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A Spectroscopic Road Map for Cosmic Frontier: DESI, DESI-II, Stage-5 PRINCIPAL AUTHORS

In this white paper, we present an experimental road map for spectroscopic experiments beyond DESI. DESI will be a transformative cosmological survey in the 2020s, mapping 40 million galaxies and quasars and capturing a significant fraction of the available linear modes up to z = 1.2. DESI-II will pilot observations of galaxies both at much higher densities and extending to higher redshifts. A Stage-5 experiment would build out those high-density and high-redshift observations, mapping hundreds of millions of stars and galaxies in three dimen-sions, to address the problems of inflation, dark energy, light relativistic species, and dark matter. These spectroscopic data will also complement the next generation of weak lensing, line intensity mapping and CMB experiments and allow them to reach their full potential.

Introduction

Optical spectroscopy has been a cornerstone of modern cosmology experiments for the past 30 years, with multi-fiber spectroscopy greatly accelerating this reach. Spectroscopy has provided critical information in building our modern picture of structure formation and collisionless cold dark matter (CDM). Spectroscopy provided the redshifts to the Type Ia supernovae in the discovery and further refinement of dark energy. Multi-object spectroscopy from 2dF and SDSS produced the first maps of the universe with sufficient volume to measure the expansion rate with the Baryon Acoustic Oscillation (BAO) method. These same redshift maps probe the evolution of redshift space distortions (RSD) over more than ten billion years, providing growth of structure constraints that complement BAO as a cosmological probe. Beyond BAO and RSD, these maps can be combined with weak lensing and CMB maps to capture physics over a wider range of scales, thus offering accurate reconstruction of the power spectrum that encodes the initial conditions of the Universe produced by inflationary physics.

The next generation of spectroscopic experiments will improve upon these measures at z < 2, and also dramatically extend our coverage of the high-redshift universe. Redshiftspace maps at z > 2 can radically improve constraints on inflation and dark energy [START_REF] Ferraro | Inflation and Dark Energy from spectroscopy at z > 2[END_REF][START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF][START_REF] Ferraro | Snowmass2021 Cosmic Frontier White Paper: Cosmology and Fundamental Physics from the three-dimensional Large Scale Structure[END_REF][START_REF] Linder | The Rise of Dark Energy[END_REF][START_REF] Denissenya | Constraining Scale Dependent Growth with Redshift Surveys[END_REF], while at the same time relaxing assumptions such as a power-law primordial power spectrum [START_REF] Slosar | Scratches from the Past: Inflationary Archaeology through Features in the Power Spectrum of Primordial Fluctuations[END_REF][START_REF] De Putter | Inflationary Freedom and Cosmological Neutrino Constraints[END_REF][START_REF] Brando | Exploring early and late cosmology with next generation surveys[END_REF].

An upgrade to DESI, DESI-II, which we advocate as a first step in the future spectroscopic roadmap, will significantly extend the science reach of DESI, and serve as a pathfinder for larger Stage-5 spectroscopic survey. DESI-II will collect ∼ 40 million redshifts at higher density and higher redshift than DESI. A Stage-5 survey will measure hundreds of millions of redshifts, opening up a new and uncharted discovery space. Figure 1 shows the history spectroscopic surveys, which have increased in size by an order of magnitude every decade so far. Fielding DESI-II and Stage-5 spectroscopy will maintain this pace and allow the transformative science described below.

The execution of large-scale spectroscopic surveys necessitates imaging surveys with sufficient sky coverage, wavelength range, and depth to select appropriate targets. SDSS provided much of the imaging for target selection for spectroscopic experiments from 2000 through 2020 [e.g. 9 -15]. More recently, DESI targeting [START_REF] Myers | The Target Selection Pipeline for the Dark Energy Spectroscopic Instrument[END_REF][START_REF] Raichoor | Target Selection and Validation of DESI Emission Line Galaxies[END_REF][START_REF] Zhou | Target Selection and Validation of DESI Luminous Red Galaxies[END_REF][START_REF] Chaussidon | Target Selection and Validation of DESI Quasars[END_REF][START_REF] Hahn | Summary of the contents and survey properties[END_REF] -which required deeper, better-calibrated imaging than SDSS could provide -relied on the Legacy Imaging Surveys [21] combined with astrometric and photometric information from Gaia [22,23]. Ultimately, in the next decade, the Rubin Observatory's Legacy Survey of Space and Time (LSST) [e.g. 24] will begin to enable hundreds of millions of tracers to be targeted for Stage-5 experiments. In the interim, HSC [e.g. 25] is available to facilitate pilot surveys that reach LSST depth over a smaller area.

Science Drivers

The mechanisms driving the accelerated expansion of the universe in its very first moments (inflation) and at late times (dark energy) represent some of the most important open problems in fundamental physics, and have been the subject of several of the Snowmass Community Science White Papers [e.g., [START_REF] Ferraro | Snowmass2021 Cosmic Frontier White Paper: Cosmology and Fundamental Physics from the three-dimensional Large Scale Structure[END_REF][START_REF] Achúcarro | Inflation: Theory and Observations[END_REF][START_REF] Amin | Snowmass2021 Theory Frontier White Paper: Data-Driven Cosmology[END_REF][START_REF] Blazek | Snowmass2021 Cosmic Frontier White Paper: Enabling Flagship Dark Energy Experiments to Reach their Full Potential[END_REF][START_REF] Dawson | Snowmass2021 Cosmic Frontier White Paper: High Density Galaxy Clustering in the Regime of Cosmic Acceleration[END_REF]. At the same time, future surveys will allow us to measure neutrino masses to unprecedented precision, search for extra relativistic particles and greatly increase our understanding of dark matter and many astrophysical processes. In what follows, we summarize the science case, primarily based on previous work [START_REF] Ferraro | Inflation and Dark Energy from spectroscopy at z > 2[END_REF][START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF][START_REF] Ferraro | Snowmass2021 Cosmic Frontier White Paper: Cosmology and Fundamental Physics from the three-dimensional Large Scale Structure[END_REF][START_REF] Schlegel | Astro2020 APC White Paper: The MegaMapper: a z > 2 Spectroscopic Instrument for the Study of Inflation and Dark Energy[END_REF]. We refer the reader to [START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF] for many of the details about the assumptions and forecasting methods, as well as a much more in-depth discussion of the science case, especially regarding the high-redshift sample. We start by noting that the constraining power on much of the fundamental physics described below is proportional to the number of linear or mildly non-linear modes that are correlated with the initial condition, which can therefore be taken as a "Figure of Merit" (FoM) when comparing current and future surveys. Figure 2 shows that the next generation of spectroscopic surveys can lead to an order of magnitude increase in the FoM, drastically improving our understanding of the universe. For PUMA, we consider both optimistic and pessimistic foreground models, which are the boundaries of the shaded regions. The boundary of the shaded orange region is the cosmic variance limit for an all-sky survey, assuming b(z) = 1. From [START_REF] Ferraro | Snowmass2021 Cosmic Frontier White Paper: Cosmology and Fundamental Physics from the three-dimensional Large Scale Structure[END_REF] (see [START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF] for details about the calculation).

Inflation and Primordial Physics

DESI will map the Universe to z ∼ 1.6 at high fidelity. The large volume available at 1.6 z 5, together with the existence of galaxy samples that can be targeted spectroscopically with existing technology, will allow the surveys proposed here to constrain primordial physics to unprecedented precision, beyond the CMB cosmic variance limit [START_REF] Ferraro | Snowmass2021 Cosmic Frontier White Paper: Cosmology and Fundamental Physics from the three-dimensional Large Scale Structure[END_REF] as spectroscopy unleashes the third dimension of spatial volume.

Primordial non-Gaussianity [START_REF] Achúcarro | Inflation: Theory and Observations[END_REF][START_REF] Meerburg | Primordial Non-Gaussianity[END_REF] is one of the most powerful tools to study inflation and the primordial universe; the precise form of non-Gaussianity encodes the masses, spins and interactions of particles present during inflation. Due to the non-linear nature of gravity, inflation predicts a minimum amount of non-Gaussianity two orders of magnitude below current limits [START_REF] Cabass | How Gaussian can our Universe be?[END_REF], with many models predicting much larger signals. These deviations from Gaussianity leave specific imprints on the galaxy power spectrum and bispectrum [START_REF] Meerburg | Primordial Non-Gaussianity[END_REF][START_REF] Alvarez | Testing Inflation with Large Scale Structure: Connecting Hopes with Reality[END_REF][START_REF] Dalal | The imprints of primordial non-gaussianities on large-scale structure: scale dependent bias and abundance of virialized objects[END_REF][START_REF] Ferraro | Using large scale structure to measure f N L , g N L and τ N L[END_REF] that enable the measurement of particle physics of the inflationary era through these high-fidelity maps. It is through these surveys that "cosmological collider physics" [START_REF] Arkani-Hamed | Cosmological Collider Physics[END_REF] can probe scales inaccessible to Earth-based colliders.

A particularly sharp boundary between inflationary models is set by the single-field consistency conditions [START_REF] Maldacena | Non-Gaussian features of primordial fluctuations in single field inflationary models[END_REF][START_REF] Creminelli | Single field consistency relation for the 3-point function[END_REF]. They constrain the soft momentum limits of any N -point correlation functions if the inflaton is the only light degree of freedom. Any deviation from these conditions requires new degrees of freedom, i.e. multi-field inflation. A specific example of this type is "local" non-Gaussianity, which requires an additional light scalar field. Without fine-tuning, multi-field inflationary models produce σ(f local N L ) 1, such that the full (untuned) parameter space can be explored with an order-of-magnitude improvement over current constraints [START_REF] Akrami | Planck 2018 results. IX. Constraints on primordial non-Gaussianity[END_REF]. The presence of additional massive fields also gives rise to observable signatures that lie between local and equilateral type non-Gaussianity [START_REF] Chen | Quasi-Single Field Inflation and Non-Gaussianities[END_REF][START_REF] Meerburg | Prospects for Cosmological Collider Physics[END_REF][START_REF] Gleyzes | Biasing and the search for primordial non-Gaussianity beyond the local type[END_REF].

