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Present understanding of the universe

kk

Cosmological Probes

▪ Cosmic microwave 
background

▪ Baryon acoustic oscillations
▪ Large scale structures
▪ Supernovae and Cepheids 

Standard Candles
▪ Tip of Red Giant Branch
▪ Weak Lensing  

Image Credit: NASA/ 
LAMBDA Archive / WMAP 
Science Team

https://lambda.gsfc.nasa.gov/contact/index.html#captioncredit


Present understanding of the universe: ΛCDM model

Cosmological Principle + General Relativity 

Friedmann Equation Total energy density

Lambda Cold Dark Matter (ΛCDM) Model : Simplest Scenario 

Here it is assumed that universe 
is spatially flat i.e. Ω𝑘=0.
Thanks to inflation!



The Hubble Constant 𝐻0
 
➢ The rate of expansion of universe at present. 

➢ A crucial cosmological parameter.

➢ It has been a challenge to correctly measure the value of 
𝐻0.



The Hubble Tension
 

5σ tension at 
present

(Di Valentino et al 2021)



Understanding Hubble Tension 

➢ Based on observations of cosmic 
microwave background coming 
from last scattering surface 
(redshift ∼ 1100, 13.76 Gyr 
back).

➢ Assumes ΛCDM model to 
calculate 𝐻0.

➢ Planck, WMAP

➢ Based on astrophysics of stars: 
observing standard candles in 
the nearby universe.

➢ Model independent 
measurement.

➢ SH0ES, CHP

Early measurements Late measurements



Measurement of 𝑯𝟎 from early Universe 

six independent 
parameters of 
LCDM model.

Derived 
parameters Planck 2018 measurements assuming LCDM model 

give, 𝑯𝟎 = 𝟔𝟕. 𝟑𝟕 ± 𝟎. 𝟓𝟒 km/sec/Mpc

Reference: Planck Collaboration (2018)



Angular size of sound 
horizon at last scattering 
surface: precisely 
determined from the 
peaks in CMB
(0.03 % Precision)

comoving sound horizon at 
last scattering surface

comoving distance to the last 
scattering surface.

Based on pre-recombination 
physics or early universe 
physics. 

Redshift of 
recombination or last 
scattering surface

For LCDM model

This involves late universe 
physics, depending on dark 
energy model i.e. H(z) or E(z).

         can be extrapolated for a 
given model at H(z=0).

O

Measurement of 𝑯𝟎 from early Universe 



Measurement of 𝑯𝟎 from Late Universe 

Observing standard candles 
to calibrate distances to 
galaxies and using Hubble’s 
law to calculate 𝑯𝟎.

Type 1a Supernovae: Thermonuclear 
explosion of white dwarf stars reaching 
Chandrasekhar mass Limit.

Cepheid variables: Pulsating stars with a 
definite period luminosity relation 



Measurement of 𝑯𝟎 from Late Universe 

Cosmic Distance Ladder : calibrating distances to galaxies farther 
away upto redshift ∼ 0.1

➢ The SH0ES Program (Supernovae 
and 𝐻0 for the Equation of State 
of dark energy) measured 𝑯𝟎 =
𝟕𝟑. 𝟑 ± 𝟏. 𝟎𝟒 km/sec/Mpc

     (Riess et al 2022).

➢ This drives the 𝐻0 tension ∼ 5σ

➢ In fact various other local 
measurements, apart from SH0ES 
also give 𝐻0 > 70 km/sec/Mpc, 
indicating tension with the Planck 
(LCDM) value (Freedman 2021, Anand 

et al 2021,Shajib et al 2023,Pesce et al 
2020 … ).

Image Credit: NASA

https://lambda.gsfc.nasa.gov/contact/index.html#captioncredit


𝑆8 Tension

A measure of amplitude of matter clustering in 
late universe 

is the variance of density field smoothed over 8ℎ−1 Mpc

(Abdalla et al 2022)

2-3σ tension 
at present



How to address Hubble Tension?



Review of solutions



Possible Resolutions to Hubble Tension

Aim: Modifying the LCDM picture without disturbing the well constrained peaks of CMB.

Modifying early universe Modifying late universe

➢ Modifying H(z) or E(z) (with non-trivial 
dark energy models), keeping comoving 
distance to last scattering surface 
unchanged.

➢ Pre-recombination physics is not 
disturbed.

➢ Decreasing sound horizon 
     (changing pre-recombination physics).

➢        is increased in order to fix
         , without changing late universe 
     physics.

Fixed by CMB



Early universe solutions

• Reducing the comoving sound horizon

since

▪ Extra radiation (𝑁𝑒𝑓𝑓) 
        (Kreisch et al 2019, Sakstein et al 2019,Archidiacono et al 
2020, Anchordoqui et al 2019,Gonzalez et al 2020….) 

