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Assumptions underlying the SMC

Physics is the same throughout the observable Universe.
General Relativity is an adequate description of gravity.

On large scales the Universe is statistically the same everywhere.

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

There are five basic cosmological constituents:
Dark energy behaves just like the energy density of the vacuum.
Dark matter is pressureless (for the purposes of forming structure).
Regular atomic matter behaves just like it does on Earth.
Photons from the CMB permeate all of space.

Neutrinos are effectively massless (again for structure formation).

Testable and most have been tested!

The overall curvature of space is flat.
Variations in density were laid down everywhere at early times,

proportionally in all constituents.




Robust
\ model

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

COSMIC CENSUS

Percentage of Chart Which Resembles Pac-man

Funniest pie-chart

The Big Bang Theory

So well established it had its own TV show

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

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?
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Table 2. The 12 Parameters of the Standard Model of Cosmology.
Table 1. The 26 Parameters of the Standard Model of Particle Physics.

1 temperature: Ty
1 timescale: Ho

6 quark masses: My ma M Me
4 quark mixing angles: 012 023 : 1) o
6 lepton masses: Me my 3 My, 4 densmes.. ?A {lepm s

4 lepton mixing angles: 01 [ & 1 pressure: w=p/p

3 electroweak parameters: @ Gr A 1 mean free path: Treion

1 Higgs mass: mu 4 fluctuation descriptors: A n' =dn/dInk

1 strong CP violating phase: 3 12 total parameters

1 QCD coupling constant: as(Mz)
26 total parameters
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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

ity of the vacuum, and the wanted value for

tiny vacuum

& of the evolution of
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Abstract

10 is interesting, and perhaps surprising, that despite a growing diversity
of independent astronomical and cosmological observations, there remains o
substantial range of cosmological models consistent with all important obser-
wational construints. The construints guide one forcefully to examine models
i 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, Ho, and the closure parameter
atatter, ages of stars and a host of more minor facts are all consistent with
spatially flat model having significant cosmological constant Q3 = 0.65 % 0.1
Qntaster = 1 = D (in the form of “cold dark matter”) and a small tilt

08<n<12

Standard Model of Particle Physics

Nature 348,705 - 707 (27 Decemb 0i: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) model+ 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 workss suggests that
there is more cosmological structure on very large scales (& 10 k - Mpc, where h is the Hubble constant H , in
units of 100 km s-* Mpc-!) 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 dated in a spatially flat logy 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 epocll hut is now governed by the cosmeological constant. As well as
explaining large-scale structure, a Il can for the lack of fluctuations in the
microwave background and the large m\-lber of certain kinds of object found at high redshift.

Standard Model of osmolog




Confirmation

CMB Acoustic Peaks 1994

Acceleration 1998 -l Pee?};;@g Yu

Cosmic Shear 2000
Cosmic Jerk 2001

CMB Polarization 2002 Wilson &
Silk
(1981)

Mosg (M
W o seo® o® een?

-

Thie Sunyaev & Zel’dovich
] (1970)
Baryon Acoustic Oscillations 2003

CMB(ISW)-LSS Correlation 2005
CMB-lensing Correlations 2007

B1al? furmirary amis!

Scott & White (1994) The “precision era” of CMBology
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# Late 1960s / early 1970s @ Early 1990s E AL

) . ) Behind the Standard Model
 Predicted: ® Predicted: Beyond the Standard Model ; el AT

% R J
* W, Z,c,t,g,Higgs * many things! g
#+ Not fundamental ® Not at all fundamental

#: Observer independent @ Observer dependent
(not stochastic?) (time + cosmic variance)

% Very very precise ® Getting very precise

> What'’s next? % What's next?

How do we know the parameters
of the SMC so well?




The “precision era” of CMBology

(dominated by Planck, but that will change soon)

{  Planck

{ WMAP9

fACT
SPT

The CMB sky gives us an %

image of the Universe at the %ﬁ%&
photon last-scattering surface -

L f%i
Well understood physics of acoustic
modes in linear perturbation theory
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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

~20000 detection of CMB anisotropy
power

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

So what are these 6 parameters?
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The 6 parameters

100
Multipole ¢

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

1000

There are somewhat different constraints for Planck + other data
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And some derived

parameters
(+to+0s+...)

Parameter

Planck alone

Planck + BAO

0.02237 + 0.00015
0.1200 + 0.0012
1.04092 + 0.00031
0.0544 + 0.0073
3.044 £ 0.014
0.9649 + 0.0042

0.02242 + 0.00014
0.11933 +0.00091
1.04101 + 0.00029
0.0561 +0.0071
3.047 £ 0.014
0.9665 + 0.0038

67.36 + 0.54
0.6847 + 0.0073
0.3153 + 0.0073

67.66 + 0.42
0.6889 + 0.0056
0.3111 + 0.0056




*The 6-parameter ACDM model is so good that If to_day s SMC status was an
focus turns to “tensions” eplsode of Sesame Street,

-Planck vs WMAP ? it would be ...
-Discrepancy with distance-ladder Ho?

-CMB vs lensing and clustering Og ?

-Preference for Al>1 ? Brought to you
*Plus large-scale “anomalies” by the words

-particularly the “low low-{s” ? e ' “tensions”

-dipole modulation/hemispheric asymmetry \ & ) and

-cold spot > “anomalies”

-etc.

