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Outline

What is the Intergalactic Medium and how is it observed?

Using the IGM to measure cosmology

Surveys present and future
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Space is not a vacuum

You all knew that though

There is the interstellar medium

... oh and the gas around galaxies

... oh and the gas in filaments

No part of the universe is empty!

All that gas matters
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The Universe on the Largest Scales

Yellow/red shows gas between galaxies. Blue shows the galaxies!

1.5 Gigaparsecs

Di Matteo et al. (2011), Feng et al (2011)
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Google: “gigapan Massive Black” to explore this
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Mass density of Intergalactic Medium
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Gas collapses to form galaxies and accretes 
to grow them

Di Matteo et al. (2011), Feng et al (2011)
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Quasar Spectra and Lyman α Forest

Line-of-sight probe

Gas with 

traces dark matter on large scales 

Largely photoionized        

               and

Departures from this

UV background modulation

Strong lines

Small scale physics

⌧HI / ⇢0.4H
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f = CF = Ce�⌧HI
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MP et al. (2010) and MP et al.  (2014)

Other Absorption in the Forest
The composite spectrum of Lyα forest absorbers measured in SDSS ...
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Began in 2000
Dedicated 2.5m SDSS telescope at Apache 
Point, New Mexico, USA
On of the most highly cited endeavors in the 
history of astronomy
Imaging and spectra across ~1/3 the sky
Spectra of many million stars, galaxies and 
quasars
1000 fibres per “field”
Resolution R = 2000
Began SDSS-III in 2009

The Sloan Digital Sky Survey (SDSS)
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The final BOSS Lyα forest survey (DR12):

158k quasars with z > 2.15
~550k visually inspected (Paris et al. 2014)

> 30k DLAs (Noterdaeme et al. 2012)
DR9 forest sample public (Lee et al. 2013) 

1 of 4 surveys in SDSS-III 
between 2009-2014
1/4 of the sky (10,000 
deg2)
The goal:1.6M galaxies 
and >160k forest quasars
Resolution R = 2000

Baryon Oscillation Spectroscopic Survey (BOSS)

2<z<3.4 forest 

z<0.7 galaxies 
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Baryon Acoustic Oscillations

A useful ruler on the sky measured in the CMB (Eisenstein et al 
2005, Cole et al. 2005)

BIG  ~100 Mpc/h comoving

Trace expansion over time
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Measuring BAO in BOSS-LyαF

Updated DR11 results in Delubac et al (2014)

Measure                             where

Compared with mocks (Bautista et al 2014, Font-Ribera et al. 2012)

Can also measure BAO using metal absorption (MP 2014)

⇠(r) =< �� > �(z) =
f

CF̄
� 1

Measure correlation between lines 
of sight (Slosar et al. 2011)

Only small-scales along LOS (e.g. 
Palanque-Delabrouille et al 2013)

BAO 1st measurement last year 
Busca et al. (2013) and Slosar et al. 
(2013)

Monday, 9 February 15



Mat Pieri - CPPM, 9th February 2015

Lyβ peak
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Spectral Artifacts
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Impact of Lyα Strong Lines
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Figure 4. Correlation function measured from mock spectra with inserted high column density
systems, shown in 3 angular bins, with errorbars indicating the error for the mean of 100 mocks with
200 square degrees each. Thin lines show the mean measured in the same mock spectra without the
HCD systems.

3.1 Increase of measurement errors

In Figure 5, the increase in the error of the measured correlation function due to HCD systems
is shown. The error is for the mean of all the N = 100 realizations.

The increase of the errorbars in the absence of observational noise is ∼ 30 − 50%.
Because errors are added quadratically, this means that the contribution from HCD to the
total noise is comparable to that arising from the intrinsic small-scale variance of the Lyα
forest. In an actual survey like BOSS, the error budget of the correlation function includes
also observational noise. For instance, it was shown in [8] that a level of noise comparable to
that in the BOSS survey increases the errorbars by ∼ 30%. In this case, the total error budget
has three comparable contributions from the intrinsic Lyα forest variance, HCD systems and
observational noise.

We have performed some tests on the origin of the additional errors introduced by HCDs
in the correlation measurement. If DLAs (with NHI > 1020.3 cm−2 are eliminated from the
HCDs that are inserted (a model we designate as NO DLA, see Table 1 below), then the
increase of errors is reduced to 15%. If the damped wings of all the HCDs are eliminated
(keeping only their saturated Gaussian profiles, a model we designate as NO WINGS), then
the error increase is further reduced to 5 to 10% of the total. This shows that the damped
wings are the dominant reason for increased errors in the correlation measurements.

– 8 –

Font-Ribera 
& Miralda-

Escudé 
(2012)
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near to l.o.s.

intermediate to l.o.s. transverse to l.o.s.

