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The Big Goals
• Answer the ancient questions: How did the Universe 

begin? What is it made of? What physical laws does it 
follow? 

• Learn about the basic contents of the Universe and 
physical laws by studying the background evolution of 
the Universe and growth of structure (e.g., dark energy, 
modified gravity, neutrino masses, dark radiation, certain 
dark matter properties). 

• Learn about the early Universe (i.e., inflation) by 
determining the statistics of the initial perturbations (and 
maybe curvature). 
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Four target classes spanning redshifts z=0.4 ➔ 3.5. 
~24.5 million redshifts over 14,000 sq. degrees (baseline survey). 

DESI Redshift Survey
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DESI Instrument/Collaboration
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DESI Timeline
!

— 2009  BigBOSS proposed 
— 2011  DESpec proposal for spectroscopic survey (Fermilab); BigBOSS DOE 

R&D review 
— 2012  DOE issues Mission Need Statement (CD-0) for MS-DESI, DOE Assignment to 

LBNL as lead lab for MS-DESI, charged to combine the BigBOSS and DESpec 
collaborations 

— 2014  P5 recommends DESI in all but most austere budget scenario 
— Just completed successful CD-1 review. 
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Dark Energy Spectroscopic Instrument
The DESI project will build: 

A 5000 fiber spectrograph 
A corrector to expand field of view to 8 deg^2

6

Existing corrector 
has 0.5 deg.2 FoV

4-m Mayall Telescope on Kitt Peak, AZ

(DESI instrument slides drawn 
from Levi & Bebek CD-1 talks)
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• Collect light from Mayall 4m primary mirror 
• Focus on fiber optic tips

Prime Focus Corrector
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~1 m
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Focal Plane System
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• Focal plane system 
o Attaches to the back of the corrector barrel 
o Carries the focal plane and support systems 

• Petals 
o 10 standalone wedge systems

10 copies
~0.4 m radius
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Spectroscopic 

9

The fiber optic system transports the light to  
ten 3-arm spectrographs based upon the BOSS design (360-980 nm) 

BOSS Experiment 
1000 fibers, measured 
2M redshifts
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Spectra at the CCD
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• What the CCD sees 
o Real background 
o Simulated skylines
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U.S. Institutions
• Argonne National Laboratory 
• University of Arizona 
• Brookhaven National Laboratory 
• University of Calif, Berkeley 
• University of Calif, Irvine 
• University of Calif, Santa Cruz 
• Carnegie Mellon University 
• Cornell University 
• Fermi National Accelerator Lab 
• Harvard University 
• University of Kansas 
• Kansas State University 
• Lawrence Berkeley National Lab 
• University of Michigan 
• Michigan State University 
• National Optical Astronomy Obs.
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• New York University 
• The Ohio State University 
• University of Pittsburgh 
• Siena College 
• Southern Methodist University 
• SLAC National Accelerator Lab 
• Texas A&M University 
• University of Utah 
• Washington University at St. Louis 
• University of Wyoming 
• Yale University 
!

… 22 US Universities 
… 5 DOE Laboratories 
… plus 19 foreign institutions 
 200 collaborators 
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DESI Survey/Targets

12
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Four target classes spanning redshifts z=0.4 ➔ 3.5. 
~24.5 million redshifts over 14,000 sq. degrees in 5 years (2019-2024) 
(~1/3 of sky - largest feasible footprint is 15,300 deg2)

DESI LSS Survey
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Luminous Red Galaxies

11

• LRGs = Luminous Red 
Galaxies: massive, 
passively-evolving, 
high-bias early-type 
galaxies 

• 4000Å break helps 
select low-z LRGs and 
provides redshifts  

• Workhorses of SDSS/
BOSS 

• 4 million in DESI

(Jeff Newman)
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Emission-line Galaxies (ELGs)
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• At high redshifts, 
quiescent galaxies are 
rare - Universe’s SFR 
~10x higher at z=1: 
drives strong emission 
lines 

• DESI will resolve the 
[OII] 3727 Å doublet at 
0.1<z<1.6: provides a 
secure redshift from a 
single feature 

• 18 million in DESI 
• lower bias than LRGs
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2 QSO Samples: tracers (direct BAO) and Ly-α
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• QSOs exhibit many 
emission lines, can 
obtain secure redshifts 
even at z>1.6 

• 1.7/0.7 million
• For z > 2.1, can detect 

Ly-α; cosmological 
constraints will 
improve with S/N   
• Observe confirmed 

high-z QSOs up to 4 
times 
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DESI number densities
• Number density sets the noise level in an LSS 

measurement

17
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LSS Theory

18



Basics of LSS
• Density fluctuations of all kinds are described as fluctuations 

around the field’s mean: 
• Fourier transform to obtain the power spectrum quantifying 

field correlations:  
!

