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Era of Precision Cosmology
We try to reconstruct and understand the dynamics of the universe and
properties of its constituents using various measurements and statistical 
techniques. Phenomenological and then theoretical works can follow to 
place constraints on suggested models and their parameters.

Initial Conditions: 
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Dark Energy: 
density, model 
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Standard Model of Cosmology
Using measurements and statistical techniques to place 
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Standard Model in 2026
20  years after discovery of the acceleration of the universe:

From 60 Supernovae Ia at cosmic distances, we now have ~1500 
published distances, with better precision, better accuracy, out to 
z~2.0. Accelerating universe in proper concordance to the data. 

SN Ia

~1500 spectroscopically confirmed SNIa Pantheon+ Compilation
Scolnic et al. (2021)



Standard Model in 2026
20  years after discovery of the acceleration of the universe:

CMB directly points to acceleration. Didn’t even have acoustic 
peak in 1998!

CMB

Planck 2015Planck 2018
1998
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Tensions in the 
Standard Model

Riess et al, ApJ 2019 
[arXiv:1903.07603]



Local H0 constraints

It is not only about H0 and CMB. Low S8 and 
low matter density by WL.  

73

Li, Shafieloo et al, ApJ 2019
(arXiv:1904.03790) 

Riess et al. (2019)
74.03 \pm 1.42 

HSC-Y3, arXiv:2304.00704

DES-Y3 + KiDS-1000, arXiv:2305.17173 



Tensions in the 
Standard Model

DESI-Y1 (2024), 
arXiv:2404.03002

It is not only 
about H0 and 
CMB

DES-Y3 + KiDS-1000, arXiv:2305.17173 



Local H0 constraints

It is not only about H0 and CMB. Low H(z)r_d is 
suggested by BAO and low matter density by WL.  Shafieloo, L’Huillier, Starobinsky, PRD 2018

Hildebrandt et al, MNRAS 2017

73

Li et al, ApJ 2019
(arXiv:1904.03790) 

Riess et al. (2019)
74.03 \pm 1.42 

Multiple Suspects!

And Then There Were None (1945), 
Rene Clair [Based on a novel by  Agatha Christie] 



How to resolve the 
tensions?

• Statistical fluctuations (probably not anymore, some tensions are at high 
significance) 

• Systematic in one or some of the data? [Highly Possible considering 
complications of the tensions that all cannot be resolved by minimal modifications.] 
(Li, Shafieloo, Sahni, Starobinsky, ApJ 2019)      

• Extended models and/or new physics 
Caution: extended models with more degrees of freedom result to larger 
confidence contours which looks like there are better consistencies (more overlap 
between larger contours).  [OK to do that but better to avoid over-selling!] If current 
observations are reliable, most of these models will be ruled out by future 
observations. Central values matter! 

2025 Update: S8 tension is 
probably gone! 



Standard Model of Cosmology

Universe is Flat
Universe is Isotropic
Universe is Homogeneous
Dark Energy is Lambda (w=-1)
Power-Law primordial spectrum (n_s=const)
Dark Matter is cold
All within framework of FLRW

(Present)t

DE is directly relates to 
expansion history and 
growth of structure. 

Many DE models have been 
proposed to alleviate 
tensions. 



Standard Model of Cosmology

Universe is Flat
Universe is Isotropic
Universe is Homogeneous
Dark Energy is Lambda (w=-1)
Power-Law primordial spectrum (n_s=const)
Dark Matter is cold
All within framework of FLRW

(Present)t

DE is directly relates to 
expansion history and growth of 
structure. 

Many DE models have been 
proposed to alleviate tensions, 
early and late models . None has 
been successful. 

However, 
Understanding DE is 
important, with or 
without tensions.

Take home 1: There might be an issue with some of the data. 
Lets considering not to try solve all the problems together. 



Reconstruction & Falsification
Reconstruction: Understanding the behavior 
Falsification: Testing the consistency and validation of 
models

Initial Conditions: 
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Dark Energy: 
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density and 
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Neutrino mass and 
radiation density

Curvature of the Universe Hubble Parameter and 
the Rate of Expansion

Epoch of reionization

To move forward in understanding dark energy….



