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Cosmological results from 20 years 
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Mapping the Universe with SDSS

Sloan Digital Sky Survey
1000-fiber spectrograph 
2.5m telescope at APO 
(New Mexico, USA)
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Baryon Acoustic Oscillations

Oscillations clearly seen in the CMB temperature power spectrum

Planck satellite
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Baryon Acoustic Oscillations

We measure BAO peak along the line of sight in SDSS : 
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[1] P. McDonald and D. J. Eisenstein, Phys. Rev. D 76, 063009 (2007), arXiv:astro-ph/0607122.
[2] M. McQuinn and M. White, Mon. Not. Roy. Astron. Soc. 415, 2257 (2011), 1102.1752.
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We measure BAO peak in the transverse direction in SDSS : 
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VI. COSMOLOGY
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and the dimensional curvature is K = �⌦k(c/H0)�2
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[1] P. McDonald and D. J. Eisenstein, Phys. Rev. D 76, 063009 (2007), arXiv:astro-ph/0607122.
[2] M. McQuinn and M. White, Mon. Not. Roy. Astron. Soc. 415, 2257 (2011), 1102.1752.

Sound horizon at recombination (from Planck): 
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BAO from SDSS

Baryon Oscillation Spectroscopic Survey 
(BOSS, SDSS III, 2009-2014)
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BAO from SDSS

Baryon Oscillation Spectroscopic Survey 
(BOSS, SDSS III, 2009-2014)

Extended BOSS 
(eBOSS, SDSS IV, 2014-2019)
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BAO from SDSS

BAO from BOSS/eBOSS provide accurate distances over wide redshift range
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RSD from SDSS

RSD from BOSS/eBOSS provide accurate measurements of growth of structure
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Cosmology from SDSS

eBOSS Collabora,on 2021 (arXiv:2007.08991) 

“The Completed SDSS-IV extended Baryon Oscilla;on Spectroscopic Survey: Cosmological 
Implica;ons from two Decades of Spectroscopic Surveys at the Apache Point observatory” 

 Interpreta,on of 23-paper arXiv submission from July 20, 2020 

Collabora,on paper co-led by (leK to right): Eva-Maria Mueller (Oxford), Kyle Dawson (Utah), 
Andreu Font-Ribera (IFAE), Zheng Zheng (Utah) and Anze Slosar (BNL)
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Cosmological tensions

• SDSS fully consistent with Planck CMB,  Pantheon SNe and DES 3x2

• Clear H0 tension with SHOES distance ladder (more latter) 

DES and SDSS results have BBN prior and weak prior on ns
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Curvature

BAO + CMB has a clear preference for a flat Universe
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Dark Energy

Equation of state of dark energy

Cosmological Constant

Dark energy consistent with cosmological constant
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Role of Lyman-α BAO

SDSS measures galaxy and quasar BAO at z<=1.5 (BAO gal) 
along with Lyman-α forest BAO at z=2.33

Combined they allow precise constraints on curvature and dark energy

(+Lya)

(+Lya)
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Massive neutrinos

Lower limits from neutrino 
oscillation experiments

BAO breaks degeneracy with matter density in CMB
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BAO and the H0 tension

How fast is the Universe currently expanding?

One of the key cosmological parameters has been historically controversial

Early Universe physics —> low H0 Local distances —> high H0 

Freedman et al. (2019)
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BAO and the H0 tension

Planck

Planck + SDSS
WMAP + SDSS

SPT + SDSS
ACT + SDSS

BBN + SDSS
rd + SN + SDSS

Planck + SPT

Prefer low H0 

Prefer high H0 

Consistent with both

SPT
TRGB

LIGO GW

SHOES 
HoLICOW

Systematics on either side? Problems with flat ΛCDM? 
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BAO and the H0 tension

Planck

Planck + SDSS
WMAP + SDSS

SPT + SDSS
ACT + SDSS

BBN + SDSS
rd + SN + SDSS

Planck + SPT

Prefer low H0 

Prefer high H0 

Consistent with both

SPT
TRGB

LIGO GW

This does not assume Λ 
This does not use CMB

SHOES 
HoLICOW

Systematics on either side? Problems with flat ΛCDM? 
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BAO and the H0 tension

BAO + LCDM constraint Ωm and H0 rd (sound horizon, size of ruler)

BBN prior on Ωb can break degeneracy and measure H0 from BAO
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BAO and the H0 tension

Inverse Distance Ladder

BAO constraints Ωm and product H0 rd 
(sound horizon, size of ruler)
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BAO and the H0 tension

Planck

Planck + SDSS
WMAP + SDSS

SPT + SDSS
ACT + SDSS

BBN + SDSS
rd + SN + SDSS

Planck + SPT

Prefer low H0 

Prefer high H0 

Consistent with both

SPT
TRGB

LIGO GW

SHOES 
HoLICOW

They all assume we understand early universe physics (to compute rd ) 
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!⌫ = 6.45 ⇥ 10�4 excluding them. The e↵ect of finite
neutrino temperature at z = 0 is a very small 10�4 rela-
tive e↵ect. The adopted values are close to the minimum
value allowed by neutrino oscillation experiments.

