
Baryonic Acoustic Oscillations in SDSS and DESI 
using the intergalactic medium absorption

Hélion du Mas des Bourboux



2

Plan
I/ Scientifc background

II/ Data and simulations: catalogs and dark matter tracer analysis

IV/ Fit and measure of BAO parameters

V/ Cosmological consequences

VI/ Future in eBOSS

VII/ Future in DESI



3

The correlation function

       is the matter correlation function.

It gives the correlation between two points in the Universe
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Tracer: the quasars
● Quasar = galaxy + supermassive black hole

● Spectrum of a BOSS quasar, the Universe was only 2 billion years old 
when the fux was emitted
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Tracer: the quasars

● Get the redshift from the diferent emission lines

● A quasar is a boolean tracer of matter density fuctuations.

z=3.35
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Traceurs : les forêts Lyα
● Absorption continuum from neutral hydrogen in the intergalactic medium (IGM) 

along the line-of-sight.

● Ly  absorption: from electron shell n=1 to n=2.α
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Traceurs : les forêts Lyα

● A pixel of the Ly  forest gives a continuous tracer of matter density α

fuctuations.
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Data analysis
● This work is published in A&A
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Quasars
● We take quasars from DR7Q of SDSS-II and DR12Q of SDSS-III
● Redshift range of pixels z ∈ [1.96,4.96] impose a selection on quasar 

redshift: z ∈ [1.7,5.8].
● After all cuts, we have 234,367 quasars (164,017 in previous studies).
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Transmitted fux fraction

● We ft all ~170,000 forests.
● This ft allows to get ~83M tracers of Ly  fuctuations.α

Under-densities

Over-densities
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Reason to build simulations

Universe

Observations

Measure of BAO

Analysis pipeline

Data
● 1st simulations of the cross-correlation function
● Build in association with Jean-Marc Le Gof
● Goals:

– Qualitatively reproduce the data
– Test diferent elements of the analysis 

pipeline
– Consequences on the BAO measurement:

● Systematical biais
● Estimation of the precision
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Universe

Observations

Measure of BAO

Analysis pipeline

Simulations
● 1st simulations of the cross-correlation function
● Build in association with Jean-Marc Le Gof
● Goals:

– Qualitatively reproduce the data
– Test diferent elements of the analysis 

pipeline
– Consequences on the BAO measurement:

● Systematical bias
● Estimation of the precision
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Principle

IGM simulation from Julien Baur

Quasar set on big
over-densities

Telescope properties

Lyα forests along
the

line-of-sight

● 3D box
● Gaussian random feld
● Choice of the input cosmology
● Matter power spectrum
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Principle
From Gaussian random feld to a mocked spectrum of SDSS-III.
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Measure
● We measure the 2-point cross-correlation function on 5000 squares 

of size                  for                         and
● Distance are computed using a reference cosmology (Planck2015)
● With:

– 230k quasars
– 83M pixels (170k forests)

 → 1.8G pairs in the BAO region

Earth
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Fit of the BAO pic
● Fit by minimization of chi2:

● Divide the pic from the broadband in the correlation function:
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Fit of the BAO pic
● Fit by minimization of chi2:

● Divide the pic from the broadband in the correlation function:
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Fit of the BAO pic
● Fit by minimization of chi2:

● Divide the pic from the broadband in the correlation function:
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Full model
● The physical model is composed of diferent ingredients:

– Tracers bias
– Distortion matrix
– Metals in the IGM
– DLA and LLS
– UV fuctuations
– Systematical errors in the measure of quasar redshift
– Proper motion of quasars and precision of quasar redshift measurement
– UV photon from the quasar on the IGM

                            → Full model has 15 parameters

                            → It has a better    but doesn’t change
                                   BAO measurement

SiII

SiIII



22

Tests
● We proceed to diferent tests:

– Based on data:
● Split the data in two sets
● Change the model ft to the data

– Based on simulations

 → The bias is smaller than the statistical error

 → The interpretation for the       is near standard.
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Tests: distortion matrix (simulation)
● The ft of the quasar continuum produces a distortion in the shape of the 

correlation function
● This distortion is well taken into account in the analysis as it is shown in the 

mocks.
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Tests: Metals in the IGM (simulation)
● The IGM is composed of other elements than hydrogen
● This contribution is well taken into account in the analysis as it is shown in the 

mocks.

