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ABSTRACT

In this white paper, we present an experimental road map for spectroscopic ex-
periments 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 observa-
tions 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 ob-
servations, mapping hundreds of millions of stars and galaxies in three dimen-
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sions, to address the problems of inflation, dark energy, light relativistic species,
and dark matter. These spectroscopic data will also complement the next gener-
ation of weak lensing, line intensity mapping and CMB experiments and allow
them to reach their full potential.

1 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 su-
pernovae 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 mea-
sure 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 cosmo-
logical 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 reconstruc-
tion 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. Redshift-
space maps at z > 2 can radically improve constraints on inflation and dark energy [1–
5], while at the same time relaxing assumptions such as a power-law primordial power
spectrum [6–8].

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 [16–20] — which required deeper,
better-calibrated imaging than SDSS could provide — relied on the Legacy Imaging Sur-
veys [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
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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.

that reach LSST depth over a smaller area.

2 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., 3, 26–29]. 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 [1–3, 30]. We refer the reader to [2] for many of the details about the assumptions
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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.
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Figure 2: “Figure of Merit” FoM≡ 10−6Nmodes, representing the effective number of “linear”
modes observable as a function of zmax 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 [3] (see [2] for details
about the calculation).

2.1 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 spec-
troscopically with existing technology, will allow the surveys proposed here to constrain
primordial physics to unprecedented precision, beyond the CMB cosmic variance limit [3]
as spectroscopy unleashes the third dimension of spatial volume.

Primordial non-Gaussianity [26, 31] 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,
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inflation predicts a minimum amount of non-Gaussianity two orders of magnitude below
current limits [32], with many models predicting much larger signals. These deviations
from Gaussianity leave specific imprints on the galaxy power spectrum and bispectrum [31,
33–35] 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” [36] can
probe scales inaccessible to Earth-based colliders.

A particularly sharp boundary between inflationary models is set by the single-field con-
sistency conditions [37, 38]. 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 ex-
ample 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

NL ) & 1, such that the
full (untuned) parameter space can be explored with an order-of-magnitude improvement
over current constraints [39]. The presence of additional massive fields also gives rise to
observable signatures that lie between local and equilateral type non-Gaussianity [40–42].

The high redshift sample described in this paper can cross the important theoretical
threshold of σ(f local

NL ) . 1 from measurement of the galaxy power spectrum on large scales,1

surpassing the current CMB bounds by an order of magnitude [1, 2]. 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 [1]. 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 [2, 6]. A greatly-improved measurement of the spectrum of matter pertur-
bations 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, of-
fering another probe of the physical mechanisms behind inflation. Galaxy surveys already
provide the best constraint on these models [44] and deeper surveys will surpass even a
cosmic-variance-limited CMB survey by up to an order of magnitude. Finally, the trispec-
trum or 4-Point Correlation Function has recently been shown to be sensitive to parity-
violation in the initial conditions [45–47], 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 inflation-
ary mechanism producing the parity-violation (e.g. axions, Chern-Simons gravity, etc.).

1It has been pointed out [43] that scale-dependent bias in LSS surveys provides a direct measurement of
bφf

local
NL , where bφ is the response of galaxy number density to local fNL. In this work we fix bφ to its fiducial

peak-background split value bφ ≈ 2δc(b−1), where δc is the critical density, and b is the linear galaxy bias [34],
but forecasts are easy to rescale for any chosen value of bφ.
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2.2 Dark Energy

Our understanding of dark energy [48] 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 con-
straints on early dark energy (EDE) models, providing a few percent measurement of the
energy content all the way to z∼105 [2–4].

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 [3] and §4.8 of [2]). 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 [1]). 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 [49]. A Stage-5 experiment will be
able to constrain the fraction of EDE to better than 2% all the way to z ∼ 105 [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.

2.3 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 [50, 51]. The phenomenol-
ogy 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 depen-
dence through RSD over a wide redshift range is therefore a powerful probe of modified
gravity [5]. 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 [52].

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) poten-
tial 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 [2].
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2.4 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 posi-
tion 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 par-
ticles, with broad implications for fundamental physics [53–55]. The Standard Model of
particle physics predicts Neff = 3.044 [56], and parameterizing the number of extra species
by ∆Neff [57] lower limits exist on the change ∆Neff for broad classes of particles: ∆Neff >
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
[2, 3], a Stage-5 high-z survey can constrain σ(Neff) ≈ 0.03, and 0.02 when combined with
proposed CMB experiments, reaching a sensitivity comparable to the smallest allowed value
of ∆Neff = 0.027 for a single particle. This sensitivity would exclude the thermalization of
any particle with spin at >95% confidence, which produces ∆Neff ≥ 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 [55, 58].