To reconstruct cosmological quantities and key 
parameters there are two general approaches: 

1. Parametric methods                                 
Easy to confront with cosmological observations to put constrains on the 
parameters, but the results are highly biased by the assumed models and 
parametric forms. 

2.   Non Parametric methods
Difficult to apply on the raw data, but the results are less biased and more reliable 
and independent of theoretical models or parametric forms. Reconstructions can be 
used for model validation. 

.

Reconstructing Dark Energy

Reconstruction à Phenomenology à Theory



Most general form

Supernovae Ia as
Standardized Candles

1. Fitting functions for d_l(z)

2. Fitting functions for DE density

3. Fitting functions for EOS

BAO as standard ruler

Dark Energy Parameterizations
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Problems of Dark Energy Equation of State 
Parameterizations [Why I don’t like w(z) fitting]

Holsclaw et al, PRD 2011Shafieloo, Alam, Sahni & 
Starobinsky, MNRAS 2006

Chevallier-Polarski-Linder ansatz (CPL)..

Brane Model Kink Model

Crossing 
Phantom Line?

Quintessence DE?!

+



Reconstructed w(z) by using 
CPL fit.

Reconstructed w(z) by 
Iterative smoothing method

Shafieloo et al, MNRAS 2006

Chevallier and Polarski (2001) and Linder (2003)

What should have been taken home 20 years ago (2): 
Fitting functions for w(z) can be problematic 



Dealing with observational uncertainties in 
matter density

• Small uncertainties in the value of matter 
density may affect the reconstruction exercise 
quiet dramatically.

• Hubble parameter is not affected to a very high 
degree by the value of matter density.

• Any uncertainties in matter density is bound to 
affect the reconstructed w(z).

Dealing with w(z) is difficult anyway!
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V. Sahni, A. Shafieloo, A. Starobinsky, PRD 2008



• Instead of trying to find out w(z) and exact 
properties of dark energy with current 
status of the data, we can concentrate on 
a more reasonable problem:

OR NOT

Falsification
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Om diagnostic

LCDM

Phantom

Quintessence

V. Sahni, A. Shafieloo, A. Starobinsky, PRD 2008

arXive:0807.3548

Not sensitive to the value of 
matter density. 

Can be directly derived from 
cosmological observables,  



Quintessence Phantom
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Simulated results for 1000 realization of SNAP data, 
using Iterative Smoothing Method.

V. Sahni, A. Shafieloo, A. Starobinsky, PRD 2008

Take home 3: Falsification is Important and 
probably the first step to kill a standard model

SNAPè
JDEMè
WFIRSTè
Roman



How about well motivated 
theoretical/phenomenological models?

Some models can fit the data better than some others and 
chi^2 values may look good. What if they are all wrong?

- Bayesian evidence approach is solid but only can find the 
better model among the candidates (or less wrong 
model/ranking models)
- When true model is unknown, finding a statistical anchor is 
not trivial. One can attempt using reliable non-parametric 
reconstructions

Conventional Bayesian 
Evidence Approach

Iterative smoothing 
validation approach

But both models are wrong. Koo, Keeley, Shafieloo, L’Huillier, JCAP 2022
See also Amendola et al, PRD 2024

Importance of 
Model Validation



Ruling Out New Physics at Low Redshift as 
a solution to the H0 Tension

Exploring an extensive physical space with 
Crossing functions for validation (Chebyshev 
polynomials)

Keeley and Shafieloo, Phys. Rev. Lett, 2023

Application of model validation



Ruling Out New Physics at Low Redshift as 
a solution to the H0 Tension

Exploring an extensive physical space with 
Crossing functions for validation (Chebyshev 
polynomials)

Keeley and Shafieloo, Phys. Rev. Lett, 2023
(covered by Science)

Application of model validation

Take Home 4: Being better than LCDM doesn’t 
make a model the actual model of the universe. 



