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Cosmology has become a data driven
science!

Many experiments (some in Chile) are
taking a huge amount of data that are
being analyzed in order to find out
which model best describes the
universe.



Cosmological probes

*Cosmic Microwave Background (CMB)
*Big bang nucleosynthesis (BBN)
*Supernovae (type la)

-Baryon acoustic oscilation (BAO)
Gravitational lensing

‘Number count of clusters of galaxies



Cosmological probes
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We know that we don’t know what the
universe is made of:

74% Dark Energy




Some experiments

Cosmic Microwave Background (CMB):

Planck satellite, South Pole Telescope, Atacama
Cosmology Telescope




The Planck mission

planck




WMAP vs Planck




Angular scale
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-£ values are plotted at 2, 3, 4, 5,6, 7, 8, 9.5, 11.5, 13.5, 16,
19,225, 27, 34.5, and 44.5.



Large galaxy surveys: probe the large scale
structure (LSS) of the universe.

Sloan Digital Sky Survey (SDSS-I, 2000-2005;
SDSS-II, 2005-2008, SDSS-IlI, 2008-2014) &
Baryon Oscillation Spectroscopic  Survey
(BOSS) - 1.5 million Luminous Red Galaxies
(LRGs) out to z~0.7 over 10,000 square
degrees.






Large scale structure: observations

Sloan Digital Sky Survey: spectra of 930,000 galaxies

The outer circle is at a distance of two billion light years.



<’/ Dark Energy Survey

DARK ENERGY
SURVEY

« Survey of 5000 deg? (~ 1/8 of the sky)

300 millions of galaxies up to z~1.4
(+ 100,000 clusters + 4,000 SNs)

Photometric redshift with 5 filters

4000 6000 8000 10000 12000

Project initiated in 2003 A )

Observations from 08/2013-02/2018 (5x105 nights)
P DES-Brozil |

v Doark Energuy Survey
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DES Project Timeline

DARK ENERGY
SURVEY

NOAO Blanco Announcement of Opportunity 2003

DECam R&D 2004-8

Camera construction 2008-11

Final testing, integration 2011

Shipping components to Chile 2011

Installation on telescope begins early 2012

First light DECam on telescope September 2012
Commissioning and Science Verification: Fall 2012/Spring 2013

Survey operations begin: August 31st 2013

Rogerio Rosenfeld
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American Observatory (CTIO) in Chile

DES site




The DES Camera: the most powerful digital space camera
on Earth. Weighs around 4 tons. Built at Fermilab.

Able to see light from more than 100,000 galaxies up to 8 billion
light-years away in each snapshot.

) 5

= Blanco Telescope




The DES Camera: 62 large CCDs — 570 megapixels.
15t light on September 12, 2012.




DES image:
Barred spiral galaxy NGC 1365 in the Fornax cluster of galaxies




Future experiments

European Extremely Large Telescope (E-ELT)

An artist's impression of the E-ELT

Organization
Location

Coordinates
Altitude
Weather

Wavelength
Built

Telescope style
Diameter

EsO  (brazilian participation?)

Cerro Armazones, Chile, near Paranal
Observatory

(9 24°35'20"S 70°11'32"W
3,080 m'"!

89% clear fraction,'?! 0.67" median
seeing at 500nm"")

Visible, near infrared

Planned completion: 2022 first Iight["]
Reflector

39.3m



Future experiments:

Cerro Pachon — Future site of the LSST

LSST Rendering
on El Pefion
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8.4-meter ground-based telescope,
camera with 3200 Megapixels (will be the
world’s largest digital camera). First light




Future experiments: GMT
%8 GIANT MAGELLAN TELESCOPE

Six off-axis 8.4 meter segments surround a central on-axis "ement, forming a single
optical surface with an aperture of 24.5 meters in diameter. Cerro Las Campanas, Chile.
Completion in 2020.
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Future experiments: TMT

_ s
T™T

THIRTY METER TELESCOPE

{Image Credit: NGDC/GLCF/DLR]



Future experiments: EUCLID

Euclid is an ESA medium class space mission selected for
launch in 2020 in the Cosmic Vision 2015-2025 programme.

