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Cosmology from the CMASS ξ⊥(s) and ξ ‖(s) 1213

Table 2. The marginalized 68 per cent constraints on the most relevant cosmological parameters of the extensions of the "CDM model analysed in Sections
5.1.2–5.2.3, obtained using different combinations of the data sets described in Section 2. A complete list of the constrains obtained in each case can be found
in Appendix .

CMB CMB+ξ0(s) CMB+(ξ⊥(s), ξ‖(s)) CMB+(ξ⊥(s), ξ‖(s))
+BAO+SN

Non-flat models
#k −1.118 ± 0.021 −0.0033+0.0046

−0.0044 −0.0040 ± 0.0045 −0.0041 ± 0.0039
#DE 0.690 ± 0.072 0.715 ± 0.0145 0.715 ± 0.015 0.721 ± 0.011
#m 0.321 ± 0.093 0.288 ± 0.016 0.288 ± −0.016 0.283 ± 0.010

Massive neutrinos
fν <0.12 (95 per cent CL) <0.054 (95 per cent CL) <0.051 (95 per cent CL) <0.043 (95 per cent CL)∑

mν <1.6 eV (95 per cent CL) <0.68 eV (95 per cent CL) <0.62 eV (95 per cent CL) <0.50 eV (95 per cent CL)
#m 0.385+0.069

−0.072 0.302+0.021
−0.020 0.302 ± 0.018 0.291 ± 0.012

Constant dark energy equation of state
wDE −1.14 ± 0.42 −0.99+0.21

−0.20 −0.93 ± 0.11 −1.013 ± 0.064
#m 0.26 ± 0.10 0.291 ± 0.042 0.299 ± 0.028 0.283 ± 0.012

Dark energy and curvature
wDE −0.89+0.44

−0.45 −0.96+29
−0.28 −0.97 ± 0.16 −1.042 ± 0.068

#k −0.022+0.027
−0.031 0.0012+0.0091

−0.0077 −0.0023+0.0061
−0.0060 −0.0047 ± 0.0042

#m 0.265+0.097
−0.094 0.280+0.093

−0.083 0.297 ± 0.046 0.278 ± 0.013

Time-dependent dark energy equation of state
w0 −1.01+0.56

−0.53 −1.11+0.63
−0.60 −0.96+0.40

−0.39 −1.10+0.12
−0.12

wa −0.4+1.1
−1.5 0.2 ± 1.0 0.03+0.96

−0.97 0.31 ± 0.40
#m 0.285 ± 0.015 0.296 ± 0.037 0.284 ± 0.011 0.282 ± 0.012

Figure 8. The marginalized constraints in the #m−%mν plane for the
"CDM parameter set extended by allowing for massive neutrinos. The
dashed and solid lines correspond to the 68 and 95 per cent CL derived by
combining our CMB data with the full shapes of the CMASS monopole
(dashed lines) and clustering wedges (solid lines).

detailed analysis of the constraints on neutrino masses inferred from
the CMASS sample, paying special attention to the effects of the
different priors and data sets used in the analysis, is presented in
Zhao et al. (2012).

Fig. 8 shows the two-dimensional marginalized constraints in the
#m−

∑
mν plane obtained by means of the CMB+ξ 0(s) (dashed

lines) and CMB+(ξ⊥(s), ξ ‖(s)) (solid lines) data set combinations.
The use of the clustering wedges leads to a slight improvement
on the constraints with respect to those obtained from the CMASS

monopole. The CMB+ξ 0(s) combination gives #m = 0.302+0.021
−0.020

and fν < 0.054 (95 per cent CL). Replacing the angle-averaged cor-
relation function by the clustering wedges leads to a slight im-
provement of the constraints, with #m = 0.302 ± 0.018 and fν <

0.051 (95 per cent CL). These results imply a final limit on the sum
of the neutrino masses of

∑
mν < 0.68 eV (95 per cent CL) for

the CMB+ξ 0(s) case and
∑

mν < 0.62 eV (95 per cent CL) when
combining the CMB data set with the CMASS clustering wedges.
Including the additional BAO and SN information helps to improve
these limits to fν < 0.043 and

∑
mν < 0.50 eV (95 per cent CL).

