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Abstract: The injection of squeezed vacuum state is an indispensable technology for the next
generation gravitational wave observatory, which will open up a much larger window to the
universe. After analyzing the absorption and dispersion properties of the reflected field of the dual-
recycled Michelson interferometer (DRMI), we propose the phase-sensitive manipulation scheme
of squeezed vacuum by utilizing the coupled-resonator-induced transparency in a dual-recycled
Michelson interferometer (DRMI). In this way, the rotation frequency of squeezing ellipse can
be finely tuned by the coupling strength, which overcome the limitation of the current solution
(with a fixed rotation frequency) that employs a Fabry-Perot optical cavity as phase-sensitive
manipulation element. This work will unleash the potential applications for quantum metrology
beyond the shot noise limit.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Gravitational waves (GWs) are ripples in spacetime generated by massive accelerating objects,
as predicted by Albert Einstein in his general relativity. In 2015, the first direct detection of
GWs emitted by a binary black hole merger [1] was announced by the Laser Interferometer
Gravitational-wave Observatory (LIGO), which was also the dawn of gravitational wave astronomy.
Since then, over fifty binary black hole mergers [2–6] and a neutron star merger [7] were detected
by the National Science Foundation’s LIGO and the European Union’s Virgo. In 2020, two
elusive mergers of black holes with neutron stars were observed successively by LIGO and Virgo
scientific collaborations [8].

The direct detection of GWs is achieved by the dual-recycled Fabry-Perot Michelson inter-
ferometer (DRFPMI) [9] that consists of a power recycling mirror, a signal recycling mirror,
a traditional Michelson interferometer (MI) and Fabry-Perot cavities in both arms. The MI is
operated such that laser from two orthogonal arms interfere destructively at the 50/50 beam
splitter (HBS) in the absence of GWs. When the GWs arrive, the distances of two perpendicular
arms are affected in opposite ways, for example, the distances increase along x direction while
decrease along y direction. With a kilometer-scale arm length, the operational gravitational
wave detectors (GWD) can reach the strain sensitivity of 10−23/

√
Hz [10,11]. The additional

power recycling resonator increases the power in each perpendicular arm and thus amplifies the
sensitivity of GWD, while the signal recycling resonator tunes the measurement bandwidth [12].

In order to build a "third generation" (3G) gravitational wave observatory whose sensitivity
is ten times larger than that of Advanced LIGO, the injection of squeezed vacuum state is an
indispensable technology [13]. Squeezed state is a nonclassical state whose quantum fluctuations
in one quadrature is less than vacuum noise at the cost of increased fluctuations in orthogonal
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quadrature. Since the first experimental generation in 1985 [14], the squeezed state has exhibited
an unpredictable prospect in quantum communication [15,16], quantum network [17] and
quantum metrology [18]. The squeezing-enhanced technique (SET) was first proposed in 1981
[19] and has subsequently been demonstrated in prototype interferometer [20,21]. The GEO600
detector in Germany has introduced squeezing technique since 2010 and improved sensitivity
at above 700 Hz [22]. In 2013, the SET was applied to large-scale interferometer (LIGO),
and the maximum improvement to the sensitivity was 2.3 dB [23]. In 2019, the sensitivity
improvement of Advanced LIGO detectors was up to 3 dB at high frequency by employing a
frequency-independent squeezing [24], thereby increasing the detection rate by 40% (H1) and
50% (L1). More specifically, there are two kinds of quantum noise that limits the sensitivity
of GWD. The shot noise at high frequency is introduced by phase fluctuations of optical field,
whereas the radiation pressure noise at low frequency is introduced by amplitude fluctuations.
Because of the amplified quantum fluctuation of orthogonal quadrature, the traditional SET can
not reduce the quantum noise of GWD in whole frequency band [25,26].

