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•  Cons*tutes 2/3 of 
energy in the 
universe 

•  Is smoothly 
distributed and 
invisible 

•  Doesn’t clump like 
non‐rela*vis*c 
maBer 

•  Has nega*ve 
pressure, leading to 
accelera*on 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Different model will have diff rela1on between Pressure & Density 
                                       w(1me dependent) = P/ρ  
                                 Simplest model: constant w = ‐1 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Standard Cosmology 
•  In terms of the density parameters                  , the Hubble parameter can 

be wriBen as (assuming a FRW metric): 

•  The second Einstein equa*on can be wriBen as: 

                             CMB first acous*c Peak Loca*on           

                                    CMB, safe to be ignored for late *me evolu*on 

Ωi = ρi

ρc

H2 = H2
0

[
Ωm0(1 + z)3 + Ωr0(1 + z)4 + Ωk(1 + z)2 + Ωx0f(z)

]

ä
a = −H2

0
2

[
Ωm0(1 + z)3 + 2Ωr0(1 + z)4 + (1 + 3wx)Ωx0f(z)

]

wx = constant→ f(z) = (1 + z)3(1+wx)

wx = wx(z)→ f(z) = Exp
[
3

∫
1+wx
1+z dz

]

Ωk ≈ 0→
Ωr0 ≈ 10−5 →

wx = −1→ f(z) = 1→ Λ

Things to be measured 

ȧ2

a2 =

wx(z), Ωx0 and Ωm0

Accelera*on 
wx < −1/3
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Probing The Dark Energy 

•  Its effect on cosmological expansion. Includes geometric 
probes and involves distances and volumes, coming 
directly from the metric. 

•  Its indirect effects on the growth of structures from its 
influence on expansion.  Involves growth factor and  
growth rate of maBer density perturba*ons. 

•  Any direct contribu*on of it to the growth of structures. 
It actually modifies the growth equa*ons itself. 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Cosmic Archeology 

Cosmic maGer structures: 
less direct probes of 
expansion  

PaGern of ripples, clumping 
in space, growing in 1me.  

3D survey of galaxies and 
clusters ‐ Lensing.  

Supernovae: direct 
probe of cosmic 
expansion 

Time: 30‐100% of 
present age of universe  

CMB: direct probe of 
primordial fluctua1ons 

Time: 0.003% of the present 
age of the universe. 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Standard Candle 

If an object has luminosity L, the flux received at a  
distance “d” is simply S=L/(4πd2) .  

If a class of object have the same luminosity L, they are referred to 
as Standard Candle. 

Type Ia supernovae can be considered as a standard candle. 
         They are like light bulb of 1048 WaGs !! 
           (In comparison Sun is ~ 3 x 1026 WaBs) 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Supernova Type‐Ia 
•  First Proposed by Baade and Zwicki in 1930s. 

•  Extremely Bright to be seen over cosmological distances 

      Historical Supernova Classifica*on: 
•  Presence or absence of certain features in their  Op*cal Spectra taken near 

maximum light. 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Redshift measured tells us 
expansion factor (average 
distance between galaxies) 

Peak brightness tells us 
distance away (lookback 
time) 

Type Ia Supernova lightcurves 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Apparent Luminosity 
Measurement 

source 
Obs 

Using only kinema*cal quan**es and assuming a FRW metric: 

Assume a homogeneous and  isotropic Universe given 
by a FRW metric: 

In Practice, we measure the distance modulus:  



Discovery!!! Acceleration!!!	



(i)

(ii)

(iii)

(i)

(ii)

(iii)
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Nobel Prize in Physics 2011 

Saul PerlmuBer  Adam Riess  Brian  P. Schimdt 

The Supernova Cosmology Project 
LBNL CA, US 

The High‐z Supernova Search Team 
Australian Na*onal University, 
Weston Creek, Australia  

The High‐z Supernova Search Team 
Johns Hopkins University 
 and Space Telescope Science Ins*tute, 
Bal*more, MD, USA 

” for the discovery of the accelerating 
expansion of the Universe through 
observations of distant supernovae " 5/11/14 



Total 580 data 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Standard Model for CMB

•  We assume a homogeneous and isotropic FRW Universe 

which mainly contains photons, electrons, baryons, 
neutrinos, CDM and cosmological constant. !

•  Primordial fluctuations from inflation produce the 
temperature fluctuations in photon-baryon fluid.!

