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Overview
● The goal of the Snowmass process completed in 2022 was to "identify 

the most important questions in High Energy Physics and the tools 
and infrastructure required to address them" 

● This process is driven by community input, synthesized at a variety of 
levels 

● The Particle Physics Project Prioritization Panel (P5) takes the input 
from Snowmass and develops that into a set of recommendations
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Visual summary of the input (from Prisca Cushman)...



Of 7 Cosmic Frontier frontier panels, 4 discussed Spec-
S5 science... particularly CF4 

○ Builds on seven panel reports: 
○ CF1. Dark Matter: Particle-like 
○ CF2. Dark Matter: Wave-like 
○ CF3. Dark Matter: Cosmic Probes 
○ CF4. Dark Energy and Cosmic Acceleration: The Modern 

Universe 
○ CF5. Dark Energy and Cosmic Acceleration: Cosmic Dawn and 

Before 
○ CF6. Dark Energy and Cosmic Acceleration: Complementary 

Probes and New Facilities 
○ CF7. Cosmic Probes of Fundamental Physics  

○ The CF4 panel was led by Jim Annis, Anze Slosar and myself (with 
contributions from Masao Saki in early years)

○ Overall Cosmic Frontier summary report: Chou et al. 

https://arxiv.org/abs/2209.08215
https://arxiv.org/abs/2209.08049
https://arxiv.org/abs/2209.08265
https://arxiv.org/abs/2209.08654
https://arxiv.org/abs/arXiv:2211.09978


Spec-S5 
plays a key 
role in a 
wide 
variety of 
Snowmass 
CF science

5.2 Search Wide, Aim High, Delve Deep: the Cosmic Frontier Strategy for Discovery 9

Figure 5-1. The landscape of cosmic survey projects and their discovery potential. For each major science
topic, we identified a key measurement threshold for discovery. Bold lines show medium and large projects
ready to produce science in this decade or the next. In particular, CMB-S4 is a large project currently with
CD-0 and progressing to CD-1. Labeled thin lines represent the results from current surveys and unlabelled
thin lines are pathfinders for the next generation of projects. Note that the labels Spec-S5, GWO, LIM,
and CMB-S5 do not represent specific projects. Instead, they represent categories of future experiments for
which multiple proposed projects may currently exist in the community: a Stage V Spectroscopic Facility,
next-generation gravitational wave observatory, 21cm/mm-wave line intensity mapping, and next-generation
CMB, respectively. Adapted from the CF5 report [5].
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Most of the CF4 white papers focused on science that 
could best be done with a Stage 5 Spectroscopic Facility

○ Enabling Flagship Dark Energy Experiments to Reach their Full 
Potential: Blazek et al. 

○ Real-time Cosmology with High Precision Spectroscopy and Astrometry: 
Chakrabarti et al. 

○ High Density Galaxy Clustering in the Regime of Cosmic 
Acceleration: Dawson et al. 

○ Cosmology and Fundamental Physics from the three-
dimensional Large Scale Structure: Ferraro et al. 

○ *Rubin Observatory after LSST: Blum et al. 
○ *The MegaMapper: A Stage-5 Spectroscopic Instrument Concept 

for the Study of Inflation and Dark Energy: Schlegel et al. 
○ Additional relevant white papers were submitted to other panels: 

○ CF3 (Dark Matter): Observational Facilities to Study Dark Matter: 
Chakrabarti et al.; Dark Matter Physics from Halo Measurements: 
Bechtol et al. 

○ CF6 (Facilities and Combined Probes): A Spectroscopic Road Map 
for Cosmic Frontier: DESI, DESI-II, Stage-5: Schlegel et al.

https://arxiv.org/abs/2204.01992
https://arxiv.org/abs/2203.05924
https://arxiv.org/abs/2203.07291
https://arxiv.org/abs/2203.07506
https://arxiv.org/abs/2203.07220
https://arxiv.org/abs/2209.04322
https://arxiv.org/abs/2203.06200
https://arxiv.org/abs/2203.07354
https://arxiv.org/abs/2209.03585


This science includes studies of cosmic acceleration
26 CONTENTS

Figure 4-5 A Stage V Spectroscopic Facility would provide accurate measurements of the energy density
of dark energy at 1.5 < z < 5, a critical regime for testing alternative models which have been invoked
to reduce tensions in other datasets as ⇤CDM has negligible density above z = 5. Solid curves show
the allowed regions for both a standard ⇤CDM model (red) and a model with evolving equation-of-state
parameters w0 & wa (blue), based on current Stage III experiment constraints from [3] (best-fit parameters
are ⌦DE = 0.698±0.008, w0 = �0.95±0.08, wa = �0.4±0.4). The data used in these fits are almost entirely
at 0.1 < z < 0.75, but the Chevallier-Polarski-Linder (CPL) parameterization of equation-of-state evolution
is su�ciently constrained that it allows little variation in behavior at higher z. The ⇤CDM predictions
for the DESI ELG sample, high-redshift samples from a Stage V Spectroscopic Facility, and line intensity
mapping from the 21cm experiment PUMA are shown as data points with error bars (based on predictions
from [10]). Predictions for a variety of alternative dark energy models from the literature, most of which
have been proposed to address the Hubble tension, are also shown. For a more detailed study of constraints
on DE models, see [70]. The dark energy models plotted from top to bottom (based on their ordering at
z = 3), are freezing quintessence with w = �1 + �8.5( z

1+z )7 [71]; holographic DE with C=0.72 [72, 73]; DE
with phantom crossing with zm = 0.18, ↵ = 1, � = 6 [74]; and graduated DE with � = 0.014, � = 20 [75].
Spec-S5 would deliver su�ciently precise measurements to test CPL and its alternatives at high redshifts
where they di↵er most.

Simple models parameterized by w = w0 + wa
z

1+z behave similarly, where w is the equation of state of the
dark energy in cosmological dynamics. The current constraints on dark energy from DES Y3 3x2 galaxy and
shear correlation functions, the eBOSS DR16 BAO and RSD measurements, and the Pantheon supernova
samples [3] (⌦DE = 0.698 ± 0.008, wo = �0.95 ± 0.08, wa = �0.4 ± 0.4) follow a ⇤CDM model closely, but
most of the constraining power is derived from data at z . 3/4.