5.2 Understanding cosmic acceleration

In the previous sections, we assumed that the dark energy com-
ponent was given by vacuum energy or a cosmological constant,
with wDE = −1. In this section, we investigate alternative expla-
nations of the observed accelerated expansion of the Universe by
exploring constraints on the dark energy equation of state and its
time evolution. As we will see, the constraints on these parameter
spaces are substantially improved when the information from the
CMASS monopole is replaced by that of the clustering wedges. We
also analyse potential deviations from GR by exploring the con-
straints on the growth factor f(zm), which can only be obtained from
anisotropic clustering measurements.

5.2.1 The dark energy equation of state

We start our exploration of more general dark energy models by ex-
tending the basic "CDM parameter space by including the redshift-
independent value of wDE as a free parameter. In this case, the con-
straints derived from CMB data alone exhibit a strong degeneracy
between #m and wDE. This is illustrated by the long dashed lines
in Fig. 9, which correspond to the two-dimensional marginalized
constraints on these parameters obtained from our CMB data set.
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ABSTRACT
We explore the cosmological implications of the clustering wedges, ξ⊥(s) and ξ ‖(s), of the
CMASS Data Release 9 sample of the Sloan Digital Sky Survey III (SDSS-III) Baryon
Oscillation Spectroscopic Survey. These clustering wedges are defined by averaging the full
two-dimensional correlation function, ξ (µ, s), over the ranges 0 < µ < 0.5 and 0.5 <

µ < 1, respectively. These measurements allow us to constrain the parameter combinations
DA(z)/rs(zd) = 9.03 ± 0.21 and cz/(rs(zd)H(z)) = 12.14 ± 0.43 at the mean redshift of
the sample, z = 0.57. We combine the information from the clustering wedges with recent
measurements of cosmic microwave background (CMB), baryon acoustic oscillations and
Type Ia supernovae to obtain constraints on the cosmological parameters of the standard
" cold dark matter ("CDM) model and a number of potential extensions. The information
encoded in the clustering wedges is most useful when the dark energy equation of state is
allowed to deviate from its standard "CDM value. The combination of all data sets shows
no evidence of a deviation from a constant dark energy equation of state, in which case
we find wDE = −1.013 ± 0.064, in complete agreement with a cosmological constant. We
explore potential deviations from general relativity (GR) by constraining the growth rate
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Planck Collaboration: Cosmological parameters

Planck+WP Planck+WP+BAO Planck+WP+highL Planck+WP+highL+BAO

Parameter Best fit 95% limits Best fit 95% limits Best fit 95% limits Best fit 95% limits

⌦K . . . . . . . . . . �0.0105 �0.037+0.043
�0.049 0.0000 0.0000+0.0066

�0.0067 �0.0111 �0.042+0.043
�0.048 0.0009 �0.0005+0.0065

�0.0066

⌃m⌫ [eV] . . . . . . 0.022 < 0.933 0.002 < 0.247 0.023 < 0.663 0.000 < 0.230

Ne↵ . . . . . . . . . . 3.08 3.51+0.80
�0.74 3.08 3.40+0.59

�0.57 3.23 3.36+0.68
�0.64 3.22 3.30+0.54

�0.51

YP . . . . . . . . . . . 0.2583 0.283+0.045
�0.048 0.2736 0.283+0.043

�0.045 0.2612 0.266+0.040
�0.042 0.2615 0.267+0.038

�0.040

dns/d ln k . . . . . . �0.0090 �0.013+0.018
�0.018 �0.0102 �0.013+0.018

�0.018 �0.0106 �0.015+0.017
�0.017 �0.0103 �0.014+0.016

�0.017

r0.002 . . . . . . . . . 0.000 < 0.120 0.000 < 0.122 0.000 < 0.108 0.000 < 0.111

w . . . . . . . . . . . �1.20 �1.49+0.65
�0.57 �1.076 �1.13+0.24

�0.25 �1.20 �1.51+0.62
�0.53 �1.109 �1.13+0.23

�0.25

Table 10. Constraints on one-parameter extensions to the base ⇤CDM model. Data combinations all include Planck combined with
WMAP polarization, and results are shown for combinations with high-` CMB data and BAO. Note that we quote 95% limits here.