For broadband quantum noise reduction of GWD, the frequency-dependent squeezing, whose
angle of squeezing ellipse rotates by 90◦ around corner frequency [27,28] that depends on the
laser power and interferometer parameters, is essential. The frequency-dependent squeezing
is produced by phase-sensitive manipulation of squeezed vacuum from a filter cavity, which is
proposed by H. J. Kimble [29]. Subsequently, the frequency-dependent squeezing around several
discrete frequencies [30–32] are generated by employing an additional filter cavity, respectively,
the rotational frequency is determined by the linewidth of filter cavity [33]. However, the
linewidth of filter cavity is generally constant, which imposes restrictions on the tunability of the
rotation frequency, it is unacceptable to meet the requirement for universality.

The phase-sensitive manipulation of squeezed vacuum has been demonstrated in coupled
standing-wave cavities, but the coupling strength is constant, not be tuned [34]. In this letter,
we propose the phase-sensitive manipulation scheme of squeezed vacuum in virtue of the
coupled-resonator-induced transparency (CRIT) in DRMI. By formulating the reflective quantum
fluctuation spectra of DRMI, we exhibit that the rotation frequency of squeezing ellipse can be
finely tuned by the coupling strength that is manipulated by adjusting the relative phase difference
between two interferometer arms [35]. This work will unleash the potential applications for
quantum metrology beyond the shot noise limit.

2. Classical characteristic of DRMI

The schematic diagram of dual-recycled Michelson interferometer is sketched in Fig. 1(a). An
input laser is divided into two perpendicular beams by a balanced beam splitter (BBS) and
reflected back by two highly reflective mirrors (Ma1 and Ma2). The arm length, which is kilometer
scale for the operational ground-based gravitation wave detectors, is defined as the distance
between BBS and highly reflective mirror. Two additional mirrors M2 and M0 constitute the
so-called power recycling resonator and signal recycling resonator respectively. For briefness,
the optical lengths between BBS and four reflective mirrors are assumed to be identical, which
can be finely tuned by the piezoelectric transducers (PZT) mounted behind the mirrors.

As shown inside the dash box of Fig. 1(b), the BBS, two highly reflective mirrors (Ma1 and
Ma2) and the signal recycling mirror M0 are equivalent to a single optical cavity (SOC1). Based
on the input and output equation of the electromagnetic field, the reflected coefficient of SOC1
can be formulated as

γ1 = ei(θa2+θa1)
r1 + r0ei(2θ0+θa2+θa1)

1 + r1r0ei(2θ0+θa2+θa1)
(1)

where θj = 2π (ω0 + ω)Tj (j = a1, a2, 0) is the single-pass phase shift of each subcavity, and
Tj = lj/c is the single-pass time (we set Tj = T on account of the identical optical length lj = l).
ω0 and ω are the resonant and detuning frequency respectively, and c is the speed of light. The
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Fig. 1. (a) Schematic diagram of dual-recycled Michelson interferometer. Ma1 and Ma2
are the highly reflective mirrors for two interferometer arms. M2 and M0 are the power
recycling mirror and signal recycling mirror respectively. (b) The equivalent single optical
cavity (SOC2) that consist of a power recycling mirror M2 and a mirror M1 with variational
reflectivity. BBS: balanced beam splitter.

reflectivity of Ma1 and Ma2 is fixed to be one for simplicity, while the reflectivity of M0 is
r0. An extra phase ei(θa2+θa1) is introduced by two interferometer arms la2 and la1. Compared
with the traditional coupled resonator, the BBS, Ma1 and Ma2 can be regarded as a middle
mirror with controllable reflectivity r1 = cos (∆θ), where ∆θ = θα1 − θα2. Thus the coupling
strength Ω = c

4l

√︂
1 − r2

1 can be controlled fleetly by the relative phase between two perpendicular
interferometer arms.

Suppose the equivalent cavity is a mirror M1 (γ1, µ1) with variational reflectivity γ1, the
dual-recycled Michelson interferometer can be considered as another single optical cavity (SOC2)
that is composed of power recycling mirror M2 and equivalent mirror M1. Therefore the reflected
coefficient of dual-recycled Michelson interferometer can be expressed as

γ2 =
r2 + γ1e2iθ2

1 + r2γ1e2iθ2
(2)

where r2 is the reflectivity of power recycling mirror M2, and θ2 = 2π (ω0 + ω)T2 is the
single-pass phase shift of equivalent single optical cavity (SOC2).

