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Previous: How to measurecelestial objects

Position in the sky
Distance
Recessionvelocity
Otherproperties: Temperature, density, 
chemicalcompositionΧ



Equatorialcoordinates: right ascension, declination

Thelargecosmological
projectsdo use equatorial

cordinatesto locate
objectsin the sky

Thethird dimension
(distance) is muchmore 

difficult to measure



MeasuringDistances: TheCosmicladder

COSMOLOGYThedifferent methods
are chained



Spectratell usthe recessionvelocityof celestial objects

Spectrallineschangetheir
positions whenthe sourceis

moving

Themeasurementof line´s
displacementallowsto obtain
the recessionvelocityof the

source. 

z = (˂ - 0˂)/ 0˂

Forsmallz, v ~ cz
˂ Ґ measured; ˂ 0 = at rest ; c = light



2 main measurements for

Cosmology: 

Distanceas a functionof z

Theformationand evolutionof
cosmicstructures(superclusters, 
clusters, galaxiesΧύ



CosmicDistances: Standard Candlesand Standard Rulers

FromWiggleZCollab.
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Thepropertiesof the initial fluctuationsdetermine the propertiesof the LSS

Importantpoint: Inflaton isa quantum fieldĄ Wecannotpredict the specificvalueof the
fluctuations, but only their statisticalpropertiesĄOurpredictionsfor the LSS are statistical

LSS Formation and Evolution: General Idea
Generationof fluctuations: Quantum fluctuationsof the inflaton becomeclassicdue to the
wild inflationary expansión. At the endof inflation the inflaton field decaysinto particles
Quantum fluctuationsof the fieldĄ fluctuations in the numberof particlesĄ fluctuations in 
the energydensity

Inflation generatesinitial conditions, (Gaussian)  i. e. seedsfor the LSS: 

Gravitydoesthe rest



¿How are observationsmade?

Powerfultelescopes
on earthand in space

In manywavelengths

Alsoother signals
(besidesof light)  are 

observed(cosmic
rays, neutrinos, 

gravitationalwavesΧύ



How observacionsare done

Manyobservationaleffectsin the measurement

Light source

The atmosphere

Telescope and 
optical system

Camera

Electronics+DaQ

Data processing
and calibration

Scientific analysis

Differentkindsof
telescopesand detectors, 
dependingon the desired
observations



The
Blanco 
Telescope
in Chile

Its mirror
has a 
diameter
of 4m (the
largestare 
~10m)



TheBlanco Telescope, in Chile



Imagefrom darkenergydetectives.org





Mapof the CMB from the spacetelescope
Planck



TheMilky Wayin  different wavelengthslof the electromagneticradiation



Theobjects(usuallygalaxies) are detectedusingdedicatedcomputing
programs

Toobtaincosmologicalresults:
ÅMeasureobject́ sposition in the sky
ÅClasifyobjets: Stars, galaxia¡es, quasarsΧΚ
ÅMeasurez

Fromimagesto results





TheUniversestarted in an initial state
extremelydense and hot, and sincethen it is

expandingand cooling
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Thecosmologicalprinciple

The Universe is homogeneous and isotropic

Theuniversepropertiesare 
independentof the position 
and of the direction. 

It is verified only for regions

with a size around 100 Mpc

or larger

The Big Bang theory is able to explain why this happens. It

describes how structures that we observe in the Universe are 

formed.



Gravity is spacetimecurvature
ySpacetimetells matter how to move; matter tells spacetime how

to BTQUDqyu J. A. Wheeler

General RelativityTheory



a: scalefactor of theuniverse

R: Radiusof curvature(cte.)

t: propertime

r: comovingdistance

TheGeneral Relativitypredicts
an expanding(or contracting) 

Universe

3 possiblegeometries:
ˊ ғ Ć Ą open (hyperbolic)
ˊ Ґ Ć Ą flat (euclidean)
ˊ Ҕ ĆĄ closed(eliptic)

Themetric isa consequenceof the cosmologicalprinciple

FLRW Metric
Friedmann-Lemaitre-Robertson-Walker

ScaleFactor: Howdistancesgrow
with time
Cosmictime: Thetime measured
by a comovingobserver(follows
the expansión)
ComovingCoordinates: They
expandwith the Universe



The
comoving
coordinates
do expand
with the
Universe 3 possiblegeometries

FromScientificAmerican



The redshift is a measurement of the Universe scale

when the light was emitted

Theobervedlight of the galaxiesis redshifted
becausethe Universeis expanding

The expansión of the

space pulls the light and 

increases its wavelength

Ą Redshift



Substitutingthe FLRW metric in the Einstein Eqs., we obtain the
Friedmanneqs.:

G = NewtonËsConstant

ɟ= Energy Density

p = Pressure

ȿ = CosmologicalConstant

We need to specify the matter species that the Universe 
contains to solve the equations

Equation of State for perfect barotropic fluids: p=wɟ

Energy-momentum
tensor for a perfect

fluid



In additionto Friedmanneqs., the continuityequation

TheUniversecontainsa mix of fluids, with p=ẃ
- matter (both ordinary or dark): p=0, w=0
- radiation: P=ɟ/3, w=1/3

- CosmologicalConstant: p=-ɟ, w=-1
- Dark Energy w=w(t)<-1/3 (to have accelerated expansion)

Given the EoS, it relates the density with  
the scale factor

Foreachmatter type, the densitychangesin a different waywith the
scalefactor:

Matter: a-3

Radiation: a-4

CosmologicalConstant: Constant!!!



