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The next generation of gravitational-wave observatories can explore a wide range of fun-
damental physics phenomena throughout the history of the universe. These phenomena
include access to the universe’s binary black hole population throughout cosmic time, to
the universe’s expansion history independent of the cosmic distance ladders, to stochas-
tic gravitational-waves from early-universe phase transitions, to warped space-time in the
strong-field and high-velocity limit, to the equation of state of nuclear matter at neutron
star and post-merger densities, and to dark matter candidates through their interaction in
extreme astrophysical environments or their interaction with the detector itself. We present
the gravitational-wave detector concepts than can drive the future of gravitational-wave as-
trophysics. We summarize the status of the necessary technology, and the research needed
to be able to build these observatories in the 2030s.
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I. EXECUTIVE SUMMARY

Gravitational-wave astronomy has revolutionized humanity’s view of the universe. Investment
in the field has rewarded the scientific community with the first direct detection of a binary black
hole merger [1] and the multimessenger observation of a neutron-star merger [2, 3]. Since the first
detection of gravitational waves in 2015, the National Science Foundation’s LIGO and its partner
observatory, the European Virgo, have detected over ninety binary black hole mergers [4], a second
neutron star merger [5], and evidence for neutron star–black hole binary mergers [6].

Major discoveries in astrophysics are driven by three related improvements: better detector
sensitivity, higher measurement precision, and opening new observational windows. The next
generation of gravitational-wave observatories promises all of these. The next-generation inter-
ferometers Cosmic Explorer [7, 8] and Einstein Telescope [9] will see gravitational-wave sources
across the history of the universe. The NEMO detector would compliment these facilities at higher
frequencies [10]. Atom interferometery [11–15] has the potential to open a new frequency win-
dow between the low-frequency Laser Interferometer Space Antenna (LISA) and ground-based
laser interferometers. Next-generation gravitational-wave facilities will enable scientists to use the
universe as a laboratory to test the laws of physics and study the nature of matter.

As part of a multimessenger network of international gravitational-wave observatories, astro-
particle detectors, and telescopes across the electromagnetic spectrum [16, 17], Cosmic Explorer
and Einstein Telescope will precisely localize and study the nature of a multitude of sources. Grav-
itational waves are generated by physical processes that are vastly different from those that gen-
erate other forms of radiation and particles, and their detections allow us to see into regions of
the universe that cannot be observed in any other way. History tells us that it would be a pro-
found anomaly in astronomy if nothing new and interesting came from the vast improvement in
sensitivity that next-generation gravitational-wave observatories will provide.

Cosmic Explorer’s increased sensitivity comes primarily from scaling up LIGO technology from
4 km to 40 km L-shaped arms, with the initial detector design focused on high sensitivity with
low risk. The Einstein Telescope will use advanced detector technologies in a 10 km triangular
interferometer with 60◦ angles built underground to minimize low-frequency noise; multiple inter-
ferometers focus on different frequency domains and gravitational-wave polarizations.. A proposal
known as LIGO Voyager would upgrade the existing LIGO facilities to the limit of their observa-
tional reach using advanced detector technologies [18]. Although LIGO-Voyager does not reach
the sensitivity of Cosmic Explorer and Einstein Telescope, it can be built in the existing LIGO fa-
cilities. A comparison of the strain sensitivity of these proposed detectors, together with the LISA
detector [19], the MAGIS-km[11] atom interferometer based on technology currently under devel-
opment at Fermilab, and future space-based atom interferometers, is shown in Figure 1.

This white paper complements other white papers that discuss the description of multi-messenger
facilities [16] and observational facilities to study dark matter [17]. Section II reviews the scientific
potential of future gravitational-wave facilities; we refer to the complementary white papers for
detailed discussion [20–26]. Section III discusses the proposed U.S. laser interferometer detectors:
Cosmic Explorer, a ground-based next-generation gravitational-wave observatory, and Voyager, a
technology upgrade proposal to existing the gravitational-wave LIGO facilities. Section IV reviews
atom interferometer technology, the status of the atom interferometers facilities MAGIS and AION,
and opportunities for potential use of this technology in gravitational-wave detectors. We highlight
a number of common technologies required for both laser and atom interferometers in section V.
Finally, we place terrestrial-based gravitational-wave detectors into the future landscape of obser-
vatories that can span the whole gravitational-wave spectrum (CMB B-modes, NANOgrav, LISA),
and explore more speculative future possibilities, such as a potential lunar-based observatory.
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FIG. 1. Amplitude spectral densities of detector noise for the next-generation laser interferometers Cosmic
Explorer, LIGO Voyager, the proposed Australian NEMO detector, and the three paired detectors of the trian-
gular Einstein Telescope. Detector noise curves are also shown for the proposed MAGIS-km atom interfer-
ometer and envisioned space-based follow-on detector (MAGIS-SPACE). The sensitivity curves of Advanced
LIGO’s last observation run (aLIGO O3) and of the Laser Interferometer Space Antenna (LISA) are shown
for comparison.

II. INTRODUCTION

In the U.S., the proposed Cosmic Explorer observatory is designed to have ten times the sen-
sitivity of Advanced LIGO and will push the reach of gravitational-wave astronomy towards the
edge of the observable universe (z ∼ 100) [7, 8]. LIGO-Voyager can observe binary black holes
with 30M� components to z ≈ 7. Understanding how the universe made the first black holes, and
how these first black holes grew, is one of the most important unsolved problems in astrophysics.
Cosmic Explorer will see evidence for the first stars by detecting the mergers of the black holes they
leave behind. The millions of binary mergers detected by Cosmic Explorer will map the population
of compact objects across time, detect mergers of the first black holes that contributed to seeding
the universe’s structure, explore the physics of massive stars, and reveal the processes that create
black holes and neutron stars.

Binary neutron star mergers at cosmological distances will also be observable with Cosmic Ex-
plorer and LIGO Voyager. The maximum observable redshift for the A+ LIGO upgrade [27] is 0.19,
increasing to 0.45 in LIGO-Voyager. A network consisting of Cosmic Explorer in the U.S. and Ein-
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stein Telescope in Europe would detect & 105 binary neutron star mergers per year, with a median
redshift of ∼1.5—close to the peak of star formation—and a horizon of z & 9 [28]. Approximately
200 of these binary neutron stars would be localized every year to better than one square degree,
enabling followup with telescopes with small fields of view [28]. The improved low-frequency
sensitivity of third-generation detectors allows them to detect and localize sources prior to merger.
The triangular configuration of the Einstein Telescope allows it to localize sources without a second
observatory [29]. The Einstein Telescope is able to detect 6 sources per year with more than 5 min-
utes before merger with a localization better than ten square degrees, some of which have up to 30
minutes warning time. A full three-detector network consisting of two Cosmic Explorer detectors
and the Einstein Telescope would allow of order 10 sources per year to be localized localized to
better than one square degree five minutes before the merger [30].