•  Acoustic waves due to photon pressure, amplified by 
intertia due to baryons and gravitational interaction.!

•  Photon-electron decoupling results diffusion processes 
inducing fluctuation damping.!
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CMB Observations

•  Primary Temperature Anisotropy was first discovered 

by COBE in 1992.!

•  The peak structure was first measured with good 
accuracy by Boomerang in 2000.!

•  In 2003, WMAP measured it with greater accuracy and 
a standard ΛCDM cosmological model was confirmed.!

•  In 2013, Planck Satellite by ESA measured the 
temperature anisotropy in CMB with best ever 
precision.!
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CMB Observations 1992-2013
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Cosmic Microwave Background 
Radiation 
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Concordance ΛCDM model  
An Excellent Fit to the Data 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Baryon Acous1c Oscilla1ons 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Baryon Acoustic Oscillation

BAO-1:  Single redshift bin 
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Baryon Acoustic Oscillations


Blake et al, 
1108.2635 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Concordance ΛCDM model  

accélération 

accélération 
décélération lente 

décélération rqpide 

accélération 

accélération 
décélération lente 

décélération rqpide 

inflation radiation matière énergie noire 

acceleration 

acceleration 
slow deceleration 

fast deceleration 

inflation RD (radiation domination) MD (matter domination) ΛD (Λ domination) 

Assumes a flat homogeneous and isotropic Universe containing 5 components, e.g. 
Photons, neutrinos, baryons, CDM and Λ and 4 stages of cosmological evolutions. 

Picture taken from J. Lesgourgues 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The most popular candidate for 

                                    Dark Energy   

                                               Is  
                         The Cosmological Constant: `Λ’. 

        Introduced by Einstein in 1917, the cosmological constant sa1sfies 

Which implies 

for the equa1on of state of the cosmological constant. 

w = p
ρ = −1
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What’s the Problem with Cosmological 
Constant? 

•  Why now?  

  ρ ~ R-3  

  Vacuum Energy:    ρ ~ constant 

Two problems: 

5/11/14 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•  Quintessence is  model 
of Dark Energy involving 
standard scalar fields. 

•  The basic idea  is same as 
Infla1on, only  the 
energy scale involved is 
much lower than that of 
Infla1on, and also there 
is  a large maGer 
component present. 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Quintessence Model 

3H2 = 8πG(ρm + ρφ)

φ̈ + 3Hφ̇ + dV
dφ = 0

ä
a = − 4πG

3 (ρm + ρφ + 3pφ)

ρφ = 1
2 φ̇2 + V (φ) pφ = 1

2 φ̇2 − V (φ)

System of equa*ons (Assuming FRW background): 

1
2 φ̇2 << V (φ)→ w = pφ

ρφ
≈ −1
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Equa1on of mo1on of scalar field 

•  driven by steepness of poten1al 
•  slowed by Hubble fric1on 
Broad categoriza1on ‐‐ which term dominates:  

•  field rolls but decelerates as dominates energy  

•  field starts frozen by Hubble drag and then rolls  
   Trackers vs. Thawers      

                       Caldwell & Linder 2005  5/11/14 



Thawing Vs Tracking 

Thawing Models: Same as infla*on. Ini*ally frozen (w=‐1)at 
the flat part of the poten*al due to large Hubble Damping. 
Later on as the Hubble damping decreases, the field slowly 
thaws away from w= ‐1. 

Tracking Models: Field fast rolls ini*ally mimicking the 
background (w= 0 or 1/3). Later on as the slope of the 
poten*al changes, it exits the tracking regime and start 
behaving like a dark energy (w<‐2/3). 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•  We want to study models close to Λ behaviour.  
•  Scalar field with ini*al value φi  in a nearly flat poten*al  

    V(φ) sa*sfying the Slow‐Roll Condi*ons: 

     One can find the universal behaviour (irrespec*ve of the form for 
poten*al):                                                                    

Models Close to w = ‐1  

γ = 1 + w = λ2
i
3

[
1√
Ωφ
− 1

2

(
1

Ωφ
− 1

)
Log

(
1+
√

Ωφ

1−
√

Ωφ

)]2

Ωφ =
[
1 + (Ω−1

φ0 − 1)(a/a0)−3
]−1

Scherrer and Sen, PRD 2008 



Interes*ng Parametriza*on 
    Equa*on of State:                        Bento, Bertolami and AAS, PRD 2002 

•  Plugging GCG e.o.s in the equa*on:   

•               :  