This is important because the space of dark energy models is not well captured by the w0, wa parameterization
and extrapolating to higher z using it is unsupported. There are classes of models known as “tracker” models
(also known as freezing quintessence) that asymptote to w = �1 at low-z but have significantly di↵erent
values of w at z > 2 [70]. Many of the dark energy models proposed to solve the Hubble Tension (see e.g.
[28]) involve phase transitions, step functions, or oscillatory behavior of the dark energy density at z > 2 and
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Figure 3-9. Potential measurements of the self-interacting cross section and warm dark
matter mass from upcoming observations by the Rubin Observatory and a future Stage-V
Spectroscopic Facility (e.g., MSE [131] or MegaMapper [116, 130]). The projection assumes
a dark matter model with a cross section of �SIDM/m� = 2 cm2/g and a suppressed matter
power spectrum corresponding to a warm dark matter mass ofmWDM = 6 keV (red asterisk).
The uncertainties contours are created by following a procedure similar to [142]. Figure
adapted from [19].

satellite galaxies, adapted from [19]. This projection assumes a self-interaction cross section
of �SIDM/m� = 2 cm2/g and a matter power spectrum corresponding to thermal warm dark
matter with mWDM = 6 keV; see [19] for details.2 The projection should be regarded as an
illustration of the capability of future facilities to measure fundamental dark matter particle
properties using observations of the cosmic distribution of dark matter. This measurement
does not assume that dark matter couples to the Standard Model. Furthermore, we can
break degeneracies between dark matter particle properties and the physics of galaxy for-
mation (e.g., the long tail towards large dark matter mass) by combining satellite galaxy

2More recent studies show that a larger cross section on dwarf scales may be needed to fully explain
diverse dark matter densities of the Milky Way satellite galaxies in self-interacting dark matter models [143–
149]. In this case, dark matter (sub)halos with a high concentration can experience gravothermal collapse,
resulting in a high inner density, which can be probed using strong lensing observations with Rubin LSST,
see, e.g., [150–154] for relevant discussion.
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Figure 3-9. Potential measurements of the self-interacting cross section and warm dark
matter mass from upcoming observations by the Rubin Observatory and a future Stage-V
Spectroscopic Facility (e.g., MSE [131] or MegaMapper [116, 130]). The projection assumes
a dark matter model with a cross section of �SIDM/m� = 2 cm2/g and a suppressed matter
power spectrum corresponding to a warm dark matter mass ofmWDM = 6 keV (red asterisk).
The uncertainties contours are created by following a procedure similar to [142]. Figure
adapted from [19].

satellite galaxies, adapted from [19]. This projection assumes a self-interaction cross section
of �SIDM/m� = 2 cm2/g and a matter power spectrum corresponding to thermal warm dark
matter with mWDM = 6 keV; see [19] for details.2 The projection should be regarded as an
illustration of the capability of future facilities to measure fundamental dark matter particle
properties using observations of the cosmic distribution of dark matter. This measurement
does not assume that dark matter couples to the Standard Model. Furthermore, we can
break degeneracies between dark matter particle properties and the physics of galaxy for-
mation (e.g., the long tail towards large dark matter mass) by combining satellite galaxy

2More recent studies show that a larger cross section on dwarf scales may be needed to fully explain
diverse dark matter densities of the Milky Way satellite galaxies in self-interacting dark matter models [143–
149]. In this case, dark matter (sub)halos with a high concentration can experience gravothermal collapse,
resulting in a high inner density, which can be probed using strong lensing observations with Rubin LSST,
see, e.g., [150–154] for relevant discussion.
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Figure 4-2 By observing large-scale structure in detail at higher redshifts where greater volumes of the
Universe can be surveyed, a Stage V Spectroscopic Facility can measure the power spectrum at large scales
with high S/N, opening new windows on inflation and other phenomena. The top panel shows previous
measurements of the linear matter power spectrum (all normalized to z = 0, with the nonlinear P (k) as a
dashed line), together with predicted errors for future projects. Previous constraints shown are based on
Planck Cosmic Microwave Background data, weak gravitational lensing from DES, and spectroscopic samples
from SDSS. Red error bars show the anticipated errors from MegaMapper – the smallest-aperture proposal
for a Stage V Spectroscopic Facility – while purple error bars correspond to results from a PUMA-32K
line intensity mapping experiment (pathfinder work that would help to explore the prospects for PUMA is
described in section 4.8). The bottom panel shows the ratio of each measurement or forecast to the black
⇤CDM curve in the top panel. This figure is reproduced from [10] and adapted from refs. [59, 60, 61].

In the remainder of this section, we will first examine the potential of new, larger spectroscopic surveys
to constrain the nature of cosmic acceleration directly (subsection 4.6.1); summarize other ways in which
such surveys can constrain cosmology (subsection 4.6.2); investigate the potential to improve constraints
from Stage IV imaging surveys by using a Stage V spectroscopic facility (subsection 4.6.3); and finally, will
summarize the characteristics and status of planned and proposed options for implementing such a survey
(subsection 4.6.5). We focus on the general need for a Stage V spectroscopic facility rather than on a specific
implementation.

4.6.1 Overview of Target Samples

It is clear that there are two distinct regimes where it should be possible to make major advances over
current experiments, based both on experience from eBOSS & DESI and from theoretical arguments. One
opportunity is to obtain high-density sampling of the z < 1.5 Universe to use the extensive information on
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Figure 3-9. Potential measurements of the self-interacting cross section and warm dark
matter mass from upcoming observations by the Rubin Observatory and a future Stage-V
Spectroscopic Facility (e.g., MSE [131] or MegaMapper [116, 130]). The projection assumes
a dark matter model with a cross section of �SIDM/m� = 2 cm2/g and a suppressed matter
power spectrum corresponding to a warm dark matter mass ofmWDM = 6 keV (red asterisk).
The uncertainties contours are created by following a procedure similar to [142]. Figure
adapted from [19].

satellite galaxies, adapted from [19]. This projection assumes a self-interaction cross section
of �SIDM/m� = 2 cm2/g and a matter power spectrum corresponding to thermal warm dark
matter with mWDM = 6 keV; see [19] for details.2 The projection should be regarded as an
illustration of the capability of future facilities to measure fundamental dark matter particle
properties using observations of the cosmic distribution of dark matter. This measurement
does not assume that dark matter couples to the Standard Model. Furthermore, we can
break degeneracies between dark matter particle properties and the physics of galaxy for-
mation (e.g., the long tail towards large dark matter mass) by combining satellite galaxy

2More recent studies show that a larger cross section on dwarf scales may be needed to fully explain
diverse dark matter densities of the Milky Way satellite galaxies in self-interacting dark matter models [143–
149]. In this case, dark matter (sub)halos with a high concentration can experience gravothermal collapse,
resulting in a high inner density, which can be probed using strong lensing observations with Rubin LSST,
see, e.g., [150–154] for relevant discussion.
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Figure 4-2 By observing large-scale structure in detail at higher redshifts where greater volumes of the
Universe can be surveyed, a Stage V Spectroscopic Facility can measure the power spectrum at large scales
with high S/N, opening new windows on inflation and other phenomena. The top panel shows previous
measurements of the linear matter power spectrum (all normalized to z = 0, with the nonlinear P (k) as a
dashed line), together with predicted errors for future projects. Previous constraints shown are based on
Planck Cosmic Microwave Background data, weak gravitational lensing from DES, and spectroscopic samples
from SDSS. Red error bars show the anticipated errors from MegaMapper – the smallest-aperture proposal
for a Stage V Spectroscopic Facility – while purple error bars correspond to results from a PUMA-32K
line intensity mapping experiment (pathfinder work that would help to explore the prospects for PUMA is
described in section 4.8). The bottom panel shows the ratio of each measurement or forecast to the black
⇤CDM curve in the top panel. This figure is reproduced from [10] and adapted from refs. [59, 60, 61].

