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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

a.k.a. ΛCDM

Basic Cosmology Equations

• GR, plus flat expanding space-time: 

• Or in spherical coordinates 

• Field equations 

• + isotropy and homogeneity → 
Friedmann eqs.

ds2 = c2dt2 � a2(t)
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• Scale factor a(t)≡1/(1+z): 

• Spatially flat: 

• Friedmann equation:

H
2(z) =

{

Ωγ(1 + z)4 + ΩM(1 + z)3 + ΩΛ

}

H
2
0

H ≡ ȧ/a ρcrit = 3H
2
/8πG Ω = ρ/ρcrit

Ωγ + ΩM + ΩΛ = 1

Basic Cosmology Equations Early Universe

• Radiation domination implies 

• Where the effective number of relativistic 

degrees of freedom is 

• Light elements made in about 3 minutes 

• Inflation at t~10-3? seconds;  tPlanck~10-43s
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Perturbations

• Inflation (or something else) makes 

spectrum of density (scalar) perturbations: 

• And also gravitational wave fluctuations of 

unknown amplitude, At 

• Density perturbations affect the CMB at 

z≃1000 and galaxy clustering at z≃0 

• And make the Universe we know and love!
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n
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parameter model requires a fixed framework, including a set of testable assumptions (presented

in Table 2).

Assumptions underlying the SMC
1 Physics is the same throughout the observable Universe.

2 General Relativity is an adequate description of gravity.

3 On large scales the Universe is statistically the same everywhere.

4 The Universe was once much hotter and denser and has been expanding.

5 There are five basic cosmological constituents:

5a Dark energy behaves just like the energy density of the vacuum.

5b Dark matter is pressureless (for the purposes of forming structure).

5c Regular atomic matter behaves just like it does on Earth.

5d Photons from the CMB permeate all of space.

5e Neutrinos are effectively massless (again for structure formation).

6 The overall curvature of space is flat.

7 Variations in density were laid down everywhere at early times,

proportionally in all constituents.

Table 2: Basic assumptions for the ‘Standard Model of Cosmology’. Note that all of these

are testable, and have successfully passed the tests to date. Because of the dominance of dark

matter (which is mostly ‘cold’, CDM) and dark energy (usually identified with the cosmological

constant, Λ), the SMC is often referred to as the ‘ΛCDM’ model.

There are many more things to measure about the Universe than the CMB, but it provides

a high-fidelity and well-understood data set that is very powerful in combination with other

kinds of data. Following the Planck Collaboration we elect to use the constraints coming from

the Planck data combined with: large-angle polarisation measurements from WMAP (7); small
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Robust 
model

+ galaxy clustering and dynamics, CMB anisotropies, 
+ lensing, absorption systems, …

The Big Bang Theory

So well established it had its own TV show

But what kind of Big Bang model do we live in?

DE≈69% 
DM≈26% 

B≈5% 
ν≈0.1% 
γ≈0.05% 
GW≈0% 

————— 
Σ=100%

COSMIC CENSUS

?
?

Least informative pie-chart

68.9%

4.9%

26.2%

Funniest pie-chart

Standard Model of Cosmology

★ What kind of Big Bang model do we live in? 
★ How many parameters do we need? 
★ Will there be more parameters later? 
★ Why do the parameters have these values? 
★ What was the origin of the perturbations? 
★ What’s the dark matter and dark energy? 
★ Is there evidence for new physics?

★ What about the other Standard Model?



The Standard Model of Cosmology

• Isotropic, homogeneous, expanding (FRW) 
• Dark-energy and dark-matter dominated 
• Adiabatic, Gaussian, nearly scale-invariant initial 
perturbations 
• 6 basic parmeters required 
• About another 6 or so parameters at default values  
  (w=−1, ΩK=0, dns/lnk=0, etc.)
From CMB Using rest of 

Astrophysics?

★ What about that other Standard Model?

Standard 
Model of 
Particle 
Physics

+  H
higgs

125 GeV

0 
0

(the most precise 
and successful 

model in physics, 
maybe all science!)

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’.
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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
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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.
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Vintage of the SMC?
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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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COSMIC CONCORDANCE
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Department of Physics and Astronomy
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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.

1

Vintage of the SMC?

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.

What’s about 55 years old?

Standard Model of Particle Physics

What’s about 30 years old?

Standard Model of Cosmology



SMC Predictions

CMB Acoustic Peaks
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CMB Polarization

Baryon Acoustic Oscillations

CMB(ISW)-LSS Correlation
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is ⌅0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇤ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e⇥ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit�CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-⌅ anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high ⌅. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base �CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the �CDM parameters are relatively robust to the inclusion
of di⇥erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
�CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ⌅ < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence

35

The “precision era” of CMBology 
(dominated by Planck, but that will change soon)



Late 1960s / early 1970s

Predicted:

• W,Z,c,t,g,Higgs

Not fundamental

Observer independent     
(not stochastic?)

Very very precise

What’s next?

 Early 1990s

 Predicted:

•  many things!

 Not at all fundamental

 Observer dependent     
(time + cosmic variance)

 Getting very precise

 What’s next?

SMPP SMC Physics beyond the SMC?