Tµ
ν;µ = 0

As =
A

ρ1+β
gcg0

ωgcg = − As

As+(1−As)(1+z)3(1+β)

As = − ωgcg0 As = 1, ωgcg = −1→ Cosm.Const

ρgcg = ρgcgo

[
As + (1−As)(1 + z)3(1+β)

]1/(β+1)

For early *me 

ρ ∝ a−3

ρ = consant

ρ = consant

ρ ∝ a−3

For early *me 

For late *me 

For late *me 
Trackers 0 < As ≤ 1, 1 + β > 0

0 < As ≤ 1, 1 + β < 0

p = − A

ρβ

β = −1, constant equation of state

Thawer 



Different Models……….. 

1)  Cosmological Constant 

2)  Dark energy  w =   pressure/energy density = constant                      
3)  Dark energy w = w(z)                                                
4)  Freezing or tracker quintessence 
5)  Thawing quintessence                                            
6)  Phantom model  w < ‐1 

7)  Scalar‐Tensor models 

8)  Coupled Quintessence 
9)   K‐Essence 
10) Chaplygin and Generalized Chaplygin Gas 
11)  F ( R ) and f(G) models 

12) DGP model 

13) Cardassian model………and MANY MORE 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How to constrain DE behaviour? 

•  Difficult to study each model with observa*onal data. 

•  Look for some parametrized form for w(z) that represents a 
broad class of dark energy behaviour. 

•  What kind of behaviours we are broadly interested in?   

      a) whether w = ‐1 (C.C) or not? 

      b) if it is not C.C, whether w(z) is constant or evolving? 
      c) if evolving, what kind of evolu*on, e.g thawing or freezing 

      d) is w is phantom (w < ‐1)  or non‐phantom (w > ‐1)? 

5/11/14 



Where do we stand? 

5/11/14 



Combining SN+BAO+CMB 
(WMAP9+SPT+ACT/Planck)


Hinshaw et al. 

1212.5226  

CPL Parameteriza*on 

−2.0 −1.6 −1.2 −0.8 −0.4
w0

−1.6

−0.8

0.0

0.8

1.6

w
a

Planck+WP+BAO

Planck+WP+Union2.1

Planck+WP+SNLS

Planck Collab: 

1303.5076 

5/11/14 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Some Inconsistencies

Planck Cosmology Results

Some hints of departures from
simplest expectations on large
scales
Low-! spectrum about 5–10% lower
than expected cf. to best fit ΛCDM
model at about 3σ significance
Also H0 from CMB now discrepant
with recent HST + Spitzer
determinations at about 2.5σ level
(Universe has got slightly older
Planck about 40 Myr > WMAP9
value.)
Some hints from SPT data for an
extra neutrino species don’t seem to
be supported (though such a thing
could help reconcile Planck H0
determinations with others)

Planck Collaboration: Cosmological parameters

Table 8. Approximate constraints with 68% errors on Ωm and
H0 (in units of km s−1 Mpc−1) from BAO, with ωm and ωb fixed
to the best-fit Planck+WP+highL values for the base ΛCDM
cosmology.

Sample Ωm H0

6dF . . . . . . . . . . . . . . . . . . . . . . . . . 0.305+0.032
−0.026 68.3+3.2

−3.2
SDSS . . . . . . . . . . . . . . . . . . . . . . . 0.295+0.019

−0.017 69.5+2.2
−2.1

SDSS(R) . . . . . . . . . . . . . . . . . . . . . 0.293+0.015
−0.013 69.6+1.7

−1.5
WiggleZ . . . . . . . . . . . . . . . . . . . . . 0.309+0.041

−0.035 67.8+4.1
−2.8

BOSS . . . . . . . . . . . . . . . . . . . . . . . 0.315+0.015
−0.015 67.2+1.6

−1.5
6dF+SDSS+BOSS+WiggleZ . . . . . . 0.307+0.010

−0.011 68.1+1.1
−1.1

6dF+SDSS(R)+BOSS . . . . . . . . . . . 0.305+0.009
−0.010 68.4+1.0

−1.0
6dF+SDSS(R)+BOSS+WiggleZ . . . . 0.305+0.009

−0.008 68.4+1.0
−1.0

surements constrain parameters in the base ΛCDM model, we
form χ2,

χ2
BAO = (x − xΛCDM)T C−1

BAO(x − xΛCDM), (50)

where x is the data vector, xΛCDM denotes the theoretical pre-
diction for the ΛCDM model and C−1