• On large scales, everything (galaxies, quasars, gas, etc.) 
traces the mass density power spectrum. The fluctuations are 
small on very large scales, so the relation between a tracer 
and mass can be described by a Taylor series, generally called 
the linear bias model 

• (see McDonald & Roy 2009 for a relatively rigorous 
derivation - this assumes Gaussian initial fluctuations and 
scale-independent linear growth (e.g., GR+CDM))    
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Power spectrum elements
• The initial spectrum from inflation is close to a power law 
!

• This is modified by linear evolution once the modes enter 
the horizon. The transfer function contains information 
about dark energy, the matter/radiation ratio, neutrinos, 
etc. 

• At late times, for cold dark matter and GR, the linear 
growth is scale independent so we often write  
!

• In the linear regime, the power spectrum of a pair of tracers 
is now (dropping redshift dependence) 
!

• where                                  and the noise power is set by the 
mean number density of the galaxies, i.e.,    
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Observable (linear) power
• The redshift-space distortions come about, along with 

geometric distortions, because we can only measure angles 
and redshifts, not comoving distances, i.e.,  
!
!
!

• and 
!

• The Hubble parameter H(z) and angular diameter distance 
D_A(z) are sensitive to cosmological parameters, e.g., dark 
energy, as is the linear perturbation growth factor D(z).
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Baryon Acoustic Oscillations
• Sound waves in the early Universe produce a 

peak in the clustering of matter at late times.  
This peak serves as a standard ruler. 

• Sound speed before decoupling 
!
!

• Comoving sound horizon 
!
!

• matter density from CMB

22

(movie by Daniel Eisenstein using CMBFast from Seljak & Zaldarriaga)
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Observer

δr = (c/H)δzδr = DAδθ

Using the Standard Ruler
• The acoustic oscillation 

scale depends on the 
sound speed and the 
propagation time.  
— These depend on the matter-

to-radiation ratio (Ωmh2) and 
the baryon-to-photon ratio 
(Ωbh2). 

• The CMB anisotropies 
measure these and fix the 
oscillation scale to <0.4%. 

• In a redshift survey, we can 
measure this along and 
across the line of sight. 

• Yields H(z) and DA(z)!

23

Planck Consortium (2013)
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Observing the BAO
• Study of observational systematic errors in the 

clustering analysis of galaxy surveys is an old topic.   
— Extensive work over the last several decades, with many 

methods for diagnosing, removing, and avoiding systematic 
effects. 

• The BAO application is much easier than general P(k) 
because the BAO signature is oscillatory and hence 
strongly differential in scale. 
— Observational effects are nearly always  

broadband, and we simply marginalize  
against general broadband terms. 

• Length scale is tied directly to  
measurement of angles and redshifts,  
which are much better than 10–3. 

24
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BOSS BAO

25

Anderson et al. (2014)
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Delubac et al. (2014)
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Beyond BAO: Precision RSD/Broadband
• Neutrino mass and inflation constraints are dominated by 

RSD/broadband, not just BAO (and Dark Energy 
constraints can be dramatically improved). 

• The BAO scale happens to be similar to the non-linear 
scale, so a survey optimized for BAO will be more or less 
optimized for RSD or anything else where the information 
is dominated by the smallest scales you can model. 

• DESI will definitely make RSD/broadband measurements, 
but there is some uncertainty about how well we will be 
able to model the perturbatively non-linear regime, which 
we estimate by quoting results for k_max = 0.1 or 0.2 h/
Mpc.

26



Linear theory mass power spectrum

• Reconstruct the initial 
conditions that led to 
observed structure.!