To achieve the Euclid’s quest a satellite is under construction equipped with a 1.2 m
telescope that feeds 2 instruments: a high quality panoramic visible imager (VIS), a near
infrared 3-filter (Y, J and H) photometer and a slitless spectrograph (NISP). These
instruments will explore the expansion history of the Universe and the evolution of
cosmic structures by measuring the modification of shapes of galaxies induced by
gravitational lensing effects of dark matter, and the 3-dimension distribution of structures
from spectroscopic redshifts of galaxies and clusters of galaxies.

The satellite will be launched by a Soyuz ST-2.1B rocket and transferred to the L2
Lagrange point for a 6 years mission. Euclid will observe 15,000 deg2 of the darkest sky
that is free of contamination by light emissions from our Galaxy and our Solar System



Standard Cosmological Model
Modern laws of Genesis

Geometry

Space tells matter
how to move
(J.A. Wheeler)

Matter tells space
how to curve

(10 nonlinear partial differential equations)



Cosmological Principle

Universe is homogeneous and isotropic at very
large scales

® 2000 Don Dixon / cosmographica.com

Only small fluctuations in the CMB with 6T/T ~ 10



Geometry: left-hand side of Einstein’s equation

Cosmological principle simplifies the possible geometries of the
spacetime — Friedmann-Robertson-Walker metric:

2
1dL —+r°dQ°
—kr

ds® = dt* —a’(t)

a(t): cosmological scale factor
convention: a=1 today
physical distances: d(t) = a(t) d,



Geometry: average evolution of the universe

- specified by one function: scale factor a(t)
- determines measurement of large scale distances,
velocities and acceleration

a(t) a(t) alt)

- measured through standard candles (SNla’s) and
standard rulers (position of CMB peak, BAO
peak,...)

|
Redshiftz:  a(t) = 1 z=0 today.




Expansion of the universe

Hubble parameter: ),
Expansion rate of the universe a(t
Hubble constant: Hubble parameter today (H,)

Analogy _of the expansion of the universe with a balloon:

l/‘ ;
i

Space itself expands and galaxies get a free “ride”.



Expansion of the universe

h=0.72+.03%£.07 Freedman et al. (Hubble Key Project)

Py
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V1 =0.57£.02 Sandage, Tammann, et al.
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,'.-%f - v=H. d (H,=Hubble's constant) >
B 1000} 7, =100k km s Mpe' = gign
? 20000 & Elw h=5 Toe 4,4/ $
U L — g ‘/4
S - £
2 z < £
> 10000 -
- 0 108 2 x 108
E Distance (parsecs)
ﬂ L | R ess et al astrm F:Jh.'941 41
Hubme-s/'b 100 200 300 400 500 600 700
data Distance (Mpc)

Universe has a history!



Energy and matter:
right-hand side of Einstein’s equation

All forms of matter and energy in the universe are
described by the energy-momentum tensor.

Homogeneity and isotropy:

(p 0 0 0

IOZZIOI T:L‘V: O p O O
! 0 0 p O
p=2.P 0 0 0 p,

I= matter (baryonic or dark), radiation, neutrinos, cosmological
constant, quintessence, ...



DM and DE In the universe

Dark matter and dark energy affect:

» Expansion history of the universe
(evolution of the "average”)

 History of structure formation
(evolution of perturbations)



Dynamics of the universe

Follow from Einstein’s equation

(a)" k  81G LA
\a/ a 3

EXxpansion rate

5
p+3p) q_ aH2

Deceleration parameter




Critical density
The universe is spatially flat (k=0) if:
3H’
3G

This critical density is time-dependent.

Today g =70 fem and
s Mpc
0. = 5 protons/m?

pc_




Density parameter

Different contributions to the density
of the universe:

Q=+t
2}

I= matter, radiation, dark energy, neutrinos...

Flat universe: ZQZ_ —1



Dynamics of the universe

Need to determine how density of different
fluids changes as a function of the scale in
order to close the system of equations.

