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Accelerated Expansion
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‣ The current observations point to an acceleration in the expansion rate 
of the Universe. 

‣ Our current paradigm is that we live in a flat and expanding Universe, 
dominated by a dark component and it is supported by measurements 
of SNeIa luminous distance, temperature fluctuations of the CMB, 
cluster abundances, galaxy surveys, the age of the Universe.
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Still flat after all these years … 
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C. Escamilla-Rivera || cescamilla@mctp.mx || Modified gravity for surveys

How do we proof Dark Energy?

Our universe is expanding. And that  
expansion appears to be accelerating. 

But gravity pulls masses together. It does 
not push them apart! 

What is causing the acceleration?

[Adapted from Verde et al 2011] 
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Many current and future experiments are focusing on discover 
the nature of the Dark energy component: 

‣ eBOSS 

‣ DESI 

‣ LSST 

‣ Euclid

Mariana Vargas-Magaña, IF-UNAM Latest Results from BOSS12 january 2016, COTB, Playa del Carmen, Mexico

Reminder :What is BOSS?
Description: 

• Main SDSS-III project (2008-2014) 

• APO telescope (New Mexico, USA), 2.5 m diameter 

• Spectroscopic survey with SDSS-II photometry. 

• 2 two-arms spectrographs: 1000 fibers 

• 3600 Å < l < 10000 Å, λ/Δλ ~ 3000 

• 1.5 Millions Luminous Red Galaxies at <z> ~ 0.6 

• 150 000 Quasars with Ly-α forests at <z> ~ 2.3 

Objectives: 

• BAO peak position 1% at z=0.6 and 1.5% at 
z=2.3 

• Best constraints on the Dark Energy equation of 
state before next generation

Dark Energy 
Spectroscopic Instrument 

The Dark Energy Spectroscopic Instrument (DESI) will conduct a world-leading redshift survey, making a three-
dimensional map of the universe reaching to redshift 3.5 over more than 1/3 of the sky.  Using 35 million galaxies and 
quasars observed from the Kitt Peak National Observatory Mayall telescope, DESI will make precise measurements of 
the expansion history of the Universe and use the growth of cosmological structure to study the properties of gravity, 
neutrinos, and the inflationary epoch in the early Universe.  

Through its large and well-characterized survey, the DESI survey will provide a rich tool for cosmology. DESI will make 
exquisite measurements of the cosmic distance scale and the impact of dark energy using the baryon acoustic 
oscillations imprinted in the distribution of galaxies, quasars, and the Lyman-α forest.  Dark energy and dark matter will 
be further studied using measurements of peculiar velocities and galaxy clustering.  The DESI survey will probe these 
cosmological effects over a wide range of redshifts, from the clustering of intergalactic hydrogen at redshift 3 to large 
galaxy samples at intermediate redshift to dense samples of low-redshift galaxies. In addition the study of dark energy, 
DESI will allow investigations into the evolution of the intergalactic medium, the origin of black holes, the astrophysics 
of stellar evolution, the structure of the Milky Way, and the mass/energy/chemical cycles within galaxies.

DESI

The Instrument
DESI is constructing a new 5000-fiber multi-object spectrograph for the 
Mayall 4-m telescope at Kitt Peak in Arizona.  A new wide-field corrector 
will provide an 8 square degree field-of-view at prime focus.  Optical fibers 
will feed 10 triple-arm high-throughput spectrographs, simultaneously 
covering 360–980 nm and reaching spectral resolution R = 4000 in the 
infrared.  The fibers will be rapidly positioned by individual actuators, 
allowing a rapid cadence of observations.  When completed in 2019, DESI 
will be the world’s most powerful wide-field optical spectrograph for wide-
field galaxy surveys.  

The Survey
DESI aims to study a very large volume of the Universe by 
targeting specific classes of objects (luminous red galaxies, 
emission line galaxies, and quasars) for which one can most 
easily measure redshifts.  Over its five-year survey, DESI will map 
25 million galaxies and quasars out to redshift 3.5 over 14,000 
deg2 of sky.  It will also measure redshifts for 10 million additional 
bright (r<19.5) galaxies to create a dense map of the low-redshift 
Universe.

The DESI Collaboration
DESI is managed by the Lawrence Berkeley National Laboratory for the 
U.S. Department of Energy, and involves more than 200 collaborators 
from ~40 US and International Institutions.  The DESI Project is led by 
Project Director Michael Levi and Project Scientists Brenna Flaugher and 
David Schlegel.  The DESI Collaboration is led by Spokespersons Daniel 
Eisenstein and Risa Wechsler, and the chairs of ten science working 
groups.
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Dark energy
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Standard (Cosmological) Model

Inflation 

Early era of accelerated 
expansion. 

Initial conditions for 
structure formation.

Dark Matter 

Some for of matter that 
dilutes as 

and does not interact with 
light

⇢DM ⇠ a�3
<latexit sha1_base64="NJnvbG4oGo9ikGnMC/SyajSfQvs="></latexit><latexit sha1_base64="NJnvbG4oGo9ikGnMC/SyajSfQvs="></latexit><latexit sha1_base64="NJnvbG4oGo9ikGnMC/SyajSfQvs="></latexit><latexit sha1_base64="NJnvbG4oGo9ikGnMC/SyajSfQvs="></latexit>

Standard 
Model Particles 

Baryons = nucleons,  
Radiation = 
Other species: relevant only 
at very early time 

�, ⌫
<latexit sha1_base64="H24bIJ5V4Ylz1Y6uSUVL58TQUIM="></latexit><latexit sha1_base64="H24bIJ5V4Ylz1Y6uSUVL58TQUIM="></latexit><latexit sha1_base64="H24bIJ5V4Ylz1Y6uSUVL58TQUIM="></latexit><latexit sha1_base64="H24bIJ5V4Ylz1Y6uSUVL58TQUIM="></latexit>

e�
<latexit sha1_base64="Fe/OeW/EYI8Q6+T8teWPEQgzt2U="></latexit><latexit sha1_base64="Fe/OeW/EYI8Q6+T8teWPEQgzt2U="></latexit><latexit sha1_base64="Fe/OeW/EYI8Q6+T8teWPEQgzt2U="></latexit><latexit sha1_base64="Fe/OeW/EYI8Q6+T8teWPEQgzt2U="></latexit>

Cosmological 
Constant * 

The Universe expansion 
seems to accelerate  
Cosmological constant 
term with 
Repulsive gravitational 
effect! 

⇢⇤ ⇠ cte
<latexit sha1_base64="Jyj0bkmA3Im0yK51rfmltRgw4yg="></latexit><latexit sha1_base64="Jyj0bkmA3Im0yK51rfmltRgw4yg="></latexit><latexit sha1_base64="Jyj0bkmA3Im0yK51rfmltRgw4yg="></latexit><latexit sha1_base64="Jyj0bkmA3Im0yK51rfmltRgw4yg="></latexit>

General 
Relativity * 

  
Successful description of 
solar system phenomena 
Gravity is weak but always 
attractive! 
Dominant interaction on 

cosmic scales.  

Rµ⌫ �R/2 = 8⇡GTµ⌫
<latexit sha1_base64="RdXSHk6dav+BrqXQNgZfzU8+ZrU="></latexit><latexit sha1_base64="RdXSHk6dav+BrqXQNgZfzU8+ZrU="></latexit><latexit sha1_base64="RdXSHk6dav+BrqXQNgZfzU8+ZrU="></latexit><latexit sha1_base64="RdXSHk6dav+BrqXQNgZfzU8+ZrU="></latexit>

Cosmological 
Principle * 

Isotropy and Homogeneity 

ds2 = �dt2 + a(t)2dr2

1�kr2 + [a(t)r]2d⌦2
<latexit sha1_base64="rAk8go90E2bu9oJ1HPK27NY3Td8="></latexit><latexit sha1_base64="rAk8go90E2bu9oJ1HPK27NY3Td8="></latexit><latexit sha1_base64="rAk8go90E2bu9oJ1HPK27NY3Td8="></latexit><latexit sha1_base64="rAk8go90E2bu9oJ1HPK27NY3Td8="></latexit>

ds2 = �dt2 + a(t)2dr2

1�kr2 + [a(t)r]2d⌦2
<latexit sha1_base64="rAk8go90E2bu9oJ1HPK27NY3Td8="></latexit><latexit sha1_base64="rAk8go90E2bu9oJ1HPK27NY3Td8="></latexit><latexit sha1_base64="rAk8go90E2bu9oJ1HPK27NY3Td8="></latexit><latexit sha1_base64="rAk8go90E2bu9oJ1HPK27NY3Td8="></latexit>
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Dark Energy

Cosmological 
Constant * 

The Universe expansion 
seems to accelerate  
Cosmological constant 
term with 
Repulsive gravitational 
effect! 

