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Chapter 1

1. The observed Universe

* Foreword: The Olbers’ paradox;
* The Universe at different scales;
* Observational Cosmology: empirical facts and the hot
Big-Bang theory
*  Cosmic Expansion: The Hubble law;
* The abundancies of the light elements;
* The existence of a Cosmic Background Radiation;
* The isotropy of distant objects;
*  The existent of dark matter;
* The accelerated expansion of the Universe
*  Formation and evolution of cosmic structure
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Foreword: The Olbers’
paradox and the present view
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Foreword: Why is the sky dark at night?

Heinrich Olber’s

(1758-1840

Some possible explanations:

1. Too much dust absorbs light from distant stars.
2. The number of stars in the Universe is finite.
3. The distribution of stars is not uniform.

4. The Universe is expanding. Light from distant stars
are dimmed (redshifted) into obscurity.

5. The observed Universe has a finite age.
Distant light hasn't even reached us yet.

The Universe at different
scales
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Sun: 8 light minutes away
a-Centauro 4525 light years

... the birthplaces of stars ...

Distance to the Eagle Nebulae 7000 light years
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Nuclear bulge

120,000 ly
Halo
Side view Globular cluster

16 000 light years

120 000 light years




Groups and Clusters of {Falaxies...
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Distance to Coma cluster

Credits: American Natural History Museum:; gently provided by Miguel de Avillez U. Evora




LSS: “The fingers of God”...
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Credit: M. Blanton and the Sloan Digital Sky Survey




Table 1.1 Important length scales of the universe (in different units)

Object Size [km] Size [ly] Size [Mpc]

Earth 6371 G L0 2T S
Distance to Sun 1.5 x 10® 16 <100 48x<i0H
Solar System 4.5 x 10° 47 <100 15x107™
Milky Way Galaxy 1.0 x 10'8 105 700 0.032
Local Group g 10+ 9 x 10° 3
Local Supercluster 5 x 10% 5 x 10° 150
Universe 46.5 billion

Fig. credits: NASA / WMAP Science Team:




Planck Surveyor: looking back to the dawn of time
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Project: ESA lead mission to observe the temperature
and polarization anisotropies of the Cosmic Microwave
Background [CMB] radiation with unprecedented
precision.

Total Cost: about €700 million (E1 / person in EU)

Mission timeline:
14 May 2009
July 2009
end of January 2011
Shut down date: 19 Oct. 2013

Payload:
1.5 m projected apertures
array of 22 tuned
radio receivers operating at 30, 44 and 70 GHz.
array of 52
bolometers operating at 100, 143, 217, 353, 545,
and 857 GHz.

Planck CMB observations

2009-2013: Planck satellite
observes the CMB sky with
unprecedented angular
resolution and sensitivity.

Animation credits: ESA and the Planck collaboration; Cluster map by

Douspis, Hurier, Aghanim 2013




Planck CMB observations

2009-2013: Planck satellite
observes the CMB sky with
unprecedented angular
resolution and sensitivity.

Animation & Fig. credits: ESA and the Planck collaboration

Galaxy surveys: 3D mapping of the
Universe...

SDSS: aims at ~25% of the sky; ~100 million objects




"ESA Cosmology-missiens

ESA/NASA Planck Surveyor:
2009 - 2013

ESA Euclid:
2023 - 2029

~esa

8 de outubro de 2024 DF-FCUL, Lisboa

Euclid mission (ESA): Galaxy Surveys
from space (launch 2023)

Primary Objective: To map the distribution
and evolution of (dark) matter in the
Universe to:

. Meatlre the accelerated expansion
* Unveil the nature of dark energy

+ Test models of gravity, grk matter, and
of the primordial universe -

Present observations suggest that dark
energy (DE) and dark matter (DM) are 96%
of the total energy density budget of the

universe.
Fig. credits: ESA
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3D galaxy surveys
SDSS DR3

SDSS DR4

Subbarao, Surendran, e Lands‘lbe‘rg. .(SD-SS)

Cartography of galaxies in 3D with Euclid

O Euclid fara a maior e mais
precisa cartografia, de galaxias
no Universo, observando
imagens e obtendo espectros a
partir do espaco.




