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such as the fine structure constant α, vary with time? Are there deviations from the usual
Friedmann equations as predicted in some brane-world scenarios?

• What is the physics behind inflation? Are the initial perturbations purely adiabatic, or are
there isocurvature perturbations as well? Are cosmic defects produced at the end of inflation?
Can inflation be realised in string theory? Is inflation eternal?

• Are there signatures of physics at the Planck scale or beyond imprinted on the fluctuation
spectra?

• How did the Universe begin? Can string theory resolve the problem of the initial Big Bang
singularity? Can we probe through the Big Bang to a previous phase of the Universe’s history?

• What physics selects the vacuum solution for our Universe? String theory appears to have an



GR
(easiest soln)
+ expansion

+ CMB
+ simple ICs

+ few components
! Big Bang

(with spots)

SUMMARY
48 CHAPTER 2 PRIMARY CMB ANISOTROPIES

FIG 2.20.—Schematic diagram of the history of the Universe from the Planck time to the present.

such as the fine structure constant α, vary with time? Are there deviations from the usual
Friedmann equations as predicted in some brane-world scenarios?

• What is the physics behind inflation? Are the initial perturbations purely adiabatic, or are
there isocurvature perturbations as well? Are cosmic defects produced at the end of inflation?
Can inflation be realised in string theory? Is inflation eternal?

• Are there signatures of physics at the Planck scale or beyond imprinted on the fluctuation
spectra?

• How did the Universe begin? Can string theory resolve the problem of the initial Big Bang
singularity? Can we probe through the Big Bang to a previous phase of the Universe’s history?

• What physics selects the vacuum solution for our Universe? String theory appears to have an

OK, now you can leave!



Expansion 1920s Cosmic Microwave 
Background 1960s



Expansion 1920s Cosmic Microwave 
Background 1960s



Expansion 1920s Cosmic Microwave 
Background 1960s



Expansion 1920s Cosmic Microwave 
Background 1960s



Expansion 1920s Cosmic Microwave 
Background 1960s

Acceleration late 1990s 





CM
B



CM
B

v=
H
₀d



CM
B

BBN
v=

H
₀d



CM
B

BBN
v=

H
₀d

Robust
model



CM
B

BBN
v=

H
₀d

Robust
model

+ acceleration + anisotropies + ...



The Big Bang Theory



The Big Bang Theory





★ What kind of Big Bang model do 
we live in?



★ What kind of Big Bang model do 
we live in?

★How many parameters do we 
need?



★ What kind of Big Bang model do 
we live in?

★How many parameters do we 
need?

★ Why do the parameters have 
these values?



★ What kind of Big Bang model do 
we live in?

★How many parameters do we 
need?

★ Why do the parameters have 
these values?

★Is there evidence for new physics?



How do we know so much?



How do we know so much?

Cosmic Microwave
Background:

remnant of 
radiation from the 
early Universe

variations on the 
sky (anisotropies) 
carry wealth of 
cosmological 
information



How do we know so much?

Cosmic Microwave
Background:

remnant of 
radiation from the 
early Universe

variations on the 
sky (anisotropies) 
carry wealth of 
cosmological 
information

Plus consistency with the rest of Physics



+  ?



The 
Standard 
Model of 
Particle 
Physics

+  ?



The 
Standard 
Model of 
Particle 
Physics

+  H
higgs

∼125 GeV

0
0



Higgs seen at the LHC



Higgs seen at the LHC



Theory of 
Almost 

Everything!

QFT

SU(3)c ⊗ SU(2)L ⊗ U(1)Y

THE Standard  Model (of Particle Physics)



Isotropic, homogeneous, expanding (FRW)

Spatially flat

Dark Energy and Dark Matter dominated

Adiabatic, Gaussian, nearly scale-
invariant initial perturbations

Determine parameters (~12 in all)

The Standard Model of Cosmology



Isotropic, homogeneous, expanding (FRW)

Spatially flat

Dark Energy and Dark Matter dominated

Adiabatic, Gaussian, nearly scale-
invariant initial perturbations

Determine parameters (~12 in all)

The Standard Model of Cosmology



Isotropic, homogeneous, expanding (FRW)

Spatially flat

Dark Energy and Dark Matter dominated

Adiabatic, Gaussian, nearly scale-
invariant initial perturbations

Determine parameters (~12 in all)

The Standard Model of Cosmology

From CMB



Isotropic, homogeneous, expanding (FRW)

Spatially flat

Dark Energy and Dark Matter dominated

Adiabatic, Gaussian, nearly scale-
invariant initial perturbations

Determine parameters (~12 in all)

The Standard Model of Cosmology

From CMB



Isotropic, homogeneous, expanding (FRW)

Spatially flat

Dark Energy and Dark Matter dominated

Adiabatic, Gaussian, nearly scale-
invariant initial perturbations

Determine parameters (~12 in all)

The Standard Model of Cosmology

From CMB Rest of
Astrophysics



Isotropic, homogeneous, expanding (FRW)

Spatially flat

Dark Energy and Dark Matter dominated

Adiabatic, Gaussian, nearly scale-
invariant initial perturbations

Determine parameters (~12 in all)

The Standard Model of Cosmology

From CMB Rest of
Astrophysics



Isotropic, homogeneous, expanding (FRW)

Spatially flat

Dark Energy and Dark Matter dominated

Adiabatic, Gaussian, nearly scale-
invariant initial perturbations

Determine parameters (~12 in all)

The Standard Model of Cosmology

From CMB Rest of
Astrophysics

?



