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Introduction & Motivation

� Field Theory is a fundamental tool of 
Physics

� Provides a Theoretical Framework that is � Provides a Theoretical Framework that is 
a starting point across the sub-disciplines 
of Physics including Nuclear and Particle 
Physics, Phase Transitions, Statistical 
Mechanics, Condensed Matter, 
Cosmology and Astrophysics.



Introduction & Motivation

� For most cosmological applications Field Theory in 

curved space time is sufficient to explain the 

observations. It has a track record of success.

� Thus for example for understanding and quantitatively 

addressing issues related to Inflation and Reheating 

after Inflation, Field Theory in curved space time is 

sufficient (we don’t need to work with quantum gravity).

� The phenomenon of Dark Energy involves energy scales 

much lower than those involved in Inflation so we 

certainly expect Field Theory in curved space time to be 

sufficient to address this issue.



Introduction & Motivation

� Indeed since the energy scales involved in 
the physics of Dark Energy is so low one 
has to worry about protecting the energy 
scales involved. This can be done by scales involved. This can be done by 
using Pseudo Nambu Goldstone Bosons 
and using symmetry to protect the energy 
scales involved in Dark Energy.

� Approach we will take is to move from the 
familiar terrain into the unfamiliar terrain.



Plan

� Will quickly describe the fundamentals of Field Theory –
in a form useful across sub-disciplines of Physics for 
numerous applications.

� Will describe selected applications:

� Reheating after Inflationary Phase Transition

� The Cosmological Constant Problem in the light of 
modern observations and the Dark Energy Solution

� Gravitational Collapse of Dark Energy field 
configurations



Field Theory
Consider field in space – time metric:

Action and Lagrange density: 

Momentum conjugate to        : 

Hamiltonian    : 



Time Evolution

In general,

where,      is the density matrix

Study the time evolution of the mean field:

where,      is the comoving volume enclosing system

The time evolution of the mean field is then given by:



Evolution Equations
Do a split:

Mean Field Fluctuations

For:

The complete set of evolution equations is given by:The complete set of evolution equations is given by:

The evolution equations can be solved numerically and 

will display plots of solutions later for the applications.



Application: Reheating after Inflation

� Inflation solves long standing problems of cosmology 

(isotropy of observed Microwave Background Radiation)

� Universe: Cold, Dark Place after Inflation (Rapid 

Expansion         Energy Densities          0)

� Need to recover Hot Big Bang (in order for example for � Need to recover Hot Big Bang (in order for example for 

Nucleosynthesis to give us the heavier elements 

observed in Nature).

� Achieved by dissipational dynamics of fields and particle 

production

Reference:

D. Boyanovsky , D. Cormier , H.J. de Vega, R. Holman , A. Singh, M. Srednicki . 

Phys.Rev.D56 (1997). 



Reheating after Inflation
The formalism and evolution equations were described earlier.

For this application also want to keep track of the expectation 

value of the particle number operator:

This can be expressed in terms of the mode functions given earlierThis can be expressed in terms of the mode functions given earlier

with

Will show solutions to the time evolution equations as plots on the next slide.



Solutions to the Evolution Equations

Mean Field
Fluctuations

Particle 

Production
Particle 

Spectrum

From:

D. Boyanovsky , D. Cormier , H.J. de Vega, R. Holman , A. Singh, M. Srednicki . 

Phys.Rev.D56 (1997). 



Results for Reheating after Inflation

� Instabilities due to parametric resonance and 

spinodal instabilities            very short 

timescale for particle production ( much shorter 

than thermalization timescales )               

preheating.

� Two stage picture of reheating after inflation:
1. Rapid Particle Production: Preheating

2. Thermalization: Slower process happens on a much longer 
timescale.



Cosmological Constant Application



The Cosmological Constant

� Cosmological Constant was first introduced by 
Albert Einstein in his General Theory of 
Relativity

� The exact magnitude of the Cosmological � The exact magnitude of the Cosmological 
Constant and its Physical Role have been 
unclear until recently

� Observations in the mid 1990s shed new light on 
the magnitude of the Cosmological Constant 
and its Physical Role.



