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Abstract: Cosmic Explorer is a concept for a new laser interferometric observatory in the United
States to extend ground-based gravitational-wave astrophysics into the coming decades. Aiming to
begin operation in the 2030s, Cosmic Explorer will extend current and future detector technologies to
a 40 km interferometric baseline—ten times larger than the LIGO observatories. Operating as part of
a global gravitational-wave observatory network, Cosmic Explorer will have a cosmological reach,
detecting black holes and neutron stars back to the times of earliest star formation. It will observe
nearby binary collisions with enough precision to reveal details of the dynamics of the ultradense
matter in neutron stars and to test the general-relativistic model of black holes.
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1. Introduction

By the latter half of the 2030s, the field of gravitational-wave astronomy will be very
different from what it is today. Space-based interferometers will collect millihertz signals
from merging black holes with thousands to millions of solar masses [1,2]. Pulsar timing
arrays will observe a nanohertz background of signals from black hole binaries with billions
of solar masses [3]. Polarimetry of the cosmic microwave background may capture the
imprint of gravitational waves from the early universe [4]. New experimental efforts will
look for mega- and gigahertz gravitational waves arising from physics beyond the Standard
Model [5], and for decihertz gravitational waves from astrophysical sources [6-9]. This
multibanded array of observations will enhance a catalog of observations in the audio
band (roughly ten hertz to several kilohertz) from the global network of ground-based,
laser-interferometric gravitational-wave observatories—Advanced LIGO, Advanced Virgo,
KAGRA, and GEO600—which should reach full sensitivity in this decade [10-14].

Given this wide spectrum of expected gravitational-wave data, what is the role of
continued observation in the audio band? As will be argued in this review, even with
a fulsome catalog of data from the current generation of audio-band gravitational-wave
detectors, including from the incremental upgrades LIGO A+ and AdVirgo+ [15,16], many
questions about stellar-mass binary systems or other phenomena in the gravitational-
wave universe will remain unanswered until a network of more sensitive observatories
comes online that can collect signals with higher fidelity and from further back in cosmic
history. Other than switching to a radically different detection strategy, there are two
ways to realize greater sensitivity across the audio band. The first way is to pursue
technology improvements to realize a less noisy detector with a similar length as today’s
detectors, in an existing or potentially new observatory facility. The Voyager concept
proposes shifting to a cryogenic test mass material and a longer laser wavelength, among
other changes; if installed in the 4 km LIGO facilities, it would give a two- to threefold
improvement in amplitude sensitivity over LIGO A+ [17]. This technology can also enable
a kilohertz-focused gravitational-wave detector, which leads to the NEMO concept for
a 4 km observatory in Australia [18,19]. The second way to realize greater sensitivity
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is to increase the detector length, since the strength of the gravitational-wave-induced
optical signal grows linearly with the detector length, while most noises in the detector
grow sublinearly. (This scaling holds so long as the travel time of the laser light down the
detector arms is smaller than the period of the gravitational wave).

If technology improvements are coupled with a longer detector arm length, it seems
possible to achieve a broadband tenfold improvement in amplitude sensitivity over today’s
detectors, and to push the lower end of the observation band to well below 10Hz. In
Europe, this idea has developed into the Einstein Telescope project, which aims to construct
an underground observatory comprising six interferometers with 10 km arm length [20]. In
the United States, the Cosmic Explorer project aims to construct a surface facility hosting
a single 40 km interferometer, with current plans additionally calling for a second facil-
ity, widely separated from the first, hosting a single 20 km interferometer. The Einstein
Telescope and Cosmic Explorer are both referred to as next-generation gravitational-wave
observatories, since they represent a significant increase in sensitivity from the current
generation of observatories.'

Broadly speaking, the ethos of Cosmic Explorer is to “just scale up” a LIGO facility
and install a single interferometer with the best technology available. The germ of this
idea goes back to at least 2013, when a noise analysis of a 40 km facility with the Advanced
LIGO technology set was presented at the Advanced Detector Workshop in Elba [21].
Dwyer et al. [22] elaborated this analysis, demonstrating that such a detector could achieve
cosmological reach (redshift z > 1) over a wide mass range of binary stellar remnants. An
analysis of the noise scalings of such a detector, along with the scalings of a detector using
the Voyager technology set, followed thereafter [23]. From 2018 to 2021, the US National
Science Foundation funded a horizon study that set out Cosmic Explorer’s science case,
choice of technology, instrument design, community relationship, project realization, and
cost estimate [24]; in parallel, a Cosmic Explorer consortium was established to organize
the growing community of interested researchers. Cosmic Explorer intends to come online
in the mid-2030s and operate as part of a global next-generation network with Einstein
Telescope and potentially other observatories [25,26].

This review will describe the science case for Cosmic Explorer (Section 2) and the
observatory concept (Section 3), and give some remarks on the observatory project and its
realization (Section 4). We will mostly hew to the vision of Cosmic Explorer as presented in
the 2021 horizon study.

2. Science Program

Cosmic Explorer’s leap in sensitivity will deliver a catalog of observations that is
fundamentally different from the catalog delivered by the current generation of obser-
vatories. Whereas today’s observatories can detect mergers of binary stellar remnants
from redshifts less than 3, Cosmic Explorer will be able to detect them out to cosmological
redshifts greater than 10—in other words, from the entire stellar history of the universe
(Figures 1 and 2). This also means that the rate of binary merger detections will likely
exceed 100,000 per year, enabling detailed inferences about stellar remnant populations.
Individual merger signals, especially those in the local universe, will be detected with
greatly enhanced signal-to-noise ratio, sometimes exceeding 1000 in amplitude, enabling
precision observation of the dynamics at play in these systems.