• Use features in the 
structure as rulers to 
measure the geometry 
of the Universe.!

• Measure the dynamics 
of the growth of 
structure, i.e., the rate 
of growth of density 
and velocity 
perturbations.

Basic ways to use LSS to 
study physics:
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DESI Projections

28
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Forecasts and FoM
• Forecasts involve computing the expected power spectrum 

errors as a function of redshift and wavevector, based on 
the volume and densities in the survey, then use Fisher 
matrices to map the errors on the power spectra to 
constraints on cosmological parameters. 

• We produce forecasts for the BAO distance scale and 
propagate these to cosmological parameters, or go directly 
to cosmological parameters for broadband constraints. 

• Dark Energy parameter constraints allow us to compute the 
DETF Figure of Merit.

29
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LSS all about mapping volume

30

DESI
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Shot Noise and Sample Variance
• The ability to measure the power at a given wavevector of the 

density field is limited by shot noise and sample variance. 
• Balance of these is encoded by the product nP(k,µ). 

— We choose k=0.14 Mpc/h, µ=0.6 as a proxy for BAO performance. 
!

• DESI has nP>1 out to  
z~1.3, which means  
that it is making a map 
with S/N>1 per mode. 

• Large volume at z>1.3  
still provides good BAO  
measurements, but  
not approaching the  
cosmic variance limit.
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Very precise power measurement
!
!
!
!
!
!
!
!

• Example z=0.5-0.9 measurement. 
• The position of the BAO wiggles is the standard ruler we 

use to measure distance scale 
• “Broadband” refers to using the full, angle-dependent 

power spectrum

32

matter density than low-z measured ⇢m would suggest, and radiation density given by156

all standard model species.157

The current best measurements from cosmology are by the Planck cosmic microwave158

background (CMB) satellite combined with galaxy clustering baryonic acoustic oscilla-159

tion (BAO) distance scale measurements [2], and [3] from earlier CMB data combined160

with measurements of the power spectrum of absorption in quasar spectra by dark161

matter-tracing gas in the intergalactic medium (Ly↵ forest), both finding 95% confi-162

dence upper limits ⇠ 20 meV.163

P (k) / ⌦|�k|2
↵ / FT [h�(x)�(x+ r)i]164

Figure 1: Degenerate masses (green) vs. non-degenerate (red), given the current mass-
squared di↵erence measurements from Table 5. Each line shows the mass of one of the
neutrinos, plotted as a function of the sum of masses in each case (in the degenerate case
the two most massive neutrinos have almost indistinguishable mass on this plot). The gray
band shows a hypothetical measurement we might make of the sum of masses, which would
in this case rule out the inverted hierarchy.

For masses near the lower limit, the neutrinos are relativistic at the time of CMB165

last scattering.166

Note that measuring a sum of masses much greater than the minimum does not167

necessarily even rule out the normal hierarchy with minimal total mass of the three168

standard model neutrinos, if one is willing to consider an additional similarly light169

6
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BAO distance errors
• DESI produces BAO distance errors that are sharply better 

than Stage III experiments. 
• Highly competitive with Euclid and covering a wider 

redshift range because of the Lyα forest.

33
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Hubble Parameter
• Enormous improvement on the ability to measure H(z). 
• At high redshift, H(z) is more direct route to dark energy.

34
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Measuring Dark Energy Properties

• DETF Figure of 
Merit (FoM) is 
defined to be the 
inverse area of 
these contours 
(marginalized 
over other 
parameters 
including 
curvature) 

35

2 SCIENCE MOTIVATION AND REQUIREMENTS 3

2 Science Motivation and Requirements

2.1 Introduction

DESI will explore the most fundamental questions in physical science: what is the composition
of the Universe at large and what is the nature of space-time? These questions are now open to
exploration because recent discoveries. We summarize here the framework used to express these
questions and the parameters used to quantify our understanding.