Neutron star equation of state: By observing many hundreds of loud neutron star mergers
and measuring the stars’ radii to 100 m or better, next-generation detectors will probe the phase
structure of quantum chromodynamics, revealing the nuclear equation of state and its phase tran-
sitions [31–34]. The ability of a gravitational-wave detector to study the hot, dense remnants of
neutron star mergers will provide an entirely new way of mapping out the dense, finite-temperature
region of the quantum chromodynamics phase space, a region that is currently unexplored [35–
38]. Cosmic Explorer and LIGO Voyager are well suited to study the post-merger remnant [39–41].
The proposed Australian NEMO high-frequency third-generation detector [10] would compliment
the gravitatiational-wave picture of hot, dense matter. Together with multimessenger observations
of the merger remnants, gravitational-wave observations will shape theoretical models describing
fundamental many-body nuclear interactions and answer questions about the composition of mat-
ter at its most extreme, such as whether quark matter is realized at high densities [38, 42, 43].
Next-generation detectors could distinguish between binaries containing boson stars from binary
neutron stars and binary black holes by measuring the compactness parameter of the stars, which
for boson stars typically lies between that of black holes and neutron stars [44, 45].

Cosmology: Gravitational-wave standard sirens are expected to play an important role in the
context of cosmology. Gravitational waves allow measurement of the luminosity distance of the
source and, together with redshift measurements, can probe the distance-redshift relation [46].
Measurement of the Hubble parameter using standard sirens does not require a cosmic distance
ladder and is model-independent: the absolute luminosity distance is directly calibrated by the
theory of general relativity. Approximately fifty additional multi-messenger binary neutron star
observations would be needed to resolve the tension between the Planck and R19 measurements of
H0 with a precision of 1–2% [47, 48]. The precision of third-generation detectors, combined with
deep optical-to-near-infrared observatories, would allow third-generation observatories to resolve
this tension[49].

Fundamental tests of gravitation: Next-generation facilities will enable high precision probes
of highly curved spacetime [50, 51]. LIGO’s first observations of gravitational waves from binary
black holes have already made it possible to perform the first tests of general relativity in the
highly relativistic strong-field regime [52]. LIGO-Voyager and Cosmic Explorer will allow us to
significantly improve the precision of such tests, as binary black hole mergers will be regularly
detected with signal-to-noise ratios of hundreds to thousands. Observations of black holes could
reveal violations of general relativity in the form of failure of the no-hair theorem as a result
of quantum effects near black hole horizons [53, 54]. The physics that resolves the black hole
information paradox could also give rise to postmerger gravitational wave echoes [55]. These
echoes have not yet been observed [55–58], but Cosmic Explorer’s extremely high sensitivity could
reveal them, should they exist.

The vast cosmological distances—redshifts in excess of z ∼ 20—over which gravitational waves
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travel, will severely constrain violation of local Lorentz invariance and the graviton mass [59].
Such violations or a non-zero graviton mass would cause dispersion in the observed waves and
hence help to discover new physics predicted by certain quantum gravity theories. At the same
time, propagation effects could also reveal the presence of large extra-spatial dimensions that lead
to different values for the luminosity distance to a source, as inferred by gravitational-wave and
electromagnetic observations [60, 61], or cause birefringence of the waves predicted in certain
formulations of string theory [62, 63]. The presence of additional polarizations predicted in certain
modified theories of gravity, instead of the two degrees of freedom in general relativity, could also
be explored by future detector networks [59, 64].

Multi-messenger observations: Multi-messenger observations of binary neutron star mergers
are a promising new environment to probe weakly interacting light particles. Immediately after
the merger, these remnants reach temperatures in the 30–100 MeV range and densities above
1014 g/cm3, similar to the proto-neutron stars formed in core-collapse supernovae that have been
used to place constraints on a wide range of scenarios. The large temperature and density of a
post-merger remnant makes them very efficient at producing feebly interacting dark sector parti-
cles, which can escape this environment and lead to observational signals [65–67]. Dark photons
with masses in the 1–100 MeV range would be copiously produced and, for a large range of un-
constrained couplings, would lead to a very bright transient gamma-ray signal originating from
the dark photon decay [67]. The precision and early warning offered by next-generation detectors
allows the use of the associated gravitational-wave signal as a trigger and a timing measurement to
help distinguish signal from background fluctuations and allows for gamma-ray observatories with
narrower fields of view to observe events. Observations of gravitational waves from neutron star
mergers can allow exploration of an object with a non-negligible contribution from vacuum energy
to their total mass. The presence of vacuum energy in the inner cores of neutron stars occurs in new
QCD phases at large densities, with the vacuum energy appearing in the equation of state for a new
phase. This, in turn, leads to a change in the internal structure of neutron stars and influences their
tidal deformabilities, which are measurable in the gravitational-wave signals of merging neutron
stars [68].

Dark Matter: Light axions inside neutron stars can modify the binary inspiral yielding a dark
matter signature detectable in the gravitational waveform. Constraints can be placed on axions
with masses below 10−11eV and decay constants ranging from 1016 GeV to 1018 GeV, with next-
generation facilities improving current constraints by a factor of ∼ 3 [69]. Spinning black holes can
superradiantly amplify excitations in a surrounding field, generation long-lived “bosonic clouds”
that slowly dissipate energy through the emission of gravitational waves [70, 71]. A large number
of unresolved sources can contribute to the stochastic gravitational wave background, allowing
Cosmic Explorer to constrain bosons in the mass range ∼ [7× 10−14, 2× 10−11] eV [72]. In addition
to direct detection, the boson cloud spins down the black hole to a characteristic spin determined by
the boson mass and the black hole mass. With the large number of high signal-to-noise ratio events
that will be seen by Cosmic Explorer, the existence of noninteracting bosons in the mass range 10−13

to 10−12 eV could be confirmed through their imprint on the black hole spin distribution [73].
Scalar and vector ultralight dark can be probed through its direct interaction with gravitational-

wave interferometers. Ultralight dark matter signatures can be detected in a laser interferometer
through the changes in the optical-path-length difference between the two arms of the interferom-
eter arise due to oscillations in the thickness of the beam-splitter and through oscillations in the
refractive index of the beam-splitter material [74]. Searches for dark photons have been performed
using data from the Advanced LIGO–Virgo observing runs [75–77] and the GEO600 interferome-
ter has been used to search for scalar, dilaton dark matter interactions [78]. Next-generation
gravitational-wave interferometers will enable deeper explorations of this space and ultralight dark
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matter that affects fundamental constants (such as the electron mass or the fine structure con-
stant) will change the internal energy levels of the atoms in a way that can be explored by atom
interferometers [79, 80].

Primordial cosmology: Primordial black holes (PBHs) have been a longstanding candidate for
some fraction of dark matter. Binaries containing containing sub-solar mass black holes or black
hole binaries observed at very large red shifts would indicate the presence of PBHs as a dark mat-
ter component [81, 82] and next-generation facilities can constrain the fraction of dark matter in
PBHs[83]. Primordial black holes could be surrounded by spikes of particle dark matter which
could influence the dynamics of a binary merger allowing Cosmic Explorer to probe dark mat-
ter candidates with masses heavier than approximately ma ∼ 10−6 eV [84]. Gravitational waves
can also be produces through a number of other mechanisms in the early universe, including infla-
tion, phase transitions, topological defects, producing a detectable signal and revealing information
about fundamental physics [85].

Black hole formation history: The evidence for the existence of intermediate-mass black holes
(IMBHs) in the 102 – 104M� mass range is still inconclusive at present. Attempts to look for electro-
magnetic signatures are hampered by the small dynamical footprint of low-mass IMBHs and the dif-
ficulty of associating phenomena such as ultraluminous x-ray sources specifically with IMBHs[86].
On the other hand, a handful of promising sources have been observed [87], and multiple for-
mation scenarios have been proposed—though none without problems [88]. Gravitational-wave
observations of compact objects in this mass range, which would be enabled by a future detector
with good low-frequency sensitivity, could yield the first definitive proof of IMBH existence at the
low end of the IMBH mass range [89]. Such measurements could also answer outstanding ques-
tions about the dynamics of globular clusters and about the formation history of today’s massive
black holes [90].