Cosmic Explorer’s broad scientific program has been arranged around four themes.
The first is black holes and neutron stars throughout cosmic time (Section 2.1); the second is
the dynamics of dense matter (Section 2.2); and the third is extreme gravity and fundamental
physics (Section 2.3). A fourth theme, discovery potential (Section 2.4), covers other
phenomena and emphasizes the possibility of finding something completely unexpected.
Many of these topics overlap with the science case of the Einstein Telescope [27], and the
scientific output of both observatories will be enhanced if they operate jointly as part of
a worldwide network, particularly due to the improved ability to measure the distance,
inclination, and sky location of the systems [28-35].
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Figure 1. Detection capability of selected current and next-generation gravitational-wave interferom-
eters. Each curve indicates the highest cosmological redshift at which an equal-mass, non-spinning
compact binary coalescence could be detected with amplitude signal-to-noise ratio of 8, if the system
is optimally oriented on the sky. Solid lines indicate detection using the gravitational radiation from
the (¢,m) = (2,2) angular mode of the system only; dashed lines show the inclusion of higher-order
angular modes using the simulated waveform family IMRPHENOMXHM [36].
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Figure 2. The cosmic history of binary stellar remnant mergers, with 1.4 + 1.4 M neutron star mergers
on the left and 30 + 30 M, black hole mergers on the right; the radial coordinate is cosmological
redshift z. The distribution of mergers as a function of redshift assumes the Madau—-Dickinson star
formation rate and that the typical time from binary formation to merger is 100 million years [37,
38]; under these assumptions, most of these binaries merge at z ~2. The first gravitational-wave
detections of a binary black hole merger (GW150914) and a binary neutron star merger (GW170817)
are indicated [39,40]. The colored bands then show the detection capabilities of selected gravitational-
wave observatories from Figure 1, as well as the capability of Advanced LIGO during the third
LIGO-Virgo observing run.
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2.1. Black Holes and Neutron Stars Throughout Cosmic Time
2.1.1. Remnants of the First Stars

The stellar history of the universe extends from the present day back to a redshift
higher than 10, beyond which the matter in the universe was predominantly neutral
hydrogen. Even the oldest stars that astronomers have observed today, belonging to the so-
called Population II, have a metal content that is too high to be explained by direct formation
from this neutral hydrogen, leading to a hypothesized cohort of stars (Population III) that
would have produced the first phase of stellar nucleosynthesis in the universe [41]. No such
Population III star has been observed, but simulations suggest these stars were typically
larger than 100 M. If they were sufficiently massive, they would have collapsed into black
holes [42,43], implying rich observational prospects for high-redshift gravitational-wave
astronomy. Cosmic Explorer will be able to search for the remnant black holes of binary
Population III systems at redshift beyond 10 over two decades in mass, about 3-300 M;
see Figures 1 and 2).

2.1.2. Seeds of Galaxy Formation

Most galaxies contain at their center a black hole with a mass of millions to billions of
solar masses. The formation mechanism of such supermassive black holes has not been con-
clusively determined, but multiple scenarios rely on seeding from so-called intermediate-
mass black holes, with masses ranging from hundreds to hundreds of thousands of solar
masses. These intermediate-mass black holes could have formed from accretion onto the
black hole remnants of Population III stars, from the collapse of clouds of neutral hydrogen,
or from the gravitational collapse of globular clusters [44].

Whatever the mechanism, the formation process must have been underway before
z = 7.5, given the observation of high-redshift active galactic nuclei likely powered by
supermassive black holes (see, for example, Banados et al. [45]). Cosmic Explorer, ideally
operating in a network with the Einstein Telescope, will be able to track the growth of
high-redshift black holes up to a thousand solar masses, providing key information about
the early stages of assembly of intermediate-mass and supermassive black holes [46].

2.1.3. Formation and Evolution of Compact Binaries

The question of how binary systems form, especially with orbits compact enough to
coalesce via gravitational-wave emission, is still an open area of research. In regions of high
stellar density, such as globular clusters, tightly bound binaries can form from dynamical
encounters of stars or stellar remnants; alternatively, an isolated binary can become compact
if one star ejects enough gas to form a common envelope around both stars, inducing a drag
that tightens the orbit [47]. These formation mechanisms lead to varying predictions about
the masses, spins, eccentricities, and other properties of the population of compact binaries,
which can be inferred from gravitational-wave observations of the coalescence [48,49].

The existing catalog of gravitational-wave observations already gives hints that multi-
ple formation mechanisms are at work [50]. Next-generation observatories such as Cosmic
Explorer will densely sample the compact binary population out to high redshift, and
the resulting catalog of observations will be able to not only differentiate between forma-
tion channels operating in the present day, but to track the operation of these channels
throughout the stellar history of the universe [51].

2.2. Dynamics of Dense Matter
2.2.1. Structure and Composition of Neutron Stars

Neutron stars are known to be cold and ultradense, but the exact behavior of the
matter inside them is not known. Particularly in the core, the high pressure and density
could cause a phase transition from hadrons to deconfined quarks [52]. This subatomic
behavior of the matter determines the equation of state relating pressure, density, and
temperature. In neutron stars, the equation of state controls the relation between a star’s
mass, radius, and deformability in a tidal gravitational field, which are observable in the
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gravitational waveform of a merging binary neutron star system [53]. Cosmic Explorer
will be able to measure hundreds of neutron star radii to within 1% each year, providing a
catalog of precise observations of tidal signatures that can be used to distinguish between
different models of the neutron star equation of state.

The behavior of cold, dense matter can also be understood through observations of
neutron stars in isolation, which could produce gravitational waves through solid body
oscillations or through an elliptical mass distribution that rotates with the star [54]. Cosmic
Explorer will be able to search for spinning neutron stars with ellipticities on the order of
1077, testing the initial conclusion from electromagnetic observations that these stars have
a minimum ellipticity [55].

2.2.2. New Phases in Quantum Chromodynamics

In the aftermath of a neutron star merger, the cold progenitor stars give way to a hot,
dense postmerger remnant, which provides an avenue to probe the behavior of ultradense
matter at a finite temperature. Here again the hadronic matter could, given the elevated
temperature and density of the postmerger environment, transition to deconfined quarks,
and this transition would be imprinted onto the portion of the gravitational waveform
resulting from the postmerger oscillations of the remnant [56,57]. Additionally, the post-
merger waveform reveals the fate of the remnant: whether it collapses promptly to a black
hole, lingers momentarily as a hypermassive neutron star, or survives as a stable neutron
star [58,59].

Postmerger oscillations are expected to occur somewhere between 2—-4 kHz, which
motivates the development of more sensitive gravitational-wave detectors in this frequency
range and a careful consideration of their optical configuration [60]. Reliably detecting
these postmerger oscillations at least once per year requires a next-generation detector such
as the Einstein Telescope or Cosmic Explorer [61], or a dedicated high-frequency detector
such as NEMO.