⇢⇤ ⇠ cte
<latexit sha1_base64="Jyj0bkmA3Im0yK51rfmltRgw4yg="></latexit><latexit sha1_base64="Jyj0bkmA3Im0yK51rfmltRgw4yg="></latexit><latexit sha1_base64="Jyj0bkmA3Im0yK51rfmltRgw4yg="></latexit><latexit sha1_base64="Jyj0bkmA3Im0yK51rfmltRgw4yg="></latexit>

Simplest model of dark energy 

Which corresponds to the energy scale  

If this is originated from vacuum energy in 
particle physics 

Cosmological constant problem: 10121 times 
larger than the observed value

wDE = �1
<latexit sha1_base64="ehqkO8XFD3e+cSCUoqKJU52rceI="></latexit><latexit sha1_base64="ehqkO8XFD3e+cSCUoqKJU52rceI="></latexit><latexit sha1_base64="ehqkO8XFD3e+cSCUoqKJU52rceI="></latexit><latexit sha1_base64="ehqkO8XFD3e+cSCUoqKJU52rceI="></latexit>

⇢⇤ = 3H2
0

8⇡G ⇡ 10�47Gev4
<latexit sha1_base64="6Faq0qoBpU8oR6TGNn5xECu9EkU="></latexit><latexit sha1_base64="6Faq0qoBpU8oR6TGNn5xECu9EkU="></latexit><latexit sha1_base64="6Faq0qoBpU8oR6TGNn5xECu9EkU="></latexit><latexit sha1_base64="6Faq0qoBpU8oR6TGNn5xECu9EkU="></latexit>

⇢vac ⇡ mpl ⇡ 1074Gev4
<latexit sha1_base64="sD9d3GDi1y1n5cz+3CqlQHQewS4="></latexit><latexit sha1_base64="sD9d3GDi1y1n5cz+3CqlQHQewS4="></latexit><latexit sha1_base64="sD9d3GDi1y1n5cz+3CqlQHQewS4="></latexit><latexit sha1_base64="sD9d3GDi1y1n5cz+3CqlQHQewS4="></latexit>
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Dark Energy

‣ Tensions              Evidence of a dynamical Dark Energy?
The case for modified gravity

Alternatives to ⇤

- Inflation again? ns 6= 1

- ⇤CDM tensions ���������!

Interesting theoretical questions
(Adapted from Fredman ’17)

- proxy for inflation/quantum gravity?

- cosmological constant problems?

⇠ 36% of unsolved problems in physics involve gravity

(see www.wikipedia.org/wiki/List_of_unsolved_problems_in_physics)

Test gravity on all regimes

Miguel Zumalacárregui (Berkeley) GW & cosmo tests of Gravity and Dark Energy

Cosmic acceleration stage state-of-art

Tension between local and 
global measurements of       
cannot be fully explained 
by LCDM

Evidence for a non-constant 
dynamical dark energy

Physics beyond the standard 
model

C. Escamilla-Rivera || cescamilla@mctp.mx || Modified gravity for surveys

[Delubac, T. et al. 2015] 

[Camarena, 2018 ]

[Adapted from Fredman 2017] 
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Reconstruction of the de DE EoS

Recent reconstruction of w(z) from combined data points to an 
exciting profile for the Eos for DE. 

w(a) =
PNp

i=0 wi(1� a)i

w(a) = w0 + w1(1� a)w2
cos(w3a+ w4)

Inspired by these results, some 
proposals have appeared in the 
literature trying to model the 
behavior:

[Zhao+ 2017]

[Zhang +2017]
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Dark energy models

Gµ⌫ ⇠ g, @g, @2g
<latexit sha1_base64="BA+tZfdSFoFtR/EyuYYNDuI/org="></latexit><latexit sha1_base64="BA+tZfdSFoFtR/EyuYYNDuI/org="></latexit><latexit sha1_base64="BA+tZfdSFoFtR/EyuYYNDuI/org="></latexit><latexit sha1_base64="BA+tZfdSFoFtR/EyuYYNDuI/org="></latexit>

Tµ⌫ ⇠ ⇢, P
<latexit sha1_base64="1Wouws28MneE9g4Yc3FaOi4V6AI="></latexit><latexit sha1_base64="1Wouws28MneE9g4Yc3FaOi4V6AI="></latexit><latexit sha1_base64="1Wouws28MneE9g4Yc3FaOi4V6AI="></latexit><latexit sha1_base64="1Wouws28MneE9g4Yc3FaOi4V6AI="></latexit>

Quintessence 

K-essence 

Tachyon 

Chaplygin gas 

…

f(R) theories 

Scalar-tensor models 

Braneworld models 

Galileons 

…

Gµ⌫ = 8⇡GTµ⌫
<latexit sha1_base64="GbAJG9mj7mR8SPDH+97uxjcsqJo=">AAACA3icdVBLS8NAGNzUV62vqEcvi63gKSRVsD0IRQ/1WKEvaELYbDft0s2DfQgl9Kh/Rk+i3vwH/gH/jdtaxeecZmdm4ZsJUkaFtO1XI7ewuLS8kl8trK1vbG6Z2zttkSiOSQsnLOHdAAnCaExakkpGuiknKAoY6QSj86nfuSJc0CRuynFKvAgNYhpSjKSWfBOW6n7mRsqN1QSewoqbUliHzU+t5JtF2zquVuyjKvxNHMueoQjmaPjmi9tPsIpILDFDQvQcO5VehrikmJFJwVWCpAiP0ID0NI1RRISXzZpM4EGYcCiHBM7eX7MZioQYR4HOREgOxU9vKv7l9ZQMK15G41RJEmMd0V6oGJQJnA4C+5QTLNlYE4Q51VdCPEQcYalnK+j6Hx3h/6Rdthzbci7LxdrZfIg82AP74BA44ATUwAVogBbA4AbcgUfwZFwbt8a98fAezRnzP7vgG4znN7Sdlt0=</latexit><latexit sha1_base64="GbAJG9mj7mR8SPDH+97uxjcsqJo=">AAACA3icdVBLS8NAGNzUV62vqEcvi63gKSRVsD0IRQ/1WKEvaELYbDft0s2DfQgl9Kh/Rk+i3vwH/gH/jdtaxeecZmdm4ZsJUkaFtO1XI7ewuLS8kl8trK1vbG6Z2zttkSiOSQsnLOHdAAnCaExakkpGuiknKAoY6QSj86nfuSJc0CRuynFKvAgNYhpSjKSWfBOW6n7mRsqN1QSewoqbUliHzU+t5JtF2zquVuyjKvxNHMueoQjmaPjmi9tPsIpILDFDQvQcO5VehrikmJFJwVWCpAiP0ID0NI1RRISXzZpM4EGYcCiHBM7eX7MZioQYR4HOREgOxU9vKv7l9ZQMK15G41RJEmMd0V6oGJQJnA4C+5QTLNlYE4Q51VdCPEQcYalnK+j6Hx3h/6Rdthzbci7LxdrZfIg82AP74BA44ATUwAVogBbA4AbcgUfwZFwbt8a98fAezRnzP7vgG4znN7Sdlt0=</latexit><latexit sha1_base64="GbAJG9mj7mR8SPDH+97uxjcsqJo=">AAACA3icdVBLS8NAGNzUV62vqEcvi63gKSRVsD0IRQ/1WKEvaELYbDft0s2DfQgl9Kh/Rk+i3vwH/gH/jdtaxeecZmdm4ZsJUkaFtO1XI7ewuLS8kl8trK1vbG6Z2zttkSiOSQsnLOHdAAnCaExakkpGuiknKAoY6QSj86nfuSJc0CRuynFKvAgNYhpSjKSWfBOW6n7mRsqN1QSewoqbUliHzU+t5JtF2zquVuyjKvxNHMueoQjmaPjmi9tPsIpILDFDQvQcO5VehrikmJFJwVWCpAiP0ID0NI1RRISXzZpM4EGYcCiHBM7eX7MZioQYR4HOREgOxU9vKv7l9ZQMK15G41RJEmMd0V6oGJQJnA4C+5QTLNlYE4Q51VdCPEQcYalnK+j6Hx3h/6Rdthzbci7LxdrZfIg82AP74BA44ATUwAVogBbA4AbcgUfwZFwbt8a98fAezRnzP7vgG4znN7Sdlt0=</latexit><latexit sha1_base64="GbAJG9mj7mR8SPDH+97uxjcsqJo=">AAACA3icdVBLS8NAGNzUV62vqEcvi63gKSRVsD0IRQ/1WKEvaELYbDft0s2DfQgl9Kh/Rk+i3vwH/gH/jdtaxeecZmdm4ZsJUkaFtO1XI7ewuLS8kl8trK1vbG6Z2zttkSiOSQsnLOHdAAnCaExakkpGuiknKAoY6QSj86nfuSJc0CRuynFKvAgNYhpSjKSWfBOW6n7mRsqN1QSewoqbUliHzU+t5JtF2zquVuyjKvxNHMueoQjmaPjmi9tPsIpILDFDQvQcO5VehrikmJFJwVWCpAiP0ID0NI1RRISXzZpM4EGYcCiHBM7eX7MZioQYR4HOREgOxU9vKv7l9ZQMK15G41RJEmMd0V6oGJQJnA4C+5QTLNlYE4Q51VdCPEQcYalnK+j6Hx3h/6Rdthzbci7LxdrZfIg82AP74BA44ATUwAVogBbA4AbcgUfwZFwbt8a98fAezRnzP7vgG4znN7Sdlt0=</latexit>

Modified gravity Modified matter
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Phenomenological modeling

‣Instead of fixing specific model and testing against 
observations

wDE ⌘ PDE
⇢DE

�! F (z; ✓i)

E(z)

2
= ⌦

m

(1 + z)

3
+ ⌦

DE

exp(�3

R
z

0
1+wDE(x)

1+x

dx)
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Parametrization inspired  in Quintessence
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Parametrization inspired  in Quintessence

Under the supervision of Dr. Axel de la Macorra 
IF - UNAM
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Quintessence

For sufficiently flat potential we can achieve acceleration. 

