G—}.m (Bl)
where N and M are the second-order moments of the
incoming squeezed field, and D[A]p = ApAT — 1 (ATAp +
pATA) and S[Alp = ApA —(A%p + pA?) are super-
operators.

In order to simplify the notation, we use the
quantum efficiency 7. = Yext/ (Vint + Yext) tO rewrite the
master equation as a two-level system coupled to a single
port

. iQ
p="5loyto.pl+y(N+1)Dlo]p

+yNDlo.]p —yMS[o,]p —yM*S[o_lp.  (B2)
with effective parameters N = nC]V and M = nCM such
that y. N = yN.

The optical Bloch equations in the presence of squeezing

for the effective single-port system can be obtained from
Eq. (B2), leading to

<6x> =7+ <0x> + 7/M<0y>7
(6,) =rmloy) —r-(oy) — Q(o),

(6:) = Qloy) —ynloz) =7, (B3)

where o, . are the standard Pauli matrices, y, =
y(N £ [M|cos2® +1), 7y =y|M|sin2®, and yy=
y(2N +1). The steady-state solutions of these
equations are
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X/s5s yNYZZVM + Q27/+ E)
Qyy
<6}'>xs = 2 - 2 ’
YNYvm 2774
2
144
(02)s = T (B4)

INTRm + Q]
with the rate 7%y = 7*[(N +1)* = M.

2. Resonance fluorescence of a driven two-level
system in a squeezed environment

The resonance fluorescence spectrum is obtained from the
Fourier transform of a time-domain correlation function [35]

(0x(1)0,,(0)),,
0| (oy(1)oy(0))s | =B
(0:(1)0:5(0))
with the matrix
v+
B = M
0

S(w) = lRe{ A ” dt(aJr(t)o_(O))ssei“”}. (BS)

T

Noting that the correlation function of interest can be
expressed as [8]

(01 (1)0_(0))5; = [{0:(1)0x(0)) 5 + (0y(1)0,(0))
+ {0y (1)0.(0)) — i{ox(1)oy(0)) ],
(B6)

we use Eq. (B3) and the quantum regression formula [35] to
obtain the linear system of equations,

0.(1)0.,(0)),, 0
oy()or,(0), [ =7 O |, (B7)
(0.(1)0,,(0)), (0] 55
Ym 0
—-r- —Q (B8)
Q  —yy

The results of Refs. [7,8] are obtained for y,, = 0. Here, we generalize these results.
In order to solve this set of linear equations for arbitrary time #, we make use of the Laplace transform:
L{f(1)} = Js° e f(r)dr. Performing this transformation on Eq. (B7), we obtain

(0,(1)0,,(0)) (0:0y) s
L (0,(1)o,,(0)),, = (s1-B)"! (0,043 , (B9)
(0.(1)0,,(0)) (0:00y) 5 =5 {0xy) 5
with the relations
N O OICES?)) +Q% yu(s+yw) ~rmuQ
(s1-B)"' = D(s) ru(s + ) (s+rv)(s+ry) —(s+7.)Q ; (B10)
Y (s+r0)Q  (s+r)s+ry)—ry

D(s) = (s +yn)[(s +7-)(s +7y) —va] + (s +74)Q%
(B11)

In order to obtain the time-domain solution, an inverse
Laplace transform must be applied, which requires the
roots Ay 1, of the cubic polynomial D(s). In the limiting
cases 2® = {0, z}, the rate y,; is zero, and the roots of
D(s) are easily obtained as [7,8]

Ao =—7+,

-t 1 2 2
/11,2—— ) ii\/(]’—_yN) —4Q°.

(B12)

|
However, for an arbitrary phase &, finding analytical
solutions requires the cubic-roots formula. As these ana-
lytical expressions are rather cumbersome, but easily
found, they are not reproduced here. With these expres-
sions, D(s) can be expressed as

D(s) = (s = 40) (s = 1) (s = o). (B13)

Using this factorization, the inverse Laplace transform
reads
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1
— Sn C - ’
) = - { oA )
5 - p—
= Coige%t + Cll}]’leﬂlt + Czﬂgeb[ — # s (B14) Cl (/11 — /10)(]«1 - /12) ’
04142
1
C, = . B15
. 2 (=) —4) (B13)
with n € {-1,0,1,2} and where we have defined the
coefficients Hence, time-domain solutions are
(0x(t)0,,(0)), (0x01 )5
<6y(t)6x,y (0)>§‘s =W <O-y6x,y>ss - y<0x,y>ssv’ (B16)
(0:(1)0.,(0)),, (0:00y)
with the matrix W = L~!{(s1 — B)~'} and vector v given by
Fat (- +vnfi + (rorn + Q) fo ruf1 +rvrufo —ru
W= ymf1+rnrmfo fot (v +r)fy Hrarefo —Qf1 —Qy. fo . (B17)
/o Qf 1+ Qy 4 fo f2+rnfi +riufo
| 0 —rm€f -
Vzﬁ_l{—(sﬂ —B)_l} 0] = —Qfo—Qy,f_ (B18)
s
1 fi1+rnfo+ rimf-
Using properties of the Pauli matrices and Eq. (B16), we can write the correlation function of Eq. (B6) as
(6,(t)o_(0)),, = Koel' + K eh' + K,eP' + K, (B19)
with
0 .
K— v(rm +iry) ().,
AoA1dr
. 4
K= G 2+ (34 7) + @00+ (o) + Rl + e+ 2 (14 L) 0 (B20
j