Supernovae: Massive stars undergoing core-collapse supernova also generate gravitational
waves from the dynamics of hot, high-density matter in their central regions. Cosmic Explorer and
Einstein Telescope will be sensitive to supernovae within the Milky Way and its satellites, which
are expected to occur once every few decades [91]. Core collapses should be common enough to
have a reasonable chance of occurring during the few-decades-long lifetime of Cosmic Explorer.
A core-collapse supernova seen by Cosmic Explorer will have a significantly larger signal-to-noise
ratio than one seen by current gravitational-wave detectors, and could be detected by a contempo-
raneous neutrino detector like DUNE [92], giving a spectacular multimessenger event. Detection of
a core-collapse event in gravitational waves would provide a unique channel for observing the ex-
plosion’s central engine [93] and the equation of state of the newly formed protoneutron star [94].
Detection of a supernova would be spectacular, allowing measurement of the progenitor core’s rota-
tional energy and frequency measurements for oscillations driven by fallback onto the protoneutron
star [95].

Gravitational-wave memory may be left behind by most stellar collapse events, even those that
do not result in an explosion [96]. The typical growth timescale of the memory is of order &
0.1 s, which makes it the only known low-frequency gravitational-wave emission process in stellar
collapse. Detecting the gravitational-wave memory from a galactic event with Advanced LIGO may
be a difficult task even if the full projected low-frequency sensitivity is reached, but LIGO-Voyager
and Cosmic Explorer would allow detection.
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III. NEW LASER INTERFEROMETER GRAVITATIONAL-WAVE FACILITIES AND UPGRADES

The LIGO and Virgo instruments have opened a new window on the universe. As discovery
machines they were designed without knowledge of the actual signal population. At its current
sensitivity the Advanced LIGO detectors see a signal roughly once per week. When the ongoing
“A+” upgrade is mature in 2025, they will deliver roughly ten detections per week.

The science questions presented in the preceding section are only addressable by making ob-
servations with significantly higher fidelity over a wider frequency band, and by observing more
distant sources, driving the need for an order of magnitude greater sensitivity in the audio fre-
quency band. This is achievable by either a significantly longer measurement baseline (detector
arm length), a significant reduction in the dominant fundamental detector noise sources (most
prominently quantum noise, thermal noise and seismic noise coupling), or ideally both.

Cosmic Explorer is a third-generation detector design proposed as a successor to the second-
generation Advanced LIGO detectors. It consists of two observatories, with at least one having a
detector arm length of 40 km. Cosmic Explorer is described in detail in the horizon study pub-
lished in 2021 [8]. The design is summarized in section III A. Together with the European Einstein
Telescope, Cosmic Explorer will ultimately span the globe with a three-detector next-generation
network of gravitational-wave detectors.

LIGO Voyager is a cryogenic silicon gravitational-wave interferometer conceived as a possible
upgrade to the LIGO 4 km facilities. It aims to significantly reduce the noise sources in Advanced
LIGO by switching to cryogenic (123K), heavy silicon test masses, permitting lowering the thermal
noise and increasing the laser power to reduce the quantum noise. Voyager is described in section
III C.

A. The Cosmic Explorer Observatory

The Cosmic Explorer observatory design was conceived as an extrapolation of the technology
currently employed in Advanced LIGO. The entire facility is redesigned in order to optimize the
observatory performance, enabling the science described in section II. This section provides a tech-
nical overview of the Cosmic Explorer observatory. It also outlines the key technologies that will
require research and development to enable the CE science goals. Finally, the key drivers of project
costs are discussed.

Design: The detectors of the Cosmic Explorer observatory concept are dual-recycled Fabry–
Pérot Michelson interferometers, the same as Advanced LIGO, scaled up to use 40 km or 20 km long
arms. The longer arm length will increase the amplitude of the observed signals with effectively
no increase in the noise. The optical layout of the detectors is shown in figure 2, and the key
design parameters are listed in table I. Although there are areas of detector technology where
improvements will lead to increases in the sensitivity and bandwidth of the instrument relative to
the existing LIGO detectors, the dominant improvement will come from the order-of-magnitude
increase in length.

The interferometers installed in the Cosmic Explorer observatories will adapt as the technolo-
gies and science evolve, and like LIGO and Advanced LIGO, Cosmic Explorer’s sensitivity is expected
to improve with time due to technology upgrades and commissioning effort. Parts of the Cosmic
Explorer nominal design may not be installed before the Cosmic Explorer observatories begin col-
lecting data. These planned upgrades, to be installed as the technology becomes available, may
include: low-loss readout of high-fidelity squeezed states of light, adding seismometer arrays to
subtract fluctuations in the local gravity, and improved sensors for seismic isolation relative to
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what is expected to be available at the time of construction.
To minimize the required technical development, the initial CE detectors will use the Advanced

LIGO detector design, including its A+ upgrades, scaled as needed in size, along with some ad-
vances to improve the low frequency sensitivity. This provides a straightforward approach to sig-
nificant improvement using tested technology with relatively low risk. The planned upgrades will
then proceed when possible given availability of new technologies and when maximally beneficial
to the scientific output of the observatories. That is, the upgrades can all be performed in parallel
at one or both observatories, or sequentially at one observatory at a time to avoid long down times.

Sensitivity: The expected detector strain sensitivity of the Cosmic Explorer 40 km baseline de-
sign is shown in figure 3, together with an estimate of the ultimate performance of the A+ up-
grade of the current Advanced LIGO detectors. The detector reaches a strain sensitivity of about
2.5× 10−25 /

√
Hz over a wide band. Over much of that sensitivity band it will be limited by the

residual optical quantum vacuum fluctuations (purple trace in figure 3), after they have been sup-
pressed by about 10 dB from the regular quantum vacuum by frequency-dependent optical vacuum
squeezing technology. This technology has already been demonstrated in Advanced LIGO and
GEO600 [97, 98], with GEO600 having achieved 6dB of effective squeezing of the interferome-
ter readout. The next dominant source of noise is coating Brownian thermal noise (red trace in
figure 3). This thermal noise is driven by the mechanical dissipation in the optical coatings. The
design assumes the same specifications for the coatings as the current A+ upgrade [27] - with
any additional improvement due to the larger optical beam and longer arm length. Despite this
improvement, coating thermal noise still contributes significantly between about 20 Hz and 100 Hz.
Research is underway to to find alternative coating materials, such as crystalline GaAs/AlGaAs [99].
This coating could provide much lower coating thermal noise, but scaling it to the size of Cosmic
Explorer optics requires further development.

Finally, most of the detector design changes are aimed at extending the observation band to
lower frequencies, improving the seismic noise, Newtonian noise (i.e. direct gravitational coupling
of seismic noise) and the suspension thermal noise (figure 3). Each of the four Cosmic Explorer
test masses will be suspended by a quadruple pendulum to isolate them from seismic disturbances
[100]. The suspensions provide passive 1/f8 filtering of seismic noise above their mechanical
resonance frequencies. The suspensions themselves will be mounted on inertial seismic isolation
systems which provide additional active and passive suppression of seismic noise [101]. The inertial
seismic isolation systems are similar to those of Advanced LIGO [101] but with improved inertial
and position sensors. It is assumed that incremental improvements will allow Cosmic Explorer to
initially achieve a threefold improvement over Advanced LIGO at 10 Hz and a tenfold improvement
at 1 Hz. Novel six-dimensional inertial isolators with optical readout will be used to achieve an
additional threefold improvement at 10 Hz and tenfold improvement at 1 Hz to achieve the final
Cosmic Explorer sensitivity.