We can get the equation of state: 

Gµ⌫ ⇠ g, @g, @2g
<latexit sha1_base64="BA+tZfdSFoFtR/EyuYYNDuI/org="></latexit><latexit sha1_base64="BA+tZfdSFoFtR/EyuYYNDuI/org="></latexit><latexit sha1_base64="BA+tZfdSFoFtR/EyuYYNDuI/org="></latexit><latexit sha1_base64="BA+tZfdSFoFtR/EyuYYNDuI/org="></latexit>

Tµ⌫ ⇠ ⇢, P
<latexit sha1_base64="1Wouws28MneE9g4Yc3FaOi4V6AI="></latexit><latexit sha1_base64="1Wouws28MneE9g4Yc3FaOi4V6AI="></latexit><latexit sha1_base64="1Wouws28MneE9g4Yc3FaOi4V6AI="></latexit><latexit sha1_base64="1Wouws28MneE9g4Yc3FaOi4V6AI="></latexit>

Quintessence f(R) theories 

Gµ⌫ = 8⇡GTµ⌫
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‣DE parametrization based on scalar field dynamics, but the 
parametrization of w can be used without the connection to 
scalar fields  

‣It may grow and later decrease or the reverse can happen, 
and it can have steep or smooth transition from an initial 
value of wi to the present day w0 value. M. Jaber, A.d.l. Macorra / Astroparticle Physics 97 (2018) 130–135 131 

Fig. 1. (Color online) Evolution of w (z) from Eq. (3) with q = 1 (solid red), q = 4 
(black dot-dashed), q = 6 (blue dotted), and q = 10 (green dashed). The other pa- 
rameters were fixed to w 0 = −0 . 9 , w i = −0 . 5 and z T = 1 . The solid red curve takes 
the special case q = z T = 1 , representing the CPL parametrization (4) . 

This article is organized as follows: we introduce our the- 
oretical framework and the data sets used in Section 2, Sec- 
tion 3 details the analysis performed and the results obtained 
while Section 4 summarizes our Conclusions. 
2. METHOD AND DATA 

Within the General Relativity framework for a flat Universe and 
a FLRW metric we have 
H(z) = H 0 √ 

!r (1 + z) 4 + !m (1 + z) 3 + !DE F (z) (1) 
where H ≡ ( da 

dt )( 1 a ) is the Hubble parameter, a = (1 + z) −1 the 
scale factor of the Universe and H 0 = 100 · h is the Hubble parame- 
ter at redshift zero in units of km · s −1 Mpc −1 . The present value of 
matter, radiation, and DE fractional densities are given by !m , !r , 
!DE , respectively. The function F (z) ≡ ρDE (z) 

ρDE (0) in Eq. (1) encodes the 
evolution of DE component in terms of its EoS, w (z) , according to 
F (z) = exp (−3 ∫ z 

0 dz ′ 1 + w (z ′ ) 
1 + z ′ 

)
(2) 

where w (z) specifies the evolution of the DE fluid and accordingly, 
the Universe expansion rate at late times, following the dynamics 
set by Eq. (1) 
w (z) = w 0 + w a ( z 

z T ) q 
1 + ( z 

z T ) q (3) 
with w a = w i − w 0 where w i and w 0 represent the value for w (z) 
at large redshifts and at present day, respectively, whereas the 
term f (z) ≡ ( z 

z T ) q 
1+( z 

z T ) q modulates the dynamics of this parametriza- 
tion in between both values, and takes the values f (z = 0) = 0 , 
f (z → ∞ ) = 1 and f (z = z T ) = 1 / 2 , i.e. 0 ≤ f ( z ) ≤ 1. This EoS makes 
a transition between the two regimes: w (z = 0) → w 0 , w (z ≫
0) → w i , at redshift z = z T , taking a value of w (z T ) = (w 0 + w i ) / 2 . 
The parameter q modulates the steepness of the transition fea- 
tured: a larger value for q has a steeper transition, as Fig. 1 shows. 
For q = z T = 1 , Eq. (3) includes the well known CPL parametriza- 
tion ( [14,15] ) as a particular case but it allows for a richer physical 
behavior. CPL EoS written in terms of scale factor reads: 
w (a ) = w 0 + w a (1 − a ) (4) 
from where we see that its slope is constant and with a value 
d w (a ) /d a = −w a = −(w i − w 0 ) , meaning that the late time dy- 

Table 1 
r BAO ( z ) measurements used in this work. The ones corresponding to SDSS data were 
inverted from the published values of D V ( z )/ s d and those corresponding to Ly α-F 
data were obtained from the reported quantities D A ( z )/ s d and D H ( z )/ s d . 

Data set Redshift r BAO ( z ) 
6dF 0.106 [27] 0.336 ± 0.015 
SDSS DR7 0.15 [32] 0.2239 ± 0.0084 
SDSS(R) DR7 0.35 [33] 0.1137 ± 0.0021 
SDSS-III DR12 0.38 [30] 0.100 ± 0.0011 

0.61 [30] 0.0691 ± 0.0 0 07 
SDSS-III DR11 2.34 [35] 0.0320 ± 0.0013 

2.36 [34] 0.0329 ± 0.0 0 09 
namics of DE is fixed from the present and initial values of the 
EoS. 

Clearly, taking w 0 = w i = −1 in (3) , the Cosmological Constant 
solution, w $ ≡ −1 , is recovered. 
2.1. BAO as a cosmological probe 

Ever since its first detection (Cole et al., [25] , Eisenstein et al., 
[26] ) the Baryon Acoustic Oscillation feature has been widely used 
as a powerful tool for cosmology becoming the standard ruler of 
choice. It has become the best way to probe late time dynamics 
of the Universe and in consequence that of DE. For that reason 
it is the cosmological tool used by several experiments like 6dF 
[27] , WiggleZ [28] , SDSS-III [29] ,(and most recently [30] ), SDSS-IV 
[18] and Dark Energy Survey (DES) [19] and the main probe to be 
implemented in future experiments like the Dark Energy Spectro- 
scopic Instrument (DESI) [20–22] and Euclid [23] . 

The corresponding size, r BAO ( z ), is obtained by performing a 
spherical average of the galaxy distribution both along and across 
the line of sight (Bassett and Hlozek [31] ): 
r BAO (z) ≡ r s (z d ) 

D V (z) (5) 
The comoving sound horizon at the baryon drag epoch is repre- 
sented by r s ( z d ) and the dilation scale, D V ( z ), contains information 
about the cosmology used in H ( z ): 
r s (z d ) ≡ ∫ ∞ 

z d dz 
H(z) √ 

3(R (z) + 1) , (6) 
D V (z) ≡ [

z(1 + z) 2 
H(z) D A (z) 2 ]1 / 3 

, (7) 
where 
D A (z) = 1 

1 + z 
∫ z 

0 dz ′ 
H(z ′ ) . (8) 

In this way, the BAO standard ruler which is set by a particular size 
in the spatial distribution of matter, can be used to constrain the 
parameters in Eq. (3) . 

While the sound horizon, r s ( z d ), depends upon the physics prior 
to the recombination era, given by z d ≈ 1059 [16] and the baryon to 
photon ratio, R (z) ≡ 3!γ (z) 

4!b (z) , the dilation scale, D V ( z ), is sensitive to 
the physics of much lower redshifts, particularly to those probed 
by Large Scale Structure experiments. 

In this work we make use of the observational points from the 
six-degree-field galaxy survey (6dFGS [27] ), Sloan Digital Sky Sur- 
vey Data Release 7 (SDSS DR7 [32] ) and the reconstructed value 
(SDSS(R) [33] ), as well as the latest result from the complete BOSS 
sample SDSS DR12 ( [30] , and the Lymann- α Forest (Ly α-F) mea- 
surements from the Baryon Oscillation Spectroscopic Data Release 
11 (BOSS DR11 [34,35] ). Table 1 summarizes them all. Since the 
volume surveyed by BOSS and WiggleZ [28] partially overlap we 
do not use data from the latter in this work (see details in [36] ). 