Isotropic, homogeneous, expanding (FRW)

Spatially flat

Dark Energy and Dark Matter dominated

Adiabatic, Gaussian, nearly scale-
invariant initial perturbations

Determine parameters (~12 in all)

The Standard Model of Cosmology

From CMB Rest of
Astrophysics

?



2 Can. J. Phys. Vol. ,

Table 1. The 26 Parameters of the Standard Model of Particle Physics.

6 quark masses: mu md ms mc mt mb

4 quark mixing angles: θ12 θ23 θ13 δ
6 lepton masses: me mµ mτ mνe

mνµ
mντ

4 lepton mixing angles: θ′

12 θ′

23 θ′

13 δ′

3 electroweak parameters: α GF MZ

1 Higgs mass: mH

1 strong CP violating phase: θ̄
1 QCD coupling constant: αS(MZ)

26 total parameters

ferences. But now string theorists have renamed it ‘the Landscape’ [61] and given it some theoretical

basis. Although these ideas may now have a little more mainstream credibility (and are discussed in a

later section), still not everyone agrees that it is a worthy avenue of inquiry.1

The number of parameters within the standard model varies slightly among phenomenologists,

depending on precisely how minimal the model under consideration is, and, in particular, how the

neutrinos are treated. A popular counting exercise gives 19 parameters in the minimal SMPP, plus

7 additional quantities to describe the neutrino sector. This is shown in Table 1. There are 26 free

parameters in this model; if we were to develop the SMPP from scratch, then presumably we would

label the parameters as A, B, C, . . . , Z . Given this proliferation of numbers, one expects that, for the

sake of elegance, there must be a more fundamental theory with far fewer parameters.

As is well known, the SMPP has been astonishingly successful, so much so that, for the last 3

decades, the emphasis has been on trying to find inadequacies in it – i.e. searching for ‘physics beyond

the standard model’. However, apart from theoretical ideas (some of them admittedly quite appealing),

there are still no convincing pieces of evidence for physics beyond the SMPP.

On the other hand, we know that there has to be new physics, beyond the SMPP, due to what we

have learned about the properties of the large-scale Universe – particularly cosmological evidence for

dark matter, dark energy and inflation.

Cosmology grew from being an arm-chair activity carried out in people’s spare time, to being

a dignified scientific pursuit, only in the 1960s. Originally the models were entirely baryonic and

involved simple ad hoc initial conditions. In many ways the basic picture has remained the same since

then – nearly scale invariant and adiabatic initial conditions, in an almost isotropic and homogeneous

Friedmann-Robertson-Walker solution to Einstein’s Field Equations. However, Cold Dark Matter was

added to the paradigm in the 1980s (e.g. [43, 6]), leading to the ‘Standard CDM’ picture in which

ΩM = 1. By the end of the 1980s the addition of a cosmological constant Λ was known to give better

fits to the available data (e.g. [44, 65, 15]).

The COBE satellite detection of large-scale Cosmic Microwave Background (CMB) anisotropies

in 1992 [58] brought an end to many wilder proposals which had been floated in the era of continually

improving CMB upper limits (see [36] for a discussion). It became clear that the CMB normalization,

together with galaxy clustering data, pointed to the ‘ΛCDM’ variant of the CDM paradigm ([14, 31]),

despite the reluctance of many theorists to let the elegance of Standard CDM slip away (e.g. [67]). The

cosmological constant became an accepted part of the model by the mid-to-late 1990s, following the

results from distant supernova surveys and degree-scale CMB experiments. Soon the concept of Λ was

generalised to that of Dark Energy. As the CMB anisotropy measurements grew increasingly precise,

1 And it has become known as ‘the other L word’.

NRC Canada



2 Can. J. Phys. Vol. ,

Table 1. The 26 Parameters of the Standard Model of Particle Physics.

6 quark masses: mu md ms mc mt mb

4 quark mixing angles: θ12 θ23 θ13 δ
6 lepton masses: me mµ mτ mνe

mνµ
mντ

4 lepton mixing angles: θ′

12 θ′

23 θ′

13 δ′

3 electroweak parameters: α GF MZ

1 Higgs mass: mH

1 strong CP violating phase: θ̄
1 QCD coupling constant: αS(MZ)

26 total parameters

ferences. But now string theorists have renamed it ‘the Landscape’ [61] and given it some theoretical

basis. Although these ideas may now have a little more mainstream credibility (and are discussed in a

later section), still not everyone agrees that it is a worthy avenue of inquiry.1

The number of parameters within the standard model varies slightly among phenomenologists,

depending on precisely how minimal the model under consideration is, and, in particular, how the

neutrinos are treated. A popular counting exercise gives 19 parameters in the minimal SMPP, plus

7 additional quantities to describe the neutrino sector. This is shown in Table 1. There are 26 free

parameters in this model; if we were to develop the SMPP from scratch, then presumably we would

label the parameters as A, B, C, . . . , Z . Given this proliferation of numbers, one expects that, for the

sake of elegance, there must be a more fundamental theory with far fewer parameters.

As is well known, the SMPP has been astonishingly successful, so much so that, for the last 3

decades, the emphasis has been on trying to find inadequacies in it – i.e. searching for ‘physics beyond

the standard model’. However, apart from theoretical ideas (some of them admittedly quite appealing),

there are still no convincing pieces of evidence for physics beyond the SMPP.

On the other hand, we know that there has to be new physics, beyond the SMPP, due to what we

have learned about the properties of the large-scale Universe – particularly cosmological evidence for

dark matter, dark energy and inflation.

