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STANDARD MODEL OF COSMOLOGY

• A singularity at the beginning
• Two unknown main components:

• Dark Energy (Λ ? )
• Dark Matter (CDM ?)



CHALLENGES TO THE STANDARD 
MODEL OF COSMOLOGY

• In the standard LCDM model we assume ingredients take on their simplest 
(Vanilla) form

• The Planck experiment has measured the CMB power spectra with an 
exquisite precision, but the constraints for the cosmological parameters are 
always model-dependent.

• Over the last decade cosmological observations have significantly 
improved, both for early-time as well as late-time observations.

• In principle, scales measured at different times should appear consistent 
when interpreted in the context of an accurate, time-dependent 
cosmological model.



CHALLENGES TO THE STANDARD 
MODEL OF COSMOLOGY

• S8 tension
• Alens tension
• H0 tension
•…



S8 TENSION
• A significant tension between Planck data with redshift surveys 

data and weak lensing measurements has been reported, about 
the Ω!, and the amplitude of growth of the structures, 𝜎", also 

quantified in terms of the parameter: 𝑆" = 𝜎"
#!
$.&

.

• A higher 𝑆"value is estimated from CMB data assuming LCDM 
model, namely, 𝑆" = 0.834 ± 0.016 from Planck data.

• This tension is above the 2𝜎 level with KiDS-450 (𝑆" = 0.745 ± 0.039), 
KiDS+VIKING-450 (𝑆" = 0.737'$.$&()$.$*$) and DES (𝑆" = 0.738 ± 0.021).

• The KiDS-1000 team reported a 3σ tension with Planck-CMB.

• The tension becomes 3.2σ if we consider the combination of 
VIKING-450 and DESY1 and 3.4σ for BOSS+VIKING-450 .



THE 𝐴!"#$ ANOMALY
• The lensing magnifies the angular size of the primordial fluctuations in some places on 

the sky and de-magnifies others.

• The acoustic peaks are reduced slightly, and the troughs between them filled in.

• When the theoretical prediction for this smoothing is compared with the Planck data, it 
is found that the lensing smoothing is larger than expected by roughly 10%.

• The ALens anomaly is persistent with a value 𝐴!"#$ = 1.149 ± 0.072, that constitute 2𝜎
tension with LCDM cosmology.



WHAT IS HUBBLE CONSTANT?

The Hubble constant (H0) describes the expansion rate 
of the Universe today.

𝑣 = 𝐻!𝑑

𝐻 ≡
𝑎̇
𝑎

Hubble-Lemaître law

1 + 𝑧 =
𝜆!"#
𝜆$%&'

Spectrometry
photometry

Standard candles, standard 
rulers, standard sirens



H IS NOT A CONSTANT
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TWO MAIN METHODS TO MEASURE H0

• Late-time Universe, direct measurements

• Early-time Universe, indirect measurement



LATE-TIME UNIVERSE, DIRECT MEASUREMENT
• Measuring the distance and the 

recessional velocity of standard 
candles, and computing the 
proportionality factor. 

• This approach is model 
independent and based on 
geometrical measurements. 
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EARLY-TIME UNIVERSE, INDIRECT MEASUREMENT

• Considering early universe 
measurements, and assuming a 
model for the expansion history of the 
universe. 

• Main observation is the CMB 
anisotropies and is model-dependent.



EARLY-TIME UNIVERSE, INDIRECT MEASUREMENT

Recombination era



EARLY-TIME UNIVERSE, INDIRECT MEASUREMENT



EARLY-TIME UNIVERSE, INDIRECT MEASUREMENT

”Acoustic peaks 
caused by the 

sound waves in the 
primordial plasma

By fitting to the 
CMB spectrum, one 
constrains all 
parameters of the 
ΛCDM model, 
including H0

𝜬 = 𝛀𝒃𝒉𝟐, 𝛀𝒄𝒅𝒎𝒉𝟐, 𝝉𝒓𝒆, 𝟏𝟎𝟎𝚯𝑴𝑪, 𝑨𝒔, 𝒏𝒔



HOW DOES CMB CONSTRAIN H0 ?
• Positions of the 

acoustic peaks tell us 
the angular size of the 
sound horizon at 
recombination, 𝜃∗ =

"!
"∗

• A smaller sound 
horizon rs would imply 
a shorter distance to 
the redshift of 
recombination r*, 
implying a larger H0

ℓ+,-.~
2𝜋
𝜃∗

𝑟0
𝜃∗

Sound horizon at 
recombination

Distance to 
recombination

𝑟∗



THE HUBBLE TENSION



WHAT IS THE HUBBLE TENSION?
• The H0 tension is the most statistically significant disagreement between 

early-universe and late-universe measurements.

