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Dark Energy (DE)/Modified Gravity (MG)

DE is an entity, geometric or susbtancial that is in the entire Universe and 
provokes an accelerating expansion since at least z =0.5 . 

pi/ri= wi



Models of Dark Energy or
Modified Gravity? 





Why modifying gravity?

…because we haven´t test it enough at large scales?

Koyama, arXiv: 1504.04623



Models of Dark Energy or
Modified Gravity? 

There are a plenty of models that introduce new degrees of freedom 
in the dynamics and kinematics: f(R), Extended Quintessence, DGP, 
Galileon, Symmetron, Dilaton. Related to these there are models of DE/MG 
with non-trivial kinematics and interaction with DM. 

Most models assume the existence of a new scalar field degree of 
freedom that implies the action of a new, fifth, gravitational force.



Theoretical Models

The Lagrangian of the standard model of cosmology is:



Theoretical Models

Scalar Tensor gravity

f(R) Gravity

Screening mechanisms: Weak Coupling (e.g. symmetron, dilaton), Large mass (e.g. 
chameleons), Large Inertia (e.g. 1st derivatives K-mouflage, 2nd derivatives  Vainshtein)

Hu & Sawicki (2007) We will consider n=1,
with fR(t0) = FN = -10-N

The scalar degree of 
freedom today



Braneworld Gravity (DGP)

An example of Vainhstein Mechanism

Galileons & Horndenski

Kinetic braiding



Generic Eqs

i  denotes different  cosmic components (i.e. baryons, dark matter)

is the strength of the fifth force associated to the new scalar degree of freedom

The standard Newtonian potential is given by

The equation of motion of the scalar field perturbation is

Baldi 1210.6650

j labels all clustering components (i.e. baryons, DM, DE)

is a generic function of the scalar field perturbation. It encodes an effective mass of the 
scalar field.



What are the observables?

CMB and Matter Power Spectrum

Its construction depend upon the approximation approach: 
Linear perturbation theory, quasi-linear, and non-linear.

linear physics

linear physics non-linear physics

light

matter



BAO and RSD

Two important features of the matter power spectrum:

• BAO  Baryon Acoustic Oscillations

• RSD  Redshift Space Distortions 



Baryon Acoustic Oscillation (BAO)
These fluctuations of 1 part in 105

gravitationally grow into... ...these ~unity fluctuations today

Universe at 380,000 years old (CMB) Universe today (galaxy map)
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Two point correlation function



Redshift Space Distortion (RSD)

The linear growth rate:

CDM in GR gives: 

LCDM in GR gives:

Matter Power spectrum:

f : Growth rate     b:  bias 



Approximation regimes to study BAO and RSD 
and the whole structure of  the PP and CF:

• Linear
• Quasilinear
• Non-linear



Linear Regime





Current RSD measurements



Beyond linear…quasi-linear theory

In the Fourier space:

Poisson Eq.

Klein Gordon Eq.

with

For f(R) Hu-Sawicky models: 



Lagrangian Perturbation Theory: 1-loop 



Two-point correlation function



Power Spectrum, f(R) gravity



Power Spectrum, f(R) gravity



Non-linear regime

Solving these full non-linear equations with N-body methods 
Li et al, arXiv:1110.1379



MOCKS with hybrid methods
COLA (COmoving Lagrangian Acceleration): small scales with full N-body methods

large scales with 2LPT
Tassev et al, arXiv: 1301.0322 MG COLA, Winther et al, arXiv: 1703.00879



Answering these questions with data from 
DESI 

Dark Energy Spectroscopic Instrument





SDSS mapa de galaxias



2dF 3D Map



HST Ultra-Deep Field
10,000 galaxies / (11 arcmin2)

DESI ahead of the curve if completed by 2024

140 billion

1980 2061
1000

Year

log N(galaxies)
SDSS, 2009
929,000

CfA1, 1983
1840

2dF, 2003
221,414

CfA-2, 1998
18,000

LCRS, 1996
18,678

SDSS-III, 2014
2.8 million

DESI
30 million

Size of redshift surveys



SDSS-III/BOSS completed on April 1, 2014
1.5 million redshifts spanning ~6 h-3Gpc3

Where are we with SDSS-III/BOSS ?



