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BOSS Lyα forest
160k spectra
2.0 < z < 3.5

BOSS galaxies
1.3M spectra 
0.2 < z <  0.7

Overdensity
Underdensity

Spectroscopic Surveys
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• High-z BAO: motivation

• Introduction to the Lyman-⍺ forest 

• Latest results on Lyman-⍺ BAO from eBOSS DR14

• (near) Future: the Dark Energy Spectroscopic Survey (DESI)

• BAO take on the Hubble tension

Outline
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Why high-z BAO?

Flat LCDM - fixed 

Toy 2% BAO at different z (      and      )
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Why high-z BAO?

Normalised ellipsesFont-Ribera++ 2014b

• Galaxy BAO measures better

• Ly-α BAO measures better

(2D vs 1D)

(RSD and shot-noise limited)
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II. LY↵ CLUSTERING

First done by [1], we will use terminology from [2].
Ly↵ forest trace total density

F (x) = F [⇢(x)] (17)

Definition of galaxy overdensity
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• High-z BAO: motivation

• Introduction to the Lyman-⍺ forest 

• Latest results on Lyman-⍺ BAO from eBOSS DR14

• (near) Future: the Dark Energy Spectroscopic Survey (DESI)

• BAO take on the Hubble tension

Outline



Benasque, August 5th 2019Andreu Font-Ribera - Cosmology with Spectroscopic Surveys  9

The Lyman-α forest

Figure from William C. Keel

z=3.56z=2.95

Credits: Andrew Pontzen
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The Lyman-α forest

fq(�) = Cq(�)Fq(�)

� = �↵(1 + z)

Observed flux Transmitted fraction

Quasar continuum

Absorption redshift Observed wavelength

LyaF wavelength (121.6 nm)

�F (x) =
F (x)� F̄

F̄
Flux fluctuations in pixels trace the density 

along the line of sight to the quasar

N.G. Busca et al.: BAO in the Lyα forest of BOSS quasars

(section 4). This early freezing of procedures resulted in some
that are suboptimal but which will be improved in future analy-
ses. We note, however, that the procedures used to extract cos-
mological information (section 5) were decided on only after
de-masking the data.
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Method 1
Method 2

Fig. 3. An example of a BOSS quasar spectrum of redshift
3.239. The red and blue lines cover the forest region used here,
104.5 < λrf < 118.0. This region is sandwiched between the
quasar’s Lyβ and Lyα emission lines respectively at 435 and
515 nm. The blue line is an estimate of the continuum (unab-
sorbed flux) by method 2 and the red line is the estimate of the
product of the continuum and the mean absorption by method 1.

3.1. Continuum fits, method 1

Both methods for estimating the productCqF assume that Cq is,
to first approximation, proportional to a universal quasar spec-
trum that is a function of rest-frame wavelength, λrf = λ/(1+ zq)
(for quasar redshift zq), multiplied by a mean transmission frac-
tion that slowly varies with absorber redshift. Following this as-
sumption, the universal spectrum is found by stacking the ap-
propriately normalized spectra of quasars in our sample, thus
averaging out the fluctuating Lyα absorption. The product CqF
for individual quasars is then derived from the universal spec-
trum by normalizing it to account for the quasar’s mean forest
flux and then modifying its slope to account for spectral-index
diversity and/or photo-spectroscopic miscalibration.

Method 1 estimates directly the product CqF in equation 2.
An example is given by the red line in figure 3. The estimate is
made by modeling each spectrum as

CqF = aq
(

λ

⟨λ⟩

)bq
f (λrf , z) (6)

where aq is a normalization, bq a “deformation parameter”, and
⟨λ⟩ is the mean wavelength in the forest for the quasar q and
f (λrf , z) is the mean normalized flux obtained by stacking spectra
in bins of width ∆z = 0.1:

f (λrf , z) =
∑

q
wq fq(λ)/ f 128

q /
∑

q
wq . (7)

Here z is the redshift of the absorption line at observed wave-
length λ (z = λ/λLyα − 1), fq is the observed flux of quasar q

at wavelength λ and f 128
q is the average of the flux of quasar

q for 127.5 < λrf < 128.5 nm. The weight wq(λ) is given by
w−1
q = 1/[ivar(λ) · ( f 128

q )2] + σ2
f lux, LSS. The quantity ivar is the

pipeline estimate of the inverse flux variance in the pixel corre-
sponding to wavelength λ. The quantity σ2

f lux, LSS is the contri-
bution to the variance in the flux due to the LSS. We approxi-
mate it by its value at the typical redshift of the survey, z ∼ 2.3:
σ2
f lux, LSS ∼ 0.035 (section 3.3).