Beyond the Standard Model
Behind the Standard Model

Underneath the Standard Model

Just a bit to the side of 
the Standard Model

How do we know the parameters
of the SMC so well?
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include cosmic variance. The horizontal axis is ⌅0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇤ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e⇥ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit�CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-⌅ anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high ⌅. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base �CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the �CDM parameters are relatively robust to the inclusion
of di⇥erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
�CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ⌅ < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence
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The “precision era” of CMBology 
(dominated by Planck, but that will change soon)

The CMB sky gives us an
image of the Universe at the 
photon last-scattering surface

Well understood physics of acoustic 
modes in linear perturbation theory

Can precisely calculate 4 power spectra
(given a set of parameters)
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Planck data compression

•  Trillions of bits of data 
•  Billions of measurements at 9 frequencies
•  50 million pixel map of whole sky
•  2 million harmonic modes measured
•  ~2000σ detection of CMB anisotropy 
power

•  Fit with just 6 parameters!
•  With no significant evidence for a 7th

So what are these 6 parameters?

The 6 parameters 
(“Planck” here means Planck TT+TE+EE+lensing)

And some derived 
parameters 
(+ t0 + σ8 + ...)

There are somewhat different constraints for Planck + other data

Amount of atoms

Amount of dark stuff
Stretch factor for wiggles

Fraction of recent scattering
Strength of lumpiness
Scale variation of lumpiness

Physical baryon density
Physical CDM density
Sound hor./ang.diam.dist.
Reionization optical depth
Amplitude of initial P(k)
Slope of initial P(k)

(CMB temperature already so well determined it’s usually not thought of as a parameter)

Planck Collaboration: The cosmological legacy of Planck

and joint temperature- and polarization-based convergence maps
plus the simulations, response functions, and masks necessary to
use them for cosmological science. We also release the joint CIB
map, the likelihood, and parameter chains.

3. The ⇤CDM model

Probably the most striking characteristic to emerge from the last
few decades of cosmological research is the almost unreason-
able e↵ectiveness of the minimal 6-parameter ⇤CDM model in
accounting for cosmological observations over many decades
in length scale and across more than 10 Gyr of cosmic time.
Though many of the ingredients of the model remain highly
mysterious from a fundamental physics point of view, ⇤CDM
is one of our most successful phenomenological models. As we
will discuss later, it provides a stunning fit to an ensemble of
cosmological observations on scales ranging from Mpc to the
Hubble scale, and from the present day to the epoch of last scat-
tering.

The ⇤CDM model rests upon a number of assumptions,
many of which can be directly tested with Planck data. With the
model tested and the basic framework established, Planck pro-
vides the strongest constraints on the six parameters that specify
the model (Tables 6 and 7). Indeed of these six parameters all
but one – the optical depth – is now known to sub-percent preci-
sion.15

Table 6. The 6-parameter ⇤CDM model that best fits the com-
bination of data from Planck CMB temperature and polarization
power spectra (including lensing reconstruction), with and with-
out BAO data (see text). A number of convenient derived param-
eters are also given in the lower part of the table. Note that these
best fits can di↵er by small amounts from the central values of
the confidence limits in Table 7.

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . . . . 0.022383 0.022447

⌦ch
2 . . . . . . . . . . . . . 0.12011 0.11923

100✓MC . . . . . . . . . . . 1.040909 1.041010
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0568
ln(1010

As) . . . . . . . . . 3.0448 3.0480
ns . . . . . . . . . . . . . . . 0.96605 0.96824

H0 [km s�1Mpc�1] . . . 67.32 67.70
⌦⇤ . . . . . . . . . . . . . . 0.6842 0.6894
⌦m . . . . . . . . . . . . . . 0.3158 0.3106
⌦mh

2 . . . . . . . . . . . . . 0.1431 0.1424
⌦mh

3 . . . . . . . . . . . . . 0.0964 0.0964
�8 . . . . . . . . . . . . . . . 0.8120 0.8110
�8(⌦m/0.3)0.5 . . . . . . 0.8331 0.8253
zre . . . . . . . . . . . . . . . 7.68 7.90
Age [Gyr] . . . . . . . . . 13.7971 13.7839

15For ns this claim depends upon the conventional choice that ns = 1
represents scale-invariance.

Table 7. Parameter confidence limits from Planck CMB tem-
perature, polarization and lensing power spectra, and with the
inclusion of BAO data. The first set of rows gives 68 % limits for
the base-⇤CDM model, while the second set gives 68 % con-
straints on a number of derived parameters (as obtained from the
constraints on the parameters used to specify the base-⇤CDM
model). The third set below the double line gives 95 % limits for
some 1-parameter extensions to the ⇤CDM model. More details
can be found in Planck Collaboration VI (2018).

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . 0.02237 ± 0.00015 0.02242 ± 0.00014

⌦ch
2 . . . . . . . . . . 0.1200 ± 0.0012 0.11933 ± 0.00091

100✓MC . . . . . . . . 1.04092 ± 0.00031 1.04101 ± 0.00029
⌧ . . . . . . . . . . . . . 0.0544 ± 0.0073 0.0561 ± 0.0071
ln(1010

As) . . . . . . 3.044 ± 0.014 3.047 ± 0.014
ns . . . . . . . . . . . . 0.9649 ± 0.0042 0.9665 ± 0.0038

H0 . . . . . . . . . . . 67.36 ± 0.54 67.66 ± 0.42
⌦⇤ . . . . . . . . . . . 0.6847 ± 0.0073 0.6889 ± 0.0056
⌦m . . . . . . . . . . . 0.3153 ± 0.0073 0.3111 ± 0.0056
⌦mh

