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Welcome	  
 

The course 
 
 
 

 



Lectures	  
	  
	  	  	  	  	  Monday	  	  	  11h00-‐13h00	  	  	  C8.2.02	  
	  
	  	  	  	  	  Monday	  	  	  14h15-‐16h00	  	  	  C8.2.03	  
	  
	  
Fénix	  page	  
Links	  to	  the	  lecture	  slides	  and	  homework	  will	  be	  given	  in	  this	  single	  page:	  	  
	  
hGps://fenix.ciencias.ulisboa.pt/courses/cfis-‐847504421685273/lecture-‐notes	  
	  
	  
Contact	  
email:	  tereno@fc.ul.pt	  	  	  	  	  	  
office:	  C8.1.29	  	  	  	  



EvaluaQon	  
	  
	  
Homework	  (60%)	  	  	  ~	  5	  series	  of	  exercises	  	  ~	  every	  2-‐3	  weeks	  	  
	  
PresentaQon	  (30%)	  	  	  20	  minutes	  
(from	  a	  list	  of	  topics	  to	  be	  given,	  no	  wriGen	  report	  required)	  
	  
Margin	  (10%)	  
	  
	  
	  
	  

	  	  

Replacements	  	  
	  
António	  da	  Silva	  (if	  needed)	  
	  
Diogo	  Castelão	  (PhD	  student	  for	  cosmology	  so`ware)	  



Qme	  

Cosmological	  
gravita5onal	  lensing:	  
the	  deflecQon	  of	  (galaxy)	  
light	  in	  the	  Universe	  can	  
be	  observed	  à	  discover	  
the	  dark	  maGer	  
structures	  in	  the	  
Universe	  and	  also	  other	  
properQes	  of	  the	  
Universe	  (dark	  energy,	  
behavior	  of	  gravity	  on	  
large	  scales)	  

The	  teacher	  
	  

Ins5tut	  d’Astrophysique	  de	  Paris	  

(2000)	  
Argelander	  Ins5tut	  fuer	  Astronomie,	  
University	  of	  Bonn	  



Euclid	  space	  mission:	  	  
	  a	  sequence	  of	  45	  000	  observa5ons	  over	  the	  sky	  during	  6	  years	  

+	   +	  

x	  4	  

à  1 Euclid 
Observation  
=  1h 15’ 
 
~ 20 
observation
s / day 

Lead	  of	  the	  Survey	  Opera5ons	  Support	  Team	  

hGps://www.youtube.com/watch?v=R5Q85AbP2nY	  



Qme	  

to	  infer	  the	  dark	  maOer	  structures	  (the	  
lenses)	  at	  various	  distances	  (different	  
epochs	  in	  the	  evolu5on	  of	  the	  Universe)	  
à	  discover	  the	  proper5es	  of	  dark	  
energy.	  

Euclid	  finds	  source	  galaxies	  	  
(far	  in	  the	  Universe,	  z	  >	  0.7	  -‐	  2.0)	  

that	  are	  subject	  to	  gravita5onal	  lensing	  

Euclid	  photometric	  survey:	  
	   	  weak	  gravita5onal	  lensing	  of	  distant	  galaxies 	  	  

and	  observes	  their	  distorted	  images	  





Euclid	  spectroscopic	  survey:	  
	   	   	  galaxy	  clustering	  of	  distant	  galaxies	  	  

to	  determine	  their	  	  
precise	  distances	  
	  (3D	  posi5ons)	  

The	  combina5on	  of	  
posi5on	  (GC)	  and	  light	  
propaga5on	  (WL)	  
informa5on	  allows	  us	  to	  
test	  gravity.	  

whose	  frequencies	  are	  shi`ed	  (the	  redshiX)	  

Euclid	  measures	  the	  spectra	  of	  the	  galaxies	  	  
(far	  in	  the	  Universe,	  z	  >	  0.7	  -‐	  2.0)	  

by	  the	  expansion	  of	  the	  Universe	  	  
(and	  peculiar	  velociQes)	  



JUL! 1-31!
2023!