SiII
SiIII

SiII
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Tests: Systematical errors (simulation)
● Production of mocks with increasing realism
● Allows to understand the contribution of the diferent elements
● The bias on the BAO parameters is negligible compared to the 

statistical error.
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Visualization: in 2D
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Visualization: in wedges
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Visualization: in wedges
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Visualization: in wedges

Sonic horizon
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Visualization: in wedges

Sonic horizon
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Visualization: in wedges

Sonic horizon
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Visualization: in wedges
Reference cosmology

Reference cosmologyReference cosmology

Reference cosmology



33

Visualization: in wedges
Reference cosmology

Reference cosmology

Reference cosmology

Reference cosmology
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Visualization: in wedges
Reference cosmology

Reference cosmology

Reference cosmology

Reference cosmology
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Mesure of BAO
● The result of this ft is a measurement of the 

two BAO parameters at a redshift of z=2.40:

● These two parameters describe the 
transformation of the BAO circle into an 
ellipsis by the error on the reference cosmology
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Measure of BAO
● The cross-correlation is at         from the fat ΛCDM of Planck 2015
● Combining with the auto-correlation we are at       

Flat ΛCDM from Planck2015
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Flat ΛCDM
● Our measure of the BAO scale allows to asses 

parameters of the ΛCDM cosmological model.
● With only BAO, we only have two free parameters:
● Other parameters are either not measured or derived 

from these two free parameters:
–

–
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Flat ΛCDM

ΛCDM of Planck2015

● The measure of BAO is linked to the divers 
cosmological distances.

6dF

SDSS DR7

BOSS LOWZ+CMASS

Lyα-QSO + Lyα-Lyα
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Flat ΛCDM
● Fit of ΛCDM with three diferent data set: all BAO (not 

our measure), all BAO, only CMB.
● The diferent results are compatible. All the BAO gives a 

measurement similar to the CMB.
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Open ΛCDM
● We can also test extensions to the standard ΛCDM model.
● We give here the example of the open ΛCDM, where the Universe 

curvature is let free. We then have three free parameters:

●        is compatible with 0
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Open ΛCDM
● Our measure of BAO is at high redshift. It constrains 

strongly the parameters of the open ΛCDM model.
Flat ΛCDM models

fat ΛCDM from Planck2015



43

Plan
I/ Scientifc background

II/ Data and simulations: catalogs and dark matter tracer analysis

IV/ Fit and measure of BAO parameters

V/ Cosmological consequences

VI/ Future in eBOSS

VII/ Future in DESI



44

MgII x {QSO,Galaxy} correlation
● Use MgII absorption in Quasar spectra to trace matter density fuctuations

● Similar technique than in Lyman-alpha, but using 16 diferent forests

● Very diferent regime:

– low bias

– Not continuous tracer
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Distribution of tracers

● Analysis in DR14

● Will improve by the end of eBOSS 
and DESI from low redshift quasars 
as tracers and forests



46

MgII 1d correlation function
● Normalized correlation between two pixels from a MgII forest.

● Show the presence of other metals absorber in the IGM

● Only the two blue lines are contaminants
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Correlation function
● Measurement of MgII doublet and MgI bias and their evolution with redshift

● ~ 7% measurement of the BAO parameters
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Prepare Lya analysis in DESI

● Development of a Python tool to analyze IGM absorption for eBOSS and DESI

● Created by Nicolas Busca et al

● Already some publication using the code: Blomqvist et al 2018

● More are coming...
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Lyman-alpha mocks in DESI
● Gaussian Random Field mock from Jean-Marc Le Gof and Thomas Etourneau

● The mock goes through “quickquasar” from Julien Guy do add quasar continua and 
be in a desi data format

● Wrote a tutorial on how to run picca on these mocks 
https://desi.lbl.gov/trac/wiki/IGMAnalysis
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Lyman-alpha mocks in DESI

QSO auto-correlation

Lya auto-correlation

QSOxLya cross-correlation



Conclusion
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Conclusion
● Final measure of BAO with BOSS data in the cross-correlation of Ly  and α

quasars.
● Bias negligible compare to statistical error
● All the BAO measurement gives a measure of        as good as the CMB for fat 