2 . . . . . . . . . . 0.1430 ± 0.0011 0.14240 ± 0.00087
⌦mh

3 . . . . . . . . . . 0.09633 ± 0.00030 0.09635 ± 0.00030
�8 . . . . . . . . . . . . 0.8111 ± 0.0060 0.8102 ± 0.0060
�8(⌦m/0.3)0.5 . . . 0.832 ± 0.013 0.825 ± 0.011
zre . . . . . . . . . . . . 7.67 ± 0.73 7.82 ± 0.71
Age[Gyr] . . . . . . 13.797 ± 0.023 13.787 ± 0.020
r⇤[Mpc] . . . . . . . . 144.43 ± 0.26 144.57 ± 0.22
100✓⇤ . . . . . . . . . 1.04110 ± 0.00031 1.04119 ± 0.00029
rdrag[Mpc] . . . . . . 147.09 ± 0.26 147.57 ± 0.22
zeq . . . . . . . . . . . . 3402 ± 26 3387 ± 21

keq[Mpc�1] . . . . . . 0.010384 ± 0.000081 0.010339 ± 0.000063

⌦K . . . . . . . . . . . �0.0096 ± 0.0061 0.0007 ± 0.0019
⌃m⌫ [eV] . . . . . . . < 0.241 < 0.120
Ne↵ . . . . . . . . . . . 2.89+0.36

�0.38 2.99+0.34
�0.33

r0.002 . . . . . . . . . . < 0.101 < 0.106

3.1. Assumptions underlying ⇤CDM

A complete list of the assumptions underlying the⇤CDM model
is not the goal of this section, but below we list several of the
major assumptions.

A1 Physics is the same throughout the observable Universe.
A2 General Relativity (GR) is an adequate description of grav-

ity.
A3 On large scales the Universe is statistically the same ev-

erywhere (initially an assumption, or “principle,” but now
strongly implied by the near isotropy of the CMB).

A4 The Universe was once much hotter and denser and has been
expanding since early times.

A5 There are five basic cosmological constituents:
(a) Dark energy that behaves just like the energy density of

the vacuum.
(b) Dark matter that is pressureless (for the purposes of

forming structure), stable and interacts with normal mat-
ter only gravitationally.
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and joint temperature- and polarization-based convergence maps
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use them for cosmological science. We also release the joint CIB
map, the likelihood, and parameter chains.
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15For ns this claim depends upon the conventional choice that ns = 1
represents scale-invariance.
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•The 6-parameter ΛCDM model is so good that 
focus turns to “tensions”
-Planck vs WMAP ?
-Discrepancy with distance-ladder H0 ?
-CMB vs lensing and clustering σ8 ?
-Preference for AL>1 ?

•Plus large-scale “anomalies”
-particularly the “low low-ls” ?
-dipole modulation/hemispheric asymmetry
-cold spot
-etc.

If today’s SMC status was an 
episode of Sesame Street, 

it would be ...

Brought to you
by the words

“tensions”
and

“anomalies”
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Fig. 1. Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency-averaged
temperature spectrum computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters de-
termined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm, computed over 94 % of the sky. The best-fit base ⇤CDM theoreti-
cal spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown
in the lower panel. The error bars show ±1� uncertainties.

The large upward shift in Ase�2⌧ reflects the change in the abso-
lute calibration of the HFI. As noted in Sect. 2.3, the 2013 analy-
sis did not propagate an error on the Planck absolute calibration
through to cosmological parameters. Coincidentally, the changes
to the absolute calibration compensate for the downward change
in ⌧ and variations in the other cosmological parameters to keep
the parameter �8 largely unchanged from the 2013 value. This
will be important when we come to discuss possible tensions
between the amplitude of the matter fluctuations at low redshift
estimated from various astrophysical data sets and the Planck
CMB values for the base ⇤CDM cosmology (see Sect. 5.6).

(4) Likelihoods. Constructing a high-multipole likelihood for
Planck, particularly with T E and EE spectra, is complicated
and di�cult to check at the sub-� level against numerical
simulations because the simulations cannot model the fore-
grounds, noise properties, and low-level data processing of
the real Planck data to su�ciently high accuracy. Within the
Planck collaboration, we have tested the sensitivity of the re-
sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2016). The most highly developed of

them are the CamSpec and revised Plik pipelines. For the 2015
Planck papers, the Plik pipeline was chosen as the baseline.
Column 6 of Table 1 lists the cosmological parameters for base
⇤CDM determined from the Plik cross-half-mission likeli-
hood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations,
and multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasize that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on
the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
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Planck TT power spectrum

Some people 
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Anomalies?
•  WMAP large-scale anomalies persist in Planck 
•  But are still of fairly low significance 
•  Are any of them telling us something?

• Low quadrupole 
• “Cold Spot” 
• “Hemispheric Asymmetry” 
• First ∼30 multipoles seem low 
• Alignment of low multipoles 
• Odd/even multipole asymmetry 
• ...



CMB anomalies: 
here’s a famous example
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Deviations of the observed cosmic microwave background (CMB) from the standard model, known
as ‘anomalies’, are obviously highly significant and deserve to be pursued more aggressively in order
to discover the physical phenomena underlying them. Through intensive investigation we have
discovered that there are equally surprising features in the digits of the number ⇡, and moreover
there is a remarkable correspondence between each type of peculiarity in the digits of ⇡ and the
anomalies in the CMB. Putting aside the unreasonable possibility that these are just the sort of
flukes that appear when one looks hard enough, the only conceivable conclusion is that, however
the CMB anomalies were created, a similar process imprinted patterns in the digits of ⇡.