The high redshift sample described in this paper can cross the important theoretical threshold of σ(f local N L ) 1 from measurement of the galaxy power spectrum on large scales,1 surpassing the current CMB bounds by an order of magnitude [START_REF] Ferraro | Inflation and Dark Energy from spectroscopy at z > 2[END_REF][START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF]. Potentially large improvements are possible when including the bispectrum, but we leave detailed forecasts to future work. Improvements by a factor of two or larger over the current bounds are also expected for the equilateral and orthogonal shapes [START_REF] Ferraro | Inflation and Dark Energy from spectroscopy at z > 2[END_REF]. Precise measurements of primordial non-Gaussianity will require precise control of systematics in the data and the analysis in addition to the sheer scale of the required surveys.

Deviations from scale-invariance of the initial conditions, particularly in the form of oscillations or features, are an additional opportunity to test inflation with future galaxy surveys. Inflationary models are famously sensitive to physics above the Planck scale and, in controlled examples, high-energy-scale physics can give rise to additional deviations from scale invariance [START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF][START_REF] Slosar | Scratches from the Past: Inflationary Archaeology through Features in the Power Spectrum of Primordial Fluctuations[END_REF]. A greatly-improved measurement of the spectrum of matter perturbations will significantly increase our understanding of the primordial fluctuations, and can be used to test for any type of oscillation or feature in the primordial power spectrum, offering another probe of the physical mechanisms behind inflation. Galaxy surveys already provide the best constraint on these models [START_REF] Beutler | Primordial Features from Linear to Nonlinear Scales[END_REF] and deeper surveys will surpass even a cosmic-variance-limited CMB survey by up to an order of magnitude. Finally, the trispectrum or 4-Point Correlation Function has recently been shown to be sensitive to parityviolation in the initial conditions [START_REF] Cahn | A Test for Cosmological Parity Violation Using the 3D Distribution of Galaxies[END_REF][START_REF] Hou | Measurement of parity-odd modes in the large-scale 4-point correlation function of sdss boss dr12 cmass and lowz galaxies[END_REF][START_REF] Philcox | Probing parity-violation with the four-point correlation function of boss galaxies[END_REF], with an intriguing possible detection of non-zero parity violation in BOSS. The large future spectroscopic samples proposed here will enable definitive follow-up of this result and, if confirmed, help distinguish the particular inflationary mechanism producing the parity-violation (e.g. axions, Chern-Simons gravity, etc.).

Dark Energy

Our understanding of dark energy [START_REF] Slosar | Dark Energy and Modified Gravity[END_REF] will greatly benefit from measuring the expansion and growth of fluctuations throughout cosmic history. A lever arm that extends from low redshift (dark-energy-dominated era) to high redshifts (matter-dominated era) will tightly constrain large classes of theories, and test possible modifications to General Relativity. Moreover, precision measurements of the matter power spectrum will provide tight constraints on early dark energy (EDE) models, providing a few percent measurement of the energy content all the way to z∼10 5 [START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF][START_REF] Ferraro | Snowmass2021 Cosmic Frontier White Paper: Cosmology and Fundamental Physics from the three-dimensional Large Scale Structure[END_REF][START_REF] Linder | The Rise of Dark Energy[END_REF].

Using a combination of Redshift-Space Distortions (RSD) and BAO, we can measure the fraction of dark energy to better than 2% up to z ≈ 5 using the high-z sample (see Fig. 5 in [START_REF] Ferraro | Snowmass2021 Cosmic Frontier White Paper: Cosmology and Fundamental Physics from the three-dimensional Large Scale Structure[END_REF] and §4.8 of [START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF]). Other notable improvements include a factor of two better determination of the spatial curvature (compared to DESI + Planck), and a factor of 2.5 improvement in the dark energy figure of merit (Tab. 4 in [START_REF] Ferraro | Inflation and Dark Energy from spectroscopy at z > 2[END_REF]). EDE reveals new degrees of freedom from the time of radiation-matter equality to the late universe, and can offset the Hubble constant derived from CMB observations [START_REF] Abdalla | Cosmology intertwined: A review of the particle physics, astrophysics, and cosmology associated with the cosmological tensions and anomalies[END_REF]. A Stage-5 experiment will be able to constrain the fraction of EDE to better than 2% all the way to z ∼ 10 5 [2], when the Universe was only a few years old, strongly testing this hypothesis, and more generally providing percent-level expansion constraints throughout cosmic history.

Probing gravity and the amplitude of structure

Modifications to General Relativity have been proposed as an alternative explanation for the observed accelerated expansion of the Universe at low redshift [START_REF] Jain | Cosmological tests of gravity[END_REF][START_REF] Slosar | Dark Energy and Modified Gravity[END_REF]. The phenomenology of such models can be very rich, but typically can lead to a decoupling between the growth of fluctuations and the standard predictions given the energy content determined by the cosmological parameters. Measurements of the growth factor and its scale dependence through RSD over a wide redshift range is therefore a powerful probe of modified gravity [START_REF] Denissenya | Constraining Scale Dependent Growth with Redshift Surveys[END_REF]. Higher-order statistics such as the 3-Point Correlation Function, bispectrum, as well as marked 2-point statistics, can further tighten the constraints offered by a Stage-5 spectroscopic effort, as has been explored already in detail for DESI [START_REF] Alam | Towards testing the theory of gravity with DESI: summary statistics, model predictions and future simulation requirements[END_REF].

Further tests are possible when combining 3D clustering measurements with lensing measurements (either galaxy or CMB lensing). A common ingredient of many modified gravity models is that the responses of the Newtonian potential Ψ and spatial (Weyl) potential Φ to matter-energy (which are equal in GR) can differ: by comparing lensing by mass (sensitive to a combination of Ψ and Φ), to the motion of galaxies through RSD (sensitive to Ψ only), one can look for deviations from the GR predictions. A Stage-5 survey, combined with CMB-S4, is sensitive to a few percent-level deviations up to z ∼ 5 [START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF].

Neutrinos and other light relativistic species

The presence of extra relativistic species at early times changes the radiation density (and hence affects the damping of the power spectrum on small scales), and also shifts the position of the BAO wiggles. Therefore the high-precision measurements of the power spectrum by future high-redshift surveys are an ideal way to detect the presence of extra light particles, with broad implications for fundamental physics [53][54][START_REF] Dvorkin | The Physics of Light Relics[END_REF]. The Standard Model of particle physics predicts N eff = 3.044 [START_REF] Bennett | Towards a precision calculation of N eff in the Standard Model II: Neutrino decoupling in the presence of flavour oscillations and finite-temperature QED[END_REF], and parameterizing the number of extra species by ∆N eff [START_REF] Abazajian | CMB-S4 Science Book, First Edition[END_REF] lower limits exist on the change ∆N eff for broad classes of particles: ∆N eff > 0.027 for a single scalar, 0.047 for a Weyl fermion, and 0.054 for vector boson, even if thermal decoupling happens earlier than the rest of the Standard Model. 2 As discussed in [START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF][START_REF] Ferraro | Snowmass2021 Cosmic Frontier White Paper: Cosmology and Fundamental Physics from the three-dimensional Large Scale Structure[END_REF], a Stage-5 high-z survey can constrain σ(N eff ) ≈ 0.03, and 0.02 when combined with proposed CMB experiments, reaching a sensitivity comparable to the smallest allowed value of ∆N eff = 0.027 for a single particle. This sensitivity would exclude the thermalization of any particle with spin at >95% confidence, which produces ∆N eff ≥ 0.047. If the universe was reheated above the QCD phase transition (T 1 GeV), such a measurement would also place the most stringent experiment constraints on a single axion coupled to any heavy fermion [START_REF] Dvorkin | The Physics of Light Relics[END_REF][START_REF] Green | Cosmological implications of axion-matter couplings[END_REF].

Massive neutrinos leave a number of imprints on the CMB and LSS, allowing their total mass to be measured through cosmological observations. The most important effect is a suppression, proportional to the neutrino mass, of small scale power below the neutrino free-streaming scale. A measurement of this suppression can constrain the overall sum of neutrino masses to σ(M ν ) ≈ 20 meV or a ≈ 3σ "detection" in the case of the normal hierarchy, minimum mass scenario (and more if the actual mass is larger). In ΛCDM+M ν , this measurement is limited by degeneracies, most significantly with the optical depth to reionization. However, the suppression is redshift-dependent, allowing us to distinguish the effects of massive neutrinos from dynamical dark energy. Higher-order statistics such as the bispectrum are also sensitive to the way in which massive neutrinos change nonlinear mode coupling [START_REF] Aviles | Clustering in massive neutrino cosmologies via eulerian perturbation theory[END_REF][START_REF] Kamalinejad | A non-degenerate neutrino mass signature in the galaxy bispectrum[END_REF]. Probing a larger volume at high redshift allows a better determination of the large-scale power and will be more sensitive to a wide variety of scale dependent and/or redshift dependent effects from massive neutrinos [START_REF] Franco Abellán | Improved cosmological constraints on the neutrino mass and lifetime[END_REF][START_REF] Abazajian | Synergy between cosmological and laboratory searches in neutrino physics: a white paper[END_REF] and other new particles in the dark sector [START_REF] Dvorkin | The Physics of Light Relics[END_REF][START_REF] Green | Neutrino interactions in the late universe[END_REF].

