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Physics from the linear galaxy power spectrum 

Information from power 
spectrum shape 
•  Matter density 
•  Baryon Acoustic Oscillations 
•  Neutrino mass 
•  Inflation fluctuation spectrum 
•  fNL 

Information from geometry 
•  Galaxy clustering as a standard ruler 
•  BAO or full power spectrum 
•  Alcock-Paczynski effect 

Information from structure growth 
•  amplitude of power spectrum 
•  redshift-space distortions 

k = comoving wavenumber 
µ = cos(angle to line-of-sight) 
a = cosmological scale factor 
b = galaxy bias factor 
D = linear growth rate 
f = dlnD/dlna 

Pgal(k, µ, a) = knT 2(k)D2(a)[b(a) + f(a)µ2]2
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The power spectrum turn-over 

varying the matter density 
times the Hubble constant 

During radiation domination, 
pressure support means that 
small perturbations cannot 
collapse.  

 Can measure ΩMh 
from shape of linear 
matter power spectrum  



The shape of the power spectrum 

credit: VIRGO consortium 



inflation, neutrino constraints from the shape of P(k) 

Testing perturbation 
creation during inflation 

Measuring total 
contribution of neutrinos 
to energy density 



Recent galaxy redshift surveys 

SDSS 2dFGRS      



power spectrum shape constraints 

Fitting to the SDSS power spectrum 
By Tegmark et al. 2004 

Fitting to the 2dFGRS 
power spectrum by Cole 
et al. (2005), including 
bias model 

Cole et al. 2005, MNRAS, 362, 505 
Tegmark et al. 2004, arXiv:0310725 



the problem is scale-dependent bias 

Percival et al. 2007, astro-ph/0608636 

non-linear behaviour depends on 
luminosity 

linear behaviour strongly depends 
on luminosity 



the problem is scale-dependent bias 

Sanchez & Cole 2007, arXiv:0708.1517 

By subdividing 2dFGRS into red and blue 
galaxies, Sanchez & Cole also concluded 
that differences with SDSS were caused 
by scale-dependent galaxy bias 



Measuring scale-dependent galaxy bias 

Cresswell & Percival 2009, MNRAS 392, 682  

shot noise change (Seljak 2001) 

linear behaviour strongly depends 
on luminosity and colour 

As does the non-linear departure 
from the linear power spectrum  

Pg(k) = b2
linPlin(k) + P



Cosmology from the SDSS DR7 LRG Clustering 

R
eid et al. (2009: arX

iv:0907.1659) 

Reid et al. (2009, arXiv:0907.1659) 

Use luminous red galaxies (LRGs) 
to extract the halo power spectrum 
and use the shape to constrain 
cosmological models 

Include information from both 
shape of P(k) and geometry 

Beth Reid outlined method and 
results on Tuesday 



Have to carefully model window, non-linearities, bias  

Reid et al. (2009, arXiv:0907.1659) 

Plin(k) from 
CAMB 

Pnw(k) no 
wiggles 

linear BAO damped BAO 

PDM(k) non-
linear DM 

Pdamp(k) full 
non-linear 

Phalo(k) halo power 
(inc bias nuisance) 

Phalo,win(k) convolve 
with window Pgal(k, µ, a) = knT 2(k)D2(a)[b(a) + f(a)µ2]2



Baryon Acoustic Oscillations (BAO) 

To first approximation, BAO 
wavelength is determined by the 
comoving sound horizon at 
recombination    

comoving sound horizon ~110h-1Mpc,  
BAO wavelength 0.06hMpc-1    

(images from Martin White) 

varying the 
baryon fraction 



Relationship between CMB and LSS power spectra 

BAO signal from galaxies mainly 
interesting for geometrical tests 



with complete survey, 
only one solution  
– high baryon solution 
has disappeared 

blue - 2001 
red   - final 

Cole et al. 2005, MNRAS, 362, 505 

BAO detection: 2dFGRS 



Eisenstein et al., 2005, ApJ, 633, 560 

Again, CDM models fit the 
correlation function  
adequately well (although 
peak height is slightly too 
large) with (assuming ns=1, 
h=0.72) 

assuming Ωbh2 =0.024,   
Ωmh2 =0.133±0.011, 
Giving Ωb/Ωm= 0.18 

BAO detection: SDSS 



SDSS DR7 LRG correlation function analysis 

Kazin et al., 2009, arXiv:0908.2598 

Find results consistent with DR3 
analysis, although with higher 
amplitude in the large-scale tail, also 
seen by Sanchez et al. (2009) 

From analysis of mock catalogues, 
show that there is a 10% chance that 
we would not see a peak 



Gaztanaga et al., 2008, arXiv:0807.3551 
Miralda-Escude, 2009, arXiv:0901.1219 

Radial BAO in the SDSS DR6 LRGs? 