Sum over all pairs of deltas

note that

⇠(A) =
X

i,j2A

wij�i�j

µ =
rk
r

r
rǁ‖

Correlation Function Measurement

µ > 0.8

µ < 0.5
0.5 < µ < 0.8

Delubac et al (2014)
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fit peak model and
no peak model
Δχ2 = 18.1 (significance ~ 4 sigma) in 
Busca et al. (2013)
now Δχ2 = 27.2 (significance ~ 5 
sigma) in Delubac et al. (2014)

Then vary:

where rs is the WMAP BAO scale       

Constrained at 2% level

Correlation Function Measurement
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Metal Absorption Contaminating BAO

Multiple metal lines add correlations in the data in 1D

Carries into 3D correlation function

Tests adding metals from stacking to mock data

Delubac et al.  (2014)
Bautista et al (2014)
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Also Cross-correlation Quasars-LyαF
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Font-Ribera et al (2013)
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Tension with Standard Models

Aubourg et al (2014)
Monday, 9 February 15
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BAO Cosmology

Delubac et al (2014)

2.5σ tension with 
concordance models based on 
Planck ...

Angular Distance, DA

DH=c/H
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Modifications to Cosmology?

Aubourg et al (2014)

No known models that bring Lyα Forest results 
into line without harming BOSS galaxy agreement
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Current Limitations

X-correlation measurement no mocks - nearly ready

Metal forests BAO in Lyα forest are a currently untested 
systematic  - eBOSS solves this

Subtle spectroscopic and data reduction artifacts - latest 
reductions and tests show negligible impact

Large scale UV background fluctuations tested in mocks

Refinements of

Lyα-metal and metal-metal correlation tests 

Addition of strong Lyα lines

BAO fitting unphysical - new paper on the way
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1D Power Spectrum
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Figure 1: 1D Ly↵ forest power spectrum from the SDSS-III/BOSS DR9 data. The solid curves show
the best-fit model obtained in section 4.1 when considering Ly↵ data alone.

bation Theory) to compute the initial displacement of the particles, and finally GADGET-3 [35, 36] for
the hydrodynamical processing. The choice of a second-order rather than first-order (or Zel’dovich
approximation) code for the initial conditions was motivated by our initial redshift for GADGET-3 of
z = 30, itself motivated by the inclusion of neutrinos. Indeed, because of their high velocity, neutrinos
require initial conditions taken at rather low redshift in order to reduce Poisson noise.

Splicing procedure
The 1D power spectrum is computed for each set of cosmological parameters on the grid using a
set of three simulations. The large-scale power is derived from a simulation with 7683 particles per
species (baryons, dark matter and neutrinos) in a box of 100 h�1 Mpc on a side, where h is the value of
the Hubble constant today normalized to 100 km s�1 Mpc�1. This size is chosen to cover a maximum
scale equivalent to the Ly↵ forest z-sectors defined in the analysis of the BOSS data. The small-
scale resolution is achieved with simulations of 7683 particles per species in a box of 25 h�1 Mpc
on a side. A splicing technique [37] is then used to combine the large-scale simulation and the high-
resolution one, using a transition simulation with 1923 particles per species in a 25 h�1 Mpc box, i.e.,
a simulation with the same resolution as the large-box simulation and the same box size as the high-
resolution one. As a result of this procedure, the spliced power spectrum is expected to be equivalent
to the one measured from a single simulation spanning a total volume of (100 h�1 Mpc)3 with 30723

particles per species, i.e., an equivalent mean mass per gas particle of 1.2 ⇥ 105 h�1 M�.
The precision of the splicing technique was studied on the simulation set produced with all

parameters having their central value. The precision was determined by comparing the power spec-
trum spliced from a simulation with 2563 particles per species in a 100 h�1 Mpc box and another

– 5 –

Power measured long line of sight

2π/kPalanque Delabrouille et al 
(2013)
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Figure 6: 2D confidence level contours for the (�8, ns) , (�8,
P

m⌫) and (⌦m,
P

m⌫) cosmological
parameters with a frequentist interpretation. The 68% and 95% confidence contours are obtained
with di↵erent combinations of the BOSS Ly↵ data presented in section 2.1 using the 10 redshift bins
z = [2.1 � 4.1], of the Gaussian constraint H0 = 67.4 ± 1.4 km s�1 Mpc�1 and of CMB data (Planck
+ WP + ACT + SPT).

change on the power spectrum at the level of one tenth of a sigma for each data point, undistinguish-
able by visual examination. The main e↵ect on the parameters is a significant decrease of �8 from
0.832 to 0.751, as imposed mostly by the Planck likelihood degeneracy valley between

P
m⌫ and �8

shown in the middle panel of figure 6.
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Figure 7: ��2 profile as a function of
P

m⌫ for the two configurations (Ly↵ + CMB) and (Ly↵ +
CMB + BAO). Each point is the ��2 obtained after a maximization of the total likelihood over the
other free parameters. The points are fitted by a parabola and extrapolated into the negative region
as proposed in [52].