[A. Macorra 2015 1511.04439]

w(z) instead of V (�), �0,
˙�0

<latexit sha1_base64="9vUk1g2YmW9YEUPih2EzibP8qqU=">AAACGXicdVDLSgNBEJz1bXxFPXoZzAoJSNgNGPUW9OJRwcRAEsLspDcZnH0w06vEJV+iP6MnUW+e/BtnYwSffarqqmmmyoul0Og4b9bU9Mzs3PzCYm5peWV1Lb++0dBRojjUeSQj1fSYBilCqKNACc1YAQs8CRfe5XGmX1yB0iIKz3EYQydg/VD4gjM0q26+al8Xb0o2FaFGYD0a+dRuFNvxQJTsXWpnoOuMUS/CNKMjw2k3X3DKe457WHXpb+CWnfEUyGROu/kXc4AnAYTIJdO65ToxdlKmUHAJo1w70RAzfsn60DIwZAHoTjrON6I7fqQoDoCO+VdvygKth4FnPAHDgf6pZcu/tFaC/kEnFWGcIITcWIzmJ5JiRLOaaE8o4CiHBjCuhPkl5QOmGEdTZs7E/8xI/weNStl1yu5ZpVA7mhSxQLbINikSl+yTGjkhp6ROOLkjD+SZvFi31r31aD19WKesyZtN8m2s13fioZ0K</latexit><latexit sha1_base64="9vUk1g2YmW9YEUPih2EzibP8qqU=">AAACGXicdVDLSgNBEJz1bXxFPXoZzAoJSNgNGPUW9OJRwcRAEsLspDcZnH0w06vEJV+iP6MnUW+e/BtnYwSffarqqmmmyoul0Og4b9bU9Mzs3PzCYm5peWV1Lb++0dBRojjUeSQj1fSYBilCqKNACc1YAQs8CRfe5XGmX1yB0iIKz3EYQydg/VD4gjM0q26+al8Xb0o2FaFGYD0a+dRuFNvxQJTsXWpnoOuMUS/CNKMjw2k3X3DKe457WHXpb+CWnfEUyGROu/kXc4AnAYTIJdO65ToxdlKmUHAJo1w70RAzfsn60DIwZAHoTjrON6I7fqQoDoCO+VdvygKth4FnPAHDgf6pZcu/tFaC/kEnFWGcIITcWIzmJ5JiRLOaaE8o4CiHBjCuhPkl5QOmGEdTZs7E/8xI/weNStl1yu5ZpVA7mhSxQLbINikSl+yTGjkhp6ROOLkjD+SZvFi31r31aD19WKesyZtN8m2s13fioZ0K</latexit><latexit sha1_base64="9vUk1g2YmW9YEUPih2EzibP8qqU=">AAACGXicdVDLSgNBEJz1bXxFPXoZzAoJSNgNGPUW9OJRwcRAEsLspDcZnH0w06vEJV+iP6MnUW+e/BtnYwSffarqqmmmyoul0Og4b9bU9Mzs3PzCYm5peWV1Lb++0dBRojjUeSQj1fSYBilCqKNACc1YAQs8CRfe5XGmX1yB0iIKz3EYQydg/VD4gjM0q26+al8Xb0o2FaFGYD0a+dRuFNvxQJTsXWpnoOuMUS/CNKMjw2k3X3DKe457WHXpb+CWnfEUyGROu/kXc4AnAYTIJdO65ToxdlKmUHAJo1w70RAzfsn60DIwZAHoTjrON6I7fqQoDoCO+VdvygKth4FnPAHDgf6pZcu/tFaC/kEnFWGcIITcWIzmJ5JiRLOaaE8o4CiHBjCuhPkl5QOmGEdTZs7E/8xI/weNStl1yu5ZpVA7mhSxQLbINikSl+yTGjkhp6ROOLkjD+SZvFi31r31aD19WKesyZtN8m2s13fioZ0K</latexit><latexit sha1_base64="9vUk1g2YmW9YEUPih2EzibP8qqU=">AAACGXicdVDLSgNBEJz1bXxFPXoZzAoJSNgNGPUW9OJRwcRAEsLspDcZnH0w06vEJV+iP6MnUW+e/BtnYwSffarqqmmmyoul0Og4b9bU9Mzs3PzCYm5peWV1Lb++0dBRojjUeSQj1fSYBilCqKNACc1YAQs8CRfe5XGmX1yB0iIKz3EYQydg/VD4gjM0q26+al8Xb0o2FaFGYD0a+dRuFNvxQJTsXWpnoOuMUS/CNKMjw2k3X3DKe457WHXpb+CWnfEUyGROu/kXc4AnAYTIJdO65ToxdlKmUHAJo1w70RAzfsn60DIwZAHoTjrON6I7fqQoDoCO+VdvygKth4FnPAHDgf6pZcu/tFaC/kEnFWGcIITcWIzmJ5JiRLOaaE8o4CiHBjCuhPkl5QOmGEdTZs7E/8xI/weNStl1yu5ZpVA7mhSxQLbINikSl+yTGjkhp6ROOLkjD+SZvFi31r31aD19WKesyZtN8m2s13fioZ0K</latexit>

mailto:jaber@estudiantes.fisica.unam.mx


Mariana Jaber    .·.    jaber@estudiantes.fisica.unam.mx    .·.  Parametric approach for Dark Energy

M. Jaber, A.d.l. Macorra / Astroparticle Physics 97 (2018) 130–135 131 

Fig. 1. (Color online) Evolution of w (z) from Eq. (3) with q = 1 (solid red), q = 4 
(black dot-dashed), q = 6 (blue dotted), and q = 10 (green dashed). The other pa- 
rameters were fixed to w 0 = −0 . 9 , w i = −0 . 5 and z T = 1 . The solid red curve takes 
the special case q = z T = 1 , representing the CPL parametrization (4) . 

This article is organized as follows: we introduce our the- 
oretical framework and the data sets used in Section 2, Sec- 
tion 3 details the analysis performed and the results obtained 
while Section 4 summarizes our Conclusions. 
2. METHOD AND DATA 

Within the General Relativity framework for a flat Universe and 
a FLRW metric we have 
H(z) = H 0 √ 

!r (1 + z) 4 + !m (1 + z) 3 + !DE F (z) (1) 
where H ≡ ( da 

dt )( 1 a ) is the Hubble parameter, a = (1 + z) −1 the 
scale factor of the Universe and H 0 = 100 · h is the Hubble parame- 
ter at redshift zero in units of km · s −1 Mpc −1 . The present value of 
matter, radiation, and DE fractional densities are given by !m , !r , 
!DE , respectively. The function F (z) ≡ ρDE (z) 

ρDE (0) in Eq. (1) encodes the 
evolution of DE component in terms of its EoS, w (z) , according to 
F (z) = exp (−3 ∫ z 

0 dz ′ 1 + w (z ′ ) 
1 + z ′ 

)
(2) 

where w (z) specifies the evolution of the DE fluid and accordingly, 
the Universe expansion rate at late times, following the dynamics 
set by Eq. (1) 
w (z) = w 0 + w a ( z 

z T ) q 
1 + ( z 

z T ) q (3) 
with w a = w i − w 0 where w i and w 0 represent the value for w (z) 
at large redshifts and at present day, respectively, whereas the 
term f (z) ≡ ( z 

z T ) q 
1+( z 

z T ) q modulates the dynamics of this parametriza- 
tion in between both values, and takes the values f (z = 0) = 0 , 
f (z → ∞ ) = 1 and f (z = z T ) = 1 / 2 , i.e. 0 ≤ f ( z ) ≤ 1. This EoS makes 
a transition between the two regimes: w (z = 0) → w 0 , w (z ≫
0) → w i , at redshift z = z T , taking a value of w (z T ) = (w 0 + w i ) / 2 . 
The parameter q modulates the steepness of the transition fea- 
tured: a larger value for q has a steeper transition, as Fig. 1 shows. 
For q = z T = 1 , Eq. (3) includes the well known CPL parametriza- 
tion ( [14,15] ) as a particular case but it allows for a richer physical 
behavior. CPL EoS written in terms of scale factor reads: 
w (a ) = w 0 + w a (1 − a ) (4) 
from where we see that its slope is constant and with a value 
d w (a ) /d a = −w a = −(w i − w 0 ) , meaning that the late time dy- 

Table 1 
r BAO ( z ) measurements used in this work. The ones corresponding to SDSS data were 
inverted from the published values of D V ( z )/ s d and those corresponding to Ly α-F 
data were obtained from the reported quantities D A ( z )/ s d and D H ( z )/ s d . 

Data set Redshift r BAO ( z ) 
6dF 0.106 [27] 0.336 ± 0.015 
SDSS DR7 0.15 [32] 0.2239 ± 0.0084 
SDSS(R) DR7 0.35 [33] 0.1137 ± 0.0021 
SDSS-III DR12 0.38 [30] 0.100 ± 0.0011 

0.61 [30] 0.0691 ± 0.0 0 07 
SDSS-III DR11 2.34 [35] 0.0320 ± 0.0013 

2.36 [34] 0.0329 ± 0.0 0 09 
namics of DE is fixed from the present and initial values of the 
EoS. 

Clearly, taking w 0 = w i = −1 in (3) , the Cosmological Constant 
solution, w $ ≡ −1 , is recovered. 
2.1. BAO as a cosmological probe 

Ever since its first detection (Cole et al., [25] , Eisenstein et al., 
[26] ) the Baryon Acoustic Oscillation feature has been widely used 
as a powerful tool for cosmology becoming the standard ruler of 
choice. It has become the best way to probe late time dynamics 
of the Universe and in consequence that of DE. For that reason 
it is the cosmological tool used by several experiments like 6dF 
[27] , WiggleZ [28] , SDSS-III [29] ,(and most recently [30] ), SDSS-IV 
[18] and Dark Energy Survey (DES) [19] and the main probe to be 
implemented in future experiments like the Dark Energy Spectro- 
scopic Instrument (DESI) [20–22] and Euclid [23] . 