Technology development: Scaling the Advanced LIGO detector technology to Cosmic Explorer
requires research targeting improvements in squeezing and quantum metrology techniques (see
section V C), the production of large (320 kg) low-loss fused silica optics for test masses, optical
coatings with reduced mechanical dissipation, and a low-cost ultra-high vacuum system. Accessing
the scientifically interesting low-frequency band also requires improved active seismic isolation,
including systems to subtract the direct Newtonian coupling of the seismic motion.

One possible upgrade for the Cosmic Explorer facilities is the technology currently being de-
veloped for the LIGO Voyager detector, consisting of a 2 micron laser and cryogenic silicon test
masses. This approach would also require the production of large (320 kg) single crystal silicon
test masses, a cryogenic cooling system with low vibrational coupling, and improved 2 um wave-
length laser technology, particularly low-noise lasers and high quantum-efficiency photo diodes.
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The design parameters of this upgrade are also listed in table I. Currently we anticipate that this
cryogenic upgrade will only be required for Cosmic Explorer if a major problem is encountered
with scaling up current technology.

Cost: The initial cost estimate for the Cosmic Explorer reference concept consisting of a 40 km
detector and a 20 km detector is approximately $1.6B (2021 USD), as published in the Horizon
Study [8]. It is based on extrapolating actual costs from LIGO construction, the Advanced LIGO
upgrade, and the work of professional civil engineering and metallurgy consultants. The exercise
of developing this cost estimate brought to the forefront a set of cost-drivers which impact the
technical design and scientific output of a Cosmic Explorer observatory: arm length, beam tube
material and diameter, and observatory location. Notably, the cost of the detectors installed in the
observatories is not a major driver.

The length of an observatory’s arms is the most fundamental feature in determining its potential
scientific output. Arm length needs to be increased to the optimal length dictated by the science
goals. Many of the costs associated with arm length are simply proportional to the length. Examples
of this are: the road which goes along the beamline and provides access to the beamtube, the
electrical utilities which run alongside the beamtube, the slab which supports the beamtube, the
beamtube enclosure, and the beamtube itself. All of these civil engineering costs are largely location
independent (generally within 10 % of the national average, and often a few percent lower than
the average for the reference sites considered for CE).

The cost of excavation and transportation is not included in the above list of civil engineering
costs because it is highly location dependent, and generally not proportional to the length of the
facility. As a concrete example, consider a large dry lake bed (e.g., the Bonneville Salt Flats along
interstate 80 west of Salt Lake City, UT). The surface at such a location follows the geoid almost
perfectly: meaning that it follows the curvature of the Earth and has constant altitude. The arms
of an observatory must, however, be straight lines since laser beams do not curve with the Earth’s
geoid. The curvature of the Earth is such that the elevation at the center of a 40 km long straight
line is 30 m lower than the ends. Preparing such a site would require excavating almost 10 million
cubic meters of soil, and transporting it more than 10 km on average (i.e., from the center to the
ends), at a cost of very roughly $100 million (highly dependent on geology). This flat-site example
drove significant interest in finding sites which minimize excavation and transportation costs. Such
sites are slightly bowl-shaped with an elevation profile roughly 30 m higher at the ends than in the
middle. There are a number of wide “valleys” that fit this description in the western states, and
picking a location and orientation well can vastly reduce excavation and transportation costs.

Finally, as with all gravitational-wave detectors, ultrahigh vacuum (UHV) is necessary in Cosmic
Explorer to reduce path-length fluctuation of the light traveling down the arms and to reduce
mechanical damping on the detector’s core optics. The diameter of this vacuum system is set by the
back-scatter requirements from the optical beam, requiring a diameter of several tens of centimeters
along its entire length. The material and construction cost of this vacuum system is a major cost
driver for Cosmic Explorer, and research to mitigate this cost without compromising the vacuum
quality is underway.

B. Organization and Schedule of Cosmic Explorer

The envisioned timeline for Cosmic Explorer spans multiple decades and takes place in dis-
tinct stages: development; observatory design and site preparation; construction and commission-
ing; initial operations; planned upgrades; operations at nominal sensitivity; future observatory
upgrades and operations. The development stage for Cosmic Explorer began in 2013, and has cul-
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FIG. 2. Simplified optical layout of the Cosmic Explorer reference detector concept for the 40 km imple-
mentation. The input and end test masses form the two arm cavities which, together with the beamsplitter,
power recycling mirror, and signal extraction mirror, comprise the core of the dual-recycled Fabry–Pérot
Michelson interferometer. The light carrying the gravitational wave signal is spatially filtered and read out
from the antisymmetric port by a balanced homodyne detector comprised of two photodiodes and output
mode cleaners; a high power laser is injected into the symmetric port of the interferometer after passing
through two input mode cleaners which assist in producing a frequency and intensity stabilized beam with a
spatially clean mode. The squeezer generates squeezed vacuum states which are reflected off of a filter cavity
and injected into the antisymmetric port to provide broadband quantum noise reduction. The beamsplitter
is shown with the high-reflective surface facing the antisymmetric port rather than the laser, unlike current
detectors, to minimize loss in the signal extraction cavity, but careful analysis of thermal effects is needed
before finalizing the design. (From the Cosmic Explorer Horizon Study[8])

minated in the publication of the Cosmic Explorer Horizon Study [8]. It will be followed by the
design and site selection stage, targeting a start of construction in 2029, and initial observations in
2035. Figure 4 graphically summarizes this timeline.
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FIG. 3. Estimated spectral sensitivity (solid black) of Cosmic Explorer (CE) and the known fundamental
sources of noise that contribute to this total (colored curves). The design sensitivity of LIGO A+ is also
shown in dashed blue. (From the Cosmic Explorer Horizon Study[8])

C. Voyager Upgrade to Current Facilities

The current LIGO detectors will approach the thermodynamic and quantum mechanical limits
of their designs within a few years. Over the next several years, aLIGO will undergo a modest
upgrade, designated “A+”. The aim of this upgrade is chiefly to lower the quantum (shot) noise
through the use of squeezed light, and also to reduce somewhat the thermal noise from the mirror
coatings. This upgrade has the goal of enhancing the sensitivity by ∼50% [27].

Voyager[102] represents a more substantial upgrade that can increase the range by a factor of
4 – 5 over Advanced LIGO, and the event rate by approximately 100 times. Such a dramatic change
in the sensitivity should increase the detection rate of binary neutron star mergers to about 10 per
day and the rate of binary black hole mergers to around 30 per day. This upgraded instrument
would be able to detect binary black holes out to a redshift of 8.

The path to Voyager requires aggressively reducing several noise sources, including: quantum
radiation pressure and shot noise, mirror thermal noise, mirror suspension thermal noise, and
Newtonian gravity noise. All of these noise sources are addressed by the Voyager design, with
the goal of commissioning and observational runs in about a decade. The most significant design
changes can be traced to the need to reduce the quantum noise in tandem with the mirror thermal
noise.

