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• The Dark Energy and the value of   

    a Standard Rule 

• BAOs 

• Origin of BAOs 

• Detection 

• What we have learnt from surveys 

• Parameter constraints 

• Outlook 

• Future Surveys (DESI, Euclid) 

(Many slides adapted from the excellent pedagogical material 

provided online by Daniel Eisenstein and Wayne Hu) 



Mysterious Dark Energy 

 

Why are there so many 

components of comparable 

magnitude? 

 

The DE could be a  

Cosmological Constant, but  

unnaturally small. 

 

If dynamic DE, it is physics 

beyond the Standard  Model. 



The Friedmann Equation 
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A balance between the kinetic energy  

of expansion and gravitational binding 

energy 
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Accelerating Expansion 
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The accelerating 

expansion requires an 

extra term in the 

Friedmann equation 

representing the energy 

density of the vacuum. 

 

 If it is constant it is 

equivalent to Einstein’s 

Cosmological Constant, 

. 

 

More generally we call 

it Dark Energy. 

Expansion now accelerating 



Quintessence, a new (scalar) 

field? 
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Equation of state parameter:  

The equation of state may evolve with 

time/redshift 



 Evidence for DE 

Pre CMB DT/T  (<1992) 

 

Type Ia SNe  (1998/9) 

 

Now   (2014/15) 



Pre 1992 

Inflation  

(Guth 1980) 

 

CDM  

(Davis et al 1985) 

1tot 

Gaussian density 

perturbations with a  

primordial scale free spectrum 

P(k)=k    (n=1) 

 

CDM transfer function implies 

linear power spectrum with a 

break determined by the scale 

of the horizon at mass-

radiation equality. 
hm



1990: low density + CMB implies Λ 



1996 Leiden School: still in denial 



1998/99 Type Ia SNe 

Standard candles 

Type Ia SN:       Measure Flux   Infer distance 

Measure spectrum 

  Infer redshift and Doppler 

recession velocity 

 Distance-Redshift relation 

 Expansion history  



The Universe is accelerating 

Nobel Prize in 2011 

Saul 

Perlmutter 
Brian  

Schmidt 

Adam 

Reiss 

Riess et al 1998 

Perlmutter et al 1999 
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Planck 2015 

CMB TT and TE powerspectra  

constrain the cosmological 

model and require DE without 

any  reference to  SNe data 

(See earlier CMB review by Ken Ganga) 
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CMB and nature of DE 

DE is entirely negligible  at 

zrec= 1000 where the  CMB 

originates. 

 

Hence the CMB only 

constrains DE through the 

angular diameter distance 

to zrec and so can give very 

little constraint on  DE 

evolution. 

 

To probe the nature of  DE 

we need lower redshift 

constraints. 

 

 



Probing the Expansion History 

Standard candles and  

standard rulers enable the 

(luminosity or angular 

diameter) distance redshift 

relation to be measured. 

 

Type1a SNe are 

standardizable candles 

(peak luminosity depends 

on light curve width and 

colour)  but are they  good 

enough for future precise 

DE constaints? 
Ideally we would like a 

standard ruler 



Sound Waves in the Early Universe 

  Before recombination: 

 Universe is ionized.  

 Photons provide enormous 

pressure and restoring force.   

 Perturbations oscillate as 

acoustic waves. 

  After recombination: 

 Universe is neutral. 

 Photons can travel freely 

past the baryons. 

 Perturbations grow by 

gravitational instability. 
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Recombination 

z ~ 1000 

~400,000 years 

Ionized Neutral 

Time 



Sound Waves 

Consider one 

localized overdense 

region 

 

Here r2ρ(r) is plotted 

to show the location 

of the mass. 

 

Initially all the 

species have the 

same distribution. 

Animations: Daniel Eisenstein 



Sound Waves 
The relativistic 

neutrinos rapidly free 

stream out of the 

perturbation. 

 

The over pressure in 

the tightly coupled 

photon-baryon fluid 

causes it to expand. 



Sound Waves 

The photons and 

baryons in the 

expanding cooling 

plasma begin to 

decouple. 

Hu & Sugiyama (1996) 



Sound Waves 

The photons free 

stream out of the 

perturbation, the 

pressure drops and 

the baryonic 

oscillation stalls. 