Core-collapse supernovae offer another avenue for witnessing the behavior of matter
at extreme temperatures and densities. These supernovae are expected only a few times per
century in our galaxy and there is considerable modeling uncertainty in the strength and
morphology of their gravitational-wave emission. The detection prospects with the current
generation of gravitational-wave observatories is thus uncertain, but a next-generation
observatory such as Cosmic Explorer would boost the optimal signal-to-noise ratio by
tenfold, vastly increasing the chance of detection [62]. Even so, the rate of detectable
core-collapse supernovae is likely to remain low even for the next-generation observatories
unless further broadband sensitivity improvements of 100 in amplitude are achieved [63].

2.2.3. Chemical Evolution of the Universe

The observation of a neutron star collision jointly by gravitational-wave and elec-
tromagnetic observatories in 2017 (GW170817 [64]) confirmed that these collisions are
responsible for the synthesis of many of the heavy elements in the universe [65]. This
initial observation anticipates a new set of questions, such as how the properties of the
binary affect the rates of nucleosynthesis and the abundances of the products, and whether
other systems (especially supernovae and collisions of a neutron star with a black hole)
have a significant role in producing these heavy elements. A number of theoretical uncer-
tainties, particularly in the modeling of the optical-infrared afterglow (kilonova), make
these questions difficult to answer without a larger sample of joint gravitational-wave
and electromagnetic observations of these systems [66]. In concert with next-generation
electromagnetic telescopes, Cosmic Explorer will deliver just such a catalog of observations
outtoz ~ 1.

2.2.4. The Engine Powering Short y-ray Bursts

The observation of a short y-ray burst nearly simultaneously with GW170817 provided
evidence that such bursts originate in neutron star collisions [67], but mysteries linger.
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Atypical features in the burst lead to questions about whether it was a canonical burst
observed at an unusual angle, or whether some fundamental process differentiates it
from the catalog of canonical short y-ray burst observations [68]. In any case, the central
engine driving short y-ray bursts is still uncertain, and could be accreting black holes or
(hyper)massive neutron stars; consequently, these bursts may or may not be observed
in the collision of a neutron star with a black hole, in addition to the collision of two
neutron stars [68]. Cosmic Explorer will deliver a large catalog of signals from neutron
star collisions at a wide variety of observing angles, especially at redshifts z < 1 where
systems are accessible with electromagnetic telescopes, enabling an elucidation of the burst
mechanism and the engine that drives it [24].

2.3. Extreme Gravity and Fundamental Physics
2.3.1. Testing General Relativity

Gravitational radiation is a powerful tool to test general relativity, particularly in the
strong-field regime [69]. Today’s gravitational-wave detectors have already begun some of
these tests [70,71], and next-generation observatories will continue these tests with greater
sensitivity, and enable new kinds of tests not possible today. These observatories will be
able to observe mergers with amplitude signal-to-noise ratios in excess of 1000, enabling
them to probe theory-agnostic modifications to general relativity with several more orders
of magnitude of constraining power than what is possible today [72]. Among the new kinds
of tests that will be enabled, Cosmic Explorer and other next-generation detectors will be
able to reliably resolve the higher-order multipole moments as a black hole rings down
after merger, and they will do so with enough precision to compare the observed signal
with the prediction from general relativity that the spectral content is uniquely determined
by the mass, spin, and charge of the black hole (the “no hair theorem”) [73-75].

2.3.2. Rare and Novel Compact Objects

Cosmic Explorer will detect most of the stellar-mass compact binary coalescences in
the low-redshift universe, amounting to hundreds of thousands of events per year. Among
these coalescences will be black hole or neutron star systems with rare properties, which
could be missed by current observatories. Moreover, Cosmic Explorer may discover that
some of the compact objects in its catalog are neither black holes nor neutron stars. A
variety of theoretical objects, such as boson stars or gravastars, may superficially mimic the
behavior of black holes, but the precise observations enabled by Cosmic Explorer could
reveal the absence of a true spacetime horizon; alternatively, observations could reveal new
physics associated with black holes [76].

2.3.3. Dark Matter and Dark Energy

The possible gravitational-wave signatures of dark matter are manifold, and essentially
every category of astrophysical source targeted by gravitational-wave observatories can be
pressed into service to search for dark matter; we will only mention a few here and refer the
reader to Bertone et al. [77] for a comprehensive review. By searching for sub-solar-mass
binary coalescences, Cosmic Explorer will more tightly constrain the fraction of dark matter
that could exist as primordial black holes in the range 10~3~100 M, [78]. Cosmic Explorer
can also probe ultralight scalar-field dark matter models in the mass range 0.1-10 peV
by searching for a stochastic background of oscillatory gravitational-wave signals from
these fields in the vicinity of spinning black holes [79]. Like other interferometers, Cosmic
Explorer can be used to directly detect terrestrial dark matter, especially if it couples to
Standard Model particles. In particular, it can provide improved constraints on the photon
coupling of dark matter for masses below 0.1 peV [80].

Cosmic Explorer will also make contributions to dark energy and cosmology. Joint
observation by Cosmic Explorer and the Rubin observatory will yield a sub-percent mea-
surement of the Hubble constant, independent of the traditional cosmic distance ladder.
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These observations will additionally yield measurements of the local dark matter density
and the local dark energy equation of state to within 20% [81].

2.4. Discovery Potential

Cosmic Explorer’s leap in sensitivity may deliver observations not enumerated in the
above three science themes. Ultimately, it is impossible to give an exhaustive account of
what we might see—perhaps an observational consequence of the unification of quantum
mechanics and general relativity, or a new elementary particle, or new physics at work
in the early history of the universe. Many potential phenomena in this latter category
could appear as a stochastic gravitational-wave background lying beneath the background
of merging binary systems; Cosmic Explorer could reveal these phenomena as part of a
next-generation network [82-86]. Cosmic Explorer may even reveal phenomena that we
cannot yet conceive of: history shows that new, more sensitive astronomical instruments
often deliver signals from the Universe that are totally unexpected [87].