Euclid	  launch	  
	  next	  summer!	  

CCB,	  Lisbon,	  2016	  

Portugal	  is	  very	  involved	  in	  this	  mission	  



The	  students	  
	  



Program:	  introduc5on	  
 
 
Cosmology	  studies	  the	  global	  properQes	  of	  the	  Universe	  
	  
Physical	  Cosmology	  uses	  physics	  to	  describe/understand:	  	  
	  

	  -‐	  the	  current	  state	  of	  the	  Universe,	  	  
	  -‐	  its	  past	  and	  future	  evoluQon,	  	  
	  -‐	  its	  structures	  and	  their	  large-‐scale	  spaQal	  distribuQons	  

	  
	  
Two	  courses	  on	  physical	  cosmology	  in	  FCUL:	  
	  
	  -‐	  Theore5cal/Physical/Primordial	  Cosmology	  -‐	  Universo	  primi,vo	  	  
(thermal	  history,	  parQcle	  physics,	  field	  theory)	  
	  
-‐	  Observa5onal/Astrophysical/Sta5s5cal/Modern	  Cosmology	  -‐	  Cosmologia	  
Física	  (properQes	  of	  observable	  astrophysical	  quanQQes	  that	  allow	  us	  to	  
evaluate	  cosmological	  models	  à	  cosmological	  probes)	  



Universo primitivo 

Cosmologia Física 



Stable	  parQcles	  are	  the	  only	  
ones	  le`:	  photons,	  neutrinos,	  
protons,	  neutrons,	  electrons,	  
DM	  parQcles.	  
	  
During	  the	  thermal	  history,	  	  
the	  various	  species	  gradually	  
decouple	  (leave	  the	  
equilibrium)	  as	  their	  reacQon	  
rates	  become	  smaller	  than	  the	  
expansion	  rate.	  

InflaQon	  -‐	  mechanism	  
introduced	  to	  solve	  some	  of	  
the	  problems	  of	  the	  Big	  Bang	  
model.	  It	  also	  provides	  the	  
inhomogeneiQes	  iniQal	  
condiQons	  from	  quantum	  
fluctuaQons.	  

1915:	  Theory	  of	  GR	  (Einstein)	  

1927:	  Lemaitre	  models	  
1922:	  Friedmann	  models	  

1929:	  Hubble	  law	  

1933:	  DM	  proposal	  (Zwicky)	  

1965:	  CMB	  detecQon	  (Penzias,Wilson)	  
1946:	  PredicQon	  of	  CMB	  (Gamow)	  

1967:	  CalculaQons	  of	  formaQon	  of	  
light	  elements	  and	  observed	  
	  abundances	  
1940:	  SuggesQon	  of	  nucleosynthesis	  
(Gamow,	  Alpher,	  Herman)	  

1981:	  InflaQon	  (Guth)	  

Log	  scale	  



Linear	  scale	  

2010:	  Cosmological	  HI	  21cm	  (Pen)	  à	  SKA	  (>	  2027)	  
1970s:	  Discovery	  of	  Ly-‐a	  forest	  	  
1967:	  GRB	  discovery	  
1965:	  Gunn-‐Peterson	  test	  (the	  universe	  is	  highly	  ionized)	  
1963:	  Discovery	  of	  the	  first	  quasar	  (first	  high-‐z	  source)	  

2005:	  Detec5on	  of	  the	  BAO	  peak	  (SDSS)	  
2001:	  LSS	  updated	  map	  (SDSS,	  2dFGRS)	  à	  SDSS	  IV	  (2019)	  
2000:	  Weak	  lensing	  (LSS	  of	  DM)	  à	  DES	  (2019)	  à	  Euclid	  (2023)	  
1986:	  The	  Great	  Wall	  (scale	  of	  homogeneity?)	  
1970:	  Large-‐scale	  structure	  (first	  z-‐surveys	  of	  galaxies)	  

