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Dark Energy Constraints: Pre-DESI
w(a) = w0 + wa(1 − a)
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Alam et al. (2020)



DESI Plan
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DESI: Dark Energy Forecast
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Figure 2.10: Expansion rate of the Universe as a function of redshift. In the upper plot, the filled
blue circle is the H0 measurement of [106], the solid black square shows the SDSS BAO measurement
of [107], the red square shows the BOSS galaxy BAO measurement of [6], the red circle shows the
BOSS Ly-↵ forest BAO measurement of [47], and the red x shows the BOSS Ly-↵ forest BAO-quasar
cross-correlation measurement of [108]. The lower plot shows projected DESI points.

Figure 2.11: The w0 � wa plane showing projected limits (68%) from DESI using just BAO and
using the broadband (BB) power spectrum. Also shown is the limit from BOSS BAO. Planck priors
are included in all cases, and DESI includes the BGS and non-redundant part of BOSS. The figure
of merit of the surveys is inversely proportional to the areas of the error ellipses.
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DESI Achievement
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Visualization of DESI structure by Claire Lamman



DESI: DR2 Dark Energy Results

Image Credit: DESI Collaboration

SNDR2 BAO



DESI: Dark Energy Results

Image Credit: DESI Collaboration

SN

Image Credit: DESI Collaboration + Claire Lamman



DESI at Ohio State
• Brandon Abrego, Matthew Berno, Mikel Charles, Carl Coker, 

Rebecca Coles, Andrei Cuceu*, Xinyi Chen, Mark Derwent*,  
Ann Elliott*, Jack Elvin-Poole, Lauren Ennesser, Kevin Fanning*, 
Simon Filbert, Anning Gao, Nicole Gountanis, Meagan Herbold, 
Klaus Honscheid*, Jennifer Johnson, Naim Karaçayli, Hui Kong, 
Claire Lamman*, Camila Martinez, Paul Martini*, Thomas 
O'Brien, Daniel Pappalardo*, Richard Pogge, Anna Porredon, 
Mehdi Rezaie*, Ashley Ross*, Charuhas Shiveshwarkar, Jon 
Shover, Peter Taylor, Suk Sien Tie*, Wyne Turner, David 
Weinberg, Molly Wolfson, Erik Zaborowski

• Huge effort to get DESI built and operating led by Paul Martini 
and Klaus Honscheid (former and current Instrument 
Scientists)



How?: 5000 Spectra at once
• Robotic positioners move fibers to few micron 

accuracy so it aligns with targets’ sky position (thanks 
K. Fanning!)

• 10 “petals” each with corresponding spectrograph

*DLeitner@lbl.gov; phone: 1-510-486-4503; Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, CA, USA 94720 

 
The original positioner design and assembly sequences were developed at the Lawrence Berkeley National Laboratory. 
The actual mass-production of the full robotic assemblies is carried out at the University of Michigan. The 107 
micrometer diameter fiber assemblies are manufactured at the Lawrence Berkeley National Laboratory (LBNL). In 
addition, final integration of the positioner and the fibers is performed at LBNL. In this step the fibers are installed and 
precision aligned in the positioners at LBNL to ±15 micrometers. After this step, the integrated positioners are installed 
into the Focal Plane [1, 2, 3]. 

 
2.   MECHANICAL DESIGN OF THE POSITIONER 

 
The design is described in detail in previous proceedings [4]. Here we briefly summarize some key features that are 
important for the manufacturing process. A mechanical model and a picture of the completed fiber positioner are shown 
in Figure 1 together with the individual components. 
 

 

       

 
Figure 1. Fiber positioner CAD model, an actual positioner, and the individual components. 
 
The fiber is positioned utilizing two 4 mm diameter DC brushless gear motors (manufactured by NAMIKI Precision 
Jewel Co., Japan). It is routed through the phi assembly, passes through the theta bearing and is then guided smoothly 
through the interior of the remaining theta assembly. The fiber routing is designed to stay outside of a minimum bend 
radius and such that the positioner can accommodate the full 360 degrees of rotation without damaging the fiber. Theta 
and phi axis hardstops prevent the positioner from rotating beyond this limit in case of a control software glitch. Finally, 
the positioner is designed to absorb stray light and reduce reflections - the upper housing that contains the phi motor 
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Figure 3.11: Left: Eccentric axis (“✓-�”) kinematics and coordinate systems. Whenever R2 is
retracted within the dashed circle E, the positioner is guaranteed free rotation about ✓ without
obstruction from its neighbors. Right: Patrol coverage regions for neighboring positioners. Regions
labeled “1x” indicate coverage by a single positioner and “2x” by two positioners.

containing two ball bearings and an internal shaft. The cartridges are mounted in-line with their
respective motors’ output shafts. The cartridges are purchased as integrated units from a bearing
manufacturer.

The positioner has mechanical hard stops in both directions of both axes. Either axis can be
driven at full speed and power into either hard stop repeatedly and without damage. During all
testing we regularly ram hardstops and have not observed any discernible damage. More tests are
planned to attempt to quantify if any damage modes can be identified.

The fiber ferrule is held by a ferrule holder arm. The arm secures the 1.25 mm DESI ferrule
against a precise cylindrical mating surface. The ferrule is contacted by a nylon-tipped set screw
under controlled preload, with a small quantity of adhesive at the threads and tip to lubricate the
contact point during insertion and then to guarantee it cannot later loosen.

All the mating features for precision mounting and retention in the focal plate petal are machined
into the central axis bearing cartridge. A cylindrical datum constrains tip / tilt and xy position. A
flat flange datum defines focus. A thread provides positive and firm mechanical retention. These
identical features are used on the assembly jigs that locate the eccentric axis bearing and the ferrule
holder for each positioner. The features are illustrated in Figure 3.12.

3.3.4 Positioner Electrical Design

The two motors are driven by one electronics driver board attached to the aft end of the positioner.
There is no encoder on either motor. The motors each have 3 coils and are driven by pulse width
modulation of the current applied to its coils. The shaft position is controlled open-loop by rotating
the sum magnetic field of the 3 coils.

For large motions, the magnetic field, and thus the motor shaft, is ramped up rapidly to a
rotation rate of 10,000 rpm. This is very fast in practical terms: ⇠180�/sec at the output shaft,
depending on exact gear ratio. When re-positioning, the final ⇠50 µm of the move is done at low
speed (15 rpm) and very fine resolution (0.1� at the motor shaft, ⇠0.0003� at the output shaft).
After positioning a shaft, the coils are completely de-energized and the position remains stable.
This has been demonstrated by taking repeated centroids with the fiber view camera, before and



How?: 5000 Spectra at once
• Entire 4-meter Mayall Telescope at Kitt Peak AZ 

optimized for best DESI performance
Because of design and 

care, performance 
matches that of 10 m 
Keck (per spectrum!)



How?: Efficient Operations
• DESI Operations includes:

– Instrument (A. Elliott, K. Honscheid, P. Martini)
– Survey (X. Chen, A. Ross)
– Data Management
– Analysis Infrastructure (LSS catalogs + sims; H. Kong, M. Rezaie, X. 
Chen, A. Ross; link to the Key Projects)

• Tight link between these four quickly provides high-confidence science-
ready data products

Members of 
survey ops team 

take weekly 
shifts to perform 

daily QA



LSS catalogs
• Nutshell: Predict the number density of galaxies as a function of 3D 

position (e.g., via unclustered “randoms”)
• Provides a reference to measure clustering
• Needs to account for variations in input targets (i.e., “imaging 

systematics”), instrument performance, survey completeness, etc.
• And, we need to be able to simulate the process



How?: Robust Analysis Pipeline

Image Credit: DESI Collaboration

Image Credit: DESI Collaboration

Image Credit: DESI Collaboration



How?: Robust Analysis Pipeline
• 1 year from DR1 to DR2 Dark Energy results
• Required a validated process set by DR1 (led by H. Seo)
• Including:

– Extensive checks on BAO reconstruction methods (X. Chen)
– Production and thorough validation of semi-analytical covariance matrices 
(M. Rashkovetskyi)
– An excellent Lyman-⍺ group (see Andrei’s talk)

• +Great work on the interpretation from D. Weinberg (+thanks for BGS!)



More than BAO
• H0 measurements led by E. Zaborowski and P. Taylor
• Intrinsic alignment measurements/impact from C. Lamman
• Using more of the BGS sample info (C. Martinez, M. Rashkovetskyi)
• Ly⍺ - QSO cross correlation using LSS (B. Abrego, N. Karaçayli)
• DR2 “full-shape” (+CMB lensing, + WL A. Porredon) coming soon 
• DR2 primordial non-Gaussianity analysis uncertainty will be ~6 on 

local fNL (CMB is ~5; X. Chen)

Zaborowski et al. (2026)



• H0 measurements led by E. Zaborowski and P. Taylor
• IA measurements from multiplets from C. Lamman
• Using all of the BGS sample info (C. Martinez, M. Rashkovetskyi)
• Ly⍺ - QSO cross correlation using LSS (B. Abrego, N. Karaçayli)
• DR2 “full-shape” (+CMB lensing, + WL A. Porredon) coming soon 
• DR2 primordial non-Gaussianity analysis uncertainty will be ~6 on 

local fNL (CMB is ~5; X. Chen)

• *Expect DR3 BAO Dark Energy constraints in summer 2027*



CCAPP, DESI, and me
• CCAPP support (all manners) has been vital to my continued work on 

DESI
• Postdoc (2014)→ Research Scientist (2018)→ Research Faculty (2024)
• (Sorry no pictures, you probably got enough already)

Thank you!!!