• Quantum noise will be reduced by increasing the optical power stored in the interferometers.
In Advanced LIGO, the stored power is limited by thermally induced wavefront distortion
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Quantity Units LIGO A+ CE CE (2 µm)
Arm length km 4 40 40
Laser wavelength µm 1 1 2
Arm power MW 0.8 1.5 3
Squeezed light dB 6 10 10

Susp. point at 1 Hz pm
/√

Hz 10 0.1 0.1
Test masses Material Silica Silica Silicon

Mass kg 40 320 320
Temperature K 293 293 123

Suspensions Total length m 1.6 4 4
Total mass kg 120 1500 1500
Final stage blade No Yes Yes

Newtonian noise Rayleigh wave suppr. dB 0 20 20
Body wave suppr. dB 0 10 10

Optical loss Arm cavity (round trip) ppm 75 40 40
SEC (round trip) ppm 5000 500 500

BNS horizon redshift 0.19 8.3 11.7
BBH horizon redshift 2.7 41 41
BNS SNR, z = 0.01 75 1.26× 103 1.46× 103

BNS warning, z = 0.01 min 4 103 103

TABLE I. Key design parameters and astrophysical performance measures for the LIGO A+ and 40 km Cosmic
Explorer detectors. The astrophysical performance measures assume a 1.4–1.4M� binary-neutron-star (BNS)
system and a 30–30M� binary-black-hole (BBH) system, both optimally oriented. “BNS warning” is the time
before merger at which the event has accumulated a signal-to-noise ratio (SNR) of 8. Acronym: SEC stands
for signal extraction cavity.

effects in the fused silica test masses. These effects will be alleviated by choosing a test mass
material with a high thermal conductivity, such as silicon.

• The test mass temperature will be lowered to 123 K, to mitigate thermo-elastic noise. This
species of thermal noise is especially problematic in test masses that are good thermal con-
ductors. Fortunately, in silicon at 123 K, the thermal expansion coefficient crosses zero, which
eliminates thermo-elastic noise. Other plausible material candidates, such as sapphire, re-
quire cooling to near 20 K to sufficiently suppress this noise.

• The thermal noise of the mirror coating will be reduced by switching to low dissipation
amorphous silicon based coatings, and by reducing the temperature.

Put together this cryogenic interferometer design exploits the full physical limits of the existing
LIGO facilities, and will enable a qualitatively brighter vision of the dark side of the universe.

D. International Partner Projects

Several of the main science goals of next-generation gravitational-wave detectors depend on
good localization of sources on the sky, requiring a global network of detectors. International
collaboration is essential to establish such a network and operate it concurrently. Currently Europe
and Australia have active communities developing plans for such detectors, specifically:

Einstein Telescope (ET): The Einstein Telescope [9] is a planned next-generation gravitational-
wave observatory in Europe. It consists of an underground triangular facility with 10 km arm
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FIG. 4. Cosmic Explorer top-level timeline showing a phased approach to design and construction. The
eventual divestment from the facility is not indicated. (From [8].)

length, housing multiple interferometers. The underground location suppresses the expected seis-
mic disturbances from surface Rayleigh waves, reducing the Newtonian noise that limits all ground-
based gravitational-wave facilities a low frequencies. The sensitivity at those low frequencies
permits the observation of heavier compact binary mergers and increases the observatory’s early-
warning time substantially.

The Einstein Telescope has been added to the road map of the European Strategy Forum on
Research Infrastructure (ESFRI). The road map identifies the most promising European scientific
structures based on an in-depth evaluation and selection procedure.

Given the similar size and scope of Einstein Telescope and Cosmic Explorer, as well as the need
for a global observatory network, technical collaborations between the two projects is desirable
and ongoing. For example, the development of the vacuum system technology is critical to both
projects, and a research collaboration including the CERN vacuum group and both Cosmic Explorer
and Einstein Telescope is underway.

Neutron star Extreme Matter Observatory (NEMO): The Neutron star Extreme Matter Observa-
tory [103] is focused on observing the late in-spiral and post-merger signatures of Binary Neutron
Star mergers, to obtain their equation of state [104]. NEMO in a laser interferometric gravitational
wave detector with a target strain sensitivity reaching at least 1× 10−24 /

√
Hz in a window around

2 kHz. In that window the sensitivity would be of a comparable sensitivity to Cosmic Explorer [8]
and the Einstein Telescope [9], but would be achieved with a specific detector configuration that
targets high frequencies.

The central design philosophy is to considerably relax the sensitivity requirements at low-
frequencies (below 1 kHz) and to enable high bandwidth control loops to mitigate opto-mechanical
instabilities [105] and reduce the cost with less complex test mass suspension systems. The op-
tical configuration will be similar to the current observatories using a dual-recycled Fabry-Perot
Michelson interferometer. Compared to other detectors however, it will employ a long signal re-
cycling cavity to tune and maximise its sensitivity in the 1–4 kHz band. To further improve the
target sensitivity, alternative signal enhancement techniques can potentially be utilised [106, 107].
NEMO is envisioned to employ third generation technologies, such as the use of longer laser wave-
lengths [108] and cryogenically cooled silicon test masses [109]. This can make a NEMO detector
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a pathfinder for technologies that will enhance the next-generation detectors.

IV. ATOM INTERFEROMETERS

In the past several years, there has been widespread and growing international interest in pur-
suing long-baseline atomic sensors for gravitational wave detection and ultralight wave-like dark
matter searches. An impressive number of efforts have begun around the world, including both
terrestrial experiments and space-based proposals. In the US, MAGIS-100[11] is an intermediate-
size detector with a 100-meter baseline currently under construction at Fermilab. In Europe, sig-
nificant progress has already been made on the construction of MIGA (Matter wave-laser based
Interferometer Gravitation Antenna)[12], a 200 m baseline underground gravitational wave de-
tector demonstrator located in France. To follow up on this, a new proposal has called for the
construction of ELGAR (European Laboratory for Gravitation and Atom-interferometric Research)
[13], an underground detector with horizontal 32 km arm length aiming to detect gravitational
waves in the mid-band (infrasound) frequency range. In China, work has begun to build ZAIGA
(Zhaoshan long-baseline Atom Interferometer Gravitation Antenna) [14], a set of multiple 300 m
vertical shafts separated by km-scale laser links that will use atomic clocks and atom interferome-
try to explore a wide range of science including gravitational wave detection. In the UK, a broad
collaboration of eight institutes has recently advanced a multi-stage program called AION (Atom
Interferometer Observatory and Network) [15], which aims to progressively construct atom inter-
ferometers at the 10- and then 100-meter scale, in order to develop technologies for a full-scale
kilometer baseline instrument for both gravitational wave detection and dark matter searches. To
access lower frequencies, a variety of space-based detectors have also been proposed, based both
on atomic clocks [110, 111] and atom interferometers [112–115], and in fact these technologies
are closely related [116].

The ambitious scope of these experiments and proposals is evidence of the enthusiasm in the
community for the long-term science prospects offered by long-baseline atomic sensing. In addition,
these many detectors have the potential to complement each other. The diversity of approaches
taken by the various experiments is a clear strength, offering opportunities for different groups to
develop alternate atomic sensing technologies in parallel. More directly, operating multiple detec-
tors in different parts of the world as part of a network offers valuable scientific advantages [15].
In the spirit of the LIGO/Virgo/KAGRA collaboration, correlating data collected simultaneously
by several atom interferometer gravitational wave detectors operating in the mid-band frequency
range would be a powerful way to improve background rejection and increase overall sensitivity.