3. Observatory

Cosmic Explorer’s science goals are premised on achieving a detector with a typical
sensitivity of order 1072 / v/Hz in the audio band. Achieving such a sensitivity in the 2030s
seems possible with further research and development on laser Michelson interferometers,
which already can achieve sensitivity better than 10-23 //Hz and with a tenfold increase in
the interferometer arm length. Thus, Cosmic Explorer, like the Einstein Telescope, assumes
a Michelson interferometer topology, using Fabry—Perot arm cavities along with optical
recycling techniques to increase circulating power and achieve broadband operation.

The Cosmic Explorer concept as presented in the 2021 Horizon Study takes as a
baseline design the construction of two widely separated facilities on the Earth’s surface,
one hosting a 40 km detector and the other hosting a 20 km detector, although it considers
alternate scenarios in which Cosmic Explorer consists of a single 40 km facility, two 40 km
facilities, or two 20 km facilities [24]. In any case, the choice of one detector per facility is
different from the Einstein Telescope, which plans for three pairs of interferometric detectors
located in a single underground triangular 10 km facility. The trade-off for having only one
detector per facility is that each facility then is only sensitive to one gravitational-wave
polarization and will not be able to form a null (gravitational-wave-free) diagnostic channel.

There is also the question of what the Cosmic Explorer detector(s) should use as a
technology set. Although there is no requirement that the technology set stay fixed over the
lifetime of the observatory, the horizon study assumes that Cosmic Explorer will extend the
LIGO A+ set, meaning room-temperature fused silica test masses and suspensions, active
vibration isolation, and a 1064 nm laser, as well as a new mirror coating technology that is
currently still under development and slated for deployment in the next few years. It is
also conceivable that a different technology set, such as the cryogenic silicon concept for
LIGO Voyager, could be scaled up to Cosmic Explorer, and several previous works have
explored that possibility [23,88]. However, the LIGO A+ technology set is more mature,
having already been demonstrated on kilometer-scale instruments.

This section presents the expected sensitivity of a 40 km Cosmic Explorer (Section 3.1),
and then discusses the detector design (Section 3.2), the vacuum system (Section 3.3), the
observatory location (Section 3.4), and the possibility of a 20 km detector (Section 3.5).

3.1. Sensitivity

Figure 3 shows the noise of current and next-generation detectors, including a 40 km
Cosmic Explorer, expressed as an equivalent spacetime strain noise. This has by now
become the standard way to characterize the sensitivities of gravitational-wave interfer-
ometers, and for the current observatories, the construction of these curves is simple: the
amplitude spectral density /Sy, (Q2) of the observatory strain noise is found by taking the
amplitude spectral density \/Sxx(Q2) of the detector’s displacement noise and dividing
by the arm length L. However, the situation for next-generation observatories is more
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complicated, firstly because Cosmic Explorer is of comparable size to the wavelengths
of kilohertz gravitational waves, and secondly, because the Einstein Telescope comprises
multiple interferometers with a 60° opening angle.
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Figure 3. Strain curves for selected current and next-generation detectors, including a 40 km Cosmic
Explorer. The curves indicate the sensitivity for an optimally oriented and polarized monochromatic
source. Several subtleties of these curves for the next-generation detectors are discussed in Section 3.1.

Each next-generation curve in Figure 3 represents the strain noise of the observatory
as a whole corresponding to an optimally oriented and polarized source on the sky at each
Fourier frequency. Computing this optimum requires recourse to the antenna response
functions F4 (6, ¢, Q)) (for + polarized waves) and F. (6, ¢, Q) (for x polarized waves) of
each detector in the observatory, keeping in mind both the source location (6, ¢) on the sky
and the angular frequency () of the arriving waves [89]. In the case of the Einstein Telescope,
arriving at the total observatory strain noise requires summing the power collected by
each of the three detectors (in other words, treating the Einstein Telescope as a network
of three colocated, but rotated, detectors). For Cosmic Explorer, especially, the stipulation
of computing the sensitivity separately at each Fourier frequency is important because
the optimal sky location and polarization varies significantly with frequency: for a single
L-shaped detector such as Cosmic Explorer, the optimum sky location for a zero-frequency
source is directly at the detector’s zenith or nadir; however, for a source with /27 = ¢/2L
(the free spectral range), the detector is completely insensitive to a source arriving at
the zenith or nadir, and the maximum response instead occurs for sources arriving at
other angles [90,91]. Figure 4 compares the normalized observatory sensitivities as the
gravitational-wave frequency approaches the free spectral range, showing that the antenna
pattern of an L-shaped detector is reduced, but not identically zero, at the free spectral
range. It also evinces a lack of nulls in the total antenna pattern of the three-detector triangle
geometry employed by the Einstein Telescope [20].
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3.2. Detector

This subsection focuses on the design of a 40 km Cosmic Explorer instrument using an
extension of LIGO A+ technology. The fundamental noises in such a detector are shown in
Figure 5 (We will return to a 20 km instrument in Section 3.5).

1072
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Figure 5. Fundamental noise contributions to the overall strain sensitivity of a 40 km Cosmic Explorer
detector, discussed in Section 3.2. The fundamental noises are modeled in pygwinc [92], and the noise
here is referred to a source arriving from 15° off the detector’s zenith.

3.2.1. Optical Configuration

The choice of optical cavity lengths and mirror transmissivities influences many of
the noise sources in the detector, particularly the noise arising from quantum mechanical
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fluctuations of the optical field. In terms of equivalent spacetime strain, most noise sources
in the detector decrease with increasing arm length [23,24]; in particular, the amplitude
spectral density of quantum shot noise scales as 1/+/L if the detector bandwidth is held
fixed. On the other hand, the free spectral range c/2L limits the maximum bandwidth
of the instrument; thus, to achieve the science goals relating to postmerger neutron star
physics (Section 2.2.2), the detector cannot be longer than several tens of kilometers. The
choice of L = 40 km represents a trade-off, yielding a free spectral range of 3.7 kHz while
still offering a clear improvement in the shot-noise-limited performance compared to a
detector with a shorter baseline. Further consideration of arm length choice is found in
Section 3.5.

