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Abstract: Quantum technology is central to the operation of modern gravitational-wave
detectors and will play crucial role in the success of next-generation observatories, such as
the Einstein Telescope. There, quantum squeezed light will be utilized to suppress quantum
noise across the entire detection band, a task that demands advancements in several areas
of quantum technology. This review provides an introduction to the quantum technologies
employed in gravitational-wave detection and explores in detail their properties, challenges,
and the potential they hold for the Einstein Telescope.
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1. Introduction

The spectacular success of modern gravitational-wave (GW) detectors, Advanced
LIGO[1], Advanced Virgo [2], GEO600 [3], and KAGRA [4], has launched a new era of
astronomy and astrophysics, allowing us to observe phenomena like black hole merg-
ers [5-9] and neutron star collisions [10-12]. This success is enabled by the unprecedented
measurement precision of the detectors, where quantum technology lies at the very heart
of the experimental design. Among many noises that limit the sensitivity of the detectors,
quantum noise is currently one of the primary obstacles to improving the detector sensitiv-
ity [13-17]. Quantum noise arises from the quantum nature of light and its interaction with
mirrors. It manifests in two forms: shot noise (SN), which dominates at high frequencies
due to the quantum uncertainty in the amount of photons reaching the photodetector per
time interval, and quantum radiation pressure noise (QRPN), which dominates at low
frequencies due to quantum fluctuations in the force exerted by photons on mirrors [18-20].
Together, these two effects limit the sensitivity of interferometric detectors across most of
their detection band [14].

The need to suppress quantum noise has been driving the development of advanced
quantum technologies, most notably the use of squeezed light [21-25]. The squeezed light
technology for GW detection was researched and developed between 2002 and 2010 (for
a review, see Ref.[26]). Since its first permanent installation and operation in a large-
scale detector in 2010 [27-29], quantum squeezed light has become an indispensable tool
for GW detection. Squeezing reduces quantum uncertainty in one observable (e.g., the
phase quadrature of the light field) at the expense of increased uncertainty in its conjugate
(correspondingly the amplitude quadrature), allowing detectors to selectively suppress
either SN or QRPN [23,30]. By 2019, both Advanced LIGO and Advanced Virgo had
incorporated quantum squeezing into their operations [15,16], significantly enhancing their
sensitivity. All GW merger events since then had been detected in a quantum enhanced
detector [9]. In 2021, GEO600 became the first large-scale facility to reach the landmark
value of 6 dB of quantum noise reduction [31]. In 2023, Advanced LIGO further advanced
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this technology by deploying frequency-dependent squeezing [32,33], which suppresses
both SN and QRPN simultaneously in a broad frequency band [20,34,35].

As GW observatories move toward next-generation facilities like the Einstein Telescope
(ET) [36,37] and Cosmic Explorer (CE) [38—41], quantum noise suppression will remain a
cornerstone technology. Pushing the sensitivity of the detectors by a factor of 10 across
the full spectrum will require even more sophisticated quantum enhancements to detect
faint signals from previously inaccessible GW sources, such as primordial black holes [42]
or the stochastic GW background [43], or studying parameter and populations of known
sources [36,44-49]. As we explore in this review, the ET in particular, due to its unique
design, presents new challenges for quantum noise suppression, demanding innovations
that extend beyond the current state of the art.

The ET, planned for construction in Europe with an expected launch by the mid-to-
late 2030s, will incorporate the most advanced technologies to address fundamental and
technical noise sources [37,50]. To reduce the impact of seismic and Newtonian seismic
noise, the facility will be located several hundred meters underground [51-53]. One of the
ET’s standout features is its “xylophone” configuration, where two specialized detectors
are optimized for different frequency ranges [54]; see Figure 1. The low-frequency (LF)
detector will target 2-30 Hz, while the high-frequency (HF) detector will cover 30 Hz to
3 kHz. The LF detector will employ cryogenic cooling to suppress low-frequency thermal
noise in mirrors and suspension [55-57]. To make the detector compatible with cryogenics,
it will also use low optical power in the arms: only 18 kW (compared, e.g., to the design
value of 750kW in Advanced LIGO) and 1550 nm wavelength to enable the use of low-
loss mirror substrates and coatings [58,59]. The HF detector, on the contrary, will feature
very high power inside the arms, up to 3 MW, at a wavelength of 1064 nm. Together,
the combined output of LF and HF detectors will achieve a broadband sensitivity that
exceeds the capabilities of current detectors by a factor of ~10, also moving towards lower
frequencies, opening the way for especially interesting astrophysical observations [36]. The
ET may adopt either a triangular configuration, with three pairs of interferometers with
central beam-splitters located at the vertices, or a more traditional L-shaped design with
detector pairs at separate locations [49].