Hence the amplitude and phase shift of the reflected field of the dual-recycled Michelson
interferometer can be described as

ρ = Abs (γ2)

θ = Arg (γ2)
.

Figure 2 represent the absorption and dispersion properties of dual-recycled Michelson
interferometer with different coupling strength. In Fig. 2(a)-(f), the relative phase difference
between two interference arms θa1 and θa2 are 0.001π, 0.006π, 0.014π, 0.02π, 0.08π, 0.12π in
turn, corresponding to the coupling strength Ω = 2π ∗ 1.3 MHz, 2π ∗ 8.0 MHz, 2π ∗ 18.6 MHz,
2π ∗ 26.6 MHz, 2π ∗ 105.3 MHz, 2π ∗ 155.8 MHz respectively. In the weak coupling strength
region (Fig. 2(a)), the impedance matching and thus the transmissivity of DRMI will increase
with the increased coupling strength. In the strong coupling strength region (Fig. 2(b) - (e)),
the reflected amplitude of DRMI will split and exhibit a coupled-resonator-induced transparent
window, whose width can be controlled by adjusting the coupling strength (or the arm lengths).
Continue to increase the coupling strength, the single resonant peak of DRMI will separate into
two independent resonant peaks (Fig. 2(f)).
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Fig. 2. Power reflectivity (blue curve) and phase shift (red curve) of dual-recycled Michelson
interferometer. The single-pass phases θ0 = θ2 = 2nπ + ωT (n = 1, 2, . . .), where ωT is
the phase shift caused by the detuning away from the cavity resonant frequency. The laser
wavelength is λ = 1064 nm, the optical lengths are l1 = l2 = la1 = la2 = 28.196 mm,
the reflectivity of the four end mirrors are r2

0 = 0.986, r2
2 = 0.9 and r2

a1 = r2
a2 = 1. (a)

θa1 = 2nπ + ωT + 0.0005π and θa2 = 2nπ + ωT − 0.0005π. (b) θa1 = 2nπ + ωT + 0.003π
and θa2 = 2nπ +ωT − 0.003π. (c) θa1 = 2nπ +ωT + 0.007π and θa2 = 2nπ +ωT − 0.007π.
(d) θa1 = 2nπ +ωT + 0.01π and θa2 = 2nπ +ωT − 0.01π. (e) θa1 = 2nπ +ωT + 0.04π and
θa2 = 2nπ + ωT − 0.04π. (f) θa1 = 2nπ + ωT + 0.06π and θa2 = 2nπ + ωT − 0.06π.

3. Quantum characteristic of DRMI

In quantum optics, a quantum state is described by amplitude quadrature X̂ =
(︁
â + â†

)︁
and phase

quadrature Ŷ = −i
(︁
â − â†

)︁
with the canonical commutation relation

[︁
X̂, Ŷ

]︁
= 2i, where â and

â† are the photon annihilation operator and creation operator. Since the quantum fluctuation of
quantum state is usually measured and analyzed in frequency domain, the Fourier transformation

1√
2π

∫
dtâ (t) e−iωt is implemented for the amplitude and phase quadratures

X̂out (ω) = âout (ω) + â†out (−ω)

Ŷout (ω) = −i
[︂
âout (ω) − â†out (−ω)

]︂ . (4)

According to the reflected coefficient γ2 of dual-recycled Michelson interferometer, the
reflective quantum field in frequency domain is

âout (ω) = ρ (ω0 + ω) eiθ(ω0+ω)âin (ω) +

√︂
1 − ρ2 (ω0 + ω)âv (ω)

â†out (−ω) = ρ (ω0 − ω) e−iθ(ω0−ω)a†in (−ω) +
√︂

1 − ρ2 (ω0 − ω)a†v (−ω)
(5)

where ω0 and ω are the central frequency and analysis frequency respectively, âν is the vacuum
field introduced by optical loss. The input bright field can be expressed as âin = ain + δâin, in
which ain is the mean field and δâin is the quantum fluctuation. Considering only the quantum