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(Mν) ≈ 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+Mν ,
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 [59, 60]. 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 [61, 62] and other new particles
in the dark sector [55, 63].

2.5 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, em-
pirical evidence of dark matter, and they provide a unique avenue for studying this mysteri-
ous component of the universe [64–69]. 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 theo-
ries, many viable dark matter models can fit the observational data at the current level of

2And a larger contribution if decoupling happens later than some of the Standard Model phase transitions.
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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 abun-
dance 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 mea-
surements 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
[69, 70]. 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 [71]. These measurements are critical for interpreting terrestrial dark mat-
ter 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 measure-
ments are sensitive enough to distinguish between collisionless and self-interacting dark
matter models and are less sensitive to the baryonic physics of the disk [72]. (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) Mea-
sure 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.

2.6 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, fσ8, to well beyond the precision of galaxy clustering [73]. 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
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galaxies through the fundamental plane or Tully-Fisher relations [73–75], while a multifiber
spectroscopic survey obtains the required galaxy redshifts (and velocity dispersions).

Spectroscopic standardization of Type Ia supernovae provides the most accurate dis-
tances — good to ∼ 3% per object [76, 77]. A spectroscopic instrument could provide
spectra of nearby Type Ia supernovae when they are “live” by observing tiles in a target-of-
opportunity 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 mea-
sure. 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 [5, 73].

3 Synergies with other cosmological probes

3.1 LSST and other imaging surveys

A wide-field spectroscopic survey will greatly enhance the LSST science returns, as identi-
fied by several Astro 2020 science white papers [66, 79, 80]. 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 statis-
tical errors to meet the stringent LSST requirements [79]. 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 cal-
ibrate 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 [81], but to estimate a wide range of
predicted spectroscopic characteristics for galaxies as a function of their photometric prop-
erties, 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.

While direct measurement of the faint LSST sources is likely infeasible, cross-correlation

10



DES lens sample: Median time to redshift

0

5

10

15

20

25

30

Figure 3: Self-Organizing Map (SOM) trained on the DES Y3 MagLim lens sample via the
algorithm of [78], 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 mea-
surements through RSD can provide a powerful test of General Relativity on cosmological
scales. Joint analysis of RSD and galaxy–galaxy lensing measurements will break degenera-
cies 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.
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3.2 21cm and mm-wave Line Intensity Mapping

Line Intensity Mapping (LIM) techniques, specifically 21cm and CO mapping, have signifi-
cant 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 spec-
troscopic objects (LRGs, ELGs and quasars) [82], and the first extragalactic analyses of the
21cm signal have been performed in cross-correlation with spectroscopic data [83, 84].
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.

3.3 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) [85], CMB-S4 [57], 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; [86, 87]), 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
[88]. This leads to tighter constraints on neutrino masses and dark energy, while mitigating
some of the possible systematics [57, 86, 89]. Moreover, comparing the motion of non-
relativistic matter through redshift-space distortions to the deflection of CMB photons will
put some of the most informative bounds on theories of modified gravity [50, 90].

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 [91]. 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 [92] and “moving lens” [93, 94]
effects. These velocity measurements can provide access to the very largest scales, often the

3That is, fluctuations caused by the interaction of CMB photons with matter along the line of sight.

12



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 [95].

3.4 Gravitational waves

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 cross-
correlations. 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.

Between the 2020s and 2030s, hundreds of thousands of gravitational wave (GW) in-
spirals and mergers from binary systems will be detected across the gravitational wave
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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 [96, 97]), Virgo [98], and KAGRA [99] detectors,
all of the merging BNS and BBH in the Universe with next generation gravitational wave
detectors [100] (such as the Cosmic Explorer [101]), intermediate mass and supermassive
BBH mergers by the Laser Interferometer Space Antenna (LISA [102]) and Pulsar Timing
Array [103], 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 [104]. In particular, an enormous range of sci-
entific analyses (e.g. [105]) is enabled when the electromagnetic counterpart to these GW
sources can be identified, ranging from cosmological parameters inference, to tests of grav-
ity, 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 anal-
yses [106, 107] 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 re-
finement 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 counter-
parts 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” [108], 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” [109] transients expected to follow BNS
mergers.
Cross-correlations: a unique contribution of Stage-5 spectroscopic experiments to multi-