What is the DESI survey?

An imaging (targeting) survey over 14,000 deg2

g-band to 24.0 mag
r-band to 23.6 mag
z-band to 23.0 mag

A spectroscopic survey 
4  million Luminous Red Galaxies (LRG) , z<1.0
23 million Emission Line Galaxies (ELG), z<1.7
1.4 million quasars, z < 2.0
0.6 million quasars for Lyman-alpha-forest, 2.1 < z < 3.5
10 million BGS, z =0.2

More than 30 million spectra from galaxies and quasars! 



The largest spectroscopic survey for dark energy
SDSS ~2h-3Gpc3 BOSS ~6h-3Gpc3

What is the DESI survey?



4 million LRGs

23 million ELGs

3 million QSOs

The largest spectroscopic survey for dark energy next to come
SDSS ~2h-3Gpc3 BOSS ~6h-3Gpc3 DESI 50h-3Gpc3

What is the DESI survey?





• Dark Enegy through the distance-redshift relation 
—Measure distance scale  to <0.3% between 0.0 < z < 1.1
—Measure distance scale to <0.3% between 1.1 < z < 1.9
—Measure the Hubble parameter to < 1% in the bin 1.9 < z < 3.7

• Gravitational growth
—Constrain the growth factor at ~ a few percent level up to z=1.5 

• Beyond Dark Energy
—Constrain spectral index of primordial perturbations and its running 

to < 0.4%
—Measure the neutrino masses to < 0.020 eV 

DESI Key Project goals



LRG Targets
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Luminous Red Galaxies
~4 x 106 goal
0.4 < z < 1.0



ELG Targets
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Emission Line Galaxies
~24 x 106 goal
0.7 < z < 1.6



QSO Targets
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Quasar Tracers
~1.6 x 106 goal
0.9 < z < 2.2



Ly-α Forest QSO Targets
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Quasar Ly-α Forest
~0.6 x 106 goal
2.2 < z < 3.5



DESI on the Hubble Diagram
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DESI will discriminate between
Dark Energy models



DESI science reach: BAO

Dark energy from Stage IV BAO
—Geometric probe with 0.3-1% precision from z=0.5 -> 3
—35 measurements with 1% precision

DESI BAO “Hubble diagram”

HST Key Project, 10% error

SDSS-II + 2dF + 6dFGS BAO

WiggleZ BAO

BOSS

DESI



DESI Compared to Current/Future Surveys



Dark energy future: DESI

Determine	if	dark	energy	is…
(1)	Einstein’s	cosmological	constant,	Λ
(2)	new	field,	or
(3)	failure	of	General	Relativity	

Dark Energy nature



Dark Energy eq. of state

p/r = w
CPL model



DESI - RSD Constraints on the growth function



Institutions in DESI
• AAO
• Argonne
• Brazil
• Brookhaven
• Carnegie Mellon Univ.
• Durham
• EPFL
• ETH Zurich
• FNAL
• Harvard
• IAA Spain
• Kansas
• KASI
• LAM/CPPM
• Mexico (UNAM, UG, Cinvestav, ININ)
• NOAO
• New York Univ.

• Portsmouth
• Saclay
• SJTU
• SLAC
• Spain
• Texas A&M
• The Ohio State Univ.
• Univ. College London
• UC Berkeley
• UC Irvine
• UC Santa Cruz
• U. Edinburgh
• U. Michigan
• U. Pittsburgh
• U. Utah
• USTC
• Yale



DESI Meeting





Extras



Modified Gravity?



Current RSD measurements



Measures of the inflationary epoch
Spectral index with SDSS-III/BOSS 

from Planck overview paper (2014)



DESI Science Reach: neutrino mass hierarchy

Terrestrial experiments measure ∆m2 of neutrino masses

DESI sensitivity is 0.020 eV, measured from PP of galaxy map

31

Minimal total 
mass 0.057 eV

Minimal total 
mass 0.097 eV



Primordial Non-Gaussianities



Broad Scientific Goals