In the remainder of this section, we will first examine the potential of new, larger spectroscopic surveys
to constrain the nature of cosmic acceleration directly (subsection 4.6.1); summarize other ways in which
such surveys can constrain cosmology (subsection 4.6.2); investigate the potential to improve constraints
from Stage IV imaging surveys by using a Stage V spectroscopic facility (subsection 4.6.3); and finally, will
summarize the characteristics and status of planned and proposed options for implementing such a survey
(subsection 4.6.5). We focus on the general need for a Stage V spectroscopic facility rather than on a specific
implementation.

4.6.1 Overview of Target Samples

It is clear that there are two distinct regimes where it should be possible to make major advances over
current experiments, based both on experience from eBOSS & DESI and from theoretical arguments. One
opportunity is to obtain high-density sampling of the z < 1.5 Universe to use the extensive information on
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Figure 4-3 Due to the large volume of the Universe they would map, high-redshift samples from a Stage V
Spectroscopic Facility would provide measurements of many independent power spectrum modes, opening
a broad new discovery space for inflationary signatures in the matter power spectrum. The figure plots
the cumulative primordial Figure of Merit (FoM), defined to be 10�6⇥ the number of independent power
spectrum modes surveyed, as a function of maximum redshift zmax for a variety of proposed samples. The
orange curve corresponds to the Emission Line Galaxy sample now being observed by DESI. Also plotted
are constraints from strawman samples from the MegaMapper or SpecTel Stage V Spectroscopic concepts,
as well as bands corresponding to a range of foreground estimates for the PUMA (-5K or -32K) line intensity
mapping experiment, The shaded orange region corresponds to FoMs larger than the cosmic variance limit
for an all-sky survey, assuming galaxy bias b(z) = 1. Reproduced from [10].

would also play a major role in our advancing understanding of dark matter, as laid out in the chapter of
this report on Cosmic Probes of Dark Matter (CF3).

4.6.2.1 Key Quantitative Targets

A Stage V spectroscopic facility would be able to achieve key, transformative quantitative thresholds on
multiple important physics goals. In this subsection, we describe how Spec-S5 would address two fundamen-
tally important problems with theoretically-motivated, quantitative targets, by providing precision tests of
dark energy models at the highest redshifts feasible from optical spectroscopy, and by providing tests for
non-Gaussianity in cosmic structure with su�cient statistical precision to rule out many inflation models.

Measure dark energy out to z = 5 where ⇤CDM becomes dynamically negligible

The study of dark energy has proceeded by measurements of both the expansion history and the growth
of structure via the evolution of the matter power spectrum. A Stage V spectroscopic facility is capable
of measurements of the expansion history via the BAO distance scale at 2 < z < 5 with ⇠ 0.5% errors in
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Figure 3-9. Potential measurements of the self-interacting cross section and warm dark
matter mass from upcoming observations by the Rubin Observatory and a future Stage-V
Spectroscopic Facility (e.g., MSE [131] or MegaMapper [116, 130]). The projection assumes
a dark matter model with a cross section of �SIDM/m� = 2 cm2/g and a suppressed matter
power spectrum corresponding to a warm dark matter mass ofmWDM = 6 keV (red asterisk).
The uncertainties contours are created by following a procedure similar to [142]. Figure
adapted from [19].

satellite galaxies, adapted from [19]. This projection assumes a self-interaction cross section
of �SIDM/m� = 2 cm2/g and a matter power spectrum corresponding to thermal warm dark
matter with mWDM = 6 keV; see [19] for details.2 The projection should be regarded as an
illustration of the capability of future facilities to measure fundamental dark matter particle
properties using observations of the cosmic distribution of dark matter. This measurement
does not assume that dark matter couples to the Standard Model. Furthermore, we can
break degeneracies between dark matter particle properties and the physics of galaxy for-
mation (e.g., the long tail towards large dark matter mass) by combining satellite galaxy

2More recent studies show that a larger cross section on dwarf scales may be needed to fully explain
diverse dark matter densities of the Milky Way satellite galaxies in self-interacting dark matter models [143–
149]. In this case, dark matter (sub)halos with a high concentration can experience gravothermal collapse,
resulting in a high inner density, which can be probed using strong lensing observations with Rubin LSST,
see, e.g., [150–154] for relevant discussion.
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Figure 4-2 By observing large-scale structure in detail at higher redshifts where greater volumes of the
Universe can be surveyed, a Stage V Spectroscopic Facility can measure the power spectrum at large scales
with high S/N, opening new windows on inflation and other phenomena. The top panel shows previous
measurements of the linear matter power spectrum (all normalized to z = 0, with the nonlinear P (k) as a
dashed line), together with predicted errors for future projects. Previous constraints shown are based on
Planck Cosmic Microwave Background data, weak gravitational lensing from DES, and spectroscopic samples
from SDSS. Red error bars show the anticipated errors from MegaMapper – the smallest-aperture proposal
for a Stage V Spectroscopic Facility – while purple error bars correspond to results from a PUMA-32K
line intensity mapping experiment (pathfinder work that would help to explore the prospects for PUMA is
described in section 4.8). The bottom panel shows the ratio of each measurement or forecast to the black
⇤CDM curve in the top panel. This figure is reproduced from [10] and adapted from refs. [59, 60, 61].

In the remainder of this section, we will first examine the potential of new, larger spectroscopic surveys
to constrain the nature of cosmic acceleration directly (subsection 4.6.1); summarize other ways in which
such surveys can constrain cosmology (subsection 4.6.2); investigate the potential to improve constraints
from Stage IV imaging surveys by using a Stage V spectroscopic facility (subsection 4.6.3); and finally, will
summarize the characteristics and status of planned and proposed options for implementing such a survey
(subsection 4.6.5). We focus on the general need for a Stage V spectroscopic facility rather than on a specific
implementation.