The corresponding size, r BAO ( z ), is obtained by performing a 
spherical average of the galaxy distribution both along and across 
the line of sight (Bassett and Hlozek [31] ): 
r BAO (z) ≡ r s (z d ) 

D V (z) (5) 
The comoving sound horizon at the baryon drag epoch is repre- 
sented by r s ( z d ) and the dilation scale, D V ( z ), contains information 
about the cosmology used in H ( z ): 
r s (z d ) ≡ ∫ ∞ 

z d dz 
H(z) √ 

3(R (z) + 1) , (6) 
D V (z) ≡ [

z(1 + z) 2 
H(z) D A (z) 2 ]1 / 3 

, (7) 
where 
D A (z) = 1 

1 + z 
∫ z 

0 dz ′ 
H(z ′ ) . (8) 

In this way, the BAO standard ruler which is set by a particular size 
in the spatial distribution of matter, can be used to constrain the 
parameters in Eq. (3) . 

While the sound horizon, r s ( z d ), depends upon the physics prior 
to the recombination era, given by z d ≈ 1059 [16] and the baryon to 
photon ratio, R (z) ≡ 3!γ (z) 

4!b (z) , the dilation scale, D V ( z ), is sensitive to 
the physics of much lower redshifts, particularly to those probed 
by Large Scale Structure experiments. 

In this work we make use of the observational points from the 
six-degree-field galaxy survey (6dFGS [27] ), Sloan Digital Sky Sur- 
vey Data Release 7 (SDSS DR7 [32] ) and the reconstructed value 
(SDSS(R) [33] ), as well as the latest result from the complete BOSS 
sample SDSS DR12 ( [30] , and the Lymann- α Forest (Ly α-F) mea- 
surements from the Baryon Oscillation Spectroscopic Data Release 
11 (BOSS DR11 [34,35] ). Table 1 summarizes them all. Since the 
volume surveyed by BOSS and WiggleZ [28] partially overlap we 
do not use data from the latter in this work (see details in [36] ). 

[MJ & A. De la Macorra 1604.01442] 

[MJ & A. De la Macorra 1708.08529]

I n s p i r e d b y 
quintessence behavior 
a t l a te t imes and 
allows for a more 
g e n e r a l b e h a v i o r 
be tween the h igh 
redshift and present 
values 

Includes the CPL case 
when the transition 
time and the steepness 
are fixed to q=zT=1

SEoS model
[A. Macorra 2015 1511.04439]
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Implementation to observational data

For probing late time evolution we use 

‣ BAO measurements from galaxies and LyA forest, as well as the 
latest determination of H0=73.21 ± 1.74km/s/Mpc. [Riess +16] 

‣ CMB compressed likelihood      [Planck ’15 DE&MG paper] 

We kept a flat geometry and the baryon density fixed. 

Uniform priors on the free parameters: 

Isotropic BAO measurements: 

                                                    *no WiggleZ

4

Data set Redshift rBAO(z)

6dF 0.106 [27] 0.336 ± 0.015

SDSS DR7 0.15 [32] 0.2239 ± 0.0084

SDSS(R) DR7 0.35 [33] 0.1137 ± 0.0021

SDSS-III DR12
0.38 [30] 0.100 ± 0.0011

0.61 [30] 0.0691 ± 0.0007

SDSS-III DR11
2.34 [35] 0.0320 ± 0.0013

2.36 [34] 0.0329 ± 0.0009

TABLE I: rBAO(z) measurements used in this
work. The ones corresponding to SDSS data were
inverted from the published values of DV (z)/sd
and those corresponding to Ly↵-F data were

obtained from the reported quantities DA(z)/sd
and DH(z)/sd.

corresponding covariance matrix is represented by
C.
The joint analysis of the di↵erent data sets is done by
adding their respective �2 functions. Further details
can be found in the Appendix A.
The reported value of ⌦m, ⇢DE ⌘ ⌦DEh

2 and ⇢⇤ ⌘
⌦⇤h

2 in tables summarizing our results was obtained
by taking the BFV for !c and H0 for each model,
as well as the fixed value !b ⌘ ⌦bh

2 = 0.02225 from
P15 [16].
Results from this section are discussed below and
summarized in table II, and in figures 2-3.
Local measurements (labeled model A in table II)
point to a dynamical DE presenting a very late and
abrupt transition (zT = 0.28, q = 9.97) from an ini-
tial value wi = �0.99 to a present value w0 = �0.91.
This behavior is portrayed in figure 2 and corre-
sponds to the black dot-dashed curve. The value
for H0 holds in agreement with the reported mea-
surement from AR16 used as prior for this calcula-
tion.
The dynamics for DE resulting from the use of BAO
data and CMB reduced likelihood (outcome B, Ta-
ble II) indicates the preference for a steep transi-
tion (q = 9.8) from the initial value wi = �0.77 to
the present value w0 = �0.92 at a pivotal redshift
zT = 0.63. This corresponds to the dotted line in
figure 2. The value for !c lies within the range im-
posed by CMB priors and the BFV for H0 is lower,
in agreement with P15 ([16]).
Model C in table II shows that a late time and
smooth transition (zT=1.31, q = 1.5) was preferred
by data, with an initial value wi = 0 to a present
value w0 = �0.96. The blue dashed line in 2 dis-
plays this particular dynamics. The amount of mat-
ter is very similar in DE and ⇤CDM models (cases
C and C⇤), however we obtain a larger amount of
DE ⇢DE > ⇢⇤ at present time and therefore a larger

H0. We see that the dynamics of DE allows to con-
sistently fit the variables from CMB along with the
local value of H0, since the inclusion of H0 in model
C only increased �2 by 0.2% compared to model B.
However, from Table III we see that the addition of
H0 in ⇤CDM model (B⇤ and C⇤) severely penalizes
the fit by increasing �2 by 19%, showing a tension
in the value for H0 from CMB and local measure-
ments.

In this case, the DE density at early times is not neg-
ligible since it has wi = 0. Figure 4 shows that its
contribution at decoupling is of order ⌦DE = 10%,
adding an extra component that behaves like dust
(/ a�3) at large redshifts. The ratio of DE den-
sity to ordinary matter (!c + !b) is nearly constant
from z ' 5 and has a value ⇢DE(z⇤)/⇢m(z⇤) = 0.16
(Figure 4b). This changes several cosmological pa-
rameters, for instance the equivalence epoch, aeq ⌘
⇢r(aeq)/⇢m(aeq), is smaller modifying the distance
to the last scattering surface and the sound horizon
at recombination. This is an interesting toy model
worthwhile of further studies, and it will also impact
CMB power spectrum and Large Scale Structure for-
mation.

Having a non-negligible DE at earlier times, al-
lows to put better constraints on its parameters:
{wi, q, zT }.

A DE component which is non-negligible at early
times as been studied in the literature and is known
as Early Dark Energy (see for example [42]).

From both, table II and figure 3 we can draw the
following general results. The value for w0 is tightly
constrained by observations. The scenario w0 = �1
is included within 1� error for all the cases. Genera-
lly speaking, for the outcomes where DE density be-
comes negligible at earlier times, we obtained weak
or no constraints for the initial value of the EoS, wi,
the transition time, zT , and the exponent q. In all
outcomes, the values q = 1 and zT = 1 are contained
within 1� of significance Figure 3 shows that wi is
highly degenerated with w0. The results for ⇤CDM
are summarized in table III.

IV. GROWTH OF PERTURBATIONS

We are interested in studying the e↵ect that the
transition featured by the EoS (3) has in the evo-
lution of matter overdensities well inside the hori-
zon in the matter-DE domination era. We do so
by means of the following system of linearized equa-
tions:

~✓ = {w0, wi, q, zT ,⌦ch2, h}

DV (z) =
h
(1 + z)2DA(z)c

z
H(z)

i1/3

rBAO(z) ⌘ s(zdrag)
DV (z)
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‣ BAO + H0

w0 = �0.92+0.15
�0.14

wi = �0.99( �0.67)
q = 9.97(� 7.19)
zT = 0.28( 1.08)

w
i
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<latexit sha1_base64="MkHAWSxFigAsiQHFgAeX4Vp6S90="></latexit><latexit sha1_base64="MkHAWSxFigAsiQHFgAeX4Vp6S90="></latexit><latexit sha1_base64="MkHAWSxFigAsiQHFgAeX4Vp6S90="></latexit><latexit sha1_base64="MkHAWSxFigAsiQHFgAeX4Vp6S90="></latexit>