Fundamental Physics of Dark Matter

Determining the fundamental nature of dark matter represents one of the most significant unanswered problems in physics. Astrophysical observations provide the only positive, empirical evidence of dark matter, and they provide a unique avenue for studying this mysterious component of the universe [START_REF] Buckley | Gravitational probes of dark matter physics[END_REF][START_REF] Drlica-Wagner | Probing the Fundamental Nature of Dark Matter with the Large Synoptic Survey Telescope[END_REF][START_REF] Bechtol | Dark Matter Science in the Era of LSST[END_REF][START_REF] Chakrabarti | Snowmass2021 Cosmic Frontier White Paper: Observational Facilities to Study Dark Matter[END_REF][START_REF] Bechtol | Snowmass2021 Cosmic Frontier White Paper: Dark Matter Physics from Halo Measurements[END_REF][START_REF] Valluri | Snowmass2021 Cosmic Frontier White Paper: Prospects for obtaining Dark Matter Constraints with DESI[END_REF]. Spectroscopic surveys of galaxies have contributed significantly to our understanding of dark matter and have been instrumental in developing the standard model of CDM. However, in the expanding landscape of dark matter theories, many viable dark matter models can fit the observational data at the current level of precision, while predicting observable differences on small spatial scales beyond the reach of current experiments. Models where dark matter interacts with itself or with Standard Model particles can predict appreciable changes in the shapes and central densities of dark matter halos. Warm, fuzzy, and/or interacting dark matter models can suppress the abundance of small dark matter halos. Furthermore, measurements of the distribution of dark matter in the Solar neighborhood and in other astrophysical systems are critical to interpret the results of direct and indirect detection experiments.

Wide-field, medium resolution spectroscopic surveys can provide unprecedented measurements of the radial velocities of stars in and around the Milky Way to greatly improve our understanding of the distribution and behavior of dark matter in the local Universe [START_REF] Valluri | Snowmass2021 Cosmic Frontier White Paper: Prospects for obtaining Dark Matter Constraints with DESI[END_REF][START_REF] Li | Astrophysical Tests of Dark Matter with Maunakea Spectroscopic Explorer[END_REF]. In particular, spectroscopic surveys can: (1) Measure the radial velocities of disk stars to constrain the local dark matter density and velocity distribution in the Solar neighborhood [START_REF] Kuijken | The mass distribution in the galactic disc -II. Determination of the surface mass density of the galactic disc near the Sun[END_REF]. These measurements are critical for interpreting terrestrial dark matter experiments. (2) Measure the kinematics of tracer stars at large distances (> 75 kpc) to determine the shape of the Milky Way's dark matter halo at large radii. Such measurements are sensitive enough to distinguish between collisionless and self-interacting dark matter models and are less sensitive to the baryonic physics of the disk [START_REF] Vargya | Shapes of Milky-Way-mass galaxies with Self-Interacting Dark Matter[END_REF]. (3) Combine radial velocity measurements of distant stellar tracers with proper-motion measurements from Rubin and Roman to decrease uncertainties on the total mass of the Milky Way halo. The total mass of the Milky Way halo is a key variable for interpreting measurements of the Milky Way subhalo mass function in the context of cosmological simulations. (4) Measure the statistics of stellar streams and the dynamics of stars these streams to provide an exceptional probe of dark matter structure below the threshold of galaxy formation. The detection of dark matter halos without baryons would be a stunning confirmation of the CDM model, while a robust measurement of the absence of these halos would be strong evidence for new physics.

In addition to measurements within the Milky Way, wide-field spectroscopic surveys can also make detailed measurements of the shape and total mass of the dark matter halos of other Local Group galaxies. In addition, such surveys can effectively identify very low redshift galaxies and provide (1) a large sample of low redshift dwarf galaxies that can help constrain dark matter models and the galaxy halo connection and (2) a statistical sample of Milky Way-mass systems to put the Milky Way itself into essential cosmological context.

Growth Constraints from Peculiar Velocities

Peculiar velocity measurements in the z 0.2 universe have excellent complementarity with other large scale structure probes. They map the velocity field rather than the density field. By using individual object velocities rather than statistical clustering, they can overcome the cosmic variance within the small volume at low redshift and thereby measure the growth rate, f σ 8 , to well beyond the precision of galaxy clustering [START_REF] Kim | Complementarity of Peculiar Velocity Surveys and Redshift Space Distortions for Testing Gravity[END_REF]. In combination with galaxy clustering measurements at high redshift, the resulting constraints on the structure growth index, γ, can be improved substantially (e.g., by ∼ 2× for DESI). Distances to sources come from calibrated distances, e.g. of Type Ia supernovae, gravitational wave sources, or galaxies through the fundamental plane or Tully-Fisher relations [START_REF] Kim | Complementarity of Peculiar Velocity Surveys and Redshift Space Distortions for Testing Gravity[END_REF][START_REF] Kim | Testing Gravity Using Type Ia Supernovae Discovered by Next-Generation Wide-Field Imaging Surveys[END_REF][START_REF] Palmese | Probing gravity and growth of structure with gravitational waves and galaxies' peculiar velocity[END_REF], while a multifiber spectroscopic survey obtains the required galaxy redshifts (and velocity dispersions). Spectroscopic standardization of Type Ia supernovae provides the most accurate distances -good to ∼ 3% per object [START_REF] Boone | The Twins Embedding of Type Ia Supernovae. I. The Diversity of Spectra at Maximum Light[END_REF][START_REF] Boone | The Twins Embedding of Type Ia Supernovae. II. Improving Cosmological Distance Estimates[END_REF]. A spectroscopic instrument could provide spectra of nearby Type Ia supernovae when they are "live" by observing tiles in a target-ofopportunity mode. This would generate a few thousand Type Ia supernova distances per year, and within a couple of years surpass in accuracy the velocity field that DESI will measure. As the surface density of "live" nearby supernovae is low (< 10 -3 deg -2 night -1 ), only a single fiber would need to be transferred from a static target (galaxy or star) and placed on the live supernovae for each triggered tile. While individual spectra of live nearby Type Ia supernovae are often obtained by other facilities, this approach would be unparalleled in its combination of depth and uniformity.

The operation of a full-sky, multi-object spectroscopic survey simultaneous with LSST will enable the next generation of peculiar velocity maps with only a small fraction of the fibers. Since the effects of cosmic acceleration and gravity beyond GR have their largest impact on growth at low redshift, including a peculiar velocity sample to the spectroscopic survey has substantial leverage-on thawing dark energy, dark energy with more extreme late time dynamics such as a phase transition, and testing theories of gravity in the both the scale-independent and scale-dependent regimes [START_REF] Denissenya | Constraining Scale Dependent Growth with Redshift Surveys[END_REF][START_REF] Kim | Complementarity of Peculiar Velocity Surveys and Redshift Space Distortions for Testing Gravity[END_REF].

Synergies with other cosmological probes

LSST and other imaging surveys

A wide-field spectroscopic survey will greatly enhance the LSST science returns, as identified by several Astro 2020 science white papers [START_REF] Bechtol | Dark Matter Science in the Era of LSST[END_REF][START_REF] Mandelbaum | Wide-field Multi-object Spectroscopy to Enhance Dark Energy Science from LSST[END_REF][START_REF] Newman | Deep Multi-object Spectroscopy to Enhance Dark Energy Science from LSST[END_REF]. Calibration of photometric redshifts is possible over the full range of LSST sources through cross-correlation techniques with the spectroscopic sample. A large overlap area will enable a reduction in the statistical errors to meet the stringent LSST requirements [START_REF] Mandelbaum | Wide-field Multi-object Spectroscopy to Enhance Dark Energy Science from LSST[END_REF]. Furthermore, direct calibration of the redshift distributions of brighter samples of galaxies will be possible. For example, despite the implementation of an array of sophisticated techniques to estimate and calibrate the redshift distribution of the Dark Energy Survey (DES) lens and source galaxy samples, additional nuisance parameters were still necessary to absorb further systematic uncertainty. However, ∼ 80% of the fiducial DES lens sample could have good redshifts obtained within 30 min. using DESI. Self-Organizing Maps (SOMs) can be used not only to estimate photometric redshift distributions as in [START_REF] Myles | Dark Energy Survey Year 3 results: redshift calibration of the weak lensing source galaxies[END_REF], but to estimate a wide range of predicted spectroscopic characteristics for galaxies as a function of their photometric properties, including time-to-redshift and redshift failure rates (Fig. 3). This in turn enables the precise tuning of photometric samples, e.g. to those objects for which redshifts can be easily obtained, and hence spectroscopic follow-up can directly and efficiently measure the redshift distribution. [START_REF] Sánchez | Propagating sample variance uncertainties in redshift calibration: simulations, theory and application to the COSMOS2015 data[END_REF], with color indicating the estimated median time in minutes for DESI to obtain a high-quality redshift for a galaxy in each cell at the sample's magnitude limit of i = 22.2. The SOM is a non-linear 2D representation of the griz color space with approximately equal number of galaxies in each cell. Cells with fewer than 10 spectra are shown in white. The SOM can be used to estimate observing time allocation as well as define photometric cuts where spectra are hard to obtain. with a large-area spectroscopic sample will better constrain Intrinsic Alignment models. Moreover, a combination of lensing amplitude provided by LSST, together with growth measurements through RSD can provide a powerful test of General Relativity on cosmological scales. Joint analysis of RSD and galaxy-galaxy lensing measurements will break degeneracies between galaxy bias and cosmological parameters, significantly mitigating cosmological uncertainty related to unknown galaxy-formation physics. Finally, spectroscopy can provide redshifts for strong gravitational lenses and type Ia supernovae discovered in LSST, essential for their cosmological use.