1996:	  z-‐evolu5on	  of	  Star-‐forma5on	  rate	  (HDF,	  Madau)	  
1988:	  Galaxy	  counts	  (Tyson)	  (Olbers	  limit?,confusion	  limit)	  	  
1979:	  First	  gravita5onal	  lens	  system	  
1974:	  Mass	  func5on	  (Press,	  Schechter)	  (NL	  collapse)	  	  
1970:	  Rota5on	  curves:	  DM	  also	  needed	  in	  galaxies	  (Rubin)	  

2006:	  Bullet	  Cluster	  (Chandra,	  Lensing)	  (DM	  observed?)	  
1996:	  Nbody	  simula5ons	  (Virgo)	  (Universal	  profile	  NFW)	  
1993:	  M_b	  from	  clusters	  is	  15%	  of	  M_tot	  (White)	  (DE?)	  
1982:	  X-‐ray	  cluster	  mass	  (Einstein	  satellite)	  
1933:	  Cluster	  dynamics:	  DM	  needed	  (Zwicky)	  

2013:	  CMB	  high	  precision	  and	  polariza5on	  (Planck)	  
2003:	  CMB	  small	  scales	  (WMAP)	  
2000:	  CMB	  1st	  peak	  (Boomerang,	  Maxima)	  (Universe	  flat)	  	  
1992:	  Anisotropies	  of	  CMB	  (COBE)	  (DM	  needed)	  
1990:	  CMB	  Black-‐body	  (COBE)	  (Big	  Bang)	  

2001:	  H_0	  distance	  ladder	  (HST	  Key	  Proj)	  (Freedman)	  
1998:	  Accelerated	  expansion	  (SNIa)	  

2016: Gravitational waves (LIGO) à LISA (2037) 
2002: Neutrino oscillations 



Program:	  contents	  
	  
The	  Homogeneous	  Universe	  	  

	  geometry,	  dynamics,	  age,	  distances,	  cosmological	  parameters,	  
	  contents	  of	  the	  Universe	  (dark	  maGer,	  dark	  energy,	  radiaQon,	  baryonic	  maGer)	  	  

	  	  
TesQng	  the	  Homogeneous	  Universe:	  probes	  of	  geometry	  	  

	  standard	  candles	  (SN),	  standard	  rulers	  (BAO),	  standard	  abundances,	  
	  distance	  ladder	  (H0),	  densiQes	  (lensing,	  dark	  maGer),	  esQmators,	  biases,	  
	  staQsQcal	  inference	  (Fisher	  matrix,	  MCMC)	  

	  
The	  Inhomogeneous	  Universe	  

	  linear	  spaQal	  perturbaQons,	  random	  fields,	  structure	  formaQon,	  	  
	  power	  spectra	  of	  dark/baryonic	  maGer,	  non-‐linear	  structure	  	  
	  	  

TesQng	  the	  Inhomogeneous	  Universe:	  probes	  of	  structure	  
	  weak	  gravitaQonal	  lensing	  (cosmic	  shear),	  galaxy	  clustering,	  CMB	  anisotropies	  
	  	  



hGps://fenix.ciencias.ulisboa.pt/courses/cfis-‐847504421685273/lecture-‐notes	  



The goal of this program is to make a theoretical description of aspects of the 
cosmological model that are needed to derive quantities related to observables.  
Most topics of the program are elements of a general pipeline for cosmological 
parameter estimation: 



Main resource:  
 
- I. Tereno - Cosmologia Fisica slides (~1000 pages) 
 
 
Books of intermediate level: main books 
	  
-‐	  D. Lyth and A. Liddle - The primordial density perturbation (2009), Ch. 6-12 
 