h <latexit sha1_base64="LXpOwwA1k19ogc3QyfnbAtUmT8g=">AAACHnicdVDLSgMxFM34rPVVdekm2BFakDLThQpuim5cKtgq1FIy6Z1OMPMguaPUof+iP6MbRd3p35ipFXyeTc695yTkHC+RQqPjvFkTk1PTM7OFueL8wuLScmlltaXjVHFo8ljG6sxjGqSIoIkCJZwlCljoSTj1Lg5y/fQSlBZxdIKDBDoh60fCF5yhWXVLe5v2VeW6alMRaQTWo7FP7VblPAlE1d6idk66zoj1YszycWhmWrQDu1sqO7VtJwf9Tdza6HTKZIyjbunBPMLTECLkkmnddp0EOxlTKLiEYfE81ZAwfsH60DY0YiHoTjYKOaSbfqwoBkBH81dvxkKtB6FnPCHDQP/U8uVfWjtFf7eTiShJESJuLEbzU0kxpnlXtCcUcJQDQxhXwvyS8oApxtE0WjTxPzPS/0mrXnOdmntcLzf2x0UUyDrZIBXikh3SIIfkiDQJJ7fknjyTF+vGurMeracP64Q1vrNGvsF6fQfxXp3r</latexit><latexit sha1_base64="LXpOwwA1k19ogc3QyfnbAtUmT8g=">AAACHnicdVDLSgMxFM34rPVVdekm2BFakDLThQpuim5cKtgq1FIy6Z1OMPMguaPUof+iP6MbRd3p35ipFXyeTc695yTkHC+RQqPjvFkTk1PTM7OFueL8wuLScmlltaXjVHFo8ljG6sxjGqSIoIkCJZwlCljoSTj1Lg5y/fQSlBZxdIKDBDoh60fCF5yhWXVLe5v2VeW6alMRaQTWo7FP7VblPAlE1d6idk66zoj1YszycWhmWrQDu1sqO7VtJwf9Tdza6HTKZIyjbunBPMLTECLkkmnddp0EOxlTKLiEYfE81ZAwfsH60DY0YiHoTjYKOaSbfqwoBkBH81dvxkKtB6FnPCHDQP/U8uVfWjtFf7eTiShJESJuLEbzU0kxpnlXtCcUcJQDQxhXwvyS8oApxtE0WjTxPzPS/0mrXnOdmntcLzf2x0UUyDrZIBXikh3SIIfkiDQJJ7fknjyTF+vGurMeracP64Q1vrNGvsF6fQfxXp3r</latexit><latexit sha1_base64="LXpOwwA1k19ogc3QyfnbAtUmT8g=">AAACHnicdVDLSgMxFM34rPVVdekm2BFakDLThQpuim5cKtgq1FIy6Z1OMPMguaPUof+iP6MbRd3p35ipFXyeTc695yTkHC+RQqPjvFkTk1PTM7OFueL8wuLScmlltaXjVHFo8ljG6sxjGqSIoIkCJZwlCljoSTj1Lg5y/fQSlBZxdIKDBDoh60fCF5yhWXVLe5v2VeW6alMRaQTWo7FP7VblPAlE1d6idk66zoj1YszycWhmWrQDu1sqO7VtJwf9Tdza6HTKZIyjbunBPMLTECLkkmnddp0EOxlTKLiEYfE81ZAwfsH60DY0YiHoTjYKOaSbfqwoBkBH81dvxkKtB6FnPCHDQP/U8uVfWjtFf7eTiShJESJuLEbzU0kxpnlXtCcUcJQDQxhXwvyS8oApxtE0WjTxPzPS/0mrXnOdmntcLzf2x0UUyDrZIBXikh3SIIfkiDQJJ7fknjyTF+vGurMeracP64Q1vrNGvsF6fQfxXp3r</latexit><latexit sha1_base64="LXpOwwA1k19ogc3QyfnbAtUmT8g=">AAACHnicdVDLSgMxFM34rPVVdekm2BFakDLThQpuim5cKtgq1FIy6Z1OMPMguaPUof+iP6MbRd3p35ipFXyeTc695yTkHC+RQqPjvFkTk1PTM7OFueL8wuLScmlltaXjVHFo8ljG6sxjGqSIoIkCJZwlCljoSTj1Lg5y/fQSlBZxdIKDBDoh60fCF5yhWXVLe5v2VeW6alMRaQTWo7FP7VblPAlE1d6idk66zoj1YszycWhmWrQDu1sqO7VtJwf9Tdza6HTKZIyjbunBPMLTECLkkmnddp0EOxlTKLiEYfE81ZAwfsH60DY0YiHoTjYKOaSbfqwoBkBH81dvxkKtB6FnPCHDQP/U8uVfWjtFf7eTiShJESJuLEbzU0kxpnlXtCcUcJQDQxhXwvyS8oApxtE0WjTxPzPS/0mrXnOdmntcLzf2x0UUyDrZIBXikh3SIIfkiDQJJ7fknjyTF+vGurMeracP64Q1vrNGvsF6fQfxXp3r</latexit>
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Mariana Jaber    .·.    jaber@estudiantes.fisica.unam.mx    .·.  Parametric approach for Dark Energy