Cosmology grew from being an arm-chair activity carried out in people’s spare time, to being

a dignified scientific pursuit, only in the 1960s. Originally the models were entirely baryonic and

involved simple ad hoc initial conditions. In many ways the basic picture has remained the same since

then – nearly scale invariant and adiabatic initial conditions, in an almost isotropic and homogeneous

Friedmann-Robertson-Walker solution to Einstein’s Field Equations. However, Cold Dark Matter was

added to the paradigm in the 1980s (e.g. [43, 6]), leading to the ‘Standard CDM’ picture in which

ΩM = 1. By the end of the 1980s the addition of a cosmological constant Λ was known to give better

fits to the available data (e.g. [44, 65, 15]).

The COBE satellite detection of large-scale Cosmic Microwave Background (CMB) anisotropies

in 1992 [58] brought an end to many wilder proposals which had been floated in the era of continually

improving CMB upper limits (see [36] for a discussion). It became clear that the CMB normalization,

together with galaxy clustering data, pointed to the ‘ΛCDM’ variant of the CDM paradigm ([14, 31]),

despite the reluctance of many theorists to let the elegance of Standard CDM slip away (e.g. [67]). The

cosmological constant became an accepted part of the model by the mid-to-late 1990s, following the

results from distant supernova surveys and degree-scale CMB experiments. Soon the concept of Λ was

generalised to that of Dark Energy. As the CMB anisotropy measurements grew increasingly precise,

1 And it has become known as ‘the other L word’.

NRC Canada

A,B,C,D,E,F,G,
H,I,J,K,L,M,N,
O,P,Q,R,S,T,U,

V,W,X,Y,Z



2 Can. J. Phys. Vol. ,

Table 1. The 26 Parameters of the Standard Model of Particle Physics.

6 quark masses: mu md ms mc mt mb

4 quark mixing angles: θ12 θ23 θ13 δ
6 lepton masses: me mµ mτ mνe

mνµ
mντ

4 lepton mixing angles: θ′

12 θ′

23 θ′

13 δ′

3 electroweak parameters: α GF MZ

1 Higgs mass: mH

1 strong CP violating phase: θ̄
1 QCD coupling constant: αS(MZ)

26 total parameters

ferences. But now string theorists have renamed it ‘the Landscape’ [61] and given it some theoretical

basis. Although these ideas may now have a little more mainstream credibility (and are discussed in a

later section), still not everyone agrees that it is a worthy avenue of inquiry.1

The number of parameters within the standard model varies slightly among phenomenologists,

depending on precisely how minimal the model under consideration is, and, in particular, how the

neutrinos are treated. A popular counting exercise gives 19 parameters in the minimal SMPP, plus

7 additional quantities to describe the neutrino sector. This is shown in Table 1. There are 26 free

parameters in this model; if we were to develop the SMPP from scratch, then presumably we would

label the parameters as A, B, C, . . . , Z . Given this proliferation of numbers, one expects that, for the

sake of elegance, there must be a more fundamental theory with far fewer parameters.

As is well known, the SMPP has been astonishingly successful, so much so that, for the last 3

decades, the emphasis has been on trying to find inadequacies in it – i.e. searching for ‘physics beyond

the standard model’. However, apart from theoretical ideas (some of them admittedly quite appealing),

there are still no convincing pieces of evidence for physics beyond the SMPP.

On the other hand, we know that there has to be new physics, beyond the SMPP, due to what we

have learned about the properties of the large-scale Universe – particularly cosmological evidence for

dark matter, dark energy and inflation.

Cosmology grew from being an arm-chair activity carried out in people’s spare time, to being

a dignified scientific pursuit, only in the 1960s. Originally the models were entirely baryonic and

involved simple ad hoc initial conditions. In many ways the basic picture has remained the same since

then – nearly scale invariant and adiabatic initial conditions, in an almost isotropic and homogeneous

Friedmann-Robertson-Walker solution to Einstein’s Field Equations. However, Cold Dark Matter was

added to the paradigm in the 1980s (e.g. [43, 6]), leading to the ‘Standard CDM’ picture in which

ΩM = 1. By the end of the 1980s the addition of a cosmological constant Λ was known to give better

fits to the available data (e.g. [44, 65, 15]).

The COBE satellite detection of large-scale Cosmic Microwave Background (CMB) anisotropies

in 1992 [58] brought an end to many wilder proposals which had been floated in the era of continually

improving CMB upper limits (see [36] for a discussion). It became clear that the CMB normalization,

together with galaxy clustering data, pointed to the ‘ΛCDM’ variant of the CDM paradigm ([14, 31]),

despite the reluctance of many theorists to let the elegance of Standard CDM slip away (e.g. [67]). The

cosmological constant became an accepted part of the model by the mid-to-late 1990s, following the

results from distant supernova surveys and degree-scale CMB experiments. Soon the concept of Λ was

generalised to that of Dark Energy. As the CMB anisotropy measurements grew increasingly precise,

1 And it has become known as ‘the other L word’.

NRC Canada

A,B,C,D,E,F,G,
H,I,J,K,L,M,N,
O,P,Q,R,S,T,U,

V,W,X,Y,Z



Scott 3

Table 2. The 12 Parameters of the Standard Model of Cosmology.

1 temperature: T0

1 timescale: H0

4 densities: ΩΛ ΩCDM ΩB Ων

1 pressure: w ≡ p/ρ
1 mean free path: τreion

4 fluctuation descriptors: A n n′
≡ dn/d ln k r ≡ T/S

12 total parameters

it became clear that (at least in principle) several parameters could be measured which would constrain

the inflaton potential. But to do this carefully, one had to take into account other astrophysical effects

on the CMB anisotropies, particularly anisotropy suppression in the period since the Universe became

reionized – hence another parameter needed to be added.