BAO is the inverse covari-
ance matrix for the data vector x. The data vector is as fol-
lows: DV(0.106) = (457 ± 27) Mpc (6dF); rs/DV(0.20) =
0.1905 ± 0.0061, rs/DV(0.35) = 0.1097 ± 0.0036 (SDSS);
A(0.44) = 0.474 ± 0.034, A(0.60) = 0.442 ± 0.020, A(0.73) =
0.424±0.021 (WiggleZ); DV(0.35)/rs = 8.88±0.17 (SDSS(R));
and DV(0.57)/rs = 13.67±0.22, (BOSS). The off-diagonal com-
ponents of C−1

BAO for the SDSS and WiggleZ results are given
in Percival et al. (2010) and Blake et al. (2011). We ignore any
covariances between surveys. Since the SDSS and SDSS(R) re-
sults are based on the same survey, we include either one set of
results or the other in the analysis described below, but not both
together.

The Eisenstein-Hu values of rs for the Planck and WMAP-9
base ΛCDM parameters differ by only 0.9%, significantly
smaller than the errors in the BAO measurements. We can obtain
an approximate idea of the complementary information provided
by BAO measurements by minimizing Eq. (50) with respect to
either Ωm or H0, fixing ωm and ωb to the CMB best-fit parame-
ters. (We use the Planck+WP+highL parameters from Table 5.)
The results are listed in Table 819.

As can be seen, the results are very stable from survey to
survey and are in excellent agreement with the base ΛCDM
parameters listed in Tables 2 and 5. The values of χ2

BAO are
also reasonable. For example, for the six data points of the
6dF+SDSS(R)+BOSS+WiggleZ combination, we find χ2

BAO =
4.3, evaluated for the Planck+WP+highL best-fitΛCDM param-
eters.

The high value of Ωm is consistent with the parameter anal-
ysis described by Blake et al. (2011) and with the “tension” dis-
cussed by Anderson et al. (2013) between BAO distance mea-
surements and direct determinations of H0 (Riess et al. 2011;
Freedman et al. 2012). Furthermore, if the errors on the BAO
measurements are accurate, the constraints on Ωm and H0 (for
fixed ωm and ωb) are of comparable accuracy to those from
Planck.

19As an indication of the accuracy of Table 8, the full likelihood
results for the Planck+WP+6dF+SDSS(R)+BOSS BAO data sets give
Ωm = 0.308 ± 0.010 and H0 = 67.8 ± 0.8 km s−1 Mpc−1, for the base
ΛCDM model.

Fig. 16. Comparison of H0 measurements, with estimates of
±1σ errors, from a number of techniques (see text for details).
These are compared with the spatially-flat ΛCDM model con-
straints from Planck and WMAP-9.

The results of this section show that BAO measurements are
an extremely valuable complementary data set to Planck. The
measurements are basically geometrical and free from complex
systematic effects that plague many other types of astrophysical
measurements. The results are consistent from survey to survey
and are of comparable precision to Planck. In addition, BAO
measurements can be used to break parameter degeneracies that
limit analyses based purely on CMB data. For example, from
the excellent agreement with the base ΛCDM model evident in
Fig. 15, we can infer that the combination of Planck and BAO
measurements will lead to tight constraints favouring ΩK = 0
(Sect. 6.2) and a dark energy equation-of-state parameter, w =
−1 (Sect. 6.5).

Finally, we note that we choose to use the
6dF+SDSS(R)+BOSS data combination in the likelihood
analysis of Sect. 6. This choice includes the two most accu-
rate BAO measurements and, since the effective redshifts of
these samples are widely separated, it should be a very good
approximation to neglect correlations between the surveys.

5.3. The Hubble constant

A striking result from the fits of the baseΛCDM model to Planck
power spectra is the low value of the Hubble constant, which is
tightly constrained by CMB data alone in this model. From the
Planck+WP+highL analysis we find

H0 = (67.3±1.2) km s−1 Mpc−1 (68%; Planck+WP+highL).(51)

A low value of H0 has been found in other CMB experi-
ments, most notably from the recent WMAP-9 analysis. Fitting
the base ΛCDM model, Hinshaw et al. (2012) find

H0 = (70.0 ± 2.2) km s−1 Mpc−1 (68%; WMAP-9), (52)

consistent with Eq. (51) to within 1σ. We emphasize here that
the CMB estimates are highly model dependent. It is important
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Issues to be discussed

•  Possible tensions between CMB and Non‐CMB data 
•  How different data prefer cosmological behaviour 
•  Consistency for the LCDM model 
•  Any preference for phantom/non phantoms 
•  Any possibility for transi*on from phantom to non‐phantom or vice 

versa 
•  Any possibility that accelera*on to be a transient phenomena 

•  Data Used:  
    Planck + WMAP polariza*on, SN (Union3), BAO, HST. 

