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The simplitied plan
Why clustering for cosmology ?

From photons to spectra

From spectra to clustering

From clustering to cosmology



Why clustering for cosmology ?

Which fundamental questions in Physics we would like to answer ?



Why clustering for cosmology ?

Dark energy

Alternate theories of gravity

Inflation

Neutrino masses

Dark matter

Clustering informs us about all these questions
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Why clustering for cosmology ?

Dark energy

Alternate theories of gravity

Inflation

Neutrino masses

Dark matter

Clustering informs us about all these questions
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Obtain redshifts for galaxies and quasars
From photons to spectra +
Measure fluxes in the Lyman-a forests of quasars
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Obtain redshifts for galaxies and quasars

n (00")

From photons to spectra +
Measure fluxes in the Lyman-a forests of quasars

Compute contrast of

galaxy, quasar densities or Lyman-a fluxes

From spectra to clustering
_|_

Compute 2-point statistics



'n

(91'» b;s Zi)
<9i» ¢i> 2 ;) >

From photons to spectra

From spectra to clustering

he whole plan
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Measure fluxes in the Lyman-a forests of quasars

Compute contrast of

galaxy, quasar densities or Lyman-a fluxes
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Compute 2-point statistics
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Obtain redshifts for galaxies and quasars

Vn <55 ,> Qi

From photons to spectra +
Measure fluxes in the Lyman-a forests of quasars

Compute contrast of

galaxy, quasar densities or Lyman-a fluxes

From spectra to clustering N

Compute 2-point statistics

Fit models for BAO, RSD (observables)
From clustering to cosmology +
Fit for dark energy or alternative gravity models
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Obtain redshifts for galaxies and quasars

Vn <55 ,> Qi

From photons to spectra +
Measure fluxes in the Lyman-a forests of quasars

Compute contrast of

galaxy, quasar densities or Lyman-a fluxes

From spectra to clustering N

Compute 2-point statistics

Fit models for BAO, RSD (observables)
From clustering to cosmology +
Fit for dark energy or alternative gravity models

Each step is equally important for cosmology



From photons to spectra and redshifts
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A small portion of our sky ®

as seen by Legacy Survey

https://www.legacysurvey.org/viewer
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Methods of observing

Photometry Spectroscopy
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Methods of observing

Photometry Spectroscopy
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Methods of observing

Photometry Spectroscopy
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Methods of observing

Photometry Spectroscopy
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Methods of observing

Photometry Spectroscopy
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Methods of observing

Photometry Spectroscopy

Main differences ?
Implications for cosmology ?

Discuss !



Methods of observing

Photometry Spectroscopy

angular information — (6, ¢;) - 1D flux information —

integrated fluxes over few bands - precise radial information — z,

rough spectral information - higher spectral resolution

higher signal-to-noise - lower signal-to-noise

many more detected objects - requires long exposure times

no prior selection required - requires prior selection of targets (if not slitless)
2 - fewer objects measured



Methods of observing

Photometry Spectroscopy

- angular information — (0;, ¢,) - 1D flux information —

- integrated fluxes over few bands - precise radial information — z;
- rough spectral information - higher spectral resolution
- higher signal-to-noise - lower signal-to-noise
- many more detected objects - requires long exposure times
- no prior selection required - requires prior selection of targets (if not slitless)
-2 - fewer objects measured
_ ?

Less selection effects (SNIa)
Great for galaxy shapes (WL) Better redshifts for clustering (BAO, RSD)
Cluster characterisation and counts Better physical characterisation of galaxies/stars



How to make a spectroscopic survey?

boldface for the slit-less case



How to make a spectroscopic survey?

boldface for the slit-less case

1 - make a photometric survey
2 - decide the sky coverage for spectroscopy
3 - select targets using magnitudes and colors
4 - define observing strategy for spectroscopy
5 - test and validate
a - instruments
b - data reduction pipeline
c - target selection
6 - measure redshifts
7 - analyse data
8 - publish results
9-..
10 - profit !



From photons to spectra

2 - Sky coverage
BOSS and eBOSS surveys
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From photons to spectra
2 - Sky coverage
Euclid Wide Survey
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https://ui.adsabs.harvard.edu/abs/2022A&A...662A.112E/abstract
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From photons to spectra
2 - Sky coverage
Euclid Wide Survey
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The sky coverage defines the selection/window function of the survey
Important for clustering !
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From photons to spectra
4 - Observing strategy

eBOSS tiling
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From photons to spectra Euclid scan strategy

4 - Observing strategy
eBOSS tiling
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Scanning strategy depends on :

- time of the year, time of the day
- moon brightness

- weather

- location of telescope

- etc...

Ecliptic longitude [deg]



From photons to spectra Euclid scan strategy

4 - Observing strategy
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From photons to spectra

5b - Spectroscopic data reduction



From photons to spectra

Raw image
5b - Spectroscopic data reduction J



From photons to spectra

5b - Spectroscopic data reduction
Multi- object fiber based case (SDSS or DESI-like)
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5b - Spectroscopic data reduction

From photons to spectra

Multi- object fiber based case (SDSS or DESI-like)
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5b - Spectroscopic data reduction

From photons to spectra

Multi- object fiber based case (SDSS or DESI-like)
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From photons to spectra

Raw image
5b - Spectroscopic data reduction wimag

Multi- object fiber based case (SDSS or DESI-like)
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From photons to spectra

Raw image

5b - Spectroscopic data reduction
Multi-object fiber based case (SDSS or DESI-like)
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From photons to spectra

Raw ima
5b - Spectroscopic data reduction W image

Multi- object fiber based case (SDSS or DESI-like)
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From photons to spectra

Raw image
5b - Spectroscopic data reduction wimag

Multi-object fiber based case (SDSS or DESI-like)
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From photons to spectra

Raw image
5b - Spectroscopic data reduction W imag

Multi- object fiber based case (SDSS or DESI-like)
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Flux [10717 erg/cm?/s/A]

From photons to spectra

Raw image

5b - Spectroscopic data reduction
Multi-object fiber based case (SDSS or DESI-like)
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From photons to spectra

6 - Measuring redshifts

Fitting templates . .
J P Machine learning

Visual inspection

(empirical or physical)

Pros

Identitication of peculiar objects
Identitication of problems in spectra
Robust when double checked

Required to start a survey

Cons




From photons to spectra

6 - Measuring redshifts

Fitting templates . .
J P Machine learning

Visual inspection

(empirical or physical)

Pros

Identitication of peculiar objects
Identitication of problems in spectra
Robust when double checked

Required to start a survey

Cons

Slow

Small number of objects
Prone to human error or biases

Hard to define uncertainties
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Machine | i
(empirical or physical) achine fearning

Visual inspection
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Physical templates : galaxy models from stellar populations
Empirical templates : Principal Component Analysis or equivalent



From photons to spectra

6 - Measuring redshifts

Fitting templates

Machine | i
(empirical or physical) achine fearning

Visual inspection

Physical templates : galaxy models from stellar populations
Empirical templates : Principal Component Analysis or equivalent
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From photons to spectra

6 - Measuring redshifts

Fitting templates

Vieual .
Isual Inspection (empirical or physical)

Machine learning

Physical templates : galaxy models from stellar populations
Empirical templates : Principal Component Analysis or equivalent

1 ELG |

LRG

NM _

—

2000 250

2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000

Longueur d'onde au repos [1 Angstrom = 10-10 metre]



Visual inspection

Fitting templates
(empirical or physical)

From photons to spectra

6 - Measuring redshifts

Physical templates : galaxy models from stellar populations
Empirical templates : Principal Component Analysis or equivalent

1 ELG

Machine learning
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From photons to spectra

6 - Measuring redshifts

Fitting templates

Machine | i
(empirical or physical) achine fearning

Visual inspection

Shift templates and minimise y* versus redshift

A ' parabola fit to
estimate error 0z

Al
¢
’-
2nd best 7 < trial

best 7



From photons to spectra

6 - Measuring redshifts

Fitting templates

Vieual .
Isual inspection (empirical or physical)

Shift templates and minimise y* versus redshift

A parabola fit to
estimate error 0z

X2
I

2

AX;

-
2nd best z Ziial

best 7

BOSS fitter - Bolton et al. 2012
eBOSS and DESI fitters - redrock

Machine learning


https://ui.adsabs.harvard.edu/abs/2012AJ....144..144B/abstract
https://github.com/desihub/redrock

From photons to spectra

6 - Measuring redshifts

Fitting templates

Vieual .
Isual inspection (empirical or physical)

Shift templates and minimise y* versus redshift

A parabola fit to
estimate error 0z

X2
I

2

AX;

-
2nd best z Ztrial

best 7

BOSS fitter - Bolton et al. 2012
eBOSS and DESI fitters - redrock

Machine learning

Pros

Fast and automated
Deterministic
Quantifiable uncertainties

Good on low S/N spectra


https://ui.adsabs.harvard.edu/abs/2012AJ....144..144B/abstract
https://github.com/desihub/redrock

From photons to spectra

6 - Measuring redshifts

Fitting templates

Vieual .
Isual inspection (empirical or physical)

Shift templates and minimise y* versus redshift

A parabola fit to
estimate error 0z

X2
I

2

AX;

-
2nd best z Ztrial

best 7

BOSS fitter - Bolton et al. 2012
eBOSS and DESI fitters - redrock

Machine learning

Pros

Fast and automated
Deterministic
Quantifiable uncertainties

Good on low S/N spectra

Cons

Results depend on templates

Fails on peculiar objects


https://ui.adsabs.harvard.edu/abs/2012AJ....144..144B/abstract
https://github.com/desihub/redrock

From photons to spectra

6 - Measuring redshifts

. . . Fitting templates . ,
Visual inspection 9 P Machine learning

(empirical or physical)

Useful for quasars : no physical model !
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Convolutional Neural Network -

Line finder
Busca & Balland 2018



https://arxiv.org/abs/1808.09955

From photons to spectra

6 - Measuring redshifts

Fitting templates

Visual inspection Machine learning

(empirical or physical)

Useful for quasars : no physical model ! Pros

Fast and automated

)
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Convolutional Neural Network -

Line finder
Busca & Balland 2018



https://arxiv.org/abs/1808.09955

From photons to spectra

6 - Measuring redshifts

Fitting templates

Visual inspection Machine learning

(empirical or physical)

Useful for quasars : no physical model ! Pros

Fast and automated

)
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Uncertainties not well defined
Busca & Balland 2018

Fails on peculiar objects


https://arxiv.org/abs/1808.09955

From photons to spectra

6 - Measuring redshifts

Fitting templates

Visual inspection Machine learning

(empirical or physical)

All three methods have been used in eBOSS, are being used in DESI,
and will most likely be used in Euclid and other surveys



From photons to spectra and redshifts

(‘91" b Zi)

" <‘9i9 ¢i> 2> 1) >

Summary

Type of instrument and survey
Choice of sky coverage, target type and scan strategy
Quality of spectroscopic data reduction

Quality of spectral classification and redshift measurement

All directly impact cosmological constraints



From spectra to clustering
(Hia ¢i9 Zl) 5g(’)_c))

(6’13 Gi» 2> 1S ) 5Ly&()-5) (00")



From spectra to clustering
(Hia ¢i9 Zl) 5g(';é)

(‘91'» D> 7> Ui} ) 5Ly0€()_é) o



From spectra to clustering

(‘9i» ;s Zi) 6g()_€ )
(6’1‘» bi> Z;s {]§} ) 5Lya()_5)

How to convert a list of (Hi, &;, zl-) to 6,(x) 7
Case of galaxies and quasars

(60')

How to convert a list of (91-, bi» 7 {17} >to Opya(X) ?

Case of Lyman-a forests

‘ l

How to compute 2-pt statistics (6(X)0(x")) from 6(X) ?

| l

How to compute covariance/error-matrix for (§(xX)6(x")) ?

l l

BAO and RSD BAO and Neutrino masses




How to convert a list of (6, ;. z;) t0 6,(X) ?
Case of galaxies and quasars

(Hz‘» i Zi) 5g(5€ )



How to convert a list of (Ql-, &;, zl-) to 6,(x) ?
Case of galaxies and quasars

(‘91" i Zi) 5g(55 )
n,(x)

Galaxy overdensity field: 5g(55) == "~ 1

ne




How to convert a list of (91-, &;, zl-) to 6,(x) ?
Case of galaxies and quasars

(‘91'» i Zi) 5g(55 )
n,(x)

Galaxy overdensity field: 5g(55) ==

Hg

How to compute n,(xX) ?

How to compute 71, = (n(x)) ?



How to convert a list of (Ql-, &;, zl-) to 6,(x) ?
Case of galaxies and quasars

(Qi’ le', Zi) 5g(5€))
n,(x)

Galaxy overdensity field: 5g(55) ==

Hg

How to compute n,(xX) ?
We only want cosmological fluctuations !
How to compute 71, = (n(x)) ?



How to convert a list of (6, ;. z;) t0 6,(X) ?
Case of galaxies and quasars

(‘91'» b, Zi) 5g()_é )
n,(x)

Galaxy overdensity field: 5g(55) ==

Hg

How to compute n,(xX) ?
We only want cosmological fluctuations !
How to compute 71, = (n(x)) ?