Theexpansión rate of
the Universedepends

on the EoSof its
components



Distances
Thecomovingdistanceto a sourceof redshiftz is:

Therefore, from a set of standard rulers or standard 

candles with different redshifts , we will have many

values of r(z) , from which we can obtain ɋm, w, etc.

Severaldistancescan be measuredobservationally

Luminositydistance: ά{ǘŀƴŘŀǊŘ Candleέ with luminosityL
˒ Ґ [κпd̄L

2; dL=r(z)(1+z) (flat Universe)

Angular diameterdistance: ά{ǘŀƴŘŀǊŘ Rulerέ with lengthl
ɲ̒=l/dA ;  dA=r(z)/(1+z) (flat Universe)



Angular DiameterDistance LuminosityDistance

STANDARD 
CANDLES

STANDARD 
RULERS

astro-ph/9905116 astro-ph/9905116



FromScientificAmerican



FromScientificAmerican



From
Scientific
American



From
Scientific
American



The 
observable 
Universe is 
finite

Around half 
of the 
galaxies in 
this image of 
the HUDF are 
beyond the 
cosmological 
event 
horizon.

The light 
they are 
emitting now 
will never 
reach the 
Earth!!!



OBSERVATIONAL BASIS



Observationalverification of the cosmologicalprinciple

Isotropy: Verifiedwith
a precisión of 1 part in 
105 usingthe CMB

Homogeneity: Verydifficult to observe. 
Confirmedthat Galaxy distributiontends
to uniformity with a few percent
precisión for distancesof the order of
100 Mpc

Peacock& Dodds, 
MNRAS 267 (1994) 1020

WMAP Collaboration



Expansion: TheHubble Law

Galaxiesrecedefrom the Earthwith a velocitythat isproportionalto the
distance. The Universe expandsas expected from the cosmological
principle

cz~ v = H d= 
╪

╪
▀

H= Hubble constant (km/s/Mpc), v=velocity, d=distance

Hubble Diagramwith SN 1A
FromPDG 2014



THE COSMIC MICROWAVE BACKGROUND

Oneof the decisivepredictionsof the BigBang
Comes from the matter-radiation decoupling, when the Universe had

380000 years. That means fromt13800 million years ago!!! (If the Universe

is a 80 years old person, the CMBis a picture when was 13 months old!!!)

The confirmation that the CMB is not completely uniform was

done in 1992 . Its small anisotropies are the imprint of the origin

of all the structures we see today (clusters, galaxies, stars,t)



TheCosmicMicrowaveBackground(CMB)
It was producedat a temperature of 3000 K, when the Universewas
cold enoughto form atoms, and it hasbeencoolingsincethen because
of the cosmicexpansion

Black BodySpectrumat 2.72548 Ñ0.00057 K



TheCosmicMicrowaveBackground(CMB)

TheUniversewashotter in the past

Thecoolingrate isexactlypredictedby the Big 
Bangtheory

P. Noterdaemeet al., 2010



TheCosmicMicrowaveBackground(CMB)
Thepowerspectrumof
the CMB dependson the
cosmologicalparameters

Thepowerspectrum
describes the sizeof
fluctuationsas a function
of the size

Hu& Dodelson, 
ARAA 40 (2002) 171



TheCosmicMicrowaveBackground(CMB)

ESA & Planck Collab.

ɽ/5a
Planck Data

Extraordinary agreement betweenɽCDM and data 

The spatial geometry of the Universe is Euclidean



Theprimordial nucleosynthesis

Measuretheir abundancies:

DĄ absortionlinesin QSOs
4HeĄ ExtragalacticHII regionsof
low metallicity(O/H).
7LiĄDwarfstarsin the galactichalo. 
Largesystematicerrors.

Thelightest
atomicnuclei
formed in the
first quarterof
hour of the
Universe(from
~3 minutes to
~20 minutes 
after the BB)

Izotov & Thuan, ApJ 511 (1999), 639 Charbonnel & Primas, A&A 442 (2005) 961 

astro-ph/0208186



Nucleosynthesis: non-baryonicdark matter

Abundanciesof primordial 
elementsmeasurethe

numberof baryons

Isa well-knownphysics
(atoms)

Thenumberof photonsper 
baryonismeasuredin the
CMB. In perfectagreement

with the abundances!

THERE IS NON-BARYONIC 
DARK MATTER!

FromNed Wright



SupernovaeIa: dark energy
Supernovaeare the resultof the violentdeathof massivestars. Theyare extremely
bright, therefore, can be seenup to hugedistances

SN1a: Binarysystemsred giant-White dwarf

Thewhite dwarf getsmassfrom the red giant

Whenit reachesthe Chandrashekarlimit, it explodes. All are identical, sincethey
explodewhenthe limit is reached(stellaramnesia)

A. Conley, AJ 132 (2006) 1707z > 0.589
z < 0.589



SN 1998aq



SN2011ef

arXiv:1302.1292 [astro-ph]

Theclosestand brightestknown1a. In the M101 galaxy, at z=0.000804, or 6.4 Mpc.  