- P. Peter and J.P. Uzan - Primordial Cosmology (2009), Ch. 3,5,6,7 
 
- Y. Wang - Dark Energy (2010), Ch. 1,2 (a quick summary of most topics of the course),  
Ch. 4-7 (details on the main cosmological probes) 
 
- L. Amendola and S. Tsujikawa - Dark Energy (2010), Ch. 1-5, 13,14 
	  
	  

Bibliography	  	  	  



 
	  
Books of intermediate level: other books 
	  
- S. Weinberg - Cosmology (2008), Ch. 1,2,5,6,8,9 
 
- J. Peacock - Cosmological Physics (1999), Ch. 15,16 
 
- V. Mukhanov - Physical Foundations of Cosmology (2005), Ch. 1,2,6,7,9 
 
- H.Mo, F. van de Bosch and S.White - Galaxy formation and evolution (2011), Ch. 4-6 
 
- S. Dodelson - Gravitational Lensing (2017) (focus on gravitational lensing only) 
 
 
Books of advanced level	  
	  
- S. Dodelson and F. Schmidt - Modern Cosmology  2nd ed. (2021) (focus on the 
inhomogeneous universe theory and tests) 
 

Bibliography	  	  	  



Books of introductory level 
 (they usually have more details on the homogeneous universe than the more advanced 
books) 
	  
-‐	  P. Coles and F. Lucchin - Cosmology 2nd ed. (2002), Ch. 1,2,4,10-19 
 
- S. Serjeant - Observational Cosmology (2010) 
 
- M. Longair - Galaxy Formation 2nd ed. (2008), Ch. 1-8, 11-18 
 
- G. Borner - The Early Universe - facts and fiction (2003), Ch. 1,2,4,10,11 
 
- P. Schneider - Extragalactic Astronomy and Cosmology - an introduction (2006),  Ch. 4,7,8 

- B. Ryden - Introduction to Cosmology (2006) 
 
	  
 



Lecture notes 

You can search for some good lecture notes on-line, for example: 
 
Intermediate level 
Luca Amendola - Introduction to Cosmology 
Daniel Baumann - Cosmology 
Julien Lesgourgues - Cosmology  
 
 
Advanced level 
Oliver Piattella - Lecture notes on cosmology 
 
 
Introductory level 
Michael Hudson - Cosmology 
Matthias Bartelmann - Observing the Big Bang 
Matthias Bartelmann - Cosmology  
 
 



 
 

Introduc5on	  
 

A physical model for the Universe 
 
 
 

 



Gravity (General Relativity)  
 
     Tested on various scales 

measurement GR 

Newton 

à metric 
 
à Einstein equations 

1921	  
Awarded	  to	  Albert	  Einstein	  "for	  his	  
services	  to	  TheoreQcal	  Physics,	  (and	  
especially	  for	  his	  discovery	  of	  the	  law	  
of	  the	  photoelectric	  effect).”	  (1/1)	  

Physical Cosmology: a physical model for the Universe  



+ Cosmological principle 
 
        à metric is Robertson-Walker, spherically symmetric with two degrees of 
freedom: a, K à and two related cosmological parameters: H0, ΩK 
 
 
 
 
 
 
 
 
 
+ Olbers paradox  
 
      à scale factor a must evolve 

  



+ Observations of the recession of galaxies 
 
à Expansion     Big Bang 
 
à Thermal history 
 
à Existence of a universal  

background radiation: 
     CMB 

  
 
 
 
à horizon, flatness and coincidence problems:   solved by the Inflation mechanism   

1978	  
Awarded	  to	  Arno	  A.	  Penzias	  and	  
Robert	  W.	  Wilson	  "for	  their	  discovery	  
of	  cosmic	  microwave	  background	  
radiaQon.”	  (1/4	  +	  1/4)	  



+ Observation of anisotropies in the CMB 

à Existence of perturbations to the  
cosmological principle  
 
à Problem of the origin of the  
 perturbations 
 

 Solved by the mechanism of quantum fluctuations + inflation + 
 + gravitational collapse  