But...
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and masks completeness caused by photometry
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5 Collisions RS Spectra without

of fibers redshifts
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Observational
completeness

\— J

Not all targets receive a fiber = fiber completeness
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Not all targets receive a fiber = fiber completeness
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declination J2000 (degrees)

\
Observational

completeness

— _J

Not all targets receive a fiber = fiber completeness

0.0 0.1 02 03 04 0.5 0.6 0.7 0.8 09 1.0

=50 0 50 100 150 200 250 300
right ascension J2000 (degrees)

Randoms are subsampled or weighted by the fiber completeness
Ross, JB, et al. 2020



http://adsabs.harvard.edu/abs/2020MNRAS.498.2354R
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Spurious non-cosmological fluctuations

Galaxy overdensities
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Spurious non-cosmological fluctuations

Galaxy overdensities
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Effect on correlation function
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http://adsabs.harvard.edu/abs/2020MNRAS.498.2354R
http://arxiv.org/abs/1705.06373
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Correction method 1: Simultaneous linear fit of trends



Correction method 1: Simultaneous linear fit of trends

Correction method 2 : Machine learning
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Fake overdensities
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caused by photometry




Correction method 1: Simultaneous linear fit of trends

Correction method 2 : Machine learning

Input Hidden Hidden Hidden
layer layer 1 layer 2 layer 3

| Output
' 7 %
EBV S ST A layer
In(HI) —
nstar — ngal
e
\ IR
. 72 .
bias —

Rezaie et al. 2020
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Fake overdensities
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caused by photometry

J



https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.1613R/abstract
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Fake overdensities

caused by photometry
. J

Correction method 1: Simultaneous linear fit of trends

Correction method 2 : Machine learning
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https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.1613R/abstract
https://arxiv.org/abs/2108.03640
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caused by photometry
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Fake overdensities

J

Correction method 1: Simultaneous linear fit of trends

Correction method 2

Correction method 3

Real

Simulated

Real

Simulated

Machine learning

Simulate photometry

Obiwan - Kong et al. 2020

Spurious trends
appear naturally !


https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.3943K
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Fake overdensities

caused by photometry

Correction method 1: Simultaneous linear fit of trends

Correction method 2 : Machine learning

Correction method 3 : Simulate photometry

Correction method 4 : Mode projection/nulling

Remove angular modes
that are contaminated

Elsner et al. 2016; Paviot et al. 2021
and references therein
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https://ui.adsabs.harvard.edu/abs/2016MNRAS.456.2095E/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.1341P/abstract
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Fake overdensities

caused by photometry

Correction method 1: Simultaneous linear fit of trends
Correction method 2 : Machine learning
Correction method 3 : Simulate photometry

Correction method 4 : Mode projection/nulling
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https://ui.adsabs.harvard.edu/abs/2016MNRAS.456.2095E/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.1341P/abstract
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Missing pairs of galaxies due to
physical size of optical fibers !
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Collisions

of fibers
\_ ),

Fibers successfully placed and observed Missing pairs of galaxies due to
physical size of optical fibers !

o0
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Collisions
of fibers
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Impacts clustering on small angular separations
Comoving scale in unit of » ' Mpc at z=0.7
0.0085 0.085 0.85 8.5
1.0f  mmmmmmmmmmmmmeme e
No collisions
0.8/
3 |
+
=, 0:6}
\ !
B
gal = we
== .
i
N—r | — eBOSS
0.2} — BOSS
| - eBOSS (Ntile>1)
- BOSS (Ntile>1)
0.0 ' - ~
10 100 1000
f(arcsec)

Zhai et al. 2017



http://adsabs.harvard.edu/abs/2017ApJ...848...76Z
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Correction method 1 : upweight nearest neighbours
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Correction method 1 : upweight nearest neighbours
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Correction method 1 : upweight nearest neighbours

Assumes missing galaxy is physically close
angularly (ok) and radially (strong assumption!)
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Collisions
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https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.1940H
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Collisions

of fibers
\_ Y,

Correction method 1 : upweight nearest neighbours

Correction method 2 : model "collisioned" clustering Hahn et al. 2017

1 + coll = . N
= gt Eii =1—fW.;(¥) and Fourier Transform to obtain model for P°!(k)
rue 7



https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.1940H
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Collisions

of fibers
\_ Y,

Correction method 1 : upweight nearest neighbours

Correction method 2 : model "collisioned" clustering Hahn et al. 2017

1+ coll = . N
= gt Eii =1—fW.;(¥) and Fourier Transform to obtain model for P°!(k)
rue 7

Correction method 3 : use pairwise weighting Bianchi & Percival 2017

W,
N Each galaxy pair has a weight w;; # ww;
{ ) defined as the inverse probability of it being observed


https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.1940H
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.1106B/abstract
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Collisions

of fibers
\_ Y,

Correction method 1 : upweight nearest neighbours

Correction method 2 : model "collisioned" clustering Hahn et al. 2017

1+ coll = . N
= gt Eii =1—fW.;(¥) and Fourier Transform to obtain model for P°!(k)
rue 7

Correction method 3 : use pairwise weighting Bianchi & Percival 2017
Wij
\ Fach galaxy pair has a weight w;; # w,w;
{ ) defined as the inverse probability of it being observed

Requires running tiling algorithm several times to compute probabilities

Currently used in DESI


https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.1940H
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.1106B/abstract
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Collisions

of fibers
\_ Y,

Correction method 1 : upweight nearest neighbours

Correction method 2 : model "collisioned" clustering Hahn et al. 2017

1+ coll = . N
= gt Eii =1—fW.;(¥) and Fourier Transform to obtain model for P°!(k)
rue 7

Correction method 3 : use pairwise weighting Bianchi & Percival 2017
Wij
\ Fach galaxy pair has a weight w;; # w,w;
{ ) defined as the inverse probability of it being observed

Requires running tiling algorithm several times to compute probabilities

Currently used in DESI

s Euclid affected by "collisions" ? How to correct for them ?


https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.1940H
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.1106B/abstract
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Spectra without
redshifts

™

Some spectra have low S/N and do not yield a confident redshift

parabola fit to
estimate error 0z
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Spectra without
redshifts

Some spectra have low S/N and do not yield a confident redshift

A parabola fit to
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Spectra without
redshifts

\— J

Some spectra have low S/N and do not yield a confident redshift




Fraction of confident redshifts

8 )

Spectra without
redshifts

Some spectra have low S/N and do not yield a confident redshift

— i-band
----- Distribution

—  z-band |
----- Distribution

''''''''''''''''''''

-0.2
0

1 2 3 4 5 6

Average spectral S/N

JB et al. 2018



https://iopscience.iop.org/article/10.3847/1538-4357/aacea5

Fraction of confident redshifts

4 )
Spectra without

redshifts
\_ ),

Some spectra have low S/N and do not yield a confident redshift

Fraction of confident redshifts
versus focal plane location

J «W 400 ' ' ' ' ' '
____________________ Loy 0.96
300} . |
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= — 100}
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----- Distribution E
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Average spectral S/N

This pattern can bias clustering
JB et al. 2018

and are corrected using weights


https://iopscience.iop.org/article/10.3847/1538-4357/aacea5

How to convert a list of (6, ;. z;) t0 6,(X) ?

Case of galaxies and quasars

5,(%)

(‘91‘» b;» Zi)

-

~

J

Galaxies are weighted by wppoW

L 1)
Galaxy overdensity field: 5g(x) =——1
n
g
4 \( \(
Survey area Observational Fake overdensities
and masks completeness caused by photometry
\- AN J\
4 Y4 )
Collisions Spectra without
of fibers redshifts
\- J /

Randoms are weighted by w

Wh

coll""no—z

maskwcomp



comoving number density [ 3 Mpc_?’]

How to convert a list of (6, ;. z;) t0 6,(X) ?
Case of galaxies and quasars

(‘91‘» b, Zi) 5g()_€ )

Redshift distribution 71(z)

e et

1 CMASS LRG
__ .1 eBOSS LRG
eBOSS ELG
eBOSS QSO

o - e e e e e e e e e e e e e e e

"-c-\l\ ?”""

‘ ¢ ..*6*""’” /7?7

18 20 2.2

redshlft
Zhao et al. 2021



https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.1149Z/abstract

comoving number density [h 3 Mpc_3]

How to convert a list of (Ql-, &;, zl-) to 6,(x) ?
Case of galaxies and quasars

(‘91'» b, Zi) 5g()_é )

Redshift distribution 71(z)

. - e e e e e e e e e e e e e e e e e e e e e e e e e e e

.. CMASS LRG
I __1 eBOSS LRG
eBOSS ELG

. eBOSS QSO

P e e e e e e e e e e e e e e e e

1.2 1.4 1.6 1.8 20 2.2
redshift

Zhao et al. 2021

Optimal weights for clustering:
FKP weights
Feldman, Kaiser & Peacock 1994

1
w P —
PR 4 ) Plkg)

P(ky) is power spectrum
at some scale of interest
(usually ky ~ 0.02 hMpC_l)


https://ui.adsabs.harvard.edu/abs/1994ApJ...426...23F/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.1149Z/abstract

comoving number density [k Mpc ]

How to convert a list of (Hl-, &;, zl-) to 6,(x) ?
Case of galaxies and quasars

(‘91'» b Zi) 5g()_5 )

Redshift distribution 71(z)

"""""""""""""""""""""""" Optimal weights for clustering:
______________________ FKP weights
1 CMASSLRG Feldman, Kaiser & Peacock 1994
I”__1 eBOSSLRG
eBOSS ELG Wiy =
eBOSS QSO - PR

P e e e e e e e e e e e e e e e e

P(ky) is power spectrum
at some scale of interest
(usually ky ~ 0.02 hMpC_l)

1.2 1.4 1.6 1.8 20 2.2
redshift

Zhao et al. 2021

Galaxies are weighted by W pooWeoWno—zWrKP 5.(%)
g

Randoms are weighted by Wy,,qWeompWrkp


https://ui.adsabs.harvard.edu/abs/1994ApJ...426...23F/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.1149Z/abstract

From spectra to clustering

(6’13 b;: Zi) 5g()_€ )

How to convert a list of (6, ¢, z;) t0 6,(X) ?
Case of galaxies and quasars

How to convert a list of <9i, bi» 25 L} )to 5Lya()_5) ?

Case of Lyman-a forests

v l

How to compute 2-pt statistics (6(X)8(X")) from 6(X) ?

| l

How to compute covariance/error-matrix for {6(xX)6(x")) ?

| l

BAO and RSD BAO and Neutrino masses




How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

5,5)  p (05



How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space

Correlation function

E(F) = <5g(?c)5g(55 + 7))



How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space Fourier space

Correlation function Power spectrum

57) = (8,)5,G+ 7)) Y5k - K)PH) = (5:(R6, () )
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How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space

Correlation function

E(F)

<5g(£)5g(55 4 7))

y To observer
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Case of galaxies and quasars

Configuration space

Correlation function

57) = (8,)5,G+ 7))
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Case of galaxies and quasars

Configuration space

Correlation function

E(F)

<5g(£)5g(55 4 7))
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How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars
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Correlation function
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How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars
Configuration space

Correlation function

E(F) = <5g(£)5g(55 + 7))
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How to compute 2-pt statistics (6(X)6(x")) from 6(x) ?

Case of galaxies and quasars
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How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space

Correlation function

E(F) = <5g(?c)5g(55 + 7)>

Estimator r |
Landy & Szalay 1993 0
. DD(7,) — 2DR(7,) .
YT R Rin i
/ >
ry
. 1
DD(7y) =~ > ow,
DD ; ica

and similarly for DR and RR


http://adsabs.harvard.edu/doi/10.1086/172900

How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space

Correlation function
E(7) = <5g(£)5g(55 4 7))

Estimator
Landy & Szalay 1993

DD(#,) — 2DR(%,,)
RR(7y)

E(7Fy) =

ry

5 1
DD(I"A) — W_ Z Wl]
DD ..
I,JEA

and similarly for DR and RR


http://adsabs.harvard.edu/doi/10.1086/172900

How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space

eBOSS LRG
Correlation function
_ o 120
E(7) = <5g(x)5g(x 4 r)>
— 60
Estimator a
Landy & Szalay 1993 _‘2 0 o
DD(7,) — 2DR(F,) =
s Fa) — ra _
W) = Ry i = 60
—120

—120 —60 O 60 120
ri [h~! Mpc]

JB et al. 2020



http://adsabs.harvard.edu/doi/10.1086/172900
https://doi.org/10.1093/mnras/staa2800

How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space

eBOSS LRG
Correlation function
N o 120
E(7) = <5g(x)5g(x 4 r)>
— 00
Estimator o
Landy & Szalay 1993 _‘2 0
DD(7,) — 2DR(F,) =
s Fa) — ra _
e A R = 60
Compute multipoles —120
Ei(r) = QL+1)) E(r, wi)Le(ui)dp 120 —60 0 60 120
. i ri [h~! Mpc]

where y;, = 1 and L, = Legendre polynomials JB et al. 2020
5 .



http://adsabs.harvard.edu/doi/10.1086/172900
https://doi.org/10.1093/mnras/staa2800

How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space

Correlation function
E(7) = <5g(?c)5g(55 4 7)>

Estimator
Landy & Szalay 1993

DD(#,) — 2DR(%,,)
RR(7)

E(7Fy) =

Compute multipoles

Eo(r) = QL+1)) E(r, i) Le(ui)dp

r
where u; = 1 and L, = Legendre polynomials
r


http://adsabs.harvard.edu/doi/10.1086/172900

How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space eBOSS LRG
100 ~ .\

Correlation function 2 ()
) o r“colr) 50 A . \’\’
57) = (8,)5,G+ 7)) N L

Estimator 0-
Landy & Szalay 1993 r2E,(r)
_50 -
. DD(r,) — 2DR(r
E(Fy) = () - (ra) +1 ~100 -
RR(7,) 100

Compute multipoles P2E,(r) O W-M+#+++W

§e(r) = (2L + 1) ZS(’”, i) Le(pei)dp .

