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Expanding Universe: Friedmann Robertson Walker 
(FRW) Spacetime

Space is Homogeneous and Isotropic:

ds2 = dt2 − a2(t)[
dr2

1 − kr2
+ r2(dθ2 + sin2θdϕ2)]

Gravity is determined by GR
+

Equation for the scale factor a(t):
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Expanding FRW Universe

Three Numbers:  

H0   = Expansion Rate            age, size of the universe     

                               

q0    = Acceleration Rate         nature of gravity, origin, fate of the universe           

                              

 k    = Spatial Curvature         Inflation is true         0  

Spatially Flat Universe:

H2(z) = H2
0[(Ωcdm0 + Ωb0)(1 + z)3 + Ωrad0(1 + z)4 + ΩΛ0(1 + z)3(1+w)]

Negligible at la
te tim

es

Ωm0
Ωi0 =

ρi0

3H2
0 /8πG

Dimension-less Density Parameters

q0 =
1
2

[Ωm0 + (1 + 3w)ΩΛ0] w =
pΛ

ρΛ
Equation of state of dark energy

= -1  for Cosmological ConstantΩm0 + ΩΛ0 = 1
Around 1990’s, H0  = 60-80 km/s/Mpc

                         Ωm0   = 1, ΩΛ0  = 0

                         q0      =  Ωm0 / 2

                          



Standard Candles: Type-Ia Supernova and Cepheids

Basic Principle of Standard candles:  Brightness = Luminosity/Distance2

Type-Ia Supernova

Image credit: STFC/David Hardy

Thermonuclear explosion of a White-Dwarf

 star reaching the Chandrasekhar Mass limit 

Luminosity = 109L⊙

Cepheid Stars

Massive Pulsating Stars having correlation 

between their Time-period and luminosity. 

Luminosity = 105L⊙

Integral part of Cosmic Distance Ladder to measure distances

https://cseligman.com/text/stars/variables.htm



Accelerating Universe and Dark Energy

Distance Modulus: μ = m − M = H0(
dL(z)

10Mpc
) + 25

Luminosity Distance: dL =
c(1 + z)

H0 ∫
z

0

dz
H(z)/H0

Robert P. Kirshner PNAS 1999

Ωm0 = 0.3 ΩΛ0 = 0.7 Assuming  w = -1, Cosmological Constant 

Two Teams: Supernova Cosmology Project, High-z Supernova Search Team 

q0 < 0 Accelerating Universe !!

Robert P. Kirshner PNAS 1999



Accelerating Universe and Dark Energy
Add Other Cosmological Observation:

WMAP(Credit: NASA) SDSS (credit: Eisenstein et al. (2005)



Cause of Acceleration
q0 =

1
2

[Ωm0 + (1 + 3w)ΩΛ0]

q0 < 0 → w < − 1/2 (with ΩΛ0  = 0.7)

Possible Source:

1) Cosmological Constant or Vacuum Energy: w = -1

Fine Tuning Problem, cosmic coincidence problem

2) Evolving Dark Energy, scalar field slowly rolling over a potential:                 ,                 w ≠ − 1 dw
dt

≠ 0

Fine Tuning Problem, Fifth Force Problem, no such scalar field from particle physics

3) Modified Gravity Models: Modification of GR at Large Cosmological Scales                

Tightly constrained by recent Gravitational Wave measurements by LIGO

Severely Constrained by Local Measurements, e.g Solar System Constraints 



Universe After Planck-2018

0

1000

2000

3000

4000

5000

6000

D
T

T
`

[µ
K

2
]

30 500 1000 1500 2000 2500
`

-60
-30
0
30
60

�
D

T
T

`

2 10
-600

-300

0

300

600

Six Parameter Concordance ΛCDM model is exceptionally good fit to the Planck data. 

⌦bh
2 = 0.02233± 0.00015

⌦ch
2 = 0.1198± 0.0012

100✓MC = 1.04089± 0.00031

⌧ = 0.0540± 0.0074

ln(1010As) = 3.043± 0.014

ns = 0.9652± 0.0042

⌦m = 0.3147± 0.0074

�8 = 0.8101± 0.0061

rdrag = 147.26± 0.29 Mpc

zre = 7.64± 0.74

⇤ = (2.846± 0.076)⇥ 10�122 m2
pl

No evidence for dark energy models beyond Cosmological Constant!!

Six Parameters Derived Parameters

H0 = 67.37± 0.54 Km/sec/Mpc

Aghanim et al, 1807.06209

CMB+BAO+SnIA



How CMB Measures H0 ?

Three Steps Process:

1) Calculate the Sound Horizon of Last Scattering surface of CMB:

rs = ∫
∞

z*

dz
H(z)

cs(z) z* = Redshift for recombination epoch

cs =
1

3(1 + 3Ωb /Ωr)

Depends on pre-recombination physics only

2) Infer the angular size of the sound horizon from the peak spacing in CMB:

θ = π/Δl

3)Calculate the Angular Diameter Distance for the Sound Horizon and infer H(z) :

DA =
rs

θ
=

1
(1 + z*) ∫

z*

0

dz
H(z)

Extrapolate H(z) to z=0 and get H0 

In this step, one needs a late time model and Planck uses ΛCDM



How Local Measurements Determine H0 

Hubble already told us: cz = H0d + peculiar velocity

Redshift measurements 

are dominated by peculiar

velocities.

To get rid of peculiar velocity 

effect, one needs go far away. 