Finally, putting all of these results together, we obtain from
Eq. (B5) the resonance fluorescence spectrum

2 {—[ijf + Ki(w + )]

1
S(w) = Z; (B2 4 (w + A1)

} + Ké(w),
(B21)

where we have defined real and imaginary parts such that
Ay =X+ il and K; = K¥ 4 iK% Neglecting the last
term, we find that the resonance fluorescence spectrum
is the sum of three Lorentzians, each multiplied by a
function containing corrections that are linear in frequency.
Figure 7 displays experimental spectra exhibiting such
dispersive features. As we show below [see Eq. (B26)], in

the large-Rabi-drive limit, the spectrum is purely Lorent-
zian (Im{K;} ~ 0).

3. Reflection spectrum

The results of the previous section assume that the above
spectrum is directly measured by looking at the fluores-
cence of the qubit, i.e., ignoring the squeezed bath.
However, in the experiment described here, the measure-
ment is performed in reflection, implying that the signal
fluorescence is combined with radiation from the squeezer
reflected by the cavity. Following Ref. [6], with u(7) =0
for t <0 and u(f) =1 for t>0, the full reflection
spectrum from the strongly coupled port (coupling rate
Yext) 18 related to the time-domain correlation function,
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FIG. 7. Mollow triplet spectra measured at Gypy = 6.6 dB. The spectra are measured near ® = 7/2, the relative phase between the
squeezed-vacuum and coherent-drive fields that minimizes the center-peak linewidth. Even though the Rabi frequency (1.2 MHz as in
Fig. 3) is small compared to the measured frequency range, the sidebands are broadened such that they are no longer apparent.
The dashed black line represents the best fit to the power spectra, taking into account both the fluorescence spectrum and the frequency-
dependent squeezer background. The spectra are simultaneously fit with y fixed by measurements of the Mollow triplet in ordinary
vacuum and also constrained by the relative phase difference between each measurement. From these measurements, we infer M — N =
0.24 for these conditions.

(Bu(1)bouw(0)) = N&(1) + yexett(1){[o (1), No_(0) = M6, (0)]) + yexitt(=1){[No 1 (1) = Mo_(1), 5_(0)])

+ Yeu(o 4 (1)0-(0)), (B22)
where M, N characterize the field in the transmission line. Hence, the reflection spectrum is given by
1 o0 T N Vext 0 iot N v
$e(@) = ¢ |7 0lu(0boul0)dr = T+ reS(@) + T Req |7 die (o, (). No_(0) - Wo, O] [ (B23)

where S(w) is the resonance fluorescence spectrum defined in Eq. (B21). Following the standard conventions, the output-
field operator b, has units of root frequency, and thus the reflection spectrum Sz () is unitless while S(w) has units of
inverse frequency. Equation (B23) assumes M to be real and a single decay channel y. In the more general case
where M = |M|e*®, and rewriting the equation in terms of the total damping rate y = ¥, + 7exe and effective-field
moments M and N,

Sg(@) =

1N +1.)8(0) + gRe{ |7 e Ml o 0 (0) = i o (0, (0)) - N<a_<o>a+<r>>1}.

(B24)

27n

c

It is important to recall that the above expression is
obtained by using the broadband squeezing approxima-
tion. Since the two-level atom probes the field only in a
small frequency range, this approximation is valid for
the resonance fluorescence spectrum. The squeezer
background is, however, frequency dependent. We take
this into account in analyzing the experimental data by
replacing the first term of Eq. (B24) by the frequency-
dependent spectrum N(w) for the output field of a
parametric amplifier [36]. With this modification, the
analytical expression is found to be in excellent agree-
ment with cascaded master-equation simulations
(not shown).

In order to relate Eq. (B24) to the results of the main
text, we now examine useful limiting cases. First, we

consider the reflection spectrum in the absence of the
coherent Rabi drive (2 = 0). In this case, we obtain
[Eq. (2) of the main text]

N +1 14
© 2an. 272N +1
M= (1=n)N) (M + (1= n)N)
o’ +y2 o’ +y2

Sg(w)

’

(B25)

where y, , = y(N £ M + 1/2). From this equation, we see
that for a lossless single-sided cavity . = 1, a fluorescence
peak is observed in the reflection spectrum only if M # 0.
The spectrum is a sum of narrow and broad linewidth
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Lorentzians. However, for 7, # 1, some of the incident
intensity is lost, which enhances the relative spectral weight
of the negative dip. Finally, in the large Rabi drive limit
Q>y, 7., y_, YN, WE Obtain

N o ne vy
S = =
r(@) 2mn.  2r @’ +y,°
1 r(rv +7-)
87 (0 —Q)* + (rn/2+7-/2)
1 -

87 (0 +Q)* + (yn/2+7-/2)*

This equation indicates that for a strong Rabi drive, the
reflection spectrum is a sum of three Lorentzians centered
at 0, =Q and of full widths 2y, = y(2N + 2M cos2® + 1)
andyy +7_ = y(3N — M cos 2® + 3/2). This explains the
cosine dependence with opposite phases of the linewidths
as plotted in Fig. 3 of the main text.
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