Cartography of galaxies in 3D
SDSS DR3

cosmicweb.barabasilab.com
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Spider webs (effect of caffeine concentration)

no drugs high concentration of caffeine

Cosmic webs (with different amounts of DM & DE)
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Euclid launch:

1 July, 2023, launched by a
Space X Falcon 9 rocket -y

St Bl—

R / T+00:00:08

https: / /www.yvoutube.com /watch?v=CAbS8G9EBn

esa

EUCLID'S JOURNEY TO L2

Euclid will orbit the second Lagrange point (L2}, 1.5 million kilometres from Earth in the opposite direction from the Sun. L2 is an equilibrium
point of the Sun-Earth system that follows the Earth around the Sun. In its orbit at L2, Euclid's sunshield can always block the light from Launch (L)
the Sun, Earth and Moon while pointing its telescope towards deep space, ensuring a high level of stability for its instruments.

L+2 days:

Euclid is on its way to L2

L+2 weeks:

Euclid cool-down is complete

L+4 weeks:

Euclid in orbit around L2

L+4 weeks:

Telescope aligned and all
instruments turned on

L+1-3 months:

Testing of scientific performance
and readiness for science

Euclid's orbit
around L2 L+3 months:

Euclid begins its survey

WWW.EUCIId

Euclid first light (raw images)

Early Commissioning Test Images

R / T+00:00:08
VIS instrument NISP instrument

. o

. EUCLID EARLY COMMISSIONING TEST IMAGES - * . & ‘..




Euclid versus ground telescopes (DESI)

[ /www.euclid-ec.or -is-goingd-to-space-crucial-to-map-dark-matte

EUCIId Consortlum The Mission v News & Media ~

A space mission to map the Dark Universe

.

Fig. B.2. Released on 7 November 2023, the first set of five colour images unveiled Euclid’s capabilities to the global community. The images
(cropped FoV 5 starting from the top left, feature the Perseus cluster, IC 342, NGC 6822, NGC 6397, and the Horsehead nebula, along
with a cutout on the lower right (10" x 10) that highlights the image resolution and depth achieved by Euclid. The pipeline detailed in this paper
produced each of the three channels that contributed to the initial RGB im 1ges. These images were \llh\quanll) refined using external tools. The
chosen colour palette assigns assigns the /-, Y-, and H-bands to the blue, green, and red channels respectively, displaying the full sensitivity

of the observatory and offering a new pcrspccll\'c on these astronomical subjects. Credit: ESA/Euclid/Euclid Consortium/NASA, image
processing by J.-C. Cuillandre (C aris-Saclay), G. Anselmi.




Euclid Forecasts:

0.0525
& 0.0500
0.0475

0.98

Euclid: Lensing probes

Euclid will observe more than a billion of galaxies during 6 years of
operations. The light emitted by galaxies is lensed (deflected) by invisible

structures of Dark Matter and are observed with distortion.




Euclid: Lensing probes

Lensing effects are said strong or weak depending if distortions are
very apparent or very difficult to see without a statistical analysis in
images with a large collection of background galaxies.

Strong lensing generally arises from lensing generated by individual
(massive) lenses, whereas weak lensing provides a way to infer about
the distribution of the lensing sources (mostly the dark matter
distribution) across the images.

Strong lensing Unlensed sources Weak lensing

&45" - Matter in between the
background galaxies
and us

Distorted galaxy
images (exaggerated)

Gravitationally distorted
image of galaxy

Euclid: an M-class mission of ESA's scientific
program

The distortions are very small. But with the observation of a billion
galaxies, there is enough statistics to map the dark matter and study the
nature of dark energy.
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Imagem do Hubble do enxame de galaxias Abell 370
(a 4 bilides de anos luz da terra)




Euclid: an M-class mission of ESA's scientific
program

To obtain good images, the satellite is in an orbit at the Lagrange point
L2, with its "back turned" to the sun, pointing successively to different
directions of the darkest regions of the sky. Each field will have to be
observed for 1h15. The total area of observation will be 15000 square
degrees.

