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TheDiscovery of the acceleratedexpansión of the
Universe(1998) wasa hugesurprise, sincethe
expectationwasexactlythe oppositedueto

thgarevityaction(attractiveand non repulsive)

The dark energy is the mechanism that

causes the accelerated cosmic expansion

Einsteiń sCosmologicalConstant
A new forcefieldόάquintessenceέύ
Modificationsto General Relativity

What is dark energy?



WHAT DO WE KNOW ABOUT DARK ENERGY?

1)It emits no electromagnetic radiation

2)It has large and negative pressure

3)Its distribution is homogeneous. Dark energy does not cluster

significantly with matter on scales at least as large as galaxy clusters

Dark energy is qualitatively very different from dark matter. Its pressure is
comparable in magnitude to its energy densisty (it is energy-like) while
matter is characterized by a negligible pressure

Dark energy is a diffuse , very weakly interacting with matter and very

low energy phenomenon. Therefore , it will be very hard to produce it in 

accelerators . As it is not found in galaxies or clusters of galaxies, the

whole universe is the natural (and perhaps the only one) laboratory to

study dark energy.

No well-motivated theoretical explanations for dark energy

Very likely, progress will come from improving observational constraints



The Cosmological Constant Case

All currentobservationsare compatible with darkenergybeingthe cosmologicalconstant. This
is the mostplausible and the mostpuzzlingdarkenergycandidate.

w= -1 with ~10% precisionassumingflat universeand constantw

There is no physical explanation for Lfrom the particle theory . If it is the
vacuum energy

WL~0.7                rL~(10 meV)4

While the estimate from QFT is

rL~M4
Planck~10120 x (10 meV)4



Methods to studydark energy

SupernovaeIa BAO

Galaxy
Clusters
Counts

Gravitational
Lensing

Redshift SpaceDistortions



SupernovaeIa
The dark energy was discovered with this technique.

It is still the best controlled method

SN Ia are EXCELLENT DISTANCE INDICATORS

Searching Strategy

Rolling Search

Observingsystematically
the sameskyarea

Clasification

Spectraand colorsof the
supernovae

Light Curves

In manycolors
E. Sánchez TAE 2012



SupernovaeIa
SN Ia are GOOD DISTANCE INDICATORS

Not real standard candles, but standarizable

Calibrated with nearby supernovae, cepheids and theoretical models

The shape of the light curve is related to the luminosity : 
Several very precise models(SALT2, MLCS2k2é) that allow

fitting all the SN characteristics





Graphics: A. PapadopoulosShallow field search for SNeIa



Shallow field search for SNeIa Graphics: A. Papadopoulos



SN Ic z=0.06

Shallow field search for SNeIa Graphics: A. Papadopoulos



SupernovaeIa
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M = Absolute 
Magnitude(known
for standard 
candles), 
m =  apparent
magnitude
(measuredfor each
supernova)

Once the
magnitudes are 
measured, build

the Hubble 
diagram

And fit the
cosmological
parameters

Betouleet al.,A&A, 568 (2014) A22



Betouleet al.,A&A, 568 (2014) A22



Latestresults(2017)

More than 1000 supernovae

Thecosmologicalconstantremainsa 
goodfit to the data

D. O. Jones et al., 
ApJ857 (2018) 51
arXiv1710.0084 [astro-ph]



BaryonAcousticOscillations(BAO)

TheearlyUniversewasa stronglycoupledgas of photonsand chargedparticles(and neutrinos 
and darkmatter)

Overdensitiesmakeoverpressuresand a soundwave in the gas Ą BAO



For z>>1000 the universewasa stronglycoupledgas 
of photonsand chargedparticles(and neutrinos and 

dark matter)

Overdensitiesmakeoverpressuresand a soundwave 

in the gas, wich propagateswith velocity ╬Ⱦ

Forz ~ 1100 (t ~ 350 000 yr), temperature is low
enough(3000 K) for the formation of hydrogen. 
Photonsdecoupleand propagatefreely (CMB)

Photonsquicklystreamaway, leavingthe baryon
peakstalledat ~150 Mpc.

Thereis a specialseparationbetweengalaxies: 
150 Mpc, that can be usedas a STANDARD RULER

BARYONS PHOTONS DENSITY 

PROFILE

BAO



Plotting the density profile we see that the peak is indeed very weak, 
but measurable

https://www.cfa.harvard.edu/~deisenst/acousticpeak/acoustic_physics.htm

Galaxies form in the overdenseregions 
Mostly, where the initial overdensitieswere 
However, there is a 1% enhancement in the regions 
150 Mpc away from these initial overdensities. 
Hence, there should be an small excess of galaxies 
150 Mpc away from other galaxies, as opposed to 120 
or 180 Mpc. We can see this as a single acoustic peak
in the correlation function of galaxies. 



