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Some references

References:
Modern Cosmology, Dodelson

CMB physics and anisotropies: Hu & Dodelson 2002, Wayne Hu website,
WMAP website: http://map.gsfc.nasa.gov/universe/

Dark Energy (Amendola & Tsujikawa)

Experiments; lambda.gfsc.nasa.gov

And references within the slides, which include work
from several authors: L. Amendola, W. Hu, V. Springel, S.
Dodelson, M.White, D.Weinberg, Bartelmann ...

Distances: https://cosmology.carnegiescience.edu/timeline
https://telescoper.wordpress.com/2012/09/15/hubble-versus-slipher/




Other References

e General:

e http://arxiv.org/pdf/0904.1832v1.pdf

* http://arxiv.org/pdf/0803.0982v1.pdf

* http://www.markcwyman.com/comptonlectures/Lecture6.pdf

* http://preposterousuniverse.com/talks/decollog06/

* http://indico.cern.ch/ etFiIe.py(access?
contribld=17&resld=0&materialld=slides&confld=104126

* http://physicsworld.com/cws/article/print/2007/dec/03/dark-energy-
the-decade-ahead

* http://www-thphys.physics.ox.ac.uk/talks/oxral/Slides/
mk_dark_phenomenology oxford.pdf




Start from a homogeneous and isotropic Universe

Study small (linear) perturbations around it for all species
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Picture from Ned sht's Cosmology Tutorial
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Scalar perturbations (ex. density and temperature fluctuations)

Sy

—>
Vector perturbations: <«
scalar-type (ex. Infall on a cluster) A
vector-type (ex.Vorticity) /‘ \

Tensor perturbations: ) » O; () <« CVD > ()

scalar-type (change in infall)
vector-type (change of vorticity)
tensor-type (gravitational waves)

/’
Direction of \_._-/
propagation

Gravitational wave



Advantages of Linear perturbations:
Keep modes independent from each other

Separate equations for background and equations for perturbations
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Stress energy tensor

Energy momentum tensor for a perfect relativistic fluid,
homogeneous and isotropic

[—p 0 0 0
v 0O p 0 O
=10 0 p o0
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Ty = (p + p)uuuu + PGuv

Perturbing the energy .+
momentum tensor Ty = Ty + 0T
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Overview of standard cosmology

Cosmological principle, isotropy and homogeneity
Distances: Hubble law and expansion of the Universe
Abundances of light elements

Background Cosmology in General Relativity

Supernovae and Cosmic acceleration

[ Cosmic Microwave Background

Structure formation

The Dark Universe



Cosmic Microwave Background:
relic light from the Big Bang

Light emitted 380.000 yrs (z = 1090) after the Big Bang, now
in the microwave

It looks (almost) the same in every direction



History

1965 Penzias and
' Wilson

* Predicted in 1948 (Ralph Ipher, Robert Herman,
G. Gamow)

* First observed in 1965 by Penzias & Wilson at the
Bell Telephone Laboratories in New Jersey. The
radiation was acting as a source of excess noise in
a radio receiver they were building.

* Researchers (Robert Dicke, Dave Wilkinson,
Peebles, Roll) realised it was CMB

* Nobel Prize in 1978 to Penzias & Wilson for the
discovery
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Evolution of the universe
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Photon o
Neutron nucleus CMB radiation
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Transparent

Optical depth T: the chance that a
photon is scattered within a given
interval of length ds



Electrons combined with protons to form neutral hydrogen and CMB photons travelled
freely until detection (first in 1965, Penzias and Wilson)
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Crowe, Moss & Scott (2008)






CMB anisotropies

Colours indicate
differences in
temperature

If you look at angles of about 1 The fluctuations in temperature across the

degree or smaller you see sky are the precursors of the large scale —

anisotropies structures that we see aroundMy./




Earth
Temperatures

-63° -13° 37°
Centigrade
June 1992

Microwave Sky
Temperatures
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380,000 Years after Big Bang

Deviations from black body are of order 105
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Mapping temperature fluctuations into spherical harmonics.
Using statistics, power spectrum, correlation functions to describe the
temperature fluctuations




Sound waves

Before last scattering, photons, electrons and protons behave as a single fluid.