I. INTRODUCTION

The standard cosmological model successfully de-
scribes a wide range of observational phenomena using
just six parameters in the context of a framework that
requires only a handful of basic assumptions [1]. The
‘⇤CDM’ model is so successful in fact that attention has
focussed on deviations from this simple picture. Just
like with particle physics, one can gauge the maturity of
the field through the fact that activity switches from es-
tablishing the validity of the framework to searching for
physics ‘beyond the standard model’.
The most precise cosmological data come from care-

ful measurements of the anisotropies in the cosmic mi-
crowave background (CMB [2]), as surveyed by the
COBE [3], WMAP [4] and Planck [5] satellites, as well
as with a suite of ground-based and balloon-borne exper-
iments. COBE helped establish ⇤CDM as the standard
cosmological model, and for many people the biggest
news from both WMAP and Planck was that there is no
news, i.e. the standard model continues to be a good fit,
even as the precision has improved dramatically. Since
the days of COBE (e.g. Ref. [6]) there has been inten-
sive investigation into deviations from Gaussianity or the
breaking of statistical isotropy on large scales, motivated
by the fact that they could be smoking guns for new
physics in the early Universe. This process has contin-
ued to the present day, with a huge number of studies
searching for blemishes of various forms in the CMB sky,
which might be evidence for chinks in the armour of the
standard model [7]. Now it seems like this search has
become the main industry in cosmology.
Hundreds of papers have been written on this topic.

We cannot possibly refer to all of them here, but many
can be found in the reference lists of several overviews of
the subject [8–10]. In the CMB sky, such deviations from
perfection are often referred to as ‘anomalies’, and there
are several distinct features of this sort that have been
identified. Sarkar et al. [11] pointed out that there are at

⇤Electronic address: afrolop@phas.ubc.ca
†Electronic address: docslugtoast@phas.ubc.ca

least two unrelated kinds of anomalies and hence one can
take the product of the chance probabilities to determine
how unlikely our observed Universe is in the standard
model. Recently Schwarz et al. [12] have argued that
there are at least three distinct kinds of anomaly, and
since each of them separately has a probability of ⇠ 10�2

in the standard model, then our CMB sky is unlikely at
the roughly 1-in-a-million level. Similar conclusions were
also made in another recent paper by Melia [13].
In fact considerably more than three kinds of anomaly

have already been identified, and no doubt more remain
to be uncovered. They include: the Cold Spot; the low-`
deficit; the `⇠ 20–30 dip; hemispheric asymmetry; low
variance; dipole modulation; odd/even multipole asym-
metry; and other specific features, such as stripes, rings
and even letters [14, 15]. When considered together,
the combined probability is vanishingly small that our
sky could be a realisation of a Gaussian random process
within ⇤CDM.
Amazing though these CMB features are, we have

discovered that a much more familiar data set, namely
the digits of ⇡, contains equally astonishing anomalies.
Through the use of advanced analysis methods, using
pattern recognition software and Bayesian search algo-
rithms, we have discovered many distinct features in ⇡.
In fact, for each CMB anomaly there appears to be a
corresponding e↵ect in the digits of ⇡ – we call these
analogous anisotropy anomalies (or AAAs). These fea-
tures in ⇡ are at least as significant as the cosmological
ones, and given that the CMB anomalies are patently ev-
idence for new physics, this means that the patterns in ⇡
must demonstrate the existence of mathematics beyond
the standard model [16].

II. THE DIGITS OF ⇡

The irrational number ⇡ [17] occurs throughout
physics, in anything related to rotations, waves, vibra-
tions or phases. It occurs explicitly in Coulomb’s law,
Kepler’s third law, Einstein’s field equations, the Fourier
transform, the normalization of a Gaussian, the reduced
Planck constant, etc. And perhaps most astonishingly, if
you divide the circumference of a circle by its diameter,
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FIG. 1: (a) Map of the CMB sky from the Planck satellite [5]. It seems hardly necessary to mark the position of the Cold
Spot, since it stands out so clearly. (b) The first 900 digits of ⇡, showing the early ‘hot spot’, also known as the Feynman
point.

(a) (b)

FIG. 2: (a) Correlation function for Planck data, taken from Ref. [12]. This is one of the most striking and well-defined of
the CMB anomalies, arising from the fact that the data are quite close to zero for a fair range of angles, something that must
surely be quite unlikely to find by chance. (b) An analogy for the low variance of the CMB for small multipoles is seen in the
distribution of numbers in the first 100 digits of ⇡. The frequency of these digits is remarkably ‘quiet’, i.e. all digits occur
quite close to the average number of times (the thick black line), which must also be very unlikely.

to plot C` versus linear `, but can easily be seen when
we carefully plot the lowest multipoles on a logarithmic
scale, as shown in Fig. 3(a).

This low-` dip has a corresponding AAA in the dig-
its of ⇡, manifesting itself in the lack of the number ‘0’.
Fig. 3(b) shows the cumulative count of 0 in the digits
of ⇡. For the lowest digits there is an obvious lack of
0s. In fact the first 0 does not occur until the 33rd digit,
the probability of which can easily be estimated to be a
few percent. Hence this is interesting, but perhaps not
very remarkable in itself. However, we find that consec-

utive strings of the number 0 are also under-represented.
For example the pattern ‘000000’ is the only string of
six consecutive numbers that does not occur in the first
million digits of ⇡; in fact it does not show up until digit
1,699,927.