Measuring2 distanceswith standard rulers:
Angular diameterdistanceĄDA(z; ҠM, ҠB, ҠɽΣ ǿΧύ
Expansionrate (alongthe LoS) ĄH (z; ҠM, ҠB, ҠɽΣ ǿΧύ

Differentsensitivityand systematicerrors



Cosmologicaldistances
Thecomovingdistanceto a light sourceat redshiftz is:

Fora EuclideanUniverse, the angular diameterdistanceis : dA = r(z)/(1+z)

Therefore, from a set of standard ruler measurementsat different redshifts, we will
havemanyvaluesof r(z), and we can fit the cosmologicalparameters

Standard 
ruler size



Theconcrete expressionsin the BAO case are

The
observable 
quantities
are angles

and 
redshifts



BaryonAcousticOscillations
Measureposition and redshiftof the galaxies, compute the correlation
function(or powerspectrum) and locatethe excess

Very robust technique. Not affected by astrophysical systematic

effects

SDSS
2005

z ~ 0.35



Redshiftsurvey: BOSS (SDSS-III)

Apache Point Observatory

Dedicated 2.5m Telescope

1000 spectra 
simultaneously

BOSS took data from 2008 
to 2014

There is currently a SDSS-IV phase, with the survey 
eBOSS(extended BOSS)



SeveralGalaxy samples, selectedto
mapdifferent redshift ranges

LuminousRed Galaxies(z < 0.4) Ą
Brightestand reddestgalaxies

CMASS Galaxies(0.4 < z < 0.7)  Ą
More luminousand massive
galaxies

In addition, a quasarsample
that coversthe redshift range
2.15 < z < 3.5, to use the Ly-ʰ

forest as a cosmological
probe



Foreachof
thesesamples, 
compute the
correlation
function.

Identify and fit
the BAO peak

position 



Alam et al. 2017

BOSS Final Results



Current
Hubble 
Diagram

usingBAO 
angular 

distances

Perfectly
describedby
ɽCDM, but not

by other
cosmological

models

Precisionsof the
percentorder



Anisotropicclustering

Measuringangular and 
radial BAO separately

Redshiftspace
distortions

Thefull BAO power



Thefull BAO power

BOSS DR12 anisotropic
correlationfunction

TheBAO signalappearsas 
a ring at s=110 Mpc/h

RSD distort the contours, 
whichdeviatefrom
perfectcircles

Usable for cosmology



Theshapeof the correlation function changesdramaticallywhen RSD are included
Howeverthe BAO peakposition doesnot change

BAO is very robust againstsystematicerrors

RedshiftSpaceDistortions(RSD)



RSD havebeenmeasuredin real data

Spectroscopic
surveysare sensitive

to RSD, sincethe
radial distancesare 

not measured
directly, but using
the Galaxy redshift

Theyare affectedby
the peculiar velocity

of the galaxy





Fingers
of God

Overdensity
Redshift
Space

Cluster
Overdensity

Real 
Space

Why RSD?

Theyare a consequenceof peculiar velocitiescomingfrom structure
Theycarryveryvaluableinformation about cosmology



RSD changethe shapeof the power spectrumand the correlation function: Kaiser effect

f is the Growth rate and ɹ is the growth index. 
For GR ɔ~ 0.55

Assuming peculiar velocities are small, the observed redshift of an object zo is altered from its 
comoving redshift z (the shift due only to the expansion) by zo = z + vz, where vz is the projection 
of the object's peculiar velocity along the line of sight (in units of c). Thus, this object will be 
assigned a radial comoving distance given by

The power spectrum (and the correlation function) becomes asymmetric. The radial and angular 
directions become different



Currentstatus of Growth Factor Measurements



BAO Hubble diagramfor different definitions of Distances



Current Hubble Parameter Measurements using BAO Standard Ruler 



Numberof Galaxy clusters

The number of Galaxy clusters as a function of redshift is
very sensitive to the cosmological parameters (including dark
energy properties )

Sensitiveto distancesand 
structuregrowth

Mohr (2005)
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Identifyand measurethe Galaxy clusters:

Sunyaev;DK½CNUHBG

X Rays

Optical Images 

Gravitational Lensing

newlydiscovered
supercluster, PLCK 
G214.6+37,

PLANCK Data 
release

(16/01/2011)

SPT Results
R. Williamsonet al., 

arXiV:1101.1290 astro-
ph (2011)

SPT-CL J2344-4243
Z=0.62
Blanco/mosaic-II irg

SPT-CL J2337-5942
Z=0.775
Spitzer-Magellanig

Measurethe massand 
the redshiftof the
cluster

Massfrom SZ, X rays
or/and lensing
z from opticalimages
and spectra

Numberof Galaxy clusters





WeakGravitationalLensing

Radiation is deflected in gravitational fields Ą Image distortion
Since the effect comes from the gravitational field, it is sensitive to all 

matter/ energy, including dark matter and dark energy

STRONG LENSING WEAK LENSING



The effect depends on the lens mass and the distances between 
observer, lensand source:

Window to the mass (mostly dark matter) distribution in the 
lenses
Windowto cosmologicalparameters:
CosmologychangesdistancesDd, Ds, Dds
Cosmology changes the growth rate of mass structures in 
the universe

WeakGravitationalLensing

Use galaxiesas tracers

Measurethe shapesof background
galaxiesĄGalaxy shapesare distortedby
interveningmassĄ Infer massintegrated
alongthe line of sight



WeakGravitationalLensing
Effectexageratedbyx20

Small and difficult to measureeffect, but observable



WeakGravitationalLensing
Effectexageratedbyx20

Small and difficult to measureeffect, but observable
Control the measurementusingknownpointlikeobjectsĄ stars



small patch on sky filled with (elliptical) galaxies
(unrelated objects with different redshifts)

=> the average shape will be circular:

WeakGravitationalLensing



small patch on sky filled with (elliptical) galaxies
(unrelated objects with different redshifts)

=> the average shape will be elliptical:

+ weakgravitational
lensing!
(lightpathsbecomerelated)

WeakGravitationalLensing



WeakGravitationalLensing



WeakGravitationalLensing



WeakGravitationalLensing



The
distortion
matrix

Great potential for cosmology

WeakGravitationalLensing

Geometry: Comovingdistanceto lens, 
sourceand scalefactor

Growthof structure: Densitycontrast