6.2. Early-Universe physics

Inflationary cosmology o↵ers elegant explanations of key fea-
tures of our Universe, such as its large size and near spa-
tially flat geometry. Within this scenario, the Universe un-
derwent a brief period of accelerated expansion (Starobinsky
1979, 1982; Kazanas 1980; Guth 1981; Sato 1981; Linde 1982;
Albrecht & Steinhardt 1982) during which quantum fluctuations
were inflated in scale to become the classical fluctuations that
we see today. In the simplest inflationary models, the primor-
dial fluctuations are predicted to be adiabatic, nearly scale-
invariant and Gaussian (Mukhanov & Chibisov 1981; Hawking
1982; Starobinsky 1982; Guth & Pi 1982; Bardeen et al. 1983),
in good agreement with CMB observations and other probes of
large-scale structure.

Despite this success, the fundamental physics behind in-
flation is not yet understood and there is no convincing evi-
dence that rules out alternative scenarios for the early Universe.
A large number of phenomenological models of inflation,
some inspired by string theory, have been discussed in the
literature (see Liddle & Lyth 2000; Bassett et al. 2006; Linde
2008, for reviews), as well as alternatives to inflation includ-
ing pre-big bang scenarios (e.g., Gasperini & Veneziano 1993;
Khoury et al. 2001; Boyle et al. 2004; Creminelli & Senatore
2007; Brandenberger 2012). Many of these models lead to dis-
tinctive signatures, such as departures from Gaussianity, isocur-
vature perturbations, or oscillatory features in the power spec-
trum, that are potentially observable. The detection of such sig-
natures would o↵er valuable information on the physics of the
early Universe and is one of the main science goals of Planck.

In this section we discuss basic aspects of the primor-
dial power spectrum, such as the spectral index, departures
from a pure power law, limits on tensor modes etc., and
discuss the implications for inflationary cosmology. Tests
of more complex models, such as multi-field inflation, are
discussed in a separate paper (Planck Collaboration XXII
2013). In Planck Collaboration XXIV (2013), the Planck maps
are used to constrain possible deviations from Gaussianity
via measurements of the bispectrum and trispectrum.
Planck Collaboration XXIII (2013) considers departures
from statistical isotropy and additional tests of non-Gaussianity.

6.2.1. Scale dependence of primordial fluctuations

The primordial fluctuations in the base ⇤CDM model are pa-
rameterized as a pure power law with a spectral index ns (Eq. 2).
Prior to Planck, CMB observations have favoured a power
law index with slope ns < 1, which is expected in simple
single-field slow-roll inflationary models (see e.g., Mukhanov
2007 and Eq. 66a below). The final WMAP nine-year data
give ns = 0.972 ± 0.013 at 68% confidence (Hinshaw et al.
2012). Combining this with damping-tail measurements from
ACT and SPT data gives ns = 0.968 ± 0.009, indicating a de-
parture from scale invariance at the 3� level. The addition of
BAO data has resulted in a stronger preference for ns < 1
(Anderson et al. 2013; Hinshaw et al. 2012; Story et al. 2012;
Sievers et al. 2013). These constraints assume the basic six-
parameter ⇤CDM cosmological model. Any new physics that
a↵ects the damping tail of the CMB spectrum, such as additional
relativistic particles, can alter these constraints substantially and
still allow a precisely scale-invariant spectrum.