Both the LF and the HF detectors will be limited by quantum noise across most of
their frequency bands, although they face distinct challenges in quantum noise suppres-
sion. These differences arise from their specific optical linewidths, arm power levels, and
operational tuning. For example, the LF detector will operate detuned from resonance,
adding additional complexity to noise suppression strategies [50]. The ET targets several
critical frequency ranges that promise to enable novel observations. These frequencies are
primarily limited by quantum noise, making effective quantum noise mitigation central for
the observatory’s success. Of particular importance is the frequency range around 8 Hz
in the ET-LF, where the detector reaches its highest sensitivity by employing the optical
spring approach. This sensitivity will play a key role in achieving a high observational
reach [60], improving source localization for multi-messenger follow-up campaigns [61],
and detecting faint, previously inaccessible sources such as primordial black holes [62]. An-
other significant frequency range lies above 1kHz, where the ET-HF is expected to observe
post-merger effects. These observations will provide crucial insights into the equation of
state of ultra-dense quantum matter in neutron stars [63] and allow tests for deviations
from general relativity in the post-merger oscillations of black holes [64,65], among other
interesting phenomena [36].

This review is structured in the following way: first, we give a brief overview of
quantum noise in GW detectors; then, we go into detail on the planned quantum technol-
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ogy for the ET, the challenges associated with quantum noise, and potential alternative
configurations; and finally, we conclude with a discussion and outlook.
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Figure 1. Schematic design of the Einstein Telescope detectors: low frequency (left) and high
frequency (right). Both detectors will be co-located in the underground facility. The main parameters
are listed in the inset. Signal recycling cavity (SRC) of the ET-LF is displaced to detune the detector
from its resonance and create an optical spring. Squeeze laser injects quantum correlated light in the
signal port of the detector, after reflecting it off the detuned filter cavities. The ET-LF features two
filter cavities to operate in detuned configuration. The ET-HF uses only one. The signal together with
quantum field is overlapped with a strong coherent field of a local oscillator (LO) in a homodyne
readout setup. Black arrows indicate the differential changes in arm length (caused by GWs or
displacement noise) leading to the appearance of the signal at the readout.

2. Quantum Noise in GW Detectors
2.1. Quantum Noise and the SQL

Modern GW detectors, i.e., Advanced LIGO, Advanced Virgo, GEO600, and KAGRA,
are Michelson laser interferometers. Passing GWs shrink and stretch distances between the
central beam-splitter and the end mirrors of arm cavities, which are suspended such that
they move as free masses along the laser beams. The differential change in length is seen
as amplitude modulation in laser power on the output field. In a simple interferometer,
this amplitude modulation is too small to be detectable. Therefore, modern detectors
enhance light power as well as the signal in the arms using arm cavities as well as a power
recycling cavity. An additional mirror at the signal port of the interferometer forms a signal
recycling cavity (SRC), which allows increasing detection bandwidth [66,67] or modifying
the frequency response via the optical spring effect, as we will discuss in the next section.
Future detectors, such as the ET and the CE, will also feature longer arms to further boost
the sensitivity, which improves with increased arm length.

