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1 Introduction

Breakthroughs in physics and astrophysics are often driven by technological advances, with the recent de-
tection of gravitational waves being one such example. This white paper focuses upon how improved astro-
metric and spectroscopic measurements from a new generation of precise, accurate, and stable astronomical
instrumentation can address two of the fundamental mysteries of our time – dark energy and dark matter –
and probe the nature of spacetime.

Instrumentation is now on the cusp of enabling new cosmological measurements based on redshifts (cos-
mic redshift drift) and extremely precise time-series measurements of accelerations, astrophysical source
positions (astrometry), and angles (cosmic parallax). These allow tests of the fundamental framework of the
universe (the Friedmann equations of general relativity and whether cosmic expansion is physically accel-
erating) and its contents (dark energy evolution and dark matter behavior), while also anchoring the cosmic
distance scale (H0).

The unexpected accelerated expansion of the Universe must arise from physics beyond the Standard
Model: a dark energy or vacuum energy of a new field, or a breakdown in General Relativity. To date, this ac-
celeration has been inferred from the expansion history measured by distances through cosmological probes
including Type Ia supernovae (SN), baryon acoustic oscillations (BAO), and the cosmic microwave back-
ground (CMB; see Alam et al., 2021, Planck Collaboration et al., 2020, Scolnic et al., 2018, and references
therein). Direct measurement of acceleration of the cosmic expansion would test the Friedmann-Lemaı̂tre-
Robertson-Walker framework itself, and provide a new probe of cosmic expansion and dark energy. This
has been a goal for over 60 years (McVittie, 1962, Sandage, 1962), and is finally within reach given tech-
nological developments that enable accurate measurement of the very small change in an object’s redshift
with observer time (the second derivative of position, i.e. the acceleration). Measurements of this redshift
drift can reveal the physical nature of cosmic acceleration as well as parameter estimation with precision
competitive with and highly complementary to standard methods – giving a Stage IV experiment the power
of a Stage V one.

This same technology can be applied to extremely precise time-series measurements of velocities to
determine accelerations of sources within our Galaxy or nearby ones, creating a direct map of the gravita-
tional field of the galaxy. The dark matter mass distribution, clustering, and any nonstandard interactions
can be revealed through such maps. With current generation spectrographs like ESPRESSO (Pepe et al.,
2021) and NEID (Schwab et al., 2016) expected to achieve radial velocity (RV) precision of ∼ 10 cm/s, one
can directly measure the changes in the RVs over decade baselines to obtain a line-of-sight acceleration.
These instruments thus far are on less than 10-m telescopes, and therefore cannot access the entire volume
of our Galaxy and are limited to observations of relatively bright stars within a few kiloparsec from the Sun.
Future instruments on the Extremely Large Telescopes (ELTs) will be able to carry out direct acceleration
measurements across the Galaxy, and beyond. A key feature of such direct acceleration measurements is
that the relative precision improves with time, such that decade-scale precision measurements of dark matter
in the Galaxy are feasible if the instruments are designed to yield stable RV measurements on this timescale.
This technique thus far has largely been to detect and characterize exoplanets, but it is equally viable for
understanding the nature of dark matter.

High precision positional and angle measurements (astrometry), leveraging large-aperture telescopes
and extended time baselines, have the potential to enable direct measurements of secular parallax (seeing
an object shift position on the sky due to its motion and cosmic expansion). Such geometric distances be-
yond our local group of galaxies would provide a new, more robust anchor for the cosmic distance scale.
Quantum-assisted optical interferometers are one path for dramatic improvement of these astrometric mea-
surements.
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2 Cosmological Redshift Drift

Einstein’s Equivalence Principle teaches us that acceleration is gravitation and defines the curvature of space-
time. Cosmic acceleration – the change in the expansion rate of the Universe – is thus a fundamental tool
for understanding the Universe and a signpost of a new realm of physics that directly addresses one of the
key goals of DOE HEP and NSF PHY, “exploring the basic nature of space and time”.