Distance measurements 

are more reliable for nearby 

astrophysical objects.

One needs to connect the two

Cosmic Distance Ladder

SH0ES:1604.01424

Parallax of cepheids

Galaxies having

both cepheids and SnIa

Distant galaxies in 
expanding universe 


Having SnIa

Distance ~Kpc/Mpc

Distance ~30-40 Mpc

Distance ~Gpc

Within Hubble Flow


z~0.1

H0 = 73.30 ± 1.04Km /s/Mpc
Riess et al: 2112.04510



Hubble Tension

H0 = 67.4 ± 0.5

H0 = 73.3 ± 1.045σ

H0 = 67.4 ± 0.5

H0 = 73.3 ± 1.04

km/s/Mpc

km/s/Mpc

Planck-18

SH0ES 21

Note:

Two are separated by 13.4 Gyr. 

Planck measurement of H0  is bases on Physics of Early Universe

SH0ES measurement of H0  is bases on Astrophysics of Stars

Still two measurements agree within 10% which is remarkable!!



Hubble Tension

The Hubble tension
Current state – headache 

Di Valentino [2011.00246] 

Discrepancy between the early and 
late universe? 

TANVI KARWAL, UNIVERSITY OF PENNSYLVANIA 

Is ΛCDM wrong? 

Di Valentino et al: arXiv:2103.01183



Tension Related To LSS
Constraints on strength of Clustering of Matter 

This tension is quantified using the parameter S8:

S8 = σ8[(Ωm0/0.3)]1/2

For ΛCDM: 
S8 = 0.832 ± 0.013 Planck-2018+CMB-Lensing

S8 = 0.759+0.024
−0.021 Weak Lensing by KiDS-1000

Asgari et al arXiv:2007.15633

 ~ 3σ Tension!!



Possible Solution

Thirdly, all the models that shift the sound horizon using an ingredient that is not dark radiation
are successful in passing at least one of the tests.

In summary, the models that pass at least one of criterion 2 or 3 without leading to a worse global
fit, ranked from the best to worst �AIC, are the following:

1. EDE,

2. varying e↵ective electron mass in a curved universe,

3. NEDE,

4. EMG,

5. primordial magnetic field,

6. varying e↵ective electron mass,

7. Majoron,

8. self-interacting DR.

These models constitute our “finalist” sample. The results obtained so far are summarized graph-
ically in Figure 3. The left plot shows the tension on H0 using the dataset Dminimal ⌘ (Planck2018
+ BAO, black, Section 4.1), and the middle plot the tension on Mb obtained using dataset Dbaseline

(green, Section 4.2). For comparison, in each of these panels we also illustrate the impact of in-
cluding the SH0ES likelihood in conjunction with Dminimal and Dbaseline. In addition, we illustrate
in the right panel the extent to which each model is able to reduce the S8 tension. The S8 tension
is not significantly impacted for most of our models, except for Self-interacting Dark Radiation
scattering on Dark Matter. These two models return significantly lower values of S8 than ⇤CDM.

Figure 3: Level of tension on H0, Mb or S8 (from left to right) for the sixteen cosmological models studied in
this work. The grey vertical bands represent the respective predictions of ⇤CDM without SH0ES. The green band
represents the SH0ES calibration of MB , while the orange band represents the S8 measurement from [66].

15

Schoneberg et al

arXiv:2107.10291



Possible Solution
H(z) = H0E(z)

DA(z*) =
1

(1 + z*) ∫
z*

0

dz
H(z)

=
1

(1 + z*)
1

H0 ∫
z*

0

dz
E(z)

rs = ∫
∞

z*

dz
H(z)

cs(z) cs =
1

3(1 + 3Ωb /Ωr)

θ =
rs

DA
Fixed

Late time DE model

Pre-Recombination Physics

Early Time Solution (no change in late time physics) : E(z) remains same

E(z) = Ωm0(1 + z)3 + f (z)

H
(z

)/
(1

+
z)

z

H0 = 73.3

H0 = 67.5

H0  increases —> DA  decreases —> rs  decreases —> pre-recombination period H(z) increases



Early Dark Energy Solution
H0  increases —> DA  decreases —> rs  decreases —> pre-recombination period H(z) increases

Introducing an Early Dark Energy before recombination which decays quickly later 

Early dark energy (EDE)

Additional energy component with the 
properties:

• Λ-like behaviour initially 

• Then dilutes faster than matter as 5.
• Localised peak in 6-/- = 0!"!

0#$#%&
at &1

9$%$

:&;'

TANVI KARWAL, UNIVERSITY OF PENNSYLVANIA 

<()( - how much EDE
.* - when EDE appears
=+ (or >) - how fast is 
disappears 
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gy
 d
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s 
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Model: Dissipated Axion Field

V(ϕ) = V0(1 − cosϕ)n

··ϕ + (3H + Γ(z)) ·ϕ + V′�(ϕ) = 0

·ρrad + 4Hρrad = Γ ·ϕ2

Disadvantages:

Highly Fine-Tuned

Not consistent with LSS data

Image Credit: T. Karwal

• Poulin et al [1811.04083]  



Possible Solution

δH0 =
 5%

δH
0 =

 10%

Late Time Solution (no change in pre-recombination physics) : rs  remains same DA  should not change

H(z) = H0E(z)

E(z) = Ωm0(1 + z)3 + f (z)

DA(z) =
1

(1 + z*) ∫
z*

0

dz
H(z)