messenger cosmology will be that of enabling cross-correlations between the galaxy and
the GW source density [110]. Even in the absence of electromagnetic counterparts, cross-
correlations will not only provide measurements of cosmological parameters [111], but they
will also allow us to probe the origin of BBH [112]. Amongst the various applications, such
analyses will clarify whether some BBH could be of primordial origin [113] 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
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binary stars inspiraling in the LISA band are needed to create a sample of Galactic “ver-
ification binaries” [114] 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.

3.5 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 [115]; dozens to hundreds of strong gravitational lenses [e.g. 116–118], some
with novel configurations [119, 120]; 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 sys-
tems [e.g. 126]; vanishing Broad Absorption Line quasars [127]; and candidate recoiling,
coalescing or binary supermassive black holes [e.g. 128–131]. SDSS also provided spec-
troscopic discoveries of scores of transients near galactic centers [e.g. 132]. Beyond the
potential identification of new kinds of transients, these measurements constrain the volu-
metric 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 phenomenol-
ogy and spectroscopy providing the component redshifts that are needed to convert angu-
lar 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 ex-
pansion using time delay cosmography (see e.g. [133] 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) [134], 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 [135]. Strong galaxy-galaxy lenses observed with both imaging and
spectroscopy can also be used to constrain the dark matter halo mass function on subgalac-
tic scales through the effect of surface-brightness perturbations [e.g. 136, 137].
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4 Targets

4.1 Overview of target samples

Ground-based multi-fiber spectroscopy offers the opportunity to efficiently observe cosmo-
logically 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 transforma-
tive, 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 compar-
ing 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 demon-
strated, 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.

4.2 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
zfiber < 21.6, and 14,000 galaxies per sq. deg. to a limit of zfiber < 22.4.

These bright galaxy samples can be targeted from any of the modern, broad-band imag-
ing 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.
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Successful redshifts for these galaxies have been demonstrated in 1000 sec (bright sam-
ple) 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 gravita-
tional 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 deg2 at 19 < r < 22 [138].

4.2.2 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 3727Å 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 [139]. 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 [140]. 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 [140]. 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[141].

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 pho-
tometry 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 tar-
get density and favors strong [O II] emitters – hence ensuring a high redshift success rate.
Color cuts in the gri- or grz-diagram control the redshift range. For instance, [139] 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 [142], based upon
HSC deep photometry in the COSMOS field degraded to the 10-year depth of LSST.
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4.2.3 Targets: Lyman-break galaxies (LBG)

Dropout-selected or Lyman Break Galaxies (LBGs) have been a traditional sample of galax-
ies for mapping the universe at redshifts z > 2 [89, 143, 144]. Dropout selection on magni-
tude 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 [89, 145]. The name is indicative of the spectro-
scopic 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 [146]. That feature both makes it pos-
sible 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 spec-
troscopic features, these do require relatively long exposure times to confidently measure
redshifts [89].

For a notional sample of LBGs, we considered broad-band photometry would be avail-
able to 2-year LSST depth for DESI-II and to 10-year depth for Stage-5 Several LBG selection
critera are presented in [89] 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 mr < 24.5 mag, a u-drop selection for z ∼ 3
galaxies to a depth of mr < 24.5 mag, a g-drop selection for z ∼ 4 to a depth of mi < 25.0
mag, and a r-drop selection for z ∼ 5 to a depth of mz < 25.0 mag. For DESI-II, we
include only the first two of these samples to shallower depths of mr < 24.0 mag. Note
that these samples would dominate the observing time for DESI-II or Stage-5 if not further
down-selected.

4.2.4 Targets: Lyman-alpha emitters(LAEs)

The Universe has been kind in providing a large density of emission line galaxies at high
redshifts [147]. These galaxies are not as massive as the typical LBG, but active star forma-
tion 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 [148], 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 [149, 150]. 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

4https://legacy.noirlab.edu/noaoprop/abstract.mpl?2020B-0201?
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rate.