4.6.1 Overview of Target Samples

It is clear that there are two distinct regimes where it should be possible to make major advances over
current experiments, based both on experience from eBOSS & DESI and from theoretical arguments. One
opportunity is to obtain high-density sampling of the z < 1.5 Universe to use the extensive information on
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Figure 4-3 Due to the large volume of the Universe they would map, high-redshift samples from a Stage V
Spectroscopic Facility would provide measurements of many independent power spectrum modes, opening
a broad new discovery space for inflationary signatures in the matter power spectrum. The figure plots
the cumulative primordial Figure of Merit (FoM), defined to be 10�6⇥ the number of independent power
spectrum modes surveyed, as a function of maximum redshift zmax for a variety of proposed samples. The
orange curve corresponds to the Emission Line Galaxy sample now being observed by DESI. Also plotted
are constraints from strawman samples from the MegaMapper or SpecTel Stage V Spectroscopic concepts,
as well as bands corresponding to a range of foreground estimates for the PUMA (-5K or -32K) line intensity
mapping experiment, The shaded orange region corresponds to FoMs larger than the cosmic variance limit
for an all-sky survey, assuming galaxy bias b(z) = 1. Reproduced from [10].

would also play a major role in our advancing understanding of dark matter, as laid out in the chapter of
this report on Cosmic Probes of Dark Matter (CF3).

4.6.2.1 Key Quantitative Targets

A Stage V spectroscopic facility would be able to achieve key, transformative quantitative thresholds on
multiple important physics goals. In this subsection, we describe how Spec-S5 would address two fundamen-
tally important problems with theoretically-motivated, quantitative targets, by providing precision tests of
dark energy models at the highest redshifts feasible from optical spectroscopy, and by providing tests for
non-Gaussianity in cosmic structure with su�cient statistical precision to rule out many inflation models.

Measure dark energy out to z = 5 where ⇤CDM becomes dynamically negligible

The study of dark energy has proceeded by measurements of both the expansion history and the growth
of structure via the evolution of the matter power spectrum. A Stage V spectroscopic facility is capable
of measurements of the expansion history via the BAO distance scale at 2 < z < 5 with ⇠ 0.5% errors in
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Figure 4-6 A Stage V Spectroscopic Facility can provide sensitive tests for dark-energy-like components of
the Universe that caused acceleration at early times (102

< z < 105). Plotted are predicted uncertainties on
the maximum amplitude of early dark energy (fEDE) as a function of the redshift at which EDE peaks zc. A
Planck+Simons Observatory prior on ⇤CDM is included for all experiments. The Maunakea Spectroscopic
Explorer (MSE) and MegaMapper are both proposed concepts for Spec-S5. The “CMB primary and FS“ in
the figure refers to constraints from combined CMB and spectroscopic full spectrum shape measurements.
Constraints using HIRAX and PUMA are shown in bands because of the uncertainty in foreground removal.
Reproduced from [10].

the most successful of these, early dark energy, invokes a second era of dynamically important dark energy
at 102

< z < 105.

As a result, the measurement of ⌦DE at z = 2 � 5 will rule out a variety of models (see Fig 4-6). A Stage V
spectroscopic facility can determine ⌦DE with uncertainties of < 0.02 (i.e. to constrain them to better than
2% of overall energy density of the universe at the time) across this redshift range via the combination of
BAO and redshift-space distortion measurements. Both the dense low-z and the high-volume high-z surveys
combine to make the total power spectrum shape measurements needed to constrain the early dark energy
models to better than 1% at redshifts spanning 500 . z . 104 [10].

Test signatures of non-Gaussianity from inflation at a su�cient precision to explore all non-
fine-tuned multi-field models

The nature of the field which led to inflation in the early universe remains a key open question in high
energy physics, with only limited means to explore it [77]. Current observations of primordial fluctuations
both in the CMB and in the positions of galaxies are consistent with Gaussian statistics. At the same time,
deviations from Gaussianity are necessarily present even in the simplest models of inflation. More generally,
primordial non-Gaussianity (PNG) is a robust probe of interaction dynamics during inflation beyond the
free propagation of curvature fluctuations. Detecting and characterizing PNG would be a fantastic triumph
of theoretical and observational cosmology, probing the dynamics of the early universe and providing clues
about physics at very high energy densities, much higher than those achievable in particle colliders.

PNG can be broken into classes, and observationally the most interesting is the local PNG, which corresponds
to a bispectrum in the squeezed triangle configuration with one short side and two long ones. Intuitively it
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Figure 3-9. Potential measurements of the self-interacting cross section and warm dark
matter mass from upcoming observations by the Rubin Observatory and a future Stage-V
Spectroscopic Facility (e.g., MSE [131] or MegaMapper [116, 130]). The projection assumes
a dark matter model with a cross section of �SIDM/m� = 2 cm2/g and a suppressed matter
power spectrum corresponding to a warm dark matter mass ofmWDM = 6 keV (red asterisk).
The uncertainties contours are created by following a procedure similar to [142]. Figure
adapted from [19].

satellite galaxies, adapted from [19]. This projection assumes a self-interaction cross section
of �SIDM/m� = 2 cm2/g and a matter power spectrum corresponding to thermal warm dark
matter with mWDM = 6 keV; see [19] for details.2 The projection should be regarded as an
illustration of the capability of future facilities to measure fundamental dark matter particle
properties using observations of the cosmic distribution of dark matter. This measurement
does not assume that dark matter couples to the Standard Model. Furthermore, we can
break degeneracies between dark matter particle properties and the physics of galaxy for-
mation (e.g., the long tail towards large dark matter mass) by combining satellite galaxy

2More recent studies show that a larger cross section on dwarf scales may be needed to fully explain
diverse dark matter densities of the Milky Way satellite galaxies in self-interacting dark matter models [143–
149]. In this case, dark matter (sub)halos with a high concentration can experience gravothermal collapse,
resulting in a high inner density, which can be probed using strong lensing observations with Rubin LSST,
see, e.g., [150–154] for relevant discussion.
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Figure 4-2 By observing large-scale structure in detail at higher redshifts where greater volumes of the
Universe can be surveyed, a Stage V Spectroscopic Facility can measure the power spectrum at large scales
with high S/N, opening new windows on inflation and other phenomena. The top panel shows previous
measurements of the linear matter power spectrum (all normalized to z = 0, with the nonlinear P (k) as a
dashed line), together with predicted errors for future projects. Previous constraints shown are based on
Planck Cosmic Microwave Background data, weak gravitational lensing from DES, and spectroscopic samples
from SDSS. Red error bars show the anticipated errors from MegaMapper – the smallest-aperture proposal
for a Stage V Spectroscopic Facility – while purple error bars correspond to results from a PUMA-32K
line intensity mapping experiment (pathfinder work that would help to explore the prospects for PUMA is
described in section 4.8). The bottom panel shows the ratio of each measurement or forecast to the black
⇤CDM curve in the top panel. This figure is reproduced from [10] and adapted from refs. [59, 60, 61].