We have thus ended up with a Standard Model of Cosmology (hereafter SMC), which is based on

ideas as old as the SMPP, but which solidified only about a decade ago. Determining the precise date

when the SMC was in place is a little murky (to say the least). The late 1980s and early 1990s were a

time of increasing tension among different pieces of observational data, which (at least in hindsight)

was because the SMC was about to fall into place. There were also a few false leads, such as the early

supernova results apparently suggesting deceleration, increased interest in models with a significant

hot dark matter (i.e. high Ων) component, and arguments over the naturalness of open inflationary

models. But despite all of this, the SMC was clearly in place by 1995 [34, 42].

The number of parameters required to describe this model varies to some extent depending on the

tastes of individual cosmologists. However, a typical count gives the number of required parameters as

12, which are listed in Table 2. This is not a complete set of possible parameters, but there is currently

no evidence that we need any more. If we were to develop the SMC from scratch, then presumably

we would choose a simpler set of symbols, for example: A, E, H, I, K, L, M, N, O, P, U, W .2 The

parameters are also not all on an equal footing. For some of them, there is no indication at the moment

that they differ from their default values (e.g.
∑

Ωi = 1 or n′ = 0), and hence the final SMC may

actually have fewer parameters.

There are several assumptions that underlie the SMC. We certainly assume that physics is the

same everywhere in the observable Universe (but see Section 5), and that General Relativity fully

describes gravity on large scales. The SMC also relies on the hot Big Bang picture being correct, and

that something akin to inflation created the density perturbations. The astonishing thing about modern

cosmology is that most of these assumptions are testable (or at least falsifiable), and that for the reality

in which we find ourselves living there are ways of determining the values of the quantities that describe

the nature of the entire observable Universe.

2. The Miracle of the CMB Sky

Many different observable quantities can be used to constrain the cosmological parameters. Tra-

ditionally these have involved trying to estimate distances of very distant objects (which is hard),

estimating masses of large amounts of matter (which requires the distance), measuring the clustering

of galaxies (which is related in a complicated way to the clustering of mass), and determining primor-

dial abundances (which is fraught with systematic effects). While each of these approaches have been

useful, they all rely on using tracers that are well into the non-linear regime, i.e. objects with density

2 The Hawaiian alphabet.

NRC Canada
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• Scale factor a(t)≡1/(1+z):

• Spatially flat:

• Friedmann equation:

Basic Cosmology Equations

H
2(z) =

{

Ωγ(1 + z)4 + ΩM(1 + z)3 + ΩΛ

}

H
2
0

H ≡ ȧ/aρ crit = 3H2/8πG Ω = ρ/ρcrit

Ωγ + ΩM + ΩΛ = 1



That described the “background”
- now for the perturbations

•Write distribution function for each fluid:
   f(p,θ,φ,x)
•Boltzmann equations: Df/Dt = collisions
•Perform linear perturbations
•Expand in k-modes (for space)
          + l-modes (for angles)
•→coupled hierarchy of Boltzmann equations
•Solve numerically for any (independent) k
•Evolve to obtain P(k) today
•Integrate (carefully) over k and integrate 
through line-of-sight for power spectra
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26 CHAPTER 2 PRIMARY CMB ANISOTROPIES

FIG 2.2.— The left panel (courtesy of the WMAP Science Team) shows a summary of CMB anisotropy mea-
surements from various experiments prior to the release of the first year results from WMAP. The references to the
experimental data are as follows: COBE (Tegmark 1996), Archeops (Benoit et al. 2003), TOCO (Miller et al. 2002),
Boomerang (Ruhl et al. 2003), Maxima (Lee et al. 2001), DASI (Halverson et al. 2002), CBI (Pearson et al. 2003)
and ACBAR (Kuo et al. 2004). The right panel shows results from the first year of WMAP data.

FIG 2.3.— Current picture for the composition of the Universe (from the WMAP web-site).

23% or so of the clustered matter in the Universe. We know neither the nature of this dark
matter nor its evolutionary history.

But the biggest surprise of all is the evidence that most of the mass density of the Universe
is contributed by empty space itself. Apparently, the sea of virtual particles that, according
to quantum field theory, pervades the vacuum, contributes by far the largest contribution to
the energy budget of the Universe. This phenomenon is even less well understood than the
weakly interacting dark matter. A naive calculation of the contributions of quantum zero-point
fluctuations of fundamental fields would suggest a value for the cosmological constant of Λ !(
c3/h̄G

)
∼ (LPl)−2 ∼ 1069 m−2, where LPl is the Planck length. Observations, however, suggest

a value of Λ =
(
3ΩΛH2

0/c2
)
∼ (L0)−2 ∼ 10−52 m−2, where L0 = c/H0 is our present Hubble

radius. These two estimates disagree by over 120 orders of magnitude. This exceedingly small
but non-zero value of the vacuum energy is one of the major unsolved problems in fundamental
physics. Another way of phrasing the discrepancy is to note that the observed value of the
cosmological constant introduces a characteristic energy scale of a few meV, much smaller than
the Planck scale of mPl ∼ 1019GeV.