Cosmic acceleration is observable as a change in the measured redshifts of objects, known as cosmic
redshift drift. In 1962, McVittie laid out the relation of redshift drift to spacetime acceleration, and Sandage
proposed the use of the greatest facilities of the time to observe it (McVittie, 1962, Sandage, 1962). Redshift
probes the spacetime as

1 + z =
(gµνk

µuν)em
(gµνkµuν)obs

. (1)

The cosmic redshift drift dz/dtobs thus directly reveals the evolution of the metric gµν (e.g. through Hubble
expansion), any interactions of the photon four-momentum kµ, and any inhomogeneous accelerations –
evolution of the peculiar velocities uν . In the standard FLRW cosmology,

dz

dtobs
= (1 + z)H0 −H(z) , (2)

giving a redshift drift of O(10−10(∆t/yr)).

Measurements of cosmic acceleration would not only directly confirm and characterize the Friedmann-
Lemaı̂tre-Robertson-Walker model, but increase the dark energy probative power (figure of merit) by a
factor of 3 beyond Stage 4 experiments. The key new theoretical elements include the redshift optimization
analysis indicating measurements at redshift z . 0.5 provide the greatest leverage on testing spacetime
properties (FLRW) and dark energy (with the further benefit of higher observing signal to noise), and the
extraordinary degree of complementarity with CMB measurements at high redshift (see Figure 1, from Kim
et al., 2015). Meanwhile, early time observations of cosmic acceleration probe the expansion during the
decelerating, matter-dominated era. The largest cosmic accelerations are also expected at z > 3 during this
deceleration phase.

The key new experimental elements include controlling systematics by employing differential mea-
surements of wavelengths in an emission line doublet (e.g. well characterized [OII]) and interferometric
spectroscopy with ultrahigh stability, e.g. as enabled by spatial heterodyning and HEP-inspired “crossfad-
ing” (optimized weighting). Externally dispersed interferometric (EDI) spectroscopy with crossfading has
already demonstrated a factor 1000 gain in stability and reduction of key systematics; the ongoing LLNL
LDRD award has further advanced this. Other ideas include laser frequency comb calibration coupled with
ensembles of astrophysical calibrators (Eikenberry et al., 2019a), and observations at radio wavelengths
(e.g., Liu et al., 2020). For example, radio observations of the H I 21 cm absorption line observe redshifts
of 10 systems in multiple epochs over the course of 13.5 years (Darling, 2012), with reported uncertainty of
O(10−8), several orders of magnitude higher than the expected signal.

Required measurement accuracy for redshift drift is better than a part in 1010 over a one year baseline
(inverse Hubble constant). This corresponds to wavelength shifts equivalent to 1 cm/s/yr, similar to the
goal of exoplanet radial velocity experiments so there is broad interest in the astrophysics community in
enabling this technology1. One can improve on this in two straightforward ways: longer time baselines
(e.g. a 5 or 10 year experiment) and many sources or redshift features to reduce the statistical uncertainty

1The LLNL LDRD highlighted the wide applicability of the improvements: in cosmology, exoplanets, fusion research (plasma
motions), compact spectroscopy for homeland security applications, and Raman spectroscopy for biomedical imaging.
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Figure 1: Figure 3 from Kim et al. (2015), which shows the constraints obtained on dark energy equation
of state parameters (w0 is the current value; wa parameterizes evolution in the equation of state) from
an experiment that yields five measurements of redshift drift at a given redshift with an accuracy of 1%.
Ellipses correspond to 68% confidence intervals. Note that low redshift, z ≈ 0.3, is optimal, and has high
complementarity with CMB measurements.

below the systematic level. Another necessity is large numbers of photons – this is helped by the optimum
leverage being at low redshifts and from bright (emission line) sources, and the upcoming generation of
ELTs. Further ideas include a dedicated ∼10 meter class telescope or arrays of smaller telescopes.

In just the first year of the Lawrence Livermore National Laboratory (LLNL) Laboratory Directed Re-
search and Development (LDRD) grant to David Erskine, success of the EDI technique already includes:

• Demonstrated 500–1000× reduction in wavelength shift systematics

• Demonstrated integration with the Keck Planet Finder spectrograph to test wavelength stabilization
plus 2× resolution boost

• Demonstrated single delay crossfading with simpler optical design and cancellation of thermal drifts
and air convection

• Demonstrated stabilization of irregular wavelength-dependent drifts

Most importantly, all elements seem to be falling into place with the requisite technology now feasible
– and of great interest to other science fields. Experiment and theory have come together to enable one of
the most fundamental tests of spacetime and cosmology, finally achievable after 60 years of waiting, in this
next decade.