▪ Energy injection around matter radiation equality: 
Early Dark Energy (EDE), Early Modified Gravity 
(EMG)

           (Karwal et al 2016, Poulin et al 2018, Braglia et al 2021) 

Altering recombination history 

▪ Primordial magnetic fields
          (Jedamzik et al 2020) 

▪ Non-standard recombination
      (Chiang et al 2018) 

▪ Varying fundamental constant
        (Sekiguchi et al 2020, Hart et al 2020) 



But there exist some issues (Based on Jedamzik et al 2020)



So early universe solutions alone cannot resolve the 
𝐻0 tension!

For more details 
read the following

Image Credit: Cristina Ghirardini

https://lambda.gsfc.nasa.gov/contact/index.html#captioncredit


Late universe solutions

Modifying late time expansion history without disturbing comoving distance to 
LSS.

Simplest solution: an extension of LCDM model with a dark energy component (equation of 
state w)

To resolve Hubble tension,

Expansion rate in late universe: crucial dependence
 on dark energy model

Phantom 
dark energy

But simplest phantom models are now ruled out by observations as they worsen 𝝈𝟖/𝑺𝟖 tension.



Need for a non-trivial dynamical dark energy?

A dark energy field whose equation of state evolves with time 𝒘 𝒛 : But what else?

According to Heisenberg et al 2022, late dark energy models must exhibit PHANTOM DIVIDE behavior to 
simultaneously alleviate 𝐻0 and 𝑆8 tension. 

A dynamics which can give rise to a phantom divide behavior?
Are there any signatures of 
negative dark energy density in 
observational data?One way to achieve this is to have a negative dark energy density 

during some epoch at high redshifts 



Hints for negative Dark energy? BAO Ly-α Anomaly 

∼ 2σ tension in the measurement of H(z) at 𝑧~2.3
 from prediction of LCDM.

DR14 Ly-α

R22



Hints for negative Dark energy? BAO Ly-α Anomaly 

Negative energy density at high redshifts 
(z>2) can explain the feature.



Hints for negative Dark energy?

Dark energy models with a negative energy density feature at high redshifts, give a good fit to observation data (BAO, 
SN, H0, Planck)

▪ Graduated dark energy 

▪ Negative cosmological constant (plus extra component) 

▪ Sign switching cosmological constant 

▪ Omnipotent dark energy 

(Akarsu et al 2020) 

(Calderon et al 2021, Sen et al 2021) 

(Akarsu et al 2021, Akarsu et al 2023,) 

(Adil et al 2023) 

(arXiv:1912.08751) (arXiv:2306.08046) 



Hints for negative Dark energy?

Observational Reconstructions hint towards negative energy density at high redshifts



Our Approach

Towards a possible solution to the Hubble tension with Horndeski gravity

Yashi Tiwari, Basundhara Ghosh, Rajeev Kumar Jain

arXiv: 2301.09382



Motivation

• A late universe solution to address Hubble tension

• Dynamical dark energy which can exhibit interesting features like negative 
dark energy, phantom crossing.

• To motivate the model from a Lagrangian perspective in the framework 
of generalized scalar-tensor theories.

• But lets first talk a bit about Horndeski theory.



Horndeski theory

▪ The Lagrangian constructed out of metric tensor and scalar field, such that equations of motion are second order.

Einstein-Hilbert action

Single-field inflation or  
Quintessence dark 
energy

(Kobayashi et al 2011, Kobayashi 2019) 

Other subclasses:  non-minimal coupling, 
Galileons, derivative couplings …

Applications: Primordial black-hole 
formation, Black-hole physics, CMB 
anomalies, non-trivial dark energy models...



Horndeski theory (Background equations)

Friedmann 
Equations

Evolution of scalar 
field

(Matsumoto et al 2017) 



Horndeski theory (Perturbations)

scalar tensor

Stability Conditions (for a consistent theory)

To avoid gradient 
instability

To avoid ghost
 instability

where

(Felice et al 2011, Bellini et al 2014) 



An example !! 

This can be obtained from 
Horndeski Lagrangian using

GNMDC

Primordial power spectrum

(Similar features as studied by Jain et al. 2008, Hazra et al. 2010)



Building a dark energy model in the 
framework of Horndeski gravity



Model Specifications   

Non-minimal coupling (NMC)

Self-interaction (SI)
     (Galileon)

kinetic term (K)

Scalar field potential

Total action

➢ A dynamical scalar field as dark energy (No cosmological constant).

We choose

𝑐1, 𝑐2 and 𝑐3 are the 
free parameters, 
controlling strengths of 
coupling terms.

Kept fixed

Background equations are solved giving initial conditions on                       at high redshift. 
The case with 𝒄𝟏 = 𝒄𝟐 = 𝒄𝟑 = 𝟎 corresponds to Quintessence . 