‣ BAO + Planck

w0 = �0.92± 0.10
wi = �0.77( �0.27)
q = 9.8(� 6.9)
zT = 0.63(� 0.10)
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<latexit sha1_base64="FvyMrz9skctuSYvnTbrwiH/8jg0=">AAACIHicbZDLSgNBEEV7fMb4irp005gJJCBhJhvdCEE3LiOYRIhh6OnUmMaeB901hjjkZ/RnFARRV/o19sQsfNXqVN3bRd/yEyk0Os67NTe/sLi0XFgprq6tb2yWtrY7Ok4VhzaPZawufKZBigjaKFDCRaKAhb6Ern99kuvdG1BaxNE5jhPoh+wqEoHgDM3IKx1V7FH1tmZTEWkENqBxQO1O9TIZipq9T+0cPGdKgxizvJ2YnhbtkSdsr1R26s606F9wZ1Ams2p5pSezhqchRMgl07rnOgn2M6ZQcAmT4mWqIWH8ml1Bz2DEQtD9bBpzQitBrCgOgU77796MhVqPQ994QoZD/VvLh/9pvRSDw34moiRFiLixGC1IJcWY5teiA6GAoxwbYFwJ80vKh0wxjuamRRPf/R32L3Qaddepu2eNcvN4dogC2SV7pEpcckCa5JS0SJtwck8eySt5s+6sB+vZevmyzlmzNzvkR1kfn4cKnsQ=</latexit><latexit sha1_base64="FvyMrz9skctuSYvnTbrwiH/8jg0=">AAACIHicbZDLSgNBEEV7fMb4irp005gJJCBhJhvdCEE3LiOYRIhh6OnUmMaeB901hjjkZ/RnFARRV/o19sQsfNXqVN3bRd/yEyk0Os67NTe/sLi0XFgprq6tb2yWtrY7Ok4VhzaPZawufKZBigjaKFDCRaKAhb6Ern99kuvdG1BaxNE5jhPoh+wqEoHgDM3IKx1V7FH1tmZTEWkENqBxQO1O9TIZipq9T+0cPGdKgxizvJ2YnhbtkSdsr1R26s606F9wZ1Ams2p5pSezhqchRMgl07rnOgn2M6ZQcAmT4mWqIWH8ml1Bz2DEQtD9bBpzQitBrCgOgU77796MhVqPQ994QoZD/VvLh/9pvRSDw34moiRFiLixGC1IJcWY5teiA6GAoxwbYFwJ80vKh0wxjuamRRPf/R32L3Qaddepu2eNcvN4dogC2SV7pEpcckCa5JS0SJtwck8eySt5s+6sB+vZevmyzlmzNzvkR1kfn4cKnsQ=</latexit><latexit sha1_base64="FvyMrz9skctuSYvnTbrwiH/8jg0=">AAACIHicbZDLSgNBEEV7fMb4irp005gJJCBhJhvdCEE3LiOYRIhh6OnUmMaeB901hjjkZ/RnFARRV/o19sQsfNXqVN3bRd/yEyk0Os67NTe/sLi0XFgprq6tb2yWtrY7Ok4VhzaPZawufKZBigjaKFDCRaKAhb6Ern99kuvdG1BaxNE5jhPoh+wqEoHgDM3IKx1V7FH1tmZTEWkENqBxQO1O9TIZipq9T+0cPGdKgxizvJ2YnhbtkSdsr1R26s606F9wZ1Ams2p5pSezhqchRMgl07rnOgn2M6ZQcAmT4mWqIWH8ml1Bz2DEQtD9bBpzQitBrCgOgU77796MhVqPQ994QoZD/VvLh/9pvRSDw34moiRFiLixGC1IJcWY5teiA6GAoxwbYFwJ80vKh0wxjuamRRPf/R32L3Qaddepu2eNcvN4dogC2SV7pEpcckCa5JS0SJtwck8eySt5s+6sB+vZevmyzlmzNzvkR1kfn4cKnsQ=</latexit><latexit sha1_base64="FvyMrz9skctuSYvnTbrwiH/8jg0=">AAACIHicbZDLSgNBEEV7fMb4irp005gJJCBhJhvdCEE3LiOYRIhh6OnUmMaeB901hjjkZ/RnFARRV/o19sQsfNXqVN3bRd/yEyk0Os67NTe/sLi0XFgprq6tb2yWtrY7Ok4VhzaPZawufKZBigjaKFDCRaKAhb6Ern99kuvdG1BaxNE5jhPoh+wqEoHgDM3IKx1V7FH1tmZTEWkENqBxQO1O9TIZipq9T+0cPGdKgxizvJ2YnhbtkSdsr1R26s606F9wZ1Ams2p5pSezhqchRMgl07rnOgn2M6ZQcAmT4mWqIWH8ml1Bz2DEQtD9bBpzQitBrCgOgU77796MhVqPQ994QoZD/VvLh/9pvRSDw34moiRFiLixGC1IJcWY5teiA6GAoxwbYFwJ80vKh0wxjuamRRPf/R32L3Qaddepu2eNcvN4dogC2SV7pEpcckCa5JS0SJtwck8eySt5s+6sB+vZevmyzlmzNzvkR1kfn4cKnsQ=</latexit>
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<latexit sha1_base64="QkmFqzeCKyiDeuGOOvitnRCGcxo=">AAACIHicbZDLSgMxFIYz3h1vVZdugh2hgpSZbnQjiG5cVrCt0JaSSc/YYOZCcsZSh76MvoyCIOpKn8bM2IVW/02+c/4/Ief4iRQaXffDmpmdm19YXFq2V1bX1jdKm1tNHaeKQ4PHMlZXPtMgRQQNFCjhKlHAQl9Cy785y/3WLSgt4ugSRwl0Q3YdiUBwhqbVKx3vOcPK3b5DRaQRWJ/GAXWalU4yEPvOAXVy6LkF9WPM8nJsamo7Q3P0SmW36haif8GbQJlMVO+Vns0zPA0hQi6Z1m3PTbCbMYWCSxjbnVRDwvgNu4a2wYiFoLtZMeaY7gWxojgAWtQ/sxkLtR6FvsmEDAd62sub/3ntFIOjbiaiJEWIuIkYL0glxZjm26J9oYCjHBlgXAnzS8oHTDGOZqe2Gd+bHvYvNGtVz616F7XyyelkEUtkh+ySCvHIITkh56ROGoSTB/JE3si7dW89Wi/W63d0xprc2Sa/ZH1+ATHDnos=</latexit><latexit sha1_base64="QkmFqzeCKyiDeuGOOvitnRCGcxo=">AAACIHicbZDLSgMxFIYz3h1vVZdugh2hgpSZbnQjiG5cVrCt0JaSSc/YYOZCcsZSh76MvoyCIOpKn8bM2IVW/02+c/4/Ief4iRQaXffDmpmdm19YXFq2V1bX1jdKm1tNHaeKQ4PHMlZXPtMgRQQNFCjhKlHAQl9Cy785y/3WLSgt4ugSRwl0Q3YdiUBwhqbVKx3vOcPK3b5DRaQRWJ/GAXWalU4yEPvOAXVy6LkF9WPM8nJsamo7Q3P0SmW36haif8GbQJlMVO+Vns0zPA0hQi6Z1m3PTbCbMYWCSxjbnVRDwvgNu4a2wYiFoLtZMeaY7gWxojgAWtQ/sxkLtR6FvsmEDAd62sub/3ntFIOjbiaiJEWIuIkYL0glxZjm26J9oYCjHBlgXAnzS8oHTDGOZqe2Gd+bHvYvNGtVz616F7XyyelkEUtkh+ySCvHIITkh56ROGoSTB/JE3si7dW89Wi/W63d0xprc2Sa/ZH1+ATHDnos=</latexit><latexit sha1_base64="QkmFqzeCKyiDeuGOOvitnRCGcxo=">AAACIHicbZDLSgMxFIYz3h1vVZdugh2hgpSZbnQjiG5cVrCt0JaSSc/YYOZCcsZSh76MvoyCIOpKn8bM2IVW/02+c/4/Ief4iRQaXffDmpmdm19YXFq2V1bX1jdKm1tNHaeKQ4PHMlZXPtMgRQQNFCjhKlHAQl9Cy785y/3WLSgt4ugSRwl0Q3YdiUBwhqbVKx3vOcPK3b5DRaQRWJ/GAXWalU4yEPvOAXVy6LkF9WPM8nJsamo7Q3P0SmW36haif8GbQJlMVO+Vns0zPA0hQi6Z1m3PTbCbMYWCSxjbnVRDwvgNu4a2wYiFoLtZMeaY7gWxojgAWtQ/sxkLtR6FvsmEDAd62sub/3ntFIOjbiaiJEWIuIkYL0glxZjm26J9oYCjHBlgXAnzS8oHTDGOZqe2Gd+bHvYvNGtVz616F7XyyelkEUtkh+ySCvHIITkh56ROGoSTB/JE3si7dW89Wi/W63d0xprc2Sa/ZH1+ATHDnos=</latexit><latexit sha1_base64="QkmFqzeCKyiDeuGOOvitnRCGcxo=">AAACIHicbZDLSgMxFIYz3h1vVZdugh2hgpSZbnQjiG5cVrCt0JaSSc/YYOZCcsZSh76MvoyCIOpKn8bM2IVW/02+c/4/Ief4iRQaXffDmpmdm19YXFq2V1bX1jdKm1tNHaeKQ4PHMlZXPtMgRQQNFCjhKlHAQl9Cy785y/3WLSgt4ugSRwl0Q3YdiUBwhqbVKx3vOcPK3b5DRaQRWJ/GAXWalU4yEPvOAXVy6LkF9WPM8nJsamo7Q3P0SmW36haif8GbQJlMVO+Vns0zPA0hQi6Z1m3PTbCbMYWCSxjbnVRDwvgNu4a2wYiFoLtZMeaY7gWxojgAWtQ/sxkLtR6FvsmEDAd62sub/3ntFIOjbiaiJEWIuIkYL0glxZjm26J9oYCjHBlgXAnzS8oHTDGOZqe2Gd+bHvYvNGtVz616F7XyyelkEUtkh+ySCvHIITkh56ROGoSTB/JE3si7dW89Wi/W63d0xprc2Sa/ZH1+ATHDnos=</latexit>
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<latexit sha1_base64="QkmFqzeCKyiDeuGOOvitnRCGcxo=">AAACIHicbZDLSgMxFIYz3h1vVZdugh2hgpSZbnQjiG5cVrCt0JaSSc/YYOZCcsZSh76MvoyCIOpKn8bM2IVW/02+c/4/Ief4iRQaXffDmpmdm19YXFq2V1bX1jdKm1tNHaeKQ4PHMlZXPtMgRQQNFCjhKlHAQl9Cy785y/3WLSgt4ugSRwl0Q3YdiUBwhqbVKx3vOcPK3b5DRaQRWJ/GAXWalU4yEPvOAXVy6LkF9WPM8nJsamo7Q3P0SmW36haif8GbQJlMVO+Vns0zPA0hQi6Z1m3PTbCbMYWCSxjbnVRDwvgNu4a2wYiFoLtZMeaY7gWxojgAWtQ/sxkLtR6FvsmEDAd62sub/3ntFIOjbiaiJEWIuIkYL0glxZjm26J9oYCjHBlgXAnzS8oHTDGOZqe2Gd+bHvYvNGtVz616F7XyyelkEUtkh+ySCvHIITkh56ROGoSTB/JE3si7dW89Wi/W63d0xprc2Sa/ZH1+ATHDnos=</latexit><latexit sha1_base64="QkmFqzeCKyiDeuGOOvitnRCGcxo=">AAACIHicbZDLSgMxFIYz3h1vVZdugh2hgpSZbnQjiG5cVrCt0JaSSc/YYOZCcsZSh76MvoyCIOpKn8bM2IVW/02+c/4/Ief4iRQaXffDmpmdm19YXFq2V1bX1jdKm1tNHaeKQ4PHMlZXPtMgRQQNFCjhKlHAQl9Cy785y/3WLSgt4ugSRwl0Q3YdiUBwhqbVKx3vOcPK3b5DRaQRWJ/GAXWalU4yEPvOAXVy6LkF9WPM8nJsamo7Q3P0SmW36haif8GbQJlMVO+Vns0zPA0hQi6Z1m3PTbCbMYWCSxjbnVRDwvgNu4a2wYiFoLtZMeaY7gWxojgAWtQ/sxkLtR6FvsmEDAd62sub/3ntFIOjbiaiJEWIuIkYL0glxZjm26J9oYCjHBlgXAnzS8oHTDGOZqe2Gd+bHvYvNGtVz616F7XyyelkEUtkh+ySCvHIITkh56ROGoSTB/JE3si7dW89Wi/W63d0xprc2Sa/ZH1+ATHDnos=</latexit><latexit sha1_base64="QkmFqzeCKyiDeuGOOvitnRCGcxo=">AAACIHicbZDLSgMxFIYz3h1vVZdugh2hgpSZbnQjiG5cVrCt0JaSSc/YYOZCcsZSh76MvoyCIOpKn8bM2IVW/02+c/4/Ief4iRQaXffDmpmdm19YXFq2V1bX1jdKm1tNHaeKQ4PHMlZXPtMgRQQNFCjhKlHAQl9Cy785y/3WLSgt4ugSRwl0Q3YdiUBwhqbVKx3vOcPK3b5DRaQRWJ/GAXWalU4yEPvOAXVy6LkF9WPM8nJsamo7Q3P0SmW36haif8GbQJlMVO+Vns0zPA0hQi6Z1m3PTbCbMYWCSxjbnVRDwvgNu4a2wYiFoLtZMeaY7gWxojgAWtQ/sxkLtR6FvsmEDAd62sub/3ntFIOjbiaiJEWIuIkYL0glxZjm26J9oYCjHBlgXAnzS8oHTDGOZqe2Gd+bHvYvNGtVz616F7XyyelkEUtkh+ySCvHIITkh56ROGoSTB/JE3si7dW89Wi/W63d0xprc2Sa/ZH1+ATHDnos=</latexit><latexit sha1_base64="QkmFqzeCKyiDeuGOOvitnRCGcxo=">AAACIHicbZDLSgMxFIYz3h1vVZdugh2hgpSZbnQjiG5cVrCt0JaSSc/YYOZCcsZSh76MvoyCIOpKn8bM2IVW/02+c/4/Ief4iRQaXffDmpmdm19YXFq2V1bX1jdKm1tNHaeKQ4PHMlZXPtMgRQQNFCjhKlHAQl9Cy785y/3WLSgt4ugSRwl0Q3YdiUBwhqbVKx3vOcPK3b5DRaQRWJ/GAXWalU4yEPvOAXVy6LkF9WPM8nJsamo7Q3P0SmW36haif8GbQJlMVO+Vns0zPA0hQi6Z1m3PTbCbMYWCSxjbnVRDwvgNu4a2wYiFoLtZMeaY7gWxojgAWtQ/sxkLtR6FvsmEDAd62sub/3ntFIOjbiaiJEWIuIkYL0glxZjm26J9oYCjHBlgXAnzS8oHTDGOZqe2Gd+bHvYvNGtVz616F7XyyelkEUtkh+ySCvHIITkh56ROGoSTB/JE3si7dW89Wi/W63d0xprc2Sa/ZH1+ATHDnos=</latexit>
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‣ BAO + H0 + Planck w0 = �0.96+0.22
�0.17