3 Measuring dark matter sub-structure in the Milky Way

Measurements of the accelerations of stars give us the most direct window into the mass distributions of
galaxies, both the stars and dark matter (the smooth component, as well as dark matter sub-structure). Tra-
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ditionally, inferences about the nature of dark matter have been drawn from estimates of these accelerations
by modeling the positions and velocities of stars, as compared to the distributions of competing models of
dark matter. For example, self-interacting dark matter (SIDM) is expected to produce a flatter density profile
relative to that produced in cold dark matter models (CDM), as dark matter particles scatter elastically with
each other at a rate that is quantified by the self-scattering cross-section (Tulin & Yu, 2018). SIDM cos-
mological simulations also tend to produce more disk-like potentials in Milky-Way type galaxies relative to
CDM (Vargya et al., 2021), and a greater diversity in their acceleration and rotation curve profiles (Sameie
et al., 2020). The so-called fuzzy dark matter model which is composed of ultra-light bosons is expected
to produce a distinctly different distribution of dark matter on small scales relative to cold dark matter (Hu
et al., 2000), i.e., on scales of the de Broglie wavelength (of order a kiloparsec), where it behaves like a wave
(Lancaster et al., 2020, Mocz et al., 2019). These small-scale features of competing dark matter models can
in principle be constrained from direct acceleration measurements of stars within the Milky Way.

Kinematic estimates of the acceleration usually rely on assumptions of equilibrium or symmetry that are
unlikely to be valid for the Milky Way - and therefore may yield inaccurate descriptions of dark matter in
the Milky Way. Direct measurement of the Galactic acceleration allows us to capture the complexity of the
time-dependent Galactic mass distribution (the dark matter and the stars) via extremely precise, time-series
observations. Using the Poisson equation,∇2Φ = −∇ ·~a = 4πGρ, acceleration measurements can be very
straightforwardly be related to the Galactic potential, Φ, and the mass density, ρ, without assumption. The
accelerations of stars that live within the gravitational potential of the MW are small (of order ∼ 10 cm/s
over a decade for stars within ∼ kpc of the Sun) but advances in technology have led to extreme precision
spectrographs that can achieve ∼ 10 cm/s (Pepe et al., 2010, Wright & Robertson, 2017) and measure the
Galactic acceleration directly (Chakrabarti et al., 2020, Silverwood & Easther, 2019). The current generation
of spectrographs like NEID and ESPRESSO have achieved RV precision ∼ 10 cm/s, and should enable a
measurement of dark matter sub-structure in the Milky Way down to ∼ 109 − 1010 M�, as well as the
smooth component of the potential, in less than a decade with currently ongoing extreme precision radial
velocity surveys. However, these instruments are on less than 10-m telescopes, and do not access the entire
volume of the Milky Way, and are practically limited in the scale of dark matter sub-structure that they can
probe. With the advent of the ELTs - for example spectrographs like G-CLEF on the GMT (Szentgyorgyi,
2017) and MODHIS on the TMT (Mawet et al., 2019), we can expect to probe the dark matter sub-halo
mass function down to ∼ 106 M� with measurements across the Galaxy.

Perhaps the most mature precision technique is pulsar timing. Pulsars are extremely precise Galactic
clocks that can be used as accelerometers to measure the Galactic potential. Recent analysis of compiled
pulsar timing observations of the observed period drift rate of binary pulsars produced the first direct mea-
surement of Galactic accelerations (Chakrabarti et al., 2021a) using a sample of precisely timed 14 binary
pulsars within a ∼ kiloparsec of the Sun. Measurements of these accelerations enabled a determination the
mid-plane density (also known as the Oort limit), the local dark matter density, and the shape of the Galactic
potential as traced by the pulsars.

A key signature of fuzzy dark matter that reveals its wave-like nature on scales of the de Broglie wave-
length may be detectable by future pulsar timing observations (Porayko et al., 2018). Expected contributions
from future pulsar timing facilities such as the next generation Very Large Array (ng-VLA) and the Deep
Synoptic Array (DSA-2000), which will benefit from improvements in sensitivity of about an order of mag-
nitude should enable direct acceleration measurements across the Galaxy and a measurement of dark matter
sub-structure, potentially down to the ∼ 106 M� scale; these facilities are discussed in the CF3 Facili-
ties White paper ”Snowmass 2021 Cosmic Frontier White Paper: Observational Facilities To Study Dark
Matter”.