Expected ξ 

radial slice through ξ(π=rparallel,σ=rperp) 
showing the “BAO feature” 

Measured ξ 

Miralda-Escude (2009) 
argue that the signal is 
consistent with 
correlated noise 



DR7 update on radial BAO signal 

Gaztanaga et al., 2008, arXiv:0807.3551 
Miralda-Escude, 2009, arXiv:0901.1219 
Sanchez et al., 2009, arXiv:0901.2570 

Expected ξ 

Measured DR6 ξ 

Measured DR7 ξ 

Change seen between 
analyses of SDSS DR6 and 
DR7 suggests a lot of the 
signal is due to noise 
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Using BAO to measure cosmic acceleration 
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BAO as cosmological standard rulers 

Hu & Haiman 2003, PRD, 68, 3004 

BAO measurements linked to 
physical BAO scale through: 

Radial direction 

Angular direction 

c

H(z)
!z

(1 + z)DA!!

BAO are a good ruler because: 
•  large-scales mean casual physics (e.g. from 
linked galaxy formation) is minimized 
•  oscillation signal can be easily extracted 
from broad shape of P(k) 
• linear z-space distortions do not shift BAO 



Averaging over all pairs 

Observed BAO position therefore 
constrains some multiple of 

Varying rs/DV 

BAO measurements linked to physical 
BAO scale through: 

Radial direction 

Angular direction 

To first order, random pairs depend on 

c

H(z)
!z

(1 + z)DA!!

DV (z) =
!
(1 + z)2D2

A(z)
cz

H(z)

"1/3

rs

DV



BAO in SDSS DR7 + 2dFGRS power spectra 

•  Combine 2dFGRS, SDSS DR7 LRG and SDSS 
Main Galaxy samples 

•  split into redshift slices and fit P(k) with model 
comprising smooth fit × BAO 

P
ercival et al. (2009: arX

iv:0907.1660) 
Percival et al. (2009, arXiv:0907.1660) 

arXiv:0907.1660 

Collaborators: 

Beth Reid (Barcelona) 
Daniel Eisenstein (Arizona) 
+ SDSS team 



Dealing with cosmological dependencies 

BAO position measured by fitting 
single measured P(k) calculated 
assuming a ΛCDM cosmology 

Percival et al. (2009, arXiv:0907.1660) 

A window function which depends on 
the model to be tested, is used to 
convolve the model power spectrum 
before testing against the data 

This includes the offset caused by the 
dilation of scale, and the broadening of 
the window caused by getting the 
cosmology to be tested wrong 



modeling the distance-redshift relation 

Parameterize distance-redshift relation by 
smooth fit: can then be used to constrain 
multiple sets of models with smooth 
distance-redshift relation 

For SDSS+2dFGRS analysis, choose nodes 
at z=0.2 and z=0.35, for fit to DV 

DV (z) =
!
(1 + z)2D2

A(z)
cz

H(z)

"1/3



Testing the errors 

Tests comparing parameters and errors recovered for mock data against the true 
cosmology, show we need to increase the errors. Gaussian realisations of power 
spectra show this is caused by the non-Gaussian nature of the Likelihood 

Percival et al. (2009, arXiv:0907.1660) 



BAO in SDSS DR7 + 2dFGRS power spectra 

•  results can be written as independent 
constraints on a distance measure to 
z=0.275 and a tilt around this 

•  consistent with ΛCDM models at 1.1σ 
when combined with WMAP5 

•  Reduced discrepancy compared with DR5 
analysis 

–  more data 
–  revised error analysis (allow for non-Gaussian 
likelihood) 
–  more redshift slices analyzed 
–  improved modeling of LRG z-distribution 

rs(zd)/DV (0.275) = 0.1390± 0.0037 (2.7%)
DV (0.37)/DV (0.2) = 1.736± 0.065

Percival et al. (2009, arXiv:0907.1660) 



Comparing BAO constraints against different data 

ΛCDM models with curvature flat wCDM models 

Union supernovae 
WMAP 5year 

SDSS BAO Constraint on rs(zd)/DV(0.275) 

P
ercival et al. (2009: arX

iv:0907.1660) 

P
ercival et al. (2009: arX

iv:0907.1660) 



Comparing BAO constraints against different data 

ΛCDM models with curvature flat wCDM models 

Union supernovae 
WMAP 5year 

SDSS BAO Constraint on rs(zd)/DV(0.2) & rs(zd)/DV(0.35)  

P
ercival et al. (2009: arX

iv:0907.1660) 