Planck TT power spectrum

Anomalies?

* WMAP large-scale anomalies persist in Planck
+ But are still of fairly low significance

some people | And not the >20000 « Are any of them telling us something?
ocus on this of beautiful acoustic
power spectrum!

DI (1

* Low quadrupole

* “Cold Spot”

* “Hemispheric Asymmetry”

* First ~30 multipoles seem low

* Alignment of low multipoles

» Odd/even multipole asymmetry
1000 1500 2000 2500 S




Cold Spot?

Digits of

(a)

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 7, showing the early ‘hot spot’, also known as the Feynman
point.

See this paper for details!

Pi in the Sky

Ali Frolop* and Douglas Scottf
Dept. of Physics € Astronomy, University of British Columbia, Vancouver, Canada
(Dated: 1st April 2016)

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 7, 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 7.

Low-ell deficit

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 7 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.




Hemispheric asymmetry 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 different foreground-separated

CMB maps) we show how the significance of this modulation varies with the maximum multipole considered. It is clear that FIG. 5: (a) Alignment of the dipole (D), quadrupole (Q) and octupole (O) directions, taken from Ref. [12]. Since the dots all
the spike at £ ~ 65 stands out compared with all other scales. The amplitude of the dipole modulation at this scale is only appear in one small part of the sky, one can see that these special directions are remarkably well aligned. (b) Anti-alignment
found in about 1% of random simulations. (b) If we take the digits of 7 out to some maximum digit and separately add the of the digits of m and e. If one compares these two numbers, digit by digit, it becomes apparent that the fraction of matches
first half and second half (after removing the average), we obtain the red and green lines, respectively. It is clear that the two found falls systematically short of expectations for essentially all the digits investigated.

halves of the digits behave in a remarkably different way.
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FIG. 6: (a) Power spectrum from Planck data, showing the first 30 multipoles. The ‘parity asymmetry’ is evident here, with FIG. 7: (a) Indication of the initials ‘S.H.” that appear on the CMB sky (taken from Ref. [9]). (b) When we translate the
a striking ‘saw-tooth’ pattern of odd versus even multipoles. (b) If we examine the digits of 7 we find that the odd digits are digits of 7 into letters, we can start to see messages that are more unusual than mere initials.

systematically higher than the even digits — shown here by plotting the cumulant of the sum of odd digits minus the sum of

even digits.




Large Angle Anomalies
But seriously folks...

Also known as “multiplicity of tests”

What to think of anomalies? A Hubble patch

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

* We have to be cautious about “a posteriori” claims s
 But, these are special and important modes ] .

» So we should continue to look for “explanations” c N : n

* And look in independent data, e.g. polarization

3
* One of the things that LiteBIRD can do with E modes HUBBLE SPAC.__E_LELESCOPE!




Many Hubble patches

Hot spot
Asymm. to (=15
Dip-Oct align.

DS initials
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Ss tension

CMB-related
estimates

Galaxy-based
estimates

These differ
by >20

From Abdallah et al. (2022)
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What about tensions?

CMB lensing provides additional information

agrees with
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Ho tension

CMB-related
estimates

Distance-ladder
type estimates

These differ
by >40

>20 years
of Ho
estimates

Is this
evidence
for new
physics?

H, [km s~! Mpc-1]

Planck2013

— Planck2015

2005
Date

2000 2010

See “Cosmology for skeptics” arXiv:1804.01318
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Ages of
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globular
clusters
(once
> age of
Universe!)
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https://commons.wikimedia.org/w/index.php?curid=20549595

Exciting solutions
*Early dark energy

*Decaying dark matter

eInteracting DE/DM

*Modified gravity

*Variation of fundamental constants

Boring solu.tion | b L[OR x(;)xIleNCS

*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

But the future is bright! Inflation scorecard

*Hp from new methods, such as standard sirens —
Prediction Measurement

*Improved optical/NIR galaxy surveys, Euclid, A spatially flat universe Qg = 0.0007  0.0019

DESI, Rubin, Roman, etc. with a nearly scale-invariant (red)

spectrum of density perturbations, ns = 0.967 £ 0.004

which is almost a power law, dn/dInk = —0.0042 + 0.0067
dominated by scalar perturbations, roon < 0.07
complementing temperature (including LiteBIRD) which are Gaussian MAL=25+57

and adiabatic, a_; = 0.00013 + 0.00037
with negligible topological defects f<0.01

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

*Better CMB polarisation measurements,

—Can we probe the physics of inflation?

Planck 2018 Paper |




. . Amazing consistency!
Status of inflation:

“Something like inflation
is something like proven”

+ Planck TT
Manck EE
Planck ¢

she  SO5S DAY LAG

r~0.001 is a well-motivated target, 8055 0R9 Ly ors
and there’s more to cosmology... "

But is there room for something new!?

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




Now the future is lunch!

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




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 30 effects that
grow into 50 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!?




A PANORAMA
OF PRINCIPLES
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Either the best time or worst time
to be a theorist in cosmology!

Confirmation

CMB Acoustic Peaks 1994
Acceleration 1998
Cosmic Shear 2000
Cosmic Jerk 2001
CMB Polarization 2002
Baryon Acoustic Oscillations 2003
CMB(ISW)-LSS Correlation 2005
CMB-lensing Correlations 2007




Scott & White (1994)
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The Standard Model of Cosmology