In the remainder of this section, we will first examine the potential of new, larger spectroscopic surveys
to constrain the nature of cosmic acceleration directly (subsection 4.6.1); summarize other ways in which
such surveys can constrain cosmology (subsection 4.6.2); investigate the potential to improve constraints
from Stage IV imaging surveys by using a Stage V spectroscopic facility (subsection 4.6.3); and finally, will
summarize the characteristics and status of planned and proposed options for implementing such a survey
(subsection 4.6.5). We focus on the general need for a Stage V spectroscopic facility rather than on a specific
implementation.

4.6.1 Overview of Target Samples

It is clear that there are two distinct regimes where it should be possible to make major advances over
current experiments, based both on experience from eBOSS & DESI and from theoretical arguments. One
opportunity is to obtain high-density sampling of the z < 1.5 Universe to use the extensive information on
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Figure 4-3 Due to the large volume of the Universe they would map, high-redshift samples from a Stage V
Spectroscopic Facility would provide measurements of many independent power spectrum modes, opening
a broad new discovery space for inflationary signatures in the matter power spectrum. The figure plots
the cumulative primordial Figure of Merit (FoM), defined to be 10�6⇥ the number of independent power
spectrum modes surveyed, as a function of maximum redshift zmax for a variety of proposed samples. The
orange curve corresponds to the Emission Line Galaxy sample now being observed by DESI. Also plotted
are constraints from strawman samples from the MegaMapper or SpecTel Stage V Spectroscopic concepts,
as well as bands corresponding to a range of foreground estimates for the PUMA (-5K or -32K) line intensity
mapping experiment, The shaded orange region corresponds to FoMs larger than the cosmic variance limit
for an all-sky survey, assuming galaxy bias b(z) = 1. Reproduced from [10].

would also play a major role in our advancing understanding of dark matter, as laid out in the chapter of
this report on Cosmic Probes of Dark Matter (CF3).

4.6.2.1 Key Quantitative Targets

A Stage V spectroscopic facility would be able to achieve key, transformative quantitative thresholds on
multiple important physics goals. In this subsection, we describe how Spec-S5 would address two fundamen-
tally important problems with theoretically-motivated, quantitative targets, by providing precision tests of
dark energy models at the highest redshifts feasible from optical spectroscopy, and by providing tests for
non-Gaussianity in cosmic structure with su�cient statistical precision to rule out many inflation models.

Measure dark energy out to z = 5 where ⇤CDM becomes dynamically negligible

The study of dark energy has proceeded by measurements of both the expansion history and the growth
of structure via the evolution of the matter power spectrum. A Stage V spectroscopic facility is capable
of measurements of the expansion history via the BAO distance scale at 2 < z < 5 with ⇠ 0.5% errors in
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Figure 4-6 A Stage V Spectroscopic Facility can provide sensitive tests for dark-energy-like components of
the Universe that caused acceleration at early times (102

< z < 105). Plotted are predicted uncertainties on
the maximum amplitude of early dark energy (fEDE) as a function of the redshift at which EDE peaks zc. A
Planck+Simons Observatory prior on ⇤CDM is included for all experiments. The Maunakea Spectroscopic
Explorer (MSE) and MegaMapper are both proposed concepts for Spec-S5. The “CMB primary and FS“ in
the figure refers to constraints from combined CMB and spectroscopic full spectrum shape measurements.
Constraints using HIRAX and PUMA are shown in bands because of the uncertainty in foreground removal.
Reproduced from [10].

the most successful of these, early dark energy, invokes a second era of dynamically important dark energy
at 102

< z < 105.

As a result, the measurement of ⌦DE at z = 2 � 5 will rule out a variety of models (see Fig 4-6). A Stage V
spectroscopic facility can determine ⌦DE with uncertainties of < 0.02 (i.e. to constrain them to better than
2% of overall energy density of the universe at the time) across this redshift range via the combination of
BAO and redshift-space distortion measurements. Both the dense low-z and the high-volume high-z surveys
combine to make the total power spectrum shape measurements needed to constrain the early dark energy
models to better than 1% at redshifts spanning 500 . z . 104 [10].

Test signatures of non-Gaussianity from inflation at a su�cient precision to explore all non-
fine-tuned multi-field models

The nature of the field which led to inflation in the early universe remains a key open question in high
energy physics, with only limited means to explore it [77]. Current observations of primordial fluctuations
both in the CMB and in the positions of galaxies are consistent with Gaussian statistics. At the same time,
deviations from Gaussianity are necessarily present even in the simplest models of inflation. More generally,
primordial non-Gaussianity (PNG) is a robust probe of interaction dynamics during inflation beyond the
free propagation of curvature fluctuations. Detecting and characterizing PNG would be a fantastic triumph
of theoretical and observational cosmology, probing the dynamics of the early universe and providing clues
about physics at very high energy densities, much higher than those achievable in particle colliders.

PNG can be broken into classes, and observationally the most interesting is the local PNG, which corresponds
to a bispectrum in the squeezed triangle configuration with one short side and two long ones. Intuitively it
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Figure 4-7 A Stage V Spectroscopic Facility would have greater capability to constrain signatures of
primordial non-Gaussianity from inflation than any other project that is technically ready to proceed. Plotted
are projected constraints on two types of primordial non-Gaussianity for CMB measurements (left) and late
universe measurements (right) from a small subset of completed (‘c’), upcoming (‘u’), or proposed (‘p’)
experiments (see [61, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89] for the underlying data analyses and
forecasts). The open dots marked power spectrum only use scale-dependent bias to measure the local
non-Gaussianity parameter f

loc
nl while the filled dots include bispectrum information. While methods for

projecting limits on f
loc
nl are well-developed, projections for equilateral fnl are expected to improve over time

with better theoretical modeling. Measuring these quantities at the fnl ⇡ 1 level would have great value:
for the local fnl this constrains many classes of multifield inflation models, while an equilateral fnl signal at
this level distinguishes slow roll from other mechanisms for single-field inflation. Figure adapted from [77].

can be pictured as a correlation between the local amplitude of a small scale power spectrum and the value
of the large scale density fluctuation in the same region.

A large local PNG indicates the presence of more than one light field during inflation. Physically, the
fluctuations of massless scalars freeze after horizon exit and open up a multi-field space for superhorizon
evolution. Patches of the universe of Hubble size evolve independently of each other, leading to non-
Gaussianities that are local in these Hubble patches. This gives rise to PNG that is local in real space.