Euclid: Portugal responsablities coordinated at IA/FCUL
Euclid Survey planning

Deep field North

In-kind contribution is being N Galactic Fields
delivered by the ECSURV-PT " i\
/SOST team at IA:

Ismael Tereno

Joao Dinis

Antoénio da Silva

Carla S. Carvalho (former)

David Oliveira (former)
HST fields e o Deep field South

\ [ ]
£@Sa ggARggGAL From: Euclid Preparation |. The Euclid Wide Survey, 2021 DOI: 10.1051/0004-6361/202141938




Euclid Sky Survey implementation and
optimization is a PT, national, responsibility

MJD 8402.0 | 2023-01-02

RSD2020b survey _4
Ecliptic Coordinates 3 60 21.2deg2 | 0.01 yr
Mollweide Projection

year

64
65
L")
x

» 72
Copyright Eucha Congortium - Do not copy Or distribuio withou! wiitien permission

Animacéao criada por J. Dinis (FCUL / IA)

Another documentary by IA/FCUL: “O que se esconde na luz? —|O telescopio Euclid € o Universo

A A IS §ei NS S T NN ttps: / /www.youtube.com /watch?v=KX-aAk H308

Observational cosmology:
empirical facts about the
Universe

\_




1. The Universe is expanding

1912: Vesto Slipher is the first to observe
spectral line (red)shifts towards nebulae and
to relate these redshifts to their recessional
velocities.

5 Red-shifted

Vesto Sliph‘éf -
(1875-1969)

Stationary

Blue-shifted

1. The Universe is expanding

Redshift formulae

Efeito de Doppler classico: Valido sempre que a velocidade relativa € muito inferior a da luz
(v « c), e em espagos-tempo de Minkowski.

Aem:CT :/Y\:d"/i:)z‘:

Aobszlem"'vT(:)/lobs_/lem:vT i i :

_Aobs =Aem  wT v :/\/:

z= = oS|z=
Aem cT

Efeito de Doppler relativista: Valido para qualquer v, e em espagos-tempo de Minkowski.

y
14+ (vcosb,)/c v

J1—v%/c? Mg Or
i X

z+1

Movimento radial 6,, = 0 :
1+v/c 1+v/c
Slz+1=

J1—v2%/c? =\/(1—v/c)(1+v/c) 1-v/c)

z+1=




1. The Universe is expanding

Redshift formulae

Redshift gravitacional: Valido para qualquer espacgo estacionario (espaco tempo de
Schwarzschild).

741 = \ gee(recepgdo)
v/ gie(emisdo)

Redshift Cosmologico: Valido para espagos-tempo em expansao, 7 = a(t) X (espagos-tempo
FLRW).

L ——F
/

1= Aatual _ Qo
2= =0 to; Qo
Aemiszo  a( -7 7
Z_ 7
Aem = a(t) Ac S
/‘lobs = Qo AC t; a(t) / // 7 // 7

£ £ £ V4 / Time

_Aobs_/lem =a0/1¢_a(t)/1€ _ a, _1
) a®h  a® g

Aem

1924: Edwin Hubble ends debate on the
nature of nebulae being galactic objects

1929: reports a linear relation between
relative radial velocity and distance

Edwin Hubble
(1889-1953)

0 PARSECS
FIGURE 1




1. The Universe is expanding

1924: Edwin Hubble ends debate on the
nature of nebulae being galactic objects

1929: reports a linear relation between
relative radial velocity and distance: v = Hd

At a given time, t; At a latter time, t

Universe 1s expanding

1924: Edwin Hubble ends debate on the
nature of nebulae being galactic objects

1929: reports a linear relation between
relative radial velocity and distance: v = Hd

N Time evolution of an expanding spherical surface
o

Edwin Hubble




The basic idea behind the Big-Bang theory

o If the universe is expanding and matter-energy is
conserved during the expansion then the universe had to
be smaller, denser and hotter in the past!

e If so, the Universe must have evolved from a state where
matter and radiation form a
of fundamental particles

* As the universe expands and cools down:

o interactions between the plasma
components become less frequent;

o different particle species should decouple | meBiﬁ

from the plasma;
THEORY

o eventually the universe becomes neutral
and transparent to radiation

Accordingfeontie Big-B

I Ee early instants.
- - -
-
“the Universe was a extremely hot and dense plasma, like a
‘torrid bright fog’...

. radiation was trapped/ a through collw
W/th other plasma particles

. as the universe expands, the plasma temperature drops
atom/c nuclei form and capture the free electrons in the
plasma. When the number of free electrons is too small,
radiation no longer interacts with the plasma and propagates

freely, giving rise to the Cosmic Microwave Background and
neutral matter” &

L . -




of light nuclei

Mass Fraction

Herman, Gamow, Alpher

The relative abundance of light elements
can not be explained by stellar
nucleosynthesis

1948: Alpher & Gamow computed the
abundance of light elements in the
context of the theory

Number relative to H

Light elements were produced at low
temperatures (<1e9K and high densities)
during several tens of minutes

1965: Penzias & Wilson serendipitously
discovered a uniform radiation (“excess”)
across the sky.