In summary, over the last decade or so cosmologists have accumulated evidence using a
variety of methods for a concordance ΛCDM cosmology with the parameters shown in Figure 2.3.
The parameters of this model, however, are not understood even remotely. The physics behind
96% of the mass density of the Universe is not known—and in the case of the dark energy we
do not even have a firm theoretical framework for tackling the problem. There may also be
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SUMMARY

A diverse set of observations now compellingly suggest that Universe possesses a

nonzero cosmological constant. In the context of quantum-field theory a cosmological

constant corresponds to the energy density of the vacuum, and the wanted value for

the cosmological constant corresponds to a very tiny vacuum energy density. We dis-

cuss future observational tests for a cosmological constant as well as the fundamental

theoretical challenges—and opportunities—that this poses for particle physics and

for extending our understanding of the evolution of the Universe back to the earliest

moments.
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Abstract

It is interesting, and perhaps surprising, that despite a growing diversity

of independent astronomical and cosmological observations, there remains a

substantial range of cosmological models consistent with all important obser-

vational constraints. The constraints guide one forcefully to examine models

in which the matter density is substantially less than critical density. Particu-

larly noteworthy are those which are consistent with inflation. For these mod-

els, microwave background anisotropy, large-scale structure measurements, di-

rect measurements of the Hubble constant, H0, and the closure parameter,

ΩMatter, ages of stars and a host of more minor facts are all consistent with a

spatially flat model having significant cosmological constant ΩΛ = 0.65 ± 0.1,

ΩMatter = 1 − ΩΛ (in the form of “cold dark matter”) and a small tilt:

0.8 < n < 1.2.
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Nature 348, 705 - 707 (27 December 1990); doi:10.1038/348705a0

The cosmological constant and cold dark matter

G. EFSTATHIOU, W. J. SUTHERLAND & S. J. MADDOX

Department of Physics, University of Oxford, Oxford 0X1 3RH, UK

THE cold dark matter (CDM) model1–4 for the formation and distribution of galaxies in a universe with 

exactly the critical density is theoretically appealing and has proved to be durable, but recent work5–8 

suggests that there is more cosmological structure on very large scales (l> 10 h –1 Mpc, where h is the Hubble 

constant H 0 in units of 100 km s–1 Mpc–1) than simple versions of the CDM theory predict. We argue here 

that the successes of the CDM theory can be retained and the new observations accommodated in a spatially 

flat cosmology in which as much as 80% of the critical density is provided by a positive cosmological 

constant, which is dynamically equivalent to endowing the vacuum with a non-zero energy density. In such a 

universe, expansion was dominated by CDM until a recent epoch, but is now governed by the cosmological 

constant. As well as explaining large-scale structure, a cosmological constant can account for the lack of 

fluctuations in the microwave background and the large number of certain kinds of object found at high 

redshift.
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Not really - almost all information
is contained in the power spectrum



Individual hot/cold spots are just the 
particular realisation of our sky

Actually anisotropies look very Gaussian 
(i.e. maximally random)

This is what is expected from inflation
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(or power spectrum)
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primarily on WMAP temperature fluctuation measurements. These data are the most recent in a series of polarization
measurements at l � 50. However, high-l polarization observations do not (yet) substantially enhance the power of
the full data to constrain parameters, so we do not include them in the nine-year analysis.

Fig. 1.— A compilation of the CMB data used in the nine-year WMAP analysis. The WMAP data are shown in black, the extended
CMB data set – denoted ‘eCMB’ throughout – includes SPT data in blue (Keisler et al. 2011), and ACT data in orange, (Das et al. 2011).
We also incorporate constraints from CMB lensing published by the SPT and ACT groups (not shown). The ΛCDM model fit to the
WMAP data alone (shown in grey) successfully predicts the higher-resolution data.

2.2.2. Baryon Acoustic Oscillations

The acoustic peak in the galaxy correlation function has now been detected over a range of redshifts from z = 0.1
to z = 0.7. This linear feature in the galaxy data provides a standard ruler with which to measure the distance ratio,
DV /rs, the distance to objects at redshift z in units of the sound horizon at recombination, independent of the local
Hubble constant. In particular, the observed angular and radial BAO scales at redshift z provide a geometric estimate
of the effective distance,

DV (z) ≡ [(1 + z)2 D2
A(z) cz /H(z)]1/3, (1)

where DA(z) is the angular diameter distance and H(z) is the Hubble parameter. The measured ratio DV /rs, where
rs is the co-moving sound horizon scale at recombination, can be compared to theoretical predictions.
Since the release of the seven-year WMAP data, the acoustic scale has been more precisely measured by the Sloan

Digital Sky Survey (SDSS) and SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS) galaxy surveys, and by
the WiggleZ and 6dFGS surveys. Previously, over half a million galaxies and LRGs from the SDSS-DR7 catalog had
been combined with galaxies from 2dFGRS by Percival et al. (2010) to measure the acoustic scale at z = 0.2 and
z = 0.35. (These data were used in the WMAP seven-year analysis.) Using the reconstruction method of Eisenstein
et al. (2007), an improved estimate of the acoustic scale in the SDSS-DR7 data was made by Padmanabhan et al.
(2012), giving DV (0.35)/rs = 8.88± 0.17, and reducing the uncertainty from 3.5% to 1.9%. More recently the SDSS-
DR9 data from the BOSS survey has been used to estimate the BAO scale of the CMASS sample. They report
DV (0.57)/rs = 13.67± 0.22 for galaxies in the range 0.43 < z < 0.7 (at an effective redshift z = 0.57) (Anderson et al.
2012). This result is used to constrain cosmological models in Sánchez et al. (2012).