=
1

(1 + z*)
1

H0 ∫
z*

0

dz
E(z)

H0  increases —> DA  remains the same—> A(z) increases —> Modification in late-time evolution

A(z)

f(z) ∝ (1 + z)3(1+w)For a Constant DE EOS

E(z) decreases —> (1+w) < 0  —> Phantom DE



Another Interesting Late-Time Modification

E(z) = [Ωm0(1 + z)3 + (1 − Ωm0 − ΩΛ0)(1 + z)3(1+w) + ΩΛ0]1/2

Let’s Add An Extra Cosmological Constant in Energy Budget: 

In terms of Scalar field model:

This is same as adding a non-zero cosmological constant for the  Scalar field potential:

V(ϕ) = F(ϕ) + V0

V0 can be both positive (dS) or negative (AdS) 
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Black,Red, Green —>   DA  from BOSSDR12 (z=0.38,0.51,0.61) 
Pink —> DA  from CMB Last Scattering Surface (z=1100) 
Dashed —> DL From SnIa (z=0.5) 

Find out what is the possible combinations for ( w-ΩΛ ) that  give identical 

BAO/CMB/SnIa measurements as ΛCDM by Planck but with H0 = 72 km/s/Mpc.

Another Interesting Late-Time Modification



Do Observations give hint for -Λ?
Consider the relevant cosmological data

CMB by Planck

BAO data from LSS

SnIa data Pantheon

SH0ES data for H0  

Which one is preferred: DE with dS or AdS ground state or ΛCDM?

Evolving Dark Energy:  Scalar Field rolling over a potential

with dS/AdS minimum

Instead of any particular scalar field potential, we use two most popular

parameterisations for the scalar field equation of states for       :

 = constant

ρde = ρϕ + Λ (Λ > 0 or Λ < 0 )

wCDMCCwϕ

wϕ = w0 + (1 − a)wa cplCDMCC

(AAS, Adil, Sen, arXiv:2112.10641, To Appear in MNRAS)

ρϕ
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Table 1. Best fit , Mean and 1f values of the parameters for wCDMCC model.

Parameters CMB CMB+BAO CMB+BAO+�0

⌦m (0.215) 0.200+0.049
�0.068 (0.2956)0.304 ± 0.012 (0.2793)0.2791 ± 0.0065

N0(km/s/Mpc) (81.43)87.2+9.6
�16 (69.6) 68.5+1.3

�1.5 (71.62)71.66 ± 0.85

rd (147.2) 147.20 ± 0.38 (147)147.17 ± 0.22 (147)147.01 ± 0.22

28 (0.936)0.970+0.085
�0.11 (0.8335)0.818 ± 0.015 (0.8525)0.853 ± 0.011

3re (0.05548)0.0550 ± 0.0025 (0.05494)0.0549 ± 0.0026 (0.05492)0.0541 ± 0.0026

⌦5 (6.63) 2.80+0.17
�2.3 (1.584)1.86+0.46

�1.3 (1.539)1.58+0.16
�0.87

w0 (�1.035) �1.47 ± 0.51 (�1.034)�1.017+0.030
�0.015 (�1.061)�1.072+0.037

�0.015

⌦⇤ (�5.845)�2.00+2.5
�0.18 (�0.8801) �1.17+1.3

�0.46 (�0.8182)�0.86+0.87
�0.16

⌦de (0.7849)0.7999+0.068
�0.049 (0.7043) 0.6959+0.012

�0.012 (0.7206)0.7208+0.0065
�0.0065

Table 2. Evidence for wCDMCC model for CMB+BAO+�0 data.

Model 6
2

GOI ln(z) �AIC �ln(z)

⇤CDM 2803.04 2869.04 -1427.829 0 0

wCDMCC 2782.40 2852.40 -1420.259 -16.64 7.561

Table 3. Best fit , Mean and f values of the parameters for wCDMCC model.

Parameters CMB+SN CMB+SN+BAO

⌦m (0.3021)0.305 ± 0.010 (0.3045)0.3053 ± 0.0077

N0(km/s/Mpc) (68.77) 68.5 ± 1.1 (68.64)68.39+0.79
�0.92

rd (147) 147.12 ± 0.22 (146.9)147.14 ± 0.21

28 (0.8207)0.821 ± 0.011 (0.8252)0.8185+0.0094
�0.011

3re (0.05374)0.0543 ± 0.0026 (0.05455) 0.0547 ± 0.0025

⌦5 (0.8285)1.91+0.22
�1.3 (2.703) 1.52+0.16

�0.91

w0 (�1.031)�1.016+0.020
�0.012 (�1.011)�1.017+0.023

�0.012

⌦⇤ (�0.1306) �1.21+1.3
�0.22 (�2.008)�0.83+0.92

�0.16

⌦de (0.6978)0.6949+0.010
�0.010 (0.6954)0.6946+0.0077

�0.0077

SH (�19.39) �19.402 ± 0.023 (�19.4)�19.404 ± 0.018

are common for all three models. In addition to this, wCDMCC has
two extra parameters F0 and ⌦⇤ and cplCDMCC has three extra
parameters F0, F0 and ⌦⇤.