• The tension is about 5𝜎 disagreement between direct measurement of H0 
based on standard candles done by SH0ES team and inferred value from 
CMB observations obtained by Planck team.

• The Planck estimate assuming LCDM 
model:

𝐻$ = 67.27 ± 0.60
𝑘𝑚
𝑠𝑀𝑝𝑐

Planck 2018, Astron. Astrophys. 641 (2020) A6 

• The latest local measurements by SH0ES 
team (R21):

𝐻$ = 73.04 ± 1.04
𝑘𝑚
𝑠𝑀𝑝𝑐

Adam G. Riess et al 2022 ApJL 934 L7



POSSIBLE SOLUTIONS

• Local solution

• Sound horizon problem

• Early Dark Energy

• Late Dark Energy

• Extra relativistic degrees of freedom 

Extra interactions

• Modified gravity

• Inflationary models

• Modified recombination history 



THE THEORY



• We consider a model that consists of some new energy density source 𝜌( arising 

from the quantum zero-point energy of the fields with the mass 𝑚. 

• Depending on the type of the quantum field(boson or fermion) and the energy 

scale of interest, 𝜌( can be either positive (dS-like) or negative (AdS-like). 

• For the sake of simplicity, here first we consider the case of a single quantum 

field, while the procedure for the multiple field is straight forward thanks to our 

simplifying assumption that the vacuum energies of the free fields do not 

exchange with each other. 

The Theory



The Theory



The Theory

• With the inclusion of the transfer function:

• The simplest model satisfying our requirements may 
be realized by the following ansatz:

• We consider the following transfer function:



The Theory

• The total energy density:

• We introduce the fraction of dark energy density 𝑓1
at the transition scale factor 𝑎2

• At the transition scale:



The Theory

• For the general N-field configuration, yielding to N 
transitions in dark energy at 𝑎2,4 , we can extend the 
density to the following form:

• The total energy density of the model is given by



OBSERVATIONAL DATA & METHOD

• CMB: temperature and polarization angular power spectra 

from the final release of Planck 2018.

• BAO: 6dFGS, SDSS-MGS, BOSS DR12.

• SN: 1048 SNe Type Ia luminosity distance from the Pantheon 

sample.



OBSERVATIONAL DATA & METHOD
• To analyze the data and extract the constraints on the cosmological 

parameters, we have modified the well-known cosmological Markov 

Chain Monte Carlo package CosmoMC.

• We assumed a convergence diagnostic based on Gelman-Rubin

statistic, assuming R-1 < 0.1 .

• The parameter space for different class of models is given by:

𝑷 = 𝒂𝒊, 𝒇𝒊, 𝒘𝒊, 𝒏𝒊, 𝛀𝒃𝒉𝟐, 𝛀𝒄𝒅𝒎𝒉𝟐, 𝟏𝟎𝟎 𝜽𝑴𝑪, 𝝉, 𝒏𝒔, 𝑨𝒔



ONE-STEP MODELS



TESTING DIFFERENT STEP POSITIONS

One-step models



Testing different step positions

One-step models



TESTING DIFFERENT STEP POSITIONS

One-step models



TESTING THE EFFECT OF FRACTION OF 
ENERGY DENSITY

One-step models



Testing the effect of fraction of energy density
One-step models



One-step models
Testing the effect of fraction of energy density



TWO-STEP MODELS



TWO-STEP MODELS

The effect of second step position



Two-step models
The effect of second step position



TWO-STEP MODELS
The effect of second step position



TWO-STEP MODELS

Testing dS or AdS behavior of second step

𝑓 > 0

𝑓 < 0

dS

AdS

dS AdS



Two-step models

Testing dS or AdS behavior of second step



TWO-STEP MODELS
Testing dS or AdS behavior of second step

dS AdS



THREE-STEP MODELS



THREE-STEP MODELS



Three-step models



THREE-STEP MODELS



CONCLUDING REMARKS

• Our investigations show that the resulting values of H0 are not sensitive to the locations of 

the second or third transitions. 

• But they are largely sensitive to the values and the signs of the fractions of dark energy, f2 

and f3. 

• Our analysis also shows that to obtain values of H0 comparable to the value obtained 

from local measurements requires ns to move toward the Harrison–Zel’dovich scale-

invariant value. 

• The least tension in the H0 value occurs in a Two-step model in which both steps occur in 

dS-like phases.

• Also least tension occurs in a Three-step model in which its first phase is dS-like and the 

evolution of the second and third steps occurs in AdS-like phases 



"I have deep faith that the principle of the 
Universe will be beautiful and simple”
- Albert Einstein



THANKS FOR YOUR ATTENTION !