    D. Hazra, S. Majumdar, S.Pal, S. Panda, AAS, arXiv: 1310.6161 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W(z) Parameterizations

•  Mo*va*on is to explore the dark energy constraints more 

elaborately. 

•  To see how robust are the constraints: whether depend on the 
dark energy parameteriza*on.  

•  We use three parameteriza*on: 

     (i)                                                            CPL Parameteriza*on 

     (ii) 
                                                                     SS Parameteriza*on 

     (iii)                                               GCG Parameteriza*on (non‐phant) 

w(a) = w0 + wa(1− a)

w(a) = (1+w0)
[√

1 + (Ω−1
DE − 1)a−3 − (Ω−1

DE − 1)a−3 tanh−1 1√
1+(Ω−1

DE−1)a−3

]2

×

×
[

1√
ΩDE

−
(

1
ΩDE

− 1
)

tanh−1√ΩDE

]−2
− 1.

w(a) = − A
A+(1−A)a−3(1+α) ,
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Likelihood Comparison

Data ΛCDM CPL GCG SS

Planck (low-! + high-!) 7789.0 7787.4 7789.0 7788.1

WMAP-9 low-! polarization 2014.4 2014.436 2014.383 2014.455

BAO : SDSS DR7 0.410 0.073 0.451 0.265

BAO : SDSS DR9 0.826 0.793 0.777 0.677

BAO : 6DF 0.058 0.382 0.052 0.210

BAO : WiggleZ 0.020 0.069 0.019 0.033

SN : Union 2.1 545.127 546.1 545.131 545.675

HST 5.090 2.088 5.189 2.997

Total 10355.0 10351.4 10355.0 10352.4

Table 1. Best fit χ2
eff obtained in different model upon comparing against CMB + non-CMB

datasets. The breakdown of the χ2
eff for individual data is provided as well. To obtain the

best fit we have used the Powell’s BOBYQA method of iterative minimization.

CPL SS GCG

w0[−A] −1.09+0.168
−0.206 −1.14+0.08

−0.09 −0.957+0.007
−0.043

wa[α] −0.27+0.86
−0.56 - −2.0+0.29

unbounded

Ωm 0.284+0.013
−0.015 0.288+0.012

−0.013 0.304+0.009
−0.011

H0 71.2+1.6
−1.7 70.3+1.4

−1.4 67.9+0.9
−0.7

Table 2. The mean value and the 1σ range for different parameters for CPL, SS and GCG
parametrization for CMB+non-CMB in a combined analysis. The parameters w0 and wa

represents −A and α for GCG model as has been indicated in the table which is helps a
direct comparison in the case of w0.

– 8 –

5/11/14 



Likelihood Plots


 0

 0.5

 1

-2 -1.5 -1 -0.5  0  0.5  1

L
ik

e
lih

o
o
d

w0

CPL model

Planck+WP

non-CMB

Planck+WP+non-CMB

 0

 0.5

 1

-3 -2 -1  0  1  2  3

L
ik

e
lih

o
o
d

wa

CPL model

Planck+WP

non-CMB

Planck+WP+non-CMB

 0

 0.5

 1

-1 -0.9 -0.8 -0.7 -0.6

L
ik

e
lih

o
o
d

-A

GCG model

Planck+WP

non-CMB

Planck+WP+non-CMB

 0

 0.5

 1

-3 -2 -1  0  1  2  3

L
ik

e
lih

o
o
d

α

GCG model

Planck+WP

non-CMB

Planck+WP+non-CMB

 0

 0.5

 1

-2 -1.5 -1 -0.5  0

L
ik

e
lih

o
o
d

w0

SS model

Planck+WP

non-CMB

Planck+WP+non-CMB

Figure 1. The likelihood functions for different parameters of equation of state. The upper
ones are for the CPL parametrization, the middle ones for the GCG parametrization and
the bottom one for the SS parametrization. The color codes are for different analysis with
different observations and are described in the plot.