Non Parametric methods of Reconstruction

Usually involves binning and smoothing
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Testing deviations from an assumed model 
(without comparing different models)

Modeling of the data around a mean function
searching for likely features by looking at the the
likelihood space of the hyperparameters.
Holsclaw et al, PRD 2011
Shafieloo, Kim, Linder, PRD 2012

Bayesian Interpretation of Crossing Statistic:

Comparing a model with its own possible 
variations using a hyperfunction with orthogonal 
basis.
Shafieloo, Clifton, Ferreira, JCAP 2010
Shafieloo, JCAP 2012a, JCAP 2012b

Gaussian Processes:

:

Model–Independent Reconstruction (some of the works we have been doing)



Gaussian Process

Shafieloo, Kim & Linder, PRD 2012
Shafieloo, Kim & Linder, PRD 2013

èEfficient in statistical modeling of stochastic variables
èDerivatives of Gaussian Processes are Gaussian 
Processes
èProvides us with all covariance matrices

Data Mean Function

Kernel

GP Hyper-parameters

GP Likelihood



Crossing Statistic

If a proposed model is different than 
the actual model, then they cross each 
other at none, one or two or three or 
… N points. 

Crossing at 
one point

Crossing at 
two point

A. Shafieloo, T. Clifton & P. Ferreira, JCAP 2010. 



Important Features:

For N data points, the last mode of  Crossing  
Statistic is T(N-1) which is identical to Chi 
Square Statistic

The zero mode of Crossing Statistic is similar 
to Median Statistic

not only should the whole
sample of residuals have a
Gaussian distribution around
the mean, but so should any
continuous subsample. Extracting More Information 



Crossing Statistic (Bayesian Interpretation)
Crossing functionTheoretical model   x  

Chebishev Polynomials 
as Crossing Functions

Shafieloo. JCAP 2012 (a)
Shafieloo, JCAP 2012 (b)

Comparing a model 
with its own variations

Test model =  

Is Crossing function consistent with 1 in the whole 
functional range?



Model independent reconstruction of the expansion history
Crossing Statistic + Smoothing Gaussian Processes

Shafieloo, JCAP (b) 2012 Shafieloo, Kim & Linder, PRD 2012

Take Home 5: Non-parametric reconstruction of dark energy is crucial for 
detecting features in the data beyond the flexibility of specific models.



DESI-2024

DESI-Y1 (2024), 
arXiv:2404.03002



DESI-2024

DESI-Y1 (2024), arXiv:2404.03002

KASI Led DESI Projects:

Rodrigo Calderon Kushal Lodha

Dark energy reconstruction 
and physics interpretation



DESI-2024

Reconstructing DE with Crossing Statistics
Calderon, Lodha, Shafieloo, Linder et al, JCAP 2024 
(arXiv:2405.04216)

DESI-Y1 (2024), 
arXiv:2404.03002

Model-Independent 
Reconstruction of 
Dark energy

(Blind Tests Conducted)



DESI-2024

Reconstructing DE with Crossing Statistics
Calderon, Lodha, Shafieloo, Linder et al, JCAP 2024 
(arXiv:2405.04216)

DESI-Y1 (2024), 
arXiv:2404.03002

Model-Independent 
Reconstruction of 
Dark energy

Take Home 6: Importance of 
pipeline validation and blind 
analysis. 



DESI 2024: Reconstructing Dark Energy using Crossing 
Statistics with DESI DR1 BAO data

Calderon, Lodha, Shafieloo, Linder et al, JCAP 2024 (arXiv:2405.04216)

All 
better 
than 
best fit 
LCDM 
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Om(z) is constant 
only for FLAT LCDM
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IS COSMIC ACCELERATION SLOWING DOWN?

A. Shafieloo, V. Sahni, A. Starobinsky, Phys. Rev. D-RC 2009 [Reported in Nature and New Scientist]

Theoretical application of direct reconstruction

Constitution SN data 
(CfA Compilation)

(2009)
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IS COSMIC ACCELERATION SLOWING DOWN 
Again?