This much we know: 1) a period of rapid acceleration – inflation – occurred in the early
Universe, generating the primordial fluctuations, which seeded large scale structures, galaxies and
galaxy clusters, 2) comparatively recently, in cosmic terms, there was a transition to accelerated
expansion driven by either a modification to General Relativity or a new form of energy – dark
energy – not due to any particles known or unknown, and which contributes about 68% of the
Universe’s energy density, and 3) about 27% of the energy density today is due to matter outside
the Standard Model of particle physics – dark matter – which is responsible for large scale structure
formation and accounts for galaxy rotation curves. In addition, astrophysical data are also playing
a vital role in resolving outstanding questions about the characteristics of neutrinos.

That the Universe is expanding more and more rapidly was first revealed through measurements
of Type Ia supernovae [178, 196], and subsequently confirmed using other techniques. Within
General Relativity, this phenomenon must be described by
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where ⇤ is Einstein’s cosmological constant, ⇢ is the energy density and p is the pressure. The
latter two are assumed to be uniform, at least on large scales. Here a = 1/(1 + z) is the scale-size
of the Universe, so today a = 1. For ä to be positive, either there must be a positive cosmological
constant or the equation of state for some component of the energy, w = p/⇢ must be less than
�1/3. For ordinary non-relativistic matter, the momentum is negligible compared to the energy due
to the rest mass and w = 0. For photons and other massless particles, w = 1/3. The cosmological
constant term is equivalent to dark energy with w = �1. Generally, energy with an equation of
state w(a) evolves as ⇢(a) = ⇢(a = 1)F (a), where F (a) = 1 for a cosmological constant and for a
general equation of state w(a) as

F (a) ⌘ e3
R 1
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a0 (1+w(a0)). (2.2)

The contributions to the energy density of the Universe are conventionally expressed relative
to the critical density

⇢crit =
3H2
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which would be just su�cient to slow the expansion ultimately to zero. We write

⌦m =
⇢m
⇢crit

. (2.4)

We define ⌦rel for relativistic matter and ⌦DE for dark energy analogously. The curvature term
⌦k = �k/H2

0 is defined so that General Relativity requires for a Universe with intrinsic curvature
k

⌦rel + ⌦m + ⌦k + ⌦DE = 1. (2.5)
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Figure 2.1: Expansion history of the Universe, with data from supernovae binned in redshift shown in
blue. Measurements from BOSS are shown in red. Projected DESI measurements are shown in black. The
inset shows the spacing between five models with constant w ranging from �0.97 to �1.03. The precision
measurements from DESI would be able to distinguish between them.

The expansion rate of the Universe is given by

H(a) ⌘ ȧ

a
= H0

⇥
⌦rela

�4 + ⌦ma�3 + ⌦ka
�2 + ⌦DEF (a)

⇤1/2
. (2.6)

The contribution from relativistic matter, ⌦rel is negligible today and inflation predicts that the
curvature is zero. The Hubble constant today is H0 = h⇥ 100 km/s/Mpc⇡ 70 km/s/Mpc.

It is conventional to consider a simple parameterization of the equation of state,

w(a) = w0 + (1� a)wa. (2.7)

We have three possible explanations for the accelerating expansion of the Universe: a cosmo-
logical constant, equivalent to static dark energy with w = �1; a dynamical dark energy with
�1 < w(a) < �1/3; or a failure of General Relativity. DESI is designed to address this fundamen-
tal question about the nature of the Universe. The challenge of distinguishing the cosmological
constant solution from dark energy with w near �1 is displayed in Figure 2.1.

The Dark Energy Spectroscopic Instrument (DESI) [131] will provide precise spectroscopic
redshifts of more than twenty million galaxies. From these will come three-dimensional maps of
the distribution of matter covering unprecedented volume. This will help establish whether cosmic
acceleration is due to a cosmic-scale modification of GR and will constrain models of primordial
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Figures of Merit
• We then compute DETF Figures of Merit for various cases. 

— Planck + DESI BAO (with and without Lya Forest, 14k) 
— Then add broadband galaxy clustering information, which further 

constrains the distance scale from the Alcock-Paczynski effect.  
This makes a substantial difference, but is more model 
dependent. 

• No information from SNe or WL/Cluster experiments!

36

(P+LSST Lensing ~221)
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Survey Design Trades
• We have considered a range of survey designs. 
• The FoM can give some weighting of statistical errors. 

— Beware that it gives no weight to redundancy of maps, even 
though that is a valuable systematic test, nor does it include 
other mitigations of systematics. 

