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1990´s: Contradictions in our understanding of the Universe! 

- Cosmic Age < Globular Clusters Age 
- Too much small scale structure 
- Measured Average Density not 1 but close, why? 

Theoretical Bias suggested mostly by theoretical simplicity:   
Flat Universe             ,  matter dominated (baryonic + cold dark), 
 scale invariant initial perturbations. 

 The model needed to be modified or extended!   
at least modify one of the following hypothesis-- 
“flat,” “cold DM,” “scale invariant,” perhaps “made only of matter”

Ω = 1



High Redshift SN and Expansion History: Acceleration 
Just recently 

Fa
in

te
r

B
righter

1.0

0.5

0.0

-0.5

-1.0

R
el

at
iv

e 
B

rig
ht

ne
ss

 (Δ
m

)

0.0 0.5 1.0 1.5 2.0

Redshift z

Freely expanding

Constant deceleration

Acceleration/ 
Deceleration

Constant acceleration

Found: Hubble, 
Followed: Hubble

Dark Matter Dominated 

Found: Ground, 
Followed: Hubble

Dark Energy Dominated 

present past

Freely expanding

Constant deceleration

Constant acceleration



Cosmic Background Radiation (Sound speed plasma 
photons+baryons) 

400,000 yrs after Big Bang  
400,000 lyrs. Acustic Horizon 
from cosmology, baryons, photons

ΩTot = [θpeak(deg)]-1/2.   

Observation: θpeak = 1o. 

Universe is flat:  
then we need an extra component

ΩTot = 1 .

fla
t

positively 
curved

negatively 
curved

[Miller et al.; de Bernardis et al; WMAP]



Concordance: 

ΩΜ = 0.3,   

ΩΛ = 0.7 .



Acceleration constrains the  Dark Energy equation of state 
(pressure to density ratio)

w =    / w < -1/3 para que haya aceleración
¿Is w, constant? We must accurately measure the expansion history?

what if we change G instead?

What is Dark Energy: Constant? Scalar Field?



¿What is the DE Nature?

• Cosmological Constant?  
• Dynamical Dark Energy: Scalar field: Quintesence, k-esence 
• Gravity Theory 
• How can I distinguish between them?? 
•



  smoothly distributed through space? 
  varies slowly (if at all) with time 

            ρ ≈ constant  (w ≈ -1)

Dark energy could be exactly  
  constant through space and 
  time: vacuum energy (i.e.  
  the cosmological constant Λ). 
  
Energy of empty space.  
Minimum Energy Level of Fields

(artist's impression 
of vacuum energy)

1.  Vacuum Energy (the Cosmological Constant)

What we know about dark energy:



The Gravitational Physics Data Book:

Newton's constant: 
     G = (6.67 ± 0.01) x 10-8 cm3 g-1 sec-2 

Cosmological constant: 
     Λ = (1.2 ± 0.2) x 10-55 cm-2

If we set h = c = 1, we can write  
G = EPlanck

-2 and ρvac = Evac
4 , and 

    EPlanck = 1027 eV ,    Εvac = 10-3 eV . 

Different by 1030.

Could we just be lucky?



Supersymmetry can squelch the vacuum energy; unfortunately, 
in the real world it must be broken at ESUSY ~ 1012 eV. 
Typically we would then expect 

            

which is off by 1015.  But if instead we were able to predict 

  

it would agree with experiment.  (All we need is a theory 
that predicts this relation!)

energy

EPlanck Esusy Evac

1027 eV 1012 eV 10-3 eV



φ

V(φ)

kinetic 
energy

gradient 
energy

potential 
energy

[Wetterich; Peebles & Ratra;  
 Caldwell, Dave & Steinhardt; etc.]

  This is an observationally interesting possibility. 

  Might be relevant to the cosmological constant problem 
 or the coincidence scandal -- somehow.

2. Dynamical Dark Energy (Quintessence: Scalar Field)
Dark energy doesn’t vary quickly, but maybe slowly.

For simulations you solve the s field or fluid simultaneously with DM 
particles, expensive



Coupling to a low-mass (long-range) 
field implies a fifth force of nature, 
which can be searched for in 
laboratory experiments.  