wi = 0+0.04
�0.02

q = 1.5+1.3
�0.5

zT = 1.31+1.42
�0.44
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w0 = �0.96+0.22
�0.17

wi = 0+0.04
�0.02

q = 1.5+1.3
�0.5

zT = 1.31+1.42
�0.44
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DE density at early times is not 
negligible since it has wi = 0.  

ΩDE(z*) = 10% 

Adding an extra component that 
behaves like dust (~ a−3) at large 
redshifts. 

[MJ & A. De la Macorra 1708.08529]
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DE density at early times is not 
negligible since it has wi = 0.  

ΩDE(z*) = 10% 

Adding an extra component that 
behaves like dust (~ a−3) at large 
redshifts. 

Precisely this non negligible 
DE at early times is what 
a l l o w s t o p u t b e t t e r 
c o n s t r a i n t s o n t h e 
parameters for the EoS.

[MJ & A. De la Macorra 1708.08529]
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[MJ & A. De la Macorra 1708.08529]
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Tensions

(a) �2
BAO+H0

(b) �2
BAO+Planck

(c) �2
BAO+H0+Planck
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To take away

‣Tension is reduced in a dynamical DE  a model coming from a 
single scalar field and which does not  cross the phantom 
dividing line.
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Using SPINE method from 
[Aragón-Calvo, 0809.5104]

[Cautun+17]

Work in progress 
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Under the supervision of Dr.Octavio Valenzuela  
(IA-UNAM) 
Collaboration with Dr. Miguel Aragón (IA-UNAM) 
and Dra. Chandrachani Ningombam (IA-UNAM)

Using SPINE method from 
[Aragón-Calvo, 0809.5104]

[Cautun+17]

Work in progress 
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Under the supervision of Dr.Octavio Valenzuela  
(IA-UNAM) 
Collaboration with Dr. Miguel Aragón (IA-UNAM) 
and Dra. Chandrachani Ningombam (IA-UNAM)

Credit: Chandrachani Ningombam
Using SPINE method from 
[Aragón-Calvo, 0809.5104]

[Cautun+17]

Work in progress 
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Parametrization inspired in f(R) theories  
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Parametrization inspired in f(R) theories  

Work in collaboration with 
Dra. Luisa Jaime (Nuclear Physics Institute UNAM) 
Dra. Celia Escamilla (MCTP/UNACH)
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Reconstructed EoS for DE

‣This profile cannot be reproduced by a single scalar field but it 
can be generated by modify gravity theories!

Cosmic acceleration stage state-of-art

The reconstructed evolution history of the dark energy EoS. [Zhao et al 1701.08165]

Oscillating w cannot be produced with 
a single phantom or quintessence 
model… but

It can be produced  
by modify gravity

C. Escamilla-Rivera || cescamilla@mctp.mx || Modified gravity for surveys

[Zhao+ 2017]
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Gµ⌫ ⇠ g, @g, @2g
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Tµ⌫ ⇠ ⇢, P
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Quintessence 

K-essence 

Tachyon 

Chaplygin gas 

…

f(R) theories 

Scalar-tensor models 

Braneworld models 

Galileons 

…

Gµ⌫ = 8⇡GTµ⌫
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Modified gravity Modified matter

Cosmic acceleration may be originated from some geometric 
modification of Einstein theory.

mailto:jaber@estudiantes.fisica.unam.mx


Mariana Jaber    .·.    jaber@estudiantes.fisica.unam.mx    .·.  Parametric approach for Dark Energy

f(R) theories of gravity

f(R) theories are constructed by replacing the usual Ricci scalar R in the 
Einstein-Hilbert action with an algebraic function of R  

‣Viable candidates  after GW170817 

The choice of the f(R) function must be such that : 

‣we obtain a late-time acceleration 

‣ and have stable high-curvature limits and well behaved cosmological 
solutions with a proper era of matter domination. 

‣We also need to pass solar system  and equivalence principle 
constraints.

S =
R
d

4
x

p
�g

h
f(R)
2 + Lm

i
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[Amendola, L. + 083504] 

[Sawicki, I. + 0702278]
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This leaves us with three cosmologically viable models: 

‣ Hu & Sawicki 
[Hu + 0705.1158] 

‣ Starobinsky 
[Starobinsky 0706.2041] 

‣ Exponential 
[Linder 0905.2962]

f(R) = R�RHS

c1
⇣

R
RHS

⌘n

c2
⇣

R
RHS

⌘n
+ 1
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f(R) theories of gravity
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Geometric EoS for DE in f(R) gravity
We can extremise the action w.r.t. gab to get the field equations:  

Using a flat FLRW metric we find the modified evolution equations: 

Directly from the metric we can get 

And defining                                     we can write the geometric equation of 
state 

which comes from a Tab which strictly conserves energy and momentum and 
which is free of singularities 

fRRab � 1
2fgab � (rarb � gab⇤) fR = Tab
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[Jaime, L. + 1312.5428]
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JJE parametrization

We need to integrate the field equations from the past to the future and, 
given the attractor behavior of this kind of gravity, its implementation 
into the pipeline of surveys, or in N-body, and Boltzmann codes is 
complex and requires many assumptions.  
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JJE parametrization

We need to integrate the field equations from the past to the future and, 
given the attractor behavior of this kind of gravity, its implementation 
into the pipeline of surveys, or in N-body, and Boltzmann codes is 
complex and requires many assumptions.  

[Jaime, L., MJ, Escamilla, C. 1804.04284]

!(z) = �1 + w0
1+w1zw2

cos(w3 + z)
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➤ Has w(z=0) = w0cos(w3)-1 

➤ Recovers w=-1 at large redshifts 

➤ And allow oscillations in the range of interest of observations

mailto:jaber@estudiantes.fisica.unam.mx


Mariana Jaber    .·.    jaber@estudiantes.fisica.unam.mx    .·.  Parametric approach for Dark Energy

JJE parametrization

[Jaime, L., MJ, Escamilla, C. 1804.04284]
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JJE parametrization
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[Jaime, L., MJ, Escamilla, C. 1804.04284]

JJE parametrization
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‣ Competitive precision in the region relevant for Dark Energy 
experiments  [Adapted from DESI Collaboration. 1611.00036] 

C. Escamilla-Rivera || cescamilla@mctp.mx || Modified gravity for surveys

Region with enough statistical significance for the f(R)-like cosmology 
parameterisation (JJE)

JJE parametrization
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JJE parametrization: implementation to data

‣BAO determination from galaxies and Ly-a measurements 
‣ SNeIa  
‣Measurement of H(z) from cosmic clocks 

[Jaime, L., MJ, Escamilla, C. 1804.04284]
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[Escamilla, C., Jaime, L, MJ, 2018] 

[Escamilla, C. + 2018]

C. Escamilla-Rivera || cescamilla@mctp.mx || Modified gravity for surveys

f(R)-like cosmology parameterisation: statistical inference

[Riess A et al 1604.01424] 

[Akaike H. Trans. on automatic control 19 716, 
Escamilla-R, C; Jaime, L and Jaber, M. 2018 
Escamilla-R, C and Marra, V. 2018] 

[Akaike, 1974] 

JJE parameterization: Statistical inferenceJJE parameterization: Statistical inference

TH0 = |H0�HR16
0 |

�H0
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CPL, BA models

JJE model
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JJE parameterization: Statistical inference

JJE EoS

CPL, BA
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To take away

‣We present a new parameterisation that can reproduce a f(R)-
like cosmology with precision <0.8% in the range z = [0, 4] 

‣Each parameter in this 4-dim f(R)-like cosmology 
parameterisation have a closely physical meaning with the free 
parameters in the f(R) models considered.  

‣The implementation of this parameterisation to observational 
data shows enough statistical significance for current and 
future experiments.  

‣This parameterisation (based on physically motivated theory) 
can be used: as a fiducial model in surveys and to implement 
(easily) in Boltzmann codes [Jaime, Jaber, Escamilla. In process 2018] 
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