The detector is typically tuned so that, in the absence of a GW signal, all laser power is
reflected back toward the laser, leaving the signal port of the interferometer dark. According
to quantum mechanics, even when the average power in the field is zero, a quantum
vacuum field in the ground state is still present. This vacuum field enters the signal
port, propagates through the interferometer, and exits the signal port again. The ground-
state uncertainty in its signal (phase) quadrature leads to SN, which manifests as power
fluctuations in the DC readout [68], as used in Advanced LIGO and Advanced Virgo at
the time of writing, or the homodyne readout [69,70], planned for all future detectors. As
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the vacuum field propagates through the interferometer, it interacts with mirrors through
radiation pressure. The uncertainty in the amplitude quadrature of the field is amplified
by the coherent power in the arms, giving rise to strong QRPN. The interaction between
light and mirrors generates quantum correlations between the light and the motion of the
mirrors, as recently observed by Advanced LIGO[71]. These interactions correlate SN and
QRPN through the ponderomotive squeezing effect[19,72-76]. However, these correlations
are not typically observed directly in the signal quadrature at the detector output, unless
the readout is optimized for that[20,34]. The two quadratures of the quantum vacuum
field define two types of quantum noise in the detector. This quantum vacuum field state
can be replaced with another quantum state specifically engineered to suppress one of
the quadratures or to introduce additional correlations between SN and QRPN, as will be
discussed later in the text.

Most generally, quantum-noise-limited sensitivity of the detector is described by the
sum of the SN, QRPN and their cross-correlation term [20]:

$1(00) = 73 | Ssn(0) + 2R[x* (Q)Sec ()] + () PSaren(0)|, )

where x(Q) is the mechanical response function of the suspended mirrors of arm cavi-
ties (including any possible modification), L is the arm length, and Sgn(Q2), Soren (),
and Scc(Q) are, respectively, spectral density of SN, spectral density of QRPN, and
the cross-correlation spectral density of these two noises. They obey the following
uncertainty relation:

hz
4n(Q0)’

where 17 < 1 is the total quantum efficiency of the detector, which takes into account optical

Ssn(Q)Saren (Q) = [Scc(Q)* >

()

losses and quantum efficiency of photodetection.

Each quantum noise contribution scales differently with light power: SN decreases
with increasing power, while QRPN increases (when normalized to the transfer function
of a GW signal through the interferometer). In the absence of quantum correlations, each
signal frequency has an optimal power at which these two noise sources become equal,
minimizing their combined spectral density. The locus of these minimal noise points
across frequencies defines the standard quantum limit (SQL). For a given light power, the
detector’s sensitivity touches the SQL at only one specific frequency. To show this, we can
simplify Equation (1) in the absence of cross-correlation between the noises, Scc(Q2) =0,
assuming mirrors to be free masses M with response x(Q)~! = —MQ?. In the resulting
expression the SQL can be introduced explicitly [34]:

Sy (O
$,(Q) = SQ;( ) K(lqua) , 3)
~——r
SN QRPN
SSQL(Q)I% 4)

where 71 is the reduced Plank constant and KC(Q)) is the so-called Kimble factor [34], which
describes the coupling between the light and the motion of the mirror due to radiation
pressure. The Kimble factor depends on the specific configuration of the detector. For a
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typical cavity-enhanced Michelson interferometer operating without detuning, such as the
ET-HF, this factor becomes:

8wy P, K
Q =
KO McL Q2(x2 4+ O2)’

)

where « is the detection bandwidth, c is the speed of light, P; is the power inside the
arm cavities, and wy is the laser frequency. An important takeaway from this equation is
that for a given power P, the sensitivity becomes equal to the SQL only at one frequency.
It can never overcome the SQL through classical modifications, such as increasing laser
power or changing the cavity parameters. Achieving sensitivity beyond the SQL requires
quantum technologies. These technologies, often referred to as quantum nondemolition
(QND) loosely fit into three categories: modifying the quantum state of the light, changing
the response of the detector, and modifying the detection scheme [20,34,35]. The ET will
employ the first two categories.