The optical power circulating in the Cosmic Explorer arm cavities is assumed to be
1.5 MW, which is twice the nominal value for Advanced LIGO; it is not established whether
this represents a true upper limit for the detector. Aside from affecting the level of shot noise
in the detector, the choice of arm power has several optomechanical implications. First, the
quantum backaction (radiation pressure noise) must be counteracted by increasingly heavy
test masses; Cosmic Explorer assumes they are each 320 kg, which will already require
a scaling up of current fabrication technologies. Second, radiation pressure modifies the
angular susceptibility of the suspended masses, and could necessitate feedback control
schemes that degrade the sensitivity by injecting servo control noise; however, since Cosmic
Explorer plans to use heavier test masses and a near-confocal rather than near-concentric
arm cavity resonator geometry, these modifications to the suspension dynamics are weaker
than in LIGO A+, even with twice the circulating power [93,94]. Third, high power results in
more elastic modes in the test masses being driven into parametric instability by interaction
with optical modes [95], although a detailed analysis for Cosmic Explorer is yet to be given.
Aside from optomechanical effects, elastic deformation and refractive index changes in the
mirrors due to heat absorption in the substrates or coatings can degrade the quantum noise
performance of the detector or complicate the feedback control of the mirrors” length or
angular degrees of freedom; a quantitative accounting requires fairly detailed models of
the detector’s optical configuration and sensing and control systems, which have not yet
been developed.

The choice of the signal extraction parameters and the transmissivities of the input test
mass mirrors depend on the desired quantum-limited bandwidth and peak sensitivity, and
on power handling considerations. As in current detectors, the desire to lower the optical
power traveling through the beamsplitter and input test mass substrates favors a high arm
finesse F. On the other hand, the desire to reduce the effect of noise in the signal extraction
cavity favors lower finesse, since losses in this cavity contribute to the quantum noise with
a power spectral density S;,(Q) « F Q2 [96]. Cosmic Explorer assumes the Advanced
LIGO finesse of 450. In contrast to the current detectors, Cosmic Explorer’s long arm length
means that stronger signal extraction is needed to expand the interferometer bandwidth to
several hundred hertz; it also means that for any realistic choice of signal extraction cavity
length, dispersion in the cavity noticeably alters the level of quantum shot noise. Cosmic
Explorer’s nominal design assumes a signal extraction cavity length of 20m, with a 2%
transmissive signal extraction mirror, but other length and transmissivity values can be
chosen to tune the detector for low-frequency- or high-frequency-focused operation [60].
Cosmic Explorer assumes that the loss in the signal extraction cavity is 500 ppm, including
loss due the mismatch of transverse optical modes; this is roughly ten times less than the
current value in the LIGO detectors [97].

The quantum noise will be reduced using squeezed vacuum injected into the interfer-
ometer’s signal port; the goal is 10 dB of quantum noise reduction across the entire sensitive
band. Cosmic Explorer proposes to use a 4 km filter cavity with 80 ppm round-trip loss to
achieve the simultaneous reduction of radiation pressure and shot noise. Given injection
losses of slightly less than 10% and output losses of a few percent, this requires 15-20 dB of
squeezed light generation, with the relative path-length fluctuation between the squeezed
field and the signal field stabilized to 10 mrad rms.
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3.2.2. Test Masses

Cosmic Explorer will need fused silica test masses larger by roughly a factor of two
in every linear dimension compared to Advanced LIGO. This is driven first by the need
for a large inertia to lessen the effect of radiation pressure fluctuations, to decrease the
mechanical susceptibility of the suspension system (Section 3.2.4), and to reduce position
fluctuations from gas damping. A mass of 320 kg is enough to keep radiation pressure
noise, suspension noise, and gas noise below the geophysical background below 10 Hz.
Second, because the radius of the optical mode at each test mass can be no smaller than
VAL/m due to diffraction [93], the test mass diameter D must be large enough to avoid a
significant round-trip power loss due to the finite aperture of the test mass.” For Cosmic
Explorer’s planned operating wavelength of A = 1 um, a test mass diameter of about 70 cm
is needed to maintain a sub-part-per-million optical loss while allowing for optical mode
sizes slightly larger than the extremal value. If Cosmic Explorer were instead operated
with Voyager technology (cryogenic silicon masses and 2 um laser wavelength), a test mass
diameter of more than 80 cm would be needed to maintain similar optical loss, which
requires scaling up the current largest monocrystalline silicon ingot size of 45 cm [17].

With larger beam sizes than current detectors, Cosmic Explorer must have test masses
that are polished on spatial scales up to tens of centimeters to reduce scattering out of
the optical mode of the arm. The most stringent requirements will likely come from the
need to control noise arising from scattered light reflecting from a moving surface and
then recombining with the optical mode. This is a challenging modeling task, since it
requires cataloging and then simulating multiple scattering surfaces in a three-dimensional
geometry—notably the baffling in the beam tubes (see Section 3.3).

3.2.3. Mirror Coatings

Cosmic Explorer will use the future state-of-the-art in thin-film mirror coatings, which
is likely to be different from the coatings that are used today, which employ fused silica
as the low-index material and titania-doped tantala as the high-index material [100]. The
Cosmic Explorer model currently adopts the same target as LIGO A+, which is to use a
coating whose effective mechanical loss (taking into account coating thickness and elastic
parameters) is fourfold less than the LIGO silica—tantala coatings, while still maintaining
sub-part-per-million optical absorption and an acceptable level of optical scatter.

Because of the interest from LIGO A+ and AdVirgo+, there is already significant
coating development underway. Strategies include retaining fused silica as the low-index
material while replacing the high-index material with titania-doped germania, some other
metal oxide, or silicon nitride [101,102]. Other strategies include crystalline material
pairs such as gallium arsenide and aluminum-doped gallium arsenide [103]. The chief
development for Cosmic Explorer will be to scale up the area of the coating to the larger
test mass size. The coatings will require low contamination to avoid thermal deformations
that degrade the buildup of power in the arm cavities [104,105].

3.2.4. Test Mass Suspensions

Cosmic Explorer will adapt the quadruple pendulum suspension design used for
Advanced LIGO [106], giving a 1/Q8 amplitude suppression of horizontal vibrations for
frequencies () above the normal modes of the suspension. Cosmic Explorer will retain the
monolithic design, in which the test mass, penultimate mass, and the suspension fibers
between them are all fabricated from fused silica; the upper components are steel.