A. Technology Description and Status

Atom interferometers offer a promising route to gravitational wave detection in the ‘mid-band’
frequency range between 0.03 Hz and 3 Hz with terrestrial and space-borne instruments. The
detection concept [112, 117] takes advantage of features of both atom interferometers and atomic
clocks to allow for a single-baseline gravitational wave detector [117–119]. Additionally, the same
detector configuration enables the exploration of new regions of dark-sector parameter-space [120]
by being sensitive to proposed scalar- and vector-coupled dark matter candidates in the ultralight
range (10−15 eV – 10−14 eV).

Dilute clouds of freely-falling ultra-cold Sr atoms simultaneously serve as inertial references and
as precise clocks. Laser light propagates between two atom ensembles separated by a baseline.
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The laser pulses drive transitions between the ground and excited states of the Sr clock transition
(1S0 → 3P0), the same line used in state-of-the-art optical lattice clocks [121]. A sequence of
short light pulses generates a pair of atom interferometers, one on each end of the baseline [122].
Specifically, an initial pulse splits the atom into a quantum superposition of the ground and excited
clock states, corresponding to the two arms of the atom interferometer. Excitation of atom corre-
sponds to the absorption of a photon (including both the photon’s energy and its momentum), and
the portion of the atomic wave function in the excited state therefore also receives a single photon
momentum recoil. The momentum difference between the two arms of the interferometer causes
these arms to separate spatially after free evolution. Additional pulses further split, recombine, and
interfere the two interferometer arms while toggling each arm between the ground and excited
clock states. The timing of the atomic transitions of the far atom interferometer, and thus the time
the atoms spend in a superposition of the ground and excited states, depends on the change of
the light travel time across the baseline, ∆L/c [117], where ∆L = L(ḣ∆T ) is the effective change
in arm length, h is the gravitational wave strain and ∆T is the time between laser pulses. As a
result, the differential phase measurement between the two atom interferometers is proportional
to ∆φ ∝ ωA∆L/c, and thus is sensitive to variations in both the baseline ∆L and the clock fre-
quency ωA that arise during the light-pulse sequence. A passing gravitational wave modulates the
baseline length, while coupling to an ultralight dark matter field can cause a modulation in the
clock frequency. Thus, this measurement concept combines the prospects for both gravitational
wave detection and dark matter searches into a single detector design, and both science signals are
measured concurrently.

The sensitivity of atom interferometers to gravitational waves is driven by several key param-
eters. First, the sensitivity scales proportionally to the baseline length L. Sensitivity can also be
enhanced through the use of advanced large momentum transfer (LMT) atom optics which de-
liver a large number n of photon momentum kicks to the atoms, as well as by reducing phase
noise in the matter-wave interference fringes (atom shot noise) through the use of both high flux
atom sources and quantum entangled atoms. Much of the current interest in exploring atom in-
terferometric gravitational wave detectors can be attributed to rapid improvements in these areas.
Atom interferometers with a 10 m height have been realized with LMT of n ∼ 100 [123], and
entangled ensembles of atoms have been demonstrated with phase noise variance 100 times below
the standard quantum limit [124]. It is important to note that atom interferometry using the Sr
clock transition [125] offers the potential for multiple order of magnitude increases in n due to the
low associated spontaneous emission rate [126]. Current research and development efforts aim to
continue these advances, as summarized in Table II for the MAGIS research program.

Projected gravitational wave strain sensitivity curves for the detectors described in Table II,
including the MAGIS-100 detector currently under construction at Fermilab and follow-on detec-
tors, are shown in Fig. 5. These curves assume detectors limited by atom quantum projection
noise in the frequency band shown, requiring the detectors to be designed so that technical noise
sources are below quantum projection noise in this frequency band [11]. The continued develop-
ment of techniques to suppress various technical noise sources in the detector is therefore essential
[11]. Key recent advances include the implementation of spatially resolved detection to mitigate
noise backgrounds coupled to initial atom cloud kinematics [128, 129], the development of rota-
tion compensation protocols to counteract Coriolis forces from the Earth’s rotation [128–131], and
the realization of atom clouds with effective temperatures as low as 50 pK to reduce backgrounds
associated with cloud expansion (such as the coupling of cloud expansion to laser wavefront imper-
fections) [132, 133]. Newtonian noise, which is indicated separately in Fig. 5, is another important
noise background. Measurement protocols are being investigated to characterize and suppress the
influence of Newtonian noise [11, 134]. Since Newtonian noise is an important background for

16



Snowmass2021: Future Gravitational-Wave Detector Facilities

TABLE II. Detector design parameter targets for the MAGIS-100 detector at Fermi National Accelerator Lab-
oratory and envisioned follow-on detectors. The baseline length L is the total end-to-end length of the
detector. LMT atom optics of order n refers to an n~k momentum splitting between the two arms of the
atom interferometer (corresponding to n photon recoil kicks). The atom phase noise δφ listed is for a single
atom source, and assumes improvements in atom flux and the use of spin-squeezed atomic states [124, 127].
The multiple atom sources are assumed to be distributed uniformly along the baseline. MAGIS-100 (initial)
corresponds to current state-of-the-art parameters, while (final) assumes atom optics operating at the pro-
jected physical limit for this baseline. The space-based configuration is discussed in greater detail in [112].

Experiment (Proposed) Site Baseline LMT Atom Atom Phase Noise
L (m) Optics n Sources δφ (rad/

√
Hz)

Sr prototype tower Stanford 10 102 2 10−3

MAGIS-100 (initial) Fermilab (MINOS shaft) 100 102 3 10−3

MAGIS-100 (final) Fermilab (MINOS shaft) 100 4× 104 3 10−5

MAGIS-km Homestake mine (SURF) 2000 4× 104 40 10−5

MAGIS-Space Medium Earth orbit (MEO) 4× 107 103 2 10−4

all terrestrial detectors [135], this research can benefit both the laser interferometer and atom
interferometer approaches to gravitational wave detection.

B. MAGIS and AION

The MAGIS research program aims to develop a family of sensors based on the concept outlined
above with increasing baseline length and sensitivity, as summarized in Table II. MAGIS-100 is the
first detector is the first detector in this family [11]. The instrument features a 100-meter vertical
baseline and is now under construction at the Fermi National Accelerator Laboratory (Fermilab).
State-of-the-art atom interferometers are currently operating at the 10-meter scale [123, 128, 131,
136–138], while a kilometer-scale detector is likely required to detect gravitational waves from
known sources. MAGIS-100 is the first step to push the limits of atom interferometry beyond the
lab-scale and bridge the gap to future detectors. It is designed to be operated in the manner of
a full-scale detector and aims to achieve the high up-time required from such a facility. MAGIS-
100 will explore a wide variety of systematic errors and backgrounds to serve as a technology
demonstrator for future gravitational wave detection with atom interferometry. Additionally, the
detector is expected to be sensitive enough to search for potential ultralight dark matter couplings
beyond current limits. By operating in two distinct dark matter search modes, MAGIS-100 can look
for both scalar-coupled and vector-coupled dark matter candidates in so-far unexcluded regions of
parameter space. Finally, by extending the scale of matter-wave interferometers to a 100-meter
baseline, MAGIS-100 has the opportunity to advance the frontier of quantum science and sensor
technologies, including tests of the validity of quantum mechanics in a regime in which massive
particles are delocalized over record-setting macroscopic time [128, 139] and length [123, 136]
scales. Projected gravitational wave strain sensitivity curves for MAGIS-100 and follow-on detectors
are shown in Fig. 5.