Being able to detect PNG at the level of f
loc
nl ⇠ 1 is a natural target, as in non-tuned multi-field inflation

scenarios its value its value is generically larger than unity. Therefore, by excluding f locnl ⇠ 1 we can
exclude any non fine-tuned multi-field inflation model.

f
loc
nl can be measured from galaxy surveys by two means. The first is as a scale dependence in the apparent

bias between the clustering of galaxies and of matter at the very largest scales. The second is through direct
measurements of its impact on the galaxy bispectrum. Both of these avenues have been implemented on
SDSS/BOSS data, cf. e.g. [90, 78, 79] and [86, 91], respectively. Detecting these signals is best done at
high redshifts where the number of modes with large spatial scales will be greatest due to the larger volume
available per unit z.
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Figure 3-9. Potential measurements of the self-interacting cross section and warm dark
matter mass from upcoming observations by the Rubin Observatory and a future Stage-V
Spectroscopic Facility (e.g., MSE [131] or MegaMapper [116, 130]). The projection assumes
a dark matter model with a cross section of �SIDM/m� = 2 cm2/g and a suppressed matter
power spectrum corresponding to a warm dark matter mass ofmWDM = 6 keV (red asterisk).
The uncertainties contours are created by following a procedure similar to [142]. Figure
adapted from [19].

satellite galaxies, adapted from [19]. This projection assumes a self-interaction cross section
of �SIDM/m� = 2 cm2/g and a matter power spectrum corresponding to thermal warm dark
matter with mWDM = 6 keV; see [19] for details.2 The projection should be regarded as an
illustration of the capability of future facilities to measure fundamental dark matter particle
properties using observations of the cosmic distribution of dark matter. This measurement
does not assume that dark matter couples to the Standard Model. Furthermore, we can
break degeneracies between dark matter particle properties and the physics of galaxy for-
mation (e.g., the long tail towards large dark matter mass) by combining satellite galaxy

2More recent studies show that a larger cross section on dwarf scales may be needed to fully explain
diverse dark matter densities of the Milky Way satellite galaxies in self-interacting dark matter models [143–
149]. In this case, dark matter (sub)halos with a high concentration can experience gravothermal collapse,
resulting in a high inner density, which can be probed using strong lensing observations with Rubin LSST,
see, e.g., [150–154] for relevant discussion.
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Figure 4-2 By observing large-scale structure in detail at higher redshifts where greater volumes of the
Universe can be surveyed, a Stage V Spectroscopic Facility can measure the power spectrum at large scales
with high S/N, opening new windows on inflation and other phenomena. The top panel shows previous
measurements of the linear matter power spectrum (all normalized to z = 0, with the nonlinear P (k) as a
dashed line), together with predicted errors for future projects. Previous constraints shown are based on
Planck Cosmic Microwave Background data, weak gravitational lensing from DES, and spectroscopic samples
from SDSS. Red error bars show the anticipated errors from MegaMapper – the smallest-aperture proposal
for a Stage V Spectroscopic Facility – while purple error bars correspond to results from a PUMA-32K
line intensity mapping experiment (pathfinder work that would help to explore the prospects for PUMA is
described in section 4.8). The bottom panel shows the ratio of each measurement or forecast to the black
⇤CDM curve in the top panel. This figure is reproduced from [10] and adapted from refs. [59, 60, 61].

In the remainder of this section, we will first examine the potential of new, larger spectroscopic surveys
to constrain the nature of cosmic acceleration directly (subsection 4.6.1); summarize other ways in which
such surveys can constrain cosmology (subsection 4.6.2); investigate the potential to improve constraints
from Stage IV imaging surveys by using a Stage V spectroscopic facility (subsection 4.6.3); and finally, will
summarize the characteristics and status of planned and proposed options for implementing such a survey
(subsection 4.6.5). We focus on the general need for a Stage V spectroscopic facility rather than on a specific
implementation.

4.6.1 Overview of Target Samples

It is clear that there are two distinct regimes where it should be possible to make major advances over
current experiments, based both on experience from eBOSS & DESI and from theoretical arguments. One
opportunity is to obtain high-density sampling of the z < 1.5 Universe to use the extensive information on
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Figure 4-3 Due to the large volume of the Universe they would map, high-redshift samples from a Stage V
Spectroscopic Facility would provide measurements of many independent power spectrum modes, opening
a broad new discovery space for inflationary signatures in the matter power spectrum. The figure plots
the cumulative primordial Figure of Merit (FoM), defined to be 10�6⇥ the number of independent power
spectrum modes surveyed, as a function of maximum redshift zmax for a variety of proposed samples. The
orange curve corresponds to the Emission Line Galaxy sample now being observed by DESI. Also plotted
are constraints from strawman samples from the MegaMapper or SpecTel Stage V Spectroscopic concepts,
as well as bands corresponding to a range of foreground estimates for the PUMA (-5K or -32K) line intensity
mapping experiment, The shaded orange region corresponds to FoMs larger than the cosmic variance limit
for an all-sky survey, assuming galaxy bias b(z) = 1. Reproduced from [10].

would also play a major role in our advancing understanding of dark matter, as laid out in the chapter of
this report on Cosmic Probes of Dark Matter (CF3).

4.6.2.1 Key Quantitative Targets

A Stage V spectroscopic facility would be able to achieve key, transformative quantitative thresholds on
multiple important physics goals. In this subsection, we describe how Spec-S5 would address two fundamen-
tally important problems with theoretically-motivated, quantitative targets, by providing precision tests of
dark energy models at the highest redshifts feasible from optical spectroscopy, and by providing tests for
non-Gaussianity in cosmic structure with su�cient statistical precision to rule out many inflation models.

Measure dark energy out to z = 5 where ⇤CDM becomes dynamically negligible

The study of dark energy has proceeded by measurements of both the expansion history and the growth
of structure via the evolution of the matter power spectrum. A Stage V spectroscopic facility is capable
of measurements of the expansion history via the BAO distance scale at 2 < z < 5 with ⇠ 0.5% errors in
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Figure 4-6 A Stage V Spectroscopic Facility can provide sensitive tests for dark-energy-like components of
the Universe that caused acceleration at early times (102

< z < 105). Plotted are predicted uncertainties on
the maximum amplitude of early dark energy (fEDE) as a function of the redshift at which EDE peaks zc. A
Planck+Simons Observatory prior on ⇤CDM is included for all experiments. The Maunakea Spectroscopic
Explorer (MSE) and MegaMapper are both proposed concepts for Spec-S5. The “CMB primary and FS“ in
the figure refers to constraints from combined CMB and spectroscopic full spectrum shape measurements.
Constraints using HIRAX and PUMA are shown in bands because of the uncertainty in foreground removal.
Reproduced from [10].

the most successful of these, early dark energy, invokes a second era of dynamically important dark energy
at 102

< z < 105.