 

 



Sound Waves 

The gravitational 

attraction of the 

baryons and dark 

matter cause the 

combined 

perturbations to 

grow together. 



Sound Waves 

The net effect one this 

single perturbation is a 

shell of enhanced 

density at rs. 

 

 

 

 

 

 

Weak dependence on 



Sound Waves 

In terms of density 

rather than r2ρ(r) the 

BAO peak is less 

pronounced. 



A Statistical Signal 

 The initial perturbations 

are a super-position of 

many of these 

perturbations 

(The shell is weaker than 

displayed) 

 Hence, you do not 

expect to see rings in 

the galaxy distribution. 

 Instead, we get a 1% 

bump in the galaxy 

correlation function. 

 (Animation: Daniel Eisenstein) 



Detecting BAOs 
The BAO scale manifests itself as a 

secondary peak in the correlation 

function of galaxies or other tracers of 

the mass distribution 

Or equivalently as wiggles in the 

galaxy power spectrum which is the 

Fourier transform of the correlation 

function 



2dF close up 

 A short movie of 

2dF in operation 
(full movie on YouTube) 

movies/2dFinActionHD.mp4


The 2dF Galaxy Redshift Survey: 

a fair sample of the universe 

220,000 z’s 1997-2003 



The Sloan Digital Sky Survey 

 The SDSS is currently the 
largest galaxy redshift survey.   

 Imaged one third of the sky in 
5 bandpasses. 

 Catalogued 500 million 
objects. 

 Performed spectroscopy of 
about 4 million objects, mostly 
galaxies. 

 Project began in 1990, started 
taking data in 1998.   

 Completed SDSS-III in 2014 

  



Plugging a Plate 



14,500 deg2 SDSS 



Galaxy P(k) estimation 

Density fluctuations are 

measured relative to a 

random catalogue. 

This requires modelling the 

redshift distribution, angular 

completeness and 

variations in the depth of the 

catalogue. 
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CDM model  

CDM convolved 
with window 

Scale in million light years: 

  1000        400      200      100 

Power spectrum:  

of the galaxy 

distribution on a 

given scale 

BAO detection in 2dFGRS 

Baryon features 

Present in 

2dFGRS: doubling 

in accuracy 

confirms 

preliminary 

suggestion in 2001 



BAO detected in 2dFGRS 

• Shape of P(k) 

depends on mh  

• Oscillation amplitude 

depends on b/ m  

     mh = 0.168  0.016 

b/ m = 0.185  0.046 

Cole, Percival, Peacock et al 2005 



SDSS Detection of BAO Peak 

No-BAO rejected at 99.9% confidence. 

SDSS Galaxy Correlations 

Eisenstein et al. (2005) 

Correlation function 

estimated using 

standard random 

catalogue techniques. 

SDSS luminous red 

galaxy sample efficiently 

sampled a large volume. 



Exploiting the Standard Ruler 

Measuring the BAO scale along the 
line of sight Dz constrains the Hubble 
parameter at the redshift of the survey 

Observer 

dr = (c/H)dz dr = DAdq 



Exploiting the Standard Ruler 

Measuring the BAO scale transverse 
to the line of sight q constrains the 
angular diameter distance to the 
redshift of the survey 

 

Observer 

dr = (c/H)dz dr = DAdq 



Exploiting the Standard Ruler 

 The spherically averaged BAO scale  
constrains the combination 

Observer 

dr = (c/H)dz dr = DAdq And they all constrain dark energy 

through the dependence of the 

Hubble parameter on DE 



Non-linearity and modelling 

Nonlinear evolution dampens the wiggles and broadens the BAO peak 

e.g. Eisenstein et al 2005 



Extracting the BAO scale 

Position of peak gives 

4% measurement of 

distance to z=0.35. 

A model is constructed as 

outlined and a stretch 

parameter α introduced 

when fitting the model to 

the data 

Eisenstein et al 2005 



BAO in SDSS and 2dFGRS 

 The first detection in 2005 from 

48k SDSS galaxies gave a 4% 

measurement to z=0.35. 

 Percival et al. (2009) and Reid 

et al. (2009) extended the 

analysis to the final SDSS-II 

(LRG+MAIN) and 2dFGRS. 

 Average signal produced a 

2.7% measurement of the 

distance to z=0.275. 

