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Dark Energy arose out of observations and lies at the 

crossroads of field theory, particle physics and gravity.

It has illuminated our universe and continues to shed light 

both on fundamental physics and consequences for our 

universe.
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Outline

The topics we plan to discuss are:

• Introduction: 

• Dark Energy (DE) : Key requirements

• Dark Energy Implications (other than rapid expansion):

• Collapse of DE and Supermassive Black Hole Formation

• Gravitational Radiation from DE

• Gravitational Wave Observations and Ice Age Periodicity

• Neutrino Masses, Early Structure Formation and James Webb 
Space Telescope Observations

• Conclusions
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Dark Energy: An invention driven by necessity (astronomical 

observations)
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Summary on Dark Energy: Why do we need it 

and a field theory approach to what it might be

Why do we need it: Observations (Hubble Constant 
and Age of Universe)

What can it be: Maybe the Energy density of fields 
arising in Grand Unified Theories linked to the see-saw 
model of neutrinos – this is well motivated and gives 
the right phenomenology to explain observations.

We will now look at some of the observational 
implications implied by this approach to Dark Energy.
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The topics we will discuss are:

• Introduction: 

• √  Dark Energy: Why do we need it and what is it? [PRD1995] 
Done

• Dark Energy Implications (other than rapid expansion):

• Collapse of DE and Supermassive Black Hole 
Formation[PASCOS, JETP1]

• Gravitational Radiation from DE[JETP2]

• Gravitational Wave Observations and Ice Age Periodicity[PLB]

• Neutrino Masses, Early Structure Formation and James Webb 
Space Telescope Observations

• Conclusions

Updating status on the Plan



The LNM Institute of Information TechnologyThe LNM Institute of Information Technology

Implications: Collapse of Dark Energy Field Configurations 

and formation of Super Massive Black Holes (SMBHs).
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Black Hole formation and masses of BHs 

formed

We used the 3+1 BSSN formalism to study Black Hole 
formation and were able to demonstrate the 
formation of a Black Holes as result of the dark enegy
scalar field collapse.

Further, we were able to obtain the masses of Black 
Holes formed:T

This is comparable to the masses of Black Holes at the Center of Galaxies
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Summary for Dark Energy Collapse.
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Updating status on the Plan

The topics we will discuss are:

• Introduction: 

• √ Dark Energy: Why do we need it and what is it? [PRD1995] Done

• Dark Energy Implications (other than rapid expansion):

• √ Collapse of DE and Supermassive Black Hole Formation[PASCOS, 
JETP1] Done

• Gravitational Radiation from DE[JETP2]

• Gravitational Wave Observations and Ice Age Periodicity[PLB]

• Neutrino Masses, Early Structure Formation and James Webb Space 
Telescope Observations

• Conclusions

• Future directions
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Gravitational Radiation from Dark 

Energy Dynamics
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Equations and Initial Conditions

• Used coupled evolution equations for scalar field 
and gravity (in the 3+1 BSSN formalism for 
numerical stability)

• Initial conditions determined by the Dark Energy 
field configuration:
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Gravitational Waves

• We are interested now in studying gravitational 
waves 

• They are the perturbations of the full metric 

about the background metric

• The relationship between these quantities is: 

LNMIIT
Highlight

LNMIIT
Highlight

LNMIIT
Highlight

LNMIIT
Highlight

LNMIIT
Highlight

LNMIIT
Highlight

LNMIIT
Highlight

LNMIIT
Highlight



The LNM Institute of Information TechnologyThe LNM Institute of Information Technology

Computing the Gravitational Wave 

strength

• To proceed, we decompose the gravitational waves 
into odd and even multipoles and introduce Regge-
Wheeler functions as:
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Gravitational Wave Plots

• Gravitational Wave results can be computed 
numerically (we used the publically available 
Einstein Toolkit for doing this). Sample Results:
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Gravitational Wave Results

The Time Period of Gravitational Waves produced 

by Dark Energy Dynamics is about 100,000 years.

LNMIIT
Highlight

LNMIIT
Highlight



The LNM Institute of Information TechnologyThe LNM Institute of Information Technology

Updating status on the Plan

The topics we will discuss are:

• Introduction: 

• √ Dark Energy: Why do we need it and what is it? [PRD1995] Done

• Dark Energy Implications (other than rapid expansion):

• √ Collapse of DE and Supermassive Black Hole Formation[PASCOS, 
JETP1] Done

• √ Gravitational Radiation from DE[JETP2] Done

• Gravitational Wave Observations and Ice Age Periodicity[PLB]

• Neutrino Masses, Early Structure Formation and James Webb Space 
Telescope Observations

• Conclusions
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Gravitational Wave Observations and Ice 

Age Periodicity
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Dark Energy Gravitational Wave Observations: 

Context and Challenge
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Dark Energy Gravitational Wave 

Observations: Path Forward.
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Period matching for Gravitational Waves 

and Ice Age Periodicity
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Physical origin for the matching of 

periods: Resonance
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Resonance between scalar field dynamics and 

gravity waves
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Amplitude of the gravity waves
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Energy density of Dark Energy
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Gravity wave energy density and 

amplitude of gravity wave
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Matches observations!!
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Summary
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Updating status on the Plan

The topics we will discuss are:

• Introduction: 

• √ Dark Energy: Why do we need it and what is it? [PRD1995] Done

• Dark Energy Implications (other than rapid expansion):

• √ Collapse of DE and Supermassive Black Hole Formation[PASCOS, 
JETP1] Done

• √ Gravitational Radiation from DE[JETP2] Done

• √ Gravitational Wave Observations and Ice Age Periodicity[PLB]  Done

• Neutrino Masses, Early Structure Formation and James Webb Space 
Telescope Observations

• Conclusions
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Black Hole Formation due to an earlier Phase Transition 

linked to the 3rd generation of neutrinos and JWST 

observations.