The chief adaptations for the Cosmic Explorer suspensions focus on decreasing their
mechanical susceptibility (the amount of test mass displacement in response to applied
forces) at frequencies within the gravitational-wave band. This serves to increase the
amount of vibrational isolation. Consistent with the fluctuation—dissipation theorem, this
also reduces the thermodynamic fluctuations perturbing the test masses in this band, since
these fluctuations are proportional to the imaginary portion of the susceptibility [107].
The susceptibility should also be engineered so that the frequencies of the normal modes
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associated with motions of the suspension masses lie below the sensitive band of the
interferometer (5 Hz), since this prevents resonant enhancement of seismic or thermal
noise within the band and allows for more flexible feedback damping of the modes. The
frequencies of these modes can be lowered by increasing the length of the pendulum stages.
A total length of 4.0 m is sufficient for the longitudinal modes, although it may not by itself
provide sufficient reduction in the mode frequencies of the suspension’s vertical motion;
due to the Earth’s finite radius Rg, these modes appear in the gravitational-wave readout
with a typical amplitude coupling factor L/2Rg =~ 0.003. These vertical frequencies could
be lowered even further by attaching the fibers to compliant silica cantilevers (“blade
springs”) or by decreasing the cross-sectional area of the fibers. In either case, the main
limitation is the strength of the fused silica. It is believed that the current tensile stress of
0.8 GPa in the LIGO fibers can be increased to at least 1.2 GPa in Cosmic Explorer [88,108].

3.2.5. Active Vibration Isolation

The Cosmic Explorer test mass suspensions will be attached to actively controlled
platforms that provide improved vibration isolation compared to the analogous system
in Advanced LIGO [109]. The improvement will come mainly through the use of inertial
sensors that have lower self-noise and can measure in six degrees of freedom [110,111].
Cosmic Explorer aims to achieve a residual platform motion of about 30 fm //Hz at 10 Hz,
which is ten times better than the LIGO performance and directly impacts the test mass
motion within the sensitive frequency band. Additional inertial sensing improvements at
1 Hz and below, including improved tilt sensing, will enhance the instrument performance
by lowering the amount of noise in other feedback control loops [88].

3.2.6. Local Gravity Fluctuations

Local fluctuations of the Earth’s gravity present an emerging challenge that will soon
limit the low-frequency performance of the current generation of observatories [112,113].
For Cosmic Explorer, which aims to achieve roughly ten times less displacement noise
at 10 Hz compared to Advanced LIGO, the challenge will be even more acute and will
require a concerted effort to account for fluctuations from both seismic and atmospheric
fluctuations. Because Cosmic Explorer will be located on the Earth’s surface, it is unlikely
that the ambient seismicity will be dramatically lower than that of existing observatories.

To reach the sensitivity shown in Figure 5, it is assumed that the effect of local gravity
fluctuations due to the seismic field can be mitigated, either by estimating the fluctuations
and subtracting them from the observatory’s time series data, or by altering the seismic field
in the immediate vicinity of the test masses. Current proposals for subtraction techniques
involve an array of seismometers or tiltmeters to measure the ground motion and thereby
estimate the fluctuation at each test mass [114]. Altering the seismic field could involve
displacing soil underneath the test mass to increase the distance from the mass to the source
of the gravitational perturbation, or the installation of metamaterials [115]. Regardless
of the method, the level of required mitigation to reach the sensitivity goal is 20dB for
the Rayleigh wave field and 10 dB for the body wave field, given ambient noise levels of
1 (pm/sz)/\/ﬁ in Rayleigh waves and 0.3 (pm/sz)/\/ﬁ in body waves.

The gravity fluctuation limit shown in Figure 5 is dominated not by the residual
seismic contributions, but rather the infrasonic background from the atmosphere. Other
than burying the test masses hundreds of meters underground, mitigation strategies for
atmospherically induced gravity fluctuations are uncertain [116] and so no infrasound
mitigation has been assumed for Cosmic Explorer. Figure 5 assumes that the typical level
of the ambient infrasound is 1 mPa/+/Hz, based on long-term global monitoring [117].

3.2.7. Laser System

Cosmic Explorer will use a 1064 nm laser system. The optical design for the instrument
(Section 3.2.1) assumes Parm = 1.5 MW of power in each arm, along with Lrm = 40 ppm of
loss per round-trip pass in each arm. If the power recycling mirror were critically matched
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to the arms, this would require an input power of 2Prm Larm; however, to allow for a
slightly overcoupled power recycling cavity, the laser power at the interferometer input
is assumed to be 140 W. This requirement is only modestly larger than the requirement
for Advanced LIGO. The maximum power produced by the laser system will need to be
higher than this value to account for propagation through the input optics system, which
will prepare the light in a frequency-, intensity-, and pointing-stabilized Gaussian mode.

For Cosmic Explorer, the frequency stabilization requirements are somewhat more
stringent than those of Advanced LIGO. In Advanced LIGO, the apparent displacement
noise in the gravitational-wave readout channel due to laser frequency noise is dominated
by coupling of higher-order transverse optical modes, with a typical value 1fm/Hz; if
the coupling in Cosmic Explorer is similar, then the requirement on the laser frequency
noise at the interferometer input is 0.7 nHz / VHz [118]. In contrast to Advanced LIGO, it is
unlikely that the laser can be frequency-locked to the Cosmic Explorer interferometer with
sufficient bandwidth due to the low free spectral range of 3.7 kHz. Cahillane et al. [118]
propose instead to use two suspended, triangular mode-cleaning cavities, rather than the
one cavity of Advanced LIGO.

3.2.8. Calibration

The calibration requirements for the Cosmic Explorer data will need to be drawn
from the multiple components of its science program, although some initial bounds can
already be given. If Cosmic Explorer (along with electromagnetic observatories) is to
deliver Hubble constant measurements to better than 0.2% [81], then the systematic error
on the amplitude of the gravitational-wave response must be smaller than this value.
For measurements of tidal effects in nearby binary neutron star mergers, which could be
observed with total amplitude signal-to-noise ratios in the thousands, calibration errors
should be about 1% or better [119]. For signals (such as compact binary mergers) that can
be precisely modeled a priori, detector calibration requirements are likely to be informed
by the level of improvement that can be achieved in the accuracy of gravitational waveform
families [120].