Regarding the priors for di�erent parameters, we use the same
priors already incorporated in the MontePython Code(Brinckmann
& Lesgourgues (2019); Audren et al. (2013)) while using the Planck
2018 likelihood for ⇤CDM, WCDM and CPL models. For the extra
parameter due to the presence of ⇤, we use the uniform prior for
⌦q , [0.6, 4.5] and consider ⌦⇤ as a derived parameter. Note that
we have not assumed any prior for ⇤ to be negative as we need
to study the ⌦⇤ � F parameter space as shown in Figure 2, which
theoretically allows both positive and negative ⌦⇤. The lower limit
for ⌦q prior is chosen such that we always have su�cient scalar field

energy density to accelerate the Universe. We want to stress that the
acceleration of the Universe is due to to slow rolling of the scalar
field over its potential and it is sourced primarily by ⌦q which is
always positive. The ⌦⇤ contribution in ⌦34 as in eqn (2), is due to
non zero minimum for the scalar field potential which can be both
positive or negative due to nonzero positive or negative minimum
of the scalar field potential. Also due to the assumption of spatial
flatness, ⌦34 = 1 �⌦< �⌦A and hence is always positive.

4 RESULTS

To start with, we use the simplest wCDMCC model and study the
e�ect of adding a non-zero vacuum in the scalar field dark energy
through the addition of⌦⇤ and its e�ect on the measured value of the
parameter �0. First we want to see whether for wCDMCC model, the
constraints on �0 from CMB and CMB+BAO are consistent with the
local �0 measurement by R21. This is important for further adding
the R21 �0 data with CMB+BAO data.

As shown in Table (1), the CMB only constraint on �0 is consis-
tent with R21 measurement for �0. Moreover the best fit value for
�0 from CMB+BAO data combination is also consistent at around
2f with R21 constraint on �0. This is already a substantial improve-
ment from the ⇤CDM model. Also for both CMB and CMB+BAO
combinations, the best fit values for ⌦⇤ is -ve, confirming the con-
sistency of the non zero AdS vacuum for the dark energy. These
allow us to add the R21 data for �0 together with the CMB+BAO
combination which is shown in the last column of Table (1). It is
evident that CMB+BAO+�0 data is consistent with -ve ⌦⇤ showing
that dark energy with non zero AdS vacuum is fully consistent with
cosmological observations. Although we have a higher �0, but still
the constraint on A3 is similar to Planck-2018 constraint for ⇤CDM
model showing that the early time physics is una�ected.

To compare the wCDMCC model with ⇤CDM for
CMB+BAO+�0 data combination, we adopt the model compari-
son criteria based on the Akaike Information Criteria (AIC) (Akaike
(1974)) which defined as

��⇠ = j2
<8= + 2: , (4)

where j2
<8= is the j2 value for the best fit parameters of the model and

: is the number of model parameters. Model with lower AIC is pre-
ferred over model with higher AIC. We also compute the “Bayesian

MNRAS 000, 1–9 (2022)
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are common for all three models. In addition to this, wCDMCC has
two extra parameters F0 and ⌦⇤ and cplCDMCC has three extra
parameters F0, F0 and ⌦⇤.

Regarding the priors for di�erent parameters, we use the same
priors already incorporated in the MontePython Code(Brinckmann
& Lesgourgues (2019); Audren et al. (2013)) while using the Planck
2018 likelihood for ⇤CDM, WCDM and CPL models. For the extra
parameter due to the presence of ⇤, we use the uniform prior for
⌦q , [0.6, 4.5] and consider ⌦⇤ as a derived parameter. Note that
we have not assumed any prior for ⇤ to be negative as we need
to study the ⌦⇤ � F parameter space as shown in Figure 2, which
theoretically allows both positive and negative ⌦⇤. The lower limit
for ⌦q prior is chosen such that we always have su�cient scalar field

energy density to accelerate the Universe. We want to stress that the
acceleration of the Universe is due to to slow rolling of the scalar
field over its potential and it is sourced primarily by ⌦q which is
always positive. The ⌦⇤ contribution in ⌦34 as in eqn (2), is due to
non zero minimum for the scalar field potential which can be both
positive or negative due to nonzero positive or negative minimum
of the scalar field potential. Also due to the assumption of spatial
flatness, ⌦34 = 1 �⌦< �⌦A and hence is always positive.

4 RESULTS

To start with, we use the simplest wCDMCC model and study the
e�ect of adding a non-zero vacuum in the scalar field dark energy
through the addition of⌦⇤ and its e�ect on the measured value of the
parameter �0. First we want to see whether for wCDMCC model, the
constraints on �0 from CMB and CMB+BAO are consistent with the
local �0 measurement by R21. This is important for further adding
the R21 �0 data with CMB+BAO data.

As shown in Table (1), the CMB only constraint on �0 is consis-
tent with R21 measurement for �0. Moreover the best fit value for
�0 from CMB+BAO data combination is also consistent at around
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ment from the ⇤CDM model. Also for both CMB and CMB+BAO
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sistency of the non zero AdS vacuum for the dark energy. These
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that dark energy with non zero AdS vacuum is fully consistent with
cosmological observations. Although we have a higher �0, but still
the constraint on A3 is similar to Planck-2018 constraint for ⇤CDM
model showing that the early time physics is una�ected.