Hinshaw et al. 2012

WMAP+SPT+ACT
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ä > 0

using dL

in distant SNe

3.5 4.0 4.5 5.0 5.5
log(cz)

14

16

18

20

22

ef
fe

ct
iv

e 
  

m
B 

14

16

18

20

22

24

ef
fe

ct
iv

e 
  m

B 

Hamuy et al.  
 (1995) data

Perlmutter et al. 
(1994, 1995a,b) data 

 

Raw Data

qo = 0.5 

qo = 0 

11 Current SNe   

 (Perlmutter et al. 1995c)

Preliminary Analysis

Lightcurve Width 

Calibrated Data



Acceleration
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Fig. 4 Hubble diagram of SNLS and nearby SNe Ia, with var-

ious cosmologies superimposed. The bottom plot shows the

residuals for the best fit to a flat Λ cosmology.

Using Monte Carlo realizations of our SN sample, we

checked that our estimators of the cosmological parameters are

unbiased (at the level of 0.1 σ), and that the quoted uncertain-

ties match the observed scatter. We also checked the field-to-

field variation of the cosmological analysis. The four ΩM val-

ues (one for each field, assuming Ωk = 0) are compatible at

37% confidence level. We also fitted separately the Ia and Ia*

SNLS samples and found results compatible at the 75% confi-

dence level.

We derive an intrinsic dispersion, σint = 0.13 ± 0.02, ap-

preciably smaller than previously measured (Riess et al. 1998;

Perlmutter et al. 1999; Tonry et al. 2003; Barris et al. 2004;

Riess et al. 2004). The intrinsic dispersions of nearby only

(0.15±0.02) and SNLS only (0.12±0.02) events are statistically

consistent although SNLS events show a bit less dispersion.

A notable feature of Figure 4 is that the error bars increase

significantly beyond z=0.8, where the zM photometry is needed
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Fig. 5 Contours at 68.3%, 95.5% and 99.7% confidence levels

for the fit to an (ΩM,ΩΛ) cosmology from the SNLS Hubble di-

agram (solid contours), the SDSS baryon acoustic oscillations

(Eisenstein et al. 2005, dotted lines), and the joint confidence

contours (dashed lines).

to measure rest-frame B − V colors. The zM data is affected by

a low signal-to-noise ratio because of low quantum efficiency

and high sky background. For z > 0.8, σ((B − V)rest f rame) "
1.6σ(iM−zM), because the lever arm between the central wave-

lengths of iM and zM is about 1.6 times lower than for B and V .

Furthermore, errors in rest-frame color are scaled by a further

factor of β " 1.6 in the distance modulus estimate. With a typ-

ical measurement uncertainty σ(zM) " 0.1, we have a distance

modulus uncertaintyσ(µ) > 0.25. Since the fall 2004 semester,

we now acquire about three times more zM data than for the

data in the current paper, and this will improve the accuracy of

future cosmological analyses.

The distance model we use is linear in stretch and color.

Excluding events at z > 0.8, where the color uncertainty is

larger than the natural color dispersion, we checked that adding

ä > 0

using dL

in distant SNe
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Table 1. Summary of the published results from each survey used in this study. The values for σ8 correspond to Ωm = 0.24, and are given for the

Peacock & Dodds (1996) method of calculating the non-linear evolution of the matter power spectrum. The statistics listed were used in the previous analyses;

the shear correlation functions ξE,B (Eq. 6), the aperture mass statistic 〈M2
ap〉 (Eq. 4) and the top-hat shear variance 〈γ2

E,B〉 (see Van Waerbeke et al. (2005)).

CFHTLS-Wide GaBoDS RCS VIRMOS-DESCART

Area (deg2) 22.0 13.0 53 8.5

Nfields 2 52 13 4

Magnitude Range 21.5 < i′ < 24.5 21.5 < R < 24.5 22 < RC < 24 21 < IAB < 24.5
< zsource > 0.81 0.78 ∼ 0.6 0.92
Previous Analysis Hoekstra et al. (2006) Hetterscheidt et al. (2006) Hoekstra et al. (2002a) Van Waerbeke et al. (2005)

σ8 (Ωm = 0.24) 0.99 ± 0.07 0.92 ± 0.13 0.98 ± 0.16 0.96 ± 0.08
Statistic ξE,B(θ) 〈M2

ap〉(θ) 〈M2
ap〉(θ) 〈γ2

E,B〉(θ)

Figure 1. E and B modes of the shear correlation function ξ (filled and open points, respectively) as measured for each survey. Note that the 1σ errors on the

E-modes include statistical noise, non-Gaussian cosmic variance (see §6) and a systematic error given by the magnitude of the B-mode. The 1σ error on the

B-modes is statistical only. The results are presented on a log-log scale, despite the existence of negative B-modes. We have therefore collapsed the infinite

space between 10−7 and zero, and plotted negative values on a separate log scale mirrored on 10−7. Hence all values on the lower portion of the graph are

negative, their absolute value is given by the scaling of the graph. Note that this choice of scaling exagerates any discrepancies. The solid lines show the best

fit ΛCDM model for Ωm = 0.24, h = 0.72, Γ = hΩm, σ8 given in Table 4, and n(z) given in Table 2. The latter two being chosen for the case of the high

confidence redshift calibration sample, an n(z) modeled by Eq.(9), and the non-linear power spectrum estimated by Smith et al. (2003).

Benjamin et al. (2007)
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Information in the CMB

plus “non-Gaussian” signatures

CMB partially polarized

2 numbers for each pixel (as well as T)
call these “E” and “B”

4 correlations to measure: TT, TE, EE, BB
4 different power spectra

(TB and EB are zero)

B-modes probe inflation?
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Fig. 11.— Left : Amplitude, ξ, of dust emission in ACT patches relative to FDS predictions for 150 GHz (open symbols) and 220 GHz
(closed) symbols. Results obtained through the real-space and Fourier-space techniques are shown with circles and diamonds, respectively.
Right : Results of a null test performed by shuffling around the FDS patches, so that patch 0 of ACT is crossed with patch 3 of FDS etc.

rameterization yields AL = 1.60+0.55
−0.26.