21cm and mm-wave Line Intensity Mapping

Line Intensity Mapping (LIM) techniques, specifically 21cm and CO mapping, have significant potential as cosmological tools owing to the large number of accessible modes across a wide range of redshifts and physical scales. This measurements are challenging due to a number of instrumental and astrophysical issues, but we anticipate the technique will reach maturity over the next decade, proving itself a complementary and powerful standalone tool for cosmology. Over this period, we further anticipate that wide-field spectroscopy will be an essential complement in order enable LIM to reach standalone potential. In fact, the first cosmological results from CHIME have been obtained with stacking on eBOSS spectroscopic objects (LRGs, ELGs and quasars) [START_REF] Amiri | Detection of Cosmological 21 cm Emission with the Canadian Hydrogen Intensity Mapping Experiment[END_REF], and the first extragalactic analyses of the 21cm signal have been performed in cross-correlation with spectroscopic data [START_REF] Chang | An intensity map of hydrogen 21-cm emission at redshift z ˜0.8[END_REF][START_REF] Lah | The HI content of star-forming galaxies at z = 0.24[END_REF]. This is because the cross-correlation (or stacking) removes the large uncertainty due to foreground modeling and further highlighting the important role of spectroscopic catalogs for calibration and validation of 21cm experiments. Moreover, by accessing the largest scales, and therefore measuring the modes lost due to LIM foregrounds, they are highly complementary in terms of cosmological constraints.

CMB

While future spectroscopic surveys provide compelling science reach on their own, it is also worth noting that the noise on CMB lensing maps from future wide-field experiments such as the Simons Observatory (SO) [START_REF] Galitzki | The Simons Observatory: instrument overview[END_REF], CMB-S4 [START_REF] Abazajian | CMB-S4 Science Book, First Edition[END_REF], or a potential CMB-S5, will be reduced by more than one order of magnitude over existing measurements. Unlike cosmic shear, CMB lensing can be measured to very high redshift, providing us with access to the matter field without the need to model bias. Unfortunately CMB lensing alone mostly provides information that is projected along the line-of-sight (and with a broad redshift kernel). Conversely, the cross-correlation of CMB lensing with LSS in several redshift bins (CMB lensing tomography; [START_REF] Yu | Towards Neutrino Mass from Cosmology without Optical Depth Information[END_REF][START_REF] Yu | The Physical Origin of Dark Energy Constraints from Rubin Observatory and CMB-S4 Lensing Tomography[END_REF]), can break the degeneracy with galaxy bias inherent in LSS alone; thus the cross-correlation provides measurement of the amplitude of mass perturbations as a function of redshift that cannot be obtained directly from either alone [START_REF] Modi | Modeling CMB lensing cross correlations with CLEFT[END_REF]. This leads to tighter constraints on neutrino masses and dark energy, while mitigating some of the possible systematics [START_REF] Abazajian | CMB-S4 Science Book, First Edition[END_REF][START_REF] Yu | Towards Neutrino Mass from Cosmology without Optical Depth Information[END_REF][START_REF] Wilson | Cosmology with dropout selection: Straw-man surveys and CMB lensing[END_REF]. Moreover, comparing the motion of nonrelativistic matter through redshift-space distortions to the deflection of CMB photons will put some of the most informative bounds on theories of modified gravity [START_REF] Jain | Cosmological tests of gravity[END_REF][START_REF] Chen | Cosmological analysis of three-dimensional BOSS galaxy clustering and Planck CMB lensing cross correlations via Lagrangian perturbation theory[END_REF].

At the same time, the cross-correlation of LSS with CMB lensing can potentially improve the robustness of constraints relying on the ultra-large scales, such as measurements of local non-Gaussianity [START_REF] Schmittfull | Parameter constraints from cross-correlation of CMB lensing with galaxy clustering[END_REF]. In addition to CMB lensing, other secondary anisotropies3 of the CMB correlate CMB and LSS maps, revealing the properties of the gas in the cosmic web (through the thermal and kinematic Sunyaev-Zel'dovich effects, tSZ and kSZ, and providing a tool to measure large-scale halo velocities through the kSZ [START_REF] Smith | KSZ tomography and the bispectrum[END_REF] and "moving lens" [START_REF] Birkinshaw | A test for transverse motions of clusters of galaxies[END_REF][START_REF] Hotinli | Transverse Velocities with the Moving Lens Effect[END_REF] effects. These velocity measurements can provide access to the very largest scales, often the most affected by primordial physics. In combination with LSS, they can be used to reduce cosmic variance, potentially providing an independent measurement of local primordial non-Gaussianity with σ(f loc NL ) 1 [START_REF] Münchmeyer | Constraining local non-Gaussianities with kSZ tomography[END_REF]. Between the 2020s and 2030s, hundreds of thousands of gravitational wave (GW) inspirals and mergers from binary systems will be detected across the gravitational wave spectrum. These will include hundreds of new binary neutron star (BNS), binary black hole (BBH), and neutron star-black hole (NSBH) mergers by the current Laser Interferometer Gravitational-Wave Observatory (LIGO [START_REF] Abramovici | LIGO: The Laser Interferometer Gravitational-Wave Observatory[END_REF][START_REF]Advanced LIGO[END_REF]), Virgo [START_REF] Acernese | Advanced virgo: a second-generation interferometric gravitational wave detector[END_REF], and KAGRA [START_REF] Akutsu | Overview of kagra: Detector design and construction history[END_REF] detectors, all of the merging BNS and BBH in the Universe with next generation gravitational wave detectors [START_REF] Ballmer | Snowmass2021 cosmic frontier white paper: Future gravitational-wave detector facilities[END_REF] (such as the Cosmic Explorer [START_REF] Evans | A horizon study for cosmic explorer: Science, observatories, and community[END_REF]), intermediate mass and supermassive BBH mergers by the Laser Interferometer Space Antenna (LISA [START_REF] Amaro-Seoane | Laser interferometer space antenna[END_REF]) and Pulsar Timing Array [START_REF] Hobbs | The international pulsar timing array project: using pulsars as a gravitational wave detector[END_REF], amongst other sources of gravitational waves. These detections will represent an extraordinary tool to probe fundamental physics and beyond the Standard Model physics in some of the most extreme environments [START_REF] Berti | Snowmass2021 Cosmic Frontier White Paper: Fundamental Physics and Beyond the Standard Model[END_REF]. In particular, an enormous range of scientific analyses (e.g. [START_REF]AstroSat Cadmium Zinc Telluride Imager Team, IPN, Insight-Hxmt[END_REF]) is enabled when the electromagnetic counterpart to these GW sources can be identified, ranging from cosmological parameters inference, to tests of gravity, to the behaviour of nuclear matter and the progenitors of binaries, analyses that would otherwise be impossible or significantly less precise without the identification of the source or at least the host galaxy. Future spectroscopic surveys can play a unique role towards enabling the identification of electromagnetic counterparts and towards cosmological analyses [START_REF] Palmese | Gravitational wave cosmology and astrophysics with large spectroscopic galaxy surveys[END_REF][START_REF] Kim | Snowmass2021 Cosmic Frontier CF6 White Paper: Multi-Experiment Probes for Dark Energy -Transients[END_REF] through the following: A complete galaxy catalog: a Stage-5 spectroscopic experiment will provide redshifts for galaxies accounting for a significant fraction of the stellar mass at z < 1 (where the GW events will also provide better localizations compared to higher redshifts), allowing a refinement of the possible host galaxies of candidate electromagnetic counterparts identified through imaging to a smaller number with redshifts consistent with the GW distances. The availability of a complete galaxy catalog also enables deep, targeted searches of counterparts within specific galaxies, as wide field ground based searches will become increasingly more challenging as the horizon of GW detectors improves. In some cases, for extremely well localized events or strongly lensed GW events, a complete redshift catalog may help us to identify the host galaxy even without an electromagnetic counterpart. When the host galaxy redshift is known, the GW events can be used as "standard sirens" [START_REF] Schutz | Determining the Hubble constant from gravitational wave observations[END_REF], to derive measurements of the expansion rate of the Universe and constraints on modified gravity models. Real-time follow-up: a Stage-5 spectroscopic platform would also provide the capability of a multiplexed triggered follow-up for thousands of galaxies and candidate electromagnetic counterparts within a GW localization region. This would enable rapid characterization of the candidate counterparts found by imaging surveys, which is particularly valuable for the identification of the rapidly fading "kilonova" [START_REF] Kasen | Origin of the heavy elements in binary neutron-star mergers from a gravitational-wave event[END_REF] transients expected to follow BNS mergers. Cross-correlations: a unique contribution of Stage-5 spectroscopic experiments to multimessenger cosmology will be that of enabling cross-correlations between the galaxy and the GW source density [START_REF] Raccanelli | Gravitational wave astronomy with radio galaxy surveys[END_REF]. Even in the absence of electromagnetic counterparts, crosscorrelations will not only provide measurements of cosmological parameters [START_REF] Raccanelli | Gravitational wave astronomy with radio galaxy surveys[END_REF], but they will also allow us to probe the origin of BBH [START_REF] Raccanelli | Determining the progenitors of merging black-hole binaries[END_REF]. Amongst the various applications, such analyses will clarify whether some BBH could be of primordial origin [START_REF] Scelfo | GWxLSS: chasing the progenitors of merging binary black holes[END_REF] and constitute part of the dark matter content of the Universe. Discovering the Electromagnetic counterparts of LISA sources: repeated spectroscopic observations of large samples of galaxies and stars are needed to identify and characterize a sample of sources that will be detectable with LISA in the late 2030s. First, catalogs of binary stars inspiraling in the LISA band are needed to create a sample of Galactic "verification binaries" [START_REF] Stroeer | The LISA verification binaries[END_REF] that can be used for studies of compact objects and calibration. Second, identification of samples of massive black hole binaries in the form of e.g. dual AGNs through the identification of Doppler shift in AGN lines will inform future follow-up observations and enable sub-threshold or targeted searches in the PTA and LISA signal.