Direct acceleration measurements are also now imminently possible by measuring the small shift in the
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mid-point of the eclipse time (about 0.1 seconds) induced by the Galactic potential of eclipsing binaries
observed by Kepler about a decade ago (Chakrabarti et al., 2021b). These precision measurements are
enabled today with HST, and in the future with JWST and Roman. Planetary astrometric data can also be
used to constrain dark matter in the solar system (Pitjev & Pitjeva, 2013), study general relativity (De Marchi
& Cascioli, 2020), and set new limits on ultralight dark sectors (Kumar Poddar et al., 2020, Tsai et al.,
2021b). These studies are extremely crucial for dark matter direct detection studies (Alonso et al., 2022,
Banerjee et al., 2020a,b, Tsai et al., 2021a) and other areas of fundamental physics studies.

4 High Precision Cosmology Through Cosmological Parallax

Our motion with respect to the Cosmic Microwave Background (CMB) results in positional changes with
time for extragalactic sources that depend on the transverse co-moving distance. Thus our space motion
provides a baseline 80 times larger per year than that provided by the Earth’s annular motion. Since our
CMB velocity is both an absolute reference and known to better than 1% the precision, astrometry of quasars
can provide a new measurement of the Hubble Constant that is independent of the traditional methods. Thus,
it offers a means to directly address the current tension between empirical bootstrapped measurements and
the value inferred from the consensus standard model (e.g., Freedman 2017).

The cosmological parallactic distance is related to the transverse co-moving distance (DM ). Since
this secular measure involves a transverse velocity it has a different dependence with redshift than does
an angular size measure such as BAO due to time dilation with redshift. The three standard measures
of cosmological distance are related through the transverse co-moving distance (DM ) but with differing
dependencies on the cosmological parameters and the Dark Energy equation of state (e.g., Weinberg 1971;
Hogg 2000; Peebles 2000; Huterer & Turner 2001).

The luminosity and angular size distances are well known but the measurement of cosmological parallax
is less so. Apparent angular positional shifts (θ) due to our motion through space can be used to computed
the cosmological parallax and the transverse co-moving distance: DP = 1/θ. Being purely geometrical
the parallax distance minimizes many of the systematics associated with other methods for measuring cos-
mological geometry. The measurement of cosmological parallax would thus provide a new, high precision
measure of the cosmological parameters and the Dark Energy equation of state that is independent of the
methods that have been used to date [SN Ia and Baryon Acoustic Oscillations (BAO), e.g., Alam et al. 2020].

4.1 Limitations of the GAIA Astrometric Satellite

At cosmologically interesting redshifts (z ∼ 1), the secular parallax for the consensus cosmology is ap-
proximately 10−6 arc seconds over ten years of our motion. The relatively bright flux limit of the GAIA
satellite limits precision astrometry to the nearest galactic nuclei and quasars. Furthermore, the presence
of systematic errors at the few 10−6 arcsec level limits any parallax measurement via ensemble averaging
of fainter quasar populations (GAIA Mission Science Performance). Various space-based astrometric mis-
sions have been proposed that may ultimately result in a measurement of cosmological parallax using fainter
quasars (see Ding & Croft 2009 for an assessment) but none of these have been funded. Similarly, a global
array of radio telescopes, such as ngVLA, may ultimately achieve the required astrometric precision using a
sample of compact radio loud quasars (e.g., Paine et al. 2020). The ngVLA was endorsed by the Astro 2020
Decadal Survey and received a 2nd priority ranking. If funded, it could potentially begin science operations
in 2035 and be applied to the measurement of cosmological parallax.
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4.2 Precision Cosmology via Astrometry of Gravitationally Lensed Galaxies and Quasars

An alternative to space-based astrometry and global interferometry is provided by the next generation of
extremely large telescopes (ELTs) equipped with adaptive optics. These telescopes will provide an unprece-
dented astrometric precision. US participation in two of the ELTs currently under development, the Giant
Magellan and Thirty Meter Telescopes, was ranked the highest priority of Astro 2020 Decadal Review. Most
of their funding is already in place such that their technical development is underway. Their fields of view
will be narrow precluding an all sky astrometric survey. However, their narrow-field performance still offer
distinct advantages for the measurement of cosmological parallax. In particular, the gravitational lensing of
quasars by foreground galaxies magnifies the differential positional shifts between the foreground lens and
the background source ∼ 5× as our line-of-sight changes with time. Particular attention is being paid to the
long term astrometric stability of the ELTs. Simulations to date imply astrometric precisions of 3 × 10−6

arcsec (e.g., Cameron et al. 2009) suggesting that these ELTs will provide a measurement of cosmological
parallax and the transverse co-moving distance for the first time.

