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Statistics and Data Analysis - Lecture 4



Lecture 4  
large-scale structure results & predictions 
Will Percival (University of Portsmouth) 

"



Review of BOSS"



BOSS (part of the SDSS-III project)"

•  Duration: Fall 2009 - Summer 2014, dark time"
•  Telescope: 2.5m Sloan "
•  Upgrade to SDSS-II spectrograph"

–  1000 smaller fibers"
–  higher throughput"

•  Spectra: "
–  3600 ̊A < λ < 10, 000 ̊A New spectrograph"
–  R = λ/∆λ = 1300 − 3000"
–  (S/N) at mag. limit"

•  22 per pix. (averaged over 7000-8500Å)"
•  10 per pix. (averaged over 4000-5500Å) "

•  Area: 10,000 deg2 "
•  Targets: "

–  1.5 × 106 massive galaxies, z < 0.7, i < 19.9"
–  1.5×105 quasars, z>2.2, g<22.0 selected from 4 × 105 candidates "
–  75,000 ancillary science targets, many categories "

•  Measurements from Galaxies: "
–  dA(z) to 1.2% at z = 0.35 and 1.2% z = 0.6 "
–  H(z) to 2.2% at z = 0.35 and 2.0% at z = 0.6 "

•  Measurements from Lyα Forest: "
–  dA(z) to 4.5% at z = 2.5 H(z) to 2.6% at z = 2.5 "



147 pages on “large-scale galaxy clustering”"

•  Anderson et al. (alphabetical) arXiv:1203.6565 - BAO 
measurement in power-spectrum and correlation 
function. "

•  Reid et al. arXiv:1203.6641- Anisotropic clustering, 
redshift-space distortion measurements. "

•  Sanchez et al. arXiv:1203.6616 - Fits to the full shape of 
the correlation function. "

•  Ross et al. arXiv:1203.6499 - Large-scale systematics. "
•  Manera et al. arXiv:1203.6609 - 600 PTHalo mocks. "
•  Tojeiro et al. arXiv:1203.6565 - Enhanced redshift-

space distortion measurements."
•  Samushia et al. arXiv:1206.5309 – Testing Λ & GR"

•  Plus more to come soon …"



A collaborative effort …"

Anderson et al."



Mock catalogues"

•  600 mocks created by populating 2LPT field using the 
CMASS HOD"

•  Redshift-space effects added based on 2LPT velocities"
•  Matches simulation large-scale clustering at 10% level"
•  Used to test method and estimate covariances"
•  See Manera et al. for details"

Manera et al."



BAO results"



Measuring a distance"

•  Fit the observed acoustic feature using some 
way to parametrize over nuisance broad-band 
features (different approaches for P(k) and ξ(r))"

•  Use a fiducial model to compare against 
observed features in spherically averaged 
statistics. Departures quantified by dilation 
scale α:"

" "P(k/α)   ξ(αr)"
•  The dilation scale α depends on cosmology 

through:"
" "DV /rs = α(DV /rs)fid "

" "DV = [cz(1 + z)2dA
2 H-1]1/3 "

Anderson et al."



BOSS CMASS clustering measurements"

Anderson et al."



Reconstruction on CMASS"

Anderson et al."



Reconstruction: error on α"

Correla'on	  func'on	  

Power	  spectrum	  

Anderson et al."



Reconstruction: α"

Correla'on	  func'on	  

Power	  spectrum	  

Anderson et al."



Comparison of ξ(r) & P(k) measurements"

Pre-reconstruction" Post-reconstruction"

Anderson et al."



Key BAO measurements"

•  ξ(r)	  and	  P(k)	  based	  es'ma'ons	  are	  appropriate	  and	  
unbiased,	  but	  they	  include	  the	  noise	  from	  small	  scales	  and	  
shot	  noise	  differently	  

•  We	  average	  the	  two	  results,	  and	  compute	  the	  error	  bar	  
using	  the	  observed	  sca2er	  of	  the	  average	  value	  in	  the	  
mocks.	  This	  shows	  no	  significant	  departure	  from	  a	  Gaussian	  
distribu'on	  	   Anderson et al."



Comparison of SDSS-II & CMASS results"

Anderson et al."



CMASS results"

Anderson et al."



CMASS results"

Anderson et al."