	  

2006	  
Awarded	  to	  John	  C.	  Mather	  and	  George	  F.	  
Smoot	  "for	  their	  discovery	  of	  the	  blackbody	  form	  
and	  anisotropy	  of	  the	  cosmic	  microwave	  
background	  radiaQon.”	  (1/2	  +	  1/2)	  



+ Measurement of the anisotropies in the CMB  
 
     Their amplitude is very small δT ~10-5 à  very small clustering at z=1100 (δb 
~10-5)   
 
     + Gravitational collapse is small (δb grows only a factor ~103 until z=0)  
 
      + There are structures with large density contrast δ (large clustering at z=0) 
 
 

 à Problem of the mechanism of structure formation  
 

          Solved by the hypothesis of the existence of an extra  
          component in the cosmological fluid - Dark matter à CDM model 

 

2019	  
Awarded	  to	  P.	  James.	  E.	  Peebles	  ”for	  
theoreQcal	  discoveries	  in	  physical	  
cosmology”	  (1/2)	  



+ Non-linear gravitational collapse 
 

 à Formation of dark matter halos and collapse of baryonic matter on those   
 halos (neutral Hydrogen HI clouds that condense and form the first stars) 

 
 à New radiation ionizes the HI clouds, forming inonized Hydrogen 
 regions HII -  the reionization of the Universe 



+ Galaxy formation 
 

 à The gravitational collapse does not describe all aspects of structure 
 formation. Non-gravitational effects associated to the baryonic matter start 
 to be important at this stage:  

 
 

         Cooling -  the has gas to cool-down to condense, 
    losing pressure  falls into the center of the 
    halo where it can form stars. Angular 
    momentum conservation during the fall 
    produces a disk à spiral galaxies   
   
       Feedback - the quantity of cold gas available 
    decreases by influence of the environment 

 
        Mergers	  -‐	  frequent	  interacQons	  between	  halos	  may	  
	   	   	   	  form	  ellipQcal	  galaxies	  from	  primiQve	  spiral	  galaxies.	  	   
  

 



+ Observations of properties of small-scale structure (kpc) 
 

 à Problem of the radial density profile of structures (cusp/core) 
 

 à Problem of lack of structures (satellite galaxies) 
 

 à Problem of the satellite orbital plane   - possibly solved in 2022 with new 
simulations and Gaia 6-dim data (Sawalla et al, arXiv: 2205.02860) 
 

  
Several problems not yet solved, leading to hypothesis of existence of other 
types of dark matter (Warm Dark Matter, Interacting DM), interacting DM/baryons 
in dense environments (Baryon feedback), hypothesis of modifications of GR on 
galactic scales (MOND)   
	  



+ Measurements of distances to Supernovas 
 
SN at all redshifts are fainter (more distant?) than expected from the dL(z) predicted 
by the CDM cosmological model 
 
     à The Universe changed from a decelerated expansion to an accelerated one 
 

 Solved by assuming the existence of an extra component 
 in the cosmological fluid  - Dark energy à ΛCDM model  

  
     à The theory of gravitation on large scales is not GR  
 

  New “modified gravity” theory not found yet 
 

2011	  
Awarded	  to	  Saul	  PerlmuOer,	  Brian	  P.	  
Schmidt	  and	  Adam	  G.	  Riess	  "for	  the	  
discovery	  of	  the	  acceleraQng	  expansion	  of	  
the	  Universe	  through	  observaQons	  of	  
distant	  supernovae."	  (1/2	  +	  1/4	  +	  1/4)	  



In Summary: General Relativity + Big Bang + Inflation + Gravitational clustering + 
cosmological fluid that includes dark matter of the type cold and dark energy of the 
type cosmological constant. 
 
This physical model has been the standard model of the Universe since the 
beginning of the XXIst century and it is known as ΛCDM.  
	  