With Planck, a robust detection of the deviation from scale
invariance can now be made from a single set of CMB observa-
tions spanning three decades in scale from ` = 2 to ` = 2500.
We find

ns = 0.959 ± 0.007 (68%; Planck+WP+highL), (61)

for the base ⇤CDM model, a roughly 6� departure from scale
invariance. This is consistent with the results from previous
CMB experiments cited above. The statistical significance of this
result is high enough that the di↵erence between a purely scale
invariant spectrum can be seen easily in a plot of the power spec-
trum. Figure 22 shows the Planck spectrum of Fig. 10 plotted as
`2D` compared to the base⇤CDM fit with ns = 0.96 (red dashed
line) and to the best-fit base ⇤CDM cosmology with ns = 1. The
ns = 1 model has more power at small scales and is strongly
excluded by the Planck data.

The unique contribution of Planck, compared to previous ex-
periments, is that we are able to show that the departure from
scale invariance is robust to changes in the underlying theoreti-
cal model. For example, Figs. 21 and 23 show that the departure
from scale invariance is not sensitive to the parameterization of
the primordial fluctuations. Even if we allow a possible running
of the spectral index (the parameter dns/d ln k defined in equa-
tion 2) and/or a component of tensor fluctuations, the Planck
data favour a tilted spectrum at a high significance level.

37

Table 10. Constraints on one-parameter extensions to the base ΛCDM model. Data 
combinations all include Planck combined with WMAP polarization, and results are 
shown for combinations with high-l CMB data and BAO. Note that we quote 95% limits 
here.



Constraints in the Ωm-w plane combining CMB data 
with BOSS clustering data

http://www.sdss3.org/science/boss_publications.php

Cosmological 
Constant

http://www.sdss3.org/science/boss_publications.php
http://www.sdss3.org/science/boss_publications.php


Brief History of the Universe
• Cosmic Inflation generates density fluctuations
• Symmetry breaking: more matter than antimatter
• All antimatter annihilates with almost all the matter (1s)

• Big Bang Nucleosynthesis makes light nuclei (10 min)

• Electrons and light nuclei combine to form atoms,
    and the cosmic background
    radiation fills the newly
    transparent universe (380,000 yr)

• Galaxies and larger structures form (~1 Gyr)

• Carbon, oxygen, iron, ... are made in stars
• Earth-like planets form around 2nd generation stars
• Life somehow starts (~4 Gyr ago) and evolves on earth



Neutrino Decoupling and 
Big Bang Nucleosynthesis, 

Photon Decoupling, and WIMP Annihilation

Börner, Early Universe 4th Ed, p. 152



Benchmark Model: Scale Factor vs. Time 

Barbara Ryden, Introduction to Cosmology (Addison-Wesley, 2003)

13.97h70−1 Gyr

Recall: Hubble
time  H0-1=



http://www.astro.ucla.edu/~wright/CosmoCalc.html

Distances in the Expanding Universe:
Ned Wright’s Javascript Calculator

H0DL(z=0.83)
=17.123/13.97

=1.23

http://itunes.apple.com/us/app/cosmocalc/id334569654?mt=8

Web app

iPhone app

http://www.astro.ucla.edu/~wright/CosmoCalc.html
http://www.astro.ucla.edu/~wright/CosmoCalc.html
http://itunes.apple.com/us/app/cosmocalc/id334569654?mt=8
http://itunes.apple.com/us/app/cosmocalc/id334569654?mt=8


Picturing the History of the Universe:
The Backward Lightcone

Big Bang From E. Harrison, Cosmology
 (Cambridge UP, 2000).



