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Precision cosmology then ...
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Precision cosmology now ...
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The Universe as a particle accelerator

14 billion years
TR,
11 billion years
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Desiderata for a particle physicist

® The inflationary era (what kind of fields,
potentials, energy scales)

® Dark energy (what is it, what energy scales)
® Ultra-light fields (neutrinos, ultralight axions)

® The dark matter (what kind of dark matter
particle, cross section)

® Gravity (what is it, precision tests)- next lecture
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Qutline

® The background

® |inear theory

® |nflation

® Dark energy

® Relativistic particles

® |nconsistencies
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Background cosmology: FRWV equations

ds® = —dt* + a*(t)y;;da’ da’
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Background cosmology: parameters

Hubble parameter
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Background cosmology
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Background cosmology: CMB

Tight coupling:

lonization fraction
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arge scale structure: cosmic web

Redshift (z)
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Linear Perturbation Theory

Perturbed metric (in conformal time now)

ds* = a*(7) [—(1 +2¥)dr* + (1 — 2®)q;;dx" da’ ]
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Linear Perturbation Theory

Perturbed metric (in conformal time now)
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Linear Perturbation Theory

Energy-momentum conservation (no shear):
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Linear Perturbation Theory

Aside: Newtonian theory
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Linear Perturbations: evolution
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Linear Perturbations: initial conditions

Peebles-Harrison-Zel'dovich spectrum (1970)
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arge scale structure: cosmic web
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Large scale structure: cosmic web
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Large scale structure: cosmic web
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Large scale structure: CMB
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Large scale structure: CMB

Planck
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Large scale structure: CMB

Angular power spectrum

of the CMB
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to non-linear physics.

From linear
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Inflation




Initial Conditions: Inflation

Inflation (1980)
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Initial Conditions: Inflation

Cosmological scalar fields: V(o) 2 \, M ¢"

|0} False vacuum

P ® Only 3 observables
1 e Constrain a very small piece
Vets of the potential
10°Gev) Sf

* Huge degeneracy between

|
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Initial Conditions: Inflation

E and B modes of polarization
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Initial Conditions: Inflation
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Initial Conditions: Inflation

Angular scale
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Initial Conditions: Inflation
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Initial Conditions: Inflation
® |nflation fits the data.

® |t is possible to look at higher order
correlators- non-Gaussianity.

® There is an overabundance of possible
models.

® There is a model for any possible value of
the data.
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Dark Energy: BAO
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Background cosmology: parameters

Hubble parameter
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Dark Energy: BAO

| | | | | | |

SDSS MGS WiggleZ ]

1.10

1.05

1.00

BOSS CMASS

0.95 BOSS LOWZ
6DFGS

(l)\//rdrag)/(DV/rdrag)Planck

0.90

1 1 | 1 1 1 |
0.1 02 03 04 05 06 0.7 08

Z

(674

Dv(a) = |(1+ 27 Di@ g~ | - Planck 2015

Tuesday, 30 June 15



Dark Energy: Supernovae la
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Dark Energy: CMB+SN+BAO

W = Wy + we(l — a)

test of curvature time evolution of equation of state
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Dark Energy: CMB+SN+BAO

w = constant w = wy + wWe(1 — a)
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Dark Energy: CMB+SN+BAO
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Dark Energy: CMB Weak Lensing

Measure curvature and /\ from

CMB alone!
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Dark Energy:

CMB Weak Lensing
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Dark Energy: model discrimination
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Dark Energy: model discrimination

® Overwhelming evidence for dark energy.
® Different probes are orthogonal.

® Modest constraints on the equation of
state.

® Will it be possible to discriminate between
models!?




Ultra light fields: Neutrinos
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Ultra light fields: Neutrinos (mass

Ho [kms™! Mpc™]

0.4

0.8 1.2

0.84

0.80

0.76

0.72

0.68

0.64

0.60

48

80

8 1} 1 1
I —— Planck TT+lowP

. 7 ‘\\ — 4lensing n
] — +ext
3 : ==+ Planck TT,TE EE+lowP
25 ==+ +lensing -
@ ==+ +ext
= 4
Py
= 3
el
PO S
S 2
(o

1

0 - il s -

0.00 0.25 0.50 0.75 1.00

rm, [eV]
Planck 2015

0.0

wee  ACDM+m,,

—  ACDM+m,. (w SN)
—_— WCDM¢IH‘.

— WCDM+m, (w SN)
we= OACDM+m,

e  OACDM+m, (w SN) |

0.0 0.2

0.4

0.6 0.8 1.0

Yo my,

Aubourg et al (2014)

Tuesday, 30 June 15



Ultra light fields: Neutrinos (number)
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Ultra light fields: ultra-light axions
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Ultra light fields: ultra-light axions
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Ultra light fields: ultra-light axions
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Ultra light fields

® Strong effects from ultra-relativistic fields.

® Tight constraints on fundamental
parameters.

® Most promising route in the near future.
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Inconsistencies: Hubble Constant
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Inconsistencies: Hubble Constant
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Inconsistencies: Veak Lensing
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Inconsistencies: Veak Lensing

Mild inconsistency

with Planck
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Inconsistencies: Cluster counts
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Inconsistencies: large angles CMB

Angular scale
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Particle Physics from Cosmology

Simple flat ACDM model still fits (most) data.

Strong constraints on ultralight fields.

Some constraints of inflation- are they fundamental?
Some constraints DE behaviour - are they fundamental?

Some inconsistencies- do we need better data!?
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