This was the cosmic microwave background
e R 2 radiation predicted by Gamow and Alpher
on § e\ 2%  in 1948

Penzias & Wilson

CosmiC MICROWAVE BACKGROUND SPECTRUM FROM COBE

T T T T T T T T T T T T T T T

THEORY AND OBSERVATION AGREE CMB

T=2.725 K
blackbody

T=2.725 K

L B S B e e B B e e

ofTT

Waves / centimeter




3. Cosmic Microwave Background

1991: High precision measurement of
CMB temperature by COBE and 1st
detection of temperature fluctuations
(Mather & Smoot)

2001: State of the art measurements of
dT/T~1e-5 temperature fluctuations by

WMAP

John Matter & George Smooth

CosmiC MICROWAVE BACKGROUND SPECTRUM FROM COBE

THEORY AND OBSERVATION AGREE

blackbody
T=2.725 K

Fig. credits: NASA / WMAP Science Team

Waves / centimeter

CMB: the last scattering surface

Reprinted from:
http:/ /physicsworld.com/cws/ article/indepth/2014 /jan/03/ planck-perspectives

\aS\.scatte ring Surface

Planck

observer

13.8 billion light-
L Bl i) light arrives as

microwaves

age of universe

We can see gas at
points A and B before
they knew about each

@%other.
S
light leaves as S,
o O,
: L ultraviolet %6
irregularities ’) B
Y 500,000 yr
) | distance
Gas at point A has received signals Gas at point B has received signals
from this part of the universe. from this part of the universe.

Copyright © Addison Wesley



4. Isotropy of distanig@bjects

CMB

On Large Scales the Universe... T=2.725 K
.. appears to be ISOTROPIC

+

Dlstant Objects in the Hubble Ultra Deep Field

N TR g st P + 7 e
The APM Galaxy Survey : ; NASA, ESA, R. Windhorst (Arizona State Universi
Maddox et al ) and H. Yan (Spitzer Science Center, Caltech)
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Fig. 3.1 A point distribution, statistically isotropic around every point (left) and around a
unique point (P) (right). In the second version, P and Q are not equivalent. The cosmological
principle excludes such kinds of solutions, which would assume that we lie in a special place

in the Universe. From Ref. [1] of the introduction.

The APM Galaxy Survey = g NASA, ESA, R. Windhorst (Arizona State University)
Maddox et al and H. Yan (Spitzer Science Center, Caltech)




4. Isotropy of distant objects

Testing the Cosmological Principle: Behomo simulations, V. Marra

https://valerio-marra.github.io/BEHOMO-project/

Non-homogeneous (ALTB) | Non-homogeneous (ALTB), | Homogeneous.(FLRW)® | Non-homogeneous (ALTB) NonJlomogenepus (ALTB),

ACDM ALTB with central contrast +0.3 ALTB with central contrast —=0.3
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4. Isotropy of distant objects

ACDM ALTB with central contrast +0.3 ALTB with central contrast —=0.3
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Homogeneous (FLRW / ACDM):

) o , dr?
ds? = c*dt? — a?(t) 1_7—}‘72

+ r? (d6* + sin® ofiz,sz)] a(t) H = :

Qe

Non-homogeneous (ALTB):
R™(t,r)
1 — K (r)r?

ds® = —c2dt* + dr? + R2(t, l')<1l()2 + sin? 0 (l(,-’)2> al
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5. The existence of Dark Matter

V (rotation velocity)

solid body (V< R)
Keplerian (V< 1/ V' R)
flat (V= constant)

» Galactic

R (radius)
Jan Oort

1927: Jan Oort studies the
and infers that their rotation is not
consistent with Keplerian motion.