Cosmological results"

Anderson et al."



Constraints on Friedman equation"

2-param ΛCDM 
model"

3-param oCDM 
model"

4-param wCDM 
model"

Anderson et al."



Anisotropic clustering results"



Anisotropic clustering measurements"

Reid et al."



Extra information from anisotropic measurements"

•  Including the quadrupole allows us to measure H 
and dA separately (or include an additional 
measurement of F) "

" "F = (1+z) dA(z)H(z)/c "
•  F is sometimes called the Alcock-Paczynski 

parameter "
•  Can also measure the growth rate from the RSD 

contribution"
" "fσ8(z=0.57)"

•  These are degenerate, but that degeneracy is 
not perfect"

Reid et al."



Results of the anisotropic fit"

Dotted: free growth, geometry, ΛCDM prior 
on large-scale linear P(k) shape at z=0.57 

Solid: F forced to match ΛCDM model 

Dashed: WMAP ΛCDM+GR prediction 

Reid et al."



CMASS F measurements in context"

Samushia et al. (in prep), Reid et al."



CMASS RSD measurements in context"

Samushia et al. (in prep), Reid et al."



Using passive evolution to enhance RSD measurements"

SDSS-II LRGs 

BOSS CMASS 

Line shows Fry (1996) model for a 
passively evolving population 

Tojeiro et al. 2012; arXiv:1202.6241"

Most luminous 40% of CMASS 
sample are direct and passive 
progenitors of the SDSS-II LRG 
sample to within ~2% 



Using passive evolution to enhance RSD measurements"

Tojeiro et al."



Converting to σ8 measurements"

Factor 1.5 
improvement 

Tojeiro et al."



Fitting the full clustering signal"



Fitting the full shape of the correlation function"

Sanchez et al."



Cosmological constraints from full fit"

Sanchez et al."



The Future …"



•  New wide-field camera for the 4m Blanco "
      telescope"
•  Currently being assembled on site,"
"Survey due to start December 2012"

•  Ω = 5,000deg2"
•  multi-colour optical imaging (g,r,i,z) with link to "
      IR data from VISTA hemisphere survey"
•  300,000,000 galaxies"
•  Aim is to constrain dark energy using 4 probes"

LSS/BAO, weak lensing, supernovae"
cluster number density"

•  Redshifts based on photometry"
weak radial measurements"
weak redshift-space distortions"

•  See also: Pan-STARRS, VST-VISTA, SkyMapper"

Dark Energy Survey (DES)"



eBOSS"

•  Use the Sloan telescope and MOS to observe to higher redshift"
•  Basic parameters"

–  Ω =3,000deg2!

–  1,000,000 galaxies (direct BAO)"
–  60,000 quasars (BAO from Ly-α forest)"

•  Distance measurements"
–  1.6% at z=0.7 (LRGs)"
–  1.5% at z=0.9 (ELGs)"
–  3.0% at z=1.5 (QSOs)"
–  2.3% at z=2.5 (Ly-α forest)"

•  Survey would start 2014, and would"
      last 4—6 years (depending on funding)"
•  Currently at the stage of requesting "
      funding"
"



MOS on 4m-telescope"

•  New fibre-fed spectroscopes proposed for 4m "
" telescopes"

–  Mayall (BigBOSS)"
–  Blanco (DESpec)"
–  WHT (WEAVE)"
–  VISTA (4MOST)"

•  Various stages of planning & funding"
•  All capable of observing"

–  Ω =10,000deg2!

–  10,000,000 galaxies (direct BAO)"
–  600,000 quasars (BAO from Ly-α forest)"

•  Cosmic variance limited to z ~ 1.4"



The ESA Euclid Mission"

     Space-based Vis and NIR observations of galaxies 

 
VIS Imaging 

NIR Photometry 
NIR Spectroscopy 

NIR Imaging 

Tomographic shear 
machine 

Redshift machine 

Dark Matter and Galaxy  
PowerSpectra-meters 

Explorer of gravity and expansion 
Astronomical data base for  

Legacy science 



The ESA Euclid Mission"



Astrium Thales 0.5deg2 FOV in optical/NIR  

Hardware"



Measuring Dark Energy"

•  The dark energy equation of state is the ratio of the pressure to 
density of dark energy p(a) = w(a)×ρ(a)c2. "