To compare the wCDMCC model with ⇤CDM for
CMB+BAO+�0 data combination, we adopt the model compari-
son criteria based on the Akaike Information Criteria (AIC) (Akaike
(1974)) which defined as

��⇠ = j2
<8= + 2: , (4)

where j2
<8= is the j2 value for the best fit parameters of the model and

: is the number of model parameters. Model with lower AIC is pre-
ferred over model with higher AIC. We also compute the “Bayesian
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Parameters ⇤CDM wCDMCC cplCDMCC

⌦m (0.303)0.304+0.0039
�0.0042 (0.287)0.288+0.0063

�0.0071 (0.292)0.289+0.0055
�0.0061

H0(km/s/Mpc) (68.32)68.2+0.31
�0.32 (70.34)70.32+0.82

�0.77 (69.89)70.25+0.67
�0.69

rd (147.2)147.3+0.2
�0.22 (147.3)147.1+0.21

�0.22 (147.2)147.1+0.2
�0.21

�8 (0.804)0.805+0.0026
�0.0026 (0.833)0.834+0.0096

�0.0097 (0.835)0.835+0.0086
�0.0088

⌧re (0.0548)0.0556+0.0025
�0.0026 (0.0554)0.0547+0.0028

�0.0025 (0.0542)0.0547+0.0026
�0.0027

⌦� – (3.191) 2.504+0.28
�1.9 (1.206) 1.492+0.025

�0.84

⌦⇤ – (�2.479)�1.792+1.90
�0.29 (�0.498)�0.781+0.85

�0.03

w0 - (�1.02)�1.04+0.035
�0.013 (�1.02)�1.03+0.051

�0.039

wa - - (�0.12)�0.10+0.20
�0.14

TABLE I: Constraints (Best fit, mean and 1� error bar) on cosmological and model parameters for the combined data
CMB+Lensing+BAO+Pantheon+R21.

Regarding the priors for di↵erent parameters, we use
the same priors already incorporated MontePython code
while using Planck 2018 likelihoods for ⇤CDM, wCDM
and CPL models. For the extra parameter due to the
presence of -ve ⇤, we use the prior on ⌦�, defined in eqn
(2) and consider ⌦⇤ as a derived parameter. We use the
prior for ⌦� = [0.6, 4.5].

RESULTS

In Table (I), we show the constraints on model param-
eters for the combinations of all data that are mentioned
in the previous section.

As one can see, the constraints on cosmological param-
eters for quintessence models with AdS vacua are not sub-
stantially di↵erent when compared with ⇤CDM model.
For both wCDMCC and cplCDMCC, allowed value for
H0 is higher than ⇤CDM and also the data prefer phan-
tom type equation of state for the scalar field. This re-
sult is similar to what obtained earlier by Visinelli et al
[59]. Given the prior on ⌦�, the best fit values for ⌦� for
wCDMCC and cplCDMCC, which translate to no-zero
best fit values for ⌦⇤, show the cosmological observations
are consistent with the presence of -ve ⇤. Interestingly,
with the inclusion of CMB+lensing data as well as the
new R21 measurement for H0, we get much stronger con-
straints on the lower limit of ⌦⇤ compared to the results
by Visinelli et al [59]. Moreover, wCDMCC model allows
larger contribution from negative ⇤ in the energy budget
of the Universe compared to cplCDMCC model.

We next compare the quintessence models with AdS
vacua and the ⇤CDM model in terms of di↵erent fitting
criteria. For this, we adopt the model comparison crite-
ria based on the Akaike Information Criteria (AIC) [73]
which defined as

AIC = �
2
min + 2k, (3)

where �
2
min is the �

2 value for the best fit parameters
of the model and k is the number of model parameters.

Model CMB CMB+H0 SN+BAO+H0 All

⇤CDM 2781.95 2804.87 1053.78 3835.73

wCDMCC 2777.34 2785.42 1046.24 3823.58

cplCDMCC 2777.50 2786.72 1046.77 3824.29

TABLE II: �2
min values for di↵erent models for “ALL” data as

well as the contributions to �
2
min from di↵erent data combi-

nations. Here “CMB” means CMB+Lensing and “ALL” refer
to CMB+Lensing+Pantheon+BAO+R21 combination.

Model CMB+H0 SN+BAO+H0 All

wCDMCC -15.46 -3.54 -8.15

cplCDMCC -12.17 -1.01 -5.44

TABLE III: �(AIC) = AICmodel � AIC⇤CDM calculated
from Table(II).

Model with lower AIC is preferred over model with higher
AIC.
In Table (II), we show the �

2
min values for di↵erent

models for “ALL” data considered as well as the contri-
butions to �

2
min from di↵erent data combinations. It is

evident from these numbers that there is always a sub-
stantial improvement in �

2
min values for DE models with

AdS vacua compared to ⇤CDM for all kind of data com-
binations due to the inclusion of the current R21 mea-
surement for H0.
Next we study whether better �2

min results better AIC
for DE models with AdS vacua. In Table (III), we show
that�(AIC) for wCDMCC and cplCDMCCmodels com-
pared to ⇤CDM. As mentioned earlier, �(AIC) < 0
shows the models give better fit to data compared to
⇤CDM.
For all three combinations of data, CMB+H0,

SN+BAO+H0 as well as “ALL” data combination, both
the wCDMCC and cplCDMCC model have significantly
better AIC than ⇤CDM confirming that DE models with
-ve ⇤ (AdS ground state) are statistically favoured over
⇤CDM despite increased complexity and increased num-
ber of parameters.
We finally compute the “Bayesian Evidence” (Z) or
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Table 4. Constraints (Best fit, mean and 1f error bar) on cosmological and model parameters for the combined data CMB+BAO+Pantheon+R21.