We have checked the robustness of our results against di↵erent assumptions on known system-
atics that a↵ect the 1D Ly↵ power spectrum. We have tested a possible systematic related to the
initial conditions of our grid of simulations, i.e., the fact that the simulations start at an initial redshift

– 19 –

and constraint neutrino masses

E-mail: nathalie.palanque-delabrouille@cea.fr, christophe.yeche@cea.fr,
Julien.Lesgourgues@cern.ch

Abstract. We present constraints on the parameters of the ⇤CDM cosmological model in the
presence of massive neutrinos, using the one-dimensional Ly↵ forest power spectrum obtained with
the Baryon Oscillation Spectroscopic Survey (BOSS) of the Sloan Digital Sky Survey (SDSS) by
Palanque-Delabrouille et al. [1], complemented by additional cosmological probes. The interpreta-
tion of the measured Ly↵ spectrum is done using a second-order Taylor expansion of the simulated
power spectrum. BOSS Ly↵ data alone provide better bounds than previous Ly↵ results, but are still
poorly constraining, especially for the sum of neutrino masses

P
m⌫, for which we obtain an upper

bound of 1.1 eV (95% CL), including systematics for both data and simulations. Ly↵ constraints on
⇤CDM parameters and neutrino masses are compatible with CMB bounds from the Planck collabora-
tion [2]. Interestingly, the combination of Ly↵ with CMB data reduces the uncertainties significantly,
due to very di↵erent directions of degeneracy in parameter space, leading to the strongest cosmolog-
ical bound to date on the total neutrino mass,

P
m⌫ < 0.15 eV at 95% CL (with a best-fit in zero).

Adding recent BAO results further tightens this constraint to
P

m⌫ < 0.14 eV at 95% CL. This bound
is nearly independent of the statistical approach used, and of the di↵erent combinations of CMB and
BAO data sets considered in this paper in addition to Ly↵. Given the measured values of the two
squared mass di↵erences �m2, this result tends to favor the normal hierarchy scenario against the
inverted hierarchy scenario for the masses of the active neutrino species.
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Current Cosmology Results
Dark energy from the Lyα forest works!

2% precision on line of sight BAO

Highest precision on expansion rate since CMB

Highest z observation of BAO peak (at z ~ 2.3)

Matter domination epoch, measure H and so high-z deceleration

Novel

New redshift

New type of probe

Surprises?

Perhaps seeing this in our 2.5σ tension with Planck

With CMB provide best upper limits on neutrino masses

Final BOSS results to come in 2015
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Outline

What is the Intergalactic Medium and how is it observed?

Using the IGM to measure cosmology

Surveys present and future
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Growth of Massive IGM Surveys 
2014-2019: SDSS-IV/eBOSS

Improved Lyα forest BAO 

60k new spectra and 60k reobserved

Fill redshift gap between galaxy and LyαF 
BAO with clustering of ~600k 1<z<2 quasars

No Lyα forest but can use the carbon forest 
to trace BAO (MP 2014)

Weaker signal than LyαF offset by x4 more 
quasars compared to BOSS

If 2% precision on each tracer, x-corr is 1%

Effectively turns 1 survey into 3 surveys 

Also metal BAO is a potential contaminant of 
LyαF BAO MP (2014)
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Growth of Massive IGM Surveys 
2019-2024: DESI

Takes over the Mayall 4m at Kitt Peak Arizona, USA

Not SDSS -  Cosmology sole focus, 1/3 of the sky

Resolution R=2000

Quasar absorption survey co-chair

600k Lyα forest quasar spectra

1.4M intermediate redshift quasar spectra

20M+ galaxies with z<1.6

Potential to cross-correlated quasars, galaxies and 
carbon absorption

Effectively ~6 surveys

X-corr powerful in the shot noise limit
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Growth of Massive IGM Surveys 
2018-2023: WEAVE

Takes over 4m William Herschel Telescope 

1000 robotically positioned fibres

500k Lyα quasar spectra. 

Resolution R=20000 (with limited wavelength) or 
5000

Quasar absorption survey lead

BAO with more precise continuum estimation

Probe of smaller scale effects

1D power spectrum, warm dark matter, varying 
fine structure constant, deuterium abundance, 
IGM heating
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Absorption and galaxy/quasar BAO both shot noise limited

Systematics cancel

Current quasar-forest results powerful

but quasars to sparse to be useful alone

First attempt to probe two BAO tracers in same structure in 
eBOSS

but carbon is a weak tracer

During DESI/WEAVE high-z galaxies surveys (PFS and Euclid) 
⇒ wealth of IGM-galaxy data for cross-correlations

Cross-correlate weak lensing and BAO?

The future is bright for next generation LLS surveys 

Power of Cross-correlation
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Fin
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