4.3 Synergies with the Rubin and Roman Surveys and the Path Forward

The Rubin and Roman surveys are predicted to discover several thousand lensed quasars and compact galax-
ies (Oguri & Marshall 2010). The angular magnifications in a typical lensed systems is about 5x bringing the
signal up to a level measurable with the ELTs. Recent simulations (Pierce & McGough, in preparation) have
demonstrated that the astrometry of a single system with the ELTs will provide a several sigma detection of
the cosmological parallax signal. Those simulations show that ELT astrometry of only about 300 systems
around the sky would provide constraints on the cosmological parameters and the Dark Energy equation of
state that are comparable to those currently from BAO and SNIa. Thus, the measurement of cosmological
parallax over the next few decades appears both feasible and inevitable.

The ELTs promise to provide truly ground breaking capabilities for a number of research areas. As a
result, the available time on the ELTs will be highly competed. We propose two strategies for a precision
ELT measurement of the cosmological parallax and a corresponding constraint on the transverse co-moving
distance:

• Rely on Public ELT time: Lensed quasars are relatively bright and simulations imply that precision
astrometry could be acquired for about 10 systems/night of ELT time. Thus precision astrometry for a
sample of 300 systems would require approximately 30 nights of telescope time for each epoch. The current
estimate of the operational cost for the ELTs time is $1.5M/night. This high cost and the extreme competition
for public ELT time may limit the measurement of cosmological parallax to a minimal sample measured at
two epochs. However, the sample of targets predicted to be discovered with the Rubin and Roman telescopes
is sufficiently large to enable higher precision measurements if more ELT time were available.

• Dedicated ELT Experiment: The sample of lensed quasars and compact galaxies predicted to be
found with the Rubin and Roman telescopic surveys could reach several thousand systems. Obtaining
precision astrometry for the full sample with public ELT time is likely out of the question. Thus, to fully
leverage the sample of lensed systems for the highest precision measurement of cosmological parallax would
require a significant, dedicated ELT allocation in both the northern and the southern hemispheres. While
more expensive, this strategy would also result in constraints on the Dark Energy equation of state that
are several times higher precision than those currently available from BAO or SNIa. A lower precision
measurement could be accomplished over a shorter temporal baseline, perhaps in only a few years, with
a large sample while a corresponding signal could be achieved with a smaller sample over an extended
temporal baseline. A dedicated ELT experiment obviously provides the maximum signal. The precision
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astrometry we are proposing for even the largest samples would require about 10% of the time available on
an ELT.

5 High precision astrometry with quantum-assisted optical interferometers

High precision astrometry at the microarcsecond level could open science avenues for imaging black hole
accretion disks, improving the local distance ladder, detailing dark matter subhalo influence on microlensing,
and dark matter impact visible in Galactic stellar velocity maps. This could be enabled by new ideas cross-
cutting the optical interferometry and quantum information science.

Observations using interferometers provide sensitivity to features of images on angular scales much
smaller than any single telescope. Traditional (Michelson stellar) optical interferometers are essentially
classical, interfering single photons with themselves (Martinod et al., 2018, Pedretti et al., 2009, ten Brum-
melaar et al., 2005), and the single-photon technique is highly developed and approaching technical limits.
Qualitatively new avenues for optical interferometery can be opened up, however, once we consider us-
ing multiple-photon states; these generally require a quantum description, especially in conjunction with
non-classical quantum technologies such as single-photon sources, entangled pair sources, and quantum
memories. We will focus here on a particular two-photon state technique with application for precision
astrometry.

It has been recently proposed that stations in optical interferometers would not require a phase-stable
optical link if instead sources of quantum-mechanically entangled pairs could be provided to them, poten-
tially enabling hitherto prohibitively long baselines (Gottesman et al., 2012). If these entangled states could
then be interfered locally at each station with an astronomical photon that has impinged on both stations, the
single photon counts at the two stations would be correlated in a way that is sensitive to the phase difference
in the two paths of the photon, thus reproducing the action of an interferometer.