The most established and successful method for modifying the quantum state of light is
quantum squeezing [21,22,77-80]. Squeezed light reduces uncertainty in one quadrature of
the light field at the expense of increasing uncertainty in the other, ensuring the Heisenberg
uncertainty principle remains satisfied [23,24]. Squeezed light is generated through a
nonlinear optical process in which a photon from the pump field is converted into two lower-
energy photons in the signal field [81,82]. These two photons exhibit strong correlations in
both time and frequency. In the case of a continuous light field, these correlations manifest
as two sideband fields symmetrically positioned around the central frequency. In GW
detectors, a squeeze laser injects quantum correlated field into the signal port[18,23,30,80]
and the resulting sensitivity introduced in Equation (3) becomes:

s(0) = SO pr) | ©
X QRN

where 8 = ¢’ is the squeeze factor, with r being the squeeze parameter [83]. This expression
illustrates that while SN (the first term) is suppressed by 8, QRPN (the second term) is
proportionally enhanced. This trade-off allows to selectively suppress or enhance SN or
QRPN [84,85]. At the same time, it makes achieving high broad-band sensitivity impossible
without introducing more complex quantum schemes. Additionally, the SQL still limits the
best achievable sensitivity.

2.2. Overcoming the SQL

Overcoming the SQL generally requires nonzero cross-correlation between SN and
QRPN, as indicated by Equation (1). For example, it is possible to surpass the SQL in a nar-
row frequency band by creating correlations between the amplitude and phase quadratures
when injecting squeezed light along an intermediate quadrature. In 2020, Advanced LIGO
used this approach to observe correlations between the light field and the motion of the mir-
rors of arm cavities [71,86]. To suppress quantum noise across all frequencies, the squeeze
factor must become frequency-dependent: suppressing QRPN at low frequencies and
transitioning to suppress SN at high frequencies; see Figure 2. Such frequency-dependent
rotation can be achieved by reflecting the squeezed vacuum field off detuned single-sided
cavities, which imprint a frequency-dependent phase shift onto the squeeze field (ideally)
without altering its properties [34]. Development of frequency-dependent squeezing for
GW detectors began in late 2000s [87-91], culminating in the deployment of the technology
in Advanced LIGO in 2023 [32]. In 2024, Advanced LIGO successfully demonstrated sensi-
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tivity below the SQL using this technique [92], marking a significant milestone in quantum
noise suppression for GW detection.
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Figure 2. (left) Sensitivity of a GW detector enhanced with squeezed light. The baseline sensitivity
without quantum enhancement is shown in solid orange. Phase squeezing (dashed violet) increases
the sensitivity at high frequencies, at a price of reduced low-frequency sensitivity, which increases due
to QRPN. Amplitude squeezing (dash-dotted green) allows suppressing QRPN at low frequencies,
increasing the SN at high frequencies. For both phase and amplitude squeezing, sensitivity does not
surpass the SQL (dotted black), since no cross-correlation between the noises is used. Frequency-
dependent squeezing allows to rotate the squeezed quadratures, such that the noise is suppressed
at all frequencies, allowing to surpass the SQL (solid blue). (right) Injected frequency-dependent
squeezing as a function of the quadrature angle and frequency, showing the rotation of the squeeze
quadrature from amplitude quadrature at low frequency to phase quadrature at high frequency.

The second approach to overcoming the SQL is modifying the response of the detector.
The ET-LF will use the so-called optical spring effect to achieve this [66,93-99]. If a detector
is detuned from its resonance condition, the field amplitude in the detector cavities becomes
dependent on the position of the arm cavity mirrors (cavity length). In turn, this position
is influenced by the radiation pressure force, which itself depends on the field amplitude.
This feedback mechanism results in a position-dependent force, acting on the mirror,
changing its dynamics similarly to a spring (or anti-spring). Notably, this effect resonantly
enhances the sensitivity at the optical spring frequency, which will allow the sensitivity to
surpass the SQL. The challenge of this approach is that the system becomes intrinsically
unstable. Realization of the control on such systems in a large-scale detector remains
an open question. Coherent stabilization approaches have been proposed [96], but their
detailed realization requires further studies. To date, the optical spring approach has only
been demonstrated on table-top experiments [100-106]. Interestingly, the effect can be used
as a tool for high-quality laser power stabilization [107].

There are many other quantum technological approaches, such as speedmeter configu-
rations [108-118], internal filters [119-133], and alternative detector topologies [35,134-136].
They allow suppressing quantum noise in different ways, but we limit the discussion to the
two main approaches described above, as they are directly applied in the ET.