	  



ΛCDM is a complex model 
 
It is a theoretical construction supported by observations. 
 
It includes a variety of physical processes that occur in a variety of epochs, in a 
variety of scales and contains a large number of free parameters. 
 
The values of the cosmological parameters determine the details of the 
expansion of the Universe and the evolution and formation of its large-scale 
structures à they determine the ”cosmology”. 
  
 



fundamental 
cosmological 
parameters 

nuisance 
parameters 
(of the 
particular 
cosmological 
probe) 

derived 
cosmological 
parameters 



Map of the observed Universe  - logarithmic scale and showing the 
astrophysical objects in their actual coordinates 
 
(Gott et al. 2005) http://www.astro.princeton.edu/universe/ 

Distance from the centre of the Earth (Km)  
 
1000 - 500 000 



Distance from Earth (AU) 
 
0.05 - 100 
 
(1 AU = 150 000 000 Km) 
 



Distance from Earth (AU) 
 
100 - 100 000 



Distance from Earth (pc) 
 
1 - 1000 
 
(1pc = 200 000 AU) 



Distance from Earth (Kpc) 
 
1 - 3000 
 
 



Distance from Earth (Mpc) 
 
5 - 10 000 
 
 



Artistic image of Gott’s map (P. Budassi 2015) 



New map of the observed Universe  - logarithmic scale, showing 200 000 
galaxies from the SDSS archive in their actual coordinates. 
 
(Ménard & Shtarkman, Nov 2022) http://mapoftheuniverse.net/ 

Distance 
from the 

Milky Way 
 
0 - 1 Gyr 
 
z = 0 - 0.07 



Distance from the Milky Way 
 

 0 - 4 Gyr             z = 0 - 0.3 



Distance from the Milky Way 
 

 0 - 13.7 Gyr             z = 0 - 1000 



Movie of the observed Universe 
 
(The Rubin Museum of Art and the American Museum of Natural History) 
 
https://www.youtube.com/watch?v=17jymDn0W6U 

The Known Universe 

How are these data obtained  
and 

how are they used to find the parameter values? 



Current Observatories (ground and *space) and Surveys 

*XMM  
*Chandra    Xrays 

*GALEX     UV       

*HST (COSMOS, HDF, etc) 
VST/VLT (KiDS) 
Blanco (DES) 
Sloan (SDSS, BOSS)    Optical 

à galaxies, Ly_α 
à cosmic shear 
à galaxy clustering,  

LSS map 

*JWST 
*Spitzer (GOODS)   
CTIO (2MASS)       NIR à map of nearby galaxies, 

     peculiar velocities 
*Herschel 
ALMA          FIR / Submm à distant galaxies 

à star formation 

à clusters 

ACT ,  *WMAP,  *Planck      MW à CMB, SZ clusters 

LOFAR,  VLA       Radio à Reionization, 21cm 

à distant galaxies 



Cosmological probes:  extracting cosmological information from the data 
 
     - Weak Lensing 

Correlation of 
ellipticities 



- Galaxy Clustering 

BAO peak 

Amplitude  
of  
clustering 



- Supernovas  
 

Distance vs redshift relation 



- Cosmic Microwave Background 

(Foregrounds) 



(Cosmological signal in each channel) 



Temperature and 
polarization maps:  
 
combining 9 frequencies, 
removing foregrounds, 
reconstructing the galaxy 
plane  

Temperature correlation 
 Polarization correlation 



- Clusters of galaxies 

Cluster abundance 
(mass function) 



and many other cosmological probes: 
 
- Lyman alpha (probes the intergalactic medium) 
 
- 21 cm maps (probes neutral hydrogen) 
 
- Redshift drift (direct measurement of the expansion) 
 
- Time-delays from double images (probes the geometry of space) 
 
-  … 



American programs:  
 
National Research Council Decadal Survey 2020  
 
 - Vera C. Rubin observatory (2024): ground (imaging) 
(previously named LSST “Large Synoptic Survey Telescope”) will conduct the LSST 
survey (“Legacy Survey of Space and Time”) 
 