AION (Atom Interferometer Observatory and Network) [15] is UK-based multi-stage program,
which aims to progressively construct atom interferometers at the 10- and then 100-meter scale, in
order to develop technologies for a full-scale kilometer-baseline instrument for both gravitational
wave detection and dark matter searches. It will exploit the same detector concept as MAGIS,
and MAGIS and AION are collaborating closely on detector design and research and development
efforts. A substantial focus of the AION research program is studying how to leverage a global
network of atom interferometric gravitational wave and dark matter observatories [15]. These ter-
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FIG. 5. (a) Projected gravitational wave strain sensitivity for MAGIS-100 and follow-on detectors. The
solid blue line shows initial performance using current state of the art parameters (table II, initial). The
dashed line assumes parameters improved to their physical limits (table II, final). LIGO low frequency cali-
bration data (gray) is shown as an estimate for the state-of-the-art performance in the mid-band frequency
range [140]. An estimate of Newtonian noise (gravity gradient noise, GGN) at the Fermilab site is shown as
an orange band. (b) Estimated sensitivity of a future km-scale terrestrial detector (MAGIS-km, green) and
satellite-based detector (MAGIS-Space, brown) using detector parameters from table II. The detector can be
switched between both broadband (black, solid) and narrow resonant modes (black, dashed). The resonant
enhancement Q can be tuned by adjusting the pulse sequence [141]. Two example resonant responses are
shown targeting 0.03 Hz (8~k atom optics, Q = 9) and 1 Hz (1~k atom optics, Q = 300). The brown curve is
the envelope of the peak resonant responses, as could be reached by scanning the target frequency across the
band. Sensitivity curves for LIGO [142] and LISA [143] are shown for reference. Also shown are a selection
of mid-band sources including neutron star (NS) and white dwarf (WD) binaries (blue and purple) as well
as a black hole binary already detected by LIGO (red). The GGN band (orange) is a rough estimate based on
seismic measurements at the SURF site [144].

restrial instruments may also ultimately pave the way for space-based detectors with even greater
sensitivity. In anticipation of this, initial studies of the requirements of and scientific motivation for
space-based, long-baseline atom interferometers have already begun [112, 114, 145].

C. Future Atom Interferometers

In the US, the MAGIS-100 experiment under construction will serve as a prototype detector
to probe the key technologies required to build a Km-scale detector capable of detecting gravita-
tional waves in the mid frequency band. The path from 100m to 1Km and eventually to space is a
long-term program that will require broad international support and National Laboratory facilities,
resources, and expertise for the construction and operation of large-scale experiments. Key areas
of R&D focus on two main areas: large-scale challenges, and advancing quantum sensing technolo-
gies. A DOE involvement in this technology could over the next 10 years lead to an international
collaboration similar to the LIGO-Vigo-KAGRA Scientific Collaboration.

DOE investment in long-baseline atom interferometers is (a) an opportunity to expand the
physics program and technical knowledge of the DOE HEP program, (b) a necessity for these
emerging large and complex experiments to be built on a foundation of DOE laboratory support
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and expertise, and (c) synergistic both with other DOE HEP science programs and more broadly
with NSF.

V. COMMON TECHNOLOGIES AND RESEARCH OPPORTUNITIES

The gravitational-wave physics community is moving towards very large, extremely complex,
facilities that will require addressing key technological and engineering challenges. DOE National
laboratories could play a major role in enabling these projects capitalizing on the existing expertise
in building and operating large-scale facilities such as particle accelerators and HEP detectors. For
example, technical expertise related to accelerator design, such as ultra-high vacuum and magnetic
field engineering, diagnostics and controls, as well as operational experience coordinating large-
scale international projects, is widely applicable to the proposed future gravitational-wave facilities.

Potential synergies with DOE national labs and particle physics expertise include the develop-
ment of larger UHV vacuum systems, active alignment systems for large precision facilities, new
materials for mirror coating that can reduce the coating thermal noise, and low-temperature sci-
ence with high cooling rates and low vibration such as low-vibration cyro-coolers, low-vibration
heat transport and low temperature vibration sensors. In Europe, such collaborations have already
begun with joint research of the CERN vacuum group with the Einstein Telescope, as well as the
Cosmic Explorer project. In the longer term, long-baseline atomic experiments promise to enable
the exploration of the mid-band range of the gravitational-wave spectrum. This frequency range
will allow observation of white dwarf binary mergers, heavier black holes mergers, and cosmo-
logical signals such as those from the electroweak phase transition or cosmic strings. Scaling up
existing atom sensing technology to very long baselines will benefit from particle physics and ac-
celerator physics expertise in the construction, alignment, monitoring, operation, and data analysis
of large, complex, instruments. Gravitational-wave facilities present an unique new scientific and
technological opportunity for DOE to expand its reach and scope of fundamental physics research.
The science enabled by the next-generation of gravitational-wave facilities may lead to transforma-
tive advances in our understanding of the universe, complementing and extending the capabilities
of future particle colliders and cosmology experiments, and enabling completely new directions to
explore the early universe.

A DOE involvement in third-generation gravitational-wave laser and atomic interferometers in
partnership with NSF would leverage existing expertise at National Laboratories and would be
synergistic with other DOE fundamental science goals.

A. Large-scale Challenges

A common theme for all gravitational-wave detector concepts is the need to scale up a detector
from small proof-of-concept prototypes to large facilities. It is a direct consequence of gravity’s
minimal coupling to matter and of the wavelength of astrophysical signals. The 20 and 40 km arm
lengths of the Cosmic Explorer interferometers require dedicated new facilities. The size will drive
the total project cost. This type of infrastructure has traditionally been within the purview of DOE
National laboratories. Building these facilities also requires a large continuous stretch of land and
will have a significant impact on the landscape, environment and the local community. As such the
local community needs to be involved in the development, and an assessment of the environmental
impact must be included in the site selection process from the beginning.

The choice of site location for future detector facilities will be important for realizing the best
possible detector performance. If a suitable shared site is identified, it may be desirable for atom
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and laser interferometers to leverage shared infrastructure. The correlation of data between atom
interferometers, laser interferometers, and supplementary seismometer networks [135] may also
prove to be valuable.

Scaling-up detectors to multiple-km-scale facilities will require National Lab core competencies
in ultra high vacuum, mechanical, optical, and electrical engineering, precision alignment, magne-
tometry, high power lasers, diagnostics and monitoring, computing, distributed analysis infrastruc-
ture, and data analysis of large data sets. A Km-scale atom interferometer detector will demand
large production of atom sources (around 20) which will require significant AMO expertise and re-
sources that are beyond what is possible at universities. Existing expertise in particle accelerators,
lasers, and large particle physics and cosmology experiments can be directly applicable to address
these challenges.

B. Newtonian Noise

Fluctuations in the local gravitational force and direction due to seismic and atmospheric mo-
tion in the environment, known as “Newtonian noise” or ”gravity gradient noise”, are the most
significant fundamental low-frequency noise source for all terrestrial gravitational-wave detectors
below a few Hertz. They are the dominant source of noise after the seismic contributions have
been suppressed. Newtonian noise affects all detector designs equally, making it a research area
of common interest. Similarly the detectors are also affected by Newtonian noise due to density
fluctuations in the atmosphere at infrasonic frequencies.

