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Basic picture of SMC
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Assumptions underlying the SMC

Physics i1s the same throughout the observable Universe.

General Relativity 1s 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:

Sa
Sb
Sc
3d
Se

Dark energy behaves just like the energy density of the vacuum.
Dark matter 1s pressureless (for the purposes of forming structure).
Regular atomic matter behaves just like i1t does on Earth.

Photons from the CMB permeate all of space.

Neutrinos are effectively massless (again for structure formation).

The overall curvature of space is flat.

Variations in density were laid down everywhere at early times,

proportionally in all constituents.

Testable and most have been tested!




; ~ Underpinnings of SMC '

Canonlcal hot blg bang model
- mformatlon about fluid components
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Relation Between Redshift and Distance
for Distant Galaxies
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Relation Between Redshift and Distance
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Relation Between Redshift and Distance

Wavelength (cm)

MAPS20045




Relation Between Redshift and Distance
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Relation Between Redshift and Distance
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+ galaxy clustering and dynamics, CMB anisotropies,
+ lensing, absorption systems, ...



The Big Bang Theory



The Big Bang Theory

So well establlshed it has its own TV show



The Big Bang Theory
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The Big Bang Theory

% 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?
% Is there evidence for new physics!?

* What about the other Standard Model?
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Isotropic, homogeneous, expanding (FRWV)

Spatially flat

Dark Energy and Dark Mattef dominated

Adiabatic, Gatjssian, nearly. scale-invariant initial perturbations

Determine parameters (~12 in all)
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Table 1. The 26 Parameters of the Standard Model of Particle Physics.

6 quark masses:

4 quark mixing angles:

6 lepton masses:

4 lepton mixing angles:

3 electroweak parameters:

1 Higgs mass:

1 strong CP violating phase:

1 QCD coupling constant:
26 total parameters
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Table 2. The 12 Parameters of the Standard Model of Cosmology.

1 temperature:

1 timescale:

4 densities: Q,

1 pressure:

1 mean free path:

4 fluctuation descriptors: n' =dn/dlnk r=T/S

12 total parameters
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Percentage of Chart Which Resembles Pac-man
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man |
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COSMIC CONCORDANCE

CWRU-P6-95
FERMILAB-Pub-95/063-A
astro-ph,/9504003

J. P. Ostriker

Department of Astrophysical Sciences

THE COSMOLOGICAL CONSTANT IS BACK Princeton Unversity
Princeton, N.J. 08544 USA

Lawrence M. Krauss! and Michael S. Turner?3

Paul J. Steinhardt

! Departments of Physics and Astronomy Department of Physics and Astronomy

Case Western Reserve University

University of Pennsylvani
Cleveland, OH 44106-7079 niversity of Pennsylvania

2Departments of Physics and of Astronomy & Astrophysics Philadelphia, Pennsylvania 19104 USA

Enrico Fermi Institute, The University of Chicago, Chicago, IL 60637-1433

3NASA /Fermilab Astrophysics Center

Fermi National Accelerator Laboratory, Batavia, IL 60510-0500 Abstract

(submitted to Gravity Research Foundation Essay Competition) It is interesting, and perhaps surprising, that despite a growing diversity

of independent astronomical and cosmological observations, there remains a
SUMMARY
substantial range of cosmological models consistent with all important obser-
A diverse set of observations now compellingly suggest that Universe possesses a

astro-ph/9505066 vl 16 May 1995
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nonzero cosmological constant. In the context of quantum-field theory a cosmological vational constraints. The constraints guide one forcefully to evamine models

.
.

constant corresponds to the energy density of the vacuum, and the wanted value for in which the matter density is substantially less than critical density. Particu-

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

arxiv

theoretical challenges—and opportunities—that this poses for particle physics and els, microwave background anisotropy, large-scale structure measurements, di-

for extending our understanding of the evolution of the Universe back to the earliest
rect measurements of the Hubble constant, Hy, and the closure parameter,

moments.
OMatter, @ges of stars and a host of more minor facts are all consistent with a
spatially flat model having significant cosmological constant Qx = 0.65 £ 0.1,

OMatter = 1 — Qa (in the form of “cold dark matter”) and a small tilt:

0.8 <n<1.2.