Several variations of this idea have been proposed. For one of them, which perhaps is a longer term
for practical implementation, high intensity wide-band sources of entangled photons and quantum mem-
ories would be employed to measure correlations between the stations as explained above (Khabiboulline
et al., 2019a) . The approach can be generalized from the entanglement of photon pairs to multipartite
entanglement in multiple stations and quantum protocols to process information in noisy environment for
evaluation of experimental observables. In another approach, which potentially could be implemented in a
shorter term, two photons from different sky sources are interfered at two separate stations, requiring only
a slow classical information link between them (Stankus et al., 2020). The latter scheme can be contrasted
with the Hanbury Brown & Twiss intensity interferometry (Brown & Twiss, 1956) and could allow robust
high-precision measurements of the relative astrometry of the two sources. A calculation based on photon
statistics suggests that angular precision on the order of 10µas could be achieved in a single night’s obser-
vation of two bright stars for a 200m baseline (Stankus et al., 2020). We note that this estimate serves only
to demonstrate the potential of the technique and is a useful goal for benchmarking in the forthcoming first
measurements. Increased sensitivity to fainter objects like galaxies can be achieved for the schemes with
bright entangled photon sources and quantum memories (Khabiboulline et al., 2019b) employing technolo-
gies, which are under development for quantum networks. Though it looks quite futuristic now, the field of
quantum information science is going through exponential expansion driven by the industry and, within a
decade, may offer capabilities matching the requirements.

Formally, as the baseline is increased to 1,000s km, the projected astrometric resolution could be very
small, at the sub-microarcsec level. Of course, the ultimately achievable resolution for this technique re-
mains to be seen as there are important systematics that need to be considered, like the atmospheric tur-
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bulence if it is ground based. There is no comprehensive analysis yet of those effects but we note that as
a two-photon technique it may have cancellation of uncertainties if the two photons are close enough and
propagating through the same atmosphere.

5.1 Impact on Dark Energy and Dark Matter

Below we will touch on just a few of the many scientific opportunities afforded by considerable improve-
ments in astrometric precision, which are directly relevant to the dark energy and dark matter studies.

Testing theories of gravity by direct imaging of black hole accretion discs: The power of interefer-
ometry has recently been demonstrated by the direct imaging of the black hole event horizon in M87 by
the Event Horizon Telescope (Event Horizon Telescope Collaboration et al., 2019). This telescope used
the Earth-sized array of telescopes operating in radio bands at 1.1mm to achieve resolution of 25 microarc-
seconds. Since the telescopes were already spread around earth as much as possible, it is only possible to
increase the resolution by using telescopes in space or observing at a smaller wavelength. The quantum-
improved techniques advocated here will allow, in principle, for arbitrary baselines, and so by repeating
this observation in optical wavelengths it would be possible to increase the resolution by three orders of
magnitude (ratio of wavelengths between 1 mm radio and 1 micron optical), bringing about a game chang-
ing improvement in resolution. This would open completely new avenues in study of theories of modified
gravity that may modify the black hole topology (Moffat, 2021) and could potentially have large impact on
our understanding of dark energy.

Precision parallax and cosmic distance ladder: Significant improvements in astrometric precision
would allow for direct parallax measurements of low redshift galaxies hosting Type Ia supernovae. This
would enable skipping over several rungs of the local distance ladder, with their prospects for systematic
issues, and tie local supernovae more directly to cosmological supernova distance indicators. Direct paral-
lax measurements are systematically very robust, but are necessarily limited by the achievable astrometric
precision. The most sensitive astrometric data with precision of few dozens microarcsec is provided by the
recent Gaia space mission (Katz et al., 2019, Lindegren et al., 2021).

Mapping microlensing events: Amongst the candidates for DM are compact star-sized objects, such
as black holes, or extended virialized subhalos comprised of yet undiscovered dark matter particles. To
probe these DM candidates, a more rigorous and direct method of observing their expected gravitational
microlensing effects on stars is needed. The typical photometric measurement of microlensing events both
obfuscates details of the lens’s mass and spatial distribution and is less straightforward than an astrometric
approach (Erickcek & Law, 2011, Wyrzykowski et al., 2016). Improvements in astrometric precision would
allow for the more direct astrometric approach to mapping microlensing effects and would therefore be
beneficial in assessing the viability of certain DM candidates (Gra, 2021).