Because there is no way to shield or screen gravity, Newtonian noise difficult to directly suppress.
Mitigation strategies include subterranean end- and corner stations to suppress the dominant seis-
mic surface waves (Rayleigh waves), subtraction techniques that rely on precisely measuring the
local seismic field using an array of seismometers, or even modifying the density of the material,
intentionally deflecting or dissipating seismic waves with engineered materials or seismic metama-
terials.

C. Quantum Measurement

Quantum sensing techniques are already at the heart of existing gravitational-wave detectors.
Controlling the quantum vacuum in the optical modes in order to suppress the quantum shot- and
radiation-pressure noise is done on a routine basis in the operating Advanced LIGO detectors. Much
of the recent sensitivity improvements in these detectors is in fact due to this squeezed quantum
vacuum technology, which was retrofitted in the detectors for the O3 observation run. The use of
squeezed vacuum in gravitational-wave interferometers leads to entanglement of the photons in
the interferometer arms, which in turn imprints these fluctuations on to the interferometer mirrors
through radiation pressure, entangling these macroscopic mirrors. The resulting quantum correla-
tions between Advanced LIGO’s 40 kg mirrors have been experimentally confirmed [146]. Scaled
to the next-generation detectors, Cosmic Explorer will thus be using entangled 320 kg optics, sep-
arated by 35 miles.

Further improvements in the optical quantum measurement techniques are planned for the
A+ upgrade, simultaneously suppressing radiation pressure and shot noise. All future detector
concepts (Cosmic Explorer, Einstein Telecope, Voyager and NEMO) rely on further improvements
in the sensing scheme. Most critically, this requires a tight control on optical losses and modes to
avoid regular noisy quantum vacuum to leak into the readout sensing chain.
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Similarly, for atom interferometers, achieving the ambitious scientific goals of Km-scale detec-
tors will require expanding and advancing quantum information science competences at National
Laboratories, leveraging the existing investment in the QuantiSED program, and QIS centers. To
reach the necessary level of sensitivity, these detectors will leverage quantum states in which in-
dividual atoms will be coherently delocalized over record-setting and truly macroscopic distances
of many meters. To achieve and optimally exploit these states, significant R&D will be required
in advanced quantum sensing techniques such as spin squeezing and increasing large momentum
transfer. One example is quantum optimal control R&D being carried out at DOE QIS centers
which could lead to atom optics pulses with higher fidelity and better robustness to noise, helping
the efforts to achieve larger momentum transfer atom optics. These efforts aim to adapt quantum
optimal control techniques used for microwave pulses that perform logical gates for superconduct-
ing qubits, an area of expertise at DOE National Laboratories, to optical pulses that manipulate the
quantum states of atoms in an interferometer.

Spin squeezing R&D is aimed at enabling measurement of the atom interferometer phase with
resolution beyond the standard quantum limit. The incorporation of spin squeezing will lead to
novel quantum states in which entanglement is combined with coherent delocalization over macro-
scopic distances, resulting in squeezing of the phase between the two macroscpically separated
arms of the interferometer. Other important R&D items include: i) Improving cooling of atoms by
developing 10x to 100x increase in atom flux to lower sensor noise (atom shot noise). ii) Develop-
ment of more powerful lasers with faster pulses to increase the splitting of the atomic wavefunction
for enhanced sensitivity. iii) Operation and control of multiple atom sources to increase frequency
coverage and sensitivity. iv) Improve cold atom preparation cycle to support multiplexed interfer-
ometers (multiple simultaneous interferometers) to increase sampling rate and sensitivity.

In addition to benefiting atomic gravitational-wave detectors, these R&D efforts have the po-
tential to enhance the performance of atom and traditional laser interferometers in other quantum
sensing applications, such as inertial sensing.

VI. FUTURE POSSIBILITIES: LUNAR-BASED GRAVITATIONAL-WAVE DETECTORS

One of the most challenging frequency range to measure gravitational waves is from deci-Hz
to 1 Hz. This range is too low for the proposed Earth-based gravitational-wave detectors Cosmic
Explorer [7] and Einstein Telescope [9] due to Newtonian noise limitations (section V B), and
too high for the LISA space mission [19]. Lunar seismic data from the Apollo era has in the
past been used to to directly look for gravitational-waves in that band[147, 148], using the entire
moon as a detector. Looking further into the future, the proposed moon-based Gravitational-Wave
Lunar Observatory for Cosmology (GLOC) may provide a unique access this deci-Hz gravitational-
wave regime [149]. The projected sensitivity of GLOC and its comparison with terrestrial and
space-based detectors is shown in discussed in [149]. The Moon offers a possible environment for
constructing a large-scale interferometer as a gravitational-wave detector. The seismometers left
from the Apollo missions suggest that at low-frequencies (0.1∼5 Hz) the seismic background on
the Moon is three orders of magnitude lower than on Earth [150], providing a large reduction in
the low-frequency Newtonian noise. The atmospheric pressure on the surface of the Moon during
sunrise is comparable to the currently implemented 8 km ultra high vacuum (10−10 torr) at each of
the LIGO facilities [140, 151]. The presence of vacuum just above Moon’s solid terrain provides a
great benefit in extending the LIGO interferometer length at minimal cost. With the advent of NASA
Artemis, NASA Commercial Crew Program and ESA’s European Large Logistics Lander project there
is a possibility of returning to the Moon this decade. One of the science priorities for NASA Artemis
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is in utilizing the unique environment of Moon to study the universe and a fundamental physics
project on the lunar surface could be envisioned in the future.

VII. OUTLOOK

The next two decades will see significant growth in gravitational-wave astronomy, astrophysics
and cosmology. The sensitivity of the Advanced LIGO detectors and its international partners
VIRGO and KAGRA will continue to be improved for at least the next 10 years. Beyond that,
on a mid-2030’s timescale, the next-generation projects Cosmic Explorer and Einstein Telescope
will take gravitational-wave observations back in cosmic time to the remnants of the first stars. In
parallel atom interferometer prototypes are developing the technology for a new way to access the
gravitational-wave spectrum at 1 Hz.

In addition, the complementary coverage of the entire gravitational-wave spectrum will improve
with the LISA mission taking flight in the 2030s, with improvements in the NANOGrav pulsar-
timing network, and with the implementation of the partially DOE funded CMB-S4 project’s search
for primordial gravitational-waves. For the first time multi-band gravitational-wave observations
will be possible. Such observations can take to form of binaries sweeping across multiple bands,
allowing merger predictions, spectral consistencies and black hole population studies covering a
wide mass range.

Gravitational-wave detectors address a number of DOE science priorities, including the study
of dense matter in neutron stars, measurements of the cosmological acceleration and dark energy,
possible access to gravitational-wave signatures from the early universe, and a new way for direct
dark matter observations. Just as importantly, DOE laboratories have the technical expertise needed
to address the challenges of next-generation detectors, including among others large-scale ultra-
high vacuum systems and the operation of new large facilities.

Finally, we discussed the prospect of a future lunar-based gravitational-wave observatory, which
would provide a uniquely low seismic background in a band critical for the direct observation of
primordial gravitational waves.
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