Furthermore, if we consider the binary digits of ⇡ we
discover that there are many more instances of 0 than 1
for the lowest digits. In particular 61% of the first 164
bits are 0, which is extreme enough to have a probability
of just 0.3% (using the binomial distribution for 164 tri-
als). The fraction of occurrences of ‘0’ stays well above

Cold Spot?
CMB sky Digits of π

Low-ell deficit
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FIG. 3: (a) Compilation of CMB power spectrum data from Planck, WMAP, Atacama Cosmology Telescope [29] and South
Pole Telescope [30]. As has become conventional, the lowest multipole part is plotted logarithmically and the rest on a linear
scale. One can see that over the wide range of multipoles that have now been well measured, the deficit of power at ` =20–30
really stands out. (b). For ⇡ we focus on the lowest integer, i.e. ‘0’, and find that there is a deficit in its abundance in the first
digits. In fact the number 0 does not occur at all until the 33rd digit.

50% for several hundred more bits, showing that the bi-
nary digits also exhibit non-random features that require
an explanation.

D. Hemispherical asymmetry

Many studies have pointed out that the CMB sky can
be split into two hemispheres in which there is a dra-
matic di↵erence in the power between each half of the
sky. This can be studied equivalently by determining
the amplitude of the dipole modulation of the sky. In
Fig. 4(a) we reproduce a plot of the probability of ob-
taining the observed dipole amplitude in simulations of
Gaussian skies (plotted here for each of the four distinct
foreground-separated CMBmaps produced by the Planck
team, but these di↵erences are not relevant here). It is
clear that the scale `max ' 65 is quite special, and yields
a low probability of about 1%.
We can examine an analogous statistic in the digits of

⇡. To do so we consider the digits up to some maximum
digit, and split them into the first half and the second
half. By removing the average (i.e. the value 4.5 for the
set of integers 0 to 9), we calculate the sum of the two
separate halves of the digits, and plot this against the
maximum digit in Fig. 4(b). The two halves of the digits
of ⇡ behave in a dramatically di↵erent way, with an in-
dex around 2700 being the preferred scale here, but the
di↵erence continuing out to the highest digits examined.
This AAA thus demonstrates that the digits of ⇡ have
the same sort of ‘lop-sidedness’ as the CMB sky.

E. Alignment

Obviously the lowest-order CMB multipoles are spe-
cial, and so should be examined particularly closely. It
has been noticed that there is an ‘axis of evil’ [31], in
that the preferred directions of these lowest multipoles
are dramatically lined up with each other [32]. The ex-
traordinarily tight alignment of the axes of the dipole,
quadrupole and octupole are demonstrated in Fig. 5(a).
This has been estimated to have a probability of order
0.1%.
We can search for an AAA alignment in ⇡, but in or-

der to have something to align it with we need to find
another number. The obvious choice is ‘e’, which occurs
in physics and mathematics almost as often as ⇡. In-
deed both numbers occur in the famous Euler identity
ei⇡ = �1. This may be the most compact and meaning-
ful mathematical expression found by humanity so far
[33], since it includes the operations of subtraction, mul-
tiplication and exponentiation, as well as the numbers i,
1 and 0 [34], in addition to ⇡ and e. Another reason to
combine e with ⇡ is the obvious significance of these two
numbers for humans, since the number of pairs of chro-
mosomes possessed by homo sapiens is 23, and this is the
integer bracketed by ⇡e and e⇡ [35].
When we compare ⇡ and e digit by digit, we find that

there are systematically fewer matches than expected. In
the first 130 or so digits there are quite a few matches
(e.g. in the 13th, 17th and 18th digits), occurring at a lit-
tle more than the expect rate of 1 time in 10. However,
after the 130th digit the fraction of matches is consis-



Hemispheric asymmetry
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FIG. 4: (a) On large angular scales the CMB sky has more power in one hemisphere than the other, which can also be
thought of as dipole modulation of the sky. Here (taken from Ref. [10], and plotted for four di↵erent foreground-separated
CMB maps) we show how the significance of this modulation varies with the maximum multipole considered. It is clear that
the spike at ` ' 65 stands out compared with all other scales. The amplitude of the dipole modulation at this scale is only
found in about 1% of random simulations. (b) If we take the digits of ⇡ out to some maximum digit and separately add the
first half and second half (after removing the average), we obtain the red and green lines, respectively. It is clear that the two
halves of the digits behave in a remarkably di↵erent way.

(a) (b)

FIG. 5: (a) Alignment of the dipole (D), quadrupole (Q) and octupole (O) directions, taken from Ref. [12]. Since the dots all
appear in one small part of the sky, one can see that these special directions are remarkably well aligned. (b) Anti-alignment
of the digits of ⇡ and e. If one compares these two numbers, digit by digit, it becomes apparent that the fraction of matches
found falls systematically short of expectations for essentially all the digits investigated.

tently low all the way out to the 10,000th digit, as shown
in Fig. 5(b). One can estimate the significance of this
result, e.g. using a Kolmogorov-Smirnov test on the de-
viation, yielding a probability corresponding to approxi-
mately a 6� e↵ect. This is a remarkable result, showing

that although e and ⇡ should be composed of random
digits, and hence entirely uncorrelated, they are in fact
anti-correlated. There are two obvious possibilities: this
relationship could come from a subtle connection through
the Euler identity; or, more fundamentally, it could be

Alignment
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FIG. 4: (a) On large angular scales the CMB sky has more power in one hemisphere than the other, which can also be
thought of as dipole modulation of the sky. Here (taken from Ref. [10], and plotted for four di↵erent foreground-separated
CMB maps) we show how the significance of this modulation varies with the maximum multipole considered. It is clear that
the spike at ` ' 65 stands out compared with all other scales. The amplitude of the dipole modulation at this scale is only
found in about 1% of random simulations. (b) If we take the digits of ⇡ out to some maximum digit and separately add the
first half and second half (after removing the average), we obtain the red and green lines, respectively. It is clear that the two
halves of the digits behave in a remarkably di↵erent way.