BAO History

Thank you!!!



BAO History

Thank you!!!



Cosmological Paradigm
• Cosmological principle:

– On large-scales Universe is statistically isotropic and 
homogeneous

• General Relativity: space expands
– “scale factor” a : 1 today; ~0 at t=0 (“big bang”); photons 
are redshifted by z = 1/a-1
–              ;                  

• Friedmann equation for expansion:

• Put everything together

H =
ȧ

a

⌦x =
⇢x
⇢crit

radiation matter curvature

cosmological constant✓
H

H0

◆2

= ⌦0,Ra
�4 + ⌦0,Ma

�3 + ⌦0,ka
�2 + ⌦0,⇤

dcomoving(z) = ∫
z

0

cdz′￼

H(z′￼)



Outline

• What? (10x larger 3D maps of the structure of the Universe) 
• Why? (Dark Energy++)
• How? (5000 robots on a 4-meter telescope)
• When? (Now!)
• Where? (Kitt Peak AZ, here at Ohio State)
• What next? (Fill the remaining volume, >10x to go)



Why?
• The statistics that characterize the maps we observe are predictable 
with basic physics

– Initial conditions (inflation?) + components (matter, energy, 
radiation) + geometry + model for gravity

– Early (1977-1990s): LSS maps showed dark matter must be cold in 
order to form observed structure (ruled out neutrinos)

– Later (SDSS up to 2020): LSS maps confirmed need for Dark Energy 
and formed a pillar of “concordance” cosmological constant + cold 
dark matter (LCDM) cosmology

– Now (DESI): Is Dark Energy consistent with cosmological constant? 
What are the statistics of initial conditions? Do structure growth 
measurements agree with concordance model?

• Each galaxy we measure the position for acts like a “test particle” in the 
large-scale matter field and its evolution



Dark Energy

• What drives the accelerated expansion of the Universe 
accounting for ~70% of its matter/energy density?

Or, put differently

• Do Einstein’s GR equations really include a “cosmological 
constant”?

– (Ask Chris Hirata to explain disturbing consequences)

• Typically test by measuring DE equation of state (P/𝜌=-1 for 
cosmological constant) and its time evolution



How?: Building the Map
• “Targets” are selected via their flux and color in 

imaging data from the DESI Legacy Imaging Surveys

https://www.legacysurvey.org/viewer



DESI Sky Coverage



How?: Building the Map
• “Targets” are selected via their flux and color in 

imaging data from the DESI Legacy Imaging Surveys

https://www.legacysurvey.org/viewer

= 1/20th deg.



How?: Building the Map
• “Targets” are selected via their flux and color in 

imaging data from the DESI Legacy Imaging Surveys
• For each target we measure a spectrum and from 

that a redshift
• Redshift interpreted as cosmological - due to the 

expansion of space between location and Earth - and 
converted to co-moving distance
–+Sky position gives 3D spherical coordinates 𝜃,𝜙,r



DESI LRG
• Luminous red galaxies; large galaxies without recent 

star formation

R. Zhou et al. (2022)

restframe wavelength

observed wavelength



DESI ELG

A. Raichoor et al. (2022)

• Emission line galaxies; galaxies with specific emission 
lines, due to recent star formation

(sdss)

(sdss)



DESI QSO

E. Chaussidon et al. (2022)

• Quasars; light emitted from activity around central 
super-massive black hole overwhelms rest of galaxy



DESI BGS

C. Hahn, M. Wilson et al. (2022)

• Bright galaxy 
sample: Target 
everything up 
to some 
apparent flux 
limit



DESI Galaxies
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How?: Building the Map
• “Targets” are selected via their flux and color in 

imaging data from the DESI Legacy Imaging Surveys
• For target we measure a spectrum and from that a 

redshift
• We measure 5000 spectra at once



DESI: Field of view
First light press image



DESI Sky Coverage



DESI Galaxies
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How?: Analyzing the Map
• Millions of galaxies but just one Universe 

–Need statistical characterization of structure in map

• We measure the “clustering” of our maps

–Essentially, the variance as of function separation

–“2-point” function; literally count pairs as function of 
separation and compare to random distribution



Analyzing the map
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Analyzing the Map
• We measure the “2-point” function

• Literally count pairs as function of separation and compare 
to random distribution

~50 Mpc/h



DESI Clustering
• We measure the “clustering” of our maps

–Essentially, the variance as of function of co-moving 
separation

Co-moving separation
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Clustering in Early DESI Data Release (~106 redshifts) • Difference in 
clustering 
amplitudes is 
“galaxy bias”

• Cannot directly 
use clustering 
amplitude for 
precision 
cosmology



DESI Clustering
• Year 1 sample has 107 redshifts
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DESI Clustering
• We measure the “clustering” of our maps

–Essentially, the variance as of function of co-moving 
separation

Co-moving separation
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Baryon Acoustic Oscillations
• Early Universe radiation 
pressure/ matter density -> 
standing wave in baryon 
density

ESA/Planck Collaboration

CMB Temperature 



Baryon Acoustic Oscillations
•Preferred co-moving scale 
frozen into matter distribution 
•CMB measurement gives 
calibrated “standard ruler”

SDSS LRG

Anderson et al. 2014



DESI Y1 BAO

Each inset figure shows the BAO isolated in data/model



DESI Y1 BAO

Lya QSO 

!Preliminary! 
Each inset figure shows the BAO isolated in data/model



DESI Clustering: Structure Growth
• Galaxies have their own “peculiar” velocities which cause 

“redshift-space distortions” (RSD) in our maps
• Different clustering for transverse compared to line-of-sight
• Amplitude gives rate of structure growth 

>~10 Mpc/h ~1 Mpc/h
Transverse separation
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From the DESI early data release



Structure Growth
•  Structure growth rate depends on matter density, assuming 

GR
•  Conversely, is a test of GR assuming background model

Final SDSS
Alam et al (2020)

DESI forecast
arXiv:1611.00036



DESI: Dark Energy Forecast
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Figure 2.10: Expansion rate of the Universe as a function of redshift. In the upper plot, the filled
blue circle is the H0 measurement of [106], the solid black square shows the SDSS BAO measurement
of [107], the red square shows the BOSS galaxy BAO measurement of [6], the red circle shows the
BOSS Ly-↵ forest BAO measurement of [47], and the red x shows the BOSS Ly-↵ forest BAO-quasar
cross-correlation measurement of [108]. The lower plot shows projected DESI points.

Figure 2.11: The w0 � wa plane showing projected limits (68%) from DESI using just BAO and
using the broadband (BB) power spectrum. Also shown is the limit from BOSS BAO. Planck priors
are included in all cases, and DESI includes the BGS and non-redundant part of BOSS. The figure
of merit of the surveys is inversely proportional to the areas of the error ellipses.

DESI 5 year Forecast

arXiv:1611.00036



DESI Dark Energy Constraints

• Stay tuned for DESI Y1 results in spring of 2024!



DESI: More than Dark Energy

•RSD measurements will help evaluate mild tensions (~3𝜎) 
between CMB + geometry and (some) low redshift structure 
growth probes

•DESI will provide best to date LSS results on primordial 
potential 

•Galaxy/quasar bias measurements probe galaxy evolution, 
links between star formation/structure growth/central black 
hole growth

•DESI is also mapping the Milky Way, getting radial positions of 
7 millions stars!



What Next?

Mapped before DESI

~ Mapped after DESI



Increasing Volume

SDSS



Available Volume (more sophisticated)

Schlegel et al. arXiv:2209.03585 

• “Primordial FoM” meant to estimate information 
available for constraining primordial potential

• i.e., to answer “Why is there any structure in the 
Universe”

https://arxiv.org/abs/2209.03585


• ~same instrument, five years
–Pathfinder for high-z surveys to (hopefully) 
succeed DESI
–BGS to higher redshift
–Synergies with LSST

• DESI instrument will continue to be the 
premier way to gather large numbers of 
redshifts

DESI-II



• Space telescope; size of 
Hubble with 100x field 
of view

• 2027 launch date
• Ohio State involved in 

“Project Infrastructure 
Teams” for imaging, 
planet finding, and 
spectroscopic surveys

Roman Space Telescope



• Spectra via Grism
–All light entering 
telescope is dispersed on 
same CCDs used for 
imaging survey
–(No targets)

• Baseline survey:  0.6 yrs 
(within 5yr);107 1<z<2 
galaxy redshifts; 2000 deg2

• Dense sampling that fills 
1.3 < z < 2 gap

Roman Space Telescope



• New instrument to gather ~20,000 spectra at 
a time

• Project start in 2027, survey start in early 
2030s

Spec S5

Schlegel et al. arXiv:2209.03585 

https://arxiv.org/abs/2209.03585


• DESI has produced the largest ever 3D map of 
cosmic structure
–Will provide exciting new constraints on 
cosmology’s biggest questions
–1st cosmology results spring 2024!

• After DESI, still at least 10x more volume to 
map
–Circa 2040, we should have better knowledge 
of the physics that produced initial structure!