Also: gradual evolution 
of physical constants as the  
field evolves. 
  
Emission Lines separation at 
different Redshift  

Limit: couplings must be  
suppressed by ~ 105 MP.

torsion-balance experiment

[Webb et al.]

[Adelberger et al.]



Gravity Constrains

• As an alternative to Dark Energy, General Relativity can be modified. 

• GR has been tested mostly in the Local Universe 

• Cosmic Acceleration Open the possibility that GR may be modified 
at large scales and low curvature 

• Modifying GR changes expansion history, just as DE, but structure 
growth depends also on Gravity theory, quantifying growth rate 
breaks the degeneracy on both explanations 

• Challenges at modify GR:Solar System constrains; binary pulsar, 
gravitational waves, expansion history quite similar to LCDM.

GR is almost 
unconstrained at 
cosmological scales



Simplest possibility:  replace 

with 

The vacuum in this theory is not flat  
space, but an accelerating universe! 
   
But:  the modified action brings a  
new tachyonic scalar degree of  
freedom to life.  A scalar-tensor theory of gravity.

[Carroll, Duvvuri,  
  Trodden & Turner 2003]

3.  Modified Gravity



Introduce a scalar field φ (x) that determines the 
strength of gravity.  Einstein's equation 

is replaced by

Scalar-Tensor Gravity

I
n
t

The new field φ (x) is an extra degree of freedom; 
an independently-propagating scalar particle.  

variable “Newton's constant” extra energy-momentum from φ

For simulations you solve the s field or fluid simultaneously with 
particles and also change poisson equation, expensive



Loophole:  the Chameleon Effect 
or Screening

Curvature contributes to 
the effective potential 
for φ.  With the right 
bare potential, the field 
can be normalized (with  
large mass) in dense 
regions, e.g. the galaxy, pulsars, solar system. 

Deviations from GR can be  
hidden on sub-galactic scales. How? Field properties



Dvali, Gabadadze, & Porrati (DGP) gravity:  an infinite 
extra dimension, with gravity stronger in the bulk; 
5-d kicks in at large distances.

[Dvali, Gabadadze & Porrati 2000]

5-d gravity suppressed by rc ~ H0
-14-d gravity

5-d gravity term  
suppressed by rc ~ H0

-1

rS = 2GM

rc ~ H0
-1

r* = (rS rc
2)1/3

4-d GR

crossover

5-d GR

Needs 
Large Volume 

Surveys 
DESI, LSST, EUCLID?



PPProbing DE via cosmology 
• We “see” dark energy through its effects on the expansion of the 

universe:  
 

• Three (3) main approaches   
– Standard candles  
• measure dL (integral of H-1)  
– Standard rulers  
• measure dA (integral of H-1) and H(z)  
– Growth of fluctuations.  
• Crucial for testing extra ! components vs modified gravity.  



Standard Ruler
• Suppose we have an object whose length  we know as a function of 

cosmic epoch.  

• By measuring the angle (⍬) subtended by this ruler (✗) as a function of 
redshift we map out the angular diameter distance dA  

• By measuring the redshift interval (△z) associated with this distance we 
map out the Hubble parameter H(z)  

     



Slide from Shirley Ho





pressure 
vs 

selfgravity

Baryon Acoustic Oscillations!!
                                                                                                            

Go to fourier space laplacian implies a  k^2 factor



Linear 

Non-Linear





It happens
only with baryons presence



Is this our Universe? Do you believe it?



DESI



independently
of SNIa

BAO signal



DESI, LSST, EUCLID





There are participation 
groups form many countries 

including Mexico



DESI

~40 million
targets 

                                                





Using Hubble Law 
to map galaxy 3D  

distribution 





Observational Systematic?

• Non-lineal density evolution create distortions (widening and shift) 
BAO´s peak. That’s why you need Simulations 

• Because survey volumes are large and tracers 
• small you need very expensive simulations  
• Do I have to redo all again??