0 50 100 150 200
r[h=! Mpc]

JB et al. 2020

r
where u; = 1 and L, = Legendre polynomials
r



http://adsabs.harvard.edu/doi/10.1086/172900
https://doi.org/10.1093/mnras/staa2800

How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Fourier space

Power spectrum
Y5k - K)PH) = (5:(R6, () )

Estimator
Yamamoto et al. 2006
Hand et al. 2017



https://ui.adsabs.harvard.edu/abs/2006PASJ...58...93Y
http://arxiv.org/abs/1704.02357

How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Fourier space

Power spectrum
Y5k - K)PH) = (5:(R6, () )
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Power spectrum
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Power spectrum
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How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars
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Gil-Marin et al. 2020

Py (k)

Fourier space

Power spectrum

Y5k - K)PH) = (5:(R6, () )

Estimator

Yamamoto et al. 2006

Hand et al. 2017

Assign galaxies and randoms to mesh

F(X) = n(x) — n(x)

Use Fast Fourier Transforms

Ff(l_é) = {d?’x ek i ()?)Lf(fc - %)

Compute multipoles

L 2+1 [dy
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How to compute 2-pt statistics (6(X)6(X")) from 6(X) ?

Case of galaxies and quasars

Configuration space Fourier space
Correlation function Power spectrum
E(F) = <5g(?c)5g(55 4 ?)) )83k — K)P(K) = <Sg(%)5g(%')>
Codes
pycorr pypower
by de Mattia et al. by de Mattia et al.
based on Corrfunc based on nbodykit
nbodykit

by Nick Hand & Yu Feng

... and many others!


https://py2pcf.readthedocs.io/en/latest/
https://corrfunc.readthedocs.io/en/master/index.html
https://pypower.readthedocs.io/en/latest/
https://nbodykit.readthedocs.io/en/latest/

Reconstruction for BAO

Removing bulk motions (~ 10 Mpc) that smear BAO peak

Initial field
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AO

Padmanabhan et al. 2012 Code: pyrecon


https://ui.adsabs.harvard.edu/abs/2012MNRAS.427.2132P/abstract
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Reconstruction for BAO

Removing bulk motions (~ 10 Mpc) that smear BAO peak
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Summary until now

Main questions in cosmology

How to make a spectroscopic survey : getting redshifts
Defining the survey window function for galaxies §,(x)

Two-point statistics : correlation function and power spectra
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How to compute covariance/error-matrix for &,(r;) or P(k;) ?



How to compute covariance/error-matrix for &,(r;) or P(k;) ?

Likelihood

i
£ = ex
QrydeqC)2 P

1 - -
<_E[d _ wE)TCd - m<p>]>

Data vector Model Covariance matrix
o i
C.. = (EE.
=16 Parameters Y <§l§’>
5 p C; = (P;P)




How to compute covariance/error-matrix for &,(r;) or P(k;) ?

Likelihood

i
£ = ex
QrydeqC)2 P

1 - -
(‘E[d _ wE)TCd - m(pn)

Data vector Model Covariance matrix
o i
C.. = (EE.
=16 Parameters Y <§£J>
5 p C; = (P;P)

Which methods to obtain a covariance matrix ?



How to compute covariance/error-matrix for &,(r;) or P(k;) ?

Likelihood

i
£ = ex
QrydeqC)2 P

1 - r R
<_5[d - m(p)]'C™'[d - m(P)]>

Data vector Model Covariance matrix
o i
C.. = (EE.
d=|¢ Parameters y <§’§J>
5 P C; = (P,P)

Which methods to obtain a covariance matrix ?

Analytical

C x (56565)
C - C(p)

Systematics?
Grieb et al 2016



https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.1577G

How to compute covariance/error-matrix for &,(r;) or P(k;) ?

Likelihood

i
£ = e
QrydeqC)2 P

o O S PRy . S
(—E[d—m(p)] C [d—m(p)]>

Data vector Model Covariance matrix
o i
d=|¢ Parameters Cij B <§i5j>
5 P C; = (P,P)

Which methods to obtain a covariance matrix ?

Analytical EUE DEEER
y Bootstrap/Jacknife
C x {(0606)
_ More subsamples, less volume
¢ - C(p) Noisier

Systematics?
Grieb et al 2016 Mohammad & Percival 2022



https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.1577G
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.1289M/abstract

How to compute covariance/error-matrix for &,(r;) or P(k;) ?

Likelihood

i
£ = e
QrydeqC)2 P

o O S PRy . S
(—E[d—m(p)] C [d—m(p)]>

Data vector Model Covariance matrix
o i
d=|¢ Parameters Cij B <§i5j>
5 P C; = (P,P)

Which methods to obtain a covariance matrix ?

Analvtical Data based Monte-Carlo
- Bootstrap/Jacknife Mocks
C x (0660)
. More subsamples, less volume CPU exbensive
2 Noisier P

Systematics? Realistic clustering?

Grieb et al 2016 Mohammad & Percival 2022



https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.1577G
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.1289M/abstract

How to compute covariance/error-matrix for (6(xX)6(xX")) ?

Case of galaxies and quasars

Mocks = approximate simulations of clustering, realistic observational properties

Covariance matrix is given by "scatter" over 1000 measurements of &.(r), P (k)



How to compute covariance/error-matrix for (6(xX)6(xX")) ?

Case of galaxies and quasars
Mocks = approximate simulations of clustering, realistic observational properties

Covariance matrix is given by "scatter" over 1000 measurements of &.(r), P (k)

eBOSS EZmocks
Zhao et al. 2020

Zel'dovich approximations to
rapidly construct density field
1000 realisations of the survey
includes redshift evolution

includes observational effects

includes cross-correlations

between tracers


https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.1149Z

How to compute covariance/error-matrix for (6(xX)6(xX")) ?

Case Right Ascension
152° 158°
008:09 %o 90 ° %o
154° SR g H] % TGS BN 156°
oo.;oe%g%&%of 9;33) Fop %o oo m;g
Mocks = approximate simulati ¥

Covariance matrix is given by "

eBOSS EZmocks
Zhao et al. 2020

Zel'dovich approximations to
rapidly construct density field
1000 realisations of the survey
includes redshift evolution

includes observational effects

includes cross-correlations

between tracers

Right Ascension



https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.1149Z
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eBOSS EZmocks = “0...
Zhao et al. 2020 52007 r RS
We|-751
Points = data ° | L1004
Shaded area = mocks 100
400 - + \ - sl
S 500- + + 04
@ ++ LYY
s + +ﬂ ++ “ #ﬂ*‘ ~50 A
T = 1100 -
~200 4 . . —T150 1 , , , ,
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k [h Mpc™1] r[h=! Mpc]

Covariance matrix is given by "scatter" over 1000 measurements of &,(r), P (k)


https://ui.adsabs.harvard.edu/abs/2021MNRAS.503.1149Z

eBOSS EZmock Covariance matrix
Dumerchat & JB 2022

&0 &2 Po P>

52.5 1.00
.-I'q_'102'5 0.75
= 525
Q .
Q 0.50
= 1025
- - 0.25

147.5 -

- 0.00

0.165 -
EI —0.25
T 0.025-
& —-0.50
=

0.165 -
%4 -0.75

0.295 4 . . . . . . . ~1.00

52.5 102.5 52.5 102.5 147.5 0.165 0.025 0.165  0.295
r [Mpc.h™ 1] k [Mpc~i. h]

Covariance matrix is given by "scatter" over 1000 measurements of &,(r), P (k)


https://ui.adsabs.harvard.edu/abs/2022A&A...667A..80D/abstract

What next

Baryon acoustic oscillations (BAO)
Redshift-space distortions (RSD)
Models and simulations

Non-Gaussianities fyp.

Converting quasar spectra to & ,(X)
Clustering measurements
BAO analysis
Neutrino masses
Simulations

(6 oz f))  Oyal®

(60')

0.

l



Baryon Acoustic Oscillations (BAO)

Cosmic microwave background (CMB)
z ~ 1100 or t ~ 380 000 years

°.-’( ."L~'-. » N vV ;

Type-la Supernovae (SNla) Baryon Acoustic Oscillations (BAO)
as standard candles as standard ruler
O0<z< 1.5 0.1<z< 25
5Gy <t< 13.8 Gy 3Gy <t<13Qy
Lcandle Af = Fruler Fruler

— AZ —
47D3(2) Dy(z) Dy(z)



Baryon Acoustic Oscillations (BAO)

Cosmic microwave background (CMB)
z ~ 1100 or t ~ 380 000 years

°.-’( ."L~'-. » N vV ;

- Angular mode
e 1006, = 1.04109 + 0.00030
0. = r«/Dwm

Baryon Acoustic Oscillations (BAO)
as standard ruler
0.1<z< 2.5
3Gy <t<13Qy

Type-la Supernovae (SNla)
as standard candles
O0<z< 1.5
5Gy <t< 13.8 Gy

Lcandle AQ = ruler

— AZ —
47D3(2) Dy(z) Dy(z)

F ruler




Baryon Acoustic Oscillations (BAO)

Cosmic microwave background (CMB)
z ~ 1100 or t ~ 380 000 years

..-’( ..'L~.-. - ‘l‘

Angular mode

L 1006, = 1.04109 + 0.00030

Type-la Supernovae (SNla)
as standard candles
O0<z< 1.5
5Gy <t< 13.8 Gy

Baryon Acoustic Oscillations (BAO
as standard ruler
0.1<z<25
3Gy <t<13Qy

Separation [Mpc]

_ Lcandle AQ = Fruler AZ _ Fruler Feuler ™ IOIh_lMpC
4zD7(2) Dy (2) Dy(2) (comoving)
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https://www.youtube.com/watch?v=jpXuYc-wzk4
https://www.youtube.com/watch?v=jpXuYc-wzk4
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https://www.youtube.com/watch?v=jpXuYc-wzk4
https://www.youtube.com/watch?v=jpXuYc-wzk4

Baryon Acoustic Oscillations (BAO)

Well described by GR + Boltzmann

z = 98853.2

- Baryons

- Cold Dark Matter

- = Photons
Neutrinos

--=-= Horizon

---- Sound horizon

Configuration T
space

r2E

0 50 100 150 200 250 300
r [Mpc]

Link to code



https://github.com/julianbautista/movie_correlations

Baryon Acoustic Oscillations (BAO)

Well described by GR + Boltzmann

z = 98853.2

- Baryons

- Cold Dark Matter

- = Photons
Neutrinos

--=-= Horizon

---- Sound horizon

Configuration T
space

r2E

0 50 100 150 200 250 300
r [Mpc]

Link to code



https://github.com/julianbautista/movie_correlations

Fourier
space

Baryon Acoustic Oscillations (BAO)

Well described by GR + Boltzmann

la7 z = 98853.2
- Baryons
4 4 = Cold Dark Matter
- == Photons
Neutrinos
---- Horizon
31 ---- Sound horizon
2~ g
9
| I
1 b
| §
| I
1 |
1 I
: I I
,,,-v-/ L \N
" B 1
0H-=--- e | ] Sy
1074 103 1D~2 10-% 109 101
k [Mpc—1]

Link to code



https://github.com/julianbautista/movie_correlations

Fourier
space

Baryon Acoustic Oscillations (BAO)

Well described by GR + Boltzmann

la7 z = 98853.2
- Baryons
4 4 = Cold Dark Matter
- == Photons
Neutrinos
---- Horizon
31 ---- Sound horizon
2~ g
9
| I
1 b
| §
| I
1 |
1 I
: I I
,,,-v-/ L \N
" B 1
0H-=--- e | ] Sy
1074 103 1D~2 10-% 109 101
k [Mpc—1]

Link to code



https://github.com/julianbautista/movie_correlations

Baryon Acoustic Oscillations (BAO)

Cf(””a’”l)
T .,

0.00 0.01 0.03 0.08 0.19 046 1.14 281 6.93 17.12

line-of-sight
120 direction

— 60
@)
@ O
v

i 0
=,

~ 60

—120

—120 —60 O 60 120
ri [h~! Mpc]

How to extract the BAO scale ?



Baryon Acoustic Oscillations (BAO)

eBOSS LRG
100 -
s(r [Ex 1) )
. I | o) so-
0.00 001 0.03 008 0.19 046 114 281 693 17.12
line-of-« 07
120 direct '
0_
< 90 r2E,(r)
= 50 -
= 0 ~100
-i_ 100
<
- W
e ° +
120 ~100 4
0 50 100 150 200
—120 —-60 O 60 120 )
ri [h~! Mpc] " pe]
JB et al. 2020

How to extract the BAO scale ?


https://doi.org/10.1093/mnras/staa2800

How to extract the BAO scale ?

1) account for the Alcock-Paczynski effect
2) create BAO template
3) scale BAO peak and find the best-fit location



How to extract the BAO scale ?

1) account for the Alcock-Paczynski effect

A cosmological model is needed to convert
redshifts into comoving distances

z; = x(z;)
( ) J*Z dZ/ C “Z dZ/
y(z) =c ~
0 H(z) H,

0 \/Qm(l + 2P+ Q,



How to extract the BAO scale ?

1) account for the Alcock-Paczynski effect

A cosmological model is needed to convert
redshifts into comoving distances

z; = x(z;)
( ) J*Z dZ/ C “Z dZ/
y(z) =c ~
0 H(z) H,

0 \/Qm(l +7P3+Q,

If Qfid £ Qi isotropy is broken
Alcock-Paczynski effet
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1) account for the Alcock-Paczynski effect

A cosmological model is needed to convert
redshifts into comoving distances

z; = x(z;)
( ) J*Z dZ/ C “Z dZ/
y(z) =c ~
0 H(z) H,

0 \/Qm(l + 2P+ Q,

If Qfid £ Qi isotropy is broken
Alcock-Paczynski effet

BAO would appear difterent
in radial and transverse directions
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How to extract the BAO scale ?