(a) (b)

FIG. 5: (a) Alignment of the dipole (D), quadrupole (Q) and octupole (O) directions, taken from Ref. [12]. Since the dots all
appear in one small part of the sky, one can see that these special directions are remarkably well aligned. (b) Anti-alignment
of the digits of ⇡ and e. If one compares these two numbers, digit by digit, it becomes apparent that the fraction of matches
found falls systematically short of expectations for essentially all the digits investigated.

tently low all the way out to the 10,000th digit, as shown
in Fig. 5(b). One can estimate the significance of this
result, e.g. using a Kolmogorov-Smirnov test on the de-
viation, yielding a probability corresponding to approxi-
mately a 6� e↵ect. This is a remarkable result, showing

that although e and ⇡ should be composed of random
digits, and hence entirely uncorrelated, they are in fact
anti-correlated. There are two obvious possibilities: this
relationship could come from a subtle connection through
the Euler identity; or, more fundamentally, it could be

Odd/even asymmetry
7

(a) (b)

FIG. 6: (a) Power spectrum from Planck data, showing the first 30 multipoles. The ‘parity asymmetry’ is evident here, with
a striking ‘saw-tooth’ pattern of odd versus even multipoles. (b) If we examine the digits of ⇡ we find that the odd digits are
systematically higher than the even digits – shown here by plotting the cumulant of the sum of odd digits minus the sum of
even digits.

(a) (b)

FIG. 7: (a) Indication of the initials ‘S.H.’ that appear on the CMB sky (taken from Ref. [9]). (b) When we translate the
digits of ⇡ into letters, we can start to see messages that are more unusual than mere initials.

that the CMB temperature was once equal to ⇡K, and
that epoch corresponded to a redshift of z=0.153, about
2 billion years in the past – did something happen on
Earth around this time that connected the development
of life with the background radiation and the digits of ⇡?

As a final remark, we add this utilitarian view – if
the AAAs mean that the CMB information is somehow
already encoded in ⇡, then perhaps in future we can

avoid all the fuss and bother of building real CMB ex-
periments, minimising systematic e↵ects while operating
them, painstakingly analysing the data, and debating the
statistical interpretation of the results – and instead sim-
ply look more carefully at the digits of ⇡, or in any other
random string of digits [44].

[1] Scott D., Narimani A., Page D.N., Phys. Canada, 2014,
70 (4), 258 [arXiv:1309.2381].

[2] For what this acronym might stand for, see
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But seriously folks...
&Large&Angle&Anomalies&

Also known as “multiplicity of tests”

•  Remember there’s only one observable Universe! 
•  These measurements are “cosmic variance” limited 
•  So we can’t do better just by re-measuring them

• We have to be cautious about “a posteriori” claims 
• But, these are special and important modes 
• So we should continue to look for “explanations” 
• And look in independent data, e.g. polarization 
• One of the things that LiteBIRD can do with E modes

What to think of anomalies? A Hubble patch



Many Hubble patches

Cold spot
Asymm. to l=65
Quad-Oct align.
SH initials

Hot spot
Asymm. to l=15
Dip-Oct align.
DS initials

Cold spot
Asymm. to l=65
Quad-Oct align.
SH initials

Cold spot
Asymm. to l=65
Quad-Oct align.
Odd thing

Opposite spots
Symm. to l=65
Quad-Oct anti.
Outline of Italy

Triangle of spots
Asymm. to l=137
Max misalign.
HS initials

Cold spot
Asymm. to l=65
Quad-Oct anti.
SH initials

No spots
Symm. to l=42
Quad-Hex anti.
m = 3s low

Square of spots
Asymm. to l=42
Quad-Hex align.
2nth ls high

2 cold spots
Asymm. to l=200
Quad-Hex align.
7th ls high

Cold spot
Symm. to l=50
Quad-Oct align.
Smiley face

2 hot spot
Asymm. to l=100
Dip-Oct align.
SH initials

Cold spot
Asymm. to l=65
Quad-Dodec align.
EF initials

Hot spot
Asymm. to l=65
Dip-Oct align.
Outline of Britain

No spots
Symm. to l=65
Dip-Oct align.
SIF initials

What about tensions?

From Abdallah et al. (2022)

CMB-related
estimates

Galaxy-based
estimates

These differ
by >2σ

<latexit sha1_base64="gsHaApR4j08SXB7yR4YC7MjubHY="></latexit>

S8 ⌘ �8 (⌦m/0.3)
0.5

S8 tension CMB lensing provides additional information
ACT agrees with Planck



From Abdallah et al. (2022)

CMB-related
estimates

Distance-ladder
type estimates

These differ
by >4σ

H0 tension

(By brews_ohare - This file was derived from: Extragalactic Distance Ladder.svg, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=20549595)

From wikipedia

Not direct!

Historic Hubble “tension”

>20 years
of H0

estimates

Is this 
evidence 
for new 
physics?