Cosmic Explorer could use several calibration techniques. The main calibration appa-
ratus for today’s detectors uses a metrologically traceable photon radiation pressure drive,
which in the case of LIGO is currently able to deliver a calibrated test mass displacement
with a 0.4% uncertainty [121]; anticipated improvements in optical power metrology may
be able deliver an uncertainty better than 0.15% [122]. Separately, spinning source masses
in the vicinity of the interferometer test masses can be used to apply a known gravita-
tional force. Prototypes employed in current detectors achieved uncertainty smaller than
1% [123,124], and future apparatus could achieve better than 0.2% uncertainty [125].

3.3. Vacuum System

The vacuum system for Cosmic Explorer, particularly the beam tubes that envelop the
40 km arms, is an active area of research and development. The noise requirements on the
vacuum system are not too different from those of LIGO, and the thrust of the research is in-
stead focused on reducing construction cost, developing better diagnostic capabilities, and
improving robustness. These activities are crucial so that the observatory is not hamstrung
by excessive cost during construction or by infrastructure failures during operation.

Gas-induced optical scattering of the laser light in the arms sets upper limits on the
partial pressures of various molecular species in the beam tubes. Two especially important
species, hydrogen and water, have partial pressure requirements py, < 40nPa ~ 0.3 nTorr
and pp,0 < 4nPa ~ 0.03nTorr, which are only slightly more stringent than the goals for
the LIGO system. In LIGO, the pressure requirements were met through a series of heat
treatments (“baking”), first to deplete hydrogen from the raw 304L stainless steel stock,
and then to desorb water from the inner surface of the tubes after installation [126]. Cosmic
Explorer may be able to reduce costs by using carbon (mild) steel, which already has a low
hydrogen content, by coating the interior of the tubes to reduce water adsorption, or by
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using novel (e.g., double-walled) tube geometries [126]. Stochastic momentum transfer
from residual gas to the test masses additionally sets a requirement on the pressure in
the vacuum chambers containing the masses. For meter-scale chambers, the pressure
requirement is less stringent than the above requirements for the pressures in the arms [88];
however, they must be able to repeatedly attain this pressure after periodic exposure to
atmosphere due to detector maintenance activities.

The diameter of the tube, along with the geometry of the interior baffles, must be
chosen to pass the beam through the arm without truncation, especially as such truncation
can impress the ground-driven motion of the baffles onto the phase and amplitude of the
main optical mode. Although Cosmic Explorer’s anticipated beam size (11 cm with 1 pm
light) is nearly twice that of Advanced LIGO, it appears that a tube of the same diameter as
LIGO (4 ft ~ 120 cm) with a ~100 cm interior clear aperture (set by the inner radius of the
annular baffles) is sufficient to avoid problematic truncation of the beam or baffle-induced
noise as the light propagates down the arms [127].

As described in Section 3.2.2, the beam tubes and baffles can also mediate the scattering
of stray light back into the main optical mode. In the most common scenario considered,
light is scattered out of the main optical mode due to the surface figure error of the test
mass and then is reflected from the baffles back toward the same test mass. Bai [128]
examined this scenario using a power budgeting calculation, and determined that current
polishing techniques, if extended to slightly larger spatial scales, could give acceptable
noise performance if the Cosmic Explorer beam tube and baffling system is similar to
that of LIGO. However, this power budgeting needs to be confirmed by phase-sensitive
calculations (e.g., using Fourier optics [129]) before the polishing requirements of the test
masses can be finalized.

3.4. Observatory Location

Aside from the overall shape of the observatory, the main contrast between the Einstein
Telescope facility [130] and the Cosmic Explorer facility is that the former is planned to be
underground, while the latter is planned to be on the Earth’s surface. Cosmic Explorer’s
choice of surface construction is motivated primarily by the expectation that tunneling
would be more expensive than surface construction, especially as tunneling projects are
typically more expensive per unit length in the Americas than in Europe [131].

If a 40 km facility is laid out on a perfectly spherical earth (with radius Rg, ~ 6400 km),
one must deal with the L2/8Rs ~ 30m difference in ground height between the center
and the ends of the arms. This requires that the soil (or rock) is redistributed along the
length of the arm to provide a flat grade on which to build the arms’ vacuum pipe; the
width of this grade must be at least a few meters to accommodate the infrastructure around
the pipe, and the slope on either side of the finished grade cannot be steeper than the
soil’s angle of repose, typically less than 45°. Additionally, the layout should be chosen so
that the deviation of the local gravity from vertical at each test mass is not significantly
worse than the deviation expected from a perfectly spherical earth, since this will couple
vertical motion of the test mass into the detector degree of freedom that is sensitive to
gravitational waves. To redistribute soil in this fashion for two 40 km arms on the spherical
Earth, roughly 107 m? of redistribution is required. Local topography, however, can alter
the amount of soil redistribution, and several groups have undertaken algorithmic searches
using publicly available topography and land-use data to find locations with a reduced
volume of redistributed soil. These searches revealed that sites with favorable topographic
profiles, yielding total redistributed volumes of order 10° m? or better, are not uncommon
in the United States and around the world, particularly if the requirements on the detector
length and opening angle are allowed to deviate slightly from their nominal values of
40 km and 90°, respectively [132].

Long-term seismic and infrasonic studies will be needed to estimate the impact of
ambient geophysical noise on the detector performance, with attention paid to a full
characterization of the seismic field (e.g., the types of seismic waves and their isotropy) and
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of the ground (e.g., its homogeneity and isotropy) to evaluate reduction strategies for local
gravity fluctuations. Above a few hertz, where ground acceleration directly impacts the
detector sensitivity, the ambient seismic field is generated mostly by nearby anthropogenic
sources and different sites can display several orders of magnitude difference in their
ground acceleration spectra [88,133,134]. Aside from the ambient noise conditions at
the initial site, the facility infrastructure also plays an important role: Nguyen et al. [135]
showed that the ground acceleration at the LIGO facilities is largely sourced from local
elements such as air handler systems, meaning that Cosmic Explorer can likely make
modest improvements to the ground noise spectrum by paying attention to civil engineering
and other facility design considerations. Below a few hertz, where ground acceleration
affects the controllability of the detector, the ambient seismic field is usually dominated by
natural processes [133], such as the secondary microseism at decihertz frequencies sourced
by storms in the open ocean [136]. At lower frequencies, ground tilt sourced by local
atmospheric pressure fluctuations (e.g., wind) induces significant variability in ground
motion and introduces a confusion noise in horizontal seismometer measurements [134,137].
Many of the sources responsible for the ambient seismic background also contribute to the
ambient infrasonic background. At frequencies above the microbarom (the atmospheric
counterpart of the microseism), wind and eddies are the dominant natural contributors
to the infrasonic spectrum [117], with anthropogenic sources including local observatory
equipment likely playing an important role as well.