Figure 4 shows the resulting mean δi as a function of ob-
served wavelength. The mean fluctuates about zero with up to
2% deviations with correlated features that include the H and K
lines of singly ionised calcium (presumably originataing from
some combination of solar neighborhood, interstellar medium
and the Milky Way halo absorption) and features related to
Balmer lines. These Balmer features are a by-product of imper-
fect masking of Balmer absorption lines in F-star spectroscopic
standards, which are used to produce calibration vectors (in the
conversion of CCD counts to flux) for DR9 quasars. Therefore
such Balmer artifacts are constant for all fibers in a plate fed
to one of the two spectrographs and so they are approximately
constant for every ’half-plate’.

If unsubtracted, the artifacts in figure 4 would lead to spuri-
ous correlations, especially between pairs of pixels with separa-
tions that are purely transverse to the line of sight. We have made
a global correction by subtracting the quantity ⟨δ⟩(λ) in figure 4
(un-smoothed) from individual measurements of δ. This is justi-
fied if the variance of the artifacts from half-plate-to-half-plate is
sufficiently small, as half-plate-wide deviations from our global
correction could, in principle add spurious correlations.

We have investigated this variance both by measuring the
Balmer artifacts in the calibration vectors themselves and by
studying continuum regions of all available quasars in the DR9
sample. Both studies yield no detection of excess variance aris-
ing from these artifacts, but do provide upper limits. The study
of the calibration vectors indicate that the square-root of the vari-
ance is less than 20% of the mean Balmer artifact deviations and
the study of quasar spectra indicate that the square-root of the
variance is less than 100% of the mean Balmer artifacts (and
less than 50% of the mean calcium line deviations).

We then performed Monte Carlo simulations by adding a
random sampling of our measured artifacts to our data to con-
firm that our global correction is adequate. We found that there
is no significant effect on the determination of the BAO peak po-
sition, even if the variations are as large as that allowed in our
tests.

3.2. Continuum fits, method 2

Method 1 would be especially appropriate if the fluxes had a
Gaussian distribution about the mean absorbed flux, CqF. Since
this is not the case, we have developed method 2 which explicitly
uses the probability distribution function for the transmitted flux
fraction F, P(F, z), where 0 < F < 1. We use the P(F, z) that
results from the log-normal model used to generate mock data
(see appendix A).

Using P(F, z), we can construct for each BOSS quasar the
PDF of the flux in pixel i, fi, by assuming a continuum Cq(λi)
and convolving with the pixel noise, σi:

Pi( fi,Cq(λi), zi) ∝
∫ 1

0
dFP(F, zi) exp

⎡

⎢

⎢

⎢

⎢

⎣

−(CqF − fi)2

2σ2
i

⎤

⎥

⎥

⎥

⎥

⎦

. (8)

5

Quasar Continuum

x Mean Flux

BOSS Lyα data analysis: from raw data to cosmological fluctuations
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• High-z BAO: motivation

• Introduction to the Lyman-⍺ forest 

• Latest results on Lyman-⍺ BAO from eBOSS DR14

• (near) Future: the Dark Energy Spectroscopic Survey (DESI)

• BAO take on the Hubble tension

Outline
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Gas
Quasar

Quasar
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Gas

Two independent ways of measuring the BAO scale

Bautista et al. (2017)
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H(z)
=

∆v

H(z)(1 + z)
(5.2)

1Å ∼ 70 km s−1 ∼ 0.7h−1 Mpc (5.3)

∆χ = dA(z)(1 + z)∆θ (5.4)

1 deg ∼ 70h−1 Mpc (5.5)

6 Conclusions

We detect cross-correlations on very large separations, well described by linear theory. Re-
sults consistent with quasar clustering ([12]) and Lyα clustering ([13]), we get even better
constraints on bias parameters.

Future studies will focus on radiation and small scales cross-correlations (proximity
effect).