•  This dependence can be parameterised using a first order Taylor 
expansion with respect to the scale factor a=1/(1+z), "
"w(a)= wp+(ap−a)wa . "

•  Detecting w(a)≠−1 at any redshift "
"would demonstrate that dark energy "
"is not a cosmological constant, but "
"rather a dynamical field"

•  Define a Figure-of-Merit (FoM)   "
"FoM = 1/(Δwp×Δwa)"

•  Primary Euclid probes give a FoM>400, "
"with subdominant systematic "
"uncertainties, matching the DETF "
"definition of a stage-IV mission"



Measuring Modified Gravity"

•  The growth factor [or its derivative, the growth rate f(z)] quantifies the 
efficiency with which cosmological structure is built."

•  A detection of γ≠0.55 would indicate a deviation from General 
Relativity, and thus a completely different origin of cosmic 
acceleration, rather than dark energy."

•  The growth rate well described by"
" f(z)=Ωm(z)γ. "

•  Euclid can constrain this parameter "
"to 0.01 (where ΛCDM corresponds to "
"γ=0.55). "

•  the γ-parameterisation is merely an "
"example. In general, Euclid will provide "
"tight constraints on the cosmological "
"growth rate."



Measuring initial conditions"

•  Concordance cosmology assumes an initial Gaussian random field of 
perturbations, with power-law index ns!

•  Euclid + Planck will provide a factor ~2 improved ns measurement over 
Planck alone"

•  A detection of non-Gaussianity "
"would signify a departure from "
"this central assumption of the "
"current standard model. The fNL "
"parameter is a way to quantify "
"the amplitude of this effect."

•  Euclid will measure fNL with an "
"accuracy of 2, compared to Planck "
"which measures fNL to an accuracy of "
"5 with a complementary approach"



Measuring Neutrino Masses"

•  The total neutrino mass is the sum of the masses of the three 
known species (electron, muon and tau neutrinos). "

•  Massive neutrinos damp structure growth on small scales. The 
larger the mass, the more damping occurs, leaving a clear 
signature in the matter power spectrum observed by Euclid."

•  particle physics experiments have established that at least two 
of the three neutrino species have non-zero mass, with the 
larger mass difference of the order of 0.06 eV"

•  Euclid will measure Δmν < 0.03eV, sufficient to determine the 
neutrino mass hierarchy, if the total mass turns out to be small,    "
"mν <0.1 eV."

•  i.e. will show if neutrinos obey a normal (two light neutrinos, 
one massive neutrino) or inverted (two massive neutrinos, one 
light neutrino) hierarchy; understanding this will give indications 
about the mechanism that gave neutrinos their mass."



Science summary"



Legacy science"

•  Wide survey 15,000 deg2 YJHAB=24 would take 680 
years with VISTA or 66 years with SASIR (2017)"

•  Deep survey 40 deg2 YJHAB=26 would take 72 years 
with VISTA or 7 years with SASIR"

•  The Euclid surveys are >100 times more ambitious than 
anything underway and at least >10 times more 
ambitious than anything else currently conceived "



Euclid Legacy in numbers"



SDSS-II LRG clustering"

SDSS LRGs at 
z~0.35"
"
Total effective  
volume"
Veff =  0.26 Gpc3h-3!

Percival et al. 2009; arXiv:0907.1660"



BOSS CMASS DR9 galaxy clustering"

BOSS CMASS 
galaxies at z~0.57"
"
Total effective  
volume"
Veff =  0.77 Gpc3h-3!

Anderson et al."



Predicted Euclid galaxy clustering"

Redshift slice"
0.9 < z < 1.1"
"
Total effective  
volume (of Euclid)"
Veff =  19.7 Gpc3h-3!



Distance measurements for future surveys"



ΛCDM models with curvature" flat wCDM models"

Union supernovae"
WMAP 5year"
SDSS-II BAO Constraint on rs(zd)/DV(0.2) & rs(zd)/DV(0.35) "

Percival et al. 2009; arXiv:0907.1660"

SDSS-II LRG BAO vs other data"



ΛCDM models with curvature" flat wCDM models"

Union supernovae"
WMAP 5year"
SDSS-II BAO Constraint on rs(zd)/DV(0.2) & rs(zd)/DV(0.35) "

Euclid BAO predictions"