1) account for the Alcock-Paczynski effect

A cosmological model is needed to convert
redshifts into comoving distances

i )((Zi)
< dZ/ C < dZ/
x(2)=c TN
| | o H(z)  Hy g \/Qm(1+2’)3+QA
line-of-sight
direction

If Qfid £ Qi isotropy is broken
OX (Z1ow ) Alcock-Paczynski effet

¢ y BAO would appear difterent
in radial and transverse directions



http://adsabs.harvard.edu/abs/1979Natur.281..358A

How to extract the BAO scale ?

1) account for the Alcock-Paczynski effect

A cosmological model is needed to convert
redshifts into comoving distances

z; = x(z)
< dZ/ C < dZ/
(@) =c o~ H
| 0 T Hodo 0,014+ 20+ Qy
Transverse separations unchanged } ||ne'0f'5|ght
direction
If Qfid £ Qi isotropy is broken
OX (Zlow) Alcock-Paczynski eftfet
v v y BAO would appear difterent
in radial and transverse directions
¢ HY(2) g4 fid
d = ="


http://adsabs.harvard.edu/abs/1979Natur.281..358A

How to extract the BAO scale ?

1) account for the Alcock-Paczynski effect

A cosmological model is needed to convert
redshifts into comoving distances

z; = x(z)
< dZ/ C < dZ/
x(@) =c o~ H
| 0 T Hodo 0,014+ 20+ Qy
Transverse separations unchanged | ||ne'0f'5|ght
direction
If Qfid £ Qi isotropy is broken
OX (Zlow) Alcock-Paczynski eftfet
v v y BAO would appear difterent
in radial and transverse directions
Hid (2)
n = ¢ Az = (Z) ﬁid = qr ” r, = DM(Z)AQ = M l”fd = QJ_I"Ed

Dﬁd( Z)


http://adsabs.harvard.edu/abs/1979Natur.281..358A

How to extract the BAO scale ?

2) create BAO template



How to extract the BAO scale ?

2) create BAO template

Run Boltzmann solver, CAMB or CLASS, to obtain P},,iln(k) with BAO peak at 74y,

Need to choose a "template" cosmology

e.g.Q, =031,Q =0, h=0.67
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How to extract the BAO scale ?

2) create BAO template

Run Boltzmann solver, CAMB or CLASS, to obtain P},,iln(k) with BAO peak at 74y,

Need to choose a "template" cosmology

e.g.Q, =031,Q =0, h=0.67
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How to extract the BAO scale ?

2) create BAO template

Run Boltzmann solver, CAMB or CLASS, to obtain P},,iln(k) with BAO peak at 74y,

Need to choose a "template" cosmology

e.g.Q, =031,Q =0, h=0.67

1073

15 1072 10°
k [h/Mpc]
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How to extract the BAO scale ?

2) create BAO template

Run Boltzmann solver, CAMB or CLASS, to obtain P},,iln(k) with BAO peak at 74y,

Need to choose a "template" cosmology

e.g.Q, =031,Q =0, h=0.67

12
104':
10 A
8 -
103':
; _ -
Sg
SV 4
102':
] 2 - 1 :
Farag = 99.9 h™"Mpc
O —l#
101:' T T T T T — T T T T T — T -2 T T T T 1
102 1072 1071 10° 60 80 100 120 140

k [h/Mpc] r [Mpc/h]
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How to extract the BAO scale ?

2) create BAO template

Run Boltzmann solver, CAMB or CLASS, to obtain P},,iln(k) with BAO peak at 74y,

Need to choose a "template" cosmology

e.g.Q, =031,Q =0, h=0.67

12
10 -
8_
=, 16
=
Lk% 4 |
2 1 i -
Farag = 99.9 h™"Mpc
Oqﬁ
b LN R S | v v L AL | ! ! L LU L | _2 | I I 1 1
1073 1072 1071 10° 60 80 100 120 140
k [h/Mpc] r [Mpc/h]
template true : - rdrag
It €2 # 1, an extra scaling is need :
] l template

4 drag



How to extract the BAO scale ?

3) scale BAO peak and find the best-fit location



How to extract the BAO scale ?

3) scale BAO peak and find the best-fit location
1) If Qfid £ QU™ isotropy is broken

C H ﬁd(Z) M(Z) fid — fid
r” — A7 = —rl?d = q”rﬁid ry = DM(Z)AH = =q,r|

HZ = HQ Didz) +




How to extract the BAO scale ?

3) scale BAO peak and find the best-fit location

1) If Qfid £ QU™ isotropy is broken

Hfid (2)
| = ‘=9 re = qn rp = Dy(2)A0 = Du =g,

HZ = HQ Diid(z) *

4 drag

2) If Qlemplate £ Qfrue 41 extra scaling is need :
I l template

4 drag



How to extract the BAO scale ?

3) scale BAO peak and find the best-fit location

1) If Qfid £ QU™ isotropy is broken

C H ﬁd(z) Dy(2) 44 fid
= Az = D = gy ry = Dy(A0 = 2Lyl = g
I H(z) H(2) al [ || Dﬁd( )
template true - . rdrag
2) If QTP £ QU an extra scaling is need :
I l rtemplate
drag
1+2) If we measure BAO radial and transverse :
fid template template
pBAO _ _© A BAO _ H(2) "drag fid BAO rBAO — D (7)AGBAO = Dy(2) arag fid. BAO

I H@) HD)  Fag | E D@ amg -



How to extract the BAO scale ?

3) scale BAO peak and find the best-fit location

1) If Qfid £ QU™ isotropy is broken

fid
C H H7(2) D,,(2)
H(z) H(Z) v (2)
template true : - rdrag
2) It Q. # 1%, an extra scaling is need :
I l rtemplate
drag
1+2) If we measure BAO radial and transverse :
fid template template
BAO _ ¢ A7BAO — H™(2) Tdrag fid BAO FBAO — D (1) AGBAO — Dy(z) Tdrag fid. BAO
— — rBA0 = p,, —
I H@) HD g | D) rame
/BAO — , fidBAO /BAO — , fid.BAO

= aur =
i 1) rpoo=ar



How to extract the BAO scale ?

3) scale BAO peak and find the best-fit location

1) If Qfid £ QU™ isotropy is broken

fid
C H"(2) Dy(@) 4q_
M= Az =——=n = g rL=DyR)A0 =0 —rT = qr)
H(z) H(z) Dyi(z)
template true : - rdrag
2) It Q. # 1%, an extra scaling is need :
I l rtemplate
drag
1+2) If we measure BAO radial and transverse :
fid template template
BAO _ ¢ A7BAO — H™(2) Tdrag fid BAO FBAO — D (1) AGBAO — Dy(z) Tdrag fid. BAO
— - rBA0 = p,, —
I H@) HD g | D) rame
/BAO — , fid BAO /BAO — , ,fid BAO
= A rpoo=or

We apply scaling to separations of model :

§(ry, ”||) — c(a ry, 05||7’||)
Good approximation if Q?d’template ~ Q?ue !
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How to extract the BAO scale ?

In practice

Linear redshift-space distortions: P(z) = (b +f,u,3)2P2n(k) where p, = ky/k

Separate BAO peak from smooth part: O(k) = P(k)/ P opear(k) — 1
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How to extract the BAO scale ?

In practice

Linear redshift-space distortions: P(z) = (b +f//t,3)2P,2n(k) where p, = ky/k

Separate BAO peak from smooth part: O(k) = P(k)/ P, pea(k) — 1

. : : " K*ZX (40)
Empirical smoothing of BAO peak (non-linearities):  O(k)exp | —

2

2Ny = Eﬁﬂkz + Zi(l — :“13 )
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How to extract the BAO scale ?

r&, (k)

In practice

— =0

100

150

r[h= Mpc]

(2)PIN(k) where py, = ky/k

P nopeak(k) — 1

2

ZnL() = Zﬁﬂ;? +27(1 — pf

252
O(k)exp (— ARG )



How to extract the BAO scale ?

kP,(k)
2000 - — i =0
100 -
1500 -
1000 - 50 -
500 -
0 -
800 - =2
_20 ]
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400 -
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200 -
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0 2
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In practice

FZEg(k)

|

— =0

0

100

% =7h"'Mpc, Z, =5 h~'Mpc

150

r[h=! Mpc]

u2)P"(k) where p;, = ky/k

'P nopeak(k) — 1

2

2Ny = Zﬁﬂ;? + Zi(l — :“13 )

252
O(k)exp (— () )



How to extract the BAO scale ?

In practice

Linear redshift-space distortions: P(z) = (b +f//t,3)2P,2n(k) where p, = ky/k

Separate BAO peak from smooth part: O(k) = P(k)/ P, pea(k) — 1

. : : " K*ZX (40)
Empirical smoothing of BAO peak (non-linearities):  O(k)exp | —

2

2Ny = Eﬁﬂkz + Zi(l — :“13 )

Modelling of reconstruction and removal of RSD: f,ukz — fu? (1 — e—k223/2>



How to extract the BAO scale ?

In practice

Linear redshift-space distortions: P(z) (b + fu; )zPhn(k) where y, = k/k

Separate BAO peak from smooth part: O(k) = P(k)/P Opeak(k) — 1

2
2Ny = E“:uk i(l — :“lg)

. : : " K*ZX (40)
Empirical smoothing of BAO peak (non-linearities):  O(k)exp | —

Modelling of reconstruction and removal of RSD: f,ukz — fu? (1 — e—k223/2>

]
Power-laws to marginalise shape information : + 2 Ay ik



How to extract the BAO scale ?

In practice

Linear redshift-space distortions: P(z) (b + fu; )zPhn(k) where y, = k/k

Separate BAO peak from smooth part: O(k) = P(k)/P Opeak(k) — 1

2
2Ny = E“:uk i(l — :“lg)

. : : " K*ZX (40)
Empirical smoothing of BAO peak (non-linearities):  O(k)exp | —

Modelling of reconstruction and removal of RSD: f,uk2 — fu? (1 — e_k223/2>
Power-laws to marginalise shape information : + 2 de, k'

£,i=0
Scaling of separations: k= kﬁd/a” k| =klY/a,

— ﬁd fid



How to extract the BAO scale ?

In practice
kP (k) re&(k)
Linear = k”/k
100 -
Separe
pare 50 -
2
. 0- L)
Empir 5
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2 2
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k [h Mpc~1] r (h=1 Mpc]
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7’”=a”1’” FJ_=C¥J_I’J_



How to extract the BAO scale ?

In practice
’ k*Py(k) re&,(k)
inear
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. 100 - :
Separg 10007
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.. 0 1
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Results of BAO fits
eBOSS LRG reconstructed
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Results of BAO fits
eBOSS LRG reconstructed
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These constraints will be used to fit cosmological models
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Redshift-space distortions (RSD)

We measure redshifts : peculiar velocities affect our distance inferences
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Redshift-space distortions (RSD)

Velocities on large separations

Linear RSD Non-linear RSD
Fingers-of-God

to observer

1~ Mpc

From Dodelson & Schmidt 2020



https://www.elsevier.com/books/modern-cosmology/dodelson/978-0-12-815948-4

Redshift-space distortions (RSD)

Velocities on large separations Velocities on small separations

Linear RSD Non-linear RSD
Fingers-of-God

to observer

1~ Mpc 1 h~'Mpc

From Dodelson & Schmidt 2020
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Redshift-space distortions (RSD)
Impact on correlation function &(7) = <5(5€)5(55 + 7))
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Redshift-space distortions (RSD)

Impact on correlation function &(7) = <5(5c’)5(55 + 7))
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Redshift-space distortions (RSD)
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Redshift-space distortions (RSD)
Impact on correlation function &(7) = <5(5€)5(55 + ?))
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Easy to model with linear continuity equation:
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Redshift-space distortions (RSD)
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Easy to model with linear continuity equation:
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Redshift-space distortions (RSD)
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Redshift-space distortions (RSD)
Impact on correlation function &(7) = <5(5€)5(55 + ?))

Redshift space

Linear RSD

Kaiser 1987 Linear RSD

Kaiser 1987/

Easy to model with linear continuity equation:

dé(x, a)

da

V -v(X, a) = — aH(a)f(a)é6(X, a)

lFT

ik - ¥k, a) = — aH(@)f(a)5(k, a)

V-3X,a) = —a’*H(a)

Non-linear RSD
Fingers-of-God &

Growth-rate of structures f(a)

Positions in redshift-space : s, [h~*Mpc]

v(X,a) - X
aH(a)

S =X+
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Redshift-space distortions (RSD)

Impact on correlation function &(7) = <5(5€)5(55 + ?))

Linear RSD
Kaiser 1987/

Easy to model with linear continuity equation:

dé(x, a)

da

V -v(X, a) = — aH(a)f(a)é6(X, a)

lFT

ik - ¥k, a) = — aH(@)f(a)5(k, a)

Growth-rate of structures f(a)

Positions in redshift-space :

V-3X,a) = —a’*H(a)

v(X,a) - X
aH(a)

S =X+

Mass conservation + plane-parallel :

Srsp(ks @) = [1 + flayu?] 5k, a)

Redshift space

Linear RSD
Kaiser 1987/

Non-linear RSD \

Fingers-of-God [
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Redshift-space distortions (RSD)

Impact on correlation function &(7) = <5(5€)5(55 + ?))