Comment the strength of LyaF-QSO cross-correlations for cosmological studies.
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BOSS DR12 Lyα BAO
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Two independent ways of measuring the BAO scale

Bautista et al. (2017)

DR12 Lyα auto-correlation

du Mas des Bourboux (2017)

DR12 Lyα-quasar cross-correlation

BOSS DR12 Lyα BAO
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Marginal tension (2.3-𝞼) with Planck+LCDM prediction

BOSS DR12 Lyα BAO
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BOSS DR12 Lyα BAO

Astrophysical systematics

Instrumental systematics

BOSS DR12 had 15% more data than BOSS DR11, but it took 
three years to write the final results (Bautista et al. 2017)
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New in eBOSS analyses: use also the LyB region!

Results from 2 first years of eBOSS (DR14) are public

20% more quasars than BOSS

eBOSS DR14 Lyα BAO
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Sainte Agathe et al. (2019) Blomqvist et al. (2019)

DR14 Lyα auto-correlation DR14 QSO-Lyα cross-correlation

Errorbars 20% smaller than BOSS DR12

eBOSS DR14 Lyα BAO
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• High-z BAO: motivation

• Introduction to the Lyman-⍺ forest 

• Latest results on Lyman-⍺ BAO from eBOSS DR14

• (near) Future: the Dark Energy Spectroscopic Survey (DESI)

• BAO take on the Hubble tension

Outline
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Dark Energy Spectroscopic Survey

Mayall 4m Telescope
Kitt Peak (Tucson, AZ)

Readout  
& Control

Scheduled to start in 2020

Increase BOSS dataset by an 
order of magnitude

Corrector at UCL, June 2018

• 5000 fibers in robotic actuators
• 10 fiber cable bundles
• 3.2 deg. field of view optics

• 10 spectrographs  

Already at Kick Peak!
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Dark Energy Spectroscopic Survey

1 EXECUTIVE SUMMARY 1

1 Executive summary

The DESI survey will measure with high precision the baryon acoustic feature imprinted on the
large-scale structure of the Universe, as well as the distortions of galaxy clustering due to redshift-
space e↵ects. To achieve these goals, the survey will make spectroscopic observations of four
distinct classes of extragalactic sources – the bright galaxy sample (BGS), luminous red galaxies
(LRGs), star-forming emission line galaxies (ELGs), and quasi-stellar objects (QSOs). The survey
will include observations of Milky Way stars (MWS), to study the early assembly of the Milky
Way galaxy and perform flux calibration of all of the measurements. Each of these categories
requires a di↵erent set of selection techniques to acquire su�ciently large samples of spectroscopic
targets from photometric data. To ensure high e�ciency and spectroscopic completeness, we select
objects with spectral features expected to produce a reliable redshift determination or a Ly-↵ forest
measurement within the DESI wavelength range.

The characteristics of our baseline samples for each of these target classes are summarized in
Table 1.1. This Table specifies the primary redshift range, the photometric bands for targeting,
the projected areal density (in terms of number of targets, number of fibers allocated across all
pointings accounting for multiple exposures, and the number of useful redshifts resulting per square
degree), as well as the total number of objects in the desired class for which redshifts are expected
to be obtained for each of these samples. This table may be compared to Table 3.1 in the Final
Design Report (FDR). In the following sections, we will describe the basis of these numbers in more
detail.

Summary of Target Samples

The lowest-redshift sample of DESI targets will be the Bright Galaxy Sample (BGS). These
galaxies will be observed during the time when the moon is significantly above the horizon, and
the sky is too bright to allow e�cient observation of fainter targets. Approximately the 10 million
brightest galaxies within the DESI footprint will be observed over the course of the survey, sampling
the redshift range 0.05 < z < 0.4 at high density. This sample alone will be ten times larger than
the SDSS-I and SDSS-II “main sample” of 1 million bright galaxies observed from 1999-2008.

Table 1.1: Summary of the properties for each DESI target class. The bands listed are for the
target selection, where g, r, and z are optical photometry and W1 and W2 denote are WISE infrared
photometry. The exposure densities are increased over the target densities due to some objects being
observed on multiple passes. The number of good redshifts and baseline sample sizes (in millions)
are for successful redshifts.