We consider a variety of models for the evolution of
the energy density or equation-of-state parameter w =
pde/⇢de. Table I summarizes the primary models dis-
cussed in the paper, though we consider some additional
special cases in Section VI. ⇤CDM represents a flat uni-
verse with a cosmological constant (w = �1). o⇤CDM
extends this model to allow non-zero ⌦k. wCDM adopts
a flat universe and constant w, and owCDM generalizes
to non-zero ⌦k. w0waCDM and ow0waCDM allow w(a)
to evolve linearly with a(t), w(a) = w0+wa(1�a). Poly-
CDM adopts a quadratic polynomial form for ⇢de(a) and
allows non-zero space curvature, to provide a highly flex-
ible description of the e↵ects of dark energy at low red-
shift. Finally, Slow Roll Dark Energy is an example of
a one-parameter evolving-w model, based on a quadratic
dark energy potential.

We focus in this paper on parameter constraints and
model tests from measurements of cosmic distances and
expansion rates, though we consider comparisons to
measurements of low-redshift matter clustering in Sec-
tion VII. In this framework, the crucial roles of CMB
anisotropy measurements are to constrain the parame-
ters (mainly !m and !b) that determine the BAO scale
and to determine the angular diameter distance to the
redshift of recombination. For most of our analyses, this
approach allows us to use a highly compressed summary
of CMB constraints, discussed in Section IIC below, and
to compute parameter constraints with a simple and fast
Markov Chain Monte Carlo (MCMC) code that com-
putes expansion rates and distances from the Friedmann
equation. The code is publicly available with data used
in this paper at http://some.path/to/code. [DW: Re-
member to make this!]

B. BAO data

The BAO data in this work are summarized in Table
II and more extensively discussed below.

The robustness of BAO measurements arises from the
fact that a sharp feature in the correlation function (or
an oscillatory feature in the power spectrum) cannot be
readily mimicked by systematics, whether observational
or astrophysical, as these should be agnostic about the
BAO scale and hence smooth over the relevant part of
the correlation function (or power spectrum). In most
current analyses, the BAO scale is determined by adopt-
ing a fiducial cosmological model that translates angular
and redshift separations to comoving distances but allow-
ing the location of the BAO feature itself to shift relative
to the fiducial model expectation. One then determines
the likelihood of obtaining the observed two-point corre-
lation function or power spectrum as a function of the
BAO o↵sets, while marginalizing over nuisance param-

eters. These nuisance parameters characterize “broad-
band” physical or observational e↵ects that smoothly
change the shape or amplitude of the underlying correla-
tion function or power spectrum, such as scale-dependent
bias of galaxies or the LyaF, or distortions caused by
continuum fitting or variations in star-galaxy separation.
In an isotropic fit, the measurement is encoded in the
↵ parameter, the ratio of the measured BAO scale to
that predicted by the fiducial model. In an anisotropic
analysis, one separately constrains ↵? and ↵k, the ratios
perpendicular and parallel to the line of sight. In real
surveys the errors on ↵? and ↵k are significantly cor-
related for a given redshift slice, but they are typically
uncorrelated across di↵erent redshift slices. While the
values of ↵ are referred to a specified fiducial model, the
corresponding physical BAO scales are insensitive to the
choice of fiducial model within a reasonable range.

The BAO scale is set by the radius of the sound horizon
at the drag epoch zd when photons and baryons decouple,

rd =

Z 1

zd

cs(z)

H(z)
dz , (9)

where the sound speed in the photon-baryon fluid is

cs(z) = 3�1/2
c
⇥
1 + 3

4⇢b(z)/⇢�(z)
⇤�1/2

. A precise pre-
diction of the BAO signal requires a full Boltzmann code
computation, but for reasonable variations about a fidu-
cial model the ratio of BAO scales is given by the ratio of
rd values computed from the integral (9). Thus, a mea-
surement of ↵? from clustering at redshift z constrains
the ratio of the comoving angular diameter distance to
the sound horizon:

DM (z)/rd = ↵?DM,fid(z)/rd,fid . (10)

A measurement of ↵k constrains the Hubble parameter
H(z), which we convert to the distance-like quantity

DH(z) = cz/H(z), (11)

with

DH(z)/rd = ↵kDH,fid(z)/rd,fid . (12)

An isotropic BAO analysis measures some e↵ective com-
bination of these two distances. If redshift-space distor-
tions are weak, which is a good approximation for lu-
minous galaxy surveys after reconstruction but not for
the LyaF, then the constrained quantity is the volume
averaged distance

DV (z) =
⇥
D

2
M

(z)DH(z)
⇤1/3

, (13)

with

DV (z)/rd = ↵DV,fid(z)/rd,fid. (14)

There are di↵erent conventions in use for defining rd,
which di↵er at the 1-2% level, but ratios of rd for di↵erent
cosmologies are independent of the convention provided
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Summary

• BOSS/eBOSS measured BAO at <1% accuracy using galaxies

• 1.4% measurement at z=2.3 using quasars and Ly-α forest

• Independent (8-σ) detection of Dark Energy

• Order-of-magnitude better constraint on spatial curvature

• Tightest constraints on neutrino mass (CMB+BAO)

• Alternative H0 measurements consistent with CMB ones
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