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) 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 works# suggests that
there is more cosmological structure on very large scales (& 10 h -* Mpe, where & is the Hubble constant H , in
units of 100 km s-* Mpe-!) 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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Confirmation

» CMB Acoustic Peaks = 1994
® Acceleration - . 1998
® Cosmic Shear | i - 2000
®» Cosmic Jerk I | . | 200'
® CMB Polarization | . -2002-
® Baryon Acoustic Oscillations 2003
® ISW-LSS Correlation | 2005

» CMB-lensing Correlations 2007
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MASS (Mg)

Peebles & Yu
(1970)

k (co-moving)

F16. 5.—Same as Fig. 4 for the cosmologically flat general-relativity model, po = p.. The normalization
is fixed to peak value unity.
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Fig. 1a. Diagram of gravitational instability in the ‘big-bang’ model. The region of instability is

located to the right of the line My (¢); the region of stability to the left. The two additional lines of

the graph demonstrate the temporal evolution of density perturbations of matter: growth until the

moment when the considered mass is smaller than the Jeans mass and oscillations thereafter. It is

apparent that at the moment of recombination perturbations corresponding to different masses
correspond to different phases.
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1
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Fi6. 5,—Same as Fig. 4 for the cosmologically flat general-relativity model, po = p.. The1
is fixed to peak value unity. ( 19 70)

y .

M_/ (trec) lg M/MO

Fig. 1b. The dependence of the square of the amplitude of density perturbations of matter on scale.
The fine line designates the usually assumed dependence (6o/@)m ~ M~—*. It is apparent that fluctua-
tions of relic radiation should depend on scale in a similar manner.
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Fig. 1a. Diagram of gravitational instability in the ‘big-bang’ model. The region of instability is
located to the right of the line My (¢); the region of stability to the left. The two additional lines of
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FIG. 1.—Residual matter and radiation adiabatic fluctuation spectra P(k) = k*|d,|* for n=0. Normalization is arbitrary, but relative
normalization is that for T = 2000 K. Note that §,, o«c T~ !, whereas J,,, is constant in time. Also shown for comparison is the analytic fit of the
residual matter spectrum adopted by Doroshkevich et al. (1978), denoted by DZS.
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The “precision era” of CMBology
(dominated by Planck, but that will change soon)
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“Precision era” of cosmology
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2 instruments, the Low
Frequency Instrument (LFI)
and the High Frequency
Instrument (HFI) in a shared
focal plane containing 74
channels (in 9 separate
frequencies) and covering 8
degrees on the sky.




PLANCK ¢
HFlI <4

ESA Mission (+ European national
agencies TNASA +CSA)

2 instruments, the Low
Frequency Instrument (LFI)
and the High Frequency
Instrument (HFI) in a shared
focal plane containing 74
channels (in 9 separate
frequencies) and covering 8
degrees on the sky.




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



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?



The 6 parameters

(Planck 2015 results alone here)

There are somewhat different constraints for Planck + other data

Physical baryon density
Physical CDM density

Sound hor./ang.diam.dist.

Reionization optical depth
Amplitude of initial P(k)

Slope of initial P(k)

Parameter

TT+lowP
68 % limits

0.02222 + 0.00023
0.1197 £ 0.0022

1.04085 + 0.00047
0.078 +£ 0.019
3.089 + 0.036

0.9655 + 0.0062

TT+lowP+lensing
68 % limits

0.02226 + 0.00023

0.1186 + 0.0020
1.04103 = 0.00046
0.066 £ 0.016
3.062 + 0.029
0.9677 £ 0.0060




The 6 parameters

(Planck 2015 results alone here)

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

Parameter

TT+lowP
68 % limits

0.02222 + 0.00023
0.1197 £ 0.0022

1.04085 + 0.00047
0.078 +£ 0.019
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The 6 parameters

(Planck 2015 results alone here)

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

And some derived
parameters
(+to+ 08+ ...)

Parameter

TT+lowP
68 % limits

0.02222 + 0.00023
0.1197 £ 0.0022

1.04085 + 0.00047
0.078 +£ 0.019
3.089 + 0.036

0.9655 + 0.0062

67.31 £ 0.96
0.685 + 0.013

0.315+0.013

TT+lowP+lensing
68 % limits

0.02226 + 0.00023

0.1186 + 0.0020
1.04103 = 0.00046
0.066 £ 0.016
3.062 + 0.029
0.9677 £ 0.0060

67.81 £0.92
0.692 £ 0.012
0.308 +£ 0.012




Planck papers

*“Planck pre-launch status”
- |4 papers
*“Planck early results”
- 26 papers
*“Planck intermediate papers”
- 51 papers (so far)
*“Planck 2013 results”
- 32 papers
*“Planck 2015 results”
- 28 papers so far!
*“BICEP + Planck”