Conclusion



BAO from SDSS

Credit: Ashley J. Ross and SDSS

Each inset figure shows the BAO isolated in data/model



Inflation
• Crazy: Universe expands by factor > 1026 when 

Universe is 10-36 seconds old
–Solve flatness and horizon problems

• (Some debate remains)
• Seeds all structure formation
✴Any model (inflation or otherwise) needs to 
predict any statistics we measure for 
primordial density field



DESI: Observations
• “tile” by tile, no overlaps until tile validated based on 

results of spectroscopic pipeline
• Tile pattern dithered 7 times for dark time and 4 
for bright 
• Daily QA of automated pipeline results allows fast 
buildup in overlapping coverage

Example coverage for a single tile



Neutrino Mass
• Forecasts from 

arXiv:1611.00036



Updated forecast
• Forecasts from 

arXiv:2306.06307



DESI: Observations
• “tile” by tile, no overlaps until tile validated based on 

results of spectroscopic pipeline
• Tile pattern dithered 7 times for dark time and 4 
for bright 
• Daily QA of automated pipeline results allows fast 
buildup in overlapping coverage

A. Raichoor & DESI



DESI: Observations
• “tile” by tile, no overlaps until tile validated based on 

results of spectroscopic pipeline
• Tile pattern dithered 7 times for dark time and 4 
for bright 
• Daily QA of automated pipeline results allows fast 
buildup in overlapping coverage

A. Raichoor & DESI
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>10 million redshifts! Lyman-𝛂 quasar



DESI: ~current QSO status
• 1,113,138 good redshifts



DESI: ~current QSO status
• 1,113,138 good redshifts



DESI: ~current LRG status
• 1,636,395 good redshifts



DESI: ~current LRG status
• 1,636,395 good redshifts



DESI: ~current ELG status
• 2,343,111 good redshifts



DESI: ~current ELG status
• 2,343,111 good redshifts



DESI: ~current BGS status
• 4,140,227 good redshifts



DESI: ~current BGS status
• 4,140,227 good redshifts



DESI: LSS catalogs
• Clustering statistics are calculated comparing 

distribution of data to a random sample
• e.g., the (normalized) number of data pairs 
compared to random pairs at a given separation 

• Randoms are uniform within the “selection 
function” of the data

Example coverage for a single tile

C
o-

m
ov

in
g 

nu
m

be
r 

de
ns

ity
 (

h/
M

pc
)3

1% survey



DESI LSS catalogs
• Most of data taken is currently kept blind from clustering analysis
• Two sets of data allowed to be analyzed:
• “1% Survey”
• High completeness allows confident measure of small-scale 

clustering and informs mock creation
• 278,978 ELGs, 128,683 LRGs, 36,111 QSOs, 245,566 BGS

1% survey 1% survey



DESI 1% survey clustering
• High completeness allows confident measure of small-scale 

clustering and informs mock creation
• 278,978 ELGs, 128,683 LRGs, 36,111 QSOs, 245,566 BGS

Plots from Andrei Variu



DESI LSS catalogs
• Most of data taken is currently kept blind from clustering analysis
• Two sets of data allowed to be analyzed:
• 1st ~two months of data “DA02”
• Almost all single pass, so low completeness
• 284,789 ELGs, 302,640 LRGs, 246,987 QSOs, 1,015,218 BGS



DESI DA02 clustering
• 1st ~two months of data “DA02”
• Almost all single pass, so low completeness
• Sample size allowed for analysis comparable to final SDSS sample



• Uses Sloan telescope at 
Apache Point NM
• SDSS camera obtained ugriz 
imaging for 3.6x108 sources
•  SDSS (I/II) and BOSS (III/IV) 
spectrographs used to obtain > 
2.5 million redshifts
• BOSS, 1000 spectra at a time, 
plugged by hand ->

The Sloan Digital Sky Survey I-IV :
Two Decades of Galaxy Redshift Surveys



SDSS Maps

C. Zhao et al. (2020)



Cosmological Information
• We measure the signature to two distinct physical phenomena

• 1) Position of BAO feature is used as a “standard ruler” to 
obtain distance(redshift)
• With enough signal to noise, measurement is broken into 
transverse and line-of-sight components

•

Alam et al (2020)



Cosmological Information
• We measure the signature to two distinct physical phenomena

• 2) RSD: Structure growth gives galaxies peculiar velocities 
and produces “redshift-space distortions” (RSD) in the 3D 
maps 
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Cosmological Information
• We measure the signature to two distinct physical phenomena

• 2) Structure growth gives galaxies peculiar velocities and 
produces “redshift-space distortions” (RSD) in the 3D maps
• We measure the amplitude and thus the structure growth 
rate 

•

Alam et al (2020)



Cosmological Information
• We measure the signature to two distinct physical phenomena

• Yields 3x3 likelihood at each* redshift, weakly correlated 
with background cosmology 

•

eBOSS LRG
Bautista et al. (2020)



Cosmological Results

Alam et al. (2020)



H0

Alam et al. (2020)



Neutrino Mass

Alam et al. (2020)



Structure Growth

Alam et al. (2020)



Structure Growth

Heymans et al. (2020)



eBOSS Cosmology Results

• Product is culmination of 20 years of work

• H0 tension between any early Universe calibration of sound 
horizon and local measurements is strong

• We observe no tension with structure growth
• Need better data to detect neutrino mass (but not *much* 

better!)
• 𝚲CDM remains viable



DESI: What is next

• Dark Energy Spectroscopic Instrument
• Collects 5,000 spectra per pointing on 4m Mayall telescope at 

Kitt Peak
• 5 year survey will collect > 30 million redshifts
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DESI: How?
• Use Mayall 4-m telescope with new optical 

corrector for 3 deg. field of view
• Populate focal plane with 5000 robotic 

positioners to collect light down fibers
• 10 groups of 500 fibers (petals) send light to 10 

spectrographs

full range of gravity vectors (0-60◦ Zenith angle) and account for surface irregularities that could produce uneven
loading of the lenses. The lateral displacement tolerances for the cells are ±20µm and the tip/tilt tolerances
are about 20µm at the edge of the lenses. The steel barrel is presently at University College London for the
integration of the optical elements.

4. FOCAL PLANE SYSTEM

The focal plane system includes 5000 robotic fiber positioners, 6 guide cameras, 4 wavefront cameras, and 120
illuminated fiducials12 (see Figure 3). These elements are in a thermal enclosure that minimizes the addition of
waste heat into the dome environment. There is also a fiber view camera mounted at the primary mirror that
provides feedback on fiber positions. The focal plane system is divided into ten identical petals that are 36◦

wedges that fill the circular focal plane. Each petal has 500 fibers that feed a single spectrograph, two additional
fibers that connect to a sky monitor camera, 12 illuminated fiducials, and a Guide/Focus/Alignment camera
(GFA). The design and integration of the focal plane system is led by Lawrence Berkeley National Lab (LBNL),
with contributions from many partner institutions. The scheduled delivery date to the Mayall is March 2019.

Figure 3. The focal plane system includes 5000 robotic fiber positioners, 6 guide cameras, 4 wavefront cameras, and
120 illuminated fiducials. These are mounted on ten, identical petals, and the fibers from each petal connect to one
spectrograph. The image on the left shows a model of the focal plane system as viewed from the corrector, while the
photo on the right shows the first, fully populated petal at LBNL.

4.1 Fiber Positioners

The fiber positioner robots have two rotational axes that can place the fiber within a 12-mm diameter patrol
region. The fiber positioners have a 10.4-mm pitch between neighboring units. The close proximity of the
positioners is a critical feature that enables the extraordinary multiplex of DESI. The moderate potential overlap
between neighboring fiber positioners requires consideration of collisions as part of both target selection and the
the orchestration of positioner moves to their target positions. Fiber assignment software identifies feasible
targets for each observation and anticollision software plans a safe sequence of acquisition moves for that set of
targets.

The fiber positioners are required to place the fiber tips within ≤ 5µm RMS of their targets. As the fiber
positioners are less precise for large moves, we achieve this requirement with an iterative process. After each
move of the positioners, the fiber tips and fiducials are illuminated and imaged with the fiber view camera.
Software measures the location of each fiber relative to the target location, determines any correction moves
that may be necessary, and then sends these correction moves to the fiber positioners. Lab tests indicate we
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The original positioner design and assembly sequences were developed at the Lawrence Berkeley National Laboratory. 
The actual mass-production of the full robotic assemblies is carried out at the University of Michigan. The 107 
micrometer diameter fiber assemblies are manufactured at the Lawrence Berkeley National Laboratory (LBNL). In 
addition, final integration of the positioner and the fibers is performed at LBNL. In this step the fibers are installed and 
precision aligned in the positioners at LBNL to ±15 micrometers. After this step, the integrated positioners are installed 
into the Focal Plane [1, 2, 3]. 

 
2.   MECHANICAL DESIGN OF THE POSITIONER 

 
The design is described in detail in previous proceedings [4]. Here we briefly summarize some key features that are 
important for the manufacturing process. A mechanical model and a picture of the completed fiber positioner are shown 
in Figure 1 together with the individual components. 
 

 

       

 
Figure 1. Fiber positioner CAD model, an actual positioner, and the individual components. 
 