Targeting of these galaxies requires narrow band imaging to supplement available broad-
band imaging. Detection of light in a narrow band in excess to the broad-band flux is in-
dicative 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 as-
sumes that narrow band imaging is available from 4000–5000Å, 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 ap-
proximately 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 3800–5500Å 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.

4.2.5 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 un-
dertake 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. Esti-
mates from TRILEGAL5 indicate at the Galactic pole (l=0◦,b=90◦) there are approximately
4000 stars/deg2 at i ≤ 22.5 mag, with halo stars comprising ≈1366 stars/deg2. LSST will
provide proper motion measurements to a precision of <0.5 mas/yr for these stars [151],
while DESI and Stage-5 would provide velocity precision of ∼ 4 km/s. Tables 1 and 2 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.

5http://stev.oapd.inaf.it/cgi-bin/trilegal
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4.3 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 corre-
sponds 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 ex-
isting 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 north-
ern 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 spec-
trographs 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.

Table 1: DESI-II samples
Redshifts Density Area Number Efficiency Exptime Fiber-hours

(deg−2) (deg2) (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 2.3–3.1 800 1400 1.1M 0.75 0.5 0.7M
Total 38.8M 62.8M
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Table 2: Stage-5 samples
Redshifts Density Area Number Efficiency Exptime Fiber-hours

(deg−2) (deg2) (hr)
Stars i< 22.0 0 4000 10,000 40.0M 1.0 1.5 60M
Low-z bright 0–1.0 6600 18,000 119M 1.0 0.1 11.9M
Low-z faint 0–1.0 7900 18,000 142M 1.0 0.4 56.8M
Mid-z [O II] 1.4–2.2 1000 10,000 10M 0.85 1.0 11.7M
LBGs m < 24.5, 25.0 2.0–6.0 4500 10,000 45M 0.6 1.5 112.5M
LAEs f > 0.5× 10−16 2.1–3.5 5000 10,000 50M 0.75 0.5 33.3M
Total 406M 286M

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.

5 Instrumentation for the spectroscopic road map

5.1 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 instru-
ment met its design requirements, with the high-throughput, 3-channel spectrographs oper-
ate 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.
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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.

5.2 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 [152].

5.3 Stage-5

Several experimental designs have been proposed to advance to Stage-5 spectroscopy for
cosmology experiments. These include the MegaMapper [30], the Mauna Kea Spectroscopic
Explorer (MSE; [153]), and SpecTel [154] (see Table 3). MSE would be a new 10-m-class
telescope with a 1.52 deg2 field of view designed as a multi-purpose survey instrument.
For cosmology experiments, it would feature 3249 fibers feeding low/moderate resolution
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Figure 7: Focal plane layout for 348 fiber robot rafts (with 26,100 robots) on the MegaMap-
per focal plane.

spectrographs from 360-950 nm. SpecTel would be a new 10-m-class telescope with a 5
deg2 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 deg2 field of view accommodating 26,100 fibers. The MegaMapper would re-
purpose 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.
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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[155],
MSE[153], SpecTel[154] and MegaMapper[30] are proposed experiments. LSSTspec[156,
157] 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/m2 Nfiber Reflections Product Speed vs. SDSS
SDSS (1999) 3.68 640 0.92 1908 1.00
BOSS (2009) 3.68 1000 0.92 2980 1.56
DESI (2020) 9.5 5000 0.91 42,750 22.4
PFS (2023) 50 2400 0.91 108,000 56.6
4MOST (2023) 12 1624 0.92 15,800 8.3
DESI-Upgrade (2027) 9.5 11,250 0.91 96,200 50.4
MegaMapper 28 26,100 0.92 590,000 309.
Keck/FOBOS 77.9 1800 0.93 102,000 53.6
MSE 78 3249 0.91 228,000 119.
LSSTspec 35.3 8640 0.93 222,000 116.
SpecTel 87.9 15,000 0.92 1,070,000 560.
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6 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 fundamen-
tal 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 en-
visioned 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) [158], luminous red galaxies (LRG) [159], emis-
sion line galaxies (ELG) [160] and quasars QSO) [161]. The DESI-II and Stage-5 samples
split the low-redshift samples into a bright sample (LOWZBRI at r < 21.6) and a faint sam-
ple (LOWZFNT at r < 22.4), and also include Lyman-α emitters (LAE) and Lyman-break
galaxies (LBG).
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zmin zmax BGS LRG ELG QSO zmin zmax BGS LRG ELG QSO
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