*“‘Planck final results” soon

Instrumentation

Cosmic rays

Zodiacal emission
Component separation
Interstellar medium

All-sky optical depth

Galactic cold clumps
Anomalous microwave emission
Polarized dust radiation
All-sky CO map

Nearby galaxies

High-z extragalactic sources
Cosmic infrared background
CMB power spectra
Cosmological parameters
Gravitational lensing

Dipole & boosting effects
Integrated Sachs-Wolfe effect
SZ cluster cosmology

Cluster physics

Peculiar velocities
Constraints on inflation
Topological defects
Non-Gaussianity

|sotropy & statistics
Geometry & topology

Dark energy & modified gravity
Primordial magnetic fields
Reionization

Parity & birefringence



*But people mostly just care about parameters!

*The 6-parameter ACDM model is so good that
focus turns to “tensions’:

-Planck vs WMAP ?
-Discrepancy with direct Ho?
-CMB vs lensing and cluster Og !
-Preference for A.>1 ?
-Large-angle anomalies
particularly the “low low-{s" ?

*(results may change with final 2017 release of
Planck data)



If today’s CMB status was an
episode of Sesame Street,
it would be ...
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By the way here’s a real anomaly!

SpaceX said "an anomaly" had occurred while the rocket was being loaded with fuel.




By the way here’s a real anomaly!

SpaceX said "an anomaly" had occurred while the rocket was being loaded with fuel.




Planck 2015 TT power spectrum

360
130
10
1-30
1 1 ] 1 1 1 1 ] 1 1 1 1 ] 1 1 1 I; _60

500 1000 1500 2500

14




Effect of “low low-{s”

| ack of power at low multipoles is real
*But not very significant (when marginalizing)
*|t's composed of a “dip” at about {=20-30

and a general deficit to low multipoles
Since it’s at the end, it affects parameters more
than if it was elsewhere
*Because VWMAP doesn’t have higher multipoles,

the parameters are biased more than for Planck




Lensing anomaly?

Planck TT+lowP
+lensing (Aﬁ’qs)

Planck TE+lowP

Planck EE+lowP
Planck TT,TE,EE+lowP
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Tensions

* Won'’t discuss the external tensions here

(since that’s a complicated and endless discussion!)
* But the internal tensions in Planck data are in this paper:
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* Won'’t discuss the external tensions here

(since that’s a complicated and endless discussion!)
* But the internal tensions in Planck data are in this paper:

Planck 2016 intermediate results. LI.
Features in the cosmic microwave background temperature
power spectrum and shifts in cosmological parameters
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New “parameter shifts” paper

* Paper has been worked on for ~2 years!

* Motivation is to study apparent parameter shifts
within subsets of Planck data

* Not a response to Addison et al. (or other papers)
- but partly addresses similar ground

* Specific focus is Planck full-¢ versus low-£ (<800)

* Basic story is that shifts are not as significant as
claimed - but has required a lot of work!

* Lower T makes parameter shifts worse, but only by
about 0.30
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Planck low { and
WMAP agree well
(although Planck
is still better!)

But for Planck
full ¢, the
parameters
seem to shift

Are these shifts
bigger than
expected?

And what causes
the shifts?

(t=0.07+0.02
prior used here)



Planck <800
vs £{<2500 shifts

Blue is shifts Are these
from suite of shifts bigger

simulations than you'd
expect?

Orange shows
actual data

Hard to do

“chi-by-eye”
because of
correlations




Or pick another
parameter set
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parameter set that overall it's
not bad

So how big are

shifts overall?

Need a statistic
that assesses

the whole set of
parameters
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Tensions within CMB



Tensions within CMB

* Overall £>800 versus £<800 gives parameter shifts that are
<20 (if you take into account the set of parameters)

* An apparent excursion at low £ (<30) “explains” some of
the parameter shifts

* An oscillatory-like power excursion around ~ 1000 gives
much of the remaining shifts (and “explains” A.>1)

* This “oscillation” doesn’t look like a foreground effect



Tensions within CMB

* Overall £>800 versus £<800 gives parameter shifts that are
<20 (if you take into account the set of parameters)

* An apparent excursion at low £ (<30) “explains” some of
the parameter shifts

* An oscillatory-like power excursion around ~ 1000 gives
much of the remaining shifts (and “explains” A.>1)

* This “oscillation” doesn’t look like a foreground effect

No tensions within CMB!