— Nor any value to non-BAO science, although the large-scale RSD 
relies on similar wavenumbers to BAO work and hence would 
scale similarly. 

• Basic lessons: 
— Wider survey area is better. 
— Better to trade low-redshift  

targets (nP>1) for high-redshift  
targets (nP<1). 

— LyaF fibers are the most  
important (per fiber!);  
low-redshift ELG fibers are  
the least important.

37
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• FoM optimization drove short+long wavelength throughput 
• Throughput in the far blue + red more valuable in FoM, i.e. 

grating choices should optimize near 450 and 900 nm 

38

Optimization & Robustness

Wavelength

d(FoM) 
d(ln fdλ)

Figure-of-Merit (FoM) improvement 
for improvements in throughput

Telescope corrector 
improvement

Spectrograph optics 
improvement
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TABLE I. DESI Neutrino mass constraints.

Experiments �
⌃m⌫

P + DESI BAO 0.09 eV

P + DESI BAO + broadband k
max,e↵ = 0.1 hMpc�1 0.024 eV

P + DESI BAO + broadband k
max,e↵ = 0.2 hMpc�1 0.017 eV

TABLE II. Neutrino mass constraints. All contain projected Planck. All broadband includes BAO

at all k.

Experiments (+Planck) �
⌃m⌫

DESI BAO 0.09 eV

DESI broadband k . 0.1 hMpc�1 0.024 eV

LSST 0.020 eV

DESI broadband k . 0.2 0.017 eV

BOSS+Euclid broadband k . 0.2 0.015 eV

BOSS+WFIRST broadband k . 0.2 0.021 eV

LSST+DESI broadband k . 0.2 0.014 eV

1

�m2
21 = 7.50± 0.20⇥ 10�5 eV2 �m2

32 = 2.32+0.12
�0.08 ⇥ 10�3 eV2

3 Statistical Measurement of the HierarchyDD116

4 Cosmology PMcD117

[PM: This is not intended to be finished.]118

4.1 Summary119

For realistically achievable precision, cosmological measurements can only determine120

the sum of neutrino masses. In the case where the hierarchy is normal with a sum of121

masses near the minimum, i.e., a sum of masses ⇠ 57 meV, decisive evidence for this122

should accumulate through the 2020’s as expected large-scale structure/gravitational123

lensing experiments including Euclid, LSST, MS-DESI(BigBOSS), etc. come online.124

However, if the sum of masses is at all above the minimum, it quickly becomes impos-125

sible to distinguish the normal from inverted hierarchy. This situation is illustrated in126

Figure 1. The minimal mass normal hierarchy is distinguishable because the minimum127

total mass in the inverted hierarchy is ⇠ 105 meV, so if for example ⇠ 60± 10 is mea-128

sured the inverted hierarchy can be ruled out, but if, e.g., ⇠ 100± 10 is measured we129

would not be able to tell the di↵erence between the two hierarchy cases. Fortunately,130

the relevant experiments are primarily motivated by dark energy studies, which have131

similar design and analysis requirements, so they will happen independent of neutrino132

science considerations.133

4.2 Introduction134

Future cosmology measurements should definitely detect the suppression of large-scale135

clustering due to the free-streaming of massive neutrinos. At late times they contribute136

to the background evolution of the Universe in the same way as cold dark matter137

(because their velocities are no longer large enough for their pressure to be significant),138

however, below their free-streaming scale structure in the neutrinos has been erased, so139

perturbations have a deficit of gravitational potential relative to what they would have140

for pure cold dark matter. Figure 2 shows the ratio of power for ⌃m⌫ = 0.105 eV to141

⌃m⌫ = 0.057 eV. Note that the suppression is largely accumulated from the past – the142

current velocities of the neutrinos shouldn’t be ignored for detailed calculations, but143

the ongoing suppression across the low redshift observable range is not the dominant144

e↵ect. Note that the fact that the massive neutrinos are missing from the radiation145

density at late times is irrelevant to the background evolution, as this radiation density146

is insignificant in any case.147

[PM: Following are basically a collection of notes that need to be organized.]148