GM(R)

¥

Veire =

5. The existence of Dark Matter

Oorts constants:

2 |RO —

1 [dVC

dR
1 [dV.
[ | R

"2 | dR

Galactic center

Circular motion: . . .
Observations vs Keplerian motion:

* Kepler. motion: (A-B)/(A+B) =
GM(R) '
Voire = * Observations : (A-B)/(A+B) =

¥

If the whole mass is mostly
at the centre:
http://icc.dur.ac.uk/~tt/Lectures/Galaxies/TeX/lec/node42.html




5. The existence of Dark Matter

Distance

1980: Vera Rubin and others also find that
to

remain bound assuming that gravity is produced
only by visible matter.

5. The existence of Dark Matter

Fritz Zwicky

1936: Fritz Zwicky applied the
and finds very high mass-to-

light ratios, Y = M/L, for them to remain bound: Y.oma/Ysun =
500 >» 2-10 for galaxies.

* Virial theorem (for gravitationally relaxed systems): 2E, + Ep =0

« Mass from the virial theorem: M, =< v? >< R >/G

* Visible luminous Mass: M, =N, Y, L,
(Ng - number of galaxies; Y, - galaxy mass-to-light ratio; L, galaxy luminosity)




5. The existence of Dark Matter

lensing effects:

Albert Einstein

5. The existence of Dark Matter

lensing effects:




5. The existence of Dark Matter

lensing effects: strong lensing

Double Einstein Ring SDSS)0946+1006 Hubble Space Telescope = ACS/WFC

AN

Galaxy-galaxy lensing

NASA, ESA, R. Gavazzi and T. Treu (University of California, Santa Barbara), STScI-PRCO8-04
and the SLACS Team

5. The existence of Dark Mater

2003: X-ray (produced by extremely hot gas — in ) vs weak
lensing observations (probing the total mass distribution in

) of put in evidence that galaxy clusters
must contain “dark matter”

1E 0657-56 X-rays Bullet Cluster X-rays + lensing + visible

Chandra 0.5 Msec image

Refs:
astro-ph/0309303
astro-ph/0312273




6. Cosmic expansion is accelerating

1998: S. Perlmutter and the
0 v supernova Cosmology project
found first evidence for the

.\ l : . N accelerated expansion of the
a . - Universe.
Saul Perlmutter Brian P. Schmidt Adam G. Riess

No Accelerated expansion Accelerated expansion

assuming supernovae
are standard candles,
they appear further

away )
then predicted by non-
accelerating expansion

models (yellow arrow).
d(t) = a(t) dy /
with d(t) > 0

6. Cosmic expansion is accelerating

—_—— |
L]
as seen fro

(as
" .
)

Preliminary Analysis
26[ T T

o4l

n
n
v T

effective Mg

Hamuy et al
(A.J. 1996)
L 1 11 1 1
0.05 0.1 0.2
redshift Z




How Cosmological structure forms

and evolves?

J. Jeans \k

'.‘r*.).'o

n .q-.@':.» 25X

&

O Observations indicate that

ol ¥ 3 "
2‘:.,%.
.’b >

30H?

—

!

U on small scales the universe is
NOT homogeneous and isotropic

U On large cosmological scales the
Universe does not show indications
of strong anisotropies. Together
with the cosmological principle this
implies the universe is highly
homogeneous and isotropic

U However it shows small
anisotropies in the CMB.

/dx'd(x’. t) & —x

|XI - X|3




Density fluctuations: t=13.7 billion years

_» Density fluctuations: t=13.5 billion years:

500 Mpc/h o a

&%

X

87r*

AT

gf(:_l-j,’.;) - ———ng = 3QH /dx’é( t

L < e A ]'. it Loy s R A 2
Millennium simulation, Springel et al: A Cn 7 o




- Density ﬂuc‘tuat'ions::t=12.7 billion ‘yﬁears

500 Mpc/h' -

‘ 3QH / 1 5(X t) l(;: _—;)3

Millennium sifnﬁlation, Springel et al:

'11'Den_s-ity_ﬂqctilati9n$: t=9 billion years -

5007Mp_c./h :

v

(x— %)

850 = 2V = 3 / dx'a(x B P

=X

Miljlénnium simulation, Sptingel et al.-




 Density fluctuations: t=1 billion years. -
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Cosmological structure formation
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The history of the Universe:

Dark Energy
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Afterglow Light
Pattern
400,000 yrs.

Dark Ages Development of
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Big Bang Expansion
13.7 billion years

NASA/WMAP Science Team

The history of the Universe:

Fig. credits: Baumann, Cosmology , C.U.P. 2022.
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