Gravitational waves

Discovery space

Spectroscopic observations of hundreds of millions of objects furnish a discovery space for rare astrophysical phenomena, much of which will be useful for studying dark matter, dark energy, reionization, and cosmology. For example, SDSS provided discoveries of changing look quasars [START_REF] Lamassa | The Discovery of the First "Changing Look" Quasar: New Insights Into the Physics and Phenomenology of Active Galactic Nucleus[END_REF]; dozens to hundreds of strong gravitational lenses [e.g. [START_REF] Inada | The Sloan Digital Sky Survey Quasar Lens Search. V. Final Catalog from the Seventh Data Release[END_REF][START_REF] Shu | The Sloan Lens ACS Survey. XIII. Discovery of 40 New Galaxy-scale Strong Lenses[END_REF][START_REF] Talbot | The completed SDSS-IV extended Baryon Oscillation Spectroscopic Survey: a catalogue of strong galaxy-galaxy lens candidates[END_REF], some with novel configurations [START_REF] Inada | A gravitationally lensed quasar with quadruple images separated by 14.62arcseconds[END_REF][START_REF] Gavazzi | The Sloan Lens ACS Survey. VI. Discovery and Analysis of a Double Einstein Ring[END_REF] [START_REF] Filiz Ak | Broad Absorption Line Disappearance on Multi-year Timescales in a Large Quasar Sample[END_REF]; and candidate recoiling, coalescing or binary supermassive black holes [e.g. [START_REF] Komossa | A Recoiling Supermassive Black Hole in the Quasar SDSS J092712.65+294344.0?[END_REF][START_REF] Boroson | A candidate sub-parsec supermassive binary black hole system[END_REF][START_REF] Bogdanović | SDSS J092712.65+294344.0: Recoiling Black Hole or a Subparsec Binary Candidate?[END_REF][START_REF] Dotti | SDSSJ092712.65+294344.0: a candidate massive black hole binary[END_REF]. SDSS also provided spectroscopic discoveries of scores of transients near galactic centers [e.g. 132]. Beyond the potential identification of new kinds of transients, these measurements constrain the volumetric rates, physical origins, and host galaxy properties of standardizable transients used to measure cosmic expansion and the growth of structure.

In the LSST era, combined imaging and spectroscopy of these phenomena will create novel and powerful tools for cosmology. Strong lensing systems provide an illustrative case, with imaging data measuring their unique spatially and temporally resolved phenomenology and spectroscopy providing the component redshifts that are needed to convert angular measurements into mass measurements. Imaging and spectroscopic discovery of strong lenses are also highly complementary in the angular scales and flux contrast ratios to which they are sensitive. Lensed transients such as AGN flares and supernovae probe cosmic expansion using time delay cosmography (see e.g. [START_REF] Liao | Strongly Lensed Transient Sources: A Review[END_REF] and references therein). LSST is projected to observe O(100) strongly lensed supernovae per year, and more than half of those will occur in systems with small Einstein radii (< 1 separation) [START_REF] Goldstein | Rates and Properties of Supernovae Strongly Gravitationally Lensed by Elliptical Galaxies in Time-domain Imaging Surveys[END_REF], making them difficult to identify in imaging data. High-statistics catalogs of spectroscopically discovered strong lensing systems will significantly increase the number of time-delay observations possible with LSST [START_REF] Bag | Be It Unresolved: Measuring Time Delays from Lensed Supernovae[END_REF]. Strong galaxy-galaxy lenses observed with both imaging and spectroscopy can also be used to constrain the dark matter halo mass function on subgalactic scales through the effect of surface-brightness perturbations [e.g. [START_REF] Vegetti | Detection of a dark substructure through gravitational imaging[END_REF][START_REF] Vegetti | Inference of the cold dark matter substructure mass function at z = 0.2 using strong gravitational lenses[END_REF].

Targets

Overview of target samples

Ground-based multi-fiber spectroscopy offers the opportunity to efficiently observe cosmologically useful samples of objects by selectively targeting only those samples. DESI is currently employing this strategy to target a sample of galaxies and quasars optimized for the study of dark energy. The ground-based PFS and 4MOST spectrographs will do the same (on a smaller scale) when they begin operations. The space-based Euclid and Roman satellites will observe sets of intermediate-redshift galaxies limited to strong emission line galaxies. Although the combination of surveys from these instruments will be transformative, mapping tens of millions of galaxies, they will only scratch the surface of the total potential information.

Figure 2 quantifies this in terms of perturbative regime modes measured, considering bias and number density. This quantity can be taken as a "Figure of Merit" for comparing current and future surveys, since many of the constraints on the fundamental physics highlighted in this paper scale proportional to this quantity.

The spectroscopic road map presented here builds out galaxy samples to both higher redshifts and higher densities to address the frontier of cosmology through the 2030s.

Notional samples of stars, galaxies and quasars are described below. The suitability of these samples for successful spectroscopic observation have either already been demonstrated, or will be demonstrated in DESI pilot observations. The flexibility of multi-fiber spectrographs means that the existing sample selections can be optimized in the future to the targets and redshift ranges of most interest.

Details of target samples 4.2.1 Targets: Low-redshift galaxies

Low-redshift (z < 1) galaxies represent the easiest galaxies for which to efficiently measure redshifts. "Bright" in this context refers to those galaxies whose surface brightness is only marginally fainter than the dark night sky at optical wavelengths. DESI is already observing a subset of these galaxies, split between a Bright Galaxy Sample (BGS) and a luminous Red Galaxy Sample (LRGS). These samples have been selected using flux and color cuts to deliver galaxy samples at a density optimized for the DESI science case. Removing color cuts yields samples of 6600 galaxies per sq. deg. to a z-band fiber magnitude limit of z f iber < 21.6, and 14,000 galaxies per sq. deg. to a limit of z f iber < 22.4.

These bright galaxy samples can be targeted from any of the modern, broad-band imaging surveys. For DESI-II, these would be targeted from the Legacy Imaging Surveys. For Stage-5, these could be targeted from either future data releases of the Legacy Imaging Surveys or from LSST. Successful redshifts for these galaxies have been demonstrated in 1000 sec (bright sample) and 4000 sec (faint sample) exposures using the DESI instrument. The observation times for Stage-5 are assumed to be shorter by a factor of 2.5. Note that there is minimal contamination of this sample by stars.

An additional class of very low redshift galaxies, focused on z < 0.1, can inform dark matter physics through measurements of dwarf galaxies, provide a large sample of peculiar velocities and a dense map of the very local Universe, and provide host galaxies for gravitational wave and transient sources, including those identified by LSST. Pilot programs with DESI have indicated that a complete magnitude-limited sample of z < 0.03 galaxies can be obtained using photometry alone, with 800 objects per deg 2 at 19 < r < 22 [138].

Targets: Mid-redshift [O II] emitters

Star-forming galaxies at redshifts ∼ 0.5 -2 are abundant and suitable targets for redshift surveys owing to their bright emission lines. DESI is making use of the O II 3727 Å emission line to measure redshifts for 20 million of these galaxies spanning redshifts 0.6 < z < 1.6. PFS should deliver a smaller sample of galaxies to higher redshift, with 4.5M emission line galaxies spanning redshifts 0.6 < z < 2.4 within their 1500 sq deg. footprint [START_REF] Takada | Extragalactic science, cosmology, and Galactic archaeology with the Subaru Prime Focus Spectrograph[END_REF]. The Euclid satellite will make use of the Hα 6563 emission line to measure redshifts for ∼ 4000 galaxies per sq deg. over 15,000 sq deg over the redshift range 0.9 < z < 1.8 to a flux limit of 2 × 10 -16 erg s -1 cm -2 [START_REF] Merson | Predicting Hα emission-line galaxy counts for future galaxy redshift surveys[END_REF]. The Roman satellite will make use of the Hα 6563 emission line to measure redshifts for ∼ 10, 000 galaxies per sq deg. over 2,000 sq deg over the redshift range 1 < z < 2 to a flux limit of 1 × 10 -16 erg s -1 cm -2 [START_REF] Merson | Predicting Hα emission-line galaxy counts for future galaxy redshift surveys[END_REF]. There are large uncertainties in the projections for these satellite programs, and the resulting samples will have non-negligible contamination rates from lower-redshift galaxies and complicated spatial completeness owing to blending of objects in slit-less grism spectroscopy [START_REF] Bagley | HST Grism-derived Forecasts for Future Galaxy Redshift Surveys[END_REF].

The opportunity exists to extend the sample of DESI O II emitters with the addition of a channel to the DESI spectrographs. A 4th channel extending the wavelength coverage to 1.2 microns would make it possible to measure redshifts for samples to redshifts z = 2.2. These could be observed to luminosities and line fluxes fainter than the Euclid and Roman surveys, and would avoid the complex spatial completeness of those surveys.

Targeting ELGs in the redshift range 1.4 < z < 2.2 requires deep, broad-band photometry as will be available from LSST. Such photometry enables a selection with low contamination using simple cuts. Typically, a cut in the g-band controls the desired target density and favors strong [O II] emitters -hence ensuring a high redshift success rate. Color cuts in the grior grz-diagram control the redshift range. For instance, [START_REF] Takada | Extragalactic science, cosmology, and Galactic archaeology with the Subaru Prime Focus Spectrograph[END_REF] present a simple g < 24.2 mag and gri-selection based on the HSC/Wide survey, optimized for the 0.6 < z < 2.4 range. We include in Table 2 for Stage-5 spectroscopy a slightly different sample at g < 24.1 mag, which yields 1000 galaxies per deg -2 spanning the redshift range 1.4 < z < 2.2. Such a selection is possible from the data presented in [START_REF] Weaver | COSMOS2020: A Panchromatic View of the Universe to z 10 from Two Complementary Catalogs[END_REF], based upon HSC deep photometry in the COSMOS field degraded to the 10-year depth of LSST.