See “Cosmology for skeptics” arXiv:1804.01318 

Example of historical “tension”

Ages of
oldest

globular
clusters
(once

> age of
Universe!)

https://commons.wikimedia.org/w/index.php?curid=20549595


•Early dark energy 

•Decaying dark matter 

•Interacting DE/DM 

•Modified gravity 

•Variation of fundamental constants 

•…

Exciting solutions

Boring solution
•Underestimated or underappreciated systematic effects

(But mostly people don’t want the really dull explanation!) Guy finds a ring and his nephew returns it to the factory

•H0 from new methods, such as standard sirens 

•Improved optical/NIR galaxy surveys, Euclid, 

DESI, Rubin, Roman, etc. 

 →Dramatic improvement in WL, BAO, RSD, etc. 

•Better CMB polarisation measurements, 

complementing temperature (including LiteBIRD) 

→Can we probe the physics of inflation?

But the future is bright!  Inflation scorecard

Planck Collaboration: The cosmological legacy of Planck

5. Planck and fundamental physics

5.1. Large scales and the dipole

We have already discussed the best estimate of the dipole pat-
tern on the sky, with the usual interpretation that it derives from
Doppler boosting of the CMB monopole, with an amplitude of
�T0. In the standard picture there is an “intrinsic” dipole of or-
der 10�5 expected, although this is unobservable (as well as be-
ing a small fraction of the extrinsic, velocity-induced dipole).
However, as has been discussed previously in the literature (e.g.,
Turner 1991; Zibin & Scott 2008), there is also the possibility
of an intrinsic isocurvature contribution to the observed dipole.
In addition to the usual temperature dipole (i.e., the ` = 1
anisotropy pattern) on the sky, four separate e↵ects appear at
second order in �, namely: an inferred frequency-dependent
quadrupole; an inferred frequency-dependent dipolar modula-
tion of the CMB sky, altering the power on all scales accord-
ing to a dipole pattern; a shift in the monopole temperature; and
aberration of the CMB sky. The first two e↵ects are independent
of the source of the CMB dipole and therefore cannot be used
to distinguish an intrinsic dipole from a boost. The third e↵ect is
unobservable. The last e↵ect normally only appears in the pres-
ence of a boost. However, aberration is completely degenerate
with an L= 1 lensing mode; in other words, a very large-scale
gravitational potential fluctuation can shift the photon directions
in a dipole pattern on the sky. Therefore, while the detection
of aberration is consistent with interpreting the CMB dipole as
arising from a boost, the case against an intrinsic dipole is not
definitive (though quite compelling, since it would otherwise re-
quire an isocurvature mode on the largest scales, despite the fact
that the fluctuations are consistent with being entirely adiabatic
on all other scales).

In Planck Collaboration XXVII (2014) we performed the
first experimental verifications of the modulation and aberration
e↵ects, finding the former to be consistent with the prediction
from the CMB dipole and the latter to be consistent with the in-
terpretation of the dipole coming from a boost (barring any large
sources of an L = 1 lensing mode). This required treating the
signal as being a frequency-dependent coupling between adja-
cent ` modes. Given that aberration and modulation e↵ectively
shift the power spectra in the angular scale and amplitude di-
rections, respectively, one also needs to consider whether these
boosting e↵ects, combined with masking part of the sky, can give
any significant di↵erences between the Planck-derived cosmo-
logical results and those that would come from an unboosted
sky. Here the largest potential e↵ect comes from aberration; for
a full-sky CMB map it would average out, but for the Planck

data the need to mask the Galaxy (in an asymmetric way) bi-
ases ✓⇤ at a level estimated conservatively to be less than 0.1�
(Planck Collaboration VI 2018; agreeing with more detailed cal-
culations by Jeong et al. 2014). The bias can hence safely be ig-
nored for Planck.

The second-order quadrupole signal (sometimes called the
“kinematic quadrupole”) also has a frequency-dependent spec-
trum, as discussed by Kamionkowski & Knox (2003). This sig-
nal was already apparent in di↵erences between the 2013 and
2015 Planck data releases, arising from the di↵erent treatment of
the expected dipole-related quadrupole in these two data releases
(see Planck Collaboration IX 2016; Planck Collaboration XII
2016); however, no estimate has been made of the amplitude
of the signature, just a check that it is broadly consistent with
expectation.

5.2. Inflation physics and constraints

A key ingredient of the standard cosmological model is the pres-
ence of small, seed fluctuations in the very early Universe, which
are amplified by the process of gravitational instability to form
all of the structure we see in the Universe today. Some of the
first observations of CMB anisotropies gave strong support to
an early Universe origin for the fluctuations, through the coher-
ence of the acoustic peaks in the power spectrum and the phasing
of the temperature and polarization anisotropies (Coulson et al.
1994; Crittenden & Turok 1995; Hu & White 1996a; Hu et al.
1997; Spergel & Zaldarriaga 1997). In the most popular mod-
els, a period of quasi-exponential expansion in the very early
Universe pushes quantum fluctuations outside the Hubble vol-
ume, where they become classical perturbations in the gravi-
tational potentials and density of the Universe (Lyth & Liddle
2009). This highly parsimonious explanation, using the in-
evitable quantum “noise” as the source of all of the observed
structure, is one of the key pieces of the “cosmo-micro” connec-
tion. Planck has dramatically improved upon this early legacy
by firmly establishing essentially all of the major predictions of
inflation (see Table 8), while tightly constraining many specific
popular models of inflation. Whatever the true origin of the pri-
mordial fluctuations turns out to be, it must share these features
with models of inflation.