Linear RSD
Kaiser 1987/

Easy to model with linear continuity equation:

dé(x, a)

da

V-3X,a) = —a’*H(a)

V -v(X, a) = — aH(a)f(a)é6(X, a)

lFT

ik - ¥k, a) = — aH(@)f(a)5(k, a)

Growth-rate of structures f(a)

Positions in redshift-space :
v(X,a) - X
aH(a)

S =X+

Mass conservation + plane-parallel :

Srsp(ks @) = [1 + flayu?] 5k, a)

Redshift space
| | | | 2 5

Linear RSD
Kaiser 1987/

Non-linear RSD
Fingers-of-God B

s, |h'Mpc]

P(k) = (1 + fu2)>Pi"(k) where u; = k/k

Linear RSD model is basis for more
advanced theoretical models
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Redshift-space distortions (RSD)

What about og ?

Variance of top-hat smoothed linear matter density field on scales of 8 Mpc/h

[ dk k*P)"(k, z) Wy (k)

0'82(Z) — 2—
0

T2

Used to define amplitude of power spectrum instead of A, (primordial amplitude)
Py(k) = [1+f@ug]” Pk, 2)
- 2 ~1:
Py(k) = [1+f@u]” o5 ()P™(k, 2)

P,(k) = [042) + @ox(@u?|” Pk, 2)



Redshift-space distortions (RSD)

What about og ?

Variance of top-hat smoothed linear matter density field on scales of 8 Mpc/h

J dk k*P)"(k, z) Wy (k)

0'82(Z) — 2—
0

T2

Used to define amplitude of power spectrum instead of A, (primordial amplitude)
Pk = [1+ fu]” Pk, 2)

P(k) = [1 +fu?]” 62@) Pk, 2)

P,(k) = [04(2) 4 f@og@h2]” PPk, 2)

Anisotropic clustering is proportional to f(z)og(z)
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Redshift-space distortions (RSD)

Going beyond linear theory, few examples

TNS (Taruya, Nishimishi & Saito 2010)

+ non-linear bias

P;(k, jt) = D(kpuoy)[Pgg(k) + 2u” f Pog + p* £ Poo(k)

+CA(ka M, f’ bl) + CB(kv M, f’ bl)]7


http://adsabs.harvard.edu/abs/2010PhRvD..82f3522T

Redshift-space distortions (RSD)

Going beyond linear theory, few examples

TNS (Taruya, Nishimishi & Saito 2010)

+ non-linear bias

P;(k, ) = D(kpo,) [ Pyg(k) + 214> f Pgg + pi* f* Pog(k)

+CA(ka M, fa bl) + CB(k’ M, fa bl)]$

Comoving Lagrangian Perturbation Theory + Gaussian streaming
Carlson et al. 2013, Reid & White 2011

[1 + &x(r)]

1+'$X(r_L’r||) =

1
./ \/ 2 [alzz(r) - 01300]

— _["n —y— I/«vlz(")]2 d
"V 2loan+odg] [



https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.1674C/abstract
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.1913R/abstract
http://adsabs.harvard.edu/abs/2010PhRvD..82f3522T

Redshift-space distortions (RSD)

Going beyond linear theory, few examples

TNS (Taruya, Nishimishi & Saito 2010)

+ non-linear bias

P;(k, jt) = D(kpuoy)[Pgg(k) + 2u” f Pog + p* £ Poo(k)

+CA(k’ M, f’ bl) + CB(kv M, fa bl)]v

Comoving Lagrangian Perturbation Theory + Gaussian streaming
Carlson et al. 2013, Reid & White 2011

[1 4 &x(r)]

1+ 8x(ry,ry) =

1
/ \/ 27 [alzz(r) - 0300]

 ex Iy -y- pvp(r))? d
£ 2 [ofz(r) + crgoG] 4

= effective field theory: small scale sourced counterterm to regularize
loop integrals (pybird, CLASS-PT, velocileptors...)
u hybrid PT/HOD models, e.g. Hand et al. 2017


https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.1674C/abstract
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.1913R/abstract
http://adsabs.harvard.edu/abs/2010PhRvD..82f3522T
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How to model galaxy clustering in general?

Realism
Approaches: N
- n-body simulations
- hybrid : emulators, machine learning
- theoretical formulations !
Speed

Reviews on this topic

Large-scale structure of the Universe
and cosmological perturbation theory
Bernardeau, Colombi, Gaztanaga, Scoccimarro 2002

Redshift-space Large-scale galaxy bias
Desjacques, Jeong & Schmidt 2018

N-body simulations
Angulo & Hahn 2022



https://arxiv.org/abs/astro-ph/0112551
https://www.sciencedirect.com/science/article/pii/S0370157317304192
https://ui.adsabs.harvard.edu/abs/2022LRCA....8....1A/abstract

How to model galaxy clustering in general?

Realism
Approaches: N
- n-body simulations
- hybrid : emulators, machine learning
- theoretical formulations !
Speed

Reviews on this topic

Large-scale structure of the Universe
and cosmological perturbation theory
Bernardeau, Colombi, Gaztanaga, Scoccimarro 2002

Redshift-space Large-scale galaxy bias
Desjacques, Jeong & Schmidt 2018

N-body simulations
Angulo & Hahn 2022

Any theoretical model is validated with n-body simulations


https://arxiv.org/abs/astro-ph/0112551
https://www.sciencedirect.com/science/article/pii/S0370157317304192
https://ui.adsabs.harvard.edu/abs/2022LRCA....8....1A/abstract

Redshift-space distortions (RSD)

In practice

We fit simultaneously for ( fog, A, a)
+ bias and FoG terms

No power-laws, we want the full-shape information !

No reconstruction |
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Redshift-space distortions (RSD)

eBOSS LRG
JB et al. 2021
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/i (Z)O'g(Z)

[ f(z)og(2)]d

Redshift-space distortions (RSD)
Measurements from SDSS I, Il and IV
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Used in constraining cosmological models




Goal

Information
source

Reconstruction

Parameters

Model dependant

In a nutshell

BAO
Standard ruler distances

BAO peak position only

Yes

Dy(z) Dy (2)
F drag , F drag peak

| ess

RSD

Growth rate of structures

Full anisotropic shape of (66')

No

f(2)og(z) and (

F drag F drag

Dy(2) DM<z>)
shape

More



In a nutshell

Galaxy survey

5,(%)




In a nutshell

Reconstructed survey
5,(%)

Galaxy survey

5,(%)

Baryon acoustic oscillations
(BAO) analysis



In a nutshell

Reconstructed survey
5,(%)

Galaxy survey
5,®)

Baryon acoustic oscillations
(BAO) analysis

Redshift-space distortions (RSD)
or full-shape analysis



In a nutshell

Reconstructed survey
5,(%)

Galaxy survey
5,(%)

Pre-recon Post-recon
P4(r) &A1)
Redshift-space distortions (RSD) Baryon acoustic oscillations
or full-shape analysis (BAO) analysis
{05||,05J_,f0'8}p {55||a0~5J_}§

Consensus

{oy, ay, fog]

or
18,045,010, ...}




In a nutshell

Reconstructed survey
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Galaxy survey
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Pre-recon Post-recon

P (1) 3 A1)

Redshift-space distortions (RSD) Baryon acoustic oscillations

or full-shape analysis (BAO) analysis
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or
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How to obtain consensus results ?

Combining Gaussian posteriors
(Sédnchez et al. 2017)

From

ff(”)
D; = {oy, a,, fog]
Cg = 3 x 3 covariance

mocks

C Consensus

D = {o,a,, fog}
C = 3 x 3 covariance
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How to obtain consensus results ?

Combining Gaussian posteriors
(Sédnchez et al. 2017)

From

ff(”)
D; = {o,a,, fog}
Cg = 3 x 3 covariance

mocks
C
“)s

- assumes Gaussian input posteriors
- yields Gaussian posteriors

Consensus

> Ciot =

D = {ay,ay, fog}
C = 3 x 3 covariance

P,(r)
Dp = {a“aaj_afo-S}
Cp = 3 x 3 covariance

- needs adjusting on C p for particular data realisation
- trickier to include systematic uncertainties



Obtaining consensus results

Application to eBOSS LRG sample
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Obtaining consensus results

Application to eBOSS LRG sample

Correlation coefficients

1.00 21.0
% ACDM (P18)
0.75 20.5 - BAO &,
BAO &, a BAO P,
0.50 20.0 - BAO (&, + Py)
0.25 g 19.5 -
BAO P, a 000 QI 19.0-
BAO PZ a; -0.25 18.5 -
=Hal 18.0 A
~0.75 17.0 17.5 18.0 18.5 19.0 195 20.

DM/rdrag
-1.00

BAO P, a |
BAO P, a
BAO &, a |
BAO &, a

BAQO results are really consistent between Fourier and Config



Alternative : joint fit of Fourier+Config

Dumerchat & JB 2022

- concatenate Fourier and Config data-vectors
- fit for same {a;,a,} on both, different nuisance parameters

2 Bty .\ o 000 s b
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01+ @
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0 50 100 150 200 0.0 0.1 0.2 0.3
r[h= Mpc] k [h Mpc™!]


https://ui.adsabs.harvard.edu/abs/2022A&A...667A..80D/abstract

Alternative : joint fit of Fourier+Config

Dumerchat & JB 2022

- concatenate Fourier and Config data-vectors

- fit for same {a;,a,} on both, different nuisance parameters

oo,
w b
r2E(r) 50 .\ P 10001 .“.
(k)
0- & wﬂ m 0 ¢ ""'00..
500 1 ¢ -
2001 4 -
50 - % @ém@ .
r&y(r) N @ @ﬁ #&##&HH kP,(k) 07 MM " o -
—200# %
2 + 200 - ++
r?Ey(r)  o- M@## #ﬂ% kP, (k) ; ‘ RGN
50 - o ﬂ+ + ++++
(I) Sb 100 150 200 010 0:1 0.I2 023
r[h= Mpc] k [h Mpc™!]
Pros:
- does not assume Gaussian posteriors Cons:

- simpler, no adjustments

- same model, just FFT'ed

- larger covariance matrix


https://ui.adsabs.harvard.edu/abs/2022A&A...667A..80D/abstract

Alternative : joint fit of Fourier+Config

Dumerchat & JB 2022

Correlation matrix from 1000 mocks

§o

52.5 1.00
"ll'— 102.5 - B
= 525
d .
Q 0.50
E 102.5 -
- 0:25

147.5 -

- 0.00

0.165 -
E -0.25
T 0.025-
8_ -0.50
=

0.165 -
"4 -0.75

0.295 4 : , ; , ; , : ~1.00

52.5 102.5 52.5 102.5 147.5 0.165 0.025 0.165  0.295
r [Mpc.h™1] k [Mpc~i.hl]

Fourer


https://ui.adsabs.harvard.edu/abs/2022A&A...667A..80D/abstract

Joint BAO fits

~ (3aussian cases Non-Gaussian cases
Y 5 on mocks
B 1.10 A
1.02 - I,’E K
1.00 HI-fL 2N N 1.05 -
\, ' )
\ \ \

a; ..
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/
'4 ¢

gl SRR .

0.60.70.80.91.01.11.2 0.60.70.80.91.01.11.2

# 338
1.04 4 . 1.100 A
™ Fourier Lors 1V 77
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1.024-¢ |
a | a 1.025 A
1.00 4
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Joint fit is well-behaved, less biased statistically, with correct uncertainties
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RSD fits
Aronica & JB (in prep)
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Still understanding differences...
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How to obtain consensus between BAO and RSD ?

Chen, Vlah & White 2022 Gil-Marin 2022



kP; [(Mpc/h)?]

How to obtain consensus between BAO and RSD ?

Chen, Vlah & White 2022 Gil-Marin 2022
Pre-reconstruction power spectrum H
recon
2000 - e NGCz3 & =0 & (=2 =i Pl{ + gg
vl ‘\’\0-._.‘. I k
- ~0~ —
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O ' ' j : ' . 70 | > :
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M?‘ e —
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Post-reconstruction correlation function e P ,
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Fitting directly cosmological parameters with LPT predictions




How to obtain consensus between BAO and RSD ?

Chen, Vlah & White 2022 Gil-Marin 2022

Correlation matrix

Comparison of 3 methods: ]
1. joint fit of pre+post-recon multipoles <
2. combining alphas

3. hybrid approach

P

Fit for 4 variables

L, ay, fog, m}

pre

p(©)

Method 1 shows 5-10% smaller
uncertainties and more robust results

0lpost”, N F,(O)pre p)

(2)
P

re pre



Primordial Non-Gaussianities

Using very large-scale clustering of quasars

far. = 0 corresponds to Gaussian initial conditions after inflation



Primordial Non-Gaussianities

Using very large-scale clustering of quasars

far. = 0 corresponds to Gaussian initial conditions after inflation

5%10%t

&
S
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i —— w/ Window
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102 10-!
k [h/Mpc]

Castorina et al. 2019



Primordial Non-Gaussianities

Using very large-scale clustering of quasars

far. = 0 corresponds to Gaussian initial conditions after inflation

5x10%}

SN =0
J — =20

0%/ fu =20
» —— w/ Window

5%103 — - - w/o Window

Py (k)

1072 10~1
k [h/Mpc]

Castorina et al. 2019

Large scales are the most prone to systematic effects : window, photometry, etc...



