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Conclusion



A Cosmologist’s wishlist...

....to explain uniquely!!



The ”coolest” parameter: ”The constant” a la Hubble



The ”coolest” parameter: ”The constant” a la Hubble



”The constant” from other observations

CMB, BAO, SNIa...

Universe is accelerating at present ⇒
Measure Hubble parameter indirectly (using a cosmological model)

from these observations



”The constant” a la Planck and SH0ES

Dataset Value: km/s/Mpc

WMAP9 69.7± 2.1

Riess 2011 72.8± 2.4

Planck 2013 67.3± 1.2

Efstathiou 2014 70.6± 3.3

Planck 2015 67.3± 1.0

Riess 2016 73.24± 1.74

Plank 2018 67.4± 0.5

Riess 2018 74.03± 1.42

Riess 2020 73.2± 1.3

Riess 2022 (SH0ES) 73.04± 1.04

Source of ”constant” headache!





Some other datasets in tension with ΛCDM

PAN-STARRS1 data → 2.4σ Rest et.al., ApJ:2013

Lyα BAO data (z = 2.34) → 2.5σ

Lensing amplitude → AL = 1.22± 0.10 (Planck TT + low P)

H0LiCOW(lensed quasars) → 4.2σ Suyu et.al., MNRAS:2016

H0LiCOW XIII +R18 → 5.3σ Wong et.al., MNRAS:2020

.....



Summary of observations so far: Whisker plot

De Valentino et. al., In the realm of Hubble tension, CQG(2021)



Late time vs early time measurements?



Inverse distance ladder vs low redshift measurements



borrowed from Rahul Shah’s thesis proposal



Some beyond-ΛCDM Parametrizations

Models Additional parameters Motivation

Chevallier-Polarski-Linder (CPL) w0, wa Simplest dynamical DE parametrization
with redshift-varying EoS to resolve the co-
incidence problem: w(z) = w0 + wa

z
1+z .

Jassal-Bagla-Padmanabhan (JBP) w0, wa Phenomenologically chosen redshift-
dependent DE EoS: w(z) = w0 +wa

z
(1+z)2

.

Phenomenologically Emergent Dark
Energy (PEDE)

− Redshift-dependent DE density parameter
to resolve the H0 tension: Ω(z) = (1 −
Ωm0)[1− tanh(log10(1 + z))].

Vacuum Metamorphosis (VM) M related to Ωm0 Motivated by non-perturbative effects of
quantum gravity where a gravitational phase
transition occurs at some critical redshift
zc = −1 + 3Ωm0

4(1−M) .

Elaborated Vacuum Metamorphosis
(VM-VEV)

M independent of Ωm0 Extension of original VM model allowing a
non-vanishing DE component at z > zc , i.e.,
before the gravitational phase transition.

and there are many more...





Possible reason in current observations?

Bhattacharyya, Alam, Pandey, Das, SP: ApJ:2019• H0 tension

Dataset Value: km/s/Mpc

WMAP9 69.7± 2.1

Riess 2011 72.8± 2.4

Planck 2013 67.3± 1.2

Efstathiou 2014 70.6± 3.3

Planck 2015 67.3± 1.0

Riess 2016 73.24± 1.74

Riess 2018 74.03± 1.42

Riess 2020 73.2± 1.3

Riess 2022 (SH0ES) 73.04± 1.04

• σ8 (8h−1Mpc) tension

Dataset Value: S8 = σ8
√
Ω0m/0.3

Planck 2015 0.851± 0.013

Clusters (X-ray) 0.745± 0.039

Weak lensing 0.75± 0.04

DES Y3 (2021) 0.784± 0.013
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Generic Parametrization Scheme

Consider most generic situation: two fluids (DM-DE),
interacting, both perturbed

Write down background and perturbation equations

Parametrization: {wDM,eff ,wDE ,eff ,C
2
sDM,eff ,C

2
sDE ,eff }

Boils down to different models for specific choice

∗ wDM,eff = 0,wDE ,eff = −1,C 2
sDM,eff = 0,C 2

sDE ,eff = 0
⇒ ΛCDM

∗ wDM,eff = 0,wDE ,eff > −1,C 2
sDM,eff = 0,C 2

sDE ,eff = 1
⇒ non-phantom, wzCDM

∗ wDM,eff = 0,wDE ,eff < −1,C 2
sDM,eff = 0,C 2

sDE ,eff = 1
⇒ phantom, wzCDM

∗ wDM,eff = 0,wDE ,eff < −1,C 2
sDM,eff = 0,C 2

sDE ,eff ̸= 1
⇒ modified gravity

∗ wDM,eff ̸= 0,wDE ,eff = −1,C 2
sDM,eff = 0,C 2

sDE ,eff = 1
⇒ warm dark matter

∗ wDM,eff ̸= 0,wDE ,eff < −1or > −1,C 2
sDM,eff ̸= 0,C 2

sDE ,eff ̸= 1
⇒ interacting DM-DE

Constrain these parameters from data



Parameters (Planck15/ Planck+R16/ Planck+BSH)
Phantom

Non-phantom



Major results (Planck+BSH)
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Correlation between H0 and σ8 tensions