Choose an equation of state for each component:

o = 1/3 (radiation)
p. = .0, ®=0 (non-relativistic matter)
: -1 »=-1 (cosmological constant)
o = w(a) (general case)



Dynamics of the universe

1% law of thermodynamics:

dE =—pdV = d(pV )= —wpdV

Therefore:
poca

1+a))

—

4

0

d

( a(w, =0)

(w, =1/3)
(

D) = _1)



Vacuum energy

P, oc constant

E. L. Wright
dEl =—pdV = p, <0



Dynamics of the universe

radiation

In p

cosmological constarit

In a,, Inape 0

In a



Model for the smooth universe
 Einstein’s equation

» Different components and their densities

Q =i
P,

 Equation of state for each component

Pi = W0,
km

» Hubble’s constant Hy(hy) £ =1007%,

s Mpc



Ex.1: Estimate how many photons exist in a cm?3
today given that the CMB temperature is approx.
2.7 K

Ex.2: Estimate the fraction of photons to protons
today, given that O, = 0.04

Ex.3: Estimate the fraction of energy in photons
to protons today.

Ex.4: Estimate the redshift at which photons and
matter have equal energy density.

Ex.5: Estimate the redshift at which photons
decouple from atoms (last scattering surface).



EX.6: estimate the age of the universe

Lo

<\ 2
H2=(Ej =2 (p, 4+ p,)

a 3
H? (Q 7a_3(1+”7) +Q a1 ¢a_3(1+”¢))
1 [ida 1
f, = —

\/(an3(l+a) ) ) n Qma—3(1+a)m) n qu a—3(1+a) ¢))



Age of the universe:

Hubble time:

tg = Hy' =3.09 x107h ™! sec = 9.78 x 10°A~ 1 yr.

wa-Cm = 0.315; Qr =8.24x10°; QL = 1-0m - Qr; h0=0.7; wm=0; wr=1/3; wL=-1;
tH = 9.78x10° h0™!;
1 1
me- €U = tH NIntegrate[- * . {a, 0, 1}]

a ‘\/Qm a—3*{1+wm) + OL a—3*{1+w.'l'..) + Or a—3*{1+wr)

oo 1.32818 x101°



Ex.7: Estimate the redshift at which the universe
starts to be dominated by dark energy (= A ).

Calculate the redshift where dark energy and matter have equal energy density (2m=0.315)

m Equal densities: p, =pma_3 a, = (z_:)ua= (z_:)ua

0.315 ]”3

= &a =
e (1-0.315

Oult]= 0.771863

1

- Zp = =—— =1
ap

oz 04295567

Cosmological coincidence problem
Why now?
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The causality problem

—

\ 4 Z=
* e
L 4 *
* *

Light from last scattenng surface reaches us from causally
disconnected reglons how can. they have the same

0

temperature? - 3
Angular size today of horizon at decoupllng is ~ 19

time




Time
(~15 billion years)

Solution: inflation

., e
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TIMELINE OF THE INFLATIONARY UNIVERSE

In an infinitely dense
moment 13.7 billion years

ago, the Universe is born
from a singularity.

A mysterious particle or force
accelerates the expansion.
Some models inflate the
Universe by a factor of 10% in
less than 10-* seconds.

L
After 380,000 years, loose electrons
cool enough to combine with protons,
The Universe becomes transparent to

light. The microwave background
begins to shine.
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hydrogen gas cool The fusion of stars Dark energy accelerates the on of the
and coalesce. begins. Universe, but at a much slower rate than inflation.
Big Bang expansion
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13.7 billion years



Solution: inflation

Exponential growth of the universe.