2.3. Optical Loss and Phase Noise

There are two major limitations on the application of squeezed light in the detector:
optical losses and phase noise. Optical losses occur due to absorption in the mirror material,
nonideal reflectivities of the mirrors, clipping of light beams on different components,
scattering on imperfections, or direct contamination of mirror surfaces [137]. Each optical
loss source can be modeled as a beam splitter, which not only reduces the field amplitude,
but also mixes in unsqueeezed vacuum field, which further decreases the squeeze level.
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The noise power spectral density of a squeezed quadrature experiencing the loss of A is
described by:

S=B11-A)+A 7)

The effect of the loss is quite drastic, as seen in Figure 3: for example, with 10% of loss,
it is impossible to detect more than 10 dB of squeezing (which corresponds to a factor of
~3 increase in detector sensitivity). Considering the large number of optical components
and the overall complexity of the detector’s optical layout, achieving 10% loss demands
significant technological effort. In general, optical losses set the fundamental quantum
limit on the achievable sensitivity of the detector [124,133,138].

Effect of loss on quantum correlations Effect of phase noise on squeezed quadrature

20
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Figure 3. Effects of decoherence on squeezed light. (Left) Reduction of squeeze (anti-squeeze) values
as a function of detection loss. At 10% loss, the initial 20 dB of squeezing is reduced below 10dB;
at 50% loss, less than 3 dB of squeezing is observed. The effect on the anti-squeezed quadrature
is less pronounced. Black line at 0 dB corresponds to the case without any squeezing and serves
as a reference. (Right) The effect of phase noise on detected squeezing as a function of produced
squeezing. The higher the initial squeeze value, the greater the impact of phase noise due to the
stronger coupling of the anti-squeezed quadrature.

Phase noise originates from fluctuations in the optical paths within the detector,
which alter the relative phase between the squeezed field and the local oscillator in the
homodyne readout. This leads to coupling of the anti-squeezed quadrature into the
squeezed quadrature [139,140]:

S =B 1 cos® 0 + Bsin? 6, )]

where 6 is the average phase angle fluctuation. Since f is typically much larger than 1, even
a small phase fluctuation (on the order of a few tens of mrad) is enough to significantly
impact the squeeze level; see Figure 3. Precise control of optical path lengths everywhere in
the detector allows to minimize the impact of phase noise.

3. Quantum Enhancement for the Einstein Telescope

Frequency-dependent squeezing is essential for the success of the ET. However, its
implementation is very different for the LF and the HF detector. The LF is detuned such
that the optical spring would significantly amplify the signals in a narrow frequency band.
The HF is tuned on resonance and aims to detected GWs in a broad frequency band. These
regimes affect the design of frequency-dependent squeezing; see Figure 4 for a conceptual
demonstration of quantum enhancement on the sensitivity.
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Figure 4. Frequency-dependent squeezing in the ET. (left) Comparison between the three configura-
tions of the LF detector: tuned (blue), limited by the SQL (dashed gray); detuned, featuring the optical
spring (orange); and enhanced by both the optical spring and the frequency-dependent squeezing
(green). Both optical spring configurations allow to overcome the SQL. Shaded areas highlight sub-
SQL sensitivity. (right) The ET-HF with (orange) and without (blue) frequency-dependent squeezing.
In both plots, frequency-dependent squeezing allows to enhance the nonsqueezed sensitivity across
the full detection band. Figure 5 shows the contributions of different imperfections in these curves.

In theory, achieving perfect frequency-dependent squeezing would require an infinite
number of filter cavities, owing to the specific shape of their phase response. In practice,
however, two filter cavities are sufficient to achieve the necessary frequency rotation [34].
Furthermore, when the detector’s detection bandwidth is broad—specifically, when the
bandwidth significantly exceeds the frequency where SN and QRPN are equal—a single
filter cavity is sufficient. This condition is met in the case of the ET-HFE. In contrast, the
sensitivity of the ET-LF exhibits two distinct minima, requiring at least two filter cavities,
each optimized to address a specific minimum.

Figure5 shows quantum enhancement of the ET and specific contributions from
different noise sources. We can distinguish two main contributions, as discussed above:
optical loss and phase noise (or similar effects). There are several sources of optical loss:

*  Injection loss, which occurs on the way from the squeeze laser to the interferometer,
including several Faraday isolators and imperfect state generation in the squeeze
laser cavity.