Residuals don't look like foregrounds
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Anomalies?



Anomalies?

* WMAP large-scale anomalies persist
* But are still of fairly low significance
* Are any of them telling us something!?



Anomalies?

* WMAP large-scale anomalies persist
* 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

* Low multipole alighment
* Odd/even multipole asymmetry
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See this paper for details!

Pi in the Sky

Ali Frolop* and Douglas Scott!
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 7w, and moreover
there is a remarkable correspondence between each type of peculiarity in the digits of m 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 .




Large Angle Anomalies

M
\\“‘g: 4
.'S’ J

\-a"a"; -~




Large Angle Anomalies
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Also known as “multiplicity of tests”



314159265358979323846264338327/950288419716939937510
58209749445923078164062862089986280348253421170679
82148086513282306647095844609550582231725359408128
4811174502841027@193852118555964462294895493038196
442881097/56659334461284/5648253/867831652712019091
456485669235460348610454326648213393607260249141273
72458700660631558817488152092096282925409171536436
78925903600113305305488204665213841469519415116094
3305727036575959195309218611/7381952611793105118548
07446237996274956735188575272489122793818301194912
983367/33624406566430860213949463952247571907021798
60943702770539217176293176752384674818467669405132
00056812714526356082778577134275778960917363717872
14684409012249534301465495853710507922796892589235
42019956112129821,.960864034418159813629/774771309960
5187072113 #37297804995105973173281609631859
5024459455 5%699835026425223082533446850352619311881
7101000313783875288658753320838142061717766914/7303

(b)

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




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



* 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
(this is being done for next Planck |&S paper)



Do the 2 sides of the
CMB sky look alike!?




Do the 2 sides of the
Moon look alike?




Probability of dipole modulation
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* Some dipole modulation (or hemispheric
asymmetry) is expected

* For purely Gaussian, statistically isotropic skies, if we
look from £min=2 to some Zmax :
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* Some dipole modulation (or hemispheric
asymmetry) is expected

* For purely Gaussian, statistically isotropic skies, if we
look from £min=2 to some Zmax :

* Then when we find some low-p modulation, we have to
marginalise over effects of similar p for other £max

* In other words, ask how often you find such apparently
unlikely modulations in simulations
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Fig. 31. Probability determined from the QML analysis for ob-
taining a dipole modulation amplitude at least as anomalous as
the Commander (red), NILC (orange), SEVEM (green), and SMICA
(blue) data sets, for the range ¢ € [10,#max]. The vertical line
corresponds to fmax = 132 which was used as the search limit
in Bennett et al. (2011). The probability grows approximately
logarithmically with /,,,x. This means that the adopted proba-
bility to exceed is fortunately not very sensitive to {max, and for
any reasonable choice is above 10 %.
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Fig. 31. Probability determined from the QML analysis for ob-
taining a dipole modulation amplitude at least as anomalous as
the Commander (red), NILC (orange), SEVEM (green), and SMICA
(blue) data sets, for the range ¢ € [10,#max]. The vertical line
corresponds to fmax = 132 which was used as the search limit
in Bennett et al. (2011). The probability grows approximately
logarithmically with /,,,x. This means that the adopted proba-
bility to exceed is fortunately not very sensitive to {max, and for
any reasonable choice is above 10 %.

Marginalising over

values of 4max (i.e.

looking for
modulations with
equal p-values in
the simulated
data sets) shows
that the
“probability to
exceed” is not
small




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



Beyond the SMC!

Constrain parameters better?

Which of ~12 have null values?

Will )y be next to be measured!?

Will there be genuine surprises?

Are |+w and B-modes detectable?

Did inflation happen or something else!?

Will the SMC get as boringly successful
as the SMPP?



Constraints on neutrinos now tighter
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Beyond the SMC!

Constrain parameters better?

Which of ~12 have null values?

Will )y be next to be measured!?

Will there be genuine surprises?

Are |+w and B-modes detectable?

Did inflation happen or something else!?

Will the SMC get as boringly successful
as the SMPP?