The tight coupling between baryons and photons produce oscillations in the plasma.

Sound waves of the baryon-photon fluid, gravity/pressure, compressions/
rarefactions.

Gravity
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Plot by Wayne Hu




Power spectrum
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ACDM is a very good fit

2 4

http://map.gsfc.nasa.gov/resources/camb tool/index.html anc
Angular scale
90° 0.5° 0.2° 0.1° 0.07°
6000 | | ,
The standard 6 parameter
5000 LCDM model remains a good
fit to CMB data
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Quite impressive. From terabytes of data to 6 parameters



Ingredients of the Universe O, = P
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Atoms
Dark
4.6% Enerqy
72%
Dark
L Matter
Accelerated expansion 23%
Flatness P
Qde = —
Per

TODAY

Dark Matter interacts gravitationally and forms
structures in which baryons fall.

Dark energy is enough for the Universe to be spatially flat,

responsible for the accelerated expansion of the Universe



Overview of standard cosmology

Cosmological principle, isotropy and homogeneity
Distances: Hubble law and expansion of the Universe
Abundances of light elements

Background Cosmology in General Relativity

Supernovae and Cosmic acceleration

Cosmic Microwave Background

{Structure formation

The Dark Universe



Spiral galaxies: at large radial scales, they keep rotating fast; faster than if there were only

visible matter, as if most ofthema_ﬁgveﬁe stith pﬁesen.LinLhe outside regions of the galaxy
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Rotation curves

Typical rotation
speed 200 km/s

DISTRIBUTION OF DARK MATTER IN NGC 3198

<200

NGC 31908







Structures on large scales

' Credit & Copyright: Sloan Digital Sky Survey Team, NASA, NSF, DOE




Overview of standard cosmology

Cosmological principle, isotropy and homogeneity
Distances: Hubble law and expansion of the Universe
Abundances of light elements

Background Cosmology in General Relativity

Supernovae and Cosmic acceleration
Cosmic Microwave Background

Structure formation

[The Dark Universe




Dark matter candidates
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Cosmological constant

1
R,ul/ — ig'LWR + Ag/u/ — 87TGTILW

radiation _ _ .
Introduced by Einstein to avoid

expansion
matter

Today
Cosmological

constant




Cosmological constant

radiation PA — (10_3€V)4

Contribution from quantum zero-point vacuum
matter fluctuations of each field of the standard model.
It is necessary to introduce a cutoff and hope
that a more complete theory will hold at higher
energies. If the cutoff is at the Planck scale,

Pvac = (10 GeV)*

Today
Cosmological

constant (theory) N 10120p(0b8)

PA A



From present to past (in a LCDM)

Dark Atoms

Neutrinos Dark
10% 2"3%}“’ 4.6% Energy
0 712%
Dark
Matter
i
Atoms
0
12% 13.7 BILLION YEARS AGO TODAY

(Universe 380,000 years old)

How did the transition between the two pies happen?
Was causes cosmic acceleration? Was Dark Energy really

negligible in the past?/
s




Approaches to the dark energy
problem

* Form of ‘gravitationally rep amponent to
the stress energy tensor

e Or Modify the geometry (arie *v), mainly at
large scales

No real strict distinction: the important is to find a
solution to the dark energy problem



What'is dark energ

Ooe/MA ~ 75 x10-120

From a cosmological

constant... _
0. /M4~ 25 x10-120
agrees with experiments, but theoretically not
et M = 2.44x10'8 GeV
A
. Why so small?
rad@‘j” Why important just today?
matter
‘\ Wetterich 1988, Ratra & Peebles 1988
Dark energy ... to dynamical dark energy
Z . T
Toda i > It can be thought of as a fqu with negative
y . 7 pressure that contrasts gravity and delays the
Cosm0|og|ca| formation of gravitational structures or

constant equivalently as a modification of gravity
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Plot by B. Fields



Challenge

A

Can we falsify or verify a cosmological constant?