The fiber is positioned utilizing two 4 mm diameter DC brushless gear motors (manufactured by NAMIKI Precision 
Jewel Co., Japan). It is routed through the phi assembly, passes through the theta bearing and is then guided smoothly 
through the interior of the remaining theta assembly. The fiber routing is designed to stay outside of a minimum bend 
radius and such that the positioner can accommodate the full 360 degrees of rotation without damaging the fiber. Theta 
and phi axis hardstops prevent the positioner from rotating beyond this limit in case of a control software glitch. Finally, 
the positioner is designed to absorb stray light and reduce reflections - the upper housing that contains the phi motor 
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Figure 3.11: Left: Eccentric axis (“✓-�”) kinematics and coordinate systems. Whenever R2 is
retracted within the dashed circle E, the positioner is guaranteed free rotation about ✓ without
obstruction from its neighbors. Right: Patrol coverage regions for neighboring positioners. Regions
labeled “1x” indicate coverage by a single positioner and “2x” by two positioners.

containing two ball bearings and an internal shaft. The cartridges are mounted in-line with their
respective motors’ output shafts. The cartridges are purchased as integrated units from a bearing
manufacturer.

The positioner has mechanical hard stops in both directions of both axes. Either axis can be
driven at full speed and power into either hard stop repeatedly and without damage. During all
testing we regularly ram hardstops and have not observed any discernible damage. More tests are
planned to attempt to quantify if any damage modes can be identified.

The fiber ferrule is held by a ferrule holder arm. The arm secures the 1.25 mm DESI ferrule
against a precise cylindrical mating surface. The ferrule is contacted by a nylon-tipped set screw
under controlled preload, with a small quantity of adhesive at the threads and tip to lubricate the
contact point during insertion and then to guarantee it cannot later loosen.

All the mating features for precision mounting and retention in the focal plate petal are machined
into the central axis bearing cartridge. A cylindrical datum constrains tip / tilt and xy position. A
flat flange datum defines focus. A thread provides positive and firm mechanical retention. These
identical features are used on the assembly jigs that locate the eccentric axis bearing and the ferrule
holder for each positioner. The features are illustrated in Figure 3.12.

3.3.4 Positioner Electrical Design

The two motors are driven by one electronics driver board attached to the aft end of the positioner.
There is no encoder on either motor. The motors each have 3 coils and are driven by pulse width
modulation of the current applied to its coils. The shaft position is controlled open-loop by rotating
the sum magnetic field of the 3 coils.

For large motions, the magnetic field, and thus the motor shaft, is ramped up rapidly to a
rotation rate of 10,000 rpm. This is very fast in practical terms: ⇠180�/sec at the output shaft,
depending on exact gear ratio. When re-positioning, the final ⇠50 µm of the move is done at low
speed (15 rpm) and very fine resolution (0.1� at the motor shaft, ⇠0.0003� at the output shaft).
After positioning a shaft, the coils are completely de-energized and the position remains stable.
This has been demonstrated by taking repeated centroids with the fiber view camera, before and



DESI: How?
• Use > 14,000 deg2 of DESI Legacy Survey g,r,z 

+WISE IR imaging to find targets
• Same kinds of tracers as SDSS

Dey et al. (2019)



DESI: Status
• Had just finished commissioning when 

everything was shutdown
•We were observing science targets across full 
focal plane

Observed distribution of ELGs
for one pointing:

Clustering measured for a few
Pointings (< 0.1% of final data):



DESI: Cosmology Outlook
• Great increase in constraints on DE equation of 

state and its evolution
• Should start seeing effect of massive neutrinos
• Shape of P(k) should rival Planck CMB in ability 

to constrain primordial P(k)
• Many synergies to be exploited with overlapping 

surveys (e.g., LSST or final DES data with DESI 
bright galaxy survey as foreground lenses)



Other completed redshift surveys

• VIPERS: 90,000 redshifts flux limited i<22.5,  0.5 < z < 1.2
• GAMA: 300,000 redshifts, flux limited r < 19.8, z <~ 0.4
• WiggleZ: 240,000 redshifts, 0.2 < z < 1.0
• 6dF: 110,000 redshifts, z~0.1
• …
• SDSS 1-IV: > 2.5 million redshifts



• Characterize new optical corrector while focal plane 
system is being built

• Give more time for DESI to measure galaxy redshifts
• Observing campaign happened April-May

DESI Commissioning Instrument

2. DESI COMMISSIONING INSTRUMENT

The DESI commissioning instrument (CI), will be used to commission the telescope control system, guiding, and
the Aetin Optics System that maintains optical alignment. It will be used to characterize the image quality and
optical distortions of the new corrector. The CI has five commercial cameras; one at the center of the focal surface
and four at the periphery of the field that are aligned with the cardinal directions. There are 22 illuminated
fiducials to calculate the transformations and further develop the systems that will place fibers within 5µm RMS
of the target positions. We will use the commissioning instrument metrology program to measure the absolute
three axis Cartesian coordinates of the five CCDs and 22 illuminated fiducials on the commissioning instrument.
Fig. 1 shows a model of the CI. The CI is described in more detail elsewhere in these proceedings.2

When the CI is installed in place of the future DESI focal plane system (FPS), the center CCD camera will
be aligned with the telescopes optical axis, and the other four cameras will will sit 90 degrees apart and at the
same radii as the Guide Focus and Alignment cameras (GFAs) that will sit on the FPS. The GFAs will be used
to guide the telescope and focus and align the DESI corrector, and we will use the cameras on the CI for the
same purpose. In a similar manner, the CI’s illuminated fiducials will allow us to measure the parameters needed
such that the fixed illuminated fiducials (IFs) present on the focal plane system will be in focus when viewed by
the fiber view camera.

Figure 1. Drawing of the DESI commissioning instrument. Left: the front of the CI, where CS5 Z points towards the

primary M1 mirror (out of the page), CS5 X points towards the east camera, and CS5 Y points towards the south camera.

The CI contains five SBIG cameras and 22 IFs. The IFs are seated inside of receded tube mounts. Right: the back of

the CI, where CS5 Z points into the page. Groups of four IF are placed at various radii that are centered at the center of

the CI, which in the CS5 coordinate system will the XYZ position (0,0,0). The center of the CCD of the center camera

will be within 2mm of the CS5 Z axis such that we can derive the initial telescope pointing solution and astronomy for

the corrector. The North, East, South, and West camera CCDs will be within 2mm of the same radial positions as the

GFAs, which is necessary to map the corrector distortions. The IF shown in yellow is the reference IF; it isn’t a part of

any of the IF radial quadrature, and is used for reference measurements. The blue plates are the the tip/tilt/focus (TTF)

mounts that attach the cameras to the CI baseplate, and allow us to make adjustments to camera positions.

The CI will also be used to commission the DESI PlateMaker software to map celestial object locations on
the focal plane. The PlateMaker software requires both an accurate model of the distortion pattern created by
the primary mirror and optical corrector, and the distortion pattern caused by the optical corrector and FVC
optics and imaged onto the FVC CCD. During the PlateMaker commissioning, we will use astrometric data from
the five CCDs to improve our model for the DESI corrector. We will then use the DESI CI metrology software
to determine the positions of the CI instruments in the coordinate system for the FPS, known as CS5, which



DESI Commissioning Instrument



• Already learning loads about focusing/optimizing image 
quality, guiding, tracking/pointing, reason for aperture mask 
on mirror installed in 1970s

DESI Commissioning Instrument

April 4th April 12th



• Euclid: launch ~2022,35 million galaxy redshifts, slightly 
higher redshifts than DESI

• 4MOST: 2400 spectra at a time on 4m ESO VISTA 
telescope; operation starts 2022 (not trying to compete 
on cosmology)

• WEAVE: 1000 spectra at a time on 4.2m William Herschel 
Telescope; operation starts soon, cosmology focus on 
quasars

• WFIRST: mid 2020s launch date, 20 million more redshifts
• Maunakea Spectroscopic Explorer: 4000 fibers on new 

11.25m, survey details being defined

Other future surveys



Galaxy bias

• Galaxies are biased tracers of 
matter field

• Some basic theory of galaxy 
formation/evolution required

• Generally, focus on large (linear) 
scales

Ross & Brunner (2009)
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• Power spectrum

• Correlation function

• k~2π/r
• r and s interchangeable

2-point Clustering

P (k) = �δk(k)2�

ξ(r) = �δ(x)δ(x + r)�

(correlated data points)



• Degree of anisotropy 
depends on rate of 
structure growth, f

• f(a)≡dln(D)/dln(a); (a 
= 1/[1+z]); f is 
determined given 
GR, Ωm(z) 

• can measure 
amplitude of velocity 
field fσ8

• Recent work 
concentrates on 
measuring combination 
of fσ8 and BAO 
distances

Anisotropic Clustering
Samushia et al. (2014)
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Primordial non-Gaussianity: local fNL

• Amount of non-Gaussianity in primordial field in squeezed 
k-space triangle configurations

• Introduces coupling between short and long wavelength 
modes

• And thus scale dependent bias for biased tracers with k-2 
dependence

3

FIG. 1: Illustration of the scales of interest in our analysis (with the linear matter power spectrum in arbitrary units shown in
red for comparison). We consider the primordial non-Gaussianity information contained in the modulation of short modes, with
wave number kS , by long-wavelength perturbations with wave number qL. We study long modes in the range qmin < qL < qL,max

and short modes in the range kS,min < kS < kmax. The squeezed-limit is enforced by imposing a hierarchy qL,max ⌧ kS,min. In
this limit, the position-dependent power spectrum approach introduced in Section IIIA gives an extremely useful description
of the squeezed-limit bispectrum and collapsed trispectrum information content. The dashed magenta line indicates the wave
number corresponding to the “local volume” VS over which the position-dependent power spectrum is estimated (see Section
IIIA for details).

