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Motivation & Outline

ü Dark Energy pushes us to measure the 
cosmic distance scale and the behavior of 
gravity to high precision.

ü I will introduce baryon acoustic oscillations 
as a standard ruler.
¸ Linear theory pedagogy.

¸ Non-linear structure formation.

ü Reconstruction & BAO in SDSS-II DR7.

ü Cosmology results from SDSS-III DR9.
¸ BAO and growth of structure measurements 

in the BOSS galaxy sample.

¸ BAO in the Lyman aforest (Slosar talk).

ü A path to 1% distances and better.



Sound Waves in the Early Universe

ü Each initial overdensity
(in DM & gas) is an 
overpressure that 
launches a spherical 
sound wave.

ü This wave travels 
outwards at 57% of the 
speed of light.

ü Pressure-providing 
photons decouple at 
recombination. We see 
this as the CMB.

ü Sound speed plummets.  
Wave stalls at a radius 
of 150 Mpc.

ü Overdensity in shell (gas) and in 
the original center (DM) both 
seed the formation of galaxies.  
Preferred separation of 150 Mpc.



A Standard Ruler

ü The acoustic oscillation scale 
depends on the sound speed 
and the propagation time. 
¸ These depend on the matter-to-

radiation ratio (Wmh2) and the 
baryon-to-photon ratio (Wbh

2).

ü The CMB anisotropies 
measure these and fix the 
oscillation scale.

ü In a redshift survey, we can 
measure this along and 
across the line of sight.

üYields H(z) and DA(z)!

Observer

dr = (c/H)dzdr = DAdq



Galaxy Redshift Surveys

ü Redshift surveys are a popular way to measure the

three-dimensional clustering of matter.

ü But there are complications from:  

¸ Non-linear structure formation

¸ Bias (light Í mass)

¸ Redshift distortions

ü Partially degrade

the BAO peak, but

systematics are small

because this is a

very large preferred

scale. SDSS



Non-linear Structure Formation
ü The acoustic signature is carried by pairs of galaxies 

separated by 150 Mpc.

ü Nonlinearities push galaxies around by 3-10 Mpc.  
Broadens peak, making it hard to measure the scale.
¸ Non-linearities are increasingly negligible at z>1.  Linear theory 

peak width dominates.

ü Moving the scale requires
net infall on 150 Mpc scale.
¸ This depends on the over-

density inside the sphere, 
which is or order1%.

¸ Over- and underdensities
partially cancel, so mean
shift is <0.5%.

Seo & DJE (2005); DJE, Seo, & White (2007)



BAO in Simulations

ü N-body simulations show the acoustic peak to be preserved.

¸ Shifts of 0.3% at z=0, highly predictable.

ü Halo-based galaxy bias yields an additional shift, of order 

0.5% for high biases.

ü Effect is well matched 

to 2nd-order perturbation 

theory calculation of 

Padmanabhan & White 

(2009).

ü These shifts can be 

predicted and removed, 

but weôll see a better 

way next.

Seo et al. (2010); Mehta et al. (2011) 



Improving the Acoustic Peak
ü Most of the non-linear degradation is due to large-scale 

flows.  These are produced by the same large-scale 
structure that we are measuring for the BAO signature.

ü Map of galaxies tells us where the mass is that sources 
the gravitational forces that create the bulk flows.

ü Can run this backwards and undo most non-linearity.

ü Restore the statistic precision available per unit volume!

DJE, Seo, Sirko, & Spergel (2007)



Reconstruction Illustrated

Padmanabhan et al. (2012) 



Reconstruction in Simulations

ü In large sets of simulations, both 

periodic box and with a survey 

mask, reconstruction improves 

the precision of the measurement 

of the acoustic scale.

ü But it also reduces the shift due 

to non-linear structure formation 

and galaxy bias.

¸ Less than 0.02% in the matter case!

¸ 0.1% for galaxy bias models.

¸ Xu et al. (2012) finds 0.1± 0.15% on 

SDSS-II N-body mock catalogs.

ü We are correcting for the large-

scale flows that create the shifts.
Seo et al. (2010); Mehta et al. (2011) 



Observing the BAO

ü Study of observational systematic errors in the clustering 

analysis of galaxy surveys is an old topic.  

¸ Extensive work over the last several decades, with many methods 

for diagnosing, removing, and avoiding systematic effects.

ü The BAO application is much easier than general P(k) 

because the BAO signature is oscillatory and hence 

strongly differential in scale.

¸ Observational effects are nearly always 

broadband, and we simply marginalize

against general broadband terms.

ü Length scale is tied directly to 

measurement of angles and redshifts, 

which are much better than 10ï3. 



The Sloan Digital Sky Survey

ü The SDSS is the worldôs 
largest galaxy redshift survey.

ü Wide-field imaging and 
spectroscopy of galaxies, 
quasars, and stars.

ü Data Release 7: full data set 
from the original Legacy 
survey, including galaxies to 
z~0.5.

ü Data Release 9: latest release 
from SDSS-III, including 
galaxies to z~0.7.



BAO in SDSS-II DR7
ü SDSS-I and II produced several 

analyses of the BAO, culminating in 

Percival et al. (2009) and Reid et al. 

(2009) analysis of the power 

spectrum of the final SDSS-II 

(LRG+MAIN) and 2dF GRS.

ü Average signal produced a 2.7% 

measurement of the distance to 

z=0.275.

ü Good agreement with LCDM model.  

WMAP5+BAO+SN yields: 

¸ H0 = 68 ± 2 km/s/Mpc and

¸ Wm = 0.29 ± 0.02 

in both LCDM and owCDM.
Percival et al. (2009)



New BAO Detections

ü Two new surveys published 

BAO detections in 2011.

ü WiggleZ on the Anglo-

Australian Telescope

¸ 200k galaxies over 800 sq deg.

¸ 3.8% measurement at z=0.6.

¸ Blake et al. (2011)

ü 6dF Galaxy Survey

¸ 75k galaxies over 17,000 sq deg.

¸ 4.5% measurement at z=0.1.

¸ Beutler et al. (2011)

ü We now have a BAO Hubble 

diagram!

¸ Excellent agreement with SNe.
Blake et al. (2011)