Fig. 12.— Lensing of the CMB smooths out the acoustic peaks
in the CMB power spectrum. The best fit model with lensed CMB,
secondaries, and point sources is shown as the thick orange curve,
while the same with no lensing is shown with the thin green curve.

Our 148GHz power spectrum is shown against lensed
and unlensed models in Fig. 12. We use the parametriza-
tion of Calabrese et al. (2008), and using the parameter
estimation methodology described in the companion pa-
per Dunkley et al. (2010), we constrain the lensing pa-
rameter AL based on WMAP7 and ACT power spec-
tra. Fig. 13 shows the marginalized 1D likelihood for

AL using WMAP7+ACT. We find AL = 1.3+0.5(+1.2)
−0.5(−1.0)

at 68% (95%) confidence, with the best-fit lensed CMB
spectrum with AL = 1 having an improved goodness-of-
fit to the WMAP7+ACT data of ∆χ2 = 8 less than the
unlensed model.
We check for systematics that might have given rise

to a spurious lensing signal. The projection scheme
(cylindrical-equal-area) used for the ACT maps is not
particularly optimized for lensing studies — so we test
whether this projection could introduce a lensing-like
signal. We simulate a low-noise unlensed CMB sig-

nal and run it through the mapmaking pipeline, and
try to reconstruct a “lensing convergence” in the re-
sulting map using standard quadratic estimator tech-
niques (Hu & Okamoto 2002). We find the reconstructed
convergence power spectrum to be consistent with null
(there is a small known bias at high multipoles that we
have entirely traced to mode-coupling due to the finite-
ness of the patch), showing that the projection does
not introduce any significant lensing-like signal in our
patches. To further test if any other step in our pipeline
could produce spurious peak smearing in the power spec-
trum, we generate an end-to-end simulation of a noisy
map exactly as described in Section 4, only this time re-
placing the lensed CMB signal time-stream with its un-
lensed version. The resulting maps are then processed
through the power spectrum pipeline, and the power
spectrum is then analyzed with the parameter estima-
tion method described in Dunkley et al. (2010). We find
the lensing amplitude parameter, AL, described above to
be consistent with zero (see Fig. 13).
Here we have used the smearing of the acoustic features

to look for the lensing signal. More promising ways of
extracting this signal involve using information beyond
the two-point correlation (optimal quadratic estimators)
and cross-correlationwith tracers of large-scale structure.
Early efforts cross-correlating the lensing reconstruction
in WMAP 3-year maps with luminous red galaxies, ra-
dio sources and quasars (Smith et al. 2007; Hirata et al.
2008) yielded ∼ 3σ evidence for lensing. Data from
WMAP are not the best suited for this kind of study be-
cause of its limited angular resolution. With arcminute
resolution CMB data, such as from ACT, there is a much
higher potential for a detection. Such efforts are under-
way with the ACT maps.

8. DISCUSSION

We have presented a measurement of the power spec-
trum of the CMB sky observed with the Atacama Cos-
mology Telescope at 148GHz and 218GHz. The 148GHz
spectrum spans a large dynamic range from # = 500 to
# = 10000, covering the damping tail, where the primary
anisotropies with the higher-order acoustic peaks domi-
nate, to the composite high multipole tail of the CMB
where emission from dusty galaxies and radio sources and
the SZ effect contribute. The second through the seventh

3

FIG. 1. Mean convergence power spectrum (red points) from
480 simulated lensed maps with noise similar to our data. The
solid line is the input lensing power spectrum, taken from
the best-fit WMAP+ACT cosmological model. Error bars
correspond to the scatter of power spectrum values obtained
from individual maps.

FIG. 2. Convergence power spectrum (red points) measured
from ACT equatorial sky patches. The solid line is the power
spectrum from the best-fit WMAP+ACT cosmological model
with amplitudeAL = 1, which is consistent with the measured
points. The error bars are from the Monte Carlo simulation
results displayed in Fig. 1. The best-fit lensing power spec-
trum amplitude to our data is AL = 1.16± 0.29

of simulations shown in Fig. 1.
Here, we introduce the parameter AL as a lensing con-

vergence power spectrum amplitude, defined such that
AL = 1 corresponds to the best-fit WMAP+ACT ΛCDM
model (with σ8 = 0.813). The reconstructed points are
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AL = 0.96 ± 0.31. Fitting our five points to the theory,
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of the amplitude of matter fluctuations at a comoving

TABLE I. Reconstructed C
κκ
" values.