Neutrinos with mass . 1 eV decouple while still relativistic, which means they have149

standard number density and their late-time energy density is simply this number times150

their mass [1].151

At late times and not too small masses (while you can ignore relativistic corrections152

to p = mv), v
rms

' 3173 (1+z) (0.057 eV/m⌫) km s�1 (based on temperature 1.945 K).153

The neutrinos become non-relativistic when this v
rms

⇠ c, i.e., z
nr

⇠ 94 (m⌫/0.057 eV).154

Above this redshift, the Universe was evolving as if it had slightly lower non-relativistic155

5
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Beyond Dark Energy: Inflation

• DESI can probe the primordial perturbations from inflation.   
• Strong constraints on tilt and running of the spectral index 

of the primordial spectrum and on non-Gaussianity. 
• These applications do require more systematic control of 

the clustering pattern: modeling on small-scales, 
observational systematics on the very largest scales. 

• DESI will provide a 3-d view of the density perturbations to 
complement our view from the CMB.

40
Improvement over Planck



30

TABLE XIV. Estimated constraints on f
NL

for the local model of non-Gaussianity.

Survey �fNL

BOSS 23
BOSS+eBOSS 11
DESI 3.8
BOSS+Euclid 6.7

VII. DISCUSSION AND CONCLUSIONS

Our choice of experiments is undoubtedly a somewhat subjective combination of predictability of results, likelihood
to happen, and simply author capabilities and interest. In the future we might hope to add CMB lensing [33–
35, 141], higher resolution CMB experiments [141, 167], 21 cm intensity mapping surveys [168–172], etc.. Our choice
of cosmological models to project was also limited largely by author capability. We could hope to add projections for,
e.g., other models of non-Gaussianity [173–189], warm dark matter [190–192] or primordial black holes contributing
to the power spectrum [193, 194] (for the latter two we would really like to have a better Ly↵ forest implementation).
In general there is more information in all of the data sets than we include here, e.g., obtainable by measuring higher
order statistics like the bispectrum [195]. There is also a lot of work to be done to systematically quantify sensitivity
to various potential systematic errors [196].

This is intended primarily as a reference paper, i.e., when you wonder how well we hope to measure parameters in
a given scenario, you can look it up in the appropriate table. However, some of the initial take-home points, not all
new to this paper but in any case quantified and highlighted, might be:

• Redshift surveys like DESI, with help from Planck and possibly lensing surveys, will measure the sum of neutrino
masses to ⇠ 0.01 � 0.02 eV in the 2020’s. This will give a strong detection of the minimum possible sum of
masses ⇠ 0.06 eV, however, the mass hierarchy will only be distinguishable with luck, if the true sum of masses
is right at the minimum.

• Because it will inevitably be relevant, we should always include neutrino mass uncertainty in projections for other
parameters. This introduces new uncertainty in the background evolution after the CMB epoch, in addition to
the more commonly discussed change in evolution of the power spectrum, which increases the value of adding
redshift space distortion and/or lensing measurements to dark energy measurements based on BAO distance
measurements alone. The combination of growth of structure and background evolution constraints helps to
break the degeneracy between Dark Energy and neutrino mass, although in the end the Dark Energy constraints
are always degraded by the neutrino mass uncertainty.

• Redshift surveys and lensing surveys are highly complementary as dark energy probes. (Somewhat surprisingly,
however, overlapping the volume of the two such surveys so that cross-correlations of galaxy density with lensing
can be used to calibrate bias does not significantly improve fundamental parameter measurements, as discussed
in the Appendix, VIII B.)

• The “Stage IV” redshift surveys are fairly comparable in their constraining power, and comparable to LSST
when using broadband power constraints, although WFIRST’s limited area leaves it a little bit under-powered
statistically. The Dark Energy equation of state will be constrained to 1-2% in the Stage IV epoch.

• The curvature parameter ⌦
k

will be constrained to better than ±0.001.

• Allowing for deviations from GR significantly degrades neutrino mass constraints, highlighting the fact that these
constraints at their most powerful come from measuring the amplitude of fluctuations at low redshift relative
to the CMB (with redshift-space distortions for spectroscopic surveys or lensing for photometric surveys), more
than measuring the e↵ect of neutrinos on the shape of the power spectrum.