*  Readout loss, which includes all optical components from the interferometer to pho-
todetectors. Of particular note here are output mode cleaners: cavities used to separate
the single optical mode carrying the signal from other parasitic and technical light
fields. This also includes imperfect balancing of the homodyne readout and imperfect
quantum efficiency of photodetectors.

®  SRC loss, which occurs inside the SRC cavity, mainly due to the central beam splitter
and its anti-reflective coatings.

*  Mode mismatch, which occurs due to mismatches in the shapes of transverse optical
modes between different interfaces and introduces anomalous loss.

»  Filter cavity loss, which occurs inside the filter cavity, has a profound impact on the
sensitivity, which we discuss in detail below.

3.1. Optical Loss in Filter Cavities

This impact is two-fold: (i) a part of the squeezed field is lost and replaced by a
vacuum and (ii) there is a so-called dephasing mechanism caused by the unequal amount
of round-trips inside the filter cavity experienced by two sidebands of the squeezed field.
The second mechanism was only recently identified [141,142] and subsequently analyzed in
detail through theoretical studies [143]. It was, however, quickly recognized as the primary
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limiting factor for quantum noise in the ET-LF. Dephasing occurs due to different amount
of loss experienced by the lower and the upper sidebands of the squeezed field, as they are
reflected off a detuned cavity. For example, lower sideband might be almost fully reflected
and never enters the cavity, while upper sideband is close to resonance and experiences
strong loss. The resulting effect is very similar to that of a phase noise: anti-squeezing
couples strongly into the squeezed quadrature.

Reducing optical losses inside the filter cavity is thus of central importance, especially
for the ET-LF. A realistic design of filter cavities takes into account all possible sources of
decoherence [144-146]. However, achieving the level of optical loss per mirror assumed
in the ET design requires substantial technological advancements. A complementary
approach to enhancing mirror quality is extending the lengths of the filter cavities. To
explain this, we note that the phase rotation upon reflection off the cavity depends only
on the cavity linewidth and detuning from resonance. Cavity linewidth is defined by the
ratio between the losses in the cavity (including front mirror) and the cavity length L:
v = ¢(T 4+ A) /4L, where c is the speed of light and A includes all losses in the cavity per
one round trip except the front mirror power transmission T. The relevant value for the
filter cavity is, thus, not the loss itself, but the loss per unit length [144]. A useful measure
is quantum enhancement relative to the SQL, which can be approximated as [34]:

1/4
\/Sn/85 > <[3);CL> . )

This equation highlights the main property: if the cavity linewidth o and loss per
round trip A are fixed, only increasing the filter cavity length L can reduce the detrimental
effect of losses on sensitivity. The effect is more relevant for the ET-LF, since its low
frequency operation requires filter cavities with very narrow linewidths (=8 Hz for one of
the cavities) and the impact of loss is strong. For the ET-HF, the transition between QRPN
and SN is at much higher frequency, and therefore, the linewidth of the filter cavity is about
3 times larger (=22 Hz). Furthermore, frequencies at which the ET-HF is limited by QRPN
mostly do not contribute to the combined sensitivity of the ET-LF and the ET-HF or are
limited by other noises, such as the suspension and the coating thermal noises. This allows
to relax the constraints on the filter cavity loss, reducing its length compared to the ET-LE.
It is worth noting that the loss per round trip also depends on the cavity length, due to
the increased beam size for longer cavities and associated scattering losses [145,147-149],
which has to be accounted for in any practical design.

Dephasing has an additional indirect impact on squeezing: in the presence of loss in
the filter cavity, it may be optimal to reduce the amount of anti-squeezing, such that its
coupling is minimized. However, this also means a reduction in the squeeze factor at all
frequencies. For instance, direct optical loss may allow observing 10 dB of squeezing, but
the need to reduce anti-squeezing results in only 8 dB of detected squeezing. This balance
requires careful optimization in the design process.



Galaxies 2025,13, 11

10 of 19

=== Total quantum noise FC length noise = SRC loss
= |njected squeezing === SRC length noise Filter cavity loss
1 — == = Misrotation Mode mismatch = |njection loss
A \-,_ === Dephasing = Arm cavity loss = Readout loss

Phase noise

o

._.