Parameters ⇤CDM wCDMCC cplCDMCC

⌦m (0.3033)0.3043+0.0039
�0.0042 (0.287)0.288+0.0063

�0.0071 (0.292)0.289+0.0055
�0.0061

N0 (km/s/Spc) (68.32)68.2+0.31
�0.32 (70.34)70.32+0.82

�0.77 (69.89)70.25+0.67
�0.69

rd (147.2)147.3+0.2
�0.22 (147.3)147.1+0.21

�0.22 (147.2)147.1+0.2
�0.21

28 (0.804)0.805+0.0026
�0.0026 (0.833)0.834+0.0096

�0.0097 (0.835)0.835+0.0086
�0.0088

3re (0.0548)0.0556+0.0025
�0.0026 (0.0554)0.0547+0.0028

�0.0025 (0.0542)0.0547+0.0026
�0.0027

⌦5 – (3.191) 2.504+0.28
�1.9 (1.206) 1.492+0.025

�0.84

⌦⇤ – (�2.479)�1.792+1.90
�0.29 (�0.498)�0.781+0.85

�0.03

⌦de (0.6966)0.6956+0.0042
�0.0039 (0.7129)0.7119+0.0071

�0.0063 (0.7079)0.7109+0.0061
�0.0055

w0 - (�1.02)�1.04+0.035
�0.013 (�1.02)�1.03+0.051

�0.039

wa - - (�0.12)�0.10+0.20
�0.14

SH (�19.401)�19.404+0.00929
�0.00921 (�19.362)�19.363+0.0150

�0.0151 (�19.366)�19.360+0.0166
�0.0168

Table 5. Evidences of di�erent models for all data.

Model 6
2

GOI ln(z) �AIC �ln(z)

⇤CDM 3835.73 3901.73 -1944.75 0 0

wCDMCC 3823.58 3893.58 -1940.96 -8.15 +3.79

cplCDMCC 3824.29 3896.29 -1942.82 -5.44 +1.93

Evidence" (Z) or marginalized global likelihood for each model.
We use the publicly available MCEvidence package (Heavens et al.
(2017)) for this purpose. The quantity logZ is an estimator to com-
pare di�erent models. The results are shown in Table (2). As shown in
the table, for both the criteria, wCDMCC is decisively favoured over
⇤CDM model for CMB+BAO+�0 data combination. This confirms
that the local R21 measurement of �0 when combined with CMB
and BAO observations, does signal the existence of a non zero AdS
vacuum (existence of a non zero -ve ⇤) in the dark energy sector.

Next we do similar analysis while adding the SnIa Pantheon data
with CMB. The results are shown in Table (3). For CMB+SN, the best
fit value for �0 is consistent with Local R21 measurement at around
3fwhich is not as good as for CMB+BAO, but still there is substantial
improvement from ⇤CDM which is at 5f tension from R21 result.
We also show the constraints for CMB+BAO+SN data combination
and the constraint on �0 is similar to CMB+SN combination. For
both combination of data, the best fit value for ⌦⇤ is -ve, confirming
that the CMB+BAO+SN also allow non zero AdS vacuum for the dark
energy (in other words, presence of a non zero negative cosmological
constant in the dark energy sector).

Going further, we finally consider all the data e.g
CMB+BAO+SN+�0. It has been discussed in the literature that Pan-
theon SnIa data and local �0 measurement may not be considered
together due to the dependency of the local �0 measurement on
the Pantheon measurements at redshifts within the Hubble flow (Ca-
marena & Marra (2021)). This is more important for models where
the late time e�ects to increase �0 are more prominent for I < 0.02
(Abdalla et al. (2022)). Example for such models is hockey-stick
dark energy model (Camarena & Marra (2021)) . In our case, we
do not have such late transition in dark energy behaviour. Hence we

consider the full data combination to see how the constraints get
a�ected. The results are shown on Table (4). In this case, we also
consider the cplCDMCC model. For wCDMCC case, the results are
similar to CMB+BAO+�0 combination except that more negative
values for ⌦⇤ is allowed. The equation of state for the dark en-
ergy is slightly phantom. Moreover, wCDMCC model allows larger
contribution from negative ⇤ in the energy budget of the Universe
compared to cplCDMCC model. These results are similar to what
obtained earlier by Visinelli et al (Visinelli et al. (2019)). Interest-
ingly, with the inclusion of CMB+lensing data as well as the new R21
measurement for �0, we get much stronger constraints on the lower
limit of ⌦⇤ compared to the results by Visinelli et al (Visinelli et al.
(2019)). Moreover the constraints on "⌫ for ⇤CDM model is 4.14f
away from the "⌫ prior corresponding to the SN measurements
from SH0ES (Camarena & Marra (2021)) whereas for wCDMCC,
it is less than 3f away from the SH0ES prior on "⌫ showing im-
provement over ⇤CDM.(See (Nunes & Valentino (2021)) for similar
results related to wCDM and interacting dark energy models.)

In Table (5), we show the j2
<8=, AIC and !=(/) values for dif-

ferent models for “ALL" data considered. As one can see, when
compared with ⇤CDM, both ���⇠ and �!=(/) decrease compared
to CMB+BAO+�0 combination. This is due to the addition of the
SN data. But dark energy models with non zero AdS vacuum still
fare substantially better than ⇤CDM model.

For completeness, in Figure (3) and Figure (4) we show the like-
lihood and contour plots for few relevant parameters in di�erent
models. It is interesting to note from Figure (4) that for wCDMCC,
the shape of confidence contour in the F0 � ⌦⇤ plane is consistent
with what we show in Figure 2 justifying our physical argument in
section 2.