For instance, if a flat universe is dominated
by a vacuum energy:

(A 82G
— | = p, = H? = const =

\a/ 3




Solution: inflation

 Solves causality (horizon) problem
 Explains why Q.1 = 1 (flathess problem)
» Generates small perturbations from

quantum fluctuations that become seeds for
the large scale structure of the universe



3.1

Encyclopedia Inflationaris
http://arxiv.org/1303.3787

Jérébme Martin,® Christophe Ringeval’ and Vincent Vennin®
3 Zero Parameter Models

Higgz Inflation (HI)

4 One Parameter Models

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22
4.23

Radiatively Corrected Higgs Inflation (RCHI)
Large Field Inflation (LFI)

Mixed Large Field Inflation (MLFT)
Radiatively Corrected Massive Inflation [RCMI)
Radiatively Corrected Quartic Inflation (RCQI)
Natural Inflation (NI)

Exponential SUSY Inflation {ESI)

Power Law Inflation (PLI)

Kiihler Moduli Inflation [ {KMII)

Horizon Flow Inflation at first order (HF1I)
Colemann-Weinberg Inflation (CWI)

Loop Inflation (LI}

(R + R*") Inflation (Rpl)

Double-Well Inflation (DWT})

Mutated Hilltop Inflation (MHI)

Radion Gauge Inflation (RGI)

MSSM Inflation {MSSMI)

Renormalizable Inflection Point Inflation (RIPI)
Arctan Inflation {AI)

Constant n. A Inflation (CNAI)

Constant ns B Inflation (CNBI)

Open String Tachyonic Inflation {O8TT)
Witten-O'Raifeartaigh Inflation (WRI)

Two Parameters Models

a.1
8.2
S.a
a.4
8.4
a.h

2.7

5.8

3.9

3.10
a.11
3.12
3.13
a.14
3.15
3.16
.17
a.18
3.19

Small Field Inflation (SFI)

Intermediate Inflation {II)

Kiihler Moduli Inflation II (KMIII)
Logamediate Inflation (LMI)

Twisted Inflation [TWI)

Generalized MSSM Inflation (GMSSMIY

Generalized Renormalizable Point Inflation {GRIPI)
Brane SUSY breaking Inflation (BSUSYBI)

Tip Inflation (TI)

4 exponential inflation (BEI)

Pseudo Natural Inflation (PSNI)

Non Canonical Kihler Inflation (NCKI)

Constant Spectrum Inflation (CSI)

Orientifold Inflation (OI)

Constant ns C Inflation (CNCI)

Supergravity Brane Inflation (SBI)

Spontaneous Symmetry Breaking Inflation (S5BI)
Inverse Monomial Inflation (IMI}

Brane Inflation (BI)

Three parameters Models

fi.l
fi.2
fi.3
fi.4
fi.5
fi.6

Running-mass Inflation (RMI)

Valley Hybrid Inflation (VHI)

Dynamical Supersymmetric Inflation (DSI)
Generalized Mixed Inflation (GMLFI)
Logarithmic Potential Inflation (LPI)
Constant ns D Inflation (CNDI)



Dark energy

The universe today is again dominated
by some sort of vacuum energy —

dark energy — and the expansion is
accelerated.

Is this vacuum energy today related to

the vacuum energy that generated
inflation?



What is dark energy?

Some sort of vacuum energy — a huge
embarassment!

Quantum mechanics:“zero point energy”

E = ha)(n@



In Quantum Field Theory, the energy
density of the vacuum is (free scalar
field of mass m):

d’k 1

(27) 2
It is infinite!!

If integral is cutoff at the Planck scale,

disagreement of ~ 10'2° with data.
Cosmological constant problem

\/k2+m2

IOvac o



What is dark energy?
Vacuum energy modelled by a scalar field:
. Field at the minimum of its potential, such

as the Higgs field (indistinguishable from a
cosmological constant).




. Field not yet at the minimum - still rolling
down its potential — “quintessence” or

dynamical dark energy. Requires a very
light field (m~H,~ 10-33eV).

New long-range forces when coupled to
normal stuff? Ways to shield this forces
(chameleon models)?



