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Outline

● Background:  Cosmology with spectroscopic surveys

● Current Status:  results from completed Stage-III experiments and status of Stage-IV 
experiment

● Discovery Space:  available parameter space after Stage-IV
 

● Considerations for a Stage-V spectroscopic facility

2



Community Effort (a subset of contributions) 

● Cosmic Visions Dark Energy 2016:  Dodelson, Scott; Heitmann, Katrin; Hirata, Chris; Honscheid, 
Klaus; Roodman, Aaron; Seljak, Uroš; Slosar, Anže; Trodden, Mark

● Cosmic Visions Dark Energy 2018:  Dawson, Kyle; Frieman, Josh; Heitmann, Katrin; Jain, Bhuvnesh; 
Kahn, Steve; Mandelbaum, Rachel; Perlmutter, Saul; Slosar, Anže

● Basic Research Needs for High Energy Physics Detector R&D:  Chang, Clarence; Dawson, Kyle; 
Flaugher, Brenna; Laura Newburgh

● Snowmass2021: Observational Facilities to Study Dark Matter:  Chakrabarti, Sukanya and 23 
co-authors

● Snowmass2021: High Density Galaxy Clustering in the Regime of Cosmic Acceleration:  Dawson, 
Kyle ; Hearin, Andrew ; Heitmann, Katrin ; Ishak, Mustapha ; Ulf Lange, Johannes ; White, Martin ; 
Zhou, Rongpu

● Snowmass2021: Cosmology and Fundamental Physics from the three-dimensional Large Scale 
Structure:  Ferraro, Simone ; Sailer, Noah ; Slosar, Anze ; White, Martin

● DESI Futures: Nathalie Palanque-Delabrouille, Johannes Lange, Florian Beutler, Rongpu Zhou, Martin 
White, Patrick McDonald, Stephanie Escoffier, Michael Levi, D. Schlegel, N. Sailer, A. Dey, A. Cuceu, A. 
Font, E.Armengaud, Ch.Magneville, C.Ravoux, V.Ruhlmann-Kleider, Ch.Yeche 3



Cosmology with Spectroscopic Surveys 

● Evolving distribution of matter in Universe 
○ Cosmic expansion and growth of structure 

● Derived Measurements:  H(z), DM(z), fσ8(z) 
○ Physics of dark energy 
○ Composition of the Universe 
○ Neutrino mass, Inflation, Laws of gravity 
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Cosmic Expansion with Spectroscopic Surveys 

● Baryon Acoustic Oscillations (BAO) 
○ Angular diameter distance and H(z) 
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Growth of Structure with Spectroscopic Surveys 

● Scale-independent growth factor: 
 

● Linear growth equation: 

● Linear Growth Rate: 

● RSD measure f sigma8 
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Standard Model  for Cosmology

● Cosmic expansion (BAO)
○ Relative Densities (matter, photons, dark energy, neutrinos)
○ Equation of state (Time evolution of dark energy density)
○ Epoch of neutrino transition to non-relativistic (mass) 
○ Curvature of space

● Growth of structure (RSD)
○ Expansion history
○ Neutrino free-streaming scale (mass)
○ *Tests of General Relativity* (Beyond standard model)

● Initial conditions and inflation
○ More later
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Spectroscopy of the Cosmic Density Field  

Direct tracers                          Absorption in quasar spectra by 
Galaxies and quasars (z<2.1)        foreground Lyman-alpha forest (z>2.1)
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Stage-III Measurements
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RSD as function of redshift



Stage-III Cosmology (eBOSS Collaboration, 2021)

and Tensions
(new physics?)
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Constraints using BAO, RSD, CMB (Planck), supernova Ia (Pantheon), and weak lensing (DES)

https://ui.adsabs.harvard.edu/abs/2021PhRvD.103h3533A/abstract


Stage-IV:  Dark Energy Spe ctroscopic Instrument (DESI)

● Commissioning completed in 2020 

● Survey Validation Completed in 2021

● First year of Observations completed in 2022

● Clustering samples 10X larger than Stage-III
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https://arxiv.org/pdf/1611.00036.pdf


DESI:  BAO and RSD

● DESI BAO
○ Nearly sample-variance limited BAO di stance 

measurements to z<1.1
○ <0.4% precision at 1.1<z<1.9
○ <1% precision at z>1.9

● DESI RSD (f sigma 8)
○ 1% precision measurements to z<1.1
○ 1% precision at 1.1<z<1.9
○ New techniques to measure growth of structure 

at higher redshift
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DESI:  Projected Cosmology Constraints
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DESI Collaboration, 2022
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Exploring Dark Matter in the Local Volume

● The best characterization of dark matter comes from astrophysical and cosmological 
observations 

● Future optical/near-infrared telescopes can build massive spectroscopic samples of stars over the 
Milky Way and nearby galaxies (DESI is doing so now!)