 - Nancy Grace Roman space telescope (2027): space  
(previously named WFIRST “Wide-Field Infra-Red Survey Telescope”) 
 
Department of Energy / National Science Foundation 
 
 - DESI “Dark Energy Spectroscopic Instrument” (2020): ground (spectroscopic) 
 
 Explorers Program (NASA) 
 
- SPHEREx “Spectro-Photometer for the History of the Universe,  
Epoch of Reionization, and Ices Explorer” (2025): space  

In the near future: new cosmological observations already planned in the 
European and American programs will obtain maps of the extra-galactic sky on 
different bands, at different redshifts, using telescopes of different apertures and 
field-of-views. 



European program: Cosmic Vision (ESA) 

8 medium and large space missions 
 
2020 - M1 - Solar Orbiter 
 
2023 - M2 - Euclid ( PT: António da Silva, Ismael Tereno) 
 
2023 - L1 - JUICE “JUpiter Icy moons Explorer” 
 
2026 - M3 - PLATO “PLAnetary Transits and Oscillations of 
stars” (PT: Nuno Santos) 
 
2029 - M4 - ARIEL “Atmospheric Remote-sensIng Exoplanet 
Large-survey” (PT: Pedro Machado) 
 
2031 - M5 - EnVision (Venus mission) 
 
2034 - L2 - ATHENA “Advanced Telescope for High-ENergy 
Astrophysics” 
 
2037 - L3 -  LISA “Laser Interferometer Space Antenna“  



Nowadays there is much interaction between theory and observations. 
  

 Modern research in cosmology deals with:   

- Testing cosmological models 
 

 Compute theoretical predictions of ΛCDM or alternative models for various 
observables 
 

 Find an explanation for the tensions that exist between various 
observations (such as different values of H0 when obtained from local 
measurements or from CMB observations; different value of σ8 from CMB and LSS 
measurements). Does it come from experimental systematic effects of is it an 
evidence for the need for a new model (or new physics) ?   
 

 Determine the values of the cosmological parameters with increasing 
precision and accuracy 
 

  
 



- Make theoretical improvements to ΛCDM 
 

 Build new models of dark energy  
 

 Characterize the relation between dark and baryonic matter, introducing 
more baryonic effects in the description of structure formation (interface 
cosmology-astrophysics) 
 

  - Explain new observed effects 
 

 The acceleration of the expansion is caused by dark energy or can it be 
predicted by a new gravitational theory of large scales (modifications to General 
Relativity)? 
 

 The small-scale anomalies (cusp/core problem and lack of galaxy 
satellites) are an evidence against cold dark matter? 
 

 The CMB anomalies (multipoles alignment, cold spot) are systematic 
effects or fundamental physics?  
 

 The Lithium problem (nucleosynthesis predicts more primordial Lithium 
than it is observed) 



- Caracterize systematic effects that contaminate the observations 
 

 Intrinsic alignments of galaxies affect gravitational lensing 
 

 Unknown SN absolute magnitudes affect SN distance measurements 
 
 
- Define and derive the properties of new observables and estimators 
 

 Intensity mapping (21 cm) 
 

 Signal-to-Noise properties of different estimators of the same observable  
 

 Estimate the gravitational lensing signal from measured ellipticities 
 
 
- Detect new effects predicted by the ΛCDM model 
 

 Primordial gravitational waves  
 

 CMB polarization 



- Plan and build new cosmological surveys  
 

 Future space missions 
 
 
- Understand the nature of the ΛCDM assumptions 

  
 What is dark energy (and does it really exist?)  

 
 What is dark matter (and does it really exist?)  

 
 Did inflation really happen?  

 
 Test the cosmological principle 

- Understand the beginning of the Universe  
 

 Problem of the initial singularity 
 

 Quantum gravity 