Galaxy type Redshift Bands Targets Exposures Good z’s Baseline
range used per deg2 per deg2 per deg2 sample

LRG 0.4–1.0 g,r,z,W1 480 610 430 6.0 M
ELG 0.6–1.6 g,r,z 2400 1870 1220 17.1 M
QSO (tracers) < 2.1 g,r,z,W1,W2 170 170 120 1.7 M
QSO (Ly-↵) > 2.1 g,r,z,W1,W2 90 250 50 0.7 M
Total in dark time 3140 2900 1820 25.5 M

BGS 0.05–0.4 r 800 740 710 9.9 M
BGS–Faint 0.05–0.4 r 600 460 430 6.0 M
MWS 0.0 g,r (Gaia µ) 800+ 720 720 10.1 M
Total in bright time 2200+ 1920 1860 26.0 M

• Two surveys 
– Dark Time : 

• Dominated by ELGs
• Bands optimized for ELG

– Bright Time :
• ~4 nights/lunation 
• BGS/MWS share the observation 

time with the priority to BGS
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Dark Energy Spectroscopic Survey

DESI timeline:
• Corrector installed August 2018
• Commissioning ongoing
• Survey Validation January 2020
• Science starts in a year from now!

Focal plane and ring completed

First 7 spectrograph verified and at Kitt Peak

All 10 petals populated with positioners
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Dark Energy Spectroscopic Survey
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DESI projections (Font-Ribera++ 2014b)

Planck predictionAcceleration

Deceleration

Redshift
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• High-z BAO: motivation

• Introduction to the Lyman-⍺ forest 

• Latest results on Lyman-⍺ BAO from eBOSS DR14

• (near) Future: the Dark Energy Spectroscopic Survey (DESI)

• BAO take on the Hubble tension

Outline
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BAO and the H0  tension

Planck

Planck + BOSS
WMAP + BOSS

SPT + BOSS
ACT + BOSS

BBN + BOSS
BBN + DES + BOSS

rd + SN + BOSS

Planck + SPT

Prefer low H0 

Prefer high H0 

Consistent with both

SPT
TRGB

LIGO GW

This does not assume Λ 

These do not use CMB

They all assume we understand early universe physics (to compute rd ) 

SHOES 
HoLICOW
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BAO and the H0  tension

Inverse distance ladder (anchor SN with BAO at z=0.5)

BOSS Collaboration (2015)

• BAO (SDSS/BOSS + 6dF)

• JLA SN (SDSS-II + SNLS)

• r_d from CMB

• Free dark energy model
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BAO and the H0  tension

Riess et al. (2016)

Addison et al. (2018, Lya DR11)

Planck + LCDM predicts value of 
H0 lower than that from local 
expansion (Riess et al. 2016)

BAO + LCDM constraint 
Ωm and H0 rs

(sound horizon, size of ruler)

With BBN prior on Ωb we 
can break degeneracy and 

measure H0 from BAO

Cuceu et al. (2019, Lya DR14)
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BAO and the H0  tension

Andrei Cuceu 
(PhD at UCL)

Galaxy BAO and Lya BAO have different information

BAO and the Hubble Constant (Cuceu et al. 2019)

BAOs in mild tension in BOSS, in better agreement in DR14
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BAO and the H0  tension

SHOES 
HoLICOW

Planck

Planck + BOSS
WMAP + BOSS

SPT + BOSS
ACT + BOSS

BBN + BOSS
BBN + DES + BOSS

rd + SN + BOSS

Planck + SPT

Prefer low H0 

Prefer high H0 

Consistent with both

SPT

LIGO GW
TRGB

They all assume we understand early universe physics (to compute rd ) 

5

VI. COSMOLOGY
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H0

Z z

0
dz

0 H0

H(z0)
(42)

or

DC(z) =

Z z

0
dz

0 c

H(z0)
(43)

and the dimensional curvature is K = �⌦k(c/H0)�2

Luminosity distance

DL(z) = DM (z) (1 + z) (44)

Angular diameter distance

DA(z) = DM (z)/(1 + z) (45)

For flat universe

DA(z) =
DC(z)

(1 + z)
(46)

DH(z) =
c

H(z)
(47)

VII. BAO

rd =

Z 1

zd

cs(z)

H(z)
dz (48)

rd = 147.49 Mpc

�vBAO =
rd

1 + z
H(z) (49)

�zBAO =
rd

c
H(z) (50)
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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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• Lyman-⍺ forest BAO offers complementary information at high-z

• eBOSS DR14 Ly⍺ BAO out in April, reduced tension with Planck

• Dark Energy Spectroscopic Survey (DESI) starts in less than a year!

• H0 tension can not be explained by CMB systematics

• Need to modify early physics that sets sound horizon at z ~ 1000

Summary