● Radial velocities, ages, and chemical abundances from a large stellar, spectroscopic sample can 
provide insight into the merger history and density profile of the Milky Way and nearby galaxies

● History of mergers and stellar formation can help determine the dark matter halo mass function, 
improve sensitivity to the dark matter particle mass, and constrain interaction cross-sections 

● Stage-V spectroscopic galaxy survey → Stage-V spectroscopic stellar survey to constrain nature 
of dark matter

 
● See delectable and easily digestible presentation on astrophysical dark matter by Risa Wechsler 

on June 17
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High Density Galaxy Clustering to Test Cosmic Acceleration

● 0<z<1.5:  covers matter-dominated to dark energy dominated regimes
○ Redshift range where most Dark Energy models are best explored
○ Limited by theory and computing

● nP=1 approximates optimal balance of number density at a fixed scale
○ 4,000 galaxies/sqdeg → kmax=1 h/Mpc for z<1
○ 10,000 galaxies/sqdeg → kmax=1 h/Mpc for z<1.5

● 180M galaxies over the Rubin footprint would “saturate” cosmological information
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Dawson et al. 2022 
Courtesy: Johannes Lange 
(Snowmass)



Beyond BAO and RSD
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From Jim Annis (FermiLab)



Challenges and Potential in High Density Galaxy Clustering

● Growth of Structure:  Decadal Survey Goal → sigma8 to 0.2% precision
○ 0.6% precision clustering at 1Mpc scales possible to z<1.5 in intervals of dz=0.1
○ New probe origin of cosmic acceleration at late times
○ New probe of neutrino mass

● Full-shape power spectrum measurements: provide limits on models for new physics
● Higher-order statistics

○ Resolving degeneracies between cosmology and galaxy/halo connection?
○ Identifying cosmological signatures not present in the power spectrum?

● Multi-tracer techniques:  cross-correlation to mitigate cosmic variance on linear scales
● Multiple probes: test for new particle or field contents (e.g. H0 or sigma8 tension)

● Challenge to theory community:  extract cosmological information without loss of 
information to galaxy/halo connection
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High-z Galaxy Clustering: BAO

● z>1.5:  matter-dominated regime with massive volume
○ Experimentally limited with current facilities
○ Spectroscopy of 10’s of millions of galaxies over the Rubin footprint would provide high 

precision BAO, RSD, neutrino mass, and inflationary constraints
● BAO

○ Tests for early dark energy or tensions in distance measurements from lower z 

23Ferraro et al., 2022 
(Snowmass)



High-z Galaxy Clustering: RSD

● RSD
○ Potential for massive improvement over current surveys 
○ Separate path independent of CMB optical depth for neutrino constraints
○ Alternate to CMB for anchor of growth measurements (sigma8 tension)

24Ferraro et al., 2022 
(Snowmass)



High-z Galaxy Clustering: Primordial Physics

● Non-Gaussianity in the primordial power spectrum
○ Large volume:  Redshift range where most inflationary models are best explored
○ sigma(fnl) < 1 with power spectrum alone → Decadal Survey sets goal of sigma(fnl) = 0.2
○ Bispectrum and other non-Gaussianity models possible as well
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DESI and Stage-V Roadmap

● Current DESI survey planned through 2026
○ BAO+RSD from 0<z<3.5

● DESI will remain premier spectroscopic facility in latter 2020’s
○ z<1 galaxies easily measured to zfib<21.6
○ z>2 Lyman Break galaxies:  300/sqdeg
○ z>2 Lyman-alpha emission galaxies:  >1000/sqdeg w/new imaging

● ~20M new galaxies overlapping a 4500 sqdeg Rubin footprint
● Sub-percent BAO precision, percent level RSD precision possible at z>2
● Immediate tests of concordance cosmology
● Pilot new programs during Stage-V construction
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Stage-III:  
BOSS+eBOSS

2005 2010 2015 2020 2025 2030 2035 2040

Stage-IV: 
DESI Stage-Vextended

Dawson et al. 2022 
Courtesy: Rongpu Zhou 
(Snowmass)



Stage-V Considerations

● Survey speed for >100M galaxies:  more targets + more photons + more fibers! 
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Stage-V Considerations

● Survey speed for >100M galaxies:  more targets + more photons + more fibers! 
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Maximal overlap with Rubin footprint:  
more targets and more survey area!

Rubin Survey Design, 
early generation



Stage-V Considerations

● Survey speed for >100M galaxies:  more targets + more photons + more fibers! 
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Large primary mirror:  more photons!



Stage-V Considerations

● Survey speed for >100M galaxies:  more targets + more photons + more fibers! 
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Large focal plane:  more area for fibers!



Stage-V Considerations

● Survey speed for >100M galaxies:  more targets + more photons + more fibers! 
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New fiber technology:  higher density of fibers!

Cosmic Visions Dark Energy



Summary

● DESI will advance dark energy and cosmological model through BAO and RSD measurements
● Vast discovery space remains after currently planned program

○ Local Universe for dark matter
○ Low redshift Universe to explore cosmic acceleration
○ High redshift Universe to explore primordial physics

● Extended DESI program in latter half of 2020’s
○ Most competitive facility of its kind
○ z>2 BAO+RSD at comparable precision to z<1 program
○ >10 million z<1 galaxies over Rubin footprint
○ Stellar/dark matter 

● Stage-V spectroscopic facility:  strong science case for 2030’s
○ Several telescope facilities proposed
○ R&D to improve fiber positioner density essential

32