P
ercival et al. (2009: arX

iv:0907.1660) 



Comparing P(k) constraints against different data 

ΛCDM models with curvature flat wCDM models 

Union supernovae 
WMAP 5year 

LRG halo P(k) shape + BAO 

R
eid et al. (2009: arX

iv:0907.1659) 

R
eid et al. (2009: arX

iv:0907.1659) 



BAO + CMB + SN model constraints 

SDSS + WMAP5 
Union supernovae + WMAP5 

SDSS + Union supernovae + WMAP5 

w-CDM models with curvature 

P
ercival et al. (2009: arX

iv:0907.1660) 

P
ercival et al. (2009: arX

iv:0907.1660) 



LRG halo P(k) + CMB + SN model constraints 

SDSS + WMAP5 
Union supernovae + WMAP5 

SDSS + Union supernovae + WMAP5 

w-CDM models with curvature 

R
eid et al. (2009: arX

iv:0907.1659) 

R
eid et al. (2009: arX

iv:0907.1659) 



Parameter constraints 

Percival et al. (2009, arXiv:0907.1660) 
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redshift-space distortions 

•  Estimate distances from 
redshifts 
•  Peculiar velocities (velocities 
in addition to Hubble flow) 
misinterpreted as distance 
shifts 
•  Coherent shifts can affect      
2-pt functions 

Motion of galaxies is independent  
of galaxy properties – galaxies act  
as test particles in flow of matter 

Evolution of galaxy power 
spectrum does not give matter 
growth rate directly because of 
galaxy bias  

Pgal(k, µ, a) = knT 2(k)D2(a)[b(a) + f(a)µ2]2

Pgal(k, µ, a) = knT 2(k)D2(a)b2(a)[1 + !(a)µ2]2



Anisotropic ξ analysis of the SDSS DR6 LRGs 

Pixel size in this analysis 
means that the FOG signal 
is washed out 

The quadrupole signal 
from linear redshift-space 
distortions is clearly 
visible 

ξ(π=rparallel,σ=rperp) for 
LRG sample showing 
BAO ring 

Cabre & Gaztanaga, 2008, arXiv:0807.2460 
Gaztanaga et al., 2008, arXiv:0807.3551 



z-space distortions in the SDSS DR6 LRGs 

!!(s) =
2" + 1

2

! +1

!1
!(s, µ)P!(µ) dµ

Q(s) =
!2(s)

!0(s)! (3/s2)
! s
0 !0(s!)s!2 ds!

Q(s) =
4
3! + 4

7!2

1 + 2
3! + 1

5!2

Cabre & Gaztanaga, 2008, arXiv:0807.2460 

Use multipoles of ξ, and define 
the quadrupole Q(s)  

Using linear theory, and in the 
distant-observer approximation, 
these can be  related to 

Giving β=f/b=0.34±0.03 



Measuring the velocity power spectrum 

Percival, White, 2008, astro-ph/0808.0003  



Ongoing/Future BAO Surveys 

•   Wiggle-Z (present - 2010) 
–  400,000 z~0.75 spectra over 1000deg2 

•   Baryon Oscillation Spectroscopic Survey  
 (BOSS: present-2014) 

–  1,500,000 z~0.6 spectra over  
 10,000deg2 +QSOs 

•   Dark Energy Survey (DES: 2010-2015) 
–  5000deg2 multi-colour imaging 

 survey on Blanco 4m + VISTA 
–  photo-z for 300,000,000 galaxies 

•  Euclid/JDEM (2016-2021) 
–  40,000,000 0.3<z<2.1 spectra over 20,000deg2 

•   Plus: VST-Atlas, WFMOS/SUMIRE, BigBOSS, SKA, HETDEX, 
LAMOST, LSST, Pan-STARRS, PAU, + other MOS plans? 



future constraints 

Seo & Eisenstein, 2007, astro-ph/0701079 
White, Song & Percival, 2009, MNRAS, 397, 1348  

Can predict the expected errors for H(z) 
and DA(z), from measuring the radial and 
angular BAO positions 

Can predict errors for fσ8, 
measured by redshift-space 
distortions 



Conclusions 

•  Galaxy clustering provides significant information about 
cosmological physics 

•  Physics of the early Universe (pre matter domination) from 
P(k) shape 

•  Geometry of the Universe using P(k) as a standard ruler 
•  Growth of structure using redshift-space distortions 
•  Combination of these observations tests consistency between 

geometry and structure formation 

•  SDSS DR7 analyses 
–  LRG P(k), Reid et al. (2009, arXiv:0907.1659) 
–  BAO from combined sample, Percival et al. (2009, arXiv:
0907.1660) 