phantom GCG model compared to other two parametrizations as the χ2
eff is lowest

in these cases. On the other hand, although the CPL and SS which allow phantom
behavior, are providing a better fit to the data from Planck and HST, the same equation
of states do not fit with the Supernovae data at the same level as the ΛCDM or GCG
model. This breakdown of χ2

eff certainly points to the fact that different data may
prefer different kind of dark energy behaviors. Obviously from these likelihood values,
one can not say this conclusively and we need to probe this further through the actual
likelihood behavior for different parameters considering different datasets.
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2D Confidence Contours
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Figure 2. Contour plots in the w0 − wa plane for CPL and A − α plane for the GCG
parametrization.
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Figure 3. Contour plots in w0−H0 parameter plane for CPL (left), GCG (middle) and SS
(right) parametrization. The red line represents the best fit value for H0 obtained Planck for
ΛCDM case.

For GCG parametrization which represents different scalar field behaviors, it is
evident from the 2D contour in the A−α plane that the allowed region for the thawing
behavior ( α < −1 ) is significantly higher than that for the freezing behavior (α > −1).

In figure 3, we show the confidence contours in the w0 − H0 plane for all three
parametrizations. In this figure we alsoshow the Planck best fit measurements for H0

for a concordance ΛCDM model in red line. The black line represents Cosmlogical
Constant. In figure 4, we show the confidence contours in the Ωm − H0 parameter
plane for all three parametrization; the red lines show the best fit values for Ωm and
H0 as measured by Planck for a concordance ΛCDM model.

These figures show some interesting features. It should be mentioned that over-
plotting Planck best fit values does not imply a consistency of different datasets. We
would like to address the issue that when we allow or reject phantom behavior in
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ΛCDM case.

For GCG parametrization which represents different scalar field behaviors, it is
evident from the 2D contour in the A−α plane that the allowed region for the thawing
behavior ( α < −1 ) is significantly higher than that for the freezing behavior (α > −1).

In figure 3, we show the confidence contours in the w0 − H0 plane for all three
parametrizations. In this figure we alsoshow the Planck best fit measurements for H0

for a concordance ΛCDM model in red line. The black line represents Cosmlogical
Constant. In figure 4, we show the confidence contours in the Ωm − H0 parameter
plane for all three parametrization; the red lines show the best fit values for Ωm and
H0 as measured by Planck for a concordance ΛCDM model.

These figures show some interesting features. It should be mentioned that over-
plotting Planck best fit values does not imply a consistency of different datasets. We
would like to address the issue that when we allow or reject phantom behavior in

– 11 –

5/11/14 



2D Confidence Contours
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Figure 4. Contour plots in Ωm−H0 parameter plane for CPL (left), GCG (middle) and SS
(right) parametrization. The red lines represents the best fit values for H0 and Ωm obtained
Planck only for ΛCDM model.

Figure 5. Behavior of equation of state w as a function of redshift z for CPL (upper left),
GCG (upper right) and SS (bottom) parametrization for 1 − σ and 2 − σ confidence level.
The red and blue lines correspond to w = −1 and the mean w respectively.

the dark energy equation of state, in which direction and to what extent the other
background cosmological parameter shifts.

Here we see that when we allow phantom equation of state (i.e. for CPL and
SS), the cosmology shifts to higher value of H0 and lower value of Ωm. We note that
the amount of shift throws out the base ΛCDM values measured by Planck outside
2σ confidence limit in case of CPL and at the border of 2σ in case of SS. However we
see that base model is in more agreement with GCG compared to the other two as it
is inside 1σ contour. This is because of the fact that GCG does not allow phantom
model and in that context closer to the base model.

So from figures 3 and 4, one can summarize as follows: Planck measurements
of high Ωm and low H0 values for ΛCDM model are consistent with measurements of
these two parameters using both CMB+non-CMB data if we restrict ourselves only
to non-phantom models like GCG. However, tension arises when we allow phantom

– 12 –
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Reconstructed Equation of 
State
with measurements of these two parameters using both CMB + non-CMB data if

we restrict ourselves only to non-phantom models like GCG. However, tension arises
when we allow phantom behavior, as the CMB and non-CMB data drag the equation
of state in two different directions (i.e., both phantom and non-phantom) and the
phantom region provides better fit to the joint likelihood of CMB and non-CMB by
dominantly better fitting Planck data (in the joint analysis). 4
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Figure 5. Behavior of equation of state w as a function of redshift z for CPL (left), GCG
(middle) and SS (right) parametrization for 1− σ and 2 − σ confidence level. The red and
blue lines correspond to w = −1 and the mean w respectively.