Py(k) [(Mpc/h)°]

Primordial Non-Gaussianities

Using very large-scale clustering of quasars

Treatment of photometric
systematics with neural networks

Constraints on fy

optimal
weights

w/o optimal
weights

eBOSS QSOs
100000 - — linear treatment
—— mean mocks
75000 - —}— neural network
50000 -
25000 -
0 1 /
—25000
p=1.6
50000 NGC
10-3 102 100 {50 —100 —

Mueller et al. 2022

0 0 50 100 15

/NL

No detection of departures from Gaussian initial conditions



http://arxiv.org/abs/2106.13725

INL

Primordial Non-Gaussianities

Comparison between probes

200 - + 1SS
1504 WMAP 1 WMAVg/l\élAP 5 ¥ CMB
A LSSxCMB
100 1 wmAP T
50 - Planck 13 Pjlanck 18
¥ X @ X Planck 15
- R B s & B s
—50 - SDSS
photo.+ SDSSxXWMAP + eBOSS
—100 - BOSS QSO DR16
LRG DR9 eBOSS
—150 1 QSO DR14
2005 2010 2015 2020

Publication year



Primordial Non-Gaussianities

Comparison between probes

1504 WMAP 1 WMAVF\)/MAP 5 ¥ CMB
P 3
4 LSSxCMB
100 1 wMAP T
50 - / X Planck 13  Planck 18
2 ) x @ X Planck 15
e — L . | __
0 ==
—90 7 SDSS
photo.+ SDSSxWMAP + eBOSS
—100 A BOSS QSO DR16
LRG DR9 eBOSS
—150 - QSO DR14
2005 2010 2015 2020

Publication year

Forecast for future o(fll\}’fal) < 5.0 (DESI)
(DESI Collaboration 2016a) (£ < 2.5 (DESI + Planck)




How to convert a list of <Hl-, bi» 7 {17} )to Opya(X) ?

Case of Lyman-a forests

(0 b2 }) B O1ya @) (55



How to convert a list of <9i, Gi» 2o 1} )to Opya(X) ?

Case of Lyman-a forests

0, di- 2o 1) Opya(X)

What is a Lyman-alpha forest ?

Intensity of light

>

1200 1400 1600
Colour (wavelength) of light/A Andrew Pontzen

https://www.youtube.com/watch?v=6Bn7Ka0Tjjw


https://www.youtube.com/watch?v=6Bn7Ka0Tjjw
https://www.youtube.com/watch?v=6Bn7Ka0Tjjw

How to convert a list of <9i, Gi» 2o 1} )to Opya(X) ?

Case of Lyman-a forests

0, di- 2o 1) Opya(X)

What is a Lyman-alpha forest ?

Intensity of light

>

1200 1400 1600
Colour (wavelength) of light/A Andrew Pontzen

https://www.youtube.com/watch?v=6Bn7Ka0Tjjw


https://www.youtube.com/watch?v=6Bn7Ka0Tjjw
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A Lyman-alpha forest

A high signal-to-noise ratio quasar spectrum from eBOSS

z; = 3.058

§1.5— "w ldl f .. "

il i !'“"u“”'“|

375 400 425 450 475 500 525 550
Aobs. [NM]

Broad emission

Ly lines from quasar Lya
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Womble et al. 1996 |

SN

From fluxes {/;} to 5 ,(X)

\
\

F() =

-
-
=

|

100 120 440 4160

Observed wavelength 4

480

obs
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1
560

f(/l) _ 6_7(/1)
C(A)
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100

Womble et al. 19964

Observed Wavelength A

obs
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From fluxes {/;} to 5 ,(X)

Flux
[ wombleetal 1996 f Q)
! " -
| fm l ' il ﬂ'l f# C A«
il | M y 1 W T f,,,,.,r!' 1 Transmission ( )
- A ‘ |
| 420 40 460 480 500 520 510 560 Continuum

Observed wavelength A, [nm]

obs
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From fluxes {/;} to 5 ,(X)

T

b EQ) =

||‘I . .
— l,“,l_, .,W" 1 Transmission
|

100 120 440 4160

Observed wavelength 4

480
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500

520 540 60

Flux

)
C(2)

Continuum

= C

Optical
Depth

—1(4)
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Womble et al. 1996}

W

nﬂ‘ T

From fluxes {j;-} to 5Lya(x) Flux Optical
Depth
A

= C

I()() 120 440 4160

Observed wavelength 4

lt$()

obs

[nm]

Continuum

1
500

Lyman-alpha emission from quasar at :

2050 = Aops/ ALyg =
Zoso = 5618 A/ 1216 A - 1
Z0SO = 3.62
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Womble et al. 1996}

100

o

I()O 120 110 4160 U() (l()

Observed Wavelength Are [nmM]

obs

Absorption from intergalactic medium at :

Ziine = /Iobs/ﬂLya -1
Zine = 5300 A/ 1216 A -1
Liine = 336

Optical
Depth

F(/l) _ f(/l) _ 6_7(/1)

Continuum

Lyman-alpha emission from quasar at :

2050 = Aops/ ALyg =
Zoso = 5618 A/ 1216 A - 1
Z0SO = 3.62
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From fluxes {jj-} to 5Lya(3_5) Optical

Flux

§ Womble et al. 1996 l f(ﬂ,) P
| ] _Z(J.
o V< E(4) = = e %
,, W M m‘ T C)
- ‘ I ”1 T ,,-,.,qr} 1 Transmission ]
101 = l 20 110 160 m) 5(»0 520 510 ’)(;«) Continuum
Observed Wavelength Aops [NM]

FO)
(F)(4)

We want  §.(4) =

Just like for galaxies



From fluxes {jj-} to 5Lya(3_5) Optical

Flux

] epth
fay

g » ﬂ‘ﬂ‘ F (/1]) — J — e—T(/lj)
| TNW | TT‘ "?M “,-.-;r{' 1 Transmission C(/Ij)

o

Womble et al. 1996‘

100

[10_17e1‘gs_1Cm_zﬁ\_l]

~<

A A 1
= IOO | 20 140 160 m) s(m 520 540 560 Continuum
Observed wavelength A, [nm]

obs

F(4)
We want  §.(4) = —
(F)(A)
_ nG)
Just like for galaxies  0,(x) = —— — |
n

8



From fluxes {/;} to 5 ,(X) Optical

Flux

e Depth
Womble et al. 1996 l f(ﬂ ) P
| ]

, { | J F (ﬂ) p— — e_T(/lj)
T 1S J
T Cy)

11§
Y { j
(M
" 1
100 120 1140 160 480 500 520 540 560 Conti n u u m
Observed wavelength A, [nm]

100

50

Transmission

-~

£ 10 Tergs~tem=2A 1]

obs

Methods to obtain C(A)

« Use measurements of (F)(1) from high-
F(/l) 1 resolution spectra (Lee et al. 2012) or from
o stacks (Kamble et al. 2020)
(F)(4)

 Build PCA templates for C(4,.) from low-z

We want  §.(4) =

n ()_C)) high-res spectra (Suzuki et al. 2006)
: : - 8
Just like for galaxies  0,(x) = — 1 + Use a flux P.D.F. from mocks
g —_
ng (Busca et al. 2013)

 Give up and do the simplest thing for now
(du Mas des Bourboux et al. 2020)

6p(1) = ) ~1
(aq + bqll)c(j’res't)
where C(4..,) is a universal function



Weights of 5, ()

J(4)

5(1) = _ -
3 (a, + b, 1og 1) C(Areq)

I w=l/o;

Total variance of o

05, () =07 . (D) + 07 (D) + g5 1(D)

e N

From instrument and spectra Analogous to oy for galaxies Systematics?
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A Lyman-alpha forest : some definitions

Flux Optical

Womble et al. 1996 Depth
§ omble et a A{
jT T v F(4) = ) _ e "W

TN i "JTT1 I ”1 T . Transmission C(/l)

Olon | 420 140 160 280 500 52 5 T s ) Continuum

Observed Wavelength Aops [NM]
Absorption from IGM at : Lyman-a emission from quasar at :
Zline = /Iobs/}“Lya -1 ZQSO = /Iobs/lLya -1
Ziine = 5300 A / 1216 A -1 zaso = 5618 A/ 1216 A - 1

Liine = 3.36 Z0SO — 3.62



A Lyman-alpha forest : some definitions

Flux Optical
S - Depth
A',]p 2| Womble et al. 1996 x f(ﬂ)
osf bkl f C/I = C
S R W (4)
Ny 00 1'.-:10 440 460 mu un ﬁzzlo 510 5 ) Cor]tiﬂuum
Observed wavelength 4, 1nm]

Absorption from IGM at : Lyman-a emission from quasar at :

Zline = /Iobs/}“Lya -1 ZQSO = /Iobs/lLya -1

Ziine = 5300 A / 1216 A -1 Zaso = 5618 A/ 1216 A - 1

Liine = 3.36 Z0SO — 3.62

Lyman-a or Lyman-f ?
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A Lyman-alpha forest : some definitions

Womble et al. 1996 |

100

Optical
Depth

f (/1) —7())

= C

Flux

{ A L A N
100 120 440 4160 lti()

Observed wavelength A, 1nm]

obs

Absorption from IGM at :
Zline = /Iobs//lLya -1

Ziine = 5300 A / 1216 A -1
Liine = 336

.'q } | !
I
| A A
UO 520 540 5

Continuum

Lyman-a emission from quasar at :

2050 = Aops/ Ayg =
Zoso = 5618 A/ 1216 A - 1

Z0SO — 3.62
Lyman-a or Lyman-f ?
Ziine = /lobs/j‘Lya -1

Zine = 4600 A/ 1216 A -1
Liine = 278



A Lyman-alpha forest : some definitions

Flux Optical
~ 2| Wombleetal 1996 : /1 Depth
- | Womble et al. |
% | /1 f( ) _ —T(/I)
. af TR o e
75 | 1 Transmission C(/l)

i 100 ‘ “10 440 460 m() un f)::lo 510 5 ) Contiﬂuum
Observed wavelength 4, 1nm]
Absorption from IGM at : Lyman-a emission from quasar at :
Zline = /Iobs//lLya -1 ZQSO = /Iobs/ﬂLya -1
Ziine = 5300 A/ 1216 A -1 zaso = 5618 A/ 1216 A - 1
Liine = 3.36 Z0SO — 3.62
Lyman-a or Lyman-f ?
Zline = /lobsM“Lya -1 Zline = /Iobs/l’q’boyﬂ -
Zine = 4600 A / 1216 A -1 Zine = 4600 A/ -1



I [10_176‘.1‘gs_1Cm—Q;\—I]

A Lyman-alpha forest : some definitions

Flux Optical
Womble etal. 1996 Pepth
S omble et al. | A/
3 (T ’ ‘
T - C(A)
100 : .r.-:lo ~ 10 460 mo (m 5;:10 510 5 ) Continuum
Observed wavelength 4, 1nm]
Absorption from IGM at : Lyman-a emission from quasar at :
Zline = /Iobs/ﬂLya -1 ZQSO = /Iobs/lLya -1
Zine = 5300 A/ 1216 A -1 zaso = 5618 A/ 1216 A - 1
Liine = 3.36 Z0SO — 3.62
Lyman-a or Lyman-f ?
LZiine = /lobs/)“Lya -1 Zline = iobs/l’q'boyﬂ -
Zine = 4600 A/ 1216 A -1 Ziine = 4600 A/ -1
Zine = 2.78 Ziine = 3.49

Lyman-a or metal absorption (Si, C, N, etc) ?
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A Lyman-alpha forest : some definitions

Flux Optical
Womble etal. 1996 /1 Depth
S Womble et al. ‘
2 (T ’ ‘
T - C(A)
100 : .r.-:lo ~ 10 460 mo (m 5;:10 510 5 ) Continuum
Observed wavelength 4, 1nm]
Absorption from IGM at : Lyman-a emission from quasar at :
Zline = /Iobs/ﬂLya -1 ZQSO = /Iobs/lLya -1
Zine = 5300 A/ 1216 A -1 zaso = 5618 A/ 1216 A - 1
Liine = 3.36 Z0SO — 3.62
Lyman-a or Lyman-f ?
LZiine = /lobs/)“Lya -1 Zline = iobs/l’q'boyﬂ -
Zine = 4600 A/ 1216 A -1 Ziine = 4600 A/ -1
Zine = 2.78 Ziine = 3.49
Lyman-a or metal absorption (Si, C, N, etc) ?
Ziine = Aobs/ Asiln -

zire = 5300 A/ 1207 A -1
Liine = 339
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A Lyman-alpha forest : some definitions

Flux Optical
Womble etal. 1996 : Depth
S omble et al. x ﬂ
; 71 _
S {1 1." ’ ‘
AU W C(2)
1 4 | | ?\
100 ‘ 1'.-:10 A 440 L 160 mu un 52.0 540 ‘ 5 ) Continuum
Observed wavelength 4, 1nm]
Absorption from IGM at : Lyman-a emission from quasar at :
Zline = /Iobs/}“Lya -1 ZQSO = /Iobs/lLya -1
Zine = 5300 A/ 1216 A -1 zaso = 5618 A/ 1216 A - 1
Liine = 3.36 Z0SO — 3.62
Lyman-a or Lyman-f ?
Zline = /lobs/}‘Lya -1 Zline = Aobs/l’q'boyﬂ -
Zine = 4600 A/ 1216 A -1 Ziine = 4600 A/ -1
Zine = 2.78 Ziine = 3.49
Lyman-a or metal absorption (Si, C, N, etc) ?
Zline = Aobs/ /1501111 - o
Zline = 5300 A/ 1207 A -1 Ly/ or metal absorption is indistinguishable from Lya !

Liine = 339



Correlation functions
Case of Lyman-a forests

Lya forest

Quasar



Correlation functions
Case of Lyman-a forests

EA) = Zier "
Lya forest o
’ z(i, nea Viv

Quasar
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---e Ty 7

"Intensity map" : no need for randoms!