Research Article Vol. 29, No. 21 / 11 Oct 2021 / Optics Express 34830

field (ain = 0), we can acquire the fluctuation variances of the amplitude and phase quadratures⟨︁
δ2Xout (ω)

⟩︁
=

1
4

|︁|︁|︁ρ (ω0 + ω) eiθ(ω0+ω) + ρ (ω0 − ω) e−iθ(ω0−ω)
|︁|︁|︁2 ⟨︁δ2Xin (ω)

⟩︁
+

1
4

|︁|︁|︁ρ (ω0 + ω) eiθ(ω0+ω) − ρ (ω0 − ω) e−iθ(ω0−ω)
|︁|︁|︁2 ⟨︁δ2Yin (ω)

⟩︁
+

1
4

|︁|︁|︁|︁√︂1 − ρ2 (ω0 + ω) +

√︂
1 − ρ2 (ω0 − ω)

|︁|︁|︁|︁2 ⟨︁δ2Xν (ω)
⟩︁

+
1
4

|︁|︁|︁|︁√︂1 − ρ2 (ω0 + ω) −

√︂
1 − ρ2 (ω0 − ω)

|︁|︁|︁|︁2 ⟨︁δ2Yν (ω)
⟩︁

(6)

⟨︁
δ2Yout (ω)

⟩︁
=

1
4

|︁|︁|︁−ρ (ω0 + ω) eiθ(ω0+ω) + ρ (ω0 − ω) e−iθ(ω0−ω)
|︁|︁|︁2 ⟨︁δ2Xin (ω)

⟩︁
+

1
4

|︁|︁|︁ρ (ω0 + ω) eiθ(ω0+ω) + ρ (ω0 − ω) e−iθ(ω0−ω)
|︁|︁|︁2 ⟨︁δ2Yin (ω)

⟩︁
+

1
4

|︁|︁|︁|︁−√︂1 − ρ2 (ω0 + ω) +

√︂
1 − ρ2 (ω0 − ω)

|︁|︁|︁|︁2 ⟨︁δ2Xν (ω)
⟩︁

+
1
4

|︁|︁|︁|︁√︂1 − ρ2 (ω0 + ω) +

√︂
1 − ρ2 (ω0 − ω)

|︁|︁|︁|︁2 ⟨︁δ2Yν (ω)
⟩︁

. (7)

Here the fluctuation variances of the vacuum field are normalized so that
⟨︁
δ2Xν (ω)

⟩︁
=⟨︁

δ2Yν (ω)
⟩︁
= 1. When the input state âin is a vacuum (coherent) state, the reflected state of DRMI

will also be a vacuum (coherent) state with normalized fluctuation variances for both quadratures.
When the input state âin is a pure squeezed vacuum state, whose fluctuation variance of the
amplitude and phase quadratures can be written as

⟨︁
δ2Xin (ω)

⟩︁
= e2s and

⟨︁
δ2Yin (ω)

⟩︁
= e−2s, the

reflective quantum fluctuation near resonance will be affected by the absorption and dispersion
characteristics of dual-recycled Michelson interferometer. For different relative phase between
two interference arms θa1 − θa2 = 0.001π, 0.006π, 0.014π, 0.02π, 0.08π, and 0.12π, the
fluctuation variances of the amplitude and phase quadratures as function of detuning frequency
are shown in Fig. 3(a)-(f). The input squeezing level in Fig. 3 is chosen to be 15 dB below the
shot noise limit, which is the world record for current experimental squeezed state generation.
The blue curves depict the reflected amplitude quadrature spectrum, while red curves represent
the reflected phase quadrature spectra.