The Observations

� Hubble Constant: Measures how fast the 
Universe is expanding. Was measured in 
mid 1990s to be:

Age of the Universe: Universe has to be at � Age of the Universe: Universe has to be at 
least as old as its contents. In particular, 
universe has to be at least as old as the 
globular clusters. Age has now been 
measured to be:  



The Implications

� Einstein’s Equations can be solved for 
Cosmological Space Time to obtain the following 
relationship:

Where        is the age of the Universe,           is

the Hubble Constant and            is the Vacuum

Energy Density of the Universe.



The Vacuum Energy Density

� From the relationship between the Age of the 
Universe, the Hubble Constant and the Vacuum 
Energy Density together with the observed values of 
the Age and Hubble Constant it can be inferred thatthe Age and Hubble Constant it can be inferred that

� In Units of eV the Vacuum Energy Density is then 
given by 



Physical Origin of Vacuum Energy

� The Energy Density of quantum fields 
propagating in curved space time can be 
re-interpreted as the cosmological re-interpreted as the cosmological 
constant (vacuum energy).

� To compute its value one has to calculate 
the Effective Potential from first principles.



Magnitude of the Effective Potential

� The detailed expression for the Effective 
Potential incorporating non-vanishing neutrino 
masses has been calculated by us from first 
principles.principles.

� For the current cosmological evolution only the 
magnitude of the Effective Potential matters.

� This magnitude of the Effective Potential 
calculated by us is exactly right to explain the 
modern observations.



Current Status of Dark Energy



Dark Energy Time 

Evolution and Masses of 

Objects formed by Objects formed by 

Gravitational Collapse
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Dark Energy: An invention driven by 
necessity (observations)



Introduction and Motivation

� Dark Energy is the dominant component of the 
Energy Density of the Universe.

� Most Natural Candidate for Dark Energy is the 
Energy Density due to fields in Curved Space-timeEnergy Density due to fields in Curved Space-time

� Specific Particle Physics candidates exist which can 
be characterized as Pseudo Nambu Goldstone 
Bosons with a well-defined potential [Singh, Holman 
& Singh, Gupta, Hill, Holman & Kolb]



Introduction & Motivation

� Need to understand the dynamics of these Dark 
Energy fields

� For cosmology: need to understand the gravitational 
dynamics of the Dark Energy fieldsdynamics of the Dark Energy fields

� Now we will describe the formalism for 
understanding the gravitational dynamics of the 
Dark Energy fields for any general potential for the 
Dark Energy fields.



Introduction & Motivation

� The set of evolution equations describing 
the time evolution of the Dark Energy 
fields coupled with gravity is a set of 
coupled Partial Differential Equations.coupled Partial Differential Equations.

� These equations can be solved 
numerically and this has been done by us.

� Our results demonstrate the gravitational 
collapse of Dark Energy field 
configurations.



Evolution Equations

� Interested in studying gravitational 
dynamics of Dark Energy field 
configurations.

� In addition to the time evolution of the � In addition to the time evolution of the 
Field we need to study the time evolution 
of space-time which is described by the 
metric:



Evolution Equations

We of course also want to study the time evolution of the field for We of course also want to study the time evolution of the field for 

which we need the Lagrangian for the field.



Evolution Equations



Evolution Equations

•The above potential can thus be substituted in the general equations 

given on the previous slide to get the full system of evolution equations.

•These are coupled Partial Differential Equations which can be solved 

numerically to obtain the results of interest to us.



Solutions to the Evolution 

Equations

� Key issue we want to understand is the 
timescale for the gravitational collapse for 
dark energy fields. If this timescale is 
larger than the age of the Universe then larger than the age of the Universe then 
this gravitational collapse has no 
significance today. On the other hand, if 
gravitational collapse occurs on timescales 
less than the age of the Universe then the 
gravitational collapse of Dark Energy fields 
must be considered. 



Solution to the Evolution Equations



Solution to the Evolution Equations

Gravitational Collapse of Field Configuration has occurred. 



Solution to the Evolution Equation



Time Evolution of the Energy Density 
and the Masses of Collapsed Objects

The Energy Density is given by: 

This can be plotted as a function of space and time and can also 

be integrated to obtain the Masses of Collapsed Objects.

Let us first show the time evolution of the energy density to 

demonstrate the formation of collapsed objects. 