Our Particle Horizon
FRW:  ds2 = -c2 dt2 + a(t)2 [dr2 + r2 dθ2 + r2 sin2θ  dφ2]  for curvature k=0 so √grr =a(t)

dp(horizon) = (physical distance at time t0) = 
a(t0) rp = rp

Particle Horizon

tangent to backward 
lightcone at big bang

dp(horizon) = ∫ dr = rhorizon = c∫ dt/a = c∫ da/(a2H)
t0

0

rhorizon

0 0

1

rhorizon = lim    2dH (1-ae1/2) = 2dH =
For E-dS, where H = H0 a-3/2 , 

ae➝0

= 8.58 h70-1 Gpc = 27.94 h70-1 Glyr

For the Benchmark Model with h=0.70,
rhorizon = 13.9 Gpc = 45.2 Glyr.

For the parameters of
WMAP5 h = 0.70, Ωm = 0.28, k = 0, t0 = 13.7 Gyr, rhorizon = 14.3 Gpc = 46.5 Glyr. 
WMAP7 h = 0.70, Ωm = 0.27, k = 0, t0 = 13.9 Gyr, rhorizon = 14.5 Gpc = 47.1 Glyr. 
Planck   h = 0.67.8, Ωm = 0.308, k = 0, t0 = 13.8 Gyr, rhorizon = 14.2 Gpc = 46.2 Glyr. 



Particle Horizon: 
tangent to backward 
lightcone at Big Bang

Big Bang

Distances in an Expanding Universe

te

t0

χ 

time (galaxy     
worldline)

χ(te) = ∫ dr = re = c∫ dt/a = c∫ da/(a2H)
t0

χ(te) = (comoving distance of galaxy 
emitting at time te) = re

t1

te

re

0

dp(t0) = (physical distance at t0) = a(t0) re = re

dp(t0) = re

time (our     
worldline)

ae

1

χ(te) = re = dp(t0) = 2dH (1 - ae1/2)

For E-dS (Ωm = 1, ΩΛ = 0), where H = H0 a-3/2 , 

The Hubble radius dH ≡ c H0-1= 

= 4.29 h70-1 Gpc = 13.97h70-1 Glyr

dp(te) = (physical distance at te) = a(te) re = ae re

dp(te)

dt = (dt/da) da = (a dt/da) da/a = 
da/(aH)

because for light adr = cdt, so dr = cdt/a,   

Proper distance = physical distance = dp

From E. Harrison, Cosmology
 (Cambridge UP, 2000).

dp(te) = 2dH ae (1 - ae1/2)



D

Distances in an Expanding Universe
Angular Diameter Distance
From the FRW metric, the distance D across a 
source at comoving distance r = re which 
subtends an angle dθ = θ1 - θ2 is 
D = a(t) r dθ,   or   dθ  = D/[ a(t) r] .  

The angular diameter distance dA is 
defined by dA = D/dθ, so 
      dA = a(te) re = re/(1+ze) = dp(te) .
This has a maximum, and dθ a minimum.

dθ

Barbara Ryden, Introduction to 
Cosmology (Addison-Wesley, 2003)

For the Benchmark Model
redshift z     D↔1 arcsec

0.1           1.8 kpc
0.2           3.3 
0.5           6.1 
1              8.0  
2              8.4
3              7.7
4              7.0
6              5.7

max at z=1.6

max at z=1.25



Distances in an Expanding Universe
In Euclidean space, the luminosity L of a source at distance d 
is related to the apparent luminosity l by l = Power / Area = L / 4πd2  
The luminosity distance dL is defined by
            dL = (L / 4πl)1/2 .  
Weinberg, Cosmology, pp. 31-32, shows that in FRW
  l = Power/Area = L / 4πdL

2

= L [a(t1)/a(t0)]2 / [4πdp(t0)2] = L a(t1)2  / 4πr12  = L / 4πr12 (1+z1)2

Thus 
 dL = r1/a(t1) = r1 (1+z1) = dp(t0) (1+z1) = dA (1+z1)2

(redshift of each photon)(delay in arrival)

 fraction of photons reaching unit area at t0

redshift z →

E-dS

Astronomers measure 
luminosity in magnitudes m or 
M, where m(z) is the apparent 
(measured) magnitude of a 
source at redshift z and M is 
its absolute magnitude (what 
it would be at a distance of 10 
pc). They quote distances 
using the distance modulus 
m(z) - M = 5 log10 dL(z) + 25