Some examples of dark energy models:

Cosmological Constant BE.= —P4

- 1. 1
Cal_flonlcal Scalar Field: B = 5(9%3#99 — V()
Quintessence

. - Y 2
Perfect Fluid Po = wpo 0p = Cogdp
Chaplygin Gas pon = —Apcy,
1
K-essence E = FLX ) X = iaﬁﬂgoapcp
e.g. Tachyon, _ 1 — OO
Born-Infeld £y ¥ (SD) \/ PP

56



Dark energy and structure
formation

Dark energy impacts the formation of
structures (galaxies, cluster, etc) in the
Universe.

Universe started out very homogeneous
with small perturbations generated at
Inflation that grew under grav. instability.



Large scale structure: N-body simulations

Universe in a box (A. Kravtsov)

The movie illustrates the formation formation of clusters and large-scale filaments in the Cold Dark Matter model with dark energy. Evolution of
structures in a 43 Mpc box from redshift of 30 to the present epoch . At the initial epoch (z=30), when the age of the Universe was less than 1%
of its current age, distribution of matter appears to be uniform. As time goes on, the fluctuations grow resulting in a wealth of structures from
the smallest bright clumps which have sizes and masses similar to those of galaxies to the dark large filaments.



Evolution of small perturbations:

&5, =81GoT,,

It is not possible to fully describe the non-linear
regime in RG:

large numerical simulations are necessary
(Millenium, MareNostrum, etc...)



Linear growth of perturbation

s_ PP

.

linearized equation:

S5+2HS6 —42GpS =0
5(8.) oc @ =—— dark matter dominated universe

5(8.) oca’ dark energy dominated universe

&
o

Dark energy suppresses structure formation

(Weinberg's anthropic argument)



MORE DARKENERGY (1, =0.99

OBSERVED AMOUNT OF DARKENERGY (14 =0.75

NO DARK ENERGY 2y =0

EARLY UNIVERSE: When the universeisasixth  TRANSITION PERIOD: Whentheuniverseis 75 TODAY: In a universe with the observed amount
ofitscurrent size, matterisevenly distributed  percent ofits current size, the effects of dark of dark energy (middle), large-scale structure
inallthreescenarios. Darkenergyhasnotyet  energyarestark. Inthe high darkenergy scenario formation has ended, leavingthe cobweb
exerteditsinfluence. [top).the universe loocks amorphous. Inthe frozeninplace.Inazerodark energy scenario
other two scenarios, structure formation still (botrom), the cobweb continues to develop.

continues, producing a cobweb pattern.

FEBRUARY 2007
COPYRIGHT 2007 SCIENTIFIC AMERICAN, INC.

LIANG GAD,CARLOS FRENK AND ADRIAN JENKINS Institute for Computational Cosmology, Durham University



Dark energy and Modified Gravity

Maybe Einstein’s equations need to be
Modified (“left-hand side” is the culprit)
in order to describe the evolution of the
Universe.

S=Id4x\/?g X L

16xaG
Modified gravity: R — f(R)




Tests of Dark energy and
Modified Gravity

Novel Probes of Gravity and Dark

Energy

1309.5389

Test

Observations

Telescopes and Facilities

Consistency of growth and
expansion

Lensing vs. Dynamical mass

Planned dark energy program with
imaging and spectroscopic surveys

Imaging and spectroscopic observa-
tions

DES, BOSS, DESI,
WFIRST

Fraction of time on planned surveys +
O(100) nights on 4-m class spectroscopic
telescopes

LSST, Euclid,

Astrophysical Tests

Multi-wavelength observations of
nearby galaxies

2-4m class [FU spectroscopic telescopes;
High resolution optical imaging; High res-
olution radio (21cm) observations

Lab and Solar System Tests

Sensitivity improvements to torsion
pendulum, neutron, and lunar laser
ranging experiments; adaptations
to axion experiments

Eo6t-Wash, NIST, JLab, CAST

Table 3. Resources needed for experimental tests of gravity in the next decade. See ngure and Table@

for information on the tests.




Conclusions on Dark energy

* There are many models to describe dark
energy

* All observations so far can be explained
by a simple model with a cosmological

constant: ACDM

» Any deviations will be revolutionary

* New instruments to continue measuring what
the universe is made of!