• Of the two modified gravity parameters, gravitational lensing is relatively more powerful for measuring G9,
the parameter that sets the overall normalization of the late-time perturbations relative to the CMB, while
redshift space distortions are relatively better at measuring ��, deviations of the late-time growth rate from
GR (presumably because RSDs are directly sensitive to the growth rate at a given redshift, while lensing
measures a broadly averaged normalization of fluctuations). The most powerful test of GR will be obtained by
putting the two probes together.

Inflationary non-Gaussianity

• Local model 

!

• Planck ~+-5 

• Power spectrum only. 

• Can do a factor ~2 better with 
bispectrum? (Sefusatti et al. 
2009)

� = � + fNL

�
�2 �

⇤
�2

⌅⇥
+ ...
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Constraining Dark Radiation
• Constraints on extra relativistic energy density 

(conventionally measured in units of effective massless 
neutrino species) can be improved significantly over 
Planck with either optimistic galaxy modeling or LyaF 
broadband.

42

TABLE IV. Running.

Scenario !N!

Planck 0.18

P+ broadband galaxies kmax,e! = 0.1 hMpc!1 0.13

+ broadband/1D Ly" forest ! 0.070

P+ broadband galaxies kmax,e! = 0.2 hMpc!1 0.084

+ broadband/1D Ly" forest ! 0.063
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TABLE VIII. MoG.

Scenario �
�� �G9

P+BOSS k
max,e↵ = 0.1 hMpc�1 0.18 0.14

broadband galaxies k
max,e↵ = 0.1 hMpc�1 0.038 0.033

+ broadband/1D Ly↵ forest ⇠ 0.031 ⇠ 0.025

broadband galaxies k
max,e↵ = 0.2 hMpc�1 0.025 0.029

+ broadband/1D Ly↵ forest ⇠ 0.021 ⇠ 0.023

TABLE IX. Modified gravity. All contain projected Planck. All broadband includes BAO at all k.

Marginalized over ⌃m⌫ .

Experiments (+Planck) �
�� �G9

DESI broadband k . 0.1 hMpc�1 0.039 0.033

LSST 0.056 0.017

DESI broadband k . 0.2 0.025 0.030

BOSS+Euclid broadband k . 0.2 0.037 0.028

BOSS+WFIRST broadband k . 0.2 0.050 0.042

LSST+DESI broadband k . 0.2 0.018 0.011

TABLE X. Dark Radiation

Scenario �N⌫

Planck 0.18

P+ broadband galaxies k
max,e↵ = 0.1 hMpc�1 0.13

+ broadband/1D Ly↵ forest ⇠ 0.070

P+ broadband galaxies k
max,e↵ = 0.2 hMpc�1 0.084

+ broadband/1D Ly↵ forest ⇠ 0.063
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Modified Gravity
• GR 

• Require perturbations by 
definition - no BAO only. 

• Lensing good for G_9,  redshift-
space distortions (RSD) for 
gamma. 

• RSD and lensing very 
complementary.

f(z) =
d lnD

d ln a
� ��

m(z)

� = 0.556

2

I. BASIC EQUATIONS AND NUMBERS

A. Cosmology

We use the FoMSWG parameters [1]. When we included possible modifications of gravity, they are parameterized
by � in d lnD

d ln a

= ⌦�

m

(z) and by a multiplicative o↵set G
9

relative to the GR-predicted amplitude at z = 9 (applied to
the z < 9 power, to decouple the low redshift amplitude from CMB measurements, following FoMSWG).

We include the Planck CMB experiment in all parameter projections.

B. Angular Clustering

Suppose we define an angular field �
i,x

(✓) as the redshift integral with weight W
x

(z) over a 3D field �
i

(z, ✓), i.e.,

�
ix

(✓) =

Z
dz W

x

(z) �
i

(z, ✓) (1)