Phantom
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Strong positive correlation between H0 and σ8 is generic to present
cosmological data







Looking towards future





Future prospects: GW missions







Future prospects: GW missions

Baral, Roy, SP, MNRAS:2020
Shah, Bhaumik, Mukherjee, SP, JCAP:2023
Mukherjee, Shah, Bhaumik, SP, ApJ:2024

GW missions under consideration:

eLISA
Einstein Telescope

Different approaches used:



Models under investigation



Current status of H0 tension with the models

Reinvestigation done by
Shah, Bhaumik, Mukherjee, SP, JCAP:2023



GW source population modelling



Generate realistic mock catalogs



Fisher Matrix forecast analysis: eLISA

ΛCDM vs 5 (recent) parametrizations dedicated to H0 tension
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Figure: Dependence of errors estimated by Fisher analysis on the mean
value of H0 (km s-1 Mpc-1) for source type No Delay and eLISA mission
duration of 10 years.



Parameter estimation using MCMC: eLISA
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Figure: MCMC contours with No Delay source type for 10 years eLISA
mission duration.



H(z) reconstruction using Machine Learning (GP)

eLISA: ∼ 10-year run for 0 < z < 5
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ET: ∼ 3-year run for 0 < z < 2

100

150

200

250

300

H
(z

)
[k

m
M

p
c−

1
s−

1
]

ΛCDM CPL JBP

0 0.5 1 1.5 2
z

100

150

200

250

300

H
(z

)
[k

m
M

p
c−

1
s−

1
]

PEDE

0 0.5 1 1.5 2
z

VM

0 0.5 1 1.5 2
z

VM-VEV

0.0 0.2 0.4

70

80

0.0 0.2 0.4

70

80

0.0 0.2 0.4

70

80

0.0 0.2 0.4

70

80

0.0 0.2 0.4

70

80

0.0 0.2 0.4

70

80

CSB RSH Set I Set II



Performance summary: eLISA

Shah, Bhaumik, Mukherjee, SP, JCAP:2023

Method ΛCDM CPL JBP PEDE VM VM-VEV

Current Datasets 4.98σ 3.69σ 3.78σ 1.79σ 0.74σ 0.04σ

Fisher Forecasting 5.20σ 4.15σ 4.11σ 1.91σ 0.84σ 0.04σ

GW MCMC 4.76σ 3.40σ 3.27σ 1.78σ 0.50σ 0.55σ

Gaussian Processes 3.74σ 3.19σ 3.27σ 1.59σ 0.18σ 0.49σ

GW missions have some prospects of relaxing the tension for a few
parametrizations, do not worsen others...
...but the tension is far from being resolved



Performance summary: eLISA



Performance summary: eLISA



Performance summary: ET (GP only)

Mukherjee, Shah, Bhaumik, SP, ApJ:2024

Mock catalogs generated from CSB and RSH fiducials separately



Take-home message: GW

GW missions have some prospects of relaxing the tension for a
few parametrizations, do not worsen others

Fisher shows eLISA to be more constraining than current data.

MCMC shows marginally reduced tensions.

GPs show H0 value tending towards late-time value, without
any such prior.

But the tesion is far from being resolved.

We urge the community to carry out forecasts using different
methods so as to comparatively weigh and outweigh the pros and

cons of each.



Future prospects: SNIa missions

Prospects of LSST Rubin Observatory

Shah, Mitra, Mukherjee, Pal, SP, arXiv:2305.08786



Pantheon vs LSST (+CMB+BAO)

Results with realistically generated mock catalog for LSST.
Other datasets real.



Pantheon vs LSST: any improvements?



Take-home message: SNIa

Tighter constraints on background parameters, both for
ΛCDM and CPL.

No noticeable mean shift for H0.

Tension is expected to persist with new SNIa data.

For CPL: H0− σ8 correlations is almost gone!

Need to test with other models.



Can Cosmic Distance Ladder be reconstrcuted?

LADDER: a deep learning algorithm

Shah, Saha, Mukherjee, Garain, SP, arXiv:2401.17029

Tranining ANN algorithm: Long-Short Term Memory (LSTM)

Training dataset used: Pantheon

Application of trained dataset so far: Pantheon+, BAO, GRB

Schematic diagram of LADDER algorithm
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LADDER reconstruction of Pantheon+
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Figure: Redshift distribution (left); Pantheon+ vs reconstructed (right)
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LADDER calibration of BAO (vs CMB ΛCDM-calibration)
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Discripancy between Angular vs Anisotropic BAO gone?



LADDER calibration of high-z (GRB) data
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Figure: LADDER calibrated GRB vs other methods (left); Constraints on
parameters (CC Hubble + calibrated high-z GRB)
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Show improvements in mean of H0. How seriously one should take
GRB?
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Take-home message: Distance Ladder reconstruction

Some interesting results but need to verified with other
datasets/ combinations.

Whether it really helps in addressing Hubble tension is yet to
be confirmed.

Can act a mock data generator (say for GW).

Major challenge: derivative estimation in d
′
L.



Conclusions

The point is not to pocket the truth but to chase it