The behaviors of the equation of state as a function of redshift at 1σ and 2σ
confidence levels, for the three parametrizations, are shown in Figure 5.

A) It is apparent that SS parametrization (right panel in the figure) constrains the
equation of state to evolve very closely to the w = −1; the 1σ region for w is al-
ways less than but within ∼ 5% to the Cosmological Constant at all epochs . This
is expected as this parametrization represents thawing class scalar field models with
small deviations from Cosmological Constant. Thus, the non-phantom behavior is not
allowed at 1σ confidence level. However, at 2σ, the dark energy behavior is consistent
with a Cosmological Constant. Note, that the mean w is always phantom and can pro-
vide reasonable deviation from Cosmological Constant behavior at the present epoch.

B) The CPL parametrization (left panel in the figure) has similar behavior and dark
energy appears to be phantom at more than 1σ level beyond z > 0.2. Only at z < 0.2,
we get w = −1 line within the 1σ bound. For z < 0.2, the mean equation of state
touch w = −1 from below. In this parametrization, mean dark energy equation of
state starts as a Cosmological Constant at only z = 0 and quickly deviates from it to
become phantom like as redshift increases. w is best constrained at roughly around
z ∼ 0.3. Note that dark energy with w ≥ −1 lies outside the inner grey region (1σ)
in the range (0.2 < z < 2). Moreover, it needs the equation of state parameters to be

4Note, again, that due to the phantom behavior, a higher value of H0 is favored involving Planck
data which is in better agreement with HST.
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Discussions

•  If we allow phantom behavior, CMB data  favor  it compared to 

non‐phantom  behavior.  On  the  other  hand,  non‐CMB  data 
consistently prefer non‐phantom model. This   tension between 
the two data sets may be aBributed to unknown systema*cs or 
the  lack  of  beBer  theory/parameteriza*on of  the  dark  energy 
equa*on of state. 

•  The GCG parameteriza*on which is a non‐phantom one, shows 
consistency between CMB and non‐CMB data, although with 
worse likelihood values.  The cosmological parameters are also 
consistent with base Planck best‐fit measurements. 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Discussions 
•  With the reconstruc*on of the equa*on of state for DE, find 

that for models allowing phantom, the w=‐1 line stays outside 
the 1σ allowed band. 

•  For the CPL case, we find that within 2σ band, there does not 
exist  a  equa*on  of  state  that  has  not  passed  through  a 
phantom  region,  unless  one  does  extreme  fine  tuning  at 
redshiw around z = 0.3. 

•  Regarding the thawing and freezing behavior, thawing 
behavior (where accelera*on is transient) is more favorable. 

     This is interes*ng due to recent construc*on of thawing class 
      of dark energy models in string Theory. 

      Panda, Sumimoto and Trivedi, PRD, 2011. 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BICEP2 Results 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Status of Infla*on Awer Planck‐2013 

•  Key Predic*ons for a simple infla*onary models: 

1.  Flat Universe  

2.  Ini*al curvature fluctua*ons is almost scale invariant and power‐law: 

3.  Primordial Fluctua*ons are Gaussian. 

4.  Primordial gravity waves: 

5/11/14 

Ωk = −0.0096± 0.01

PR( k
k0

) ≈ As( k
k0

)ns−1, As = H2

8π2εV M2
p
, ns − 1 = −6εV + 2ηV

Ph(k) ≈ At( k
k0

)nt , At = rAs = 2H2

π2M2
p
, nt = −2εV



Planck Constraint 2013 PLANCK2013 CONSTRAINTS
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ns
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0.4

r 0
.0

02
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N = 60

m 2φ 2

ΛCDM+tensors

ΛCDM+running+tensors

r0.002 < 0.11 (95%; Planck+WP+highL; no running)
r0.002 < 0.26 (95%; Planck+WP+highL; running)

• As good as you can do with TT (without running)

• Small r and ns < 1 favour models with V ′′ < 0
25/11/14 

•  r < 0.11  (95% CL with Planck + WP + Low‐L ; No running) 
•  r < 0.26 (95% CL with Planck + WP + Low‐L; with running) 



BICEP2 measurement of r 

5/11/14 

IMPLICATIONS FOR r

r = 0.20+0.07
−0.05 (no foreground correction)