Finally we also use the absolute magnitude "⌫ prior instead of lo-
cal �0 prior in all data combination (Camarena & Marra (2021)). The
constraint on �0 for wCDMCC case is �0 = 69.70+0.71

�0.80 km/s/Mpc.
This is consistent with constraints on �0 while using �0 prior. In
Figure (5), we show the comparison between �0 and "⌫ prior for
constraints on model parameters e.g ⌦⇤, F0 and ⌦q . It is evident
that the results are almost identical with "⌫ prior marginally favours
larger negative values for ⌦⇤.

The j2
<8=, AIC and Bayesian Evidence numbers for ⇤CDM and

wCDMCC models while using "⌫ prior are also shown in Table

MNRAS 000, 1–9 (2022)
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Figure 6. Reconstruction of d34/3�2
0 and (d34+d<)/3�2

0 .

I. As shown in Figure (6), d34 is a decreasing function with redshift
I. Hence d034 < 0. In the early time, d34 < 0, hence (1 + F34) > 0
resulting a non-phantom equation of state for dark energy sector
whereas at late times, d34 > 0; hence (1 + F34) < 0 resulting a
phantom equation of state for the dark energy sector. This shows that
the dark energy sector has a non-phantom to phantom transition as
the Universe evolves.Hence adding a negative cosmological constant
in the dark energy sector can result phantom crossing. This may be
the simplest way to incorporate phantom crossing in the dark energy
equation of state.

One should note that ours is a toy model for dark energy where
we model lq using simple equation of state parametrization. This
results a phantom equation of state for the d34 as constrained by
the observational data. One can have more realistic scenario con-
structed under string theory (Visinelli et al. (2019)) where there
may be multiple light bosonic degrees of freedom on top of a sta-
ble AdS vacua (Guo et al. (2005); Hu (2005); Saridakis & Weller
(2010)). Example of such scenario is string axiverse where we have
multiple moduli fields related to the shapes and sizes of the extra di-
mensions (Svrcek & Witten (2006); Arvanitaki et al. (2010); Cicoli
et al. (2012); Visinelli (2017)). The dynamics of these multiple scalar
fields can give rise to an e�ective phantom equation of state for the
DE sector that results the d34 behaviour as shown in Figure (6). But
as the fields settle at the AdS ground state in future, the Universe
will end up in a asymptotically AdS phase. The future Universe for
such a scenario with negative energy density in future has recently
been studied in an interesting paper by Andrei, Ijjas and Steinhardt
(Andrei et al. (2022)).

6 CONCLUSIONS

Although consistent with most of the cosmological observations,
⇤CDM model has always been a challenge for theoreticians because
of the presence of a dS vacua. It is di�cult to construct in string
theory and the recent Swampland conjecture put it in tight spot. But
with current 5f inconsistency between the local measurement of
�0 by SH0ES (R21) and that by Planck using CMB, ⇤CDM model
seems to fall from its preferred position in terms of observational
consistency and this has opened up the opportunity to revisit the
quintessence models and to consider DE models with AdS vacua
which are more natural in string theory. As already mentioned in the
Introduction, goal of this study is not solve the �0 tension with the
introduction of AdS vacua in the dark energy sector rather to see
whether dark energy with AdS vacua is consistent with cosmological
observation including the local R21 measurement of �0.

In our study, we parametrize the quintessence models with two
most widely used dark energy representation in literature and add a
non zero vacua (in terms of a ⇤ which can be either +ve or -ve) and
use the CMB likelihood, the latest �0 measurement (R21) as well as
the Pantheon and BAO data to constrain the parameter space as well
as compare such models with ⇤CDM.

For wCDMCC, both CMB and CMB+BAO data result substan-
tial increase in the constraints for �0, decreasing the tension with
the local R21 measurement to around 2f. This allows us to add
the local measurement of �0 (R21) to CMB+BAO. The combined
CMB+BAO+�0 data show that wCDMCCC model is decisively
favoured over ⇤CDM confirming the consistency of the presence of
AdS vacua (in terms of -ve ⇤) in the dark energy sector with the
cosmological data. Interestingly the constraint on A3 parameter is
completely consistent with the Planck-2018 constraint for ⇤CDM
showing the early Universe physics is una�ected.

Adding Supernova Pantheon data with CMB, we get �0 constraint
that is within 3f from the local R21 result. This is not as good as
result for the CMB+BAO combination but still much better than the
5f tension in ⇤CDM model. With this, we consider the full data
combination, CMB+BAO+�0+SN and show that models with AdS
vacuum for dark energy sector is consistent with the cosmological
observations and are favoured over ⇤CDM model.

In 1998, the SnIa observations surprised us with the confirmation
of an accelerating Universe and the presence of DE. Again, after
two decades, low redshifts SnIa give us the �0 measurement that is
in 5f conflict with Planck results assuming the ⇤CDM model, the
“holy grail" for cosmologists. This has the potential to reveal another
surprising aspect of our Universe. Can it be the presence of a -ve ⇤ in
our Universe? We show that this may indeed be true. This can have
far reaching implications in dark energy model building, especially
while addressing the di�erent cosmological tensions in the realm of
string theory. Our results can be potentially the first cosmological
signature of an aspect of string theory, namely the existence of a neg-
ative ⇤. Moreover as the Universe is asymptotically AdS, one can
have interesting consequences related to the future light-cone struc-
ture of the Universe. This can open up many interesting directions
for future research.
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dρde

dz
< 0

dρde

dz
=

3(1 + wde)ρde

(1 + z)

ρde < 0 → (1 + wde) > 0

ρde > 0 → (1 + wde) < 0

Phantom Crossing !!