II. FORMALISM

A. Local primordial non-Gaussianity

We consider primordial non-Gaussianity given by the local ansatz [12],

�(x) = �̃(x) + fNL

⇣
�̃
2(x)� h�̃

2
i

⌘
, (1)

where � is the primordial Bardeen potential and �̃ is a Gaussian auxiliary field. In Fourier space3, the matter density
perturbation at redshift z is to linear order related to � by,

�(k) = M(k)�(k), with M(k) =
2 k2 T (k)D(z)

3⌦m H
2
0

, (2)

where ⌦m is the matter density relative to the critical density and H0 is the Hubble parameter, both at z = 0. The
factor T (q) is the transfer function of matter perturbations, normalized to unity at low wave number q, and D(z) is

3
We use the Fourier convention �(k) =

R
d3x eik·x �(x).
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FIG. 3: Left: The squeezed-limit bispectrum is the correlation between one long and two short modes. The pair of short modes
is contained in the long-wavelength modulation of the position-dependent power spectrum, �(ks) �(�kS � qL) ⇢ �P̂ (ki;�qL),
where ki indicates a bin of short modes containing kS (see Section III). The squeezed-limit matter bispectrum is thus equivalent
to the cross-spectrum between a long-mode matter perturbation and the long-mode position-dependent power spectrum per-
turbation. Right: The collapsed trispectrum correlates two pairs of short modes. It can be seen as the (cross-)power spectrum
of two instances of the position-dependent power spectrum, h�P̂ (ki;qL) �P̂ (kj ;�qL)i.

First, it is only at qL ⌧ keq that the primordial mode-coupling has the characteristic / 1/q2L scale-dependence
relative to non-primordial mode-coupling, �L ⇠ q

�2
L �L. As shown in Figure 2, at larger qL, the scale-dependence

becomes flatter. In principle, this is still a distinct signal from the non-primordial modulation, but in practice it
may become much harder to distinguish the two and the primordial signal is likely to be much more degenerate
with cosmological parameters describing (non-linear) evolution [21, 48]. Related to this point, because of the scale-
dependence, for large qL, the primordial mode-coupling becomes extremely small compared to the non-primordial one.
The only reason the information content is not similarly suppressed is that the number of independent modes (per
d ln qL) is much larger at small scales. The information contained at large qL, while in principle there, may therefore
be di�cult to extract as this is e↵ectively a very “foreground dominated” regime.

A second reason for focusing on very small qL is that we want the long modes to be safely inside the linear regime.
This way, we are justified in treating the long modes as Gaussian so that in particular all information is contained in
just the 2-point functions of long modes. Finally, the restriction to small qL allows us to keep kS,min fixed, whereas if
we wanted to include a larger range of qL values, we would have to adjust kS,min so that the condition kS,min > qL is
always satisfied (technically, kS,min � qL, to be in the squeezed limit).

C. Information content multiple biased tracers

In the next sections, we will use that not only the matter and halo power spectrum, but also the squeezed-limit
bispectrum and collapsed trispectrum can be treated in terms of (cross-)power spectra of multiple biased tracers of
the long-wavelength matter perturbations. We here briefly review the general formalism for computing the Fisher
information [49–51] from multiple tracers.

Consider a set of biased tracers (since we will later specifically study tracers of the long mode matter perturbations,
we here use the wave vector qL),

�a(qL) = ba(qL) �(qL) + ✏a(qL), (10)

where �(qL) is the matter overdensity with power spectrum defined by,

h�(k) �(k0)i = (2⇡)3 �(D)(k+ k
0)P (k), (11)

ba(qL) is the tracer bias, and ✏a(qL) is a stochastic noise contribution, which is uncorrelated with �(qL), and has
power spectrum,

h✏a(k) ✏b(k
0)i = (2⇡)3 �(D)(k+ k

0)Nab = (2⇡)3 �(D)(k+ k
0)Na �

(K)
ab . (12)

The last equality captures the assumption, which we will apply in the following, that the shot noise is uncorrelated
between di↵erent tracers. Then, the tracer (cross-)power spectra are given by,

Pab(qL) = ba(qL) bb(qL)P (qL) +Na �
(K)
ab . (13)

Let us now consider the information contained in some (sub)set of such spectra, i.e. our observables are the (cross-
)power spectrum estimators,

ÔA(qL) ⌘ P̂ab(qL), (14)

4

FIG. 2: The quantity M�1(k), which gives the ratio of a primordial potential fluctuation � with wave number k to the
corresponding matter density perturbation � (at z = 1). This quantity determines the scale-dependence (relative to �) of the
primordial modulation with long-wavelength perturbations of small-scale power and halo number density.

the linear growth function, normalized such that D(z) = 1/(1+ z) during matter domination. We show M
�1(k), the

ratio between the primordial potential and the matter density perturbation as a function of scale, at redshift z = 1,
in Figure 2.

B. Long-short mode coupling and primordial non-Gaussianity

Throughout this article, we focus on the squeezed-limit signal induced by fNL, i.e. the mode-coupling between long
and short wavelength perturbations. We thus formally introduce a hierarchy of scales by defining long modes to have
wave number qL and short modes wave number kS with,

qL < qL,max ⌧ kS,min < kS . (3)

As illustrated schematically in Figure 1, we focus mainly on long wavelength modes larger than the matter-radiation
equality scale, i.e. we take qL,max . keq ⇠ 0.02h/Mpc. To be fully in the squeezed limit, one wants kS,min to be
significantly larger than qL,max, as illustrated in the Figure, although in practice we will relax this requirement a little
in our forecasts. We will also define a longest long mode, qmin, e↵ectively determined by the survey volume, and a
“shortest short mode”, kmax, set by how deep into the non-linear regime we are able to probe. We discuss in more
detail the motivation behind the choice of these scales, and in particular the choice of the range of long modes, at
the end of this subsection, and we will discuss the exact numerical choices of qL,max, kS,min, kmax, qmin when we first
introduce quantitative results in Section III C.

We can now express the squeezed-limit mode-coupling in Fourier space by writing the response of the short modes
to the long modes,

�(kS) = �̃(kS) + 2fNL

Z

L

d
3
qL

(2⇡)3
�(qL) �̃(kS � qL) = �̃(kS) + 2fNL

Z

L

d
3
qL

(2⇡)3
M

�1(qL) �(qL) �̃(kS � qL), (4)

where integrals with subscript L are over qL < qL,max (i.e. we have explicitly only written the squeezed-limit mode-
coupling). Here, �̃(kS) is the short mode in the absence of long mode perturbations. Throughout this paper, we will

de Putter (2018)
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Spectrum Description

P̂11(qL) Matter power spectrum (mm or PK)

P̂h1(qL) Halo-matter cross-spectrum (hm)

P̂hh(qL) Halo power spectrum (hh or PKh)

TABLE III: The power and cross-spectrum estimators of long-mode perturbations considered in Section IV, along with short-
hand notation.

Here6 b
(h)
10 is the linear, Eulerian halo bias and b

(h)
01 describes the response to the primordial potential fluctuation due

to primordial non-Gaussianity7 (with fNL factored out). This bias can be written,

b
(h)
01 = 4

d ln n̄h

d ln�2
R

= 2 (b(h)10 � 1) �c, (51)

where d ln n̄h/d ln�2
R is the response of the background halo number density n̄h to a variation in the initial variance of

fluctuations �2
R on some scale R characteristic of those halos. To obtain the second equality, in which �c ⇡ 1.686 is the

critical overdensity for spherical collapse, we have implicitly assumed a universal halo mass function (see Appendix
E). We will assume the above expression as our fiducial value in the following.

Eq. (50) also includes a stochastic noise, which we will treat as a simple Poissonian shot noise due to the finite
number of halos. The cross-spectrum between the shot noise and the matter overdensity � is equal to zero. Finally,
we do not include redshift space distortions.

A. Scale-dependent bias information content - Formalism

We consider the information in the modulation of halo density by the long-mode primordial potential fluctuation.
Based on the above, in the general notation for biased tracers used in this paper, the halo overdensity (subscript h),
is thus characterized by,

bh(qL) = b
(h)
10 , b

0
h(qL) = 2fNL (b

(h)
10 � 1) �c M

�1(qL), Nh =
1

n̄h
. (52)

For the position dependent power spectrum, the e↵ective shot noise was determined by the shortest included short
mode, kmax, while for scale-dependent bias it is (approximately) given by the Poisson noise due to finite number
of sources, determined by n̄h, the comoving halo number density. An important di↵erence is that, at least in this
paper, we will only consider the halo overdensity of a single sample, whereas the position-dependent power spectrum
constitutes a set of multiple tracers with di↵erent biases. It is straightforward to generalize our analysis to the case
of multiple halo samples, in which case the analogy is even more complete.

Analogously to the treatment of the position-dependent power spectrum in the previous section, we will consider
the halo power spectrum (Phh(qL), or hh in short), the halo-matter cross-spectrum (Ph1(qL), hm in short), and a
joint analysis of Phh(qL), Ph1(qL) and the matter power spectrum P11(qL) (see Table III). We summarize the analytic
expressions for the information content in these probes below. The derivations use the same tools as discussed earlier
for the matter statistics so we will not spell them out.