Theoretical application of direct reconstruction

Constitution SN data 
(CfA Compilation)

DESI 2024

A. Shafieloo, V. Sahni, A. Starobinsky, Phys. Rev. D-RC 2009 [Reported in Nature and New Scientist]

Constitution 2009



DESI-2025  DR2

Dynamical Dark Energy, arXiv:2503.14738



DESI-2025  DR2
DESI Supporting DE Paper

Extended Dark Energy Analysis, Lodha et al, arXiv:2503.14743 (PRD 2025)



DESI-2025  DR2

Extended Dark Energy Analysis, Lodha et al, arXiv:2503.14743 (PRD 2025)



DESI-DR2 Extended DE 
Analysis: Non-Parametric

Extended Dark Energy Analysis, Lodha et al, (arXiv:2503.14743) PRD 2025
See also: Gu et al, (arXiv:2504.06118) Nature Astronomy 2025

Gaussian 
Process

Crossing 
Statistics



DESI-2025  DR2
DESI Supporting DE Paper

Extended Dark Energy Analysis, Lodha et al, arXiv:2503.14743 (PRD 2025)

Kushal was awarded the Emerging Astrophysicist Award for 
Outstanding Physical Review Paper for his contribution to the 
DESI DR2 Extended Dark Energy Analysis, at the Spring 2026 
American Physical Society Global Summit.



Phenomenological/Theoretical 
Implications

Metastability in Emergent Dark Energy Li, Liu, Li, Du, Shafieloo, Biesiada, 
ApJ Lett, 2026

See also Swagat Mishra et al, JCAP 11, 018, 2025 and many others!



Is Crossing PDL is Real?

A big key question!

Crossing w=-1



How to compare models that are 
not nested within one another?

Algebraic Quintessence 

CPL

-Best fit models to DESI DR2+Union3+Planck 
-Same degrees of freedom
-Chi^2 relatively comparable



How to compare models that are 
not nested within one another?

- 1000 realisations of the data based on best fit Pade-w 
- ~36% cases CPL with phantom crossing has a better fit than true 

model (Pade-w) ==>    Can be a potential generic behavior

Frequentist Approach Simple Exercise to 
Demonstrate a Possibility



There exist scalar field models with no crossing of PDL that 
can be easily misinterpreted by current analysis

- 1000 realisations of the data based on best fit   
Pade-w
- ~36% cases CPL with phantom crossing has a 

better fit than true model (Pade-w)
- ~3.2% cases, the CPL yields a Δχ2 (wrt Pade-w) 

larger than that observed in the real data 
(sensitive to choice of the data/likelihood code).   

Keeley, Shafieloo, Matthewson, arXiv::2506.15091

Take Home 7: Let’s not 
rush and avoid 
over-interpretations.



Current Status and Summary

- There are now tantalizing hints for Dark Energy Evolution. 

- Data suggests crossing of the phantom divide line (supported by parametric and 
non-parametric approaches). Uncomfortable situation theoretically.

- Other viable solutions are not yet ruled out and actual significance for Phantom 
Crossing is not yet very high. 

Will they remain significant?

DESI DR2 Confirmed initial findings è Time will show (DESI DR3, Euclid, LSST, 
Roman). 

- Never trust a data too much till you understand and verify it very very well!

- Hubble tension has remained a separate, but connected, issue. 

New probes and model independent consistency test between various data is 
essential to rule out systematics,…. 

Tantalus, son of Zeus



Big part of science these days….

The New Yorker, 29 November 2016

But,….facts ultimately matter.

Conclusion (Social Media)



How to compare models that are 
not nested within one another?

- 1000 realisations of the data based on best fit   
Pade-w
- ~36% cases CPL with phantom crossing has a 

better fit than true model (Pade-w)
- ~3% cases, the CPL yields a Δχ2 (wrt Pade-w) 

larger than that observed in the real data.   

Keeley, Shafieloo, Matthewson, arXiv::2506.15091