Targets: Lyman-break galaxies (LBG)

Dropout-selected or Lyman Break Galaxies (LBGs) have been a traditional sample of galaxies for mapping the universe at redshifts z > 2 [START_REF] Wilson | Cosmology with dropout selection: Straw-man surveys and CMB lensing[END_REF][START_REF] Giavalisco | Lyman-break galaxies[END_REF][START_REF] Shapley | Physical Properties of Galaxies from z=2-4[END_REF]. Dropout selection on magnitude limited surveys naturally selects massive, actively star-forming galaxies that comprise the majority population over the redshift range of interest. Except at the bright end, the fraction of obscured or reddened galaxies which are missed by the selection is small, though the completeness does vary with redshift [START_REF] Wilson | Cosmology with dropout selection: Straw-man surveys and CMB lensing[END_REF][START_REF] Ly | Lyman Break Galaxies at z˜1.8-2.8: GALEX/NUV Imaging of the Subaru Deep Field[END_REF]. The name is indicative of the spectroscopic feature of a break in the spectrum due to absorption from the hydrogen atom Lyman series from neutral hydrogen in stellar atmospheres, interstellar photoelectric absorption and Lyman-series blanketing along the line of sight [START_REF] Madau | Radiative transfer in a clumpy universe: The Colors of high-redshift galaxies[END_REF]. That feature both makes it possible to select these galaxies at z > 2 from sufficiently-deep broad-band imaging, and to measure redshifts with instruments such as DESI. Due to the lack of other strong spectroscopic features, these do require relatively long exposure times to confidently measure redshifts [START_REF] Wilson | Cosmology with dropout selection: Straw-man surveys and CMB lensing[END_REF].

For a notional sample of LBGs, we considered broad-band photometry would be available to 2-year LSST depth for DESI-II and to 10-year depth for Stage-5 Several LBG selection critera are presented in [START_REF] Wilson | Cosmology with dropout selection: Straw-man surveys and CMB lensing[END_REF] that are based upon cuts in color-magnitude space to provide samples at different redshifts. We combine four of those selections for Stage-5 spectroscopy: a BX selection for z ∼ 2 galaxies to a depth of m r < 24.5 mag, a u-drop selection for z ∼ 3 galaxies to a depth of m r < 24.5 mag, a g-drop selection for z ∼ 4 to a depth of m i < 25.0 mag, and a r-drop selection for z ∼ 5 to a depth of m z < 25.0 mag. For DESI-II, we include only the first two of these samples to shallower depths of m r < 24.0 mag. Note that these samples would dominate the observing time for DESI-II or Stage-5 if not further down-selected.

Targets: Lyman-alpha emitters(LAEs)

The Universe has been kind in providing a large density of emission line galaxies at high redshifts [START_REF] Madau | High-redshift galaxies in the Hubble Deep Field: colour selection and star formation history to z ˜4[END_REF]. These galaxies are not as massive as the typical LBG, but active star formation make these galaxies easy to redshift. Dust in these galaxies reprocess young starlight into emission lines, with the strongest of those lines being the Lyman-alpha emission line that is visible in the optical at redshifts greater than 2.

Several projects are exploring these emission line galaxies at selected redshifts. This includes the Konno et al. program at z = 2 using the Subaru Telescope [START_REF] Konno | Bright and Faint Ends of Lyα Luminosity Functions at z = 2 Determined by the Subaru Survey: Implications for AGNs, Magnification Bias, and ISM H I Evolution[END_REF], the ODIN project at z =2.4, 3.1, and 4.5 using the Blanco Telescope4 , and the GOLDRUSH and SIL-VERRUSH projects on the Subaru Telescope at even higher redshifts [START_REF] Ono | Great Optically Luminous Dropout Research Using Subaru HSC (GOLDRUSH). I. UV luminosity functions at z ∼ 4-7 derived with the half-million dropouts on the 100 deg 2 sky[END_REF][START_REF] Ouchi | Systematic Identification of LAEs for Visible Exploration and Reionization Research Using Subaru HSC (SILVERRUSH). I. Program strategy and clustering properties of ∼2000 Lyα emitters at z = 6-7 over the 0.3-0.5 Gpc 2 survey area[END_REF]. All of these projects employ deep, narrow-band imaging to identify Ly-α emission in a narrow redshift shell. ODIN detects LAEs to a flux limit of 0.1 -0.3 × 10 -16 erg s -1 cm -2 that validates the Konno et. al luminosity function. DESI has conducted pilot spectroscopic observations of those targets, demonstrating the efficiency of these selections and a high redshift success rate.

Targeting of these galaxies requires narrow band imaging to supplement available broadband imaging. Detection of light in a narrow band in excess to the broad-band flux is indicative of an emission line in that band. The sheer volume of the universe at high redshift means the vast majority (75%) of these selected objects are LAEs. The DESI-II sample assumes that narrow band imaging is available from 4000-5000 Å, from which to select LAEs at redshifts 2.3 < z < 3.1 to a Lyman-alpha flux limit of 1.0 × 10 -16 erg s -1 cm -2 . This is approximately the same flux limit as the O II emitters in DESI, with reliable redshifts measured in 30 min. exposures. The Stage-5 samples assumes that narrow band imaging is available in a larger 3800-5500 Å range, from which to select at redshifts 2.1 < z < 3.5. Extending the selection to a flux limit of 0.5 × 10 -16 erg s -1 cm -2 would require approximately the same 30 min. exposures on the larger aperture of Stage-5.

Targets: Stars

The kinematics of stars has long been a complementary tool for understanding the bulk properties of dark matter. Rotation curves, stellar velocity dispersions, disk kinematics, and stellar streams have all been demonstrated as methods for probing the smooth and structured properties of the dark matter distribution within galactic contexts. The stellar halo of the Milky Way, owing to long dynamic times that preserve orbital memory and the modest contaminating baryonic effects, is recognized as a particularly fruitful site for experimental access to the dark sector. While much progress has been made in the inner stellar halo and the disk of the Milky Way, thanks to surveys like SDSS and Gaia, to probe the dark-matter dominated regions of the Milky Way requires kinematic mapping to i = 22.5 AB mag in the halo.

The combination of LSST imaging and Stage-5 spectroscopy will be required to undertake the dark matter experiment as described in Section 2.5. Current and upcoming spectroscopic surveys are probing the Milky Way's halo (DESI, SDSS I-V, WEAVE, 4MOST, PFS) with a sampling of a few million stars with only a fraction being in the Milky Way halo. Notionally, we propose targeting a large fraction of the Milky Way halo stars. Estimates from TRILEGAL 5 indicate at the Galactic pole (l=0 • ,b=90 • ) there are approximately 4000 stars/deg 2 at i ≤ 22.5 mag, with halo stars comprising ≈1366 stars/deg 2 . LSST will provide proper motion measurements to a precision of <0.5 mas/yr for these stars [START_REF] Eyer | The Impact of Gaia and LSST on Binaries and Exoplanets[END_REF], while DESI and Stage-5 would provide velocity precision of ∼ 4 km/s. Tables 1 and2 list a notional survey of 7.5M of these stars as a DESI-II pilot survey, followed by 60M of these stars over a 10,000 sq. deg footprint as a portion of a Stage-5 spectroscopic program. Once a more quantitative metric of the required density of stars is developed, the target numbers would be tuned to match those requirements.

Observation strategy

Multi-fiber spectrographs allow enormous flexibility in observing strategy. Target samples can be divided into samples that are brighter, to be observed in worse observing conditions, and fainter samples for the better conditions. Targets requiring longer exposures can be re-observed on multiple visits to the same location on the sky, and those data combined for measuring redshifts. DESI makes use of these strategies, and it is assumed that DESI-II and Stage-5 would further optimize this approach.

DESI has demonstrated that it observes 700 "effective hours" per year, which corresponds to hours of dark, clear time with good (1.1 arcsec) seeing. Bright, moon-up time is included in this number, weighted appropriately for the higher sky brightness. DESI-II and Stage-5 should have this same number of effective hours per year with a survey program that makes dedicated use of the instrument. DESI-II would operate with the same Mayall Telescope at Kitt Peak, either with the existing instrument or an upgraded instrument. DESI utilizes ∼4300 fibers per exposure after accounting for fixed positioners used for sky-background subtraction and non-functional positioners. With an 85% utilization of these fibers for science targets, this translates to 2.56M available fiber-hours per year. Therefore, the entire DESI-II 62.8M would require approximately 25 years of observation. A DESI Upgrade to 11,250 fibers would speed this program by a factor of 2.6. The upgrade could occur mid-program, with the observing appropriately split pre-and post-upgrade.