The Fisher information on fNL in the halo power spectrum is analogous to that in the matter trispectrum, and is
given by,

F (qL) =
2⌃h(qL)⌃00

h(qL)

(1 + ⌃h(qL))
2 (halo power spectrum, hh), (53)

6
We use the superscript (h) to distinguish the halo bias parameters from the general bias parameters describing the tracers that enter

our forecasts.

7
Technically, the non-Gaussian linear bias is proportional to fNL � f1�field

NL , where f1�field
NL = �5/12(ns � 1) is the single-field prediction.

In particular, there is exactly zero physical scale-dependent bias in single-field inflation [66, 67]. For fNL values within near-future

observational reach, the above correction is small and we will ignore it in this work.

3

FIG. 1: Illustration of the scales of interest in our analysis (with the linear matter power spectrum in arbitrary units shown in
red for comparison). We consider the primordial non-Gaussianity information contained in the modulation of short modes, with
wave number kS , by long-wavelength perturbations with wave number qL. We study long modes in the range qmin < qL < qL,max

and short modes in the range kS,min < kS < kmax. The squeezed-limit is enforced by imposing a hierarchy qL,max ⌧ kS,min. In
this limit, the position-dependent power spectrum approach introduced in Section IIIA gives an extremely useful description
of the squeezed-limit bispectrum and collapsed trispectrum information content. The dashed magenta line indicates the wave
number corresponding to the “local volume” VS over which the position-dependent power spectrum is estimated (see Section
IIIA for details).

II. FORMALISM

A. Local primordial non-Gaussianity

We consider primordial non-Gaussianity given by the local ansatz [12],

�(x) = �̃(x) + fNL

⇣
�̃
2(x)� h�̃

2
i

⌘
, (1)

where � is the primordial Bardeen potential and �̃ is a Gaussian auxiliary field. In Fourier space3, the matter density
perturbation at redshift z is to linear order related to � by,

�(k) = M(k)�(k), with M(k) =
2 k2 T (k)D(z)

3⌦m H
2
0

, (2)

where ⌦m is the matter density relative to the critical density and H0 is the Hubble parameter, both at z = 0. The
factor T (q) is the transfer function of matter perturbations, normalized to unity at low wave number q, and D(z) is

3
We use the Fourier convention �(k) =

R
d3x eik·x �(x).



Observational Systematics: fNL

BOSS DR9 CMASS galaxies

Ross et al. (2013)



• BOSS galaxies (Ross et al. 2017), Ly-α forest (Bautista et 
al. 2017), quasars, DES photozs…

BAO Don’t Budge

BOSS DR9 CMASS galaxies

Ross et al. (2012) eBOSS DR14 quasars
Ata et al. (2017)

DR14 eBOSS Quasar BAO Measurements 9

We calculate ⇠(s, |µ|) in evenly-spaced bins6 in s, testing both
5 and 8 h

�1Mpc, and 0.01 in |µ|. We then determine even moments
of the redshift-space correlation function via

2⇠`(s)
2` + 1

=
100X

i=1

0.01⇠(s, µi)L`(µi), (7)

where µi = 0.01i � 0.005 and L` is a Legendre polynomial of
order `. In this work we only use the ` = 0 moment. By defining
the monopole this way, we ensure an equal weighting as a function
of µ and thus a truly spherically averaged quantity. This means any
distance scale we measure based on the BAO position in ⇠0 matches
our definition of DV (given in Eq. 13).

The resulting correlation function is displayed in Fig. 5, where
it is also compared to the mean of the mock samples we use. We
describe the measurements further in Section 7.1.

4.2.2 Fourier Space

In order to measure the power spectrum of the quasar sample we
start by assigning the objects from the data and random catalogues
to a regular Cartesian grid. This is the starting point for using
Fourier Transform (FT) based algorithms. In order to avoid spuri-
ous grid effects we use a convenient interpolation scheme to smooth
the configuration-space overdensity field.

We embed the entire survey volume into a cubic box with
size Lb = 7200 h

�1 Mpc, and subdivide it into N
3

g = 10243 cu-
bic cells, whose resolution and Nyquist frequency are 7h

�1 Mpc,
and kNy = (2⇡/Lb)Ng/2 = 0.447 hMpc�1, respectively. To
obtain the smoothed overdensity field, an interpolation scheme is
needed for the particle-to-grid assignment. By choosing a suitable
interpolation scheme we can largely reduce the aliasing effect to a
negligible level for frequencies smaller than the Nyqvist frequen-
cies, which in this case comprises the typical scales for the BAO
analysis. Traditional interpolation schemes include the Nearest-
Grid-Point (NGP), Cloud-in-Cell (CIC), Triangular-Shaped-Cloud
(TSC) and Piecewise Cubic Spline (PCS). These options corre-
spond to the zero-th, first, second and third order polynomial
B-spline interpolations, respectively (see Chaniotis & Poulikakos
2004 for higher order interpolation schemes based on B-spline).
Additionally, each of these interpolation schemes has an associated
grid correction factor that has to be applied to the overdensity field
in Fourier space (Jing 2005). The higher the order of the B-spline
polynomial used in the grid interpolation, the smaller the effect
of the grid on the final measurement. Aliasing arises as an extra
limitation which cannot be avoided by just increasing the order of
the grid interpolation scheme. Since for cosmological perturbations
the bandwidth is not limited above a certain maximum cutoff fre-
quency, the unresolved small scale modes are spuriously identified
as modes supported by the grid, resulting in a contamination of the
power spectrum, typically at scales close to the Nyqvist frequency.
Recently, Sefusatti et al. (2016) demonstrated that by displacing
the position of the initial grid by fractions of the size of the grid
cell the effect of the aliasing was greatly suppressed. This proce-
dure is called interlacing and was originally presented in (Hockney
& Eastwood 1981). In particular, Sefusatti et al. (2016) found that
when a 2-step interlacing was combined with a PCS interpolation,

6 The pair-counts are tabulated using a bin width of 1 h�1Mpc and
summed into x h�1Mpc bins, allowing different choices for bin centres
and widths.

25 50 75 100 125 150 175 200
s (h�1Mpc)

�60

�40

�20

0

20

40

60

80

s2
� 0

(s
)

(h
�

2
M

p
c2

)

EZ, �2/dof =19.9/24 (214)
QPM, �2/dof =23.5/24 (225)
DR14 sample
DR14 sample, no wsys

Figure 5. Top panel: The spherically averaged redshift-space correlation
function of the DR14 quasar sample, for data in the SGC (blue squares) and
NGC (red diamonds). The dashed curves display the mean of the 1000 EZ-
mock samples. The data in each region are broadly consistent with the mean
of the mocks and with each other. Bottom panel: The NGC and SGC data
have been combined (solid black curve) and are now compared to both the
EZ and QPM mocks (points with error-bars). The agreement is excellent.
The dashed grey curve displays the result for the data when not applying
systematic weights; the difference is dramatic and has �2 significance of
more than 180. The covariance matrix is dominated by the low number
density of the DR14 quasar sample and the correlation between data points
is low, e.g., the correlation between neighboring s bins is ⇠0.2.

the effect of aliasing was reduced to a level below 0.1%, even at
the Nyquist scale.

In this work, we apply a 5th-order B-spline interpolation to
calculate the overdensity field on the grid. Additionally, we com-
bine two cartesian grids, displaced by half of their grid size, to ac-
count for the aliasing effect. We have checked (by doubling the
number of grid cells per side) that the effect of aliasing is totally
negligible in the range k . 0.4 hMpc�1.

After applying the grid interpolation, we obtain an overdensity
field �(ri) at each grid centre, (Feldman et al. 1994),

�(ri) ⌘ wtot(ri)[nqso(ri) � �nran(ri)]/I
1/2
2

. (8)

The quantity wtot is the total weight for the quasars at the grid
location given by Eq (5), nqso and nran are the number density at
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• No significant systematic concerns or technical challenges 
in obtaining measurements

• More galaxies, more volume: Better Dark Energy 
constraints

BAO
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Table 2.10: Projected constraints on inflationary observables obtained by DESI. In all cases, we
include constraints from the Planck satellite and BAO information from DESI galaxies, quasars and
the Ly-↵ forest. We show the result of including information from the broadband galaxy power
spectrum (“Gal”) out to kmax = 0.1 and 0.2 hMpc�1, and from the Ly-↵ forest. The numbers in
parentheses show the relative improvement over Planck. Broadband Ly-↵ forest constraints include
⇠ 100 existing high resolution spectra to constrain the IGM model. ns constraints assume fixed ↵s.
Both constraints are marginalized over ⌃m⌫ , and the fiducial values are ns = 0.963, ↵s = 0.

Data �ns �↵s

Gal (kmax = 0.1hMpc�1) 0.0025 (1.3) 0.005 (1)
Gal (kmax = 0.2hMpc�1) 0.0022 (1.5) 0.004 (1.3)
Ly-↵ forest 0.0029 (1.1) 0.0027 (1.9)
Ly-↵ forest + Gal (kmax = 0.2) 0.0019 (1.7) 0.0019 (2.7)

quasars, and Ly-↵ forest, combined with CMB data from the Planck satellite. The table shows
strong constraints on ns, and improvements up to a factor of three over Planck alone, under the
assumption that there is no significant running in the spectral index. Achieving these constraints
will require excellent control of broad-band systematics in the Ly-↵ forest and galaxy analyses.
But the e↵ort is worthwhile, as these measurements can have far-reaching implications on our
understanding of the very early Universe, as we now describe.