Energy Conservation eqn:



What Happens When We Take A Scalar Field?

One Possible Scalar field model from Axion:

V(ϕ) = V0[1 + pCos(
ϕ
f

)] Cicoli et al (2019) 

p   > 1 AdS minimum

Ruchika, Adil, Dutta, Mukherjee, AAS, ArXiv:2005.08813

p   < 1 dS minimum

But the EOS is always non-phantom: w > -1

CMB by Planck (Compressed Likelihood involving Shift Parameter and Acoustic Scale)

BAO data from LSS

SnIa data Pantheon

Cosmic Chronometer data for H(z)

SH0ES data for H0  

Growth Data (        )      

H0LiCOW data for Strong Lensing

fσ8



What Happens When We Take A Scalar Field?

Model
P <1 86.33

All Data P >1 86.32
ΛCDM 104.87

χ2

Model
P <1 80.10

All Data - H0 -CMB P >1 80.34
ΛCDM 88.93

χ2
Model
P <1 81.29

All Data - H0 P >1 81.59
ΛCDM 90.58

χ2

Model
P <1 84.69

All Data - CMB P >1 84.63
ΛCDM 98.49

χ2

No. Of Parameters for ΛCDM =  5

No of Parameters for P <1, P >1 = 8



What Happens When We Take A Scalar Field?

Model No. Of 
parameters 

(d)

AIC ΔAIC Ln Z ΔLn Z

P <1 86.33 8 102.33 -12.56 -64.95 2.6

All Data P >1 86.32 8 102.32 -12.55 -64.81 2.7

ΛCDM 104.87 5 114.87 —— -67.54 ——

χ2

H0 = 71.3 ± 0.0039 km/s/Mpc

σ8 = 0.75 ± 0.022

Ωm0 = 0.298 ± 0.007

For Both P <1 and P >1



 Consequence of -Λ?

End of Expansion

Andrei, Ijjas and Steinhardt

arXiv: 2201:07704

If dark energy is a form of quintessence driven by a scalar field φ evolving down a 
monotonically  decreasing  potential  V (  φ)  that  passes  sufficiently  below zero,  the 
universe is destined to undergo a series of smooth transitions: the currently observed 
accelerated  expansion  will  cease;  soon  thereafter,  expansion  will  come  to  end 
altogether; and the universe will pass into a phase of slow contraction. In this paper, 
we  consider  how  short  the  remaining  period  of  expansion  can  be  given  current 
observational  constraints  on  dark  energy.  We  also  discuss  how  this  scenario  fits 
naturally with cyclic cosmologies and recent conjectures about quantum gravity.



Conclusion
1) The ΛCDM seems to be in Serious Trouble: Now the tension between Local measurement and 

CMB measurement has reached 5σ.


2) Beyond ΛCDM model is certainly needed if Hubble tension is indeed valid.


3) Whether the new physics is at Early Universe (Pre-Recombination) or at Late Universe? 

4) Both are exciting but still not fully understood


5) Need to reconcile with the other data like LSS


6) May be a Combination of Two is the best possible solution, but still no work in that direction


7) Till now, ΛCDM is the best possible scenario. For scalar fields, potentials with zero minimum 

   (no extra Λ) is considered.


8) But allowing a dS/AdS minima can change the situation drastically.


9) With the inclusion of Local Measurement for H0 ,  it seems fields with AdS minima  may be a viable 

   option for DE.


10) If the existence of negative Λ is confirmed, that will be truly exciting from both theoretical and 

      observational point of view.


Thank You



Phantom Crossing Model
Phenomenological Phantom Crossing DE model:

ρde(z) = ρ0[1 + α(a − am)2 + β(a − am)3]

a = am   there is an extrema

Drawback:

S8 not consistent with LSS

Valentino, Mukherjee, AAS arXiv:2005.12587



Phantom Crossing Model
Updated Result with inclusion of  
SPT-3G (                         ) data 
SPTPol measurement of        (                       )

300 < l < 3000
cϕϕ

l 100 < l < 2000

Both H0 and S8  Problems Solved in a Single Model Having Phantom Crossing.

Phantom Crossing Detected at 5σ (nonzero am parameter).  

Chudaykin, Gorbunova and Nedelko : arXiv:2203.03666 
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Figure 7. Marginalized 2d posterior distributions of the cosmological parameters in the

PDE model for the Base+LSS (blue) and Base+LSS+H0 (red) data sets. The Gaussian

prior on ⌧ (2.1) is from Ref. [41]. The yellow bands represent 1� and 2� constraints on

S8 (2.2) coming from the photometric surveys (DES-Y3, KiDS, HSC), whereas the green

bands refer to the H0 (2.3) measurement reported by the SH0ES collaboration.

with the results of Ref. [26]. Given this reason, we do not consider the Base data

only.

We start with the Base+LSS analysis. We found a substantial preference for

a phantom crossing in dark energy sector at late times, am = 0.774+0.037
�0.020. For

– 24 –

Phantom Crossing Model



Phantom Crossing Model

The DE is surely have an AdS component



Tension with  
Sound Horizon at Drag Epoch 

Bernal, Verde, Riess, JCAP 2016,  Evslin, AAS, Ruchika, PRD 2017 