2
L
t
‘

1

9
r
-
.

Strain [1/v Hz]

10-%

10° 101 102 101 102 10°

Frequency [Hz] Frequency [Hz]
Figure 5. Example of possible decoherence contributions to quantum noise in the ET-LF (left) and
-HF (right). The solid green line corresponds to sensitivity without loss contribution (for the LF in
this example, it almost coincides with the curve for injection loss contribution). Other curves show
contributions from different noise mechanisms, which are added as squares to produce the final
violet line, representing the square root of this sum. For the LF, the main limitations are coming
from filter cavity loss, injection and readout loss, and mode mismatch. For the HF, filter cavity loss
is limiting at a low frequency, and SRC loss is strongly limiting at a high frequency. Of note is a
feature at ~2 kHz arising from mode mismatch. Other important contributions are misrotation of the
squeezing ellipse, arising from suboptimal rotation applied by the filter cavities, and length noise in
SRC and filter cavities, originating optical path fluctuations due to residual motion of the various
optical components. For these plots, we consider a filter cavity length of 5km and 15 dB of squeezing
for the LF and a filter cavity length of 1km and 18 dB of squeezing for the HF. Other parameters
are generally based on the design published in Ref. [49]. Note that these curves do not represent the
official ET noise budget, but are an example of the possible noise breakdown based on the pyGWINC
simulation package [150].

3.2. Other Sources of Decoherence

Mode mismatch is a significant source of decoherence in GW detectors. Efficient
interference between optical modes requires that their transverse shapes match perfectly.
However, in practice, small mismatches are unavoidable. These can occur, e.g., between the
squeezed field and the filter cavity mode, between the filter cavity and the interferometer,
or even between the two interferometer arms. Mode mismatch leads to coherent effects: for
instance, if the squeezed field is scattered into a higher-order spatial mode at one interface
and subsequently scattered back into the fundamental mode at another interface, this can
introduce significant decoherence [142]. The phases of the fundamental and higher-order
modes at the second interface may differ due to propagation or coupling changes. At this
point, the squeezing ellipse in the higher-order mode may become rotated relative to the
fundamental mode. When the modes interact again, a substantial fraction of anti-squeezing
may couple into the squeezed field, effectively degrading the squeezing [151]. This process
manifests similarly to phase noise and may require a reduction in both the squeezing and
anti-squeezing levels to minimize detrimental effects on the detector sensitivity. This change
is frequency dependent and leads to an overall reduction in the detector performance. At
present, no detailed model exists to quantify the impact of mode mismatch on quantum
noise, although important steps have been made in this direction [142]. Further research
is required to evaluate its effects on sensitivity and to develop strategies for mitigation.
For instance, in some scenarios, mitigation of mode mismatch effects may be possible by
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squeezing the higher-order modes that couple into the detector [152]. Active strategies for
controlling mode shapes also need to be employed [153].

There are several contributions to the phase noise in the detector [15,140]: residual
length noise of the SRC and filter cavities, as well as residual fluctuations of in-path
suspended steering optics, which are generally actively suppressed, but only to a certain
degree [154]. Another important contribution to the phase noise is back-scattered light,
where a portion of optical power leaking from the interferometer propagates towards
the squeeze laser, interacts with the squeezed field, and adds fluctuation of the squeeze
phase [155]. Active strategies to control it will be implemented [155].