For the spectral index, the increased accuracy implies much better constraints on models of
inflation. With the DESI+Planck constraints, excellent constraints on the spectral index will
e↵ectively reduce the allowed region in the plane of ns and r, the ratio of tensor to scalar modes, to a
vertical line pinned at the measured value of ns. Combining these results with better measurements
of the r from the small-scale CMB experiments will lead to much better constraints on inflationary
models. Even without the accompanying r measurements, better determination of the spectral
index is important: for example, for inflationary potentials V (�) / �m, where � is the inflaton field,
the spectral index and the total number of e-folds of inflationN are related via 1�ns = (m+2)/(2N)
[126]. Hence, for this class of models the duration of the inflationary phase would be determined
by DESI very precisely.

Implications of the precise measurements of the running of the spectral index ↵s are even more
impressive. In standard single-field slow-rolling inflationary models, the running of the spectral
index is of the order O((1 � ns)2) ⇠ 1 ⇥ 10�3 if ns ⇠ 0.96. This means that DESI will start to
approach the region of expected detection in minimal inflationary models. More importantly, a
detection of running larger than the slow-roll prediction would imply either that inflation involves
multiple fields, or a breakdown of the slow roll approximation [127], or else that a non-canonical
kinetic term is controlling inflationary dynamics [128]. Any detection of the running of the spectral
index would represent a significant advance in our understanding of the physics of inflation.

Primordial non-Gaussianity

One of the fundamental predictions of the simplest inflationary models is that the density fluc-
tuations in the early Universe that seeded large-scale structure were nearly Gaussian distributed.
A single field slow-roll inflation with canonical kinetic energy and adiabatic vacuum predicts very
small amount of non-Gaussianity. A violation of any of these conditions, however, may lead to large
non-Gaussianity. A simple, frequently studied model is that of non-Gaussianity of the local type,
� = �G + fNL(�2

G � h�2

Gi), where � is the primordial curvature fluctuation and �G is a Gaussian
random field. A detection of nonzero fNL would rule out the simplest model of inflation, while a

DESI forecasts

() denotes gain over Planck

19

FIG. 8: Left: As Figure 7 (repeated for ease of comparison). Right: Uncertainty on fNL from halo power spectrum (black)
as a function of the halo number density n̄. The magenta curve shows the total information available in the large-scale halo
overdensity, obtained by performing a cosmic variance canceling multitracer analysis of the long-mode matter overdensity and

the halo overdensity. The observables in this case are the halo power spectrum, halo-matter cross-spectrum, and matter power
spectrum. The halo power spectrum only case is akin to the trispectrum in the left panel in the sense that it is an autocorrelation
of biased tracers of the long-mode matter overdensity. However, in the matter trispectrum case, one has multiple tracers (one
for each short k mode), which allows for a degree of cosmic variance cancellation in the low shot noise limit (right hand side of
plots), while for the single-tracer halo power spectrum a plateau of minimum uncertainty is reached in this limit.

with,
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�1
h bh b

0
h(qL)P (qL)

⌃00
h(qL) ⌘ N

�1
h (b0h(qL))

2
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The information in the halo-matter cross-spectrum is analogous to the matter bispectrum, and is given by,

F (qL) =
⌃00

h(qL)

1 + 2⌃h(qL)
(halo-matter cross-spectrum, hm). (55)

Finally, the joint information from a “multitracer analysis” of hh, hm and mm is,

F (qL) = ⌃00
h(qL) (halo-matter multitracer combi, hh+ hm+mm). (56)

We again consider this latter quantity the total information per mode qL available in scale-dependent bias for a given
number density n̄h. The hh or hm signals separately do not achieve this constraining power due to the long-mode
cosmic variance caused by bh, which is cancelled out in the multitracer approach. Note that, in analogy with the
matter bispectrum, the above information would also be obtained from the halo-matter cross-spectrum, Phm(qL), if
bh is set to zero (i.e. the halo equivalent of the Gaussian covariance approximation).

B. Scale-dependent bias information content - Results

We quantitatively compare the scale-dependent bias approach to the higher order matter statistics in Figure 8.
We again use a fiducial survey volume V = 100 (h�1Gpc)3, e↵ective redshift z = 1, and for the halo sample assume

a fiducial bias b
(h)
10 = 2. For convenience of comparison, the left panel repeats Figure 7, showing �(fNL) from

direct measurement of the matter density statistics. The right panel shows the constraining power of the halo power
spectrum (black), halo-matter cross-spectrum (orange) and the combination of the two plus the matter power spectrum
(magenta). In both panels, we include the same range of long modes, qL = 0.001h/Mpc� 0.02h/Mpc.

Comparing the two panels of Figure 8, we clearly see the same behavior, according to the analogies spelled out
above (hh $TK, hm $BK, etc). The only qualitative di↵erence is that �(fNL) from the halo power spectrum and

de Putter (2018)
100 (Gpc/h)3 survey
b=2 halo bias

Planck
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Figure 17. The constraints on H0 and the relativistic energy density, pa-
rameterized by Ne↵ . (top) Constraints for the ⇤CDM parameter space us-
ing Planck+BAO+FS, with and without direct H0 measurements. (bottom)
Constraints for the owCDM parameter space using Planck+BAO+FS+SNe,
with and without direct H0 measurements. In both cases, the combination
with the H0 = 73.0 ± 1.8 km/s/Mpc measurement of Riess et al. (2016)
causes a shift toward higher Ne↵ and higher H0. [TODO: Plots need to
match axis ranges. H0 needs units. Ne↵ on y-axis should be roman, not
italics. Caption should be BAO+FS, right?]

ing unusually unlucky (Riess et al. 2016). But these searches have
not yet identified the culpret(s) and it is tantilizing that there could
be cosmological exotica lurking here.

[TODO: How much more unlikely is the fit if one includes
the Riess et al. value? with or without Ne↵? We’re showing the
shift, but it’s less clear how this maps to likelihood. After all,
any chain will return an error bar.]

9.4 Cosmological Parameter Results: Growth of Structure

We next turn to models that assume a simpler distance scale
but consider parameters to vary the growth of structure, notably
through massive neutrinos or modifications of the growth rates pre-
dicted by general relativity. These results are found in Table 10.

We start with ⇤CDM models that include an unknown total
mass of the three neutrino species. In detail, we assume that all
of the mass is in only one of the three weakly coupled species,
but this difference is modest. Neutrinos of sub-eV mass serve as a

Figure 18. Posterior distribution for the sum of the mass of neutrinos in the
⇤CDM cosmological model. The blue curve includes the growth measure-
ment from the lensing impacts on the CMB power spectrum and from the
BOSS RSD measurement of f�8. The green curve exclude both of these
constraints; one still gets constraint on the neutrino mass from the impact
on the distance scale. Red and grey curves relax one of the growth mea-
surements at a time; showing that most of the extra information comes from
the CMB lensing. [TODO: Need to put units on the neutrino mass. Note
that we’ve been saying eV, but this perhaps be ev/c2 everywhere in the
paper.]

Figure 19. Results for modification of the growth function in the ⇤CDM
cosmological model. The results are consistent with the predictions of gen-
eral relativity: Af�8 = 1, Bf�8 = 0. [TODO: Are these contours con-
sistent with the B = �0.6 ± 0.3 from the table? They seem a little
bigger than this. Should we be quoting an extra significant figure in the
table? Maybe this is really ±0.34...]

sub-dominant admixture of hot dark matter. Because of their sub-
stantial velocity, they fail to fall into small-scale structure at low
redshift, thereby suppressing the growth of structure from recom-
bination until today (Bond & Szalay 1983; Hu et al. 1998). With
today’s data sets, the measurement of the amplitude of the CMB
anisotropy power spectrum and the optical depth to recombination
⌧ implies the amplitude of the matter power spectrum at z ⇡ 1000.
The measurement of the expansion history along with the assump-
tions of general relativity and minimal neutrino mass then implies
the amplitude of the matter power spectrum at z = 0, typically
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reported as �8. Variations in the neutrino mass then cause the ex-
pected �8 to vary.

Measurements of the low-redshift amplitude of structure can
therefore measure or limit the neutrino mass. Here, we utilize two
measurements: the lensing effects on the Planck CMB anisotropy
power spectrum and the BOSS RSD. Using these, we find a 95 per
cent upper limit on the neutrino mass of 0.16 eV.

We then consider how the constraints vary if one relaxes these
measurements, as shown in Figure 18. We include additional nui-
sance parameters AL that scale the impact of the CMB lensing and
Af�8 that scales the RSD following as

f�8 ! f�8 (Af�8 + Bf�8(z � zp)) (21)

with zp = 0.51 (chosen to be the central measurement redshift
and also close to actual redshift pivot point for these two parame-
ters). However, for the discussion of neutrinos, we keep Bf�8 = 0.
[TODO: Is this notation clear that Af < 1 means that the mea-
surements are lower than the theory prediction? Added text to
the next paragraph to make the sign clear, but would a reader
focusing on this equation get it right?] We note that AL is defined
scaling the power spectrum of fluctuations, whereas Af�8 varies
the amplitude. This means that errors on AL will be double those
on Af�8 .