Barbara Ryden, Introduction to Cosmology 
(Addison-Wesley, 2003)



Summary: Distances in an Expanding Universe

χ(t1) = (comoving distance at time t1) = ∫ dr = r1 = ∫ dt/a adding distances at time t1
r1

t1

t0

FRW:  ds2 = -c2 dt2 + a(t)2 [dr2 + r2 dθ2 + r2 sin2θ  dφ2]  for curvature k=0 so √grr =a(t)

From the FRW metric above, the distance D across a source at 
comoving distance r1 which subtends an angle dθ is 
D=a(t1) r1 dθ.  The angular diameter distance dA is 
defined by dA = D/dθ, so 
 dA = a(t1) r1 = r1/(1+z1)

In Euclidean space, the luminosity L of a source at distance d 
is related to the apparent luminosity l by
              l = Power/Area = L/4πd2  
so the luminosity distance dL is defined by dL = (L/4πl)1/2 .  
Weinberg, Cosmology, pp. 31-32, shows that in FRW
  l = Power/Area = L [a(t1)/a(t0)]2 [4πa(t0)2 r1

2]-1 = L/4πdL
2

Thus 
 dL = r1/a(t1) = r1 (1+z1)

(redshift of each photon)(delay in arrival)

 fraction of photons reaching unit area at t0

χ(t1) = (comoving distance at time t0) = rp     

dp = (physical distance at time t0) = a(t0) rp = rp

0

(since a(t0) =1)
d(t1) = (physical distance at t1) = a(t1)χ(t1) = a1 r1

a1 r1

t0

t1

χ(t1) = (comoving distance at time t0) = r1 r1





dp(te)

dp(t0)Hubble radius dH = c H0-1= 
= 4.29 h70-1 Gpc 
= 13.97h70-1 Glyr

reception distance
in units of dH

emission distance
in units of dH

Distances in 
an Expanding 
Universe

Barbara Ryden, Introduction to Cosmology (Addison-Wesley, 2003)

χ(te) = re = dp(t0) = 2dH (1-ae1/2)
For E-dS, where H = H0 a-3/2 , 

dp(te) = 2dH ae (1-ae1/2)

E-dS

E-dS



Distances in a Flat (k=0) Expanding Universe

Scott Dodelson, Modern Cosmology (Academic Press, 2003)

upper curves: Benchmark Model
lower curves: Einstein - de Sitter

dA = a(t1) r1 = r1/(1+z1) dL = r1/a(t1) = r1 (1+z1)χ(t1) = (comoving distance at time t1) = r1 



Mapping the large scale 
structure of the universe ...
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North Galactic 

Lick Survey
1M galaxies



CfA survey: 
Great Wall 

1/20 of the horizon



APM



2dF Galaxy Redshift Survey ¼ 
M galaxies 2003

CFA Survey 
1983

1/4
 of

 th
e h

ori
zo

n



1/3 of the horizon

Sloan Redshift 
Survey 

~1M galaxies 



Nearby Galaxies
to 2 billion light years

Luminous Red 
Galaxies
to 6 billion light years

Quasars
to 28 billion 
light years

Mapping the Galaxies
Sloan Digital Sky Survey



Sloan Video

Ends with sphere of CBR
and two astronomers looking at it as thought they are 
on the outside

GALAXIES MAPPED BY THE SLOAN SURVEY

Data Release 4:
565,715 Galaxies & 76,403 Quasars



Cosmic 
Spheres 
of Time

When we look 
out in space 
we look back 
in time…

Milky Way
Earth Forms

Big Galaxies Form
Bright Galaxies Form

Cosmic Dark Ages

Cosmic Background Radiation
Cosmic Horizon (The Big Bang)