! Range Central !b C
κκ
b (×10−8) σ(Cκκ

b ) (×10−8)

75–150 120 19.0 6.8

150–350 260 4.7 3.2

350–550 460 2.2 2.3

550–1050 830 4.1 1.3

1050–2050 1600 2.9 2.2

FIG. 3. Convergence power spectrum for simulated thermal
and kinematic SZ maps and point source maps [17] which
are a good fit to the ACT data. Note that we only show
the non-Gaussian contribution, as the Gaussian part which
is of similar negligible size is automatically included in the
subtracted bias generated by phase randomization. The solid
line is the convergence power spectrum due to lensing in the
best-fit WMAP+ACT cosmological model.

wavenumber k ∼ 0.02Mpc−1 around this redshift.
We estimate potential contamination by point sources

and SZ clusters by running our reconstruction pipeline on
simulated patches which contain only IR point sources or
only thermal or kinetic SZ signal [17], while keeping the
filters and the normalization the same as for the data
run. Fig. 3 shows that the estimated spurious conver-
gence power is at least two orders of magnitude below
the predicted signal, due partially to our use of only
temperature modes with # < 2300. We have also ver-
ified that reconstruction on simulated maps containing
all foregrounds (unresolved point sources and SZ) and
lensed CMB was unbiased. We found no evidence of ar-
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Null Tests.— We compute a mean cross-correlation
power of convergence maps reconstructed from neighbor-
ing patches of the data map, which is expected to be
zero as these patches should be uncorrelated. We find
a χ2/dof = 5.8/4 for a fit to zero signal (Fig. 4, upper
panel). For the second null test we construct a noise
map for each sky patch by taking the difference of maps
made from the first half and second half of the season’s
data, and run our lensing estimator. Fig. 4, lower panel,
shows the mean reconstructed convergence power spec-
trum for these noise-only maps. Fitting to null we calcu-



Scott 3

Table 2. The 12 Parameters of the Standard Model of Cosmology.

1 temperature: T0

1 timescale: H0

4 densities: ΩΛ ΩCDM ΩB Ων

1 pressure: w ≡ p/ρ
1 mean free path: τreion

4 fluctuation descriptors: A n n′
≡ dn/d ln k r ≡ T/S

12 total parameters

it became clear that (at least in principle) several parameters could be measured which would constrain

the inflaton potential. But to do this carefully, one had to take into account other astrophysical effects

on the CMB anisotropies, particularly anisotropy suppression in the period since the Universe became

reionized – hence another parameter needed to be added.

We have thus ended up with a Standard Model of Cosmology (hereafter SMC), which is based on

ideas as old as the SMPP, but which solidified only about a decade ago. Determining the precise date

when the SMC was in place is a little murky (to say the least). The late 1980s and early 1990s were a

time of increasing tension among different pieces of observational data, which (at least in hindsight)

was because the SMC was about to fall into place. There were also a few false leads, such as the early

supernova results apparently suggesting deceleration, increased interest in models with a significant

hot dark matter (i.e. high Ων) component, and arguments over the naturalness of open inflationary

models. But despite all of this, the SMC was clearly in place by 1995 [34, 42].

The number of parameters required to describe this model varies to some extent depending on the

tastes of individual cosmologists. However, a typical count gives the number of required parameters as

12, which are listed in Table 2. This is not a complete set of possible parameters, but there is currently

no evidence that we need any more. If we were to develop the SMC from scratch, then presumably

we would choose a simpler set of symbols, for example: A, E, H, I, K, L, M, N, O, P, U, W .2 The

parameters are also not all on an equal footing. For some of them, there is no indication at the moment

that they differ from their default values (e.g.
∑

Ωi = 1 or n′ = 0), and hence the final SMC may

actually have fewer parameters.

There are several assumptions that underlie the SMC. We certainly assume that physics is the

same everywhere in the observable Universe (but see Section 5), and that General Relativity fully

describes gravity on large scales. The SMC also relies on the hot Big Bang picture being correct, and

that something akin to inflation created the density perturbations. The astonishing thing about modern

cosmology is that most of these assumptions are testable (or at least falsifiable), and that for the reality

in which we find ourselves living there are ways of determining the values of the quantities that describe

the nature of the entire observable Universe.

2. The Miracle of the CMB Sky

Many different observable quantities can be used to constrain the cosmological parameters. Tra-

ditionally these have involved trying to estimate distances of very distant objects (which is hard),

estimating masses of large amounts of matter (which requires the distance), measuring the clustering

of galaxies (which is related in a complicated way to the clustering of mass), and determining primor-

dial abundances (which is fraught with systematic effects). While each of these approaches have been

useful, they all rely on using tracers that are well into the non-linear regime, i.e. objects with density

2 The Hawaiian alphabet.

NRC Canada
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Beyond the SMC?
Constrain parameters better?

Which of others have null values?

1+w and B-modes measurable?

Damping of high multipoles?

Will it get as boringly successful 
as the SMPP?

Something we haven’t thought of?



Constraining “w”

w=p/ρ
for DE



Constraining “w”

w=p/ρ
for DE



Dark Energy Theories



Dark Energy Theories
• Quintessence with perturbations
• Rolling scalar field
• Generalized Chaplygin gas
• k-essence
• Cuscuton cosmology
• Tracker fields 
• Phantom Energy
• Cardassian Dark Energy
• Interacting Dark Matter-Dark Energy
• DGP brane cosmology
• f(R) gravity
• Gauss-Bonnet gravity
• Scalar-tensor theories
• Tensor-Vector-Scalar theory
• Lorentz-violating Dark Energy
• Tolman-Bondi cosmology
• Back-reaction effects
• Elastic Dark Energy
• Holographic Dark Energy
• Natural Dark Energy



Dark Energy TheoriesGood



Early 1970s

Predicted:

• W,Z,c,t,g,Higgs

Not fundamental

Observer 
independent

Early 1990s

Predicted:

•~6 things (later)
Not fundamental

Observer dependent 
(time + Cosmic Var.)

SMPP SMC



Where did the parameters come 
from?

Connection with fundamental 
physics theory?



Are some 
parameters 
stochastic?

(Did someone say the 
“A” word?)



Are some 
parameters 
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3rd CMB
satellite

9 bands:
30-860GHz
(LFI & HFI)





21st March 2013!





Looking towards the future ...



Looking towards the future ...

...20 years later it’s the same SMC!