The angular correlation function of two such fields is

⇠
ixjy

(�✓) =

Z
dz

Z
dz0W

x

(z)W
y

(z0) h�
i

(z, ✓)�
j

(z0, ✓ +�✓)i =
Z

dz̄

Z
d�zW

x

(z̄)W
y

(z̄ +�z)⇠
ij

(z̄,�z,�✓) (2)

where note that there is no approximation or loss of generality here, i.e., z̄ = (z + z0)/2 and �z = z � z0 are equally
good parameters of two-point function evolving completely generally with redshift (although note that in general the
sign of �z does matter, i.e., we cannot use |�z|). We can now FT ⇠

ij

(z̄,�z,�✓) with respect to �✓ and �z and plug
that in to obtain

P
xiyj

(k
✓

) =

Z
dz̄

Z
d�zW

x

(z̄)W
y

(z̄ +�z)

Z
dk

z

2⇡
exp(�ik

z

�z)P
ij

(z̄, k
z

, k
✓

) (3)

Now we make an approximation, that the kernels W (z) are broad enough that we can assume we are sensitive only
to modes with small k

z

, specifically k
z

much less than k
✓

, so that P (k
z

, k
✓

) ' P (0, k
✓

) (note that it would be fairly
straightforward to include higher order terms in a Taylor expansion here). This allows us to integrate the exponential
factor over k

z

to obtain 2⇡�D(�z) and then

P
xiyj

(k
✓

) '
Z

dz W
x

(z) W
y

(z) P
ij

(z, k
z

= 0, k
✓

) . (4)

Note that the units of P
ij

are redshift times angle squared, i.e., it is related to the usual comoving coordinate power
spectrum, which we will identify by arguments kk and k?, by

P
ij

(z, k
z

= 0, k
✓

) =
H(z)/c

r2(z)
P
ij

(z, kk = 0, k? = k
✓

/r(z)) (5)

The usual formula for C
`

is just C
xiyj

(`) = P
xiyj

[k
✓

= l + 1/2], i.e.,

C
xiyj

(`) =

Z
dz W

x

(z) W
y

(z)
H(z)/c

r2(z)
P
ij

✓
z, kk = 0, k? =

`+ 1/2

r(z)

◆
. (6)

This formula is no di↵erent from the usual one in the literature (e.g., [2]), but may show more clearly the origin and
units of the various factors.

C. Weight functions

Weight functions here are defined in terms of the actual redshift distribution of galaxies in a bin. For a bin defined
by measured redshifts, the redshift errors must be accounted for.



Beyond power spectrum statistics
• In all of these calculations, both for galaxies and LyaF, 

we have used power spectrum information only. 
Generally, we can use additional statistics, e.g., the 
bispectrum, to add constraining power and consistency 
checks. Basically, the more statistics we can measure, 
the less degenerate interesting cosmological parameters 
and systematics/nuisance parameters will become. In 
the era of very high precision measurements, I think 
that measuring a rich set of statistics to compare to 
theory will be critical to the reliability of results. 
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Summary
• The DESI redshift survey will be ~10 times larger than 

BOSS, making a continuous map out to z~3.5. 
• DESI will improve the Dark Energy Task Force FoM by a 

factor of 3-4 over Stage III BAO (BOSS) using the BAO 
distance scale alone, and a factor ~10 using broadband 
information. 

• The effect of neutrino masses will be detected, with the 
sum constrained to ~0.02 eV using galaxy broadband 
measurements. 

• The inflationary parameters n_s and alpha_s will each be 
constrained to ~0.002 led by galaxy and LyaF broadband 
measurements, respectively, and curvature to ~0.001. 

• Many other constraints, e.g., on non-Gaussianity, 
modified gravity, dark radiation, etc. will be obtained.
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Bright Galaxy Survey

• DESI Science Consortium is designing a survey of bright 
galaxies to pursue when moon or other observing conditions 
are too poor to conduct Key Project observations. 

• A survey of 10M bright (r<19.5) galaxies over 14k-20k square 
degrees would have considerable cosmological reach, 
complementing the Key Project. 
— Improve z<0.4 BAO to better than 1%.  FoM increases from 143 to 

176-194 (depending on BGS area).  23-36% gain! 
— Measure the amplitude/growth of structure at low redshift, where 

dark energy dominates. 
• Multi-tracer RSD, Cluster/group counts, WL cross-correlations. 

— Many 10k of host galaxy redshifts of SN Ia over the next decade. 
— High sampling density for detailed environment studies and smaller 

scale modified gravity tests. 
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Super-DESI
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