• Large spread in max. likelihood 0.12 < r < 0.21 with foreground models

17

r = 0.2+0.07
−0.05

This assumes LCDM + power‐Law spectrum for primordial fluctutaions 



Problem with large r 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Whether Phantom DE can play a role? 

are indicative. It shows that with a full likelihood analysis for CMB+non-CMB data using mcmc, one
can expect a substantially better fitting with a phantom model for dark energy keeping the power-law
form for scalar PPS. In a recent paper, Hazra et al. [12] have shown that there is a mild preference
for phantom model over ΛCDM with the current CMB +non-CMB data (pre BICEP2) and ΛCDM is
disfavored at more than 1σ confidence level but it is still allowed at 2σ. All these happen with simple
power law type scalar PPS. Our result shows that with the inclusion of BICEP2 data, phantom model
may actually be preferred over ΛCDM model with much higher confidence level. Moreover inclusion
of phantom model may also rescue the power-law type scalar PPS which occurs in simple slow-roll
inflationary models.

Comparison of the ΛCDM with Phantom DE
Planck + WP Planck + WP + BICEP2

nT = −r/8 ΛCDM Phantom ΛCDM Phantom
Ωbh2 0.02217 0.0223 0.0221 0.0223

ΩCDMh2 0.1183 0.1171 0.1177 0.116
100θ 1.041 1.042 1.041 1.041

τ 0.088 0.088 0.089 0.089
ns 0.9658 0.9676 0.9686 0.9732
w0 -1 -1.408 -1 -1.599
wa 0 -0.894 0 -1.17
r 0.009 0.01 0.16 0.17

ln(1010AS) 3.085 3.081 3.085 3.081
−2 lnL [Best fit]

commander -7.454 -8.61 -1.695 -4.802
CAMspec 7796.235 7795.474 7797.54 7796.988

WP 2014.141 2014.55 2013.321 2013.572
BICEP2 - - 39.141 38.281
Total 9802.92 9801.41 9848.31 9844.04

−2∆ lnL - -1.51 - -4.3

Table 1. Results for the χ2 minimization with CosmoMC. For all cases, power-law form for the scalar PPS
is assumed.

6 Conclusion

In this paper, we have considered GCG has a natural candidate for the inflation. In this model, the
equation of state for GCG starts with a w = −1 behavior and leads to inflation. With time, the
equation of state naturally evolves towards w = 0 dust behavior and inflation ends. Subsequently we
study a canonical scalar field theory that represents the GCG behavior.

While studying the primordial fluctuation in this model, we show that in Einstein gravity, GCG
is not suitable for generating the requires PPS as one needs a fairly large value for N∗ (N∗ = 217), the
required e-folding at horizon exit, which is incompatible with theoretical constraint 50 < N∗ < 60.
Next we consider the GCG inflationary model in RS type five dimensional brane world scenario where
the Einstein equation gets a correction term due to the presence of higher dimension. In this set up,
we show that GCG works perfectly as a slow-roll inflationary model. We obtain the constraints on
the model parameters using the bounds on ns, As and r as obtained by Planck and BICEP2. The
inflationary energy scale in our model is around 1015 GeV, one order less than the GUT scale. The
value of the five-dimensional Planck mass is around 10−2Mpl in our model.
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To Summarize	


•  Provided  CMB  and  Non‐CMB  joint  analysis  does  not  impose 

systema*c errors as discussed, allowing phantom provides a beBer 
fit to the joint data. Adding BICEP2 fits improve further. 

•  This  is  an  invita*on  to  build  model  for  dark  energy  that  allow 
phantom behavior. 

•  It may be blow  to  standard  scalar field models  for dark energy as 
one can not violate weak energy condi*on in this case. 

•  But higher deriva*ve correc*ons, as well as coupled model for dark 
maBer and dark energy can results effec*ve equa*on of state that 
may be phantom. 

•  On the other hand, non‐phantom behavior although provides worse 
fit than phantom,  it shows consistencies with both CMB+non‐CMB 
data sets as well as with LCDM results. 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Current and Future Projects in 
Observational Cosmology�

CMB:  
WMAP, SPT, ACT, Planck 

Large Scale Surveys: 
SDSS, Chandra, Wiggle-Z, BOSS, Big-BOSS, e-Rosita, Euclid, DES, SKA……. 

Supernova-Ia Observations: 
SCP, SNLS, High-z Sn Search, Essence, LSST, JWST, TMT….. 

Common Goal:                     

 Studying the Nature of Dark Energy!
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Thank You	
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