Peculiar motions and dark matter: DM’s effects on the dynamics of our Galaxy are of great interest
for understanding its properties and local distribution (Gardner et al., 2021, Majewski, 2007). The ability
to fully measure and reconstruct 3D velocities of a large swath of the stars in the Galaxy would unlock
important, thus far inaccessible data that could illuminate many of the unknown characteristics of DM in our
galaxy (Katz et al., 2019, Simon, 2018, Steinmetz et al., 2020). Improvements in astrometric measurements
are needed to measure the peculiar motion of more distant stars in our Galaxy and subsequently extract their
transverse velocity. The improved 3D velocity data afforded by more precise astrometric measurements
would pave the way for an inferred measurement of the dark matter halo’s gravitational potential. Moreover,
it would allow us to survey historical merging events in the Milky Way halo and open a unique window into
DM’s interaction with itself and with ordinary matter (Chu et al., 2019).
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5.2 Instrument requirements

An important consideration from the instrumentation viewpoint is that the photons must be close enough
in time and in frequency to efficiently interfere; or, formulating it differently, to be indistinguishable within
∆t · ∆E ∼ ~. Converting energy to wavelength, the above is satisfied for ∆t · ∆λ = 10 ps · 0.2 nm at
800 nm wavelength, setting useful target goals for the temporal and spectral resolutions (Nomerotski et al.,
2020). Another important parameter for the imaging system is the photon detection efficiency, which needs
to be as high as possible, since the two-photon coincidences have a quadratic dependence on it.

An efficient scheme of spectroscopic binning can be implemented by employing a traditional diffraction
grating spectrometer where incoming photons are passed though a slit, dispersed, and then focused onto a
linear array of single-photon detectors (Dey et al., 2019, Vogt et al., 1994, Zhang et al., 2020). However,
improvement of timing resolution appears to be the most straightforward way to achieve the targeted perfor-
mance. Fast technologies, such as superconducting nanowire single photon detectors (SNSPD) and single
photon avalanche devices (SPAD), can be considered for this application. The superconducting nanowire
detectors have excellent photon detection efficiency, in excess of 90% (Divochiy et al., 2008, Zhu et al.,
2020), with demonstrated 3 ps timing resolution for single devices (Korzh et al., 2020). The SPAD sensors
are based on silicon diodes with engineered junction breakdown producing fast pulses of big enough ampli-
tude for single photons. These devices also have excellent timing resolution, which can be as good as 10 ps
for single-channel devices, and most importantly, good potential for scalability with multi-channel imagers
already reported (Gasparini et al., 2017, Morimoto et al., 2020). Benchmarking of these promising technolo-
gies for a spectrograph with required spectral and timing resolutions is currently in progress (Nomerotski
et al., 2021).

Table 1: Precision Frontiers

Precision Frontier Science Key Technologies Technology Status
Extreme Precision Redshift Drift (Dark Energy) EDI Spectroscopy Deployed Prototype
Radial Velocity Dark Matter Substructure Actively Stabilized

Spectrographs
Designed, untested

Dedicated large-
aperture facility

Single aperture technol-
ogy mature; prototype ex-
ist for telescope arrays

Astrometry Cosmological Parallax — ELT-class telescopes N/A
Distance Ladder Quantum-assisted In development
Dark Matter Substructure optical interferometers

6 Technology Status and the Path Forward

A unifying theme with the above science cases is that they are all now technologically feasible. Table
1 collates the key science cases associated with high-precision spectroscopic velocity measurements and
high-precision astrometric measurements, and summarizes the status of key technologies associated with
each.

For radial velocities, the next generation of instruments must achieve < 1 cm s−1 velocity precision
with stability on timescales of years to decades, and must be deployed at facilities with 10m to ELT-class
apertures (depending on the redshift probed). Of currently planned spectrographs, G-CLEF for the GMT
and MODHIS for the TMT represent the state-of-the-art and are designed to yield 10 cm s−1 precision
(Mawet et al., 2019, Szentgyorgyi, 2017).
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Figure 2: Improvements in RV precision for various upcoming instruments (adapted from Silverwood &
Easther 2019). Cosmological redshift drift requires ∼ 1 cm s−1 precision (red line) with stability of years
to decades.