Table 8. An inflationary “scorecard,” comparing the predic-
tions of the simplest inflationary models with observations.
In all cases, the tightest observational limits come from
Planck, sometimes in combination with other data sets (as
described in the text). Here we quote symmetric, 68 % CL
uncertainties or 95 % upper limits on each quantity, taken
from Planck Collaboration XI (2016), Planck Collaboration VI
(2018), and Planck Collaboration X (2018). All quantities have
their usual meanings, with ↵�1 the amplitude of an isocurvature
component to the fluctuations and the topological defect limit
referring specifically to Nambu-Goto cosmic strings (see table 8
of Planck Collaboration XI 2016, for other cases).

Prediction Measurement

A spatially flat universe ⌦K = 0.0007 ± 0.0019
with a nearly scale-invariant (red)
spectrum of density perturbations, ns = 0.967 ± 0.004
which is almost a power law, dn/d ln k = �0.0042 ± 0.0067
dominated by scalar perturbations, r0.002 < 0.07
which are Gaussian fNL = 2.5 ± 5.7
and adiabatic, ↵�1 = 0.00013 ± 0.00037
with negligible topological defects f < 0.01

The comparison of the Planck measurements
with models of inflation is discussed in detail in
Planck Collaboration XXII (2014), Planck Collaboration XX
(2016), and Planck Collaboration X (2018). As summarized in
Table 8, overall Planck provides very strong support for the
inflationary paradigm, and at the same time tightly constrains
the space of allowed inflationary models (Fig. 23). There are
several points to note in this table. First, the combination of
Planck data with lower-redshift data on acoustic oscillations
(measured in the distribution of galaxies) tightly constrains
the spatial hypersurfaces to be flat (⌦K = 0.0007 ± 0.0019,
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 Status of inflation:

 “Something like inflation
is something like proven”

r~0.001 is a well-motivated target,
and there’s more to cosmology…

Amazing consistency!

But is there room for something new?

Beyond the SMC?
• Constrain parameters better?
• Which of  ~12 have null values?
• Will Ων be next to be measured?
• Will there be genuine surprises?
• Are 1+w and B-modes detectable?
• Did inflation happen or something else?
• Will the SMC get as boringly successful 

as the SMPP?

Big questions for theorists
• Why Λ ?
• Why is ΩCDM/ΩB≃5 ?

• Are some parameters stochastic?
• Alternatives to inflation?
• Naturally explain any anomalies?
• Predict something new: non-Gauss., 

isocurvature, defects, PMFs, PBHs, MG ?

Either the best time or worst time
to be a theorist in cosmology!



Now the future is lunch!

Thanks!

Extra slides Our sky might look like this 
deal from the game “Set”

You should only get excited 
if it looks like this!



Standard model works well
• So if there are no strong tensions or anomalies, 
what are theorists meant to do?!

• The trick is to wisely pick the 2 to 3σ effects that 
grow into 5σ effects

•  A 6 parameter model continues to fit!
•  With only some simple (and testable)  assumptions
•  We appear to have a fairly precise model for the 
Universe on the largest scales

•  But:  Where did the parameters come from?
•  Will further precision uncover more parameters?
•  Could any of the basic assumptions turn out to be 
wrong?

Big questions for theorists
• Why Λ ?
• Why is ΩCDM/ΩB≃5 ?

• Are some parameters stochastic?
• Alternatives to inflation?
• Naturally explain any anomalies?
• Predict something new: non-Gauss., 

isocurvature, defects, PMFs, PBHs, MG ?

Primordial magnetic fields
Primordial black holes
Modified gravity

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 monodromies

•Vacuum energy

•Dark fluid

•Effective Field Theory

•Horndeski models

•Post-Friedman parameterization

•Massive gravity

•Vainshtein screening

•Chameleon models

•Galileo theory

•Multi-metric gravity

•K-mouflage

•Teleparallel Dark Energy

•Warped brane-worlds

•Pilgrim Dark Energy

•Machine strings

•Condensate-induced Dark Energy

•3-form Dark Energy

•Ricci Dark Energy

•Einstein-Cartan torsion

•Tachyon Dark Energy

•Quintom Dark Energy

•Emergent gravity

•Cosmological constant

Dark Energy TheoriesGood



Big questions for theorists
• Why Λ ?
• Why is ΩCDM/ΩB≃5 ?

• Are some parameters stochastic?
• Alternatives to inflation?
• Naturally explain any anomalies?
• Predict something new: non-Gauss., 

isocurvature, defects, PMFs, PBHs, MG ?

Either the best time or worst time
to be a theorist in cosmology!

Are some 
parameters 
stochastic? 

(Did someone say the “A” 
word?)

Beyond the SMC?

• Constrain parameters better?
• Which of  ~12 have null values?
• Will Ων be next to be measured?
• Will there be genuine surprises?
• Are 1+w and B-modes detectable?
• Did inflation happen or something else?
• Will the SMC get as boringly successful 

as the SMPP?

SMC Predictions

CMB Acoustic Peaks

Acceleration

Cosmic Shear

Cosmic Jerk

CMB Polarization

Baryon Acoustic Oscillations

CMB(ISW)-LSS Correlation

CMB-lensing Correlations

1994

1998

2000

2001

2002

2003

2005

2007

Confirmation

+ SZ power, CMB lensing convergence, ...



Acoustic Peaks
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Peebles & Yu 
(1970)

Sunyaev & Zel’dovich 
(1970)

Wilson & 
Silk

(1981)

(2003)

The Standard Model of Cosmology