 Good agreement with standard 

CDM model. 
Percival et al. (2009) 



SDSS-III BOSS 

 Latest results come from over 1 million galaxies 

over 8500 deg2, about 20% of the sky. 

 Two samples: 

 CMASS (0.43<z<0.7) with 777K galaxies.   

Median redshift 0.57. 

 LOWZ (0.15<z<0.43) with 268K galaxies.   

Median redshift 0.32. 

 

Papers: Anderson et al. (arXiv:1312.4877), supported by Manera et al. 

(1401.4171), Percival et al. (1312.4841), Ross et al. (1310.1106),  

Tojeiro et al. (1401.1768), and Vargas-Magana et al. (1312.4996). 



Reconstruction  

(Reducing the nonlinear broadening of the BAO peak) 

The origin of the 

broadening  is the 

displacements 

caused by shorter 

wavelength modes 

that are pseudo 

nonlinear. 

These can be 

modelled  and 

reversed using the 

Zel’dovich 

approximation 

applied to both the 

data and  randoms. 

Padmanabhan et al 2012 



Reconstruction  

(Reducing the nonlinear broadening of the BAO peak) 

The result  is tighter constraints on the stretch parameter α and on 

the BAO scale 

Padmanabhan et al 2012 



Acoustic Peaks Today 
BOSS produced a strong detection, yielding a 1.0% 

distance measurement to z=0.57. 
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Anderson et al. (2014) 



Acoustic Peaks Today 
Also a detection in the lower redshift sample, giving 

a 2.1% distance measurement to z=0.32. 
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Tojeiro et al. (2014) 



The Cosmic Distance Scale 

Anderson et al. (2014) 

Measurements 

of BAO from 

other surveys. 

SDSS-III BAO 



The Cosmic Distance Scale 

Anderson et al. (2014) 

Planck curve is a 

Prediction, not a Fit! 



Zooming In 

Ade et al. (2015) 



The Lyman a Forest 

 The Lya forest in each quasar spectrum tracks the density 
of the intergalactic medium along each line of sight.   

 A grid of sightlines can map the 3-d density at z>2. 

 An efficient way to measure the BAO at z>2.  

White (2004); McDonald & DJE (2006) 

Neutral H absorption observed 

in quasar spectrum at z=3.7 
Neutral H simulation (R. Cen) 



BAO in the Ly-α Forest 

 BOSS has now 

produced a strong 

detection (>5s) of 

the BAO in the 

correlations of the  

Ly a forest! 

 Tight measurement 

of the Hubble 

parameter and 

angular diameter 

distance at z=2.4. 

Delubac et al. (2014)  

BAO detection along the line of 

sight from correlations between 

140,000 z>2 quasar spectra. 

Busca et al., Slosar et al. 

Delubac et al., Font-Ribera et al. 

 



Detection of Cosmic Deceleration 

from z = 2.4 to z = 0.6 

 

Busca et al. (2012) 



Cosmological Leverage 



Cosmological Constraints 

 For non-flat wCDM,  

Planck+BAO finds: 

K = 0.002 ± 0.005,  

w = –0.98 ± 0.11,  

m = 0.314 ± 0.020, 

H0 = 67.3 ± 2.2  

    km/s/Mpc  

 Strong agreement 

with a flat Universe 

and a Cosmological 

Constant! 



Where next? 



SDSSIII eBOSS (2014-2020) 

PI: Jean Paul Kneib 

1-2% BAO scale 

measurement 

from 

0.6<z<2.5 

by utilising a 

combination of  

galaxies, quasars 

and the Ly-α 

forest 



DESI (2019-2025) 

Dark Energy Spectroscopic 

Instrument for Kitt Peak 4m 



Maximising survey volume 



Predicted precision 

DESI collaboration 



Galaxy surveys from space: 



Euclid slitless 

spectroscopy 

 

• ~ 30M redshifts to z~2 

• 20,000 deg2 

• H < 19.5 

NIS Instrument: 

 



The outlook for cosmology 

Suggested reading: Guth ‘The inflationary universe’ (Vintage) 

Huge progress is being 

made, but big questions 

remain to be answered: 

 

• What is the dark matter? 

• What is the dark energy? 

• Do we understand gravity? 