As a result, the measurement of ⌦DE at z = 2 � 5 will rule out a variety of models (see Fig 4-6). A Stage V
spectroscopic facility can determine ⌦DE with uncertainties of < 0.02 (i.e. to constrain them to better than
2% of overall energy density of the universe at the time) across this redshift range via the combination of
BAO and redshift-space distortion measurements. Both the dense low-z and the high-volume high-z surveys
combine to make the total power spectrum shape measurements needed to constrain the early dark energy
models to better than 1% at redshifts spanning 500 . z . 104 [10].

Test signatures of non-Gaussianity from inflation at a su�cient precision to explore all non-
fine-tuned multi-field models

The nature of the field which led to inflation in the early universe remains a key open question in high
energy physics, with only limited means to explore it [77]. Current observations of primordial fluctuations
both in the CMB and in the positions of galaxies are consistent with Gaussian statistics. At the same time,
deviations from Gaussianity are necessarily present even in the simplest models of inflation. More generally,
primordial non-Gaussianity (PNG) is a robust probe of interaction dynamics during inflation beyond the
free propagation of curvature fluctuations. Detecting and characterizing PNG would be a fantastic triumph
of theoretical and observational cosmology, probing the dynamics of the early universe and providing clues
about physics at very high energy densities, much higher than those achievable in particle colliders.

PNG can be broken into classes, and observationally the most interesting is the local PNG, which corresponds
to a bispectrum in the squeezed triangle configuration with one short side and two long ones. Intuitively it
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Figure 4-7 A Stage V Spectroscopic Facility would have greater capability to constrain signatures of
primordial non-Gaussianity from inflation than any other project that is technically ready to proceed. Plotted
are projected constraints on two types of primordial non-Gaussianity for CMB measurements (left) and late
universe measurements (right) from a small subset of completed (‘c’), upcoming (‘u’), or proposed (‘p’)
experiments (see [61, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89] for the underlying data analyses and
forecasts). The open dots marked power spectrum only use scale-dependent bias to measure the local
non-Gaussianity parameter f

loc
nl while the filled dots include bispectrum information. While methods for

projecting limits on f
loc
nl are well-developed, projections for equilateral fnl are expected to improve over time

with better theoretical modeling. Measuring these quantities at the fnl ⇡ 1 level would have great value:
for the local fnl this constrains many classes of multifield inflation models, while an equilateral fnl signal at
this level distinguishes slow roll from other mechanisms for single-field inflation. Figure adapted from [77].

can be pictured as a correlation between the local amplitude of a small scale power spectrum and the value
of the large scale density fluctuation in the same region.

A large local PNG indicates the presence of more than one light field during inflation. Physically, the
fluctuations of massless scalars freeze after horizon exit and open up a multi-field space for superhorizon
evolution. Patches of the universe of Hubble size evolve independently of each other, leading to non-
Gaussianities that are local in these Hubble patches. This gives rise to PNG that is local in real space.

Being able to detect PNG at the level of f
loc
nl ⇠ 1 is a natural target, as in non-tuned multi-field inflation

scenarios its value its value is generically larger than unity. Therefore, by excluding f locnl ⇠ 1 we can
exclude any non fine-tuned multi-field inflation model.

f
loc
nl can be measured from galaxy surveys by two means. The first is as a scale dependence in the apparent

bias between the clustering of galaxies and of matter at the very largest scales. The second is through direct
measurements of its impact on the galaxy bispectrum. Both of these avenues have been implemented on
SDSS/BOSS data, cf. e.g. [90, 78, 79] and [86, 91], respectively. Detecting these signals is best done at
high redshifts where the number of modes with large spatial scales will be greatest due to the larger volume
available per unit z.
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Figure 4-8 Detailed measurements of the matter power spectrum, which can be traced by galaxies in Spec-S5
survey samples, can provide a sensitive probe of the e↵ective number of relativistic species, Ne↵ . Panels show
the variation of the matter power spectrum P (k) (left panel) and the BAO spectrum P

w(k)/P
nw(k) (right

panels) as Ne↵ changes (indicated by varying colors). The BAO spectrum, corresponding to the ratio of the
oscillatory part P

w(k) of the matter power spectrum to its smooth broadband part P
nw(k) = P (k)�P

w(k),
is shown at top right, color-coded according to the value of Ne↵ . The physical baryon density, !b, the
physical sound horizon at the drag epoch, rs, the scale factor at matter-radiation equality, aeq, and the
BAO amplitude A at the fourth peak are all held fixed in the second BAO panel. This panel and the bottom
zoom-in show the remaining phase shift induced by varying numbers of free-streaming relativistic species
We refer to [93] for additional details. Figure taken from [94] which was slightly adapted from [93]; caption
adapted from [94].

with particles and forces that approach the SM in complexity, with possibly equally interesting dynamics
in the early universe and today. Placing stringent limits on Ne↵ places constraints on entire sectors of dark
radiation models. See [92] for a more complete description.

Search for inflationary primordial features that signal the breaking of scale invariance

Primordial features in the power spectrum are a separate signal of physics beyond the standard models of
cosmology and particle physics. These inflationary imprints are a manifestation of primordial dynamics that
exhibits a significant departure from scale invariance and arise in broad classes of models, including both
of inflation and its alternatives. Finding such inflationary signatures in cosmological observables would be
a groundbreaking discovery that would open an entirely new window into the primordial universe. See a
broader discussion in [77].

Vanilla models of inflation predict almost Gaussian fluctuations with a nearly scale-invariant power spectrum.
However, many models of the very early universe beyond the simplest incarnations of single-field slow-roll
inflation generically predict departures from scale invariance. Since these deviations from the minimal power-
law power spectrum of initial fluctuations are strongly scale-dependent, primordial features are typically
oscillatory and/or localized in momentum space. Observationally, primordial features could be imprinted in
the spectrum of the cosmic microwave background, its anisotropies, all tracers of the large-scale structure of
the Universe and the stochastic gravitational wave background.