• Redshit Space Distortion: instantaneous 
grow rate of fluctuations, modifies BAO 
too



• These velocities are driven by the matter 
distribution, according to gravitational physics

• For example in linear perturbation theory:

• in terms of the growth rate

• where 

• The dependence of the growth rate on scale and 
time is a key discriminator between gravity models

RSD basics

continuty
eq

grow function



Independent of expansion history



Linear RSD theory

• Linear perturbation theory

• Linear galaxy bias

• Matter power spectrum depends on
sky position
anisotropy in

correlation function
signal of RSD

watch out
Alcok-Pacinsky



observer

infalling
galaxies

coherent
flowsvirialized

motions

RSD basics

• What are we measuring?  (cartoon version)
finger of god



RSD basics

• Can measure line-of-sight velocities because they add 
an extra Doppler shift to the galaxy redshift:

• Approach (1) : measure direct peculiar velocity vr 
using standard-candle estimate of zcosmo

• Approach (2) : measure redshift-space distortions in 
the clustering distribution of galaxies in “redshift 
space” (i.e. using positions based on zobs)

• The RSD approach has so far been the most accurate 
method of measuring cosmic growth 



Tracers

• Homogeneus and Bright 

• Luminous Red Galaxies 

• AGN´s 

• Emission Line Galaxies







Future directions

• Future galaxy redshift surveys (e.g. DESI, Euclid, SKA) 
will allow per-cent level growth measurements4 Dark Energy and Modified Gravity 5
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Figure 2. Constraints on the growth of density fluctuations in the Universe with errors projected from
a future survey designed with DESI specifications. The curves show the derivative of the logarithmic
growth with respect to the logarithmic scale factor — a quantity readily measured from the clustering
of galaxies in redshift space — as a function of redshift. We show theory predictions for the ⇤CDM model,
as well as for two modified-gravity models: the Dvali-Gabadadze-Porrati braneworld model [3] and the f(R)
modification to the Einstein action [4]. Because growth in the f(R) models is generically scale-dependent,
we show predictions at two wavenumbers, k = 0.02hMpc�1 and k = 0.1hMpc�1. LSST projects to impose
constraints of similar excellent quality on the growth function D(a).

GR because it can have the expansion history mimicking the ⇤CDM model (w is within 1% of �1) and
can have a growth function identical to ⇤’s at high redshift — can clearly be distinguished from ⇤CDM
using growth data from future surveys such as eBOSS, DESI, Euclid, or WFIRST. The DGP model can be
distinguished even more readily by measuring both the expansion history as well as growth of structure in
the Universe.

4 Dark Energy and Modified Gravity

Over the past decade, the ⇤CDM paradigm has passed all observational tests, firmly establishing it as our
cosmological “standard model”. However, it is clearly of crucial importance to test this paradigm, given
that it involves two unknown ingredients (dark matter and ⇤), and given the lack of theoretical motivation
for the value of the putative cosmological constant. Growth of structure o↵ers a broad range of probes of
dark energy which in principle cover three orders of magnitude in length scale, and one order of magnitude
in time or scale factor. In order to convincingly rule out alternatives to the cosmological constant, we need
to cover this range of scales and redshifts. Large-scale structure also provides model-independent tests of
gravity on Mpc scales and above, extending Solar System tests by ten orders of magnitude in length scale.

Community Planning Study: Snowmass 2013

arXiv : 1309.5385

(DESI forecast)



Conclusions

• Cosmic Acceleration Nature is a challenge 
• Recent measurements suggest is a consistent with a constant (some 

tensions) 
• A new gravity theory is a very attractive theory but there is a hughe 

challenge. Grab Waves kick out already some models (Galileons) 

• A new field is a less dangerous model but if it clusters 
it may be also complex. 

• Next decade galaxy surveys will strongly constrain our 
explanations for cosmic acceleration, trigger maybe new ones? 

• Theoretical predictions need to be also very accurate (Tehory and 
simulations and mock observations)