There are two promising techniques that have been suggested for achieving the required precision and
stability. The earlier generation of instruments have already demonstrated RV precision; the remaining tech-
nical challenge is now demonstrating stability over the decade timescales that are necessary to measure dark
matter and dark energy. One technique for achieving the requisite stability is the crossfading method for ex-
ternally dispersed interferometric spectroscopy (Erskine, 2020, 2021). This approach has been demonstrated
on-sky to yield a 103 gain in stability (Erskine, 2020, 2021), and if used with doublet lines for redshift drift
yields a differential measurement that mitigates experimental systematics.

The second technique is the use of active stabilization of spectrographs for extreme precision radial ve-
locities. For a standard high-resolution spectrograph any changes in the optomechanics due to environment
or other factors induce a corresponding drift in where light is dispersed onto the detector. Even if the changes
are at the sub-pixel level, such shifts can induce systematic biases in the recovered velocities due to sub-
pixel detector physics. The most recent generation of high-precisions spectrographs such as NEID (Schwab
et al., 2016) include thermal stabilization techniques to mitigate these factors, however this mitigation is still
passive. An alternative that has been proposed (Eikenberry et al., 2019a) is to incorporate LIGO technology,
using a laser cavity to continuously measure the optical dimensions of the spectrograph and feed these into
an active control loop with thermal heaters directly coupled to the optical bench of the spectrograph. The
components of this technology are demonstrated, but no prototype of an actively stabilized spectrograph
exists at this time. The above technologies are also applicable to radial velocity measurements for galactic
sub-structure; however for this science the RV precision requirements are less severe. The G-CLEF and
MODHIS instruments on the GMT and TMT respectively, which are designed for a velocity precision of 10
cm s−1, enable this science, at least to constrain the sub-halo mass function on scales greater than 106 M�.
To constrain the low-mass end of the sub-halo mass function would require ∼ cm/s RV precision.

These spectrographs must then be deployed on large-aperture telescopes. Deployment of the EDI tech-
nology for low-redshift doublet measurements requires 10m-class telescopes (Erskine, 2020), while the ac-
tive spectrograph design coupled to 20m-class telescopes has been suggested for high-redshift Lyman-forest
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redshift drift measurements.2 The dark matter sub-structure science also requires > 10m-class telescopes
to enable sufficient SNR to allow for acceleration measurements across the Galaxy. While one option is
the use of current and upcoming telescopes, the ELTs in particularly will be highly oversubscribed when
they come online, with a number of competing science priorities. A dedicated facility for high-precision
astrophysics has multiple advantages. These include the ability to optimize the design to robustly control
systematics (including those which may arise from switches between various instruments at a general use
facility), a guaranteed large amount of observing time for these investigations, and the ability optimize the
experimental setup for calibrations and optimal precision. As an alternative to a traditional telescope design,
Eikenberry et al. (2019b) have suggested the construction of an array of small, fiber-coupled telescopes that
feed into a single spectrograph via photonic lanterns. The authors argue that such an approach can be a
factor of ten lower cost than a traditional design, and is compatible with EDI technology. At present, this
team is constructing a small demonstrator array for deployment at Mt. Laguna Observatory by early 2023,
which will validate field deployment of photonic lantern technology and the array design for spectroscopy.

For astrometry, one of the key sciences (cosmological parallaxes) will be feasible with planned instru-
mentation on upcoming ELTs with no additional facilities or technical development. However, a dedicated
ELT experiment may be required to maximize the cosmological parallax signal over the shortest temporal
baseline. Another promising venue for astrometry relies upon development of quantum-assisted optical in-
terferometers to enable µas-scale astrometric precision, potentially even for ground-based installations. As
noted in section 5, this technology is at an R & D state at present and will require dedicated resources for
continued development and deployment of technology demonstrators before it can be deployed to address
the core science.

Given this frontier for high-precision cosmological and Galactic radial velocity, and astrometric, mea-
surements the path towards enabling deployment of these technologies requires a combination of instrumen-
tation R & D – with the maturity level of the technologies varying from the design phase to demonstrated
prototypes – and securing access to large aperture facilities to obtain sufficient sensitivity for the proposed
measurements.
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