3.3. Alternative Configurations

Constructing long filter cavities is a significant technological and financial challenge
in detector design, as it requires large-volume tunnel excavation and extensive vacuum sys-
tems. Several alternative approaches have been proposed to realize frequency-dependent
squeezing without relying on long filter cavities. Among these, one of the most prominent
is the so-called EPR squeezing technique [156-158]. This approach takes advantage of
the long arm cavities of the detector itself, using them as substitutes for dedicated filter
cavities. To achieve this, two entangled fields are generated: one tuned to the detector’s
resonance around the signal frequencies and the other far outside this range, near the next
longitudinal resonances of the arm cavities. The second field does not interact with the
GW signal but can be detuned relative to the cavity resonance to acquire the necessary
frequency dependence before being independently detected. The two entangled beams
are quantum-correlated, and after detection, an optimal combination of the measurement
records allows the frequency dependence of the auxiliary beam to be projected onto the
main beam, effectively creating frequency-dependent squeezing. This approach takes full
advantage of the exceptional optical quality of the detector’s mirrors and the long cavity
lengths, which are intrinsic to GW observatories. However, this technique has notable
downsides. First, it requires two homodyne readouts instead of one, which reduces the
quantum enhancement by 3 dB. Second, the optical losses are effectively doubled, as they
impact both entangled beams, further diminishing the achievable squeezing. While this
technique has been successfully demonstrated in table-top experiments [159-161], its imple-
mentation in the ET requires further study. For instance, the original proposal is limited to
replacing a single filter cavity and, therefore, is not directly applicable to the ET-LF, which
requires two filter cavities to accommodate its dual-minima sensitivity profile. Conceptual
modifications to this technique have been proposed to extend it to the ET-LF [162], but
further studies, both experimental and theoretical, are needed to understand the feasibility
of the approach.

Another alternative to frequency-dependent squeezing, which is in the early stages
of development, is the use of effective negative mass oscillators [163,164]. Coupling spin
ensemble to a GW detector allows the modification of the response of the combined system
and significantly suppress QRPN. This approach has been demonstrated in table-top
experiments [165,166], and theoretically studied in detail for GW detection [167,168]. It
requires further detailed technical assessment to consider its feasibility as the alternative to
filter cavities.

4. Discussion and Outlook

Quantum technology lies at the heart of the ET and is the key to achieving its goals.
Quantum noise is the primary factor limiting the detector’s sensitivity across most of its
detection band. Successfully suppressing this noise is essential for realizing the full potential
of the ET, a facility designed to operate at the cutting edge of science for several decades.
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Modern squeeze lasers already provide high-quality squeezed states that meet many
of the requirements for the ET [79,169-171]. However, delivering and maintaining a high
degree of frequency-dependent squeezing inside the detector presents significant challenges.
One of the most important is the need to minimize and account for all sources of optical
loss. At first glance, the impact of potential added loss on the sensitivity may appear minor,
as it only reduces it by a few tens of percentage points; see Figure 6 (left). However, when
translated to the cosmological reach, it becomes rather significant, see Figure 6 (right). For
instance, a 25% increase in noise around 8 Hz leads to a drop in redshift from 98 to 92; see
Ref. [49] for an overview of the impact of sensitivity changes on the science case. Therefore,
it is of utmost importance to minimize every possible loss contribution, especially in filter
cavities. This could be achieved by characterizing and optimizing existing coatings [137],
developing new coating solutions, increasing the filter cavity lengths, or, most likely,
employing all of these approaches. Another critical aspect is the control of transverse mode
shapes within the interferometer. This will necessitate precise control of mirror surface
shapes, management of thermal effects that could distort the optical paths, especially in
high-power the ET-HF [172,173], and maintaining optimal alignment through adaptive
optics [153].

Beyond GW detection, the quantum technologies employed in the ET hold the promise
of exploring new frontiers in fundamental physics. They will allow preparing and studying
macroscopic quantum states of the mirrors, probing the limits of quantum mechanics,
testing gravity-induced decoherence, and investigating other quantum effects [86,174].
Such capabilities position the ET as not only a GW observatory but also a platform for
groundbreaking research into the foundations of quantum theory.
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Figure 6. Effect of filter cavity loss on the quantum noise of the ET-LF (left) and its cosmological
reach (right). Any small loss added to the baseline roundtrip loss of 15 ppm (15 x 107°) results in a
noise increase, particularly around the 8 Hz optical spring resonance, primarily due to dephasing.
The effect on the cosmological reach is significant: increasing the noise by a factor of 2 (i.e., by 100%)
reduces the redshift from almost 100 to 76. Here, the squeeze value is not optimized for each loss
value, so in practice, the impact might be reduced at the peak frequency at the price of increased noise
in the broad band. The redshift here is computed as the maximal reach for equal mass nonspinning
binaries by using the inspiral_range tool [175].
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