Potential observatory sites will also need to be vetted for suitability in other ways. A
geotechnical survey must be carried out to establish a realistic cost estimate for the construc-
tion of the facility. Environmental impacts must also be identified, along with strategies for
avoiding or remediating these impacts. A plan for the eventual decommissioning of the site
must be developed. Separately from topographical and geotechnical considerations, the
social implications of the observatory location must also be integrated into the planning.
Cosmic Explorer must build a mutually beneficial relationship with the local community.
This requires taking community input into account from the beginning of the process
and integrating it into the trajectory of the project. This includes engagement with local
Indigenous communities, focused on ongoing consent for the project [24,138,139].

3.5. A 20 km Cosmic Explorer?

The 2021 horizon study calls for a 20 km Cosmic Explorer facility in addition to a
40 km facility. While two widely separated facilities will improve the estimation of extrinsic
parameters for all types of astrophysical systems, a 20 km facility in particular is motivated
by the dense matter portion of Cosmic Explorer’s scientific program (Section 2.2). This
portion of the program relies heavily on measuring gravitational waves at 2-4 kHz, where
the optical response of a 40 km detector is reduced due to the travel time of the light down
the arms (Section 3.1). The choice of 20 km for the arm length arose from the desire to
choose the length of the detector’s arms and signal extraction cavity and the transmissivities
of the signal extraction mirror to result in “tuned” operation, where the quantum noise is
reduced in the 2-4 kHz band at the expense of higher quantum noise elsewhere.*

Importantly, this tuning is limited by optical losses in both the arms and the signal
extraction cavity, which noticeably reduces the effectiveness of tuning when realistic loss
values (on the order of 0.1 %) are included (Section 3.2.1). Martynov et al. [140] studied
how to optimize the parameters of a high-frequency-focused detector, including arm length,
to best tune to signals in the 24 kHz band. The study found that the optimal detector
had an arm length slightly less than 20km and yielded a 30% improvement in average
signal-to-noise ratio in the 2—4 kHz band compared to a 40 km detector. Srivastava et al. [60]
examined the performance of a 20 km detector versus a 40 km detector against the whole
of the Cosmic Explorer science program, finding that while the 20 km detector offers a
modest improvement in the detection of post-merger signals, most science themes are
better addressed by a 40 km detector; this is because the 40 km detector has superior noise
performance outside the 2-4 kHz frequency range (Figure 6).
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Figure 6. Comparison of a broadband 40 km Cosmic Explorer observatory and a 20 km kilohertz-
optimized observatory (Section 3.5).

4. Project and Realization

A key component of the Horizon Study process was the development of an initial cost
estimate for Cosmic Explorer. This cost estimate involved extrapolation of detector and
facility costs from LIGO, along with the input of civil and vacuum engineers. Based on
this process, the cost for the observatory reaches the billion-dollar scale, split in similar
proportions between civil engineering, the vacuum system, and the detector, with a smaller
portion from management. The anticipated yearly operating cost for two observatories is
not significantly larger than LIGO’s operating costs [24].

The scale of the Cosmic Explorer effort places it within the category of scientific
megaproject. Although the process (and funding source) for realizing Cosmic Explorer
is still under discussion, inspiration for the technical aspects of the project trajectory
has been taken from the Research Infrastructure Guide from the US National Science
Foundation [141]. Under the timeline laid out in the Horizon Study, much of the effort in
the 2020s would involve developing a design for the observatory, leading to construction
beginning near the end of the decade; installation of the detector would occur in the early
2030s, leading to the first stable operation of the detector (i.e., the first lock) around 2035. The
2020 US Astronomy and Astrophysics Decadal Survey endorsed technology development
for Cosmic Explorer as part of the effort in this decade to ensure the advancement of ground-
based gravitational-wave astronomy [25,26,142], and Cosmic Explorer is also represented
in the 2021 Snowmass Process [9,143-145].

5. Outlook

As part of a global next-generation observatory network, Cosmic Explorer will reach
back much further in cosmic time and probe sources with far greater sensitivity than is
possible with today’s detectors. This promises to revolutionize our understanding of the
gravitational-wave universe on multiple fronts: the evolution of black holes and neutron
stars throughout cosmic time, the behavior of matter at densities that cannot be probed
terrestrially, and the fundamental nature of gravitation and cosmology. This promise can
be realized with a research and development program that extends today’s gravitational-
wave detector technology to a longer baseline, with improvements that include more
optical power, larger test masses, and better environmental isolation. To become reality,
Cosmic Explorer needs a broad base of support from the gravitational-wave community,
the broader astrophysical community, and the local communities where the observatories
will be built.
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Notes

1

Elsewhere, Einstein Telescope and Cosmic Explorer are referred to as third-generation observatories, with the current observatories
and their incremental upgrades referred to as second generation; the initial detectors in the LIGO and Virgo observatories were
first generation.

An initial estimate of the round-trip power loss can be found from the clipping loss 2e P */20* of a Gaussian mode with spot radius
w impinging on a test mass with diameter D [22]. However, the Eigenfunction of a finite-aperture cavity is not Gaussian, and

accurately computing its round-trip loss requires numerical simulation with Eigenvalue or Fourier-transform methods [93,98,99].

For 2 um light, the transverse motion of the baffles could introduce significant noise due to the larger beam size (16 cm) [127].

4 This tuning of the macroscopic cavity lengths is distinct from “detuned” operation, in which resonant enhancement at kilohertz
frequencies is instead achieved by adjusting the microscopic length of the signal extraction cavity.
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