Can we distinguish among the models present
in literature?



Effects on OBSERVATIONS

* Expansion

* Non negligible dark energy at early times (EDE)

M Background
o

Shift of the peaks
* Change in baryon/DM ratio and BAO peaks
* Integrated Sachs-Wolfe (ISW)

* CMB-lensing %
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|.Theory: model building and equations
that describe the evolution of expansion
and perturbations in that model

i‘r + (H — 'If'fi'l:..::_.-;'r v,
8ply + 3H(8py + 8py) + khyvy + 3h,d’
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2. Phenomenology and programming: numerically solve
the equations to estimate the prediction of model on
observables



3. Statistical analysis and comparison of predictions with
different data sets
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The Planck project




Nominal mission
completed in November
2010 (15.5 months). In
practice, twice the nominal
mission (full surveys: 5
HFI; 8 LFI)

B (2013 data release is based
= on the nominal mission)

Placed in orbit around L2.
Scans the entire sky twice per
year.

The spacecraft spins with 1
rotation per minute, tracing
circles on the celestial sphere.

Multiple passes over same sky
by each detector at each
position of the axis.




What next?



What is Euclid?

ESA medium class space mission selected in the program
Cosmic Vision 2015-2025

cosmic uvision

Launch in 2021: measures 1.5 billion
shapes of galaxies and distances (z) of

millions of galaxies
Telescope of 1.2 m with a detector in the

visible and one in the infrared

Laureijs etal 2011, Refregier 2009, Cimatti
etal 2009




EvoLuTioN OF GALAXIES
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Galaxy development

Galaxy clusters

two complementary cosmological probes to capture signatures of the expansion rate of the
Universe and the growth of cosmic structures:” weak gravitational Lensing and Galaxy
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Euclid primary probes

HST/ACS credit NASA/ESA HST/ACS; credit NASA/ESA

Colombi/Mellier

Dietrich et al 2012

5

Galaxy halos Clusters of galaxies Filaments between clusters Cosmic shear
CMB cross Galaxy clustering
correlation with LSS,

Supernovae,
abundance of Weak Lensing

clusters, strong
lensing, simulations

Valeria Pettorino, University of Heidelberg DESY, 25.06.2014



Weak lensing

&

The image of the galaxy is related to its true shape via convergence (modifies the
size) and shear (distorts the shape)

Related to the two gravitational potentials and used to test gravity

Valeria Pettorino, University of Heidelberg DESY, 25.06.2014



Gravitational lensing of the CMB

CMB lensing,

CMB cross \i A

correlation with LSS, A b T Y i _

Supernovae, LIS *'d A f
NN g ;

abundance of ‘-“;Q;.. g

clusters, strong
lensing, simulations



Euclid Consortium

ECL Coord Support

EC Mission System Engineer
Cosmology WGs Legacy WGs Cosmological
Mission Survey Group Cosmo. Theory Primeval Univ. Simulations WG
Weak Lensing Gal & AGN evol.

N R . Gal. Clustering Local Universe

Calibration Working Group Clusters Milky Way and

CMB cross-corr. Resolved Stellar

End-to-End Simulation Strong Lensing Populations

Planets

EC Support Office SNs Transients

ECCG Lead (ECL)/Mission Survey Scientist
ECLCoord. Supp. ./ECLSyst. Engineer/VIS,NISP,SGS
PMs+lscs/SWG Coor/Com Lead/Calib Lead/E2E Lead

1
COM Lead

1
Internal Com lead

SGS PO.
m NISP PO. SystTeam Event Lead
CCD Detector WG NIR Detector WG OUs SDCs EPO Scientist

- o o o o EE O EE e e O EE o - o o o o o o EE e e EE O EE O EE e e Em e = w)

VIS Lead NISP PM
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Courtesy of Yannick Mellier
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Polarization spectra
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