Table 4: Per-tracer redshift distribution for DESI.

zmin zmax LOWZBRI LOWZFNT LAE LBG zmin zmax LOWZBRI LOWZFNT LAE LBG
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: Per-tracer redshift distribution for DESI-II.
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zmin zmax LOWZBRI LOWZFNT ELG LAE LBG zmin zmax 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: Per-tracer redshift distribution for MegaMapper.
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D. W. Gerdes, S. G. A. Gontcho, C. Gorgoni, G. Green, J. Guy, D. Harmer,
M. Hernandez, K. Honscheid, L. W. Huang, D. J. James, B. T. Jannuzi, L. Jiang,
R. Joyce, A. Karcher, S. Karkar, R. Kehoe, J.-P. Kneib, A. Kueter-Young, T.-W. Lan,
T. R. Lauer, L. Le Guillou, A. Le Van Suu, J. H. Lee, M. Lesser, L. Perreault Levasseur,
T. S. Li, J. L. Mann, R. Marshall, C. E. Mart́ınez-Vázquez, P. Martini, H. du Mas des
Bourboux, S. McManus, T. G. Meier, B. Ménard, N. Metcalfe, A. Muñoz-Gutiérrez,
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32

http://arxiv.org/abs/2208.08512
http://dx.doi.org/10.3847/1538-3881/ab089d
http://dx.doi.org/10.3847/1538-3881/ab089d
http://arxiv.org/abs/1804.08657
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S. Blanco-Cuaresma, T. Boch, C. Boeche, A. Bombrun, R. Borrachero, D. Bossini,
S. Bouquillon, G. Bourda, A. Bragaglia, L. Bramante, M. A. Breddels, A. Bressan,
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J. Guiraud, A. Jean-Antoine Piccolo, E. Masana, R. Messineo, N. Mowlavi,
C. Nicolas, K. Nienartowicz, F. Pailler, P. Panuzzo, F. Riclet, W. Roux, G. M.
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Pineau, E. Plachy, G. Plum, E. Poggio, E. Poretti, E. Poujoulet, A. Prša, L. Pulone,
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T. S. Axelrod, D. J. Bard, J. D. Barr, A. Barrau, J. G. Bartlett, A. E. Bauer, B. J.
Bauman, S. Baumont, E. Bechtol, K. Bechtol, A. C. Becker, J. Becla, C. Beldica,
S. Bellavia, F. B. Bianco, R. Biswas, G. Blanc, J. Blazek, R. D. Blandford, J. S. Bloom,
J. Bogart, T. W. Bond, M. T. Booth, A. W. Borgland, K. Borne, J. F. Bosch,
D. Boutigny, C. A. Brackett, A. Bradshaw, W. N. Brandt, M. E. Brown, J. S. Bullock,
P. Burchat, D. L. Burke, G. Cagnoli, D. Calabrese, S. Callahan, A. L. Callen, J. L.
Carlin, E. L. Carlson, S. Chandrasekharan, G. Charles-Emerson, S. Chesley, E. C.
Cheu, H.-F. Chiang, J. Chiang, C. Chirino, D. Chow, D. R. Ciardi, C. F. Claver,
J. Cohen-Tanugi, J. J. Cockrum, R. Coles, A. J. Connolly, K. H. Cook, A. Cooray,
K. R. Covey, C. Cribbs, W. Cui, R. Cutri, P. N. Daly, S. F. Daniel, F. Daruich,
G. Daubard, G. Daues, W. Dawson, F. Delgado, A. Dellapenna, R. de Peyster, M. de
Val-Borro, S. W. Digel, P. Doherty, R. Dubois, G. P. Dubois-Felsmann, J. Durech,
F. Economou, T. Eifler, M. Eracleous, B. L. Emmons, A. Fausti Neto, H. Ferguson,
E. Figueroa, M. Fisher-Levine, W. Focke, M. D. Foss, J. Frank, M. D. Freemon,
E. Gangler, E. Gawiser, J. C. Geary, P. Gee, M. Geha, C. J. B. Gessner, R. R. Gibson,
D. K. Gilmore, T. Glanzman, W. Glick, T. Goldina, D. A. Goldstein, I. Goodenow,
M. L. Graham, W. J. Gressler, P. Gris, L. P. Guy, A. Guyonnet, G. Haller, R. Harris,
P. A. Hascall, J. Haupt, F. Hernandez, S. Herrmann, E. Hileman, J. Hoblitt, J. A.
Hodgson, C. Hogan, J. D. Howard, D. Huang, M. E. Huffer, P. Ingraham, W. R.
Innes, S. H. Jacoby, B. Jain, F. Jammes, M. J. Jee, T. Jenness, G. Jernigan,
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E. Gawiser, K. Heitmann, R. Hložek, M. Ishak, S. W. Jha, A. G. Kim, C. D. Leonard,
A. von der Linden, M. Lochner, R. Mandelbaum, P. Melchior, J. Meyers, J. A.
Newman, P. Nugent, S. Perlmutter, D. J. Perrefort, J. Sánchez, S. J. Schmidt,
S. Singh, M. Sullivan, A. Verma, and R. Zhou, “Snowmass2021 Cosmic Frontier
White Paper: Enabling Flagship Dark Energy Experiments to Reach their Full
Potential,” arXiv e-prints (Apr., 2022) arXiv:2204.01992, arXiv:2204.01992
[astro-ph.CO].