• Dark Energy can solve 2 further tantalizing mysteries in Dark 
Energy models linked to neutrino masses. 

• In these models Dark Energy can undergo Phase Transitions 
and form Black Holes. 

• The family structure of neutrinos then imply peaks in black 
hole formation. 

• Previously shown that one of these peaks in Black Hole 
formation gives the observed peak in Quasar formation. 

• Predicted that there will also be an earlier peak in the Dark 
Energy Black Holes at high redshifts. 
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Black Hole Formation due to an earlier Phase Transition 

linked to the 3rd generation of neutrinos and JWST 

observations.

• Dark Energy Black Holes at large redshift can help explain 
both the EDGES observations and the observations of large 
Supermassive Black Holes (SMBHs) at redshifts z > 7 

• Thus, these Dark Energy Black Holes solve 2 of the most 
puzzling mysteries of the observable early universe. 

• JWST has already started seeing Galaxies at large redshift as 
expected in the model described here.

• Further, the ΛCDM model currently has challenges in 
explaining the large number of such galaxies at high redshift.

• Whereas in our model we expect an earlier peak in structure 
formation at z ≈ 18.
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Black Hole Formation due to an earlier Phase Transition 

linked to the 3rd generation of neutrinos and JWST 

observations.

• There is a slight dependence of the location of the peak on 
the lightest neutrino mass - so the peak may be located at a 
slightly lower value of the redshift. This may actually enable 
a measurement of the lightest neutrino mass - something 
which has eluded us so far. 

• Finding these Dark Energy Black Holes of Intermediate Mass 
should be within the reach of upcoming observations -
particularly with the James Webb Space Telescope - but 
perhaps also through the use of other innovative techniques
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Phase Transitions, Neutrino Masses and Peak Redshifts

We now wish to use this to relate the epochs at which the Phase 

Transitions occur resulting in the peaks in the associated Black 

Hole formation. We can label the three families of light 

neutrinos as 1, 2 and 3 in increasing order of mass, so they will 

have masses denoted by:
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Using the physics of the phase transitions and the 
evolution of temperature, scale factor and redshift in an 
expanding universe we note that:

From observations of the Quasar distribution with 
redshift, we get:

Phase Transitions, Neutrino Masses and Peak Redshifts
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Phase Transitions, Neutrino Masses and Peak Redshifts
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Conclusions
Dark Energy has come a long way from its birth in 1995. It has important 
observable implications for our universe:

1. Removes discrepancy between Hubble Constant and Age of the Universe: 
determines dark energy density

2. Dark Energy collapse can produce Super Massive Black Holes: the masses of 
Black Holes produced is comparable to the masses of Black Holes found at the 
centers of galaxies. 

3. Dark Energy dynamics can produce Gravitational Waves with interesting 
observational consequences: The frequency and amplitude of the gravitational 
waves produced is just right to explain the periodicity of Ice Ages on earth.

4. Phase Transitions in Dark Energy can give us early structure formation as 
observed by JWST . This may also enable the first measurement of the lightest 
neutrino mass.

5. Dark Energy fields arise naturally out of the see saw model of neutrino 
masses: they provide insights into the particle physics beyond the standard 
model of particle physics.
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Thank you, for your time and attention!

The LNMIIT: Where young dreams take shape …..
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Back up slides only to be used if 

needed.

FRW metric and Age of Universe

Quasar Formation

JWST and Early Formation of Structure

See-saw model of neutrinos and Phase Transitions

3+1 BSSN formalism

Space-time Geometry

Gravitational Waves
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Spacetime Metric and Age of Universe
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Quasar Formation
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JWST and Early Formation of Structure.
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Phase Transitions in the see-saw model of neutrinos
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Phase Transitions in the see-saw model of neutrinos
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Phase Transitions in the see-saw model of neutrinos
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The temperature dependent effective potential for 
this model can be expressed as:

Phase Transitions in the see-saw model of neutrinos
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Phase 
Transitions in 
the see-saw 
model of 
neutrinos:
The change in 
the effective 
potential as 
the 
temperature 
drops.
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The 3+1 BSSN Formalism.
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Black Hole formation details
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Space-time Geometry
The metric     which determines the geometry of 
space-time in general is given by:

Parallel transport in curved space time is determined 
by the Christoffel symbols:

The Curvature of Space-time is expressed in terms of 
the Curvature Tensor
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Dynamics of Space-Time: The Einstein 

Equation

The Einstein Equation involves in addition to 
Curvature Tensor, the Curvature Scalar: 

We can now express the Einstein Equation as:

Where        is the energy momentum tensor and can 
be expressed in terms of the energy density, pressure 
and velocity as:  
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Gravitational Waves
Consider fluctuations of the metric around a background value 
expressed as: 

We can impose supplementary conditions to get rid of the 
arbitrariness of gauge (corresponds to freedom in choosing 
coordinate systems), thus we can impose conditions such as : 

The curvature tensor then becomes:

Inserting this into the vacuum Einstein Equation give us the 
gravitational wave equation: 

Or in the familiar form of a wave equation:
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