Planck 2015 and inflation

(0k=0.000£0.005 (95%CL)

ns=0.968+0.006

dns/dlnk=—0.003+0.007

no features required in fits

r<0.1 | (Planck TT+TE+EE)

r<0.12 (BICEP2+Keck Array+Planck BB)

r<0.08 (combined)

fNL(local)=216; fnL(equil)=0£40; fnu(ortho)=—26121
isocurvature < few7% (depending on mode)

no evidence of cosmic defects



Tensor-to-scalar ratio (r9.002)

0.05 0.10 0.15 0.20 0.25

0.00

Planck 2015 and inflation
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Tensor-to-scalar ratio (r9.002)
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0.00

Planck 2015 and inflation

Planck TT+lowP
Planck TT+lowP+BKP
Planck TT+lowP+BKP+BAO
Natural inflation

Hilltop quartic model

« attractors

Power-law inflation

Low scale SB SUSY

R? inflation

V x ¢?

V x ¢?

V o p¥/3

V x ¢

V ¢2/3

N,=50

N,=60

0.94 0.96 0.98 1.00
Primordial tilt (ns)

V «@? now disfavoured by data




Power spectrum reconstruction (typical example)
{
10 100 1000

4.0

35 |

2.5 |

2.0
104

k/Mpc



Clearly we've learned
something, but what!
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This is my best attempt:



Clearly we've learned
something, but what!

This is my best attempt:
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Why is QQcpm/C2=5 ?

Are some parameters stochastic!?
Alternatives to inflation!?

Naturally explain any anomalies!?

Predict something new: non-Gauss.,
isocurvature, defects, PMFs, PBHs, MG ?
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* Why A?

* Why is Qcpm/Cdp=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!
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Generalized Chaplygin gas
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Cuscuton cosmology

Tracker fields

Phantom Energy

Cardassian Dark Energy
Interacting Dark Matter-Dark Energy
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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
MENI\R 1%
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
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Big questions for theorists

* Why A?

* Why is Qcpm/Cdp=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!
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B Late 1960s / early 1970s

4 Predicted:

° W,Z,c,t,g,Higgs

& Not fundamental

i Observer independent
(not stochastic?)

&a Very very precise

&d VVhat's next!

® Early 1990s
® Predicted:

* many things!

® Not fundamental

® Observer dependent
(time + cosmic variance)

® Getting very precise

L What’s next!?
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A newmodel of the Universe -
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*Using the chains from “Planck+WP+HighL+BAO":
* Age of the Universe
to = (13.80£0.04)Gyr = 0.435 exaseconds
~ 0%/ years
= 5 % 2200 tpjanei
=~ 5 trillion days

~ 3 X (age of the Earth)
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Cosmic Mnemonics

* Hubble constant:
* Hoto = 0.957£0.009
* Hoto = n (!) [Hoto/n=0.99610.007]
* Ht will be unity in about | billion years

* H (t2 o) = (56.4%1.1)km/s/Mpc
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Cosmic Mnemonics

* Critical density (3Ho*/81T1G):
* Peric = (8.6£0.2)% IO'27I<g m~> = 5 nucleons m™>

*Cosmological constant:
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Cosmic Mnemonics

* Critical density (3Ho*/81T1G):
* Peric = (8.620.2)%x107*"kg m™> = 5 nucleons m™>
*Cosmological constant:

* A = (1.00£0.01)x1073°s™ = ten square attohertz

* Distance to last-scattering:

o diss = (430.1+1.4)x10**m ~400 Yottametres
* Photons within last-scattering volume:

* Ny = (1.443+0.013)x10°%° ~ o*?

With Ali Narimani + Don Page (+Jim Zibin) arXiv:1309.2381, Phys. in Canada
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Cosmic Mnemonics

* Amplitude: 03=0.826+0.012 at 8 h-'Mpc
* But 0(R)= I for R=(8.910.3)Mpc [no h!]
* Growth factor today: g=0.784+0.006
* Reionization: fraction of CMB scattered = 8.8%

* Scaling of acoustic peaks = 0.6° (=Sun or Moon)
¢ Qm/Qb = ZQ/\/Qm (=5.4)
¢ Oy =54%x10" = x?
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* Amplitude: 03=0.826+0.012 at 8 h-'Mpc
* But 0(R)= I for R=(8.910.3)Mpc [no h!]
* Growth factor today: g=0.784+0.006
* Reionization: fraction of CMB scattered = 8.8%

* Scaling of acoustic peaks = 0.6° (=Sun or Moon)

* On/Qp = 2QA/Qn (=5.4) \

+ Q)= 54105 = 2 Os =rs/dA
o Measured to >20000

We call this the Planck Scale!

With Ali Narimani + Don Page (+Jim Zibin) arXiv:1309.2381, Phys. in Canada



Lose some of the detailed slides 1in the
middle of the talk (examples of proofs of
SMC + some of math parts?) |