Measurements of the matter power spectrum provide a probe of the initial power spectrum of fluctuations
left behind after inflation, providing one of the few ways we can explore this phenomenon. The imprint of
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Science goals for Spec-S5 from CF4

○ Key quantitative targets: 
○ Measure dark energy out to z = 5 where ΛCDM becomes negligible 
○ Test signatures of non-Gaussianity well enough to exclude  
○ Constrain the effective number of light species at  level  

○ Opening up new discovery space: 
○ Search for primordial features in the inflationary power spectrum 
○ Constrain modified gravity models via redshift-space distortions 
○ Measure the sum of the neutrino masses 
○ Address tensions in measurements of the Hubble Constant and 

the power spectrum amplitude  
○ Can incorporate multiple tracers of both galaxy density and 

matter density to enable many cross-checks 

○ Enhance LSST and CMB-S4 via spectroscopy: 
○ Improve photometric redshifts from the Vera C. Rubin Observatory 
○ Unlock additional information via cross-correlations with CMB 

observables (lensing, xSZ, etc.)

f loc
nl ∼ 1

σ(Neff) ∼ 0.02

σ8



4.4 Opportunity: Cosmological Physics in the Era of DESI and LSST 17

Figure 4-1 Obtaining larger spectroscopic samples for training photometric redshift algorithms enables
photometric redshift uncertainties and catastrophic outlier rates from the Rubin Observatory LSST to be
reduced, significantly increasing the cosmological constraining power of this experiment. Orange points show
photometric redshift errors and outlier rates versus the number of galaxies in the training set for galaxies with
simulated LSST photometric errors. Photo-z’s were calculated using a random forest regression algorithm.
The left panel shows the photo-z error, quantified by the normalized median absolute deviation (NMAD) in
(zphot � zspec)/(1 + zspec), as a function of training set size; similarly, the right panel shows the fraction of
10% outliers, i.e. objects with |zphot � zspec|/(1 + zspec) > 0.1. A vertical dashed line shows the sample size
for the baseline training survey from [46]. The blue curves represent simple fits to the measurements as a
function of the training set size, N . This analysis uses a set of simulated galaxies from Ref. [47] that spans
the redshift range of 0 < z < 4, using a randomly-selected testing set of 105 galaxies for estimating errors
and outlier rates; these catalogs are based upon simulations from Refs. [48],[49], and [50].

The most e�cient way to obtain the necessary training spectroscopy in the near future would be to utilize
the PFS instrument on the 8m Subaru telescope in Hawai’i; it would require roughly 150 dark nights for the
LSST baseline survey. Subaru time is already being dedicated to observations in support of the Nancy Grace
Roman Space Telescope, which should include photometric redshift training programs with PFS; the samples
needed for this overlap with, but are not identical to, those needed for LSST. A promising option would
be to pursue a joint training program with NGRST using Subaru, potentially incorporating time provided
to LSST as in-kind contributions as well as that provided for NGRST support. However, significant e↵ort
would still be needed to develop target samples, conduct observing campaigns, and reduce and analyze the
resulting data in order to optimize the science output from LSST.

Spectroscopy for characterizing LSST redshift distributions: Because of their greater uncertainties,
photometric redshift-based analyses are also dependent upon having accurate characterization of their error
distribution (or, equivalently, of the redshift distributions of photometrically-selected samples). Moments
of the redshift distribution, including the mean and standard deviation, must be determined with exquisite
accuracy (with uncertainties ⇠ 0.001(1 + z) by the end of the survey) for LSST cosmology not to su↵er sys-
tematic errors that exceed random uncertainties in cosmological parameters [45]. High-precision calibration
of the redshift error distribution is also important for accurate modeling of intrinsic alignment e↵ects [52].
Because photo-z’s are intrinsically uncertain, and because photo-z and intrinsic alignment uncertainties can
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Spec-S5 could greatly enhance the constraining power 
of the Rubin Observatory LSST

○ Larger samples of secure redshift 
measurements for faint objects (to 
i~25) would reduce errors in 
photometric redshifts from LSST via 
improved training of algorithms and 
constraints on possible SEDs 

○ Particularly enhances LSS and cluster 
probes of cosmology (we heard 
yesterday about complementarity of 
halo mass function to Spec-S5 
measurements...) 

○ A Spec-S5 would be nearly optimal 
for obtaining such samples 

○ Simultaneously can obtain the 
spectra needed to constrain models 
of intrinsic alignments: retire a major 
systematic in weak lensing studies

Image: Rongpu Zhou, CF4 report
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What did "Stage 5" mean to Snowmass?

○ For the Snowmass Cosmic Frontier (see section 5.3.2 of 
Chou et al.), Spec-S5 was defined by its ability to pursue all 
this science, along with dark matter studies, at the same 
time! 

A Spec-S5 can simultaneously provide a dense sample of galaxies at lower 
redshifts to provide robust measurements of the growth of structure at small 
scales, as well as a sample at redshifts 2 < z < 5 to measure cosmic structure at 
the largest scales, spanning a sufficient volume to probe primordial non-
Gaussianity from inflation and to search for features in the inflationary power 
spectrum on a broad range of scales, while also testing dark energy models in 
poorly-explored regimes, determining the total neutrino mass, and strongly 
constraining the effective number of light relics. A Spec-S5 would also be able 
to probe the nature of dark matter using the kinematics of stars in the Milky 
Way halo and measurements of the matter power spectrum at small scales...

https://arxiv.org/abs/arXiv:2211.09978


Because of the repeated summarization involved, it is 
helpful to refer back to Snowmass papers to figure 
out what P5 was actually talking about...

○ P5 report: 
The proposed next-generation spectroscopic survey, Spec-S5, holds great promise to 
advance our understanding and reach key theoretical benchmarks in several areas: 
inflationary physics via the statistical properties of primordial fluctuations, late-time 
cosmic acceleration, light relics, neutrino masses, and dark matter.  The balance between 
these scientific goals, which affects survey design, should be refined in light of early 
DESI and Rubin Observatory LSST results.

○ Snowmass summary: 
The program includes a powerful new Stage V spectroscopic facility (also referred to here 
as Spec-S5) that would pursue larger and deeper surveys enabling transformational 
advances in our understanding of both eras of accelerated expansion in the history of the 
universe – the early inflationary epoch and the late dark energy-driven one... using precise 
redshift determinations to map the matter distribution in all 3 dimensions instead of being 
constrained to a single 2-dimensional slice at the surface of the last scattering... will also 
extend access to rich dark matter particle physics.



Conclusions

○ Snowmass process laid out a variety of science areas a 
Spec-S5 could address, which led to P5 
recommendation 
○ Dark matter cases discussed in CF3 report 
○ Inflation, dark energy, light relics, etc. cases 

discussed in CF4, and to lesser degrees CF5 and 
CF6, reports 

○ P5 suggested Spec-S5 science goals should be refined 
in light of early DESI and Rubin LSST results: important 
to make sure the design has the flexibility to adapt 

○ These reports were made possible by the efforts of 
many people across the community - thanks to 
everyone who contributed!

https://arxiv.org/abs/2209.08215
https://arxiv.org/abs/2209.08049
https://arxiv.org/abs/2209.08265
https://arxiv.org/abs/2209.08654