Time Evolution of the Energy Density 
and the Masses of Collapsed Objects

Energy Density moves radially inwards as collapse occurs.



Time Evolution of the Energy Density 
and the Masses of Collapsed Objects

Finally, by integrating the Energy Density: 

We can obtain the Masses of Collapsed Objects.

This has been done by us for a range of initial radii R and we get 

the result that the masses of the collapsed objects is given by  



Summary & Conclusions

� Dark Energy is the dominant component of 
the Energy Density of the Universe.

� Most natural candidate for Dark Energy 
motivated by Particle Physics is the 
Most natural candidate for Dark Energy 
motivated by Particle Physics is the 
Energy Density due to fields in curved 
space-time.

� We described the formalism for studying 
the gravitational dynamics of Dark Energy 
field configurations.



Summary & Conclusions

� After writing down the complete set of evolution 
equations describing the time evolution for the fields 
and the metric, we numerically solved these 
equations.

� We demonstrated the gravitational collapse of Dark � We demonstrated the gravitational collapse of Dark 
Energy fields.

� Our results show that the timescale for the 
gravitational collapse of Dark Energy fields is 
smaller than the age of the Universe and so the 
gravitational collapse of Dark Energy field 
configurations must be considered in a 
complete picture of our Universe.



Summary & Conclusions

� We also looked at the time evolution of the Energy 
Density of the Field Configurations

� We demonstrated that the Energy Density moves 
radially inwards as collapse occurs
Finally, we integrated the energy density and looked � Finally, we integrated the energy density and looked 
at the masses of collapsed objects formed.

� The result we obtained was that the masses of 
collapsed objects are given by 



Thank you



Applications to Phase Transitions 



Evolution Equations 
We are now interested in the growth of the correlation function:

Which can be expressed in terms of the mode functions whose time 

evolution is given below:evolution is given below:

with:



Growth of Correlations 



Results
� Computed growth of correlations and domain sizes.

� For weakly coupled theories, we got the result that the 
size of domains grows as:

and the size of domains and the fluctuations grow up to 
a maximum time of:a maximum time of:

� Of course, we obtained results also for strongly coupled 
theories and more importantly the formalism we laid 
down has subsequently been used by us and numerous 
authors to study phase transitions in a number of 
different contexts from the early universe and Nuclear 
Matter to Condensed Matter Systems.



Extensions of our work on Phase Transitions 
ranging from Early Universe to Nuclear 
Matter and Condensed Matter Systems



Extensions of our work to Bose Einstein 
Condensation 



Extensions of our work to the 

Ferromagnetic Phase Transition 



Summary & Conclusions

� Field Theory is a Fundamental Tool of Physics
� It is simultaneously an old subject at the base of much of Physics 

and also an active area of Research providing Fundamental insights 
at the cutting edge of modern observations.

� Provides a Theoretical Framework that is a starting point across the 
sub-disciplines of Physics including Nuclear and Particle Physics, sub-disciplines of Physics including Nuclear and Particle Physics, 
Phase Transitions, Statistical Mechanics, Condensed Matter, 
Cosmology and Astrophysics.

� While I have worked at the cutting edge of Field Theory across 
these sub-disciplines of Physics, today I focused on describing the 
overall framework and three specific examples.

� This same framework of Field Theory can be used across the sub-
disciplines of Physics and provides a common framework that can 
be used across all of Physics.



Reference Material on 

PNGBs in Cosmology 

and other useful material.and other useful material.



Selected References on Pseudo Nambu Goldstone Boson models 

from Particle Physics relevant for Cosmology today.



Selected References on Pseudo Nambu Goldstone Boson models 

from Particle Physics relevant for Cosmology today.



Formation of Inhomogeneous Field 
Configurations.



Structure Formation due to PNGB fields in the see-saw 

model of Neutrino Masses.



Physical Significance of Quantum 

Fields

� Quantum Fields represent the density of 
particles.



Quantum Fields for the Bose-

Einstein Case 

� Field theory is used to understand Bose 
Einstein condensation experiments with 
gases.gases.



Magnitude of the Effective Potential

� The detailed expression for the Effective 
Potential has been calculated by us

� For the current cosmological evolution only the 
magnitude of the Effective Potential matters.



Captions



Renormalized Equations



Dynamics of Fields in FRW Space-times.