In Fig. 3(a), the line shape of the quantum fluctuation variance of phase quadrature for
the reflective field exhibits M profile, in which two peaks at detuning frequencies reach the
anti-squeezing level of input squeezed vacuum, caused by the phase shift ±π/2 of DRMI. The
squeezing level at resonant frequency ω0 (zero detuning) is below the shot noise limit and will
reach the input squeezing level for perfect impedance matching. When the detuning frequency is
far away from resonant frequency, the absorption and dispersion characteristics will not affect
the fluctuation variance of input state. Corresponding, the line shape of the quantum fluctuation
variance of amplitude quadrature represents W profile, and two dips at detuning frequencies
show the initial squeezing level 15 dB. Therefore, the squeezing angles of the reflective field are
rotating with different detuning frequency, which is equivalent to the phase sensitive manipulation
of squeezed vacuum state by single optical cavity.

When the coupling strength Ω is about 2π ∗ 8.0 MHz, the dip around resonant frequency will
split into two dips (red curve in Fig. 3(b)) because of the coupled-resonator-induced transparent
window shown in Fig. 2(b). The fluctuation variance of phase quadrature in the near resonant
region exhibits three peaks and two dips in total, while the fluctuation variance of amplitude
quadrature represents two peaks and three dips. Increasing the coupling strength to 2π ∗ 18.6
MHz, the quantum spectra will continue to split (Fig. 3(c)), and the fluctuation variance of phase
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Fig. 3. Theoretical results of the reflective quantum fluctuation spectra of dual-recycled
Michelson interferometer for different coupling strength. The blue curves in (a)-(f) are the
reflected amplitude quadrature spectrum, while red curves represent the reflected phase
quadrature spectra. The reflectivity of four end mirrors and single-pass phases (θ0 and θ2)
are identical with Fig. 2. The single-pass phases θa1 and θa2 in Fig. 3(a)-(f) are one-to-one
corresponding to that in Fig. 2(a)-(f). The input squeezed vacuum state is 15 dB below the
shot noise limit.

(amplitude) quadrature will show four (three) peaks and three (four) dips. Due to the increased
width of coupled-resonator-induced transparent window, the detuning frequencies where peaks
and dips appear will augment with the increasing coupling strength (Fig. 3(d)-(e)).

Continuing to increase the coupling strength, the fluctuation variances for both quadratures
will separate into two sets of spectra (Fig. 3(f)), similar to the phenomena of two independent
optical cavity. It needs to be emphasized that the detuning frequencies of peaks and dips in Fig. 3
are one-to-one correspondent to the absorption and dispersion characteristics in Fig. 2. Thus the
phase sensitive manipulation of vacuum squeezed state is achieved by coupled-resonator-induced
transparency effect in dual-recycled Michelson interferometer.

Furthermore, the corner point from anti-squeezing to squeezing can be tuned by the relative
phase difference ∆θ between two interference arms θa1 and θa2, as depicted in Fig. 4. The corner
point can be utilized to generate the so-called frequency dependent squeezing that can provide
broadband quantum noise reduction for gravitational wave detectors. Thus the rotation frequency
of squeezing ellipse can be finely tuned by the relative phase difference ∆θ, which is difficult to
adjust in traditional scheme for frequency dependent squeezing generation.
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Fig. 4. Transition point from anti-squeezing to squeezing with different phase difference
∆θ. (a) ∆θ = 0.01π. (b) ∆θ = 0.03π. (c) ∆θ = 0.05π. (d) ∆θ = 0.07π.

4. Conclusion

In conclusion, we have proposed the phase sensitive manipulation scheme of squeezed vacuum
state via dual-recycled Michelson interferometer (DRMI). By simulating the injection of the
squeezed vacuum state into DRMI, we attentively analyze the fluctuation variances for amplitude
quadrature and phase quadrature of reflected field. The quantum spectra are one-to-one
correspondent to the coupled-resonator-induced transparency effect of DRMI, whose coupling
strength can be controlled fleetly by adjusting the relative phase difference of interferometer arms.
Moreover, the rotation frequency of frequency-dependent squeezing can be finely tuned by the
coupling strength. This work has broad prospect applications in quantum memory and quantum
metrology including GWD, etc.
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