CDM, complementary for open CDM.Λ Λ

● Three major improvements:
– Physical ft of the correlation function
– Development of simulations
– Estimation of the covariance matrix with diferent technique
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Conclusion-II
● MgII in eBOSS:

– MgII x {QSO,Galaxy} correlation is measured and give a 7% measurement of BAO

– Brings a IGM based measurement at a low redshift

● DESI:

– DESI mocks are being build and already look very good

– More work still need to be done: bad chi2, systematic velocity shift, add metals, ...

MgII
DESI



Thank you for your time
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Diapos supplémentaires



58

Raies du ciel et erreurs de calibration
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BAL
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DLA
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Champ de transmission de fux
● Nous voulons extraire des spectres la fuctuation de transmission de fux :

● Les spectres sont composés du fux d’émission des quasars, de 
l’absorption par la Voie Lactée et de l’atmosphère, de l’absorption des 
DLA...

Calibration et raies du ciel Exemple de DLA
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Résultat de la défnition des pixels
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Redshift de la mesure
● Le redshift de la mesure est défni comme le redshift moyen des paires pixel-

qso situées dans le pic BAO. L’erreur est estimée à partir des sous-
échantillons.

● Distribution pondérée du redshift des paires pixels-quasars.
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Matrice de covariance : mélange de la 
position angulaire

● L’idée est de créer un très grand nombre de réalisation de la 
fonction de corrélation en gardant la corrélation entre ses 
diférents bins.

● Pour chaque réalisation « r » les forêts reçoivent la position 
angulaire d’une autre forêt.

 → La corrélation entres pixels de mêmes forêts est conservée, mais

et 
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Matrice de covariance : variance des mocks
● Méthode très similaire au sous-échantillonnage
● Pour chacun des 100 mocks, nous mesurons la fonction de corrélation.
● La matrice de covariance est alors :
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Matrice de covariance : décomposition en diagramme

● L’idée est de décomposer le calcul de la matrice de 
covariance en diagramme où la corrélation entre pixels est 
diférente :
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Matrice de covariance : décomposition en diagramme

● La matrice est dominée par la 
contribution de T1 et T2

● T3 et T4 s’annulent
● T5 joue un faible rôle et T6 est 

négligeable

Diagonale

hors-diagonale hors-diagonalehors-diagonale
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Matrice de covariance : bilan
● Très bon accord des quatre techniques

● La variance est diférente dans les simulations

● Décomposition en diagramme très précis mais très long

● Mélange des forêts manque une partie de la corrélation.

 → Analyse avec sous-échantillonnage + moyenne des termes

Diagonale

hors-diagonale hors-diagonale
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Signifcance du pic BAO
● Afn d’estimer la signifcance du pic BAO nous 

comparons deux ajustements :
– L’ajustement standard où l’amplitude du pic BAO est fxe
– Un ajustement sans pic BAO

● La signifcance est déduite de la diférence de chi2 pour 
deux paramètres libres de diférence :
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Mesure de l’échelle BAO
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Combinaison
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Ajustement combiné : mesure de BAO

● Résultat :
● Par rapport à la cosmologie de Planck2015 :
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Ajustement combiné : mesure de BAO



74

Ajustement combiné : signifcance du pic
● Diférence de chi2 entre le modèle sans pic et avec 

pic :

● Conversion en signifcance :



75

Tests : changement de modèle (données)
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Tests : changement d’analyse (données)
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Lien entre chi2 et précision
● Les simulations semblent montrer que l’erreur est sous-estimée de ~10 %
● La génération de 10,000 fastMC à partir du meilleur modèle apporte la même conclusion.
● Dans le cas ci-dessous pour :

– Les paramètres BAO :
– Les autres paramètres :
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Lien entre chi2 et précision
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Tests : précision de la mesure (simulation)
● Nombre de mocks à 1, 2 et 3 sigma de la valeur attendue trop 

important.
● L’étude des fast Monte-Carlo a prouvé cet efet de l’ordre de 10 %, et 

les erreurs sont corrigées dans l’article publié.
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Données et valeurs
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