The Stage-5 program should be achievable from a telescope location in either the northern or southern hemisphere. Table 2 outlines the required time if conducted with the MegaMapper instrument, with spectrographs identical to DESI in performance and a 6.5-m mirror collecting area. The mid-redshift OII sample would only be accessible if the spectrographs were upgraded to include a 4th arm, extending the wavelength coverage from 0.98 to 1.2 microns. Assuming 700 effective dark hours per year, an 85% utilization of those fibers for science targets, and 26,100 fibers, one has 15.6M fiber-hours available per year. Therefore the entirety of the tabulated program would take 18 years to perform using MegaMapper. Obviously, judicious choices would be necessary to down-select these targets in optimizing a Stage-5 spectroscopic program. 5 Instrumentation for the spectroscopic road map

DESI

The Dark Energy Spectroscopic Instrument (DESI) is a 5000-fiber multi-object spectrograph that completed installation on the Kitt Peak 4-meter Mayall telescope in 2019. The instrument met its design requirements, with the high-throughput, 3-channel spectrographs operate at a fixed resolution of 2000 at 360 nm to 5500 at 980 nm. After a COVID-19 shutdown for most of 2020, DESI began a 5-year, 40 million galaxy and quasar redshift survey in May 2021. This instrument is expected to remain one of the fastest platforms for conducting wide-area redshift surveys even after the completion of this first survey in 2026, and is could be re-tasked with addressing some of the cosmology science cases listed in this white paper. 

DESI-II

The DESI instrument is suitable for an upgrade that would double its observing power, and therefore the speed at which it could conduct the next phase of cosmology observations. The focal plane would be upgraded from 5000 to 11,250 fiber robots using the MegaMapper 6.1-mm pitch robots currently under development. This would consist of 150 small rafts, each with 75 robots, tiling the 812 mm-diameter focal plane (Figure 6). These fibers would feed the existing 10 three-channel spectrographs plus an additional 6 to 9 spectrographs, with that number dependent upon the exact packing of fibers per spectrograph. An upgrade would also consider Skipper CCDs and Skipper-enabled Front End Electronics (FEEs) for the blue cameras [START_REF] Drlica-Wagner | Characterization of skipper CCDs for cosmological applications[END_REF].

Stage-5

Several experimental designs have been proposed to advance to Stage-5 spectroscopy for cosmology experiments. These include the MegaMapper [START_REF] Schlegel | Astro2020 APC White Paper: The MegaMapper: a z > 2 Spectroscopic Instrument for the Study of Inflation and Dark Energy[END_REF], the Mauna Kea Spectroscopic Explorer (MSE; [START_REF] Marshall | the MSE Science Team[END_REF]), and SpecTel [START_REF] Ellis | SpecTel: A 10-12 meter class Spectroscopic Survey Telescope[END_REF] (see Table 3). MSE would be a new 10-m-class telescope with a 1.52 deg 2 field of view designed as a multi-purpose survey instrument.

For cosmology experiments, it would feature 3249 fibers feeding low/moderate resolution spectrographs from 360-950 nm. SpecTel would be a new 10-m-class telescope with a 5 deg 2 field of view, also designed as a multi-purpose survey instrument. 15,000 fibers would feed spectrographs from 360-1330 nm. The MegaMapper would be a dedicated cosmology facility intended to exploit a more cost-effective trade space, with a smaller 6.5-m telescope with a 7 deg 2 field of view accommodating 26,100 fibers. The MegaMapper would repurpose much of the DESI instrumentation. The design uses the DESI spectrographs (and the identical SDSS-V LVM spectrographs), which have proven to be highly efficient for the purpose of redshift measurements. The 150 fiber rafts in the DESI-II upgrade would provide 40% of the required robots. The investment in the DESI data systems would provide a suitable basis for the data reduction.

Table 3: Survey speeds for multi-fiber spectrographs as measured by the product of the telescope clear aperture, number of fibers and losses from mirror reflections. This speed assumes a dedicated facility, which would not be possible in all cases. Keck/FOBOS [START_REF] Bundy | FOBOS: A Next-Generation Spectroscopic Facility at the W. M. Keck Observatory[END_REF], MSE [START_REF] Marshall | the MSE Science Team[END_REF], SpecTel [START_REF] Ellis | SpecTel: A 10-12 meter class Spectroscopic Survey Telescope[END_REF] and MegaMapper [START_REF] Schlegel | Astro2020 APC White Paper: The MegaMapper: a z > 2 Spectroscopic Instrument for the Study of Inflation and Dark Energy[END_REF] 

Conclusions

In this white paper, we present a "Spectroscopic Road Map" from the current state-of-the art in wide-field spectroscopic mapping through the next decade. The path outlined marks a clear trajectory from the highly successful DESI project, through its mapping-speed upgrade with DESI-II, to a Stage-5 spectroscopic program such as the MegaMapper concept. This course enables technological development and risk retirement during the operations of DESI and DESI-II. In this approach, the Stage-5 spectroscopic program directly builds upon the instrumentation and observations of predecessor projects.

The Stage-5 program will ultimately have the capacity to map hundreds of millions of stars and galaxies. This provides the platform for understanding the most fundamental questions in physics, such as the nature of inflation, dark energy, and dark matter, as detailed in numerous Snowmass white papers and summarized herein. The program envisioned serves a broad range of the cosmology community and is highly complementary, if not essential, to extracting the full potential of LSST and CMB-S4, and developing line intensity mapping (LIM) as a future cosmological probe.

Appendices A Target tables

The appendix tabulates the redshift distributions for the DESI survey and for the DESI-II and Stage-5 samples described in Sections 4.2.1, 4.2.2, 4.2.3 and 4.2.4. All tables present the number of sources per square degree per redshift interval ∆z = 0.1. The DESI samples include the bright galaxy sample (BGS) [START_REF] Hahn | DESI Bright Galaxy Survey: Final Target Selection, Design, and Validation[END_REF], luminous red galaxies (LRG) [START_REF] Zhou | Target Selection and Validation of DESI Luminous Red Galaxies[END_REF], emission line galaxies (ELG) [START_REF] Raichoor | Target Selection and Validation of DESI Emission Line Galaxies[END_REF] and quasars QSO) [START_REF] Chaussidon | Target Selection and Validation of DESI Quasars[END_REF]. The DESI-II and Stage-5 samples split the low-redshift samples into a bright sample (LOWZBRI at r < 21.6) and a faint sample (LOWZFNT at r < 22.4), and also include Lyman-α emitters (LAE) and Lyman-break galaxies (LBG). 

Figure 1 :

 1 Figure 1: Number of galaxy redshifts as a function of time for the largest cosmology surveys. The dotted line represents an increase of survey size by a factor of 10 every decade. Fielding a Stage-5 experiment in ten years maintains this pace into the 2030s, enabling the science cases discussed in this and other white papers.

Figure 2 :

 2 Figure 2: "Figure of Merit" FoM ≡ 10 -6 N modes , representing the effective number of "linear" modes observable as a function of z max for DESI, PUMA (-5K and -32K), and MegaMapper and SpecTel, two examples of Stage-5 spectroscopic surveys. For DESI we include only the ELGs.For PUMA, we consider both optimistic and pessimistic foreground models, which are the boundaries of the shaded regions. The boundary of the shaded orange region is the cosmic variance limit for an all-sky survey, assuming b(z) = 1. From[START_REF] Ferraro | Snowmass2021 Cosmic Frontier White Paper: Cosmology and Fundamental Physics from the three-dimensional Large Scale Structure[END_REF] (see[START_REF] Sailer | Cosmology at high redshift -a probe of fundamental physics[END_REF] for details about the calculation).

Figure 3 :

 3 Figure 3: Self-Organizing Map (SOM) trained on the DES Y3 MagLim lens sample via the algorithm of[START_REF] Sánchez | Propagating sample variance uncertainties in redshift calibration: simulations, theory and application to the COSMOS2015 data[END_REF], with color indicating the estimated median time in minutes for DESI to obtain a high-quality redshift for a galaxy in each cell at the sample's magnitude limit of i = 22.2. The SOM is a non-linear 2D representation of the griz color space with approximately equal number of galaxies in each cell. Cells with fewer than 10 spectra are shown in white. The SOM can be used to estimate observing time allocation as well as define photometric cuts where spectra are hard to obtain.

Figure 4 :

 4 Figure 4: Redshift reach of past and upcoming GW campaigns and experiments in the 2020s and 2030s. These include the LIGO/Virgo/KAGRA third observing run (O3; 2019-2020), the LIGO A+ upgrade (late 2020s), next generation ground-based detectors CE (including phase 1 and phase 2) and ET, and LISA. The left-hand side shows the expected distribution of BNS mergers, and right-hand side shows that of 30 M black hole pairs. These mergers are expected to follow the cosmic star formation rate density, hence peaking around z ∼ 2(or less depending on the time delay between binary formation and merger). Hence a dense galaxy catalog out to z ∼ 1, extending out to z ∼ 2 even with smaller number density, would be an ideal complement to the upcoming GW detections for follow-up campaigns and crosscorrelations. Note that the redshift reach of LISA is for massive black hole binaries (not the stellar mass black holes shown for the ground-based detectors). Credits: Evans & Vitale, modified with permission.

Figure 5 :

 5 Figure 5: Fiber robot raft design in development for a DESI upgrade or a Stage-5 instrument. Each raft consists of 75 mechanical robots to position each fiber, with a center-to-center pitch of 6.1-mm.

Figure 6 :

 6 Figure 6: Focal plane layout for 150 fiber robot rafts (with 11,250 robots) on the DESI focal plane. These rafts would be re-usable for MegaMapper.