Correlation functions
Case of Lyman-a forests

. 2 jea WiMi00;
S(A) =
Lya forest z W
(ij)ea "tJ
Quasar
. ‘g Ly forest
ﬁ v
r
§ | p 7 - .
_ I _
*ﬁ ﬁ 1 | U= 7 COS @
"Intensity map" : no need for randoms!
Tracers :

Lya (in Lya forest)
- QSOs
Lya (in Ly forest)

LyS (in Ly forest)
metals (CIV, SilV, Mgll...)



Tracers :

Lya (in Lya forest)
QSOs
Lya (in Ly forest)

LyS (in Ly forest)
metals (CIV, SilV, Mgll...)

Correlation functions
Case of Lyman-a forests

bty = S0
Lya forest o
’ z(i, nea Viv

7

dl
U =T| = COS ¢

e = T

"Intensity map" : no need for randoms!

Auto and cross-correlations

Lya (in Lya forest) x Lya (in Lya forest)
Lya (in Lya forest) x QSOs
Lya (in Lyp forest) x Lya (in Lya forest)

Lya (in Ly forest) x QSOs
Others do not add much




Correlation functions
Auto-correlation of Lya (in the Lya forest)

‘3(7A) — <5Lya5Lya>
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eBOSS Lya-forests
du Mas des Bourboux et al. 2020
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Correlation functions
Auto-correlation of Lya (in the Lya forest)

§(7A) — <5Lya5Lya>
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eBOSS Lya-forests
du Mas des Bourboux et al. 2020
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Correlation functions

Auto-correlation of Lya (in the Lya forest)

§(7A) — <5Lya5Lya>

Radial wedge

- Stand alongefit

¢ 0.95<y<d

i

25 50 75 100 125 150 175 200

- Stand alone fit
¢ 05<|u/<08

25 50 75 100 125 150 175 200
rih~1Mpc]

Not-so-transverse wedge

0.1 1

0.0 -
-0.1 -
-0.2
-0.3 1
-0.4 4
—0.5 -
—-0.6 -

0.4 1

0.3 -

0.2 1

0.1 A

0.0

—-0.1 -

Not-so-radial wedge

—_— Stapd alonefit

el ¢ o.aC"-; || <0.95

0 25 50 75 100 125 150 175 200

e Stand alone fit
® 0<|ul<0.5

.

0 25 50 75 100 125 150 175 200

r(h~*Mpc]

Transverse wedge

eBOSS Lya-forests
du Mas des Bourboux et al. 2020
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Correlation functions

Auto-correlation of Lya (in the Lya forest)
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du Mas des Bourboux et al. 2020
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Quasar

Correlation functions

Cross-correlation of Lya (in the Lya forest) and QSOs

Lya forest

r i Lyf forest

ry [h~*Mpc]

5(7A) = <5Lya5QSO>

Measurement Best-fit model
-200 , 0.4
~150 0.3
~100 0.2
50 0.1
0 - 0.0
50 + -0.1
100 -0.2
150 ¢ -0.3
200 -0.4

50 100 150 200
r, [h=*Mpc]

ré(ry,ry)
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Correlation functions

Cross-correlation of Lya (in the Lya forest) and QSOs

5(?A) — <5Lya5QSO>

Not-so-radial wedge

- Stand alone fit
¢® 08<|y||<0.95

i
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- Stand alone fit 8 -
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6 .
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]
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Correlation functions

Cross-correlation of Lya (in the Lya forest) and QSOs
5(?A) — <5Lya5QSO>

Radial wedge Not-so-radial wedge
- Stand alone fit 81 + =~ Stand alone fit
¢® 09<|u<1 ¢® 08<|y||<0.95
| |
4 | *
®
+ .
L4
* 0
b +HH .
6 215 S'O 7'5 160 155 150 1"15 260 6 2'5 5'0 7‘5 160 1&5 15130 1:/5 260
- Stand aldne fit 7 | - Stand alone fit
4 ® 05<|u <08 ¢ 0<|u<05,
2 2 | |
. [
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—2
—4
6 2‘5 5'0 7'5 160 155 léO 1%5 260 6 2'5 5'0 7‘5 160 155 léO l"IS 260
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Not-so-transverse wedge Transverse wedge

Have you noticed the sign flip compared to the auto-correlation ?



Covariance matrix
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Covariance matrix
Case of Lyman-a forests

Cap = <€A§B> _ <§A> <fB>

Subsamples

Divide the sky into Ng ~1000 sub regions

Smoothing required for a positive definite matrix (since Nsamples < Nbins) !
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Covariance matrix
Case of Lyman-a forests

Cap = <§A€B> — <§A> <5B>

4-pt with Wick Theorem

(6858) ~ ) (85)(36)

Configurations for auto correlation



http://adsabs.harvard.edu/abs/2015A&A...574A..59D

Covariance matrix

Case of Lyman-a forests

Cap = (§4€p) — (§a) (€B)

(6858) ~ ) (85)(36)

Configurations for auto correlation

l

Configurations for cross correlation

T1 T2 T3

[ 7 J : [T 1
VAR R
T4 . T5 . x T6

du Mas des Bourboux et al. 2017



http://adsabs.harvard.edu/abs/2015A&A...574A..59D
https://ui.adsabs.harvard.edu/abs/2017A&A...608A.130D/abstract

Covariance matrix
Case of Lyman-a forests

Why not use mocks, like in galaxy clustering ?
- Hard to reproduce signal in data + noise properties

- Costly to produce hundreds of realisations
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Covariance matrix
Case of Lyman-a forests

Why not use mocks, like in galaxy clustering ?
- Hard to reproduce signal in data + noise properties

- Costly to produce hundreds of realisations

But we can test our methods using mocks self-consistently

\ —=— auto mock-to-mock
0.4 - ‘\ * = * auto mock subsampling
\ -==- auto data subsampling
. \ —e— Cross mock-to-mock
© 03+ k ‘ ® = s cross mock subsampling
'L -==: Cross data subsampling
(.
9 021
ct> 0.1 -
O
0.0 4
-0.1 - —_————
10! 10?
Ary[h~*Mpc]

Subsamples ol 4-pt with Wick Theorem [




Are  (01,,00s0)  and (OLyaOLyq) ~ correlated?

e

\
Quasar
¢"»

i

We can combine BAO constraints assuming they are independent



Are  (01,,00s0)  and (OLyaOLyq) ~ correlated?

—e— mock-to-mock
* » * mock subsample
--=-: data subsample

0.005 A

0.000 A

—-0.005 A

0) (auto x cross)

-0.010 -

—-0.015 A

-0.020 A

Corr(Ary,Ar,

100 10! ' 102
1+ Ary[h~*Mpc]

Covariance between (41 ,,00s0) and (Jy,01y,) is less than 2% !

We can combine BAO constraints assuming they are independent



Contaminants and systematic effects

Astrophysical

Damped Lyman-a

Broad Absorption Lines

Metal absorption in the
forest

Case of Lyman-a forests

Instrumental

Biased extraction

Residuals from sky
subtraction

Residuals from flux
calibration with stars

Analysis

Distortion by continuum
fitting and mode-nulling




Damped Lyman-alpha
A optically thick patch of gas

Distant | -
galaxy .
‘ - -Background

5 SR quasar
To Earth o . . §ire ;
| - . Intervening - ki 8
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+ Hydrogen emission
/ from quasar

. Hydrogen
g absorption |

_41 T P —

1 E 1_~:-l~ 1 1 | J_
4000 0000 6000
Observed Wavelength [Angstroems]




To Earth .

e absorption

Damped Lyman-alpha
A optically thick patch of gas

Source : https://hsweb.hs.uni-hambura.de/

LB,

-Background

quasar

In,t',ervenir;g :

gas .

Hydrogen

kg

4000
Observed Wavelength [Angstroems]

/‘\

:
I
\IL
i ™ - Uetal’ abvsorption lines
Ty
1 | Yy \\

1 Hydrogen emission
/ from quasar

rolects/observational-astronomyv/gsoal/

K 4
e

5000

Strong absorption in the forest is masked when fitting continuum



https://hsweb.hs.uni-hamburg.de/projects/observational-astronomy/qsoal/

Distortions

By fitting continuum using fluxes {/;} in a given forest

we introduce correlations between all 6, , ; of that forest!

Zg = 3.058

(a, + b, 102 )C(yes)

500 525 550




r2&(r, ) [(h~"Mpc)?]

r2&(r, p) [(h~*Mpc)?|

Distortions

...creating an artificial distortion of the correlation function

Radial wedge
0.2 e e e e B
Oon .
p#>0.95 —  Lya absorption field
0.0}
-0.2
-0.4
-0.6
-0.8
-1.0} .
-1.2 e,
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0.3 : ; ;
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0.2} - — after continuum fitting -
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0.0
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-0.3 : ; : : AL SRR
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Not-so-transverse wedge

r2€(r, p) [(h~"Mpc)?]
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Not-so-radial wedge
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L0 ~— after continuum fitting
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-0.6 P il . :

0 20 40 60 80 100 120 140 160 180
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0.5 e ; ,
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04l s — after continuum fitting
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0.2}

0.1}

00026 40 60 80 100 120 140 180
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Transverse wedge

JB et al. 2017



https://ui.adsabs.harvard.edu/abs/2017A&A...603A..12B/abstract

How to extract the BAO scale ?

Case of Lyman-a forests

Linear redshift-space distortions: P(/_é) = (b +f,uk2)2P,£i1n(k) where ;. = k/k

Separate BAO peak from smooth part: O(k) = P(k)/ Ppopear(k) — 1

2

ZnL(g) = Zﬁﬂ;g + Zi(l - ﬂkz

g . N K2 IR ()
Empirical smoothing of BAO peak (non-linearities):  O(k)exp | —

Scaling of separations: k= klflid/a” k| =k'Ya,
—_  fid _ ., fid

Similar than for model for galaxies



Modelling the correlations
Case of Lyman-a forests

P(k) = bibj(1 + Bip®)(1 + Bju2) Pou (k) Fay (k) G (k)



Modelling the correlations
Case of Lyman-a forests

P(k) = bibj(1 + Bip2)(1 + B;u2) PoL (k) Fxi. (k) G (k)

linear bias

linear RSD

\

Both account for
damping tails from DLAs



Modelling the correlations
Case of Lyman-a forests

ﬁ(k) = bibj(l St

linear bias

linear RSD
\ PoL(k, z) = Bn(k, z) + exp

Both account for Same as galaxy case

damping tails from DLAs

12)(1 + Bju?) Pou (k) Far (k) G (k)

2
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Modelling the correlations
Case of Lyman-a forests

P(k) = bibj(1 + Bip®)(1 + Bju2) Pou (k) Fay (k) G (k)

linear bias

linear RSD
\ Pou(k, z) = Bm(k, 2) + exp
Same as galaxy case

Both account for
damping tails from DLAs

N

Binning of correlations

2

i 2512 2v2 |

ﬂ)eak (ka Z)



Modelling the correlations
Case of Lyman-a forests

Non-linear effects on small-scales
Arinyo-i-Prats et al. 2015

P(k) = bibj(1 + BipH(1 + ﬂ,-ui)PQuk)FNL(k)G\(k)

Binning of correlations

linear bias
linear RSD I k||22|2| 4 kfzi_
\ PoL(k, 7) = Ru(k, 2) + exp| — - Foeak (k, 2)

Both account for Same as galaxy case - :

damping tails from DLAs


https://arxiv.org/abs/1506.04519v2

Modelling the correlations
Case of Lyman-a forests

Non-linear effects on small-scales
Arinyo-i-Prats et al. 2015

P(k) = bibj(1 + Bip2)(1 + ﬂjui)PQL(k)FNL(k)G\gk)

Binning of correlations

linear bias
linear RSD I k||22|2| 4 kai_
\ PoL(k, 7) = Ru(k, 2) + exp| — - Foeak (k, 2)

Both account for Same as galaxy case - :

damping tails from DLAs

E(7) is the Fourier transform of P(z)


https://arxiv.org/abs/1506.04519v2

Modelling the correlations
Case of Lyman-a forests

Non-linear effects on small-scales
Arinyo-i-Prats et al. 2015

P(k) = bibj(1 + BipH(1 + ﬂ,-ui)PQuk)FNL(k)G\(k)

Binning of correlations

linear bias
linear RSD k” E” 4 kiEi—
\ PoL(k, 2) = Bm(k, 2) + exp > Foeax (k, 2)

Both account for Same as galaxy case - :

damping tails from DLAs

E(7) is the Fourier transform of P(z)

Template auto: gt gLyaxLya +Z€Lya><m_|_ Z gmlxm2_|_ gsky

ny,my

Template cross: £ — fLanQSO 4 Z gQSOxm 4 é'TP


https://arxiv.org/abs/1506.04519v2

Modelling the correlations
Case of Lyman-a forests

Non-linear effects on small-scales
f /Arinvo—i—Prats et al. 2015 \
Pl = biby(1 + fipi) (1 + By1) Pou ) Pt () G ()

Bmmng of correlations

linear bias
linear RSD I k” E” 4 kaﬁ_-
\ PQL(k, 2) = Bm(k, 2) + cXp > Ppeak(ka Z)

Both account for Same as galaxy case - -
Qamping tails from DLAs J

E(7) is the Fourier transform of P(%)

Template auto: gt €Lya><Lyoz_|_Z€Lya><m_|_ Z €m1><m2_|_ gsky

ny,my

Template cross: €7 — é’LanQSO 4 Z gQSOxm 4 gTP


https://arxiv.org/abs/1506.04519v2

Modelling the correlations
Case of Lyman-a forests

¥

linear bias

linear RSD

\

Both account for
amping tails from DLAs

Non-linear effects on small-scal

Arinyo-i-Prats et al. 2015

PqL(k, z) = Em(k, 2) + exp

Same as galaxy case

w21 + Bip) Pou (k) Fx (k) Gk

Binning of correlations

22 2\2
2

Ppeak (ka Z)

es\

J

Template auto:

Template cross:

£ =
¢ =

E(7) is the Fourier transform of P(%)

Cosmology

~

_ D
rﬁLyaxQSS_l_ 3 £QSOxm | gTP
m

— _

~
gLyaxLya 4 ZfLyaxm =B Z gmlme -+ gskyt

miy,my


https://arxiv.org/abs/1506.04519v2

Modelling the correlations
Case of Lyman-a forests

Non-linear effects on small-scales
f /Arinyo—i—Prats et al. 2015 \
Pk) = bibj(1 + Sig) (1 + i) PoL ) Fr. (k) G (k)

Binning of correlations

linear bias

linear RSD . i

kfSp + ki3
\ PQL(k, 2) = Bm(k, 2) + exp| — 2
Same as galaxy case & -

Both account for
Qamping tails from DLAs J

E(7) is the Fourier transform of P(z)

Ppeak (ka Z)

Cosmology Metal contamination

r N\ N [ )
Template auto: ft — gLyaxLya + Z €Lya><m + Z gmlxmz iy gSky:

\ J \um ) \my,my _

Template cross: &7 :réLyaxQS(; _|_rz €QSO><'g I §TP
. J _



https://arxiv.org/abs/1506.04519v2

Modelling the correlations
Case of Lyman-a forests

Non-linear effects on small-scales
K /Arinyo—i—Prats et al. 2015 \
Pk) = bibj(1 + Sig) (1 + i) PoL ) Fr. (k) G (k)

Binning of correlations

linear bias

linear RSD = 7

kfSf + kix
\ PQL(k, 2) = Bm(k, 2) + exp| — 2
Same as galaxy case - -

Both account for
Qamping tails from DLAs J

E(7) is the Fourier transform of P(z)

Ppeak (ka Z)

Cosmology Metal contamination
r N\ N [ )
Template auto: ft = é’LyaxLya + Z €Lya><m + Z gmlxmz iy
G J \um _J  \m,mp S
> N\ ~ Contamination
Template cross: gt — €LanQSO 1 Z gQSOxm -+ §TP by sky-residuals
4 J Ut _



https://arxiv.org/abs/1506.04519v2

Modelling the correlations
Case of Lyman-a forests

Contamination by metals Contamination by sky residuals



Modelling the correlations
Case of Lyman-a forests

Contamination by metals Contamination by sky residuals

Linear transformation between
true correlation and shifted/confused correlation

E""(A) — Y Mug€&™ " (7(B), FL(B))

Radial wedge
1.0
— Stand alone fit
¢ 095<fi<d
0.5 - l +*TT]|
T 004 % l l + +
o, o
~1.0 ®ee®
0 25 50 75 100 125 150 175 200
Metal Line A (Nm) |
(h~! Mpc)
Sim 120.7 -21
SiIla 119.0 —64
Si b 119.3 —56

Si Ilc 126.0 +111




Modelling the correlations
Case of Lyman-a forests

Contamination by metals Contamination by sky residuals
Linear transformation between ,
. . . * ¢ all pairs
true correlation and shifted/confused correlation 2.5 14 | | e
m—n m—n o ¢ other pairs
o e - = O
Emod (A) = 2 Mas€n ' FIB), FL(B) 8, |
R
Radial wedge 1 ! ’
M — Stand alone fit sk, "3 | o
¢ 095<fi<d Vv .
0.5 ' —
! | S 2
T 001 *% + + IL_{ i
0.5 - + <t 0.5 -
Hy40 S
~1.0 ..O.
0.0 -
0 25 50 75 100 125 150 175 200
0 20 40 60 80 100 120
R |
Metal Line A (nm) r ri[h™="Mpc]
(h~! Mpc)
: 2
Si m 120.7 —2i Ay 1f S
Si Ia 119.0 —64 fSky(r”, r) = ey 2T CXP( 2 (Usky) ), if r| = 0
Si b 119.3 —56

Si Ic 126.0 +111 0, if ry= 0




Constraints on BAO peak position

Case of Lyman-«a forests

B Full Auto
1.15- | | | | B Full Cross

— - — — o, |
. —
..

T Moy B All Combined

Radial BAO

)= [Dy(z=2.334)/ry1/8.60

080 085 090 095 1.00 1.05 1.10 1.15
a, =[Dy(z=2.334)/ry1/39.20

Transverse BAO

Good agreement with prediction by Planck flat LCDM



Radial BAO

Constraints on BAO peak position

Case of Lyman-«a forests

a) = [Dy(z=2.334)/ry1/8.60

O
©
%

Bl Full Auto
......... B Full Cross
& | B ™ B All Combined

085 090 095 1.00 1.05 1.10 1.15

a, =[Dy(z=2.334)/ry1/39.20
Transverse BAO

Good agreement with prediction by Planck flat LCDM

Dy(z = 2.334) /r; = 8.99 7010 1933 — 2.2% precision

Dy(z =2.334) /r; =375 1733 —> 3.2% precision

p(Du(z) /14, Du(2) /1a) = —0.45

Robust against many analysis choices (at this precision)
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Future with DESI Lya forests
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Future with DESI Lya forests

Age of the Universe [billions of years]
13.8 5.9 3.3 2.1 1.5

90 -

80 A

60 -

Expansion rate H(z)/(1 + z) [km/s/Mpc]

50 A

—— (Qp, Wy, wy) =(0.69, —1.0,0.0)

-------- Qp = 0.05 bc)
Wo £ 0.2 AN
W, * 0.5 O

+ Ho (Cepheids+SNIa)

Ho (Planck flat-LCDM)

Using Lyman-alpha forests!
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BAO measurements from SDSS
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Redshift z
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Future with DESI Lya forests

Age of the Universe [billions of years]

13.8 5.9 3.3

2.1 1.5
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80 A
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Expansion rate H(z)/(1 + z) [km/s/Mpc]

50 -

— (Qp, wg, wy) =(0.69, —1.0,0.0)

-------- Qp = 0.05
Wo = 0.2
w,; 0.5

+ Ho (Cepheids+SNIa)

Ho (Planck flat-LCDM)

BAO measurements from SDSS
DESI forecasts
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Future with DESI Lya forests

Age of the Universe [billions of years]
13.8 5.9 3.3 2.1 1.5

90 ~

80 A

60 -

Expansion rate H(z)/(1 + z) [km/s/Mpc]

50 -

—— (Qp, wo, wy) =(0.69, —1.0,0.0

é Ho (Cepheids+SNIa)

Ho (Planck flat-LCDM)

Using Lyman-alpha forests!

BAO measurements from SDSS
DESI forecasts

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Redshift z




Neutrino masses with Lya forests

Impact on linear matter power-spectrum

Palanque-Delabrouille et al. 2014
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Current limits from ground oscillation experiments Z m, < 0.06 eV


https://arxiv.org/abs/1410.7244

One-dimensional power spectrum of Lya forests

Instead of 3D correlations....

Lya forest

Quasar

‘g Ly forest

i

in Configuration space...



One-dimensional power spectrum of Lya forests

Instead of 3D correlations.... Line-of-sight clustering

N Conﬁguration Space... in Fourier Space!



One-dimensional power spectrum of Lya forests

BOSS+eBOSS data: 43k forests
Chabanier et al. 2019

J(4)

- — 1
(a, + b;10g A)ClArest)

Start from fluctuations SF(/D =


https://iopscience.iop.org/article/10.1088/1475-7516/2019/07/017

One-dimensional power spectrum of Lya forests

BOSS+eBOSS data: 43k forests
Chabanier et al. 2019

() )
(ag + by 108 ) Cllreq)

Start from fluctuations 5p(A) = 1

.12
Compute raw power-spectrum along line-of-sights P (k) = < ‘5F(k)| >
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One-dimensional power spectrum of Lya forests

BOSS+eBOSS data: 43k forests
Chabanier et al. 2019

() )
(ag + by 108 ) Cllreq)

Start from fluctuations 5p(A) = 1

N 2
Compute raw power-spectrum along line-of-sights P, (k) = < |5F(k)‘ >

Noise subtraction and correct for spectral resolution P. (k) = Pa(k) - W(k) +


https://iopscience.iop.org/article/10.1088/1475-7516/2019/07/017

One-dimensional power spectrum of Lya forests

BOSS+eBOSS data: 43k forests
Chabanier et al. 2019

() )
(ag + by 108 ) Cllreq)

Start from fluctuations 5p(A) = 1

3 2
Compute raw power-spectrum along line-of-sights P, (k) = < |5F(k)‘ >
Noise subtraction and correct for spectral resolution P. (k) = Pa(k) - W(k) +

Removing contaminations from metals

P raw(k) — [P Lya(k) +¥ correlated(k) + K) I ) Wz(k) + P noise(k)


https://iopscience.iop.org/article/10.1088/1475-7516/2019/07/017

One-dimensional power spectrum of Lya forests

BOSS+eBOSS data: 43k forests
Chabanier et al. 2019

£ )
(a+ by108 2)Cleg)

Start from fluctuations 5p(A) = 1

.12
Compute raw power-spectrum along line-of-sights P, (k) = < |5F(k)‘ >

Noise subtraction and correct for spectral resolution P (k) = Pp(k) - W?(k) + P, ..

Removing contaminations from uncorrelated metals

P raw(k) = [P Lya(k) + correlated(k) + P zuz('()rre’/c.zied(k)] ) Wz(k) + P noise(k)

.

Final result
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One-dimensional power spectrum of Lya forests

BOSS+eBOSS data: 43k forests
Chabanier et al. 2019
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Modelling the 1D power spectrum of Lya forests

Suite of hydrodynamical n-body simulations
Borde et al. 2014, Rossi et al. 2014, Chabanier et al. 2019



http://adsabs.harvard.edu/abs/2014A&A...567A..79R
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.1825C

Modelling the 1D power spectrum of Lya forests

Suite of hydrodynamical n-body simulations
Borde et al. 2014, Rossi et al. 2014, Chabanier et al. 2019

Cosmology grid

Parameter Value
os(z=0) 0.83
N 0.96
H, [km s~ Mpc™!] 67.5

0.31

0.044

0.69
To(z = 3)[K] 15000 =£7000
v(z = 3) 1.3 +0.3

Starting redshift 30
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Modelling the 1D power spectrum of Lya forests

Suite of hydrodynamical n-body simulations
Borde et al. 2014, Rossi et al. 2014, Chabanier et al. 2019

Cosmology grid G-astrosphysics

Parameter Value Adiabatic cooling
os(z = 0) 0.83
N 0.96

H, [km s~ Mpc™!] 67.5
03] Feedback from star formation and AGNs

Ultraviolet background ionization heating

Compton and recombination cooling

0.044 Particle based neutrino implementation
0.69

To(z = 3)[K] 15000 =+7000
Yz = 3) 1.3 0.3
Starting redshift 30
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Modelling the 1D power spectrum of Lya forests

Suite of hydrodynamical n-body simulations
Borde et al. 2014, Rossi et al. 2014, Chabanier et al. 2019

Cosmology grid G-astrosphysics

Parameter Value Adiabatic cooling

og(z =0) 0.83
N 0.96
H, [km s~ Mpc™!] 67.5

0.31

Ultraviolet background ionization heating
Compton and recombination cooling

Feedback from star formation and AGNs

0.044 Particle based neutrino implementation

0.69
To(z = 3)[K] 15000 =£7000

y(z = 3) 1.3 %03
Starting redshift 30 M, = 0.1,0.2,0.3,0.4, and 0.8 eV
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Modelling the 1D power spectrum of Lya forests

Suite of hydrodynamical n-body simulations
Borde et al. 2014, Rossi et al. 2014, Chabanier et al. 2019

Cosmology grid G-astrosphysics

Parameter Value Adiabatic cooling

og(z =0) 0.83
N 0.96
H, [km s~ Mpc™!] 67.5

0.31

Ultraviolet background ionization heating
Compton and recombination cooling

Feedback from star formation and AGNs

0.044 Particle based neutrino implementation

0.69
To(z = 3)[K] 15000 =£7000

y(z = 3) 1.3 %03
Starting redshift 30 M, = 0.1,0.2,0.3,0.4, and 0.8 eV

Model is interpolation/emulation of simulation results
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Constraints on neutrino mass from 1D power spectrum of Lya forests

1] | === Lyman-a+H, prior

== P18+lens+BAO
Lyman-a+P18
Lyman-a+P18+Lens+BAO

\

<
N 0.5 ¢

A

0.925 0.95 0.975 0
s

Palangue-Delabrouille et al 2020

Y m, <0.11eV (95%) Y m, <0.0%V (95%)

Forests + CMB T&P Forests + CMB T&P&Lens + BAO
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In a nutshell
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Configuration
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Fourier
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AR

Emulators from hydro-sims
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Baryon Acoustic Oscillations (BAO)

What does it measure ?
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Testing modified gravity
Redshift-space distortions (RSD) + Weak gravitational lensing (WL)

Scalar metric perturbations in the ds? = a2(0)[(1 + 2¥)dr> — (1 — 20)5;dx,dx;]

conformal Newtonian gauge :
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Testing modified gravity
Redshift-space distortions (RSD) + Weak gravitational lensing (WL)

Scalar metric perturbations in the
conformal Newtonian gauge :

Y = —4nGa*(1 + u(a))pé,

where u(a) = 2(a) = 0in GR

K (¥ + ®) = —81Ga*(1 + Z(a))pé.
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A hint of the future of observations



Future cosmological constraints

Expansion rate with BAO
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Future cosmological constraints

Expansion rate with BAO
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We hope we can learn more about cosmology !