From this, we find that the measured CMB lensing is about
19 ± 8 per cent stronger (so about 3.5 per cent on the amplitude of
fluctuations) than what the ⇤CDM model would prefer, while the
measured RSD is within 1� of the base level: Af�8 = 0.96±0.05.
This means that the RSD measured in BOSS is a 5 per cent test of
the expected amplitude of structure, with the central value of the
measurement being slightly lower than the ⇤CDM prediction.

Interestingly, even with AL and Af�8 varying and hence with
no low-redshift measurement of the growth of structure save for a
weak effect from the Integrated Sachs Wolfe effect in the large-
angle CMB anisotropies, we find a 95 per cent upper limit of
m⌫ < 0.26 eV. This comes from the impact of the neutrino mass
on the expansion history of the Universe (Aubourg et al. 2015). Es-
sentially, the CMB inference of the balance of matter and radiation
at recombination yields the density of baryons and CDM, while
the measurements of the low-redshift distance scale infer a matter
density that now includes the massive neutrinos as well.

Considering growth measurements one at a time, we find
that including the CMB lensing effect is primarily responsible for
shrinking the 95 per cent upper limit from 0.26 eV to 0.15 eV. The
RSD measurement alone only reaches <0.23 eV. This is not sur-
prising: a 1� variation of order 0.13 eV corresponds to a 1 per
cent mass fraction of neutrinos, which yields a roughly 4 per cent
change in the small-scale growth function to low redshift. This is
somewhat smaller than the 5 per cent rms measurement from RSD.
But the relative improvements are also being impacted by the cen-
tral values of the RSD and CMB lensing inferences. RSD prefers a
slightly lower normalization of small-scale power, thereby favoring
a larger neutrino mass. Meanwhile, the CMB power spectrum ap-
pears to indicate a larger AL and hence a higher normalization of
small-scale power, which pulls neutrino masses lower and makes
the upper limit stronger.

These limits on the neutrino mass are comparable to numerous
other recent measurements. The strongest bound so far, 0.12 eV at
95 per cent, is presented in Palanque-Delabrouille et al. (2015) for
the combination of Planck 2015 data and the one-dimensional flux
power spectrum of the BOSS Lyman-↵ forest in quasar absorp-
tion spectra. Recent attempts to combine the galaxy power spec-
trum with with Planck 2015 data (Giusarma et al. 2016; Cuesta et

al. 2016b) produce bounds between 0.25 and 0.30 eV, depending
on the power spectrum datasets used and the number of massive
neutrino states assumed in the analysis (or ⇠0.20 eV if a compi-
lation of recent BAO data is used instead of the power spectrum).
This can be brought further down to ⇠0.12 eV if a Hubble constant
prior from direct H0 measurements is imposed additionally. How-
ever, the combination of cosmological datasets in tension with each
other can drive a spurious neutrino mass signal, so it is important to
address these issues before naı̈vely interpreting this result as a neu-
trino mass detection. Similarly, it remains to be verified whether
the neutrino mass measurement of

P
m⌫ = 0.36 ± 0.14 eV in

Beutler et al. (2014b) using a ’Full-shape’ measurement of CMASS
Data Release 11 in combination with WMAP9 data (or Planck 2013
data if the AL lensing parameter is marginalized over) is confirmed
by other datasets or is driven by unaccounted systematics. Finally,
CMB data alone places a strong bound of 0.59 eV without po-
larization and 0.34 eV with polarization (Planck Collaboration et
al. 2016). [TODO: Is Florian comfortable with the discussion
here?]

Instead of explaining any variations in the amplitude of struc-
ture by a non-minimal neutrino mass, one could instead view it as a
test of the growth rate of structure under general relativity. [TODO-
HI: Need cites for this testing concept.] This has the advantage
of being independent of the model of structure formation, simple
to interpret and directly measured by the data, at the expense of not
constraining any concrete theories of modified gravity. Again for
⇤CDM, we find Af�8 = 0.96 ± 0.05; that is, via the BOSS RSD
measurement, we infer f�8 to be within 5 per cent of the ⇤CDM
prediction. While this level of precision on �8 can be achieved by
several methods, such as cluster abundances or weak lensing, the
measurement of the time derivative f of the growth function is
harder to access with methods that measure only the single-redshift
amplitude of the power spectrum.

Extending the model to include a redshift-dependent variation
Bf�8 , we find Bf�8 = �0.6 ± 0.3. This is a mild indication of
evolution, with the ratio of the measured to the predicted value de-
creasing toward higher redshift. The results are visualized in Figure
19. This is consistent with the sense from Figure 11. As this slope
is only non-zero at 2–�, we do not regard this as a statistically sig-
nificant detection of this second parameter. We conclude that our
RSD measurements indicate that structure is growing in a manner
consistent with general relativity even in the epoch dominated by
dark energy.

[TODO: Jose to check if these A/B parameters are degen-
erate with any other cosmological parameter.]

We note that the Planck collaboration has recently concluded
(Planck Collaboration et al. 2016) that the optical depth to reion-
ization inferred from large-angle E-mode polarization of ⌧ =
0.055 ± 0.009. This is about 2.2 per cent less than the value of
⌧ = 0.078 ± 0.019 that results from the Planck Collaboration et
al. (2015) likelihood that we use here. [TODO: Jose: can you ver-
ify that this is what you get from your chains? Probably the
AL + Af ones.] This has the consequence of decreasing the am-
plitude of structure at recombination by 2 per cent, which in turn
reduces the prediction of �8 at low redshift by the same amount.
This will not affect our errors on Af�8 , but would increase the cen-
tral value by 2 per cent. It will push the neutrino masses toward
lower values, slightly reducing our upper limits (as well as any oth-
ers based on Planck Collaboration et al. 2015), as there is less room
for a decrement of low-redshift power caused by hot dark matter.

RSD measurements are only one part of an active current
debate about the amplitude of low-redshift structure. Measure-
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Figure 13. The “Hubble diagram” from the world collection of spectroscopic BAO detections. [TODO: Turn 6dF and MGS points to solid.]
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Figure 14. Left-hand panel: The f�8(z) results from this work compared with the measurements of the 2dfGRS (Percival et al. 2004b) and 6dFGS (Beutler
et al. 2012), the WiggleZ (Blake et al. 2012), and the VVDS (Guzzo et al. 2008) surveys, as well as the measurements from the SDSS-I and -II main galaxy
sample (Howlett et al. 2015, MGS) and the SDSS-II LRG sample (Oka et al. 2014, DR7). Right-hand panel: Comparison with previous BOSS measurements
of the DR11 (Alam et al. 2015b; Beutler et al. 2014a; Samushia et al. 2014; Sánchez et al. 2014) and DR12 (Gil-Marı́n et al. 2015b) and [TODO-HI: Chuang
et al. 2016 (in prep.)] samples. [TODO-HI: I swaped the order of the Figs, make sure all left/right references in the text are updated]

9 COSMOLOGICAL PARAMETERS

9.1 Data sets

We now turn to cosmological interpretation of our results. We will
use the consensus results, including systematic errors, of BAO-only
from Table 5.1 and our full results from Table 6. These will be
labeled as “BAO” and “BAO+FS,” respectively, in our figures and
tables.

Following (Aubourg et al. 2015), we choose to also include in

BAO the measurements from the SDSS-II MAIN sample (Ross et
al. 2015), the 6-degree Field Galaxy Survey (Beutler et al. 2012),
and the BOSS DR11 Lyman ↵ forest BAO measurements from
Delubac et al. (2015) and Font-Ribera et al. (2014). These are
largely independent and have utilized similar methodologies. We
opt not to include other BAO measurements, notably those from
photometric clustering and from from WiggleZ survey (Blake et
al. 2011, 2012), as the volumes partially overlap and the errors are
sufficiently larger than a proper inclusion would not substantially
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Measuring Dark Energy

• Equation of state w = p/ρ
• Cosmological constant, w=-1 
• common parameterization is 

w(a) = w0+(1-a)wa

• scale factor, a = 1/(1+z)



Baryon Acoustic Oscillations
• early Universe radiation 
pressure/ matter density -> 
standing wave in baryon 
density

ESA/Planck Collaboration



• Radial clustering measures H(z)
• Transverse clustering measures DM(z)=(1+z)DA(z)
• DV(z) ≡ [czH-1(z)DM2(z)]1/3; (spherical average)

What BAO measures

10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s

2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.
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• Treat BAO as *uncalibrated* standard ruler
• BOSS galaxies + eBOSS quasars > 3σ detection of DE
• All BAO, 8σ detection!

Testing Dark Energy with only BAO

Alam et al. (2020.)



Reconstruction

  

The reconstruction technique
● Simple algorithm -Eisenstein et al. (2006).

● Identifies regions in the density field responsible for bulk flows.

● Estimates and reverses the flow → more linear signal.

● INCREASES THE PRESICION OF OUR DISTANCE MEASUREMENT

● High z
● Uniform
● Sharp Gaussian

1.

● Evolved to z=0
● Ring distorted
● Gaussian wider

2.

● Particles 
moved back.
● Gaussian 
peak sharper

4.

● Lagrangian 
displacements

3.

Figures from Padmanabhan et al. 2012

Removes RSD effects



Impact on BAO

Theoretical results + simulations 
show:
• non-linearities smear BAO scale
•(small) bias (halo mass) dependent 
shift

Mehta et al. (2011)
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