Figure 7 :

 7 Figure 7: Focal plane layout for 348 fiber robot rafts (with 26,100 robots) on the MegaMapper focal plane.

  

  ; dozens of high-redshift quasars [e.g. 121], some with Gunn-Peterson troughs [e.g. 122]; thousands of proximate quasar pairs with which to probe clustering in the IGM [e.g. 123]; UV-bright quasars to probe helium reionization [e.g. 124]; massive overdensities at high redshift [e.g. 125]; Damped Lyman-alpha systems [e.g. 126]; vanishing Broad Absorption Line quasars

Table 1 :

 1 

			DESI-II samples			
		Redshifts Density	Area Number Efficiency Exptime Fiber-hours
			(deg -2 ) (deg 2 )			(hr)	
	Stars i< 21.5	0	500 10,000	5.0M	1.0	1.5	7.5M
	Low-z bright	0-1.0	6600	1400	9.2M	1.0	0.28	2.6M
	Low-z faint	0-1.0	7900	1400	11.0M	1.0	1.0	11.0M
	LBGs m < 24.0	2.0-4.5	1250 10,000	12.5M	0.6	2.0	41M
	LAEs f > 1.0 × 10 -16 Total	2.3-3.1	800	1400	1.1M 38.8M	0.75	0.5	0.7M 62.8M

Table 2 :

 2 Stage-5 samples Redshifts DensityArea Number Efficiency Exptime Fiber-hours (deg -2 ) (deg2 

  are proposed experiments. LSSTspec[START_REF] Stubbs | Report on LSST Next-generation Instrumentation Workshop[END_REF][START_REF] Blum | Snowmass2021 Cosmic Frontier White Paper: Rubin Observatory after LSST[END_REF] is a notional number using MegaMapper positioners on the LSST focal plane, if optical design limitations could be overcome injecting f/1.2 light into fibers.

	Instrument (year)	Primary/m 2	Nfiber Reflections	Product Speed vs. SDSS
	SDSS (1999)	3.68	640	0.9 2	1908	1.00
	BOSS (2009)	3.68	1000	0.9 2	2980	1.56
	DESI (2020)	9.5	5000	0.9 1	42,750	22.4
	PFS (2023)	50	2400	0.9 1	108,000	56.6
	4MOST (2023)	12	1624	0.9 2	15,800	8.3
	DESI-Upgrade (2027)	9.5 11,250	0.9 1	96,200	50.4
	MegaMapper	28 26,100	0.9 2	590,000	309.
	Keck/FOBOS	77.9	1800	0.9 3	102,000	53.6
	MSE	78	3249	0.9 1	228,000	119.
	LSSTspec	35.3	8640	0.9 3	222,000	116.
	SpecTel	87.9 15,000	0.9 2 1,070,000	560.

Table 4 :

 4 z min z max BGS LRG ELG QSO z min z max BGS LRG ELG QSO Per-tracer redshift distribution for DESI. z min z max LOWZBRI LOWZFNT LAE LBG z min z max LOWZBRI LOWZFNT LAE LBG

		0.0	0.1	101	1	10	0	2.0	2.1	0	0	0	10
		0.1	0.2	231	1	21	0	2.1	2.2	0	0	0	9
		0.2	0.3	217	7	12	0	2.2	2.3	0	0	0	8
		0.3	0.4	97	31	6	1	2.3	2.4	0	0	0	7
		0.4	0.5	0	49	6	1	2.4	2.5	0	0	0	6
		0.5	0.6	0	68	5	2	2.5	2.6	0	0	0	5
		0.6	0.7	0	82	13	3	2.6	2.7	0	0	0	4
		0.7	0.8	0	95	54	5	2.7	2.8	0	0	0	4
		0.8	0.9	0	101 102	7	2.8	2.9	0	0	0	3
		0.9	1.0	0	64	120	8	2.9	3.0	0	0	0	3
		1.0	1.1	0	29	114	9	3.0	3.1	0	0	0	2
		1.1	1.2	0	10	108	10	3.1	3.2	0	0	0	2
		1.2	1.3	0	3	103	11	3.2	3.3	0	0	0	1
		1.3	1.4	0	1	97	11	3.3	3.4	0	0	0	1
		1.4	1.5	0	0	87	12	3.4	3.5	0	0	0	1
		1.5	1.6	0	0	55	12	3.5	3.6	0	0	0	1
		1.6	1.7	0	0	9	12	3.6	3.7	0	0	0	0
		1.7	1.8	0	0	0	12	3.7	3.8	0	0	0	0
		1.8	1.9	0	0	0	11	3.8	3.9	0	0	0	0
		1.9	2.0	0	0	0	11	3.9	4.0	0	0	0	0
	0.0	0.1	300		299	0	0		2.0	2.1	0		0	0	107
	0.1	0.2	545		237	0	0		2.1	2.2	0		0	0	116
	0.2	0.3	893		442	0	0		2.2	2.3	0		0	0	117
	0.3	0.4	1569	852	0	0		2.3	2.4	0		0	189 109
	0.4	0.5	967		673	0	0		2.4	2.5	0		0	153	94
	0.5	0.6	708		704	0	0		2.5	2.6	0		0	124	78
	0.6	0.7	679		1151	0	0		2.6	2.7	0		0	99	64
	0.7	0.8	372		885	0	0		2.7	2.8	0		0	80	56
	0.8	0.9	323		1055	0	0		2.8	2.9	0		0	64	52
	0.9	1.0	151		807	0	0		2.9	3.0	0		0	51	48
	1.0	1.1	34		256	0	0		3.0	3.1	0		0	40	43
	1.1	1.2	24		226	0	1		3.1	3.2	0		0	0	35
	1.2	1.3	17		123	0	2		3.2	3.3	0		0	0	25
	1.3	1.4	2		28	0	5		3.3	3.4	0		0	0	15
	1.4	1.5	0		0	0	10	3.4	3.5	0		0	0	9
	1.5	1.6	0		0	0	19	3.5	3.6	0		0	0	4
	1.6	1.7	0		0	0	32	3.6	3.7	0		0	0	2
	1.7	1.8	0		0	0	49	3.7	3.8	0		0	0	1
	1.8	1.9	0		0	0	69	3.8	3.9	0		0	0	0
	1.9	2.0	0		0	0	90	3.9	4.0	0		0	0	0

Table 5 :

 5 Per-tracer redshift distribution for DESI-II.z min z max LOWZBRI LOWZFNT ELG LAE LBG z min z max LOWZBRI LOWZFNT ELG LAE LBG

	0.0	0.1	300	299	0	0	0	3.0	3.1	0	0	0	197 191
	0.1	0.2	545	237	0	0	0	3.1	3.2	0	0	0	168 161
	0.2	0.3	893	442	0	0	0	3.2	3.3	0	0	0	142 123
	0.3	0.4	1569	852	0	0	0	3.3	3.4	0	0	0	120	88
	0.4	0.5	967	673	0	0	0	3.4	3.5	0	0	0	102	66
	0.5	0.6	708	704	0	0	0	3.5	3.6	0	0	0	0	57
	0.6	0.7	679	1151	0	0	0	3.6	3.7	0	0	0	0	56
	0.7	0.8	372	885	0	0	0	3.7	3.8	0	0	0	0	57
	0.8	0.9	323	1055	0	0	0	3.8	3.9	0	0	0	0	55
	0.9	1.0	151	807	0	0	0	3.9	4.0	0	0	0	0	48
	1.0	1.1	34	256	0	0	1	4.0	4.1	0	0	0	0	38
	1.1	1.2	24	226	0	0	3	4.1	4.2	0	0	0	0	28
	1.2	1.3	17	123	0	0	7	4.2	4.3	0	0	0	0	18
	1.3	1.4	2	28	0	0	15	4.3	4.4	0	0	0	0	12
	1.4	1.5	0	0	171	0	29	4.4	4.5	0	0	0	0	8
	1.5	1.6	0	0	160	0	54	4.5	4.6	0	0	0	0	8
	1.6	1.7	0	0	146	0	90	4.6	4.7	0	0	0	0	8
	1.7	1.8	0	0	174	0	139	4.7	4.8	0	0	0	0	9
	1.8	1.9	0	0	138	0	197	4.8	4.9	0	0	0	0	9
	1.9	2.0	0	0	116	0	255	4.9	5.0	0	0	0	0	9
	2.0	2.1	0	0	73	0	304	5.0	5.1	0	0	0	0	9
	2.1	2.2	0	0	21	818 332	5.1	5.2	0	0	0	0	7
	2.2	2.3	0	0	0	701 334	5.2	5.3	0	0	0	0	6
	2.3	2.4	0	0	0	600 312	5.3	5.4	0	0	0	0	4
	2.4	2.5	0	0	0	513 274	5.4	5.5	0	0	0	0	3
	2.5	2.6	0	0	0	439 236	5.5	5.6	0	0	0	0	2
	2.6	2.7	0	0	0	375 210	5.6	5.7	0	0	0	0	1
	2.7	2.8	0	0	0	320 201	5.7	5.8	0	0	0	0	0
	2.8	2.9	0	0	0	272 204	5.8	5.9	0	0	0	0	0
	2.9	3.0	0	0	0	232 204	5.9	6.0	0	0	0	0	0

Table 6 :

 6 Per-tracer redshift distribution for MegaMapper.

It has been pointed out[START_REF] Barreira | Can we actually constrain f NL using the scale-dependent bias effect? An illustration of the impact of galaxy bias uncertainties using the BOSS DR12 galaxy power spectrum[END_REF] that scale-dependent bias in LSS surveys provides a direct measurement of b φ f local N L , where b φ is the response of galaxy number density to local fNL. In this work we fix b φ to its fiducial peak-background split value b φ ≈

2δc(b -1), where δc is the critical density, and b is the linear galaxy bias[START_REF] Dalal | The imprints of primordial non-gaussianities on large-scale structure: scale dependent bias and abundance of virialized objects[END_REF], but forecasts are easy to rescale for any chosen value of b φ .

And a larger contribution if decoupling happens later than some of the Standard Model phase transitions.

That is, fluctuations caused by the interaction of CMB photons with matter along the line of sight.

https://legacy.noirlab.edu/noaoprop/abstract.mpl?2020B-0201?

http://stev.oapd.inaf.it/cgi-bin/trilegal