Model Specifications   

Due to NMC, leads to 
negative energy density 
in past : phantom 
crossing (for 𝑐3 > 0)

Due to Self interactions

Effective energy density of 
dark energy field

Equation of state

𝑑𝜌𝜙

𝑑𝑧
=

3 1 + 𝑤𝜙 𝜌𝜙

1 + 𝑧

Canonical kinetic 
+ potential

pressure

It will be shown later that both nonminimal coupling and 
self interactions are needed to appropriately address the 
𝐻0 tension.



Distinct Features 

➢ At high redshifts

 𝐻 𝑧 < 𝐻𝐿𝐶𝐷𝑀(z)

➢ At low redshifts,

     𝐻 𝑧 > 𝐻𝐿𝐶𝐷𝑀(z)

i.e. to ensure CMB peaks 
remain undisturbed

Necessary for D to remains 
undisturbed

(Refer: Adil et al 2023) 



Distinct Features   

Negative energy density (𝑐3 > 0) can 
explain the BAO Lyman-alpha anomalous 
H(z) measurement at 𝑧 ∼ 2.3. 
 
(Aubourg et al 2014, Sahni et al 2014, Poulin et al 2018, 
Adil et al 2023)  

Evolution of H(z) with 33 Cosmic chronometer 
(CC) data



Distinct Features : Equation of state 



Distinct Features : Energy density of scalar field 

▪ Energy density of the 
scalar field is negative 
at high redshifts.

▪ The total energy density 
of universe is always 
positive.



Distinct Features : Energy density of scalar field 

Dominates at high z as 
H    as z    .

Dominates at low 
z as      increases.

(NMC)

(G-SI)



Distinct Features : Phantom Crossing 

The evolution of energy density of 
scalar field from negative to positive 
values leads to a phantom crossing.
This can be understood as follows,

𝑑𝜌𝜙

𝑑𝑧
=

3 1 + 𝑤𝜙 𝜌𝜙

1 + 𝑧

As  
𝑑𝜌𝜙

𝑑𝑧
< 0,  𝜌𝜙 < 0 ⇒ 𝑤𝜙 > −1

                           𝜌𝜙 > 0 ⇒ 𝑤𝜙 < −1



Effect of interactions on dynamics (Separately)

Case : 𝑮𝟑(𝝓, 𝑿) =0;  𝑮𝟒 =
𝟏

𝟐
+ 𝒄𝟑ϕ

▪ Only non-minimal coupling
▪ Negative energy density at high redshifts.
▪ Phantom crossing (a necessary condition!)
▪ May not achieve very large 𝐻0. 



Effect of interactions on dynamics (Separately)

Case : 𝑮𝟑(𝝓, 𝑿) = 𝒄𝟏𝝓 + 𝒄𝟐𝑿;  𝑮𝟒 =
𝟏

𝟐
; 𝒄𝟑 = 𝟎

▪ Only self interactions.
▪ Phantom switch at low redshifts.
▪ Energy density is always positive.
▪ Large values of 𝐻0 can be attained by tuning 

𝑐1, 𝑐2.
▪ No Phantom crossing
▪ Behaves like hockey-stick model (Not 

preferred by observations)



Stability Conditions: Towards consistent model building 

No gradient instability Ghost free theory



Constraints on Parameter space from Observations

▪ We employ Markov Chain Monte Carlo technique to obtain 
constraints on the parameter space.

▪ Uniform priors are provided on three model parameters 
and on absolute magnitude of Supernovae (M).

▪ We use the following observation data for our analysis:

 1. SH0ES: Modelled with a Gaussian likelihood on M = -19.2435±0.0373 

2. 1048 SNIa Pantheon Sample in redshift range 0.01 < 𝑧 < 2.3.

3. Six H(z) measurement from BAO. 

4. 33 Cosmic chronometer (CC) measurement of H(z).

(Riess et al 2021, Camarena et al 2021) 

(Scolnic et al 2017) 

(as compiled in Table III of Gomez-Valent et al 2023, using 
covariance matrix method as discussed in Moresco et al 2020) 

(Alam et al 2020, also compiled in Table I of Tiwari et al 2023) 

For more details visit: arXiv 2301.09382



Results

• Data prefers a positive 𝑐3 (1σ) which 
indicates a preference of negative dark 
energy at high redshifts.

• Inclusion of CMB data will tighten the 
constraints on the parameter space.

• As of now the present model reduces 
the tension with SH0ES measurement 
to ∼ 2σ.  



Conclusion and Future Prospects 

➢ We exploit the phenomenology of Horndeski theory to build dark energy model in order to 
address Hubble Tension. 

➢ Interesting features like negative energy density at high redshifts, phantom crossing, etc can be 
obtained in such a setup.

➢ Constrains are obtained on parameter space by Supernovae, BAO and CC data.

➢ Next step is to study the perturbation theory for such Horndeski models: obtaining power spectra 
and confronting with CMB data.  (in progress)

➢ Studying the implications of such models towards resolution of other cosmological tensions like 
growth tension.  (in progress)



Thank you
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