37

http://dx.doi.org/10.3847/1538-4357/ab042c
http://dx.doi.org/10.3847/1538-4357/ab042c
http://arxiv.org/abs/0805.2366
http://dx.doi.org/10.1093/pasj/psab122
http://arxiv.org/abs/2108.13045
http://arxiv.org/abs/2108.13045
http://arxiv.org/abs/2203.08128
http://arxiv.org/abs/2203.07946
http://arxiv.org/abs/2204.01992
http://arxiv.org/abs/2204.01992


[29] K. Dawson, A. Hearin, K. Heitmann, M. Ishak, J. Ulf Lange, M. White, and R. Zhou,
“Snowmass2021 Cosmic Frontier White Paper: High Density Galaxy Clustering in
the Regime of Cosmic Acceleration,” arXiv e-prints (Mar., 2022) arXiv:2203.07291,
arXiv:2203.07291 [astro-ph.CO].

[30] D. J. Schlegel et al., “Astro2020 APC White Paper: The MegaMapper: a z > 2
Spectroscopic Instrument for the Study of Inflation and Dark Energy,”
arXiv:1907.11171 [astro-ph.IM].

[31] P. D. Meerburg et al., “Primordial Non-Gaussianity,” arXiv:1903.04409
[astro-ph.CO].

[32] G. Cabass, E. Pajer, and F. Schmidt, “How Gaussian can our Universe be?,” JCAP 01
(2017) 003, arXiv:1612.00033 [hep-th].

[33] M. Alvarez et al., “Testing Inflation with Large Scale Structure: Connecting Hopes
with Reality,” arXiv:1412.4671 [astro-ph.CO].

[34] N. Dalal, O. Dore, D. Huterer, and A. Shirokov, “The imprints of primordial
non-gaussianities on large-scale structure: scale dependent bias and abundance of
virialized objects,” Phys. Rev. D77 (2008) 123514, arXiv:0710.4560 [astro-ph].

[35] S. Ferraro and K. M. Smith, “Using large scale structure to measure fNL, gNL and
τNL,” Phys. Rev. D91 no. 4, (2015) 043506, arXiv:1408.3126 [astro-ph.CO].

[36] N. Arkani-Hamed and J. Maldacena, “Cosmological Collider Physics,”
arXiv:1503.08043 [hep-th].

[37] J. M. Maldacena, “Non-Gaussian features of primordial fluctuations in single field
inflationary models,” JHEP 05 (2003) 013, arXiv:astro-ph/0210603 [astro-ph].

[38] P. Creminelli and M. Zaldarriaga, “Single field consistency relation for the 3-point
function,” JCAP 0410 (2004) 006, arXiv:astro-ph/0407059 [astro-ph].

[39] Planck Collaboration, Y. Akrami et al., “Planck 2018 results. IX. Constraints on
primordial non-Gaussianity,” arXiv:1905.05697 [astro-ph.CO].

[40] X. Chen and Y. Wang, “Quasi-Single Field Inflation and Non-Gaussianities,” JCAP 04
(2010) 027, arXiv:0911.3380 [hep-th].

[41] P. D. Meerburg, M. Münchmeyer, J. B. Muñoz, and X. Chen, “Prospects for
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